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PERILHYH

Stìqoc enìc analutikoÔ montèlou MOSFET eÐnai h sunep c kai fusik� orj  pe-
rigraf  twn tranzÐstor, sto plaÐsio mÐac montèrnac teqnologÐac CMOS. Apì thn
�llh ìmwc, èna montèlo èqei poll� perissìtera na prosfèrei ston sqediast  apì
èna maÔro koutÐ, pou apant�ei sthn anar¸thsh tou gia to pwc douleÔei èna sug-
kekrimèno stoiqeÐo enìc kukl¸matoc kai pwc mporeÐ na beltistopoihjeÐ h sqedÐash
tou kukl¸matoc. Sthn paroÔsa diatrib  melet�tai h montelopoÐhsh tou MOSFET.
Proðìn aut c eÐnai h ulopoÐhsh enìc analutikoÔ montèlou MOSFET, sumbatoÔ me
mÐa plhj¸ra prosomoiwt¸n hlektrik¸n kuklwm�twn kai ikanoÔ na kalÔyei ìla ta
fainìmena pou parousi�zontai stic montèrnec, upomikrometrikèc CMOS teqnologÐec.
PragmatopoieÐtai ènac posotikìc kai poiotikìc èlegqoc thc sumperifor�c tou montè-
lou, tìso se sÔgkrish me sÔgqronec teqnologÐec el�qistou m kouc kanalioÔ mèqri
kai 70nm, ìso kai me b�sh thn fusik  jewrÐa pou perigr�fei thn sumperifor� tou
tranzÐstor.

H montelopoÐhsh pou analÔetai ed¸, sthrÐzetai sthn jewrÐa tou epifaneiakoÔ
fortÐo. Me b�sh aut  thn jewrÐa, upologÐzontai ta anastrèfontai fortÐa stouc
dÔo akrodèktec sta �kra tou kanalioÔ kai o upologismìc twn diafìrwn hlektrik¸n
megej¸n sto tranzÐstor sthrÐzetai sthn olokl rwsh kat� m koc tou kanalioÔ. H
exis¸seic tou analutikoÔ montèlou apaitoÔn mÐa seir� proseggÐsewn, pou den ephre-
�zoun thn sunolik  akrÐbeia tou montèlou par� se el�qisto bajmì, dikaiolog¸ntac
ètsi pl rwc thn epilog  touc. Basikìterh prosèggish eÐnai h je¸rhsh thc gram-
mik c sqèshc metaxÔ anastrèfontoc fortÐou kai dunamikoÔ epifaneÐac. Apotèlesma
thc qr shc thc fusik c jewrÐac gia thn exagwg  tou montèlou, kai ìqi empeirik¸n
sqèsewn, eÐnai to eniaÐo tou sunìlou exis¸sewn, pou qrhsimopoieÐtai telik¸c gia na
perigrafeÐ h leitourgÐa tou tranzÐstor wc proc thn pìlwsh kai to epÐpedo anastro-
f c. Aut  h proskìllhsh sthn fusik  jewrÐa epitrèpei, epÐshc, thn elaqistopoÐhsh
twn paramètrwn montèlou, pou telik¸c apaitoÔntai na upologistoÔn gia na prosar-
mosteÐ h sumperifor� tou montèlou se mÐa sugkekrimènh teqnologÐa.

Sthn diatrib  aut , parousi�zetai epistamèna h fusik  jewrÐa pou kalÔptei thn
sumperifor� twn MOSFET, wc eÐnai diamorfwmènh me b�sh tic montèrnec upomikro-
metrikèc teqnologÐec. Anafor� gÐnetai se ìla ta nèa fainìmena pou emfanÐzontai
s mera kai den emfanÐzontan se palaiìterec antÐstoiqec teqnologÐec. Qarakthristi-
kì par�deigma eÐnai ta kbantik� fainìmena pou gÐnontai pio èntona ìso leptaÐnei to
p�qoc tou monwt  tou tranzÐstor, ìpwc kai to reÔma thc pÔlhc pou plèon den mporeÐ
na amelhjeÐ. Apì thn �llh perigr�fontai kai ìla ta fainìmena pou p�gia emfanÐzontai
stic CMOS teqnologÐec. Oi anaforèc kalÔptoun ìlec tic ptuqèc thc sumperifor�c
tou tranzÐstor kai gÐnontai sugkrÐseic me metr seic tìso statikèc, ìso kai diaqw-
rhtikot twn   kai metr seic U-paramètrwn, se suqnìthtec mèqri kai dek�dwn GHz.
Par�llhla me thn parousÐash tou montèlou, kai sÔmfwna me to k�je fainìmeno pou
melet�tai k�je for�, parousi�zetai mÐa sÔgkrish tou montèlou me antÐstoiqec metr -
seic, epibebai¸nontac ètsi kai praktik� thn orj  sumperifor� tou.

'Ena montèlo, ìmwc, mporeÐ na leitourg sei wc ergaleÐo tou sqediast  kai me
diaforetikoÔc trìpouc. Afenìc, eÐnai shmantik  h katanìhsh thc sumperifor�c tou
tranzÐstor mèsa apì mÐa aplopoihmènh an�lush thc di�taxhc. MÐa tètoia gn¸sh, sthn
opoÐa mporeÐ na sumb�lei èna montèlo, epitrèpei ston sqediast  na antilhfjeÐ kallÐ-
tera tic dunatìthtec tic di�taxhc. Apì thn �llh, h montelopoÐhsh pou parousi�zetai
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ed¸ mporeÐ na qrhsimopoihjeÐ kai sto plaÐsio mÐa pr¸thc t�xhc sqedÐashc enìc ku-
kl¸matoc, jewr¸ntac aplopoihmèna montèla kai ektel¸ntac pr�xeic sto qartÐ. MÐa
sunep c montelopoÐhsh twn ptuq¸n aut¸n, parèqei ston sqediast  èna shmantikì
ergaleÐo gia thn ergasÐa tou.

EpÐshc, mporeÐ na shmeiwjeÐ ìti, èna analutikì montèlo èqei bohjhtikì rìlo kai
sthn diadikasÐa exèlixhc twn teqnologi¸n. Dedomènhc thc fusik c sÔndeshc metaxÔ
twn paramètrwn tou montèlou kai thc diadikasÐac kataskeu c oloklhrwmènwn, dÔna-
tai na gÐnei mÐa ektÐmhsh thc axÐac na exeliqjeÐ mÐa teqnologÐa se mÐa sugkekrimènh
kateÔjunsh, me b�sh apotelèsmata oloklhrwmènwn kuklwm�twn. Ta apotelèsmata
aut� mporoÔn na leitourg soun sumplhrwmatik� wc proc apotelèsmata programm�-
twn arijmhtik c epÐlushc hlektrik c sumperifor�c diat�xewn, h poluplokìthta twn
opoÐwn, den touc epitrèpei na dieurunjeÐ h qr sh touc se epÐpedo kukl¸matoc.

To montèlo, prokeimènou na apotelèsei qr simo ergaleÐo sto plaÐsio enìc proso-
moiwt  hlektrik¸n kuklwm�twn, apaiteÐtai na kwdikopoihjeÐ me b�sh tic apait seic
tou logismikoÔ. Gia autì to skopì èqei epileqjeÐ h gl¸ssa Verilog-A. Pleone-
kt mata shmantik� thc perigrafik c aut c gl¸ssac eÐnai ìti, afenìc, eÐnai sumbat 
me to sÔnolo twn prosomoiwt¸n hlektrik¸n kuklwm�twn, kai afetèrou, èqei eidik�
sqediasteÐ gia na kalÔptei tic an�gkec thc perigraf c thc sumperifor�c analogik¸n
stoiqeÐwn. Apì thn �llh ta meionekt mata thc, pou sqetÐzontai me thn mh belti-
stopoihmènh graf  tou montèlou gia taqeÐc prosomoi¸seic, mporoÔn na lujoÔn me
thn qr sh sunjet¸n k¸dika se gl¸ssa C, me b�sh ton k¸dika Verilog-A, kai thn
metagl¸ttish autoÔ, se dunamik  biblioj kh.

'Ena oloklhrwmèno montèlo ofeÐlei na parèqei, epÐshc, mÐa gr gorh kai eÔqrhsth
mejodologÐa, h opoÐa na epitrèpei thn prosarmog  tou montèlou se mÐa sugkekrimènh
teqnologÐa, èqontac san posotikì kai telikì krit rio tic metr seic se pl joc diat�-
xewn thc sugkekrimènhc teqnologÐac. Sthn diatrib  aut  parousi�zontai, epÐshc, oi
arqèc me b�sh tic opoÐec upologÐzontai oi par�metroi tou sugkekrimènou montèlou,
gia mÐa sugkekrimènh teqnologÐa. H fusik  jemelÐwsh tou montèlou, epitrèpei tìso
thn elaqistopoÐhsh twn paramètrwn pou qrhsimopoieÐ, kai sunep¸c dieukolÔnei thn
exagwg  touc, ìso kai periorÐzei thn grammik  touc ex�rthsh, dieukolÔnontac kai
p�li thn diadikasÐa exagwg c twn.

Tèloc, èna montèlo pou perigr�fei mÐa fusik  di�taxh, ofeÐlei na eÐnai sunepèc
me touc nìmouc thc fusik c pou diapernoÔn kai qarakthrÐzoun ìlec tic teqnologÐec
kai ìqi mÐa sugkekrimènh ulopoÐhsh twn diat�xewn. Autèc oi dokimèc qarakthrÐzontai
san poiotikoÐ èlegqoi to montèlou, kai epibebai¸noun thn orj  sumperifor� tou.

Ta tranzÐstor MOS apoteloÔn basikì ulikì twn sÔgqronwn oloklhrwmènwn ku-
klwm�twn. Oi shmerinèc teqnologÐec qarakthrÐzontai apì el�qista m kh kanalioÔ
thc t�xhc twn dek�dwn nanìmetrwn. Apì thn �llh, up�rqei mÐa nèa geni� polu-
pulik¸n diat�xewn, pio polÔplokwn tou klassikoÔ MOSFET, pou prospajoÔn na
antikatast soun thn kuriarqÐa twn MOSFET, ìtan plèon oi apait seic se suqnì-
thta kai m koc kanalioÔ den ja tou epitrèpoun na leitourg sei omal�, lìgw twn
èntonwn fainìmenwn kontoÔ kanalioÔ. ApoteleÐ prìklhsh h exèlixh twn montèlwn
ètsi ¸ste tìso na suneqÐsoun na akoloujoÔn thn sumperifor� twn epìmenwn gene-
¸n twn MOSFET, ìso kai na kalÔyoun touc upoy fiouc antikatast�tec aut¸n, tic
poluplokìterec polupulikèc domèc.
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ABSTRACT

The target of an analytical MOSFET model is the consistent and physically
correct description of the transistor, within the frame of a modern CMOS technology.
But, on the other hand, a model has much more to offer to the designer than a
black box, that answers the wondering of how a certain element of a circuit works,
and how the circuit’s behaviour maybe optimized. At this thesis the modelling
of the MOSFET is studied. Its product is the implementation of an analytical
MOSFET model, compatible with a plethora of simulators of electrical circuits, able
to cover all the phenomena that appear in modern submicron CMOS technologies. A
quantitative and qualitative verification of the behaviour of the model is presented,
in comparison with modern technologies of minimum channel length down to 70nm,
and also against tests based on the physics theory that describes the behaviour of
the transistor.

The modelling procedure that is analyzed here, is based on the charge sheet
theory. According to this theory, the inversion charges at the two nodes at the ends
of the channel are calculated, and the calculation of the various electrical quantities
of the transistor is based on the integration along the channel. The equations of
the analytical model demand a series of approximations, which do not affect the
overall accuracy of the model but at unimportant degree, justifying, this way, fully
their usage. The most basic approximation is the assumption of a linear relation
between the inversion charge and the surface potential. The result of the usage of
the physical theory for the extraction of the model, and not empirical relations, is
that a unified set of equations is used at the bottom line, for the correct description
of the behaviour of the transistor, under any bias conditions, and under any level
of inversion. This adherence to the physical theory allows, also, the minimization
of the model parameters, that are demanded to be calculated for the fitting of the
behaviour of the model upon a certain technology.

At this thesis, the physical theory, that covers the behaviour of the model, is
carefully presented, as it is adopted for describing modern submicron technologies.
All the new phenomena that appear today, and did not in older similar technologies
are being addressed. Typical examples are the quantum effects that are more intense
as the insulator gets thinner, as well as the gate current that cannot be further
neglected. On the other hand, all the customary phenomena that appear in CMOS
technologies are also described. The description covers all sides of the behaviour
of the transistor, and comparisons are made with static measurements, as well as
transconductances and Y-parameters, with frequency up to decades of GHz. In
parallel with the presentation of the model, and according to each phenomenon
that is studied each time, a comparison of the simulations results against relative
measurements is displayed, verifying this way in action the correct behaviour of the
model.

A model, though, can also operate as a designer’s tool in other ways. On the
one side, it is important the understanding of the behaviour of the model through a
simplified analysis of the structure. Such knowledge, in favor of which a model can
contribute, allows the designer to apprehend better the capabilities of the device.
On the other side, the modelling approach that is presented here may be used within
the frame of a first order approach to design a circuit, assuming simplified models
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and performing hand calculations. A consistent modelling formulation for all these
perspectives, primes the designer with an important tool for his/hers work.

Furthermore, it can be noted that an analytical model may have an auxiliary
role at the procedure of the evolution of the technologies. Through the physical
connection between the parameters of the model and the procedure of manufacturing
of the integrated devices, an estimation is able to be performed, of the value of
evolution of a technology towards a specific direction, based on results of circuit
level. These results may be supplementary to results from numerical simulator
software of structures in device level, whose complexity does not allow them to be
extended to circuit level.

The model, in order to be a usable tool within a simulator of electric circuits,
has to be coded according to the specifications of the software. For this purpose
the Verilog-A language has been chosen. Important advantages of this behavioural
language is that, on the one side, it is compatible with the whole of the simulators,
and, on the other side, it is specially designed to cover the needs of the description
of the behaviour of analogue components. On the other hand, its drawbacks, that
are related with the non optimal writing of the model for fast simulations, can be
solved with the usage of synthesizers of C-code, after the Verilog-A code, and its
compilation into a dynamic library.

A complete model owes to offer, also, a fast and handy methodology that allows
the fitting of the model upon a certain technology, having as a quantitative and
final criterion the measurements on a range of devices of this specific technology.
Within this thesis, the principles according to which the parameters of this model
are extracted for a specific technology, are discussed. The physical foundation of the
model, allows the minimization of the used parameters, thus eases their extraction,
as well as limits their linear dependence, easing again their extraction.

Finally, a model that describes a physical structure owes to be consistent with the
laws of physics that characterize all technologies, and not a specific implementation
of these structures. These tests are characterized as qualitative verification tests of
the model and attest its correct behaviour.

The MOS transistor is a basic component of the modern integrated circuits.
Today’s technologies are able for channel lengths as small as some decades of nano-
meters. On the other hand, there is a new generation of structures, more complicated
than the classical MOSFET, of multigate devices that intend to pick up the domi-
nance of MOSFET, when the needs in frequency and channel length will not allow
to the last to operate normally, due to intense short channel effects. The evolution
of the models, in order to keep on tracking the behaviour of the next generation
MOSFET, as well as, their contestant successors, the multigate devices, states a
challenge.
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Kef�laio 1

Eisagwg 

1.1 Genik�

H montelopoÐhsh tou MOSFET eÐnai èna jèma pou èqei apasqol sei èntona thn
episthmonik  kai thn biomhqanik  koinìthta. Par� to shmantikì tou jèmatoc, kai
tic an�logec prosp�jeiec, den èqoun brejeÐ akìma lÔseic, pou na kalÔptoun pl rwc
tic an�gkec thc sqedÐashc. H paroÔsa didaktorik  diatrib  asqoleÐtai me autì to
jèma kai prospajeÐ na suneisfèrei sthn lÔsh autoÔ tou polÔpleurou kai diarkoÔc
probl matoc.

Stìqoc thc montelopoÐhshc tou MOSFET eÐnai h, kat� to dunatìn, plhrèsterh
kai orjìterh perigraf  thc sumperifor�c tou MOSFET, mèsa se hlektrik� kukl¸-
mata. Me ton ìro sumperifor� tou MOSFET ennoeÐtai h sÔndesh twn hlektrik¸n
dunamik¸n pou efarmìzontai stouc akrodèktec tou tranzÐstor me, afenìc, ta reÔmata
pou rèoun ex aut¸n kai ta fortÐa pou susswreÔontai se autoÔc kai, afetèrou, ton
jìrubo pou gen�tai se autoÔc. Ta montèla qrhsimopoioÔntai sto plaÐsio enìc pro-
somoiwt , kai me b�sh aut� o sqediast c anazhteÐ thn bèltisth dom  kai leitourgÐa
enìc kukl¸matoc. H qr sh kal¸n montèlwn shmaÐnei ìti to ulopoihmèno oloklhrw-
mèno kÔklwma ja eÐnai mèsa stic prodiagrafèc pou eÐqan tejeÐ arqik� kai kont� sta
apotelèsmata thc prosomoÐwshc. Ta problhmatik� montèla mporoÔn na odhg soun
se ulopoihmèna kukl¸mata pou den ikanopoioÔn tic prodiagrafèc kai anagk�zoun thn
diadikasÐa sqedÐashc na epanalhfjeÐ, lamb�nontac fusik� upìyin ta sumper�smata
pou ex�gontai apì thn apotuqhmènh ulopoÐhsh. MÐa tètoia exèlixh epibarÔnei thn
olokl rwsh thn diadikasÐac ulopoÐhshc enìc kukl¸matoc, tìso apì �poyh qrìnou,
ìso kai apì �poyh kìstouc.

Me b�sh thn prohgoÔmenh an�lush, ex�getai to sumpèrasma ìti èna krit rio, gia
to an èna montèlo eÐnai kalì   ìqi, eÐnai to pìso swst� kai me ti akrÐbeia problèpei
thn sumperifor� tou MOSFET. Se èna deÔtero epÐpedo, krit rio gia èna montèlo
eÐnai kai h upologistik  tou apaÐthsh sto plaÐsio mÐac prosomoÐwshc. Kat� tekm rio
h poluplokìthta twn kuklwm�twn pou ulopoioÔntai se èna oloklhrwmèno kÔklwma
eÐnai idiaÐtera uyhl  kai perièqontai se aut�, an�loga me thn efarmog , apì ekaton-
t�dec mèqri ekatommÔria tranzÐstor. 'Ena montèlo idiaÐtera apaithtikì upologistik�
mporeÐ na prosfèrei mÐa prìbleyh polÔ kont� sthn pragmatik  all� h qr sh tou
kajÐstatai apagoreutik , kaj¸c h diadikasÐa sqedÐashc apaiteÐ thn ektèlesh plhj¸-
rac qronobìrwn prosomoi¸sewn. Oi dÔo autèc apait seic apì èna montèlo èqoun
antijetikì qarakt ra. H k�luyh twn dÔo aut¸n krithrÐwn sunjètei èna orismì gia
ton ìro �kalì montèlo�: èna montèlo akribèc kai gr goro.
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MÐa prosèggish montelopoÐhshc thc sumperifor�c tou MOSFET eÐnai h qr sh
programm�twn arijmhtik c epÐlushc (TCAD). Tètoia progr�mmata dèqontai san eÐ-
sodo mÐa leptomer  trisdi�stath perigraf  thc di�taxhc kai ex�goun thn hlektrik 
sumperifor� gia sugkekrimènec hlektrikèc sunj kec. H apìkrish tou montèlou ako-
loujeÐ thn epÐlush twn shmeiak¸n diaforik¸n exis¸sewn thc fusik c pou isqÔoun
sthn èktash tou stoiqeÐou. MÐa tètoia diadikasÐa eÐnai idiaÐtera polÔplokh all�
lamb�nei upìyin, me ton kallÐtero dunatì trìpo, ìla ta fainìmena pou mporeÐ na em-
fanisjoÔn sto eswterikì tou tranzÐstor. Anaferìmenoi stouc ìrouc pou eis qjhsan
sthn prohgoÔmenh par�grafo, mÐa tètoia montelopoÐhsh eÐnai akrib c all� kajìlou
gr gorh, kai h upologistik  thc apaithtikìthta thn kajist� mh qr simh gia lìgouc
sqedÐashc. Par� taÔta, tètoia programm�ta mporeÐ na apodeiqjoÔn polÔ qr sima gia
thn melèth diafìrwn fainomènwn pou emfanÐzontai sta MOSFET.

MÐa �llh akraÐa prosèggish gia thn montelopoÐhsh eÐnai h qr sh montèlwn pin�-
kwn anafor�c. BasÐzetai sthn ektèlesh enìc meg�lou pl jouc metr sewn se ìlec
tic dunatèc diat�xeic mÐa teqnologÐac kai thn dhmiourgÐa pin�kwn anafor�c pou pe-
rièqoun thn sumperifor� tou stoiqeÐou se sqèsh me thn pìlwsh pou qrhsimopoieÐtai
k�je for�. H taqÔthta aut c thc teqnik c mporeÐ na eÐnai idiaÐtera uyhl , ìmwc
h akrÐbeia thc eÐnai apotreptik� asjen c. Endeiktikèc duskolÐec eÐnai ìti: (a) eÐnai
dÔskolo na kalufjoÔn swst� ìlec oi metr seic kai na problefjoÔn ìlec oi sunj -
kec k�tw apì tic opoÐec ja zhthjeÐ h sumperifor� enìc MOSFET kat� thn di�rkeia
thc sqedÐashc, kai (b) h apìkrish enìc kukl¸matoc ephre�zetai ousiastik� kai a-
pì thn tim  twn parag¸gwn twn metroÔmenwn posot twn se sqèsh me tic sunj kec
pìlwshc, h mètrhsh twn opoÐwn eÐnai idiaÐtera jorub¸dhc. 'Ena tètoio montèlo eÐnai
epÐshc akat�llhlo gia sqedÐash, all� gia diaforetikoÔc lìgouc se sqèsh me montèla
arijmhtik c epÐlushc.

Apì ta parap�nw diakrÐnetai h anagkaiìthta uiojèthshc mÐac �llhc prosèggishc
prokeimènou na lujeÐ to prìblhma thc ulopoÐhshc enìc kaloÔ montèlou gia sqedÐ-
ash. O ìroc �analutikì montèlo� anafèretai se mÐa tètoia lÔsh. Sto plaÐsio enìc
analutikoÔ montèlou anazhteÐtai èna sÔnolo exis¸sewn pou na perigr�fei thn sum-
perifor� thc eidik c di�taxhc tou MOSFET, qwrÐc na apaiteÐtai k�je for� h epÐlush
twn diaforik¸n exis¸sewn fusik c jewrÐac pou qarakthrÐzoun thn di�taxh. Epigram-
matik� èqoume dÔo kathgorÐec tètoiwn analutik¸n montèlwn. H mÐa basÐzetai sthn
qr sh empeirik¸n exis¸sewn, pou parathreÐtai mèsa apì metr seic ìti eÐnai ikanèc na
perigr�youn thn sumperifor� tou MOSFET. H �llh basÐzetai sthn exagwg  exis¸-
sewn efarmìzontac thn fusik  jewrÐa sthn eidik  di�taxh tou MOSFET. H deÔterh
kathgorÐa qarakthrÐzetai apì saf  pleonekt mata se sqèsh me thn pr¸th.

To shmantikìtero prìblhma twn empeirik¸n montèlwn eÐnai ìti endèqetai na odh-
g soun se mÐa asunep  ektÐmhsh thc sumperifor�c twn MOSFET. H apìkrish enìc
tranzÐstor, sto sÔnolo thc, eÐnai mÐa idiaÐtera polÔplokh ontìthta kai eÐnai dÔskolh
h apokleistik� kai empeirik� pl rhc èkfrash thc, ètsi ¸ste se ìlec tic peript¸seic
na apodÐdetai orj� h fusik  sumperifor� tou tranzÐstor. H fusik  b�sh twn exis¸-
sewn dÐnei èna safèc pleonèkthma se autìn ton tomèa. Apì thn �llh, up�rqei to jèma
thc prosarmog c tou montèlou se diaforetikèc teqnologÐec. Stìqoc enìc montèlou
den eÐnai h perigraf  apl� thc sumperifor�c enìc MOSFET mÐac sugkekrimènhc te-
qnologÐac   miac olìklhrhc CMOS teqnologÐac, all� kai h prosarmostikìthta tou
se di�forec teqnologÐec. Gia autì to lìgo oi exis¸seic k�je montèlou qrhsimopoioÔn
paramètrouc pou exart¸ntai apì thn diadikasÐa kataskeu c thc teqnologÐac. EÐnai
shmantikì, aut  h exagwg  na mporeÐ na gÐnei eÔkola kai na qrei�zetai o upologismìc
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ìso to dunatìn ligìterwn paramètrwn. 'Ena montèlo pou ekmetalleÔetai thc fusik 
pou dièpei èna tranzÐstor anagk�zetai na qrhsimopoi sei ligìterec paramètrouc. Ac
upogrammhjeÐ, se autì to shmeÐo, h eukolÐa thc diadikasÐac exagwg c twn paramè-
trwn enìc montèlou, me b�sh mÐa sugkekrimènh teqnologÐa, kajìti apoteleÐ èna trÐto
krit rio sqetik� me to pìso kalì eÐnai èna analutikì montèlo.

Epiprosjètwc, eÐnai shmantikì èna montèlo na mhn prosfèretai ston sqediast 
san èna maÔro, kai akatanìhto, koutÐ. Idanik� èna montèlo MOSFET ofeÐlei na
parèqei plhroforÐec kai gn¸sh ston sqediast  sqetik� me thn leitourgikìthta tou
MOSFET mèsa sto kÔklwma, ìso kai genikìtera, na mporeÐ na qrhsimopoihjeÐ san
mÐa diepif�neia epikoinwnÐac metaxÔ tou sqediast  kai tou fusikoÔ stoiqeÐou.

EpÐshc, h diadikasÐa thc sqedÐashc, prin apì to st�dio twn prosomoi¸sewn, mpo-
reÐ na xekin sei me mÐa sqetik� prìqeirh kai gr gorh an�lush epÐ q�rtou, pou na dÐnei
th basik  dom  kai leitourgÐa tou ìlou kukl¸matoc. 'Ena montèlo, loipìn, idanik�
ja prèpei na prosfèrei, ektìc apì thn pl rh tou morf  pou ja thn ekteleÐ ènac
upologist c, kai mÐa aploÔsterh, h opoÐa ja mporeÐ na qrhsimopoihjeÐ gia upologi-
smoÔc sto qèri. Den apaiteÐtai fusik� oi dÔo morfèc autèc na dÐnoun ta Ðdia akrib¸c
apotelèsmata, all� eÐnai shmantikì kai h aploÔsterh morf  na dÐnei poiotik� sunep 
kai swst� apotelèsmata, me mÐa sqetik  posotik  akrÐbeia.

1.2 To MOSFET sthn di�rkeia twn et¸n
H prwtìtuph emf�nish tou MOSFET an kei ston J. E. Lilienfeld kai qronologeÐtai
apì thn tètarth dekaetÐa tou eikostoÔ ai¸na [1]. H tìte di�taxh apèqei, fusik�,
paras�ggac apì thn shmerin  thc morf , h logik  ìmwc pou thn qarakthrÐzei eÐnai
  Ðdia. H �njish thc teqnologÐac tou MOSFET  rje sthn dekaetÐa tou 1960, opìte
kai h diadikasÐec kataskeu c tou wrÐmasan epitrèpontac pio axiìpisth kai apodotik 
leitourgÐa. H qrhstikìtht� tou, tìso se yhfiak� ìso kai se analogik� kukl¸mata,
tou èdwse mÐa kurÐarqh jèsh ston q¸ro thc sqedÐashc oloklhrwmènwn kuklwm�twn
sthn di�rkeia twn epìmenwn dekaeti¸n [2]. H teqnologik  exèlixh twn akìloujwn
et¸n od ghsan sthn epÐteuxh ìlo kai mikrìterwn diast�sewn MOSFET, pou shmaÐnei
ìlo kai uyhlìterou epipèdou apìdoshc [3]. Pio eidik�, h smÐkrunsh twn stoiqeÐwn
meÐwse thn katan�lwsh enèrgeiac kai dieÔrune to suqnotikì eÔroc leitourgÐac.

'Hdh, apì ta tèlh tou eikostoÔ ai¸na, oi teqnologÐec lijografÐac epètrepan thn
ulopoÐhsh MOSFET me el�qisto m koc thc pÔlhc polÔ mikrìtero tou enìc mikrìme-
trou. H diark c surrÐknwsh twn diast�sewn mac odhgeÐ sto s mera, tèlh thc pr¸thc
dekaetÐac tou eikostoÔ pr¸tou ai¸na, ìpou oi plèon montèrnec teqnologÐec epitrè-
poun thn sqedÐash me diat�xeic m kouc pÔlhc thc t�xhc twn dek�dwn nanìmetrwn.
H diark c aut  poreÐa se ìla kai mikrìtera stoiqeÐa èqei odhg sei sthn an�deixh
fainomènwn, pou se palaiìterec teqnologÐec eÐqan amelhtèa epirro  sthn hlektrik 
sumperifor� tou tranzÐstor, gia par�deigma kbantik� fainìmena. Sunep¸c, h monte-
lopoÐhsh thc sumperifor�c tou MOSFET apaiteÐ suneq  ananèwsh, ètsi ¸ste na
mporeÐ na parakoloujeÐ tic exelÐxeic thc teqnologÐac.

1.3 Perieqìmeno kefalaÐwn
To pr¸to kef�laio thc paroÔsac didaktorik c diatrib c èqei èna eisagwgikì rìlo.
Stìqoc tou eÐnai h paroq  genik¸n plhrofori¸n ston anagn¸sth sqetik� me thn
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montelopoÐhsh tou MOSFET [4, 5, 6]. EpÐshc, ed¸ perigr�fetai kai h di�rjrwsh thc
ìlhc didaktorik c diatrib c.

To deÔtero kef�laio asqoleÐtai me thn montelopoÐhsh tou MOSFET. Ed¸ pa-
rousi�zetai analutik� to sÔnolo twn exis¸sewn, pou perigr�foun ta fainìmena pou
parathroÔntai sthn di�taxh tou MOSFET kai kajorÐzoun thn hlektrik  sumperifor�
tou. Arqik� parèqetai mÐa leptomer c perigraf  thc di�taxhc kai èpeita parousi�ze-
tai èna montèlo pou kalÔptei thn idanik  perÐptwsh. Stadiak� perigr�fontai ìla ta
upìloipa fainìmena pou lamb�noun q¸ra sta MOSFET, ìpwc aut� pou sqetÐzontai
me kan�lia mikroÔ m kouc kai pl�touc kaj¸c kai me thn epÐdrash th jermokrasÐac. H
an�lush sumperifor�c tou tranzÐstor oloklhr¸netai me thn anafor� sta exwterik�
stoiqeÐa tou kai melet¸ntac tìso thn sumperifor� tou stoiqeÐou se qamhlèc suqnì-
thtec ìso kai se uyhlèc. Eidik  anafor� gÐnetai sthn mh statik  sumperifor� twn
sqetik� meg�lwn se m koc kanalioÔ tranzÐstor. To kef�laio kleÐnei anaferìmeno se
�lla parasitik� fainìmena pou ephre�zoun thn sumperifor� tou MOSFET.

Sto trÐto kef�laio parousi�zontai stoiqeÐa sqetik� me thn ulopoÐhsh tou mo-
ntèlou. To montèlo gr�fthke sthn gl¸ssa Verilog-A, sthn opoÐa gÐnetai mÐa sqetik 
anafor�. Sthn sunèqeia tou kefalaÐou parousi�zetai analutik� o k¸dikac tou mo-
ntèlou se susqètish me thn majhmatik  perigraf  tou montèlou.

To tètarto kef�laio anafèretai stic paramètrouc tou montèlou. Prokeimènou
èna montèlo na mporeÐ na perigr�yei orj� k�je mÐa diaforetik  teqnologÐa, h majh-
matik  perigraf  tou sthrÐzetai se paramètrouc, pou sqetÐzontai me thn diadikasÐa
kataskeu c kai lijografÐac k�je teqnologÐac. Jewrhtik� o upologismìc twn pa-
ramètrwn aut¸n mporeÐ na gÐnei analÔontac thn diadikasÐa kataskeu c, ìmwc, epeid 
autìc o trìpoc eÐnai idiaÐtera polÔplokoc kai telik¸c anapotelesmatikìc, apodeiknÔ-
etai ìti eÐnai protimìtero h exagwg  twn paramètrwn na gÐnetai mèsa apì thn melèth
thc hlektrik c sumperifor�c twn diat�xewn thc teqnologÐac. MÐa tètoia mejodolo-
gÐa anaptÔssetai sto plaÐsio autoÔ tou kefalaÐou. Epiprìsjeta se autì to kef�laio
analuètai ia diadikasÐa qarakthrismoÔ, me b�sh thn fusik  jewrÐa tou monteou, twn
MOSFET.

H sumperifor� tou MOSFET, wc mÐa fusik  di�taxh hmiagwg¸n, upakoÔei se
sugkekrimènouc poiotikoÔc kai posotikoÔc kanìnec. To k�je orjì montèlo MO-
SFET ofeÐlei na problèpei mÐa sunep  sumperifor� se sqèsh me thn fusik  jewrÐa
pou dièpei touc hmiagwgoÔc. Sto pèmpto kef�laio parousi�zetai èna sÔnolo poio-
tik¸n dokim¸n, qarakthristik¸n gia tic MOSFET diat�xeic, oi opoÐec mporoÔn na
jewrhjoÔn wc krit ria gia thn swst  sumperifor� tou montèlou.

TeleutaÐo kef�laio thc paroÔsac diatrib c eÐnai to èkto. Se autì, o anagn¸sthc
ex�getai sundèontac tic dunatìthtec mÐac orj c montelopoÐhshc me thn genikìterh
leitourgikìthta enìc analutikoÔ montèlou. H diatrib  oloklhr¸netai me mÐa anafor�
stic mellontikèc proekt�seic thc aut c ergasÐac.

Sta dÔo parart mata parousi�zontai merik� sumplhrwmatik� stoiqeÐa thc er-
gasÐac. Sto pr¸to anapar�getai o pl rhc k¸dika tou montèlou se Verilog-A, en¸ sto
deÔtero o anagn¸sthc mporeÐ na brei èna sÔnolo tupik¸n tim¸n gia tic paramètrouc
tou montèlou.

¤
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Kef�laio 2

Analutik  montelopoÐhsh tou
MOS tranzÐstor

2.1 To MOSFET wc di�taxh
H leitourgÐa tou MOSFET, kaj¸c faÐnetai kai sto ìnoma tou, exart�tai apì è-
na pediakì fainìmeno (FET: Field Effect Transistor). Pio sugkekrimèna, to pedÐo,
pou anaptÔssetai metaxÔ duo kìmbwn, orÐzei thn agwgimìthta metaxÔ twn dÔo �llwn
kìmbwn tou stoiqeÐou. Sthn Ðdia kathgorÐa twn FET an koun kai �lla stoiqeÐa; en-
deiktik� anafèretai to JFET. Apì thn �llh up�rqoun ta tranzÐstor epaf c ta opoÐa
sunjètoun mia diaforetik  kathgorÐa tranzÐstor, me qarakthristikìtero ekprìswpo
touc to dipolikì tranzÐstor epaf c (BJT). Oi dÔo kathgorÐec autèc qarakthrÐzontai
apì mÐa meg�lh diafor�: ta tranzÐstor epaf c mporoÔn na jewrhjoÔn san phgèc
reÔmatoc elegqìmenec apì reÔma, en¸ ta tranzÐstor pedÐou san phgèc reÔmatoc eleg-
qìmenec apì t�sh. Aut  h diafor� eÐnai basikì pleonèkthma twn tranzÐstor pedÐou,
diìti odhgoÔn se kukl¸mata qamhlìterhc katan�lwshc.

Perigr�fontac analutikìtera to stoiqeÐo MOSFET mporoÔn na anaferjoÔn ta a-
kìlouja. EÐnai èna stoiqeÐo tess�rwn akrodekt¸n kai, ìpwc ìla stoiqeÐa hmiagwg¸n,
mporeÐ na kataskeuasteÐ me dÔo sumplhrwmatikoÔc trìpouc, an�loga me thn polikì-
thta twn perioq¸n tou. Oi dÔo morfèc tou onom�zontai: nMOSFET kai pMOSFET.
Sto sq ma 2.1 blèpoume to kuklwmatikì sÔmbolo twn dÔo aut¸n stoiqeÐwn.

Sq ma 2.1: Ta kuklwmatik� sÔmbola twn MOSFET. EpÐshc anafèrontai ta onìmata twn
kìmbwn tou stoiqeÐou.

Oi tèsseric akrodèktec tou stoiqeÐou MOSFET fèroun ta onìmata: pÔlh (gate),
phg  (source), s¸ma (body   bulk) kai upodoqèac1 (drain). Sto kuklwmatikì sÔm-
bolo, sq ma 2.1, o akrodèkthc thc pÔlhc den eÐnai se epaf  me to upìloipo kÔklwma.

1Η μετάφραση της ορολογίας είναι μια δύσκολη διαδικασία, που άλλοτε έχει επιτυχία και άλλοτε
όχι. Η απόδοση του αγγλικού όρου drain στην ελληνική αποδεικνύεται ιδιαίτερα δύσκολη. ΄Αλλες
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Sthn pragmatikìthta, up�rqei èna epÐpedo monwt  an�mesa apì thn pÔlh kai thn u-
pìloiph di�taxh. K�tw apì ton monwt  thc pÔlhc anaptÔssetai to pedÐo pou orÐzei
thn agwgimìthta metaxÔ twn kìmbwn drain kai source.

2.1.1 H fusik  dom  tou MOSFET

H di�taxh tou MOSFET eÐnai mÐa trisdi�stath dom . Sto sq ma 2.2 apeikonÐzetai mÐa
tom  thc di�taxhc gia na gÐnei kallÐtera antilhpt  h dom  thc. Endeiktik�, èqei epi-
leqjeÐ h parousÐash enìc nMOSFET. AfoÔ aut  oloklhrwjeÐ, ja parousiasjoÔn oi
diaforopoi seic sthn perÐptwsh tou pMOSFET. Perigr�font�c th dom  perilhptik�
mporoÔme na esti�soume sta akìlouja: o akrodèkthc tou s¸matoc jewreÐte ìti ekteÐ-
netai se ìlh thn èktash tou upostr¸matoc (substrate). H sunhjèsterh perÐptwsh
eÐnai to upìstrwma na eÐnai hmiagwgìc (semiconductor) tÔpou p. Gia thn kallÐterh
sÔndesh tou upostr¸matoc me ton metallikì akrodèkth, pou brÐsketai ektìc autoÔ,
qrhsimopoioÔntai sun jwc k�poiec perioqèc entonìterhc ègqushc kai Ðdiac polikìth-
tac (p+). H pÔlh tou MOSFET apoteleÐtai apì mÐa ag¸gimh epif�neia pou brÐsketai
p�nw apì èna leptì str¸ma apomonwt  (insulator). To plèon suqnì ulikì gia ton
apomonwt  eÐnai to dioxeÐdio tou puritÐou (SiO2). H pÔlh se palaiìterec teqnologÐ-
ec  tan metallik  (metal), en¸ plèon kataskeu�zetai apì polukrustallikì purÐtio.
H pÔlh, gia thn kallÐterh dunat  leitourgÐa tou stoiqeÐou, ofeÐlei na èqei qamhl 
antÐstash, pr�gma pou epitugq�netai mèsa apì ton emploutismì thc me foreÐc eÐte
tÔpou n eÐte tÔpou p. Se autì to shmeÐo mporeÐ na ermhneujeÐ kai to ìnoma thc
di�taxhc. H dom  thc mporeÐ na qwristeÐ se trÐa epÐpeda, ìpou to �nwjen ìlwn eÐnai
h pÔlh (pou stic pr¸tec teqnologÐec  tan apì mètallo (Metal), endi�mesa brÐsketai
èna leptì epÐpedo apomonwt , o opoÐoc sunhjèstera eÐnai k�poio oxeÐdio (Oxide) kai
k�twjen ìlwn up�rqei hmiagwgìc (Semiconductor). Ta pr¸ta gr�mmata twn tri¸n
aut¸n lèxewn sta agglik� èdwsan to ìnoma touc sthn di�taxh2. [7, 8, 2]

Sq ma 2.2: Aplopoihmènh diatom  enìc nMOSFET.

Oi dÔo upìloipoi akrodèktec tou stoiqeÐou dhmiourgoÔntai wc egqÔseic, antÐjethc
polikìthtac se sqèsh me to upìstrwma, sta dÔo �kra thc pÔlhc. Sunep¸c, dÔo pa-
rasitikèc dÐodoi dhmiourgoÔntai metaxÔ, afenìc twn akrodekt¸n source kai drain, kai
afetèrou tou upostr¸matoc. Oi dÐodoi autèc, gia thn orj  leitourgÐa tou stoiqeÐou
prèpei na eÐnai an�strofa polwmènec, ètsi ¸ste na up�rqei kat� dunatìn hlektrik  a-

δυνατές επιλογές είναι οι: συλλέκτης, εκβολή, αποδέκτης. Σε διάφορες περιπτώσεις, που η ελληνική
απόδοση της ορολογίας δεν είναι βοηθητική, θα προτιμάται η ξενόγλωσση.

2Μία άλλη, παλαιότερη ονομασία είναι η IG-FET, από το insulated gate, που αναφέρεται στο
στρώμα μονωτή κάτωθεν της πύλης.
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pomìnwsh metaxÔ twn akrodekt¸n source kai drain kai tou upostr¸matoc. Hlektrik�
autì shmaÐnei ìti prèpei na isqÔoun oi (2.1).

VS > VB ⇔ VS − VB > 0 ⇔ VSB > 0, (nMOS)

VD > VB ⇔ VD − VB > 0 ⇔ VDB > 0
(2.1)

ìpou me VS sumbolÐzetai to dunamikì ston akrodèkth source, me VD sumbolÐzetai
to dunamikì ston akrodèkth drain kai me VB sumbolÐzetai to dunamikì ston akrodèkth
body.

Apì ta parap�nw, kai apì to sq ma 2.2, diakrÐnetai mÐa saf c summetrÐa metaxÔ
twn akrodekt¸n source kai drain. Aut  h summetrÐa endèqetai na mhn eÐnai apìluth se
pio polÔplokec domèc MOSFET all�, se genikèc grammèc, eÐnai èna qarakthristikì
thc sugkekrimènhc di�taxhc. EÐnai h pìlwsh thc di�taxhc h opoÐa sp�ei thn summetrÐa.
QwrÐc na mpoÔme se leptomèreiec sthn sugkekrimènh f�sh thc diatrib c, ac anaferjeÐ
ìti kat� sunj kh jewroÔme ton akrodèkth source se qamhlìtero dunamikì apì ton
akrodèkth drain, sqèsh (2.2).

VD > VS ⇔ VD − VS > 0 ⇔ VDS > 0, (nMOS) (2.2)

Pern¸ntac se mÐa pr¸tou epipèdou poiotik  an�lush tou stoiqeÐou, kai se su-
nèqeia aut¸n pou èqoun anaferjeÐ  dh, parathroÔntai ta akìlouja: metaxÔ twn
akrodekt¸n source kai drain den up�rqei, en gènei, hlektrik  sÔndesh. To metaxÔ
touc di�keno hmiagwgoÔ diaforetikoÔ tÔpou, apomon¸nei tic dÔo perioqèc. 'Omwc,
ìpwc proanafèrjhke, to dunamikì sthn pÔlh dhmiourgeÐ èna pedÐo eswterik� tou h-
miagwgoÔ. Autì to pedÐo, an�loga me thn èntas  tou, dÔnatai na èlxei foreÐc Ðdiou
tÔpou me tic perioqèc source kai drain (dhlad  tÔpou n sthn perÐptwsh tou nMOS)
kai na dhmiourghjeÐ, plhsÐon tou apomonwt , èna str¸ma forèwn pou ja epitrèpei thn
hlektrik  sÔndesh twn dÔo �krwn. Autì to str¸ma onom�zetai kan�li (channel. Me
ton ìro kan�li, enÐote, anaferìmaste epÐshc kai apl� ston q¸ro k�twji thc pÔlhc,
asqètwc an up�rqoun susswreumènoi foreÐc   ìqi

Me b�sh thn sugkekrimènh an�lush kai pìlwsh, pou èqei perigrafeÐ mèqri stigm c,
ermhneÔetai kai h onomatodosÐa twn dÔo akrodekt¸n source kai drain. Sthn perÐptwsh
tou nMOSFET oi akrodèktec autoÐ eÐnai egqÔseic tÔpou n kai sunep¸c to reÔma pou
diarrèetai sto kan�li apartÐzetai apì hlektrìnia. H fusik  kÐnhsh twn hlektronÐwn
èqei thn antÐjeth poreÐa apì aut  tou reÔmatoc. 'Etsi, efìson to VDS eÐnai jetikì, to
reÔma ja rèei apì to drain sto source, kai ta hlektrìnia antÐjeta. 'Ara o akrodèkthc
source leitourgeÐ san mÐa phg  hlektronÐwn ta opoÐa odhgoÔntai ston akrodèkth
drain, ex ou kai h onomasÐa upodoqèac.

2.1.2 Diaforopoi seic metaxÔ nMOS kai pMOS

H perÐptwsh tou pMOSFET eÐnai h apìluta duðk  tou nMOSFET. 'Ena pMOSFET
èqei akrib¸c thn Ðdia dom  all� diaforetikèc polikìthtec se ìlh tou thn èktash. Qa-
rakthristik  diafor� eÐnai ìti, efìson ta pMOS kataskeu�zontai stic teqnologÐec
CMOS sto Ðdio upìstrwma me ta nMOS, h dhmiourgÐa touc apaiteÐ thn kataskeu 
mÐac meg�lhc perioq c tÔpou n mèsa sthn opoÐa ja domhjeÐ to pMOS. Aut  h pe-
rioq  onom�zetai phg�di tÔpou n (N-well). Sunolik�, mÐa aplousteumènh tom  enìc
pMOSFET parousi�zetai sto sq ma 2.3. AxÐzei na shmeiwjeÐ ìti, se sqèsh ton thn
perÐptwsh tou nMOS, èqoume mÐa elafrìtata pio polÔplokh dom , lìgw thc Ôparxhc
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tou phgadioÔ. Ac upogrammisjeÐ epÐshc, ìti metaxÔ tou phgadioÔ kai tou upìloipou
upostr¸matoc dhmiourgeÐtai mÐa parasitik  dÐodoc, h opoÐa ìmwc den èqei �mesh sqèsh
me thn dom  tou pMOS, all� prèpei kai aut  na eÐnai an�strofa polwmènh.

Sq ma 2.3: Aplopoihmènh diatom  enìc pMOSFET.

Apì thn �llh, ìlh h an�lush se epÐpedo diafor¸n dunamikoÔ sta pMOS eÐnai
antÐjeth, se epÐpedo pros mou, se sqèsh me ta nMOS. Plèon, gia na eÐnai oi para-
sitikèc diìdoi stouc akrodèktec source kai drain an�strofa polwmènec, apaitoÔntai
antÐjetec pol¸seic se sqèsh me ta nMOS, exÐswsh (2.3).

VS < VB ⇔ VS − VB < 0 ⇔ VSB < 0, (pMOS)

VD < VB ⇔ VD − VB < 0 ⇔ VDB < 0
(2.3)

Sthn perÐptwsh tou pMOSFET, to reÔma pou diarrèei to stoiqeÐo dhmiourgeÐtai
apì opèc, pou èqoun Ðdia ro  se sqèsh me to reÔma. Sunep¸c h phg  twn op¸n ja
eÐnai se megalÔtero dunamikì se sqèsh me ton apodèkth touc. Gia thn pl rh sunèpeia
loipìn, prèpei na jewrhjeÐ sthn perÐptwsh tou pMOSFET ìti o akrodèkthc source
eÐnai se megalÔtero dunamikì apì ton akrodèkth drain, exÐswsh (2.4).

VD < VS ⇔ VD − VS < 0 ⇔ VDS < 0, (pMOS) (2.4)

H duðkìthta aut  twn dÔo diat�xewn, èqei meg�lh shmasÐa se epÐpedo montelo-
poÐhshc, kaj¸c mporeÐ to Ðdio akrib¸c sÔnolo exis¸sewn, pou anaptÔssetai gia thn
mÐa perÐptwsh, na efarmosteÐ kai sthn �llh, all�zontac ta prìshma twn pol¸sewn
sthn arq  kai all�zontac kai to prìshmo twn apotelesm�twn sto tèloc thc an�lu-
shc. Sunep¸c, se epÐpedo montelopoÐhshc mac apasqoleÐ mìno h mÐa perÐptwsh, kai
sunhjismèno eÐnai na jewreÐtai h perÐptwsh tou nMOS.

'Allh mÐa diafor� metaxÔ twn nMOS kai pMOS, pou sqetÐzetai me ton eidikì trì-
po kataskeu c touc, pou gÐnetai sun jwc se upìstrwma tÔpou p, eÐnai h jèsh tou
�krodèkth tou s¸matoc wc proc to upìloipo kÔklwma. Sthn perÐptwsh tou nMOS,
eÐdame sto sq ma 2.2, ìti to s¸ma tou nMOS tautÐzetai me to ìlo upìstrwma tou
oloklhrwmènou kukl¸matoc, pou sunhjèstera sundèetai me thn gh tou kukl¸matoc.
Sunep¸c, o ènac apì touc tèsseric kìmbouc tou stoiqeÐou eÐnai anagkastik� sunde-
demènoc me thn gh. Autì, an kai faÐnetai perioristikì, den eÐnai apagoreutikì gia thn
leitourgÐa twn kuklwm�twn. Sthn perÐptwsh tou pMOS o akrodèkthc tou s¸ma-
toc, lìgw thc Ôparxhc tou phgadioÔ, den eÐnai anagkastik� sundedemènoc me thn gh.
SunhjÐzetai ìmwc, mèsa sto Ðdio phg�di na kataskeu�zontai ìla ta pMOS stoiqeÐa
enìc kukl¸matoc, kai to phg�di autì na braqukukl¸netai me thn jetik  trofodosÐa
tou kukl¸matoc, ètsi ¸ste se k�je perÐptwsh na eÐnai an�strofa polwmènec ìlec
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oi parasitikèc dÐodoi pou dhmiourgoÔntai. Sthn perÐptwsh pou up�rqei eidik  an�g-
kh na èqoume prìsbash ston akrodèkth tou s¸matoc merik¸n tranzÐstor, autì eÐnai
dunatì gia ta men pMOS me thn kataskeu  enìc xeqwristoÔ phgadioÔ gia aut� ta
tranzÐstor, en¸ gia thn perÐptwsh twn nMOS eÐnai dunat  h dhmiourgÐa enìc diploÔ
phgadioÔ (èna phg�di tÔpou p mèsa se èna phg�di tÔpou n.

2.2 MontelopoÐhsh idanikoÔ MOSFET

Stìqoc thc analutik c montelopoÐhshc eÐnai h exagwg  enìc sunìlou exis¸sewn pou
basÐzontai sthn fusik , all�, tautìqrona, qarakthrÐzontai apì mÐa upologistik 
lakwnikìthta. Gia na epiteuqjeÐ autìc o stìqoc, mÐa akoloujÐa aplopoi sewn kai
proseggÐsewn eÐnai anagkaÐa, all� prosèqontac to kìstoc se akrÐbeia tou montèlou
na mhn eÐnai apagoreutikì.

2.2.1 An�lush stoiqeÐou dÔo akrodekt¸n (pÔlhc kai
s¸matoc)

Arqik� ac agnohjoÔn oi akrodèktec source kai drain kai ac esti�sei h an�lush ousia-
stik� sthn pÔlh kai sthn perioq  k�tw apì aut n, ekeÐ pou dhmiourgeÐtai to kan�li
[9]. Jewr¸ntac, de, ìti tìso to upìstrwma ìso kai h pÔlh èqoun mhdenik  antÐstash,
èqoume thn di�taxh tou sq matoc 2.4. Me tOX sumbolÐzetai to p�qoc tou monwt ,
en¸ jètoume kai èna k�jeto �xona y, o opoÐoc aux�nei proc ta k�tw. Se aut  thn
an�lush èqoume prosjèsei mÐa phg  t�shc (VGB) an�mesa sthn pÔlh kai to s¸ma tou
tranzÐstor kai analÔoume to pwc aut  katanèmetai entìc thc di�taxhc tou tranzÐstor
kai ti fortÐa dhmiourgeÐ [4, 10, 11]. Kat' arq n, parathreÐtai to fortÐo QOX to opoÐa
brÐsketai sthn k�tw meri� tou monwt  (y = 0). To fortÐo QOX anafèretai se pa-
gideumèna fortÐa tou monwt , apì thn meri� tou upostr¸matoc, pou dhmiourgoÔntai
kat� thn di�rkeia kataskeu c tou tranzÐstor. Autì to fortÐo epeid  eÐnai stajerì
den ephre�zei shmantik� thn trèqousa an�lush, parìti se merik� �lla fainìmena è-
qei shmantikì rìlo. Antijètwc prosoq  apaitoÔn ta fortÐa QG (y = −tOX) kai QC

(y > 0). Ta fortÐa aut� sundèontai �mesa me thn t�sh VGB. Sthn perÐptwsh, de, pou
h t�sh VGB eÐnai arket� jetik , tìte dÔnatai na sugkentrwjoÔn tìsa fortÐa k�tw
apì ton monwt  pou, parìti briskìmaste entìc enìc hmiagwgoÔ tÔpou p, dhmiourgeÐ-
tai mÐa perioq  me meg�lh sugkèntrwsh hlektronÐwn (forèwn tÔpou n), megalÔterh
apì aut  twn op¸n.

Sq ma 2.4: H katanom  dunamik¸n kai fortÐwn kat� m koc tou k�jetou �xona sthn pÔlh.

Sto pedÐo twn t�sewn parathroÔntai ta ex c: to sÔmbolo ΦMS anafèretai sthn
pt¸sh t�shc pou dhmiourgeÐtai ìtan èqoume epaf  metaxÔ twn ulik¸n thc pÔlhc
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kai tou upostr¸matoc, kai onom�zetai èrgo exìdou (work function). H tim  aut 
sqetÐzetai me tic epitreptèc energeiakèc st�jmec twn ulik¸n. 'Otan, de, up�rqei
mÐa akoloujÐa ulik¸n se epaf , h pt¸sh t�shc thc ìlhc dom c eÐnai Ðsh me thn
pt¸sh t�shc pou dhmiourgeÐtai kat� thn epaf  twn dÔo mìno akrian¸n ulik¸n. Gia
autì to lìgo den sunupologÐzetai h epaf  thc pÔlhc kai tou upostr¸matoc me ton
monwt [12, 13]. Aut  h t�sh, ΦMS, endeiktik� topojeteÐtai amèswc p�nw apì ton
akrodèkth tou s¸matoc parìti sthn pragmatikìthta eÐnai katamerismènh stic epafèc
metaxÔ diaforetik¸n ulik¸n. H tim  tou ΦMS eÐnai stajer , den exart�tai apì thn
pìlwsh thc di�taxhc kai, tupik�, gia thn perÐptwsh tou nMOSFET eÐnai perÐpou
−1V , en¸ gia to pMOSFET eÐnai perÐpou 1V .

Apì thn �llh, emfanÐzontai oi t�seic ΨOX kai ΨS, oi opoÐec sqetÐzontai me ta
fortÐa QG kai QC antÐstoiqa. To ΨOX anafèretai sthn pt¸sh t�shc pou parath-
reÐtai kat� m koc tou str¸matoc oxeidÐou, lìgo tou fortÐou pou eÐnai susswreumèno
akrib¸c apì p�nw tou. To, de, ΨS onom�zetai dunamikì epif�neiac kai anafèretai
sto dunamikì pou emfanÐzetai akrib¸c k�tw apì to str¸ma monwt  kai profan¸c
sundèetai me to fortÐo QC .

Efarmìzontac ton nìmo t�sewn tou Kirchhoff ston brìgqo tou sq matoc 2.4
ex�getai h exÐswsh (2.5).

VGB = ΦMS + ΨOX + ΨS (2.5)

Apì thn arq  diat rhshc tou fortÐou, kai dedomènou ìti den eis�gontai fortÐa
sthn di�taxh, to olikì fortÐo ja èqei mhdenikì �jroisma, exÐswsh (2.6).

QG + QOX + QC = 0 (2.6)

Ta fortÐa thc exÐswshc (2.6) anafèrontai sthn ìlh di�taxh. An jewr soume
thn di�taxh omoiìmorfh wc proc to k�jeto epÐpedo ston �xona y, mporeÐ na grafeÐ
h exÐswsh (2.6) se fortÐa an� mon�da epif�neiac, qwrÐc na endiafèroun plèon oi
orizìntiec gewmetrikèc diast�seic thc di�taxhc, exÐswsh (2.7). Shmei¸netai ìti ta
tonoÔmena sÔmbola antistoiqoÔn sta fortÐa an� mon�da epif�neiac.

Q′
G + Q′

OX + Q′
C = 0 (2.7)

SuneqÐzontac thn an�lush se fortÐa an� mon�da epif�neiac, h sqèsh pou sundèei
to fortÐo Q′

G me thn pt¸sh t�shc sto monwt  (ΨOX) eÐnai h (2.8), ìpou me C ′
OX

sumbolÐzetai h qwrhtikìthta an� mon�da epif�neiac tou monwt .

ΨOX =
Q′

G

C ′
OX

(2.8)

Shmei¸netai ed¸ ìti h qwrhtikìthta an� mon�da epif�neiac tou monwt  dÐnetai apì
ton lìgo thc epitreptìthtac tou monwt  (εOX) proc to p�qoc tou tOX , sqèsh (2.9).

C ′
OX =

εOX

tOX

(2.9)

Sto shmeÐo autì eis�getai h ènnoia thc t�shc isorropÐac (flat-band voltage - VFB).
O ìroc autìc antistoiqeÐ sthn t�sh (VGB), pou prèpei na efarmosteÐ sta �kra thc
di�taxhc, ètsi ¸ste to fortÐo sto upìstrwma na allhloexoudeter¸netai, kai sunep¸c
to Q′

C na eÐnai mhdenikì. Se aut n thn perÐptwsh ja isqÔei ìti Q′
G = −Q′

OX , Q′
C = 0

kai, sunep¸c, ΨS = 0 kai apì tic exis¸seic (2.5) kai (2.7) ex�getai h sqèsh (2.10).
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VFB ≡ ΦMS − Q′
OX

C ′
OX

(2.10)

'Ara, me b�sh tic (2.10), (2.7) kai thn (2.8), h sqèsh (2.5) mporeÐ na metatrapeÐ
sthn (2.11).

VGB = VFB + ΨS − Q′
C

C ′
OX

(2.11)

Me b�sh ta �nwjen, autì pou mèllei na upologisjeÐ eÐnai h sqèsh tou fortÐou
ston hmiagwgì (Q′

C) me to dunamikì sthn epif�neia tou hmiagwgoÔ (ΨS). Aut  h
sqèsh ja brejeÐ lÔnontac thn monodi�stath diaforik  exÐswsh Poisson, kat� m koc
tou �xona y. Sqetik� me thn morf  thc exÐswshc Poisson isqÔei ìti, (a) an jewrhjeÐ
mÐa sugkèntrwsh forèwn NA sto hmiagwgì, h opoÐa eÐnai polÔ megalÔterh apì thn
eswterik  sugkèntrwsh forèwn (intrinsic carrier concentration - ni) kai sunep¸c
agnohjeÐ to fainìmeno epanasÔndeshc (recombination) wc amelhtèo, (b) an jewrh-
jeÐ ìti h di�qush èqei gÐnei qwrÐc na ekfulisteÐ o hmiagwgìc (non-degeneratedly
doped) kai (g) an jewrhjeÐ ìti ìlec oi nojeÔseic eÐnai pl rwc ionismènec, tìte h
exÐswsh Poisson pèrnei thn morf  thc sqèshc (2.12). Sthn (2.12) me Ψ sumbolÐze-
tai h sun�rthsh tou dunamikoÔ wc proc thn jèsh ston �xona y, ìper shmaÐnei ìti
ja isqÔei Ψ(0) = ΨS, me q to fortÐo tou hlektronÐou, me UT to jermikì dunamikì
(thermal potential), sqèsh (2.13), me εsi h epitreptìthta tou hmiagwgoÔ tou upo-
str¸matoc, kai me ΦF to dunamikì Fermi tou hmiagwgoÔ, sqèsh (2.14). Sthn (2.13)
me k sumbolÐzetai h stajer� Boltzmann kai me T h jermokrasÐa se bajmoÔc Kelvin.

∂2Ψ

∂y2
= −q ·NA

εsi

(
exp

(
Ψ

UT

)
− 1− exp

(
2ΦF

UT

)
·
(

exp

(
Ψ

UT

)
− 1

))
(2.12)

UT =
k · q
T

(2.13)

ΦF = UT ln
NA

ni

(2.14)

H lÔsh thc exÐswshc Poisson (2.12) faÐnetai sthn sqèsh (2.15), ìpou me γ sum-
bolÐzetai o suntelest c fainomènou upostr¸matoc (substrate   body effect factor),
kai dÐnetai apì thn sqèsh (2.16).

Q′
C = ∓γC ′

OX

√
UT

√
e
−ΨS

UT +
ΨS

UT

− 1 + e
− 2ΦF

UT

(
e

ΨS
UT − ΨS

UT

− 1

)

Q′
C > 0 ↔ ΨS < 0, Q′

C < 0 ↔ ΨS > 0

(2.15)

γ =

√
2 · q · εsi ·NA

C ′
OX

(2.16)

Dustuq¸c, h exÐswsh (2.15) den lÔnetai analutik� wc proc to dunamikì epifa-
neÐac (ΨS). 'Ena tètoio endeqìmeno ja èkane thn diadikasÐa exagwg c enìc kaloÔ
analutikoÔ montèlou polÔ eukolìterh apì ìti eÐnai t¸ra. All� aut  eÐnai mÐa apì tic
duskolÐec pou kaloÔmeja na antimetwpÐsoume.
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Mèqri t¸ra èqei pragmatopoihjeÐ mÐa katakìrufh an�lush tou tranzÐstor MOS,
periorismènh se dÔo akrodèktec. Aut  h basik  an�lush èqei meg�lh shmasÐa, diìti
perigr�fei thn sumperifor� tou fortÐou ston hmiagwgì, h opoÐa odhgeÐ sthn dh-
miourgÐa tou kanalioÔ. Gia thn kallÐterh katanìhsh paratÐjentai merik� grafik�
apotèlesma apì thn mèqri ed¸ an�lush. Jewr¸ntac san dedomènh thn exwterik  t�-
sh VGB kaj¸c kai tic paramètrouc kataskeu c tou stoiqeÐou, kai qrhsimopoi¸ntac
tic exis¸seic (2.11) kai (2.15) mporoÔn na upologistoÔn to dunamikì epifaneÐac (ΨS)
kaj¸c kai to fortÐo ston hmiagwgì (Q′

C). Sto sq ma 2.5 parousi�zetai mÐa sqetik 
an�lush wc proc thn exwterik  t�sh VGB.

Sq ma 2.5: To dunamikì epif�neiac (ΨS) kai to fortÐo ston hmiagwgì (Q′
C) sunart sei

thc t�shc metaxÔ pÔlhc kai s¸matoc (VGB). Stic paramètrouc thc teqnologÐac èqoun dojeÐ
oi akìloujec endeiktikèc timèc: NA = 4 · 1021m−3, tOX = 4nA, Q′

OX = 2 · 10−5C/m−2.
Apì autèc tic timèc upologÐzetai ìti: VFB ≈ −1.01V , ΦF ≈ 0.45V , C ′

OX ≈ 8.6mF/m−2.
H jermokrasÐa eÐnai T = 300◦K kai sunep¸c UT ≈ 25.9mV . Me k�jetec diakekommènec
grammèc qwrÐzontai oi perioqèc thc suss¸reushc (accumulation), thc ex�ntlhshc (deple-
tion), kai thc anastrof c (inversion). To ìrio metaxÔ thc asjenoÔc (weak) kai thc mètriac
(moderate) anastrof c eÐnai to ΨS = 2ΦF en¸ h ènarxh thc isqur c (strong) anastrof c
den mporeÐ na oristeÐ me thn Ðdia saf neia.

O orismìc tou VFB (2.10) ègine me b�sh to mhdenismì tou fortÐou sto upìstrwma
(Q′

C). Sunep¸c, an�loga me thn sqetik  tim  tou VGB wc proc to VFB, h kat�stash
ston hmiagwgì diaforopoieÐtai. 'Otan to Q′

C eÐnai jetikì3 ston hmiagwgì tÔpou
p, tìte prostÐjentai opèc stic  dh up�rqousec tou hmiagwgoÔ. Aut  h perioq 
onom�zetai suss¸reush (accumulation). Sthn suss¸reush to VGB eÐnai mikrìtero
tou VFB kai to ΨS eÐnai arnhtikì.

Gia na gÐnei kallÐtera katanoht  h oriojèthsh twn epìmenwn perioq¸n, ja eisa-
qjeÐ parenjetik� kai h posìthta thc sugkèntrwshc forèwn tÔpou n sthn epif�neia
(nsurface) h opoÐa upologÐzetai san sun�rthsh tou dunamikoÔ sthn epif�neia[4], kai
dÐnetai apì thn sqèsh (2.17).

3Υπενθυμίζεται ότι ενδεικτικά αναλύουμε την περίπτωση του nMOSFET όπου έχουμε ημιαγωγό
τύπου p. Για την ανάλυση στην περίπτωση του pMOSFET είναι απαραίτητο να αλλάξουν όλα τα
πρόσημα σχετικά με τα φορτία και τα δυναμικά.
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nsurface = ni · exp

(
ΨS − ΦF

UT

)
≈ NA · exp

(
ΨS − 2ΦF

UT

)
(2.17)

Kaj¸c h diafor� VGB−VFB all�zei prìshmo kai gÐnetai jetikì kai to Q′
C , epÐshc,

all�zei prìshmo. H epìmenh perioq  onom�zetai perioq  ex�ntlhshc. Se aut n,
foreÐc fortÐou tÔpou n arqÐzoun na mazeÔontai sth epif�neia tou hmiagwgoÔ. H
sugkèntrwsh ìmwc aut¸n twn fortÐwn eÐnai polÔ mikrìterh apì sugkèntrwsh forèwn
tÔpou p pou èqei o hmiagwgìc (NA) kai mikrìterh apì thn eswterik  sugkèntrwsh
forèwn tou hmiagwgoÔ (ni). 'Otan h sugkèntrwsh tou fortÐou sthn epif�neia per�sei
thn tim  ni, to tranzÐstor pern�ei sthn perioq  thc anastrof c (inversion). Autì
sumbaÐnei ìtan to dunamikì sthn epif�neia tou hmiagwgoÔ èqei Ðdia tim  me to dunamikì
Fermi (ΨS = ΦF ).

H perioq  thc anastrof c qwrÐzetai se treic upoperioqèc, an�loga me to epÐpedo
anastrof c. Apì thn perioq  thc ex�ntlhshc kai kaj¸c to VGB aux�netai, h di�taxh
pern�ei sthn asjen  anastrof  (weak inversion), sthn èktash thc opoÐac h sugkèn-
trwsh fortÐwn sthn epif�neia eÐnai megalÔterh apì ni all� mikrìterh apì NA. H
epìmenh perioq  onom�zetai mètria anastrof  moderate inversion kai arqÐzei ìtan
to dunamikì sthn epif�neia tou hmiagwgoÔ èqei dipl�sia tim  apì to dunamikì Fermi
(ΨS = 2ΦF ).

Tìso sthn mètria kai ìso kai sthn isqur  anastrof  (strong inversion) h sug-
kèntrwsh fortÐou sthn epif�neia eÐnai megalÔterh apì NA. To ìrio metaxÔ twn dÔo
teleutaÐwn upoperioq¸n den eÐnai tìso safèc ìso to ìrio an�mesa stic dÔo prohgoÔ-
menec. Genik� mil¸ntac, to eÔroc thc mètriac anastrof c, wc proc to dunamikì sthn
epif�neia (ΨS), eÐnai merik� UT [4, 14, 15].

Se palaiìterec teqnologÐec h perioq  thc mètriac anastrof c  tan amelhtèac è-
ktashc diìti h trofodosÐa  tan polÔ megalÔterh. 'Omwc, me thn exèlixh thc teqnolo-
gÐac kai thn meÐwsh thc trofodosÐac, to shmeÐo leitourgÐac twn MOSFET sumpièzetai
ìlo kai plhsièstera sthn mètria anastrof . Par�llhla, h apaÐthsh gia kukl¸mata
ìlo kai qamhlìterhc katan�lwshc odhgeÐ se sqediastikèc lÔseic pou pol¸noun ta
MOSFET akìma kai sthn asjen  anastrof . ParathreÐtai loipìn, stic plèon prì-
sfatec teqnologÐec, mÐa metatìpish stic apait seic apì ta montèla MOSFET proc
thn k�luyh me thn Ðdia akrÐbeia kai prosoq  ìlwn twn epipèdwn anastrof c, en¸ se
palaiìterec teqnologÐec epikratoÔse, se barÔthta, h isqur  anastrof .

2.2.2 An�lush stoiqeÐou tess�rwn akrodekt¸n
Me thn eisagwg  kai twn �llwn dÔo kìmbwn tou tranzÐstor emfanÐzetai plèon olì-
klhrh h di�taxh. Aut  faÐnetai sto sq ma 2.6. Se aut n thn di�taxh eis�getai kai
èna �xonac x, o opoÐoc èqei kateÔjunsh apì to source sto drain. P�nw se autìn to
�xona eÐnai kai h ro  tou reÔmatoc, kai, dedomènhc thc sqèshc (2.2), h kateÔjunsh
tou reÔmatoc eÐnai apì ta jetik� tou proc ta arnhtik�. Me Leff sumbolÐzetai to
m koc tou kanalioÔ, to opoÐo en gènei den tautÐzetai me to m koc thc pÔlhc (Lgate),
all� sun jwc eÐnai kat� èna par�gonta ∆L mikrìtero. Me thn eisagwg  twn dÔo
akrodekt¸n sta �kra tou kanalioÔ parathroÔme ìti plèon h di�taxh den eÐnai pl rwc
omoiìmorfh wc proc to epÐpedo to k�jeto ston �xona y, all� up�rqoun dÔo perio-
qèc, plhsÐon twn �krwn tou kanalioÔ, ìpou h sumperifor� touc ephre�zetai apì th
Ôparxh twn egqÔsewn pou sunjètoun touc akrodèktec source kai drain. Arqik� ja
agnohjeÐ aut  h diaforopoÐhsh twn �krwn, jewr¸ntac ìti h èktash aut¸n twn perio-
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q¸n eÐnai polÔ mikrìterh apì thn upìloiph di�taxh. Aut  h prosèggish ja epitrèyei
thn exagwg  enìc montèlou pou ja kalÔptei tic diat�xeic pou eÐnai arket� meg�lec
kai, sunep¸c, gia autèc aut  h prosèggish eÐnai arket� swst . Gia tic mikrìterec
diat�xeic to montèlo ofeÐlei na epektajeÐ ¸ste na kalÔptei kai autèc. Jèmata sqe-
tik� me thn montelopoÐhsh fainomènwn kontoÔ kanalioÔ analÔontai se megalÔterh
leptomèreia sthn par�grafo 2.4.

Sq ma 2.6: H di�taxh nMOSFET kai me touc tèsseric akrodèktec thc. Oi akrodèktec
tou source kai drain eÐnai braqukuklwmènoi. O �xonac x kat� m koc thc di�taxhc èqei thn
Ðdia dieÔjunsh me to reÔma tou tranzÐstor. Me Lgate sumbolÐzetai to m koc thc pÔlhc, me
Leff to m koc tou kanalioÔ, en¸ me ∆L h diafor� twn dÔo teleutaÐwn.

Me touc akrodèktec source kai drain dhmiourgeÐtai h dunatìthta thc hlektrik c
epikoinwnÐac me to kan�li. Arqik�, ac jewrhjoÔn oi dÔo akrodèktec braqukuklwmènoi
kai polwmènoi se mÐa koin  t�sh (Vch). Aut  h koin  t�sh isoÔtai me thn diafor�
metaxÔ tou quasi-Fermi dunamikoÔ twn forèwn meionìthtac (ΦFn) kai tou quasi-Fermi
dunamikoÔ twn forèwn pleionìthtac (ΦFp ≈ ΦF ), sqèsh (2.18).

Vch = ΦFn − ΦFp ≈ ΦFn − ΦF (2.18)
Me thn eisagwg  sthn di�taxh thc exwterik c hlektrik c epikoinwnÐac, mèsw twn

akrodekt¸n source kai drain, kai thc t�shc Vch, h exÐswsh Poisson pou perigr�fei
to prìblhma all�zei kai paÐrnei thn morf  thc (2.19) [10].

∂2Ψ

∂y2
= −q ·NA

εsi

(
exp

(
Ψ

UT

)
− 1− exp

(
2ΦF

UT

)
·
(

exp

(
Ψ− Vch

UT

)
− 1

))
(2.19)

H, de, lÔsh thc exÐswshc Poisson èqei thn morf  thc (2.20).

Q′
C = ∓γC ′

OX

√
UT

√
e
−ΨS

UT +
ΨS

UT

− 1 + e
− 2ΦF

UT

(
e

ΨS−Vch
UT − ΨS

UT

− e
−Vch

UT

)

Q′
C > 0 ↔ ΨS < 0, Q′

C < 0 ↔ ΨS > 0

(2.20)

H, de, sqèsh pou dÐnei thn sugkèntrwsh forèwn meionìthtac sthn epif�neia paÐrnei
thn morf  (2.21).

nsurface = ni · exp

(
ΨS − (ΦF + Vch)

UT

)
≈ NA · exp

(
ΨS − (2ΦF + Vch)

UT

)
(2.21)
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Me b�sh thn nèa sqèsh (2.20) mporeÐ na epanalhfjeÐ h grafik  an�lush tou
sq matoc 2.5, prosjètontac aut  thn for� thn par�metro Vch. Sto sq ma 2.7 faÐ-
nontai ta apotelèsmata. H oriojèthsh metaxÔ twn perioq¸n thc anastrof c, me thn
prosj kh twn akrodekt¸n sta �kra tou kanalioÔ, emfanÐzetai stic sqèseic (2.22).

ΦF + Vch < ΨS < 2ΦF + Vch ↔ weak inversion

2ΦF + Vch < ΨS ↔ moderate or strong inversion
(2.22)

Sq ma 2.7: To dunamikì epif�neiac (ΨS) kai to fortÐo ston hmiagwgì (Q′
C) sunart sei thc

t�shc metaxÔ pÔlhc kai s¸matoc (VGB), parametrik� wc proc thn t�sh Vch. Oi par�metroi
thc teqnologÐac eÐnai Ðdiec me autèc tou sq matoc 2.5. Oi orizìntiec diakekommènec grammèc
deÐqnoun to shmeÐo pou arqÐzei h mètria anastrof  an�loga me thn Vch, ΨS = 2ΦF + Vch.

H �nwjen an�lush kalÔptei ìlec tic perioqèc tou tranzÐstor, apì thn suss¸reush
mèqri thn isqur  anastrof . Gia autì to lìgo kai h poluplokìthta twn exis¸sewn
thc eÐnai auxhmènh. ApaiteÐtai, loipìn, o periorismìc tou montèlou prokeimènou na
meiwjeÐ h poluplokìtht� tou kai na auxhjeÐ, sunep¸c, h qrhstikìtht� tou.

2.2.3 An�lush fortÐwn sthn anastrof 
MegalÔterh shmasÐa apì tic di�forec perioqèc leitourgÐac tou MOSFET èqei h
anastrof , kaj¸c tìte emfanÐzetai to kan�li pou epitrèpei thn hlektrik  epikoinwnÐa
metaxÔ twn akraÐwn akrodekt¸n tou. Sthn perÐptwsh pou to VGB eÐnai tìso meg�lo
¸ste na isqÔei ìti ΨS ≥ ΦF kai h di�taxh na brÐsketai sthn anastrof , tìte to fortÐo
ston hmiagwgì mporeÐ na jewrhjeÐ san �jroisma dÔo fortÐwn, to èna mèroc emperièqei
touc foreÐc pou sqetÐzontai me thn ex�ntlhsh (depletion) tou hmiagwgoÔ (Q′

B) kai
to �llo me touc foreÐc anastrof c (inversion) (Q′

I), sqèsh (2.23). Shmei¸netai ed¸
ìti sthn pragmatikìthta oi sqèseic pou akoloujoÔn isqÔoun kai gia to �nw mèroc
thc perioq c ex�ntlhshc, dhlad  to ìrio ΨS ≥ ΦF eÐnai èna austhrì ìrio gia thn
an�lush pou akoloujeÐ.

Q′
C = Q′

B + Q′
I (2.23)
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Gia ton upologismì twn dÔo sunistws¸n tou fortÐou, ja gÐnei mÐa jemeli¸dhc pro-
sèggish thc ed¸ an�lushc. Me b�sh thn jewrÐa tou epifaneiakoÔ fortÐou (charge
sheet theory), to, men, anastrèfon fortÐo susswreÔetai ex olokl rou se mÐa mh-
denikoÔ p�qouc epif�neia amèswc k�tw apì ton monwt , to, de, fortÐo ex�ntlhshc
kalÔptei pl rwc mÐa perioq  ex�ntlhshc sugkekrimènou b�jouc, dhlad  mèqri autì
to b�joc h sugkèntrwsh forèwn reÔmatoc eÐnai polÔ mikrìterh apì thn sugkèntrwsh
twn op¸n [16, 17, 18, 19, 20, 21]. Sto sq ma 2.8 apotup¸netai grafik� h prosèggish
aut .

Sq ma 2.8: Grafik  apotÔpwsh thc jewrÐac tou epifaneiakoÔ fortÐou (charge sheet the-
ory). H jewrÐa proôpojètei ìti ìlo fortÐo anastrof c (Q′

I) eÐnai susswreumèno se èna
str¸ma mhdenikoÔ pl�touc, akrib¸c k�tw apì ton monwt  (y = 0+). To, de, fortÐo e-
x�ntlhshc (Q′

B) jewreÐtai ìti ekteÐnetai se mÐa perioq  b�jouc yB, h opoÐa eÐnai pl rwc
exantlhmènh, dhlad  h sugkèntrwsh twn eleÔjerwn fortÐwn eÐnai amelhtèa mprost� sthn
sugkèntrwsh twn op¸n tou upostr¸matoc.

H prosèggish tou epifaneiakoÔ fortÐou epitrèpei thn sÔndesh tou fortÐou ex�n-
tlhshc (Q′

B) me thn t�sh epifaneÐac tou hmiagwgoÔ (ΨS), sqèsh (2.24).

Q′
B ≈ −

√
2 · q · εsi ·NA = −γ · C ′

OX ·
√

ΨS = −γ · C ′
OX ·

√
UT ·

√
ΨS

UT

(2.24)

To, de, b�joc yB dÐnetai apì thn sqèsh (2.25).

yB =

√
2 · εsi

q ·NA

·
√

ΨS (2.25)

Sthn sqèsh (2.24) parathreÐtai h �qrhsth eisagwg  thc jermik c t�shc. H aitÐa
thc eisagwg c aut c eÐnai se epÐpedo morfopoÐhshc twn exis¸sewn. Ja apodeiqjeÐ
ìti h qr sh merik¸n suntelest¸n kanonikopoÐhshc epitrèpei thn aploÔsterh graf 
twn exis¸sewn tou montèlou kai belti¸nei thn antilhptik  dunatìthta tou montèlou.
Gia thn perÐptwsh twn t�sewn o kanonikopoihtikìc par�gontac eÐnai h jermik  t�sh
(UT ). Oi upìloipoi par�gontec ja eisaqjoÔn diadoqik� sthn sunèqeia thc ergasÐac.

Apì thn �llh, sthn perioq  thc anastrof c, sugkekrimènoi ìroi thc exÐswshc
(2.20) mporoÔn na jewrhjoÔn amelhtèoi kai h èkfrash tou fortÐou ston hmiagwgì
na aplopoihjeÐ paÐrnontac thn morf  thc (2.26).

Q′
C = −γ · C ′

OX ·
√

UT ·
√

ΨS

UT

+ exp

(
ΨS − 2ΦF − Vch

UT

)
(2.26)

Sunep¸c, me b�sh thn (2.23) kai qrhsimopoi¸ntac tic (2.24) kai (2.26) mporeÐ
na upologisteÐ to anastrèfon fortÐo Q′

I . Sthn sqèsh (2.27) faÐnetai h morf  tou
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fortÐou Q′
I , parathroÔme, de, ìti h qr sh tou UT san paronomast  se k�je t�sh,

k�nei thn exÐswsh pio euan�gnwsth.

Q′
I = −γ · C ′

OX ·
√

UT ·
(√

ΨS

UT

+ exp

(
ΨS − 2ΦF − Vch

UT

)
−

√
ΨS

UT

)
(2.27)

Dustuq¸c oÔte oi mèqri ed¸ aplopoi seic den èqoun epitrèyei thn eujeÐa sÔndesh
tou dunamikoÔ epifaneÐac me tic exwterikèc t�seic. Me thn bo jeia twn sqèsewn
(2.23) kai (2.24), h sqèsh (2.11) metatrèpetai sthn (2.28).

VGB = VFB + ΨS + γ ·
√

ΨS − Q′
I

C ′
OX

(2.28)

EÐnai qarakthristik� diaforetikèc oi exis¸seic (2.24) kai (2.27). To, men, Q′
B

eÐnai an�logo thc tetragwnik c rÐzac tou dunamikoÔ epifaneÐac se ìlo to eÔroc thc
anastrof c, en¸ to, de, Q′

I , èqei polÔ mikr  tim  sthn asjen  anastrof  (ΨS <
2ΦF + Vch) kai mÐa, sqedìn, ekjetik  sqèsh me to dunamikì epifaneÐac sthn isqur 
anastrof  (ΨS > 2ΦF +Vch). AntÐstoiqa, to olikì fortÐo ston hmiagwgì (Q′

C), sthn
asjen  anastrof  orÐzetai kurÐwc apì to fortÐo ex�ntlhshc (Q′

B), en¸ sthn isqur 
to fortÐo anastrof c (Q′

I) eÐnai h shmantikìterh sunist¸sa tou. EpÐshc axÐzei na
shmeiwjeÐ ìti to fortÐo ex�ntlhshc den eÐnai �mesa sun�rthsh tou Vch all� mìno
mèsw tou ΨS. Sto sq ma 2.9 parousi�zetai mÐa an�lush twn fortÐwn se sqèsh me
thn t�sh VGB.

Sq ma 2.9: O diaqwrismìc tou fortÐou tou hmiagwgoÔ (Q′
C) se fortÐo ex�ntlhshc (Q′

B)
kai fortÐo anastrof c (Q′

I) me b�sh thn jewrÐac epifaneiakoÔ fortÐou (charge sheet the-
ory). To fortÐo ex�ntlhshc epikrateÐ sthn perioq  thc asjenoÔc anastrof c, en¸ to fortÐo
anastrof c epikrateÐ sthn isqur  anastrof . Oi par�metroi thc teqnologÐac eÐnai Ðdiec me
autèc tou sq matoc 2.5. Sthn an�lush aut  jewreÐtai stajerì to Vch kai to VGB paÐrnei
timèc apì VFB mèqri VFB + 200 · UT .

To fortÐo anastrof c eÐnai pou dhmiourgeÐ ousiastik� to kan�li kai sunep¸c, thn
hlektrik  sÔndesh metaxÔ twn dÔo �krwn tou. AxÐzei, de, na melethjeÐ peraitèrw to

MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec 31



Kef�laio 2. Analutik  montelopoÐhsh tou MOS tranzÐstor

fortÐo Q′
I kai h sÔndesh tou me tic exwterikèc t�seic. Sto sq ma 2.10 parousi�zetai

mÐa an�lush parìmoia me aut n tou sq matoc 2.9, mìno pou aut  thn for� den eÐnai
h t�sh VGB pou sar¸netai all� h t�sh Vch. Sthn prohgoÔmenh perÐptwsh, thc
s�rwshc wc proc thn t�sh VGB, eÐnai eÔkolh h an�gnwsh tou epipèdou anastrof c.
H anastrof  gÐnetai pio èntonh ìso h t�sh sthn pÔlh aux�nei. Sthn perÐptwsh
s�rwshc me thn t�sh Vch h allag  twn perioq¸n all�zei seir� kai odhgeÐtai h di�taxh,
kaj¸c aux�nei h t�sh Vch, se ligìtero èntonh anastrof .

Sq ma 2.10: To fortÐo anastrof c (Q′
I) kai to dunamikì epifaneÐac (ΨS) exart sei thc

t�shc Vch. Oi par�metroi thc teqnologÐac eÐnai Ðdioi me autèc tou sq matoc 2.5. Sthn
an�lush aut  jewreÐtai stajerì to VGB kai to Vch paÐrnei timèc apì −20 ·UT mèqri 80 ·UT .
Ta hmiepÐpeda pou orÐzei h gramm  ΨS = 2ΦF + Vch diaqwrÐzoun thn asjen  anastrof 
(ΨS < 2ΦF + Vch) apì thn mètria kai thn isqur  (ΨS > 2ΦF + Vch). AxioshmeÐwth
eÐnai h sqedìn grammik  sqèsh tou fortÐou anastrof c wc proc to dunamikì epifaneÐac.
An�loga grammik  eÐnai kai h sqèsh tou Q′

I me thn t�sh Vch, sthn isqur  anastrof . H
grammikìthta aut  q�netai stic perioqèc thc mètriac kai thc asjenoÔc anastrof c.

UpogrammÐzetai se autì to shmeÐo h sqedìn grammik  sqèsh pou sundèei to ana-
strèfon fortÐo me to dunamikì epifaneÐac. Sqedìn grammik  eÐnai kai h sqèsh metaxÔ
anastrèfontoc fortÐou kai t�shc sto kan�li, sthn isqur  anastrof , h opoÐa ìmwc
q�netai asjen  anastrof . Aut , h grammik  sqèsh metaxÔ anastrèfontoc fortÐou
kai dunamikoÔ epifaneÐac kai t�sh kanalioÔ, mporeÐ na posotikopoihjeÐ apeikonÐzon-
tac thn par�gwgo tou fortÐou wc proc ta ΨS kai Vch, dhlad  touc ìrouc ∂Q′I

∂ΨS
kai

∂Q′I
∂Vch

. Sto sq ma 2.11 parousi�zontai oi proanaferjeÐsec par�gwgoi se sqèsh me to
dunamikì sthn epif�neia. H klÐsh tou anastrèfontoc fortÐou wc proc to dunamikì
eÐnai sqetik� stajer . H klÐsh tou Q′

I wc proc thn t�sh sto kan�li eÐnai sqetik�
stajèrh mìno sthn isqur  anastrof , en¸ fjÐnei sthn mètria anastrof , sth de
asjen  anastrof  èqei mhdenik  tim . Apì thn �llh parathroÔme ìti h klÐsh tou
anastrèfontoc fortÐou wc proc thn t�sh tou kanalioÔ eÐnai p�nta mikrìterh apì thn
antÐstoiqh me to dunamikì epifaneÐac. Sthn isqur  anastrof  eÐnai lÐgo mikrìterh,
en¸ sthn mètria kai thn asjen  perissìtero.

Se epÐpedo apolÔtwn tim¸n, ac anaferjoÔn ta akìlouja. Kat' arq n h tim 
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Sq ma 2.11: Oi par�gwgoi tou fortÐou anastrof c (Q′
I) wc proc to dunamikì epifaneÐac

kai thn t�sh tou kanalioÔ. Oi par�metroi thc teqnologÐac eÐnai Ðdioi me autèc tou sq matoc
2.5. Sthn an�lush aut  jewreÐtai stajerì to VGB kai to Vch paÐrnei timèc apì −20·UT mèqri
80 ·UT . Shmei¸netai ìti sthn asjen  anastrof  to dunamikì epifaneÐac den all�zei, plèon,
tim  me thn t�sh Vch. 'Opwc kai sto sq ma 2.10 h gramm  ΨS = 2ΦF + Vch diaqwrÐzei thn
asjen  anastrof  apì thn mètria kai thn isqur .

thc klÐshc ∂Q′I
∂ΨS

eÐnai megalÔterh thn mon�dac se ìlo to eÔroc thc anastrof c. H,
de, posìthta ∂Q′I

∂Vch
eÐnai megalÔterh thc mon�dac sthn isqur  anastrof  en¸ pèftei

k�tw apì aut n sthn mètria kai thn asjen  anastrof . Autì eÐnai qarakthristikì
pou den exart�tai apì tic timèc thc k�je teqnologÐac all� poiotikì, pou sqetÐzetai
me thn fusik  tou montèlou, kai, sunep¸c, isqÔei gia ìlec tic teqnologÐec. Me
tic sugkekrimènec endeiktikèc paramètrouc to ∂Q′I

∂ΨS
paÐrnei timèc apì 1.14 mèqri 1.28,

pou antistoiqeÐ se mÐa diakÔmansh thc perÐpou 10%. Genik� mil¸ntac oi timèc stic
montèrnec CMOS teqnologÐec kinoÔntai se èna elafr¸c pio dieurumèno di�sthma tim¸n
(1.1− 1.4).

2.2.4 An�lush fortÐwn sthn suss¸reush kai thn ex�n-
tlhsh

Sthn perioq  thc suss¸reushc, ìpwc anafèrjhke sthn par�grafo 2.2.2 kai ìpwc
faÐnetai grafik� sto sq ma 2.7, ta fortÐa pou susswreÔontai ston hmiagwgì eÐnai
Ðdiou tÔpou me ton hmiagwgì. JumÐzetai, epÐshc, ìti, apì �poyh dunamik¸n, sthn
perioq  thc suss¸reushc isqÔei ìti VGB < VFB kai ΨS < 0. Apì thn �llh, sthn
perioq  thc ex�ntlhshc isqÔei ìti VGB > VFB, en¸ ta fortÐa tou hmiagwgoÔ eÐnai
antÐjetou tÔpou se sqèsh me ton hmiagwgì. Se amfìterec tic perioqèc, to fortÐo
ston hmiagwgì, se antistoiqÐa me thn je¸rhsh thc sqèshc (2.23) sthn perioq  thc
anastrof c, den perièqei kajìlou anastrèfonta fortÐa. ApaleÐfontac, de, touc
amelhtèouc ìrouc apì thn (2.20) sthn eidik  perÐptwsh thc pìlwshc sthn perioq  thc
suss¸reushc kai thc ex�ntlhshc, ex�getai h aplopoihmènh sqèsh (2.29). Shmei¸netai
ìti me thn sqèsh 2.29) epekteÐnetai h ènnoia tou fortÐou Q′

B ètsi ¸ste stic men
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perioqèc thc anastrof c kai thc ex�ntlhshc na antistoiqeÐ sto fortÐo ex�ntlhshc,
sthn de perioq  thc suss¸reushc na antistoiqeÐ sto fortÐo suss¸reushc.

Q′
C = Q′

B ≈ ∓γ · C ′
OX ·

√
UT ·

√
exp

(
−ΨS

UT

)
+

ΨS

UT

− 1

Q′
C > 0 ↔ ΨS < 0, Q′

C < 0 ↔ ΨS > 0

(2.29)

AxioshmeÐwto, ìso kai logikì, eÐnai ìti, tìso sthn perioq  thc suss¸reushc ìso
kai thc ex�ntlhshc, h t�sh t�sh Vch den ephre�zei to fortÐo ston hmiagwgì. Stic
perioqèc autèc den up�rqei kan�li, kai sunep¸c kamÐa hlektrik  epikoinwnÐa metaxÔ
twn dÔo �krwn tou kanalioÔ. Oi dÔo akrodèktec, source kai drain, eÐnai pl rwc
apomonwmènoi se sqèsh me to upìloipo stoiqeÐo, mèsw twn perioq¸n apogÔmnwshc
twn an�strofwn diìdwn epaf c pou dhmiourgoÔn gÔrw touc. Sunep¸c, se antÐjesh
me thn perioq  anastrof c, den ephre�zoun hlektrik� thn perioq  tou hmiagwgoÔ
k�tw apì ton monwt .

H exÐswsh (2.11) kalÔptei fusik� kai thn suss¸reush kai thn ex�ntlhsh. H
lÔsh thc, me b�sh thn sqèsh (2.29), odhgeÐ sthn exagwg  twn apotelesm�twn pou
faÐnontai grafik� sto sq ma 2.12. 'Oso h t�sh sthn pÔlh elatt¸netai, to tranzÐ-
stor odhgeÐtai bajÔtera sthn perioq  thc suss¸reushc kai apomakrÔnetai apì thn
perioq  thc ex�ntlhshc kai, apì majhmatik  �poyh, o ekjetikìc ìroc thc exÐswshc
(2.29) epikrateÐ twn upoloÐpwn. Sthn, de, perioq  thc ex�ntlhshc o ekjetikìc ìroc
eÐnai amelhtèoc kai epikrateÐ h ex�rthsh apì thn tetragwnik  rÐza tou dunamikoÔ
epifaneÐac.

Mèqri stigm c èqei melethjeÐ h di�taxh tou MOSFET èqontac braqukuklwmèna ta
dÔo �kra tou kanalioÔ (sq ma 2.6). Upì aut n thn pìlwsh kat� m koc tou kanalioÔ
den anaptÔssetai diafor� dunamikoÔ kai sunep¸c den rèei reÔma mèsw autoÔ. Gia na
melethjeÐ to reÔma pou rèei sto kan�li, ja jewrhjeÐ ìti oi dÔo akrodèktec sta �kra
tou kanalioÔ (source kai drain) sundèontai se diaforetik� dunamik�. Se sumfwnÐa me
thn exÐswsh (2.2), kai suneqÐzontac thn endeiktik  melèth mìno thc perÐptwshc tou
nMOS, tropopoieÐtai to sq ma 2.6 sto sq ma 2.13. Plèon, to tranzÐstor melet�tai
sthn genikìterh dunat  morf  tou.

EpÐshc, eis�getai sto sq ma 2.13 kai o �xonac tou b�jouc (z), o opoÐoc eÐnai
k�jetoc stouc x kai y. P�nw se autìn ton �xona ekteÐnetai to pl�toc thc pÔlhc
(Wgate) kaj¸c kai to pl�toc tou kanalioÔ (Weff ), ta opoÐa, en gènei, sundèontai
ìpwc kai to Lgate me to Leff , dhlad  mèsw mÐac mikr c diafor�c ∆W = Wgate−Weff .
Par� thn eisagwg  tou peperasmènou pl�touc, ìpwc eÐqe gÐnei kai sthn eisagwg  tou
peperasmènou m kouc tou kanalioÔ, ja jewrhjeÐ amelhtèa se èktash thn perioq  thn
�krh tou kanalioÔ kat� pl�toc se sqèsh me to upìloipo tranzÐstor, kai h an�lush
ja suneqisteÐ me ìrouc omoiomorfÐac tou kanalioÔ, wc proc to pl�toc, kai me thn
melèth tou fortÐou an� mon�da epif�neiac.

Me thn eisagwg  ìmwc diaforetik¸n t�sewn sta �kra tou kanalioÔ, sp�ei h sum-
metrÐa kai h omoiomorfÐa kat� m koc tou kanalioÔ. H an�lush pou anaptÔqjhke wc
ed¸, gia par�deigma h an�lush perÐ tou sq matoc 2.6, je¸rhse ìti sto epÐpedo x−z
up�rqei omoiomorfÐa se ìlh thn èktash tou kanalioÔ. Antijètwc, t¸ra parathreÐ-
tai ìti kat� m koc tou �xona x up�rqei mÐa hlektrik  asummetrÐa pou odhgeÐ sthn
ex�rthsh twn diafìrwn megej¸n apì thn jèsh touc kat� m koc tou kanalioÔ. Qara-
kthristikì par�deigma ja apodeiqjeÐ, h t�sh tou kanalioÔ (Vch(x)) h opoÐa suneqÐzei
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Sq ma 2.12: To dunamikì epifaneÐac kai to fortÐo ston hmiagwgì sthn perioq  thc suss¸-
reushc (accumulation) kai thc ex�ntlhshc (depletion). Oi par�metroi thc teqnologÐac eÐnai
Ðdiec me autèc tou sq matoc 2.5. Sthn an�lush aut  to VGB paÐrnei timèc apì VFB−150 ·UT

mèqri VFB + 50 · UT . Shmei¸netai ìti, se antÐjesh me tic perioqèc thc ex�ntlhshc kai thc
anastrof c, sthn suss¸reush to fortÐo èqei jetik  tim  kai to dunamikì sthn epif�neia
arnhtik . Qarakthristik  eÐnai h ekjetik  sqèsh metaxÔ tou fortÐou kai tou dunamikoÔ
epifaneÐac sthn perioq  makru� apì thn perioq  ex�ntlhshc (qwrÐc austhrìthta mil¸ntac:
gia ΨS < 2 · UT )

Sq ma 2.13: H di�taxh nMOSFET me touc tèsseric akrodèktec thc sundedemènouc se
diaforetikèc t�seic. H diafor� dunamikoÔ sta �kra tou kanalioÔ ja odhg sei sthn emf�nish
reÔmatoc kat� m koc tou kanalioÔ. Jewr¸ntac ìti VDB > VSB, h parasitik  dÐodoc thc
meri�c tou drain ja emfanÐzei mÐa megalÔterh z¸nh apogÔmnwshc se sqèsh me aut n tou
source.
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wc ènnoia kai sthn metèpeita an�lush, kai paÐrnei tic akraÐec timèc Vch(0) = VSB kai
Vch(Leff ) = VDB.

Jewr¸ntac plèon ta di�fora megèjh, ìpwc to ΨS kai to Vch, wc sunart seic thc
jèsh kat� m koc tou kanalioÔ, prèpei na tropopoihjeÐ kai h sÔndesh metaxÔ epipèdou
anastrof c kai dunamikoÔ epifaneÐac, ìpwc ekfr�sthke aut  sthn exÐswsh (2.22).
Gia thn akrÐbeia, h exÐswsh suneqÐzei na isqÔei all� plèon shmeiak� kai ìqi se ìlh thn
èktash tou kanalioÔ. Ta di�fora mèrh tou kanalioÔ mporoÔn na qarakthrÐzontai apì
diaforetik� epÐpeda anastrof c an�loga me thn pìlwsh sta �kra tou kanalioÔ kai
thn jèsh touc p�nw sto kan�li. 'Oson afor� sthn ìlh di�taxh, to mèroc tou kanalioÔ
pou qarakthrÐzetai apì thn isqurìterh anastrof  orÐzei kai to epÐpedo anastrof c
tou ìlou kanalioÔ. SunupologÐzontac kai thn sqèsh (2.2) ex�getai to sumpèrasma
ìti eÐnai h meri� plhsÐon tou source h opoÐa ja eÐnai h plèon anestrammènh kai aut  me
b�sh thn t�sh VSB ja upologÐzetai to epÐpedo anastrof c tou ìlou kanalioÔ. Apì
thn �llh, kalÔptontac thn pio genik  perÐptwsh, isqÔei ìti h qamhlìterh t�sh apì
autèc stouc akrodèktec source kai drain ja orÐsei to epÐpedo anastrof c tou ìlou
kanalioÔ.

2.2.5 ReÔma kanalioÔ
Me b�sh thn jewrÐa tou epifaneiakoÔ fortÐou (charge sheet theory), kai thn exÐ-
swsh (2.23) to fortÐo sthn perioq  k�tw apì ton monwt , mporeÐ na diaqwristeÐ se
dÔo kathgorÐec. Apì autèc tic dÔo, mìno to fortÐo Q′

I , pou sumbolÐzei ta eleÔje-
ra hlektrìnia, mporeÐ na kinhjeÐ eleÔjera kai na d¸sei hlektrikì reÔma metaxÔ twn
akrodekt¸n source kai drain, en¸ to fortÐo Q′

B, eÐnai desmeumèno sto plègma tou
hmiagwgoÔ. Sunep¸c, mìno ìtan h di�taxh brÐsketai sthn perioq  thc anastrof c
dÔnatai na up�rxei reÔma metaxÔ twn akrodekt¸n kai ìqi sthn perioq  thc suss¸-
reushc.

H puknìthta reÔmatoc (Jn), se k�je shmeÐo tou kanalioÔ ja upologisteÐ me b�sh
thn exÐswsh (2.30) [22]. Sthn (2.30) me µ sumbolÐzetai h kinhtikìthta twn forèwn
sto kan�li, sthn epif�neia dhlad  k�twjen tou monwt , me np h sugkèntrwsh twn
forèwn, kai me Ψ to dunamikì. H kinhtikìthta jewreÐtai ìti eÐnai Ðdia se ìlo to m koc
tou kanalioÔ kai den ephre�zetai apì thn pìlwsh tou kanalioÔ.

Jn = µ · q ·


−np · dΨ

dx︸ ︷︷ ︸
drift

+ UT · dnp

dx︸ ︷︷ ︸
diffusion


 (2.30)

Sthn sqèsh (2.30) shmei¸nontai xeqwrist� dÔo ìroi, o ènac anafèretai wc reÔ-
ma metatìpishc (drift current) kai o èteroc wc reÔma di�qushc (diffusion current).
Oi dÔo autèc sunist¸sec tou reÔmatoc sqetÐzontai me diaforetikoÔc mhqanismoÔc.
To reÔma metatìpishc perigr�fei thn ro  tou eleÔjerou fortÐou pou kineÐtai upì to
b�roc miac diafor�c dunamikoÔ, en¸ to reÔma di�qushc sqetÐzetai me thn klimakoÔ-
menh sugkèntrwsh tou fortÐou kat� m koc enìc �xona. EpÐshc, to reÔma di�qushc
epikrateÐ sthn asjen  anastrof , en¸ to reÔma metatìpishc sthn isqur  anastrof .

H exÐswsh (2.30) exeidikeÔetai sthn perÐptwsh tou MOSFET kai me b�sh to sq ma
2.13, paÐrnontac thn morf  thc (2.31), sthn opoÐa to IDS(x) sumbolÐzei to reÔma sto
kan�li, kai kat� m koc tou kanalioÔ, sthn jèsh x, kai gia thn exagwg  thc opoÐac
èqei gÐnei olokl rwsh sto kan�li kat� ton �xona tou pl�touc (z) [4, 6, 10, 11].
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IDS(x) = µ ·Weff ·


−Q′

I ·
dΨS

dx︸ ︷︷ ︸
drift

+ UT · dQ′
I

dx︸ ︷︷ ︸
diffusion


 (2.31)

Apì thn �llh, h diafìrish thc (2.21), wc proc thn jèsh x, dÐnei thn (2.32).

dQ′
I

dx
=

Q′
I

UT

·
(

dΨS

dx
− dVch

dx

)
(2.32)

Me thn bo jeia thc (2.32), h (2.31) mporeÐ na aplopoihjeÐ sqetik� kai na sugken-
tr¸sei touc dÔo ìrouc reÔmatoc se ènan, paÐrnontac thn morf  thc (2.33).

IDS(x) = −µ ·Weff ·Q′
I ·

dVch

dx
(2.33)

To prìshmo tou reÔmatoc IDS, mporeÐ na upologisteÐ apì to prìshmo twn sun-
telest¸n tou. Oi par�gontec µ kai q eÐnai jetikoÐ, jewr¸ntac thn (2.2) h klÐsh tou
Vch wc proc thn jèsh x eÐnai jetik  kai to fortÐo Q′

I eÐnai arnhtikì. To ìlo reÔma,
sunupologÐzontac kai to arqikì meÐon, bgaÐnei jetikì, enno¸ntac mÐa ro  proc ta ar-
nhtik� tou �xona x. Apì ton nìmo reum�twn tou Kirchhoff eÐnai profanèc ìti, efìson
sto kan�li èqoume mìno èna reÔma, autì se k�je shmeÐo tou kanalioÔ prèpei na eÐnai
Ðso me to reÔma se k�je geitonikì tou shmeÐo kai sunep¸c kai se opoiod pote �llo
shmeÐo tou kanalioÔ. Sunep¸c, tìso h sqèsh (2.31), ìso kai h (2.33), mporoÔn na
oloklhrwjoÔn wc proc x apì thn arq  tou kanalioÔ (0) mèqri thn �krh tou (Leff ).
H olokl rwsh thc (2.33) dÐnei thn sqèsh (2.34).

∫ Leff

0

IDS(x) = µ ·Weff ·
∫ VDB

VSB

−Q′
I · dVch ⇐⇒

⇐⇒ IDS = µ · Weff

Leff

·
∫ VDB

VSB

−Q′
IdVch

(2.34)

AntÐstoiqa, h olokl rwsh thc (2.31) dÐnei thn (2.35).

IDS = µ · Weff

Leff

·




∫ ΨS(Leff )

ΨS(0)

−Q′
IdΨS

︸ ︷︷ ︸
drift

+ UT ·
∫ Q′I(Leff )

Q′I(0)

dQ′
I

︸ ︷︷ ︸
diffusion


 (2.35)

UpenjumÐzontac ìti melet�tai h perÐptwsh thc anastrof c sto kan�li, kai sune-
p¸c h sqèsh pou dÐnei to Q′

I san sun�rthsh tou ΨS (2.28) eÐnai se isqÔ, mporeÐ na
upologisteÐ to olokl rwma (2.35) dÐnontac mac thn sqèsh (2.36) [4].

IDS = µ
Weff

Leff

C ′
OX


(VGB−VFB)ΨS− 1

2
Ψ2

S−
2

3
γΨ

3
2
S︸ ︷︷ ︸

drift

+UT (ΨS+γ
√

ΨS)︸ ︷︷ ︸
diffusion




ΨS=ΨS(Leff )

ΨS=ΨS(0)

(2.36)
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H sqèsh (2.36) eÐnai mÐa polÔ kal  sqèsh perigraf c tou reÔmatoc tou kanalioÔ
wc proc thn exwterik  pìlwsh tou tranzÐstor, lìgw thc genikìthtac thc kai twn
elaqÐstwn proseggÐsewn pou èqoun gÐnei gia thn exagwg  thc. Ta arnhtik� thc eÐnai,
afenìc h poluplokìthta thc, kai afetèrou h an�gkh gia ton arijmhtikì upologismì
tou dunamikoÔ epifaneÐac plhsÐon twn akrodekt¸n source kai drain. Stic exis¸seic
(2.37) shmei¸nontai oi sqèseic pou dÐnoun to dunamikì epifaneÐac.

ΨS(0) = VGB − VFB − γ

√
ΨS(0) + UT e

(
ΨS(0)−2ΦF−VSB

UT

)

ΨS(Leff ) = VGB − VFB − γ

√
ΨS(Leff ) + UT e

(
ΨS(Leff )−2ΦF−VDB

UT

) (2.37)

Apì ta dunamik� epifaneÐac sta �kra tou kanalioÔ, dhlad  stouc akrodèktec
source kai drain, upìlogÐzontai kai ta anastrèfonta fortÐa Q′

I(0) kai Q′
I(Leff ),

exis¸seic (2.38).

Q′
I(0) = −γC ′

OX

√
UT




√
ΨS(0)

UT

+ e
ΨS(0)−2ΦF−VSB

UT −
√

ΨS(0)

UT




Q′
I(Leff ) = −γC ′

OX

√
UT




√
ΨS(Leff )

UT

+ e
ΨS(Leff )−2ΦF−VDB

UT −
√

ΨS(Leff )

UT




(2.38)

Sunep¸c, h exagwg  enìc kaloÔ analutikoÔ montèlou apaiteÐ peraitèrw aplopoi-
 seic, oi opoÐec ja mei¸soun thn poluplokìthta twn wc ed¸ exis¸sewn, qwrÐc na
fjeÐroun shmantik� thn sÔndesh touc me touc nìmouc thc fusik c.

2.2.5.1 GrammikopoÐhsh (linearization) sqèshc fortÐou anastrof c
kai dunamikoÔ epifaneÐac

Prokeimènou na uperkerastoÔn na probl mata thc poluplokìthtac kai thc mh ana-
lutik c èkfrashc tou reÔmatoc wc proc tic t�seic stouc akrodèktec, eÐnai an�gkh na
gÐnoun merikèc peraitèrw proseggÐseic. Epistrèfontac sto sq ma 2.10 kai thn an�-
lush thc klÐshc tou anastrèfontoc fortÐou me to dunamikì epifaneÐac, sq ma 2.11,
upenjumÐzetai h sqedìn grammik  sqèsh metaxÔ twn dÔo aut¸n megej¸n (Q′

I kai ΨS).
Aut  h grammik  sqèsh, ekmetalleuìmenh kat�llhla, dÔnatai na parèqei mÐa kal 
lÔsh gia tic an�gkec thc montelopoÐhshc.

Eis�getai se autì to shmeÐo to mègejoc thc t�shc katwflÐou wc proc to s¸ma
(threshold voltage refered to bulk VTB), kai orÐzetai, me b�sh thn sqèsh (2.28), san
thn tim  thc t�shc VGB gia thn opoÐa to anastrèfon fortÐo èqei mhdenik  tim ; dÐnetai,
de, apì thn sqèsh (2.39).

VTB ≡ VFB + ΨS + γ ·
√

ΨS (2.39)

UpogrammÐzetai, ed¸, h diafor� metaxÔ thc t�shc katwflÐou wc proc to s¸ma
(VTB), pou orÐzetai san thn t�sh gia thn opoÐa to anastrèfon fortÐo mhdenÐzetai
(Q′

I=0), se sqèsh me thn t�sh isorropÐac (VFB), pou orÐzetai wc h t�sh gia thn opoÐa
ìlo to fortÐo tou hmiagwgoÔ eÐnai mhdenikì (Q′

C=0). H klÐsh thc t�shc katwflÐou
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wc proc to s¸ma eÐnai mÐa mh grammik  sun�rthsh wc proc to dunamikì epifaneÐac.
H pr¸th par�gwgoc tou, wc proc to ΨS, dÐnetai sthn sqèsh (2.40), orÐzetai san
suntelest c klÐshc (slope factor), kai sumbolÐzetai wc n.

n ≡ ∂VTB

∂ΨS

= 1 +
γ

2 · √ΨS

(2.40)

Eidik� sthn perioq  thc anastrof c pou melet�tai, isqÔei ìti to dunamikì epifa-
neÐac èqei mÐa tim  arket� meg�lh, megalÔterh en gènei thc t�shc Fermi. Sunupo-
logÐzontac kai ta fusik� ìria twn teqnologi¸n kai thc tim c tou γ, prokÔptei ìti
suntelest c klÐshc èqei tim  apì lÐgo megalÔterh thc mon�dac mèqri kai 1.5 perÐpou.
EÐnai, de, mÐa sun�rthsh pou all�zei sqedìn amelhtèa me to dunamikì epifaneÐac,
epeid  to teleutaÐo brÐsketai sthn dÔnamh tou −1/2 sthn exÐswsh (2.40).

Me thn eisagwg  thc t�shc katwflÐou wc proc to s¸ma, sqèsh (2.39), h (2.28)
gr�fetai plèon pio apl� sthn morf  thc (2.41).

− Q′
I

C ′
OX

= VGB − VTB (2.41)

O Ðdioc suntelest c klÐshc (n) emfanÐzetai kai sthn sqèsh metaxÔ anastrèfontoc
fortÐou kai dunamikoÔ epifaneÐac, sqèsh (2.42).

∂
Q′I

C′OX

∂ΨS

= n (2.42)

Sumplhrwmatik� me ton orismì thc t�shc katwflÐou se sqèsh me to s¸ma, exÐswsh
(2.39), orÐzetai kai h tim  tou dunamikoÔ epifaneÐac gia thn opoÐa to anastrèfon
fortÐo èqei mhdenik  tim , h opoÐa onom�zetai dunamikì epifaneÐac mhdenikoÔ fortÐou
(pinch-off surface potential), kai sumbolÐzetai wc ΨP , exÐswsh (2.43).

VGB = VFB + ΨP + γ ·
√

ΨP (2.43)

H sqèsh (2.43) lÔnetai wc proc to dunamikì epifaneÐac mhdenikoÔ fortÐou dÐnontac
ton orismì tou, sqèsh (2.44).

ΨP ≡ VGB − VFB − γ2 ·
(√

VGB − VFB

γ2
+

1

4
− 1

2

)
(2.44)

'Eqontac upologÐsei plèon, tìso thn klÐsh tou anastrèfontoc fortÐou wc proc to
dunamikì epifaneÐac (n), ìso kai èna shmeÐo thc sqèshc touc (Q′

I(ΨP ) = 0), dÔnatai
h exagwg  mÐa aplopoihmènhc sqèshc metaxÔ twn, exÐswsh (2.45).

Q′
I = n · C ′

OX · (ΨS −ΨP ) (2.45)

To er¸thma, pou den èqei apanthjeÐ akìma, eÐnai to se poio shmeÐo ja prèpei
na upologisteÐ o suntelest c klÐshc. O idanikìteroc upologismìc tou suntelest 
klÐshc eÐnai san h klÐsh tou VTB an�mesa sto trèqon dunamikì epifaneÐac (ΨS) kai
to ΨP , exÐswsh (2.46), all� me autìn ton trìpo den apaleÐfetai h ex�rthsh tou n
apì to dunamikì epifaneÐac.

nopt ≡ VTB(ΨS)− VTB(ΨP )

ΨS −ΨP

= 1 +
γ√

ΨS +
√

ΨP

(2.46)
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O upologismìc tou suntelest  klÐshc ja suzhthjeÐ sthn par�grafo 2.2.5.2, a-
foÔ melethjeÐ prwtÔtera lÐgo perissìtero h sumperifor� tou dunamikoÔ epifaneÐac
sthn isqur  anastrof . Proc to parìn, ja jewrhjeÐ to n san stajerìc arijmìc,
prokeimènou na aplopoihjoÔn oi exis¸seic kai na exaqjeÐ èna montèlo mikrìterhc u-
pologistik c poluplokìthtac qwrÐc na jigeÐ h akrÐbeia tou se apotreptikì bajmì,
kaj¸c, oÔtwc   �llwc, h diakÔmansh thc tim c tou eÐnai mikr .

Me thn bo jeia thc (2.45), dÔnatai na apaleifjeÐ o ìroc ΨS apì thn (2.27), h
opoÐa, telik¸c, dÐnei thn exÐswsh (2.47).

ΨP−2ΦF−Vch

UT

=
−Q′

I

nC ′
OXUT

+ln

(
−Q′

I

γC ′
OX

√
UT

(
−Q′

I

γC ′
OX

√
UT

+ 2

√
Q′

I

nC ′
OXUT

+
ΨP

UT

))

(2.47)
H sqèsh (2.47) mporeÐ na aplopoihjeÐ idiaÐtera, an qrhsimopoihjoÔn sugkekrimènoi

kanonikopoihtikoÐ par�gontec, ìpwc èqei anaferjeÐ sqetik� kai sthn exÐswsh (2.24).
Gia ta megèjh pou anafèrontai se fortÐa an� mon�da epif�neiac kanonikopoihtikìc
par�gontac eÐnai o Q′

spec, sqèsh (2.48), en¸, ìpwc proanafèrjhke, gia ta dunamik�
h jermik  t�sh UT . Gia ton suntelest  fainomènou s¸matoc o kanonikopoihtikìc
par�gontac eÐnai o

√
UT .

Q′
spec ≡ −2 · n · UT · C ′

OX (2.48)
Me thn bo jeia aut¸n twn kanonikopoihtik¸n paragìntwn, h sqèsh (2.47) paÐrnei

thn kanonikopoihmènh thc morf  (2.49).

ψP − 2φF − vch = 2qI + ln qI + ln

(
2 · n
γ̂

·
(

qI · 2 · n
γ̂

+ 2 ·
√

ψP − 2qI

))

︸ ︷︷ ︸
vsh

ψP ≡ ΨP

UT

, φF ≡ ΦF

UT

, vch ≡ Vch

UT

, qI ≡ Q′
I

Q′
spec

, γ̂ ≡ γ√
UT

(2.49)

EpÐshc orÐzontai ta kanonikopoihmèna megèjh pou emfanÐzontai sthn (2.50).

vGB ≡ VGB

UT

, vFB ≡ VFB

UT

(2.50)

O par�gontac pou sumbolÐzetai sthn (2.49) me to vsh onom�zetai t�sh metatìpishc
(voltage shift). H tim  tou, de, qrhsimopoi¸ntac timèc pou perigr�foun thn pìlwsh
pou analÔoume (anastrof ) kai tic sÔgqronec teqnologÐec, kumaÐnetai apì 1 wc 4
[15, 6]. EpÐshc, apì thn kanonikopoihmènh morf  thc exÐswshc (2.45), pou faÐnetai
sthn (2.51), sumperaÐnetai ìti sthn anastrof , ìpou isqÔei ìti ψS À 0, isqÔei kai
ψP À 2qI .

ψS = ψP − 2qI (2.51)
Sunep¸c, ìntac sthn anastrof , h (2.49) aplopoieÐtai kai paÐrnei thn morf  thc

(2.52).

ψP − 2φF − vch = 2qI + ln qI + ln

(
4 · n
γ̂

·
√

ψP

)

︸ ︷︷ ︸
v′sh

(2.52)
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H ex�rthsh tou aplopoihmènou par�gonta v′sh wc proc thn pìlwsh, mèsa apì
th dunamikì epifaneÐac mhdenikoÔ fortÐou (ψP ), eÐnai polÔ mikr , lìgw afenìc thc
rÐzac kai tou logarÐjmou kai afetèrou thc sqetik� meg�lhc tim c tou ψP . MÐa kal 
prosèggish eÐnai na upologisteÐ to v′sh gia ψP = 2φF kai na agnohjeÐ h ex�rthsh
tou apì thn pìlwsh. EpÐshc, eis�getai o ìroc Ψ0, kai kanonikopoihmènoc ψ0, sqèsh
(2.53).

Ψ0 ≡ 2ΦF + m · UT , ψ0 ≡ Ψ0

UT

= 2φF + m

m = vsh(ψP ) ≈ v′sh(ψP ) ≈ v′sh(2φF ) = 1...4

(2.53)

Sq ma 2.14: H ex�rthsh tou kanonikopoihmènou anastrèfontoc fortÐou wc proc to duna-
mikì epifaneÐac. To kanonikopoihmèno anastrèfon fortÐo èqei mÐa sqedìn grammik  sqèsh
me to dunamikì epifaneÐac. Se sqèsh me th t�sh Vch èqei mÐa grammik  sqèsh sthn isqur 
anastrof  h opoÐa fjÐnei sthn mètria kai thn asjen  anastrof . Ta kuklik� sÔmbola an-
tistoiqoÔn sto kanonikopoihmèno anastrèfon fortÐo upologismèno apì thn exÐswsh (2.41),
en¸ h suneq c gramm  to kanonikopoihmèno fortÐo me b�sh thn prosèggish grammikopoÐ-
hshc (linearization), pou apeikonÐzetai sthn exÐswsh (2.45). O suntelest c klÐshc, n, èqei
upologisteÐ me b�sh thn exÐswsh (2.46). O ìroc qI,vP

antistoiqeÐ sto kanonikopoihmèno
anastrèfon fortÐo gia to opoÐo isqÔei 2qI,vP

+ ln qI,vP
= 0. Gia ton upologismì tou ψ0

èqei qrhsimopoihjeÐ to stajerì m = ln
(

4·n
γ̂ · √2φF

)
. 'Ola ta megèjh apeikonÐzontai stic

kanonikopoihmènec touc morfèc. Sthn an�lush aut  h pìlwsh pou èqei qrhsimopoihjeÐ eÐnai:
vGB = vFB + 100 kai to vch kumaÐnetai apì −20 mèqri 50. Oi par�metroi thc teqnologÐac
eÐnai Ðdiec me autèc tou sq matoc 2.5.

O par�gontac m thc sqèshc (2.53) mporeÐ epÐshc, gia lìgouc aplìthtoc, na pro-
seggisteÐ kai wc par�metroc me mÐa tim  an�mesa apì 1 kai 4 kai na agnohjeÐ teleÐwc
h ex�rthsh tou apì thn pìlwsh. Me thn bo jeia thc (2.53), h (2.52) paÐrnei thn
morf  thc (2.54).

ψP − ψ0 − vch = 2qI︸︷︷︸
strong

+ ln qI︸︷︷︸
weak

(2.54)
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AntÐstoiqa me to dunamikì epifaneÐac mhdenikoÔ fortÐou, orÐzetai kai h t�sh mhde-
nikoÔ fortÐou (pinch-off voltage, VP kai kanonikopoihmènh vP ). H t�sh aut  antÐstoi-
qeÐ se mÐa t�sh kanalioÔ gia thn opoÐa to kan�li mìlic pou arqÐzei na dhmiourgeÐtai,
kai dÐnetai sthn exÐswsh (2.55). Genik� mil¸ntac, me aut n thn t�sh sto kan�li ja
èprepe to anastrèfon fortÐo na  tan mhdenikì. 'Omwc, aut  h sÔndesh xekin�ei apì
thn grammik  sqèsh metaxÔ tou anastrèfontoc fortÐou kai tou dunamikoÔ epifaneÐac.
Sthn perÐptwsh thc t�shc tou kanalioÔ, h grammik  aut  sqèsh fjÐnei sthn mètria
kai thn asjen  anastrof , sq ma 2.11, kai sunep¸c, h t�sh VP den sundèetai me
mhdenikì anastrèfon fortÐo. Gia thn akrÐbeia, ja sundeìtan me ton mhdenismì tou
anastrèfontoc fortÐou an up rqe mìno o mhqanismìc pou epikrateÐ sthn isqur  ana-
strof , pou antistoiqeÐ ston ìro 2qI thc exÐswshc (2.54) kai h grammik  sqèsh tou
anastrèfontoc fortÐou (qI) se sqèsh thn t�sh kanalioÔ (vch) Ðsque se ìlo to eÔroc
thc anastrof c. Lamb�nontac upìyin kai ton mhqanismì anastrof c pou epikrateÐ
sthn asjen  anastrof , kai antistoiqeÐ ston ìro ln qI thc exÐswshc (2.54), sumpe-
raÐnetai ìti h t�sh VP eÐnai h t�sh tou kanalioÔ gia thn opoÐa to anastrèfon fortÐo,
èstw qI,vP

ikanopoieÐ thn sqèsh 2qI,vP
+ ln qI,vP

= 0 ⇐⇒ qI,vP
≈ 0.4263.

VP ≡ ΨP −Ψ0, vP ≡ VP

UT

(2.55)

Sto sq ma 2.14 apeikonÐzetai to kanonikopoihmèno anastrèfon fortÐo wc proc tic
diaforèc ψS − ψP kai vch − vP , ¸ste na gÐnei safèsterh h jèsh kai h qrhstikìthta
twn ψP kai vP .

Me thn qr sh thc (2.55), h (2.54) paÐrnei thn arket� pio apl  morf  thc (2.56), h
opoÐa èqei jèsh ston pur na thc montelopoÐhshc pou parousi�zetai ed¸. H exÐswsh
(2.56) eÐnai h pr¸th exÐswsh pou sundèei to anastrèfon fortÐo me thn t�sh sto
kan�li qwrÐc na emfanÐzetai to dunamikì epifaneÐac. Plèon qrhsimopoi¸ntac mìno
mÐa sqèsh, kai ìqi èna sÔsthma dÔo exis¸sewn, ìpwc twn (2.27) kai (2.28), mporeÐ na
exaqjeÐ to anastrèfon fortÐo me tic exwterikèc t�seic VGB kai Vch. UpenjumÐzetai
ìti to vP exart�tai mìno apì to VGB kai tic paramètrouc thc teqnologÐac.

vP − vch = 2qI + ln qI = F (qI)

F (x) = 2x + ln x
(2.56)

H sqèsh (2.56), ìpwc kai h (2.27), an kei sthn oikogèneia twn exis¸sewn pou
emfanÐzontai sthn an�lush mac kai ja jèlame na  tan lÐgo diaforetik c morf c ètsi
¸ste na mporeÐ na lujeÐ analutik�,   alli¸c h sun�rthsh F na antistrefìtan analu-
tik�. Sthn prokeimènh perÐptwsh, eutuq¸c, to prìblhma xeperniètai sqetik� eÔkola
kaj¸c apodeiknÔetai ìti h (2.56) mporeÐ na lujeÐ analutik� wc proc qI me polÔ meg�lh
akrÐbeia mèsw mÐac dÐkladhc sun�rthshc, h opoÐa ja anaferjeÐ argìtera, afoÔ pr¸ta
melethjeÐ h (2.56) poiotik�.

Sthn perioq  thc asjenoÔc anastrof c (weak inversion), ìpou vch À vP epikrateÐ
o logarijmikìc ìroc ln qI thc (2.56), en¸ sthn isqur  anastrof  (strong inversion),
ìpou vch ¿ vP , epikrateÐ o grammikìc ìroc 2qI . Melet¸ntac xeqwrist� tic dÔo
perioqèc autèc mporeÐ na epilujeÐ h (2.56) wc proc qI , exÐswsh (2.57).

qI,1(vP , vch) =

{
qI,1w(vP , vch) = e(vP−vch) vch À vP weak inversion
qI,1s(vP , vch) = vP−vch

2
vch ¿ vP strong inversion

(2.57)
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H dÐkladh exÐswsh (2.57) mporeÐ na ekfrasteÐ proseggistik� san mÐa apl , me thn
qr sh mÐa sun�rthshc parembol c [23, 24], h opoÐa faÐnetai sthn exÐswsh (2.58).

qI,2(vP , vch) =

√
1

4
+

(
ln

(
1 + exp

(
vP − vch

2

)))2

− 1

2
(2.58)

Tèloc, thn kallÐterh arijmhtik� prosèggish thn parèqei mÐa dÐkladh sun�rthsh
pou èqei exaqjeÐ apì proseqtik  arijmhtik  an�lush thc (2.56), kai apeikonÐzetai
sthn exÐswsh (2.59).

qI,3(vP , vch) =





vP − vch > −0.6∣∣∣∣∣∣∣∣

v = vP − vch

v1 = 1
4
· (v − 1.4 +

√
v2 − 0.394036 · v + 9.662671

)
v2 = v−2·v1−ln v1

2·v1+1

v1 · (0.07 · v2
2 + v2 + 1)

vP − vch ≤ −0.6∣∣∣∣∣∣∣∣

v = vP − vch

v1 = e(
1
2
·(v−0.201491−√v2−0.402982·v+2.446562))

v2 = v−2·v1−ln v1

2·v1+1

v1 · (0.483 · v2
2 + v2 + 1)

(2.59)

Sto sq ma 2.15 parousi�zetai mÐa sugkritik  metaxÔ twn tri¸n sunart sewn qI,1

(2.57), qI,2 (2.58), qI,3 (2.59), se sqèsh me thn arijmhtik  epÐlush thc (2.56). H
pr¸th sun�rthsh, qI,1, parèqei dÔo kl�douc ìpou o k�je ènac kalÔptei mÐa perioq 
anastrof c. H sun�rthsh parembol c, qI,2, parèqei mÐa poiotik� swst  lÔsh me
sqetik� meg�lo arijmhtikì sf�lma, eidik� sthn mètria anastrof . To probl ma
prìblhma lÔshc thc (2.56) wc proc qI lÔnetai me thn sun�rthsh qI,3 h opoÐa emfanÐzei
èna amelhtèo posotik� sf�lma.

To mèqri ed¸ apotèlesma eÐnai exairetik� shmantikì. Plèon èqei exaqjeÐ, mèsw
mÐac odoÔ diadoqik¸n proseggÐsewn fusik�, mÐa analutik  sÔndesh metaxÔ tou ana-
strèfontoc fortÐou kai twn exwterik¸n t�sewn. 'Opwc ja apodeiqjeÐ oi proseggÐseic
pou èqoun gÐnei den èqoun alloi¸sei shmantik� thn akrÐbeia twn exis¸sewn kai, sig�
sig�, domeÐtai èna kalì montèlo, me thn ènnoia tou akriboÔc kai upologistik� elafroÔ
montèlou.

Epiprìsjeta, anafèretai mÐa proseggistik  an�lush thc tim c tou dunamikoÔ epi-
faneÐac tìso sthn isqur  ìso kai sthn asjen  anastrof . UpenjumÐzetai ìti, ìpwc
faÐnetai kai sto sq ma (2.7), sthn isqur  anastrof  to dunamikì epifaneÐac staje-
ropoieÐtai sqetik� wc proc thn t�sh sthn pÔlh kai exart�tai mìno apì thn t�sh sto
kan�li. Me b�sh tic exis¸seic (2.51) kai (2.54), to dunamikì epifaneÐac sthn isqur 
anastrof , agno¸ntac ton logarijmikì ìro pou epikrateÐ sthn asjen  anastrof ,
upologÐzetai apì thn sqèsh (2.60), sthn opoÐa o deÐkthc SI anafèretai sthn perioq 
thc isqur c anastrof c (strong inversion).

ψS,SI ≈ ψ0 + vch (2.60)

Apì thn �llh, sthn perioq  thc asjenoÔc anastrof c isqÔei ìti to anastrèfon
fortÐo eÐnai perÐpou mhdenikì, kai sunep¸c apì thn sqèsh (2.51) mporeÐ na upologisteÐ
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proseggistik� to dunamikì epifaneÐac sthn anastrof , exÐswsh (2.61), sthn opoÐa o
deÐkthc WI anafèretai sthn perioq  thc asjenoÔc anastrof c (weak inversion).

ψS,WI ≈ ψP = ψ0 + vP (2.61)

Sq ma 2.15: Sugkritik  metaxÔ diafìrwn sunart sewn epÐlushc thc 2.15 wc proc qI .
Me sÔmbola parousi�zetai h arijmhtik  epÐlush thc 2.15. Sthn an�lush aut  to vP isoÔtai
me 40 en¸ to vch paÐrnei timèc apì 20 wc 60. H sun�rthsh qI,1 (2.57), den dÐnei lÔsh sthn
mètria anastrof , en¸ h qI,2 (2.58), parèqei mÐa poiotik� sunep  lÔsh me sqetik� meg�lo
arijmhtikì sf�lma. San idanik  lÔsh emfanÐzetai h qI,3 (2.59), thc opoÐac to arijmhtikì
l�joc eÐnai amelhtèo.

2.2.5.2 Suntelest c klÐshc (slope factor) n

O suntelest c klÐshc n orÐsthke me thn sqèsh (2.40). Apì grafik  �poyh orÐzetai
kallÐtera mèsa apì thn par�gwgo tou anastrèfontoc fortÐou wc proc to dunamikì
epifaneÐac, sqèsh (2.42) kai sq ma 2.14. Tìso o orismìc tou suntelest  klÐshc, ìso
kai o bèltistoc tÔpoc upologismoÔ tou, (2.46), den eÐnai apallagmènoi apì thn qr -
sh tou dunamikoÔ epifaneÐac. H ex�rthsh aut , akur¸nei ton epijumhtì analutikì
qarakt ra thc montelopoÐhshc, kaj¸c stìqoc eÐnai h sÔndesh ìlwn twn eswteri-
k¸n megej¸n analutik� kai �mesa me tic exwterikèc t�shc. Sunep¸c parousi�zetai
h an�gkh aplopoÐhshc tou upologismoÔ tou suntelest  klÐshc n. 'Allwste, ìpwc
apodeiknÔetai tìso grafik� ìso kai algebrik� h ex�rthsh thc tim c tou suntelest 
klÐshc apì to dunamikì epifaneÐac, den eÐnai polÔ meg�lh, lìgw thc jèshc tou duna-
mikoÔ epifaneÐac sthn exÐswsh (2.40), sthn dÔnamh dhlad  −1

2
. Sunep¸c, qwrÐc na
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jigeÐ èntona h akrÐbeia thc montelopoÐhshc, dÔnatai na prosdioristeÐ o suntelest c
klÐshc agno¸ntac thn ex�rths  tou apì to dunamikì epifaneÐac.

MÐa prosèggish gia ton upologismì tou n, dÐqwc thn qr sh tou dunamikoÔ epifa-
neÐac, eÐnai na upologisteÐ proseggistik� sthn asjen  anastrof , ìpou to dunamikì
epifaneÐac eÐnai perÐpou ìso kai to dunamikoÔ epifaneÐac mhdenikoÔ fortÐou, exÐswsh
(2.61). Me autì ton trìpo orÐzetai ènac suntelest c klÐshc asjenoÔc anastrof c
(nWI), ìpwc faÐnetai sthn exÐswsh (2.62). Me autìn to orismì apaleÐfetai h ex�rth-
sh tou suntelest  klÐshc apì to dunamikì epifaneÐac kai diathreÐtai mìno h ex�rthsh
apì thn t�sh vP h opoÐa eÐnai sun�rthsh thc t�shc thc pÔlhc.

nWI ≡ 1 +
γ̂

2 · √ψP

= 1 +
γ̂

2 · √ψ0 + vP

(2.62)

MÐa pio apl  prosèggish ja  tan na stoqeÔontan kai h anexarthsÐa tou suntele-
st  klÐshc apì tic exwterikèc t�shc vGB kai vch, kai na dÐnetai mìno apì paramètrouc
thc teqnologÐac. Gia autìn ton stìqo ofeÐletai na upologisteÐ o suntelest c klÐshc
sthn isqur  anastrof , gia vch Ðso me mhdèn [25], exÐswsh (2.63). Epeid  se aut n
thn perÐptwsh o suntelest c klÐshc den exart�tai apì kamÐa exwterik  t�sh, ja
qrhsimopoihjeÐ o deÐkthc 0. H anexarthsÐa tou apì thn exwterikèc t�shc mporeÐ na
apodeiqjeÐ idiaÐtera qr simh se peript¸seic ìpou apaiteÐtai mÐa stajer  prosèggish
pou na kalÔptei ìlec tic dunatèc pol¸seic.

n0 ≡ 1 +
γ̂

2 · √ψ0

(2.63)

Tìso gia ton upologismì tou nWI ìso kai tou n0 èqei epileqjeÐ mÐa sugkekrimènh
tim  tou dunamikoÔ epifaneÐac kai me b�sh aut  kai thn exÐswsh (2.40), upologÐzetai
o suntelest  klÐshc. Me autìn ton trìpo paÐrnetai mÐa tim  h opoÐa dÐnei polÔ
kal� apotelèsmata kont� sto shmeÐo upologismoÔ, all� mei¸netai h akrÐbeia ìso
apomakrÔnetai kaneÐc apì autì to shmeÐo. Gia ton idanikì upologismì tou suntelest 
klÐshc, exÐswsh (2.46), epilèqjhke h qr sh duo shmeÐwn. Me aut n thn logik  mporeÐ
na oristeÐ kai ènac suntelest c klÐshc me thn bo jeia dÔo shmeÐwn pou na dÐnei
kallÐterh prosèggish se eurÔtero di�sthma. Epilègontac san shmeÐa ta ψS = ψ0+vP

kai ψS = ψ0 orÐzetai o suntelest c klÐshc nsec [6], exÐswsh (2.64).

nsec ≡ 1 +
γ̂√

ψ0 + vP +
√

ψ0

(2.64)

MÐa sugkritik  twn apotelesm�twn me touc �nwjen suntelestèc klÐshc parou-
si�zetai sto sq ma 2.16. Se autì qrhsimopoioÔntai oi suntelestèc twn exis¸sewn
(2.46), (2.62), (2.63) kai (2.64), kai ta apotelèsmata me b�sh thn qr sh aut¸n twn
suntelest¸n kai thc exÐswshc (2.45) sugkrÐnontai me thn exÐswsh (2.27). H qr -
sh tou nopt dÐnei idanik� apotelèsmata all� diathreÐtai h ex�rthsh tou suntelest 
klÐshc sto dunamikì epifaneÐac. Oi upìloipoi suntelestèc dÐnoun k�poia sqetik� mi-
kr� sf�lmata aplopoi¸ntac ìmwc shmantik� thn poluplokìthta tou montèlou, afoÔ
afaireÐtai teleÐwc h ex�rthsh tou suntelest  klÐshc apì to dunamikì epifaneÐac.
To mègisto sf�lma dÐnetai apì ton suntelest  klÐshc n0, pou eÐnai h plèon apl 
perÐptwsh upologismoÔ,kajìti den exart�tai kajìlou apì tic exwterikèc t�seic.

To krit rio gia thn telik  epilog  tou tÔpou upologismoÔ tou suntelest  klÐshc
eÐnai h akrÐbeia twn apotelesm�twn se sqèsh me thn arijmhtik  lÔsh. MÐa teleutaÐa
epilog , pou dÐnei kal� apotelèsmata me b�sh autì to krit rio, eÐnai o upologismìc
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Sq ma 2.16: SÔgkrish thc grammikopoihmènhc sqèshc (2.45) me thn akrib  (exact),
exÐswsh (2.27). Oi di�foroi suntelestèc klÐshc dÐnoun di�fora sqetik� sf�lmata, oi RMS
timèc twn opoÐwn faÐnontai sto upìmnhma. Gia ton upologismì tou ψ0 qrhsimopoi jhke o
ìroc m = v′sh,n=n0

(2φF ). Oi par�metroi thc teqnologÐac eÐnai Ðdiec me autèc tou sq matoc
2.5. Idanik� apotelèsmata dÐnei h suntelest c nopt, o opoÐoc ìmwc diathreÐ thn ex�rthsh tou
apì to dunamikì epifaneÐac.

tou suntelest  klÐshc se èna endi�meso shmeÐo, thc morf c ψS = ψ0 + k · vP , ìpou
to k paÐrnei timèc apì 0 wc 1, exÐswsh (2.65).

ns,k ≡ 1 +
γ̂

2 · √ψ0 + k · vP

(2.65)

Sto sq ma 2.17 parousi�zetai mÐa an�lush tou sf�lmatoc sthn grammikopoÐhsh
tou anastrèfontoc fortÐou me thn qr sh tou suntelest  klÐshc ns,k, wc proc thn
tim  tou k. H perÐptwsh tou k = 1

2
emfanÐzetai san mÐa polÔ kal  ektÐmhsh h opoÐa

elaqistopoieÐ to sf�lma thc grammikopoÐhshc tou anastrèfontoc fortÐou se sqèsh
to dunamikì epifaneÐac.

2.2.5.3 ReÔma kanalioÔ me b�sh thn grammikopoihmènh sqèsh me-
taxÔ anastrèfontoc fortÐou kai dunamikoÔ epifaneÐac

H sqèsh (2.45) aplopoieÐ shmantikìtata thn olokl rwsh thc (2.31). H diafìrish
thc (2.45) dÐnei thn (2.66).

dΨS

dx
=

1

n · C ′
OX

dQ′
I

dx
(2.66)

H (2.66) epitrèpei thn allag  metablht c olokl rwshc tou pr¸tou oloklhr¸ma-
toc (drift) thc sqèshc (2.35) odhg¸ntac sthn sqèsh (2.67).
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Sq ma 2.17: SÔgkrish thc grammikopoihmènhc sqèshc (2.45) me thn akrib  (exact),
exÐswsh (2.27), me b�sh ton suntelest  ns,k kai gia di�forec timèc tou k. Gia ton upologismì
tou ψ0 qrhsimopoi jhke o ìroc m = v′sh,n=n0

(2φF ). Oi par�metroi thc teqnologÐac eÐnai
Ðdiec me autèc tou sq matoc 2.5. To RMS sf�lma exart�tai kai apì to eÔroc tim¸n ìpou
ja melethjeÐ. Se k�je perÐptwsh h epilog  tou k = 1

2 dÐnei sf�lma kont� sthn el�qisth
tim  tou. UpogrammÐzetai ìti h qr sh tou ns,k, me k = 1

2 , dÐnei sf�lma perÐpou Ðdio me thn
qr sh twn suntelest¸n nWI kai nsec.

IDS = µ · Weff

Leff

·




∫ Q′I(Leff )

Q′I(0)

− Q′
I

n · C ′
OX

dQ′
I

︸ ︷︷ ︸
drift

+ UT ·
∫ Q′I(Leff )

Q′I(0)

dQ′
I

︸ ︷︷ ︸
diffusion


 ⇐⇒

⇐⇒ IDS = µ · Weff

Leff

·




Q′2
I (0)−Q′2

I (Leff )

2 · n · C ′
OX︸ ︷︷ ︸

drift

+ UT · (Q′
I(0)−Q′

I(Leff ))︸ ︷︷ ︸
diffusion




(2.67)

Oi sumbolismoÐ Q′
I(0) kai Q′

I(Leff ) antistoiqoÔn sto anastrèfon fortÐo stic jè-
seic tou kanalioÔ 0 kai Leff . Oi jèseic autèc, ìpwc èqoun oristeÐ sto sq ma 2.6,
antistoiqoÔn me thn seir� touc stouc akrodèktec source kai drain. Gia thn kallÐte-
rh sÔndesh twn megej¸n me ta hlektrik� qarakthristik� touc kai ìqi me ta fusik�
qarakthristik� touc, eis�gontai oi sumbolismoÐ thc sqèshc (2.68).

Q′
I,S ≡ Q′

I(0), Q′
I,D ≡ Q′

I(Leff ) (2.68)

Me thn bo jeia twn nèwn sumbolism¸n thc (2.68), h (2.67) mporeÐ na p�rei thn
morf  thc (2.69).
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IDS = µ · Weff

Leff

·




Q′2
I,S −Q′2

I,D

2 · n · C ′
OX︸ ︷︷ ︸

drift

+ UT ·
(
Q′

I,S −Q′
I,D

)
︸ ︷︷ ︸

diffusion


 ⇐⇒

⇐⇒ IDS = µ · Weff

Leff

·




Q′2
I,S

2 · n · C ′
OX

+ UT ·Q′
I,S

︸ ︷︷ ︸
forward

− Q′2
I,D

2 · n · C ′
OX

− UT ·Q′
I,D

︸ ︷︷ ︸
reverse




(2.69)

Sthn exÐswsh (2.69) diaqwrÐsthkan oi ìroi tou reÔmatoc se dÔo sunist¸sec. MÐa
pou sqetÐzetai ton akrodèkth source, kai sunep¸c me thn pìlwsh autoÔ, h opoÐa
onom�zetai prìsw reÔma (forward current), kai mÐa deÔterh pou sqetÐzetai me ton
akrodèkth drain, h opoÐa onom�zetai an�strofo reÔma (reverse current). Gia thn
kallÐterh perigraf  twn dÔo aut¸n sunistws¸n mporeÐ na qrhsimopoihjeÐ h sqèsh
(2.34) h opoÐa me thn seir� thc mporeÐ na d¸sei thn sqèsh (2.70).

IDS = µ · Weff

Leff

·
∫ VDB

VSB

−Q′
IdVch ⇐⇒

⇐⇒ IDS = µ · Weff

Leff

·
∫ ∞

VSB

−Q′
IdVch

︸ ︷︷ ︸
IF

−µ · Weff

Leff

·
∫ ∞

VDB

−Q′
IdVch

︸ ︷︷ ︸
IR

(2.70)

Sto sq ma 2.18 parousi�zetai mÐa grafik  apeikìnish twn dÔo sunistws¸n, prìsw
kai anastrèfon reÔma,   alli¸c IF kai IR antÐstoiqa. Shmei¸netai, epÐshc, ìti to IF

èqei for� apì to drain proc to source, ìpwc kai to IDS, en¸ to IR èqei an�strofh
for�, apì to source proc to drain.

H sqèsh (2.69) mporeÐ na aplopoihjeÐ shmantik� me thn qr sh kanonikopoihti-
k¸n paragìntwn, ìpwc thc jermik c t�shc gia ta dunamik� kai tou Q′

spec gia ta
fortÐa, sqèsh (2.49). Gia thn perÐptwsh twn reum�twn orÐzetai o par�gontac Ispec,
ìpwc faÐnetai sthn sqèsh (2.71), sthn opoÐa orÐzontai epÐshc ta kanonikopoihmèna
anastrèfonta fortÐa stouc akrodèktec source kai drain, qs kai qd, kaj¸c kai ta
kanonikopoihmèna reÔmata kanalioÔ (ids), h prìsw sunist¸sa tou (if ) kaj¸c kai h
anastrèfousa (ir). EÐnai qarakthristik  h aplìthta thc morf c thc (2.71), h opoÐa
epitugq�netai mèsa apì thn qr sh kanonikopoihtik¸n paragìntwn.

ids ≡ IDS

Ispec

=
Q′2

I,S

Q2
spec

+
Q′

I,S

Q′
spec

− Q′2
I,D

Q2
spec

− Q′
I,D

Q′
spec

= q2
s + qs − q2

d − qd = if − ir

Ispec ≡ 2 · n · U2
T · µ · C ′

OX

Weff

Leff

,

qs ≡
Q′

I,S

Q′
spec

, qd ≡
Q′

I,D

Q′
spec

, if ≡ IF

Ispec

= q2
s + qs, ir ≡ IR

Ispec

= q2
d + qd

(2.71)

UpogrammÐzetai se autì to shmeÐo h sÔndesh metaxÔ twn kanonikopoihmènwn prì-
sw kai anastrèfontoc reÔmatoc kai twn kanonikopoihmènwn anastrèfontwn fortÐwn
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Sq ma 2.18: To reÔma tou kanalioÔ san olokl rwma tou anastrèfontoc fortÐou wc proc
thn t�sh sto kan�li. To olokl rwma mporeÐ na upologisteÐ san thn diafor� dÔo genikeu-
mènwn oloklhrwm�twn ìpou to èna èqei san k�tw ìrio thn t�sh sto source kai dÐnei thn
sunist¸sa prìsw reÔmatoc (IF ), en¸ to deÔtero èqei k�tw ìrio thn t�sh sto drain kai dÐnei
thn sunist¸sa anastrèfontoc reÔmatoc (IR). Sto sq ma èqei agnohjeÐ o ìroc µ · Weff

Leff
gia

lìgouc aplìthtac. Oi par�metroi thc teqnologÐac eÐnai Ðdiec me autèc tou sq matoc 2.5, en¸
h t�sh sthn pÔlh èqei tim  VGB = VFB + 85 · UT .

stouc akrodèktec source kai drain tou tranzÐstor, antÐstoiqa. H metaxÔ touc sqèsh
mporeÐ na lujeÐ kai analutik� odhg¸ntac stic sqèseic (2.72).

if = q2
s + qs ⇐⇒ qs =

√
1

4
+ if − 1

2

ir = q2
d + qd ⇐⇒ qd =

√
1

4
+ ir − 1

2

(2.72)

Apì thn �llh, ta kanonikopoihmèna anastrèfonta fortÐa qs kai qd sundèontai
mèsw thc sqèshc (2.56) me thn t�sh pinch-off kai, antikajist¸ntac thn t�sh tou
kanalioÔ, thn t�sh stouc akrodèktec source kai drain antÐstoiqa, ìpwc faÐnetai
sthn sqèsh (2.73), sthn opoÐa ton rìlo thc antÐstrofhc thc sun�rthshc F mporeÐ
na prosfèrei, endeiktik�, h sun�rthsh (2.59), en¸ me vSB kai vDB sumbolÐzontai oi
kanonikopoihmènec diaforèc dunamikoÔ stouc akrodèktec source kai drain se sqèsh
me ton akrodèkth tou s¸matoc.

qs = F−1 (vP − vSB) , vSB ≡ VSB

UT

qd = F−1 (vP − vDB) , vDB ≡ VDB

UT

(2.73)

To prìblhma thc exÐswshc (2.36)  tan h poluplokìthta thc. Me thn �nwjen
an�lush xeper�sthke h poluplokìthta thc exagwg c tou reÔmatoc kanalioÔ apì tic
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upologismìc sqèsh
1 dunamikì epifaneÐac mhdenikoÔ fortÐou (ΨP ) (2.44)
2 Ψ0 (2.53), m=v′sh,n=1.2(2φF )
3 t�sh mhdenikoÔ fortÐou (pinch-off) (VP ) (2.55)
4 suntelest c klÐshc (n) (2.65), k= 1

2

5 kanonikopoihmèna anastrèfonta fortÐa (qs, qd) (2.73), (2.59)
6 reÔma kanalioÔ (IDS) (2.71)

PÐnakac 2.1: Pl rec, analutikì montèlo reÔmatoc idanikoÔ tranzÐstor

Sq ma 2.19: SÔgkrish metaxÔ tou analutikoÔ montèlou tou pÐnaka 2.1 kai tou idanikoÔ
montèlou thc exÐswshc (2.36). Oi par�metroi thc teqnologÐac eÐnai Ðdiec me autèc tou sq -
matoc 2.5, en¸ èqei prostejeÐ h upìjesh gia thn tim  thc kinhtikìthtac, µ = 0.1 m2

V ·s , kai
twn dÔo diast�sewn tou tranzÐstor, Weff = Leff = 10.0µm. H pìlwsh twn analÔsewn
emfanÐzetai �nwjen k�je graf matoc. Parousi�zetai ektìc apì to reÔma IDS kai h diagw-
gimìthta (transconductance) tou tranzÐstor, h opoÐa orÐzetai wc gm = ∂IDS

∂VG
. To analutikì

montèlo (grammèc), par� tic aplopoi seic, diathreÐ mÐa apìkrish polÔ kontin  se aut  tou
idanikoÔ montèlou (sÔmbola).

50 MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec



Kef�laio 2. Analutik  montelopoÐhsh tou MOS tranzÐstor

exwterikèc t�seic, me thn bo jeia thc grammikopoÐhshc tou anastrèfontoc fortÐou
wc proc to dunamikì epifaneÐac kai mÐac seir�c proseggÐsewn. Sunolik� oi �nwjen
exis¸seic mporoÔn na sunjèsoun èna aplopoihmèno montèlo upologismoÔ reÔmatoc.
Epigrammatik�, parousi�zontai sugkentrwmènec oi exis¸seic pou apaitoÔntai gia thn
sÔnjesh enìc analutikoÔ montèlou ston pÐnaka 2.1, ¸ste na gÐnei katanohtìterh h
dom  tou. EÐnai safèc ìti mporoÔn na up�rxoun me mikroallagèc di�forec ekdoqèc tou
montèlou, gia par�deigma epilègontac diaforetikì tÔpo upologismoÔ tou suntelest 
klÐshc.

Ston pÐnaka 2.1 eis�getai kai h ènnoia thc paramètrou. Gia ton upologismì tou
Ψ0, qrhsimopoieÐtai mÐa ektÐmhsh tou m, b�sei mÐac tim c tou n, h opoÐa parousi�-
zetai, sqetik�, aujaÐreth. To m,   to n me b�sei to opoÐo upologÐzetai, mporeÐ na
jewrhjeÐ san mÐa par�metroc tou montèlou, h tim  thc opoÐac ja upologisteÐ me stì-
qo thn prosarmog  twn apotelesm�twn tou montèlou, kat� to dunatìn plhsièstera,
se k�poio dedomèno stìqo. Sthn prokeimènh, ta dedomèna aut� eÐnai ta apotelèsma-
ta tou montèlou thc exÐswshc (2.36). Sthn genikìterh perÐptwsh o stìqoc eÐnai oi
metr seic pou èqoun gÐnei p�nw se mÐa sugkekrimènh teqnologÐa.

To er¸thma pou tÐjetai plèon eÐnai an to kìstoc se akrÐbeia tou montèlou eÐnai
arket� mikrì. Sto sq ma 2.19 parousi�zetai mÐa sÔgkrish metaxÔ twn dÔo montèlwn.
SugkrÐnetai to montèlo pou emfanÐzetai ston pÐnaka 2.1 me autì pou sthrÐzetai sthn
exÐswsh (2.36). Ta apotelèsmata deÐqnoun ìti to aplopoihmèno analutikì montèlo
dÐnei apotelèsmata polÔ kontin� se aut� tou pl rouc mh analutikoÔ montèlou. To
ìfeloc apì thn �poyh thc poluplokìthtac eÐnai, de, ousi¸dec kaj¸c to montèlo thc
exÐswshc (2.36) den lÔnetai analutik� kai apaiteÐ arijmhtikèc teqnikèc epÐlushc.

2.2.5.4 Katanom  megej¸n kat� m koc tou kanalioÔ

Me thn eisagwg  twn dÔo akrodekt¸n source kai drain sta �kra tou kanalioÔ kai
jètontac touc dÔo autoÔc akrodèktec se diaforetikì dunamikì, sq ma 2.13, kai ìpwc
parathr jhke  dh, h omoiomorfÐa kat� m koc tou kanalioÔ den isqÔei plèon. Ta
di�fora megèjh orÐzontai san sunart seic thc jèshc p�nw ston �xona tou m kouc
tou kanalioÔ. Kat� pl�toc tou kanalioÔ, h omoiomorfÐa jewreÐtai akìma dedomènh,
agno¸ntac to mikrì mèroc tou kanalioÔ pou brÐsketai sthn �krh tou kanalioÔ, se
sqèsh me to upìloipo mèroc thc di�taxhc. Se aut n thn par�grafo ja melethjeÐ
h morf  twn sunart sewn jèshc diafìrwn megej¸n pou all�zoun kat� m koc tou
kanalioÔ.

Eis�getai se autì to shmeÐo h ènnoia tou genikeumènou reÔmatoc koresmoÔ4, san
sun�rthsh thc jèshc tou kanalioÔ (IX) [10, 14], kai se kanonikopoihmènh morf  (iX).
Autì to reÔma dÐnetai apì to olokl rwma pou parousi�zetai sthn sqèsh (2.74). H
fusik  shmasÐa autoÔ tou megèjouc eÐnai to reÔma kanalioÔ enìc tranzÐstor, m kouc
Leff ìpou ston akrodèkth source èqei t�sh Vch(x) kai ston akrodèkth drain èqei mÐa
t�sh polÔ megalÔterh apì thn VP (VDB À VP ). UpenjumÐzetai ed¸ ìti h tim  thc
metablht c jèshc x kineÐtai mèsa sta ìria tou kanalioÔ, paÐrnei, sunep¸c, timèc apì
0, akrodèkthc source, mèqri Leff , akrodèkthc drain, ìpwc faÐnetai sto sq ma 2.13.
EpÐshc, upenjumÐzetai ìti, h t�sh tou kanalioÔ sta dÔo �kra paÐrnei thn tim  thc
t�shc twn exwterik¸n akrodekt¸n source kai drain, Vch(0) = VSB kai Vch(Leff ) =
VDB.

4η ονομασία αυτή δικαιολογείται στην παράγραφο 2.2.7
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IX ≡ µ · Weff

Leff

·
∫ ∞

Vch(x)

−Q′
IdVch, iX =

IX

Ispec

(2.74)

'Ena nohtikì peÐrama, pou bohj�ei sthn exagwg  sumperasm�twn sqetik� me thn
katanom  megej¸n kat� m koc tou kanalioÔ, eÐnai na jewrhjeÐ èna mèroc tou kanalioÔ
san olìklhro tranzÐstor. Ac oristeÐ èna tranzÐstor ìti apì thn jèsh 0 wc thn jèsh x.
Autì to tranzÐstor ja èqei ston akrodèkth tou source Ðdia t�sh me to ìlo tranzÐstor,
èstw sumbolik� V ′

SB = VSB, en¸ ston akrodèkth drain ja èqei thn t�sh pou èqei
to kan�li sthn jèsh x, V ′

DB = Vch(x). To reÔma tou mikrìterou kanalioÔ, èstw
IXS, autoÔ ja eÐnai Ðdio me autì tou ìlou kanalioÔ, èstw IDS, kajìti to kan�li eÐnai
hlektrik� apomonwmèno apì thn upìloiph di�taxh. Sunep¸c isqÔei h sqèsh (2.75),
b�sei thc opoÐac mporeÐ na upologisteÐ to IX sunart sei thc jèshc kai tou reÔmatoc
tou ìlou kanalioÔ.

Sq ma 2.20: To kanonikopoihmèno genikeumèno reÔma koresmoÔ, to kanonikopoihmèno
anastrèfon fortÐo, h kanonikopoihmènh t�sh kanalioÔ kai to kanonikopoihmèno dunamikì e-
pifaneÐac sunart sei thc jèshc sto kan�li, gia dÔo diaforetikèc pol¸seic. Oi par�metroi
thc teqnologÐac eÐnai Ðdiec me autèc tou sq matoc 2.5. Kai stic dÔo pol¸seic isqÔei ìti
VSB = 50mV kai VGB = 900mV . H diafor� metaxÔ twn profÐl twn dÔo pol¸sewn eÐnai
qarakthristik , kaj¸c sthn deÔterh perÐptwsh, ìpou isqÔei ìti VDB À VP , tìso to ge-
nikeumèno reÔma koresmoÔ ìso kai to anastrèfon fortÐo plhsÐon tou akrodèkth drain eÐnai
polÔ kont� sto mhdèn.
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IXS = IDS ⇐⇒ x

Leff

· (IF − IX) = IF − IR ⇐⇒

IX = IF − x

Leff

· (IF − IR) ⇐⇒ iX = if − x

Leff

· (if − ir)
(2.75)

To kanonikopoihmèno genikeumèno reÔma koresmoÔ sundèetai me to kanonikopoih-
mèno anastrèfon fortÐo thc jèshc x, ìpwc ta qs kai qd sundèontai me ta if kai ir,
sqèseic (2.72). OrÐzetai, de, to kanonikopoihmèno anastrèfon fortÐo sthn jèsh x,
pou ja dÐnetai apì thn sqèsh (2.76).

qI(x) =

√
1

4
+ iX − 1

2
⇐⇒ iX = q2

I (x) + qI(x) (2.76)

To, de, kanonikopoihmèno anastrèfon fortÐo jèshc sundèetai me thn t�sh tou
kanalioÔ sthn antÐstoiqh jèsh. EpilÔontac thn sqèsh (2.56) wc proc thn t�sh
kanalioÔ sthn jèsh x brÐsketai h sqèsh (2.77).

vch(x) = vP − 2 · qI(x)− ln qI(x) (2.77)

Tèloc, to kanonikopoihmèno dunamikì epifaneÐac san sun�rthsh thc jèshc dÐnetai
apì thn exÐswsh (2.51), h opoÐa epanagr�fetai ed¸, me touc trèqontec sumbolismoÔc,
kai paÐrnei thn morf  thc (2.78).

ψS(x) = ψP − 2 · qI(x) (2.78)

H katanom  twn �nwjen megej¸n kat� m koc tou kanalioÔ, gia dÔo diaforetikèc
pol¸seic, faÐnontai sto sq ma 2.20.

2.2.5.5 Diagwgimìthtec reÔmatoc kanalioÔ

Me thn mèqri ed¸ an�lush èqei melethjeÐ h statik  apìkrish reÔmatoc kanalioÔ
tou tranzÐstor wc proc tic t�seic stouc akrodèktec tou. To epìmeno st�dio eÐ-
nai na melethjeÐ h an�lush mikroÔ s matoc wc proc to reÔma tou kanalioÔ, dhlad 
oi par�gwgoi tou reÔmatoc wc proc tic t�seic stouc akrodèktec tou tranzÐstor.
Jewr¸ntac mikrèc metabolèc stic t�seic stouc tèsseric akrodèktec tou tranzÐstor
(∆VG, ∆VS, ∆VD, ∆VB), kai k�nontac mÐa pr¸thc t�xhc an�lush, mporeÐ na grafteÐ
h exÐswsh (2.79), pou afor� sthn metabol  tou reÔmatoc tou kanalioÔ (∆IDS).

∆IDS =
∂IDS

∂VGB︸ ︷︷ ︸
gmg

·∆VGB +
∂IDS

∂VSB︸ ︷︷ ︸
gms

·∆VSB +
∂IDS

∂VDB︸ ︷︷ ︸
gmd

·∆VDB ⇐⇒

⇐⇒ ∆ids = ĝmg · vGB + ĝms · vSB + ĝmd · vDB

ĝmg ≡ gmg

Gspec

, ĝms ≡ gms

Gspec

, ĝmd ≡ gmd

Gspec

,

Gspec ≡ Ispec

UT

= 2 · n · UT · µ · C ′
OX ·

Weff

Leff

(2.79)

Sthn exÐswsh (2.79) orÐzontai oi tèsseric diagwgimìthtec (transconductances)
tou stoiqeÐou, se kanonik  kai se kanonikopoihmènh morf . EpÐshc emfanÐzetai o

MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec 53



Kef�laio 2. Analutik  montelopoÐhsh tou MOS tranzÐstor

kanonikopoihtikìc par�gontac gia tic agwgimìthtec (Gspec), pou orÐzetai, gia lìgouc
sunèpeiac, san o lìgoc twn antÐstoiqwn kanonikopoihtik¸n paragìntwn tou reÔmatoc
kai thc t�shc. UpogrammÐzetai ed¸ ìti, gia thn met�bash sthn kanonikopoihmènh mor-
f  thc (2.79), èqei jewreÐ amelhtèa h ex�rthsh twn kanonikopoihtik¸n paragìntwn
wc proc tic t�seic twn akrodekt¸n. DiaforÐzontac, de, thn kanonikopoihmènh sqèsh
(2.71) ex�gontai oi diaforikèc sqèseic (2.80).

∂ids = ∂if − ∂ir,

∂if
∂qs

= 2qs + 1,
∂qs

∂vS

=
−qs

2qs + 1
, ĝms =

∂ids

∂vS

= −qs

∂ir
∂qd

= 2qd + 1,
∂qd

∂vD

=
−qd

2qd + 1
, ĝmd =

∂ids

∂vD

= qd

(2.80)

Gia thn diafìrish wc proc thn t�sh sthn pÔlh apaiteÐtai na prohghjeÐ h diafìrish
thc vP wc proc vGB. Sto shmeÐo autì eis�getai gia thn kallÐterh apìdosh twn
exis¸sewn, kai katanìhsh touc, ènac deÔteroc suntelest c klÐshc (nv). Me b�sh tic
sqèseic (2.43) kai (2.55), ex�getai h diaforik  sqèsh (2.81).

nv =

(
∂VP

∂VGB

)−1

= 1 +
γ

2 · √Ψ0 + VP

(2.81)

Apì tic sqèseic (2.71) kai (2.81) upologÐzetai h diagwgimìthta wc proc thn pÔlh,
sqèsh (2.82).

∂if
∂vP

= qs,
∂ir
∂vP

= qd,
∂vP

∂vGB

=
1

nv

,

ĝmg =
∂ids

∂vGB

=
qs − qd

nv

(2.82)

Epiprìsjeta, kai gia lìgouc plhrìthtac, orÐzetai kai h diagwgimìthta se sqèsh
me ton akrodèkth thc b�shc. H tim  thc eÐnai sumplhrwmatik  wc proc to mhdèn tou
ajroÐsmatoc twn upoloÐpwn, sqèsh 2.83.

gmb ≡ ∂IDS

∂VB

= −gms − gmd − gmg,

ĝmb ≡ gmb

Gspec

=
(nv − 1) · (qs − qd)

nv

= (nv − 1) · ĝmg

(2.83)

UpogrammÐzetai se autì to shmeÐo, h suggèneia, all� kai h mh taÔtish, twn sun-
telest¸n klÐshc n kai nv, kaj¸c kai h diaforetikìthta stouc orismoÔc touc. Sthn
eidik  perÐptwsh thc asjenoÔc anastrof c parathreÐtai mÐa taÔtish stic timèc touc,
sqèsh 2.62), ìpwc kai sthn perÐptwsh thc exÐswshc (2.65) me k = 1. QwrÐc thn
eisagwg  meg�lou sf�lmatoc sthn montelopoÐhsh ja mporoÔsan oi dÔo suntelestèc
na jewrhjoÔn Ðsoi.

2.2.6 Analutikìc upologismìc fortÐwn akrodekt¸n
Pèran tou suneqoÔc reÔmatoc pou rèei sto kan�li, sto tranzÐstor emfanÐzontai kai
fortÐa pou susswreÔontai kai mporoÔn na odhg soun sthn dhmiourgÐa enallassì-
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menwn reum�twn. Ta fortÐa jewreÐtai ìti susswreÔontai stouc tèsseric akrodè-
ktec tou stoiqeÐou kai me b�sh aut� ta fortÐa ja upologistoÔn oi diaqwrhtikìthtec
(transcapacitances) thc di�taxhc.

Wc ed¸, to anastrèfon fortÐo èqei melethjeÐ san fortÐo an� mon�da epif�neiac
kai èqei upologisteÐ gia k�je èna shmeÐo xeqwrist�. Gia ton upologismì tou anastrè-
fontoc fortÐou se ìlo to kan�li (QI), apaiteÐtai h epifaneiak  olokl rws  tou se
ìlh thn èktash tou kanalioÔ. H olokl rwsh aut  gÐnetai all�zontac thn metablht 
olokl rwshc kai qrhsimopoi¸ntac thn iX apì thn exÐswsh (2.75), h diafìrish thc
opoÐac dÐnei thn sqèsh (2.84).

dx = − Leff

if − ir
diX (2.84)

Apì thn �llh, to olokl rwma pou ekfr�zei to sÔnolo tou anastrèfontoc for-
tÐou emfanÐzetai sthn exÐswsh (2.85). Sthn (2.85) orÐzetai kai o kanonikopoihtikìc
par�gontac pou afor� sta fortÐa se apìlutec mon�dec (Qspec), kai ìqi an� mon�da
epif�neiac. To anastrèfon fortÐo jewreÐtai ìti susswreÔetai sto kan�li.

QI = Weff ·
∫ Leff

0

Q′
Idx = −Weff · Leff

if − ir
·Q′

spec ·
∫ ir

if

qIdiX =

= −Weff · Leff

if − ir
·Q′

spec ·
∫ ir

if

(√
1

4
+ iX − 1

2

)
diX =

= −Qspec ·
2
3
·
(√

1
4

+ ir

)3

− 1
2
· ir −

(√
1
4

+ if

)3

+ 1
2
· if

if − ir
=

= Qspec ·
2
3
· (q2

s + qs · qd + q2
d) + 1

2
· (qs + qd)

qs + qd + 1
,

Qspec ≡ Q′
spec ·Weff · Leff

(2.85)

To fortÐo tou kanalioÔ jewreÐtai san to �jroisma twn susswreumènwn fortÐwn
twn akrodekt¸n source kai drain. O katamerismìc tou fortÐou dÔnatai na gÐnei b�sh
enìc grammikoÔ sq matoc [26]. Me b�sh autì, orÐzontai ta fortÐa twn akrodekt¸n
source (QS) kai drain (QD) ìpwc emfanÐzontai sthn sqèsh (2.86).

QS = Weff ·
∫ Leff

0

1− x

Leff

·Q′
Idx =

= −Qspec

2
5
q3
s + 4

5
q2
sqd + 8

15
qsq

2
d + 4

15
q3
d + 3

4
q2
s + 5

6
qsqd + 5

12
q2
d + 1

3
qs + 1

6
qd

(qs + qd + 1)2

QD = Weff ·
∫ Leff

0

x

Leff

·Q′
Idx =

= −Qspec

4
15

q3
s + 8

15
q2
sqd + 4

5
qsq

2
d + 2

5
q3
d + 5

12
q2
s + 5

6
qsqd + 3

4
q2
d + 1

6
qs + 1

3
qd

(qs + qd + 1)2

QI = QS + QD

(2.86)

Shmei¸netai ìti oi exis¸seic (2.85) kai (2.86) isqÔoun kai stic perioqèc thc e-
x�ntlhshc kai suss¸reushc, kaj¸c se autèc ektimoÔn ìti ta fortÐa QI , QS kai QD

èqoun mhdenikèc timèc, sÔmfwno me thn ìlh an�lush.
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Se antÐjesh me to fortÐo anastrof c, pou èqei mh mhdenik  tim  mìno sthn ana-
strof , ta fortÐa exantl sewc kai suss¸reushc (QB), ofeÐletai na upologistoÔn
se ìlec perioqèc leitourgÐac tou stoiqeÐou, apì thn suss¸reush mèqri thn isqur 
anastrof . Apì thn �llh, o upologismìc twn fortÐwn anastrof c, èqei sthriqteÐ se
mÐa èkfrash tou dunamikoÔ epifaneÐac mhdenikoÔ fortÐou (ΨP ), exÐswsh (2.44), pou
kalÔptei mìno thn anastrof  kai thn ex�ntlhsh. Gia autì ton lìgo dhmiourgeÐtai h
an�gkh thc epèktashc tou orismoÔ tou (ΨP ) se ìlo to eÔroc twn tim¸n thc t�shc
thc pÔlhc.

Me autì ton stìqo, h an�lush eÐnai anagkasmènh na epistrèyei stic arqikèc exi-
s¸seic, prin thn grammikopoÐhsh tou fortÐou anastrof c. Jewr¸ntac ek nèou thn
exÐswsh (2.11). Antikajist¸ntac se aut n to fortÐo ston hmiagwgì apì thn exÐswsh
(2.29), h opoÐa èqei exaqjeÐ me thn upìjesh ìti to anastrèfon fortÐo eÐnai mhdenikì
kai, sunep¸c, kalÔptei ton orismì tou dunamikoÔ epifaneÐac mhdenikoÔ fortÐou, mpo-
reÐ na exaqjeÐ mÐa sqèsh, h (2.87), pou dÐdei to dunamikì epifaneÐac mhdenikoÔ fortÐou
se mÐa eurÔterh perioq  se sqèsh me thn (2.44), h opoÐa ìmwc den lÔnetai analutik�
wc proc autì. Me ΨP,exact sumbolÐzetai h tim  tou dunamikoÔ epifaneÐac mhdenikoÔ
fortÐou, pou dÐnetai me autì ton trìpo. Shmei¸netai epÐshc ìti se ìlh thn èktash twn
perioq¸n thc suss¸reushc kai thc ex�ntlhshc, ìpou isqÔei ìti to anastrèfon fortÐ-
o eÐnai mhdenikì, isqÔei ìti to dunamikì epifaneÐac isoÔtai me to dunamikì epifaneÐac
mhdenikoÔ fortÐou.

VGB = VFB + ΨP,exact ± γ
√

UT

√
exp

(
−ΨP,exact

UT

)
+

ΨP,exact

UT

− 1

(± → − ) ↔ ΨS < 0, (± → + ) ↔ ΨS > 0

(2.87)

Prokeimènou na upologisteÐ mÐa proseggistik  lÔsh thc (2.87), orÐzetai, sthn
exÐswsh (2.88) èna endi�meso mègejoc, me ton sumbolismì (ΨPO), pou upologÐzei
mÐa analutik  prosèggish tou ΨP,exact, h opoÐa ìmwc eÐnai akrib c mìno plhsÐon tou
shmeÐou VGB = VFB.

ΨPO ≡ VGB − VFB

2
−3− 3γ√

2
+

√(
VGB − VFB

2
− 3− 3γ√

2

)2

+ 6(VGB − VFB) (2.88)

Me thn bo jeia tou ΨPO mporeÐ na oristeÐ mÐa dÐkladh sun�rthsh, exÐswsh (2.89),
h opoÐa antistrèfei thn (2.87) me ikanopoihtik  akrÐbeia kai sunèqeia.

Ψ∗
P ≡





VGB < VFB (accumulation)

Ψ∗
P,acc ≡ −UT ln

(
1− ΨPO

UT
+

(
VGB−VFB−ΨPO

γ
√

UT

)2
)

VGB ≥ VFB (depletion & inversion)

Ψ∗
P,inv ≡ UT




(√
VGB−VFB

UT
− 1 + e

−ΨPO
UT + γ2

4UT
− γ

2
√

UT

)2

+ 1− e
−ΨPO

UT




(2.89)
Sto sq ma 2.21 parousi�zetai mÐa sugkritik  metaxÔ twn diafìrwn sunart sewn

upologismoÔ tou dunamikoÔ epifaneÐac mhdenikoÔ fortÐou. EÐnai profanèc ìti autìc o
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upologismìc tou ΨP , (2.89), ja mporoÔse na qrhsimopoihjeÐ sto montèlou tou pÐnaka
2.1, antÐ thc exÐswshc (2.44). To pleonèkthma aut c thc antikat�stashc eÐnai h epè-
ktash tou montèlou kai sthn suss¸reush, gegonìc ìmwc pou el�qista ja all�xei thn
ektÐmhsh tou reÔmatoc sthn perioq  thc anastrof c. Apì thn �llh, èna meionèkthma
thc qr shc thc (2.89) eÐnai h aÔxhsh thc poluplokìthtac tou montèlou. Telik¸c,
eÐnai oi eidikèc an�gkec kai h qr sh tou montèlou pou ja krÐnoun thn bèltisth epilog 
thc dom c tou.

Sq ma 2.21: To dunamikì epifaneÐac mhdenikoÔ fortÐou, upologismèno me di�forouc trì-
pouc, kai o antÐstoiqoc suntelest c klÐshc nv, ìpwc autìc orÐzetai sthn (2.81). H exÐswsh
(2.89), Ψ∗

P , parèqei mÐa akrib , suneq  kai leÐa epÐlush thc (2.87), ΨP,exact. Apì thn �llh,
h lÔsh pou ex qjh apì thn anastrof , parèqei mÐa polÔ kal  prosèggish akìma kai sthn pe-
rioq  thc ex�ntlhshc, ìpwc kai h sun�rthsh Ψ∗

P,inv, (2.89). Sthn perioq  thc suss¸reush
antÐstoiqa parèqei kal� apotelèsmata h sun�rthsh Ψ∗

P,acc, (2.89). Tèloc, upogrammÐzetai h
kal  ektÐmhsh thc (2.88), ΨPO, kont� sthn perioq  ìpou VGB = VFB.

Gia ton upologismoÔ tou sunolikoÔ fortÐou tou hmiagwgoÔ, stic perioqèc thc
ex�ntlhshc kai thc suss¸reushc (QB), èna parìmoio olokl rwma me to (2.85) ja
upologisteÐ. Antikajist¸ntac sthn (2.11) thn (2.23), kai epilÔontac wc proc Q′

B,
brÐsketai h sqèsh (2.90).

Q′
B = −C ′

OX · (VGB − VFB −ΨS)−Q′
I (2.90)

Apì thn �llh isqÔei h sqèsh (2.45), h opoÐa, an kai èqei exaqjeÐ apì thn grammiko-
poÐhsh tou anastrèfontac fortÐou sthn anastrof , isqÔei kai sthn suss¸reush kai
thn ex�ntlhsh, kaj¸c se autèc thc perioqèc to anastrèfon fortÐo eÐnai mhdenikì kai
sunep¸c ex orismoÔ isqÔei ìti ΨS = ΨP . Antikajist¸ntac to dunamikoÔ epifaneÐac,
mèsw thc (2.45), sthn (2.90) ex�getai h sqèsh (2.91).

Q′
B = −C ′

OX · (VGB − VFB −ΨP )− n− 1

n
Q′

I (2.91)

To fortÐo QB tou ìlou kanalioÔ, pou antistoiqeÐ sto fortÐou pou susswreÔetai
ston akrodèkth tou s¸matoc, ja exaqjeÐ apì to olokl rwma thc exÐswshc (2.92).

MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec 57



Kef�laio 2. Analutik  montelopoÐhsh tou MOS tranzÐstor

QB = Weff ·
∫ Leff

0

Q′
Bdx = −C ′

OX ·Weff ·Leff ·(VGB − VFB −ΨP )−n− 1

n
·QI (2.92)

To olikì fortÐo tou kanalioÔ (QC), antÐstoiqa me thn sqèsh (2.23), dÐnetai apì to
�jroisma tou anastrèfontoc fortÐou kanalioÔ kai tou fortÐou exantl sewc, sqèsh
(2.93).

QC = QB + QI (2.93)

Tèloc, me b�sh thn sqèsh 2.6 kai thn arq  diat rhshc tou fortÐou, upologÐzetai
to fortÐo sthn pÔlh (QG). To fortÐo thc pÔlhc eÐnai profanèc ìti jewreÐtai ìti eÐnai
to fortÐo pou susswreÔetai ston akrodèkth thc pÔlhc.

QG = −QC −QOX (2.94)

UpogrammÐzetai se autì to shmeÐo h stajerìthta tou fortÐou pou eÐnai pagideumè-
no ston apomonwt  (QOX), kai h anexarthsÐa tou apì tic exwterikèc t�seic, h opoÐa
odhgeÐ sthn anexarthsÐa twn diaqwrhtikot twn thc ìlhc di�taxhc apì to QOX . Su-
nep¸c h akrib c tim  den ephre�zei shmantik� thn apìkrish tou montèlou se epÐpedo
enallassìmenou reÔmatoc all� mìno se epÐpedo apìluthc ektÐmhshc tou fortÐou sthn
pÔlh, mègejoc pou den èqei idiaÐterh hlektrik  shmasÐa.

Sq ma 2.22: Ta fortÐa stouc akrodèktec thc pÔlhc (stroggul� sÔmbola), tou s¸matoc
(suneq c gramm ), tou source (trÐgwna me gwnÐa proc ta p�nw) kai tou drain (trÐgwna
me gwnÐa proc ta k�tw) sunart sei thc t�shc VGB. EpÐshc shmei¸netai kai to sunolikì
fortÐo tou kanalioÔ (diakekommènh gramm ) pou eÐnai to �jroisma twn fortÐwn tou source
kai tou drain. Oi par�metroi thc teqnologÐac eÐnai Ðdiec me autèc tou sq matoc 2.5. Sthn
perÐptwsh ìpou VDS = 0 ta fortÐa pou susswreÔontai stouc akrodèktec sta �kra tou
kanalioÔ eÐnai Ðsa metaxÔ touc. Kaj¸c aux�nei h t�sh VSB oi kampÔlec sthn anastrof 
metatopÐzontai aristerìtera, dhlad  h anastrof  arqÐzei se megalÔterh t�sh VGB. H tim 
tou fortÐou QOX antistoiqeÐ apl¸c se mÐa katakìrufh metatìpish tou fortÐou thc pÔlhc.
'Otan VGB = VFB to fortÐo tou s¸matoc èqei mhdenik  tim .
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Sto sq ma 2.22 apeikonÐzontai ta fortÐa ìpwc aut� upologÐzontai apì tic exi-
s¸seic (2.86), (2.92) kai (2.6). To, de, dunamikì epifaneÐac mhdenikoÔ fortÐou èqei
upologisteÐ me b�sh thn sqèsh (2.87), h opoÐa isqÔei se ìlo to eÔroc twn tim¸n thc
t�shc sthn pÔlh.

2.2.6.1 Diaqwrhtikìthtec

Me b�sh ta fortÐa stouc akrodèktec thc di�taxhc upologÐzontai oi diaqwrhtikìthtec
thc di�taxhc. Pio sugkekrimèna, efìson h di�taxh èqei tèsseric akrodèktec, orÐzontai
dekaèxi diaqwrhtikìthtec. O orismìc twn faÐnetai sthn sqèsh (2.95).

CXY = δXY · ∂QX

∂VY

, δXY =

{
+1, X = Y
−1, X 6= Y

, X, Y = {G,S, B, D}

⇒





CGG = +∂QG

∂VG
CGS = −∂QG

∂VS
CGD = −∂QG

∂VD
CGB = −∂QG

∂VB

CSG = −∂QS

∂VG
CSS = +∂QS

∂VS
CSD = −∂QS

∂VD
CSB = −∂QS

∂VB

CDG = −∂QD

∂VG
CDS = −∂QD

∂VS
CDD = +∂QD

∂VD
CDB = −∂QD

∂VB

CBG = −∂QB

∂VG
CBS = −∂QB

∂VS
CBD = −∂QB

∂VD
CBB = +∂QB

∂VB

(2.95)

H �nwjen an�lush twn fortÐwn odhgeÐ eujèwc sthn exagwg  analutik¸n sqèse-
wn gia ton upologismì twn diaqwrhtikot twn. H exagwg  twn parag¸gwn mporeÐ na
sthriqjeÐ stic endi�mesec parag¸gouc pou orÐsthkan sthn par�grafo 2.2.5.5, ìpou
upologÐsthkan oi diagwgimìthtec thc di�taxhc. H poluplokìthta twn ekfr�sewn
kajistoÔn thn anagraf  touc ed¸ idiaÐtera dÔskolh. Gia thn kallÐterh antÐlhyh twn
megej¸n twn diaqwrhtikot twn, ja qrhsimopoihjeÐ apokleistik� h grafik  anapar�-
stash touc.

Sto sq ma 2.23 emfanÐzontai omadopoihmènec oi dekaèxi diaqwrhtikìthtec kai h
diakÔmansh touc se sqèsh me thn t�sh sthn pÔlh. Ta apotelèsmata parousi�zon-
tai afenìc gia braqukuklwmènouc touc dÔo akrodèktec sta �kra tou kanalioÔ, kai
afetèrou me diaforetikì dunamikì sto source kai to drain. Shmei¸netai ìti oi dia-
qwrhtikìthtec autèc aforoÔn mìno sta fortÐa pou sqetÐzontai me to fainìmeno thc
anastrof c kai suss¸reushc kai to kan�li genikìtera, kai den perigr�foun to sÔno-
lo twn qwrhtikot twn pou emfanÐzetai sthn di�taxh, gia par�deigma tic qwrhtikìth-
tec pou sqetÐzontai me tic parasitikèc diìdouc pou dhmiourgoÔntai an�mesa apì touc
akrodèktec sta �kra tou kanalioÔ kai to upìstrwma.

Sthn perÐptwsh ìpou VDS = 0V axioshmeÐwth, ìso kai anamenìmenh, eÐnai h taÔ-
tish diafìrwn diaqwrhtikot twn, pou sumfwneÐ me thn pl rh summetrÐa thc di�taxhc,
tìso se fusikì epÐpedo ìso kai se hlektrikì. Apì thn �llh upogrammÐzetai ìti ìlec
oi diaqwrhtikìthtec eÐnai, se apìluta megèjh, mikrìterec apì to ìrio C ′

OX ·Weff ·Leff ,
pou antistoiqeÐ sthn qwrhtikìthta pou ja emfanizìtan an �nwjen kai k�twjen thc
epif�neiac tou monwt  sthn pÔlh up rqan idanikoÐ agwgoÐ. Arnhtik  tim  emfanÐzoun
mìno oi diaqwrhtikìthtec CDS kai CSD.

H an�lush montelopoÐhshc kalÔptei plèon, ektìc apì thn apl  statik  perÐptw-
sh ìpou upologÐzetai to reÔma tou kanalioÔ, kai enallassìmena s mata. H an�lush
èqei gÐnei jewr¸ntac sqetik� qamhlèc suqnìthtec, tìso qamhlèc ètsi ¸ste na mhn
parathroÔntai fainìmena kajustèrhshc kai na jewreÐtai ìti h antÐdrash twn fortÐwn
eÐnai akariaÐa stic exwterikèc allagèc t�sewn. Aut  h upìjesh onom�zetai sqedìn-
statik  (  hmi-statik , agglistÐ quasi-static (QS)). Kaj¸c aux�nei h suqnìthta, h
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Sq ma 2.23: Oi dekaèxi diaqwrhtikìthtec tou MOSFET gia di�forec pol¸seic. H t�sh
sthn pÔlh kumaÐnetai apì −1.8V mèqri 1.8V . H t�sh sto source eÐnai mhdèn, se sqèsh
me to s¸ma, en¸ h t�sh ston akrodèkth drain eÐnai thn mÐa 0V , graf mata sta arister�
(a,c,e) kai thn �llh 0.5V , graf mata sta dexi� (b,d,f). Oi par�metroi thc teqnologÐac eÐnai
Ðdiec me autèc tou sq matoc 2.5. Oi diaqwrhtikìthtec emfanÐzontai kanonikopoihmènec wc
proc ton par�gonta C ′

OX · Weff · Leff . Ta sÔmbola antistoiqoÔn me tic diaqwrhtikìthtec
wc ex c: (a,b: CGG +, CGS O, CSG H, CGD M, CDG N, CGB ◦, CBG •), (c,d: CBB ◦,
CDS O, CSD H, CDD M, CSS N), (e,f: CSB O, CBS H, CDB M, CBD N).
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upìjesh aut  paÔei na dÐnei apotelèsmata kontin� sthn pragmatikìthta epeid  pa-
rousi�zontai fainìmena kajustèrhshc sthn di�taxh. H leitourgÐa aut  onom�zetai
mh-statik  (non-quasi-static, NQS). Fainìmena uyhl¸n suqnot twn ja suzhthjoÔn
sthn sunèqeia, sthn par�grafo 2.8.

2.2.7 An�lush wc proc th diafor� dunamikoÔ kat� m -
koc tou kanalioÔ

Sthn an�lush mèqri ed¸ èqoun melethjeÐ oi perioqèc leitourgÐac tou MOSFET gia
tic di�forec timèc thc t�shc sthn pÔlh. Apì thn t�sh sthn pÔlh exart�tai to an
ja èqei dhmiourghjeÐ kan�li k�tw apì ton monwt  kai an h anastrof  ja eÐnai a-
sjen c, mètria   isqur . Sthn perÐptwsh pou den up�rqei anestrammèno kan�li oi
t�seic stouc akrodèktec source kai drain den ephre�zoun shmantik� thn leitourgÐa,
kaj¸c brÐskontai se hlektrik  apomìnwsh wc proc thn upìloiph hmiagwgik  di�ta-
xh. Sthn perÐptwsh pou to tranzÐstor eÐnai polwmèno sthn anastrof , oi t�seic
stouc akrodèktec source kai drain apoktoÔn meg�lh shmasÐa kai ephre�zoun thn ìlh
di�taxh.

JumÐzetai ed¸ ìti sumbatik� èqoume jewr sei, kai par� thn fusik  summetrÐa thc
di�taxhc, wc kìmbo source autìn me qamhlìtero dunamikì se sqèsh me ton kìmbo
drain, gia to nMOSFET. Apì thn �llh anafèrjhke ìti to mèroc tou kanalioÔ pou
qarakthrÐzetai apì to isqurìtero epÐpedo anastrof c eÐnai pou orÐzei kai to epÐpedo
anastrof c olìklhrou tou kanalioÔ. Me b�sh thn sÔmbash ìti VDS > 0 apodeÐqjhke
ìti to shmeÐo tou kanalioÔ me to isqurìtero epÐpedo anastrof c eÐnai autì plhsÐon
tou akrodèkth source, kai sunep¸c eÐnai h t�sh VSB h opoÐa ja ephre�zei to epÐpedo
anastrof c.

Me thn grafik  bo jeia tou sq matoc 2.18 eÐnai endiafèron na parathrhjeÐ h
ex�rthsh tou reÔmatoc apì thn diafor� dunamikoÔ an�mesa an�mesa stouc akrodèktec
sta �kra tou kanalioÔ. Jewr¸ntac mÐa t�sh sthn pÔlh arket� meg�lh ètsi ¸ste to
dunamikì mhdenikoÔ fortÐou (VP ) na eÐnai megalÔtero apì thn t�sh sto source, ìpwc
akrib¸c sthn perÐptwsh tou sq matoc, parathreÐtai to sq ma, to embadìn tou opoÐou
orÐzei to reÔma tou kanalioÔ. 'Oso kai h t�sh sto drain paramènei mikrìterh apì
thn thn t�sh VP to reÔma suneq¸c aux�nei. 'Otan ìmwc h t�sh VDB xeper�sei thn
VP parathreÐtai ìti to embadìn q�nei thn ex�rthsh tou apì thn t�sh VDB. Sunep¸c
se ekeÐnh thn perioq  leitourgÐac peraitèrw aÔxhsh thc diafor�c dunamikoÔ VDS den
sunodeÔetai apì aÔxhsh tou reÔmatoc. Autì to fainìmeno ofeÐletai sto gegonìc ìti
ìtan isqÔei ìti VDB > VP to mèroc tou kanalioÔ plhsÐon tou akrodèkth drain pern�ei
apì thn anastrof  sthn ex�ntlhsh. Sunep¸c to anastrèfon fortÐo aut c thc �krhc
tou kanalioÔ mhdenÐzetai. To autì parathreÐtai kai sthn mÐa ek twn dÔo peript¸sewn
tou sq matoc 2.20.

ParathroÔntai sunep¸c dÔo perioqèc leitourgÐac, sthn men pr¸th h t�sh VDS

ephre�zei to reÔma sto kan�li, h perioq  aut  onom�zetai perioq c grammik c lei-
tourgÐac (linear operation), sth, de, deÔterh paÔei h ex�rthsh aut , kai h perioq 
aut  onom�zetai perioq  koresmoÔ (saturation). Me b�sh aut  thn logik  èqei ono-
matisteÐ kai to genikeumèno reÔma koresmoÔ, sqèsh (2.74). Ektel¸ntac mÐa an�lush
wc proc thn t�sh sto drain kai parathr¸ntac to reÔma tou kanalioÔ, ìpwc gÐnetai
sto sq ma 2.24, eÐnai emfan c o diaqwrismìc metaxÔ twn dÔo perioq¸n leitourgÐac.

Apì thn �llh, axÐzei na parathrhjeÐ kai h sumperifor� twn diaqwrhtikot twn,
kaj¸c all�zei h t�sh ston akrodèkth drain. Sto sq ma 2.25 meletoÔntai oi dia-
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Sq ma 2.24: An�lush reÔmatoc kanalioÔ wc proc thn t�sh ston akrodèkth drain. H t�sh
sthn pÔlh paÐrnei di�forec timèc, an�mesa apì 50mV kai 1.8V , epitrèpontac sthn di�taxh
na brÐsketai se di�fora epÐpeda anastrof c. H logarijmik  klÐmaka tou reÔmatoc aux�nei
thn diakritik  euqèreia sthn asjen  anastrof . Oi par�metroi thc teqnologÐac eÐnai Ðdiec
me autèc tou sq matoc 2.5. Shmei¸netai to ìrio VDB = VP pou apoteleÐ sÔnoro metaxÔ twn
perioq¸n grammik c leitourgÐac (linear operation) kai koresmoÔ (saturation). To montèlo
pou qrhsimopoieÐtai sthn ed¸ an�lush eÐnai autì tou pÐnaka 2.1.

qwrhtikìthtec se mÐa tètoia an�lush. Sthn an�lush aut , h t�sh VDB paÐrnei kai
arnhtikèc timèc, an kai eÐqe anaferjeÐ ìti kat� tekm rio h t�sh aut  ofeÐlei na eÐnai
jetik , kaj¸c efarmìzetai sta �kra mÐac parasitik c diìdou. EÐnai logikì ìmwc na
mhn dhmiourgeÐtai prìblhma an h arnhtik  tim  eÐnai arket� mikr . EpÐshc h t�sh
VDS parathreÐtai ìti all�zei prìshmo EÐnai shmantik  h melèth thc sunèqeiac tou
montèlou se autì to shmeÐo pou oi kìmboi, apì hlektrik  �poyh, all�zoun jèsh.
ParathreÐtai ìti to montèlo eÐnai orj� grammèno apì �poyh summetrÐac kai problèpei
mÐa omal  allag  kaj¸c pern�me apì to shmeÐo VDS = 0V . EpÐshc upogrammÐzetai h
taÔtish poll¸n diaqwrhtikot twn sto shmeÐo autì, ìpwc eÐqe parathrhjeÐ kai sthn
an�lush tou sq matoc 2.23.

2.2.8 T�sh katwflÐou (threshold voltage)
Apì thn sqèsh (2.81) parathreÐtai h sqedìn grammik  sqèsh metaxÔ thc t�shc mh-
denikoÔ fortÐou kai thc t�shc sthn pÔlh, epitrèpontac thn epaneggraf  thc sqèshc
thc upologismoÔ thc t�shc mhdenikoÔ fortÐou me thn morf  thc sqèshc (2.96).

VP ≈ VGB − VTO

nv

, VTO ≡ VFB + Ψ0 + γ ·
√

Ψ0 (2.96)

Sthn sqèsh (2.96) orÐzetai kai h t�sh katwflÐou anafor�c (reference threshold
voltage VTO). H t�sh aut  mporeÐ na oristeÐ kai se sunèqeia thc t�sh katwflÐou
wc proc to s¸ma, ìpwc aut  orÐzetai sthn sqèsh (2.39). Poio sugkekrimèna to VTO

antistoiqeÐ sto VTB upologismèno sthn isqur  anastrof  kai gia VSB = 0, sthn
opoÐa perÐptwsh isqÔei ìti ΨS ≈ Ψ0.
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Sq ma 2.25: Oi dekaèxi diaqwrhtikìthtec tou MOSFET gia di�forec pol¸seic. H t�sh
sthn pÔlh paÐrnei tic timèc 0.2V , graf mata arister� (a,c,e), kai 0.9V , graf mata dexi�
b,d,f), en¸ h t�sh sto drain kumaÐnetai apì −0.2V mèqri 1.0V . H t�sh sto source eÐ-
nai mhdèn, se sqèsh me to s¸ma. Oi par�metroi thc teqnologÐac eÐnai Ðdiec me autèc tou
sq matoc 2.5. Oi diaqwrhtikìthtec emfanÐzontai kanonikopoihmènec wc proc ton par�gonta
C ′

OX ·Weff ·Leff . Ta sÔmbola antistoiqoÔn me tic diaqwrhtikìthtec wc ex c: (a,b: CGG +,
CGS O, CSG H, CGD M, CDG N, CGB ◦, CBG •), (c,d: CBB ◦, CDS O, CSD H, CDD M,
CSS N), (e,f: CSB O, CBS H, CDB M, CBD N). UpogrammÐzetai h sunèqeia tou montèlou
ekatèrwjen tou shmeÐou VDS = 0V .
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Sthn prosp�jeia aplopoÐhshc twn exis¸sewn kai thc èkfrashc twn t�sewn ka-
twflÐou, dÔnatai na upologÐsoume mìno thn epirro  tou anastrèfontoc fortÐou pou
epikrateÐ sthn isqur  anastrof . Me b�sh aut n thn aplopoÐhsh mporeÐ na epana-
grafeÐ o upologismìc thc t�shc katwflÐou ìpwc sthn sqèsh (2.97).

VTB,SI ≡ VFB + Ψ0 + VSB + γ ·
√

Ψ0 + VSB

VTH,SI ≡ VFB + Ψ0 + γ ·
√

Ψ0 + VSB

(2.97)

Sthn (2.97) èqei jewrhjeÐ ìti VDS > 0 kai sunep¸c eÐnai h t�sh tou akrodèkth
tou source pou orÐzei to epÐpedo anastrof c. H t�sh katwflÐou mporeÐ na oristeÐ
tìso se sqèsh me to s¸ma (VTB) ìso kai se sqèsh me ton akrodèkth source (VTH).

Se èna deÔtero epÐpedo ja mporoÔse kaneÐc na isquristeÐ ìti oi ed¸ orismoÐ thc
t�shc katwflÐou, jewr¸ntac dhlad  mìno to anastrèfon fortÐo pou sqetÐzetai me
thn isqur  anastrof , eÐnai orjìteroi twn prohgoÔmenwn, diìti sthn pragmatikìthta
to anastrèfon fortÐo den mhdenÐzetai se kanèna shmeÐo thc perioq c thc anastrof c.

H t�sh katwflÐou eÐnai mÐa polÔ shmantik  par�metroc tou stoiqeÐou tou MO-
SFET kai eidik� thc montelopoÐhshc kai tou qarakthrismoÔ tou. H tim  tou sundèetai
me thn ènarxh thc isqur c anastrof c, kai h qr sh tou aplopoieÐ polÔ tic exis¸seic
sthn isqur  anastrof , ìpwc sthn sqèsh (2.41). Poll� montèla sthrÐzoun thn je-
wreÐa touc sthn ènnoia thc t�shc katwflÐou (threshold voltage based model), me
gnwstìtero to montèlo BSIM [27, 28]. Me autìn to trìpo epitugq�netai mÐa kal 
prosèggish thc sumperifor�c sthn isqur  anastrof , all� periorÐzetai h apotele-
smatikìthta tou montèlou sthn asjen  anastrof , kaj¸c orismik� h t�sh katwflÐou
anafèretai sta fortÐa thc isqur c anastrof c. Apì sqediastik  �poyh, h tim  thc
t�shc katwflÐou qarakthrÐzei thn di�taxh san èna ìrio eisìdou sthn isqur  ana-
strof  wc proc thn t�sh thc pÔlhc, stoiqeÐo shmantikì sthn epilog  twn pol¸sewn
kat� thn diadikasÐa sqedÐashc enìc kukl¸matoc.

2.2.9 An�lush exis¸sewn ston kìro (saturation)
Endiafèron parousi�zoun oi exis¸seic sumperifor�c tou MOSFET se sunj kec ko-
resmoÔ. 'Opwc èqei  dh anaferjeÐ o koresmìc emfanÐzetai sthn di�taxh ìtan to mèroc
tou kanalioÔ apì thn meri� tou source eÐnai anestrammèno, en¸ plhsÐon tou drain ì-
qi. Autì sumbaÐnei ìtan h t�sh sto VDB eÐnai polÔ megalÔterh apì thn VP , en¸
h t�sh VSB ìqi. Se aut n thn perÐptwsh to kanonikopoihmèno anastrèfon fortÐo
plhsÐon tou akrodèkth drain (qd) èqei mhdenik  tim ,   toul�qiston polÔ mikr . Su-
nep¸c oi exis¸seic thc di�taxhc se sunj kec koresmoÔ mporoÔn na proseggistoÔn
apì tic antÐstoiqec thc sunolik c perÐptwsh afoÔ antikatastajeÐ to fortÐo qd me
mhdèn. Qarakthristikì par�deigma eÐnai h perÐptwsh tou reÔmatoc kanalioÔ ìpou dÐ-
netai sthn anastrof  apì thn sqèsh (2.98), h opoÐa bgaÐnei apì thn genik  perÐptwsh
pou faÐnetai sthn sqèsh (2.71).

ids,sat = q2
s + qs = if (2.98)

2.2.9.1 Lìgoi diagwgimot twn proc reÔma

Eidikì endiafèron parousi�zoun oi exis¸seic pou sqetÐzontai me ton lìgo twn ka-
nonikopoihmènwn diagwgimot twn (ĝmg, ĝms) proc to kanonikopoihmèno reÔma sthn
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perioq  tou kìrou. Sundu�zont�c tic exis¸seic (2.80 kai (2.82) me to reÔma ston
kìro, sqèsh (2.98), upologÐzontai oi antÐstoiqoi lìgoi, sqèsh (2.99).

ĝmg

ids

∣∣∣∣
sat

=
1

nv

· qs

q2
s + qs

=
1

nv

· 1

qs + 1
=

1

nv

· 1√
ids + 1

4
+ 1

2

ĝms

ids

∣∣∣∣
sat

= − qs

q2
s + qs

= − 1

qs + 1
= − 1√

ids + 1
4

+ 1
2

(2.99)

Amfìteroi oi lìgoi parousi�zoun mÐa entonìtath anexarthsÐa apì di�forec para-
mètrouc thc teqnologÐac, thc di�taxhc, thc jermokrasÐac kai thc pìlwshc [29, 30, 31].
O lìgoc ĝmg

ids
diathreÐ mÐa ex�rthsh apì ton suntelest  klÐshc nv, pou eÐnai shmanti-

kìterh sthn asjen  anastrof , all� o lìgoc ĝms

ids
eÐnai apallagmènoc ki apì aut n

thn ex�rthsh. To sq ma thc kampÔlhc aut c eÐnai qarakthristikì, gr�fhma 2.26 kai
mporeÐ na sundejeÐ kai me to epÐpedo anastrof c tou kanalioÔ.

Sq ma 2.26: Kanonikopoihmènoi lìgoi diaqwrhtikot twn proc reÔma kanalioÔ gia èna
tranzÐstor meg�lwn diast�sewn. Me sÔmbola emfanÐzontai oi metr seic se èna nMOS tran-
sistor, diast�sewn W

L = 10µm
10µm mÐac montèrnac teqnologÐac me el�qisto m koc 130nm, en¸

me suneqìmenh gramm  h apìkrish tou montèlou, tou pÐnaka 2.1, me èna set paramètrwn pou
kalÔptei thn teqnologÐa. H k�jeth diakekommènh gramm  orÐzei thn ektÐmhsh tou montè-
lou gia thn tim  tou Ispec thc di�taxhc. Sthn asjen  anastrof  epikrateÐ to reÔma reÔma
di�qushc (diffusion current) pou qarakthrÐzetai apì mÐa ekjetik  ex�rthsh tou reÔmatoc
kanalioÔ wc proc tic t�seic VGB kai VSB. H ekjetik  ex�rthsh odhgeÐ se èna stajerì lìgo
thc diaqwrhtikìthtac proc to reÔma kont� sthn mon�da. Autì faÐnetai kajar� gia reÔma-
ta mikrìtera tou Ispec. Sthn isqur  anastrof  h antÐstoiqh ex�rthsh tou reÔmatoc eÐnai
tetragwnik  kai sunep¸c oi lìgoi teÐnoun sto mhdèn.

Me thn wc ed¸ an�lush èqei melethjeÐ pl rwc h sumperifor� mÐac idanik c di�-
taxhc MOSFET. Oi diast�seic tou stoiqeÐou èqoun jewrhjeÐ arket� meg�lec ètsi
¸ste h leitourgÐa tou na eÐnai omoiìmorfh kat� pl�toc kai kat� m koc tou kanalioÔ
kai na mhn ephre�zetai apì thn sumperifor� tou stoiqeÐou sta �kra. Apì thn �llh
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èqei jewrhjeÐ to ulikì thc pÔlhc san idanikìc agwgìc fortÐou, me �peirh dhlad 
epitreptìthta. To de p�qoc tou monwt  k�twjen thc pÔlhc èqei jewrhjeÐ arket�
meg�lo ètsi ¸ste na mhn emfanÐzontai kbantik� fainìmena an¸terhc t�xhc. To teli-
kì apotèlesma, par� tic proseggÐseic kai tic elleÐyeic autèc, eÐnai èna montèlo pou
mporeÐ na perigr�yei arket� kal� èna transistor meg�lwn diast�sewn mÐac montèrnac
teqnologÐac, ìpwc autì apodeiknÔetai kai me to gr�fhma 2.26 ìpou sugkrÐnetai h
apìkrish tou montèlou me pragmatikèc metr seic.

2.3 Fainìmena an¸terhc t�xhc se diat�xeic me-
g�lwn diast�sewn

H an�lush tou pr¸tou mèrouc, par�grafoc 2.2, epikentr¸jhke sthn k�luyh thc
idanik c kai genik c perÐptwshc. Mèsw aut c, tèjhke h b�sh tou montèlou pou peri-
gr�fei diat�xeic arket� meg�lwn diast�sewn ètsi ¸ste akraÐa fainìmena na mporoÔn
na jewrhjoÔn amelhtèa. Gia na kalÔyei èna montèlo ìlec tic dunatèc peript¸seic
teqnologi¸n kai diast�sewn, ofeÐlei na epektajeÐ melet¸ntac ìla ta eidik� fainìmena
pou emfanÐzontai se montèrnec CMOS teqnologÐec. Sto trèqon mèroc ja melethjeÐ
mÐa seir� fainomènwn pou aforoÔn se diat�xeic meg�lwn diast�sewn.

2.3.1 Ex�rthsh kinhtikìthtac apì to k�jeto pedÐo
Sto olokl rwma (2.34) jewr jhke ìti h tim  thc kinhtikìthtac eÐnai anex�rthth thc
jèshc sto kan�li kai thc pìlwshc. Aut  h prosèggish den eÐnai ikanopoihtik  se
sÔgkrish me pragmatik� dedomèna. Sthn pragmatikìthta, lìgw thc anomoiogèneiac
tou anastrèfontoc fortÐou kat� m koc tou kanalioÔ, to k�jeto pedÐo sto kan�li
eÐnai epÐshc mÐa sun�rthsh thc jèshc. H, de, kinhtikìthta ephre�zetai apì thn tim 
tou k�jetou pedÐou. Prokeimènou na sunektimhjeÐ aut  h diaforopoÐhsh h sqèsh
(2.33) mporeÐ na grafteÐ kai na oloklhrwjeÐ ìpwc faÐnetai sthn (2.100).

IDS(x)

µ(x)
= −Weff ·Q′

I ·
dVch

dx
⇒ IDS ·

∫ Leff

0

1

µ(x)
dx = Weff ·

∫ VDB

VSB

−Q′
I · dVch ⇐⇒

⇐⇒ IDS = µeff · Weff

Leff

·
∫ VDB

VSB

−Q′
IdVch, µeff =

(
1

Leff

·
∫ Leff

0

1

µ(x)
dx

)−1

(2.100)

Oi sqèseic (2.34) kai (2.100) eÐnai en gènei isodÔnamec, me thn mình diafor� ìti h
stajer  kinhtikìthta thc (2.34) èqei antikatastajeÐ apì mÐa energ , isodÔnamh, mèsh
kinhtikìthta, pou sumbolÐzetai µeff . Sunep¸c ìlec oi akìloujec exis¸seic thc (2.34)
eÐnai se isqÔ, arkeÐ na antikatastajeÐ katall lwc h kinhtikìthta.

Idanik� mil¸ntac, h kinhtikìthta se kajarì purÐtio, qwrÐc egqÔseic forèwn, dÐnetai
apì tic sqèseic (2.101), ìpou me µe sumbolÐzetai h kinhtikìthta twn hlektronÐwn, en¸
me µh h kinhtikìthta twn op¸n [32, 33]. Me T sumbolÐzetai h jermokrasÐa se bajmoÔc
Kelvin.

µe ≈ 0.143 ·
(

T

300K

)−2
m2

V · s, µh ≈ 0.046 ·
(

T

300K

)−2.18
m2

V · s (2.101)
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Lìgw thc ègqushc sto upìstrwma h pragmatik  kinhtikìthta stic diat�xeic MO-
SFET eÐnai anagkastik� mikrìterh apì autèc tic timèc, sqèseic (2.101). Di�foroi
mhqanismoÐ skèdashc periorÐzoun thn kinhtikìthta twn forèwn reÔmatoc. Gia k�je è-
na mhqanismì skèdashc mporeÐ na exaqjeÐ èna montèlo kai met� o sunduasmìc touc na
d¸sei thn energ  kinhtikìthta. AutoÐ oi mhqanismoÐ skèdashc eÐnai, epigrammatik�, h
skèdash epif�neiac (surface scattering) [34, 35], h skèdash Coulomb (Coulomb scat-
tering) [36] kai h skèdash fwnìniwn (phonon scattering) [37]. K�je ènac mhqanismìc
ja d¸sei èna suntelest  gia thn tim  thc kinhtikìthtac, èstw µs, µc kai µph antÐ-
stoiqa. H energ  kinhtikìthta ja dojeÐ, me b�sh ton empeirikì kanìna Mathiessen
[38, 39], apì thn sqèsh (2.102).

1

µeff

=
1

µs

+
1

µc

+
1

µph

(2.102)

Sthn sunèqeia analÔontai oi mhqanismoÐ skèdashc epifaneÐac kai skèdashc Cou-
lomb.

2.3.1.1 Skèdash epifaneÐac (surface scattering)

H epÐdrash tou fainomènou skèdashc epifaneÐac exart�tai apì to k�jeto pedÐo esw-
terik� tou kanalioÔ. To k�jeto pedÐo sto kan�li eÐnai mÐa sun�rthsh twn fortÐwn
sto kan�li, sqèsh (2.103).

E⊥(x) =
Q′

B(x) + η ·Q′
I(x)

εsi

, η =

{
1/2 nMOS
1/3 pMOS

(2.103)

To mègisto k�jeto pedÐo, sthn epif�neia, brÐsketai jètontac thn tim  1 sthn par�-
metro η. ApodeiknÔetai ìmwc ìti den eÐnai h mègisth tim  pou orÐzei thn kinhtikìthta
all� mÐa mikrìterh energ  tim  h opoÐa dÐnetai sunupologÐzontac mèroc tou anastrè-
fontoc fortÐou [34, 35]. Sto plaÐsio enìc montèlou, de, o suntelest c η mporeÐ na
jewrhjeÐ kai san mÐa par�metroc pou ex�getai me b�sh ta bèltista apotelèsmata.

Genik� mil¸ntac, h kinhtikìthta eÐnai antistrìfwc an�logh mÐac jetik c dÔnamhc
tou mètrou tou k�jetou hlektrikoÔ pedÐou, sqèsh (2.104). O ekjèthc αi paÐrnei timèc
apì 1 mèqri 2 en¸ h par�metroc Θi dÐnetai se mon�dec m

V
.

1

µs

∣∣∣∣
x

∝ |Θi · E⊥(x)|αi (2.104)

Idanik� h tim  tou ekjèth αi eÐnai gia ta men nMOS 2, en¸ gia ta pMOS 1. Gia
lìgouc euelixÐac kai prosarmog c tou montèlou se pragmatikèc teqnologÐec eÐnai
protimìtero na qrhsimopoihjoÔn kai oi dÔo ìroi tìso gia ta nMOS ìso kai gia ta
pMOS, kai na ex�gontai kat�llhla oi par�metroi Θi. DieurÔnetai, sunep¸c, h sqèsh
(2.104), odhg¸ntac sthn sqèsh (2.105).

1

µs

∣∣∣∣
x

∝ |Θ1 · E⊥(x)|+ |Θ2 · E⊥(x)|2 (2.105)

H sqèsh (2.105) isqÔei topik�. H olokl rwsh thc kat� m koc tou kanalioÔ ja
d¸sei thn apaitoÔmenh ektÐmhsh thc mèshc kinhtikìthtac periorismènh me b�sh thn
skèdash epifaneÐac, sqèsh (2.106).
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1
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·
∫ Leff

0
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=
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Leff
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∫ Leff
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|Θ1 · E⊥(x)| dx

︸ ︷︷ ︸
∝ 1
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+
1

Leff

·
∫ Leff

0

|Θ2 · E⊥(x)|2 dx
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∝ 1

µs,2

(2.106)

Sthn sqèsh (2.106) èqei qwristeÐ o upologismìc tou oloklhr¸matoc se dÔo par�-
gontec, 1

µs,1
kai 1

µs,2
gia na gÐnei sqetik� safèsteroc. To pr¸to mèroc, pou sumbolÐ-

zetai 1
µs,1

ousiastik� èqei upologisteÐ  dh, me thn bo jeia twn sqèsewn (2.85), ìpou
upologÐzetai to olokl rwma tou Q′

I , kai (2.92), ìpou upologÐzetai to olokl rwma
tou Q′

B. Sunep¸c, eÔkola gr�fetai h sqèsh 2.107. Shmei¸netai ìti sthn anastrof ,
pou ousiastik� melet�tai mìno aut  h perioq  diìti reÔma sto kan�li jewreÐtai mìno
sthn anastrof , to prìshmo tìso tou fortÐou QB ìso kai tou fortÐou QI eÐnai
monÐmwc arnhtikì.

1

µs,1

∝ 1

Leff

·
∫ Leff

0

|Θ1 · E⊥(x)| dx =
1

Leff

· Θ1 ·
∫ Leff

0
|Q′

B + η ·Q′
I | dx

εsi

=

=
1

Weff · Leff

· Θ1 · |QB + η ·QI |
εsi

(2.107)

O upologismìc tou par�gonta 1
µs,2

, par� thn poluplokìthta tou, gÐnetai me antÐ-
stoiqo trìpo me prohgoÔmena oloklhr¸mata, sqèsh (2.108).
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(2.108)

Apì thn �llh, orÐzetai o par�gontac µs|VP =0, o opoÐoc ja qrhsimopoihjeÐ san
par�metroc kai shmeÐo anafor�c upologismoÔ thc kinhtikìthtac. Sto shmeÐo VP = 0
upenjumÐzetai ìti isqÔei QI ≈ 0 kai ìti h di�taxh brÐsketai sthn asjen  anastrof .
OrÐzetai, de, me to sÔmbolo µ0, h kinhtikìthta sto shmeÐo VP = 0. Jewr¸ntac mìno
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thn ex�rthsh apì thn skèdash epifaneÐac, h energ  kinhtikìthta mporeÐ na grafteÐ
ìpwc faÐnetai sthn sqèsh (2.109). Shmei¸netai ìti o par�gontac µs èqei upologisteÐ
san an�logoc mÐa posìthtac pou qarakthrÐzetai apì dÔo paramètrouc, Θ1 kai Θ2.
Jewr¸ntac kat�llhlec timèc stic paramètrouc mporeÐ na antikatastajeÐ h sqèsh thc
analogÐac me isìthta. EpÐshc, upogrammÐzetai h sunèpeia thc (2.109) me thn genik 
sqèsh (2.102).

µeff = µ0 ·
1 + 1

µs|VP =0

1 + 1
µs

(2.109)

To montèlo kinhtikìthtac, pou sunupologÐzei thn skèdash epifaneÐac eÐnai pollèc
forèc arketì apì mìno tou gia na perigr�yei pl rwc thn sumperifor� diat�xewn
meg�lwn diast�sewn montèrnwn CMOS. Sto sq ma 2.27 emfanÐzontai apotelèsmata
pou epibebai¸noun thn kal  apìkrish tou montèlou kinhtikìthtac.

Sq ma 2.27: ReÔma kai diagwgimìthta gia èna tranzÐstor meg�lwn diast�sewn. Me
sÔmbola emfanÐzontai oi metr seic se èna nMOS transistor, diast�sewn W

L = 10µm
10µm mÐac mo-

ntèrnac teqnologÐac me el�qisto m koc 130nm, en¸ me suneqìmenh gramm  h apìkrish tou
montèlou EKV3.0 pou qrhsimopoieÐ to montèlo skèdashc epifaneÐac thc exÐswshc (2.109).
To set paramètrwn kalÔptei thn sugkekrimènh teqnologÐa. Melet�tai tìso h grammik 
perioq  leitourgÐac, ìso kai o koresmìc. To montèlo dÐnei swst� apotelèsmata se ìlo to
eÔroc twn pol¸sewn.
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2.3.1.2 Skèdash Coulomb (Coulomb scattering)

H skèdash Coulomb ephrèaze kurÐwc tic diat�xeic MOSFET se qamhlèc jermokra-
sÐec. Stic montèrnec teqnologÐec ìmwc parathreÐtai mÐa aÔxhsh thc èntashc tou fai-
nìmeno tètoia ¸ste akìma kai se jermokrasÐa dwmatÐou na mhn mporeÐ na agnohjeÐ.
MÐa sqèsh pou dÐnei ton par�gonta µc eÐnai h (2.110) [36].

µc ∝ UT

NA · Lth

·
(

1 +
Lth

Ls

)2

, Lth =
~√

2 ·m∗ ·UT

(2.110)

Sthn (2.110) me Lth sumbolÐzetai to jermikì m koc (thermal length), me m∗ h m�za
twn forèwn reÔmatoc, kai me ~ h stajer� tou Planck diairemènh me to 2π. To, de, Ls

sumbolÐzei to m koc periorismoÔ (screening length). Sthn prokeimènh perÐptwsh to
Ls dÐnetai apì thn tim  Debye Hückel (LDH), kaj¸c, sthn perÐptwsh twn MOSFET
èqoume mÐa sugkèntrwsh ìqi uperbolik� meg�lh, kai sunep¸c èna mh ekfulismèno
hmiagwgì, sqèsh (2.111).

Ls ≈ LDH =
2 · εsi · UT

|Q′
I |

(2.111)

Antikajist¸ntac thn (2.111) sthn (2.110) ex�getai h sqèsh (2.112).
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︸ ︷︷ ︸
ZC

·qI




−2

(2.112)

H olokl rwsh thc (2.112) se ìlo to m koc tou kanalioÔ proc to m koc tou
kanalioÔ, ja d¸sei ton par�gonta pou ja ephre�sei sunolik� thn kinhtikìthta, sqè-
sh (2.113). Gia thn olokl rwsh jewreÐtai epiplèon h proseggistik  sqèsh qI =√

1
4

+ iX − 1
2
≈ iX , h opoÐa isqÔei gia sqetik� mikr� epÐpeda anastrof c, dhlad  mi-

krèc timèc tou iX kai tou qI . H prosèggish aut  den eÐnai aujaÐreth kaj¸c se aut� ta
epÐpeda anastrof c eÐnai pou to sugkekrimèno fainìmeno èqei megalÔterh epÐdrash,
en¸ kaj¸c aux�nei to epÐpedo anastrof c h tim  tou lìgou 1

µc
teÐnei proc to mhdèn.

1

µc

=
1

Leff

∫ Leff

0

1

µc

∣∣∣∣
x

dx =
1

Leff

∫ Leff

0

Θc (1 + ZcqI)
−2 dx = Θc

1

1 + Zcqs

1

1 + Zcqd

(2.113)
Sthn (2.113) me Θc sumbolÐzetai mÐa par�metroc an�logh tou ìrou NA·Lth

UT
pou

emfanÐzetai sthn sqèsh (2.112).
AntÐstoiqa me thn perÐptwsh thc skèdashc epifaneÐac, mporeÐ na oristeÐ mÐa tim 

anafor�c (µc|VP =0) thc epirro c thc skèdashc Coulomb, sthn asjen  anastrof ,
dhlad  sto shmeÐo VP = 0. Jewr¸ntac polÔ mikrèc timèc gia ta kanonikopoihmèna
fortÐa stouc akrodèktec source kai drain, ex�getai h sqèsh (2.114).

1

µc|VP =0

= Θc (2.114)

Prosjètontac thn epÐdrash thc skèdashc Coulomb, (2.113), sthn kinhtikìthta,
ìpwc aut  eÐqe upologisteÐ apì thn sqèsh (2.109), ex�getai h plhrèsterh sqèsh
(2.115).
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µeff = µ0 ·
1 + 1

µs|VP =0
+ 1

µc|VP =0

1 + 1
µs

+ 1
µc

(2.115)

Shmei¸netai de ìti kat� tekm rio h tim  tou 1
µc|VP =0

eÐnai polÔ mikrìterh thc
mon�dac opìte mporeÐ kai na amelhjeÐ.

2.3.2 Ex�ntlhsh polukrustallikoÔ puritÐou thc pÔlhc
Sthn wc ed¸ an�lush èqei jewrhjeÐ ìti to ulikì thc pÔlhc eÐnai idanikìc agwgìc,
kajìti eÐnai mètallo. Stic sÔgqronec teqnologÐec o kanìnac eÐnai na mhn qrhsimo-
poieÐtai mètallo all� polukrustallikì purÐtio emploutismèno èntona. To ulikì autì
èqei mÐa arket� meg�lh epitreptìthta all� h prosèggish thc me to �peiro den dÐnei
swst� apotelèsmata [40, 41]. Gia thn ulopoÐhsh thc pÔlhc me aut n thn teqnik 
sunhjÐzetai na emploutÐzetai to ulikì thc pÔlhc mazÐ me tic perioqèc twn akrodekt¸n
source kai drain. Me autìn ton trìpo dhmiourgeÐtai mÐa sugkèntrwsh forèwn sthn
pÔlh antÐjetou tÔpou forèa reÔmatoc se sqèsh me to upìstrwma. H, de, perÐptwsh
ìpou oi foreÐc ston akrodèkth thc pÔlhc eÐnai Ðdiou tÔpou me touc foreÐc tou upo-
str¸matoc montelopoieÐtai diaforetik�. EpekteÐnontac thn qr sh twn paramètrwn,
eis�getai mÐa par�metroc TG (apì to agglikì Type of Gate) h opoÐa an�loga me thn
tim  thc ja antistoiqeÐ kai se diaforetik  perÐptwsh. Me −1 sumbolÐzetai h perÐptw-
sh pou h ègqush gÐnetai me foreÐc diaforetikoÔ tÔpou apì autoÔc tou upostr¸matoc,
pou eÐnai kai h sunhjèsterh kai praktikìterh, me +1 thn perÐptwsh pou oi foreÐc thc
pÔlhc eÐnai Ðdiou tÔpou me to upìstrwma, kai me 0 thn perÐptwsh ìpou to ulikì sthn
pÔlh qarakthrÐzetai apì tìso meg�lh agwgimìthta opìte kai to fainìmeno mporeÐ na
agnohjeÐ. Thn teleutaÐa perÐptwsh ousiastik� èqei kalÔyei h mèqri t¸ra an�lush.

Poiotik� suzht¸ntac gia thn perÐptwsh diaforetikoÔ tÔpou forèwn metaxÔ pÔ-
lhc kai upostr¸matoc (TG = −1), kai suneqÐzontac endeiktik� me thn melèth tou
nMOS, mporoÔn na eipwjoÔn ta akìlouja. Sthn perioq  thc suss¸reushc, to for-
tÐo thc pÔlhc eÐnai arnhtikì. Ex �llou me arnhtikoÔc foreÐc eÐnai emploutismèno kai
to ulikì. Sunep¸c mporeÐ eÔkola na jewrhjeÐ ìti to fortÐo ja susswreuteÐ se èna
epÐpedo mikrìtatou p�qouc me mhdenik  pt¸sh t�shc sta �kra tou. Sthn perÐptwsh
thc anastrof c ìmwc, kai eidik� thc isqur c anastrof  to jetikì fortÐo pou sus-
swreÔetai sthn pÔlh dhmiourgeÐ èna str¸ma apogÔmnwshc kai par�llhla mÐa diafor�
dunamikoÔ sta �kra tou. Aut  h diafor� dunamikoÔ odhgeÐ se mÐa diafor� an�mesa
sthn t�sh pou topojetoÔme exwterik� sthn pÔlh, kai aut n pou ft�nei pragmatik�
sto �nw mèroc tou monwt  thc pÔlhc. Aut  h diafor� ja aux�nei ìso aux�nei kai
to fortÐo sthn pÔlh, sunep¸c ìso aux�nei kai h exwterik  t�sh sthn pÔlh kai o-
dhgeÐtai h di�taxh se ìlo kai isqurìterh anastrof . EujeÐa sunèpeia thc pt¸shc
t�shc eswterik� sthn pÔlh eÐnai kai h mikrìterh suss¸reush fortÐou sthn pÔlh pou
odhgeÐ kai se mikrìterec qwrhtikìthtec se sqèsh me thn perÐptwsh metallik c pÔlhc.
AntÐstoiqa mikrìtero ja eÐnai kai to k�jeto pedÐo eswterik� tou kanalioÔ to opoÐo
me thn seir� tou odhgeÐ se mÐa diaforetik  epÐdrash tou montèlou kinhtikìthtac.

Sthn �llh, spaniìterh, perÐptwsh, ìpou oi foreÐc sthn pÔlh eÐnai Ðdiou tÔpou me
touc foreÐc tou upostr¸matoc (TG = +1), h an�lush ja eÐnai summetrik . Sth
men perioq  thc anastrof c h leitourgÐa ja eÐnai Ðdia me thn perÐptwsh thc pÔlhc
apì idanikì agwgì, en¸ sthn perioq  thc suss¸reushc ja parathreÐtai mÐa meÐwsh
twn fortÐwn kai twn qwrhtikot twn. Sthn perioq  thc suss¸reushc den up�rqei
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reÔma sto kan�li, sunep¸c h melèth thc kinhtikìthtac den fèrei shmasÐa. To fainì-
meno autì onom�zetai ex�ntlhsh polukrustallikoÔ puritÐou (polysilicon depletion  
polydepletion).

Posotikopoi¸ntac thn montelopoÐhsh, arqik� orÐzetai gia to ulikì thc pÔlhc,
kai se antistoiqÐa me to ulikì tou upostr¸matoc, mÐa sugkèntrwsh forèwn se autì
(NG) kai ènac suntelest c diamìrfwshc pÔlhc (γG, gate modulation factor) [6, 42].
H sÔndesh aut¸n twn dÔo megej¸n faÐnetai sthn sqèsh (2.116), pou eÐnai antÐstoiqh
thc (2.16)

γG =

√
2 · q · εsi ·NG

C ′
OX

(2.116)

EpishmaÐnetai sthn sqèsh (2.116) ìti h tim  tou γG eÐnai an�logh thc rÐzac tou
NG, opìte ìtan h sugkèntrwsh NG eÐnai polÔ megalÔterh thc sugkèntrwshc ston
hmiagwgì (NA) ja isqÔei h antÐstoiqh sqèsh metaxÔ twn suntelest¸n γG kai γ.
EpÐshc orÐzetai kai h pt¸sh t�shc eswterik� thc pÔlhc pou ja dÐnetai apì ton tÔpo
(2.117).

ΨG =





0 , Q′
G ≤ 0(

Q′G
γG·C′OX

)2

, Q′
G > 0

}
TG = −1

−
(

−Q′G
γG·C′OX

)2

, Q′
G < 0

0 , Q′
G ≥ 0

}
TG = +1

(2.117)

Gia thn eukolìterh graf  twn exis¸sewn orÐzetai o ìroc αPD, sqèsh (2.118).
Me thn bo jeia tou αPD, h diafor� dunamikoÔ sthn pÔlh mporeÐ na ekfrasteÐ apl¸c

wc ΨG = αPD ·
(

αPD·Q′G
γG·C′OX

)2

= αPD ·
(

Q′G
γG·C′OX

)2

.

αPD =





0 , Q′
G ≤ 0

+1 , Q′
G > 0

}
TG = −1

0 TG = 0
−1 , Q′

G < 0
0 , Q′

G ≥ 0

}
TG = +1

(2.118)

Gia na epektajeÐ to montèlo, ètsi ¸ste na kalÔptei kai to fainìmeno tou poly-
depletion, prèpei na epektajeÐ h exÐswsh (2.5), ètsi ¸ste na sunupologÐzetai kai h
pt¸sh t�shc sta �kra tou ulikoÔ thc pÔlhc (ΨG), sqèsh (2.119).

VGB = ΦMS + ΨOX + ΨS + ΨG (2.119)

UpenjumÐzetai, de, h sqèsh (2.7), pou isqÔei kai se k�je perÐptwsh, lìgw thc
arq c diat rhshc tou fortÐou. Ac tonisteÐ ed¸ ìti h poluplokìthta twn fainomènwn
anagk�zei thn an�lush na gÐnei pio epigrammatik . Perissìterec leptomèreiec mpo-
roÔn na brejoÔn, metaxÔ �llwn, stic sqetikèc anaforèc [6, 42]. Antikajist¸ntac to
fortÐo thc pÔlhc Q′

G apì thn (2.7) sthn (2.117) kai me thn seir� tou to ΨG sthn
(2.119), dÔnatai na epilujeÐ h sqèsh wc proc Q′

I odhg¸ntac sthn sqèsh (2.120).

Q′
I = C ′

OX


γ ·

√
ΨS +

VGB −ΨS − ΦMS

1
2

+
√

1
4

+ αPD · VGB−ΨS−ΦMS

γ2
G


−QOX (2.120)
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Me b�sh ton nèo upologismì, tìso tou anastrèfontoc fortÐou ìso kai ìlwn twn
�llwn megej¸n, apaiteÐtai kai o epanaprosdiorismìc tou upologismoÔ tou dunamikoÔ
epifaneÐac mhdenikoÔ fortÐou. H sqèsh (2.89) tropopoieÐtai kai paÐrnei thn morf 
thc (2.121).

Ψ∗
P ≡





VGB < VFB (accumulation)

Ψ∗
P,acc ≡ −UT ln


1− ΨPO

UT
+




VGB−VFB−ΨPO

1
2+

√
1
4+αPD ·

VGB−VFB−ΨPO
γ2
G

γ
√

UT




2



VGB ≥ VFB (depletion & inversion)

Ψ∗
P,inv≡UT







√√√√
(

VGB−VFBUT−1+e
−ΨPO

UT

)(
1+αPD

γ2

γ2
G

)
+ γ2

4UT
− γ

2
√

UT

1+αPD· γ2

γ2
G




2

+1−e
−ΨPO

UT




(2.121)
O suntelest c klÐshc n epÐshc all�zei trìpo upologismoÔ. Endeiktik� ac a-

naferjeÐ o upologismìc tou suntelest  me b�sh thn sqèsh (2.65), me k = 1
2
, kai

jewr¸ntac amelhtèo to fortÐo Q′
OX , sqèsh (2.122). OrÐzetai, epÐshc, h kanonikopoi-

hmènh èkfrash tou suntelest  diamìrfwshc pÔlhc γ̂G = γG√
UT

.

ns ≡ ns,k=1/2 ≡ 1√
1 + αPD

γ̂
√

ψ0+vP

γ̂2
G

+ αPD
2vP

γ̂2
G

+
γ̂

2 ·√ψ0 + vP

2

(2.122)

H sqèsh (2.122) epitrèpei mÐa idiaÐterh poiotik  parat rhsh se sqèsh me to eÔ-
roc tim¸n tou suntelest  klÐshc. En¸ apì thn an�lush me idanik  pÔlh ex�gontan
�mesa to sumpèrasma ìti o suntelest c klÐshc eÐnai p�nta megalÔteroc thc mon�dac,
autì paÔei sthn perÐptwsh pou sunupologÐzetai to fainìmeno thc ex�ntlhshc tou
polukrustallikoÔ puritÐou thc pÔlhc.

Me arket� diaforetikì trìpo ephre�zetai o suntelest c klÐshc t�sewn nv, sqèsh
(2.123), agno¸ntac p�li to fortÐo Q′

OX .

nv = 1 +
γ

2 · √Ψ0 + VP

+ αPD · γ2

γ2
G

(2.123)

H mình perÐptwsh pou o suntelest c t�sewn n gÐnetai mikrìteroc thn mon�dac
eÐnai sthn perioq  thc suss¸reushc kai gia thn perÐptwsh ìpou TG = 1. Sthn su-
nhjèsterh perÐptwsh ìpou TG = −1 kai antÐjeta me ton suntelest  klÐshc fortÐou
n, o suntelest c klÐshc t�sewn nv diathreÐ thn tim  tou suneq¸c megalÔterh apì
thn mon�da.

Oloklhr¸nontac thn posotik  an�lush tou fainomènou tou polydepletion, ja
mporoÔsan na anaferjoÔn oi tropopoihmènec ekfr�seic twn fortÐwn pou susswreÔ-
ontai stouc akrodèktec thc di�taxhc. H poluplokìthta aut¸n twn ekfr�sewn den
epitrèpei thn parousÐash touc ed¸. KallÐterh ja eÐnai h melèth tou fainomènou sug-
krÐnontac grafik� ta apotelèsmata se epÐpedo diaqwrhtikot twn. Sto sq ma 2.28
parousi�zontai oi metrhmènec diaqwrhtikìthtec CGG kai CGC enìc stoiqeÐou nMO-
SFET ìpou to ulikì thc pÔlhc eÐnai emploutismèno me foreÐc reÔmatoc diaforetikoÔ
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tÔpou apì to upìstrwma. Me CCG sumbolÐzetai to �jroisma twn diaqwrhtikot twn
CSG kai CDG, h alli¸c to arnhtikì thc merik c parag¸gou tou sunolikoÔ anastrè-
fontoc fortÐou tou kanalioÔ wc proc thn t�sh sthn pÔlh. MazÐ me thc metr seic
emfanÐzetai kai h apìkrish tou montèlou, mÐa sunupologÐzontac to fainìmeno thc
ex�ntlhshc polukrustallikoÔ puritÐou, kai mÐa apousÐa autoÔ. Efìson parathreÐ-
tai h perÐptwsh TG = −1, anamènetai na parathrhjeÐ, kai ìntwc parathreÐtai, mÐa
diaforopoÐhsh sthn perioq  thc anastrof c, kai dei thc isqur c.

Shmei¸netai ìti oi metr seic diaqwrhtikìthtac eÐnai arket� dÔskolec ìtan ta me-
troÔmena megèjh eÐnai idiaÐtera mikr�, ìpwc sthn perÐptwsh twn MOSFET. Gia autì
sunhjÐzetai oi metr seic diaqwrhtikot twn na mhn gÐnontai se tranzÐstor sunhjismè-
nwn diast�sewn, all� se polÔ megalÔterwn apì autèc pou qrhsimopoioÔntai prag-
matik� sta kukl¸mata. Gia thn mètrhsh tranzÐstor me mikrì m koc kanalioÔ, sunh-
jÐzetai, afenìc to pl�toc na eÐnai polÔ meg�lo kai afetèrou na topojetoÔntai poll�
ìmoia tranzÐstor par�llhla kai na metrioÔntai oi ajroistikèc diaqwrhtikìthtec.

Sq ma 2.28: Metr seic diaqwrhtikot twn kai apìkrish tou montèlou EKV3.0, pou qrh-
simopoieÐ tic exis¸seic pou perigr�fontai ed¸. Ta sÔmbola antistoiqoÔn stic metr seic CGG

kai CCG = CSG + CDG, en¸ oi grammèc stic antÐstoiqec apokrÐseic tou montèlou. Oi diake-
kommènec grammèc aforoÔn sto montèlo pou jewreÐ idanikì agwgì to ulikì thc pÔlhc, kai
sunep¸c agnoeÐ to fainìmeno tou polydepletion, en¸ oi suneqìmenec grammèc sto montèlo pou
sunupologÐzei to fainìmeno kai ètsi dÔnatai na perigr�yei thn pt¸sh twn diaqwrhtikot twn
pou parathreÐtai sthn isqur  anastrof . Oi metr seic kai oi prosomoi¸seic aforoÔn se mÐa
di�taxh nMOSFET polÔ meg�lwn diast�sewn, W/L = 1000µm/100µm, mÐac teqnologÐac
CMOS 130nm.

H analutik  èkfrash tou fainomènou polysilicon depletion eÐnai idiaÐtera polÔ-
plokh ìpwc èqei faneÐ, kai gia autì den parousi�zetai me leptomèreia, se epÐpedo
majhmatik c an�lushc, se aut n thn ergasÐa. Melet¸ntac tic exis¸seic ja mporoÔ-
se na pei kaneÐc ìti se arket� shmeÐa tou montèlou, ekeÐ ìpou sthn an�lush apousÐa
tou fainomènou polydepletion emfanÐzontan o ìroc γ, t¸ra emfanÐzetai o ìroc γeff ,
sqèsh (2.124).

γeff =
γ2

G

γ2
G + γ2

· γ (2.124)
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Ja mporoÔse na isqurisjeÐ kaneÐc ìti to fainìmeno odhgeÐ se mÐa exasjènhsh
dhlad  thc energoÔc tim c tou suntelest  fainomènou s¸matoc. 'Omwc aut  h pro-
sèggish den prèpei na jewrhjeÐ me austhrìthta, kaj¸c den eÐnai tìso apl  h epirro 
tou fainomènou sthn montelopoÐhsh. Gia par�deigma aut  h antikat�stash isqÔei gia
ton upologismì tou dunamikoÔ mhdenikoÔ fortÐou sthn anastrof , all� den isqÔei
gia ton upologismoÔ thc t�shc katwflÐou anafor�c, sqèsh (2.125), sthn opoÐa èqei
agnohjeÐ to fortÐo Q′

OX .

VTO ≡ VFB +

(
1 + αPD

γ2

γ2
G

)
·Ψ0 + γ ·

√
Ψ0 (2.125)

EpÐshc, upenjumÐzetai ìti ìlec oi exis¸seic, ìtan jewrhjeÐ ìti o ìroc γG èqei polÔ
meg�lh tim , ekfulÐzontai stic antÐstoiqec pou agnooÔn thn Ôparxh tou fainomènou
ex�ntlhshc polukrustallikoÔ puritÐou.

2.3.3 Kbantik� fainìmena
Kaj¸c to p�qoc tou oxeidÐou thc pÔlhc paÐrnei ìlo kai mikrìterec timèc, ta kbantik�
fainìmena (quantum effects) pou emfanÐzontai sthn pÔlh apoktoÔn ìlo kai megalÔ-
terh shmasÐa sthn apìkrish tou tranzÐstor. To mikrìtero p�qoc tou oxeidÐou odhgeÐ
se megalÔtero hlektrikì pedÐo sto kan�li, dedomènhc thc mh analogik c meÐwshc twn
t�sewn thc pìlwshc. Apotèlesma eÐnai na aux�nei to energeiakì q�sma (band gap)
pou qrei�zetai ènac forèac reÔmatoc na kalÔyei gia na brejeÐ se eleÔjerh kat�stash
agwgimìthtac [10, 6, 43, 44].

Se epÐpedo montelopoÐhshc o sunupologismìc twn kbantik¸n dedomènwn sthn a-
n�lush all�zei k�poiec exis¸seic tou montèlou. Kat' arq n ephre�zei thn energ 
tim  thc qwrhtikìthtac an� mon�da epif�neiac tou monwt . H tim  pou upologÐzetai
apì thn sqèsh (2.9), den kalÔptei thn energ  tim  thc qwrhtikìthtac, all� prèpei na
tropopoihjeÐ ìpwc faÐnetai sthn sqèsh (2.126).

C ′
OX,qm =

C ′
OX

1 + δqm

, δqm =
1

3
Aqmi

(
γUT C ′

OX

2ΦF

)2/3 (
2n
√

2ΦF

γ
− 1

)
(2.126)

Sthn (2.126) ì ìroc Aqmi eÐnai mÐa par�metroc, pou jewrhtik� dÐnetai apì thn

sqèsh Aqmi = (2m ∗ q)−1/3
(

9h
16εSI

)2/3

, ìpou h eÐnai h stajer� tou Planck. Praktik�
mporeÐ na jewrhjeÐ san par�metroc tou montèlou kai na l�bei tim  an�loga me thn
teqnologÐa kai tic metr seic. Shmei¸netai ìti o diorjwmènoc ìroc thc C ′

OX,qm qrh-
simopoieÐtai kai stouc kanonikopoihtikoÔc par�gontec Qspec kai Ispec ephre�zontac
sunolik� thn apìkrish tou montèlou.

Apì thn �llh ta kbantik� fainìmena eisèrqontai sthn exÐswsh (2.52) kai ephre-
�zoun thn tim  tou Ψ0. H tim  tou metatopÐzetai kat� èna ∆Ψ0 pou faÐnetai sthn
sqèsh

Ψ0,qm = Ψ0,qm + ∆Ψ0, ∆Ψ0 = Aqmi

(
γC ′

OX

√
2ΦF

)2/3

(2.127)

Tèloc, diaforopoieÐtai kai h exÐswsh pou dÐdei to fortÐo pou susswreÔetai ston
akrodèkth tou s¸matoc (QB), pou ephre�zei kurÐwc thn sumperifor� sthn perioq 
thc suss¸reushc. Sthn exÐswsh (2.92) eis�getai ènac ìroc ∆Ψv ìpwc faÐnetai sthn
sqèsh (2.128).
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QB,qm = −C ′
OX ·Weff · Leff · (VGB − VFB −ΨP + ∆Ψv)− n− 1

n
·QI

∆Ψv = Âqma




(√(
VGB−VFB−ΨP

2

)2
+4Âqmaγ2− VGB−VFB−ΨP

2

) 2
3

−

−
(√(

3γ√
2

)2

+4Âqmaγ2− 3γ√
2

) 2
3




Âqma = Aqma

(
C ′2

OX

UT

) 1
3

η2/3
qm

(2.128)

H par�metroc Aqma eÐnai antÐstoiqh me thn Aqmi, pou par� thn sugkekrimènh
jewrhtik  tim  thc mporeÐ na afejeÐ eleÔjerh na oristeÐ an�loga me tic an�gkec thc
k�je teqnologÐac. H de par�metroc ηqm èqei jewrhtik  tim  3

4
.

2.3.4 MetakÐnhsh t�shc katwflÐou lìgw thc t�shc ston
akrodèkth drain se diat�xeic anomoiogenoÔc ka-
t� m koc sugkèntrwshc tou s¸matoc (pocket im-
plants).

Sto sq ma 2.2, ìpwc kai sta akìlouja, èqei sqediasteÐ h perioq  an�mesa apì touc
akrodèktec source kai drain san omoiogen c, me sugkèntrwsh pou èqei sumbolisteÐ
NA. Se tranzÐstor me tètoia dom  parathreÐtai ìti gia polÔ mikr� m kh kanalioÔ
emfanÐzetai to fainìmeno tou diaperasmoÔ (punchthrough). To fainìmeno autì ana-
fèretai sthn apeujeÐac sÔndesh twn perioq¸n tou source kai tou drain, ìqi diamèsw
tou kanalioÔ all� lìgw thc epèktashc touc, me thn aÔxhsh thc t�shc VSB kai, ku-
rÐwc thc VDB [4]. Prokeimènou na lujeÐ autì to prìblhma sunhjÐzetai h dhmiourgÐa
enìc anomoiogenoÔc profÐl kat� m koc tou kanalioÔ. Pio sugkekrimèna epilègetai
sta �kra tou kanalioÔ, kai se b�joc megalÔtero apì autì thc perioq c twn source
kai drain, h sugkèntrwsh na eÐnai uyhlìterh ètsi ¸ste na periorÐzetai h epèktash
twn energ¸n perioq¸n kat� m koc tou kanalioÔ. Apotèlesma aut c thc diadikasÐac
eÐnai to kan�li plèon na qarakthrÐzetai apì mÐa anomoiogèneia pou prèpei epimel¸c
na montelopoihjeÐ. Autèc oi egqÔseic ekatèrwjen tou kanalioÔ onom�zontai pockets,
lìgw tou sq matoc touc pou jumÐzei tsèpec, sq ma 2.29.

An kai h qr sh twn pocket implants esti�zei sthn antimet¸pish problhm�twn
pou aforoÔn se mikroÔ m kouc diat�xeic, ephre�zei telik¸c thn sumperifor� kai se
tranzÐstor meg�lou m kouc. Makroskopik� analÔontac thn kat�stash, ja perÐmene
kaneÐc autì na mhn sunèbaine, kaj¸c ta pocket implants ephre�zoun mìlic èna mikrì
mèroc tou kanalioÔ, sta �kra tou, kai to m koc tou ìlou eÐnai megalÔtero mèroc
thc di�taxhc sthn perÐptwsh twn diat�xewn meg�lou m kouc. Apì thn �llh ìmwc,
to reÔma sto kan�li diapern� ta di�fora mèrh tou kanalioÔ seiriak� kajìti rèei
kat� to ìlo m koc autoÔ. Oi de perioqèc tou kanalioÔ pou eÐnai ta pocket implants
ja eÐnai duskolìtero na anastrafoÔn, kaj¸c to upìstrwma ekeÐ èqei megalÔterh
sugkèntrwsh. Tèloc, de, kai mil¸ntac pio eidik� gia to pocket implant plhsÐon tou
akrodèkth drain h kat�stash anastrof c tou ja ephre�zetai èntona kai apì thn
t�sh ston akrodèkth drain lìgw thc geitnÐashc twn. OmoÐwc isqÔei gia to source
all� epeid  kat� sÔmbash jewroÔme VDS > 0 to fainìmeno parathreÐtai entonìtero
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Sq ma 2.29: Aplopoihmènh diatom  enìc nMOSFET me anomoiogen  sugkèntrwsh sto
upìstrwma kat� m koc tou kanalioÔ. Ta pocket implants qrhsimopoioÔntai gia na prosta-
teÔetai h di�taxh apì to fainìmeno punchthrough, pou parathreÐtai se tranzÐstor me kan�lia
mikroÔ m kouc.

sthn �krh tou drain. Sunep¸c, h an�lush katal gei sto sumpèrasma ìti lìgw twn
pocket implants akìma kai oi meg�lou m kouc diat�xeic parousi�zoun mÐa diaforetik 
sumperifor� apì ìti ja eÐqane apousÐa twn pocket implants, kai epiplèon ìti aut 
h diaforopoÐhsh perièqei kai mÐa epiplèon epÐdrash thc t�shc VDS sto kan�li (drain
induced threshold voltage shift   DITS).

Gia thn kallÐterh katanìhsh thc kat�stashc ja mporoÔse na eipwjeÐ ìti èna
tranzÐstor me pocket implants ja mporoÔse na antikatastajeÐ me trÐa tranzÐstor
sthn seir� ìpou to men kentrikì eÐnai Ðdio me to ìlo all� lÐgo mikrìterou m kouc,
ta, de, akrian� eÐnai m kouc Ðsou me to m koc tou k�je pocket implant kai sugkèn-
trwsh upostr¸matoc Ðsh me thn sugkèntrwsh pou èqoun ta pocket implants [45]. H
t�sh katwflÐou twn akrian¸n diat�xewn ja eÐnai megalÔterh apì aut  tou mesaÐou
tm matoc. H de t�sh katwflÐou tou akraÐou tranzÐstor, pou eÐnai apì thn meri� tou
akrodèkth drain, ja qarakthrÐzetai kai apì mÐa èntonh epirro  apì thn t�sh VD.

Apì thn �llh, endiafèron parousi�zei h an�lush thc di�taxhc me pocket implants
me b�sh thn antÐstash pou emfanÐzetai ston akrodèkth drain (Rout = (gds)

−1 =(
IDS

VDS

)−1

). H antÐstash exìdou orÐzetai san to antÐstrofo thc agwgimìthtac exìdou
(gds). H antÐstash exìdou ston kìro, de, mporeÐ na ekfrasteÐ mèsw thc t�shc Early
(VA). H t�sh Early mporeÐ na perigrafeÐ sthn perÐptwsh tou tranzÐstor me pocket
implants me b�sh thn parametrik  exÐswsh (2.129) [45, 28].

VA,DITS = IDSRout =

1

1+
FRout

√
Leff

QI+2

PDITS

(1 + (1 + PDITS,LLeff ) exp(PDITS,DVDS))

(2.129)
Sthn (2.129), emfanÐzetai h par�metroc FRout pou sundèetai me thn ex�rthsh thc

antÐstashc exìdou apì to m koc tou kanalioÔ. EpÐshc emfanÐzontai oi par�metroi
PDITS, PDITS,L kai PDITS,D, oi opoÐec eis�gontai gia thn eukolìterh prosarmog  tou
montèlou p�nw se pragmatikèc teqnologÐec. Me b�sh thn t�sh Early upologÐzetai h
nèa tim  tou reÔmatoc tou kanalioÔ pou perièqei kai thn epÐdrash twn pocket implants,
sqèsh (2.130).

IDS,DITS = IDS ·
(

1 +
VDS − VDS,SAT

VA,DITS

)
(2.130)
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Sthn (2.130) emfanÐzetai kai o ìroc VDS,SAT , pou sundèetai me thn perioq  tou
koresmoÔ kai anafèretai se èna fainìmeno pou epikrateÐ se tranzÐstor mikr¸n mhk¸n
kanalioÔ kai gia autì ja analujeÐ sthn epìmenh par�grafo (2.4.1).

Sto sq ma 2.30 emfanÐzetai h apìkrish tou montèlou, sunupologÐzontac tic e-
xis¸seic pou aforoÔn sto DITS, sugkrinìmenh me thn apìkrish tou montèlou pou
agnoeÐ to fainìmeno. EpÐshc parousi�zontai metr seic pou epalhjeÔoun thn orj 
prosèggish tou montèlou. Lìgw tou fainomènou DITS h agwgimìthta exìdou ston
kìro eÐnai sthn pragmatikìthta t�xeic megèjouc megalÔterh apì thn anamenìmenh apì
thn idanik  an�lush. JumÐzetai ìti sthn idanik  an�lush ex�getai to sumpèrasma ìti
h ex�rthsh tou reÔmatoc apì thn t�sh ston akrodèkth drain teÐnei na eÐnai mhdenik 
ston kìro. Sthn pragmatikìthta èna oloklhrwmèno montèlo, ki ac mhn kalÔptei to
fainìmeno DITS, den problèpei mÐa mhdenik  agwgimìthta exìdou, all� h parousÐa
tou fainomènou k�nei thn agwgimìthta na eÐnai t�xeic megèjouc se sqèsh me tic diat�-
xeic pou apousi�zoun ta pocket implants. UpogrammÐzetai epÐshc ìti h diafor� sthn
prìbleyh tou reÔmatoc IDS all�zei el�qista lìgo tou fainomènou DITS. Par' ìl'
aut� h allag  sthn agwgimìthta exìdou eÐnai shmantikìtath.

Sq ma 2.30: ID vs. VD an�lush, me VSB = 0V , se tranzÐstor kanalioÔ meg�lou m kouc
(W/L = 10µu/10µm), mÐac CMOS teqnologÐac 130nm. Lìgw tou fainomènou DITS, para-
threÐtai meg�lh apìstash metaxÔ twn metr sewn (sÔmbola) kai thc agwgimìthtac exìdou
pou problèpetai apì to idanikì montèlo. Me grammèc parousi�zetai h apìkrish tou montèlou
EKV3.0, afenìc sunupologÐzontac to fainìmeno DITS (suneq c grammèc) kai afetèrou a-
pousÐa autoÔ (diakekommènec grammèc). An kai h diafor� sthn apìkrish tou reÔmatoc eÐnai
el�qisth, sthn agwgimìthta h diafor� eÐnai shmantikìtath.

2.4 Fainìmena kontoÔ kanalioÔ (short channel

effects)
H an�lush mèqri t¸ra sthrÐqjhke sthn upìjesh ìti oi diast�seic tou tranzÐstor eÐnai
tìso meg�lec ¸ste ta fainìmena pou lamb�noun q¸ra sta �kra tou kanalioÔ na je-
wreÐtai ìti den ephre�zoun shmantik� thn leitourgÐa tou ìlou stoiqeÐou. H praktik 
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ìmwc jèlei ta tranzÐstor me mikrì m koc kanalioÔ na eÐnai ta plèon shmantik� sthn
sqedÐash hlektronik¸n kuklwm�twn, tìso yhfiak¸n ìso kai analogik¸n. Sunep¸c,
h emperistatwmènh melèth twn diafìrwn fainomènwn mikr¸n diast�sewn eÐnai anag-
kaÐa. Epigrammatik� ja anaferjoÔn ta fainìmena tou koresmoÔ taqÔthtac (velocity
saturation), thc epirro c tou orizontÐou pedÐou sthn kinhtikìthta, thc diamìrfwshc
tou m kouc tou kanalioÔ (channel length modulation), tou an�strofou fainomènou
kontoÔ kanalioÔ (reverse short channel effect), thc sundiamìrfwshc fortÐou (charge
sharing), thc pt¸shc tou fr�gmatoc lìgw thc t�shc sto drain (drain induced barrier
lowering), thc qwrhtikìthtac epik�luyhc (overlap capacitance), thc qwrhtikìthtac
jus�nwshc (fringing capacitance) kai thc en seir� antÐstashc (series resistance).

2.4.1 Koresmìc taqÔthtac (velocity saturation)
Sthn par�grafo 2.3.1 melet jhke h ex�rthsh tou tranzÐstor, kai eidikìtera thc kinh-
tikìthtac, apì to k�jeto pedÐo sto kan�li, en¸ agno jhke h ex�rthsh thc apìkrishc
tou tranzÐstor apì to orizìntio pedÐo. Ston orizìntio �xona to pedÐo exart�tai an�-
loga apì thn t�sh sta �kra tou kanalioÔ (VDS), kai antistrìfwc an�loga se sqèsh
me to m koc tou kanalioÔ. H taqÔthta, de, twn forèwn reÔmatoc ja eÐnai an�logh
tou orizìntiou pedÐou se k�je shmeÐo. Apì thn �llh ìmwc up�rqei mÐa mègisth dunat 
tim  thc taqÔthtac twn forèwn. Sunep¸c, h grammik  sqèsh metaxÔ orizìntiou pedÐou
kai thc taqÔthtac twn forèwn diathreÐtai mìno gia qamhl� pedÐa, en¸ gia megalÔte-
rec timèc h taqÔthta ja sugklÐnei proc mÐa mègisth tim . 'Ena majhmatikì montèlo
pou perigr�fei to fainìmeno autì, pou onom�zetai koresmìc taqÔthtac, faÐnetai sthn
exÐswsh (2.131) [46].

υ = υsat ·
E‖
Ec√√√√

1 +

(
2·(2−δ)·E‖

Ec

)2

Gsat+2·(2−δ)·E‖
Ec

+
(

E‖
Ec

)2

, 1 ≤ δ ≤ 2 (2.131)

Sthn (2.131) me E‖ sumbolÐzetai to orizìntio pedÐo se k�je shmeÐo tou kana-
lioÔ, me Ec sumbolÐzetai h krÐsimh tim  tou pedÐou pou leitourgeÐ san ìrio metaxÔ
thc perioq c tou koresmoÔ taqÔthtac kai thc grammik c sqèshc metaxÔ taqÔthtac
kai orizìntiou pedÐou. Me υsat sumbolÐzetai h mègisth taqÔthta pou mporoÔn na a-
naptÔxoun oi foreÐc, en¸ me υ h taqÔthta pou ja èqoun dedomènhc mÐac tim c gia to
orizìntio pedÐo. Tèloc, me δ sumbolÐzetai h t�xh tou majhmatikoÔ montèlou koresmoÔ
taqÔthtac. Gia thn perÐptwsh twn hlektronÐwn apodeiknÔetai ìti mÐa tim  kont� sto
2 dÐnei ta kallÐtera apotelèsmata, en¸ gia tic opèc h tim  1 eÐnai idanikìterh [47].
Sto plaÐsio thc paroÔsac ergasÐac ja anaptuqjeÐ to montèlo jewr¸ntac to δ san
par�metro, pou ja ex�getai an�loga me tic an�gkec thc teqnologÐac. To Gsat eÐnai
epÐshc mÐa par�metroc pou diasfalÐzei thn leÐa, apì majhmatik  �poyh, apìkrish tou
montèlou.

ParousÐa tou fainomènou tou koresmoÔ taqÔthtac to kan�li mporeÐ na diaqwri-
steÐ se dÔo mèrh. To èna, en gènei megalÔtero kai proc thn meri� tou source, ja
eÐnai to mèroc ìpou h taqÔthta twn forèwn den èqei akìma koresteÐ kai diathreÐtai
akìma h grammik  sqèsh metaxÔ taqÔthtac forèwn kai orizìntiou pedÐou. To deÔte-
ro mèroc, proc thn meri� tou drain, ja diarrèetai apì foreÐc pou plèon h taqÔthta
tou èqei koresteÐ kai den dÔnatai na epitaqunjoÔn peraitèrw. Sthn ousÐa mìno to
pr¸to komm�ti leitourgeÐ san MOSFET me b�sh thn an�lush pou èqei gÐnei mèqri
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ed¸, en¸ to deÔtero mèroc apl� diarrèetai apì to reÔma pou anaptÔssetai sto pr¸to
komm�ti. 'Estw V ′

D h t�sh tou kanalioÔ sto ìrio twn dÔo perioq¸n. To reÔma tou
ìlou tranzÐstor, mporeÐ na exaqjeÐ jewr¸ntac èna tranzÐstor pou apoteleÐtai mìno
apì to pr¸to mèroc tou ìlou tranzÐstor, to mh koresmèno wc proc thn taqÔthta, to
opoÐo èqei t�sh ston akrodèkth drain thn V ′

D. Stìqoc sunep¸c eÐnai o upologismìc
thc t�shc V ′

D, kaj¸c kai tou m kouc tou mh koresmènou wc proc thn taqÔthta tm -
matoc tou kanalioÔ kai thc energ c kinhtikìthtac, ìpwc aut  èqei ephreasteÐ apì to
orizìntio pedÐo. H exÐswsh (2.132) parousi�zei thn mègisth dunat  tim  thc t�shc
sthn �krh tou energoÔ tm matoc tou kanalioÔ pou den qarakthrÐzetai apì to koresmì
taqÔthtac [10].

VD,sat = VP −
(2 · qsat + ln qsat) · (1 + UT

Ec·Leff
· (qs − qsat))

1 +
2·

(
UT

Ec·Leff
·(2−δ)·(qs−qsat)

)2

Gsat+
UT

Ec·Leff
·(2−δ)·(qs−qsat)

+
(

UT

Ec·Leff
· (qs − qsat)

)2

,

qsat =
2 · UT

Ec·Leff
· (q2

s + qs)

2 + UT

Ec·Leff
+ 2 · qs · UT

Ec·Leff
+

√(
2 + UT

Ec·Leff

)2

+ 8 · qs · UT

Ec·Leff

(2.132)

IdiaÐterh prosoq  apaiteÐtai ston upologismì thc t�shc V ′
D. H tim  aut  ja an-

tikatast sei thn tim  thc t�shc VD stouc di�forouc upologismoÔc tou montèlou.
ApaiteÐtai na upologÐzetai me tètoio trìpo ètsi ¸ste na diathreÐtai h fusik  sunè-
qeia twn exis¸sewn, par�llhla me thn sunèqeia kai twn parag¸gwn twn megej¸n
pou upologÐzontai apì to montèlo, ìpwc oi diagwgimìthtec kai oi diaqwrhtikìthtec.
EpÐshc upogrammÐzetai h an�gkh gia sunep  sumperifor� tou montèlou akìma kai
sthn perÐptwsh allag c tou pros mou tou VDS. SunupologÐzontac aut� ta krit ria
ex�getai h sqèsh (2.133), sthn opoÐa emfanÐzetai kai h parametrik  metablht  αsat,
h opoÐa asjen¸c ephre�zei thn exÐswsh sthn met�bash sto fainìmeno tou koresmoÔ
taqÔthtac. H tim  thc, de, eÐnai kont� sthn mon�da.

V ′
D =

1

2




√√√√
(

(VD−VS)

√
1+

αsat
δ

qsat+1
qs+1

VD,sat−VS
+(VD,sat−VS)

)2

+ 4αsat

δ

(qsat+1)(VD,sat−VS)

qs+1
−

−

√√√√
(

(VD−VS)

√
1+

αsat
δ

qsat+1
qs+1

VD,sat−VS
−(VD,sat−VS)

)2

+ 4αsat

δ

(qsat+1)(VD,sat−VS)

qs+1




+VS

(2.133)
Me b�sh thn energ  tim  thc t�shc sto drain lìgw tou koresmoÔ taqÔthtac

V ′
D, orÐzetai h kanonikopoihmènh èkfrash thc v′D ≡ V ′D

UT
kai upologÐzetai to kanoni-

kopoihmèno anastrèfon fortÐo sto shmeÐo pou arqÐzei o koresmìc taqÔthtac (q′d).
Sto sq ma 2.31 apodÐdetai grafik� h exÐswsh (2.133) kai shmei¸netai to qarakth-
ristikì epÐpedo t�shc VD,sat. EpÐshc emfanÐzetai to kanonikopoihmèno fortÐo ston
akrodèkth tou grammikoÔ tm matoc tou kanalioÔ, tìso sunupologÐzontac to fainìme-
no koresmoÔ taqÔthtac ìso kai apousÐa autoÔ, kaj¸c kai to qarakthristikì fortÐo
qsat, pou upologÐzetai sthn (2.132).

80 MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec



Kef�laio 2. Analutik  montelopoÐhsh tou MOS tranzÐstor

Sq ma 2.31: H epÐdrash tou fainomènou koresmoÔ taqÔthtac (velocity saturation) sthn
energ  tim  thc t�shc ston akrodèkth drain. Sthn ed¸ an�lush isqÔei ìti VS ≈ 2.9 · UT ,
VB = 0V , VP = 10 · UT , δ = 1.5.

2.4.1.1 Diamìrfwsh m kouc kanalioÔ (channel length modulation)

'Opwc anafèrjhke sthn prohgoÔmenh an�lush to kan�li mporeÐ na diaqwristeÐ se èna
mèroc pou sumbaÐnei o koresmìc taqÔthtac kai èna upìloipo grammikì. Sto grammikì
mìno mèroc isqÔoun oi exis¸seic pou èqoun ekfrasteÐ mèqri stigm c. Gia na up�rqei
h pl rhc eikìna, apaiteÐtai, ektìc apì thn t�sh sthn �krh tou grammikoÔ mèrouc tou
kanalioÔ (V ′

D) na upologisteÐ kai to m koc tou, pou ja eÐnai kat� k�ti mikrìtero
tou ìlou. To m koc tou koresmènou apì �poyh taqÔthtac, kanalioÔ dÐnetai apì
thn sqèsh (2.134) [48]. Afair¸ntac to koresmèno mèroc apì to ìlo upologÐzetai to
m koc tou energoÔ tranzÐstor, èstw L′.

∆L ≈ λLC ln




LC

Leff−2LC
+

VD−V ′D
LCEC

+

√(
VD−V ′D
LCEC

)2

+ 2 LC

Leff−2LC

VD−V ′D
LCEC

+ 1

1 + LC

Leff−2LC




L′ = Leff −∆L

(2.134)

Sthn (2.134) qrhsimopoieÐtai h par�metroc λ kaj¸c kai to qarakthristikì m koc
LC , pou exart�tai, sun toic �lloic, apì to b�joc twn perioq¸n tou source kai tou
drain (XJ), kai dÐnetai apì thn sqèsh (2.135).

LC =

√
εSI ·XJ

C ′
OX

(2.135)

Mèqri ed¸, èqei upologisteÐ to dunamikì ston akrodèkth tou energoÔ kanalioÔ
kaj¸c kai to m koc tou. Ousiastik� melet�tai plèon èna tranzÐstor me m koc L′ antÐ
gia Leff kai dunamikì ston akrodèkth drain V ′

D antÐ VD.
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2.4.1.2 EpÐdrash orizìntiou hlektrikoÔ pedÐou sthn kinhtikìthta

To orizìntio hlektrikì pedÐo epidr� sthn kinhtikìthta twn forèwn entìc tou energoÔ
kanalioÔ, akrib¸c ìpwc kai to k�jeto pedÐo. H kinhtikìthta kai h taqÔthta twn
forèwn sundèontai mèsw tou orizìntiou pedÐou, sqèsh 2.136.

µ =
υ

E‖
, E‖ =

dΨS

dx
=

1

n · C ′
OX

· dQ′
I

dx
(2.136)

Me thn bo jeia thc 2.136 mporeÐ na upologisteÐ to olokl rwma pou qrei�zetai
gia ton upologismì thc energ c tim c thc kinhtikìthtac, sqèsh 2.137.

1

L′

∫ L′

0

1

µ
dx =

1

L′

∫ L′

0

Ec

υsat

√√√√√1 +

(
2 · (2− δ) · E‖

EC

)2

Gsat + 2 · (2− δ) · E‖
EC

+

(
E‖
EC

)2

dx ≈

≈ Ec

υsat

√√√√√1 +

(
4UT

LCEC
· (2− δ) · (qs − q′d)

)2

Gsat + 4UT

LCEC
· (2− δ) · (qs − q′d)

+

(
2UT

LCEC

(qs − q′d)
)2

(2.137)

Sq ma 2.32: An�lush ID vs. VD se nMOS tranzÐstor kontoÔ kanalioÔ (Leff = 140nm)
mÐac teqnologÐac CMOS 130nm. Lìgw tou fainomènou koresmoÔ taqÔthtac h qarakthristi-
k  eÐnai aisjht� diaforetik  apì thn antÐstoiqh twn tranzÐstor meg�lou m kouc kanalioÔ,
gr�fhma 2.30, kai, dei, sthn perioq  tou koresmoÔ. H de tim  thc agwgimìthtac exìdou,
lìgw tou fainomènou tou koresmoÔ taqÔthtac kai thc diamìrfwshc tou m kouc tou kanalioÔ
èqei t�xeic megèjouc megalÔterh tim  apì thn antÐstoiqh twn meg�lou m kouc kanalioÔ
tranzÐstor. Ta sÔmbola antistoiqoÔn se metr seic, oi suneqeÐc grammèc sthn apìkrish tou
montèlou EKV3.0 pou perigr�fei ta fainìmena koresmoÔ taqÔthta me ton trìpou pou ana-
lÔetai ed¸, kai me diakekommènec grammèc h apìkrish tou montèlou agno¸ntac to fainìmeno
thc diamìrfwshc m kouc kanalioÔ. IsqÔei ìti VSB = 0V .

Prokeimènou na sunduasteÐ h montelopoÐhsh thc epÐdrashc tou orizìntiou pedÐou
me thn antÐstoiqh tou k�jetou, upenjumÐzetai o orismìc tou µ0 san thn kinhtikìthta
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qamhloÔ pedÐou, tìso k�jetou ìso kai orizìntiou. Se sunèpeia me ton kanìna Math-
iessen, kai b�sh to apotèlesma thc sqèshc (2.115), upologÐzetai h kinhtikìthta sto
mh koresmèno tm ma tou kanalioÔ, èstw µ′, sthn sqèsh (2.138).

µ′ =
µeff√

1 +

(
4UT

LCEC
·(2−δ)·(qs−q′d)

)2

Gsat+
4UT

LCEC
·(2−δ)·(qs−q′d)

+
(

2UT

LCEC
(qs − q′d)

)2

(2.138)

Me thn qr sh twn megej¸n V ′
D, L′ kai µ′, antÐ gia ta antÐstoiqa mh tonoÔmena,

dÔnatai h epèktash tou montèlou ètsi ¸ste na kalÔptei kai to fainìmeno tou kore-
smoÔ taqÔthtac velocity saturation. Sto gr�fhma 2.32 emfanÐzontai oi metr seic se
èna tranzÐstor me m koc kanalioÔ sta ìria thc teqnologÐac ìpou qarakthristik� em-
fanÐzetai to fainìmeno koresmoÔ taqÔthtac. H sÔgkrish me thn antÐstoiqh an�lush
se tranzÐstor meg�lou m kouc, sq ma 2.30, apokalÔptei tic poiotikèc diaforèc.

2.4.2 An�strofo fainìmeno kontoÔ kanalioÔ (reverse
short channel effect)

Oi egqÔseic sta �kra tou kanalioÔ, pou melet jhkan kai parousi�sthkan sto sq ma
2.29, qrei�zontai gia na apofeÔgetai h apeujeÐac sÔndesh twn energ¸n perioq¸n twn
drain kai source se tranzÐstor mikroÔ m kouc. Apì thn �llh h auxhmènh sugkèntrwsh
sta �kra tou kanalioÔ, ephre�zei thn tim  thc mèsh tim c thc sugkèntrwshc se ìlo to
kan�li [49, 50]. Aut  h epirro  eÐnai entonìterh profan¸c sta tranzÐstor me kan�lia
mikroÔ m kouc, kaj¸c se aut� h èktash twn pocket implants apoteleÐ posostiaÐa
megalÔtero mèroc tou kanalioÔ, kai onom�zetai an�strofo fainìmeno kontoÔ kanalioÔ
(reverse short channel effect   RSCE). H epÐdrash thc mèshc tim c,   kallÐtera
energ c tim c, thc sugkèntrwshc ephre�zei thn t�sh katwflÐou (  alli¸c thn t�sh
isorropÐac (flat-band voltage), ton suntelest  fainomènou s¸matoc (γ), kaj¸c kai
thn t�sh Fermi.

H epÐdrash sthn energ  tim  thc sugkèntrwshc mporeÐ na montelopoihjeÐ majh-
matik� mèsw thc sqèshc (2.139).

NA,eff ∝ 2 ·
1− exp

(
−

(
Leff

LR

)2
)

C ′
OX · Leff

LR

(2.139)

O suntelest c thc analogÐac sthn (2.139) exart�tai apì tic eidikèc sugkentr¸-
seic pou qrhsimopoioÔntai sthn k�je teqnologÐa, en¸ to qarakthristikì m koc LR

sqetÐzetai me to m koc twn pocket implants. Me b�sh aut n thn ex�rthsh, kai thn
qr sh paramètrwn (QLR, NLR kai FLR) pou epitrèpoun thn prosarmog  tou montè-
lou p�nw sta qarakthristik� thc k�je teqnologÐac, ex�gontai oi sqèseic (2.140) pou
ekfr�zoun thn epirro  tou fainomènou p�nw sthn apìkrish tou montèlou.
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∆VTO,RSCE = 2 ·QLR ·
1− exp

(
−

(
Leff

LR

)2
)

C ′
OX · Leff

LR

, VTO,eff = VTO + ∆VTO

γ̇RSCE =

√√√√√√1 + 2 ·NLR ·
1− exp

(
−

(
Leff

LR

)2
)

C ′
OX · Leff

LR

, γeff = γ · γ̇RSCE

∆ΦF,RSCE = UT · FLR · ln


1 + 2 ·NLR ·

1− exp

(
−

(
Leff

LR

)2
)

C ′
OX · Leff

LR


 ,

ΦF,eff = ΦF + ∆ΦF,RSCE

(2.140)

Sq ma 2.33: H ex�rthsh thc t�shc katwflÐou, gia di�forec timèc tou VSB, apì to m koc
tou kanalioÔ tou tranzÐstor. Ta apotelèsmata ex qjhsan apì mÐa CMOS teqnologÐa 150nm.
To pl�toc ìlwn twn upì melèth tranzÐstor eÐnai W = 25µm. Ta tranzÐstor melet¸ntai
sthn grammik  perioq  leitourgÐac, me t�sh VDS = 50mV , en¸ h t�sh katwflÐou orÐzetai
san thn t�sh gia thn opoÐa to reÔma tou tranzÐstor ft�nei se sugkekrimèno epÐpedo reÔma-
toc, an�logo tou lìgou twn diast�sewn tou W

L . Lìgw tou an�strofou fainomènou kontoÔ
kanalioÔ (reverse short channel effect) h t�sh katwflÐou sta tranzÐstor mikroÔ m kouc
eÐnai shmantik� megalÔterh. Ta sÔmbola antistoiqoÔn se metr seic, en¸ oi grammèc sthn
apìkrish tou montèlou EKV3.0.

Grafik� mporeÐ na parathrhjeÐ to fainìmeno ex�gontac thn tim  thc t�shc katw-
flÐou gia tranzÐstor diafìrwn mhk¸n kai se diaforetikèc t�shc VSB. Kaj¸c mikraÐnei
to m koc tou kanalioÔ parathreÐtai mÐa aÔxhsh thc tim c thc t�shc katwflÐou. To
fainìmeno autì, fusik�, den eÐnai to mìno pou ephre�zei tic energèc timèc aut¸n twn
megej¸n, Gia thn kallÐterh melèth tou fainomènou protim�tai h exagwg  thc t�shc
katwflÐou sthn grammik  perioq , dhlad  gia VDS sqetik� mikrì, ìpou �lla fainì-
mena kontoÔ kanalioÔ, pou ja melethjoÔn sth sunèqeia, den kuriarqoÔn. Sto sq ma
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2.33 parousi�zontai sqetik� apotelèsmata pou epibebai¸noun thn montelopoÐhsh pou
parousi�zetai ed¸.

2.4.3 Sundiamìrfwsh fortÐou (charge sharing) ston �-
xona tou m kouc

To fainìmeno thc sundiamìrfwshc fortÐou emfanÐzetai tìso sta tranzÐstor mikroÔ
m koc, ìso kai se aut� mikroÔ pl�touc. Ed¸ ja analujeÐ h epirro  mìno sthn
perÐptwsh tou mikroÔ m kouc kai h an�lush ja oloklhrwjeÐ sthn par�grafo pou
anafèretai sta fainìmena stenoÔ kanalioÔ, 2.5. To fainìmeno thc sundiamìrfwshc
fortÐou sunÐstatai sthn epirro  twn t�sewn stouc akrodèktec sta �kra tou kana-
lioÔ p�nw sto kan�li [51]. 'Ena shmeÐo tou kanalioÔ sqetik� sthn mèsh ephre�zetai
pio polÔ apì tic t�seic sthn pÔlh kai to upìstrwma. Oi perioqèc, ìmwc, sta �kra
diamorf¸nontai kai apì thn pìlwsh twn parasitik¸n diìdwn pou dhmiourgoÔntai me-
taxÔ twn akrodekt¸n source kai drain, apì thn mÐa, kai tou upostr¸matoc, apì thn
�llh. Sunèpeia autoÔ tou fainomènou eÐnai ephre�zetai h energ  tim  tou suntelest 
fainomènou s¸matoc (γ) apì tic t�seic stouc akrodèktec source kai drain. Gia thn
akrÐbeia, kaj¸c aux�nontai oi timèc VSB kai VDB o suntelest c γ meioÔtai. Poso-
tikopoihmèna h ex�rthsh tou suntelest  fainomènou s¸matoc mporeÐ na ekfrasteÐ
ìpwc sthn sqèsh (2.141).

∆γCHSH = − ηL · εSI

Leff · C ′
OX

(√
VBI + VSB +

√
VBI + VDB

)
, γeff = γ + ∆γCHSH

(2.141)
Sthn (2.141) qrhsimopoieÐtai h par�metroc ηL me skopì thn prosarmog  tou faino-

mènou p�nw stic di�forec teqnologÐec. To, de, sÔmbolo VBI anafèretai sthn diafor�
dunamikoÔ thc epaf c pou dhmiourgeÐtai metaxÔ twn akrodekt¸n sta �kra tou kana-
lioÔ kai tou upostr¸matoc (built − inpotential). H tim  tou exart�tai kurÐwc apì
tic sugkentr¸seic stic dÔo hmiagwgikèc perioqèc. UpogrammÐzetai h summetrÐa tou
montèlou wc proc tic pleurikèc t�seic tou kanalioÔ.

'Opwc faÐnetai up�rqei mÐa plhj¸ra fainomènwn pou ephre�zei koin� qarakthristi-
k� tou tranzÐstor. Gia par�deigma o suntelest c γ exart�tai tìso apì an�strofo
fainìmeno kontoÔ kanalioÔ ìso kai apì to fainìmeno thc sundiamìrfwshc fortÐou.
Sto parìn shmeÐo melet�tai pwc ephre�zei k�je fainìmeno epimèrouc thn sumperifo-
r� tou tranzÐstor,   alli¸c san na  tan mìno autì pou emfanÐzetai. Telik¸c, kai
gia thn exagwg  enìc pl rouc montèlou, ofeÐletai h kat� ton dunatìn tautìqronh
melèth ìlwn twn fainomènwn kai h exagwg  sunduastik¸n sqèsewn.

2.4.4 Pt¸sh fr�gmatoc lìgw thc t�shc sto drain (drain
induced barrier lowering)

Pèran thc energ c tim c tou suntelest  fainomènou s¸matoc, oi t�seic stouc akro-
dèktec sta �kra tou kanalioÔ ephre�zoun kai to dunamikì epifaneÐac kat� m koc tou
kanalioÔ. Sto plaÐsio thc paroÔsac montelopoÐhshc h epÐdrash autoÔ tou fainomè-
nou mporeÐ na ekfrasteÐ san mÐa aÔxhsh thc tim c tou dunamikoÔ epifaneÐac mhdenikoÔ
fortÐou (ΨP ),   omoÐwc thc t�shc mhdenikoÔ fortÐou (VP ). Kat� sÔmbash h t�sh
ston akrodèkth drain eÐnai megalÔterh apì aut n sto source kai sunep¸c to fainì-
meno ephre�zetai entonìtera apì ton akrodèkth autì. 'Etsi exhgeÐtai h onomatodosÐa

MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec 85



Kef�laio 2. Analutik  montelopoÐhsh tou MOS tranzÐstor

tou fainomènou, pou apokaleÐtai pt¸sh fr�gmatoc lìgw thc t�shc sto drain (drain
induced barrier lowering   DIBL).

Majhmatik� ekfr�zontac to fainìmeno h metatìpish ston dunamikì epifaneÐac
mhdenikoÔ fortÐou mporeÐ na ekfrasteÐ ìpwc sthn sqèsh (2.142) [52].

LDIBL = ηD · εSI ·
√

Ψ0

C ′
OX · γ

Vm =
1

2
·

(VSB + VDB)−

√
V 2

DS +

(
4 + 40 · LDIBL

Leff

)2



Vδ =
1

2
·

(VP + Vm)−

√
(VP − Vm)2 +

(
4 + 40 · LDIBL

Leff

)2



αδ = exp

(
−1

2
· Leff

LDIBL

)
·
(

2 + σD
Leff

LDIBL

· Vδ

4Ψ0

)

∆VP = αδ ·
√

(VSB + VBI −Ψ0 − Vδ) · (VDB + VBI −Ψ0 − Vδ)

(2.142)

Gia ton upologismì thc epÐdrashc tou DIBL eis�gontai oi par�metroi ηD kai σD,
upologÐzetai de to m koc LDIBL pou eÐnai qarakthristikì m koc tou fainomènou.
UpogrammÐzetai kai ed¸ h summetrÐa thc montelopoÐhshc wc proc tic t�seic kai stouc
dÔo akrodèktec sta �kra tou kanalioÔ.

Lìgw tou fainomènou DIBL parousi�zetai ousiastik� mÐa ex�rthsh thc t�shc
katwflÐou apì thn t�sh VD. Gia thn akrÐbeia mÐa auxhmènh tim  thc VD shmaÐnei mÐa
meÐwsh sthn t�sh katwflÐou gia tranzÐstor mikroÔ sqetik� m kouc. H par�metroc
ηD sqetÐzetai me thn èntash tou fainomènou kai èqei san idanik  tim  thn mon�da.
Apì thn �llh, h par�metroc σD sqetÐzetai piìtero me thn epÐdrash tou fainomènou
se mh mhdenikèc timèc thc t�shc VSB.

Gia na parathrhjeÐ to fainìmeno kai grafik�, bohj�ei o orismìc thc t�shc ka-
twflÐou se dÔo diaforetikèc perioqèc leitourgÐac, afenìc sthn grammik  perioq 
leitourgÐac (VTH,LIN),   alli¸c gia mikrèc timèc tou VDS, kai afetèrou ston kore-
smì (VTH,SAT ),   alli¸c gia meg�lec timèc tou VDS. Idanik� mil¸ntac anamènetai h
diafor� aut¸n twn dÔo tim¸n na eÐnai mhdenik . AnalÔjhke bèbaia, sthn perÐptwsh
twn pocket implants, pwc aut  h idanikìthta anaireÐtai akìma kai sta tranzÐstor me
meg�lo m koc kanalioÔ. Sthn perÐptwsh twn tranzÐstor mikroÔ m kouc kanalioÔ h
diaforopoÐhsh eÐnai shmantikìtath. Sto gr�fhma 2.34 faÐnetai stouc Ðdiouc �xonec
h tim  thc t�shc katwflÐou, stic dÔo perioqèc leitourgÐac, gia di�fora tranzÐstor
diaforetik¸n mhk¸n kanalioÔ kai gia di�forec timèc VSB. EÐnai qarakthristikì to
�noigma thc diafor�c twn dÔo t�sewn katwflÐou, kaj¸c to m koc tou tranzÐstor
gÐnetai ìlo kai mikrìtero.

H t�sh katwflÐou, ìpwc analÔjhke kai stic prohgoÔmenec paragr�fouc, ephre�-
zetai apì di�fora fainìmena pou emfanÐzontai se tranzÐstor mikroÔ m kouc, ìpwc to
an�strofo fainìmeno kontoÔ kanalioÔ kai h sundiamìrfwsh fortÐo. Parathr¸ntac
th ex�rthsh thc t�shc katwflÐou wc proc to m koc tou kanalioÔ emfanÐzetai èna
sunduasmìc epirro c apì aut� ta fainìmena. Sthn grammik  perioq , ìpou tìso to
charge sharing ìso kai to DIBL den emfanÐzontai èntona, parathreÐtai mÐa aÔxhsh thc
t�shc katwflÐou kaj¸c mikraÐnei to m koc. Sthn perÐptwsh tou koresmoÔ, ta fai-
nìmena DIBL kai charge sharing arqÐzoun na epikratoÔn kai, eidik� gia ta mikrìtera
dunat� m kh mÐac teqnologÐac, h monotonÐa antistrèfetai [53].

86 MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec



Kef�laio 2. Analutik  montelopoÐhsh tou MOS tranzÐstor

Sq ma 2.34: H ex�rthsh thc t�shc katwflÐou apì to m koc tou kanalioÔ. H tim  thc
t�shc katwflÐou èqei exaqjeÐ me thn teqnik  stajeroÔ reÔmatoc, an�logou tou lìgou W

L tou
k�je tranzÐstor. Ta sÔmbola antistoiqoÔn se metr seic tranzÐstor meg�lou pl�touc (W =
10µm) kai diafìrwn mhk¸n, miac CMOS teqnologÐac 120nm. Sthn perioq  thc grammik c
leitourgÐac (VDS = 50mV ) parathreÐtai mÐa aÔxhsh thc t�shc katwflÐou (VTB,LIN ) kaj¸c
to m koc meioÔtai, kurÐwc lìgou tou fainomènou RSCE. Sthn perioq  tou koresmoÔ (VDS =
1.2V ), ta fainìmena DIBL kai charge sharing gÐnontai pio èntona mei¸nontac telik¸c thn
energ  tim  thc t�shc katwflÐou (VTB,SAT ) gia ta kontÔtera tranzÐstor thc teqnologÐac.

2.4.5 Qwrhtikìthta epik�luyhc (overlap capacitance)

To oxeÐdio k�twjen thc pÔlhc, topojeteÐtai gia na mporeÐ na elegqjeÐ to epÐpedo
anastrof c thc perioq c tou upostr¸matoc pou eÐnai an�mesa apì touc akrodèktec
drain kai source, kai na dhmiourghjeÐ to kan�li, pou melet�tai suneq¸c wc t¸ra. To
oxeÐdio autì, dhmiourgeÐ thn qwrhtikìthta an�mesa apì thn pÔlh kai to upìstrwma.
To m koc tou oxeidÐou, ìmwc, eÐnai kat� tekm rio, kat�ti megalÔtero thc apìstashc
metaxÔ twn akrodekt¸n source kai drain, kai sunep¸c, èna mèroc tou, sta dÔo �kra,
brÐsketai an�mesa apì ton akrodèkth thc pÔlhc kai touc akrodèktec source kai drain.
Se autèc tic perioqèc dhmiourgoÔntai dÔo parasitikèc qwrhtikìthtec epik�luyhc. H
tim  touc eÐnai sqetik� mikr , se sqèsh me to upìloipo tranzÐstor, sthn perÐptwsh
pou melet�tai èna tranzÐstor meg�lou m kouc. Se mikr� m kh kanalioÔ ìmwc eÐnai thc
Ðdiac t�xhc megèjouc me tic upìloipec qwrhtikìthtec kai sunep¸c h montelopoÐhsh
thc apoteleÐ an�gkh.

H an�lush fortÐwn. ìpwc ègine sthn perÐptwsh tou tranzÐstor me touc tèsseric
akrodèktec, eÐnai arket  gia na epektajeÐ kai na kalÔptei kai tic parasitikèc autèc
qwrhtikìthtec. H diaforopoÐhsh sunÐstatai sto ìti oi qwrhtikìthtec epik�luyhc
mporoÔn na jewrhjoÔn san mèroc mÐac di�taxhc tranzÐstor me apìntec tou dÔo akraÐ-
ouc akrodèktec. 'Oson afor� sto fainìmeno tou polydepletion h par�metroc TG èqei
antÐjeth tim  se sqèsh me to ìlo tranzÐstor, kaj¸c ex orismoÔ oi akrodèktec source
kai drain eÐnai hmiagwgoÐ antÐjetou tÔpou apì to upìstrwma. Shmei¸netai ìti sthn
perÐptwsh twn qwrhtikot twn epik�luyhc den emfanÐzontai anastrèfonta fortÐa.

Sto sq ma 2.35 emfanÐzontai metr seic qwrhtikìthtac se èna tranzÐstor m kouc

MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec 87



Kef�laio 2. Analutik  montelopoÐhsh tou MOS tranzÐstor

kanalioÔ sto onomastikì ìrio thc teqnologÐac, ìpou h epÐdrash twn qwrhtikot twn
epik�luyhc eÐnai emfanèstath. Epeid  ta metroÔmena megèjh eÐnai mikr�, apaiteÐtai
h mètrhsh se diat�xeic idiaÐtera meg�lec   pou na apartÐzontai apì pl joc mikrìte-
rwn se par�llhlh sundesmologÐa. SugkrÐnontac to profÐl twn qwrhtikot twn tou
tranzÐstor mikroÔ m kouc me èna antÐstoiqo profÐl enìc makrioÔ kanalioÔ, endeiktik�
up�rqei to sq ma 2.28, parathreÐtai h mh mhdenik  tim  thc qwrhtikìthtac CCG sthn
perioq  thc suss¸reushc. Gia thn akrÐbeia kai stic dÔo peript¸seic gewmetri¸n h
parasitik  qwrhtikìthta up�rqei, all� sth men perÐptwsh tou makrioÔ kanalioÔ, èqei
tim  polÔ mikrìterh apì tic mh parasitikèc qwrhtikìthtec, en¸ sth de perÐptwsh tou
kontoÔ kanalioÔ eÐnai thc Ðdiac t�xhc megèjouc me tic upìloipec qwrhtikìthtec kai
gia autì emfanÐzetai tìso èntona.

Sq ma 2.35: Metr seic diaqwrhtikot twn CGG kai CCG se èna tranzÐstor nMOS kontoÔ
kanalioÔ. To m koc tou tranzÐstor eÐnai sto onomastikì ìrio thc teqnologÐac, L = 150nm,
en¸ to sunolikì pl�toc tou eÐnai idiaÐtera meg�lo, W = 16.8mm. Ta kuklik� sÔmbola
antistoiqoÔn sthn diaqwrhtikìthta CGG, metrhmènh me VS = VD = VB, en¸ ta tetr�gwna
antistoiqoÔn sthn CCG, metrhmènh gia VSB = {0.0, 0.5, 1.0, 1.5, 2.0}V kai VDS = 0. Kaj¸c
aux�nei h t�sh VSB h kampÔlh thc CCG metatopÐzetai dexiìtera wc proc ton �xona tou
VGB. H suneq c gramm  antistoiqeÐ sthn apìkrish tou montèlou EKV3.0, pou montelopoieÐ
tic parasitikèc qwrhtikìthtec epik�luyhc kai jus�nwshc me ton trìpo pou analÔetai ed¸.
H diakekommènh gramm  antistoiqeÐ sthn apìkrish tou montèlou an agnohjoÔn aut� ta
parasitik� fainìmena kai moi�zei me thn antÐstoiqh sumperifor� enìc tranzÐstor makrioÔ
kanalioÔ.

2.4.6 Qwrhtikìthta jus�nwshc (fringing capacitance)
Epiprìsjeta thc qwrhtikìthtac epik�luyhc, emfanÐzetai �llh mÐa parasitik  epikoi-
nwnÐa metaxÔ tou akrodèkth thc pÔlhc kai twn source kai drain, h opoÐa onom�zetai
qwrhtikìthta jus�nwshc (fringing capacitance). H qwrhtikìthta aut  dÔnatai na
katatmhjeÐ se dÔo sunist¸sec, thn eswterik  kai thn exwterik . H eswterik  qwrhti-
kìthta jus�nwshc (inner fringing capacitance) sqetÐzetai me to pedÐo pou emfanÐzetai
metaxÔ tou akrodèkth thc pÔlhc kai twn source kai drain, kai oi grammèc tou pernoÔn
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mèsa kai apì to kan�li kai ìqi mìno mèsa apì to oxeÐdio. Oi pediakèc grammèc, loi-
pìn, sqhmatÐzoun mÐa gwnÐa sqedìn 90 moir¸n kai en¸noun thn pÔlh me tic pleurikèc
perioqèc twn source kai drain pou brÐskontai proc to kan�li. H tim  thc eswterik c
qwrhtikìthtac jus�nwshc exart�tai apì thn sugkèntrwsh tou fortÐou sto kan�li.
Tìso sthn perioq  thc suss¸reushc ìso kai thc isqur c anastrof c, emfanÐzetai
sto kan�li mÐa meg�lh sugkèntrwsh fortÐou pou exasjeneÐ thn tim  thc qwrhtikìth-
tac. AntÐjeta, sthn perioq  thc ex�ntlhshc kai thc asjenoÔc anastrof c, h tim  thc
megistopoieÐtai. 'Ena montèlo pou perigr�fei orj�, tìso poiotik� ìso kai posotik�,
thn parasitik  aut  diaqwrhtikìthta, se epÐpedo fortÐwn, parousi�zetai sthn sqèsh
(2.143).

QS,iFR = KiFR ·Weff · (1 + CiFR · VSB) · (VBI + ViFR + VSB − UT · (ψP − 2 · qS))

QD,iFR = KiFR ·Weff · (1 + CiFR · VDB) · (VBI + ViFR + VDB − UT · (ψP − 2 · qD))

QG,iFR = −QS,iFR −QD,iFR

(2.143)

Ta QS,iFR, QD,iFR kai QG,iFR eÐnai ta fortÐa pou susswreÔontai stouc akrodè-
ktec source, drain kai gate antÐstoiqa, lìgw tou eswterikoÔ pedÐou jus�nwshc. Sto
montèlo emfanÐzontai epÐshc oi par�metroi KiFR, CiFR kai ViFR pou epitrèpoun thn
prosarmog  tou montèlou sthn k�je teqnologÐa. UpogrammÐzetai h sqèsh thc qw-
rhtikìthtac me thn gewmetrÐa tou tranzÐstor, dhlad  h analogÐa me to pl�toc kai h
anexarthsÐa apì to m koc, pou eÐnai logik  sunèpeia thc fusik c di�taxhc. Sto sq ma
2.35 emfanÐzetai èna par�deigma tranzÐstor mikroÔ m kouc pou emfanÐzei shmantik 
qwrhtikìthta jus�nwshc, kai h opoÐa emfanÐzetai piìtero sthn perioq  met�bashc
apì thn ex�ntlhsh sthn isqur  anastrof , gÔrw apì thn perioq  dhlad  pou aux�nei
apìtoma h diaqwrhtikìthta CCG.

Sumplhrwmatik� thc eswterik c qwrhtikìthtac jus�nwshc, emfanÐzetai kai h e-
xwterik  qwrhtikìthta jus�nwshc, pou anafèretai sto pedÐo sqhmatÐzetai an�mesa
apì thn pÔlh kai touc akrodèktec source, drain ìpwc kai to upìstrwma, all� den dia-
pern� oÔte to kan�li oÔte apokleistik� to oxeÐdio. Oi pediakèc grammèc sundèoun tic
pleurikèc epif�neiec thc pÔlhc me tic �nw epif�neiec twn perioq¸n twn source, drain
kai tou upostr¸matoc. 'H tim  aut¸n twn qwrhtikot twn mporeÐ na jewrhjeÐ ane-
x�rthth thc pìlwshc kai ìti sqetÐzetai apokleistik� me tic hlektrikèc idiìthtec twn
ulik¸n thc teqnologÐac. Apì gewmetrik  �poyh, sumperaÐnetai ìti oi men qwrhtikì-
thtec pou emfanÐzontai proc touc akrodèktec source kai drain ja eÐnai an�logec tou
pl�touc tou tranzÐstor, en¸ h qwrhtikìthta an�mesa sthn pÔlh kai to upìstrwma
ja eÐnai an�logh tou dipl�siou tou m kouc tou kanalioÔ, efìson to pedÐo emfanÐzetai
sta pleurik� ìria tou kanalioÔ kai kat� m koc autoÔ. Qrhsimopoi¸ntac èna aplì
montèlo mporoÔn oi diaqwrhtikìthtec autèc na graftoÔn ìpwc sthn sqèsh (2.144).

CGS,oFR = CGSO ·Weff

CGD,oFR = CGDO ·Weff

CGB,oFR = CGBO · 2 · Leff

(2.144)

Sthn (2.144) eis�gontai oi par�metroi CGSO, CGDO kai CGBO pou ekfr�zoun tic
antÐstoiqec qwrhtikìthtec an� mon�da m kouc. Oi dÔo pr¸tec par�metroi se perÐ-
ptwsh apìluthc summetrÐac, wc proc to source kai to drain, mporoÔn na jewrhjoÔn
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tautìshmec. H qwrhtikìthta CGB,oFR den epikrateÐ se tranzÐstor mikroÔ m kouc al-
l� mikroÔ pl�touc. Nohmatik� ja èprepe na topojethjeÐ se epìmenh par�grafo (2.5)
pou asqoleÐtai me ta fainìmena pou emfanÐzontai se sten� tranzÐstor. 'Omwc, lìgw
thc fusik c th sÔndesh me tic upìloipec dÔo qwrhtikìthtec jus�nwshc, epitrèpetai
h parousÐa thc se autì to shmeÐo thc diatrib c.

2.4.7 En seir� antÐstash (series resistance)
Sthn wc ed¸ an�lush èqoun jewrhjeÐ oi akrodèktec twn source kai drain san a-
melhtèac antÐstashc, ìpwc kai oi upìloipoi akrodèktec. Aut  h prosèggish eÐnai
bohjhtik  gia peript¸seic tranzÐstor meg�lou m kouc. Kaj¸c mikraÐnei to m koc
tou kanalioÔ, kai aux�nei en gènei to reÔma tou tranzÐstor, parathreÐtai ìti h mikr 
antÐstash pou emfanÐzetai eswterik� thc energoÔ perioq c twn akrodekt¸n source kai
drain dhmiourgeÐ mÐa arket� shmantik  pt¸sh t�shc ètsi ¸ste h pragmatik  diafor�
dunamikoÔ sta �kra tou kanalioÔ, kai sunep¸c kai to reÔma autoÔ, na eÐnai shmantik�
mikrìterh apì thn diafor� dunamikoÔ twn dÔo akrodekt¸n exwterik�. Oi en seir�
autèc antist�seic eÐnai an�logec me to misì tou m kouc twn energ¸n perioq¸n twn
source kai drain, an jewrhjeÐ ìti h exwterik  metallik  epaf  stouc akrodèktec au-
toÔc katal gei sto mèso touc. Autì to m koc sunhjÐzetai na sumbolÐzetai wc HDIF .
'Ena aplì gewmetrikì montèlo summetrikì wc proc source kai drain, ja upolìgize tic
en seir� antist�seic ìpwc sthn sqèsh (2.145).

RSR = RSR,¤ · HDIF

Weff

(2.145)

O idanikìteroc trìpoc na sunupologisteÐ h epÐdrash twn en seir� antist�sewn
sthn leitourgÐa tou kukl¸matoc eÐnai h prìsjesh touc se kuklwmatikì epÐpedo sthn
prosomoÐwsh, eis�gontac ètsi kai dÔo nèouc eswterikoÔc kìmbouc eswterik� tou
tranzÐstor. 'Etsi, tèmnetai to ìlo MOSFET ousiastik� se dÔo mèrh. To eswterikì
pou perikleÐei ousiastik� to kan�li, kai to exwterikì pou apoteleÐtai apì ìla ta
upìloipa stoiqeÐa. Me thn kuklwmatik  aut  prìsjesh twn seiriak¸n antist�se-
wn af netai ston prosomoiwt    genik� sto prìgramma epÐlushc twn exis¸sewn na
brei tic t�seic pou ja anaptuqjoÔn stouc eswterikoÔ kìmbouc kai pou ja orÐsoun
ousiastik� thn leitourgÐa tou tranzÐstor.

MÐa pr¸tou epipèdou an�lush, pou dÐnei mia pr¸thc t�xhc prosèggish sthn meÐwsh
tou reÔmatoc lìgw ton seiriak¸n antist�sewn parousi�zetai sthn sqèsh (2.146).

IDS,SR =
IDS

1 + gms ·RSR + gmd ·RSR

(2.146)

Sthn (2.146) ta megèjh sto dexÐ mèroc anafèrontai stouc upologismoÔc pou èqoun
gÐnei agno¸ntac thn Ôparxh twn en seir� antist�sewn, en¸, sthn arister  meri�, upo-
logÐzetai to meiwmèno reÔma lìgw twn seiriak¸n antist�sewn, pou ed¸ sumbolÐzetai
wc IDS,SR [54].

Se pollèc teqnologÐec oi energèc perioqèc twn akrodekt¸n source kai drain den
èrqontai �mesa se epaf  me to kan�li, all� mèsa apì mÐa perioq  qamhl c sugkèn-
trwshc (low doping density   LDD) all� Ðdiou tÔpou me touc akrodèktec source kai
drain. To m koc aut¸n sunhjÐzetai na sumbolÐzetai me LDIF . Se aut n thn perÐptw-
sh h antÐstash twn perioq¸n aut¸n ofeÐlei na prostejeÐ sthn en seir� antÐstash,
ìpwc aut  upologÐsthke sthn (2.145).
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H epÐdrash twn en seir� antist�sewn sthn leitourgÐa thc di�taxhc eÐnai plèon
shmantik  sta tranzÐstor mikroÔ m kouc kai sthn grammik  perioq  ìpou h diafor�
dunamikoÔ sta �kra tou kanalioÔ eÐnai an�logh tou reÔmatoc tou kanalioÔ.

2.5 Fainìmena stenoÔ kanalioÔ (narrow chan-

nel effects)
H optik  upì thn opoÐo melet�tai to tranzÐstor wc ed¸ apartÐzetai ousiastik� apì
dÔo diast�seic: thn arqik� melet¸menh di�stash tou b�jouc, kai thn di�stash tou
m kouc, pou eis qjh met�, sunupologÐzontac kai ta sqetik� fainomèna sta tranzÐstor
mikroÔ m kouc. Sthn trÐth di�stash, tou pl�touc, èqei jewrhjeÐ ìti h sumperifor�
eÐnai omoiìmorfh kai os�kic apaiteÐtai olokl rwsh kat� to pl�touc tou tranzÐstor,
ekteleÐtai ènac aplìc pollaplasiasmìc twn an� mon�da pl�touc megej¸n me to pl�-
toc thc di�taxhc. Sthn trèqousa par�grafo ja analujoÔn merik� fainìmena pou
emfanÐzontai entonìtera se tranzÐstor mikroÔ pl�touc. Epigrammatik� aut� eÐnai
to antÐstrofo fainìmeno stenoÔ kanalioÔ (inverse narrow channel effect   INCE),
h sundiamìrfwsh fortÐou (charge sharing) kat� pl�toc, h pleurik  agwg  (edge
conductance) kai exwterik  kat� m koc qwrhtikìthta jus�nwshc thc pÔlhc me to
upìstrwma. H teleutaÐa èqei sqoliasteÐ  dh sthn par�grafo 2.4.6.

2.5.1 AntÐstrofo fainìmeno stenoÔ kanalioÔ (inverse
narrow channel effect)

Ta pleurik� ìria tou kanalioÔ, mèsa sto upìstrwma, emfanÐzontai sto aplopoihmèno
sqèdio tou sq matoc 2.13 san na af nontai anoiqt�. Sthn pragmatikìthta eÐnai p�gia
taktik , prokeimènou na enisqujeÐ h hlektrik  apomìnwsh thc di�taxhc apì geitoni-
kèc, na topojetoÔntai monwtik� toiq¸mata pleurik� tou kanalioÔ. DÔo teqnikèc,
b�sh twn opoÐwn pragmatopoieÐtai autì, onom�zontai LOCOS (local oxidation of si-
licon   topik  oxeÐdwsh tou puritÐou) kai STI (shallow trench isolation   apomìnwsh
rhq c t�frou) [4].

Kai oi dÔo teqnikèc ulopoÐhshc prokaloÔn allagèc sthn pragmatik  sumperifor�
tou tranzÐstor se sqèsh me thn idanik . Gia thn akrÐbeia, sth perÐptwsh tou LOCOS,
ìpou to oxeÐdio pou dhmiourgeÐtai sta �kra tou kanalioÔ èqei mÐa aux�nei se pl�toc
stadiak� kaj¸c apomakrÔnetai apì to kan�li, parathreÐtai ìti sta tranzÐstor stenoÔ
kanalioÔ h t�sh katwflÐou aux�netai, kaj¸c to ìrio to kanalioÔ ekteÐnetai kai pèra
apì to �kro thc pÔlhc, kai to akrianì mèroc elègqetai duskolìtera apì thn t�sh
sthn pÔlh. Sth, de, perÐptwsh tou STI, to oxeÐdio orÐzei apìtoma kai k�jeta to
tèloc tou kanalioÔ kai sthn perÐptwsh twn sten¸n tranzÐstor, mèsw thc exwterik c
qwrhtikìthtac jus�nwshc gÐnetai eukolìtero na elegqjeÐ to kan�li apì thn t�sh
sthn pÔlh,   alli¸c mei¸netai h t�sh katwflÐou.

Apì majhmatik  �poyh, epeid  to fainìmeno fèrei analogÐec me to RSCE, dÔnatai
h majhmatik  epèktash thc montelopoÐhshc tou RSCE ètsi ¸ste na kalÔptei kai tic
dÔo peript¸seic teqnologi¸n.

Sto sq ma 2.36 faÐnetai h ex�rthsh thc t�shc katwflÐou apì to pl�toc tou
tranzÐstor se mÐa teqnologÐac pou qrhsimopoieÐ thn teqnik  STI gia apomìnwsh. H
ex�rthsh den eÐnai tìso èntonh ìpwc sto RSCE all� oÔte kai mporeÐ na agnohjeÐ.
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Sq ma 2.36: H ex�rthsh thc t�shc katwflÐou apì to pl�toc to kanalioÔ, lìgw tou antÐ-
strofou fainomènou stenoÔ kanalioÔ. Ta sÔmbola deÐqnoun thn t�sh katwflÐou tranzÐstor
me meg�lo m koc (Leff = 25µu) kai me di�forec timèc sto pl�toc, mÐac teqnologÐac CMOS
150nm. H qr sh STI gia apomìnwsh elatt¸nei thn tim  thc t�shc katwflÐou gia ta ste-
nìtera tranzÐstor. Me thn gramm  apeikonÐzetai h t�sh katwflÐou ìpwc aut  ex�getai apì
tic prosomoi¸seic tou montèlou EKV3.0 me èna set paramètrwn pou antistoiqeÐ sthn teqno-
logÐa. H t�sh katwflÐou èqei exaqjeÐ me thn teqnik  tou sugkekrimènou reÔmatoc, an�logo
tou lìgou diast�sewn tou kanalioÔ.

2.5.2 Sundiamìrfwsh fortÐou (charge sharing) ston �-
xona tou pl�touc

Sthn par�grafo 2.4.3 anafèrjhke to fainìmeno thc sundiamìrfwshc tou fortÐou
kont� stic perioqèc tou source kai tou drain apì tic antÐstoiqec t�seic kai thn t�sh
ston akrodèkth thc pÔlhc. AntÐstoiqa, ston �xona tou pl�touc mporeÐ na jewrhjeÐ
ìti h perioq  pou brÐsketai makri� apì to kèntro tou kanalioÔ kai kont� sta �kra
tou, ephre�zetai ligìtero apì thn t�sh sthn pÔlh. Autì sunep�getai mÐa aÔxhsh tou
dunamikoÔ mhdenikoÔ fortÐou kai, sumplhrwmatik�, mÐa meÐwsh thc energoÔc tim c tou
suntelest  fainomènou s¸matoc. Gia thn akrÐbeia dÔnatai na grafeÐ h sqèsh 2.147

α̇W,CHSH = 1 +
ηW · εSI

Weff · C ′
OX

,

ΨP,eff = α̇W,CHSH ·ΨP , γeff =
γ√

α̇W,CHSH

(2.147)

Se autì to shmeÐo mporeÐ na upogrammisteÐ to ex c. To k�je fainìmeno mporeÐ na
jewrhjeÐ apì di�forec gwnÐec kai me di�forec optikèc kai sumbolikèc epexhg seic.
Gia par�deigma, mÐa aÔxhsh tou dunamikoÔ epifaneÐac mhdenikoÔ fortÐou, mporeÐ sum-
metrik� na jewrhjeÐ san mÐa meÐwsh thc energ c tim c thc t�shc sthn pÔlh. 'Olec
oi ermhneÐec tou k�je fainomènou odhgoÔn fusik� sto Ðdio pragmatikì apotèlesma,
asqètwc thc sumbolik c pou èqei epileqjeÐ. To krit rio gia to pia ermhneÐa kai eidik 
sumbolik� montelopoÐhsh ja epileqjeÐ eÐnai h saf neia thc ìlhc jewrÐac kai logik 
sunèpeia thc.
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2.5.3 Pleurik  agwg  (edge conductance)
Se merikèc teqnologÐec to mèroc tou kanalioÔ pou brÐsketai sta dÔo �kra kat� pl�-
toc, èqei tìso diaforetikèc hlektrikèc idiìthtec apì to upìloipo mèso kan�li pou
h je¸rhsh mÐac mèshc tim c aut¸n se èna omoiogenèc kan�li, den eÐnai arket . Se
aut n thn perÐptwsh apaiteÐtai mÐa pio makroskopik  je¸rhsh pou qrhsimopoieÐ thn
kat�tmhsh tou tranzÐstor se dÔo sumplhrwmatik�. To men basikì apoteleÐtai apì
to megalÔtero mèroc thc di�taxhc pou brÐsketai to kèntro wc proc ton �xona tou
pl�touc, en¸ to deÔtero apoteleÐtai apì tic dÔo lwrÐdec pou brÐskontai sta dÔo
�kra. Lìgw summetrÐac mporeÐ na jewrhjeÐ ìti autèc oi dÔo lwrÐdec ja èqoun an-
tÐstoiqec hlektrikèc paramètrouc, opìte kai mporoÔn na sunjèsoun èna tranzÐstor,
par� thn mh geitnÐash touc. An sumbolhjeÐ me Wedge to pl�toc k�je lwrÐdac sta
�kra pou èqei diaforetikèc hlektrikèc idiìthtec, tìte to mesaÐo tranzÐstor ja èqei
pl�toc Weff − 2 ·Wedge, en¸ to deÔtero pou ja anafèretai sto pleurikì reÔma ja
èqei pl�toc 2 ·Wedge.

Sq ma 2.37: H epÐdrash tou fainomènou pleurik c agwg c sthn ID vs. VG qarakth-
ristik  enìc tranzÐstor, kaj¸c kai ston lìgo diagwgimìthtac proc reÔma. Ta sÔmbola
antistoiqoÔn se metr seic se èna nMOS tranzÐstor diast�sewn W

L = 10µm
80nm , mÐac teqnolo-

gÐac 70nm. Ed¸ emfanÐzetai h an�lush sthn grammik  leitourgÐa, all� parìmoia eÐnai ta
apotelèsmata kai ston koresmì. Me suneq  gramm  emfanÐzetai h apìkrish tou montèlou
EKV3.0, pou kalÔptei to fainìmeno me ton trìpo pou parousi�zetai ed¸. Me diakekommè-
nh gramm  emfanÐzetai to mèroc thc apìkrishc tou montèlou pou sqetÐzetai me to pleurikì
tranzÐstor, en¸ me thn seir� telei¸n h apìkrish tou montèlou pou sqetÐzetai me to upìloipo,
kentrikì tranzÐstor. Sthn asjen  anastrof  epikrateÐ to mèroc tou tranzÐstor pou èqei
mikrìterh t�sh katwflÐou, dhlad  to pleurikì, en¸ sthn isqur  autì pou èqei megalÔterec
diast�seic kai mporeÐ na d¸sei megalÔtera reÔmata, dhlad  to kentrikì.

En gènei to mesaÐo tranzÐstor eÐnai arket� platÔtero tou pleurikoÔ, kai sunep¸c
to reÔma ja orÐzetai kurÐwc apì autì. Sthn perioq  ìmwc thc asjenoÔc anastrof c,
kai sthn perÐptwsh ìpou h t�sh katwflÐou tou pleurikoÔ tranzÐstor eÐnai mikrìterh
tou mesaÐou, parathreÐtai ìti ja �gei pr¸ta to pleurikì tranzÐstor kai ja epikrateÐ
to reÔma autoÔ. Sthn perioq  thc isqur c anastrof c kai twn dÔo ja isqÔei to an-
tÐjeto. Oi hlektrikèc par�metroi pou arkoÔn gia thn orj  posotik� montelopoÐhsh
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tou fainomènou eÐnai h t�sh katwflÐou, pou proseggÐzetai san mÐa aÔxhsh thc t�shc
mhdenikoÔ fortÐou (VP ), kai tou suntelest  tou fainomènou s¸matoc (γ). To fainì-
meno, lìgw thc emf�nishc tou sthn asjen  anastrof , parousi�zetai kai se diat�xeic
meg�lou pl�touc.

Sto sq ma 2.37 parousi�zetai mÐa ID vs. VG an�lush se èna tranzÐstor pou
emfanÐzei to fainìmeno thc pleurik c agwg c edge conductance. Qarakthristik  eÐnai
h sigmoeid c kampÔlh tou reÔmatoc se logarijmik  klÐmaka sthn asjen  anastrof ,
ìpwc epÐshc kai h epirro  tou fainomènou sto lìgo diagwgimìthtac proc to reÔma.

2.6 Fainìmena pou sqetÐzontai me thn jermo-
krasÐa

H melèth thc sumperifor�c tou tranzÐstor èqei gÐnei wc ed¸ agno¸ntac, en gènei,
thn epÐdrash thc jermokrasÐac. An exairejoÔn ta megèjh tou jermikoÔ dunamikoÔ
(UT ) kai thc t�shc Fermi (ΦF ), pou ekfr�zontai sunart sei thc jermokrasÐac, ìlh h
upìloiph an�lush èqei gÐnei anexart tou tim c thc jermokrasÐac kai mh sunupologÐ-
zontac tic epidr�seic thc sthn apìkrish thc di�taxhc. Stìqoc eÐnai h montelopoÐhsh
thc apìkrishc tou MOSFET mèsa se k�poio eÔroc jermokrasi¸n pou, kat� tekm rio,
apaiteÐtai na leitourgoÔn ta sqetik� kukl¸mata. Ta ìria aut� kinoÔntai, mh austhr�
mil¸ntac, apì −75◦C mèqri 150◦C.

H ex�rthsh thc t�shc Fermi apì thn jermokrasÐa eÐnai sqedìn grammik  en¸
sthrÐzetai kurÐwc sthn ex�rthsh apì thn jermokrasiak� metaballìmenh eswterik 
sugkèntrwsh forèwn (intrinsic carrier concentration - ni), exÐswsh (2.14), h opoÐa
dÐnetai apì thn sqèsh (2.148), sthn opoÐa me Eg sumbolÐzetai to energeiakì di�keno
tou hmiagwgoÔ [55].

ni(T ) = ni(300◦K) ·
(

T

300◦K

) 3
2

· exp

(
Eg(300◦K)

2 · k · 300◦K
− Eg(T )

2 · k · T
)

Eg(T ) =

(
1.16− 0.000702 · T 2

1108 + T

)
eV, ni(300◦K) ≈ 1.45 · 1016m−3

(2.148)

H ex�rthsh thc t�shc Fermi metafèretai tìso sthn t�sh VFB ìso kai sthn t�sh
katwflÐou (VTO). Sthn teleutaÐa, m�lista, metafèretai pollaplasiazìmenh kat� èna
par�gonta an�mesa apì 3 kai 4 [10]. Esti�zontac sthn tim  thc t�shc katwflÐou, kai
jewr¸ntac thn san par�metro, mporeÐ na ekfrasteÐ h ex�rthsh aut  me thn morf 
thc sqèshc 2.149, sthn opoÐa me TNOM sumbolÐzetai h jermokrasÐa sthn opoÐa èqei
exaqjeÐ h t�sh katwflÐou, en¸ me TCV TO sumbolÐzetai h par�metroc pou dÐnei thn
jermokrasiak  ex�rthsh thc t�shc katwflÐou kai af netai ed¸ san eleÔjerh par�-
metroc prosarmog c tou montèlou stic metr seic thc k�je teqnologÐac. H tim  thc
eÐnai en gènei arnhtik  kai thc t�xhc twn merik¸n mV an� bajmì Kelvin.

VTO(T ) = VTO(TNOM) + TCV TO · (T − TNOM) (2.149)

Apì thn �llh, shmantik  eÐnai h ex�rthsh apì thn jermokrasÐa thc kinhtikìthtac
twn forèwn sto kan�li. Ekfr�zontac p�li thn ex�rthsh sqetik� me mÐa jermokrasÐa
anafor�c mporeÐ na grafteÐ h sqèsh (2.150), pou perigr�fei mÐa logarijmik  ex�rthsh
thc kinhtikìthtac apì thn jermokrasÐa [56].
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µ(T ) = µ(TNOM) ·
(

T

TNOM

)−µex

(2.150)

H tim  thc paramètrou ex�rthshc µex kineÐtai apì 1.5 mèqri 1.8.
H ex�rthsh thc t�shc katwflÐou apì thn jermokrasÐa, kai, dei, h meÐwsh thc

t�shc katwflÐou me thn ex�rthsh, odhgeÐ se mÐa aÔxhsh tou reÔmatoc stic mikrèc
timèc thc t�shc sthn pÔlh, kaj¸c to tranzÐstor ja �gei pio gr gora, ìper shmaÐnei
gia mikrìterh t�sh sthn pÔlh. Apì thn �llh h aÔxhsh thc jermokrasÐac odhgeÐ
se mÐa pt¸sh thc kinhtikìthtac, pou ermhneÔetai wc mÐa pt¸sh tou reÔmatoc gia
meg�lec timèc thc t�shc sthn pÔlh,   alli¸c sthn isqur  anastrof . H antÐrroph
aut  ex�rthsh odhgeÐ se èna dèsmio shmeÐo gia mÐa sugkekrimènh pìlwsh, ìpou to
reÔma den exart�tai apì thn jermokrasÐa. Sto sq ma 2.38 parousi�zetai mÐa sqetik 
an�lush.

Sq ma 2.38: ID vs. VG an�lush, tìso sthn grammik  leitourgÐa ìso kai ston koresmì,
enìc tranzÐstor meg�lwn diast�sewn (W

L = 10µm
2µm ), mÐac teqnologÐac 90nm, gia di�forec

jermokrasÐec. Sthn asjen  anastrof  h pt¸sh thc t�shc katwflÐou me thn aÔxhsh thc
jermokrasÐac odhgeÐ sthn nwrÐterh aÔxhsh tou reÔmatoc, wc proc thn t�sh sthn pÔlh.
AntÐjeta, h pt¸sh thc kinhtikìthtac me thn aÔxhsh thc jermokrasÐac, odhgeÐ se mÐa pt¸sh
tou reÔmatoc sthn isqur  anastrof . Endiafèron parousi�zei to gegonìc ìti, upì mÐa
sugkekrimènh pìlwsh, to reÔma paramènei sqetik� anex�rthto thc jermokrasÐac.

Kai �llec par�metroi thc montelopoÐhshc tou MOSFET apaiteÐtai na jewrhjoÔn
exart¸menec apì thn jermokrasÐa. MÐa empeirik  grammik    logarijmik  ex�rthsh
eÐnai genik� arket  gia na kalÔyei èna montèlo ikanopoihtik� to upì melèth eÔroc
jermokrasi¸n. Merikèc akìma par�metroi pou apaiteÐtai na exart¸ntai apì thn jer-
mokrasÐa, ac anaferjoÔn merik� paradeÐgmata epigrammatik�, eÐnai autèc pou sqetÐ-
zontai me to fainìmeno meÐwshc thc kinhtikìthtac lìgw tou k�jetou pedÐou, ìpwc kai
autèc pou sqetÐzontai me to fainìmeno koresmoÔ taqÔthtac. Oi, de, seiriakèc anti-
st�seic mporoÔn na proseggistoÔn apì èna montèlo deÔterhc t�xhc, gia megalÔterh
akrÐbeia.
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2.7 MontelopoÐhsh exwterik¸n stoiqeÐwn

O ìroc MOSFET anafèretai pr¸tista sthn leitourgÐa tou kanalioÔ, pou eÐnai o
pur nac tou tranzÐstor,   alli¸c to eswterikì mèroc (intrinsic part) tou montèlou.
GÔrwjen autoÔ emfanÐzontai di�forec �llec fusikèc domèc, twn opoÐwn h montelo-
poÐhsh eÐnai anagkaÐa gia thn orj  perigraf  leitourgÐac thc ìlhc dom c. 'Hdh èqoun
shmeiwjeÐ oi parasitikèc dÐodoi, pou emfanÐzontai metaxÔ apì thn mÐa twn akrodekt¸n
source kai drain, kai apì thn �llh tou upostr¸matoc. EpÐshc, sthn perÐptwsh ìpou
to tranzÐstor eÐnai topojethmèno entìc enìc,   perissotèrwn, phgadi¸n, emfanÐzetai
se k�je phg�di kai mÐa dÐodoc pou eÐnai, kat� tekm rio, an�strofa polwmènh. Apì thn
�llh, shmantikèc eÐnai oi di�forec antist�seic pou up�rqoun sthn di�taxh. Anafèr-
jhkan  dh oi seiriakèc antist�seic stouc akrodèktec source kai drain. To sÔnolo
aut¸n twn stoiqeÐwn pou peristoiqÐzei to es¸tero idanikì tranzÐstor, onom�zetai
exwterikì mèroc (extrinsic part) tou montèlou.

'Ena exwterikì dÐktuo pou apoteleÐtai mìno apì ta proanaferjènta aut� stoiqeÐa
eÐnai arketì gia na perigr�yei thn sumperifor� tou tranzÐstor se sqetik� qamhlèc
suqnìthtec. Kaj¸c h suqnìthta aux�nei eÐnai aparaÐthto na sunupologistoÔn kai
oi antist�seic pou parousi�zontai ston akrodèkth thc pÔlhc kaj¸c kai eswterik�
tou upostr¸matoc [57, 58]. Sto sq ma 2.39 emfanÐzontai oi eswterikèc domèc dÔo
makromontèlwn pou perigr�foun thn fusik  dom  enìc nMOSFET.

Sq ma 2.39: H eswterik  dom  dÔo makromontèlwn (macromodel), pou perigr�foun tìso
thn leitourgÐa tou es¸terou mèrouc (intrinsic part) tou tranzÐstor, ìso kai twn exwteri-
k¸n stoiqeÐwn (extrinsic part). H aploÔsterh dom  sta arister� kalÔptei thn apìkrish
tou montèlou gia qamhlèc suqnìthtec (low frequency), en¸ gia uyhlèc suqnìthtec (high
frequency) apaiteÐtai na sunupologistoÔn kai oi antist�seic pou emfanÐzontai sthn pÔlh kai
sto upìstrwma

Oi seiriakèc antist�seic stouc akrodèktec source kai drain èqoun  dh analujeÐ,
sthn par�grafo 2.4.7, opìte ed¸ ja sqoliasjoÔn mìno ta upìloipa exwterik� stoi-
qeÐa.
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2.7.1 Parasitikèc dÐodoi epaf c (junction diodes)
Oi parasitikèc dÐodoi sto tranzÐstor eÐnai, prokeimènou na leitourgeÐ orj� to stoi-
qeÐo, an�strofa polwmènec. Upì tètoia pìlwsh up�rqei èna reÔma diarro c, pou
eÐnai shmantikì, eidik� gia ta yhfiak� kukl¸mata, gia ton upologismì thc katanali-
skìmenhc isqÔoc sto kÔklwma. Apì thn �llh, oi dÐodoi leitourgoÔn sthn anastrof 
san puknwtèc metaballìmenhc qwrhtikìthtac wc proc thn t�sh sta �kra touc. H
qwrhtikìthta aut  ephre�zei piìtero thn leitourgÐa sta analogik� kukl¸mata.

Up�rqoun di�fora montèla pou mporoÔn na kalÔyoun thn sumperifor� twn diì-
dwn. H qr sh enìc montèlou diìdou tropopoihmènou kat�llhla ¸ste na kalÔptei ta
eidik� qarakthristik� twn MOSFET eÐnai ikanopoihtik . Sto montèlo BSIM up�rqei
mÐa pl rhc montelopoÐhsh twn diìdwn [28]. EpÐshc, to montèlo PSP [59, 60], qrhsi-
mopoieÐ to montèlo diìdwn me to ìnoma JUNCAP [61, 62, 63]. 'Ena montèlo diìdwn
pou qrhsimopoieÐtai apì èna montèlo MOSFET ofeÐlei na parèqei sugkekrimènec ei-
dikèc problèyeic pou apantioÔntai sta tranzÐstor aut�. Gia par�deigma ofeÐlei na
proseggÐzei thn dÐodo san thn par�llhlh sÔnjesh tri¸n diìdwn, h mÐa na eÐnai aut 
pou anaptÔssetai sthn k�tw epif�neia epaf c, h deÔterh aut  pou anaptÔssetai sthn
perifèreia thc energoÔc perioq c twn source kai drain all� ìqi proc thn meri� thc
pÔlhc, kai h trÐth aut  pou anaptÔssetai sthn perifèreia twn energ¸n perioq¸n all�
proc thn meri� thc pÔlhc. Autìc o diaqwrismìc eÐnai anagkaÐoc lìgw twn diaforeti-
k¸n fusik¸n qarakthristik¸n twn tri¸n aut¸n perioq¸n, pou metafr�zontai kai se
diaforetik  hlektrik  sumperifor�.

H peraitèrw anafor� se eidik� jèmata twn diìdwn xefeÔgei apì ta ìria thc aut c
diatrib c.

2.7.2 AntÐstash pÔlhc (gate resistance)
H tim  thc antÐstashc tou akrodèkth thc pÔlhc (RG) eÐnai idiaÐtera shmantik  sthn
leitourgÐa tou tranzÐstor. H jèsh thc sthn pÔlh, ìpou eis�getai to s ma proc
enÐsqush sthn perÐptwsh thc sundesmologÐac koin c phg c, thn k�nei idiaÐtera sh-
mantik  gia ton deÐkth jorÔbou (noise figure) tou kukl¸matoc. EpÐshc ìso aux�nei h
suqnìthta leitourgÐac tìso pio polÔ ephre�zei h antÐstash sthn pÔlh thn leitourgÐa
tou ìlou kukl¸matoc.

Ta sq mata pou èqoun parousiasteÐ mèqri t¸ra gia thn perigraf  tou MOSFET
eÐnai sqetik� aplopoihmèna kai me gn¸mona thn poiotik  perigraf  thc di�taxhc. MÐa
pio realistik  k�toyh mÐac di�taxhc, sq ma 2.40, ja bohjoÔse sthn kallÐterh kata-
nìhsh thc sqèsh metaxÔ thc gewmetrÐac tou tranzÐstor kai thc tim c thc antÐstashc
pÔlhc.

H antÐstash thc pÔlhc tou sq matoc 2.40, dÐnetai sunart sei twn qarakthristik¸n
thc gewmetrÐac tou tranzÐstor apì thn sqèsh 2.151.

RG =

{
1
3
· WF

NF ·LF
·RG,¤ one− sided gate contact

1
4
· 1

3
· WF

NF ·LF
·RG,¤ two− sided gate contact

(2.151)

Tìso me b�sh thn koin  logik  ìso kai apì thn exÐswsh (2.151), faÐnetai ìti h
kat�tmhsh tou tranzÐstor sto sq ma poll¸n daqtÔlwn, ìpwc faÐnetai sto sq ma 2.40
epitrèpei thn elaqistopoÐhsh thc antÐstashc thc pÔlhc, gia dedomèno olikì pl�toc
kanalioÔ. Sthn (2.151) o ìroc one − sided gate contact antistoiqeÐ sthn sÔndesh
twn pul¸n twn daqtÔlwn apì thn mia meri� mìno, en¸ o ìroc two−sided gate contact
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sthn perÐptwsh thc sÔndeshc twn pul¸n kai apì tic dÔo merièc, ìpwc sto sq ma 2.40.
EÐnai profanèc ìti h deÔterh dom  odhgeÐ se mikrìterh antÐstash pÔlhc.

Sq ma 2.40: Sumbolik  k�toyh (floor plan) enìc sunhjismènou tranzÐstor pou qrhsi-
mopoieÐtai se kukl¸mata uyhl¸n suqnot twn, me katatmhmènh thn pÔlh se poll� d�qtula
(finger). To ìlo tranzÐstor analÔetai se mikrìtera ��upì-tranzÐstor�� plegmèna metaxÔ twn.
Me ton ìro ��plegmèna�� ennoeÐtai ìti oi akrodèktec source kai drain twn upo-tranzÐstor an�
dÔo tautÐzontai se mÐa koin  energ  perioq . To olikì pl�toc tou tranzÐstor isoÔtai me
to ginìmeno tou pl jouc twn daqtÔlwn (number of fingers, NF ) me to pl�toc tou kajenìc
daqtÔlou (finger width, WF ). To, de, m koc tou ìlou tranzÐstor tautÐzetai me to m koc tou
kajenìc daqtÔlou (finger length, LF ). Me autì to sq ma epitugq�netai h elaqistopoÐhsh
thc antÐstashc sthn pÔlh (RG), gia sugkekrimèno pl�toc tranzÐstor. Ta d�qtula thc pÔ-
lhc dÔnatai na en¸nontai eÐte apì thn mÐa meri� mìno eÐte kai apì tic dÔo (ìpwc ed¸). Me
metallikoÔc drìmouc, pou den emfanÐzontai ed¸ gia lìgouc aplìthtac, braqukukl¸nontai
ìlec metaxÔ touc ìlec oi energèc perioqèc twn source, ìpwc kai ìlec twn drain. To ìlo
tranzÐstor topojeteÐtai sto es¸tero mèroc enìc metallikoÔ daqtulidioÔ (guard ring) pou
sundèetai me to upìstrwma, ètsi ¸ste o akrodèkthc tou upostr¸mata na eÐnai kallÐtera
hlektrik� sundedemènoc, dhlad  mèsa apì to dunatìn mikrìterh antÐstash kai deqìmenoc to
ligìtero dunatì jìrubo. Enallaktik�, antÐ gia daqtulÐdi mporeÐ na epilegeÐ kai to sq ma
tou gr�mmatoc P (sta agglik� horse-shoe pou ja pei pètalo),   kai dÔo mìno k�jetoi �xonec
pleurik� tou tranzÐstor.

Tìso h antÐstash pÔlhc ìso kai ta exwterik� stoiqeÐa genikìtera, emplèkontai
stic exis¸seic leitourgÐac tou ìlou tranzÐstor. Jewr¸ntac to tranzÐstor san èna
dÐjuro, me koinì akrodèkth anafor�c eisìdou kai exìdou to braqukÔklwma metaxÔ
tou upostr¸matoc kai tou source, san eÐsodo thn pìrta an�mesa thn pÔlh kai to
source kai san èxodo thn pìrta an�mesa apì to drain kai to source, orÐzontai oi
Y par�metroi tou tranzÐstor. Oi exis¸seic autèc mporoÔn na lujoÔn wc proc di�-
fora exwterik� stoiqeÐa kai na exaqjoÔn trìpoi upologismoÐ twn. Shmei¸netai ìti
oi metr seic tètoiouc eÐdouc eÐnai dÔskolec kai apaitoÔn prosektikèc diadikasÐec a-
pemfÔteushc (deembedding) ètsi ¸ste na upologÐzontai mìno oi Y par�metroi tou
dijÔrou [64, 65, 66]. Eidik� gia thn perÐptwsh thc antÐstashc pÔlhc, h tim  thc mporeÐ
na exaqjeÐ me b�sh thc exÐswsh (2.152) [67, 6, 68].
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RG =
Re(Y11)

Im(Y11) · Im(Y12)
(2.152)

2.7.3 DÐktuo antist�sewn upostr¸matoc (substrate ne-
twork resistances)

O akrodèkthc tou upostr¸matoc eÐnai o plèon aplwmènoc ston ìgko thc fusik c
di�taxhc tou MOSFET. 'Oso kai an oi upìloipoi akrodèktec mporoÔn na jewrhjoÔn
san shmeÐa,   èstw san mÐa antÐstash, gia thn perÐptwsh tou upostr¸matoc aut 
h aplopoÐhsh aut  parèqei periorismènh ikanìthta prìbleyhc thc sumperifor�c thc
di�taxhc se uyhlèc suqnìthtec. H qr sh enìc diktÔou antist�sewn, k�nei men thn
dom  tou makromontèlou pio polÔplokh all� epitrèpei thn kallÐterh prosarmog  thc
apìkrishc tou montèlou stic pragmatikèc metr seic. Apì thn �llh, h epiqeirhmato-
logÐa metaxÔ anagk¸n se taqÔthta kai akrÐbeia tou montèlou, sto eidikì plaÐsio thc
k�je efarmog c tou montèlou, sunupologÐzetai sthn exagwg  miac apìfashc sqetik�
me ton idanikìtero trìpo prosèggishc tou upostr¸matoc.

Poll� domèc diktÔwn antist�sewn èqoun protajeÐ kai qrhsimopoihjeÐ gia th mo-
ntelopoÐhsh tou upostr¸matoc [69, 70, 71]. San plèon kat�llhlh proteÐnetai, sto
plaÐsio aut c thc diatrib c, h dom  twn 5 antist�sewn pou faÐnetai sto sq ma 2.39,
sto makromontèlou pou afor� sthn uyÐsuqnh leitourgÐa. 'Ena shmantikì pleonè-
kthma thc dom c aut  eÐnai h summetrÐa thc, wc proc ta dÔo �kra tou kanalioÔ, pou
epitrèpei sto montèlo thn poiotik� orj  sumperifor� se perÐptwsh pou èqoume al-
lag  tou pros mou thc diafor�c dunamikoÔ sta �kra tou kanalioÔ. Epiplèon, h dom 
tou pou, lìgw thc poluplokìthtac thc, plhsi�zei perissìtero sthn fusik  di�taxh,
prosjètei eukamyÐa stic qarakthristikèc apìkrishc tou montèlou epitrèpontac thn
prosarmog  thc apìkrishc kallÐtera se megalÔtero eÔroc suqnot twn kalÔptontac
kai an¸terhc t�xhc fainìmena.

H sÔndesh twn tim¸n twn pènte antist�sewn tou diktÔou tou upostr¸matoc me
thn gewmetrÐa eÐnai arket� polÔplokh kai diaforopoieÐtai an�loga me to sq ma thc
metallik c epaf c tou upostr¸matoc kai to an eÐnai �rtio (even)   perittì (odd) to
pl joc twn daqtÔlwn [72, 73]. Shmei¸netai ìti sthn perÐptwsh tou �rtiou pl jouc,
ìpwc sto sq ma 2.40, sunhjÐzetai o akrodèkthc tou source na eÐnai autìc me tic
perissìterec energèc perioqèc, dhlad  autìc pou èqei kai tic dÔo akraÐec energèc
perioqèc. 'Etsi, o akrodèkthc tou drain, apì ìpou sunhjèstera lamb�netai h èxodoc,
elaqistopoieÐ thn parasitik  qwrhtikìthta thc diìdou epaf c me to upìstrwma. Oi
exis¸seic pou sundèoun tic antist�seic me thn gewmetrÐa tou tranzÐstor faÐnontai
stic sqèseic (2.153).
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Stic (2.153) me RDSB,W sumbolÐzetai h epifaneiak  antÐstash an� tetr�gwno a-
n�mesa apì dÔo perioqèc tou upostr¸matoc pou brÐskontai k�tw apì geitni�zousec
energèc perioqèc akrodekt¸n source kai drain, me RB,W h pleurik  antÐstash an�
mon�da pl�touc an�mesa apì thn perioq  tou upostr¸matoc pou brÐsketai k�tw apì
èna akraÐo kan�li kai tic pleurikèc metallikèc epafèc tou upostr¸matoc, me RB,N h
antÐstash pou emfanÐzetai se k�je d�qtulo an�mesa apì thn perioq  tou upostr¸-
matoc k�tw apì to kan�li kai ton �nw   ton k�tw �xona thc metallik c epaf c tou
upostr¸matoc, en¸ me RSB,W , RSB,N , RDB,W kai RDB,N sumbolÐzontai oi antÐstoiqec
antist�seic an� mon�da pl�touc   daqtÔlou all� apì tic perioqèc tou upostr¸matoc
k�twjen twn energ¸n perioq¸n twn source kai drain. Oi exis¸seic autèc exart¸ntai
kai apì to sq ma tou metallikoÔ agwgoÔ pou sundèetai me to upìstrwma (endeiktik�
sq mata: daqtulÐdi, sq ma P, dÔo par�llhloi �xonec kat� pl�toc tou tranzÐstor kai
ekatèrwjen autoÔ).

2.8 LeitourgÐa se uyhlìterec suqnìthtec
H mèqri ed¸ an�lush den èqei asqolhjeÐ me uyÐsuqna fainìmena, all� jewreÐ ìti
oi suqnìthtec twn shm�twn stouc akrodèktec thc di�taxhc eÐnai tìso qamhlèc ètsi
¸ste na mhn ephre�zei h tim  touc thn sumperifor� tou tranzÐstor. Aut  h je-
¸rhsh jèlei ta fortÐa kai ta reÔmata pou emfanÐzontai sthn di�taxh na all�zoun
akariaÐa me tic allagèc twn t�sewn stouc akrodèktec thc di�taxhc. H leitourgÐa
aut  onom�zetai sqedìn-statik  (  hmi-statik , quasi-static (QS)). Kaj¸c aux�nei
h suqnìthta twn t�sewn stouc akrodèktec, aut  h prosèggish den dÐnei plèon ika-
nopoihtik� apotelèsmata. H leitourgÐa tou tranzÐstor onom�zetai plèon mh-statik 
(non-quasi-static (NQS)). B�sh thc mh-statik c je¸rhshc eÐnai ìti ta fortÐa plèon
den prosarmìzontai akariaÐa akolouj¸ntac tic t�seic sthn eÐsodo all� up�rqoun
diast mata prosarmog c kai, pio sugkekrimèna, fainìmena ustèrhshc kat� m koc tou
kanalioÔ [4, 6, 58, 74]. To kan�li plèon leitourgeÐ san gramm  metafor�c kai ta
sqetik� fainìmena apaiteÐtai na montelopoihjoÔn.

2.8.1 MontelopoÐhsh mikroÔ s matoc
Me stìqo thn montelopoÐhsh twn fainomènwn uyhl¸n suqnot twn, up�rqoun dÔo
odoÐ pou mporoÔn na akoloujhjoÔn. H pr¸th, kai aploÔsterh, jèlei thn antikat�-
stash tou tranzÐstor apì èna dÐktuo diagwgimot twn me tìso pragmatikì ìso kai
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fantastikì mèroc. Gia thn perÐptwsh leitourgÐac se qamhlèc suqnìthtec to dÐktuo
ekfullÐzetai se èna dÐktuo pragmatik¸n diagwgimot twn kai diaqwrhtikot twn pou
antistoiqoÔn sthn montelopoÐhsh pou èqei ekfrasteÐ mèqri t¸ra. H lÔsh aut  mpo-
reÐ na qrhsimopoihjeÐ sto plaÐsio mÐac an�lushc mikroÔ s matoc kaj¸c ex�gei èna
upokÔklwma, pou exart�tai apì thn pìlwsh tou tranzÐstor, kai pou to antikaji-
st�. Apì thn �llh, to montèlo autì parèqei mÐa analutik  lÔsh pou bohj�ei sthn
kallÐterh antÐlhyh twn fainomènwn pou emfanÐzontai stic uyhlìterec suqnìthtec.
Sto sq ma 2.41 emfanÐzontai sqhmatik� ta antÐstoiqa montèla mikroÔ s matoc pou
mporoÔn na antikatast soun to MOSFET sthn sqedìn-statik  kai thn mh-statik 
perioq  leitourgÐac. UpogrammÐzetai ìti ta montèla aut� mikroÔ s matoc antikaji-
stoÔn to es¸tero mèroc tou tranzÐstor kai den perièqoun ta exwterik� stoiqeÐa tou
tranzÐstor.

Sq ma 2.41: Sqedìn-statikì kai mh-statikì isodÔnamo montèlo mikroÔ s matoc. Ariste-
r� brÐsketai to sqhmatikì pou mporeÐ na antikatast sei èna MOSFET sthn perÐptwsh thc
an�lushc mikroÔ s matoc gia suqnìthtec tìso qamhlèc ¸ste na leitourgeÐ h di�taxh sthn
sqedìn-statik  (QS) perioq . Oi timèc twn stoiqeÐwn upologÐzontai me b�sh tic (2.82),
(2.80), (2.95) kai thn sqetik  an�lush. Metatrèpontac tic diagwgimìthtec kai tic qwrhti-
kìthtec se migadikèc diagwgimìthtec dÔnatai na epektajeÐ to montèlo ètsi ¸ste na kalÔptei
kai thn mh-statik  sumperifor� (NQS), sqhmatikì dexi�. UpogrammÐzetai ìti ta montèla
aut� mikroÔ s matoc antikajistoÔn to es¸tero mèroc tou tranzÐstor kai den perièqoun ta
exwterik� stoiqeÐa tou tranzÐstor.

Oi migadikèc diagwgimìthtec tou NQS montèlou tou sq matoc 2.41 upologÐzontai
b�sei twn antistoÐqwn stoiqeÐwn tou QS montèlou, kai ekfullÐzontai se aut� gia
qamhlèc suqnìthtec. H epèktash aut  sthrÐzetai sthn stajer� qrìnou τqs, ìpwc aut 
orÐzetai sthn sqèsh (2.154). EpÐshc sthn (2.154) orÐzetai kai h bohjhtik  metablht 
τ0 pou eÐnai amet�blhth me thn pìlwsh kai exart�tai mìno apì thn gewmetrÐa tou
tranzÐstor kai thn teqnologÐa [75, 76]. Sumplhrwmatik� orÐzetai kai h antÐstoiqh
suqnìthta fqs.

τqs ≡ τ0

30
· 4q2

s + 4q2
d + 12qsqd + 10qs + 10qd + 5

(qs + qd + 1)3
, τ0 ≡

L2
eff

µeffUT

, fqs ≡ 1

τqs

(2.154)

UpogrammÐzetai sthn (2.154) h ex�rthsh thc stajer�c qrìnou apì to tetr�gwno
tou m kouc tou kanalioÔ, en¸ den ephre�zetai apì to pl�toc autoÔ. Poiotik� autì
mporeÐ na ermhneuteÐ me ton akìloujo trìpo. To kan�li en gènei sumperifèretai
san gramm  metafor�c. ProseggÐzontac thn gramm  metafor�c san mÐa apl  sk�la
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orizìntiwn antist�sewn kai k�jetwn puknwt¸n, isqÔei ìti oi antist�seic ja eÐnai
an�logec tou lìgou Leff

Weff
en¸ to �jroisma twn k�jetwn puknwt¸n ja eÐnai an�logo

tou ginomènou Leff ·Weff . To de ginìmeno aut¸n twn dÔo megej¸n eÐnai pou sqetÐzetai
me thn suqnotik  sumperifor� thc gramm c kai to ginìmeno autì eÐnai an�logo tou
tetrag¸nou tou Leff kai anex�rthto tou Weff . Autì shmaÐnei ìti anamènoume mÐa
isqur  ex�rthsh tou fainomènou apì to m koc tou tranzÐstor kai, gia thn akrÐbeia, ìti
gia kontÔtera tranzÐstor ja megal¸nei tetragwnik� h stajer� qrìnou tou fainomènou
kai, sunep¸c, ja apaiteÐtai antÐstoiqa megalÔterh suqnìthta gia na emfanisteÐ to
fainìmeno thc mh-statik c sumperifor�c.

Ta stoiqeÐa tou sqedìn-statikoÔ isodÔnamou kukl¸matoc mikroÔ s matoc èqoun
upologisteÐ  dh me thn mèqri t¸ra an�lush. Oi diagwgimìthtec gms kai gmd apì thn
sqèsh (2.80), h diagwgimìthta gmg apì thn sqèsh (2.82), kai oi qwrhtikìthtec CGS,
CGD, CBS, CBD, CGB apì tic diaqwrhtikìthtec thc sqèshc (2.95). Eidik� gia tic qw-
rhtikìthtec mporoÔn na graftoÔn kai aploÔsterec sqèseic gia ton upologismì touc,
an jewrhjeÐ ìti exet�zetai mìno h perÐptwsh thc anastrof c kai thc ex�ntlhshc,
sqèseic (2.155).

CGS = C ′
OX ·Weff · Leff · 2q2

s + 4qsqd + 3qs

(qs + qd + 1)2
, CBS = (n− 1) · CGS

CGD = C ′
OX ·Weff · Leff · 2q2

d + 4qsqd + 3qd

(qs + qd + 1)2
, CBD = (n− 1) · CGD

CGB =
n− 1

n
· (C ′

OX ·Weff · Leff − CGS − CGD)

(2.155)

Me b�sh ta parap�nw megèjh mporoÔn na upologistoÔn kai oi timèc twn stoiqeÐwn
tou isodÔnamou montèlou gia thn mh-statik  leitourgÐa, sqèseic (2.156).

Yms ≈ gms · ξm, Ymd ≈ gmd · ξm, Ym =
Yms − Ymd

n
,

ξm ≡ λ

sinh (λ)
≈ 1

1 + jωτqs

, λ = (1 + j) ·√3 · ωτqs

YGS ≈ jωCGSξc, YGD ≈ jωCGDξc, YBS = (n− 1) · YGS, YBD = (n− 1) · YGD,

YGB =
n− 1

n
· (jωC ′

OXWeffLeff − YGS − YGD)

ξc ≡ 2 · cosh (λ)− 1

λ · sinh (λ)
≈ 1

1 + jω τqs

2

(2.156)

Sthn (2.156) emfanÐzontai kai oi proseggÐseic pr¸tou bajmoÔ twn ìrwn ξm kai
ξc, en¸ mporoÔn na exaqjoÔn proseggÐseic kai megalÔterwn bajm¸n. 'Oso megalÔ-
teroc o bajmìc thc prosèggishc tìso se uyhlìterec suqnìthtec ja ft�nei h orj 
sumperifor� tou montèlou.

2.8.2 MontelopoÐhsh meg�lou s matoc
H prohgoÔmenh prosèggish parèqei èna montèlou pou mporeÐ men na kalÔyei thn mh-
statik  sumperifor� tou tranzÐstor all� mìno gia an�lush mikroÔ s matoc. Prokei-
mènw na exaqjeÐ èna montèlo pou na leitourgeÐ sto plaÐsio opoiasd pote an�lushc,

102 MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec



Kef�laio 2. Analutik  montelopoÐhsh tou MOS tranzÐstor

mÐa genikìterh lÔsh eÐnai aparaÐthto na epileqjeÐ. MÐa tètoia lÔsh eÐnai h teqnik  pou
onom�zetai kat�tmhsh kanalioÔ (channel segmentation) [77]. Kat� thn prosèggish
aut  to kan�li tou tranzÐstor jewreÐtai san mÐa akoloujÐa mikrìterwn kanali¸n,
eis�gontac ètsi sthn an�lush mÐa seir� kìmbwn eswterik� tou kanalioÔ, pou eÐnai ta
ìria twn es¸terwn tmhm�twn. Me autìn to trìpo, h Ðdia akrib¸c an�lush pou èqei
gÐnei mèqri ed¸, dhlad  èna sqedìn-statikì (QS) montèlo, mporeÐ na qrhsimopoihjeÐ
ètsi ¸ste na problefjeÐ h mh-statik  sumperifor� tou tranzÐstor. Me thn eisagwg 
twn endi�meswn kìmbwn, to kan�li plhsi�zei sthn dom  thc gramm c metafor�c, ìpou
ta endi�mesa shmeÐa mporoÔn na èqoun diaforetik  hlektrik  kat�stash t�shc kai
fortÐou an� p�sa stigm  an�loga me thn kajustèrhsh pou ja apaiteÐtai prokeimènw
na ft�sei h diakÔmansh thc t�shc stouc akrodèktec tou tranzÐstor sto k�je es¸-
tero shmeÐo tou kanalioÔ. Sto sq ma 2.42 parousi�zetai mÐa grafik  perigraf  thc
teqnik c.

Sq ma 2.42: Me b�sh thn teqnik  thc kat�tmhshc kanalioÔ (channel segmentation),
èna sqedìn-statikì (QS) montèlo mporeÐ na epektajeÐ se mh-statikì (NQS). To kan�li
tou tranzÐstor antikajÐstatai apì mÐa akoloujÐa kanali¸n me upopollapl�sio m koc kai
pl jouc, èstw, NSEG. To sunolikì m koc kai sta dÔo montèla eÐnai telik¸c to Ðdio. H
alusÐda twn endi�meswn kìmbwn plhsi�zei thn dom  mÐac gramm c metafor�c kai mporeÐ
na problèyei fainìmena kajustèrhshc met�doshc twn metabol¸n twn shm�twn sta �kra
tou tranzÐstor, kat� m koc tou kanalioÔ. UpogrammÐzetai ìti katatmeÐtai to kan�li kai ìqi
to tranzÐstor. Ta exwterik� stoiqeÐa tou tranzÐstor, pou brÐskontai pèran twn orÐwn tou
kanalioÔ, exakoloujoÔn na proseggÐzontai omoÐwc se amfìterec tic peript¸seic.

EÐnai shmantikì na gÐnei mÐa diasaf nish tou ìrou kat�tmhsh kanalioÔ kai na
mhn ennohjeÐ san kat�tmhsh tranzÐstor. Oi es¸teroi kìmboi antistoiqoÔn se shmeÐa
eswterik� tou kanalioÔ pou fusik� den brÐskontai se epaf  me ta exwterik� stoiqeÐa
tou tranzÐstor, ìpwc oi en seir� antist�seic   oi parasitikèc dÐodoi an�mesa apì touc
akrodèktec source kai drain kai to upìstrwma. Sunep¸c to montèlo pou perigr�fei
thn leitourgÐa twn mikrìterwn tmhm�twn tou kanalioÔ den mporeÐ na eÐnai èna pl rec
montèlo tranzÐstor, all� na perièqei mìno to es¸tero mèroc tou montèlou pou afor�
sthn leitourgÐa tou kanalioÔ.

H epèktash tou montèlou sthn mh-statik  leitourgÐa prèpei na gÐnetai me èna
sunep  trìpo wc proc tic qamhlìterec suqnìthtec thc sqedìn-statik c leitourgÐac.
Se statikèc kai qamhlìsuqnec analÔseic, sunep¸c, ta dÔo montèla ofeÐloun na dÐnoun
ìmoia apotelèsmata, ìpwc kai me to montèlo qamhloÔ s matoc pou analÔjhke sthn
prohgoÔmenh par�grafo (2.8.1). AnagkaÐa proôpìjesh gia autì eÐnai h gewmetrÐa
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thc di�taxhc na mhn all�zei kai sunep¸c to �jroisma twn mhk¸n twn tmhm�twn tou
kanalioÔ na eÐnai Ðso me to m koc tou kanalioÔ. IdiaÐterh, ìmwc, prosoq  qrei�zetai
na dojeÐ sta fainìmena pou sqetÐzontai me to m koc tou kanalioÔ sta endi�mesa
tm mata, ètsi ¸ste na mhn sunupologÐzontai sthn ìlh di�taxh diaforetik� apì ìti ja
proseggizìntousan sthn perÐptwsh tou mh katatmhmènou kanalioÔ.

Ta mh-statik� montèla èqoun auxhmènh poluplokìthta se sqèsh me ta sqedìn-
statik� sumperifor�. Pio eidik�, sthn teqnik  thc kat�tmhshc kanalioÔ, to pl joc
twn tmhm�twn pou ja epileqjeÐ na qrhsimopoihjeÐ sqetÐzetai monotonik� me thn aÔ-
xhsh thc poluplokìthtac tou mh-statikoÔ montèlou. Prokeimènw na perioristeÐ aut 
h arnhtik  epÐdrash, mporeÐ na akoloujhjeÐ mÐa teqnik  apodotik c kat�tmhshc ka-
nalioÔ [78], h opoÐa anaptÔqjhke sto plaÐsio aut c thc diatrib c kai onom�zetai
minimalistik  kat�tmhsh kanalioÔ.

Sto plaÐsio thc teqnik c aut c belti¸netai h taqÔthta tou montèlou me thn bo -
jeia tou ierarqikoÔ diaqwrismoÔ metaxÔ tou mèrouc tou montèlou pou perigr�fei thn
idanik  sumperifor� tou tranzÐstor kai tou mèrouc pou esti�zei se an¸terhc t�xhc
fainìmena. To pr¸to mèroc afor� ousiastik� sthn an�lush pou anaptÔqjhke sthn
par�grafo 2.2, en¸ to deÔtero se autèc pou akoloÔjhsan aut c, par�grafoi 2.3,
2.4, 2.5 kai 2.6. ParathreÐtai ìti to mèroc thc upologistik c apaÐthshc tou montè-
lou pou sqetÐzetai me thn idanik  leitourgÐa thc di�taxhc eÐnai èna mikrì komm�ti thc
sunolik c. Apì thn �llh h fÔsh twn fainomènwn an¸terhc t�xhc kai h montelopoÐh-
sh touc ousiastik� afor� sto epÐpedo thc ìlhc di�taxhc. Genik�, mporeÐ na eipwjeÐ
ìti, k�je èna fainìmeno an¸terhc t�xhc antikajist� èna mègejoc tou idanikoÔ montè-
lou me mÐa energ  tim  autoÔ tou megèjouc. San par�deigma mporeÐ na anaferjeÐ h
meÐwsh thc kinhtikìthtac lìgw tou k�jetou pedÐo, h montelopoÐhsh thc opoÐac gÐ-
netai upologÐzontac thn energ  tim c thc kinhtikìthtac an�loga me thn pìlwsh thc
di�taxhc.

Aut  h ierarqÐa mporeÐ na odhg sei se mÐa perigraf  tou sqedìn-statikoÔ mo-
ntèlou san èna montèlo pou pr¸ta asqoleÐtai me ìla ta an¸terhc t�xhc fainìmena,
upologÐzei me b�sh aut� k�poiec energèc timèc sta megèjh pou emfanÐzontai sto ka-
n�li, kai tèloc metafèrei autèc tic timèc san eÐsodo se èna montèlo pou perigr�fei
thn idanik  sumperifor� tou tranzÐstor. Me aut  th logik , dÔnatai na domhjeÐ èna
mh-statikì montèlo to opoÐo ja proseggÐzei ìla ta an¸terhc t�xhc fainìmena ìmoia
me to sqedìn statikì montèlo, jewr¸ntac dhlad  èna suneqèc kan�li, to opoÐo ìmwc
ja metafèrei ta apotelèsmata thc montelopoÐhshc twn fainomènwn an¸terhc t�xhc se
mÐa akoloujÐa kanali¸n, pou ja montelopoioÔntai me b�sh to idanikì montèlo. Me au-
tìn ton trìpo, to apaithtikìtero upologistik� mèroc tou montèlou den upologÐzetai
tìsec forèc ìsa kai ta tm mata tou kanalioÔ all� �pax. BebaÐwc, h epÐdrash sthn
poluplokìthta den eÐnai mìno jèma sunìlou exis¸sewn all� kai jèma topologÐac kai
mÐa dom  pou eis�gei eswterikoÔ kìmbouc aux�nei thn poluplokìtht� thc.

H meÐwsh thc telik c poluplokìthtac tou mh-statikoÔ montèlou eÐnai shmantik .
SugkrÐnontac to qrìno pou apaiteÐtai gia thn ektèlesh mÐac prosomoÐwshc enìc mh-
statikoÔ montèlou me b�sh thn klassik  teqnik  kat�tmhshc kanalioÔ, se sqèsh
me antÐstoiqh prosomoÐwsh montèlou me b�sh thn minimalistik  kat�tmhsh kanalioÔ,
parathreÐtai ìti o apaitoÔmenoc qrìnoc sthn deÔterh perÐptwsh eÐnai perÐpou o misìc
se sqèsh me thn pr¸th, kai perÐpou dipl�sioc se sqèsh me to sqedìn-statikì montèlo.
Ta sqetik� apotelèsmata emfanÐzontai ston pÐnaka 2.2 [78].

Sto sq ma 2.43 parousi�zontai metr seic Y-paramètrwn pou emfanÐzoun qara-
kthristik� thn mh-statik  sumperifor� twn MOSFET. To mh-statikì montèlo pe-
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Montèlo
An�lush QS NQS - kat�tmhsh kanalioÔ

minimalistik  klassik  lìgoc NQS (min/kl)
S-par�metroi 1 1.82 3.73 0.51

qronik  (transient) 1 1.91 3.68 0.52
PÐnakac 2.2: O qrìnoc prosomoÐwshc me b�sh di�fora montèla, kanonikopoihmènoc wc
proc to sqedìn-statikì (QS) montèlo. H teqnik  thc minimalistik c kat�tmhshc kanalioÔ
aux�nei ton qrìno prosomoÐwshc tou mh-statikoÔ montèlou se sqèsh me to sqedìn-statikì
kat� to èna trÐto perÐpou se sqèsh me thn antÐstoiqh aÔxhsh thc klassik c kat�tmhshc
kanalioÔ. Kai ta trÐa montèla pou sugkrÐnontai èqoun sthriqteÐ sto EKV3.0, en¸ oi proso-
moi¸seic aforoÔn se èna tranzÐstor meg�lou m kouc (L = 2µm) kai se sunj kec leitourgÐac
ìpou h mh-statik  sumperifor� eÐnai emfan c.

rigr�fei orj� to profÐl twn Y-paramètrwn se ìlo to eÔroc twn suqnot twn. To
sqedìn-statikì montèlo problèpei kai pèran thc suqnìthtac fqs thn proèktash thc
sumperifor�c twn qamhlìterwn suqnot twn, en¸ sthn pragmatikìthta ta fainìmena
kajustèrhshc mèsa sto kan�li all�zoun thn sumperifor� tou tranzÐstor. Stic Y-
paramètrouc shmantikì rìlo paÐzoun kai ta exwterik� stoiqeÐa tou tranzÐstor, ìpwc
h antÐstash sthn pÔlh kai sto upìstrwma. To mh-statikì montèlo pou qrhsimopoieÐ-
tai ed¸ sthrÐzetai sthn minimalistik  kat�tmhsh kanalioÔ.

H montelopoÐhsh thc sumperifor�c tou tranzÐstor me meg�lo s ma mporeÐ na
upologisteÐ kai me �llec teqnikèc, pèran thc kat�tmhshc tou kanalioÔ. MÐa tètoia
teqnik  sthrÐzetai sthn sumpar�jesh kampul¸n (spline collacation) [79, 80] kai me
b�sh aut  ulopoieÐtai to mh-statikì montèlo tou PSP.

2.8.3 EpÐdrash exwterik¸n stoiqeÐwn se uyhlèc suqnì-
thtec

'Opwc anafèrjhke  dh, shmantikì rìlo sthn sumperifor� se uyhlèc suqnìthtec è-
qoun ta exwterik� stoiqeÐa tou tranzÐstor, ìpwc oi antist�seic sthn pÔlh kai to
upìstrwma, kai oi di�forec qwrhtikìthtec. Emmènontac sthn dÐjurh je¸rhsh tou
tranzÐstor se sundesmologÐa koinoÔ source, ex�gontai oi sqèseic (2.157) pou sun-
du�zoun ta exwterik� stoiqeÐa me ta es¸tera qarakthristik� tou kanalioÔ. Upogram-
mÐzetai ìti sthn (2.157) oi qwrhtikìthtec CGS, CGD, CGB, CBS, CBD anafèrontai
stic antÐstoiqec qwrhtikìthtec tou sq matoc 2.41, afoÔ ìmwc se autèc sunupologi-
stoÔn kai oi antÐstoiqec qwrhtikìthtec uperk�luyhc (overlap), jus�nwshc (fringing)
kai twn parasitik¸n diìdwn. Oi de antÐstash RB anafèretai se aut n tou sq matoc
2.39 upì thn aplopoihmènh je¸rhsh tou upokukl¸matoc, me mhdenik  tim  stic an-
tist�seic RDSB kai �peirh stic RSB kai RDB [74]. H melèth aut¸n twn exis¸sewn
odhgeÐ sthn exagwg  diafìrwn tim¸n gia ta exwterik� stoiqeÐa, ìpwc èqei faneÐ kai
sthn exÐswsh (2.152) [67, 68].
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Sq ma 2.43: Metr seic Y-paramètrwn, nMOS me sqetik� meg�lo m koc kanalioÔ (L =
2µm), kai antÐstoiqec prosomoi¸seic me QS kai NQS montèlo. San eÐsodoc jewreÐtai h
pìrta 1, an�mesa apì thn pÔlh kai to source, en¸ san èxodoc h pìrta 2, an�mesa apì to
drain kai to source. H pìlwsh eÐnai h VGS = 0.6V , VDS = 0.5V kai VSB = 0V kai, upì
aut n thn pìlwsh, h qarakthristik  suqnìthta eÐnai fqs ≈ 1GHz. PlhsÐon aut c thc
suqnìthtac to QS montèlo arqÐzei na apomakrÔnetai apì tic metr seic, en¸ to NQS montèlo
problèpei ta fainìmena kajustèrhshc sto kan�li pou parousi�zontai se autèc tic uyhlìterec
suqnìthtec. Oi prosomoi¸seic èqoun gÐnei me tic antÐstoiqec ekdìseic tou EKV3.0 montèlou,
pou qrhsimopoieÐ thn teqnik  thc minimalistik c kat�tmhshc kanalioÔ.
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Y11 ≈ω2RGC2
GG + jωCGG

Y12 ≈− ω2RGCGGCGD − jωCGG

Y21 ≈gm − ω2RGCGG(τqsgm + CGD)− jω(τqsgm + CGD + gmRGCGG)

Y22 ≈gds + ω2

(
RGCGD(CGD + gmRGCGG)+
+RBCBD (CBD + gmbRB(CBD + CBS + CGB))

)
+

+ jω (CGD(1 + gmRG) + CBD(1 + gmbRB))

CGG =CGS + CGD + CGB

(2.157)

Gia thn plhrèsterh perigraf  thc uyÐsuqnhc sumperifor�c tou montèlou parou-
si�zontai sto sq ma 2.44 oi Y-par�metroi gia mÐa seir� tranzÐstor me di�fora m kh
kanalioÔ. Sta megalÔtera m kh emfanÐzontai stic uyhlìterec suqnìthtec mh-statik�
fainìmena. Sta mikrìtera m kh ta fainìmena kajustèrhshc den eÐnai èntona sto eÔ-
roc suqnot twn pou melet�tai, all� epikrateÐ h epirro  twn exwterik¸n stoiqeÐwn.
Melet¸ntac tic sqèseic (2.157) ex�gontai sumper�smata susqètishc twn exwterik¸n
stoiqeÐwn kai twn Y-paramètrwn.

2.9 Loip� fainìmena kanalioÔ

2.9.1 Fainìmeno pÐeshc dom c apomìnwshc rhq c t�-
frou (shallow trench isolation (STI) stress effect)

Sthn par�grafo 2.5.1 anafèrjhke h epÐdrash twn dom¸n apomìnwshc twn tranzÐstor
p�nw stic hlektrikèc idiìthtec touc. Sqetik� me thn teqnik  shallow trench isolation
(STI), anafèrjhke ìti to kan�li ephre�zetai diaforetik� sta �kra tou apì ìti sto
mèso, me sunèpeia ta sten� tranzÐstor na emfanÐzoun diaforetik  sumperifor� se
sqèsh me ta pio plati�, ìpou h diaforopoÐhsh sta �kra eÐnai amelhtèa. Apì thn
�llh, oi STI domèc askoÔn mÐa pÐesh ston hmiagwgì tou upostr¸matoc ephre�zontac
topik� tic hlektrikèc idiìthtec tou. An�logh me thn apìstash apì thn dom , eÐnai kai
h pÐesh h opoÐa askeÐtai topik� se k�je shmeÐo tou hmiagwgoÔ. Sunep¸c h epÐdrash
thc pÐeshc sto tranzÐstor exart�tai apì thn apìstash metaxÔ thc STI dom c kai tou
kanalioÔ.

Se poludaqtulikèc diat�xeic h epirro  tou fainomènou eÐnai pio polÔplokh, kaj¸c
k�je d�qtulo èqei diaforetik  apì st�sh apì thn STI dom . Apotèlesma autoÔ tou
fainomènou eÐnai telik� h ex�rthsh thc sumperifor�c tou tranzÐstor apì to pl joc
twn daqtÔlwn [68]. Pio sugkekrimèna h pÐesh twn STI dom¸n ephre�zoun thn kinh-
tikìthta kaj¸c kai thn sugkèntrwsh twn fortÐwn, kai sunep¸c thn t�sh katwflÐou
kaj¸c kai ton suntelest  fainomènou s¸matoc [81, 82]. EpÐshc ephre�zontai oi par�-
metroi pou sqetÐzontai me merik� fainìmena kontoÔ kanalioÔ, to fainìmeno koresmoÔ
taqÔthtac kai to DIBL [28].

Sto sq ma 2.45 faÐnetai èna aplopoihmèno sq ma pou apeikonÐzei thn jèsh thc
dom c apomìnwshc STI se sqèsh me to upìloipo tranzÐstor. P�nw sto sq ma orÐ-
zontai kai oi par�metroi SA, SB kai SD pou sqetÐzontai me thn eidik  montelopoÐhsh
tou fainomènou.

H montelopoÐhsh thc epÐdrashc tou fainomènou ulopoieÐtai me thn bo jeia enìc
par�gonta (ASTI) pou sqetÐzetai me thn gewmetrÐa tou tranzÐstor kai faÐnetai sthn
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Sq ma 2.44: Metr seic (sÔmbola) kai prosomoi¸seic (grammèc) Y-paramètrwn, me b�sh
to montèlo EKV3.0, mÐac seir�c tranzÐstor diafìrwn mhk¸n, apì mikroÔ (L = 110nm
O) mèqri meg�lou m kouc (L = 2µm M). Ta endi�mesa m kh eÐnai L = 180nm (¤),
L = 250nm (◦), L = 450nm (¦), L = 1µm (×). Qarakthristik  eÐnai h diaforopoÐhsh twn
profÐl twn Y-paramètrwn an�loga me to m koc tou kanalioÔ. H qarakthristik  suqnìthta
twn mh-statik¸n fainomènwn eÐnai antistrìfwc an�logh tou tetrag¸nou tou m kouc tou
kanalioÔ, kai sunep¸c emfanÐzetai nwrÐtera sta meg�lou m kouc kan�lia, diaforopoi¸ntac
shmantik� thn sumperifor� se uyhlèc suqnìthtec ektrèpontac thn apì mÐa apl  proèktash
thc sumperifor�c se qamhlìterec suqnìthtec
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Sq ma 2.45: H sqetik  jèsh thc STI domèc me to upìloipo tranzÐstor. Sto sq ma
faÐnontai oi qarakthristikèc apost�seic pou sqetÐzontai me thn montelopoÐhsh thc epÐdrashc
thc pÐeshc pou askeÐ h dom  sto upìstrwma. SA kai SB eÐnai oi apost�seic twn akraÐwn
daqtÔlwn apì to STI en¸ me SD sumbolÐzetai h apìstash metaxÔ dÔo diadoqik¸n daqtÔlwn
thc pÔlhc. Sto sugkekrimèno aploðkì sq ma oi treic diast�seic autèc èqoun Ðdia tim , qwrÐc
autì na eÐnai o kanìnac.

Sq ma 2.46: H epÐdrash tou fainomènou pÐeshc (stress effect) thc teqnik c shallo-
w trench isolation (STI) sthn sumperifor� tou tranzÐstor. H t�sh katwflÐou (VTH)
kai to reÔma koresmoÔ (IDS,SAT ) diaforopoioÔntai an�loga me thn apìstash thc STI
dom c apì to tranzÐstor (SA,SB). H t�sh katwflÐou ex�getai apì thn teqnik  staje-
roÔ reÔmatoc, en¸ to reÔma IDS,SAT anafèretai sto reÔma tou kanalioÔ upì thn pìlwsh
VGS = VDS = 1.2V, VSB = 0V . Sthn ed¸ an�lush ta tranzÐstor èqoun èna d�qtulo, m koc
L = 70nm kai pl�toc W = 0.5µm. Ta sÔmbola antistoiqoÔn stic metr seic en¸ h gramm 
sto montèlo EKV3.0 pou ulopoieÐ to ed¸ analujèn montèlo.

MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec 109



Kef�laio 2. Analutik  montelopoÐhsh tou MOS tranzÐstor

sqèsh 2.158. O par�gontac autìc eÐnai mÐa ektÐmhsh an�logh thc pÐeshc pou dèqetai
sunolik� h di�taxh apì thn STI dom .

ASTI(SA, SB, SD) =
1

NF

NF−1∑

k=0

1

SA + LF

2
+ k(SD + LF )

+

+
1

NF

NF−1∑

k=0

1

SB + LF

2
+ k(SD + LF )

(2.158)

H t�sh katwflÐou, ìpwc kai o suntelest c fainomènou s¸matoc, emfanÐzei mÐa
grammik  ex�rthsh me ton par�gonta ASTI . Sunep¸c h ex�rthsh thc mporeÐ na p�rei
thn morf  thc sqèshc (2.159), sthn opoÐa to VTO,ref sumbolÐzei thn t�sh katwflÐou
mÐac monodaqtulik c di�taxhc me ta qarakthristikèc apost�seic gia to fainìmeno
pÐeshc tou STI SAref , SBref , sthn opoÐa den orÐzetai par�metroc SD. Me autì san
anafor�, kai me thn bo jeia thc paramètrou prosarmog c KV TO, ex�getai h t�sh
katwflÐou gia tic diat�xeic �llwn gewmetri¸n.

VTO = VTO,ref + KV TO · (ASTI(SA, SB, SD)− ASTI(SAref , SBref )) (2.159)

AntÐstoiqa me thn (2.159) mporoÔn na graftoÔn sqèseic gia ton suntelest  fai-
nomènou s¸matoc.

Sq ma 2.47: H epÐdrash tou fainomènou pÐeshc (stress effect) thc teqnik c shallow trench
isolation (STI) sthn sumperifor� twn poludaqtulik¸n tranzÐstor. H t�sh katwflÐou (VTH)
kai to reÔma koresmoÔ (IDS,SAT ) exart¸ntai apì to pl joc twn daqtÔlwn tou tranzÐstor.
H t�sh katwflÐou ex�getai apì thn teqnik  stajeroÔ reÔmatoc, en¸ to reÔma IDS,SAT

anafèretai sto reÔma tou kanalioÔ upì thn pìlwsh VGS = VDS = 1.2V, VSB = 0V . Sthn
ed¸ an�lush ta tranzÐstor èqoun SA = SB = 0.36µm kai to pl joc daqtÔlwn kumaÐnetai
apì 1 mèqri 10. To m koc tou k�je daqtÔlou eÐnai L = 70nm kai pl�toc W = 2.0µm. Ta
sÔmbola antistoiqoÔn stic metr seic en¸ h gramm  sto montèlo EKV3.0 pou ulopoieÐ to
ed¸ analujèn montèlo.
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H kinhtikìthta emfanÐzei mÐa pio polÔplokh ex�rthsh se sqèsh me ton suntelest 
ASTI . P�li me thn qr sh thc kinhtikìthtac anafor�c (µref ), upologismènh gia mÐa
monodaqtulik  di�taxh sugkekrimènwn qarakthristik¸n diast�sewn anafor�c, kai me
thn qr sh mÐac paramètrou prosarmog c KMU , mporeÐ na upologisteÐ h kinhtikìthta
gia èna tranzÐstor diaforetik¸n diast�sewn, ìpwc faÐnetai sthn sqèsh (2.160).

µ =
1 + KMU · ASTI(SA, SB, SD)

1 + KMU · ASTI(SAref , SBref )
µref (2.160)

Peiramatik� dedomèna epibebai¸noun thn orj  prosèggish tou montèlou autoÔ
gia thn epÐdrash thc pÐeshc tou STI sthn sumperifor� tou tranzÐstor. Sto sq ma
2.46 parousi�zontai metr seic kai prosomoi¸seic me b�sh to ed¸ parousiasjèn mo-
ntèlo pou deÐqnoun tic en lìgw sqèseic. Pio eidik� parousi�zetai h ex�rthsh thc
t�shc katwflÐou apì thn apìstash apì thn STI dom , kaj¸c kai h ex�rthsh tou
reÔmatoc koresmoÔ tou kanalioÔ, pou sundèetai, epiplèon, kai me thn ex�rthsh thc
kinhtikìthtac.

Sto, de, sq ma 2.47 parousi�zetai h epÐdrash tou STI stress effect se poludaqtu-
lik� tranzÐstor. Gia thn akrÐbeia emfanÐzetai h ex�rthsh thc t�shc katwflÐou, ìpwc
kai tou tou reÔmatoc koresmoÔ, apì to pl joc twn daqtÔlwn.

2.10 ReÔma ionismoÔ prìsptwshc (impact ioni-

zation current)
Mèqri stigm c èqei melethjeÐ mìno to reÔma tou kanalioÔ tou tranzÐstor. Apì thn
�llh èqoun anaferjeÐ oi parastikèc domèc twn diìdwn an�mesa apì touc akrodèktec
source kai drain kai to upìstrwma. Se aut� ta reÔmata èrqetai na prostejeÐ �llh
mÐa parasitik  sunist¸sa pou emfanÐzetai san èna reÔma apì ton akrodèkth drain
proc to upìstrwma. To reÔma autì onom�zetai reÔma ionismoÔ prìsptwshc (Impact
ionization current).

Oi foreÐc reÔmatoc, kaj¸c epitaqÔnontai apì thn diafor� t�shc sta �kra tou
kanalioÔ, megistopoioÔn thn taqÔthta touc sto �kro tou drain. H taqÔthta touc
eÐnai dunatìn na prokalèsei ton ionismì thc perioq c plhsÐon tou akrodèkth tou
drain kai thn dhmiourgÐa eleÔjerwn forèwn reÔmatoc. 'Ena mèroc aut¸n twn forèwn
ja dhmiourg sei, lìgw kai thc diafor�c dunamikoÔ VDB, èna reÔma (IDB) apì ton
akrodèkth drain proc to upìstrwma [83, 84].

H montelopoÐhsh autoÔ tou reÔmatoc dÔnatai na epiteuqjeÐ apì thn sqèsh 2.161,
h opoÐa sthrÐzetai ston upologismì tou reÔmatoc tou kanalioÔ, kai stic paramètrouc
tou fainomènou tou koresmoÔ taqÔthtac, par�grafoc 2.4.1. Epiplèon qrhsimopoioÔn-
tai oi par�metroi prosarmog c tou fainomènou IBA, IBB kai IBN [10].

IDB =
IBA · (VDS−2 · IBN · VDS,SAT )

IBB

exp




−IBB ·
√

εsi·XJ

C′OX

VDS−2 · IBN · VDS,SAT


 · IDS (2.161)

Sto sq ma 2.48 emfanÐzontai metr seic tou reÔmatoc ionismoÔ prìsptwshc kaj¸c
kai prosomoi¸seic pou epibebai¸noun thn ikanìthta orj c perigraf c tou montèlou.
Endiafèron parousi�zei h mh monìtonh sqèsh tou reÔmatoc me thn t�sh sthn pÔlh
[4].
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Sq ma 2.48: To reÔma ionismoÔ prìsptwshc (impact ionization current) mÐac nMOS di�-
taxhc, diast�sewn L = 70nm kai W = 1µm, mÐac CMOS teqnologÐac, onomastikoÔ m kouc
70nm. Ta sÔmbola antistoiqoÔn se metr seic diafìrwn pol¸sewn, kai oi grammèc antistoi-
qoÔn sthn apìkrish tou montèlou EKV3.0 pou sthrÐzei thn prosomoÐwsh tou fainomènou
sthn an�lush pou parousi�zetai ed¸. To reÔma IDB èqei metrhjeÐ kai upologisteÐ san to
reÔma pou exèrqetai apì ton kìmbo tou upostr¸matoc.

Shmantikì eÐnai na epishmanjeÐ ìti parousÐa tou reÔmatoc IDB, akur¸netai h taÔ-
tish tou reÔmatoc kanalioÔ kai tou reÔmatoc ston akrodèkth drain. Plèon to reÔma
tou akrodèkth drain sundèetai me to reÔma tou kanalioÔ wc �jroisma autoÔ kai tou
reÔmatoc ionismoÔ prìsptwshc, sqèsh (2.162), anaferìmenoi fusik� sto es¸tero mè-
roc tou tranzÐstor, kai agno¸ntac ta reÔmata twn exwterik¸n stoiqeÐwn, ìpwc twn
parasitik¸n diìdwn. H sÔndesh aut  ephre�zei kai ton orismì twn diagwgimot twn
kai ìlwn twn megej¸n pou sqetÐzontai me to metroÔmeno ID.

ID = IDB + IDS (2.162)

2.11 ReÔma pÔlhc (gate current)
Apì thn arq  thc an�lushc kai montelopoÐhshc tou MOSFET, èqei jewrhjeÐ ìti
to ulikì thc pÔlhc eÐnai ènac monwt c, kai sunep¸c den epitrèpei sto reÔma na ton
diaper�sei. Kaj¸c oi teqnologÐec odhgoÔntai se ìlo kai mikrìterec diast�seic twn
diat�xewn, analogik� mikraÐnei kai to p�qoc tou monwt  [85]. Stic montèrnec teqno-
logÐec parathreÐtai ìti plèon up�rqei èna mh amelhtèo reÔma pou pern�ei mèsa apì ton
monwt  thc pÔlhc[86]. H montelopoÐhsh autoÔ tou reÔmatoc eÐnai idiaÐtera shmantik ,
kaj¸c all�zei thn ìlh leitourgÐa tou tranzÐstor. To reÔma autì sqetÐzetai me to
fainìmeno s raggac (tunneling effect) pou parathreÐtai entonìtero kaj¸c leptaÐnei
to ulikì tou monwt  [87].

Ac shmeiwjeÐ se autì to shmeÐo ìti, dedomènhc thc parasitik c di�stashc tou
reÔmatoc thc pÔlhc, gÐnontai prosp�jeiec ston tomèa thc kataskeu c na meiwjeÐ to
epÐpedo autoÔ tou reÔmatoc. O basikìc �xonac eÐnai me thn melèth nèwn ulik¸n gia
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ton monwt , me kallÐterec idiìthtec se sqèsh me to oxeÐdio tou puritÐou (SiO2), pou
eÐnai to plèon sunhjismèno.

H montelopoÐhsh tou fainomènou tou reÔmatoc pÔlhc gÐnetai mèsa apì ton upolo-
gismì thc pijanìthtac na diaper�sei èna fortÐo ton monwt . Me b�sh thn orologÐa
thc mèqri t¸ra montelopoÐhshc aut  h pijanìthta upologÐzetai ìpwc sthn sqèsh
(2.163). Shmei¸netai ìti aut  h sqèsh anafèretai sto fainìmeno qwrÐc na sunupo-
logÐzei thn epirro  �llwn fainomènwn se autì, ìpwc h ex�ntlhsh polukrustallikoÔ
puritÐou   ta kbantik� fainìmena.

ΨOX = VGB − VFB −ΨP + 2qsUT

ptun =





exp


−EB ·tOX

XB


 1

1+

√
1− |ΨOX |

XB

+
√

1− |ΨOX |
XB





 |ΨOX | < XB

exp
(
−EB ·tOX

|ΨOX |

)
|ΨOX | ≥ XB

(2.163)

Sthn (2.163) me XB sumbolÐzetai to Ôyoc tou katwflÐou fainomènou s raggac,
metaxÔ hmiagwgoÔ kai monwt  (tunneling barrier height), kai to EB antistoiqeÐ se mÐa
qarakthristik  tim  tou hlektrikoÔ pedÐou, pou qrhsimopoieÐtai ed¸ san par�metroc
prosarmog c. Epiplèon, me ΨOX sumbolÐzetai h diafor� dunamikoÔ sta �kra tou
monwt .

Me b�sh thn pijanìthta ptun upologÐzetai to reÔma pou ja diapern� ton monwt .
Sthn perÐptwsh thc suss¸reushc, oi akrodèktec source kai drain eÐnai hlektrik�
apomonwmènoi kai ìlo to reÔma èrqetai ston akrodèkth thc pÔlhc apì to upìstrwma.
H, de, tim  tou dÐnetai apì thn sqèsh (2.164).

IGB = −KG ·Weff · Leff

t2OX

·ΨOX · |ΨOX | · ptun, VGB < VFB (accumulation) (2.164)

AntÐjeta, Sthn perÐptwsh thc anastrof c, kai thc ex�ntlhshc, h ro  tou reÔ-
matoc phg�zei apì thn pÔlh kai eisèrqetai sto kan�li. Apì to kan�li diamoir�zetai
stouc akrodèktec source kai drain, an�loga me thn pìlwsh, sqèsh (2.165).

αgc =
q2
d + qd − q2

s − qs

1 + 2qs

(
1

qs

+
2 · UT

ΨOX

)
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s−qs
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2EBtOXUT

ΨOX |ΨOX | |ΨOX | ≥ XB

IGC = 2KG
WeffLeff

t2OX

ΨOXqsnUT ptun · 2 + αgc

2− βgc

, VGB ≥ VFB (inversion)

IGD = IGC
2− βgc

2 + αgc

3 + αgc

3− βgc

, IGS = IGC − IGD

(2.165)

Sthn sqèsh (2.165) me IGC sumbolÐzetai ìlo to reÔma pou diapern� ton monwt 
thc pÔlhc kai phgaÐnei sto kan�li, en¸ oi sumbolismoÐ IGD kai IGS anafèrontai stic
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dÔo sunist¸sec tou IGC , h, men, IGD eÐnai to reÔma pou suneqÐzei proc ton akrodèkth
drain, en¸ h IGS eÐnai to reÔma pou suneqÐzei proc ton akrodèkth source. EÐnai
profanèc ìti to �jroisma twn dÔo sunistws¸n dÐnei to olikì reÔma tou akrodèkth
thc pÔlhc.

2.11.1 ReÔma epik�luyhc pÔlhc (overlap gate current)
To montèlo pou analÔjhke wc ed¸ sqetik� me to reÔma thc pÔlhc afor� sthn epif�-
neia thc pÔlhc pou brÐsketai �nwjen tou kanalioÔ. 'Opwc ìmwc anafèrjhke kai sthn
par�grafo 2.4.5, sqetik� me thn qwrhtikìthta epik�luyhc, èna mèroc tou monwt 
thc pÔlhc brÐsketai pèran twn orÐwn tou kanalioÔ kai �nwjen twn energ¸n perioq¸n
twn source kai drain. Mèsw aut c thc perioq c tou monwt  up�rqei, epÐshc, èna
parasitikì reÔma pou qrei�zetai na montelopoihjeÐ.

Sq ma 2.49: Metr seic tou reÔmatoc tou akrodèkth thc pÔlhc se dÔo tranzÐstor, èna
makrioÔ kanalioÔ (L = 2µm) kai èna kontoÔ kanalioÔ (L = 70nm), upì dÔo diaforetik¸n
pol¸sewn sta �kra tou kanalioÔ, afenìc sthn grammik  perioq  (VDS = 50mV ) kai afe-
tèrou sto koresmì (VDS = 1.2V ). Sto tranzÐstor kontoÔ kanalioÔ h entonìterh sqetik�
parousÐa tou reÔmatoc epik�luyhc pÔlhc faÐnetai stic metr seic tou reÔmatoc pÔlhc ston
koresmì. Ta sÔmbola antistoiqoÔn se metr seic mÐac CMOS teqnologÐac el�qistou onoma-
stikoÔ m kouc 70nm kai oi grammèc se prosomoi¸seic me to montèlo EKV3.0 pou sthrÐzei
thn perigraf  tou reÔmatoc thc pÔlhc sto montèlo pou analÔjhke ed¸.

H tim  tou reÔmatoc pÔlhc eÐnai, ìpwc faÐnetai kai stic sqèseic (2.164) kai (2.165),
eÐnai an�logh tou m kouc tou kanalioÔ. AntÐjeta, to reÔma epik�luyhc pÔlhc den e-
xart�tai apì to m koc tou kanalioÔ all� mìno apì to m koc thc epikaluptìmenhc
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perioq c tou monwt . Sunep¸c h parousÐa tou reÔmatoc epik�luyhc ja gÐnetai ento-
nìtera emfan c sta tranzÐstor me kontì kan�li.

H montelopoÐhsh tou reÔmatoc epik�luyhc pÔlhc faÐnetai sthn sqèsh (2.166). Se
aut n thn èkfrash tou montèlou èqei jewrhjeÐ to ulikì thc pÔlhc idanikìc agwgìc,
  alli¸c èqei agnohjeÐ to fainìmeno ex�ntlhshc pÔlhc (polysilicon depletion), ìpwc
kai h energ  perioq  twn perioq¸n source kai drain. O sunupologismìc twn pepe-
rasmènwn sugkentr¸sewn fortÐwn stouc akrodèktec, ja eÐqe san sunèpeia thn mh
taÔtish thc pt¸shc t�shc sta �kra tou monwt  Ðsh me thn diafor� dunamikoÔ twn
�krodekt¸n. To montèlo ekfr�zetai wc proc ton akrodèkth X, o opoÐoc mporeÐ na
eÐnai eÐte o S (source) eÐte o D (drain).

ΨOX,ov,X = VGB − VXB, X = {S, D}

ptun,ov,X =





e

−EB ·tOX
XB


 1

1+

√
1−

|ΨOX,ov,X |
XB

+

√
1− |ΨOX,ov,X |

XB




|ΨOX,ov,X | < XB

e
− EB ·tOX
|ΨOX,ov,X | |ΨOX,ov,X | ≥ XB

IGX,ov = KG · Weff · Lov,gc

t2OX

·ΨOX,ov,X · |ΨOX,ov,X | · ptun,ov,X

(2.166)

Sto sq ma 2.49, parousi�zontai metr seic reÔmatoc pÔlhc, pou èqoun montelopoihjeÐ
me thn an�lush pou parousi�zetai ed¸. Sthn perÐptwsh thc grammik c perioq c
leitourgÐac, ìpou VDS = 50mV , dhlad  eÐnai sqetik� mikrì, parathreÐtai ìti to
reÔma pÔlhc eÐnai omìshmo tou VGB, ìpwc kai twn VGS kai VGD. Ston koresmì, ìpou
ta VGS kai VGD eÐnai eterìshma gia k�poio eÔroc tim¸n tou VGB, parathreÐtai ìti
to reÔma epik�luyhc pÔlhc prostÐjetai algebrik� sto reÔma thc pÔlhc kai prokaleÐ
thn diafwnÐa, se èna eÔroc tim¸n, twn pros mwn tou olikoÔ reÔmatoc pÔlhc IG kai
thc t�shc VGB. Sto tranzÐstor kontoÔ kanalioÔ, ìpou to reÔma epik�luyhc eÐnai
megalÔtero mèroc tou olikoÔ reÔmatoc, to fainìmeno parathreÐtai pio èntona.

2.12 Jìruboc
O jìruboc apoteleÐ mÐa shmantikìtath par�metro sthn leitourgÐa kai thn sumperi-
for� twn kuklwm�twn. Makroskopik� jewr¸ntac thn leitourgÐa enìc kukl¸matoc,
isqÔei ìti h grammikìthta deÐqnei èna �nw ìrio twn shm�twn pou mporeÐ na diaqeiristeÐ
èna kÔklwma, en¸ o jìruboc deÐqnei to k�tw ìrio. H orj  prìbleyh thc tim c tou
kai h poiotik  tou ex�rthsh apì ta di�fora fainìmena eÐnai mÐa diadikasÐa idiaÐtera
polÔplokh.

O jìruboc pou emfanÐzetai se èna MOSFET mporeÐ na diaqwristeÐ se tèsseric
kathgorÐec. H pr¸th afor� ston jermikì jìrubo pou emfanÐzetai sto kan�li. H
tim  tou jorÔbou autoÔ eÐnai Ðdia gia k�je suqnìthta kai ephre�zetai apì di�fora
fainìmena. Eidikì endiafèron parousi�zoun di�fora fainìmena kontoÔ kanalioÔ me
allhloakurìmenec epidr�seic [88, 89]. EpÐshc sto kan�li emfanÐzetai kai ènac qa-
mhlìsuqnoc jìruboc, pou onom�zetai flicker noise, kai eÐnai antistrìfwc an�logoc
mÐac jetik c dÔnamhc thc suqnìthtac. Basikì rìlo, eidik� se uyÐsuqnec analÔseic
paÐzei o jìruboc pou metafèretai sthn pÔlh (induced gate noise) lìgw mh-statik¸n

MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec 115



Kef�laio 2. Analutik  montelopoÐhsh tou MOS tranzÐstor

(NQS) fainomènwn [90, 91]. Gia thn plhrìthta thc an�lushc anafèretai kai o jìru-
boc bol c pou emfanÐzetai sthn pÔlh. Ektìc tou eswterikoÔ tm matoc tou MOSFET
emfanÐzetai jermikìc jìruboc kai stic di�forec exwterikèc antist�seic.

2.12.1 Jermikìc jìruboc
O jermikìc jìruboc sto tranzÐstor ekfr�zetai mèsa apì mÐa par�metro (gn) pou eÐ-
nai h tim  thc agwgimìthtac pou ja dhmiourgoÔse to antÐstoiqo jermikì jìrubo, an
 tan mÐa kanonik  antÐstash. H tim  aut  ephre�zetai idiaÐtera apì fainìmena kontoÔ
kanalioÔ ta opoÐa èqoun èna allhloakurwtikì qarakt ra. H par�metroc gn upolo-
gÐzetai apì thn sqèsh 2.167. H par�metroc Ec èrqetai apì to fainìmeno koresmoÔ
taqÔthtac kontoÔ kanalioÔ, par�grafoc 2.4.1. O par�gontac SI2

DS
sumbolÐzei f�sma

puknìthtac isqÔoc (power spectral density   PSD) mÐac phg c reÔmatoc jorÔbou
par�llhla me to kan�li, an�mesa dhlad  apì touc akrodèktec source kai drain tou
es¸terou mèrouc tou tranzÐstor.
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= 4 · k · T · gn · Ispec

UT

(2.167)

Apì thn �llh, orÐzetai o par�gontac δ wc o lìgoc thc agwgimìthtac gn proc thn
agwgimìthta exìdou tou tranzÐstor (gds), ìpwc aut  upologÐzetai sto VDS = 0V ,
sqèsh (2.168).

δ ≡ gn

gds,VDS=0

(2.168)

O par�gontac δ apoteleÐ mÐa sÔgkrish metaxÔ tou jermikoÔ jorÔbou thc di�taxhc
se sqèsh me ton jìrubo pou ja emfanÐzontan sto kan�li, an leitourgoÔse san mÐa
apl  antÐstash me tim  (gds,VDS=0)

−1. Gia ta tranzÐstor meg�lou m kouc kanalioÔ,
qwrÐc èntona fainìmena koresmoÔ taqÔthtac, h tim  tou δ eÐnai kont� sthn mon�da
gia thn grammik  perioq  kai kont� sto 2

3
ston koresmì. Sta tranzÐstor kontoÔ

kanalioÔ, h tim  tou δ aux�nei kai plhsi�zei thn tim  2, tim  pou sumfwneÐ me di�fora
peiramatik� dedomèna [92].

2.12.2 Mh-statikìc jìruboc
Sthn RF perioq  leitourgÐac o jermikìc jìruboc tou kanalioÔ diapern� sthn pÔlh,
mèsw thc qwrhtik c sÔndeshc tou kanalioÔ me aut n. 'Oso aux�nei h suqnìthta o
jìruboc sthn pÔlh gÐnetai ìlo kai pio shmantikìc, kaj¸c h tim  tou apodeiknÔetai ìti
eÐnai an�logh thc suqnìthtac, en¸ o jermikìc jìruboc tou kanalioÔ den exart�tai apì
thn suqnìthta. Pèran tou jorÔbou sthn pÔlh, emfanÐzetai summetrik� kai jìruboc
sto upìstrwma, all� se mikrìtero bajmì. Dedomènhc thc fusik c sÔndeshc metaxÔ
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twn jorÔbwn thc pÔlhc kai tou kanalioÔ, apodeiknÔetai kai majhmatik� h susqètish
touc.

Jewr¸ntac touc tèsseric akrodèktec tou tranzÐstor dÔnatai na ekfrasteÐ o jì-
ruboc me tèsseric phgèc jorÔbou, mÐa se k�je èna akrodèkth. Me SI2

D
, SI2

S
, SI2

G
, SI2

B

sumbolÐzontai ta f�smata puknìthtac isqÔoc twn phg¸n aut¸n, en¸ me SIGI∗D sum-
bolÐzetai to f�sma thc susqètishc twn phg¸n sthn phg  kai to drain. AntÐstoiqoi
sumbolismoÐ qrhsimopoioÔntai kai gia ta upìloipa megèjh endiafèrontoc. Oi sqèseic
(2.169) perigr�foun posotik� ta megèjh aut� [90, 91, 75].
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(2.169)

Endiafèron parousi�zei h tim  thc susqètishc cIGID
, h opoÐa eÐnai kont� sto 0.4j.

2.12.3 Jìruboc qamhl¸n suqnot twn
Stic qamhlèc suqnìthtec sthn leitourgÐa tou MOSFET epikrateÐ o legìmenoc fli-
cker jìruboc   alli¸c 1/f (1 over f). H puknìthta isqÔoc tou jorÔbou autoÔ eÐnai
antistrìfwc an�logh mÐac dÔnamhc thc suqnìthtac, h opoÐa tupik� èqei tim  apì lÐ-
go mikrìterh thc mon�dac mèqri lÐgo megalÔterh tou 2. H phg  tou jorÔbou autoÔ
den eÐnai akìma pl rwc aposafhnismènh. Oi di�forec jewrÐec pou up�rqoun p�ntwc,
jètoun p�nta mÐa ex�rthsh tou jorÔbou antistrìfwc an�logh me to embadìn tou ka-
nalioÔ kai an�logh thc diagwgimìthtac. MÐa sqèsh pou perigr�fei ton flicker jìrubo
faÐnetai sthn sqèsh 2.170, sthn opoÐa me KF , EF kai AF sumbolÐzontai par�metroi
prosarmog c tou montèlou [93, 94].

SI2
DS ,f l = KF · gEF

m

C ′
OXWeffLefffAF

(2.170)

San genikì sqìlio, axÐzei na shmeiwjeÐ ìti o flicker jìruboc sta pMOS tranzÐstor
eÐnai shmantik� mikrìteroc apì ton antÐstoiqo sta nMOS [4].

Apì thn �llh, flicker jìruboc emfanÐzetai kai sthn pÔlh [95, 96]. H tim  tou eÐnai
an�logh tou tetrag¸nou tou reÔmatoc thc pÔlhc, sqèsh (2.171).

MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec 117



Kef�laio 2. Analutik  montelopoÐhsh tou MOS tranzÐstor

SI2
G,f l = KGF · I2

G

f
(2.171)

2.12.4 Jìruboc bol c (shot noise)

H teleutaÐa phg  jorÔbou pou emfanÐzetai sta tranzÐstor MOS eÐnai o jìruboc bol c
pou sqetÐzetai me to reÔma diaro c thc pÔlhc. H tim  tou eÐnai an�logh me to reÔma
diaro c, ìpwc faÐnetai sthn sqèsh (2.172) [97, 98].

SI2
G,sh = 2 · q · IG (2.172)

2.13 Statistik  an�lush
Kat� thn diadikasÐa thc sqedÐashc enìc oloklhrwmènou kukl¸matoc, o sqediast 
orÐzei tic diast�seic twn tranzÐstor. Idanik� mil¸ntac, o sqediast c epijumeÐ to
montèlo, pou qrhsimopoieÐ, na tou dÐnei me apìluth akrÐbeia thn sumperifor� tou
tranzÐstor. Asqètwc ìmwc tou pìso kalì mporeÐ na eÐnai èna montèlo, tÐjetai kai
èna deÔtero er¸thma pou sqetÐzetai me to pìso kal  mporeÐ na eÐnai h diadikasÐa ka-
taskeu c tou oloklhrwmènou. En gènei, diat�xeic me akrib¸c thn Ðdia epijumoÔmenh
gewmetrÐa den ja katal xoun na èqoun akrib¸c thn Ðdia hlektrik  sumperifor�. Autì
to fainìmeno ofeÐletai tìso sthn tuqaÐa anomoiogèneia pou mporeÐ na qarakthrÐzei
to upìstrwma p�nw sto opoÐo ulopoioÔntai ta tranzÐstor, ìso kai se mÐa apìstash
pou ja èqoun oi epijumhtèc diast�seic apì tic pragmatikèc diast�seic enìc tranzÐ-
stor. Se telikì epÐpedo, èna set paramètrwn pou perigr�fei orj� mÐa teqnologÐa,
ofeÐlei na mhn anafèretai mìno se mÐa ekdoq  twn diat�xewn thc teqnologÐac, all�
na perigr�foun kai thn statistik  diakÔmansh thc sumperifor�c twn tranzÐstor [6].

H statistik  aut  diakÔmansh emperièqetai kai sthn diadikasÐa sqedÐashc enìc
kukl¸matoc. An kai arqÐzei h diadikasÐa jewr¸ntac mÐa sugkekrimènh sumperifor�
thc teqnologÐac, ofeÐlei o sqediast c na ektelèsei sto tèloc kai di�forec statisti-
kèc analÔseic pou na ektimoÔn thn statistik  sumperifor� tou kukl¸matoc, kai na
bebai¸sei ìti aut  h sumperifor� paramènei entìc twn prodiagraf¸n gia èna ikano-
poihtikì posostì peript¸sewn[99].

H melèth thc statistik c sumperifor�c enìc kukl¸matoc mporeÐ na gÐnei ekte-
l¸ntac èna sÔnolo prosomoi¸sewn me akraÐa endeqìmena thc teqnologÐac (corner
parameter sets), pou antistoiqoÔn se set paramètrwn pou perigr�fei ta ìria tic
statistik c sumperifor�c mÐac teqnologÐac. Sunep¸c ektim¸ntai kai oi statistik� o-
riakèc sumperiforèc tou kukl¸matoc. Me autìn ton trìpo melet¸ntai oi diakum�nseic
pou mporeÐ na ephre�soun oloklhrwtik� to kÔklwma, dedomènou ìti telik� se k�je
mÐa an�lush ja ektelesteÐ èna set paramètrwn gia ìla ta stoiqeÐa tou kukl¸matoc.

Apì thn �llh orÐzetai h statistik  an�lush tÔpou Monte Carlo. Se aut n mele-
t¸ntai oi statistikèc diakum�nseic thc sumperifor� tou kukl¸matoc jewr¸ntac ìmwc
mikrodiaforèc an�mesa stic paramètrouc pou perigr�foun thn sumperifor� to k�je
èna tranzÐstor (mismatch) [100, 101]. Gia par�deigma jewr¸ntac ìti h kinhtikìthta
den eÐnai Ðdia gia ìla ta tranzÐstor ìla ìti èqei mÐa tim  pou dÐnetai apì mÐa statistik 
katanom . Kat� thn an�lush aut  ekteleÐtai èna meg�lo pl joc prosomoi¸sewn kai
katagr�fetai h statistik  sumperifor� twn qarakthristik¸n tou kukl¸matoc.
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ApodeiknÔetai ìti h diakÔmansh twn diafìrwn paramètrwn tou k�je tranzÐstor
exart�tai apì ton embadìn tou kanalioÔ, kai, gia thn akrÐbeia, ìti eÐnai antistrìfwc
an�logh thc rÐzac autoÔ. Oi basikèc par�metroi enìc tranzÐstor, pou mporeÐ na
jewrhjeÐ h statistik  touc diakÔmansh, eÐnai h t�sh katwflÐou, h kinhtikìthta kai to
suntelest c fainomènou s¸matoc. MÐa gkaousian  statistik  katanom  eÐnai genik�
ikan  na perigr�yei thn sumperifor� twn teqnologi¸n CMOS [102].

Se epÐpedo majhmatik¸n, to montèlo thc statistik c diakÔmanshc mporeÐ na peri-
grafeÐ ìpwc sthn sqèsh 2.173. Oi metablhtèc VTO,a, µa, γa sumbolÐzoun thn tim  thc
t�shc katwflÐou, kinhtikìthta kai suntelest  fainomènou s¸matoc, antÐstoiqa, enìc
sugkekrimènou tranzÐstor me diast�seic Leff kai Weff , en¸ oi par�metroi AVTO,σ,
Aµ,σ, Aγ,σ eÐnai metablhtèc me tim  pou ex�getai apì mÐa gkaousian  statistik  kata-
nom  me mhdenik  mèsh tim . H tim  twn paramètrwn aut¸n eÐnai diaforetik  gia k�je
tranzÐstor enìc kukl¸matoc, en¸ oi par�metroi thc k�je mÐac statistik c katanom c
eÐnai Ðdiec.

VTO,a = VTO +
AVTO,σ√

Weff · Leff

µa = µ ·
(

1 +
Aµ,σ√

Weff · Leff

)

γa = γ +
Aγ,σ√

Weff · Leff

(2.173)

Sq ma 2.50: Statistik  an�lush, me morf  istogr�mmatoc, thc t�shc katwflÐou se 33
tranzÐstor nMOS me tic Ðdiec onomastikèc diast�seic (W

L = 10µm
2µm ), mÐac teqnologÐac CMOS

180nm. Oi katanom  perigr�fetai ikanopoihtik� apì mÐa gkaousian  kampÔlh. H t�sh
katwflÐou èqei exaqjeÐ me thn teqnik  tou stajeroÔ reÔmatoc. H diakekommènh grammènh
deÐqnei mÐa gkaousian  kampÔlh pou tairi�zei sthn statistik  aut  katanom .

Metr seic se èna pl joc tranzÐstor me Ðdiec onomastikèc diast�seic epibebai¸-
noun thn statistik  katanom  twn hlektrik¸n paramètrwn touc. Sto sq ma 2.50 faÐ-
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netai h statistik  katanom  thc t�shc katwflÐou se tri�nta trÐa tranzÐstor nMOS,
kaj¸c kai mÐa prosèggish thc me gkaousian  kampÔlh.

¤
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Kef�laio 3

UlopoÐhsh tou Montèlou

3.1 UlopoÐhsh me b�sh thn gl¸ssa C

Sto prohgoÔmeno kef�laio anaptÔqjhke h fusik  kai majhmatik  optik  thc mo-
ntelopoÐhshc tou MOSFET. Gia na gÐnei qrhsimopoi simh, aut  h an�lush, prèpei
na eisaqjeÐ kat�llhla sto plaÐsio enìc prosomoiwt  hlektrik¸n kuklwm�twn, upì
thn morf  enìc hlektrikoÔ stoiqeÐou. En gènei, tètoiou eÐdouc prosomoiwtèc eÐnai
grammènoi sthn gl¸ssa programmatismoÔ C, kai perièqoun di�fora gnwst� montè-
la, pou perigr�foun ta stoiqeÐa twn hlektrik¸n kuklwm�twn, sumperilambanomènwn
twn MOSFET. H eisagwg  enìc epiplèon stoiqeÐou stouc prosomoiwtèc apaiteÐ thn
graf  twn exis¸sewn tou montèlou sthn gl¸ssa C, kai me b�sh ta eidik� qarakthri-
stik� leitourgÐac kai orologÐac tou k�je prosomoiwt . AkoloÔjwc, o k¸dikac autìc
metaglwttÐzetai (compile) se morf  dunamik c biblioj khc sunart sewn kai mporeÐ
na fortwjeÐ apì ton prosomoiwt  kai na qrhsimopoihjeÐ apì autìn san stoiqeÐo enìc
kukl¸matoc.

H perigraf  tou montèlou sthn gl¸ssa C sunÐstatai sthn èkfrash se aut  thn
gl¸ssa twn sunart sewn pou sundèoun ta reÔmata, ta fortÐa (  tic diaqwrhtikìth-
tec) kai ton jìrubo stouc akrodèktec tou stoiqeÐou me tic t�seic stouc akrodèktec
tou stoiqeÐou. Epiplèon, gia lìgouc taqÔterhc epÐlushc tou arijmhtikoÔ probl ma-
toc thc leitourgÐac enìc kukl¸matoc, dÔnatai na upologÐzontai kai oi par�gwgoi twn
megej¸n twn reum�twn kai twn fortÐwn   twn diaqwrhtikot twn wc proc tic t�seic
stouc akrodèktec tou stoiqeÐou. Sthn gl¸ssa C telik¸c perigr�fetai èna sÔnolo
sunart sewn pou dèqetai san eÐsodo tic t�seic stouc akrodèktec enìc stoiqeÐou kai
dÐnei san èxodo ta proanaferjènta. H eidik  morf  aut¸n twn sunart sewn exart�-
tai apì thn ulopoÐhsh tou k�je prosomoiwt  mesa sto plaÐsio tou opoÐou kaleÐtai na
qrhsimopoihjeÐ. Praktik�, autì shmaÐnei ìti, gia k�je èna prosomoiwt  ofeÐletai na
grafeÐ èna diaforetikì sÔnolo arqeÐwn, se gl¸ssa C, pou ja ulopoieÐ to montèlo.
Aut  h diadikasÐa kajist� thn ulopoÐhsh enìc nèou montèlou mÐa dÔsqrhsth diadika-
sÐa odhg¸ntac suqn� se l�jh kai diaforopoi seic stic ulopoi seic tou montèlou se
di�forouc prosomoiwtèc. Apì thn �llh, idiaÐtera dÔskolh eÐnai h exèlixh tou montè-
lou, kaj¸c mia apl  allag    beltÐwsh se autì, shmaÐnei thn an�gkh epanagraf c
meg�lou mèrouc k¸dika. Meionèkthma epÐshc apoteleÐ h an�gkh gn¸shc thc eidik c
orologÐac tou prosomoiwt  prokeimènou na grafeÐ èna nèo montèlo enìc stoiqeÐou.

To pleonèkthma, de, autoÔ tou sq matoc eisagwg c enìc montèlou se èna proso-
moiwt , eÐnai ìti h k�je mÐa ulopoÐhsh eÐnai �mesa sundedemènh kai pl rwc sumbat 
me ton ek�stote prosomoiwt . 'Etsi mporeÐ na ekmetalleuteÐ pl rwc tic dunatìthtec
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autoÔ kai na leitourg sei idanik� sto plaÐsio autoÔ.

3.2 H gl¸ssa Verilog-A

Prokeimènou na lujoÔn ta probl mata thc perigraf c twn montèlwn me thn gl¸s-
sa C, kai twn diaforetik¸n ulopoi sewn enìc montèlou se k�je prosomoiwt , a-
naptÔqjhkan oi perigrafikèc gl¸ssec thc oikogèneiac HDL (Hardware Description
Language, gl¸ssa perigraf c ulismikoÔ). Eidik� gia ta analogik� sust mata, a-
naptÔqjhke h gl¸ssa Verilog-A, ìpou to A antistoiqeÐ sto analogue (analogikì).
H pr¸th èkdosh thn gl¸ssac emfanÐzetai to 1996 [103] en¸ h plèon prìsfath eÐnai
tou 2004, h opoÐa kai perièqei shmantikèc belti¸seic pou f�nhkan anagkaÐec apì ta
pr¸ta qrìnia qr shc thc kai apì tic exelÐxeic twn anagk¸n thc montelopoÐhshc [104].
H gl¸ssa Verilog-A eÐnai, sthn teleutaÐa èkdosh, uposÔnolo thc gl¸ssac Verilog-
AMS (Analogue and Mixed Signal) [105], h opoÐa kalÔptei kai meikt� kukl¸mata,
me tìso analogikì ìso kai yhfiakì mèroc. H an�ptuxh thc gl¸ssac ègine apì mÐa
sunergasÐa diafìrwn etairi¸n pou ulopoioÔn prosomoiwtèc hlektrik¸n kuklwm�twn
  brÐskontai genikìtera ston q¸ro thc hlektronik c hmiagwg¸n.

Basikì qarakthristikì thc gl¸ssac Verilog-A eÐnai, afenìc, h jemelÐwsh thc
p�nw stouc dÔo basikoÔc kanìnec leitourgÐac kuklwm�twn, touc dÔo nìmouc tou
Kirchhoff kai, afetèrou, h perigrafik  thc di�stash. Me ton ìro ��perigrafik 'A'A-
'A'A ennoeÐtai ìti h gl¸ssa parèqei ìrouc pou den esti�zoun tìso ston orismì enìc
sust matoc all�, perissìtero, sthn perigraf  thc sumperifor�c autoÔ tou sust -
matoc. H dunatìthtec autèc thc gl¸ssac thn kajistoÔn idiaÐtera euèlikth gia thn
perigraf  hlektrik¸n stoiqeÐwn kai susthm�twn.

To meg�lo pleonèkthma thc gl¸ssac Verilog-A eÐnai ìti parèqei èna koinì tìpo
perigraf c enìc sust matoc, asqètwc tou k�je prosomoiwt . EÐnai, bèbaia, jèma
thc ulopoÐhshc tou prosomoiwt  na anagnwrÐzei kai na uposthrÐzei thn koin  aut 
platfìrma. Genik� mil¸ntac, s mera, h pleioyhfÐa twn prosomoiwt¸n uposthrÐzoun
thn gl¸ssa Verilog-A, epitrèpontac thn qr sh enìc montèlou se polloÔc proso-
moiwtèc mèsa apì thn dhmiourgÐa enìc kai mìno arqeÐou pou perigr�fei to montèlo
gia opoind pote prosomoiwt .

Ta meionekt mata aut c thc mejìdou, gia thn eisagwg  enìc montèlou se èna
prosomoiwt , sqetÐzontai me ta pleonekt mata thc prohgoÔmenhc mejìdou. Plèon
ta montèla den eÐnai grammèna �mesa gia k�poion prosomoiwt  kai endeqomènwc den
ekmetalleÔontai pl rwc tic dunatìthtec autoÔ. Apì thn �llh, oi diaforopoi seic
twn montèlwn se k�je prosomoiwt  me thn perÐptwsh thc gl¸ssac C, metafèrontai
t¸ra san diaforopoi seic sthn upost rixh thc gl¸ssac Verilog-A apì ton k�je
prosomoiwt . 'Omwc eÐnai eukolìtero na lujeÐ to prìblhma thc diaforopoÐhshc se
uyhlìtero epÐpedo gl¸ssac par� se epÐpedo k�je enìc montèlou.

To shmantikìtero meionèkthma, ìmwc, thc qr shc thc gl¸ssac Verilog-A sqetÐ-
zetai me thn apodotikìthta twn montèlwn perigegrammènwn se aut n. H qr sh thc
gl¸ssac C epitrèpei thn metagl¸ttish tou montèlou kai thn dhmiourgÐa mÐac dunami-
k c biblioj khc pou parèqoun sunart seic, pou dÐnoun polÔ gr gora apotelèsmata
sto plaÐsio enìc upologismoÔ. AntÐjeta h qr sh thc Verilog-A apaiteÐ thn qr -
sh enìc metafrast  (interpreter) pou parèqei shmantik� pio arg� apotelèsmata se
sqèsh me ton metaglwttist  (compiler). To kìstoc ston qrìno prosomoÐwshc eÐnai
shmantikì kai kajist� thn mèjodo aut  Ðswc kai apagoreutik  gia thn poluplokìthta
sugkekrimènwn pragmatik¸n kuklwm�twn.
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3.2.1 To ergaleÐo ADMS

Parousi�zetai, sunep¸c, h an�gkh gia mÐa lÔsh pou na sundu�zei ta pleonekt ma-
ta twn glwss¸n C kai Verilog-A. Aut  èrqetai mèsw ergaleÐwn ìpwc to ADMS
(Automatic Device Model Synthesizer, autìmatoc sunjèthc montèlwn stoiqeÐwn)
[106]. H logik  autoÔ tou ergaleÐou eÐnai na dèqetai san eÐsodo to montèlo grammèno
sthn gl¸ssa Verilog-A kai na to metagr�fei se gl¸ssa C. H metagraf  aut  gÐnetai
me b�sh eidikoÔc kanìnec pou qarakthrÐzoun ton k�je èna prosomoiwt . All�zontac
autoÔc touc kanìnec all�zei kai h dom  thc exìdou tou ergaleÐou.

Sunep¸c, to sq ma autì epitrèpei thn dhmiourgÐa montèlwn grammèna se gl¸ssa
C kai gia di�forouc prosomoiwtèc, èqontac ìmwc ìla mÐa koin  afethrÐa, to k¸di-
ka grammèno sthn gl¸ssa Verilog-A. To basikì pleonèkthma thc qr shc enìc kai
mìno k¸dika gia thn ulopoÐhsh tou montèlou se polloÔc prosomoiwtèc diathreÐtai.
Apì thn �llh, metagl¸ttish tou exagìmenou k¸dika C se morf  dunamik c biblio-
j khc epitrèpei thn kat� polÔ taqÔterh leitourgÐa tou montèlou sto plaÐsio tou
prosomoiwt . To sq ma autì sundu�zei ta pleonekt mata twn dÔo prohgoÔmenwn
teqnik¸n kai parèqei mÐa polÔ kal  lÔsh gia tic an�gkec thc montelopoÐhshc. H
metagl¸ttish aut  dÔnatai na parèqei kai sumbolik  parag¸gish twn reum�twn kai
twn fortÐwn   diaqwrhtikot twn tou stoiqeÐou, pou epitrèpei thn taqÔterh epÐlush
twn kuklwm�twn pou qrhsimopoioÔn twn k¸dika autì.

To ergaleÐo ADMS eÐnai anoiqtoÔ k¸dika kai den sqetÐzetai me k�poion sugkekri-
mèno prosomoiwt  [107]. EÐnai jèma thc om�dac pou anaptÔssei ton k�je prosomoiwt 
na orÐsei touc kanìnec pou metafr�zoun ton k¸dika apì thn gl¸ssa Verilog-A sthn
gl¸ssa C, me ta eidik� qarakthristik� kai orologÐa pou apaiteÐ o autìc prosomoiw-
t c. Apì thn �llh, up�rqoun kai etairÐec pou èqoun anaptÔxei sunjètec kleistoÔ
k¸dika [108], ìpwc h Tiburon Design Automation [109].

3.3 O k¸dikac tou montèlou
Sto plaÐsio thc paroÔsac didaktorik c diatrib c, dÔo kwdikopoi seic tou montèlou
èlaban q¸ra. H mÐa  tan sthn gl¸ssa programmatismoÔ C kai ègine me b�sh ton
prosomoiwt  Eldo thc etairÐac Mentor Graphics [110]. Autìc o k¸dikac leitoÔrgh-
se ikanopoihtik� kai bo jhse shmantik� sthn exèlixh tou montèlou. Par�llhla me
autìn ton k¸dika up rqe kai mÐa isodÔnamh èkdos  tou sthn gl¸ssa Verilog-A [111].
Oi dÔo kwdikopoi seic èdinan sto plaÐsio tou prosomoiwt  autoÔ Ðdia hlektrik� a-
potelèsmata, ìmwc h metaglwttismènh èkdosh leitourgoÔse wc perÐpou dèka forèc
taqÔtera, se kukl¸mata me lÐga tranzÐstor MOS.

H duskinhsÐa ìmwc tou k¸dika C, katèsthse ton k¸dika Verilog-A monìdromo
sthn exeliktik  diadikasÐa tou montèlou. H qr sh ergaleÐwn sÔnjeshc k¸dika C
apì Verilog-A epètreye sthn l yh gr gorwn apotelesm�twn kai me autìn ton k¸di-
ka. H plèon prìsfatec ekdìseic twn prosomoiwt¸n epitrèpoun thn eÔkolh eisagwg 
stoiqeÐwn grammèna sthn gl¸ssa Verilog-A kai sthn autìmath sÔnjesh kai meta-
gl¸ttish C k¸dika apì aut�.

Telik¸c, ed¸ ja analujeÐ mìno   èkdosh sthn gl¸ssa Verilog-A kajìti eÐnai
pio genik  kai den sqetÐzetai apokleistik� me èna prosomoiwt . Apì thn �llh, h
orologÐa aut c, epitrèpei thn eukolìterh katanìhsh tou perieqomènou tou montèlou,
qwrÐc na apaiteÐ eidik  gn¸sh tou protÔpou ulopoÐhshc k�poiou prosomoiwt .

Oi genikèc arqèc tou montèlou, pou parousi�sjhkan sto kef�laio 2, eÐnai o pu-
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r nac tou analutikoÔ montèlou MOSFET me to ìnoma EKV. H paroÔsa ergasÐa
tautÐzetai, en mèrei, me thn exèlixh tou montèlou kai thn ulopoÐhsh mÐac epìmenhc
èkdoshc tou montèlou, pou ja kalÔptei ìla ta fainìmena pou lamb�noun q¸ra stic
montèrnec nanometrikèc CMOS teqnologÐec. Telik¸c, h didaktorik  diatrib , apèdw-
se thn èkdosh tou montèlou me to ìnoma EKV3 kai aÔxonta arijmì èkdoshc 301.01,
grammèno sthn gl¸ssa Verilog-A. Sthn epìmenh par�grafo ja anaferjoÔn merik�
shmantik� qarakthristik� tou k¸dika [112, 113].

3.3.1 To montèlo se Verilog-A

O k¸dikac tou montèlou eÐnai grammènoc se dekaoqt¸ arqeÐa pou qarakthrÐzontai
apì mÐa ierarqik  dom  [114]. 'Ena apì aut� eÐnai to basikì arqeÐo, en¸ k�je èna
apì ta upìloipa dekaeft� arqeÐa kalÔptei eÐte mÐa eidik  leitourgÐa tou k¸dika,
eÐte thn montelopoÐhsh enìc sugkekrimènou fainomènou. Gia par�deigma, èna arqeÐo
mporeÐ na perièqei k�poiec bohjhtikèc sunart seic tou k¸dika   mìno tic dhl¸seic
twn paramètrwn tou montèlou, en¸ èna �llo arqeÐo na perigr�fei apokleistik� thn
montelopoÐhsh tou fainomènou tou reÔmatoc pÔlhc.

Apì thn �llh, o k¸dikac epitrèpei na epilèxei o qr sthc an�mesa apì pènte ek-
doqèc tou montèlou. Oi ekdoqèc autèc diaforopoioÔntai, ìqi wc proc to montèlo to
Ðdio all�, perissìtero wc proc to sunolikì makromontèlo pou jèlei na qrhsimopoi-
 sei o qr sthc. 'Enac basikìc �xonac diaforopoÐhshc sqetÐzetai me to pl joc twn
exwterik¸n antistat¸n. Sthn plèon apl  perÐptwsh den gÐnetai h eisagwg  kamÐ-
ac exwterik c antÐstashc ki ètsi oi eswterikoÐ kìmboi tou kanalioÔ tautÐzontai me
touc exwterikoÔc. O, de, upologismìc tou fainomènou thc seiriak c antÐstashc gia
ta tranzÐstor mikroÔ m kouc, gÐnetai analutik�, ìpwc perigr�fetai sthn par�grafo
2.4.7. AkoloujeÐ se poluplokìthta h ekdoq  tou makromontèlou h opoÐa eis�gei dÔo
seiriakèc antist�seic stouc akrodèktec source kai drain, kai sunep¸c dÔo eswteri-
koÔ kìmbouc. Gia kukl¸mata sqetik� qamhl¸n suqnot twn, aut  h ekdoq  eÐnai h
kallÐterh, apì �poyh apìdoshc tìso pedÐo tou qrìnou prosomoÐwshc oso kai thc
akrÐbeiac. H epìmenh ekdoq  prosjètei sthn prohgoÔmenh dÔo antist�seic stouc
akrodèktec thc pÔlhc kai tou s¸matoc, kai sunep¸c èqei tèsseric eswterikoÔc a-
krodèktec. H ekdoq  aut  apant�ei stic apait seic kuklwm�twn pou leitourg¸n se
uyhlìterec suqnìthtec an kai to aplì thc diktÔwma gia thn antÐstash tou upostr¸-
matoc den dÐnei ta kallÐtera apotelèsmata. Gia ta uyÐsuqna kukl¸mata, protim�tai
h tètarth ekdoq  tou montèlou, pou qarakthrÐzetai apì èna diktÔwma pènte anti-
stat¸n sto upìstrwma, par�grafoc 2.7.3, kai sunolik� èxi eswterikoÔc kìmbouc,
sq ma 2.39. Sthn perÐptwsh ìpou h suqnìthta eÐnai tìso meg�lh, sunart sei kai me
to m koc tou kanalioÔ tou tranzÐstor, ìpou na emfanÐzontai fainìmena mh-statik c
sumperifor�c, tìte apaiteÐtai h qr sh thc pèmpthc kai plèon polÔplokhc ekdoq c tou
montèlou, h opoÐa qrhsimopoieÐ to exwterikì upodÐktuo thc prohgoÔmenhc perÐptwshc
all� efarmìzei kai thn teqnik  minimalistik c kat�tmhshc kanalioÔ se pènte tm mata,
eis�gontac ètsi sunolik� dèka eswterikoÔc kìmbouc, par�grafoc 2.8.2. Sto sq ma
3.1 emfanÐzontai sqhmatik� oi parap�nw ekdoqèc tou montèlou.

O qr sthc dÔnatai na dialèxei diaforetikì montèlo gia k�je tranzÐstor mèsa
se èna kÔklwma, an�loga me thn eidik  jèsh thc di�taxhc mèsa sthn topologÐa,
tic diast�seic tou tranzÐstor, kai genikìtera thn fainìmena ta opoÐa anamènetai na
parathrhjoÔn se autì. Gia autì to lìgo epitrèpetai o orismìc k�je ekdoq c tou
montèlou me diaforetikì ìnoma ètsi ¸ste na mporoÔn na qrhsimopoihjoÔn tautìqrona
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apì ton k�je prosomoiwt .

Sq ma 3.1: Oi pènte ekdoqèc tou ulopoihmènou k¸dika tou montèlou EKV3. H ekdoq  (1)
eÐnai h plèon apl , en¸ h (2), me dÔo exwterikèc antist�seic kai dÔo eswterikoÔc kìmbouc,
endeÐknutai gia qamhlìsuqna kukl¸mata. H (3) sunupologÐzei thn antÐstash sthn pÔlh kai
to upìstrwma, en¸ h (4) dÐnei ta kallÐtera apotelèsmata gia uyhlìsuqna kukl¸mata. H
(5) sunupologÐzei thn mh-statik  sumperifor� pou parathreÐtai perissìtero se tranzÐstor
meg�lou m kouc kai se uyhlèc suqnìthtec.

Sunolik� o k¸dikac apartÐzetai apì perÐpou dÔo qili�dec pentakìsiec grammèc. H
èktas  tou den epitrèpei thn anaparagwg  tou ed¸ kai ton sqoliasmì tou. Ant' autoÔ
mporeÐ na sqoliasteÐ mÐa polÔ pio apl  èkdosh tou h opoÐa kalÔptei el�qista, men,
fainìmena, ìmwc èqei ta Ðdia poiotik� qarakthristik� me ton pl rh k¸dika. O k¸dikac
autìc perièqetai se èna kai mìno arqeÐo kai to perieqìmeno tou akoloujeÐ me sqetikì
sqoliasmì, qwrÐc na dÐnetai idiaÐterh epimon  se k�je leptomèreia tou k¸dika kai thc
gl¸ssac. 'Ena antÐstoiqo par�deigma brÐsketai sto epÐshmo istìtopo tou montèlou
[115]. Stìqoc eÐnai h sÔndesh tou majhmatikoÔ montèlou me thn kwdikopoÐhsh sthn
gl¸ssa Verilog-A. O pl rhc k¸dikac tou montèlou EKV301.01 eÐnai to perieqìmenou
tou parart matoc Aþ.
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3.3.2 'Ena aplopoihmèno par�deigma
Arq  tou k¸dika, d lwsh thc di�taxhc

01 ‘include "discipline.h"

02 module mos(d,g,s,b);

03 inout d,g,s,b ;

04 electrical d,g,s,b,di,si;

To arqeÐo pou kaleÐtai sthn gramm  1, discipline.h, eÐnai basikì bohjhtikì
arqeÐo thc gl¸ssac kai perièqei plhroforÐec sqetik� me ton orismì twn t�sewn kai
twn reum�twn twn hlektrik¸n kìmbwn enìc stoiqeÐou. AkoloujeÐ, sthn gramm  2, h
d lwsh tou onìmatoc tou stoiqeÐou pou ja oristeÐ (ed¸ mos) kai se parènjesh ta
onìmata twn exwterik¸n kìmbwn tou stoiqeÐou. Sthn gramm  3 orÐzetai ìti ìloi oi
akrodèktec tou stoiqeÐou mporoÔn na leitourg soun tìso san eÐsodo ìso kai san
èxodoi tou stoiqeÐou, en¸ sthn gramm  4 dhl¸netai h hlektrik  fÔsh twn exwterik¸n
akrodekt¸n kai prostÐjentai oi eswterikoÐ akrodèktec pou ja qrhsimopoihjoÔn. Oi
akrodèktec d, g, s, b antistoiqoÔn stouc exwterikoÔc akrodèktec drain, pÔlh, source
kai upìstrwma, en¸ oi akrodèktec di kai si antistoiqoÔn stouc eswterikoÔc akrodè-
ktec drain kai source. an�mesa apì touc exwterikoÔ kai touc eswterikoÔc akrodèktec
topojetoÔntai oi seiriakèc antist�seic, ekdoq  (2) tou sq matoc 3.1 H d lwsh enìc
module ekkineÐ me thn gramm  2 kai oloklhr¸netai me thn entol  endmodule, h opoÐa
ja kleÐsei to arqeÐo.

05 real ds, VG, VD, VS, vg, vd, vs;

06 real vto, phif, g, vfb, vp, n, tmp;

07 real qs, qd, if_, ir, qS, qD, qI, qB;

08 real mob, Ispec, Qspec, rs;

AkoloÔjwc, dhl¸nontai oi metablhtèc pou ja qrhsimopoihjoÔn ston k¸dika. H
leitourgikìthta touc ja faneÐ sto kurÐwc mèroc tou k¸dika.

D lwsh par�metrwn

09 // MODEL PARAMETERS

10 parameter integer SIGN = 1 from [ -1: 1] exclude 0;

11 parameter real VTO = 0.5 from (-inf:inf);

12 parameter real GAMMA = 0.7 from [ 0.0:inf);

13 parameter real COX = 10.0E-3 from [ 0.0:inf);

14 parameter real PHIF = 0.45 from [ 0.0:inf);

15 parameter real MOB0 = 0.05 from [ 0.0:inf);

16 parameter real E0 = 1.0E9 from [ 0.0:inf);

17 parameter real ETA = 0.5 from [ 0.0:2.0];

18 parameter real RS = 10.0E-6 from ( 0.0:inf);

19 // INSTANCE PARAMETERS

20 parameter real W = 10E-6 from ( 0.0:inf);

21 parameter real L = 10E-6 from ( 0.0:inf);

Sthn sunèqeia dhl¸nontai oi par�metroi tou montèlou. 'Opwc anafèrjhke  dh, oi
par�metroi enìc montèlou sqetÐzontai me thn teqnologÐa kai thn diadikasÐa kataskeu-
 c mÐa teqnologÐac. H diadikasÐa exagwg c twn tim¸n tou, gia na prosarmosteÐ èna
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montèlo se mÐa teqnologÐa, sqetÐzetai me thn elaqistopoÐhsh tou sf�lmatoc metaxÔ
metr sewn se diat�xeic thc teqnologÐac kai thc apìkrishc tou montèlou. Apì thn
�llh up�rqoun kai oi par�metroi pou sqetÐzontai, ìqi me thn teqnologÐa all�, me thn
sugkekrimènh di�taxh pou qrhsimopoieÐtai k�je for�. Autèc onom�zontai instance
par�metroi,   par�metroi stoiqeÐou, kai dhl¸nontai, sthn perÐptwsh thc Verilog-A,
me ton Ðdio trìpo pou dhl¸nontai oi par�metroi tou montèlou. Sthn d lwsh twn
paramètrwn, pèran tou onìmatoc touc, dhl¸netai kai mÐa tim  pou ja èqei h par�-
metroc, an o qr sthc den d¸sei �llh tim  se aut n, kaj¸c kai oi epitreptèc timèc
pou dÔnatai na l�bei mÐa par�metroc. Shmei¸netai ed¸ ìti oi dÔo k�jetec grammèc
(//) sqoli�zoun thn gramm  pou akoloujeÐ kai den apoteloÔn mèroc tou k¸dika tou
montèlou.

H par�metroc SIGN epitrèpei thn epilog  an�mesa se nMOS kai pMOS diat�xeic.
'Otan h tim  thc eÐnai 1 to montèlo antistoiqeÐ se nMOS, en¸ h tim  −1 antistoiqeÐ se
pMOS. H summetrÐa twn dÔo duðk¸n diat�xewn eÐnai eÔkola ekmetalleÔsimh, ètsi ¸ste
o Ðdioc k¸dikac na mporeÐ na perigr�yei kai tic dÔo peript¸seic. Gia thn akrÐbeia, h
perÐptwsh twn pMOS mporeÐ na montelopoihjeÐ all�zontac ta prìshma twn diafor¸n
t�sewn wc proc to upìstrwma sthn arq  kai ta prìshma twn reum�twn sto tèloc.

H par�metroc VTO antistoiqeÐ sthn t�sh katwflÐou wc proc to upìstrwma, gia
VSB = 0V , sqèsh (2.97), h GAMMA ston suntelest  fainomènou s¸matoc, sqèsh
(2.16), h COX sthn qwrhtikìthta an� mon�da epif�neiac tou monwt , sqèsh (2.9), h
PHIF sto dunamikì Fermi tou upostr¸matoc, sqèsh (2.14), h MOB0 sthn kinhtikìthta
se qamhl  tim  hlektrikoÔ pedÐou, sqèsh (2.109), h E0 eÐnai mÐa par�metroc prosar-
mog c pr¸thc t�xhc tou fainomènou thc skèdashc epifaneÐac, par�grafoc 2.3.1.1, h
ETA eÐnai mÐa par�metroc prosarmog c gia ton upologismì tou k�jetou pedÐou pou
ephre�zei thn kinhtikìthta, sqèsh (2.103), kai h RS eÐnai mÐa par�metroc pou deÐ-
qnei thn antÐstash an� mon�da pl�touc an�mesa apì thn �krh tou kanalioÔ kai ton
akrodèkth drain   source, par�grafoc 2.4.7

Oi par�metroi stoiqeÐou L kai W antistoiqoÔn stic sqediastikèc diast�seic tou
m kouc kai tou pl�touc tou kanalioÔ tou tranzÐstor. Gia lìgouc aplìthtoc ja
jewrhjeÐ ìti autèc tautÐzontai me tic energèc diast�seic tou kanalioÔ, upìjesh pou
isqÔei gia tranzÐstor arket� meg�lwn diast�sewn.

Mèqri ed¸ èqoun dojeÐ ta genik� qarakthristik� tou montèlou. Mènei na dojoÔn
oi entolèc pou orÐzoun thn sumperifor� tou montèlou.

Perigraf  leitourgÐac tou stoiqeÐou

H perigraf  thc leitourgÐac tou montèlou akoloujeÐ thn entol  analog, gramm  22.
Epeid , ìpwc eÐnai logikì, h pl rhc perigraf  den mporeÐ na dojeÐ se mÐa mìno entol ,
topojeteÐtai to sÔnolo ton entol¸n an�mesa se èna zeÔgoc entol¸n begin kai end,
orÐzontac ètsi èna sÔnolo entol¸n pou ekteleÐtai wc mÐa.

22 analog

23 begin // analog block

24 if ((SIGN*V(di,b))>=(SIGN*V(si,b))) ds = +1.0;

25 else ds = -1.0;

26 VG = SIGN*V(g,b);

27 VD = SIGN*((ds+1)/2*V(di,b)+(1-ds)/2*V(si,b));

28 VS = SIGN*((ds+1)/2*V(si,b)+(1-ds)/2*V(di,b));
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An�gnwsh t�sewn akrodekt¸n Stic grammèc 24 kai 25, elègqetai h tim 
thc t�shc tou drain se sqèsh me thn t�sh tou source, ìpwc stic sqèseic (2.2) kai
(2.4). Sthn perÐptwsh pou antistrèfetai to prìshmo thc diafor�c dunamikoÔ sta
�kra tou kanalioÔ, se sqèsh me thn klassik  perÐptwsh, jewreÐtai ìti oi akrodèktec
eÐnai an�poda kai sto tèloc an�poda dÐnontai kai ta di�fora reÔmata kai fortÐa. H
metablht  ds pèrnei thn tim  1 sthn klassik  perÐptwsh, en¸ thn tim  −1 sthn
antÐjeth perÐptwsh. UpogrammÐzetai h graf  V(di,b) pou antistoiqeÐ profan¸c
sthn diafor� dunamikoÔ metaxÔ ton dÔo kìmbwn sthn parènjesh.

Stic grammèc 26 mèqri 28, metafèrontai oi diaforèc dunamikoÔ sta �kra tou stoi-
qeÐou stic metablhtèc VG, VD kai VS, sunupologÐzontac thn polikìthta thc di�taxhc
kaj¸c kai to prìshmo thc diafor�c dunamikoÔ sta �kra tou kanalioÔ. Oi teleutaÐec
paÐrnoun timèc san na eÐnai h di�taxh nMOS tranzÐstor kai h t�sh sto drain na eÐnai
megalÔterh apì thn t�sh sto source. H sqetik� perÐergh graf  twn gramm¸n 27 kai
28 exhgeÐtai apì to gegonìc ìti oi qr sh thc entol c if eÐnai kalì na apofeÔgetai
diìti dhmiourgeÐ problhmatikì upologismì kat� thn diadikasÐa thc sumbolik c para-
g¸gishc. Idanik� ja èprepe na apofeuqjeÐ akìma kai h qr sh tou if stic grammèc 24
kai 25, all� tìte ja dhmiourgoÔnto �lla probl mata sto pl rec montèlo, pou sqetÐ-
zontai me fainìmena pou emfanÐzontai mìno sthn meri� tou drain tou tranzÐstor. Sto
tèloc thc perigraf c leitourgÐac ja lhfjoÔn upìyin kai oi timèc twn SIGN kai ds gia
ton upologismì twn reum�twn kai twn fortÐwn. Shmei¸netai ìti ìlec oi diaforèc
dunamikoÔ upologÐzontai se sqèsh me ton akrodèkth tou upostr¸matoc.

KanonikopoÐhsh megej¸n Stic grammèc 29-34 ekteloÔntai oi kanonikopoi-
 seic diafìrwn megej¸n, ìpwc sthn sqèsh (2.50). O par�gontac $vt thc gl¸ssac
Verilog-A antistoiqeÐ sthn jermik  t�sh, sqèsh (2.13).

29 vg = VG / $vt;

30 vd = VD / $vt;

31 vs = VS / $vt;

32 vto = VTO / $vt;

33 phif = PHIF / $vt;

34 g = GAMMA / sqrt($vt);

Upologismìc megej¸n tou montèlou Stic grammèc 35, 36 kai 37 upolo-
gÐzontai h kanonikopoihmènec timèc twn t�sewn isorropÐac (flat-band voltage), sqèsh
(2.97), kai dunamikoÔ mhdenikoÔ fortÐou (pinch-off voltage), sqèseic (2.44) kai (2.55),
kai o suntelest c klÐshc (slope factor), sqèsh (2.62)

35 vfb = vto - 2*phif - g*sqrt(2*phif);

36 vp = vg - vfb - 2*phif -

g * (sqrt(vg - vfb + g*g/4) - g/2);

37 n = 1 + g / (2*sqrt(2*phif + vp));

Upologismìc kanonikopoihmènwn anastrèfontwn fortÐwn sta �-
kra tou kanalioÔ Efìson èqei upologisteÐ h t�sh mhdenikoÔ fortÐou (vP ,
pinch-off voltage), dÔnatai na upologistoÔn ta kanonikopoihmèna anastrèfonta for-
tÐa sta �kra tou kanalioÔ, ed¸ upologÐzetai me thn qr sh thc apl c sqèshc (2.58),
ìpwc faÐnetai stic grammèc 38-41. H qr sh thc endi�meshc metablht c tmp epitrèpei
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thn taqÔterh apìkrish tou montèlou. AkoloÔjwc upologÐzontai ta kanonikopoihmèna
reÔmata, prìsw kai anastrèfon, grammèc 42 kai 43 antÐstoiqa, apì tic sqèseic (2.72).

38 tmp = log(1.0 + exp((vp - vs)) * 0.5);

39 qs = sqrt(0.25 + tmp * tmp) - 0.25;

40 tmp = log(1.0 + exp((vp - vd)) * 0.5);

41 qd = sqrt(0.25 + tmp * tmp) - 0.25;

42 if_ = qs * qs + qs;

43 ir = qd * qd + qd;

Upologismìc kanonikopoihmènwn fortÐwn stouc akrodèktec tou
tranzÐstor Apì ta anastrèfonta fortÐa stouc akrodèktec tou tranzÐstor u-
pologÐzontai ta fortÐa pou susswreÔontai stouc akrodèktec source kai drain tou
tranzÐstor, sqèseic (2.85), (2.86) kai grammèc 44, 45 kai 46 tou k¸dika. Sunupolo-
gÐzontac, de, to fortÐo suss¸reushc gia to upìstrwma upologÐzetai, sthn gramm 
47, kai to fortÐo tou upostr¸matoc, sqèsh (2.91).

44 qI = (2/3 * (qs*qs + qs*qd + qd*qd)+0.5*(qs + qd))

/ (qs+qd+1);

45 qS = (0.4*qs*qs*qs + 0.8*qs*qs*qd + 8.0/15.0*qs*qd*qd +

4.0/15.0*qd*qd*qd + 0.75*qs*qs + 5.0/6.0*qs*qd +

5.0/12.0*qd*qd + 1/3*qs + 1.0/6.0*qd)

/ ((qs+qd+1) * (qs+qd+1));

46 qD = qI - qS;

47 qB = - (vgp - vp + 2.0 * phif) - (n - 1.0) / n * qI;

Upologismìc kinhtikìthtac lìgw skèdashc epifaneÐac Sthn su-
nèqeia, grammèc 48 kai 49, upologÐzetai h epirro  tou fainomènou skèdashc epifaneÐac
sthn kinhtikìthta. Ed¸ èqei jewrhjeÐ èna montèlo pr¸thc t�xhc, pou perigr�fetai
apì thn sqèsh (2.107) kai thn (2.109).

48 e0 = ($vt * COX) / (EO * 1.036E-10);

49 mob = MOB0 * (1 + e0*g*sqrt(2*phif))

/ (1 + e0*(qB + n*ETA*qI));

Shmei¸netai ìti o arijmìc sthn gramm  48 antistoiqeÐ sthn epitreptìthta tou
ulikoÔ tou hmiagwgoÔ, dhlad  tou puritÐou.

Upologismìc kanonikopoihtik¸n paragìntwn Sthn sunèqeia, gram-
mèc 50, kai 51, upologÐzontai oi kanonikopoihtikoÐ par�gontec gia to reÔma kai to
fortÐo antÐstoiqa, sqèseic (2.71), (2.85) kai (2.48). Me b�sh autoÔc tou par�gontec
upologÐzontai na reÔmata kai ta fortÐa tou tranzÐstor, grammèc 52-55. O upologi-
smìc tou fortÐou sthn pÔlh peritteÔei kajìti eÐnai sumplhrwmatikì tou ajroÐsmatoc
twn upoloÐpwn fortÐou.

50 Ispec = 2*n*mob*COX*$vt*$vt*W/L;

51 Qspec = - 2*n*COX*$vt*W*L;

52 ids = Ispec * (if_ - ir);

53 QS = Qspec * qS;

54 QD = Qspec * qD;

55 QB = Qspec * qB;
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An�jesh reum�twn kai fortÐwn tou montèlou stouc kìmbouc

Plèon èqoun upologisteÐ ta di�fora megèjh tou tranzÐstor, enno¸ntac ta fortÐa
stouc akrodèktec kai to reÔma tou kanalioÔ. Apomènei h apìdosh aut¸n kat�llhla
stouc akrodèktec tou tranzÐstor. autì gÐnetai stic grammèc 56-59.

56 I(di,si) <+ SIGN * ds * ids;

57 I(b ,g ) <+ SIGN * ddt(QB);

58 I(di,g ) <+ SIGN * ((ds+1)/2*ddt(QD)+(1-ds)/2*ddt(QS));

59 I(si,g ) <+ SIGN * ((ds+1)/2*ddt(QS)+(1-ds)/2*ddt(QD));

EpishmaÐnetai h qr sh tou gr�mmatoc I prin apì èna zeÔgoc kìmbwn se parènjesh
pou antistoiqeÐ sthn ro  reÔmatoc an�mesa apì touc dÔo kìmbouc. Qarakthristik 
eÐnai kai h leitourgÐa tou sumbìlou thc an�jeshc thc gl¸ssac Verilog-A (<+), h opoÐa
den prèpei na sugqèetai me thn isìthta. AntistoiqeÐ sthn ousÐa se mÐa phg  reÔmatoc
kai epitrèpei thn par�llhlh sundesmologÐa diafìrwn tètoiwn phg¸n an�mesa stouc
Ðdiouc kìmbouc.

H qr sh gia thn an�jesh tou reÔmatoc tou ginomènou me thn par�metro SIGN kai
thn metablht  ds epitrèpei thn orj  montelopoÐhsh thc perÐptwshc tou pMOS, kaj¸c
kai thc perÐptwshc ìpou den isqÔei h sunhjismènh sqetik  polikìthta an�mesa stouc
akrodèktec source kai drain.

EpÐshc shmantikì eÐnai na proseqjeÐ h qr sh thc sun�rthshc ddt h opoÐa mporeÐ
na perigr�yei swst� ta fainìmena enallassìmenou reÔmatoc, tìso se an�lush mikroÔ
s matoc ìso kai sto pedÐo tou qrìnou, me b�sh mìno ton upologismì tou fortÐou.

Perigraf  exwterikoÔ diktÔou

To prohgoÔmeno mèroc tou k¸dika den asqol jhke kajìlou me ta exwterikì upodÐ-
ktuo tou makromontèlou pou qrhsimopoieÐtai. 'Opwc èqei  dh anaferjeÐ, ja topoje-
thjoÔn dÔo exwterikèc antist�seic sthn seir� sta �kra tou kanalioÔ. O upologismìc
thc gÐnetai, me b�sh èna polÔ aplì montèlo, mèsw thc paramètrou RS, h opoÐa ekfr�zei
thn seiriak  antÐstash se mon�dec antÐstashc an� mon�da pl�touc. O upologismìc
thc k�je mÐac seiriak c antÐstashc gÐnetai sthn gramm  59, en¸ h topojèthsh touc
sto kÔklwma gÐnetai stic grammèc 60 kai 61.

59 rs = RS / W;

60 I(s ,si) <+ V(s ,si) / rs;

61 I(d ,di) <+ V(d ,di) / rs;

KleÐsimo tou k¸dika

H olokl rwsh tou k¸dika apaiteÐ to na grafoÔn oi grammèc 62 kai 63. H entol 
end antistoiqeÐ sthn entol  beginthc gramm c 23, en¸ h entol  endmodule oloklh-
r¸nei thn d lwsh tou module, pou ekkin� sthn gramm  2.

62 end // analog block

63 endmodule // module mos

Me to aplopoihmèno autì par�deigma faÐnetai se èna pr¸to epÐpedo h sÔndesh
tou majhmatikoÔ montèlou me thn kwdikopoÐhsh sthn gl¸ssa Verilog-A. Apì to
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montèlo, pou mìlic anaptÔqjhke, leÐpoun poll� stoiqeÐa mèqri na mporeÐ na jewrhjeÐ
kat�llhlo gia pragmatik  qr sh. To pl rec perieqìmeno tou k¸dika, pou kalÔptei to
sÔnolo twn fainomènwn pou analÔjhkan sto kef�laio 2, parousi�zetai sto par�rthma
Aþ.

¤

MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec 131



Kef�laio 3. UlopoÐhsh tou Montèlou

132 MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec



Kef�laio 4

Exagwg  paramètrwn kai
qarakthrismìc

H dhmiourgÐa analutik¸n montèlwn basÐzetai sthn fusik  perigraf  thc leitourgÐac
enìc stoiqeÐou. Apotèlesma eÐnai h sÔnjesh enìc sunìlou exis¸sewn pou sundèoun
ta hlektrik� megèjh enìc MOSFET, dhlad  tic t�seic stouc akrodèktec tou MO-
SFET me ta reÔmata pou to diarrèoun, ta fortÐa stouc akrodèktec tou, kaj¸c kai
ton jìrubo stouc akrodèktec tou. Ta fusik� fainìmena, pou lamb�noun q¸ra sto
MOSFET, perigr�fontai me thn qr sh paramètrwn, pou sqetÐzontai me ta eswterik�
fusik� megèjh tou stoiqeÐou, pou, me thn seir� touc, sqetÐzontai me thn diadikasÐa
kataskeu c tou stoiqeÐou kai ta ulik� thc teqnologÐac.

O ìroc par�metroi anafèretai se dÔo kathgorÐec. Sthn mÐa an koun oi par�metroi
tou stoiqeÐou (instance), oi opoÐec anafèrontai se k�je èna tranzÐstor xeqwrist�,
perigr�fontac to mèsw twn diast�sewn tou. Oi qarakthristikìterec par�metroi stoi-
qeÐou enìc tranzÐstor eÐnai to m koc kai to pl�toc thc pÔlhc tou. Se poluplokìterec
domèc poludaqtulik¸n tranzÐstor prostÐjetai kai h par�metroc tou pl jouc twn da-
qtÔlwn, en¸ par�metroi stoiqeÐou eÐnai kai, gia par�deigma, oi diast�seic an�mesa apì
to tranzÐstor kai geitonikèc domèc, ìpwc oi rhqèc t�froi apomìnwshc, par�grafoc
2.9.1. Oi par�metroi autèc orÐzontai apì ton sqediast  mèsa se èna kÔklwma kai
apeikonÐzontai sthn fusik  dom  tou stoiqeÐou mèsa sto oloklhrwmèno kÔklwma.

Apì thn �llh, up�rqei to sÔnolo twn paramètrwn montèlou (model parameters).
Autèc oi par�metroi qarakthrÐzoun mÐa sugkekrimènh teqnologÐa kai, sunep¸c, ìla
ta tranzÐstor thc aut c teqnologÐac, asqètwc twn eidik¸n diast�sewn touc. Oi pa-
r�metroi autèc den orÐzontai apì ton qr sth, all� ex�gontai b�sei metr sewn, tìso
statik¸n ìso kai se qamhlèc kai uyhlèc suqnìthtec, kai se èna eurÔ pl joc diat�-
xewn, diafìrwn diast�sewn, mÐac teqnologÐac. Oi par�metroi aut c thc kathgorÐac
sqetÐzontai, en gènei, me ta ulik� thc teqnologÐac kaj¸c kai thn diadikasÐa kataskeu-
 c twn oloklhrwmènwn dom¸n. Par�deigmata paramètrwn montèlou èqoun anaferjeÐ
 dh sto kef�laio 2. Qarakthristikì par�deigma apoteleÐ h kinhtikìthta twn forèwn
reÔmatoc tou hmiagwgoÔ se qamhlì pedÐo.

Anafèretai ìti up�rqei kai èna pl joc paramètrwn montèlou me èmmesh susqètish
me k�poio fusikì mègejoc kai me perissìtero empeirikì qarakt ra, ìpwc oi par�metroi
sto montèlo ex�rthshc thc kinhtikìthtac apì to k�jeto pedÐo, par�grafoc 2.3.1.
Tèloc up�rqei kai èna mikrìtero sÔnolo paramètrwn montèlou me kajar� empeirikì
kai majhmatikì upìbajro, oi opoÐec endeqomènwc na mhn ex�gontai apì thn fusik 
an�lush leitourgÐac tou tranzÐstor, all� apì mÐa amig¸c empeirik  melèth. EÐnai
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shmantikì se èna montèlo na elaqistopoieÐtai to pl joc twn paramètrwn montèlou
thc teleutaÐac kathgorÐac, twn kajar� empeirik¸n dhlad . H fusik  sÔndesh twn
paramètrwn me thn leitourgÐa tou tranzÐstor epitrèpei thn genikìterh elaqistopoÐhsh
tou pl jouc twn paramètrwn enìc montèlou, kajist¸ntac ètsi thn exagwg  twn tim¸n
touc gia mÐa sugkekrimènh teqnologÐa eukolìterh diadikasÐa. Dustuq¸c ìmwc, h
pl rhc mh qrhsimopoÐhsh empeirik¸n paramètrwn den epitrèpei sta trèqonta montèla
na dÐnoun mÐa arket� kal  prosèggish stic metr seic, kai, sunep¸c, h Ôparxh touc
se èna bajmì prèpei na jewrhjeÐ san èna anagkaÐo kakì, me mÐa suneq  t�sh, de, gia
thn perijwriopoÐhsh touc.

'Ena analutikì montèlo, me thn bo jeia twn paramètrwn, ìpwc autèc perigr�fh-
kan, ekfr�zei poiotik� thn sumperifor� twn tranzÐstor MOS mÐac teqnologÐac. Pra-
ktikìc stìqoc, ìmwc, eÐnai h efarmog  enìc montèlou p�nw se k�poia sugkekrimènh
teqnologÐa. Autì gÐnetai mèsa apì thn eÔresh enìc sunìlou idanik¸n tim¸n gia tic
paramètrouc enìc montèlou, gia to opoÐo h sumperifor� tou montèlou brÐsketai ìso
plhsièstera gÐnetai sthn pragmatik  sumperifor� twn tranzÐstor thc teqnologÐac. H
teleutaÐa dÐnetai apì metr seic p�nw se ulopoihmènec diat�xeic thc teqnologÐac, en¸
par�llhla mporeÐ na uposthriqjeÐ kai apì apotelèsmata programm�twn arijmhtik c
epÐlushc dom¸n hmiagwg¸n   kai apì progr�mmata prosomoÐwshc kataskeuastik¸n
teqnik¸n lijografÐac.

4.1 MejodologÐa exagwg c paramètrwn
H diadikasÐa exagwg c twn idanik¸n tim¸n twn paramètrwn gia k�poia sugkekrimènh
teqnologÐa, den mporeÐ an jewrhjeÐ apl� san èna monokìmmato majhmatikì prìblhma
elaqistopoÐhshc enìc sf�lmatoc, dhlad  thc apìkrishc tou montèlou se sqèsh me
metr seic. To sqetik� meg�lo pl joc twn paramètrwn enìc montèlou, kaj¸c kai
to eÔroc twn metr sewn pou prèpei na melethjoÔn, den epitrèpei thn tautìqronh
exagwg  tim¸n gia ìlec. Sunep¸c, eÐnai an�gkh na domhjeÐ mÐa diadikasÐa exagwg c
twn tim¸n twn paramètrwn enìc montèlou h opoÐa na eÐnai eÔqrhsth kai, kat� to
dunatìn, mikr c poluplokìthtac [10, 116, 117, 118, 119, 120, 121, 122, 123, 124, 67].

MÐa tètoia mejodologÐa prèpei na ekmetalleujeÐ thn idiaÐterh fusik  jèsh thc
k�je paramètrou mèsa se èna montèlo kai na aniqneÔsei thn ptuq  thc apìkrishc
tou montèlou pou h k�je par�metroc ephre�zei perissìtero. SugkrÐnontac aut n thn
sugkekrimènh apìkrish tou montèlou me tic antÐstoiqec metr seic, eÐnai logikì na
ex�getai kat� ton kallÐtero trìpo h tim  mÐac sugkekrimènhc paramètrou. 'Ena pa-
r�deigma aut c thc skeptik c eÐnai ìti h kinhtikìthta eÐnai an�logh tou reÔmatoc tou
kanalioÔ, en¸ den ephre�zei to montèlo diaqwrhtikot twn. Sunep¸c, oi par�metroi
sqetik� me thn kinhtikìthta ja exaqjoÔn mèsw sÔgkrishc thc apìkrishc reÔmatoc
tou montèlou me antÐstoiqec metr seic kai ìqi diaqwrhtikot twn.

Apì thn �llh, poll� fainìmena ephre�zoun tautìqrona thn Ðdia ptuq  thc sum-
perifor�c enìc stoiqeÐou. Se autèc tic peript¸seic prèpei na gÐnetai prosp�jeia
aneÔreshc eidik¸n sunjhk¸n pou epikrateÐ to èna fainìmeno sto �llo, kai afoÔ exa-
qjoÔn, upì autèc tic sunj kec, oi par�metroi pou sqetÐzontai me to men, na suneqÐsei
h diadikasÐa me thn exagwg  twn upoloÐpwn paramètrwn. San par�deigma, mporeÐ na
anaferjeÐ to an�strofo fainìmeno kontoÔ kanalioÔ (reverse short channel effect) kai
to fainìmeno pt¸shc tou fr�gmatoc lìgw thc t�shc sto drain (drain induced bar-
rier lowering). Amfìtera ta fainìmena ephre�zoun thn t�sh katwflÐou se tranzÐstor
kont¸n kanali¸n. 'Omwc to pr¸to epikrateÐ sthn grammik  perioq . An exaqjoÔn oi
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par�metroi tou se autèc tic sunj kec, dÔnatai èpeita h exagwg  twn paramètrwn tou
deÔterou melet¸ntac metr seic ston kìro kai jewr¸ntac tic paramètrouc tou pr¸tou
fainomènou dedomènec.

Lamb�nontac upìyin ta �nwjen, dÔnatai na exaqjeÐ mÐa seir� sugkrÐsewn montèlou
kai metr sewn, pou odhgoÔn sthn exagwg  sugkekrimènwn paramètrwn k�je for�. H
ierarqik  dom  aut  prèpei na epitrèpei thn exagwg  tim¸n gia ìlec tic paramètrouc
enìc montèlou. Telik¸c, mÐa tètoia mejodologÐa eÐnai polÔ dÔskolo na leitourg sei
apolÔtwc automatopoihmèna kai mhqanik�. EÐnai, en gènei, an�gkh sthn seir� twn dia-
fìrwn bhm�twn na pragmatopoihjoÔn epanal yeic kai belti¸seic stic timèc twn  dh
exaqjèntwn paramètrwn. 'Allwste, k�je par�metroc, nai men ephre�zei mÐa sugkekri-
mènh ptuq  thc sumperifor�c tou montèlou idiaÐtera, all� eÐnai l�joc na jewrhjeÐ
ìti af nei pl rwc anephrèastec tic upìloipec. H sunolik  dom  enìc pl rouc montè-
lou eÐnai tìso polÔplokh pou tètoiou eÐdouc sumper�smata èqoun poiotik  shmasÐa
all� ìqi austhr� posotik . Par� taÔta eÐnai kallÐterh mÐa mejodologÐa pou apaiteÐ
epanal yeic par� h pantel c apousÐa aut c.

Sunep¸c, o ìroc mejodologÐa exagwg c paramètrwn anafèretai se mÐa hmiautoma-
topoihmènh diadikasÐa ierarqik� domhmènwn sugkrÐsewn pou odhgoÔn sthn exagwg 
idanik¸n tim¸n twn paramètrwn enìc montèlou me b�sh metr seic k�poiac sugkekri-
mènhc teqnologÐac. Aut  h diadikasÐa prèpei na akoloujhjeÐ xeqwrist� gia ta nMOS
tranzÐstor kai gia ta pMOS kaj¸c eÐnai diaforetik� ta ulik� touc kai h diadikasÐa
kataskeu c touc. Apì thn �llh, efìson to montèlo kai stic dÔo peript¸seic eÐnai Ðdio,
h Ðdia diadikasÐa exagwg c paramètrwn kalÔptei kai tic dÔo oikogèneiec diat�xewn,
prosarmìzontac kat�llhla ta prìshma twn polikot twn, ìpou eÐnai aparaÐthto. Sto
kef�laio autì ja parousiasteÐ h diadikasÐa exagwg c twn paramètrwn tou montèlou
pou analÔjhke sto kef�laio 2 anafèrontac, san par�deigma, thn perÐptwsh thc melè-
thc nMOS diat�xewn kai jewr¸ntac antÐstoiqh kai thn perÐptwsh twn pMOS. Sthn
diadikasÐa ja anafèretai tìso h fÔsh thc paramètrou ìso kai h onomasÐa thc sto
montèlo EKV301.01.

Prèpei na anaferjeÐ se autì to shmeÐo ìti up�rqoun par�metroi se èna montèlo,
pou eÐnai pl rwc allhloexartìmenec. Gia par�deigma mporeÐ na jewrhjeÐ san par�-
metroc to p�qoc tou monwt  kai apì autì na upologisteÐ h qwrhtikìthta tou an�
mon�da epif�neiac, sunupologÐzontac fusik� thn epitreptìthta tou ulikoÔ, sqèsh
(2.9). AntÐstoiqa zeug�ria paramètrwn eÐnai h t�sh isorropÐac (flat-band voltage)
me thn t�sh katwflÐou kai h sugkèntrwsh forèwn sto upìstrwma me to suntelest 
fainomènou s¸matoc. Oi pr¸tec par�metroi k�je zeugarioÔ anafèrontai perissìte-
ro sthn fusik  di�stash thc di�taxhc, en¸ oi deÔterec sth hlektrik  di�stash thc.
Sunep¸c, ìpou orÐzetai   ex�getai h mÐa, ja mporoÔse na ex�getai kai h �llh. Sthn
ed¸ an�lush ja protimhjeÐ h anafor� sta hlektrik� isodÔnama megèjh.

Apì thn �llh, up�rqoun par�metroi pou, en¸ jewrhtik� sundèontai pl rwc, a-
f nontai na kinoÔntai anex�rthta gia na up�rqei kallÐterh euelixÐa sto montèlo.
Par�deigma eÐnai h t�sh Fermi kai o suntelest c fainomènou s¸matoc, pou en¸ sun-
dèontai jewrhtik� apìluta mèsw thc sugkèntrwshc forèwn sto upìstrwma, sqèseic
(2.14) kai (2.16), af nontai, en toÔtoic, na paÐrnoun timèc eleÔjera, an�loga me thn
bèltisth prosarmog  tou montèlou stic metr seic mÐac teqnologÐac.

EpÐshc, shmantikì eÐnai na anaferjeÐ ìti, h exagwg  twn paramètrwn gia tic diat�-
xeic MOSFET mÐac teqnologÐac, prèpei na sunodeuteÐ apì thn exagwg  twn paramè-
trwn pou sqetÐzontai me tic diìdouc tic Ðdiac teqnologÐac. Oi parasitikèc dÐodoi, pou
emfanÐzontai an�mesa apì touc akrodèktec drain kai source kai ton akrodèkth tou
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upostr¸matoc, qarakthrÐzontai apì to dikì touc montèlo kai to dikì touc sÔnolo
paramètrwn, pou perigr�fei to statikì reÔma touc kai thn qwrhtik  touc sumperifo-
r�. H exagwg  twn sqetik¸n paramètrwn gÐnetai me thn melèth metr sewn reÔmatoc
kai qwrhtikìthtac tri¸n toul�qiston dom¸n. H mÐa prèpei na èqei sqetik� meg�lh
epif�neia, h deÔterh na èqei sqetik� meg�lh perÐmetro, kai h trÐth na èqei sqetik�
meg�lh perÐmetro me pleurik� qarakthristik� Ðdia me to mèroc thc perimètrou thc
parasitik c diìdou tou tranzÐstor pou brÐsketai proc thn meri� tou kanalioÔ. Oi pa-
r�metroi twn diìdwn eÐnai diaforetikèc gia tic parasitikèc diìdouc twn nMOS kai twn
pMOS, kaj¸c den eÐnai summetrikèc oi dÔo peript¸seic. Oi timèc tou montèlou twn
parasitik¸n diìdwn tou tranzÐstor ex�gontai sunep¸c apì domèc diaforetikèc apì
tranzÐstor. Sthn metèpeita sÔgkrish me tic metr seic p�nw sta Ðdia ta tranzÐstor,
dÔnatai na beltiwjeÐ h ektÐmhsh twn sqetik¸n paramètrwn, an kai lÐgo ephre�zoun
oi parasitikèc dÐodoi thn sumperifor� tou ìlou tranzÐstor.

1. Di�taxh meg�lou pl�touc kai meg�lou m kouc kanalioÔ

H diadikasÐa exagwg c paramètrwn eÐnai logikì na arqÐsei apì diat�xeic meg�lwn
diast�sewn, stic opoÐec den parathreÐtai mÐa seir� fainomènwn mikr¸n diast�sewn kai
oi opoÐec qarakthrÐzontai apì mÐa pio apl  sumperifor�. Sunep¸c, eÐnai mikrìtero
to pl joc twn paramètrwn pou ephre�zei thn sumperifor� tou tranzÐstor meg�lwn
diast�sewn.

1.A. An�lush CGG vs. VGB. San pr¸to b ma mporeÐ na melethjeÐ h qwrhtikì-
thta CGG, pou eÐnai ousiastik� h qwrhtikìthta pou anaptÔssetai an�mesa apì ton
�krodèkth thc pÔlhc kai touc upìloipouc treic akrodèktec braqukuklwmènouc, kai,
pio eidik�, h ex�rthsh thc CGG apì thn t�sh an�mesa sthn pÔlh kai to upìstrwma.
Oi akrodèktec source kai drain brÐskontai braqukuklwmènoi me to upìstrwma. To
sq ma 2.28 deÐqnei mÐa tètoia an�lush. To sq ma thc kampÔlhc aut c exart�tai kurÐ-
wc apì thn qwrhtikìthta an� mon�da epif�neiac tou monwt  (COX1), ton suntelest 
fainomènou s¸matoc (GAMMA), thn t�sh katwflÐou (VTO) kai thn t�sh Fermi (PHIF).

H COX eÐnai an�logh thc qwrhtikìthtac, opìte kallÐtera ex�getai apì tic mègistec
timèc tou CGG sthn perioq  thc isqur c anastrof c (VGB > VTB)   thc baji�c
suss¸reushc (VGB << VFB). Shmei¸netai ed¸ ìti h energ  tim  thc COX, se antÐjesh
me to p�qoc tou monwt  (TOX) ephre�zetai kai apì ta kbantik� fainìmena, oi sqetikèc
par�metroi twn opoÐwn (AQMA, AQMI, ETAQM) ex�gontai epÐshc apì aut  thn an�lush.

H par�metroc GAMMA sqetÐzetai me thn el�qisth tim  thc qwrhtikìthtac CGG pou
lamb�nei q¸ra an�mesa apì thn perioq  thc ex�ntlhshc kai thc asjenoÔc anastro-
f c,   alli¸c lÐgo prin apì thn t�sh katwflÐou. H par�metroc VTO orÐzei to shmeÐo
met�bashc apì thn asjen  anastrof  sthn isqur , ìpou parathreÐtai h meg�lh aÔxh-
sh thc tim c tou CGG, en¸ h PHIF orÐzei thn tim  thc t�shc isorropÐac se sqèsh me
thn t�sh katwflÐou,   alli¸c, grafik� mil¸ntac, ephre�zei to �noigma thc kampÔlhc
CGG vs. VGB, pou parathreÐtai gÔrw apì thn perioq  thc ex�ntlhshc.

EpÐshc, an�loga me ton trìpo kataskeu c thc teqnologÐac kai to ulikì thc pÔlhc
emfanÐzetai,   ìqi, kai to fainìmeno thc ex�ntlhshc polukrustallikoÔ puritÐou, par�-
grafoc 2.3.2. An�loga orÐzetai h par�metroc TG kai ex�getai h tim  tou suntelest 
diamìrfwshc pÔlhc (GAMMAG).

1Με αυτή την γραμματοσειρά αναφέρονται οι παράμετροι του μοντέλου EKV3
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Kat� thc exagwg  twn �nw paramètrwn mporoÔn na sunupologistoÔn kai metr -
seic CGC vs. VGB, me VSB = VBD = VCB kai me VCB eÐte mhdenikì eÐte megalÔtero,  
kai CGB vs. VGB me Ðdiec pol¸seic.

1.B. An�lush ID, gm vs. VG. Sthn sunèqeia èrqetai h melèth statikoÔ reÔmatoc
kanalioÔ, kai thc diagwgimìthtac pÔlhc, thc di�taxhc meg�lwn diat�xewn kai eidik�
h ex�rthsh touc apì thn t�sh sthn pÔlh. Melet¸ntac tic grafikèc tou reÔmatoc
se logarijmik  klÐmaka kai èqontac thn an�lush gia di�forec timèc thc t�shc VSB,
epitrèpetai h epibebaÐwsh,   mikrorÔjmish kai beltÐwsh, twn tim¸n twn paramètrwn
VTO kai GAMMA. Apì thn �llh, se grammik  klÐmata to reÔma epitrèpei thn exagwg  thc
kinhtikìthtac se qamhlì pedÐo (KP2), ìpwc kai oi par�metroi tou fainomènou skèdashc
epifaneÐac (E0, E1, ETA). Bèltisto eÐnai oi par�metroi autèc na exaqjoÔn melet¸ntac
to reÔma tou kanalioÔ tìso sthn grammik  perioq , ìso kai sto koresmì. EpÐshc,
to fainìmeno skèdashc Coulomb emfanÐzetai se autèc tic sunj kec kai h timèc twn
sqetik¸n paramètrwn (THC, ZC) mporoÔn na exaqjoÔn gia sqetik� qamhlèc timèc thc
t�shc sthn pÔlh.

1.G. An�lush ID, gds vs. VD. To fainìmeno metakÐnhshc thc t�shc katwflÐou
lìgw thc t�shc ston akrodèkth drain se diat�xeic me pocket implants ephre�zei sh-
mantik� thn agwgimìthta exìdou (gds = ∂ID

∂VD
). EpÐshc, lìgw twn pocket implants,

emfanÐzetai kai to fainìmeno sundiamìrfwshc fortÐou sqetik� èntono akìma kai se
tranzÐstor me meg�lo m koc. Oi sqetikèc par�metroi tou pr¸tou fainomènou (FPROUT,
PDITS, PDITSP), kaj¸c kai h par�metroc tou deÔterou fainomènou pou sqetÐzetai me
tic diat�xeic meg�lwn diast�sewn (LETA0) ex�gontai apì mÐa an�lush tou gds vs. VD

gia di�forec timèc tou VG. Par�llhla, apì thn an�lush tou reÔmatoc kanalioÔ wc
proc thn t�sh sto drain epibebai¸nontai kai oi par�metroi sqetik� me thn kinhtikì-
thta.

1.D. An�lush IG vs. VG. To reÔma thc pÔlhc emfanÐzetai èntono stic diat�-
xeic meg�lhc di�stashc, kaj¸c se autèc h pÔlh èqei meg�lh epif�neia. Oi sqetikèc
par�metroi (KG, XB, EB) mporoÔn na exaqjoÔn melet¸ntac to reÔma thc pÔlhc kai
thn ex�rthsh tou apì thn t�sh sthn pÔlh. H par�llhlh melèth tìso thc grammik c
perioq c ìso kai tou koresmoÔ epitrèpei thn kallÐterh exagwg  twn paramètrwn.
EpÐshc, lìgw tou meg�lou eÔrouc tim¸n tou reÔmatoc thc pÔlhc, protim�tai h melèth
tou se logarijmik  b�sh.

2. Di�taxh meg�lou pl�touc kai mikroÔ m kouc kanalioÔ

'Eqontac dedomènec tic paramètrouc gia ta tranzÐstor meg�lwn diast�sewn, akolou-
jeÐ h melèth twn fainomènwn kontoÔ kanalioÔ kai h exagwg  twn sqetik¸n paramè-
trwn.

2.A. An�lush CGG vs. VGB. H qwrhtikìthta CGG, sthn perÐptwsh tou tranzÐ-
stor mikroÔ kanalioÔ, ja qarakthrÐzetai apì mÐa diaforetik  t�sh katwflÐou, sun-
telest  fainomènou s¸matoc kai t�sh Fermi. Lìgw tou an�strofou fainomènou
kontoÔ kanalioÔ parathreÐtai mÐa aÔxhsh aut¸n twn megej¸n. Eidik�, h grammik 

2Για την ακρίβεια η παράμετρος KP αντιστοιχεί στην κινητικότητα χαμηλού πεδίου πολλαπλασια-
σμένη με την χωρητικότητα ανά μονάδα επιφάνειας του μονωτή (COX).
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perioq  leitourgÐac, sthn opoÐa �lla fainìmena den emfanÐzontai, exuphreteÐ gia thn
exagwg  twn sqetik¸n paramètrwn (QLR, NLR, FLR antÐstoiqa). Shmei¸netai ìmwc ìti
h pl rhc exagwg  twn paramètrwn aut¸n, ja oloklhrwjeÐ me thn melèth tranzÐstor
diafìrwn mhk¸n kanalioÔ, kaj¸c oi sqetikèc exis¸seic me thn qr sh thc paramètrou
LR, epitrèpei na dhmiourghjoÔn di�fora profÐl exart sewn tou fainomènou apì to
m koc tou kanalioÔ. Se autì to epÐpedo, ousiastik�, ex�gontai oi par�metroi gia
mÐa sqetik� aujaÐreth tim  tou LR, all� h aujairesÐa aut  ja diorjwjeÐ se epìmeno
b ma. Apì thn �llh h par�metroc LR, se fusikì epÐpedo sundèetai me to m koc twn
pocket implants opìte endeqomènwc na up�rqei sqetik  plhroforÐa gia thn tim  thc
apì ta kataskeuastik� dedomèna thc teqnologÐac.

Apì thn �llh, kai pio kal� melet¸ntac par�llhla kai metr seic CGC vs. VGB,
epitrèpetai h exagwg  twn paramètrwn pou sqetÐzontai me to energì m koc kanalioÔ
(DL), h opoÐa ephre�zei thn ìlh qwrhtikìthta kai sunep¸c kallÐtera na exaqjeÐ apì
thn tim  twn diaqwrhtikot twn sthn isqur  anastrof , thn qwrhtikìthta epik�luyhc
(LOV, GAMMAOV), fainìmeno to opoÐo kallÐtera apotup¸netai sthn diaqwrhtikìthta
CGC sthn suss¸reush, kaj¸c kai thn qwrhtikìthta jus�nwshc (KJF, CJF), pou
perissìtero ephre�zei thn CGC sthn mètria anastrof .

2.B. An�lush ID, gm vs. VG, (grammik  perioq ). Se epÐpedo statikoÔ
reÔmatoc, pr¸tista epibebai¸netai h tim  thc t�shc katwflÐou kai tou suntelest 
fainomènou s¸matoc, lìgw tou an�strofou fainomènou kontoÔ kanalioÔ, melet¸ntac
to reÔma tou kanalioÔ se logarijmik  klÐmaka kai sthn grammik  perioq  leitourgÐac.
'Epeita parathr¸ntac thn sumperifor� sthn isqur  anastrof  ex�getai plhroforÐa
sqetik� me thn seiriak  antÐstash (RLX) kaj¸c epibebai¸netai kai h tim  tou energoÔ
m kouc tou kanalioÔ, se sqèsh me to m koc sqedÐashc (DL). Endeqìmenec mikrodiafo-
rèc metaxÔ twn energ¸n mhk¸n apì �poyh diaqwrhtikìthtac kai reÔmatoc, mporoÔn
na rujmistoÔn mèsw thc paramètrou DLC.

2.G. An�lush ID, gm vs. VG, (koresmìc). Sthn perioq  tou koresmoÔ, kai
eidik� sta tranzÐstor kontoÔ kanalioÔ, up�rqei mÐa poikilÐa fainomènwn pou emfanÐ-
zontai, kai eÐnai dÔskoloc o orismìc eidik¸n sunjhk¸n ìpou epikrateÐ mìno to èna
apì aut�. Melet¸ntac thn mètria anastrof  ston koresmì, kai sugkrÐnontac thn
me thn mètria anastrof  sthn grammik  perioq , ex�gontai oi par�metroi pou sqetÐ-
zontai me thn pt¸sh tou fr�gmatoc lìgw thc t�shc sto drain (ETAD, SIGMAD), to
opoÐo fainìmeno sunep�getai thn meÐwsh thc t�shc katwflÐou gia uyhlìterec timèc
tou VDS.

Par�llhla, sthn an�lush aut  emfanÐzetai, en mèrei, kai h epirro  tou fainomè-
nou sundiamìrfwshc fortÐou, pou ephre�zei thn tim  thc t�shc katwflÐou kai tou
suntelest  fainomènou s¸matoc sta tranzÐstor kontoÔ kanalioÔ me b�sh tic t�seic
stouc akrodèktec sta �kra tou kanalioÔ. H sqetik  par�metroc onom�zetai LETA.

2.D. An�lush ID, gds vs. VD. To fainìmeno koresmoÔ taqÔthtac (UCRIT,
DELTA) kai to fainìmeno diamìrfwshc m kouc kanalioÔ (LAMBDA) emfanÐzetai qa-
rakthristikìtata sthn an�lush ID vs. VD, kai idiaÐtera sth perioq  leitourgÐac tou
koresmoÔ.

H, de, agwgimìthta exìdou, exart�tai tìso apì aut� ta fainìmena ìso kai apì
ta  dh melethjènta fainìmena sundiamìrfwshc fortÐou kai pt¸shc tou fr�gmatoc
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lìgw thc t�shc sto drain, kai oi timèc thc agwgimìthtac exìdou, eidik� sthn asjen 
anastrof , apaiteÐtai na proseggistoÔn me b�sh kai tic sqetikèc paramètrouc.

2.E. An�lush IG vs. VG. Sthn di�taxh me kontì m koc ja epikrateÐ wc proc
to reÔma thc pÔlhc, to reÔma uperk�luyhc thc pÔlhc. Melet¸ntac sunep¸c to thn
ex�rthsh tou reÔmatoc pÔlhc apì thn t�sh sthn pÔlh, kai èqontac  dh ex�gei tic para-
mètrouc tou fainomènou pou sqetÐzontai me to reÔma pÔlhc meg�lou m kouc kanalioÔ,
ex�gontai oi par�metroi pou sqetÐzontai reÔma uperk�luyhc thc pÔlhc (LOVIG).

2.ST. An�lush IB vs. VD. Par�llhla, sthn di�taxh mikroÔ m kouc eÐnai pou
parathreÐtai entonìtera to reÔma ionismoÔ prìsptwshc. Sunep¸c apì aut n thn
di�taxh eÐnai bèltisto na exaqjoÔn oi sqetikèc par�metroi (IBA, IBB, IBN)

3. Diat�xeic meg�lou pl�touc kai diafìrwn mhk¸n kanalioÔ

Me thn anwtèrw diadikasÐa, èqoun exaqjeÐ par�metroi pou sqetÐzontai tìso me diat�-
xeic meg�lou m kouc ìso kai me diat�xeic mikroÔ m kouc. All� gia thn exagwg  twn
èqoun qrhsimopoihjeÐ mìno dÔo diat�xeic. Ta tranzÐstor me m koc kanalioÔ endi�me-
swn tim¸n den èqoun akìma melethjeÐ kai proseggisteÐ apì to montèlo. AkoloujeÐ,
se autì to shmeÐo, h exagwg  twn paramètrwn pou sqetÐzontai me thn klim�kwsh
(scaling) tou montèlou me b�sh to m koc tou kanalioÔ.

3.A. An�lush VTH , γ vs. L. 'Opwc anafèrjhke  dh, to an�strofo fainìmeno
kontoÔ kanalioÔ, epitrèpei, an�loga me to m koc twn pocket implants, di�fora dunat�
profÐl ex�rthshc thc t�shc katwflÐou kai tou suntelest  fainomènou s¸matoc apì
to m koc tou kanalioÔ. Parathr¸ntac eÐte to VTH kai to γ, eÐte genikìtera tic
analÔseic ID vs. VG, se mètria anastrof , gia di�forec timèc tou VSB kai kurÐwc
sthn grammik  perioq  leitourgÐac, gia tranzÐstor diafìrwn mhk¸n an�mesa apì to
el�qisto thc teqnologÐac kai èna arket� meg�lo, ex�gontai telik¸c oi timèc tou
fainomènou (QLR, NLR, FLR, LR).

3.B. An�lush ID,lin, ID,sat vs. L. 'Epeita, melet�tai h sumperifor� sthn isqu-
r  anastrof , tìso sthn grammik  perioq  (lin) ìso kai ston koresmì (sat). Pio
sugkekrimèna ex�getai plhroforÐa sqetik� me thn diakÔmansh thc kinhtikìthtac su-
nart sei tou m kouc tou kanalioÔ (KA, LA, KB, LB). To montèlo pou sqetÐzetai me
tic paramètrouc autèc eÐnai empeirikì kai epitrèpei thn dhmiourgÐa enìc profÐl, me
endeqìmenh allag  monotonÐac, thc kinhtikìthtac me b�sh to m koc tou kanalioÔ. Oi
ìroi ID,lin kai ID,sat anafèrontai sthn tim  tou reÔmatoc kanalioÔ upì sugkekrimènh
pìlwsh, afenìc sthn isqur  anastrof , kai afetèrou sthn grammik  leitourgÐa kai
ton koresmì antÐstoiqa.

4. Di�taxh mikroÔ pl�touc kai meg�lou m kouc kanalioÔ

AntÐstoiqa me tic seirèc bhm�twn 2 kai 3, ìpou melet jhkan ta fainìmena pou sqetÐ-
zontai me ta tranzÐstor me meg�loc pl�toc kai di�fora m kh kanalioÔ, akoloujoÔn
dÔo seirèc bhm�twn pou h mÐa sqetÐzetai me to tranzÐstor stenoÔ pl�touc kai meg�lou
m kouc kai h deÔterh me tranzÐstor diafìrwn plat¸n kai all� p�nta meg�lou m kouc.
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4.A. An�lush ID, gm vs. VG. Pr¸tista, gÐnetai mÐa ektÐmhsh twn paramètrwn
tou antÐstrofou fainomènou stenoÔ kanalioÔ (QWR, NWR), gia sugkekrimènh tim  thc
WR, me stìqo na proseggisteÐ swst  h tim  thc t�shc katwflÐou kai tou suntele-
st  fainomènou s¸matoc, antÐstoiqa me tic paramètrouc tou an�strofou fainomènou
kontoÔ kanalioÔ sto b ma 2.A. 'Epeita, suneqÐzei h diadikasÐa me thn exagwg  thc
paramètrou DW, h opoÐa sundèei thn energ  tim  tou pl�touc tou kanalioÔ me to
onomastikì pl�toc sqedÐashc.

Apì thn �llh, up�rqoun par�metroi pou epitrèpoun tic mikrorujmÐseic paramè-
trwn basik¸n fainomènwn pou mporeÐ na ekfr�zontai diaforetik� se k�je di�taxh
an�loga me thn gewmetrÐa thc. Gia autì ex�gontai, sthn isqur  anastrof  kurÐwc,
oi par�metroi WE0 kai WE1, oi opoÐec dÐnoun mÐa ex�rthsh thc energ c tim c twn E0 kai
E1 antÐstoiqa, sunart sei tou pl�touc. Gia praktikoÔc lìgouc up�rqoun di�forec tè-
toiec par�metroi sto montèlo pou prosdÐdoun euelixÐa se autì, kat� thn prosarmog 
tou se di�forec gewmetrÐec.

Epiplèon se tranzÐstor mikroÔ pl�touc kai meg�lou m kouc, kai perissìtero ston
koresmì, emfanÐzetai kajarìtera h sunist¸sa tou fainomènou sundiamìrfwshc for-
tÐou pou sqetÐzetai me to pl�toc kai pou perigr�fetai apì thn par�metro WETA.

5. Diat�xeic meg�lou m kouc kai diafìrwn plat¸n kanalioÔ

5.A. An�lush VTH , γ vs. W . Melet¸ntac thn t�sh katwflÐou kai ton sun-
telest  fainomènou s¸matoc gia tranzÐstor meg�lou m kouc kai diafìrwn plat¸n,
oloklhr¸netai h diadikasÐa exagwg c twn paramètrwn tou antÐstrofou fainomènou
stenoÔ kanalioÔ (QWR, NWR, WR).

6. Di�taxh mikroÔ m kouc kai mikroÔ pl�touc kanalioÔ

Mèqri stigm c èqoun melethjeÐ sugkekrimènoi �xonec gewmetrÐac twn tranzÐstor,
enno¸ntac ìti ta tranzÐstor pou èqoun proseggisteÐ  tan eÐte meg�lou pl�touc,
eÐte meg�lou m kouc. Epìmeno b ma eÐnai h exagwg  paramètrwn gia tic diat�xeic
pou èqoun tìso mikrì m koc kanalioÔ ìso kai mikrì pl�toc. To el�qisto mègejoc
aut¸n twn diat�xewn tic kajistoÔn idiaÐtera elkustikèc gia yhfiakèc efarmogèc  ,
genikìtera, gia peript¸seic ìpou epizht�tai to el�qisto mègejoc tou kukl¸matoc.

6.A. An�lush ID, gm vs. VG, (grammik  perioq ). Merikèc par�metroi
mikrorujmÐsewn kai gewmetrik¸n exart sewn diafìrwn fainomènwn mporoÔn na exa-
qjoÔn gia thn prosarmog  tou montèlou se diat�xeic el�qistou megèjouc kanalioÔ.
Qarakthristik� ex�getai h par�metroc WDL, pou eÐnai mÐa ex�rthsh thc DL apì to
pl�toc, ìpwc kai h WRLX h opoÐa epitrèpei mÐa gewmetrik  me to pl�toc mikrorÔjmish
thc seiriak c antÐstashc.

6.B. An�lush ID, gds vs. VD. Epitrèpetai, epÐshc, h qr sh thc paramètrou
WUCRIT se perÐptwsh pou parathreÐtai mÐa diaforetik  sumperifor� wc proc to fai-
nìmeno tou koresmoÔ taqÔthtac an�mesa apì to kontì tranzÐstor me mikrì pl�toc
kai to kontì tranzÐstor me meg�lo pl�toc.
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7. An�lush se diaforetikèc jermokrasÐec

Me thn �nwjen diadikasÐa èqei exaqjeÐ èna sÔnolo tim¸n paramètrwn pou perigr�fei
tic diat�xeic diafìrwn gewmetri¸n mÐac teqnologÐac, all� èqei agnohjeÐ h ex�rthsh
touc apì thn jermokrasÐa. Jewr¸ntac ìti ìlh h parap�nw diadikasÐa èqei ektelesjeÐ
se mÐa sugkekrimènh jermokrasÐa, h opoÐa dÐnetai sthn par�metro tou montèlou TNOM,
ofeÐletai na akoloujhjeÐ mÐa diadikasÐa exagwg c paramètrwn pou sqetÐzontai me thn
ex�rthsh thc sumperifor�c thc teqnologÐac apì thn jermokrasÐa.

Wc eÐnai logikì, ja melethjeÐ p�li pr¸ta h di�taxh meg�lwn diast�sewn, sthn
opoÐa emfanÐzontai ligìtera fainìmena, kai akoloÔjwc oi upìloipec gewmetrÐec.

7.1.A. TranzÐstor meg�lou pl�touc kai m kouc kanalioÔ. An�lush
VTH vs. T . 'Opwc èqei analujeÐ  dh, anamènetai mÐa ex�rthsh thc t�shc katwflÐou
apì thn jermokrasÐa. H sqetik  par�metroc TCV ex�getai melet¸ntac thn t�sh
katwflÐou,   genikìtera to reÔma tou kanalioÔ sthn mètria anastrof  se di�forec
jermokrasÐec.

7.1.B. TranzÐstor meg�lou pl�touc kai m kouc kanalioÔ. An�lush
ID vs. VG se di�forec jermokrasÐec. Apì thn �llh, up�rqei kai h ex�rthsh
thc kinhtikìthtac apì thn jermokrasÐa. Aut  kajorÐzetai apì thn par�metro BEX,
kai mporeÐ na exaqjeÐ melet¸ntac tic ID vs. VG qarakthristikèc enìc meg�lou m kouc
kai pl�touc tranzÐstor. Apì thn �llh, kai oi par�metroi tou fainomènou skèdashc
epifaneÐac endèqetai na exart¸ntai apì thn jermokrasÐa kai gia autì èqoun oristeÐ
antÐstoiqec par�metroi TE0EX kai TE1EX, pou epitrèpoun thn all�gh twn energ¸n
tim¸n twn E0 kai E1, an�loga me thn jermokrasÐa.

7.2.A. TranzÐstor meg�lou pl�touc kai mikroÔ m kouc kanalioÔ.
An�lush VTH vs. T . Sthn perÐptwsh tou tranzÐstor mikroÔ m kouc kanalioÔ, h
par�metroc TCVL epitrèpei thn prosarmog  thc ex�rthshc thc t�shc katwflÐou apì
thn jermokrasÐa sta tranzÐstor mikroÔ m kouc, se sqèsh me ta tranzÐstor meg�lou
m kouc. EpÐshc, h ex�rthsh thc exwterik c seiriak c antÐstashc apì thn jermokrasÐa
ex�getai upì autèc tic sunj kec (TR).

7.2.B. TranzÐstor meg�lou pl�touc kai mikroÔ m kouc kanalioÔ.
An�lush ID vs. VD se di�forec jermokrasÐec. Apì thn �llh, h par�me-
troc UCEX, perigr�fei thn ex�rthsh thc krÐsimhc taqÔthtac tou fainomènou koresmoÔ
taqÔthtac, apì thn jermokrasÐa. Apì tic ID vs. VD qarakthristikèc tou tranzÐstor
kontoÔ kanalioÔ, se di�forec jermokrasÐec ex�getai h tim  thc.

H �nwjen diadikasÐa emfanÐzei thn teqnik  exagwg c tim¸n gia tic paramètrouc
tou montèlou gia mÐa sugkekrimènh teqnologÐa. KalÔptei ìlec tic gewmetrÐec, apì
tic el�qistec thc teqnologÐac, mèqri kai tic tìso meg�lec ètsi ¸ste na mhn para-
throÔntai plèon fainìmena mikr¸n diast�sewn. EpÐshc ekteÐnetai kai sthn melèth
thc sumperifor�c thc teqnologÐac se di�forec jermokrasÐec. Ta proanaferjènta
b mata sumpukn¸nontai epigrammatik� ston pÐnaka 4.1. H mejodologÐa den exantleÐ
k�je leptomèreia sto pedÐo twn paramètrwn all� af netai se èna ìrio an�mesa apì
thn poiotik  kai thn posotik  akrÐbeia. 'Etsi, epitrèpetai na diafanoÔn kallÐtera oi
poiotikèc arqèc thc diadikasÐac, pou sqetÐzontai me thn seir� melèthc twn fainomènwn
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kai thn exagwg  twn sqetik¸n paramètrwn, qwrÐc na q�nontai oi genikèc arqèc mèsa
se leptomèreiec.

1. W = WMAX

L = LMAX
2. W = WMAX

L = LMIN
3. W = WMAX

vs. L

CGG vs. VG
COX, VTO, PHIF,
GAMMA, GAMMAG

DL, LOV, GAMMAOV,
KJF, CJF

ID vs. VG (lin) KP, E0, E1, ETA,
THC, ZC

DL, RLX QLR, NLR, LR

ID vs. VG (sat) KP, E0, E1, ETA
ETAD, SIGMAD,

LETA
KA, LA, KB, LB

ID vs. VD
UCRIT, LAMBDA,

DELTA

IG vs. VG KG, XB, EB LOVIG

IB vs. VD IBA, IBB, IBN

4. W = WMIN

L = LMAX
5. vs. W

L = LMAX
6. W = WMIN

L = LMIN

ID vs. VG (lin) DW, WE0, WE1 QWR, NWR, WR WDL, WRLX
ID vs. VG (sat) WETA

ID vs. VD WUCRIT

7.1.
W = WMAX

L = LMAX

vs. T
7.2.

W = WMAX

L = LMIN

vs. T
ID vs. VG (lin) TCV, BEX, TE0EX, TE1EX TCVL, TR
ID vs. VG (sat) BEX, TE0EX, TE1EX

ID vs. VD UCEX

PÐnakac 4.1: PÐnakac mejodologÐac exagwg c paramètrwn. Oi pleioyhfÐa twn paramè-
trwn tou montèlou ex�getai mèsw aut c thc diadikasÐac. O pÐnakac akoloujeÐtai pr¸ta kat�
st lec kai èpeita kat� grammèc.

4.1.1 Antist�seic pÔlhc kai upostr¸matoc

Sthn mèqri t¸ra an�lush melet jhkan metr seic se tranzÐstor pou  tan eÐte statikoÔ
reÔmatoc, eÐte diaqwrhtikot twn se qamhlèc suqnìthtec. Kaj¸c aux�nei h suqnotik 
leitourgÐa thc di�taxhc emfanÐzontai kai �lla fainìmena pou prèpei na melethjoÔn
kai na exaqjoÔn oi sqetikèc par�metroi. 'Opwc èqei anaferjeÐ  dh, autèc oi par�me-
troi sqetÐzontai me to exwterikì upodÐktuo tou makromontèlou tou tranzÐstor. Sto
makromontèlo autì, oi timèc twn diaqwrhtikot twn èqoun  dh upologisjeÐ. Autì pou
èqei meÐnei kenì akìma, eÐnai oi timèc tou antist�sewn thc pÔlhc kai tou upostr¸-
matoc. H exagwg  twn tim¸n touc gÐnetai me thn melèth metr sewn Y-paramètrwn
se tranzÐstor pou jewroÔntai san dÐjura se sundesmologÐa koin c phg c, mÐa jÔra
eisìdou, èstw noÔmero 1, an�mesa apì thn pÔlh kai thn phg  kai mÐa jÔra exìdou,
èstw noÔmero 2, thn jÔra an�mesa apì to drain kai thn phg .

Gia thn akrÐbeia, h par�metroc pou sqetÐzetai me thn antÐstash thc pÔlh (RGSH)
ephre�zei perissìtero to pragmatikì mèroc thc paramètrou Y11, ìpwc kai to migadikì
thc Y21. Apì thn �llh, oi antist�seic tou diktu¸matoc tou upostr¸matoc (RDSBSH,
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RBWSH, RSBWSH, RDBWSH) faÐnontai kurÐwc mèsw thc epirro c touc sto pragmatikì
mèroc tou Y22 [124].

To, de, montèlo tou kukl¸matoc pou perigr�fei thn mh-statik  sumperifor� tou
tranzÐstor den basÐzetai sthn exagwg  epiplèon paramètrwn.

4.1.2 Par�metroi jorÔbou
Sqetik� me ton jìrubo kai thn exagwg  twn paramètrwn pou aforoÔn se autìn,
mporoÔn na eipwjoÔn ta akìlouja. H pleioyhfÐa twn phg¸n jorÔbou tou tranzÐstor
den basÐzontai sthn qr sh epiplèon paramètrwn. To montèlo jermikoÔ jorÔbou,
pou sunupologÐzei kai thn epÐdrash twn fainomènwn kontoÔ kanalioÔ, sthrÐzetai stic
paramètrouc montèlou pou èqoun  dh exaqjeÐ. Mìno to montèlo tou qamhlìsuqnou
flicker jorÔbou qrhsimopoieÐ thc paramètrouc KF, EF kai AF. 'H pr¸th par�metroc
eÐnai an�logh tou jorÔbou genik�, h deÔterh sqetÐzei ton jìrubo me thn ex�rthsh
tou apì th diagwgimìthta pÔlhc, kai sunep¸c kai thn t�sh sthn pÔlh, en¸ h teleutaÐa
deÐqnei thn ex�rthsh tou jorÔbou apì thn suqnìthta. Prèpei fusik� na exaqjoÔn
ìlec se sqetik� qamhlèc suqnìthtec ìpou aut  h phg  jorÔbou ja kuriarqeÐ. Apì
thn �llh mÐa par�metroc qrhsimopoieÐtai kai ston flicker jìrubo pou ofeÐletai sto
reÔma thc pÔlhc. H par�metroc aut  (KGFN) eÐnai an�logh tou jorÔbou autoÔ.

4.1.3 Par�metroi fainomènou pÐeshc apì STI domèc
'Eqei  dh anaferjeÐ ìti oi domèc STI, pou perifr�zoun to kan�li tou tranzÐstor me
stìqo thn hlektrik  tou apomìnwsh, ephre�zoun thn hlektrik  tou sumperifor�,
lìgw thc pÐeshc pou askoÔn sto upìstrwma. H exagwg  twn sqetik¸n paramètrwn
apaiteÐ thn pragmatopoÐhsh metr sewn se diat�xeic me diaforetikèc apost�seic a-
n�mesa sto kan�li kai thn STI dom . MÐa sugkekrimènh gewmetrÐa jewreÐtai san
gewmetrÐa anafor�c kai wc proc aut n ex�gontai oi par�metroi tou montèlou, me
b�sh thn diadikasÐa tou pÐnaka 4.1. AkoloÔjwc melet�tai h ex�rthsh thc t�shc
katwflÐou, tou suntelest  fainomènou s¸matoc kai thc kinhtikìthtac apì tic apì-
staseic tou kanalioÔ apì thn STI dom , kai ex�gontai antÐstoiqa oi par�metroi KVTO,
KGAMMA kai KKP. H melèth aut  gÐnetai mèsw ID vs. VG metr sewn se tranzÐstor me
kan�li meg�lwn diast�sewn.

Sthn sunèqeia meletoÔntai fainìmena pou aforoÔn se tranzÐstor kontoÔ kanalioÔ.
H par�metroc KETAD epitrèpei thn rÔjmish tou fainomènou thc pt¸shc tou fr�gmatoc
lìgo thc t�sewc ston akrodèkth drain kai h exagwg  tou gÐnetai me thn sugkriti-
k  melèthc thc t�shc katwflÐou sthn grammik  perioq  kai ton koresmì,   alli¸c
sugkrÐnontac ta reÔmata tou kanalioÔ sthn mètria anastrof , se ID vs. VG an�lu-
seic sthn grammik  perioq  kai ston koresmì. Epiplèon, mèsw analÔsewn ID vs. VD

ex�getai h par�metroc KUCRIT pou sqetÐzetai me thn ex�rthsh thc krÐsimhc taqÔ-
thtac tou fainomènou koresmoÔ taqÔthtac apì thn apìstash tou kanalioÔ apì thn
STI dom . H exagwg  aut¸n twn paramètrwn eÐnai plèon aplì na gÐnei melet¸ntac
monodaqtulikèc diat�xeic kai ta apotelèsmata mporoÔn na epibebaiwjoÔn,   kai na
mikrobeltiwjoÔn, èpeita se poludaqtulikèc.

4.1.4 Par�metroi fainomènou pleurik c agwg c
To fainìmeno pleurik c agwg c parathreÐtai pio èntona se diat�xeic stenoÔ kana-
lioÔ, all� ìqi anagkastik� mìno se autèc. H idiaÐterh fÔsh tou fainomènou, pou to
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jèlei na epikrateÐ sthn asjen  anastrof , tou epitrèpei na gÐnetai antilhptì akìma
kai se platÔterec diat�xeic. Se k�je perÐptwsh p�ntwc, h exagwg  twn sqetik¸n
paramètrwn (WEDGE, DGAMMAEDGE, DPHIEDGE) gÐnetai me thn bo jeia ID vs. VG ana-
lÔsewn kai kat� protÐmhsh se logarijmik  klÐmaka wc proc to reÔma ètsi ¸ste na
anadeiknÔetai h asjen c kai mètria anastrof . H pr¸th par�metroc sqetÐzetai me to
pl�toc thc di�taxhc pou qarakthrÐzetai apì diaforetik� qarakthristik�, h deÔterh
me thn diafor� twn dÔo tranzÐstor wc proc ton suntelest  fainomènou s¸matoc, en¸
h trÐth me thn diafor� stic t�seic Φ0 twn dÔo diat�xewn, h opoÐa, me thn seir� thc,
metafr�zetai �mesa se diafor� t�sewn katwflÐou.

4.2 Analutikìc qarakthrismìc
H parap�nw diadikasÐa exagwg c paramètrwn tou montèlou sthrÐqjhke sthn sÔgkri-
sh twn apotelesm�twn tou montèlou me metr seic twn pragmatik¸n diat�xewn. Me
thn bo jeia teqnik¸n elaqistopoÐhshc tou sf�lmatoc, epitugq�netai h epilog  twn
kallÐterwn tim¸n gia to montèlo, pou ja perigr�fei kat� ton kallÐtero dunatì trì-
po thn pragmatik  sumperifor� thc teqnologÐac. Aut  h diadikasÐa eÐnai aparaÐthth
sthn prosarmog  enìc opoioud pote montèlou, se mÐa sugkekrimènh teqnologÐa.

Apì thn �llh, up�rqoun sugkekrimèna qarakthristik� megèjh enìc MOS tranzÐ-
stor, ta opoÐa qarakthrÐzoun thn di�taxh thn Ðdia wc proc thn hlektrik  thc sumpe-
rifor�. Gia par�deigma h t�sh katwflÐou, eÐnai èna klassikì mègejoc pou mporeÐ na
oristeÐ asqètwc k�poiou efarmozìmenou montèlou, all� me b�sh thn fusik  an�lush
sthn sumperifor� tou tranzÐstor. EpÐshc, up�rqei o suntelest c fainomènou s¸ma-
toc, sumbolizìmenoc me to gr�mma γ, o opoÐoc perigr�fei apì mìnoc tou mÐa ptuq 
thc hlektrik c sumperifor�c tou tranzÐstor pou sundèetai me thn Ðdia thn di�taxh.
Gia di�fora tètoia megèjh, dÔnatai na efarmostoÔn analutikèc teqnikèc se metr -
seic pragmatik¸n diat�xewn, sthrizìmenec p�nta sthn fusik  jewrÐa pou dièpei thn
sumperifor� tou tranzÐstor, oi opoÐec ex�goun ektim seic gia tic timèc touc.

4.2.1 Exagwg  t�shc katwflÐou
H t�sh katwflÐou (VTH) eÐnai mÐa krÐsimh kai qarakthristik  par�metroc twn MOS
tranzÐstor. H tim  thc èqei shmantikì rìlo kat� thn diadikasÐa sqedÐashc, ìso kai
pio prin, sthn diadikasÐa kataskeu c twn oloklhrwmènwn. Apì thn �llh, ìla ta
analutik� montèla MOSFET, eÐte �mesa eÐte èmmesa, upologÐzoun thn tim  thc kai
apoteleÐ èna qr simo stoiqeÐo sthn ektÐmhsh thc leitourgÐac thc di�taxhc. O sum-
plhrwmatikìc thc orismìc wc proc thn t�sh isorropÐac (flat-band voltage), mèsw
thc t�shc Fermi, den eÐnai arketìc gia na thn afanÐsei apì to pedÐo tou endiafèron-
toc. 'Allwste h t�sh katwflÐou eÐnai mÐa tim  pou brÐsketai sthn mètria anastrof 
kai orÐzei èna ìrio an�mesa apì thn asjen  kai thn isqur  anastrof . H flat-band
voltage, par� ton orismì thc, o opoÐoc sundèetai �mesa me thn fusik  thc di�taxhc,
den eÐnai pio bolik  sthn qr sh, kajìti brÐsketai an�mesa apì thn perioq  thc sus-
s¸reushc kai thc ex�ntlhshc, ìpou, kat� tekm rio, den eÐnai plhsÐon thc pìlwshc
leitourgÐac twn tranzÐstor enìc kukl¸matoc. Ta epiqeir mata aut� kajistoÔn thn
t�sh katwflÐou san basikì mèroc thc orologÐac qarakthrismoÔ enìc tranzÐstor. H
shmantikìthta thc t�shc katwflÐou faÐnetai kai apì to eÔroc thc suz thshc sqeti-
k� me ton orismì tou, ìpwc kai apì to pl joc twn sqetik¸n teqnik¸n analutikoÔ
upologismoÔ pou èqoun anaptuqjeÐ [55, 125, 126, 127, 128].
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Apì thn �llh, oi analutikèc teqnikèc qarakthrismoÔ twn tranzÐstor, pou èqoun
anaptuqjeÐ basÐzontai stic proseggÐseic thc leitourgÐac tou tranzÐstor sthn isqur 
anastrof . H isqur  anastrof   tan, se palaiìterec teqnologÐec, kanìnac wc proc
thn leitourgÐa twn kuklwm�twn. Oi shmerinèc an�gkec, ìmwc, gia sqedÐash upì
qamhl  t�sh, fèrnoun thn mètria anastrof , san perioq  leitourgÐac, ìlo kai pio
kont� sto pedÐo endiafèrontoc twn sqediast¸n. Autì apaiteÐ mÐa allag  thc logik c
twn teqnik¸n pou sthrÐzontai, en mèrei toul�qiston, sthn leitourgÐa sthn isqur 
anastrof , kai sto pèrasma sthn jewrÐa pou kalÔptei thn mètria anastrof  [129].

Apì thn �llh, oi teqnikèc analutik c exagwg c thc t�shc katwflÐou epilègoun
na asqolhjoÔn me mÐa mìno kat�stash leitourgÐac, wc proc thn diafor� dunamikoÔ
sta �kra tou kanalioÔ, dhlad    thn grammik  leitourgÐa [130, 131, 132, 129]   ton
koresmì [133, 134, 135]. H teqnik  sqedìn stajeroÔ reÔmatoc (Quasi-Constant-
Current, QCC) afor� kai stic dÔo perioqèc leitourgÐac [136].

Sto plaÐsio thc paroÔsac diatrib c anaptÔqjhke mÐa teqnik  prosarmosmènou
stajeroÔ reÔmatoc (Adjusted Constant-Current, ACC) h opoÐa basÐzetai sthn fu-
sik  jewrÐa pou anaptÔssetai sto kef�laio 2,   alli¸c thn jewrÐa epifaneiakoÔ
fortÐou [137].

Me b�sh thn sqèsh (2.96) mporeÐ na exaqjeÐ o orismìc thc sqèshc (4.1) gia
thn t�sh katwflÐou. UpenjumÐzetai, ìti h t�sh katwflÐou, mporeÐ na oristeÐ eÐte wc
proc thn t�sh sto source (VTH), eÐte wc proc thn t�sh sto upìstrwma (VTB). Oi dÔo
orismoÐ eÐnai isodÔnamoi kai sundèontai, profan¸c, mèsa apì thn diafor� dunamikoÔ
VSB.

VTH ≡ VG|VP =VS
, VTB ≡ VGB|VP =VS

(4.1)

O orismìc autìc, upogrammÐzetai ìti kalÔptei tìso ton koresmì ìso kai thn gram-
mik  perioq  leitourgÐac. Sthn perÐptwsh tou koresmoÔ oi exis¸seic tou reÔmatoc
tou kanalioÔ aplopoioÔntai, ìpwc melet jhke sthn par�grafo 2.2.9, lìgw thc a-
melhtèac tim c tou an�strofou fortÐou sthn meri� tou drain. Sunep¸c, mporeÐ na
oristeÐ to reÔma t�shc katwflÐou ston koresmì (ITH−sat), san to reÔma kanalioÔ gia
thn tim  sthn pÔlh tou tranzÐstor, ìso kai h t�sh katwflÐou. Me b�sh thn (2.98)
kai thn (2.73) upologÐzetai ìti to reÔma autì isoÔtai, perÐpou, me ta èxi dèkata tou
Ispec, sqèsh (4.2).

ITH−sat = ID|VP =VS
= (q2

s|VP =VS
+ qs|VP =VS

)ISPEC = 0.608ISPEC , (4.2)

PÐnakac 4.2: Tupikèc timèc tou par�gonta αth, kai sunep¸c kai tou reÔmatoc t�shc
katwflÐou (ITH) se sqèsh me ton par�gonta Ispec, gia di�forec jermokrasÐec.

VDS αth = ITH/Ispec

T = −50◦C T = 25◦C T = 100◦C

10 mV 0.1071 0.1486 0.1949
50 mV 0.3951 0.4804 0.5413
100 mV 0.5451 0.5877 0.6030
0.5UT =⇒ 0.1858 ⇐=
1.0UT =⇒ 0.3229 ⇐=
1.5UT =⇒ 0.4204 ⇐=
2.0UT =⇒ 0.4873 ⇐=
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Autìc o upologismìc epitrèpei thn ektÐmhsh thc t�shc katwflÐou ston koresmì,
me b�sh to reÔma kanalioÔ. Gia na dieurunjeÐ to reÔma t�shc katwflÐou sthn perioq 
thc grammik c leitourgÐac ofeÐlei o upologismìc tou na perièqei kai thn plhroforÐa
thc pragmatik c tim c tou fortÐou qd, pou sthn grammik  perioq  leitourgÐac, den
eÐnai plèon amelhtèa. OrÐzetai, gia autì, o par�gontac αth o opoÐoc, exart�tai apì
thn t�sh VDS kai antistoiqeÐ sto mèroc tou par�gonta Ispec pou dÐdei to reÔma tou
kanalioÔ ìtan, p�li, h t�sh sthn pÔlh eÐnai Ðsh me thn t�sh katwflÐou. UpenjumÐzetai
h sun�rthsh F (x) = 2x + ln x, h opoÐa eÐqe prwtoemfanisteÐ sthn sqèsh (2.56).

ITH = ID|VP =VS
= αthISPEC ,

αth = q2
s|VP =VS

+ qs|VP =VS
− q2

d|VP =VS
− qd|VP =VS

,

qs|VP =VS
= F−1 (0) , qd|VP =VS

= F−1

(−VDS

UT

) (4.3)

Merikèc qarakthristikèc timèc tou par�gonta αth, gia sugkekrimènec timèc thc
diafor�c dunamikoÔ sta �kra tou kanalioÔ, faÐnontai ston pÐnaka 4.2.

Ex�llou, sto sq ma 4.1, apeikonÐzetai kai grafik� h ex�rthsh tou par�gonta αth

apì th diafor� dunamikoÔ sta �kra tou kanalioÔ. Gia meg�lec timèc thc t�shc VDS

h tim  tou αth sugklÐnei sto 0.608, pou kalÔptei thn perÐptwsh tou koresmoÔ.

Sq ma 4.1: H ex�rthsh tou reÔmatoc t�shc katwflÐou, mèsw tou par�gonta αth, apì thn
t�sh VDS gia di�forec jermokrasÐec. Gia meg�lec timèc thc t�shc VDS o par�gontac αth

sugklÐnei sthn tim  pou qarakthrÐzei thn t�sh katwflÐou tou koresmoÔ, thn 0.608.

4.2.1.1 Exagwg  qarakthristikoÔ reÔmatoc Ispec

Gia thn olokl rwsh tou upologismoÔ thc t�shc katwflÐou, mèsw tou reÔmatoc katw-
flÐou, apaiteÐtai kai o upologismìc tou qarakthristikoÔ par�gonta Ispec. Di�forec
teqnikèc èqoun  dh anaptuqjeÐ sqetik� [117, 124], en¸ mÐa akìma eÐnai, metaxÔ �llwn,
proðìn thc didaktorik c aut c diatrib c.
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H teqnik  aut  sthrÐzetai ston lìgo diagwgimìthtac proc reÔma kanalioÔ ( gm

ID
kai

gms

ID
, ìpou gm = ∂ID

∂VG
kai gms = ∂ID

∂VS
), mègejoc pou analÔjhke sthn par�grafo 2.2.9.1.

UpenjumÐzetai h qarakthristik  anexarthsÐa apì tic paramètrouc tic teqnologÐac, thn
gewmetrÐa tou tranzÐstor kai thn jermokrasÐa, thc sqèshc tou kanonikopoihmènou
lìgou diagwgimot twn proc to reÔma me to kanonikopoihmèno reÔma ston koresmì
[29, 30, 31], sqèsh (2.99).

To Ispec mporeÐ na exaqjeÐ ìmoia, tìso apì thn diagwgimìthta pÔlhc ìso kai a-
pì thn diagwgimìthta phg c. San par�deigma ja anaferjeÐ h diadikasÐa mìno sthn
pr¸th, kajìti oi sqetikèc metr seic eÐnai sunhjèstera diajèsimec. Sqhmatik�, ìpwc
faÐnetai kai sto gr�fhma 2.26, o lìgoc gm

ID
sunart sei tou logarÐjmou tou reÔmatoc

tou kanalioÔ eÐnai mÐa kampÔlh pou arqÐzei apì mÐa stajer  tim  sthn asjen  anastro-
f , fjÐnei sthn mètria, en¸ teÐnei sto mhdèn sthn isqur  anastrof . ApodeiknÔetai
ìti to shmeÐo mègisthc klÐshc thc kampÔlhc sqetÐzetai �mesa me thn kanonikopoihmè-
nh tim  tou reÔmatoc sthn opoÐa apokt�tai, kai gia thn akrÐbeia lamb�nei q¸ra gia
ids = 1+

√
2

2
,   alli¸c, se sqèsh me to reÔma kanalioÔ se Ampère, gia IDS = 1+

√
2

2
Ispec.

Sunep¸c, me thn bo jeia tou upologismoÔ tou shmeÐou mègisthc klÐshc apì metr -
seic pragmatik¸n tranzÐstor kai diair¸ntac me to kat�llhlo par�gonta, shmei¸netai
ìti 1+

√
2

2
≈ 1.2, dÔnatai na exaqjeÐ mÐa ektÐmhsh gia thn tim  tou qarakthristikoÔ

reÔmatoc Ispec. Ta �nwjen faÐnontai kai grafik� sto sq ma 4.2.

Sq ma 4.2: Apì ton lìgo diagwgimot tac proc reÔma kanalioÔ, dÔnatai na exaqjeÐ h tim 
tou qarakthristikoÔ reÔmatoc Ispec. H an�lush afor� paromoÐwc tìso ston lìgo gm

ID
ìso

kai ston gms

ID
. To shmeÐo mègisthc klÐshc tou lìgou, wc proc ton log�rijmo tou reÔmatoc,

brÐsketai sto shmeÐo IDS = 1+
√

2
2 Ispec. Sto gr�fhma ta sÔmbola antistoiqoÔn se apote-

lèsmata apì arijmhtikì prosomoiwt  hmiagwgik¸n dom¸n kai perigr�foun èna MOSFET
meg�lwn diast�sewn, en¸ h suneq c gramm  antistoiqeÐ sto montèlo thc exÐswshc (2.99).
H diag¸nioc diakekommènh gramm  antistoiqeÐ sto shmeÐo thc mègisthc klÐshc, en¸ oi k�-
jetec diakekommènec grammèc deÐqnoun dÔo shmeÐa endiafèrontoc thc an�lushc, to reÔma
mègisthc klÐshc kai to reÔma katwflÐou ston koresmì. Shmei¸netai ìti amfìtera ta shmeÐa
brÐskontai sthn mètria anastrof  tou tranzÐstor.

H exagwg  tou qarakthristikoÔ reÔmatoc Ispec, an kai mporeÐ na gÐnei se k�je mÐa
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di�taxh xeqwrist�, mporeÐ epÐshc na gÐnei kai mìno gia mÐa di�taxh kai na exaqjeÐ apì
aut n thn ektÐmhsh h tim  tou gia tic upìloipec gewmetrÐec miac teqnologÐac, me b�sh
thn jewrhtik  tou ex�rthsh apì tic diast�seic tou kanalioÔ. Me autì ton trìpo
apofeÔgetai h endeqìmenh epirro  fainomènwn kontoÔ kanalioÔ sthn ektÐmhsh tou.

To apotèlesma thc exagwg c aut c mporeÐ na qrhsimopoihjeÐ �mesa kai na brejeÐ
to reÔma t�shc katwflÐou an�loga me thn t�sh VDS. AkoloÔjwc, me thn bo jeia mÐac
an�lushc ID vs. VG mporeÐ na exaqjeÐ h t�sh sthn pÔlh gia thn opoÐa to reÔma tou
kanalioÔ isoÔtai me thn epijumht  tim , kai aut  h t�sh sthn pÔlh eÐnai mÐa ektÐmhsh
thc t�shc katwflÐou.

Oloklhr¸nontac thn teqnik  prosarmosmènou stajeroÔ reÔmatoc, upogrammÐzon-
tai merik� pleonekt mata thc, ìpwc to ìti h efarmog  thc brÐskei suneq¸c thn di�taxh
na leitourgeÐ sthn mètria anastrof . Tìso to shmeÐo exagwg c tou par�gonta Ispec,
ìso, fusik�, kai h leitourgÐa thc di�taxhc sto reÔma thc t�shc katwflÐou eÐnai shmeÐ-
a thc mètriac anastrof c, ki ètsi empodÐzetai h epirro  sthn exagìmenh ektim¸menh
tim , apì fainìmena pou epikratoÔn sthn isqur    thn asjen  anastrof .

Apì thn �llh, h teqnik  epitrèpei thn sunep  exagwg  thc t�shc katwflÐou
an�loga me thn diafor� dunamikoÔ sta �kra tou kanalioÔ. 'Etsi mporoÔn na bgoun
posotik� sumper�smata apì thn sÔgkrish twn dÔo megej¸n, thc t�shc katwflÐou
sthn grammik  leitourgÐa kai thc t�shc katwflÐou ston kìro.

4.2.1.2 Efarmog  se idanikì montèlo

Endiafèron parousi�zei h sÔgkrish thc teqnik c ACC p�nw se dedomèna pou èqoun
exaqjeÐ me to idanikì arijmhtikì montèlo epifaneiakoÔ dunamikoÔ [4]. Sto gr�fhma
4.3 apeikonÐzetai mÐa ID vs. VG an�lush me b�sh autì to montèlo gia di�forec timèc
tou VDS. EÐnai emfanèc ìti h teqnik  ACC, se sumfwnÐa me to jewrhtik� anamenìmeno,
ektim� tim  gia thn t�sh katwflÐou anex�rthth apì thn t�sh VDS. Shmei¸netai ìti,
me b�sh thn teqnik  tou stajeroÔ reÔmatoc, h t�sh katwflÐou ex�getai gia ìlec thc
timèc thc t�shc VDS me krit rio to Ðdio reÔma kanalioÔ.

4.2.1.3 Efarmog  se metr seic

Gia thn epibebaÐwsh thc leitourgikìthtac thc teqnik c, efarmìsthke aut  se metr -
seic mÐac seir�c diat�xewn diaforetik¸n mhk¸n kanalioÔ, mÐac teqnologÐac CMOS,
onomastikoÔ m kouc kanalioÔ 90nm, tìso nMOS ìso kai pMOS. H t�sh katwflÐou
ex qjei gia thn grammik  leitourgÐa kai gia ton koresmì, en¸ melet jhkan tèsse-
ric peript¸seic pìlwshc tou source se sqèsh me to upìstrwma. Ta apotelèsmata
apotup¸nontai sto gr�fhma 4.4, kai deÐqnoun ìla ta anamenìmena fainìmena kon-
t¸n kanali¸n. Sthn perÐptwsh thc grammik c leitourgÐac, h t�sh katwflÐou aux�nei
kaj¸c meioÔtai to m koc tou kanalioÔ, lìgo tou an�strofou fainomènou kontoÔ ka-
nalioÔ. Ex �llou, ston koresmì h monotonÐa aut  all�zei gia tic diat�xeic kont�
sto onomastikì m koc thc teqnologÐac, kai h t�sh katwflÐou mei¸netai lìgw twn
fainomènwn thc sundiamìrfwshc fortÐou, kaj¸c kai thc pt¸shc fr�gmatoc lìgw thc
t�shc sto drain. H sumperifor� eÐnai poiotik� Ðdia tìso sta nMOS ìso kai sta
pMOS.

¤
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Sq ma 4.3: H teqnik  prosarmosmènou stajeroÔ reÔmatoc (Adjusted Constant Current,
ACC), antÐjeta me tic teqnikèc stajeroÔ reÔmatoc (Constant Current, CC) kai sqedìn
stajeroÔ reÔmatoc (Quasi Constant Current, QCC), ex�gei orj� thn t�sh katwflÐou wc
anex�rthth thc diafor�c dunamikoÔ sta �kra tou kanalioÔ, me b�sh to idanikì arijmhtikì
montèlo epifaneiakoÔ dunamikoÔ. Sto gr�fhma arister� faÐnontai oi ID vs. VG qarakthri-
stikèc me b�sh to idanikì montèlo epifaneiakoÔ dunamikoÔ kai paramètrouc TOX ≈ 2.8nA,
NSUB ≈ 4 · 1023, ΦF ≈ 0.44V , VFB ≈ −1V , µ ≈ 0.04m2

V s . Oi orizìntiec grammèc deÐqnoun
to par�gonta αth an�loga me thn t�sh VDS .

Sq ma 4.4: H t�sh katwflÐou tranzÐstor diafìrwn mhk¸n kanalioÔ, mÐac teqnologÐac
CMOS 90nm, ìpwc aut  ex qjei me thn teqnik  ACC. H grammik  perioq  leitourgÐ-
ac (LIN:VDS = 50mV ), qarakthrÐzetai apì diaforetikì profÐl se sqèsh me ton koresmì
(SAT:VDS = 1.2V ), lìgw thc diaforetik c epÐdrashc twn fainomènwn kontoÔ kanalioÔ a-
n�loga me thn t�sh sto drain.
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Kef�laio 5

DokimasÐec elègqou orj c
leitourgÐac montèlou

Me thn mèqri ed¸ ergasÐa, èqei pr¸tista analujeÐ to montèlo kai h fusik  b�sh
tou, èpeita perigr�fhke h kwdikopoÐhsh tou montèlou se Verilog-A, ètsi ¸ste na
mporèsei na qrhsimopoihjeÐ sto plaÐsio enìc prosomoiwt , kai, tèloc, exhg jhke o
trìpoc prosarmog c tou montèlou p�nw se mÐa sugkekrimènh teqnologÐa. Kajìlh
thn di�rkeia thc mèqri t¸ra ergasÐac, to montèlo èqei epideÐxei thn ikanìthta tou na
problèpei orj� thn sumperifor� tou k�je tranzÐstor asqètwc twn diast�sewn tou,
thc jermokrasÐac kai thc suqnìthtac. Autì  dh apoteleÐ mÐa diadikasÐa elègqou thc
orj c leitourgÐac tou montèlou.

Apì thn �llh, up�rqei èna sÔnolo pio eidik¸n poiotik¸n dokim¸n pou mporoÔn na
ektelesjoÔn p�nw se èna montèlo kai na melethjeÐ an h sumperifor� pou problèpei
eÐnai orj . Sqetik� me thn katagraf  diafìrwn tètoiwn dokim¸n èqei asqolhjeÐ
arket� h akadhmaðk  kai h biomhqanik  koinìthta [4, 138, 139]. Se autì to kef�laio,
èna mèroc aut¸n twn dokim¸n èqei epileqjeÐ gia na parousiastoÔn, kai par�llhla
na efarmostoÔn sto montèlo pou èqei analujeÐ sthn aut  diatrib , me stìqo na
epibebaiwjeÐ h swst  sumperifor� tou.

Ex�llou, mèroc aut c thc didaktorik c diatrib c  tan kai h sunergasÐa me mÐa
om�da sunadèlfwn, pou stìqo eÐqe thn dhmiourgÐa enìc ergaleÐou pou ekteleÐ èna
sÔnolo elègqwn se montèla MOSFET pou perigr�foun sugkekrimènec teqnologÐec
kai ex�gei sumper�smata wc proc thn orj    problhmatik  leitourgÐa touc [140, 141].

Tèloc, sto plaÐsio thc upost rixhc tou montèlou EKV3 pou basÐzetai sthn mo-
ntelopoÐhsh pou anaptÔssetai ed¸, uposthrÐqjhke h summetoq  tou montèlou EKV3
ston diejn  diagwnismì protupopoÐhshc montèlou MOSFET, pou diex qjei to 2005
apì to SumboÔlio Analutik¸n Montèlwn (Compact Model Council, CMC) [142].
To teleutaÐo eÐnai ènac sumboÔlio biomhqani¸n hmiagwg¸n diejnoÔc klÐmakac pou
sqetÐzetai me thn qr sh analutik¸n montèlwn. H summetoq  tou k�je montèlou epè-
bale apì thn om�da upost rix c tou, thn prosarmog  tou montèlou se mÐa montèrna
CMOS teqnologÐa, onomastikoÔ el�qistou m kouc 90nm. Melet jhke èna eurÔ-
tato sÔnolo metr sewn tìso poll¸n gewmetri¸n, ìso kai metrhjèntwn stoiqeÐwn,
kalÔptontac tìso qamhlèc suqnìthtec kai statik� reÔmata, ìso kai uyhlìsuqnec
analÔseic. Epiplèon ta montèla dokim�sthkan se genik� test pou sqetÐzontai me thn
fusik  sunèpeia thc sumperifor�c touc. Sto diagwnismì summeteÐqan akìma tèsse-
ra montèla. H summetoq  tou montèlou EKV3 pèrase epituq¸c ìla ta krit ria ta
opoÐa qrhsimopoi jhkan, kai dèqjhke merik� polÔ kal� sqìlia apì di�forec etairÐec
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pou dokÐmasan thn leitourgÐa twn montèlwn. Par� taÔta, den  tan to montèlo pou
epilèqjhke na suneqÐsei sthn telik  f�sh tou diagwnismoÔ.

MÐa kathgorÐa twn test mporoÔn na qrhsimopoihjoÔn gia ton èlegqo tou montè-
lou anafèrontai ston poiotikì èlegqo thc sumperifor�c tou montèlou. Aut� den
sqetÐzontai me thn prosarmog  tou montèlou se mÐa sugkekrimènh teqnologÐa kai
antÐstoiqec metr seic, kai sunep¸c me èna sugkekrimèno sÔnolo tim¸n gia tic paramè-
trouc, all� èqoun na k�noun me thn poiotik  sumperifor� tou montèlou, se epÐpedo
majhmatik¸n exis¸sewn, kai pou elègqontai me b�sh krit ria pou kalÔptoun genik�
thn fusik  sumperifor� tou MOSFET kai thn sunèpeia tou montèlou wc proc aut n.

5.1 Sunèqeia reum�twn, fortÐwn kai parag¸-
gwn touc

Profanèc kai basikì krit rio thc orj c sumperifor�c enìc montèlou eÐnai h prìble-
yh apì autì reum�twn kai fortÐwn pou sundèontai wc suneq c kai leÐec sunart seic
me tic t�seic stouc akrodèktec tou. Mèqri to shmeÐo autì èqoun parousiasteÐ ar-
ket� graf mata, tìso reum�twn ìso kai qwrhtikot twn, apì prosomoi¸seic me to
montèlou pou analÔetai ed¸, pou epibebai¸noun to basikì autì krit rio. An kai san
krit rio autì Ðswc na faÐnetai ek twn wn ouk �neu, up�rqoun apl� montèla pou den
to ikanopoioÔn kai gia autì prèpei na anaferjeÐ [4].

H sunèqeia ofeÐlei na ikanopoieÐtai kai apì tic parag¸gouc an¸terhc t�xhc twn
reum�twn kai twn fortÐwn, kaj¸c poll� megèjh thc sumperifor�c enìc kukl¸matoc
exart¸ntai apì autèc; san par�deigma ac anaferjeÐ h endodiamìrfwsh trÐthc t�xhc
pou lamb�nei q¸ra se èna tranzÐstor, pou exart�tai en polloÐc apì thn trÐth pa-
r�gwgo tou reÔmatoc tou kanalioÔ wc proc thn t�shc sthn pÔlh. Sto gr�fhma
5.1 apeikonÐzontai ta reÔmata kai oi par�gwgoi touc, mèqri kai trÐthc t�xhc, enìc
tranzÐstor kontoÔ kanalioÔ mazÐ me ta apotelèsmata me prosomoi¸seic tou montèlou
EKV3, pou sthrÐzetai sthn montelopoÐhsh pou èqei analujeÐ sthn diatrib  aut . H
sunèqeia twn parag¸gwn epibebai¸nei thn poiotik� orj  sumperifor� tou montèlou.
Shmei¸netai ìti melet�tai èna tranzÐstor kontoÔ kanalioÔ, ìper shmaÐnei ìti sthn
sumperifor� tou montèlou èqoun sumperilhfjeÐ kai ìla ta fainìmena kontoÔ kana-
lioÔ. EpÐshc upogrammÐzetai h arket� kal  prosèggish tou montèlou stic metr seic
akìma kai sthn trÐthc t�xhc parag¸gish.

5.2 Lìgoc diagwgimìthtac proc reÔma kana-
lioÔ

Shmantikì, epÐshc, krit rio melèthc eÐnai o upologismìc apì to montèlo tou lìgou
diagwgimìthtac pÔlhc,   kai phg c, proc to reÔma tou kanalioÔ kai, dh, h ex�rthsh
apì to reÔma tou kanalioÔ. H sqetik  an�lush èqei  dh parousiasteÐ sto gr�fhma
2.26 kai deÐqnei ìti problèpei to montèlo mÐa suneq  ektÐmhsh gia ton lìgo autì.
Pèran thc sunèqeiac thc kampÔlhc, apaiteÐtai h tim  tou lìgou gm

ID
sthn asjen 

anastrof ,   alli¸c gia qamhlèc timèc tou reÔmatoc, na teÐnei proc thn tim  1
UT

kaj¸c aux�nei h tim  tou VSB. To krit rio autì onom�zetai Gummel tree-top test,
kai to montèlo ed¸ ikanopoieÐ kai autì to krit rio.
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Sq ma 5.1: An�lush ID vs. VG kai ID vs. VD kai oi par�gwgoi mèqri kai trÐthc t�xhc tou
reÔmatoc wc proc thn t�shc an�lushc k�je for�. Ta sÔmbola antistoiqoÔn se metr seic
enìc nMOS tranzÐstor, me m koc kanalioÔ 140nm, antÐstoiqhc CMOS teqnologÐac. Oi
grammèc antistoiqoÔn se prosomoi¸seic pou èginan me to montèlo EKV3. H sunèqeia tìso
tou reÔmatoc ìso kai twn parag ģwn mèqri kai trÐthc t�xhc autoÔ deÐqnoun thn poiotik�
orj  sumperifor� tou montèlou.

MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec 153



Kef�laio 5. DokimasÐec elègqou orj c leitourgÐac montèlou

5.3 Fusik� orj  sumperifor� sto shmeÐo VDS =

0, kai gÔrw autoÔ
'Opwc èqei anaferjeÐ  dh, up�rqei se fusikì epÐpedo mÐa summetrÐa an�mesa stouc
akrodèktec source kai drain. Aut  h summetrÐa sp�ei se hlektrikì epÐpedo ìtan
kat� sunj kh jewreÐtai ìti o akrodèkthc source eÐnai autìc apì ton opoÐo ekkinoÔn
oi foreÐc reÔmatoc kai kateujÔnontai ston akrodèkth drain. Autì sunep�getai se
mÐa sugkekrimènh tim  gia to prìshmo thc diafor�c dunamikoÔ twn dÔo akrodekt¸n,
an�loga me thn polikìthta thc di�taxhc, enno¸ntac tic peript¸seic nMOS   pMOS,
sqèseic (2.2) kai (2.4).

Par� taÔta, eÐnai shmantikì èna montèlo na mhn periorÐzetai apì thn hlektrik 
sunj kh aut  kai na epitrèpei thn fusik  allag  tim c tou pros mou thc t�shc VDS.
EpÐshc eÐnai shmantikì sto shmeÐo thc allag c na problèpei mÐa omal  met�bash
me fusik  sunèqeia sta reÔmata kai ta fortÐa pou upologÐzontai apì to montèlo.
Sunèqeia epib�lletai kai stic parag¸gouc twn antÐstoiqwn megej¸n [143].

5.3.1 ReÔma kanalioÔ kai pÔlhc
Sto sq ma 5.2 apeikonÐzetai to sqhmatikì thc an�lushc pou elègqei thn orj  sum-
perifor� enìc montèlou, wc proc to reÔma tou kanalioÔ, sthn allag  tou pros mou
thc t�shc VDS. H dokim  aut  eÐnai gnwst  wc Gummel symmetry test [144]. H
logik  eÐnai ìti diathroÔntai stajerèc oi t�seic sthn pÔlh kai to upìstrwma, en¸
metab�lletai h t�sh stouc akrodèktec source kai drain, diathr¸ntac ìmwc sunèqeia
stajerì �jroisma. H an�lush gÐnetai gÔrw apì to shmeÐo ìpou h t�sh stouc dÔo
teleutaÐouc akrodèktec eÐnai Ðsh. ApaiteÐtai apì to montèlo na problèpei èna reÔma
kanalioÔ pou na eÐnai suneqèc sto shmeÐo thc allag c kai omoÐwc na isqÔei gia tic
parag¸gouc autoÔ. Stic montèrnec teqnologÐec, ìpou to reÔma thc pÔlhc den eÐnai
amelhtèo, ìmoia krit ria ofeÐlei na ikanopoieÐ kai to reÔma thc pÔlhc.

Sq ma 5.2: Sqhmatikì thc an�lushc dokim c enìc MOSFET montèlou, sqetik� me thn
sunèqeia twn reum�twn, sthn allag  pros mou thc t�shc VDS . To test autì eÐnai gnwstì
me to ìnoma Gummel symmetry test. H t�sh stouc akrodèktec pÔlhc kai upostr¸matoc
èqei stajer  tim , en¸ all�zei h t�sh stouc akrodèktec source kai drain. H allag  twn
tim¸n gÐnetai ètsi ¸ste na diathreÐtai èna stajerì �jroisma, kai sunep¸c ekatèrwjen thc
isìthtac na isqÔoun pl rwc summetrikèc pol¸seic.

Sto montèlo pou melet�tai ed¸ efarmìsthke h dokim  aut  kai to apotèlesma
 tan jetikì [113]. Sto gr�fhma 5.3 parousi�zetai tìso to reÔma tou kanalioÔ, kai
ex�rthsh tou apì thn t�sh VDS kai eidikìtera sthn allag  tou pros mou aut c,
ìso kai to reÔma thc pÔlhc, mazÐ me tic parag¸gouc twn reum�twn wc proc VDS,
pr¸thc kai deÔterhc t�xhc. Amfìtera ta reÔmata kai oi par�gwgoi touc eÐnai suneqeÐc
kai leÐec sunart seic thc metaballìmenhc t�shc. Oi par�metroi tou montèlou, me
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Sq ma 5.3: Apotelèsmata thc dokim c Gummel symmetry test kat� thn efarmog  tou
sto montèlo pou melet�tai ed¸. To montèlo problèpei orj� mÐa suneq  kai leÐa ektÐmhsh twn
reum�twn wc proc thn diafor� dunamikoÔ sta �kra tou kanalioÔ, akìma kai mèqri tic an¸terhc
t�xhc parag ģouc aut¸n. Ed¸ melet�tai èna tranzÐstor kontoÔ kanalioÔ mÐac montèrnac
CMOS teqnologÐac, el�qistou onomastikoÔ m kouc 180nm, en¸ h pìlwsh eÐnai VB = 0V
kai VG = {0.4, 0.6, 0.8, 1.0}V . Sta tranzÐstor kontoÔ kanalioÔ lamb�noun q¸ra fainìmena
pou exart¸ntai apì thn diafor� dunamikoÔ sta �kra tou kanalioÔ kai montelopoÐhsh touc
prèpei na gÐnei prosektik�, ètsi ¸ste na mhn ephre�zoun arnhtik� thn dokim  aut  kai na
mhn problèpoun mÐa mh fusik  sumperifor� sthn all�gh pros mou thc t�shc VDS .
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b�sh tic opoÐec gÐnetai h dokim , kalÔptoun mÐa teqnologÐa 180nm, en¸ melet�tai h
sumperifor� enìc tranzÐstor kontoÔ kanalioÔ, ìpou lamb�noun q¸ra kai ta fainìmena
koresmoÔ taqÔthtac kai diamìrfwshc m kouc kanalioÔ, pou ephre�zontai apì thn
t�sh VDS kai eÐnai epikÐnduno na eis�goun probl mata se aut n thn dokim .

5.3.2 Diaqwrhtikìthtec
Par�llhla me ta reÔmata, ìmoia sumperifor� ofeÐlei na problèpei èna orjì montèlo
kai gia tic diaqwrhtikìthtec, Sthn all�gh tou pros mou thc t�shc VDS prèpei oi
diaqwrhtikìthtec na akoloujoÔn omal�, akìma kai oi an¸terhc t�xhc par�gwgoi
touc. EpÐshc, ofeÐlei to montèlo na mhn sugqèei thn sumbatik  je¸rhsh wc proc
touc akrodèktec source kai drain me thn fusik  topologÐa. Apotelèsmata sqetik�
me autìn ton èlegqo èqoun  dh parousiasteÐ sto sq ma 2.25, ìpou to prìshmo thc
t�shc VDS all�zei kai parathreÐtai h leÐa sumperifor� stic diaqwrhtikìthtec.

MÐa epiplèon an�lush thc sumperifor�c twn diaqwrhtikot twn ja ektelesjeÐ se
autì to shmeÐo, qrhsimopoi¸ntac p�li thn topologÐa tou kukl¸matoc tou Gummel
symmetry test, all� esti�zontac aut  thn for� stic diaqwrhtikìthtec CGS kai CGD

kai tic parag¸gou pr¸thc t�xhc aut¸n. Sto sq ma 5.4 parousi�zontai ta sqetik�
apotelèsmata pou epibebai¸noun thn orj  montelopoÐhsh thc an�lushc pou melet�-
tai.

Sq ma 5.4: Apotelèsmata thc dokim c Gummel symmetry test gia tic diaqwrhtikìthtec
CGS kai CGD, kat� thn efarmog  thc sto montèlo pou melet�tai ed¸. To montèlo problèpei,
ìpwc kai sthn perÐptwsh twn reum�twn, mÐa suneq  kai leÐa ektÐmhsh touc. Ed¸ melet�tai
èna tranzÐstor kontoÔ kanalioÔ mÐac montèrnac CMOS teqnologÐac, el�qistou onomastikoÔ
m kouc 180nm, en¸ h pìlwsh eÐnai VB = 0V kai VG = {0.4, 1.0}V .

5.3.3 An�lush armonik c paramìrfwshc
SuneqÐzontac thn melèth tou tranzÐstor sthn perioq  VDS = 0V , èna akìma test
mporeÐ na efarmosteÐ sqetik� me thn sumperifor� tou montèlou wc proc thn armo-
nik  paramìrfwsh pou problèpei. Efarmìzontac mÐa an�lush, pou sthrÐzetai sto
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sqhmatikì 5.5, dÔnatai na parathrhjeÐ h ektÐmhsh twn armonik¸n sunistws¸n tou
reÔmatoc kanalioÔ enìc MOSFET kaj¸c aux�nei h isqÔc tou s matoc eisìdou ston
akrodèkth drain. SÔmfwna me thn jewrÐa, h k�je mÐa armonik  sunist¸sa tou reÔma-
toc ofeÐlei na aux�nei me èna rujmì Ðso thc t�xhc thc. 'Etsi h jemeli¸dhc armonik 
aux�nei me rujmì èna dB/dB, h deÔterh me rujmì 2dB/dB en¸ h trÐth me rujmì
3dB/dB. H orj  ektÐmhsh tou rujmoÔ aÔxhshc thc trÐthc armonik c èqei apotelèsei
èna dÔskolo shmeÐo gia sugkekrimèna montèla, lìgw thc morf c twn exis¸sewn touc
[145, 146].

Sq ma 5.5: Sqhmatikì thc an�lushc armonik c paramìrfwshc enìc MOSFET montèlou,
ìtan to s ma eis�getai sto drain, gÔrw apì thn pìlwsh VDS = 0V . Gia mÐa sugkekrimènh
suqnìthta aux�netai h isqÔc tou s matoc kai parathroÔntai oi isqeÐc twn armonik¸n suni-
stws¸n tou reÔmatoc tou kanalioÔ. Me b�sh thn jewrÐa, gia qamhl� s mata eisìdou, ìpou
den emfanÐzontai fainìmena sumpÐeshc, k�je sunist¸sa ofeÐlei na aux�nei me èna rujmì Ðso
me thn t�xh thc.

H fusik  jemelÐwsh thc montelopoÐhshc pou parousi�zetai ed¸, epitrèpei thn
orj  ektÐmhsh twn rujm¸n aÔxhshc kai twn tri¸n sunistws¸n armonik¸n [113]. Sto
gr�fhma 5.6 parousi�zontai ta sqetik� apotelèsmata, gia èna tranzÐstor sqetik�
kontoÔ kanalioÔ mÐac teqnologÐac CMOS 140nm.

5.4 KÔklwma sk�lac R2R

'Ena klassikì kÔklwma thc hlektronik c, pou sqetÐzetai me thn dhmiourgÐa reum�twn
upopollapl�siwn enìc reÔmatoc anafor�c, eÐnai to kÔklwma sk�lac R2R. Autì to
kÔklwma, ìtan eÐqe prwtodokimasteÐ, se epÐpedo prosomoi¸sewn, na antikatastajoÔn
me MOSFET oi antist�seic, eÐqe faneÐ ìti den leitourgoÔse orj�. Telik¸c apodeÐ-
qjhke ìti h aitÐa pou den leitourgoÔse to kÔklwma  tan h lanjasmènh montelopoÐhsh
twn montèlwn thc epoq c. H montelopoÐhsh, pou parousi�zetai ed¸, problèpei mÐ-
a fusik  leitourgÐa gia to sugkekrimèno kÔklwma. To sqhmatikì tou kukl¸matoc
emfanÐzetai sto sq ma 5.7.

Ta apotelèsmata thc an�lushc, me b�sh to montèlo, parousi�zontai sto gr�fhma
5.8. To montèlo problèpei orj� ta reÔmata wc upopollapl�sia tou reÔmatoc anafo-
r�c gia èna meg�lo eÔroc tim¸n twn reum�twn anafor�c. Ta apotelèsmata ex�gontai
qrhsimopoi¸ntac paramètrouc mÐac teqnologÐac 130nm, kai jewr¸ntac san basik 
mon�da tou kukl¸matoc èna tranzÐstor meg�lwn diast�sewn.

5.4.1 Statistik  an�lush
To kÔklwmata sk�lac eÐnai kat�llhlo gia na gÐnei kai ènac èlegqoc thc statistik c
sumperifor�c tou montèlou. 'Opwc anafèrjhke  dh sthn par�grafo 2.13, h statisti-
k  melèth thc sumperifor�c enìc kukl¸matoc eÐnai basikì stoiqeÐo sthn diadikasÐa
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Sq ma 5.6: An�lush armonik c paramìrfwshc (harmonic distortion) me b�sh to sqh-
matikì 5.5. To montèlo problèpei swst� to rujmì aÔxhshc twn armonik¸n sunistws¸n tou
reÔmatoc kanalioÔ kaj¸c aux�nei h isqÔc eisìdou (PIN ). To tranzÐstor pou melet�tai ed¸
èqei m koc kanalioÔ 450nm, en¸ oi par�metroi tou montèlou antistoiqoÔn se mÐa CMOS
teqnologÐa 140nm. H pìlwsh sthn pÔlh eÐnai VGB = 1V .

Sq ma 5.7: To sqhmatikì tou kukl¸matoc sk�lac R2R sqediasmèno me MOSFET antÐ
gia antist�seic. ApoteleÐtai apì tranzÐstor dÔo gewmetri¸n. Oi diat�xeic pou sumbolÐzontai
me M=2 èqoun dipl�sio pl�toc aut¸n pou sumbolÐzontai me M=1. H ìlh leitourgÐa jèlei
thn dhmiourgÐa upopollapl�siwn reum�twn (I1 = IR

2 = IR
21 , I2 = IR

4 = IR
22 , I3 = IR

8 = IR
23 ,

I4 = IR
16 = IR

24 , I5 = IR
32 = IR

25 , I6 = IR
64 = IR

26 ) enìc reÔmatoc anafor�c (IR), me suntelestèc
an�strofouc twn akèraiwn dun�mewn tou 2.
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Sq ma 5.8: H an�lush sk�lac R2R me b�sh to montèlo EKV3. Oi par�metroi pou
qrhsimopoi jhkan perigr�foun mÐa teqnologÐa CMOS onomastikoÔ m kouc 130nm. Oi dÔo
gewmetrÐec twn tranzÐstor pou qrhsimopoi jhkan  tan amfìterec meg�lwn tim¸n m kouc
kai pl�touc, me to èna pl�toc na eÐnai dipl�sio tou �llou, sqhmatikì 5.7. Sto gr�fhma
prob�llontai kanonikopoihmèna ta kajreftizìmena reÔmata wc proc thn onomastik  touc
tim , me b�sh thn jewrhtik  an�lush.

sqedÐashc kai ulopoÐhshc enìc kukl¸matoc, kaj¸c telik¸c h hlektrikèc idiìthtec
twn tranzÐstor den ja eÐnai ìlwn akrib¸c oi problepìmenec mèsa se èna oloklhrw-
mèno.

Sthn melèth pou parousi�zetai se aut n thn par�grafo jewreÐtai ìti ta megèjh
thc t�shc katwflÐou, thc kinhtikìthtac kai tou suntelest  fainomènou s¸matoc gia
k�je tranzÐstor den eÐnai apolÔtwc Ðdia all� kinoÔntai sto plaÐsio mÐac gkaousian c
statistik c katanom c. EkteleÐtai, me b�sh aut  thn proupìjesh, èna meg�lo pl -
joc prosomoi¸sewn, diakìsiec sthn sugkekrimènh perÐptwsh, kai katagr�fontai ta
reÔmata pou upologÐzontai se k�je perÐptwsh. Tèloc, apotup¸nontai ta apotelèsma-
ta san statistik  katanom  suqnìthtac kai parathreÐtai h statistik  katanom  twn
reum�twn aut¸n. To apotèlesma pou dÐnei to montèlo sumfwneÐ me to anamenìmeno,
gr�fhma 5.9. Autì shmaÐnei kai thn orj  sumperifor� tou montèlou se perÐptwsh
pou up�rqoun mikrodiaforèc kai asummetrÐec sto kÔklwma.

Shmei¸netai se autì to shmeÐo, ìti gia thn an�lush Monte Carlo qrhsimopoi jhke
antÐ tou k¸dika Verilog-A o k¸dikac tou montèlou pou eÐnai grammènoc se gl¸ssa C
kai gr�fthke gia ton prosomoiwt  eldo. 'Ena pleonèkthma tou k¸dika sthn gl¸ssa
C eÐnai ìti, ìntac grammènoc kateujeÐan sto plaÐsio tou k�je prosomoiwt , ekmetal-
leÔetai pl rwc thn leitourgikìthta tou prosomoiwt , ìpwc h ektèlesh statistik¸n
analÔsewn. H Ðdia an�lush me ton Verilog-A k¸dika den gÐnetai to Ðdio eÔkola. EÐ-
nai jèma thc enswm�twshc thc gl¸ssac Verilog-A kaj¸c kai thc exèlixhc thc Ðdiac
gl¸ssac to na epitrèyei sta montèla, pou èqoun grafteÐ se aut n, na èqoun thn Ðdia
leitourgikìthta me ta montèla pou gr�fontai ap' eujeÐac se C.
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Sq ma 5.9: Statistik  an�lush tou kukl¸matoc sk�lac R2R me MOSFET. Sthn sta-
tistik  an�lush (Monte Carlo) pou ekteleÐtai jewroÔntai statistikèc katanomèc sthn t�sh
katwflÐou, thn kinhtikìthta kai ton suntelest  fainomènou s¸matoc. PragmatopoioÔntai
sunolik� diakìsiec prosomoi¸seic kai katagr�fontai ta reÔmata k�je for�, ta opoÐa, me thn
seir� touc, apodÐdontai sto istìgramma. To reÔma anafor�c, epÐshc, shmei¸netai sto gr�fh-
ma, kai èqei tim  IR = 64µA. To montèlo problèpei orj� thn sumperifor� tou kukl¸matoc
kai stic mh idanikèc peript¸seic taÔtishc twn hlektrik¸n sumperifor¸n twn tranzÐstor.

5.5 An�lush antÐstashc eisìdou mh statikoÔ
montèlou.

Sqetik� me to montèlo mh statik c sumperifor�c, pou analÔjhke sthn par�grafo
2.8.2 kai sthrÐzetai sthn teqnik  thc minimalistik c kat�tmhshc kanalioÔ, up�rqoun
dokimastik� kukl¸mata kai prosomoi¸seic pou meletoÔn thn sumfwnÐa tou montèlou
me thn jewrÐa. 'Ena tètoio krit rio perigr�fetai sto [80] kai efarmìzetai sto montèlo
upì melèth.

SÔmfwna me thn jewrÐa gramm¸n metafor�c, mÐa di�taxh MOSFET meg�lou m -
kouc, ìntac polwmènh se mhdenik  t�sh sta �kra tou kanalioÔ, VDS = 0V , kai sthn
isqur  anastrof  qarakthrÐzetai apì mÐa antÐstash eisìdou, jewr¸ntac san eÐsodo
thn pÔlh, Ðsh me to èna dwdèkato thc antÐstashc exìdou. H antÐstash exìdou eÐnai h
an�strofh agwgimìthta exìdou (gds). Sthn perÐptwsh thc melèthc tou kukl¸matoc
me b�sh thc Y-paramètrouc kai jewr¸ntac san mÐa pìrta eisìdou thn pÔlh kai pìrta
exìdou to drain, to parap�nw krit rio ekfr�zetai ìpwc sthn sqèsh (5.1).

RIN =
1

12 · gds

⇔ Re(Y −1
GG) =

1

12 ·Re(YDD)
, VDS = 0V, saturation (5.1)

Sto gr�fhma 5.10 parousi�zontai ta sqetik� apotelèsmata, me b�sh thn teqnik 
thc minimalistik c kat�tmhshc kanalioÔ. H diadikasÐa efarmìzetai se èna tranzÐstor
nMOS m kouc 2µm. To m koc autì eÐnai arket� meg�lo ètsi ¸ste na parathreÐtai
mh statik  sumperifor� kai h epÐdrash tou sqetikoÔ montèlou na eÐnai shmantik . To
apotèlesma epibebai¸nei thn sunep  me thn jewrÐa sumperifor� tou montèlou.
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Sq ma 5.10: 'Elegqoc tou mh statikoÔ montèlou, wc proc thn antÐstash eisìdou sthn
grammik  perioq . SÔmfwna me thn jewrÐa twn gramm¸n metafor�c, se èna tranzÐstor
MOS meg�lou m kouc h antÐstash eisìdou ikanopoieÐ thn sqèsh (5.1). Ed¸ parousi�zontai
apotelèsmata me b�sh to mh statikì montèlo, èna nMOS tranzÐstor me diast�seic W

L = 5µm
2µm ,

kai me pìlwsh VDS = 0V . Kaj¸c aux�nei h t�sh sthn pÔlh kai pern�ei to tranzÐstor sthn
isqur  anastrof  ta megèjh thc exÐswshc (5.1) tautÐzontai.

5.6 Posotik� krit ria

Sthn telik  gramm , to shmantikìtero krit rio thc kal c leitourgÐac enìc montèlou,
den eÐnai par� h ikanìthta tou na perigr�fei orj� sugkekrimènec kai pragmatikèc te-
qnologÐec. 'Ena montèlo pou èqei mÐa sunep  fusik� sumperifor� èqei mÐa axÐa mìno
ekpaideutik  an den mporeÐ na akolouj sei tic metr seic mÐac sugkekrimènhc teqnolo-
gÐac, kai ètsi den mporeÐ na faneÐ qrhstikì sto plaÐsio thc ulopoÐhshc kuklwm�twn.
Sunep¸c, h par�llhlh ikanopoÐhsh tìso poiotik¸n ìso kai posotik¸n krithrÐwn eÐnai
aparaÐthth ètsi ¸ste èna montèlo na jewrhjeÐ ikanì gia na perigr�yei mÐa teqnolo-
gÐa, kai epÐshc na qrhsimopoihjeÐ ètsi ¸ste na ektelesjoÔn diadikasÐec sqedÐashc me
b�sh autì. Autì to krit rio katal gei sthn dunatìthta tou montèlou na plhsi�zei
ìlo to eÔroc twn metr sewn se ìlec tic diat�xeic mÐac teqnologÐac, me thn qr sh
enìc sugkekrimènou sunìlou tim¸n gia tic paramètrouc tou. Tètoiou eÐdouc dokimèc
parousi�sjhkan me to montèlo, pou analÔetai ed¸, pleist�kic sto kef�laio 2. An
kai k�luptan èna pl joc teqnologi¸n, kai ìqi mÐa, autì  tan gia lìgouc parousÐashc
eurÔterwn apotelesm�twn kai gia lìgouc kallÐterhc an�deixhc k�je for� tou sugke-
krimènou fainomènou pou analÔontan. EpÐshc, dustuq¸c, gia k�je teqnologÐa, pou to
montèlou eÐqe exaqjeÐ, den up�rqei to Ðdio p�nta sÔnolo metr sewn, epitrèpontac ètsi
mìno se mÐa sÔnjesh apotelesm�twn apì di�forec teqnologÐec na mporeÐ na kalÔyei
thn mègisth poikilÐa twn metr sewn, apì statikèc, mèqri uyhl¸n suqnot twn.

Sthn pentaet  di�rkeia thc diatrib c, up rqe h eukairÐa na anametrhjeÐ to montèlo
me mÐa plhj¸ra montèrnwn SMOS teqnologi¸n, dèka gia thn akrÐbeia, epideiknÔontac
idiaÐtera ikanopoihtik� apotelèsmata k�je for�, tou epipèdou pou parousi�sjhkan
 dh se aut  thn diatrib . Oi teqnologÐec autèc qarakthrÐzontai apì gewmetrÐec
el�qistou m kouc kanalioÔ apì 70nm mèqri 250nm. H diadikasÐa aut , apì thn �l-
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lh, od ghse sthn exèlixh tou montèlou, thn beltÐwsh tou kai sthn proèktash tou
sunìlou twn exis¸sewn tou, ètsi ¸ste na kalÔptei perissìtera fainìmena, pou emfa-
nÐzontai se montèrnec upomikrometrikèc teqnologÐec. H epan�lhyh thc parousÐashc
posotik¸n apotelesm�twn se autì to shmeÐo krÐnetai san mh anagkaÐa.

¤

162 MpazÐgoc Ant¸nioc - MontelopoÐhsh MOSFET se uyhlèc suqnìthtec



Kef�laio 6

Exagwg 

Jèma thc paroÔsac didaktorik c diatrib c eÐnai h melèth thc sumperifor�c tou MO-
SFET kai h montelopoÐhsh tou. H melèth aut  ègine me b�sh thn jewrÐa tou epifa-
neiakoÔ fortÐou [23, 16, 17, 18, 19, 20, 21]. Apì thn �llh, h doulei� aut  apoteleÐ
mèroc sunergasÐac me thn om�da an�ptuxhc tou montèlou EKV. Meg�lo mèroc thc
sqetÐzetai me thn olokl rwsh kai pro¸jhsh thc trèqousac èkdoshc tou montèlou,
pou fèrei to ìnoma EKV301.01.

Met� apì mÐa eisagwg  stic teqnikèc kai thn diadikasÐa thc montelopoÐhshc, pa-
rousi�sthkan, kat� seir�, h jewrhtik  an�lush tou montèlou, akoloÔjwc h ulopoÐ-
hsh tou se leitourgikì k¸dika, èpeita h diadikasÐa exagwg c twn paramètrwn gia mÐa
sugkekrimènh teqnologÐa, kai oloklhr¸jhke h an�lush melet¸ntac poiotik� thn sum-
perifor� tou montèlou. Shmei¸netai ìti, par�llhla me thn jewrhtik  an�ptuxh tou
montèlou, parousi�sthkan apotelèsmata pou epibebai¸noun kai thn posotik� orj 
sumperifor� tou. Telikì apotèlesma ìlhc aut c thc diadikasÐaw eÐnai h dhmiourgÐa
enìc leitourgikoÔ montèlou, sto plaÐsio enìc prosomoiwt , pou mporeÐ na qrhsi-
mopoihjeÐ gia thn sqedÐash oloklhrwmènwn kuklwm�twn me b�sh mÐa sugkekrimènh
montèrna teqnologÐa.

'Ena montèlo, ìmwc, mporeÐ, kai Ðswc ofeÐlei, na parèqei perissìtera ston sqedia-
st , apì èna maÔro koutÐ pou problèpei thn sumperifor� twn stoiqeÐwn enìc kukl¸-
matoc sto plaÐsio enìc polÔplokou prosomoiwt . 'Ena montèlo ofeÐlei na apoteleÐ
qrhstikì ergaleÐo se ìla ta st�dia thc sqedÐashc enìc kukl¸matoc kai genikìtera
thc hlektrik c melèthc kai an�lushc thc sumperifor�c enìc stoiqeÐou. H sqediastik 
diadikasÐa den ekkineÐ anagkastik� apì thn an�lush enìc pl rouc kukl¸matoc, sunu-
pologÐzontac ìlec tic leptomèreiec enìc pragmatikoÔ kukl¸matoc, all� ektel¸ntac
mÐa aplopoihmènh an�lush, kai jewr¸ntac k�poia aplopoihmèna montèla kai k�nontac
merikèc analÔseic, ìqi se epÐpedo prosomoiwt , all�, ac poÔme, se epÐpedo qartioÔ
kai pr�xewn me to qèri. MÐa tètoia an�lush mporeÐ na odhg sei se shmantik� sumpe-
r�smata gia thn poiotik  sumperifor� enìc kukl¸matoc, en¸ dÔnatai na leitourg sei
san shmeÐo ekkÐnhshc thc sqedÐashc pou ja sunupologÐzei thn ìlh leitourgÐa mÐac
teqnologÐac. Upì autì to prÐsma, ta mh analutik� montèla den mporoÔn na fanoÔn
qr sima, en¸ ta analutik� montèla dÐnoun thn sqetik  dunatìthta.

Sunep¸c o sqediast c èqei na epwfelhjeÐ apì èna montèlo pou mporeÐ mèsa se èna
aplì plaÐsio exis¸sewn na tou parèqei èna sunepèc me thn jewrÐa montèlo, pou na
mporeÐ na qrhsimopoihjeÐ gia na ektelesteÐ mÐa pr¸thc t�xhc an�lushc tou epijumoÔ-
menou kukl¸matoc. H klassikìterh an�lush tètoiou eÐdouc sthrÐzetai stic exis¸seic
tou tetragwnikoÔ nìmou, gia thn isqur  anastrof ,   tou ekjetikoÔ nìmou gia thn
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asjen . AntÐjeta, h montelopoÐhsh pou anaptÔqjhke ed¸, problèpei thn sumperifo-
r� tou tranzÐstor mèsa apì èna eniaÐo sÔnolo exis¸sewn, koinì gia ìla ta epÐpeda
anastrof c. Autì to qarakthristikì gÐnetai, sun tw qrìnw, ìlo kai megalÔterou
b�rouc sthn krÐsh enìc montèlou, kaj¸c h mètria kai asjen c anastrof , lìgw thc
diarkoÔc apaÐthshc gia kukl¸mata qamhlìterhc katan�lwshc kai t�sewc leitourgÐ-
ac, kineÐtai ìlo kai pio kont� sto kèntro tou pedÐou endiafèrontoc twn sqediast¸n.
'Ena montèlo pou me sunep  trìpo kalÔptei tìso tic posotikèc an�gkec thc sqedÐa-
shc, se epÐpedo akrÐbeiac se sqèsh me metr seic, ìso kai thn poiotik  kai jewrhtik 
leitourgÐa enìc MOSFET, apoteleÐ diplì ergaleÐo sthn di�jesh tou sqediast .

Apì thn �llh, upogrammÐzetai ìti h montelopoÐhsh pou parousi�zetai ed¸ èqei san
b�sh to mègejoc tou suntelest  anastrof c (inversion coefficient). Autìc o sun-
telest c sqetÐzetai, afenìc me to epÐpedo anastrof c tou kanalioÔ, kai afetèrou
me to reÔma tou kanalioÔ. To reÔma tou kanalioÔ ìmwc apoteleÐ basik  hlektrik 
par�metro sthn sqediastik  diadikasÐa. Sunep¸c, me thn fusik  aut  b�sh an�lushc
tou montèlou, dÔnatai o sqediast c na ekmetalleuteÐ thn orologÐa tou, ètsi ¸ste na
dieukolÔnetai sthn pr¸thc t�xhc an�lush enìc kukl¸matoc. H sunhjismènh diadika-
sÐa sqedÐashc basÐzetai sthn qr sh twn diast�sewn m kouc kai pl�touc tou kanalioÔ
tou k�je tranzÐstor. Me thn bo jeia tou suntelest  anastrof c, o opoÐoc dÐdei �me-
sa to reÔma kai to epÐpedo anastrof c enìc tranzÐstor, antikajÐstatai h par�metroc
tou pl�touc pou dÐnei èmmesa to reÔma, kai af netai h teleutaÐa na upologisteÐ met�
thn olokl rwsh thc melèthc [31, 147].

Se èna deÔtero epÐpedo, èna montèlo mporeÐ na apoteleÐ ekpaideutikì ergaleÐo
sqetik� me thn melèth tou MOSFET. Gia par�deigma, se mÐa pr¸th epaf  twn nèwn
sqediast¸n sthn leitourgÐa tou tranzÐstor, h an�lush mporeÐ na gÐnei parajètontac,
mazÐ me thn fusik  dom  kai leitourgÐa thc di�taxhc, èna montèlo pou posotiko-
poieÐ thn sumperifor� tou, se èna upologistik� leitourgikì epÐpedo. 'Etsi, mporeÐ o
neoeisaqjèn sthn logik  tou tranzÐstor na qrhsimopoi sei èna parap�nw ergaleÐo,
an�mesa apì thn fusik  an�lush kai ta apotèlesmata twn pl rwn montèlwn pou mpo-
reÐ na ex�gei mèsa apì èna sÔnolo prosomoi¸sewn, me stìqo thn eniaÐa antÐlhyh tou
wc proc thn leitourgÐa thc di�taxhc. H monos manth, wc proc to epÐpedo anastrof c
tou kanalioÔ, kai apl  èkfrash tou montèlou pou melet jhke kai parousi�sjhke ed¸
bohj�ei sthn enopoihmènh kai sunep  orologÐa se ìla ta pedÐa melèthc kai an�lushc.

UpenjumÐzetai se autì to shmeÐo kai h shmasÐa thc orj c jemelÐwshc, se epÐpe-
do fusik c, enìc montèlou. Aut  h b�sh apodeiknÔetai shmantik  se dÔo epÐpeda.
Afenìc, elaqistopoieÐ to pl joc twn paramètrwn pou anagkastik� eis�gontai sto
montèlo, kaj¸c ekmetalleÔetai thn fusik  jewrÐa ètsi ¸ste na eÐnai eukolìtero na
perigr�yei thn fusik  sumperifor� enìc tranzÐstor, kai, afetèrou, epitrèpei sto mo-
ntèlo na problèpei fusik� orj  sumperifor� se pio polÔplokec kai bajièc ptuqèc
thc sumperifor�c thc di�taxhc. Gia par�deigma, o tetragwnikìc kanìnac kalÔptei
thn perigraf  tou reÔmatoc sthn isqur  anastrof  all� h empeirik  jemelÐws  tou,
de tou epitrèpei na problèyei orj� thn armonik  paramìrfwsh thc trÐthc t�xhc. An-
tÐjeta, h jewrÐa tou epifaneiakoÔ fortÐou kalÔptei kai autì to eidikì krit rio. EÐnai
shmantikì autì to qarakthristikì kai gia teqnikèc sqedÐashc pou den èqoun akìma
dokimasteÐ kai epibebaiwjeÐ peiramatik�. 'Ena fusik� orjì montèlo mporeÐ na apodei-
qjeÐ qr simo sthn anÐqneush diaforetik¸n teqnik¸n apì tic pepathmènec, kai sunep¸c
na apoteleÐ ergaleÐo epèktashc thc kuklwmatik c biblioj khc twn sqediast¸n.

Par�llhla, èna orjì fusik� montèlo mporeÐ na summetèqei kai sthn melèth duna-
tot twn exèlixhc sugkekrimènwn teqnologi¸n. Melet¸ntac mikrodiaforèc sto epÐpe-
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do twn paramètrwn montèlou mporeÐ ektimhjeÐ, se èna pr¸to epÐpedo, h leitourgÐa mÐac
exeligmènhc teqnologÐac se sugkekrimènh kateÔjunsh sto plaÐsio enìc kukl¸matoc,
parèqontac ètsi mÐa seir� epiqeirhm�twn sthn diadikasÐa an�ptuxhc mÐac teqnologÐac
epìmenhc geni�c. Fusik�, aut  h leitourgÐa èqei mìno èna uposthriktikì qarakt ra
sthn an�ptuxh twn nèwn teqnologi¸n. Epiplèon epitrèpei thn melèth, p�li se èna
pr¸to epÐpedo, diat�xewn me diast�seic mikrìterec apì tic dunatìthtec thc trèqousac
teqnologÐac.

Oloklhr¸nontac aut n thn an�lush mporeÐ na eipwjeÐ ìti eÐnai shmantik  h je-
¸rhsh enìc montèlou, ìqi mìno san èna ergaleÐo sqedÐashc sto plaÐsio enìc proso-
moiwt , all� proekteÐnontac to se qrhstikì ergaleÐo se treic �xonec, pr¸ton, san
èna ergaleÐo pr¸thc t�xhc sqedÐashc kuklwm�twn ��epÐ q�rtou��, deÔteron san mèroc
thc ekpaideutik c diadikasÐac sqetik� me thn leitourgÐa tou MOSFET, kai trÐton,
sthn ereunhtik  drasthriìthta tìso se epÐpedo nèwn kuklwmatik¸n topologi¸n ìso
kai epÐpedo teqnologi¸n. To parìn montèlo prospajeÐ na kinhjeÐ mèsa se autì to
plaÐsio, kai h jemelÐwsh tou pur na tou se mÐa sunep  fusik  jewrÐa tou epitrèpei
na kalÔptei autèc tic an�gkec.

6.1 Mellontik  ergasÐa
To montèlo pou parousi�sjhke ed¸ èqei apodeÐxei thn axÐa tou sugkrinìmeno me arke-
tèc montèrnec teqnologÐec, kaj¸c kai dokimazìmeno me thn qr sh plhj¸rac poiotik¸n
dokim¸n. Epiplèon, to montèlo tìso sthn shmerin  tou morf  ìso kai palaiìterec
ekdìseic tou, èqoun  dh qrhsimopoihjeÐ gia thn sqedÐash kai ulopoÐhsh proðìntwn me
montèrnec CMOS teqnologÐec. 'Opwc èqei �llwste  dh anaferjeÐ, sto plaÐsio aut c
thc ergasÐac pragmatopoi jhke h exagwg  paramètrwn gia mÐa dek�da teqnologi¸n,
kai k�je for� apotèlesma  tan, en gènei, h exagwg  twn paramètrwn pou perigr�foun
tic teqnologÐec autèc, kaj¸c kai h dhmiourgÐa autotel¸n ergaleÐwn pou na mporoÔn
na qrhsimopoihjoÔn gia thn sqedÐash me b�sh tic sugkekrimènec teqnologÐec.

Apì thn �llh, sthn trèqousa f�sh, to montèlo brÐsketai se mÐa kat�stash di�-
doshc tou, kai h enswm�twsh tou se ìlo kai perissìterouc kai gnwstìterouc proso-
moiwtèc eÐnai kaj' odìn. H di�dosh tou ja epitrèyei thn qr sh tou apì polÔ perissì-
tero kìsmo, parèqontac plhroforÐec se meg�lo ìgko sqetik� me thn leitourgikìthta
tou kai me endeqìmena probl mata pou emfanÐzei h qr sh tou, se peript¸seic pou
den èqoun akìma melethjeÐ. Aut  h diadikasÐa, pou ja dieurÔnei ton mikrì sqetik�
kÔklo qr shc tou montèlou, se èna polÔ megalÔtero apoteleÐ basikì krit rio gia thn
exèlixh tou montèlou kai gia thn dhmiourgÐa twn epìmenwn ekdìsewn tou. Sunep¸c,
basikì b ma aut  thn stigm  eÐnai h, se kat� to dunatì megalÔterh klÐmaka, qr sh
tou montèlou, sto plaÐsio thc sqedÐashc kai upì to prÐsma twn basik¸n anagk¸n tou
k�je sqediast  kai thc diadikasÐac ulopoÐhshc tou k�je proðìntoc.

Apì thn �llh, shmantik  eÐnai h exèlixh twn teqnik¸n exagwg c paramètrwn tou
montèlou gia k�poia sugkekrimènh teqnologÐa. H sqetik  doulei�  dh parèqei shman-
tik  kajod ghsh gia thn diadikasÐa aut , all� k�je b ma proc thn automatopoÐhsh
thc apoteleÐ mÐa diark  an�gkh tou k�je montèlou.

H shmerin  èkdosh tou montèlou èqei dokimasteÐ melet¸ntac teqnologÐec pou
kinoÔntai sto eÔroc twn 70nm mèqri kai 250nm. S mera  dh èqoun bgei sto prosk nio
teqnologÐec mikrìterou el�qistou m kouc, stic opoÐec di�fora fainìmena emfanÐzoun
diaforopoihmènh sumperifor�, kai apaiteÐtai h sqetik  prosarmog  kai exèlixh twn
montèlwn stic nèec autèc teqnologÐec. H melèth tètoiwn teqnologi¸n ofeÐlei na
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gÐnei me b�sh th trèqousa èkdosh tou montèlou, kai opoud pote apodeiknÔetai aut 
ellip c sto na perigr�yei thn pragmatikìthta, ofeÐletai na efarmostoÔn epekt�seic
pou na parèqoun sqetikèc lÔseic.

S mera up�rqei mÐa oikogèneia nèwn diat�xewn pou, an kai sthrÐzontai sthn lo-
gik  twn MOSFET, apoteloÔn mÐa diaforetik  oikogèneia. Se aut n thn kathgorÐa
an koun diat�xeic pou mporoÔn na qarakthristoÔn me ton genikì tÐtlo polupulikèc
(multi-gate). Qarakthristik� up�rqoun diat�xeic dipulikèc (double-gate), pou eÐnai
parìmoiec me thn gnwst  dom  twn MOSFET, me thn diafor� ìti epitrèpoun thn e-
paf  kai ton hlektrikì èlegqo tou kanalioÔ mèsa apì dÔo akrodèktec pÔlhc, o ènac
antÐkru tou �llou. Aut  h di�taxh epitrèpei ètsi ton kallÐtero èlegqo tou kanalioÔ.
EpÐshc up�rqoun oi diat�xeic pterÔgia (FinFET), stic opoÐec to kan�li elègqetai mè-
sa apì mÐa epif�neia pÔlhc pou sqhmatÐzei èna ��P�� gÔrw apì to kan�li, prosfèrontac
ètsi ousiastik� treic epif�neiec pÔlhc sthn di�taxh (triple-gate). Tèloc anafèrontai
kai oi diat�xeic pou o akrodèkthc thc pÔlhc brÐsketai gÔrw apì to kan�li kai stic
tèsseric diast�seic dhmiourg¸ntac mÐa tetrapl  pÔlh (quadraple-gate)   mÐa pÔlh
olìgura (all-around-gate).

Qarakthristikì ìlwn aut¸n twn peript¸sewn eÐnai ìti apaitoÔn mÐa shmantik� pio
polÔplokh dom  gia to tranzÐstor, kai, ja mporoÔse na pei kaneÐc, mÐa pio ��trisdi�-
stath�� dom . H poluplokìthta aut  esti�zetai sthn dom  thc pÔlhc kai sunep¸c kai
thn dunatìthta thc na epidr�sei sto kan�li. Stìqoc aut¸n twn teqnologi¸n eÐnai h
dhmiourgÐa mÐac di�taxhc h opoÐa ja mporeÐ na diadeqjeÐ to MOSFET se teqnologÐec
twn epìmenwn gene¸n. Ta tranzÐstor MOS ed¸ kai poll� qrìnia sunistoÔn mÐa dom 
pou, me thn smÐkrunsh twn diast�sewn touc, kai eidik� tou m kouc tou kanalioÔ,
èqoun mporèsei na kinhjoÔn par�llhla me tic apait seic thc k�je epoq c kai tic e-
pitagèc beltÐwshc twn epidìsewn thc k�je nèac teqnologÐac. S mera to el�qisto
m koc kanalioÔ twn CMOS teqnologi¸n eÐnai thc t�xhc twn merik¸n dek�dwn nano-
mètrwn. Akìma kai s mera ta MOSFET parèqoun mÐa axiìpisth kai leitourgik  lÔsh
gia tic an�gkec twn kuklwm�twn. H probol  ìmwc sto mèllon deÐqnei ìti oi teqno-
logÐec pou ja zhtoÔn diat�xeic el�qistou m kouc thn t�xhc twn lÐgwn nanìmetrwn,
den ja mporoÔn na basÐzontai sthn klassik  dom  tou MOSFET, kajìti se autèc
ta fainìmena kontoÔ kanalioÔ ja eÐnai tìso èntona pou ja eÐnai adÔnatoc o èlegqoc
tou kanalioÔ apì thn pÔlh. Upì autì to prÐsma apaiteÐtai h dhmiourgÐa dom¸n pou
ja epitrèpoun ton kallÐtero èlegqo tou kanalioÔ, mèsa apì mÐa polÔpleurh epaf  me
autì. Oi polupulikèc diat�xeic èqoun mèqri t¸ra deÐxei axiìloga apotelèsmata ston
tomèa autì, qwrÐc na eÐnai oi mìnec teqnologÐec pou melet¸ntai.

Par� thn pio polÔplokh dom  twn diat�xewn aut¸n, h orologÐa kai h teqnik 
pou akoloujeÐtai ed¸ èqei q¸ro kai sthn montelopoÐhsh aut¸n twn diat�xewn. San
mellontikìc q¸roc ergasÐac epib�lletai na eÐnai h exèlixh tou montèlou ètsi ¸ste na
parèqei thn dunatìthta perigraf c kai tètoiwn pio polÔplokwn polupulik¸n dom¸n
[148].

¤
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Par�rthma Aþ

O k¸dikac tou montèlou se
Verilog-A

Sto par�rthma autì parousi�zetai o pl rhc k¸dikac tou montèlou EKV3, èkdosh
301.01, se gl¸ssa Verilog-A, pou eÐnai basismèno sthn an�lush thc diatrib c aut c.
O k¸dikac apoteleÐtai apì dekaoqt¸ arqeÐa domhmèna ierarqik�. To basikì arqeÐo
onom�zetai ekv3.va. Ta onìmata ìlwn twn arqeÐwn emfanÐzontai ston pÐnaka Aþ.1
mazÐ me èna mikrì sqìlio sqetik� me thn leitourgikìthta touc.

ìnoma arqeÐou
ekv3.va basikì arqeÐo perigraf c tou montèlou
ekv3_natures.va d lwsh entol¸n kìmbwn thc gl¸ssac

(antÐ tou arqeÐou discipline.h)
ekv3_definitions.va d lwsh bohjhtik¸n entol¸n proepexergasÐac
ekv3_def_check.va èlegqoc dhl¸shc ekdoq c tou montèlou
ekv3_variables.va d lwsh metablht¸n tou montèlou
ekv3_functions_def.va d lwsh sunart sewn tou montèlou me morf 

entol¸n proepexergasÐac
ekv3_parameters.va d lwsh paramètrwn tou montèlou
ekv3_edge.va perigraf  pleurik c agwg c
ekv3_overlap.va perigraf  qwrhtikìthtac epik�luyhc
ekv3_fringing.va perigraf  eswterik c qwrhtikìthtac jus�nwshc
ekv3_gidl.va perigraf  reÔmatoc diaro c tou drain

lìgw thc t�shc sthn pÔlh (gate induced
drain leakage)

ekv3_gate_current.va perigraf  reum�twn pÔlhc (gate current)
ekv3_idb.va perigraf  reÔmatoc ionismoÔ prìsptwshc
ekv3_noise.va perigraf  jorÔbou
ekv3_extrinsic_diodes.va perigraf  leitourgÐac exwterik¸n diìdwn
ekv3_extrinsic_rc.va perigraf  dom c exwterikoÔ upodiktÔou

antist�sewn kai puknwt¸n
ekv3_extract_debug.va entolèc elègqou gia diìrjwsh problhm�twn
ekv3_all.va bohjhtikì arqeÐo par�llhlhc d lwshc kai

twn pènte ekdoq¸n tou montèlou
PÐnakac Aþ.1: ArqeÐa tou k¸dika tou montèlou EKV301.01 se Verilog-A
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Sth par�grafo 3.3.1, ègine anafor� ston k¸dika tou montèlou, kaj¸c kai sqo-
liasmìc mÐa aplopoihmènhc èkdoshc autoÔ. AkoloujeÐ, qwrÐc eidikì sqoliasmì, o
pl rhc k¸dikac ìlwn twn arqeÐwn tou montèlou.

ekv3.va
1 // **** Verilog-A Code for EKV3 MOSFET MODEL **************

2 //

3 // Title: EKV3 MOSFET Model Verilog-A Code

4 // Authors: Antonios Bazigos, Matthias Bucher, Francois Krummenacher

5 //

6 // Version Date

7 // ---------------------------------------------------------------

8 // Current 301.01 November 22, 2007

9 //

10 // Older: 301.00 September 14, 2007

11 // 300.03 August 1, 2007

12 // 300.02 April 23, 2007

13 // 300.01 October 28, 2006

14 // 300.00 March 23, 2005

15 //

16 // ********************************************************

17 //

18 // The Verilog-A Code for EKV3 MOSFET Model has been developed in cooperation

19 // among Technical University of Crete (TUC), Chania, Crete, National Technical

20 // University of Athens (NTUA), Athens, Greece and Swiss Federal Institute of

21 // Technology (EPFL), Lausanne, Switzerland.

22 //

23 // Your feedback is most welcome. Please direct inquiries, comments etc. to,

24 //

25 // Prof. Matthias Bucher

26 // Technical University of Crete (TUC)

27 // 73100 Chania, Crete, Greece

28 // phone:+30 28210 37210

29 // fax:+30 28210 37542

30 // bucher@electronics.tuc.gr

31 //

32 // Main contributions:

33 //

34 // Coordination Matthias Bucher, TUC.

35 // Coding, implementation and testing Antonios Bazigos, NTUA, Matthias Bucher, TUC.

36 // Contributions to model formulation and coding Francois Krummenacher, EPFL.

37 // Contributions to model formulation Jean-Michel Sallese, Christian Enz, EPFL.

38 // Contributions to noise modelling Ananda Roy, Christian Enz, EPFL.

39 // Contributions to code standardization, Wladek Grabinski, EPFL.

40 //

41 // This model and its code are confidential property of the EKV model

42 // development team. Its distribution to third-parties is subject to NDA

43 // (non-disclosure agreement) conditions.

44 // The model and its code are made available ’as is’, without any warranty

45 // regarding its functionality or fitness of performance.

46 // Any usage of this code supposes that the name of the model, the authors

47 // of the present code and contributors are suitably acknowledged.

48 //

49 // The EKV3 MOSFET model code is continuously being tested, corrected and

50 // extended. Updates to the code may be frequent. Backward compatibility of

51 // code updates is not guaranteed.

52 //

53 // **************************************************************

54 //

55 // GENERAL COMMENTS:

56 //-genvar (NQS MODEL) NOT ALWAYS SUPPORTED

57 //-hand-written version of NQS instead of "for" loop; NLS = 5

58 //

59 // Please check the ekv3_updates.txt file for changes between the versions

60 //

61

62 ‘include "ekv3_include/ekv3_natures.va"

63 ‘include "ekv3_include/ekv3_definitions.va"

64

65 ‘ifdef ALL

66 ‘else

67 //‘define DC_S
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68 ‘define DC

69 //‘define RF_S

70 //‘define RF

71 //‘define NQS

72 ‘endif

73

74 ‘include "ekv3_include/ekv3_def_check.va"

75

76 ‘ifdef ALL

77 ‘ifdef DC_S

78 module ekv3_s (d,g,s,b);

79 ‘endif

80 ‘ifdef DC

81 module ekv3 (d,g,s,b);

82 ‘endif

83 ‘ifdef RF_S

84 module ekv3_r4 (d,g,s,b);

85 ‘endif

86 ‘ifdef RF

87 module ekv3_rf (d,g,s,b);

88 ‘endif

89 ‘ifdef NQS

90 module ekv3_nqs (d,g,s,b);

91 ‘endif

92 ‘else

93 module ekv3 (d,g,s,b);

94 ‘endif

95

96 inout d,g,s,b ;

97 ‘ifdef DC_S

98 electrical d, g, s, b;

99 electrical noi;

100 ‘endif

101 ‘ifdef DC

102 electrical d, g, s, b;

103 electrical di, si;

104 electrical noi;

105 ‘endif

106 ‘ifdef RF_S

107 electrical d, g, s, b;

108 electrical di, si;

109 electrical gi, bi;

110 electrical noi;

111 ‘endif

112 ‘ifdef RF

113 electrical d, g, s, b;

114 electrical di, si;

115 electrical gi, bi;

116 electrical bdi, bsi;

117 electrical noi;

118 ‘endif

119 ‘ifdef NQS

120 electrical d, g, s, b;

121 electrical di, si;

122 electrical gi, bi;

123 electrical bdi, bsi;

124 electrical m1, m2, m3, m4;

125 electrical noi;

126 ‘endif

127

128 ‘include "ekv3_include/ekv3_variables.va"

129 ‘include "ekv3_include/ekv3_functions_def.va"

130 ‘include "ekv3_include/ekv3_parameters.va"

131

132 analog begin

133

134 /////////////

135 // LEVEL 0 //

136 /////////////

137

138 //‘MODEL

139 begin

140
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141 begin : GENERAL_VALUES

142 NF_M = NF*M;

143 SIGN_NF = SIGN*NF;

144 SIGN_M = SIGN*M;

145 SIGN_NF_M = SIGN*NF_M;

146 QON = (1.0-QOFF);

147 // TYPICAL LENGTHS

148 TSI = ‘C_EPSSIL/COX;

149 TOX = ‘C_EPSOX/COX;

150 TOX2 = TOX*TOX;

151 LC = sqrt(TSI*XJ); // used in vsat model

152 end // GENERAL_VALUES

153 hdif = HDIF*SCALE;

154 ldif = LDIF*SCALE;

155

156 end

157

158 /////////////

159 // LEVEL 1 //

160 /////////////

161

162 //‘INSTANCE

163 begin

164

165 begin : EFFECTIVE_GATE_LENGTH_AND_WIDTH___SCALING

166 l = L*SCALE+XL;

167 WF = W/NF;

168 w = WF*SCALE+XW;

169 Leff = (LL == 0.0) ?

170 l+DL+WDL/w:

171 l+DL+WDL/w-LL*exp(LLN*ln(1.0/l));

172 Weff = w+DW+LDW/l;

173 Leffc = Leff+DLC;

174 Weffc = Weff+DWC;

175

176 Leff = ‘MAX(Leff ,1.0e-9);

177 Weff = ‘MAX(Weff ,1.0e-9);

178 Leffc = ‘MAX(Leffc,1.0e-9);

179 Weffc = ‘MAX(Weffc,1.0e-9);

180

181 WeffNF = Weff*NF;

182 WLeff = Weff*Leff;

183 end // EFFECTIVE_GATE_LENGTH_AND_WIDTH___SCALING

184

185 begin : MATCHING

186 awl = 1.0E6/sqrt(WLeff);

187 VTO_a = VTO+AVTO*awl;

188 GAMMA_a = GAMMA+AGAMMA*awl;

189 KP_a = KP*(1.0+AKP*awl);

190 end // MATCHING

191

192 begin : LONG_AND_WIDE_CHANNEL_CORRECTION_AVT_LVT

193 DVTLONG =-AVT*‘MAXA(ln(Leff/LVT),0.0,1.0e-2);

194 DVTWIDE =-AVT*‘MAXA(ln(Weff/WVT),0.0,1.0e-2);

195 // DVTLONG =-AVT*ln(1.0+Leff/LVT)/UT;

196 end // LONG_AND_WIDE_CHANNEL_CORRECTION_AVT_LVT

197

198 begin : LONG_AND_WIDE_GAMMA

199 DGAMMALONG =-AGAM*‘MAXA(ln(Leff/LGAM),0.0,1.0e-2);

200 DGAMMAWIDE =-AGAM*‘MAXA(ln(Weff/WGAM),0.0,1.0e-2);

201 end // LONG_AND_WIDE_GAMMA

202

203 begin : NF_DEPENDENCE_ON_THRESHOLD_VOLTAGE

204 DVTNF = NFVTA*log(((NF)-1)*NFVTB+1);

205 end

206

207 begin : WIDTH_SCALING

208 LR_g = LR+WLR/Weff;

209 QLR_g = QLR*(1.0+WQLR/Weff);

210 NLR_g = NLR*(1.0+WNLR/Weff);

211 E0_g = E0*(1.0+WE0/Weff);

212 E1_g = E1*(1.0+WE1/Weff);

213 UCRIT_g = UCRIT*(1.0+WUCRIT/Weff);
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214 LAMBDA_g = LAMBDA*(1.0+WLAMBDA/Weff);

215 ETAD_g = ETAD*(1.0+WETAD/Weff);

216 TCV_g = TCV+TCVL/Leff+TCVW/Weff+TCVWL/WLeff;

217 UCEX_g = UCEX*(1.0+WUCEX/Weff);

218 end // WIDTH_SCALING

219

220 begin : LENGTH_SCALING

221 WR_g = WR+LWR/Leff;

222 QWR_g = QWR*(1.0+LQWR/Leff);

223 NWR_g = NWR*(1.0+LNWR/Leff);

224 end

225

226 begin : RSCE

227 Leff_o_LR = Leff/LR_g;

228 if (Leff_o_LR > 6.0) one_lr = 1.0;

229 else one_lr = 1.0-exp(-Leff_o_LR*Leff_o_LR);

230 DVTRSCE = 2.0*QLR_g*one_lr/(COX*Leff_o_LR);

231 GAMMA_RSCE = sqrt(1.0+2.0*NLR_g*one_lr/(COX*Leff_o_LR));

232 DPHIF_RSCE = ‘UT(TNOM+273.15)*FLR*ln(1.0+2.0*NLR_g*one_lr/(COX*Leff_o_LR));

233 end // RSCE

234

235 begin : INWE

236 Weff_o_WR = Weff/WR_g;

237 if (Weff_o_WR > 6.0) one_wr = 1.0;

238 else one_wr = 1.0-exp(-Weff_o_WR*Weff_o_WR);

239 DVTINWE =-2.0*QWR_g*one_wr/(COX*Weff_o_WR);

240 GAMMA_INWE = 1.0/sqrt(1.0+2.0*NWR_g*one_wr/(COX*Weff_o_WR));

241 end // INWE

242

243 begin : MOBILITY_LENGTH_SCALING

244 if ((KA == 0.0) && (KB == 0.0)) kpl = 1.0;

245 else

246 kpl = 1.0/(1.0+(KA*LA/Leff)*(1.0-exp(-Leff/LA))+(KB*LB/Leff)*(1.0-exp(-Leff/LB)));

247 end // MOBILITY_LENGTH_SCALING

248

249 begin : MOBILITY_WIDTH_SCALING

250 if (WKP2 == 0.0) kpw = 1.0;

251 else

252 begin

253 kpw = (ln(Weff/WKP1))/WKP3;

254 kpw = 1.0+WKP2*exp(-kpw*kpw);

255 end

256 end // MOBILITY_WIDTH_SCALING

257

258 begin : STI_STRESS

259 if ((SA > 0) && (SB > 0))

260 begin

261 i_sti = 0;

262 if (NF == 1)

263 begin

264 inv_sa05l = 1.0/(SA+0.5*l);

265 inv_sb05l = 1.0/(SB+0.5*l);

266 end

267 else if (NF > 1)

268 begin

269 inv_sa05l = 0.0;

270 inv_sb05l = 0.0;

271 for (i_sti = 0; i_sti < NF; i_sti = i_sti+1)

272 begin

273 inv_sa05l = inv_sa05l+1.0/(SA+0.5*l+i_sti*(SD+l));

274 inv_sb05l = inv_sb05l+1.0/(SB+0.5*l+i_sti*(SD+l));

275 end

276 inv_sa05l = inv_sa05l/NF;

277 inv_sb05l = inv_sb05l/NF;

278 end

279 else

280 begin

281 inv_sa05l = 1.0;

282 inv_sb05l = 1.0;

283 end

284

285 inv_saref05l = 1.0/(SAREF+0.5*l);

286 inv_sbref05l = 1.0/(SBREF+0.5*l);
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287

288 tmpl = exp(-LLODKKP*ln(l));

289 tmpw = exp(-WLODKKP*ln(w+WLOD));

290 KKP_sti = (1.0+LKKP*tmpl+WKKP*tmpw+PKKP*tmpl*tmpw);

291 a_sti = KKP/KKP_sti*(inv_sa05l+inv_sb05l);

292 aref_sti = KKP/KKP_sti*(inv_saref05l+inv_sbref05l);

293 kp_sti = (1.0+a_sti)/(1.0+aref_sti);

294 ucrit_sti = (1.0+KUCRIT*a_sti)/(1.0+KUCRIT*aref_sti);

295 tmpl = exp(-LLODKVTO*ln(l));

296 tmpw = exp(-WLODKVTO*ln(w+WLOD));

297 KVTO_sti = 1.0+LKVTO*tmpl+WKVTO*tmpw+PKVTO*tmpl*tmpw;

298 b_sti = inv_sa05l+inv_sb05l-inv_saref05l-inv_sbref05l;

299 DVTSTI = KVTO/KVTO_sti*b_sti;

300 DGAMMASTI = KGAMMA/exp(LODKGAMMA*ln(KVTO_sti))*b_sti;

301 DETADSTI = KETAD/exp(LODKETAD*ln(KVTO_sti))*b_sti;

302 end

303 else

304 begin

305 kp_sti = 1.0;

306 ucrit_sti = 1.0;

307 DVTSTI = 0.0;

308 KKP_sti = 1.0;

309 DGAMMASTI = 0.0;

310 DETADSTI = 0.0;

311 inv_sa05l = 1.0;

312 inv_sb05l = 1.0;

313 inv_saref05l = 1.0;

314 inv_sbref05l = 1.0;

315 end

316 end // STI_STRESS

317

318 VTO_DEV = VTO_a+SIGN*(DVTLONG+DVTWIDE+DVTRSCE+DVTINWE+DVTNF+DVTSTI);

319 GAMMA_DEV = (GAMMA_a+DGAMMALONG+DGAMMAWIDE)*GAMMA_RSCE*GAMMA_INWE+DGAMMASTI;

320 PHIF_DEV = PHIF+DPHIF_RSCE;

321 KP_DEV = KP_a*kpl*kpw*kp_sti;

322 ETAD_DEV = ETAD_g+DETADSTI;

323 UCRIT_DEV = UCRIT_g*ucrit_sti;

324

325 begin : CHARGE_SHARING

326 CHSHL = LETA0+(LETA/Leff)+(LETA2/(Leff*Leff));

327 CHSHW = WETA/Weff;

328 NUV = N0+NCS*3.0*TOX*CHSHL;

329 end // CHARGE_SHARING

330

331 /////////////

332 // LEVEL 2 //

333 /////////////

334

335 begin : STANDARD_VALUES

336 UT = $vt;

337 UT2 = UT*UT;

338 UT3 = UT*UT2;

339 sqrtUT = sqrt(UT);

340

341 thermocrasia = $temperature;

342 tnom = TNOM+273.15;

343 dT = thermocrasia-tnom;

344 dT2 = dT*dT;

345 rT = thermocrasia/tnom;

346 lnrT = ln(rT);

347 end // STANDARD_VALUES

348

349 begin : TEMPERATURE_AND_STI

350 if ((SA > 0) && (SB > 0))

351 begin

352 KKP_sti_t = KKP_sti*(1.0+TKKP*(rT-1.0));

353 a_sti_t = KKP/KKP_sti_t*(inv_sa05l+inv_sb05l);

354 aref_sti_t = KKP/KKP_sti_t*(inv_saref05l+inv_sbref05l);

355 kp_sti_t = (1.0+a_sti_t)/(1.0+aref_sti_t)/kp_sti;

356 end

357 else

358 begin

359 kp_sti_t = 1.0;
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360 end

361 end // TEMPERATURE_AND_STI

362

363 begin : TEMPERATURE

364 // MODEL PARAMETERS

365 VTO_DEV_t = SIGN*(VTO_DEV-TCV_g*dT);

366 KP_DEV_t = KP_DEV*exp(BEX*lnrT)*kp_sti_t;

367 ETA_t = ETA+(TETA*dT);

368 E0_gt = E0_g*exp(TE0EX*lnrT);

369 E1_gt = E1_g*exp(TE1EX*lnrT);

370 UCRIT_DEV_t = UCRIT_DEV*exp(UCEX_g*lnrT);

371 LAMBDA_gt = LAMBDA_g+TLAMBDA*(rT-1.0);

372 IBB_t = IBB*(1.0+IBBT*dT);

373 // PHIF

374 eg_nom = 1.16-(7.02E-4*tnom*tnom)/(tnom+1108.0);

375 eg_thermo = 1.16-(7.02E-4*thermocrasia*thermocrasia)/(thermocrasia+1108);

376 temp_arg_S = exp((eg_nom/‘UT(tnom)-eg_thermo/UT+XTIS*lnrT)/NJS);

377 temp_arg_D = exp((eg_nom/‘UT(tnom)-eg_thermo/UT+XTID*lnrT)/NJD);

378 temp_arg2 =-UT*3.0*lnrT+(eg_thermo-eg_nom*rT);

379 PHIF_DEV_t = (PHIF_DEV*rT)+(temp_arg2/2.0);

380 end // TEMPERATURE

381

382 //////////////

383 // LEVEL 3a //

384 //////////////

385

386 begin : NORMALIZING

387 // PHIF

388 phif = PHIF_DEV_t/UT;

389 sqrtphif = sqrt(phif);

390 // VTO

391 vto = VTO_DEV_t/UT;

392 // GAMMA, GAMMAG

393 gamma_b_dev = GAMMA_DEV/sqrtUT;

394 gamma_b_dev2 = gamma_b_dev*gamma_b_dev;

395 gamma_g = GAMMAG/sqrtUT;

396 gamma_g2 = gamma_g*gamma_g;

397 dpd = (TG != 0) ?

398 gamma_b_dev2/gamma_g2 :

399 0.0;

400 // OVERLAP

401 gamma_ov = GAMMAOV/sqrtUT;

402 gamma_g_ov = GAMMAGOV/sqrtUT;

403 vfb_ov = VFBOV/UT;

404 gamma_ov2 = gamma_ov*gamma_ov;

405 // VSAT

406 ucrit_o_UT = UCRIT_DEV_t/UT;

407 // GATE CURRENT

408 xb = XB/UT;

409 ub = EB*TOX/XB;

410 // VMR VARIABLES

411 ev = UT/(E0_gt*TSI);

412 tmp = E1_gt*TSI;

413 ev1 = UT2/(tmp*tmp);

414 end // NORMALIZING

415

416 //////////////

417 // LEVEL 3b //

418 //////////////

419

420 // NQ0

421 nq0 = (TG < 0) ?

422 (1.0/(1.0+(dpd*2.0*‘SQRT2*sqrtphif/gamma_b_dev))+gamma_b_dev/(2.0*‘SQRT2*sqrtphif)):

423 1.0+(gamma_b_dev/(2.0*‘SQRT2*sqrtphif));

424

425 begin : QUANTUM_MECHANIC_EFFECT

426 aqma = AQMA*exp(‘ONE3RD*(ln(COX*COX/UT)));

427 axetaqm2_3 = aqma*exp(‘TWO3RDS*ln(ETAQM));

428 inv_dqmip1 = ‘ONE3RD*AQMI*exp(‘TWO3RDS*ln(gamma_b_dev*COX*0.5/(sqrtUT*phif)));

429 inv_dqmip1 = inv_dqmip1*(2.0*ETAQM*nq0*‘SQRT2*sqrtphif/gamma_b_dev-1.0);

430 inv_dqmip1 = 1.0/( 1.0+inv_dqmip1);

431 dpsi0 = AQMI*exp(‘TWO3RDS*ln(gamma_b_dev*COX*‘SQRT2*sqrtphif));

432 DPSI0 = dpsi0*UT;
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433 end // QUANTUM_MECHANIC_EFFECT

434

435 // PHI(PHIF)

436 phi = phif*2.0+ln (4.0*nq0*sqrtphif*‘SQRT2/gamma_b_dev)+dpsi0;

437 sqrtphi = sqrt(phi);

438 // VBI AND NUL

439 if (VBI == 0.0)

440 begin

441 nul = 3.0;

442 vbi = phi+nul;

443 end

444 else

445 begin

446 vbi = VBI/UT;

447 nul = vbi-phi;

448 end

449 sqrtvbi = sqrt(vbi);

450

451 begin : NORMALIZING_FACTORS_FOR_CHARGES

452 Q0 =-Weffc*NF*Leffc*COX*UT*inv_dqmip1*(Weff-WEDGE)/Weff;

453 Q0OV = WeffNF*LOV*COX*UT*inv_dqmip1;

454 end // NORMALIZING_FACTORS_FOR_CHARGES

455

456 end

457

458 //////////////

459 // LEVEL 3c //

460 //////////////

461

462 // INPUT VOLTAGES

463 ‘ifdef DC_S

464 VS = V(s ,b ); VD = V(d ,b ); VG = V(g ,b );

465 ‘endif

466 ‘ifdef DC

467 VS = V(si,b ); VD = V(di,b ); VG = V(g ,b );

468 ‘endif

469 ‘ifdef RF_S

470 VS = V(si,bi); VD = V(di,bi); VG = V(gi,bi);

471 ‘endif

472 ‘ifdef RF

473 VS = V(si,bi); VD = V(di,bi); VG = V(gi,bi);

474 ‘endif

475 ‘ifdef NQS

476 VS = V(si,bi); VD = V(di,bi); VG = V(gi,bi);

477 ‘endif

478

479 begin : NORMALIZING_INPUT_VOLTAGES

480 if (SIGN*VS > SIGN*VD) d_gt_s_flag = -1;

481 else d_gt_s_flag = 1;

482 vd = SIGN*0.5*((d_gt_s_flag+1)*VD+(1-d_gt_s_flag)*VS)/UT;

483 vs = SIGN*0.5*((d_gt_s_flag+1)*VS+(1-d_gt_s_flag)*VD)/UT;

484 vg = SIGN*VG/UT;

485 end // NORMALIZING_INPUT_VOLTAGES

486

487 begin : EFFECTIVE_GAMMA_DUE_TO_CHARGE_SHARING_POLYDEPLETION

488 chsh_l = CHSHL*TSI;

489 chsh_w = CHSHW*TSI;

490 one_w = 1.0+chsh_w;

491 chsh_a1 = 1-chsh_l*(sqrt(‘MAXA(vbi+vs,0,UT2))+sqrt(‘MAXA(vbi+vd,0,UT2)))/gamma_b_dev;

492 chsh_a2 = chsh_a1+chsh_a1-1.0+(chsh_w+chsh_w)*sqrtphi/gamma_b_dev;

493 chsh_a3 = one_w+dpd*chsh_a2;

494 gamma_b_chsh = gamma_b_dev*chsh_a1/one_w;

495 gamma_b_chsh2 = gamma_b_chsh*gamma_b_chsh;

496 gamma_b_eff = gamma_b_dev*chsh_a1/chsh_a3;

497 gamma_b_eff2 = gamma_b_eff*gamma_b_eff;

498 chsh_a10 = 1.0-chsh_l*2.0*sqrt(vbi)/gamma_b_dev;

499 chsh_a20 = chsh_a10+chsh_a10-1.0+(chsh_w+chsh_w)*sqrtphi/gamma_b_dev;

500 chsh_a30 = one_w+dpd*chsh_a20;

501 gamma_b_chsh0 = gamma_b_dev*chsh_a10/one_w;

502 gamma_b_chsh02 = gamma_b_chsh0*gamma_b_chsh0;

503 end // EFFECTIVE_GAMMA_DUE_TO_CHARGE_SHARING_POLYDEPLETION

504

505 begin : FLAT_BAND_VOLTAGE // depending on gamma_b_chsh0
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506 tmp_vfb = 1.0-(chsh_l+chsh_l)*sqrtvbi/gamma_b_dev+chsh_w*sqrtphi/gamma_b_dev;

507 vfb = vto-phi*(one_w+dpd*tmp_vfb*tmp_vfb);

508 vfb = vfb - gamma_b_dev*(1.0-(chsh_l+chsh_l)*sqrtvbi/gamma_b_dev)*sqrtphi;

509 end // FLAT_BAND_VOLTAGE

510

511 begin : EFFECTIVE_GATE_VOLTAGE

512 vg_p = vg-vfb;

513 vg_p_chsh = vg_p/one_w;

514 vg_p_chsh_pd = vg_p/chsh_a3;

515 vg_p_chsh_pd0 = vg_p/chsh_a30;

516 end // EFFECTIVE_GATE_VOLTAGE

517

518 begin : PSI_PO___APPROXIMATION_AROUND_PSI_P_EQUALS_ZERO

519 tmp = vg_p_chsh*0.5-3.0*(1.0+gamma_b_chsh*‘ONESQRT2);

520 psi_po = tmp+sqrt(tmp*tmp+6.0*vg_p_chsh);

521 tmp = vg_p_chsh*0.5-3.0*(1.0+gamma_b_chsh0*‘ONESQRT2);

522 psi_po0 = tmp+sqrt(tmp*tmp+6.0*vg_p_chsh);

523 end // PSI_PO___APPROXIMATION_AROUND_PSI_P_EQUALS_ZERO

524

525 ///////////////////////////////////

526 // PINCH-OFF SURFACE POTENTIAL //

527 ///////////////////////////////////

528

529 begin : PINCH_OFF_SURFACE_POTENTIAL_VOLTAGE_SLOPE_FACTOR

530 if (vg_p < 0.0)

531 begin

532 tmp = (psi_po-vg_p_chsh)/gamma_b_chsh;

533 psi_p =-ln(1.0-psi_po+tmp*tmp);

534 tmp = (psi_po0-vg_p_chsh)/gamma_b_chsh0;

535 psi_p0 =-ln(1.0-psi_po0+tmp*tmp);

536 end

537 else

538 begin // as polydepletion is formulated into the charge sharing model

539 epsilon = exp(-psi_po);

540 psi_p_tmp = sqrt(vg_p_chsh_pd-1.0+epsilon+gamma_b_eff2*0.25)-gamma_b_eff*0.5;

541 psi_p = psi_p_tmp*psi_p_tmp+1.0-epsilon;

542 epsilon = exp(-psi_po0);

543 psi_p_tmp = sqrt(vg_p_chsh_pd0-1.0+epsilon+gamma_b_chsh02*0.25)-gamma_b_chsh0*0.5;

544 psi_p0 = psi_p_tmp*psi_p_tmp+1.0-epsilon;

545 end

546 sqrt_psi_p = sqrt(‘MAXA(psi_p ,1.0E-4,1.0E-2));

547 sqrt_psi_p0 = sqrt(‘MAXA(psi_p0,1.0E-4,1.0E-2));

548

549 // PINCH-OFF VOLTAGE

550 vp = psi_p-phi;

551 // SLOPE FACTOR NV

552 nv = chsh_a3+gamma_b_dev*chsh_a1/(2.0*sqrt_psi_p );

553 end

554

555 begin : DIBL

556 if (ETAD == 0.0)

557 begin

558 deltapsis = 0.0;

559 end

560 else

561 begin

562 l0 = ETAD_DEV*TSI*sqrt(2.0*sqrtphi/gamma_b_dev);

563 v_o_dibl = 4.0+40.0*l0/Leff;

564 v_o_dibl2 = v_o_dibl*v_o_dibl;

565 dv_dibl = ‘MINA(vp,‘MINA(vs,vd ,v_o_dibl2),v_o_dibl2);

566 tmp = Leff/(l0+l0);

567 if (tmp > 70.0)

568 begin

569 deltapsis = 0.0;

570 end

571 else

572 begin

573 exp_tmp = exp(-tmp);

574 deltapsis = exp_tmp*(2+SIGMAD*tmp*dv_dibl/(2*phi));

575 deltapsis = deltapsis*sqrt((nul+vs-dv_dibl)*(nul+vd-dv_dibl));

576 end

577 end

578 end // DIBL
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579

580 begin : NORMALIZED_FORWARD_CURRENT

581 ‘QV(qs,(vp+deltapsis-vs))

582 qs2 = qs*qs;

583 if_ = qs2+qs;

584 sif2 = 0.25+if_;

585 sif = sqrt(sif2);

586 end // NORMALIZED_FORWARD_CURRENT

587

588 begin : VELOCITY_SATURATION

589 g_clm = 0.1;

590 e_clm = 2.0/(ucrit_o_UT*Leff);

591 e_clm2 = e_clm*e_clm;

592 e_clmx2 = 2.0*e_clm;

593 e_clmp2 = 2.0+e_clm;

594 e_clmx2xqs = e_clmx2*qs;

595 qsat = e_clmx2*if_/(e_clmp2+e_clmx2xqs+sqrt(e_clmp2*e_clmp2+4.0*e_clmx2xqs));

596 qs_qsat = qs-qsat;

597 qs_qsat2 = qs_qsat*qs_qsat;

598 mdm2 = 2.0-DELTA;

599 e_clmxmdm2_2 = e_clm2*mdm2*mdm2;

600 vdsat_tmp1 = (2.0*qsat+ln(qsat))*(1.0+e_clm*qs_qsat);

601 vdsat_tmp11 = g_clm+e_clm*mdm2*qs_qsat;

602 vdsat_tmp2 = sqrt(1.0+(2.0*e_clmxmdm2_2*qs_qsat2)/vdsat_tmp11+e_clm2*qs_qsat2);

603 vdsat = vp-vdsat_tmp1/vdsat_tmp2;

604 dv_clm = (ACLM/DELTA)*(4.0*qsat+DELTA)/(qs+1.0);

605 vdssat = ‘MAXA(vdsat-vs,3.0,4.0);

606 vdp_tmp1 = (vd-vs)*sqrt(1.0+4.0*dv_clm/vdssat);

607 vdp_tmp2 = sqrt((vdp_tmp1+vdssat)*(vdp_tmp1+vdssat)+4.0*dv_clm*vdssat);

608 vdp_tmp3 = sqrt((vdp_tmp1-vdssat)*(vdp_tmp1-vdssat)+4.0*dv_clm*vdssat);

609 vdp = 0.5*(vdp_tmp2-vdp_tmp3)+vs;

610 // CHANNEL LENGTH MODULATION MODEL

611 u_clm = 0.5*e_clm*Leff/LC*(vd-vdp);

612 alpha_clm = LC/(Leff-2.0*LC);

613 tmp=ln((alpha_clm+u_clm+sqrt(u_clm*u_clm+2.0*alpha_clm*u_clm+1.0))/(alpha_clm+1.0));

614 deltal = LAMBDA_gt*LC*tmp;

615 end // VELOCITY_SATURATION

616

617 begin : NORMALIZED_REVERSE_CURRENT

618 ‘QV(qdp,(vp+deltapsis-vdp))

619 qdp2 = qdp*qdp;

620 irp = qdp2+qdp;

621 sirp2 = 0.25+irp;

622 sirp = sqrt(sirp2);

623 end // NORMALIZED_REVERSE_CURRENT

624

625 // CHARGE CALCULATIONS

626 qsqdp = qs+qdp;

627 qs_qdp = qs-qdp;

628 powqs_qdp2 = qs_qdp*qs_qdp;

629 qsqdpp1 = qsqdp+1.0;

630 powqsqdpp1_2 = 1.0/(qsqdpp1*qsqdpp1);

631

632 i = if_-irp;

633

634 // NQ

635 ‘NQ(nq,psi_p,sqrt_psi_p,qs,qdp,dpd,gamma_b_chsh,gamma_g2)

636

637 begin : CHARGE_MODEL

638 //v_o: psi_p0 instead of psi_p

639 v_o = vg_p_chsh-psi_p0;

640 // QME

641 if (AQMA != 0.0)

642 begin

643 qr1 = 3.0*‘ONESQRT2*gamma_b_chsh;

644 if (vg_p < 0.0) qbo = vg_p_chsh-psi_p;

645 else qbo = vg_p_chsh/(1.0+dpd)-psi_po;

646 dpsiv = exp(‘TWO3RDS*ln(sqrt(0.25*qbo*qbo+4.0*axetaqm2_3*gamma_b_chsh2)-0.5*qbo));

647 dpsiv = dpsiv - exp(‘TWO3RDS*ln(sqrt(qr1*qr1+4.0*axetaqm2_3*gamma_b_chsh2)-qr1));

648 dpsiv = dpsiv * axetaqm2_3;

649 v_o = v_o+dpsiv;

650 end

651 else
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652 begin

653 dpsiv = 0.0;

654 end

655 // QG, QD, QS, QB

656 begin

657 ‘QX(qS,psi_p,nq,qs,qdp,powqs_qdp2,powqsqdpp1_2)

658 ‘QX(qD,psi_p,nq,qdp,qs,powqs_qdp2,powqsqdpp1_2)

659 ‘QG(qG,psi_p,qs,qdp,powqs_qdp2,powqsqdpp1_2,qsqdpp1,v_o,gamma_g2)

660 end

661 qI = qS+qD;

662 qB = qG-qI;

663 end // CHARGE_MODEL

664

665 begin : MOBILITY_EFFECTS

666 // COULOMB_SCATTERING

667 beta_coul = THC/((1.0+(nv*ZC*qs))*(1.0+(nv*ZC*qdp)));

668 // VMR: VERTICAL-FIELD MOBILITY REDUCTION

669 nu = (nv*(1.0-ETA_t))-1.0;

670 gpnu = (gamma_b_eff*sqrt_psi_p)+nu;

671 eq = qB+(ETA_t*nv*qI);

672 eq1 = gpnu*gpnu+nu*nu*(1.0+if_+if_+irp+irp);

673 eq1 = eq1-8.0*‘ONE3RD*nu*gpnu*(sif2+sif*sirp+sirp2)/(sif+sirp);

674 beta_nom = 1.0+(ev*gamma_b_eff*sqrtphi)+(ev1*gamma_b_eff2*phi);

675 beta_denom = 1.0+(ev*eq)+(ev1*eq1)+beta_coul;

676 beta = KP_DEV_t*beta_nom/beta_denom;

677 // MOBILITY FACTOR DUE TO CLM

678 beta_clm_denom = 1+2*e_clmxmdm2_2*powqs_qdp2/(g_clm+e_clm*mdm2*(qs_qdp));

679 beta_clm_denom = beta_clm_denom+e_clm2*powqs_qdp2;

680 beta_clm_denom = sqrt(beta_clm_denom);

681 beta = beta/beta_clm_denom;

682 end // MOBILITY_EFFECTS

683

684 begin : SPECIFIC_CURRENT

685 i0 = 2.0*nq*UT2*beta*inv_dqmip1;

686 Ispec = i0*WeffNF/(Leff-deltal)*(Weff-WEDGE)/Weff;

687 end // SPECIFIC_CURRENT

688

689 // DITS

690 begin : DITS

691 if (PDITS == 0.0)

692 begin

693 dits_factor = 1.0;

694 end

695 else

696 begin

697 f_dits = 1.0/(1.0+FPROUT*sqrt(Leff)/(qI+2.0));

698 va_dits = (f_dits/PDITS)*(1.0+(1.0+PDITSL*Leff)*exp(PDITSD*(vd-vs)*UT));

699 vdseff = vdssat-‘MAXA(vdssat-(vd-vs)-DDITS, 0.0, 4.0*DDITS*vdssat);

700 dits_factor = (1.0+(vd-vs-vdseff)/va_dits );

701 end

702 end // DITS

703

704 begin : DENORMALISING

705 QS = qS*Q0;

706 QD = qD*Q0;

707 QG =-qG*Q0;

708 QB =-QS-QD-QG;

709 IDS = Ispec*i*dits_factor;

710 end // DENORMALISING

711

712 ‘include "ekv3_include/ekv3_edge.va"

713 ‘include "ekv3_include/ekv3_overlap.va"

714 ‘include "ekv3_include/ekv3_fringing.va"

715 ‘include "ekv3_include/ekv3_gidl.va"

716 ‘include "ekv3_include/ekv3_gate_current.va"

717 ‘include "ekv3_include/ekv3_idb.va"

718 ‘include "ekv3_include/ekv3_noise.va"

719 ‘include "ekv3_include/ekv3_extrinsic_diodes.va"

720 ‘include "ekv3_include/ekv3_extrinsic_rc.va"

721

722 ‘ifdef DC_S

723 // SERIES RESISTANCE

724 IDS = IDS/(1.0+(rs*Ispec/UT)*qs+(rd*Ispec/UT)*qdp);
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725 // IDS

726 I(d ,s ) <+ SIGN_M*d_gt_s_flag*IDS;

727 // CAPACITANCES

728 I(b ,g ) <+ SIGN_M*ddt(QB)*QON;

729 I(d ,g ) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QD)+(1-d_gt_s_flag)*ddt(QS))*QON;

730 I(s ,g ) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QS)+(1-d_gt_s_flag)*ddt(QD))*QON;

731 ‘endif

732

733 ‘ifdef DC

734 // IDS

735 I(di,si) <+ SIGN_M*d_gt_s_flag*IDS;

736 // CAPACITANCES

737 I(b ,g ) <+ SIGN_M*ddt(QB)*QON;

738 I(di,g ) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QD)+(1-d_gt_s_flag)*ddt(QS))*QON;

739 I(si,g ) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QS)+(1-d_gt_s_flag)*ddt(QD))*QON;

740 ‘endif

741

742 ‘ifdef RF_S

743 // IDS

744 I(di,si) <+ SIGN_M*d_gt_s_flag*IDS;

745 // CAPACITANCES

746 I(bi,gi) <+ SIGN_M*ddt(QB)*QON;

747 I(di,gi) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QD)+(1-d_gt_s_flag)*ddt(QS))*QON;

748 I(si,gi) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QS)+(1-d_gt_s_flag)*ddt(QD))*QON;

749 ‘endif

750

751 ‘ifdef RF

752 // IDS

753 I(di,si) <+ SIGN_M*d_gt_s_flag*IDS;

754 // CAPACITANCES

755 I(bi,gi) <+ SIGN_M*ddt(QB)*QON;

756 I(di,gi) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QD)+(1-d_gt_s_flag)*ddt(QS))*QON;

757 I(si,gi) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QS)+(1-d_gt_s_flag)*ddt(QD))*QON;

758 ‘endif

759

760 ‘ifdef NQS

761 begin : MOS_FIRST

762 spec_factor = ‘NLS;

763 //IV

764 v1 = (d_gt_s_flag == 1) ? SIGN*V(si,bi)/UT: vdp; v2 = SIGN*V(m1,bi)/UT;

765 ‘QV(q1,(vp+deltapsis-v1)) i1 = q1*q1+q1;

766 ‘QV(q2,(vp+deltapsis-v2)) i2 = q2*q2+q2;

767 I(m1,si) <+ SIGN_M*Ispec*spec_factor*(i1-i2)*dits_factor;

768 //CV

769 ‘NQ(nq,psi_p,sqrt_psi_p,q1,q2,dpd,gamma_b_chsh,gamma_g2)

770 q1q2 = q1+q2; q1_q2 = q1-q2; powq1_q22 = q1_q2*q1_q2; q1q2p1 = q1q2+1.0;

771 powq1q2p1_2 = 1.0/(q1q2p1*q1q2p1);

772 ‘QX(qq1,psi_p,nq,q1,q2,powq1_q22,powq1q2p1_2)

773 ‘QX(qq2,psi_p,nq,q2,q1,powq1_q22,powq1q2p1_2)

774 ‘QG(qG,psi_p,q1,q2,powq1_q22,powq1q2p1_2,q1q2p1,v_o,gamma_g2)

775 qB =-qq1-qq2+qG;

776 I(bi,gi) <+ SIGN_M*ddt(qB*Q0/spec_factor)*QON;

777 I(m1,gi) <+ SIGN_M*ddt(qq2*Q0/spec_factor)*QON;

778 I(si,gi) <+ SIGN_M*ddt(qq1*Q0/spec_factor)*QON;

779 end

780 begin : MOS_M1

781 spec_factor = ‘NLS;

782 //IV

783 v1 = SIGN*V(m1,bi)/UT; v2 = SIGN*V(m2,bi)/UT;

784 ‘QV(q1,(vp+deltapsis-v1)) i1 = q1*q1+q1;

785 ‘QV(q2,(vp+deltapsis-v2)) i2 = q2*q2+q2;

786 I(m2,m1) <+ SIGN_M*Ispec*spec_factor*(i1-i2)*dits_factor;

787 //CV

788 ‘NQ(nq,psi_p,sqrt_psi_p,q1,q2,dpd,gamma_b_chsh,gamma_g2)

789 q1q2 = q1+q2; q1_q2 = q1-q2; powq1_q22 = q1_q2*q1_q2; q1q2p1 = q1q2+1.0;

790 powq1q2p1_2 = 1.0/(q1q2p1*q1q2p1);

791 ‘QX(qq1,psi_p,nq,q1,q2,powq1_q22,powq1q2p1_2)

792 ‘QX(qq2,psi_p,nq,q2,q1,powq1_q22,powq1q2p1_2)

793 ‘QG(qG,psi_p,q1,q2,powq1_q22,powq1q2p1_2,q1q2p1,v_o,gamma_g2)

794 qB =-qq1-qq2+qG;

795 I(bi,gi) <+ SIGN_M*ddt(qB*Q0/spec_factor)*QON;

796 I(m2,gi) <+ SIGN_M*ddt(qq2*Q0/spec_factor)*QON;

797 I(m1,gi) <+ SIGN_M*ddt(qq1*Q0/spec_factor)*QON;
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798 end

799 begin : MOS_M2

800 spec_factor = ‘NLS;

801 //IV

802 v1 = SIGN*V(m2,bi)/UT; v2 = SIGN*V(m3,bi)/UT;

803 ‘QV(q1,(vp+deltapsis-v1)) i1 = q1*q1+q1;

804 ‘QV(q2,(vp+deltapsis-v2)) i2 = q2*q2+q2;

805 I(m3,m2) <+ SIGN_M*Ispec*spec_factor*(i1-i2)*dits_factor;

806 //CV

807 ‘NQ(nq,psi_p,sqrt_psi_p,q1,q2,dpd,gamma_b_chsh,gamma_g2)

808 q1q2 = q1+q2; q1_q2 = q1-q2; powq1_q22 = q1_q2*q1_q2; q1q2p1 = q1q2+1.0;

809 powq1q2p1_2 = 1.0/(q1q2p1*q1q2p1);

810 ‘QX(qq1,psi_p,nq,q1,q2,powq1_q22,powq1q2p1_2)

811 ‘QX(qq2,psi_p,nq,q2,q1,powq1_q22,powq1q2p1_2)

812 ‘QG(qG,psi_p,q1,q2,powq1_q22,powq1q2p1_2,q1q2p1,v_o,gamma_g2)

813 qB =-qq1-qq2+qG;

814 I(bi,gi) <+ SIGN_M*ddt(qB*Q0/spec_factor)*QON;

815 I(m3,gi) <+ SIGN_M*ddt(qq2*Q0/spec_factor)*QON;

816 I(m2,gi) <+ SIGN_M*ddt(qq1*Q0/spec_factor)*QON;

817 end

818 begin : MOS_M3

819 spec_factor = ‘NLS;

820 //IV

821 v1 = SIGN*V(m3,bi)/UT; v2 = SIGN*V(m4,bi)/UT;

822 ‘QV(q1,(vp+deltapsis-v1)) i1 = q1*q1+q1;

823 ‘QV(q2,(vp+deltapsis-v2)) i2 = q2*q2+q2;

824 I(m4,m3) <+ SIGN_M*Ispec*spec_factor*(i1-i2)*dits_factor;

825 //CV

826 ‘NQ(nq,psi_p,sqrt_psi_p,q1,q2,dpd,gamma_b_chsh,gamma_g2)

827 q1q2 = q1+q2; q1_q2 = q1-q2; powq1_q22 = q1_q2*q1_q2; q1q2p1 = q1q2+1.0;

828 powq1q2p1_2 = 1.0/(q1q2p1*q1q2p1);

829 ‘QX(qq1,psi_p,nq,q1,q2,powq1_q22,powq1q2p1_2)

830 ‘QX(qq2,psi_p,nq,q2,q1,powq1_q22,powq1q2p1_2)

831 ‘QG(qG,psi_p,q1,q2,powq1_q22,powq1q2p1_2,q1q2p1,v_o,gamma_g2)

832 qB =-qq1-qq2+qG;

833 I(bi,gi) <+ SIGN_M*ddt(qB*Q0/spec_factor)*QON;

834 I(m4,gi) <+ SIGN_M*ddt(qq2*Q0/spec_factor)*QON;

835 I(m3,gi) <+ SIGN_M*ddt(qq1*Q0/spec_factor)*QON;

836 end

837 begin : MOS_LAST

838 spec_factor = ‘NLS;

839 //IV

840 v1 = SIGN*V(m4,bi)/UT; v2 = (d_gt_s_flag == 1) ? vdp : SIGN*V(di,bi)/UT;

841 ‘QV(q1,(vp+deltapsis-v1)) i1 = q1*q1+q1;

842 ‘QV(q2,(vp+deltapsis-v2)) i2 = q2*q2+q2;

843 I(di,m4) <+ SIGN_M*Ispec*spec_factor*(i1-i2)*dits_factor;

844 //CV

845 ‘NQ(nq,psi_p,sqrt_psi_p,q1,q2,dpd,gamma_b_chsh,gamma_g2)

846 q1q2 = q1+q2; q1_q2 = q1-q2; powq1_q22 = q1_q2*q1_q2; q1q2p1 = q1q2+1.0;

847 powq1q2p1_2 = 1.0/(q1q2p1*q1q2p1);

848 ‘QX(qq1,psi_p,nq,q1,q2,powq1_q22,powq1q2p1_2)

849 ‘QX(qq2,psi_p,nq,q2,q1,powq1_q22,powq1q2p1_2)

850 ‘QG(qG,psi_p,q1,q2,powq1_q22,powq1q2p1_2,q1q2p1,v_o,gamma_g2)

851 qB =-qq1-qq2+qG;

852 I(bi,gi) <+ SIGN_M*ddt(qB*Q0/spec_factor)*QON;

853 I(di,gi) <+ SIGN_M*ddt(qq2*Q0/spec_factor)*QON;

854 I(m4,gi) <+ SIGN_M*ddt(qq1*Q0/spec_factor)*QON;

855 end

856 ‘endif

857

858 //‘include "ekv3_include/ekv3_extract_debug.va"

859 end

860 endmodule
ekv3.va

ekv3 natures.va
1 ‘ifdef NATURES_INCLUDE

2 ‘else

3 //‘define CURRENT_ABSTOL 1E-15

4 //‘define CHARGE_ABSTOL 1E-17

5 //‘define VOLTAGE_ABSTOL 1E-09

6
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7 //‘include "discipline.h" // The following lines are part of the discipline.(h/vams) file.

8 // // Here they are written directly for portability purposes

9

10 nature Current

11 units = "A";

12 access = I;

13 idt_nature = Charge;

14 ‘ifdef CURRENT_ABSTOL

15 abstol = ‘CURRENT_ABSTOL;

16 ‘else

17 abstol = 1E-12;

18 ‘endif

19 endnature

20

21 nature Charge

22 units = "coul";

23 access = Q;

24 ddt_nature = Current;

25 ‘ifdef CHARGE_ABSTOL

26 abstol = ‘CHARGE_ABSTOL;

27 ‘else

28 abstol = 1E-14;

29 ‘endif

30 endnature

31

32 nature Voltage

33 units = "V";

34 access = V;

35 idt_nature = Flux;

36 ‘ifdef VOLTAGE_ABSTOL

37 abstol = ‘VOLTAGE_ABSTOL;

38 ‘else

39 abstol = 1E-6;

40 ‘endif

41 endnature

42

43 nature Flux

44 units = "Wb";

45 access = Phi;

46 ddt_nature = Voltage;

47 ‘ifdef FLUX_ABSTOL

48 abstol = ‘FLUX_ABSTOL;

49 ‘else

50 abstol = 1E-9;

51 ‘endif

52 endnature

53

54 discipline electrical

55 potential Voltage;

56 flow Current;

57 enddiscipline

58

59 discipline voltage

60 potential Voltage;

61 enddiscipline

62

63 discipline current

64 potential Current;

65 enddiscipline

66 // END: discipline.h

67 ‘define NATURES_INCLUDE

68

69 ‘endif

70
ekv3 natures.va

ekv3 definitions.va
1 ‘ifdef DEFINITIONS_INCLUDE

2 ‘else

3

4 // CONSTANTS

5 ‘define C_EPSSIL (1.03594314E-10)
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6 ‘define C_EPSOX (34.53144E-12)

7 ‘define C_QE (1.602E-19)

8 ‘define C_K (1.3807E-23)

9 ‘define POS_MIN (1.0E-6)

10 ‘define MINIMUM_RESISTANCE (1.0E-3)

11 ‘define SQRT2 (1.4142135623730950488016887242097)

12 ‘define ONE3RD (0.33333333333333333333333333333333)

13 ‘define TWO3RDS (0.66666666666666666666666666666667)

14 ‘define ONESQRT2 (0.70710678118654752440084436210485)

15 ‘define PI (3.1415926535897932384626433832795)

16 ‘define UT(T) ((‘C_K * (T)) / ‘C_QE)

17 // END: CONSTANTS

18

19 // USEFUL FUNCTIONS

20 ‘define MAX(x,y) ((x)>(y)?(x):(y))

21 ‘define MIN(x,y) ((x)<(y)?(x):(y))

22 ‘define MIN_MAX(val,min,max) (‘MIN(‘MAX(val,min),max))

23 ‘define MINA(x,y,a) (0.5*((x)+(y)-sqrt(((x)-(y))*((x)-(y))+(a))))

24 ‘define MAXA(x,y,a) (0.5*((x)+(y)+sqrt(((x)-(y))*((x)-(y))+(a))))

25 ‘define MINA_MAXA(val,min,max,a) (‘MINA(‘MAXA(val,min,a),max,a))

26 // END: USEFUL FUNCTIONS

27

28 //ADMS

29 ‘ifdef insideADMS

30 ‘define MODEL @(initial_model)

31 ‘define INSTANCE @(initial_instance)

32 ‘define ATTR(txt) (*txt*)

33 ‘else

34 ‘define MODEL

35 ‘define INSTANCE

36 ‘define ATTR(txt)

37 ‘endif

38

39 ‘define DEFINITIONS_INCLUDE

40 ‘endif
ekv3 definitions.va

ekv3 def check.va
1 ‘ifdef NQS

2 ‘ifdef RF

3 ‘undef RF

4 ‘endif

5 ‘ifdef RF_S

6 ‘undef RF_S

7 ‘endif

8 ‘ifdef DC

9 ‘undef DC

10 ‘endif

11 ‘ifdef DC_S

12 ‘undef DC_S

13 ‘endif

14 ‘ifdef NLS

15 ‘else

16 ‘define NLS 5

17 ‘endif

18 ‘else

19 ‘ifdef RF

20 ‘ifdef RF_S

21 ‘undef RF_S

22 ‘endif

23 ‘ifdef DC

24 ‘undef DC

25 ‘endif

26 ‘ifdef DC_S

27 ‘undef DC_S

28 ‘endif

29 ‘else

30 ‘ifdef RF_S

31 ‘ifdef DC

32 ‘undef DC

33 ‘endif

34 ‘ifdef DC_S
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35 ‘undef DC_S

36 ‘endif

37 ‘else

38 ‘ifdef DC

39 ‘ifdef DC_S

40 ‘undef DC_S

41 ‘endif

42 ‘else

43 ‘ifdef DC_S

44 ‘else

45 ‘define DC_S

46 ‘endif

47 ‘endif

48 ‘endif

49 ‘endif

50 ‘endif

51
ekv3 def check.va

ekv3 variables.va
1 ///////////////

2 // VARIABLES //

3 ///////////////

4

5 // ekv3.va

6 real NF_M, SIGN_NF, SIGN_M, SIGN_NF_M, TSI, TOX, TOX2, LC, QON, hdif, ldif;

7 real l, WF, w, Leff, Weff, Leffc, Weffc, WeffNF, WLeff, awl, VTO_a, GAMMA_a;

8 real KP_a, DVTLONG, DVTWIDE, DVTNF, DGAMMALONG, DGAMMAWIDE, LR_g, QLR_g, NLR_g;

9 real E0_g, E1_g, UCRIT_g, LAMBDA_g, ETAD_g, TCV_g, UCEX_g, WR_g, QWR_g, NWR_g;

10 real DVTRSCE, GAMMA_RSCE, DPHIF_RSCE, DVTINWE, GAMMA_INWE, kpl, kpw, VTO_DEV;

11 real GAMMA_DEV, PHIF_DEV, KP_DEV, UCRIT_DEV, ETAD_DEV, CHSHL, CHSHW, NUV, UT;

12 real UT2, UT3, sqrtUT, thermocrasia, tnom, dT, dT2, rT, lnrT, VTO_DEV_t;

13 real KP_DEV_t, ETA_t, E0_gt, E1_gt, UCRIT_DEV_t, LAMBDA_gt, IBB_t, eg_nom;

14 real eg_thermo, temp_arg_S, temp_arg_D, temp_arg2, PHIF_DEV_t, phif, sqrtphif;

15 real vto, gamma_b_dev, gamma_b_dev2, gamma_g, gamma_g2, dpd, gamma_ov;

16 real gamma_g_ov, vfb_ov, gamma_ov2, ucrit_o_UT, xb, ub, ev, tmp, ev1, nq0;

17 real aqma, axetaqm2_3, inv_dqmip1, dpsi0, DPSI0, phi, sqrtphi, nul, vbi, sqrtvbi;

18 real chsh_l, chsh_w, one_w, vfb, Q0, Q0OV, VS, VD, VG, d_gt_s_flag, vd, vs;

19 real vg, chsh_a1, chsh_a2, chsh_a3, gamma_b_chsh, gamma_b_chsh2, gamma_b_eff;

20 real gamma_b_eff2, vg_p, vg_p_chsh, vg_p_chsh_pd, psi_po, psi_p, sqrt_psi_p, vp;

21 real nv, deltapsis, qs, qs2, if_, sif2, sif, g_clm, e_clm, e_clm2, mdm2;

22 real e_clmxmdm2_2, vdsat, vdssat, vdp, deltal, qdp, qdp2, irp, sirp2, sirp;

23 real qsqdp, qs_qdp, powqs_qdp2, qsqdpp1, powqsqdpp1_2, i, nq, v_o, qr1, qbo;

24 real dpsiv, qS, qD, qG, qI, qB, beta_coul, nu, gpnu, eq, eq1, beta_nom;

25 real beta_denom, beta, beta_clm_denom, i0, Ispec, dits_factor, QS, QD, QG;

26 real QB, IDS, IDB, Leff_o_LR, one_lr, Weff_o_WR, one_wr, tmp_vfb, epsilon;

27 real psi_p_tmp, l0, v_o_dibl, v_o_dibl2, dv_dibl, exp_tmp, vv, z1, z2, ln_z1_;

28 real e_clmx2, e_clmp2, e_clmx2xqs, qsat, qs_qsat, qs_qsat2, vdsat_tmp1;

29 real vdsat_tmp11, vdsat_tmp2, dv_clm, vdp_tmp1, vdp_tmp2, vdp_tmp3, u_clm;

30 real alpha_clm, f_dits, va_dits, vdseff, psi_p0, psi_po0, sqrt_psi_p0, chsh_a10;

31 real chsh_a20, chsh_a30, gamma_b_chsh0, gamma_b_chsh02, vg_p_chsh_pd0, psi_sa_tmp;

32 real sqrt_psi_sa, z0, zk, v1_qg, v2_qg, k1, k2, k12, k12_2, k12_3, i_sti;

33 real inv_sa05l, inv_sb05l, inv_saref05l, inv_sbref05l, tmpl, tmpw, KKP_sti;

34 real a_sti, aref_sti, kp_sti, ucrit_sti, KVTO_sti, b_sti, KKP_sti_t, a_sti_t;

35 real aref_sti_t, kp_sti_t, DVTSTI, DGAMMASTI, DETADSTI;

36

37 ‘ifdef NQS

38 real v1, v2, q1, q2, i1, i2, qq1, qq2, q1q2, q1_q2, powq1_q22, q1q2p1;

39 real powq1q2p1_2, spec_factor;

40 ‘endif

41

42 // ekv3_edge.va

43 real Ispec_edge, Q0_edge, dgamma_edge, dphi_edge, dvp_edge, qs_edge, qdp_edge;

44 real ids_edge, IDS_edge, psi_p_edge, sqrt_psi_p_edge, nq_edge, qsqdp_edge;

45 real qs_qdp_edge, powqs_qdp2_edge, qsqdpp1_edge, powqsqdpp1_2_edge, qS_edge;

46 real qD_edge, qG_edge, qI_edge, qB_edge, QS_edge, QD_edge, QG_edge, QB_edge;

47 real gamma_b_chsh_edge;

48

49 // ekv3_overlap.va

50 real QSOV, QDOV, vgsov_p, gamma_dep_sov, gamma_acc_sov, v0_sov, a0_sov, a1_sov;

51 real a2_sov, a3_sov, v1_sov, dpsigs0, gamma_dep2_sov, a4_sov, v2_sov, dpsigs;

52 real v2b_sov, v3_sov, dpsiox_s, vgdov_p, gamma_dep_dov, gamma_acc_dov, v0_dov;
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53 real a0_dov, a1_dov, a2_dov, a3_dov, v1_dov, dpsigd0, gamma_dep2_dov, a4_dov;

54 real v2_dov, dpsigd, v2b_dov, v3_dov, dpsiox_d;

55

56 // ekv3_fringing.va

57 real QSFR, QDFR;

58

59 // ekv3_gidl.va

60 real vgse, vgde, tmp1, tmp2, IGIDL, IGISL;

61

62 // ekv3_gate_current.va

63 real v1_ig, v2_ig, psi_ox, d_psi_dq, psi_x, s1_px, p_tun, igo, nigc, nigs;

64 real nigd, dq_dksi, a_gc, b_gc, psi_oxr_ov_s, psi_xr_ov_s, p_tun_sov;

65 real psi_oxr_ov_d, psi_xr_ov_d, p_tun_dov, IGB, IG, IGD, IGS, IGDOV, IGSOV;

66

67 // ekv3_noise.va

68 real xf, xr, OMEGA, j, omegaspec, snidid, snigig, snibib, snigid, c_igid;

69 real gn, thermal, gmg, flicker, snspec, noise_ds1, noise_ds2, noise_g;

70 real noise_b, sig_shot, sig_flicker;

71

72 // ekv3_extrinsic_diodes.va

73 real as, ad, ps, pd, v_di_b, is_d, arg_d, f_breakdown_d, idb_tun, v_si_b;

74 real is_s, arg_s, f_breakdown_s, isb_tun, csb_d, cssw_d, csswg_d, csb_s;

75 real cssw_s, csswg_s, jss_t, jssws_t, jsswgs_t, pbs_t, pbsws_t, pbswgs_t, cjs_t;

76 real cjsws_t, cjswgs_t, njtss_t, njtssws_t, njtsswgs_t, jtss_t, jtssws_t;

77 real jtsswgs_t, jsd_t, jsswd_t, jsswgd_t, pbd_t, pbswd_t, pbswgd_t, cjd_t;

78 real cjswd_t, cjswgd_t, jtsd_t, jtsswd_t, jtsswgd_t, njtsd_t, njtsswd_t;

79 real njtsswgd_t;

80

81 // ekv3_extrinsic_rc.va

82 real rs, rd, rg, rb, rdsb, rsb, rdb, IDBJ, ISBJ, QDBJ, QSBJ;

83

84 // ekv3_idb.va

85 real v_ib;

86

87 // ekv3_extract_debug.va

88 //real debug_ ‘ATTR(ask="yes");

89 //integer file;
ekv3 variables.va

Sto par’arthma aut’o parousi’azetai

ekv3 functions def.va
1 ‘ifdef FUNCTIONS_INCLUDE

2 ‘else

3

4 ‘define QV(q,v) \

5 begin \

6 vv = v / NUV; \

7 if (vv > -0.6) \

8 begin\

9 z1 = 0.25 * (vv - 1.4 + sqrt(vv * (vv - 0.394036) + 9.662671));\

10 z2 = (vv - (2.0 * z1 + ln(z1))) / (2.0 * z1 + 1.0);\

11 q = z1 * (1.0 + z2 * (1.0 + 0.070 * z2)) * NUV; \

12 end\

13 else\

14 begin\

15 ln_z1_ = 0.5 * (vv - 0.201491 - sqrt(vv * (vv - 0.402982) + 2.446562));\

16 z1 = exp(ln_z1_); \

17 z2 = (vv - (2.0 * z1 + ln_z1_)) / (2.0 * z1 + 1.0);\

18 q = z1 * (1.0 + z2 * (1.0 + 0.483 * z2)) * NUV; \

19 end\

20 end

21

22 ‘define NQ(nq,psi_p,sqrt_psi_p,qs,qd,dpd,gamma_b,gamma_g2) \

23 begin \

24 psi_sa_tmp = psi_p - qs - qd;\

25 sqrt_psi_sa = sqrt(‘MAXA(psi_sa_tmp,1.0e-4,1.0E-2)); \

26 if (TG < 0) \

27 begin\

28 z0 = 1.0 + dpd + gamma_b / (sqrt_psi_p + sqrt_psi_sa);\

29 zk = 0.5 + dpd * sqrt_psi_sa / gamma_b; \

30 nq = z0 / (zk + sqrt(zk * zk + z0 * (qs + qd) / gamma_g2));\

31 end\

32 else\
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33 nq = 1.0 + gamma_b / (sqrt_psi_p + sqrt_psi_sa); \

34 end

35

36 ‘define QX(qx,psi_p,nq,qs,qd,powqs_qd2,powqsqd1_2) \

37 begin \

38 if (psi_p > 2.0) qx=inv_dqmip1*nq*‘ONE3RD*(qs+qd+qs+0.5*(1+0.8*qs+1.2*qd)*powqs_qd2*powqsqd1_2);\

39 else qx = 0.0;\

40 end

41

42 ‘define QG(qG,psi_p,qs,qd,powqs_qd2,powqsqd1_2,qsqd1,v_o,gamma_g2) \

43 begin \

44 if (psi_p > 2.0) \

45 begin \

46 if (TG < 0) \

47 begin \

48 v1_qg = v_o + 2.0 * qs * inv_dqmip1; \

49 v2_qg = v_o + 2.0 * qd * inv_dqmip1; \

50 k1 = sqrt(0.25 + v1_qg / gamma_g2); \

51 k2 = sqrt(0.25 + v2_qg / gamma_g2); \

52 k12 = k1 + k2; \

53 k12_2 = k12 * k12; \

54 k12_3 = k12_2 * k12; \

55 qG = v1_qg/(1+2*k1)+v2_qg/(1+2*k2);

56 qG = qG + inv_dqmip1*‘ONE3RD*(powqs_qd2/k12_3)*(0.8*(k12_2+k1*k2)/qsqd1+2/gamma_g2);\

57 end \

58 else \

59 qG = v_o + qs + qd + inv_dqmip1 * ‘ONE3RD * powqs_qd2 / qsqd1;\

60 end \

61 else if (psi_p > 0.0) \

62 qG = (TG<0) ? v_o / (0.5 + sqrt(0.25 + v_o / gamma_g2)) : v_o;\

63 else \

64 qG = (TG>0) ? v_o / (0.5 + sqrt(0.25 - v_o / gamma_g2)) : v_o;\

65 end

66

67 ‘define FUNCTIONS_INCLUDE

68 ‘endif
ekv3 functions def.va

ekv3 parameters.va
1 /////////////////////////

2 // INSTANCE PARAMETERS //

3 /////////////////////////

4

5 parameter real L = 10.0E-06 from (1.0E-9:inf) ‘ATTR(type="instance" info="GATE’S LENGTH");

6 parameter real W = 10.0E-06 from (1.0E-9:inf) ‘ATTR(type="instance" info="GATE’S WIDTH");

7 parameter real NF = 1 from [1:inf) ‘ATTR(type="instance" info="NUMBER OF FINGERS");

8 parameter real M = 1 from [1:inf) ‘ATTR(type="instance" info="NUMBER OF DEVICES IN PARALLEL");

9 parameter real AD = 0.0 from [0.0:inf) ‘ATTR(type="instance" info="DRAIN’S AREA");

10 parameter real AS = 0.0 from [0.0:inf) ‘ATTR(type="instance" info="SOURCE’S AREA");

11 parameter real PD = 0.0 from [0.0:inf) ‘ATTR(type="instance" info="DRAIN’S PERIMETER");

12 parameter real PS = 0.0 from [0.0:inf) ‘ATTR(type="instance" info="SOURCE’S PERIMETER");

13

14 parameter real SA = 0.0 ‘ATTR(type="instance" info="STI PARAMETER; DISTANCE FROM STI");

15 parameter real SB = 0.0 ‘ATTR(type="instance" info="STI PARAMETER; DISTANCE FROM STI");

16 parameter real SD = 0.0 ‘ATTR(type="instance" info="STI PARAMETER; DISTANCE BETWEEN GATES");

17

18 ////////////////////////////////

19 // FLAGS AND SETUP PARAMETERS //

20 ////////////////////////////////

21

22 parameter real SIGN = 1 from [-1:1] ‘ATTR(info="SIGN = 1 FOR NMOS; SIGN = -1 FOR PMOS");

23 parameter real TG = -1 from [-1:1] ‘ATTR(info="TYPE OF GATE: -1 ENHANCEMENT; 1 DEPLETION");

24 parameter real TNOM = 27.0 from [-273.15:inf);

25 parameter real SCALE = 1.0 from (0.0:inf);

26 parameter real QOFF = 0.0;

27 parameter real XL = 0.0 from (-inf:inf);

28 parameter real XW = 0.0 from (-inf:inf);

29 parameter real NQS_NOI = 1.0;

30 parameter real TH_NOI = 0.0;

31

32 // MATCHING

33
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34 parameter real AVTO = 0.0 ‘ATTR(type="instance" info="MATCHING PARAMETER FOR THRESHOLD VOLTAGE");

35 parameter real AGAMMA = 0.0 ‘ATTR(type="instance" info="MATCHING PARAMETER FOR BODY FACTOR");

36 parameter real AKP = 0.0 ‘ATTR(type="instance" info="MATCHING PARAMETER FOR MOBILITY");

37

38 //////////////////////

39 // MODEL PARAMETERS //

40 //////////////////////

41

42 // OXIDE, SUBSTRATE AND GATE DOPING RELATED PARAMETERS (7(8))

43

44 parameter real COX = 0.012 from (0.0:inf);

45 parameter real XJ = 20.0E-09 from (0.0:inf);

46 parameter real VTO = 0.3 from (-inf:inf) ‘ATTR(info="THRESHOLD VOLTAGE");

47 parameter real PHIF = 0.45 from [0.1:inf) ‘ATTR(info="FERMI BULK POTENTIAL");

48 parameter real GAMMA = 0.3 from (0.0:inf);

49 parameter real GAMMAG = 4.1 from (0.0:inf);

50 parameter real N0 = 1.0;

51 parameter real VBI = 0.0;

52 //parameter real VBI = (PHIF + PHIF + 5.0 * $vt);

53

54 // QUANTUM EFFECTS (3)

55

56 parameter real AQMA = 0.5;

57 parameter real AQMI = 0.4;

58 parameter real ETAQM = 0.75;

59

60 // VERTICAL FIELD MOBILITY EFFECTS PARAMETERS (4)

61

62 parameter real KP = 500.0E-06 from [0.0:inf);

63 parameter real E0 = 1.0E+10 from (0.0:inf);

64 parameter real E1 = 3.1E+08 from (0.0:inf);

65 parameter real ETA = 0.5 from [0.0:inf);

66

67 // COULOMB SCATTERING (2)

68

69 parameter real ZC = 1.0E-6;

70 parameter real THC = 0.0;

71

72 // MOBILITY RELATED GEOMETRICAL PARAMETERS (7)

73

74 parameter real LA = 1.0;

75 parameter real LB = 1.0;

76 parameter real KA = 0.0;

77 parameter real KB = 0.0;

78 parameter real WKP1 = 1.0E-6;

79 parameter real WKP2 = 0.0;

80 parameter real WKP3 = 1.0;

81

82 // GEOMETRICAL PARAMETERS (8)

83

84 parameter real DL = -10.0E-9 from (-inf:inf);

85 parameter real DLC = 0.0 from (-inf:inf);

86 parameter real DW = -10.0E-9 from (-inf:inf);

87 parameter real DWC = 0.0 from (-inf:inf);

88 parameter real LDW = 0.0;

89 parameter real WDL = 0.0;

90 parameter real LL = 0.0;

91 parameter real LLN = 1.0;

92

93 // LONG AN DWIDE CHANNEL VTO AND GAMMA CORRECTION (6)

94

95 parameter real AVT = 0.0;

96 parameter real LVT = 1.0;

97 parameter real WVT = 1.0;

98 parameter real AGAM = 0.0;

99 parameter real LGAM = 1.0;

100 parameter real WGAM = 1.0;

101 parameter real NFVTA = 0.0;

102 parameter real NFVTB = 10000.0;

103

104

105 // VELOCITY SATURATION & CLM RELATED PARAMETERS (3)

106
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107 parameter real UCRIT = 5.0E+06 from (0.0:inf);

108 parameter real LAMBDA = 0.5 from [0.0:inf);

109 parameter real DELTA = 2.0 from [1.0:2.0];

110 parameter real ACLM = 0.83;

111

112 // REVERSE SHORT CHANNEL EFFECT (4)

113

114 parameter real LR = 50.0E-09 from (0.0:inf);

115 parameter real QLR = 0.5E-3 from (-inf:inf);

116 parameter real NLR = 10.0E-3 from (-inf:inf);

117 parameter real FLR = 0.0;

118

119 // CHARGE SHARING EFFECT (5)

120

121 parameter real LETA0 = 0.0 from (-inf:inf);

122 parameter real LETA = 500.0E-3 from [0.0:inf);

123 parameter real LETA2 = 0.0;

124 parameter real WETA = 200.0E-3 from [0.0:inf);

125 parameter real NCS = 1.0;

126

127 // DRAIN INDUCED BARRIER LOWERING (2)

128

129 parameter real ETAD = 1.0 from [0.0:inf);

130 parameter real SIGMAD = 1.0;

131

132 // INVERSE NARROW WIDTH EFFECT (3)

133

134 parameter real WR = 90.0E-09 from (0.0:inf);

135 parameter real QWR = 0.3E-3 from (-inf:inf);

136 parameter real NWR = 5.0E-3 from (-inf:inf);

137

138 // DITS (5)

139

140 parameter real FPROUT = 1.0E6;

141 parameter real PDITS = 0.0;

142 parameter real PDITSL = 0.0;

143 parameter real PDITSD = 1.0;

144 parameter real DDITS = 0.3;

145

146 // IMPACT IONIZATION CURRENT (3)

147

148 parameter real IBA = 000.0E+06 from [0.0:inf);

149 parameter real IBB = 300.0E+06 from [0.0:inf);

150 parameter real IBN = 1.0 from [0.0:inf);

151

152 // GATE CURRENT (4)

153

154 parameter real XB = 3.1 from (0.0:inf);

155 parameter real EB = 29.0E+09 from (0.0:inf);

156 parameter real KG = 00.0E-6 from [0.0:inf);

157 parameter real LOVIG = 20.0E-9 from [0.0:inf);

158

159 // GIDL - GISL (4)

160

161 parameter real AGIDL = 0.0;

162 parameter real BGIDL = 2.3E+09;

163 parameter real CGIDL = 0.5;

164 parameter real EGIDL = 0.8;

165

166 // FLICKER NOISE PARAMETERS (4)

167

168 parameter real KF = 0.0 from [0.0:inf);

169 parameter real AF = 1.0 from [0.0:inf);

170 parameter real EF = 2.0 from [0.0:inf);

171 parameter real KGFN = 0.0 from [0.0:inf);

172

173 // LENGTH SCALING PARAMETERS (3)

174

175 parameter real LQWR = 0.0;

176 parameter real LNWR = 0.0;

177 parameter real LWR = 0.0;

178 parameter real LDPHIEDGE = 0.0;

179
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180

181 // WIDTH SCALING PARAMETERS (11)

182

183 parameter real WQLR = 0.0;

184 parameter real WNLR = 0.0;

185 parameter real WLR = 0.0;

186 parameter real WUCRIT = 0.0;

187 parameter real WLAMBDA = 0.0;

188 parameter real WETAD = 0.0;

189 parameter real WE0 = 0.0;

190 parameter real WE1 = 0.0;

191 parameter real WRLX = 0.0;

192 parameter real WUCEX = 0.0;

193 parameter real WDPHIEDGE = 0.0;

194

195 // COMBINED SCALING PARAMETERS (2)

196

197 parameter real WLDPHIEDGE = 0.0;

198 parameter real WLDGAMMAEDGE = 0.0;

199

200 // EDGE DEVICE (3)

201

202 parameter real WEDGE = 0.0;

203 parameter real DGAMMAEDGE = 0.0;

204 parameter real DPHIEDGE = 0.0;

205

206 // STI STRESS EFFECT (13)

207

208 parameter real SAREF = 0.0;

209 parameter real SBREF = 0.0;

210 parameter real WLOD = 0.0;

211 parameter real KKP = 0.0;

212 parameter real LKKP = 0.0;

213 parameter real WKKP = 0.0;

214 parameter real PKKP = 0.0;

215 parameter real TKKP = 0.0;

216 parameter real LLODKKP = 1.0;

217 parameter real WLODKKP = 1.0;

218 parameter real KVTO = 0.0;

219 parameter real LKVTO = 0.0;

220 parameter real WKVTO = 0.0;

221 parameter real PKVTO = 0.0;

222 parameter real LLODKVTO = 1.0;

223 parameter real WLODKVTO = 1.0;

224 parameter real KGAMMA = 0.0;

225 parameter real LODKGAMMA = 1.0;

226 parameter real KETAD = 0.0;

227 parameter real LODKETAD = 1.0;

228 parameter real KUCRIT = 0.0;

229

230

231

232 ////////////////////////////////

233 // TEMPERATURE PARAMETERS (8) //

234 ////////////////////////////////

235

236 parameter real TETA = -0.9E-3 from (-inf:inf);

237 parameter real TLAMBDA = 0.0 from (-inf:inf);

238 parameter real TCV = 600.0E-6 from (-inf:inf);

239 parameter real BEX = -1.5 from (-inf:inf);

240 parameter real UCEX = 1.5 from (-inf:inf);

241 parameter real TE0EX = 0.5 from (-inf:inf);

242 parameter real TE1EX = 0.5 from (-inf:inf);

243 parameter real IBBT = 800.0E-6 from (-inf:inf);

244

245 // TEMPERATURE AND GEOMETRY SCALING (3)

246

247 parameter real TCVL = 0.0;

248 parameter real TCVW = 0.0;

249 parameter real TCVWL = 0.0;

250

251 ////////////////////

252 // EXTRINSIC PART //
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253 ////////////////////

254

255 // OVERLAP CAPACITANCES (8)

256

257 parameter real GAMMAOV = 1.6 from (0.0:inf);

258 parameter real GAMMAGOV= 10.0 from (0.0:inf);

259 parameter real VFBOV = 0.0 from (-inf:inf);

260 parameter real LOV = 20.0E-9 from [0.0:inf);

261 parameter real VOV = 1.0 from [0.0:2.0];

262 parameter real CGSO = 0.0;

263 parameter real CGDO = 0.0;

264 parameter real CGBO = 0.0;

265

266 // FRINGING CAPACITANCE (4)

267

268 parameter real KJF = 0.0;

269 parameter real CJF = 0.0;

270 parameter real VFR = 0.0;

271 parameter real DFR = 1.0E-3;

272

273 // SERIES RESISTANCES RS AND RD

274

275 // - TYPICAL SPICE MODEL

276

277 parameter real HDIF = 0.0e-6 from [0.0:inf);

278 parameter real RSH = 0.0 from [0.0:inf);

279 parameter real LDIF = 0.0 from [0.0:inf);

280 parameter real RS = 0.0 from [0.0:inf);

281 parameter real RD = 0.0 from [0.0:inf);

282

283 // - NON-GEOMETRICAL APPROACH

284

285 parameter real RLX = -1.0 from (-inf:inf) ‘ATTR(info="EXTERNAL SERIES RESISTANCE");

286 parameter real RSX = -1.0 from (-inf:inf);

287 parameter real RDX = -1.0 from (-inf:inf);

288

289 // - TEMPERATURE SCALING

290

291 parameter real TR = 0.0 from (-inf:inf);

292 parameter real TR2 = 0.0 from (-inf:inf);

293

294 // JUNCTION DRAIN - BULK AND SOURCE-BULK AREA, CURRENT, CAPACITANCE

295

296 parameter real GMIN = 0.0 from (-inf:inf);

297

298 // SOURCE SIDE

299

300 parameter real NJS = 1.0 from (-inf:inf);

301 parameter real XJBVS = 0.0 from (-inf:inf);

302 parameter real BVS = 10.0 from (-inf:inf);

303

304 parameter real JSS = 0.0E-09 from (-inf:inf);

305 parameter real JSSWS = 0.0E-12 from (-inf:inf);

306 parameter real JSSWGS = 0.0E-12 from (-inf:inf);

307

308 parameter real JTSS = 0.0E-09 from (-inf:inf);

309 parameter real JTSSWS = 0.0E-12 from (-inf:inf);

310 parameter real JTSSWGS = 0.0E-12 from (-inf:inf);

311

312 parameter real NJTSS = 1.0 from (-inf:inf);

313 parameter real NJTSSWS = 1.0 from (-inf:inf);

314 parameter real NJTSSWGS= 1.0 from (-inf:inf);

315

316 parameter real VTSS = 0.0 from (-inf:inf);

317 parameter real VTSSWS = 0.0 from (-inf:inf);

318 parameter real VTSSWGS = 0.0 from (-inf:inf);

319

320 parameter real CJS = 0.0E-06 from (-inf:inf);

321 parameter real CJSWS = 0.0E-09 from (-inf:inf);

322 parameter real CJSWGS = 0.0E-09 from (-inf:inf);

323

324 parameter real PBS = 0.800 from (-inf:inf);

325 parameter real PBSWS = 0.600 from (-inf:inf);
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326 parameter real PBSWGS = 0.600 from (-inf:inf);

327

328 parameter real MJS = 0.900 from (-inf:inf);

329 parameter real MJSWS = 0.700 from (-inf:inf);

330 parameter real MJSWGS = 0.700 from (-inf:inf);

331

332 parameter real XTIS = 3.0 from (-inf:inf); (KP)

333

334 parameter real XTSS = 0.0 from (-inf:inf);

335 parameter real XTSSWS = 0.0 from (-inf:inf);

336 parameter real XTSSWGS = 0.0 from (-inf:inf);

337

338 parameter real TNJTSS = 0.0 from (-inf:inf);

339 parameter real TNJTSSWS= 0.0 from (-inf:inf);

340 parameter real TNJTSSWGS= 0.0 from (-inf:inf);

341

342 // BOTH SIDES

343

344 parameter real TCJ = 0.0 from (-inf:inf);

345 parameter real TCJSW = 0.0 from (-inf:inf);

346 parameter real TCJSWG = 0.0 from (-inf:inf);

347 (KP)

348 parameter real TPB = 0.0 from (-inf:inf);

349 parameter real TPBSW = 0.0 from (-inf:inf);

350 parameter real TPBSWG = 0.0 from (-inf:inf);

351

352 // DRAIN SIDE

353

354 parameter real NJD = 1.0 from (-inf:inf);

355 parameter real XJBVD = 0.0 from (-inf:inf);

356 parameter real BVD = 10.0 from (-inf:inf);

357

358 parameter real JSD = 0.0E-09 from (-inf:inf);

359 parameter real JSSWD = 0.0E-12 from (-inf:inf);

360 parameter real JSSWGD = 0.0E-12 from (-inf:inf);

361

362 parameter real JTSD = 0.0E-09 from (-inf:inf);

363 parameter real JTSSWD = 0.0E-12 from (-inf:inf);

364 parameter real JTSSWGD = 0.0E-12 from (-inf:inf);

365

366 parameter real NJTSD = 1.0 from (-inf:inf);

367 parameter real NJTSSWD = 1.0 from (-inf:inf);

368 parameter real NJTSSWGD= 1.0 from (-inf:inf);

369

370 parameter real VTSD = 0.0 from (-inf:inf);

371 parameter real VTSSWD = 0.0 from (-inf:inf);

372 parameter real VTSSWGD = 0.0 from (-inf:inf);

373

374 parameter real CJD = 0.0E-06 from (-inf:inf);

375 parameter real CJSWD = 0.0E-09 from (-inf:inf);

376 parameter real CJSWGD = 0.0E-09 from (-inf:inf);

377

378 parameter real PBD = 0.800 from (-inf:inf);

379 parameter real PBSWD = 0.600 from (-inf:inf);

380 parameter real PBSWGD = 0.600 from (-inf:inf);

381

382 parameter real MJD = 0.900 from (-inf:inf);

383 parameter real MJSWD = 0.700 from (-inf:inf);

384 parameter real MJSWGD = 0.700 from (-inf:inf);

385

386 parameter real XTID = 3.0 from (-inf:inf);

387

388 parameter real XTSD = 0.0 from (-inf:inf);

389 parameter real XTSSWD = 0.0 from (-inf:inf);

390 parameter real XTSSWGD = 0.0 from (-inf:inf);

391

392 parameter real TNJTSD = 0.0 from (-inf:inf);

393 parameter real TNJTSSWD= 0.0 from (-inf:inf);

394 parameter real TNJTSSWGD= 0.0 from (-inf:inf);

395

396 // PARAMETERS RF

397

398 parameter real RGSH = 3.0;
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399 parameter real GC = 1;

400 parameter real KRGL1 = 0.0;

401 parameter real RDSBSH = 1.0E+3;

402 parameter real RBWSH = 3.0E-3;

403 parameter real RBN = 0.0;

404 parameter real RSBWSH = 1.0E-3;

405 parameter real RSBN = 0.0;

406 parameter real RDBWSH = 1.0E-3;

407 parameter real RDBN = 0.0;

408 parameter real RINGTYPE= 1.0;

409 // RINGTYPE: 1: HORSE-SHOE

410 // 2: SYMMETRIC

411
ekv3 parameters.va

ekv3 edge.va
1 // EDGE_DEVICE’S_NORMALIZATION_FACTORS

2 Ispec_edge = Ispec * WEDGE / (Weff - WEDGE);

3 Q0_edge = Q0 * WEDGE / (Weff - WEDGE);

4

5 // SCALING / NORMALIZING

6 dgamma_edge = (DGAMMAEDGE * (1.0 + WLDGAMMAEDGE / WLeff) / sqrtUT);

7 dphi_edge = DPHIEDGE*(1.0+LDPHIEDGE/Leff)*(1.0+WDPHIEDGE/Weff)*(1.0+WLDPHIEDGE/WLeff)/UT;

8

9 // PINCH-OFF DELTA FOR EDGE DEVICES

10 dvp_edge = - dgamma_edge * psi_p / (sqrt_psi_p + 0.5 * gamma_b_eff) - dphi_edge;

11

12 begin : INVERSION_CHARGES

13 ‘QV(qs_edge ,(vp + dvp_edge + deltapsis - vs ))

14 ‘QV(qdp_edge,(vp + dvp_edge + deltapsis - vdp))

15 end

16

17 // EDGE_DEVICE’S_CURRENT

18 ids_edge = (qs_edge * (qs_edge + 1.0) - qdp_edge * (qdp_edge + 1.0)) * dits_factor;

19 IDS_edge = Ispec_edge * ids_edge;

20

21 // EDGE_DEVICE’S_CHARGE_MODEL

22 psi_p_edge = psi_p - dgamma_edge * psi_p / (sqrt_psi_p + 0.5 * gamma_b_eff);

23 sqrt_psi_p_edge = sqrt(‘MAXA(psi_p_edge,1.0E-4,1.0E-2));

24 gamma_b_chsh_edge = gamma_b_chsh + dgamma_edge;

25

26 ‘NQ(nq_edge,psi_p_edge,sqrt_psi_p_edge,qs_edge,qdp_edge,dpd,gamma_b_chsh_edge,gamma_g2)

27

28 qsqdp_edge = qs_edge + qdp_edge;

29 qs_qdp_edge = qs_edge - qdp_edge;

30 powqs_qdp2_edge = qs_qdp_edge * qs_qdp_edge;

31 qsqdpp1_edge = qsqdp_edge + 1.0;

32 powqsqdpp1_2_edge = 1.0 / (qsqdpp1_edge * qsqdpp1_edge);

33

34 ‘QX(qS_edge,psi_p_edge,nq_edge,qs_edge,qdp_edge,powqs_qdp2_edge,powqsqdpp1_2_edge)

35 ‘QX(qD_edge,psi_p_edge,nq_edge,qdp_edge,qs_edge,powqs_qdp2_edge,powqsqdpp1_2_edge)

36 ‘QG(qG_edge,psi_p_edge,qs_edge,qdp_edge,powqs_qdp2_edge,powqsqdpp1_2_edge,qsqdpp1_edge,v_o,gamma_g2)

37

38 qI_edge = qS_edge + qD_edge;

39 qB_edge = qG_edge - qI_edge;

40

41 QS_edge = qS_edge * Q0_edge;

42 QD_edge = qD_edge * Q0_edge;

43 QG_edge = - qG_edge * Q0_edge;

44 QB_edge = - QS_edge - QD_edge - QG_edge;

45

46 ‘ifdef DC_S

47 // IDS

48 I(d ,s ) <+ SIGN_M * d_gt_s_flag * IDS_edge;

49 // CAPACITANCES

50 I(b ,g ) <+ SIGN_M * ddt(QB_edge) * QON;

51 I(d ,g ) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QD_edge)+(1-d_gt_s_flag)*ddt(QS_edge))*QON;

52 I(s ,g ) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QS_edge)+(1-d_gt_s_flag)*ddt(QD_edge))*QON;

53 ‘endif

54

55 ‘ifdef DC

56 // IDS
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57 I(di,si) <+ SIGN_M * d_gt_s_flag * IDS_edge;

58 // CAPACITANCES

59 I(b ,g ) <+ SIGN_M * ddt(QB_edge) * QON;

60 I(di,g ) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QD_edge)+(1-d_gt_s_flag)*ddt(QS_edge))*QON;

61 I(si,g ) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QS_edge)+(1-d_gt_s_flag)*ddt(QD_edge))*QON;

62 ‘endif

63

64 ‘ifdef RF_S

65 // IDS

66 I(di,si) <+ SIGN_M * d_gt_s_flag * IDS_edge;

67 // CAPACITANCES

68 I(bi,gi) <+ SIGN_M * ddt(QB_edge) * QON;

69 I(di,gi) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QD_edge)+(1-d_gt_s_flag)*ddt(QS_edge))*QON;

70 I(si,gi) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QS_edge)+(1-d_gt_s_flag)*ddt(QD_edge))*QON;

71 ‘endif

72

73 ‘ifdef RF

74 // IDS

75 I(di,si) <+ SIGN_M * d_gt_s_flag * IDS_edge;

76 // CAPACITANCES

77 I(bi,gi) <+ SIGN_M * ddt(QB_edge) * QON;

78 I(di,gi) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QD_edge)+(1-d_gt_s_flag)*ddt(QS_edge))*QON;

79 I(si,gi) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QS_edge)+(1-d_gt_s_flag)*ddt(QD_edge))*QON;

80 ‘endif

81

82 ‘ifdef NQS

83 begin : EDGE_MOS_FIRST

84 //IV

85 v1 = (d_gt_s_flag == 1) ? SIGN * V(si,bi) / UT: vdp; v2 = SIGN * V(m1,bi) / UT;

86 ‘QV(q1,(vp + deltapsis - v1)) i1 = q1 * q1 + q1;

87 ‘QV(q2,(vp + deltapsis - v2)) i2 = q2 * q2 + q2;

88 I(m1,si) <+ SIGN_M * Ispec_edge * ‘NLS * (i1 - i2) * dits_factor;

89 //CV

90 ‘NQ(nq_edge,psi_p_edge,sqrt_psi_p_edge,q1,q2,dpd,gamma_b_chsh_edge,gamma_g2)

91 q1q2 = q1 + q2; q1_q2 = q1 - q2; powq1_q22 = q1_q2 * q1_q2; q1q2p1 = q1q2 + 1.0;

92 powq1q2p1_2 = 1.0 / (q1q2p1 * q1q2p1);

93 ‘QX(qq1,psi_p_edge,nq_edge,q1,q2,powq1_q22,powq1q2p1_2)

94 ‘QX(qq2,psi_p_edge,nq_edge,q2,q1,powq1_q22,powq1q2p1_2)

95 ‘QG(qG_edge,psi_p_edge,q1,q2,powq1_q22,powq1q2p1_2,q1q2p1,v_o,gamma_g2)

96 qB_edge = - qq1 - qq2 + qG_edge;

97 I(bi,gi) <+ SIGN_M * ddt(qB_edge * Q0_edge / ‘NLS) * QON;

98 I(m1,gi) <+ SIGN_M * ddt(qq2 * Q0_edge / ‘NLS) * QON;

99 I(si,gi) <+ SIGN_M * ddt(qq1 * Q0_edge / ‘NLS) * QON;

100 end

101 begin

102 //IV

103 v1 = SIGN * V(m1,bi) / UT; v2 = SIGN * V(m2,bi) / UT;

104 ‘QV(q1,(vp + deltapsis - v1)) i1 = q1 * q1 + q1;

105 ‘QV(q2,(vp + deltapsis - v2)) i2 = q2 * q2 + q2;

106 I(m2,m1) <+ SIGN_M * Ispec_edge * ‘NLS * (i1 - i2) * dits_factor;

107 //CV

108 ‘NQ(nq_edge,psi_p_edge,sqrt_psi_p_edge,q1,q2,dpd,gamma_b_chsh_edge,gamma_g2)

109 q1q2 = q1 + q2; q1_q2 = q1 - q2; powq1_q22 = q1_q2 * q1_q2; q1q2p1 = q1q2 + 1.0;

110 powq1q2p1_2 = 1.0 / (q1q2p1 * q1q2p1);

111 ‘QX(qq1,psi_p_edge,nq_edge,q1,q2,powq1_q22,powq1q2p1_2)

112 ‘QX(qq2,psi_p_edge,nq_edge,q2,q1,powq1_q22,powq1q2p1_2)

113 ‘QG(qG_edge,psi_p_edge,q1,q2,powq1_q22,powq1q2p1_2,q1q2p1,v_o,gamma_g2)

114 qB_edge = - qq1 - qq2 + qG_edge;

115 I(bi,gi) <+ SIGN_M * ddt(qB_edge * Q0_edge / ‘NLS) * QON;

116 I(m2,gi) <+ SIGN_M * ddt(qq2 * Q0_edge / ‘NLS) * QON;

117 I(m1,gi) <+ SIGN_M * ddt(qq1 * Q0_edge / ‘NLS) * QON;

118 end

119 begin

120 //IV

121 v1 = SIGN * V(m2,bi) / UT; v2 = SIGN * V(m3,bi) / UT;

122 ‘QV(q1,(vp + deltapsis - v1)) i1 = q1 * q1 + q1;

123 ‘QV(q2,(vp + deltapsis - v2)) i2 = q2 * q2 + q2;

124 I(m3,m2) <+ SIGN_M * Ispec_edge * ‘NLS * (i1 - i2) * dits_factor;

125 //CV

126 ‘NQ(nq_edge,psi_p_edge,sqrt_psi_p_edge,q1,q2,dpd,gamma_b_chsh_edge,gamma_g2)

127 q1q2 = q1 + q2; q1_q2 = q1 - q2; powq1_q22 = q1_q2 * q1_q2; q1q2p1 = q1q2 + 1.0;

128 powq1q2p1_2 = 1.0 / (q1q2p1 * q1q2p1);

129 ‘QX(qq1,psi_p_edge,nq_edge,q1,q2,powq1_q22,powq1q2p1_2)
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130 ‘QX(qq2,psi_p_edge,nq_edge,q2,q1,powq1_q22,powq1q2p1_2)

131 ‘QG(qG_edge,psi_p_edge,q1,q2,powq1_q22,powq1q2p1_2,q1q2p1,v_o,gamma_g2)

132 qB_edge = - qq1 - qq2 + qG_edge;

133 I(bi,gi) <+ SIGN_M * ddt(qB_edge * Q0_edge / ‘NLS) * QON;

134 I(m3,gi) <+ SIGN_M * ddt(qq2 * Q0_edge / ‘NLS) * QON;

135 I(m2,gi) <+ SIGN_M * ddt(qq1 * Q0_edge / ‘NLS) * QON;

136 end

137 begin

138 //IV

139 v1 = SIGN * V(m3,bi) / UT; v2 = SIGN * V(m4,bi) / UT;

140 ‘QV(q1,(vp + deltapsis - v1)) i1 = q1 * q1 + q1;

141 ‘QV(q2,(vp + deltapsis - v2)) i2 = q2 * q2 + q2;

142 I(m4,m3) <+ SIGN_M * Ispec_edge * ‘NLS * (i1 - i2) * dits_factor;

143 //CV

144 ‘NQ(nq_edge,psi_p_edge,sqrt_psi_p_edge,q1,q2,dpd,gamma_b_chsh_edge,gamma_g2)

145 q1q2 = q1 + q2; q1_q2 = q1 - q2; powq1_q22 = q1_q2 * q1_q2; q1q2p1 = q1q2 + 1.0;

146 powq1q2p1_2 = 1.0 / (q1q2p1 * q1q2p1);

147 ‘QX(qq1,psi_p_edge,nq_edge,q1,q2,powq1_q22,powq1q2p1_2)

148 ‘QX(qq2,psi_p_edge,nq_edge,q2,q1,powq1_q22,powq1q2p1_2)

149 ‘QG(qG_edge,psi_p_edge,q1,q2,powq1_q22,powq1q2p1_2,q1q2p1,v_o,gamma_g2)

150 qB_edge = - qq1 - qq2 + qG_edge;

151 I(bi,gi) <+ SIGN_M * ddt(qB_edge * Q0_edge / ‘NLS) * QON;

152 I(m4,gi) <+ SIGN_M * ddt(qq2 * Q0_edge / ‘NLS) * QON;

153 I(m3,gi) <+ SIGN_M * ddt(qq1 * Q0_edge / ‘NLS) * QON;

154 end

155 begin : EDGE_MOS_LAST

156 //IV

157 v1 = SIGN * V(m4,bi) / UT; v2 = (d_gt_s_flag == 1) ? vdp : SIGN * V(di,bi) / UT;

158 ‘QV(q1,(vp + deltapsis - v1)) i1 = q1 * q1 + q1;

159 ‘QV(q2,(vp + deltapsis - v2)) i2 = q2 * q2 + q2;

160 I(di,m4) <+ SIGN_M * Ispec_edge * ‘NLS * (i1 - i2) * dits_factor;

161 //CV

162 ‘NQ(nq_edge,psi_p_edge,sqrt_psi_p_edge,q1,q2,dpd,gamma_b_chsh_edge,gamma_g2)

163 q1q2 = q1 + q2; q1_q2 = q1 - q2; powq1_q22 = q1_q2 * q1_q2; q1q2p1 = q1q2 + 1.0;

164 powq1q2p1_2 = 1.0 / (q1q2p1 * q1q2p1);

165 ‘QX(qq1,psi_p_edge,nq_edge,q1,q2,powq1_q22,powq1q2p1_2)

166 ‘QX(qq2,psi_p_edge,nq_edge,q2,q1,powq1_q22,powq1q2p1_2)

167 ‘QG(qG_edge,psi_p_edge,q1,q2,powq1_q22,powq1q2p1_2,q1q2p1,v_o,gamma_g2)

168 qB_edge = - qq1 - qq2 + qG_edge;

169 I(bi,gi) <+ SIGN_M * ddt(qB_edge * Q0_edge / ‘NLS) * QON;

170 I(di,gi) <+ SIGN_M * ddt(qq2 * Q0_edge / ‘NLS) * QON;

171 I(m4,gi) <+ SIGN_M * ddt(qq1 * Q0_edge / ‘NLS) * QON;

172 end

173

174 ‘endif
ekv3 edge.va

ekv3 overlap.va
1 begin : OVERLAP_CAPACITANCES_CHARGES

2 if (LOV > 0.0)

3 begin

4 // SOURCE

5 if (TG < 0)

6 begin

7 vgsov_p = vg - VOV * vs - vfb_ov;

8 if (vgsov_p > 0.0)

9 begin

10 gamma_dep_sov = gamma_g_ov;

11 gamma_acc_sov = gamma_ov;

12 v0_sov = vgsov_p;

13 end

14 else

15 begin

16 gamma_dep_sov = gamma_ov;

17 gamma_acc_sov = gamma_g_ov;

18 v0_sov = - vgsov_p;

19 end

20 a0_sov = 1.0 + gamma_acc_sov * ‘ONESQRT2;

21 a1_sov = gamma_dep_sov / gamma_acc_sov;

22 a2_sov = a0_sov / (a0_sov + a1_sov);

23 a3_sov = 1.0 + gamma_dep_sov * ‘ONESQRT2 + a1_sov;

24 v1_sov = v0_sov * 0.5 - 3.0 * a2_sov * a3_sov;
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25 dpsigs0 = v1_sov + sqrt(v1_sov * v1_sov + 6.0 * a2_sov * v0_sov);

26 gamma_dep2_sov = gamma_dep_sov*(0.5+3/(3*‘SQRT2*gamma_acc_sov+v0_sov-dpsigs0));

27 a4_sov = 1.0 - exp(-dpsigs0);

28 v2_sov = v0_sov - a4_sov;

29 tmp = v2_sov / (gamma_dep2_sov + sqrt(gamma_dep2_sov * gamma_dep2_sov + v2_sov));

30 dpsigs = tmp * tmp + a4_sov;

31 v2b_sov = v0_sov - dpsigs;

32 v3_sov = v2b_sov * 0.5;

33 tmp = v3_sov + 3.0 * a0_sov;

34 if (vgsov_p > 0.0) dpsiox_s = v3_sov - 3.0 * a0_sov + sqrt(tmp * tmp - 6.0 * v2b_sov);

35 else dpsiox_s = - (v3_sov - 3.0 * a0_sov + sqrt(tmp * tmp - 6.0 * v2b_sov));

36 end

37 else

38 begin

39 vgsov_p = vg - VOV * vs - vfb_ov;

40 if (vgsov_p > 0.0)

41 begin

42 gamma_acc_sov = gamma_ov;

43 v0_sov = vgsov_p;

44 a0_sov = 1.0 + gamma_acc_sov * ‘ONESQRT2;

45 v1_sov = v0_sov * 0.5 - 3.0 * a0_sov * a0_sov;

46 dpsigs0 = v1_sov + sqrt(v1_sov * v1_sov);

47 dpsigs = 1.0 - exp(-dpsigs0);

48 v2b_sov = v0_sov - dpsigs;

49 v3_sov = v2b_sov * 0.5;

50 tmp = v3_sov + 3.0 * a0_sov;

51 dpsiox_s = v3_sov - 3.0 * a0_sov + sqrt(tmp * tmp - 6.0 * v2b_sov);

52 end

53 else

54 begin

55 gamma_dep_sov = gamma_ov;

56 v0_sov = - vgsov_p;

57 a3_sov = 1.0 + gamma_dep_sov * ‘ONESQRT2;

58 v1_sov = v0_sov * 0.5 - 3.0 * a3_sov;

59 dpsigs0 = v1_sov + sqrt(v1_sov * v1_sov + 6.0 * v0_sov);

60 gamma_dep2_sov = gamma_dep_sov * 0.5;

61 a4_sov = 1.0 - exp(-dpsigs0);

62 v2_sov = v0_sov - a4_sov;

63 tmp = v2_sov / (gamma_dep2_sov + sqrt(gamma_dep2_sov * gamma_dep2_sov + v2_sov));

64 dpsigs = tmp * tmp + a4_sov;

65 v2b_sov = v0_sov - dpsigs;

66 dpsiox_s = - v2b_sov;

67 end

68 end

69

70 // DRAIN

71 if (TG < 0)

72 begin

73 vgdov_p = vg - VOV * vd - vfb_ov;

74 if (vgdov_p > 0.0)

75 begin

76 gamma_dep_dov = gamma_g_ov;

77 gamma_acc_dov = gamma_ov;

78 v0_dov = vgdov_p;

79 end

80 else

81 begin

82 gamma_dep_dov = gamma_ov;

83 gamma_acc_dov = gamma_g_ov;

84 v0_dov = - vgdov_p;

85 end

86 a0_dov = 1.0 + gamma_acc_dov * ‘ONESQRT2;

87 a1_dov = gamma_dep_dov / gamma_acc_dov;

88 a2_dov = a0_dov / (a0_dov + a1_dov);

89 a3_dov = 1.0 + gamma_dep_dov * ‘ONESQRT2 + a1_dov;

90 v1_dov = v0_dov * 0.5 - 3.0 * a2_dov * a3_dov;

91 dpsigd0 = v1_dov + sqrt(v1_dov * v1_dov + 6.0 * a2_dov * v0_dov);

92 gamma_dep2_dov = gamma_dep_dov*(0.5+3/(3*‘SQRT2*gamma_acc_dov+v0_dov-dpsigd0));

93 a4_dov = 1.0 - exp(-dpsigd0);

94 v2_dov = v0_dov - a4_dov;

95 tmp = v2_dov / (gamma_dep2_dov + sqrt(gamma_dep2_dov * gamma_dep2_dov + v2_dov));

96 dpsigd = tmp * tmp + a4_dov;

97 v2b_dov = v0_dov - dpsigd;
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98 v3_dov = v2b_dov * 0.5;

99 tmp = v3_dov + 3.0 * a0_dov;

100 if (vgdov_p > 0.0) dpsiox_d = v3_dov - 3.0 * a0_dov + sqrt(tmp * tmp - 6.0 * v2b_dov);

101 else dpsiox_d = - (v3_dov - 3.0 * a0_dov + sqrt(tmp * tmp - 6.0 * v2b_dov));

102 end

103 else

104 begin

105 vgdov_p = vg - VOV * vd - vfb_ov;

106 if (vgdov_p > 0.0)

107 begin

108 gamma_acc_dov = gamma_ov;

109 v0_dov = vgdov_p;

110 a0_dov = 1.0 + gamma_acc_dov * ‘ONESQRT2;

111 v1_dov = v0_dov * 0.5 - 3.0 * a0_dov * a0_dov;

112 dpsigd0 = v1_dov + sqrt(v1_dov * v1_dov);

113 dpsigd = 1.0 - exp(-dpsigd0);

114 v2b_dov = v0_dov - dpsigd;

115 v3_dov = v2b_dov * 0.5;

116 tmp = v3_dov + 3.0 * a0_dov;

117 dpsiox_d = v3_dov - 3.0 * a0_dov + sqrt(tmp * tmp - 6.0 * v2b_dov);

118 end

119 else

120 begin

121 gamma_dep_dov = gamma_ov;

122 v0_dov = - vgdov_p;

123 a3_dov = 1.0 + gamma_dep_dov * ‘ONESQRT2;

124 v1_dov = v0_dov * 0.5 - 3.0 * a3_dov;

125 dpsigd0 = v1_dov + sqrt(v1_dov * v1_dov + 6.0 * v0_dov);

126 gamma_dep2_dov = gamma_dep_dov * 0.5;

127 a4_dov = 1.0 - exp(-dpsigd0);

128 v2_dov = v0_dov - a4_dov;

129 tmp = v2_dov / (gamma_dep2_dov + sqrt(gamma_dep2_dov * gamma_dep2_dov + v2_dov));

130 dpsigd = tmp * tmp + a4_dov;

131 v2b_dov = v0_dov - dpsigd;

132 dpsiox_d = - v2b_dov;

133 end

134 end

135 QSOV = - Q0OV * dpsiox_s;

136 QDOV = - Q0OV * dpsiox_d;

137 end

138 else

139 begin

140 dpsiox_s = 0.0;

141 QSOV = 0.0;

142 dpsiox_d = 0.0;

143 QDOV = 0.0;

144 end

145 end

146

147 ‘ifdef DC_S

148 I(d ,g ) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * ddt(QDOV) + (1 - d_gt_s_flag) * ddt(QSOV));

149 I(s ,g ) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * ddt(QSOV) + (1 - d_gt_s_flag) * ddt(QDOV));

150 ‘endif

151 ‘ifdef DC

152 I(di,g ) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * ddt(QDOV) + (1 - d_gt_s_flag) * ddt(QSOV));

153 I(si,g ) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * ddt(QSOV) + (1 - d_gt_s_flag) * ddt(QDOV));

154 ‘endif

155 ‘ifdef RF_S

156 I(di,gi) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * ddt(QDOV) + (1 - d_gt_s_flag) * ddt(QSOV));

157 I(si,gi) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * ddt(QSOV) + (1 - d_gt_s_flag) * ddt(QDOV));

158 ‘endif

159 ‘ifdef RF

160 I(di,gi) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * ddt(QDOV) + (1 - d_gt_s_flag) * ddt(QSOV));

161 I(si,gi) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * ddt(QSOV) + (1 - d_gt_s_flag) * ddt(QDOV));

162 ‘endif

163 ‘ifdef NQS

164 I(di,gi) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * ddt(QDOV) + (1 - d_gt_s_flag) * ddt(QSOV));

165 I(si,gi) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * ddt(QSOV) + (1 - d_gt_s_flag) * ddt(QDOV));

166 ‘endif
ekv3 overlap.va

ekv3 fringing.va
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1 begin : FRINGING_CAPACITANCES

2 if (KJF != 0.0)

3 begin

4 tmp = vbi + VFR / UT + vs - (psi_p - 2.0 * qs);

5 QSFR = Weffc * NF * KJF * (1.0 + CJF * UT * vs) * sqrt(UT * ‘MAXA(tmp,0.0,DFR));

6 tmp = vbi + VFR / UT + vdp - (psi_p - 2.0 * qdp);

7 QDFR = Weffc * NF * KJF * (1.0 + CJF * UT * vdp) * sqrt(UT * ‘MAXA(tmp,0.0,DFR));

8 end

9 else

10 begin

11 QSFR = 0.0;

12 QDFR = 0.0;

13 end

14 end // FRINGING_CAPACITANCES_GUILDENBLAT

15

16 ‘ifdef DC_S

17 I(d ,g ) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QDFR)+(1-d_gt_s_flag)*ddt(QSFR));

18 I(s ,g ) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QSFR)+(1-d_gt_s_flag)*ddt(QDFR));

19 ‘endif

20 ‘ifdef DC

21 I(di,g ) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QDFR)+(1-d_gt_s_flag)*ddt(QSFR));

22 I(si,g ) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QSFR)+(1-d_gt_s_flag)*ddt(QDFR));

23 ‘endif

24 ‘ifdef RF_S

25 I(di,gi) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QDFR)+(1-d_gt_s_flag)*ddt(QSFR));

26 I(si,gi) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QSFR)+(1-d_gt_s_flag)*ddt(QDFR));

27 ‘endif

28 ‘ifdef RF

29 I(di,gi) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QDFR)+(1-d_gt_s_flag)*ddt(QSFR));

30 I(si,gi) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QSFR)+(1-d_gt_s_flag)*ddt(QDFR));

31 ‘endif

32 ‘ifdef NQS

33 I(di,gi) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QDFR)+(1-d_gt_s_flag)*ddt(QSFR));

34 I(si,gi) <+ SIGN_M*0.5*((d_gt_s_flag+1)*ddt(QSFR)+(1-d_gt_s_flag)*ddt(QDFR));

35 ‘endif
ekv3 fringing.va

ekv3 gidl.va
1 begin : GIDL

2 vgse = vfb + psi_p - 2.0 * qs;

3 tmp1 = (vdp - vs - vgse) * UT - EGIDL;

4 if (tmp1 < 1.0e-10)

5 IGIDL = 0.0;

6 else

7 begin

8 tmp2 = vdp * vdp * vdp * UT3;

9 IGIDL = AGIDL*WeffNF*(tmp1/(3*TOX))*exp(-(3*TOX*BGIDL)/tmp1)*tmp2/(CGIDL+tmp2);

10 end

11 end // GIDL

12

13 begin : GISL

14 vgde = vfb + psi_p - 2.0 * qdp;

15 tmp1 = (vs - vdp - vgde) * UT - EGIDL;

16 if (tmp1 < 1.0e-10)

17 IGISL = 0.0;

18 else

19 begin

20 tmp2 = vs * vs * vs * UT3;

21 IGISL = AGIDL*WeffNF*(tmp1/(3*TOX))*exp(-(3*TOX*BGIDL)/tmp1)*tmp2/(CGIDL+tmp2);

22 end

23 end // GISL

24

25 ‘ifdef DC_S

26 I(d ,b ) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGIDL + (1 - d_gt_s_flag) * IGISL);

27 I(s ,b ) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGISL + (1 - d_gt_s_flag) * IGIDL);

28 ‘endif

29 ‘ifdef DC

30 I(di,b ) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGIDL + (1 - d_gt_s_flag) * IGISL);

31 I(si,b ) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGISL + (1 - d_gt_s_flag) * IGIDL);

32 ‘endif

33 ‘ifdef RF_S

34 I(di,bi) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGIDL + (1 - d_gt_s_flag) * IGISL);
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35 I(si,bi) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGISL + (1 - d_gt_s_flag) * IGIDL);

36 ‘endif

37 ‘ifdef RF

38 I(di,bi) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGIDL + (1 - d_gt_s_flag) * IGISL);

39 I(si,bi) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGISL + (1 - d_gt_s_flag) * IGIDL);

40 ‘endif

41 ‘ifdef NQS

42 I(di,bi) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGIDL + (1 - d_gt_s_flag) * IGISL);

43 I(si,bi) <+ SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGISL + (1 - d_gt_s_flag) * IGIDL);

44 ‘endif

45
ekv3 gidl.va

ekv3 gate current.va
1 begin : GATE_CURRENT

2 if (KG > 0.0)

3 begin

4 if (((psi_p > 0) && (TG < 0)) || ((psi_p < 0) && (TG > 0)))

5 begin

6 v1_ig = sqrt(0.25 + (v_o + 2.0 * qs) / gamma_g2);

7 v2_ig = 0.5 + v1_ig;

8 psi_ox = (v_o + 2.0 * qs) / v2_ig;

9 d_psi_dq = (2.0 / v2_ig) * (1.0 - (v_o + 2.0 * qs) / (2.0 * v1_ig * v2_ig * gamma_g2));

10 end

11 else

12 begin

13 psi_ox = v_o + 2.0 * qs;

14 d_psi_dq = 2.0;

15 end

16 psi_x = abs(psi_ox) / xb;

17 if (psi_x < 1.0)

18 begin

19 s1_px = sqrt(1.0 - psi_x);

20 p_tun = exp( - ub * (1.0 / (1.0 + s1_px) + s1_px));

21 end

22 else p_tun = exp( - ub / psi_x);

23 igo = qs * psi_ox * p_tun;

24 if ((vs == vd) || (psi_ox == 0.0))

25 begin

26 nigc = igo * nq;

27 nigs = nigc * 0.5;

28 nigd = nigs;

29 end

30 else

31 begin

32 dq_dksi = (irp - if_) / (2.0 * qs + 1.0);

33 a_gc = dq_dksi * (1.0 / qs + d_psi_dq / psi_ox);

34 if (psi_x < 1.0)

35 begin

36 s1_px = sqrt(1.0 - psi_x);

37 if (psi_ox > 0.0) b_gc=dq_dksi*d_psi_dq*(ub/xb)*(3+psi_x)/(4+2*s1_px*(2+psi_x));

38 else b_gc = -dq_dksi*d_psi_dq*(ub/xb)*(3+psi_x)/(4+2*s1_px*(2+psi_x));

39 end

40 else

41 b_gc = dq_dksi * d_psi_dq * ub / (psi_x * psi_ox);

42 nigc = nq * igo * (2.0 + a_gc) / (2.0 - b_gc);

43 nigs = 0.5 * nq * igo * (3.0 + a_gc) / (3.0 - b_gc);

44 nigd = nigc - nigs;

45 end

46 if (vg > vfb)

47 begin

48 IGB = 0.0;

49 IG = 2.0 * KG * WeffNF * Leff * UT2 * nigc / TOX2;

50 IGD = 2.0 * KG * WeffNF * Leff * UT2 * nigd / TOX2;

51 IGS = IG - IGD;

52 end

53 else

54 begin

55 IGB = KG * WeffNF * Leff * psi_ox * abs(psi_ox) * UT2 * p_tun / TOX2;

56 IG = 0.0;

57 IGD = 0.0;

58 IGS = 0.0;
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59 end

60 // OVERLAP

61 if (LOVIG != 0)

62 begin

63 psi_oxr_ov_s = (vg - vs > vfb_ov)?

64 vg - vs - pow( sqrt( vg-vs-vfb_ov+gamma_g2*0.25)-gamma_g*0.5 ,2.0) :

65 vg - vs + pow( sqrt(-vg+vs+vfb_ov+gamma_ov2*0.25)-gamma_ov*0.5 ,2.0);

66 psi_xr_ov_s = abs(psi_oxr_ov_s) / xb;

67 if (psi_xr_ov_s < 1.0)

68 begin

69 s1_px = sqrt(1.0 - psi_xr_ov_s);

70 p_tun_sov = exp( - ub * (1.0 / (1.0 + s1_px) + s1_px));

71 end

72 else p_tun_sov = exp( - ub / psi_xr_ov_s);

73 IGSOV = KG * WeffNF * LOVIG * psi_oxr_ov_s * abs(psi_oxr_ov_s) * UT2 * p_tun_sov / TOX2;

74

75 psi_oxr_ov_d = (vg - vd > vfb_ov)?

76 vg - vd - pow( sqrt( vg - vd - vfb_ov + gamma_g2 * 0.25) - gamma_g * 0.5 ,2.0) :

77 vg - vd + pow( sqrt(-vg + vd + vfb_ov + gamma_ov2 * 0.25) - gamma_ov * 0.5 ,2.0);

78 psi_xr_ov_d = abs(psi_oxr_ov_d) / xb;

79 if (psi_xr_ov_d < 1.0)

80 begin

81 s1_px = sqrt(1.0 - psi_xr_ov_d);

82 p_tun_dov = exp( - ub * (1.0 / (1.0 + s1_px) + s1_px));

83 end

84 else p_tun_dov = exp( - ub / psi_xr_ov_d);

85 IGDOV = KG * WeffNF * LOVIG * psi_oxr_ov_d * abs(psi_oxr_ov_d) * UT2 * p_tun_dov / TOX2;

86 end

87 else

88 begin

89 IGSOV = 0.0;

90 IGDOV = 0.0;

91 end

92 end

93 else

94 begin

95 IG = 0.0;

96 IGS = 0.0;

97 IGD = 0.0;

98 IGB = 0.0;

99 IGSOV = 0.0;

100 IGDOV = 0.0;

101 end

102 end

103

104 ‘ifdef DC_S

105 // GATE CURRENTS

106 I(b ,g ) <+ -SIGN_M * IGB;

107 I(s ,g ) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGS + (1 - d_gt_s_flag) * IGD);

108 I(d ,g ) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGD + (1 - d_gt_s_flag) * IGS);

109 // OVERLAP GATE CURRENTS

110 I(s ,g ) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGSOV + (1 - d_gt_s_flag) * IGDOV);

111 I(d ,g ) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGDOV + (1 - d_gt_s_flag) * IGSOV);

112 ‘endif

113 ‘ifdef DC

114 // GATE CURRENTS

115 I(b ,g ) <+ -SIGN_M * IGB;

116 I(si,g ) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGS + (1 - d_gt_s_flag) * IGD);

117 I(di,g ) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGD + (1 - d_gt_s_flag) * IGS);

118 // OVERLAP GATE CURRENTS

119 I(si,g ) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGSOV + (1 - d_gt_s_flag) * IGDOV);

120 I(di,g ) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGDOV + (1 - d_gt_s_flag) * IGSOV);

121 ‘endif

122 ‘ifdef RF_S

123 // GATE CURRENTS

124 I(b ,gi) <+ -SIGN_M * IGB;

125 I(si,gi) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGS + (1 - d_gt_s_flag) * IGD);

126 I(di,gi) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGD + (1 - d_gt_s_flag) * IGS);

127 // OVERLAP GATE CURRENTS

128 I(si,gi) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGSOV + (1 - d_gt_s_flag) * IGDOV);

129 I(di,gi) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGDOV + (1 - d_gt_s_flag) * IGSOV);

130 ‘endif

131 ‘ifdef RF
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132 // GATE CURRENTS

133 I(b ,gi) <+ -SIGN_M * IGB;

134 I(si,gi) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGS + (1 - d_gt_s_flag) * IGD);

135 I(di,gi) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGD + (1 - d_gt_s_flag) * IGS);

136 // OVERLAP GATE CURRENTS

137 I(si,gi) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGSOV + (1 - d_gt_s_flag) * IGDOV);

138 I(di,gi) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGDOV + (1 - d_gt_s_flag) * IGSOV);

139 ‘endif

140 ‘ifdef NQS

141 // GATE CURRENTS

142 I(b ,gi) <+ -SIGN_M * IGB;

143 I(si,gi) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGS + (1 - d_gt_s_flag) * IGD);

144 I(di,gi) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGD + (1 - d_gt_s_flag) * IGS);

145 // OVERLAP GATE CURRENTS

146 I(si,gi) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGSOV + (1 - d_gt_s_flag) * IGDOV);

147 I(di,gi) <+ -SIGN_M * 0.5 * ((d_gt_s_flag + 1) * IGDOV + (1 - d_gt_s_flag) * IGSOV);

148 ‘endif
ekv3 gate current.va

ekv3 idb.va
1 begin : IMPACT_IONIZATION_CURRENT_IDB

2 v_ib = (vd - vs) - IBN * 2.0 * vdssat;

3 if ((v_ib > 0.0) && (IBA > 0.0))

4 begin

5 tmp = IBB_t * LC / (v_ib * UT);

6 if (tmp > 70.0)

7 IDB = 0.0;

8 else

9 IDB = IDS * v_ib * UT * exp(-tmp) * IBA / IBB_t;

10 end

11 else

12 IDB = 0.0;

13 end // IMPACT_IONIZATION_CURRENT_IDB

14

15 ‘ifdef DC_S

16 I(d ,b ) <+ SIGN_M * 0.5 * (d_gt_s_flag + 1) * IDB;

17 I(s ,b ) <+ SIGN_M * 0.5 * (1 - d_gt_s_flag) * IDB;

18 ‘endif

19

20 ‘ifdef DC

21 I(di,b ) <+ SIGN_M * 0.5 * (d_gt_s_flag + 1) * IDB;

22 I(si,b ) <+ SIGN_M * 0.5 * (1 - d_gt_s_flag) * IDB;

23 ‘endif

24

25 ‘ifdef RF_S

26 I(di,bi) <+ SIGN_M * 0.5 * (d_gt_s_flag + 1) * IDB;

27 I(si,bi) <+ SIGN_M * 0.5 * (1 - d_gt_s_flag) * IDB;

28 ‘endif

29

30 ‘ifdef RF

31 I(di,bi) <+ SIGN_M * 0.5 * (d_gt_s_flag + 1) * IDB;

32 I(si,bi) <+ SIGN_M * 0.5 * (1 - d_gt_s_flag) * IDB;

33 ‘endif

34

35 ‘ifdef NQS

36 I(di,bi) <+ SIGN_M * 0.5 * (d_gt_s_flag + 1) * IDB;

37 I(si,bi) <+ SIGN_M * 0.5 * (1 - d_gt_s_flag) * IDB;

38 ‘endif
ekv3 idb.va

ekv3 noise.va
1 begin : NOISE

2 // THERMAL NOISE (ANANDA ROY-CHRISTIAN ENZ)

3 tmp = 1+e_clm*qs_qdp;

4 gn = ln(max(1.0E-24,abs((qs+0.5-0.5*e_clm*i)/(qdp+0.5-0.5*e_clm*i))));

5 gn = (e_clm*i-1)*0.125*e_clm2*i*qsqdpp1*gn;

6 gn = gn+‘ONE3RD*(qs2+qs*qdp+qdp2)+e_clm2*i*i*0.25+0.25*(e_clm*i+1)*qsqdp;

7 gn = gn * (2/(tmp*tmp*qsqdpp1));

8 thermal = 4.0*‘C_K*thermocrasia*Ispec*gn/UT*TH_NOI;

9 // FLICKER NOISE

10 gmg = (Ispec/UT)*(qs_qdp)/nv;
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11 flicker = KF*exp(EF*ln(max(1.0E-24,abs(gmg))))/(WeffNF*Leff*COX*inv_dqmip1);

12 end // NOISE

13

14 begin : CORRELATED_NOISE

15 omegaspec = (beta/COX)*UT/(Leff*Leff);

16 if (omegaspec != 0.0)

17 OMEGA = 1.0/omegaspec;

18 else

19 OMEGA = 0.0;

20 j = 1.0;

21 xf = qs+0.5;

22 xr = qdp+0.5;

23 snidid = (4.0*xf*xf-3.0*xf+4.0*xf*xr-3.0*xr+4.0*xr*xr)/(6.0*(xf+xr));

24 snigig = 16*xf*xf*xf*xf+16*xr*xr*xr*xr+80*xf*xr*xr*xr+80*xf*xf*xf*xr;

25 snigig = snigig + 168*xf*xf*xr*xr-15*xf*xf*xf-15*xr*xr*xr-75*xf*xf*xr-75*xf*xr*xr;

26 snigig = OMEGA*OMEGA*snigig/(540*nq0*nq0*(xf+xr)*(xf+xr)*(xf+xr)*(xf+xr)*(xf+xr));

27 snibib = snigig*(nq0-1.0)*(nq0-1.0);

28 snigid = (j*OMEGA/(18.0*nq0))*((xf-xr)*(xf*xf+4.0*xf*xr+xr*xr));

29 snigid = snigid/((xf+xr)*(xf+xr)*(xf+xr));

30 if ((snidid == 0.0) || (snigig == 0.0))

31 c_igid = 0.0;

32 else

33 c_igid = j*snigid/sqrt(snidid*snigig);

34 snspec = 4.0*‘C_K*thermocrasia*Ispec/UT;

35 snidid = snidid*NQS_NOI;

36 snigig = snigig*NQS_NOI;

37 snigid = snigid*NQS_NOI;

38 noise_ds1 = snidid*(1.0-c_igid*c_igid)*NQS_NOI;

39 noise_ds2 = c_igid*snidid*NQS_NOI;

40 noise_g = snigig*NQS_NOI;

41 noise_b = snibib*NQS_NOI;

42 if (noise_ds1 <= 0.0) noise_ds1 = 0.0;

43 if (noise_ds2 <= 0.0) noise_ds2 = 0.0;

44 if (noise_g <= 0.0) noise_g = 0.0;

45 if (noise_b <= 0.0) noise_b = 0.0;

46 end // CORRELATED_NOISE

47

48 begin : GATE_NOISE__SHOT_AND_FLICKER

49 if (IG > 0.0)

50 begin

51 sig_shot = 2.0*‘C_QE*IG;

52 sig_flicker = KGFN*IG*IG;

53 end

54 else

55 begin

56 sig_shot = 0.0;

57 sig_flicker = 0.0;

58 end

59 end

60

61 ‘ifdef DC_S

62 I(d ,s ) <+ white_noise (M*thermal, "THERMAL NOISE IN CHANNEL");

63 I(d ,s ) <+ flicker_noise (M*flicker,AF,"FLICKER NOISE IN CHANNEL");

64 I(noi) <+ V(noi);

65 I(noi) <+ white_noise(M*snspec);

66 I(d ,s ) <+ white_noise(M*snspec*noise_ds1);

67 I(d ,s ) <+ V(noi) *noise_ds2;

68 I(g) <+ ddt(V(noi)*noise_g);

69 I(b) <+ flicker_noise(M*snspec*noise_b*2.0*‘PI,-2.0);

70 I(g) <+ white_noise (M*sig_shot,"GATE SHOT NOISE");

71 I(g) <+ flicker_noise (M*sig_flicker,1.0,"GATE FLICKER NOISE");

72 ‘endif

73 ‘ifdef DC

74 I(di,si) <+ white_noise (M*thermal, "THERMAL NOISE IN CHANNEL");

75 I(di,si) <+ flicker_noise (M*flicker,AF,"FLICKER NOISE IN CHANNEL");

76 I(noi) <+ V(noi);

77 I(noi) <+ white_noise(M*snspec);

78 I(di,si) <+ white_noise(M*snspec*noise_ds1);

79 I(di,si) <+ V(noi) *noise_ds2;

80 I(g) <+ ddt(V(noi)*noise_g);

81 I(b) <+ flicker_noise(M*snspec*noise_b*2.0*‘PI,-2.0);

82 I(g) <+ white_noise (M*sig_shot,"GATE SHOT NOISE");

83 I(g) <+ flicker_noise (M*sig_flicker,1.0,"GATE FLICKER NOISE");
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84 ‘endif

85 ‘ifdef RF_S

86 I(di,si) <+ white_noise (M*thermal, "THERMAL NOISE IN CHANNEL");

87 I(di,si) <+ flicker_noise (M*flicker,AF,"FLICKER NOISE IN CHANNEL");

88 I(noi) <+ V(noi);

89 I(noi) <+ white_noise(M*snspec);

90 I(di,si) <+ white_noise(M*snspec*noise_ds1);

91 I(di,si) <+ V(noi) *noise_ds2;

92 I(gi) <+ ddt(V(noi)*noise_g);

93 I(bi) <+ flicker_noise(M*snspec*noise_b*2.0*‘PI,-2.0);

94 I(gi) <+ white_noise (M*sig_shot,"GATE SHOT NOISE");

95 I(gi) <+ flicker_noise (M*sig_flicker,1.0,"GATE FLICKER NOISE");

96 ‘endif

97 ‘ifdef RF

98 I(di,si) <+ white_noise (M*thermal, "THERMAL NOISE IN CHANNEL");

99 I(di,si) <+ flicker_noise (M*flicker,AF,"FLICKER NOISE IN CHANNEL");

100 I(noi) <+ V(noi);

101 I(noi) <+ white_noise(M*snspec);

102 I(di,si) <+ white_noise(M*snspec*noise_ds1);

103 I(di,si) <+ V(noi) *noise_ds2;

104 I(gi) <+ ddt(V(noi)*noise_g);

105 I(bi) <+ flicker_noise(M*snspec*noise_b*2.0*‘PI,-2.0);

106 I(gi) <+ white_noise (M*sig_shot,"GATE SHOT NOISE");

107 I(gi) <+ flicker_noise (M*sig_flicker,1.0,"GATE FLICKER NOISE");

108 ‘endif

109 ‘ifdef NQS

110 I(di,si) <+ white_noise (M*thermal, "THERMAL NOISE IN CHANNEL");

111 I(di,si) <+ flicker_noise (M*flicker,AF,"FLICKER NOISE IN CHANNEL");

112 I(noi) <+ V(noi);

113 I(noi) <+ white_noise(M*snspec);

114 I(di,si) <+ white_noise(M*snspec*noise_ds1);

115 I(di,si) <+ V(noi) *noise_ds2;

116 I(gi) <+ ddt(V(noi)*noise_g);

117 I(bi) <+ flicker_noise(M*snspec*noise_b*2.0*‘PI,-2.0);

118 I(gi) <+ white_noise (M*sig_shot,"GATE SHOT NOISE");

119 I(gi) <+ flicker_noise (M*sig_flicker,1.0,"GATE FLICKER NOISE");

120 ‘endif
ekv3 noise.va

ekv3 extrinsic diodes.va
1 // EXTERNAL: DIODES

2

3 begin : DIODES

4 begin : TEMPERATURE_DIODES

5 // source

6 jss_t = JSS*temp_arg_S;

7 jssws_t = JSSWS*temp_arg_S;

8 jsswgs_t = JSSWGS*temp_arg_S;

9 pbs_t = PBS-(TPB*dT);

10 pbsws_t = PBSWS-(TPBSW*dT);

11 pbswgs_t = PBSWGS-(TPBSWG*dT);

12 cjs_t = CJS*(1.0+TCJ*dT);

13 cjsws_t = CJSWS*(1.0+TCJSW*dT);

14 cjswgs_t = CJSWGS*(1.0+TCJSWG*dT);

15 jtss_t = JTSS*exp(-eg_nom/UT*XTSS*(1.0-rT));

16 jtssws_t = JTSSWS*exp(-eg_nom/UT*XTSSWS*(1.0-rT));

17 jtsswgs_t = JTSSWGS*exp(-eg_nom/UT*XTSSWGS*(1.0-rT));

18 njtss_t = NJTSS*(1.0+(rT-1.0)*TNJTSS);

19 njtssws_t = NJTSSWS*(1.0+(rT-1.0)*TNJTSSWS);

20 njtsswgs_t = NJTSSWGS*(1.0+(rT-1.0)*TNJTSSWGS);

21 // drain

22 jsd_t = JSD*temp_arg_D;

23 jsswd_t = JSSWD*temp_arg_D;

24 jsswgd_t = JSSWGD*temp_arg_D;

25 pbd_t = PBD-(TPB*dT);

26 pbswd_t = PBSWD-(TPBSW*dT);

27 pbswgd_t = PBSWGD-(TPBSWG*dT);

28 cjd_t = CJD*(1.0+TCJ*dT);

29 cjswd_t = CJSWD*(1.0+TCJSW*dT);

30 cjswgd_t = CJSWGD*(1.0+TCJSWG*dT);

31 jtsd_t = JTSD*exp(-eg_nom/UT*XTSD*(1.0-rT));

32 jtsswd_t = JTSSWD*exp(-eg_nom/UT*XTSSWD*(1.0-rT));
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33 jtsswgd_t = JTSSWGD*exp(-eg_nom/UT*XTSSWGD*(1.0-rT));

34 njtsd_t = NJTSD*(1.0+(rT-1.0)*TNJTSD);

35 njtsswd_t = NJTSSWD*(1.0+(rT-1.0)*TNJTSSWD);

36 njtsswgd_t = NJTSSWGD*(1.0+(rT-1.0)*TNJTSSWGD);

37 end // TEMPERATURE_DIODES

38

39 begin : SCALING_GEOMETRY_JUNCTION_DIODES

40 if ((AS == 0.0) && (HDIF > 0.0)) as = 2.0*hdif*WeffNF;

41 else as = AS*SCALE*SCALE;

42 if ((PS == 0.0) && (HDIF > 0.0)) ps = (4.0*hdif+1.0*Weff)*NF;

43 else ps = PS*SCALE;

44 if ((AD == 0.0) && (HDIF > 0.0)) ad = 2.0*hdif*WeffNF;

45 else ad = AD*SCALE*SCALE;

46 if ((PD == 0.0) && (HDIF > 0.0)) pd = (4.0*hdif+1.0*Weff)*NF;

47 else pd = PD*SCALE;

48 end // SCALING_GEOMETRY_JUNCTION_DIODES

49

50 ‘ifdef DC_S

51 v_si_b = SIGN*V(s ,b ); v_di_b = SIGN*V(d ,b );

52 ‘endif

53 ‘ifdef DC

54 v_si_b = SIGN*V(si,b ); v_di_b = SIGN*V(di,b );

55 ‘endif

56 ‘ifdef RF_S

57 v_si_b = SIGN*V(si,bi ); v_di_b = SIGN*V(di,bi );

58 ‘endif

59 ‘ifdef RF

60 v_si_b = SIGN*V(si,bsi); v_di_b = SIGN*V(di,bdi);

61 ‘endif

62 ‘ifdef NQS

63 v_si_b = SIGN*V(si,bsi); v_di_b = SIGN*V(di,bdi);

64 ‘endif

65

66 // SOURCE-BULK CURRENT

67 is_s = jss_t*as+jssws_t*ps+jsswgs_t*WeffNF;

68 arg_s =-v_si_b*rT/(UT*NJS);

69 if (arg_s < -40.0) arg_s = -40.0;

70 f_breakdown_s = 1.0+XJBVS*exp(-(-v_si_b+BVS)*rT/(UT*NJS));

71 // SOURCE:TRAP-ASSISTED TUNNELING CURRENT

72 isb_tun = WeffNF*jtsswgs_t*(exp(v_si_b*rT/(UT*njtsswgs_t)*VTSSWGS/max(VTSSWGS+v_si_b,1E-3))-1);

73 isb_tun = isb_tun+ps*jtssws_t*(exp(v_si_b*rT/(UT*njtssws_t)*VTSSWS/max(VTSSWS+v_si_b,1E-3))-1);

74 isb_tun = isb_tun+as*jtss_t*(exp(v_si_b*rT/(UT*njtss_t)*VTSS/max(VTSS+v_si_b,1.0E-3))-1.0);

75 ISBJ = (is_s*(1.0-exp(arg_s))*f_breakdown_s+v_si_b*GMIN+isb_tun);

76 // DRAIN-BULK CURRENT

77 is_d = jsd_t*ad+jsswd_t*pd+jsswgd_t*WeffNF;

78 arg_d =-v_di_b*rT/(UT*NJD);

79 if (arg_d < -40.0) arg_d = -40.0;

80 f_breakdown_d = 1.0+XJBVD*exp(-(-v_di_b+BVD)*rT/(UT*NJD));

81 // DRAIN: TRAP-ASSISTED TUNNELING CURRENT

82 idb_tun =+WeffNF*jtsswgd_t*(exp(v_di_b*rT/(UT*njtsswgd_t)*VTSSWGD/max(VTSSWGD+v_di_b,1E-3))-1);

83 idb_tun = idb_tun+pd*jtsswd_t*(exp(v_di_b*rT/(UT*njtsswd_t)*VTSSWD/max(VTSSWD+v_di_b,1E-3))-1);

84 idb_tun = idb_tun+ad*jtsd_t*(exp(v_di_b*rT/(UT*njtsd_t)*VTSD/max(VTSD+v_di_b,1.0E-3))-1.0);

85 IDBJ = (is_d*(1.0-exp(arg_d))*f_breakdown_d+v_di_b*GMIN+idb_tun);

86 // SOURCE-BULK CAPACITANCE CHARGES

87 if (v_si_b > 0.0)

88 begin

89 csb_s = cjs_t *as *exp(-MJS *ln(1.0+v_si_b/pbs_t ));

90 cssw_s = cjsws_t *ps *exp(-MJSWS *ln(1.0+v_si_b/pbsws_t ));

91 csswg_s = cjswgs_t*WeffNF*exp(-MJSWGS*ln(1.0+v_si_b/pbswgs_t));

92 end

93 else

94 begin

95 csb_s = cjs_t *as *(1.0-MJS *v_si_b/pbs_t );

96 cssw_s = cjsws_t *ps *(1.0-MJSWS *v_si_b/pbsws_t );

97 csswg_s = cjswgs_t*WeffNF*(1.0-MJSWGS*v_si_b/pbswgs_t);

98 end

99 QSBJ = (csb_s+cssw_s+csswg_s)*v_si_b;

100 // DRAIN-BULK CAPACITANCE CHARGES

101 if (v_di_b > 0.0)

102 begin

103 csb_d = cjd_t *ad *exp(-MJD *ln(1.0+v_di_b/pbd_t ));

104 cssw_d = cjswd_t *pd *exp(-MJSWD *ln(1.0+v_di_b/pbswd_t ));

105 csswg_d = cjswgd_t*WeffNF*exp(-MJSWGD*ln(1.0+v_di_b/pbswgd_t));
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106 end

107 else

108 begin

109 csb_d = cjd_t *ad *(1.0-MJD *v_di_b/pbd_t );

110 cssw_d = cjswd_t *pd *(1.0-MJSWD *v_di_b/pbswd_t );

111 csswg_d = cjswgd_t*WeffNF*(1.0-MJSWGD*v_di_b/pbswgd_t);

112 end

113 QDBJ = (csb_d+cssw_d+csswg_d)*v_di_b;

114 end // DIODES

115

116

117 ‘ifdef DC_S

118 // DIODES IV

119 I(d ,b ) <+ SIGN_M*IDBJ;

120 I(s ,b ) <+ SIGN_M*ISBJ;

121 // DIODES CV

122 I(d ,b ) <+ SIGN_M*ddt(QDBJ);

123 I(s ,b ) <+ SIGN_M*ddt(QSBJ);

124 ‘endif

125

126 ‘ifdef DC

127 // DIODES IV

128 I(di,b ) <+ SIGN_M*IDBJ;

129 I(si,b ) <+ SIGN_M*ISBJ;

130 // DIODES CV

131 I(di,b ) <+ SIGN_M*ddt(QDBJ);

132 I(si,b ) <+ SIGN_M*ddt(QSBJ);

133 ‘endif

134

135 ‘ifdef RF_S

136 // DIODES IV

137 I(di,bi) <+ SIGN_M*IDBJ;

138 I(si,bi) <+ SIGN_M*ISBJ;

139 // DIODES CV

140 I(di,bi) <+ SIGN_M*ddt(QDBJ);

141 I(si,bi) <+ SIGN_M*ddt(QSBJ);

142 ‘endif

143

144 ‘ifdef RF

145 // DIODES IV

146 I(di,bdi) <+ SIGN_M*IDBJ;

147 I(si,bsi) <+ SIGN_M*ISBJ;

148 // DIODES CV

149 I(di,bdi) <+ SIGN_M*ddt(QDBJ);

150 I(si,bsi) <+ SIGN_M*ddt(QSBJ);

151 ‘endif

152

153 ‘ifdef NQS

154 // DIODES IV

155 I(di,bdi) <+ SIGN_M*IDBJ;

156 I(si,bsi) <+ SIGN_M*ISBJ;

157 // DIODES CV

158 I(di,bdi) <+ SIGN_M*ddt(QDBJ);

159 I(si,bsi) <+ SIGN_M*ddt(QSBJ);

160 ‘endif
ekv3 extrinsic diodes.va

ekv3 extrinsic rc.va
1 // EXTERNAL: RESISTORS

2

3 begin : SERIES_RESISTORS

4 if (RLX < 0.0)

5 begin

6 if (RSX < 0.0) rs = (hdif * RSH + (ldif - DL / 2.0) * RS) / WeffNF;

7 else rs = RSX / WeffNF;

8 if (RDX < 0.0) rd = (hdif * RSH + (ldif - DL / 2.0) * RD) / WeffNF;

9 else rd = RDX / WeffNF;

10 end

11 else

12 begin

13 rs = RLX / WeffNF;

14 rd = rs;
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15 end

16 // WIDTH SCALING OF RS AND RD

17 tmp = (1.0 + WRLX / Weff);

18 rs = rs * tmp;

19 rd = rd * tmp;

20

21 // EXTERNAL RESISTORS (RG, SUBSTRATE RESISTANCES NETWORK )

22 rg = RGSH * Weff/(3*GC*GC*NF*Leff)*(1+KRGL1*Leff*Leff);

23

24 if (RINGTYPE == 1.0) // HORSE-SHOE

25 begin

26 rb = (RBN == 0.0) ? RBWSH * 0.5 / Weff :

27 1.0 / ((Weff*2/RBWSH)+(NF/RBN));

28 if (NF % 2 == 0) // EVEN NUMBER OF FINGERS

29 begin

30 rsb = (RSBN == 0.0) ? RSBWSH * 0.5 / Weff :

31 1.0 / ((Weff * 2.0 / RSBWSH) + (NF/RSBN));

32 rdb = (RDBN == 0.0) ? RDBWSH * 0.5 / Weff :

33 1.0 / ((Weff * 2.0 / RDBWSH) + (NF / RDBN));

34 end

35 else

36 begin

37 rsb = (RSBN == 0.0) ? RSBWSH / Weff :

38 1.0 / ((Weff / RSBWSH) + (NF / RSBN));

39 rdb = rsb;

40 end

41 end

42 else // SYMMETRIC

43 begin

44 rb = RBWSH * 0.5 / Weff;

45

46 if (NF % 2 == 0) // EVEN NUMBER OF FINGERS

47 begin

48 rsb = RSBWSH * 0.5 / Weff ;

49 rdb = RDBWSH * 0.5 / Weff ;

50 end

51 else

52 begin

53 rsb = RSBWSH / Weff ;

54 rdb = rsb;

55 end

56 end

57

58 rdsb = RDSBSH * Leff / WeffNF;

59

60 // TEMPERATURE EFFECTS

61 tmp = (1.0 + TR * dT + TR2 * dT2);

62 rs = rs * tmp;

63 rd = rd * tmp;

64 rg = rg * tmp;

65 rb = rb * tmp;

66 rsb = rsb * tmp;

67 rdb = rdb * tmp;

68 rdsb = rdsb * tmp;

69

70 // MINIMUM VALUE FOR RESISTANCES

71 rs = ‘MAX(rs ,‘MINIMUM_RESISTANCE);

72 rd = ‘MAX(rd ,‘MINIMUM_RESISTANCE);

73 rg = ‘MAX(rg ,‘MINIMUM_RESISTANCE);

74 rb = ‘MAX(rb ,‘MINIMUM_RESISTANCE);

75 rsb = ‘MAX(rsb ,‘MINIMUM_RESISTANCE);

76 rdb = ‘MAX(rdb ,‘MINIMUM_RESISTANCE);

77 rdsb = ‘MAX(rdsb,‘MINIMUM_RESISTANCE);

78 end // SERIES RESISTORS

79

80 ‘ifdef DC_S

81 I(g,s) <+ ddt(CGSO * M * WeffNF * V(g,s));

82 I(g,d) <+ ddt(CGDO * M * WeffNF * V(g,d));

83 I(g,b) <+ ddt(CGBO * M * 2.0 * Leff * NF * V(g,b));

84 ‘endif

85

86 ‘ifdef DC

87 I(g,si) <+ ddt(CGSO * M * WeffNF * V(g,si));
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88 I(g,di) <+ ddt(CGDO * M * WeffNF * V(g,di));

89 I(g,b) <+ ddt(CGBO * M * 2.0 * Leff * NF * V(g,b));

90 // SERIES RESISTORS

91 I(s ,si) <+ M * V(s,si) / rs;

92 I(s ,si) <+ white_noise(4.0 * ‘C_K * thermocrasia / rs);

93 I(d ,di) <+ M * V(d,di) / rd;

94 I(d ,di) <+ white_noise(4.0 * ‘C_K * thermocrasia / rd);

95 ‘endif

96

97 ‘ifdef RF_S

98 I(gi,si) <+ ddt(CGSO * M * WeffNF * V(gi,si));

99 I(gi,di) <+ ddt(CGDO * M * WeffNF * V(gi,di));

100 I(gi,bi) <+ ddt(CGBO * M * 2.0 * Leff * NF * V(gi,bi));

101 // SERIES RESISTORS

102 I(s ,si) <+ M * V(s,si) / rs;

103 I(s ,si) <+ white_noise(4.0 * ‘C_K * thermocrasia / rs);

104 I(d ,di) <+ M * V(d,di) / rd;

105 I(d ,di) <+ white_noise(4.0 * ‘C_K * thermocrasia / rd);

106 // EXTERNAL RESISTORS (RG, RB)

107 I(g ,gi) <+ M * V(g,gi) / rg;

108 I(g ,gi) <+ white_noise(4.0 * ‘C_K * thermocrasia / rg);

109 I(b ,bi) <+ M * V(b,bi) / rb;

110 I(b ,bi) <+ white_noise(4.0 * ‘C_K * thermocrasia / rb);

111 ‘endif

112

113 ‘ifdef RF

114 I(gi,si) <+ ddt(CGSO * M * WeffNF * V(gi,si));

115 I(gi,di) <+ ddt(CGDO * M * WeffNF * V(gi,di));

116 I(gi,bi) <+ ddt(CGBO * M * 2.0 * Leff * NF * V(gi,bi));

117 // SERIES RESISTORS

118 I(s ,si) <+ M * V(s,si) / rs;

119 I(s ,si) <+ white_noise(4.0 * ‘C_K * thermocrasia / rs);

120 I(d ,di) <+ M * V(d,di) / rd;

121 I(d ,di) <+ white_noise(4.0 * ‘C_K * thermocrasia / rd);

122 // EXTERNAL RESISTORS (RG, SUBSTRATE RESISTANCES NETWORK )

123 I(g ,gi ) <+ M * V(g ,gi ) / rg;

124 I(g ,gi ) <+ white_noise(4.0 * ‘C_K * thermocrasia / rg);

125 I(b ,bi ) <+ M * V(b ,bi ) / rb;

126 I(b ,bi ) <+ white_noise(4.0 * ‘C_K * thermocrasia / rb);

127 I(b ,bsi) <+ M * V(b ,bsi) / rsb;

128 I(b ,bsi) <+ white_noise(4.0 * ‘C_K * thermocrasia / rsb);

129 I(b ,bdi) <+ M * V(b ,bdi) / rdb;

130 I(b ,bdi) <+ white_noise(4.0 * ‘C_K * thermocrasia / rdb);

131 I(bi,bsi) <+ M * V(bi,bsi) * 2.0 / rdsb;

132 I(bi,bsi) <+ white_noise(4.0 * ‘C_K * thermocrasia * 2.0 / rdsb);

133 I(bi,bdi) <+ M * V(bi,bdi) * 2.0 / rdsb;

134 I(bi,bdi) <+ white_noise(4.0 * ‘C_K * thermocrasia * 2.0 / rdsb);

135 ‘endif

136

137 ‘ifdef NQS

138 I(gi,si) <+ ddt(CGSO * M * WeffNF * V(gi,si));

139 I(gi,di) <+ ddt(CGDO * M * WeffNF * V(gi,di));

140 I(gi,bi) <+ ddt(CGBO * M * 2.0 * Leff * NF * V(gi,bi));

141 // SERIES RESISTORS

142 I(s ,si) <+ M * V(s,si) / rs;

143 I(s ,si) <+ white_noise(4.0 * ‘C_K * thermocrasia / rs);

144 I(d ,di) <+ M * V(d,di) / rd;

145 I(d ,di) <+ white_noise(4.0 * ‘C_K * thermocrasia / rd);

146 // EXTERNAL RESISTORS (RG, SUBSTRATE RESISTANCES NETWORK )

147 I(g ,gi ) <+ M * V(g ,gi ) / rg;

148 I(g ,gi ) <+ white_noise(4.0 * ‘C_K * thermocrasia / rg);

149 I(b ,bi ) <+ M * V(b ,bi ) / rb;

150 I(b ,bi ) <+ white_noise(4.0 * ‘C_K * thermocrasia / rb);

151 I(b ,bsi) <+ M * V(b ,bsi) / rsb;

152 I(b ,bsi) <+ white_noise(4.0 * ‘C_K * thermocrasia / rsb);

153 I(b ,bdi) <+ M * V(b ,bdi) / rdb;

154 I(b ,bdi) <+ white_noise(4.0 * ‘C_K * thermocrasia / rdb);

155 I(bi,bsi) <+ M * V(bi,bsi) * 2.0 / rdsb;

156 I(bi,bsi) <+ white_noise(4.0 * ‘C_K * thermocrasia * 2.0 / rdsb);

157 I(bi,bdi) <+ M * V(bi,bdi) * 2.0 / rdsb;

158 I(bi,bdi) <+ white_noise(4.0 * ‘C_K * thermocrasia * 2.0 / rdsb);

159 ‘endif
ekv3 extrinsic rc.va
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ekv3 extract debug.va
1 begin : EXTRACTING_RESULTS

2 @(initial_step) $strobe("START_DEBUG %m");

3 @(final_step) $strobe("VGB:%g \t VSB:%g \t VDB:%g",V(g)-V(b),V(s)-V(b),V(d)-V(b));

4 @(final_step) $strobe("qs:%g \t qdp:%g",qs,qdp);

5 @(final_step) $strobe("END_DEBUG %m");

6 //

7 //extract info to file (ekv3_debug.txt)

8 //uncomment the "integer file" command at the ekv3_variables.va file

9 //

10 //@(initial_step) file = $fopen("ekv3_debug.txt");

11 //@(final_step) $fstrobe(file,"VGB:%g \t VSB:%g \t VDB:%g",V(g)-V(b),V(s)-V(b),V(d)-V(b));

12 //@(final_step) $fstrobe(file,"qs:%g \t qdp:%g",qs,qdp);

13 //@(final_step) $fclose(file);

14 end

15

16
ekv3 extract debug.va

ekv3 all.va
1 ‘define ALL 1

2

3 ‘define DC_S

4 ‘include "ekv3.va"

5 ‘undef DC_S

6

7 ‘define DC

8 ‘include "ekv3.va"

9 ‘undef DC

10

11 ‘define RF_S

12 ‘include "ekv3.va"

13 ‘undef RF_S

14

15 ‘define RF

16 ‘include "ekv3.va"

17 ‘undef RF

18

19 ‘define NQS

20 ‘include "ekv3.va"

21 ‘undef NQS

22

23 ‘undef ALL
ekv3 all.va

¤
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Par�rthma Bþ

Tupikì set paramètrwn

'Ena analutikì montèlo qrhsimopoieÐ mÐa parametropoihmènh an�lush ètsi ¸ste na
mporeÐ na prosarmìsei thn sumperifor�, thn opoÐa problèpei, se èna pl joc dia-
foretik¸n teqnologi¸n. Oi par�metroi tou k�je montèlou sqetÐzontai me thn ka-
taskeuastik  diadikasÐa mÐac teqnologÐac, ta ulik� pou qrhsimopoioÔntai ìpwc kai
�lla qarakthristik� thc k�je teqnologÐac. Jewrhtik� mil¸ntac, up�rqei mÐa eujeÐa
fusik  sÔndesh twn par�metrwn tou k�je montèlou me thn kataskeuastik  diadikasÐa
thc teqnologÐac, all� o eujÔc upologismìc touc eÐnai mÐa diadikasÐa polÔ dÔskolh
me kajìlou jetik� apotelèsmata. 'Allwste, up�rqei kai èna sÔnolo paramètrwn pou
èqoun kajar� empeirikì qarakt ra kai h exagwg  touc eÐnai adÔnath apì mÐa tètoia
an�lush. Sunep¸c h exagwg  twn tim¸n twn paramètrwn gÐnetai me krit rio thn te-
lik  hlektrik  sumperifor� enìc montèlou se sqèsh me metr seic pou èqoun gÐnei se
diat�xeic thc sugkekrimènhc teqnologÐac.

Sunep¸c èna montèlo, gia na eÐnai qrhstikì, ofeÐlei na sunodeÔetai apì èna sÔ-
nolo tim¸n gia tic paramètrouc tou pou perigr�fei mÐa sugkekrimènh pragmatik  te-
qnologÐa. Shmei¸netai ìti sthn kwdikopoÐhsh enìc montèlou, gia k�je mÐa par�metro
problèpetai mÐa tim  se perÐptwsh pou den oristeÐ argìtera apì ton sqediast . To
sÔnolo aut¸n twn prokajorismènwn tim¸n dÔnatai   na perigr�fei mÐa pragmatik 
tupik  teqnologÐa thc epoq c,   na antistoiqeÐ se mÐa idanik  perÐptwsh teqnologÐac,
kai èqontac h qr sh touc perissìtero ekpaideutikì qarakt ra. Se k�je perÐptwsh ì-
mwc, ofeÐlei èna set paramètrwn na problèpei ta basik� fainìmena pou parathroÔntai
sta MOSFET kai k�noun thn qr sh touc leitourgik  sto plaÐsio twn kuklwm�twn.

Shmei¸netai epÐshc ìti gia thn exagwg  twn paramètrwn mÐac teqnologÐac ex�gon-
tai oi par�metroi tou montèlou melet¸ntac tic diat�xeic thc teqnologÐac. Oi diat�xeic
autèc èqoun diast�seic tètoiec ¸ste na eÐnai mèsa stic dunatìthtec thc teqnologÐ-
ac na kataskeuastoÔn. Qarakthristikìterh eÐnai h el�qisth di�stash tou m kouc
tou kanalioÔ enìc tranzÐstor, h opoÐa dÐnei, en gènei kai ìqi austhr�, kai to ìnoma
thc teqnologÐac. Apì thn �llh up�rqei kai èna el�qisto pl�toc tou kanalioÔ twn
diat�xewn to opoÐo den tautÐzetai anagkastik� me to el�qisto m koc. Sunep¸c, to
k�je sÔnolo tim¸n gia tic paramètrouc, pou perigr�fei mÐa teqnologÐa èqei nìhma
na qrhsimopoieÐtai gia diat�xeic pou èqoun diast�seic mèsa sta ìria thc teqnologÐac
aut c, kai ìqi gia mikrìterec diat�xeic.

Sto par�rthma autì parousi�zontai dÔo tupik� sÔnola tim¸n gia mÐa teqnologÐa
CMOS 180nm, me el�qisth dunat  di�stash sqedÐashc sto m koc thn onomastik  thc
kai el�qisth di�stash sto pl�toc thn 320nm. Oi timèc twn paramètrwn aut¸n den
antistoiqoÔn se mÐa pragmatik  teqnologÐa, all� èqoun exaqjeÐ met� apì thn melèth
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mÐac seir�c teqnologi¸n kontin¸n gewmetrik¸n ikanot twn kai mÐa sqetik  stroggu-
lopoÐhsh aut¸n gia lìgouc aplìthtac. KalÔptei to èna sÔnolo thn perÐptwsh twn
nMOS tranzÐstor, en¸ to deÔtero thn perÐptwsh twn pMOS. H qr sh touc mporeÐ na
parèqei ston sqediast  mÐa poiotik  ektÐmhsh thc leitourgÐac twn kuklwm�twn tou
me b�sh mÐa teqnologÐa antÐstoiqou gewmetrikoÔ qarakthrismoÔ. Oi par�metroi ja
dojoÔn se morf  thc gl¸ssac tou prosomoiwt  SPICE. To sÔnolo twn tim¸n twn
paramètrwn mÐac teqnologÐac anafèretai wc k�rta montèlou (model card). Oi k�rtec
montèlwn pou akoloujoÔn, anafèrontai sto montèlo EKV301.01 to opoÐo basÐzetai
sthn montelopoÐhsh pou parousi�zetai kai melet�tai se aut n thn diatrib .

nMOSFET k�rta montèlou
.model CMOS180n ekv3
**************************
*** GENERAL PARAMETERS ***
**************************
+ SIGN = 1
+ TNOM = 27.00
+ TG = -1.000
+ XL = 0.000
+ XW = 0.000
+ SCALE = 1.000
*****************************
*** MAIN MODEL PARAMETERS ***
*****************************
+ VTO = 313.0m
+ COX = 12.50m
+ XJ = 20.00n
+ PHIF = 457.0m
+ GAMMA = 415.0m
+ GAMMAG = 12.00
+ N0 = 1.025
***********************
*** QUANTUM EFFECTS ***
***********************
+ AQMA = 400.0m
+ AQMI = 500.0m
+ ETAQM = 750.0m
***********************************
*** MOBILITY RELATED PARAMETERS ***
***********************************
+ KP = 255.0u
*** SURFACE SCATTERING
+ E0 = 900.0MEG
+ E1 = 150.0MEG
+ ETA = 666.7m
*** COULOMB SCATTERING
+ ZC = 1.000u
+ THC = 0.000
*********************************************
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*** DRAIN INDUCED THRESHOLD VOLTAGE SHIFT ***
*********************************************
+ FPROUT = 1.000G
+ PDITS = 0.000
+ PDITSL = 0.000
+ PDITSD = 0.000
+ DDITS = 0.000
*******************************
*** MOBILITY LENGTH SCALING ***
*******************************
+ KA = 0.000
+ LA = 1.000u
+ KB = 0.000
+ LB = 1.000u
******************************
*** MOBILITY WIDTH SCALING ***
******************************
+ WKP1 = 2.200u
+ WKP2 = 50.00m
+ WKP3 = 500.0m
***************************************************************
*** LONG AND WIDE CHANNEL CORRECTIONS FOR THRESHOLD VOLTAGE ***
*** AND BODY EFFECT COEFFICIENT ***
***************************************************************
+ LVT = 1.000
+ WVT = 1.000
+ AVT = 0.000
+ LGAM = 1.000
+ WGAM = 1.000
+ AGAM = 0.000
***************************
*** GEOMETRY PARAMETERS ***
***************************
+ DL = -20.00n
+ DW = -22.00n
+ DLC = 2.000n
+ DWC = 0.000
+ LL = 0.000
+ LLN = 1.000
+ WDL = 0.000
+ LDW = 0.000
*************************
*** SERIES RESISTANCE ***
*************************
+ RLX = 60.00u
************************************
*** REVERSE SHORT CHANNEL EFFECT ***
************************************
+ LR = 60.00n
+ QLR = 2.700m
+ NLR = 10.00m
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+ FLR = 2.000
*************************************
*** INVERSE NARROW CHANNEL EFFECT ***
*************************************
+ WR = 80.00n
+ QWR = 500.0u
+ NWR = 0.000
**********************
*** CHARGE SHARING ***
**********************
+ NCS = 0.000
+ LETA0 = 0.000
+ LETA = 500.0m
+ LETA2 = 0.000
+ WETA = 0.000
**********************************************************
*** VELOCISTY SATURATION AND CHANNEL LENGTH MODULATION ***
**********************************************************
+ UCRIT = 4.500MEG
+ LAMBDA = 600.0m
+ DELTA = 2.000
+ ACLM = 830.0m
**************************************
*** DRAIN INDUCED BARRIER LOWERING ***
**************************************
+ ETAD = 900.0m
+ SIGMAD = 1.000
****************************
*** OVERLAP CAPACITANCES ***
****************************
+ LOV = 35.00n
+ GAMMAOV = 7.000
+ VFBOV = 0.000
+ VOV = 1.000
*****************************
*** FRINGING CAPACITANCES ***
*****************************
+ KJF = 0.000
+ CJF = 200.0m
*********************************
*** IMPACT IOANZATION CURRENT ***
*********************************
+ IBA = 0.000
+ IBB = 400.0MEG
+ IBN = 1.000
********************
*** GATE CURRENT ***
********************
+ KG = 0.000
+ XB = 5.500
+ EB = 22.00G
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+ LOVIG = 30.00n
************************
*** EDGE CONDUCTANCE ***
************************
+ WEDGE = 0.000
+ DPHIEDGE = 0.000
+ DGAMMAEDGE = 0.000
*********************
*** FLICKER NOISE ***
*********************
+ AF = 1.000
+ KF = 0.000
***********************************
*** GEOMETRY SCALING PARAMETERS ***
***********************************
*** SURFACE SCATTERING
+ WE0 = 0.000
+ WE1 = 0.000
*** SERIES RESISTANCE
+ WRLX = 0.000
*** VELOCITY SATURATION AND CHANNEL LENGTH MODULATION
+ WUCRIT = 0.000
+ WLAMBDA = 0.000
+ WUCEX = 0.000
*** DRAIN INDUCED BARRIER LOWERING
+ WETAD = 0.000
*** REVERSE SHORT CHANNEL EFFECT
+ WLR = 0.000
+ WQLR = 0.000
+ WNLR = 0.000
*** INVERSE NARROW CHANNEL EFFECT
+ LWR = 0.000
+ LQWR = 0.000
+ LNWR = 0.000
*** EDGE CONDUCTANCE
+ LDPHIEDGE = 0.000
+ WDPHIEDGE = 0.000
+ WLDPHIEDGE = 0.000
+ WLDGAMMAEDGE = 0.000
******************************
*** TEMPERATURE PARAMETERS ***
******************************
*** THRESHOLD VOLTAGE
+ TCV = 800.0u
*** MOBILITY
+ BEX = -1.400
*** SURFACE SCATTERIN
+ TETA = -1.000m
+ TE0EX = -1.500
+ TE1EX = 0.000
*** VELOCITY SATURATION AND CHANNEL LENGTH MODULATION
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+ UCEX = 1.500
+ TLAMBDA = 300.0m
*** IMPACT IONIZATION CURRENT
+ IBBT = 0.000
*** GEMOMETRY SCALING FOR THRESHOLD VOLTAGE TEMPERATURE COEFFICIENT
+ TCVL = 0.000
+ TCVW = 0.000
+ TCVWL = 0.000
*** RESISTANCES
+ TR = -500.0u
+ TR2 = 0.000
************************
*** JUNCTION DIODES ***
*** ASSYMETRIC MODEL ***
************************
***
*** SOURCE SIDE
***
+ NJS = 1.077
+ JSS = 475.0n
+ JSSWS = 300.0n
+ JSSWGS = 300.0n
+ MJS = 510.9m
+ MJSWS = 399.6m
+ MJSWGS = 1.796
+ PBS = 886.9m
+ PBSWS = 203.7m
+ PBSWGS = 203.7m
+ CJS = 1.000m
+ CJSWS = 40.00p
+ CJSWGS = 40.00p
+ NJTSS = 3.197
+ NJTSSWS = 3.020
+ NJTSSWGS = 3.020
+ VTSS = 920.8m
+ VTSSWS = 994.4m
+ VTSSWGS = 994.4m
+ XJBVS = 0.000
+ BVS = 10.00
+ XTIS = 5.200
+ TNJTSS = 0.000
+ TNJTSSWS = 0.000
+ TNJTSSWGS = 0.000
***
*** DRAIN SIDE
***
+ NJD = 1.077
+ JSD = 475.0n
+ JSSWD = 300.0n
+ JSSWGS = 300.0n
+ MJD = 510.9m
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+ MJSWD = 399.6m
+ MJSWGD = 1.796
+ PBD = 886.9m
+ PBSWD = 203.7m
+ PBSWGD = 203.7m
+ CJD = 1.000m
+ CJSWD = 40.00p
+ CJSWGD = 40.00p
+ NJTSD = 3.197
+ NJTSSWD = 3.020
+ NJTSSWGD = 3.020
+ VTSD = 920.8m
+ VTSSWD = 994.4m
+ VTSSWGD = 994.4m
+ XJBVD = 0.000
+ BVD = 10.00
+ XTID = 5.200
+ TNJTSD = 0.000
+ TNJTSSWD = 0.000
+ TNJTSSWGD = 0.000
***
*** BOTH SIDES - COMMON PARAMETERS
***
+ GMIN = 0.000
+ TCJ = 832.7u
+ TCJSW = 1.067m
+ TCJSWG = 1.067m
+ TPB = 1.514m
+ TPBSW = -864.1u
+ TPBSWG = -864.1u
***
*** SPICE GEOMETRIC MODEL
***
+ HDIF = 400.0n
+ LDIF = 0.000
***********************
*** GATE RESISTANCE ***
***********************
+ RGSH = 4.500
+ GC = 2.000
************************************
*** SUBSTRATE RESISTANCE NETWORK ***
************************************
+ RDSBSH = 200.0K
+ RBWSH = 2.000m
+ RSBWSH = 40.00m
+ RDBWSH = 40.00m

pMOSFET k�rta montèlou
.model CMOS180p ekv3
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**************************
*** GENERAL PARAMETERS ***
**************************
+ SIGN = -1.000
+ TNOM = 27.00
+ TG = -1.000
+ QOFF = 0.000
+ XL = 0.000
+ XW = 0.000
+ SCALE = 1.000
*****************************
*** MAIN MODEL PARAMETERS ***
*****************************
+ VTO = -440.0m
+ COX = 12.30m
+ XJ = 20.00n
+ PHIF = 420.0m
+ GAMMA = 415.5m
+ GAMMAG = 12.00
+ N0 = 1.025
***********************
*** QUANTUM EFFECTS ***
***********************
+ AQMA = 400.0m
+ AQMI = 500.0m
+ ETAQM = 750.0m
***********************************
*** MOBILITY RELATED PARAMETERS ***
***********************************
+ KP = 132.0u
*** SURFACE SCATTERING
+ E0 = 1.000G
+ E1 = 111.0MEG
+ ETA = 500.0m
*** COULOMB SCATTERING
+ ZC = 1.000u
+ THC = 0.000
*********************************************
*** DRAIN INDUCED THRESHOLD VOLTAGE SHIFT ***
*********************************************
+ FPROUT = 1.000G
+ PDITS = 0.000
+ PDITSL = 0.000
+ PDITSD = 0.000
+ DDITS = 0.000
*******************************
*** MOBILITY LENGTH SCALING ***
*******************************
+ KA = 0.000
+ LA = 1.000u
+ KB = 0.000
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+ LB = 1.000u
******************************
*** MOBILITY WIDTH SCALING ***
******************************
+ WKP1 = 350.0n
+ WKP2 = 450.0m
+ WKP3 = 500.0m
***************************************************************
*** LONG AND WIDE CHANNEL CORRECTIONS FOR THRESHOLD VOLTAGE ***
*** AND BODY EFFECT COEFFICIENT ***
***************************************************************
+ LVT = 1.000
+ WVT = 1.000
+ AVT = 0.000
+ LGAM = 1.000
+ WGAM = 1.000
+ AGAM = 0.000
***************************
*** GEOMETRY PARAMETERS ***
***************************
+ DL = -22.00n
+ DW = 15.00n
+ DLC = 0.000
+ DWC = 0.000
+ LL = 0.000
+ LLN = 1.000
+ WDL = 0.000
+ LDW = 0.000
*************************
*** SERIES RESISTANCE ***
*************************
+ RLX = 150.0u
************************************
*** REVERSE SHORT CHANNEL EFFECT ***
************************************
+ LR = 60.00n
+ QLR = 1.050m
+ NLR = 10.00m
+ FLR = 2.000
*************************************
*** INVERSE NARROW CHANNEL EFFECT ***
*************************************
+ WR = 80.00n
+ QWR = 0.000
+ NWR = 0.000
**********************
*** CHARGE SHARING ***
**********************
+ NCS = 0.000
+ LETA0 = 1.000MEG
+ LETA = 300.0m
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+ LETA2 = 0.000
+ WETA = 0.000
**********************************************************
*** VELOCISTY SATURATION AND CHANNEL LENGTH MODULATION ***
**********************************************************
+ UCRIT = 12.00MEG
+ LAMBDA = 750.0m
+ DELTA = 1.650
+ ACLM = 830.0m
**************************************
*** DRAIN INDUCED BARRIER LOWERING ***
**************************************
+ ETAD = 950.0m
+ SIGMAD = 1.000
****************************
*** OVERLAP CAPACITANCES ***
****************************
+ LOV = 35.00n
+ GAMMAOV = 7.000
+ VFBOV = 0.000
+ VOV = 1.000
*****************************
*** FRINGING CAPACITANCES ***
*****************************
+ KJF = 0.000
+ CJF = 200.0m
*********************************
*** IMPACT IOANZATION CURRENT ***
*********************************
+ IBA = 0.000
+ IBB = 400.0MEG
+ IBN = 1.000
********************
*** GATE CURRENT ***
********************
+ KG = 0.000
+ XB = 5.500
+ EB = 22.00G
+ LOVIG = 30.00n
************************
*** EDGE CONDUCTANCE ***
************************
+ WEDGE = 0.000
+ DPHIEDGE = 0.000
+ DGAMMAEDGE = 0.000
*********************
*** FLICKER NOISE ***
*********************
+ AF = 1.000
+ KF = 0.000
***********************************
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*** GEOMETRY SCALING PARAMETERS ***
***********************************
*** SURFACE SCATTERING
+ WE0 = 0.000
+ WE1 = 0.000
*** SERIES RESISTANCE
+ WRLX = 0.000
*** VELOCITY SATURATION AND CHANNEL LENGTH MODULATION
+ WUCRIT = 0.000
+ WLAMBDA = 0.000
+ WUCEX = 0.000
*** DRAIN INDUCED BARRIER LOWERING
+ WETAD = 0.000
*** REVERSE SHORT CHANNEL EFFECT
+ WLR = 0.000
+ WQLR = 0.000
+ WNLR = 0.000
*** INVERSE NARROW CHANNEL EFFECT
+ LWR = 0.000
+ LQWR = 0.000
+ LNWR = 0.000
*** EDGE CONDUCTANCE
+ LDPHIEDGE = 0.000
+ WDPHIEDGE = 0.000
+ WLDPHIEDGE = 0.000
+ WLDGAMMAEDGE = 0.000
******************************
*** TEMPERATURE PARAMETERS ***
******************************
*** THRESHOLD VOLTAGE
+ TCV = 1.200m
*** MOBILITY
+ BEX = -600.0m
*** SURFACE SCATTERIN
+ TETA = 0.000
+ TE0EX = -1.500
+ TE1EX = 0.000
*** VELOCITY SATURATION AND CHANNEL LENGTH MODULATION
+ UCEX = 1.700
+ TLAMBDA = 0.000
*** IMPACT IONIZATION CURRENT
+ IBBT = 0.000
*** GEMOMETRY SCALING FOR THRESHOLD VOLTAGE TEMPERATURE COEFFICIENT
+ TCVL = 0.000
+ TCVW = 0.000
+ TCVWL = 0.000
*** RESISTANCES
+ TR = 500.0u
+ TR2 = 0.000
************************
*** JUNCTION DIODES ***
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*** ASSYMETRIC MODEL ***
************************
***
*** SOURCE SIDE
***
+ NJS = 1.077
+ JSS = 475.0n
+ JSSWS = 300.0n
+ JSSWGS = 300.0n
+ MJS = 510.9m
+ MJSWS = 399.6m
+ MJSWGS = 1.796
+ PBS = 886.9m
+ PBSWS = 203.7m
+ PBSWGS = 3.079
+ CJS = 1.000m
+ CJSWS = 40.00p
+ CJSWGS = 40.00p
+ NJTSS = 3.197
+ NJTSSWS = 3.020
+ NJTSSWGS = 3.020
+ VTSS = 920.8m
+ VTSSWS = 994.4m
+ VTSSWGS = 994.4m
+ XJBVS = 0.000
+ BVS = 10.00
+ XTIS = 5.200
+ TNJTSS = 0.000
+ TNJTSSWS = 0.000
+ TNJTSSWGS = 0.000
***
*** DRAIN SIDE
***
+ NJD = 1.077
+ JSD = 475.0n
+ JSSWD = 300.0n
+ JSSWGD = 300.0n
+ MJD = 510.9m
+ MJSWD = 399.6m
+ MJSWGD = 1.796
+ PBD = 886.9m
+ PBSWD = 203.7m
+ PBSWGD = 3.079
+ CJD = 1.000m
+ CJSWD = 40.00p
+ CJSWGD = 40.00p
+ NJTSD = 3.197
+ NJTSSWD = 3.020
+ NJTSSWGD = 3.020
+ VTSD = 920.8m
+ VTSSWD = 994.4m
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+ VTSSWGD = 994.4m
+ XJBVD = 0.000
+ BVD = 10.00
+ XTID = 5.200
+ TNJTSD = 0.000
+ TNJTSSWD = 0.000
+ TNJTSSWGD = 0.000
***
*** BOTH SIDES - COMMON PARAMETERS
***
+ GMIN = 0.000
+ TCJ = 832.7u
+ TCJSW = 1.067m
+ TCJSWG = 0.000
+ TPB = 1.514m
+ TPBSW = -864.1u
+ TPBSWG = 0.000
***
*** SPICE GEOMETRIC MODEL
***
+ HDIF = 400.0n
+ LDIF = 0.000
***********************
*** GATE RESISTANCE ***
***********************
+ RGSH = 15.00
+ GC = 2.000
************************************
*** SUBSTRATE RESISTANCE NETWORK ***
************************************
+ RDSBSH = 120.0K
+ RBWSH = 5.500m
+ RSBWSH = 110.0m
+ RDBWSH = 110.0m

¤
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Par�rthma Bþ. Tupikì set paramètrwn
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