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Abstract

Graphene's exceptional properties, including strength, flexibility, and electrical conductivity,
have propelled it to the forefront of materials science since its isolation in 2004. Graphene field
effect transistors (GFETSs), and particularly those utilizing liquid gating techniques (LG-GFETs),
have emerged as superb tools in biosensing and neural interface technology. This thesis explores
the potential of LG-GFET array chips, taking advantage of graphene's unique properties to enable
sensitive, real-time detection of biological signals. Through electrical characterization and ion
sensitivity experiments the foundation for the integration of LG-GFETs to be integrated into next-
generation biosensors and neural signal processing devices has been laid. The presented findings
not only deepen the understanding of LG-GFETs but also propel the usage of LG-GFETs in neural

cells data acquisition.

Keywords: graphene, GFET, liquid gate, pH sensor, ion sensitivity, biosensor
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Iepiinyn

Ot e€oupetikéc 1010TNTEC TOL YpaPeviov, Om®G M avtoyr, M &veMéio Kot 1 MAEKTPIKY
AY@YOTNTO, TO £XOVV 0ONYNOEL GTO TPOCKNVIO TG EXCTIUNG TWV VAIKAOV 0O TNV EPYACTNPLOKT
amopOV®GT| Tov, To 2004, puéypt ko onpepa. Ta tpaviictop enidpacnc tediov pe KavaAl ypapeviov
(Graphene Field Effect Transistors — GFETs), kot dtaitepa ovté OV YPNGILOTOI00V TEXVIKEG
vypng moAng (Liquid Gate GFETs — LG-GFETs), &ovv avadeyfel og Pacikd epyodreion otnv
texvoroyia frootsOnmpwv Kot veupikadv dterapdv. H mapovoa epyacia diepeuvd Tig duvatoTnTeg
tov towt cvotoryiag LG-GFET og avtotc toug topeic, a&lomotdvtog Tig LovadtkeS WO10TNTEG TOV
YPaPEVIOV Yo va Kataotel duvatn 1 evaicOn aviyvevon PoAOYIKOV oNUAT®OV GE TPOYUOTIKO
YPOVO. MEG® TTEPAUATOV NAEKTPIKOD YOPOKTNPIGLOV Kot LOVTIKNG evaicOnoiag tifevtat ot acelg
wote to. LG-GFET va evoopatowbodv ce froasOntmpeg endpevng yevidg Kot GUGKEVEG AYNG
veupkav onuatov. Ta gvpnuata mov tapovstdlovtat oyt povo pfabbvovy v Katavonon tov
LG-GFETs aAAd ka1 wpowBovv e&erilelg oty ypnion LG-GFET ywo amdktnon onudtov amd

VELPIKE KOTTOPO.

AéEe1g-Kle1d1d: ypoapévio, tpov{ioTtop EMOPATHS TEILOD Ypopeviov, vypy wOLN, oiadntipos pH,

10vtiky evaiotnaia, frooicOntipog
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1 Ewcaymyn

1 Ewcaymyn

To ypapévio, £va LOVOATOUIKO GTPAOUO ATOU®V dvOpaka dlateToyUévav o€ e£aymVIKO TAEY LA,
amotelel pia EvOelEn g dNUIOVPYIKOTNTAG TG EMGTAUNG TV VAKOV. H avakdAivym tov to 2004
[1] dvoige o véa emoyn dvvatoTHTOV, KAHMG OVTO TO OATOUIKA AETTO VAIKO Tapovcldlel
ACVAANTTEG 1O1OTNTEG TTOV OEV GLVASGOVV LE TO UKPOGKOTIKO TOV péyeboc. Amo v a&toonueim
AVTOY1| TOV, TOV EEMEPVA AKOUN KO TOV YOAVPL Kol TO SLOAVTL, LEYPL TNV gVKOyia, TN Stopdveio
KOL TNV NAEKTPIKT AyOYLUOTNTO, TO YPOUPEVIO CLYKEVTPMOOE Kot EE0KOAOVOEL VO GLYKEVTPMVEL TO

EVOLLPEPOV TOV EPELINTAV KOt TOV pnyavikev [2], [3], [4].

To tehevtaio ypovia, to tpaviictop emidpacnc mediov and ypagévio (Graphene Field Effect
Transistors — GFETs) éyovv oavadeybel oe emikevipo tng €peuvag, 10img oTOV TOREN TOV
BroaicOnmpov kot e Aymg vevpikav onpdtov. Ta GFETs vypng moing (Liquid Gate GFETs —
LG-GFETs) éyovv mpoceikioel v mpocoy] Adym Tng tKavOTnTdg TOLG VO EVOMUOTOVOVTOL
anpoéokonTo pe Proloyikd mePPAALOVTIO, TPOCEEPOVTAS O10GVVOEST) TOV NMAEKTPOVIKAOV LE
Bloroywd cvotuata. Avtég ol eEgMiEelc vtooyovTol Oyt uovo T PEATIOON TNG VYELOVOUIKNG
nepiBoiymc péosm Proaictnmpov, aArd kot ™ Ponbeio atop®V e avammpieg Lo acONTpwv
avayvmong VEupiKaV onudtov, avolyovtag to dpouo yia ) Pertioon g emtkovoviog Kot v

OMOKATAGTAOT) TG KWVNTIKNG Asttovpyiag [5], [6].

H mopodoa epyacia €xet o¢ otoxo va gupabioverl otg wwutepodtreg tov LG-GFET,
TapoLGLALovTog TIG Pactkés apyEs Kot Tig TBavEG EpapUOoYES TOVS. MEG® TOL YOPAKTNPIGHOD TOV
LG-GFET tout mov amoxtOnkav and to AteBvég Epyoaotiplo Navoteyvoroyiag g IPnpkng
(International Iberian Nanotechnology Laboratory — INL), n mapobca epyacio emdoidkel va eEdyet
TIG TOPAUETPOLS TTOL €lvat Kpioipeg yio v a&loddynon kot HeAETN TG anddoot| tovs. Emmiéov,
OTOOEIKVOOVTAG TNV VOGN Gi0 TOVG 6Ta 1OVTA Kot T SLUPATOTNTAE TOVS pe ProAoyikd dtoAvpota,
N épevva avtn Bétel Tic PAoelg Yo LEAAOVTIKEG EQAPLOYEC OTOV TOUEN TNG PLONAEKTPOVIKIG Kol

NG TEYVOAOYIOG VEVPIKDV SETUPDV.
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2 To ypagpévio

To ypaévio glvar £va S1601406TaTo TAEY O O TOU®V dvOpaKa, ATOpKOD TéYOLs, SoUNUEV OE o
woyvpn koyeroewdn popen [1], [3] kot €yel TPOGEAKVGEL OMUOVTIKO EVOLUPEPOV LETA THV
gpyaotnplokn Tov avakdivym to 2004 [1]. Me kprtp1o to whyog Tov propet va, d1akpldei oe Tpelg
KOTNYOPIES: TO HOVOSTPOUATIKO YPOQéVIo (Thyog €vOg otdpov GvOpoaka), 10 SCTPOUATIKO
YPaPEVIo (Téyovg dV0 atdp®mV dvOpaKka) KOl TO TOAVGTPOUATIKO YPUPEVIO (TTOXOVG TPLOV £MG
evvéa atopmv avipaka) [1]. H Brocvpfatdmmra, 1 vynin ay@ydtnTo Kot 1) VYNnA Pyovikn
avOEKTIKOTNTA ELVOL YOPOKTNPLOTIKA TOL YPAPEVIOV OV TO KOOIGTOVV EPELVNTIKADG EVILAPEPOV
Ao [5]. Ta tedevtaio ypdvia ypnoiponoteitor yio ) Kotaokevn tpaviiotop, yeyovog mov

EMOEIKVIEL TNV IKOVOTNTA TOL GTNV OViYVELST SLVOUKADV [7].

Eicova 0.1: ypopixn avaropaotaon ypageviov [8]

2.1  Aom Tov ypa@eviov

Ot povadikeg 1010tTeG TOV Ypapeviov elval amdppolo TG MAEKTPOVIKNG OOUNG Tov ov Oa
avarvBel mapokdto. To dopkd otoryeio Tov ypapeviov, o avOpakog (6C ), €lvan To ékTO GTOLYEID
oV TTePLodkoy mivaxa (2" mepiodog Ko 14" opdda) ko n Kotavoun twv 6 NAEKTpoviwV Tov gival
15%25%2p,'2py,* 2p,° (Ewdvo 0.2(ar)). Haporo mov 1 evepyewokt otabpn 2p, ivar 16odovapun pe
Tig 6100peg 2p, Ko 2Py, yi0. €VKOAia, Stotnpeitar kevn. To Gropo tov GvOpaka Aowmov et 4
Nhektpovio 60Evoug Ta omoia ivarl tkavé vo. Snpovpyicovy vRpLdid Tpoytakd sp, sp? kat sp3.
T mepintoon mov dnpovpyndodv sp? tpoyloid ToTE Tpia yertovikd dropa dvOpaka potpdlovrat
NAEKTPOVIOL KOl £TGL ONUIOVPYEITOL 1] YOPAKTPIOTIKY] KLYEAOEIONG LOPPT] TOV LOVOSTPOLLOTIKOV
ypapeviov. Kdabe dropo dvOpaka porpdletot petald tpidv kKoyeMowv, GUVETMG KABE KLYWELN Exel

Beopntikd 6/3 = 2 oAoKANpa dtopa avOpaka [9].
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Xmv Ewova 0.2(g) eaiveton mog yivetoan n €voon HeTald V0 YEITOVIKOV atOpmV dvOpaxa.
AvaAvTtikd, dnpovpyovviat Evag T OEoUOG LETAED TV 2P, TPOYIOKOV (o€ ETITEOO TAPAAANAO LE
10 eminedo Tov POALOV YpuPEVIOV) Kot Evag o decpdG PETAED TV SP? VPPIBIKGOY TpoYIaKdY. O 0
8e0OC KATAPEPVEL e TOAD LKpT| aTtopky omdotaot poig ~1.424 mov eivon pikpdtepn axdpa
Kol amd 10 Seopd Tmv sp3 VRPISIKOY TpoyLoKOY THV Evmong GvOpoxo — GvOpaKa 6To SLopdvTL.
INo avtd 170 AOYO TO LOVOSTPOUATIKO YPOUPEVIO EYEL TOAD KAAEG UNYOVIKES 1010t TEG. EmmAéov ot
T 0eGUOTL gV EMTPETOLV VoL dNpovpyNBovv peydieg van der Waals duvapelg peta&d 600 @OAA®V
YPAPEVIOV GTO SIGTPOUATIKO Kol TO TOAVGTPOUOTIKO Ypapévio [9]. TéLog, 6T0 HOVOSTPMUATIKO
ypapévio N Lovn ayoyodtntog kot 1 {dvn 60Evoug Exouv UNdevikd evepyelakd Kevo AOY® TV T

Ko 7 {ovav Tov dnpovpyovvtan [10].

(B) A 2p, orbital sp? orbital 2p, orbital

2px  2py 2p, S
Zs 0

sigma

(a)

A
——
o T
[ % |
e ,,)
\ >
L § 2
e
—e
Energy

(v)

J ' \
Hybrids shown ®

together X

y
+ %x = spzhybnds
2py ‘

Ewcova 0.2: Atopo avOpoxo [9]

2.2 To miéypa Tov YpaPeviov

O sp? vBp1iopde, mov avoADONKe TaPATAV®D, 0dNYEL GE tic KLWELOEST LOPPT|. ZVYKEKPILEVA,
omwg eaivetar oty Ewova 0.3, 1 doun tov ypageviov meptypdeetal og Eva eEay@vikd mAEYLOL e
Baon 6vo atopwv. H Bdon tov ypapeviov givar popfog kot meptiapfavel dvo dropa 1 kot 2 tao

omoia EYovV amOGTUCN Apr = 1.42A [11].
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Eucove 0.3: H povadiaio kowelido tov ypageviov ue ta drouo I kot 2, to diaviouoro féone ay kol oy
Kal 1] amooTach 000 YEITOVIKWY aTouwy avlpaxo. (carbon - carbon) a .

To dwodidotata dwavocuata Pdong eivor oto 1010 emimedo pe 10 ypapévio kot ekepalovtol
ATOKAEIOTIKA 6E MG TPOG TIG oLVTETAYUEVEG X Kot y. Ta Stovdopato Pdong o kol &z TOL
TAEYLLOTOG TOV YPOUPEVIOL UopovV va eKPpacBovv mg e€Ng:

LA EBN (13
O =|za—a) kg =|;a-—a 0.1)

, omov a = |og] = |a;| = 2.46A  eivar n otabepd mAéypatoc. H otabepd miéypotog eivar n
amoOoTOoT HETOED HovadimV KEMADV Kol SpEPEL amd TNV AmOCTAGT dV0 YEITOVIKOV ATOU®V

avOpoxa a.. [11].

Ta evepyslokd dSwoyplppoto ek@pAlovtol 6Tov K-Y®Po, 0 0moiog €lval 0 UETAGYNUOTIOUOG
Fourier tov mpaypatikod ydpov, ondte eKTOS TG AVAADOTG GTOV TPAYLOTIKO YMOPO £ival ypnoiun

Kot M avdAvon otov k-yopo [10].

To. StavdopoTe Tov TALYHATOS GVASTPOPOL XHDPOoL by Kot b, OV tkavomolovy Tig GLVONKES O -

—

— — —
b; = a3 - b, = 27 ko1 cUVOfKeS ;- by, = @5 - by = 0 divovron and g oyéoeic:

171:(2_”,2_”> mlb—z’:(z_”,_z_”) 02)
a /3« a’ \3a :
Ymv Ewova 0.4 paivetol to mpokvmtov mAEYHa 6ToV avacTpo®o Ydpo. Me ykpilo ypopa givol
ypouatiopévn n tpat {ovn Brillouin [11]. H mpd {dvn Brillouin opiletar o¢ to chvoro tmv
onUei®V TOL AVAGTPOPOL YMPOL oV gival mo kovid oto onueio (0,0) amd 6,T1 oe omolodNToOTE
dAlo onueio Tov avdaotpoeov mAypatog [12]. Idwaitepng onuociog ywo ™ mEPLypaer NG
evepyelaxkng doung eivan ta onueio vyming covppetpiog K, K™ ko M mov gaivovrtatl oty Ewdva

0.4 [11].
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X X

X X
X

X X
X

X X X

Ewcova 0.4: To avtiarpopo wAEyuo e LOVOTTPWUOTIKIGS YPOPEVIOD, OOV O GTAVPOL DITOONADVOVY
opoifaio mAéyua kai to orovoouato bl kor b2 eivar tpwtapyika dravoouota tAéyuorog. To okioouévo
elaywvo vrodeikvoer v mpwn {ovy Brillouin [11]

2.3  IowtnTeg ypagpeviov

H tayeio vioBéon tov ypapeviov ®G VAIKOD EVOOPEPOVTOC £YKELTAL GTO TOIKIAO GUVOAO
acvvinOetv Wit tev Tov [4]. To ypagévio drabétel moALég e€atpeTikég 1010t TEG OGOV APOPA
TNV OTTIKY OPAVELL, TNV NAEKTPIKT QYOYILOTNTA, UNXOVIKT ovToyn Kot OEpLiKT] ay@ydtnTa

[3].

H niextpovikn dopun tov ypageviov umopet vo meptypoael pnoILOTOIOVTAG LU0, XOUIATOVIOVY
TPOGEYYLON IGYVPOV OEGLOV €€ auTiog TV OAANAETOPACEDY TOV TPMOTOV YeLTOVmV (tight-binding
Hamiltonian), | omoia 0dnyel o€ avaivTtiKég ADGELS Yo TV EvEPYELOKT] TOL dtaomopd. To povtédo

aVTO KOTOANYEL TNV €ENG OYXEOM YL TNV EVEPYELQL:

V3-k,-a k,-a k,-a
Zx - COS yz + 4 - cos? yz

(0.3)

Ei(ke ky) =y, \/1 +4 - cos

, OOV Y M evépyela KPavTikng LeTAPaon TANGIESTEP®V YEITOVDV (TVUTTIKEG TIHEG 2.9 — 3.1el/),
k= (kx, ky) 0 dtévuopo g npmng Ldvng Brillouin kot a n otabepd mAéypatoc. Baoer g

oyxéong (0.3) mpoxvmtel TO0 TANPEG EVEPYELOKO O1dypappa Tov @aivetol oty Ewova 0.5.
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(b)

Ewcova 0.5: a) Tpiodicorozn doun evepyeionmv (v, (e KOKKIVO ypmUo. YOIVETAL 1] KOWELIOO. TOD
ypageviov p) ueyéovon oe éva anod to onueio. Dirac [13]

Ot NAEKTPOVIKEG WOOTNTES TOL YPOPEVIOL UTOPOVV £TGL VO TEPLYPAPOVV OO €va. LOVTELOD
dpalov eepuioviov Dirac kovtd oto onueio ovdetepdtntog @optiov (neutrality point), pe
YPOUIKY S10GTOPA KOl GUUUETPia NAekTpovimy - ondv. Avtoi ot "Dirac kdvol" gopéwv (ondv
Kot niektpovinv) gppavifovtar otig yovieg g (dvng Brillouin, ta onpeia g onoiag epdmtovton
oto eninedo Fermi, o0nwg ansikoviCetar omnv Ewova 0.5(a). Ta €51 onueio 6mov ot kwvotr Dirac

epanTovtal, avapépoviot og ta onueia Dirac onueio [10].

Extég tov nhektpikodv wiottov, afloonpeioteg ivor kot ot punyavikég womtes. Omwg o
YPAPITNG KOl TO SAUAVTL, £TCL KOL TO YPOUPEVIO TOPOVSIALEL TOAD KOAN UNXOVIKT avOeKTIKOTNTO.
Av10, 6 cLVOLACUO pE TNV ATAOTNTO TNG EVOOUATMOOTG TOV 01010V TOL YPOPEVIOL GE UNTPES
KOl TO GYETIKA @ONVO KOGTOG TOL AETTOD YpapiTn, KaO1GTOOV To VAIKA 00T EPETIKEG EMAOYEG
YL UNYOVIKY] evioyvoon. Ao v GAAN TAeVpd, TO YPapEvio peavilel TG0 VYNAN avtoyn o€ Eva
puoévo @UALO, YEYOVOG OV TO KOOOTA €vo TOAAG LTOGYOUEVO LAKO Yoo e€opetikd AEmTéG
EQUPUOYES VOVO-NAEKTPOUNYOVIKOV cLoThUdToV (nano-electromechanical systems — NEMS),
omwg avinyeio kol acOntpeg micong [4]. Extoc amd v eoupetikn avioyn, To ypopéVio
napovctilel emiong eEopeTikny admEPATOTNTA. AVTO OQEIAETOL GTNV VYNAN TLUKVOTNTA
NAEKTPOVI®OV GTOVS OPOUATIKOVG OOKTUAOVUG TOL Kol GTNV EVEPYELD TOV OECUAOV AvOpaka-

avOpoxa [14].
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H &0 Ogppomra (C) opileton wg n petafoin g evepyslakne mokvotnrag (U) kabmg n
Oepuoxpacio (T) perapdrieton katd 1K, C = dU/dT. H €0k Oeppomra kabopilet 1660 v
TocOTNTO NG OEPUKNG EVEPYELOG TOVL AmOONKEVETAL GE £voL GO OGO Kot TO TOGO YPYOPd TO
ocopo yoyetow 1 Oepuaiverar, ypdvoc o omoiog opileton Oepuikn otabepd ypdvov (7). [a t0
LOVOOTPOUOTIKO Ypapévio 1 Bepuikr] otabepd ypdvov eivor mepimov 0,1 ns, ekatd @opég
HiKpOTEPN Oamd NV ovtiotoyn otabfepd GAA®v vavodopwmv [14]. H elopetikn Oeppuxn
AYOYOTNTO TOV YpoPeviov 10 kaBloTd TOAAG VTOGYOUEVO Yoo TNV amoymyr Oeppotrog o€
STAEELG VAVOKAILOKOG, OAAG VITAPYOVY TEPLOPIGUOL TOL TPOKOAOVVTAL OO JEMUPAVEIEG KO

VAKa 6mtmg To Si02 [15].

Otov 0 ypopitng METOTPEMETOL GE HOVOOUTOUKO YpOa@EVIOV, yiveToaw mOAD  SloQavig.
2uvoualovtag To NAEKTPIKA KO OTTIKG YOPAKTNPLIOTIKA, TO YPOPEVIO TPOGPEPEL SVVATOTNTES MG
EVOALOKTIKY AVom 6To akpld KAaoikd 0&eidio vdiov-, kaoottépov (Indium Tin Oxide — ITO),
OV YPNCLLOTOIEITOL Y10 POV oYY emicTpwon yo. 000veg. O GUVOLAGHOG TG LYNANG
AYOYLUOTNTOG TV VUEVIMV, TNG OTTIKNG OLPAVELNS, TNG YNILIKNG KO UNYOVIKNG 6TafepOTNTOS Kot
TOV YOUNAOD KOGTOVG TOL YNUIKE OMOAETIGUEVOL YPAPEVIOL GE GUYKPLoN UE TO 0EEIDL0 vdiov-,
kaoo1tépov (Indium Tin Oxide — ITO) vrodeucviel dueca Tn ¥PNON TOL YPAPEVIOL MG SLOPAVES
NAEKTPOO0 Yo VYPOVG KPLGTAAAOVS 1| MALOKEG KLWELEG KOOMG KOl G OL0pOVES EVKOALUTTO

NAekTpodiov yia froroyikovg opyavicpovg [4], [6].
2.4 Teyvikég ovvOeong Ypa@eviov

To ypagévio cuvtiBeton TALov e d1popeg TeXVIKEG. Metd v avakdAvyn tov to 2004 pe
péBodo "scotch tape" (Unyovik| amoAEmion/amrokOAANGN) avorTuyOnKay dtipopes HEBodOL Yo
dNpovpyio CTPOUATOV Kot AETT®OV vUeVIOV ypageviov. H ynun evandbeon atudv (Chemical
vapor deposition — CVD), n ymuikn amoAémion ko n ynukn cvvheon peta&d dAlov (Ewkova 0.6)
elval PEPIKES amd TIG EVPEMG YPNOUOTOIOVUEVES TEXVIKES Yo T cVuvBeom ypapeviov pe T CVD

va glvan 1 o dnpoPing [16].

H CVD egivon pa teyvikny obvBeong omd kdtm mTpog to Téve Kol YPTCLLOTOLEITOL GUYVA 6T
Brounyavio, KaBhG pmopel vo mapdyel YpoeEvio VYNANG TotdTNToG o€ Heyain kAipoaka. Kotd
OUIPKELD OVTNG TNG OOIKAGTIOG AAUPAVOLY YDPO YNUIKES OVTIOPAGELS LVYNANG Beppokpaciog

petalld aepiov vopoyovavOpakwv (m.y. axetvlévio — CoHo ko pebdvio — CHa) wou piog
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KOTOAVTIKNG UETOAMKNG em@Avelng (YoAKOc N vikéAo) &vtog evog Baidpov avtidpaong ue
eleyyopeves ouvvlnkeg Beppoxpaciog, mieong kot pvBuod porg aepiov. Zro Zynuo 2.14
napovotaletar £va Tumkd opyovo CVD pe dha ta eapmuotd tov. [a v gvepyomoinomn tng
myNg dvBpaka ypnoyorotovviar 6vo depyacieg CVD: n Begpuiky CVD kot n evieyvpévn pe
midopa CVD (Plasma-Enhanced CVD — PECVD) [16], [17].

Control
system

_ ,_,,,_,,,,_,,,,T’
/ A

. Y

\ e Reaction Vacuum detector
\/‘“ﬂ’ﬁup —

chamber

B!
-n‘—lﬂ
Mass flow @

llers
controllers ’_‘u Valve

Plasma source

Exova 0.6: Zynuotixo oicypopyua evog tomikod eéorliouod CVD [18]
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3 Tpaviictop emiopacng mediov Ypa@eviov pe vypn TOAN
3.1 Basics of GFETs

‘Eva FET etvon pior nAektpovikn otdtosn Tpidv akpodEKT®V OOV 1) ay®ydtta Heta&d 600
AKPOOEKTMV: 1) TNYN Kot 0 omary®yoc, pubuiletor and to nAekTpikd medio mov dnpovpysiton omd
TOV TPiTO aKPOSEKTN, TNV TOAN. H mOAN Aettovpyel og otoryeio eAéyyov mov kabopilel v aywyn
VYNAOL 1 YooV pedpaTog, enttpémovtag T xpnon 1ov FET o¢ dtokontn. Ao puoikng amoyng,
0 €AeYY0G aVTOG EMTLYYAVETOL KAODG 1) TOAN SLUOPPDVEL TNV TUKVOTNTA TV EAVOEPOV PopEmV

07O KOVAAL HeTa&h TG TyNG Kot TOV 0ay®yov, To omoio supfatikd ivatl vobevuévo mopitio [19].

g avtifeon pe o mapadocsiokd MOSFET, ota GFET 10 kavdi etvar anhdg ypagévio. H mpdtn
avaeepopevn [20] ovokevn FET and ypagévio aneikoviletar oty Ewkdva 0.7. AkodovBmvtag
ocvppatikn dopn twv FET, 10 dmAektpikd micm mOANG ftav éva oTtpmdpa 610&€1diov Tov Tupttiov
(S102) xdT® amd T0 KavaAL Ypaeeviov Kol £Vo VIOTOPIGUEVO VITOGTPMLLN TUPLTIOL AELTOVPYOVCE
o¢ mico mOAN. [Ipdxertonr o g TOAD ¥PGIUN GLGKELT] Yo GKOTOVS AmoOdEIENg g Bempilog
(proof-of-concept), aAAd £xel peydAeg TOPACITIKES YOPNTIKOTNTEG. 2 €K TOVTOL, TO 2007 [21]
elonyOn o véa doun, pe kopveaio woAn [22].

b Top Gat
(a)Source Drain ( )Source op e Drain

Graphene
( Graphene

Dopped Si Dopped Si
:Metal :Metal
Back Gate Back Gate

Ewxovo 0.7: Aoy GFETS: (a) wiow woing, (b) duming moling [22].

2ta cvpPatikd FET 10 pedpa péet péom tov Kavaitoh pnovo pe m mapovasio tdong moing (Betikn
v Vv mepintoon NMOS, apvnrikn yia v nepintoon PMOS), avtiBeta 1o ypagévio elval and

™ eVOoT Tov ayDYHo Kot emopuévag oto. GFET vrdpyet mévta o pukpn pon pevpatog. Emmiéov,

10
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ota GFETs 10 kavaAl ypagpeviov evepyomoteitan 1660 yio OeTikéG 0G0 Kol Yo apVNTIKEG TAGELS
moang. Olo to mpoavaeepBévto @atvopeva odnyoblv ©€ O OUQUIOAKT] YOPOKTNPIOTIKY|

petapopds pevpatos-taons (Ewdva 0.8.a) [22].

>to GFET 1 epappolopevn tdomn moAng kabopilel tov TOmo twv eopéwv (nAexktpdvia 1 omég)
070 Kavail. Meydleg OeTikég TAGELG TOANG 001 YOVV GE GUGGOPEVOT NAEKTPOVIOV GTO KOVAAL, EVHD
LEYAAES OPVNTIKEG TAGELG TOANG 001 YOUV GE GLGCMOPEVGT OOV (amoVTia NAEKTPOVimV). AvTol ot
2 TOTOL Ay YNG £XOVV G OMOTELEG O TOVG 800 KAAd0UG TG I; — V; Kapumding mov ywpilovtot amd
éva onuelo ovdetepdTNTOG pevpatog 1 Omwg ovopdletonr onueio Dirac (Ewdva 0.8.a).
A&oonueiot givorn adrayf Tov emmédov Fermi tov ypageviov (Ewdve 0.8.b). IV, > Vi 4iracs
n evépyela Fermi av&avetar: n {ovn 60évoug dieodvet ot {Ovn ay@ylotnTog Kot oonyetl og
aywyn niektpoviov. Amd v GAkn mhevpd, yio Vy < Vg girae M evépyela Fermi peidverar Kot

Lovn 60£vous GUPPIKVAOVETAL, 00NYDVTOS GE ay@YLOTTO OtV [23].

MOSFET 1 (b)

Hole conduction

p-doped pristine n-doped

Electron conduction

E;- Conduction
band

Valence
band

Drain current (mA)
&
T

| MOSFET 2

05 \ Dirac point

OO 1 L 1
-3 -2 g 0 1 - 3 dirac point Gate Voltage

Top-gate voltage (V)

Ewcova 0.8: (a) Tomixa yopaxtypiotikd puetopopds yio. 60vo GFETs [22], (b) n petafoln tov emimédon
Fermi tov ypapeviov ue v epopuolouevn toon moing

H Betikr| 1don mov epappoletor omv micm mwOAN dnuovpyel éva NAEKTPIKO medio TOL
TPOGEAKVEL NAEKTPOVIA paKpld amd Tor dTopa avOpaka. Avti 1 Oladikacia eival Yvootn og
NAEKTPOOTATIKO VTOTIVYK. Avadutikotepa, 1 Ewova 0.9 anewcovilel Tt oupPaivel omn cuokeun
otav gpappdleton Vg > 0. H Betikn tdon mdAng TpocseAkvet To NAEKTPOVIO KaL, KOTA GUVETELD,
onuovpyel Betikd popticpéves meployéc mov ovopalovral "omég" kdtm amd to SiOx. Katd
GULVETELQ, O1 OTEG TPOGEAKVOLV Ta apvnTIKA Poptia Tov SiO2 aprvovtag pia agbovia Oetikdv
Qoptiov akpPmg KAT® amd 10 Ypaeévio. Avtd Ta OeTikd Qoptio TPOGEAKVOVY Ta NAEKTPOVIOL

TOV YPAPEVIOL KOt TG TO ATOLOVAOVOLV a0 TOL ATOU AVOPOKOL, ETTPETOVTAS TOLG VO KIVOOVTOL

11
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vd TV €QapUOYN Thons amaywyov. H epappoynq apyntikng tdong moing €xet to avtibeto
OTOTEAECUO. ZTNV TEPITTMOT TOV YPNOLUOTOIOVVTOL Kol Ol dVO TOUAEC, M pia «Bondasyy v
AN 0OMNYDOVTAG GE OPICUEVT] AYYILOTNTO PEVIOTOG E YOUNAOTEPT €QaprolOpEVT) TAOT KoL

OTLG OVO TUAEC.

Top Gate
Source Drain

dain graphene
[CRCHCRCRCRCRONONONONOR O X
- metal
B sio,
Y Si
0000OOOOOOOOOOOO Graphene/SiO,
interface
Back Gate
V>0

Eixova 0.9: H emidpaon e epapuoyns Vy > 0 oty miow noin evog GFET

H epappoyn tdong amaymyod eivor amapoitntn yio v mwapokolobOnon g kivnong tov
eopéwv. Ot I; — V; YopoKTnploTIKEG TOV LOVOCSTPMUATIKOD Ypageviov cuvtifeviolr and Tpelg
Coveg: N meployn TPLOSOL, TN HOVOTOAKY TEPLOYN] KOPECUOD KOl TNV OUQUIOAIKT TEPLOYN|
kopeopoV. H Ewdva 0.10 amewkovilel 1 O10QOPETIKY] CUUTEPIPOPE TOV KAVOALOL Yoo TS 3
neployE Asttovpyiag. Znv meproyn I (meployn tp1ddov) To ped e LETOPEPETAL OO OTEG GE OAO TO
pnkog Tov kavaiov. Kabog avEaveror n Vg, 10 pedpo anayoyod @Tével 6€ KOPEGUO Kot TEAMKA
10 tpaviicTop Asrtovpyel ot povomolky| meployn kopespov (mepoyn II) oto onueio kopmmg
Vas = Vas,crie)- Otav 1o Vg Eemepaoet 10 Vg crir, T0 TpaviicTop €10EPYETON OTNV QUQITOAKT
neployn kopecpov (meproyn ). Evtog avtig g meproyng mOAmong, ot popeic 610 Kavait etvat

NAEKTPOVIOL GTNV TAEVPE TOL OTAYYOL Kol OTEG GTNV TAELPE TG TNYNG [22], [24], [25].
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Liquid Gate

(®) £ et

Zerog,, /—X
Region IlI 3 S 7 2 ‘
(second linear region) l I (. \ ( Y \ \
Source IS NN Drain

Inflection point

Vf;r_' = Vosiait /’\

i ] L]
""-"""“'“"“'e
1 eeed

Eixova 0.10: (a) Xopoxtnpiotikés puetapopds g — Vg yio dragpopenird Vy [22], (b) ameikovion tng
OVYKEVIPWONG POPEDY 0TO KOVAAl ypapeviov [25].

3.2 Liquid gate GFETs

Drain current

Region Il

Region |

Drain-source voltage

Enexteivovtag v teyvoroyia twv GFET pe dve moAn, to cuvi0mg ypnoiionotodieve, oteped
dmAeKTpKd pmopovv vo ovikatactafovv ond éva vypd (liquid-gate GFET, LG-GFET). X¢
tétoteg Olatdéelg, to tpaviictop eivar wovo vo Agttovpyel oe mOAD yoUNAN TAOT, £MEWN TO
duvapkd moANGg epapudletar ota mhyovg vavouétpov electrical double-layers (EDL) movu
oynuatifovral otic Slemedveleg ypageviov - niektpoivtn. H duvatdotnta aviyvevong pkpov
aAloy®V oTIG YopaKTnPloTikéS petaeopds tov GFET avolyst 1o dpduo yuo vmepevaicOntm
Broaviyvevon [26]. Ztmv Ewdva 0.11 anewoviCetan éva LG-GFET pe e€mtepixd niektpdolo dvw

TOANG.
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3 Tpav(ictop enidpaong mediov Ypapeviov e vYPH TOAN

Top gate electrode

g8 .
Source Drain

I I

passivation
|:| liquid gate

graphene

B metal
— 2 sio,
A\ Back Gate .

ds Si
I
Eiwcova 0.11: Aiaraén GFET vypnc molng ue ewtepikd niektpodio avw moing

Ou apyéc Aertovpyiag tov LG-GFET dev dweépovv and ta GFET omicOug moAng mov
napovctafovror oty vroevotra 3.1 oy Ewdva 0.9. H dapopd £ykertar 610 yeYOvOg Tmg To
VYPO dpa »¢ poveortg Katd avtiotoryio pe o Si02 ota tvmwkd GFETs nicw moing. H tavtodypovn
YPNOT TOL NAEKTPOSIOL TNG v TOHANG Ko TNG oM TOANG UTOPEL VAL EVICYVGEL T AglTovpyio TNG

TaPATAVEO O1dTaENG, KaBmG 1 EvepyoToinoTn TOV NAEKTPOVIOY TOVL Ypaeeviov Ba elval o).
3.3 Eoeoappoyéc GFETs

Ta Tpaviictop enidpaong mediov ypapeviov (GFET) Ppiockoviar otnv awypr g tevoroying
BroasOntpwv, TPoGPEPOVTOS L0 EVEAKTT TAATEOPLLA Yo TV avixvevon Plodelktdv acheveldv
pe moA koA evaucnoio kot akpipeta. «Asttovpywonoiwvrocy (functionalizing) to ypagévio pe
vrodoyelg Popopiov, 6mwg aviicopata 1 aviyvevtég DNA, ta GFETs pmopotdv va cuvoebovv
EMAEKTIKA pe Plopdpla-ctoyovg o€ ddhvpa, petapaloviag PloAoyikd onpote oe NAEKTPIKEG
e€odovg [27]. Avty n wavotto emétpeye TV avdmtuén mponyuévev Brooctntipov, pe
mopdoetypa v oviyvevon tov SARS-CoV-2 [28] kat dapopmv aAlov Bropopiov [29], [30],
avadekvoovtag TG 1epdotieg dvvatottes tov GFETs yw v enavdotaon ot didyvoon g

VYEOVOLKNG TTEPpiBaiymg.

Exto¢ and 11g tkavdmtéc Tovg ot Proaviyvevon, to GFETs vtdsyovion moAld Ko otov Topéa
TOV VELPOVIKAV OETAPDV, OTMG ATOOEIKVVETOL OO TNV EPUPLOYT TOVG GTI XOPTOYPAPNCN TG

eykepolkng Opaoctnpotrag [31], [32]. Xpnowonowwvtag cvototyieg evkaumtov GFETs,
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epeuvnTég [32] métuyay a&loonUel®wTn ETTVYi0 GTNV KOTOYPOQPT EYKEQPOAKOV CUAT®V in Vivo,
avTayoviLopevol Tic ouupatikéc pebddovg mov Paciloviatl 6€ LIKPONAEKTPOILN, EVHD TPOCPEPOVY
EEYMPIOTA TAEOVEKTILLOTA OTIMG 1 EVIGYVOT TOV GNUOTOS KOl 1] EVOOUATM®ON VYNANG TUKVOTNTOG.
EmuAéov, ot cuveyilopeveg e£eMEEIC OTNV EVOOUATMOT] VAK®V, OTMOS 0 GLVIVAGLOG YPOPEVIOV
HE VTOCTPM®UATH VITPOioL Tov Popiov, £xovv TN dvvaTOTNTO VO PEATIOCOLY TEPUITEP® TNV
anddoon towv GFET, avolyovtag to dpopo ywoo tqv dupeon aviyvevon tng opactnploTnTog ToL
eykepdrlov. Me 1 opikpvvon, v TPOGIT TN Kot 1 CLUPATOTNTAE TOVG UE TIG OUOKOGIEG
KOTOOKELNG Nuaywyov, ot Brooctntipeg GFET eivar étoyot va @épovv emavdaotacn ot
dwyvootikn og onuelo mepiBoiymg [27], O0nwg amodewkvdeTon amd tov av&avopevo Gyko
BiBAoypapiag mov TEKUNPLOVEL TNV EMTLYIOL TOLG KOU TNV EKTETOUEVT] VI0OETNON TOVG O

Brotatpikn épevva.

(=)

~

R

Eicova 0.12: (a) avamapdotaon evog eUPOTEDUOTOS TOV TOTOOETEITOL GTHY ETLPAVELQ. TOD EYKEPCAOD
apovpaiov (b) avarapaotaon e KePalns eVOS EUPDTEDUATOS YPaPEVIOD ue orataln tpaviiorop
Ypapeviov 4 x4 ka1 ypouuéS opodoaciag, (¢) oratoun evog eDKOUTTOD TPOVLITTOP YPAPEVIOD UE YPOPEVIO
HETALD THG EXAPNIS TNYNG KOL OTOYWY0D TOV KOADTTOVTOL A0 HovwTiko pwtoovlextico SUS [32]

3.4 To INL chip

Xmv mopovoa epyacio ypnoiponoteitor kot avoaivetor oegodikd éva tout pe GFET (Ewova
0.13) mov katackevdotnke amd 1o Iberian Nanotechnology Laboratory (INL) [26]. Avtd 10 T01t
evoopatovel 20 GFETs dutAng mOAnG, pHeudvVOVTag TV TOALTAOKOTNTO TOV MAEKTPIKAOV
HETPNOEMV KOl EVIGYVOVTOS TIG OuvatodTnTeS OAoKANpwonc. O mupnvog tov ot (Ewova 0.13.b)
amoteAeiTol oo £va LTOCTP®LA TVPLTIOL TAV® 6To 0Toio katackevdlovtol ta GFET. Ewdwotepa,
M doun Tov TVPNVA YWPIleTal cVUUETPIKA GE VO TAELPES, kabepia amd T omoleg dlabétet Eva
KOO NAekTpodto myng mov dtocvvoéel 10 GFETSs, kot vapyovv cvuvolikd 20 dwatdéelc oe éva
toun. Méo® tevVIKOV cuYKOAANoNG KaAwdiwv Kot PCB ta nlektpdota eivar cuvdedepéva e Toug

akpodékteg Tov Towt (Ewova 0.13.1).
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«®I‘|Iﬁmi “ I:[ ||rig|htﬁe‘“
k Liguid Gatte (4

(<)
Back Gate (27)
Ewcovo 0.13: a) tpiodidoroty ometkovion tov toix, b) tpiodiaototy amsikovion twv 20 GFETS o kovtivo
TAavo, ¢) kolo{ eikovawv omtikoD HiKkpookoriov wov deiyvel tig 20 diotalels ue ap1Buovs oo
DITOOELKVDOVY THV QVTIGTOLYIO, LE TOVS OKPOOEKTES, d) ametkovion twv 20 GFETS kai kovtivo wAavo twv
POV YPapevIo, €) pmToYPOPIo. TV TOIT KAl f) YapToypagnon te OVIIoTOLIOG TV GKPOIEKTOV UUE TO,
niextpooia.

To LG-GFET katackevaloviot cuvnmg xopig To NAEKTpOS1o Gved TOANG KOl OTN GUVEXELN
npootifetar éva eEmTEpKO PETOAMKO mMAekTpdOo Yoo Tig perpnoelg (Ewova 0.11). To
OCLYKEKPIUEVO TOIT EMITPENEL TOV EVEMKTO OYEOAGUO TNG Odtaing twv TtpaviicTop Kot TV
KOTOOKELN EMOQOV eMmedng texvorloyiog He eviaior MOOYPOQIK HACKO, EVOMUATOVOVTOG TO
NAeKTPOS10 TOANG KOl KOOIGTAOVTOG TO GUVETITEDO e Ta NAEKTPOSIO TNYNG KOl ATOCTPAYYIoNG

[26].
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4 Hlexktpikog Xapaktnpiopnog ko E€aymyn Hopapétpov
4.1 Me0Bodoroyio

Oleg o1 petpnoelg mov mopovcslalovial GTNV TPoLGH EPYACIO TPOYUATOTOMONKOY GTO
"Epyactpro HAiektpuov Xapaxmmpiopod" oto INN tov EKEOE "AHMOKPITOX". Tw T1g
kaumoreg I — V ypnopomomOnke o HP 4155A Semiconductor Parameter Analyzer. O HP 4155A
etvat £va NAEKTPOVIKO OPYOVO Yo T HETPNOT) KOl AVAALGT] TOV YOPAKTNPIOTIKOV TOV SIOTAEEDY
nuayoyov. Mropetl va extedéoet TANpelg petpnoels, kabmg pmopet va cuvdebel e Aoyiopiko
LabView 1 va xpnNGHLOTOMGEL TIC TPOEYKATESTNUEVES LOPPES peTpnoemy. To HP4155A ftav
ouvdedepévo og évav microprober manipulator station mov Ppioketon péoa oe éva dark box.
Emniéov, petpndnkav xopmdreg C —V yio v TEWPOUATIKT] HETPNON TNG YOPNTIKOTNTAG TOV
VYPOL TNG GV® TOANG TPOG TO MAEKTPOSo mOANG. [ ™ Ayn avtov tev dedopévav

ypnowonomOnke 1o 6pyavo LCR HP4284A.
4.2 XopoKTNPLGTIKES KOUTOLEG

Ymv Ewova 0.14 mapovoialovton o koumoreg Iy — V; v Vy ano 0V €wg 0,4V yu to FET
26 20 pe to myaot moAvpepovg yepdto (0,3ml) pe anestayuévo vepo. I Vy = 0V 1o pedpa
anay®yol gtvat, 0nwg avapevotay, eniong 0. To onueio Dirac petaxiveiton mpog ta 0e€id pe v
avénon g 1dong arocstpdyyons. Avtod copPaivel Adym ¢ peimong g evépyelag Fermi kabag
av&aveton 1 téom otig enaPés. o drotdéelg pe apeimodo YopaKIPIGTIKA, OTMS TO YPOPEVIO, TO
xapmAdtepo pevpa evtomileton kel Omov n TOAN oAAALEL TO enimedo Fermi o Babud mov 1 Eyyvon
QopEmV peTalld myNg Kot amoostpdyylong eElcopponeital. Aedopévov 0tL  V,; tpomomotel v

&yyvon eopéwv, n TOAN otV omoia eviomiletan 1o eAdyioto pedpo Bo aAraéer emiong [33].
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800

Drain Voltage, Vd (V)
— 0.0
— 0.1
~ — 0.2
— 0.3
— 0.4

0- 150191 DI CHAMBER
26_20 DAY 1
T

40 -05 00 05 10 15

Voltage Gate, Vg (V)
Ewxova 0.14: 1q — Vi kourdieg yra Vg arxd OV péypr 0.4V yiocto FET 26_20

Xmv Ewova 0.15 moapovcialovtan ot yapaktnprotikég kaumdreg I; — V,; vy to FET 26 20 pe
10 OdAapo Torlvpepovg yepdto (0,3ml) pe ameotaypévo vepo. I'evikd, e&aipovpévng g KOUmHAng
Yo Undevikn téion TOANG, Le TV avénon g Tdong THANG 1 KAlon g KapmoAng, 1 oroia 1covTon
HE TNV ay®yoTnTa, auEavetal, oOnAadr n oviictaon petdveral. Avtd eivor Aoywd agod 660
vynAdtepn gival 1 Tdom TOANG TOGO PEYAAVTEPT] EIVOL 1] CLYKEVIPOGT] POPEMV GTO YPAPEVIO KoL
CLVETMG TOGO 7o oy®ywo yivetor ITo ocvykekpuéva, yioo Sl0QOPeTIKEG TpEG g Vj
TOPOTNPOVVTAL SIUPOPETIKEG GLUTEPLPOPES: Yia. Vy = OV m kapmvAn eivon kopth, yio V; = 0.2V n
KopumdAn aAralel KopmoAomTa 610 péco g Kat ywa V; > 0.2V 6Aeg o1 Kapmvreg £xouv v idio
nopen (koileg) ko tetvovy va @tacovv og £va mhatod. Kabog avéavetor n epapuolopevn V;, n
ovumeplpopd g ddtalng yivetar opkn (otabepn kion). H adlaynq ot cvumepipopd g
Kapumoing ano V; = 0.2V oe V; = 0.4V deiyver 0t1 1o onueio Dirac Bpicketar petald avtov tov

d00 TIUOV.
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800+
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150191 DI CHAMBER
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Drain Voltage, Vd (V)
Eiwova 0.15: (a) Iqg — Vg y10. Vg amd OV péypr 1V yroto FET 25_20

H Ewovo 0.16 deiyver ™ drapopetiky couneptpopd yio Vy < Vg girge ko1 y100 Vg > Vg girqe. H

160N Vg girac = 0.34V givor n npdn 0Ny 0omoia n KaumdAN 6ev aAAAlel KAUTLAOTNTO OMOTE TO

onueio Dirac Bpioketor petagd 0,32V ko 0,34V. Erniong, oto Ewdva 0.16.b @aivovior ot 3

neproyég Aettovpyiag evog GFET mov culntOnkav oto vrokepdiowo 3.1.

(@)

Drain Current, Id (uA
g 8

Gate Voltage, Vg (V)
— 0.2

0.22
0.24
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0.28
0.3

0.32
0.34
0.36
0.38
04

150191 DI CHAMBER
25_20 DAY 1

00

4.3

0.1

02 03

04 05 06

Drain Voltage, Vd (V)
Eiwova 0.16: (a) Iq — Vg koumoin yia Vg yopw ard 10 Vg girac, () 1qg — Vg koumdin yra Vy = 0.2V,
omov paivovrol o1 3 meployés Aertovpyiog evos GFET: 1) mepiroyn tprodiov, 1) mepioyn povorodixod
Kopeopov kot 1) mwepioyn oupirorixod kopeauotv [24].

Eoyoyn napapéTpov

500

A
N
o
o

w

o

o
L

Drain Current, Id (uA)
g 8

(b) Gate Voltage, Vg (V)

— 0.2

i}
1l
I

150191 DI CHAMBER
25_20 DAY 1

0.0 0.1 0.2 0.3 04 0.5 0.6

Drain Voltage, Vd (V)

Ao Tig mapomdve KoUmTOAES pmopohv va e€oyBobv ypagnuata yio T Jly@yluodTnTo, TNV

eEOTEPIKT Ay yoOTNTO, TNV Ovtiotaon K.o. kabmg kot va eEayBovv otabepés TapaueTpot yo 1o

YPOPEVIO Ko T Agttovpyio TV Tpoviiotop. Ot KOUTOAES AVTIGTOGTC LTOPOVY VO TPOKVYOLV Ot
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TG Kapmores Iy — V. OvkaumdAeg avtiotaons wg tpog Ty tdon moAng (Euova 0.17) poxdntovy
amd ™) oyxéon R =V /1, av epoppootel otig kapndreg oty Ewova 0.14. Kabdg 1 tdon mding
minowalel v tdomn mOAng oto onueio Dirac, 1 avtictaon avédvetor AOY® NG UeElwONG TV
eopéwv. H Ewova 0.17.b deiyvel T1g KapumOAES ovTIOTAOTG LETATOTICUEVES TTPOG TOL OPLOTEPH KATA
Vg, dirac Ko1 £T61 6iyver 6tin avtictaon, og pa meployf pokpld amd 1o Vy girqc, 06V e€aptrot omd

™V €QapROlOLEVT] TAGT OTTAYYOV.

1.84(a) Drain Voltage, Vd (V) 1.84(b) Drain Voltage, Vd (V)
— 0.1 — 0.1
—~1.6- — 02| ~16- — 02
G — 03| G — 03
4 4
~1.41 — 04| —14- — 04
o o
® 1.2 w12
o [S]
C c
1.0 $1.01
2 @
3 0.8 8 0.8-
o o
0.6 1 0.6
150191 DI CHAMBER 150191 DI CHAMBER]
04 T T T T 25_20 ?AY1 0.4 T T T T 25_20 PAY"
-1.0 -0.5 0.0 0.5 1.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
Gate Voltage, Vg (V) Gate Voltage, Vg-Vg,dirac (V)

Eicova 0.17: Koumdleg avtioraons covaptioer ¢ taons ToANS (a) kol covopTioel TS TaoHS TOANG

_Vg,dirac (b)

H avtiotaon mov @aivetar ommv Ewodva 0.17 eivon n "mnpng" avtictoon g dwdtagng,
CLUTEPTAOUPAVOUEVIG TNG OVTIGTAONG TOV YPOPEVIOL Kot TNG ovTiotaong enagng. [To avaivtikd
[34] n ewovilopevn avtiotaon divetor and ™ ox€on Rior = Renannet + Reontacts OOV Rehannet:
N avticTaoN TOL YPAPEVIOL GTNV MEPLOYN MOV KOAVTTETOL Omd TNV Ave TOAN, Reontact: N
aVTIGTOON TOL YPUPEVIOL GTNV AKAAVTTY TEPLOYN CLV TNV AVTICTOCT TOV EMAP®V (SlEMPAveLD

YPOPEVIOV-ETAPNG). TNV TaPoVSa S1ATan LILAPYOLY 2 ETAPES Kot KABOAOV AKAAVTTO YPOPEVIO,

omote Reontact = 2R, ma R, yuo kGO emapn.

Ewova 0.18 deiyver v mpocappoyn [33] g dvo oyéong ota melpapatikd dedopéva.
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(a) O data (Vd=0.1v) (b)
Rc=2.916E+02
141 — n0=2.676E+14 141
a‘ u=8.349E+01 a‘
4 X
~ 1.2 ~ 1.2
x 12 x
g 8
c ] 04
S 10 10
-— -—
R K
3 3
o 081 x 0.8+
0.64 0.6
-0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Gate Voltage, Vg (V) Gate Voltage, Vg (V)

Eicova 0.18: n mpooopuoyn [33] e avw ayéong ota weipouatixa dedouéva. yio. (a) Vg = 0.1V ko yia
(b) yra dAeg Tig peTpovueves taoels amoywyod tov taiw 150191 ue 10 Tyadl molouepois YeUaTo LE VEPO.

O Ilivakag 0.1 mopovoialer Tic e€oypeveg mopapéTpovg and T mpocapuoyés oty Ewova
0.18.b. IMapatnpeitar 6TL KOOMG AVEAVETOL 1| TACT OTAYWOYOV, 1] OVTIGTOOT ETAPNG LEWDVETAL, M

EVATOUEVOVGO GLUYKEVTIPMOOT] TV QPOPEMV OVEAVETOL KOl T OTOTEAECUOTIKY KvNTIKOTNTO

LLELOVETOAL.

Hivaxag 0.1: mopauetpor mov elayOniav omo v mpocopuoyn atny Eixova 0.18.

Contact Resistance — Residual Carrier Effective Mobility —
Va(V) R (0 Concentration — m2
Cc ( ) n, (/mZ) ”eff( /Vs)
0.1 290.2 3.14 - 1014 71.29
0.2 282 3.48 - 10 67.79
0.3 274.4 3.96 - 101 64.52
0.4 264.6 4,62 -10% 59.41
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5 Xpnon tov INL chip wg arcOntmpa pH

5  Xpnion tov INL chip og aweOnmipo pH

H dvvatdmrta tov toin va ypnotpomombet og asOntipoc pH amoteAel pio onpovtiky tpdodo
010 medio Twv ProiaTpikdv epappoymv. H dwukprtikn wavdémra tov toir INL va aviyvedoovv
dwpopég oto pH vroypappilet v evonsOnoio tovg ota 1W6vta Kot BEtel véeg Pdoelg yia ) xpnon
avtov TV to1r INL og froaicOntpov. H ayoyipomta tov ypageviov ota LG-FETs mapovcialet
e&aptnon and to pH 10V SrwAVpaTOg TOL YPNCIOTOLEiTIL MG PEGO TOANG. To eawvopevo avtd
pumopel vo omodobel otTig Ogpeldoelg apy€c TG MAEKTPOYNUIKNAG 1COPPOTING Kol OTNV
aAAnieniopaon petald tov ypaeeviov Kot Tov MAekTpoAdtn. Otav ce éva vdaTkd dtdAvpa
npootifeton 0&H, N ovykévipoon Tav vdpofoviov (H;0%) awavetar cOUPOVO UE TN YNUIKA
eoppomia Tov d1émel T d1dAvon TV OEvev edv. Eva mapddstypo avtng g dtadikaciog pmopet
va mapotnpnOel oty avtidpacn peta&d yAwplovyov vdpoyovov (HCI) kot vepov: HCl + H,0 —
H;0% + Cl7. Avt N petordmion 16oppomiag £xel ¢ AmoTEAESHA VYNAOTEPT TUKVOTNTO POPEDV
eoptiov oto ddAvpa. Katd cuvéneia, o0tav epapproletat Tdon moAng, Evag avénuévog TAnBucog
QOPTIOV CLGCMPEVETOL OTN OlEMPAVEIL UETAED TOL MAEKTPOAVTN KOl TNG EMUPAVELNS TOL
ypopeviov. Avtd ta tpodcHeta 16VTo SIUOPPDOVOLY TNV TLKVOTNTO POPEDV POPTIOL EVTOG TOV
KOVOALOU YPAPEVION KO TG QVEAVOLV TV OY@YILOTNTA TOL.

o v amddeEn avtn, apykd Tapackevdotkay Tpio vouTKd dtaivpato vVopoyrmpiov (HCI)
pe tyég pH 3,4, 4,5 o 5,5. To dStoAdpoto 0vTd TPoEKLYOV e TN OadTKAGio TNG apoimong amd
éva apywo ordivpa HCI mov yapakmpiotke and pH 1. H apaioon €ywve vid cuveyn avédevon
ka1 1o pH petpnOnke pe niektpoviko petpnt) pH. ‘Etot, 610 1€A0¢ avthg g d1adtkaciog, vampyay
4 dwAdpoto: ta 3 mpoavapepBivia dtuAvpata Kol To anectayuévo vepd, to pH tov omoiov
petpndnke oe 6,3. Katd m ddpkeio TV HETPNGE®V TOV PEVUATOS OTOY®YOD GUVOPTNGEL TOV
xpovov (Ostypatonyia) pio otaydva and kabe didAvpa tomobfetndnke oto tour. Ot 3 axideg
ayyilov ™ otaydva, TV Tnyn Kot tov omaywyo. Kotd tn didpkeia g detypotoinyiog petpndnke
TO PEVULO OTTOYM®YOV, EVA €QappoloTay otafepn TAGTN TOANG, Yo TV ETLTAYLVON TNG KivoNg TOV
(POPEMV TOL JOAVLLOTOG GTIV EMPAVELD TOV YPAPEVIO, Kot TACT TOAWGSNS amooTpdyyions. ['a va
petwbet n emidpaon amd OPOPETIKES TAGES ATAYM®YOV, 1) KOUVOVIKOTOUUEVT] Oy@YLOTNTO

(

G(t)—-G(Vg1.Va1)

cUanVas) ) etvan 10 péyeboc mov mapovsidleTon. Metd Tig pHeTpnoelg detypatoAnyiog, To
g1Vdl

dedopéva cvvovdomkav oty Ewkova 0.19.
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6 Kaiiépyeio Kuttdpov

6 Koiuépyaro Kuttapov

Metd v emPepaionon e evacnociog twv tour INL o€ 1dvta, 1 mpocoyn petotomileTor Tdpo
omv anddelEn g Procvppatdomtdg tov. o va emrevydel avtd, KaAlepyndnkav kvttapa
Neuro-2A ywa 4 NUEPES KL ATOUOVMOUEVOL VEVPAOVES OO TNV EUPPLIKT TEPLOYN TOL IMTOKAUTOV

(E16,5) ywo 10 nuépeg mhveo oe pUALY Ypapeviov petapeppévo oe 300nm SiOs.

Avoivtikotepa, to kKOTtapo Neuro-2A kaAlepyndnkav ce Opentikd péco (DMEM-FBS 2%)
Tapovcio peTvoikod 0&éog (10uM) yia 4 nuépec ko a&loroyndnke 1 vevprtikn tovg avamtuén. H
KOAMEPYELD EYIVE GE 5 OElyLOTOL Y10 TN OTATIGTIKNY LEAETT] TNG AVATTLENS TMV VELPIKMY KVTTAPM®V.
Tnv 4n nuépa 10 46,28% tov kuttdpov elye dapoponombel pe péon avdntoén vevprrodv
3,027um. Zmv Ewova 0.20 mopovctdletol Eva TapadEy o TOV OVOTTUCCOUEVOV VELPOVOV.

. Graphene .
¢ L 4 9 Cell body

Neurite

\

&4
Synapse

Cell body ———

Neurite —

Synapse

Eicova 0.20: Eixova ortikod pikpookomiov amo v kodriépyeio. kottapwv Neuro-2A4 ae ypopévio
EmumAéov, amopovmpévol veupmves amd v eUPpLikn Teployn Tov ndKAUTOL KOAAEPYHOnKaY
vy 10 nuépeg (Ewkova 6.2). O1 tpmtoyeveig KAAMEPYELEG VEVPOVOV TOV ITTOKAUTOV TOPOVGIOCAY
(QLGLOAOYIKT) OVATTTVEN GTO Oetypa Ypaeviov, emPefoardvovtag T SuvaTOTNTA TOL MG LEGO Y10
NV KOAMEPYELD KO SLOPOPOTOINGT VELPOVIKOV KuTtdpmv. To mepdpata avtd cuufdiiovv
OMUOVTIKE TPOg TV KatevBuven g tekunpioong g Procvpfototntog tov towm INL, avolyovtog

TO OPOLO Y10 TNV EPOPLOYY| TOVS 6T vELPOPLodoyia Kot 6 GuVAQEIS TOUELS.
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Ewcova 0.21: Eikova omtikod [iKpookomion amo Ty KOAMEPYELD, ATOUOVWUEVDV VEDPDVWY GT0 THV
EUPPLIKI TEPLOYH TOV ITTOKOUTOD
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7 Zoumepdopota

7  Xoupmepdopoto

Yxondg G MaPOVoaS EPYACIOG NTOV O MAEKTPIKOG YOPAKTNPIGHOG GLoTOL DV TpaviicTop
enidpaong mediov ypapeviov vypng mHAng. Ot yapoaxpioTikég HeTapopds kot e56dov Iy — V; ko
I; — V4 ko ot katdAAnAeg TeVIKES EE0YWYNG TOPAUETPOV, OTMG 1] TOPOYDYLOT KO T) TPOGOPUOYN
KOUTOADV, ETETPEYAY TNV €EAYWOYN TOADTIL®V TILOV — OTI®G 1] OVTIGTACT] ETAPNC, 1] CLYKEVTPMOT)
(QOPEMV, 1 ATOTEAECUATIKY KIVITIKOTNTA KOl GALO — Yo T Agttovpyio TV Tour. Ot HETPNGELS G
oMo T LG-GFET moAA®vV tour emétpeyov Tn ototTioTik) aSloAdynon towv vrd diepedhvnon
dTa&emv Kot £0€1Eav Tov TPOTO e TOV 0moio emnpedloviot amd GLVONKES, OTMS M VYPAGTo KoL 1|
uoéivvon and v atudéseapa. Emmhiéov, ot petpioelg mov ANeOnKay yio voaTikd dtoAvpato
dpopeTik®dv TINdV pH, To omoia ypnowomomOnkay ®g vypn TOAN, KATESEEAV W0 GOQEN
evooOnoia tov LG-GFET o¢ 10vta. Télog, 1| emituymg KaAMEPYELXL KVTTAP®V GE YPAPEVIO AVOTYEL
VEOLG OPOLLOVGS Y10 EPAPLLOYES TTOVL YPNGLOTOOVV TO GLYKEKPIUEVO Tout. H kataypaen vevpikdv
ONUATOV KOl 1| LEAETN TNG EMIOPOCTC TV KLTTAP®V GTIG OPOUKTINPIOTIKES KAUTOAES ivor Pdvo
mapadetypato e Epevvag mov Ba pmopovoe va akoAovOncel. To yeyovog OTL VTAPYEL Lo
ocvotoyia tpoviictop kot oyt pa pepovepévn dtdtaén emrpémel v eEGAEyYM Tov BopvPoL KABMG

KOL TNV TOVTOYPOVI LEAETT TG CUUTEPUPOPES TOV KLTTAPWOV A0 SAUPOPETIKE GMUETDL.

Qc1000, KATA T SIAPKELD VTG TNG EPYACIAG TOpaTPNONKAY OPIoUEVEG AoTOYIEC OGOV apPOPdL
10 tout. [lpdtov, n cvunepipopd towv LG-GFET ¢aivetor va dtapépet mold and To1n 68 TUT Kot
eniong amd FET oe FET gvtdg tov 16100 Tout. AVTO 08V EMTPEMEL 10 GUVEKTIKY UEAETT, KOOMG
dev vapyeL Koo onpeio avapopds 0tav aAralovy ot petafintés. Emmiéov, ta tour paiveton va
elval moAy gvaicOnta, akoun Kot pe amootaypévo vepod, €xovtag vroPaduotiky enidpacn o€
dwonuo Alyov pévo muepmv. Mdlota, dtav épyoviar e emapr] pe mo O&wva deAvpota,
TopaTNPEITAL NAEKTPOYNIIKY] €YXAPAEY], YEYOVOS TOL VTOINAMVEL KOKT LOVOON TOV UETAAL®V.
[TBavég Pertidoelg Ba NTav, o KaAdtepn Kol mo otadepn dlodkacios KATAOKEVNC, Yo TNV
eEaheyn Mg OlakvUOvVoNG TG Asrtovpyiag, kot €va KOADTEPO 7O OaVOEKTIKO OTpOUQ
nantikonoinong. H dokiun S1apopeTikdv VAK®V Yo T0 GVVETInedo NAEKTPOS10 TG v TOANG,
Ba Mtav eniong wo koAn mpdtacn, kabmg to Au/Cr, to omoio ypnoylomoteital, dev aivetal va

OAANAETIOPA KAAQ LLE TO ATEGTAYUEVO VEPO.

2uvolikd, M epyacio avt €0goe Tig PAoElS Yoo TEpAUTEP® EPELVA Kot Yol TOAAES Prolatpikég

ePappoyEg mov Ba pmopovcav vo xpnoomrolovy to vd perétn towm LG-GFET tng INL. TIpw
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Extended Greek Abstract

amd TN YPNON O TEMKEG EQAPLOYEC EPUPLOYT OOl TPETEL VO EKTEAEGTOVV TEPOUTEP® UETPNOELS KoL
peAétn Bopvfov, Tov ival TPAYUATIKE GNUOVTIKT OTOV £XOVUE VO, KAVOVUE UE VELPIKE KOTTOPOL,

7OV aodidoVV TOAD YOUNAG G LLOLTOL.
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1 Introduction

Main English Part

1 Introduction

Graphene, a single layer of carbon atoms arranged in a hexagonal lattice, serves as testament of
material science's creativity. Its discovery in 2004 [1] welcomed a new era of possibilities, as this
atomically thin substance showcased unimaginable properties that do not align with its petite size.
From its remarkable strength, surpassing even steel and diamond, to its flexibility, transparency

and electrical conductivity, graphene has captured the focus of researchers and engineers.

The versatility of graphene knows no bounds, finding applications across diverse sectors such as
electronics, energy storage, healthcare, and beyond. Its conductivity, both electrically and
thermally, has motivated innovations ranging from conductive inks and paints for electronic
circuits to advanced heat-dissipating gels. Moreover, the lightweight nature of graphene presents
prospects for industries seeking to reduce the environmental footprint of their products, from

automotive to airplanes [2], [3], [4].

In recent years, graphene field effect transistors (GFETs) have emerged as a focal point of
research, particularly in the realm of biosensing and neural signal acquisition. Liquid gated GFETs
(LG-GFETs) have attracted notice for their ability to seamlessly integrate with biological
environments, offering opportunities for interfacing electronics with living systems. These
advancements hold promise not only for enhancing healthcare through biosensors but also for
helping individuals with disabilities through neural signal reading sensors, paving the way for

improved communication and motor function restoration [5], [6].

This thesis aims to delve into the intricacies of LG-GFETs, showcasing their underlying
principles and potential applications. Through the characterization of GFET chips, that are
obtained from the International Iberian Nanotechnology Laboratory (INL), this work seeks to
extract the parameters critical for their performance. Furthermore, by demonstrating their ion
sensitivity and compatibility with biological solutions, this research lays the groundwork for future

endeavors in the realm of bioelectronics and neural interface technology.
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2 Graphene

2 Graphene

Graphene is a two-dimensional atomically thick lattice of carbon atoms, arranged into a
honeycomb form [1], [3] and it has attracted significant interest after its laboratory discovery in
2004 [1]. OD fullerenes, 1D nanotubes and 3D graphite are all derived from graphene (Figure 2.1)
[1]. Based on the number of layers, it can be classified into three categories: single-layer or
monolayer graphene (1 layer), double-layer graphene (2 layers) and few-layer graphene (3 — 9
layers) reaching the limit of graphite (10 layers) [1]. The combination of graphene's outstanding
electrical properties, transparency, flexibility, mechanical strength, and biocompatibility is making
graphene an intriguing research topic [5]. During the last years it has been used in transistor

fabrication indicating its ability to detect potentials [7].

Figure 2.1: Graphene (upper part) can be rolled into fullerenes (lower left), wrapped into nanotubes
(lower center) and stacked into graphite (lower right)

It is noteworthy that, till 2004 it was believed that 2D crystals could not exist freely in nature
due to thermodynamic instability. However, in 2004 this theory was disproved by A. K. Geim and
K. S. Novoselov as they succeeded in experimentally isolating a 2D graphite sheet, which they

named graphene [1]. This discovery was awarded in 2010 with a Physics Nobel.
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2.1 Graphene Structure

2.1 Graphene Structure

2.1.1 Atomic Bonds in Graphene

The unique properties of graphene are a result of its electronic structure, which will be discussed

below. The building block of graphene, carbon (“;C), is the sixth element of the periodic table (2
period and 14™ group) and its electron distribution is 1s?2s2p,*2p,*2p,° (Figure 2.2.a).
Although the energy level 2p, is equivalent to the levels 2p, and 2p,,, for convenience, it is kept
empty. The carbon atom therefore has 4 valence electrons which are capable of creating hybrid
orbitals sp, sp? and sp3. In case that sp? orbitals are created then three neighbor carbon atoms
share electrons, and thus create the characteristic cellular form of monolayer graphene. Each
carbon atom is shared between three cells, so each cell theoretically has 6/3 = 2 whole carbon

atoms [9].

“"ooe " ®
2py 2py 2p; 2p
GO -
Q
S 2s 2pyx 2py
S
k5]
:
7 = - #

1]

1s 1s

Figure 2.2: (a) Electron distribution of a carbon atom, (b) electron distribution of a carbon atom after
sp? hybridization.

Figure 2.3.e shows how two adjacent carbon atoms in the graphene monolayer lattice are
connected. In detail, a m bond between the 2p, orbitals (in a plane parallel to the plane of the
graphene sheet) and a o bond between the sp? hybrid orbitals are ctreated. The o bond achieves
very short atomic distance of just ~1.42A which is even smaller than the bond of the sp3 hybrid
orbitals in the carbon-carbon bond in diamond, the hardest naturally occurring material known to
man. This is why monolayer graphene has very good mechanical properties. In addition, the m

bonds do not allow large van der Waals forces to exist between two graphene sheets in bilayer and
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2 Graphene

multilayer graphene and it allows electrons to move with ease in the graphene lattice [9]. Finally,
in monolayer graphene the conduction band and the valence band have zero energy gap due to the

7 and ¥ zones created [10].

2p, orbital 2p, orbital
Sp? orbital

()

y y - :
‘X * * X * X—> y | &
> ] y “.‘.
2s 2px sz

Figure 2.3: (a) The carbon atom's atomic structure, (b) Carbon atoms' outer electron energy levels, (c)
The formation of sp’ hybrids, (d) The crystal lattice of graphene, where A and B are carbon atoms
belonging to different sub-lattices, a; and a; are unit-cell vectors, (e) Sigma bond and pi bond formed
by sp’ hybridization [9]

2.1.2 Graphene Lattice

The sp? hybridization of the carbon atoms, which has been discussed above, leads to a cellular
form. In particular, as shown in Figure 2.4, the structure of graphene is described as a hexagonal
lattice with a basis of two atoms. The graphene base is rhombic and includes two atoms 1 and 2

with a a., = 1.42A distance between them [11].

’7 Lt / \ .

Figure 2.4: The unit cell of graphene with atoms 1 and 2, the basis vectors a; and a; and the distance
between two adjacent carbon atoms (carbon - carbon) a ..
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2.1 Graphene Structure

The two-dimensional basis vectors are in the same plane as the graphene and are expressed
exclusively in terms of the x and y coordinates. The basis vectors a5 and o of the graphene lattice
can be expressed as follows:

1 3 1 3
o =-a— o=-a —— 2.1
o (2 = a) and o, (2 == a) (2.1

Where a = |a;]| = |[a;] = 2.46A is the lattice constant. The lattice constant () is the distance

between unit cells and differs from the distance between two adjacent carbon atoms (a..) [11].

Energy diagrams are expressed in k-space, which is the Fourier transform of real space, so in
addition to analysis in real space, analysis in k-space is useful [10]. The vectors of the reciprocal
space grid b; and b, satisfying the conditions a; - b; = a5 - b, = 27 and conditions oG - b, =

a - B_l) = ( are given by the relations:

b—l’:(z_”,z_”) andb—z’:(z_”,_z_”) 02
a \3a a’  3a :
Figure 2.5 shows the resulting grid in reciprocal space, where the first Brillouin zone is colored
in grey [11]. The first Brillouin zone is defined as the set of points in reciprocal space closest to
the point (0, 0) than at any other point on the reciprocal grid [12]. Of particular importance for the

description of the energy structure are the high symmetry points K, K' and M shown in Figure 2.5
[11].

X X

X X
X

X X
X

X X X

Figure 2.5: The reciprocal lattice of monolayer graphene, where crosses indicate reciprocal lattice
points, and vectors by and b, are primitive lattice vectors. The shaded hexagon indicates the first
Brillouin zone [11]
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2 Graphene

2.2 Graphene Properties

The rapid growth of interest in graphene as a material lies in its diverse set of unusual properties
[4]. Graphene has many excellent properties in terms of optical transparency, electrical

conductivity, mechanical strength and thermal conductivity [3].

2.2.1 Electrical Properties

The electronic band structure of monolayer graphene can be described using a tight-binding
Hamiltonian approach, which gives analytical solutions for its energy distribution. This model

concludes to:

V3-k,-a k,-a k,-a
Zx - COS yz +4-coszyT (2.3)

Ey(ky ky) = 1y, - \/1 +4 - cos

Where y,, the transfer integral, is the nearest neighbor hopping energy (typical values 2.9 —

3.1eV), k= (ky, k) is the vector of the first Brillouin zone and « is the lattice constant. Plotting

the (2.3) results in the complete energy diagram shown in Figure 2.6.

(b)

Figure 2.6: a) Three-dimensional energy band structure, the first Brillouin zone is shown in red, b)
zoom in one Dirac point [13]

An important reason for the interest in graphene is the special and unique nature of its carriers.

Typically, the Schrodinger equation is what is enough to describe electronic properties of materials
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2.2 Graphene Properties

in condensed matter physics. However, graphene is an exception — instead of beginning with the
Schrédinger equation, its charge carriers more naturally and easily approximate relativistic
particles and can be explained using the Dirac equation. While electrons flowing around carbon
atoms are not inherently relativistic, new quasiparticles are created when they interact with the
periodic potential of the honeycomb lattice in graphene. These quasiparticles, referred to as
massless Dirac fermions, can be considered as either neutrinos that took the electron charge e or

as electrons that have lost their rest mass mo [1].

The electrical properties of graphene can thus be described by a Dirac model of fermions near
the charge neutrality point, with linear dispersion and electron-hole symmetry. These "Dirac
cones" of carriers (holes and electrons) appear at the corners of the Brillouin zone, whose points
are tangent to the Fermi plane, as illustrated in Figure 2.6(a). The six points per honeycomb, where

the Dirac cones are touching are referred to as the Dirac points [10].

The term graphene theoretically refers to monolayer graphene and sometimes is also used for
bilayer graphene, as both of them are semimetals with no overlap between the valence and
conduction bands. The electronic structure of few-layer graphene (FLG, number of layers from 3
to < 10), is more intricate due to the emergence of charge carriers from several layers. As shown
in Figure 2.7 the band structure diagrams for different layers of graphene are similar, with the two
bands meeting. The difference lies in the fact that as the layers increase, higher-energy bands are
also present, the “total” band has a more and more parabolic behavior and the characteristic Dirac
point of monolayer graphene is nonvisible [9]. More intriguingly, bilayer and FL graphene a band

gap can be formed with the application of a perpendicular electrical (Figure 2.8.c) [35].
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2 Graphene

(a) Graphene (b) Bi-layer Graphene
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Energy(eV)
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2w ’ - A
Figure 2.7 3D band structure and its projection on kx close to K point for (a) graphene, (b) bilayer
graphene, (c) trilayer graphene and (d) graphite [2]
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A
B
0.2 0.2 0.2
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Figure 2.8: Schematic diagrams of the lattice structure of monolayer (a) and bilayer (b) graphene (for
bilayer graphene, a pair of higher-energy bands is also present, not shown in the diagram), (c) when
an electric field (E1) is applied perpendicular to the bilayer, a bandgap is opened in bilayer graphene,
whose size is modulated by the electric field. [35]
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2.2 Graphene Properties

2.2.2 Thermal Properties

The specific heat (C) is defined as the change in energy density (U) as the temperature (T)
changes by 1K, C = dU/dT. The specific heat determines both the amount of thermal energy
stored in a body and how quickly the body cools or heats, which is the thermal time constant ()
of the body, 7 = RCV, where R is the thermal resistance and V the volume of the body. For
monolayer graphene the thermal time constant is about 0.1 ns, a hundred times lower than the

corresponding constant of other nanostructures [15].

Experimental studies at the University of California, Riverside, utilized optothermal Raman
techniques to investigate the thermal conductivity (K) of graphene, revealing values exceeding
~3000 WmK 1 near room temperature, surpassing bulk graphite. Further studies confirmed high
K values for suspended graphene, with estimates ranging from 1500 to 5000 WmK ~1. The data
for suspended or partially suspended graphene proved closer to intrinsic K due to reduced thermal
coupling to the substrate, enabling a clearer understanding of graphene's thermal behavior.
Conversely, supported graphene, attached to the substrate along its entire length, exhibited lower
K values, around 600 WmK ~! near room temperature, attributed to graphene — substrate coupling
effects. Despite variations, graphene consistently demonstrates remarkable thermal conductivity
properties, holding significant promise for diverse applications [36]. Graphene's excellent thermal
conductivity makes it promising for heat sinking in nanoscale devices, but dissipation limitations
caused by interfaces and materials like SiO2 require additional engineering. This includes

exploring thermoelectric cooling at metal contacts to manage device temperature effectively [15].

2.2.3 Mechanical Properties

Like graphite and diamond, graphene has also established a breakthrough for mechanical
resilience. Figure 2.9.a shows how the elastic stress — strain response was measured with AFM
nanoindentation. A defect-free graphene sheet has a stiffness of the order of 300 — 400 N/m, a
breaking strength of about 42 N/m and a Young's modulus of roughly 0.5 — 1.0 TPa. These
characteristics, along with the simplicity of integrating graphene oxide into matrices and the
relatively cheap cost of thin graphite, make these materials excellent choices for mechanical
reinforcement. On the other hand, graphene exhibits such a high sustainable tension in a single
sheet, which makes it a highly promising material for ultra-thin nano-electromechanical systems

(NEMS) applications like resonators and pressure sensors [4]. Mechanically exfoliated single- and
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2 Graphene

multilayer graphene sheets positioned over gaps in a SiO; substrate were contacted to create

graphene-based NEMS (Figure 2.9.¢) [37].

()

(¢)

Suspended
graphene

0 20 40 60 80 100 120
Indentation Depth (nm)

Figure 2.9: (a) Loading/unloading curve for a suspended graphene device [38], (b) Schematic
illustration of a flexible graphene neural electrode array. In order to communicate with the data
acquisition system, patterned graphene electrodes come in contact with Au contact pads. [6] (c)

Schematic of a suspended graphene resonator [37]

In addition to excellent strength, graphene also exhibits excellent impermeability. In particular,
it is the thinnest material that is impermeable, but it also has the best impermeability of all materials
known to man. This is due to its very high resistance to externally applied forces, the high electron
density in its aromatic rings and the energy of the carbon-carbon bonds. In Figure 2.10 an isolated

Graphene cell is illustrated [14].

Carbon atoms
vdw radius = 0.11 nm

Geometric
Pore = 0.064 nm

Figure 2.10: Geometric characteristics of graphene lattice [14]
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2.2 Graphene Properties

As can be seen in Figure 2.10, the empty space left free (geometric pore) for any atoms of other
materials to pass through has a diameter of only 0.064 nm. By comparing the radius of the
geometric pore with that of molecules of various materials, it is observed that even Hydrogen
(H radius = 0.314 nm) and Helium molecules (He radious = 0.280 nm) cannot penetrate
the aromatic bonds of the graphene cell. Due to their high impermeability, graphene films are
promising for use in protective coating and separation applications [14]. Additionally, graphene’s

flexibility makes it ideal for flexible electrodes used for biological signals acquisition (Figure
2.9.b) [6].

2.2.4 Optical Properties

As seen in Figure 2.11.a, when graphite is reduced down to a graphene monolayer, it really
becomes very transparent. Combining the great electrical and optical characteristics, graphene
offers potential as an alternative to the expensive traditional Indium Tin Oxide (ITO), used for
transparent conductive coating for displays (e.g. liquid crystal displays, OLED displays, plasma
displays, touch panels). Actually, as the number of graphene layers increases, the transparency
decreases linearly (Figure 2.11.b). The transmittance is greater than 95% for 2-nm thick films and

stays over 70% for 10-nm thick films [4].
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Figure 2.11: (a) Photograph of a 50-mm aperture partially covered by monolayer and bilayer
graphene, (a - right upper corner) the depicted sample [39], (b) transmittance of graphene oxide (GO)
and reduced GO (graphene) at A~550nm as a function of filtration volume [40].

The combination of high film conductivity, optical transparency, chemical and mechanical
stability, and low cost of chemically exfoliated graphene when compared to ITO straightaway
indicates using graphene as a transparent electrode for liquid crystal or solar cells as well as a

processable transparent flexible electrode material [4], [6].
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2 Graphene

2.3  Growth Mechanisms of Graphene

Graphene is now synthesized using a variety of techniques. Several methods were developed to
create graphene layers and thin films following its isolation in 2004 with the “scotch tape” method
(mechanical exfoliation/cleavage). Chemical vapor deposition (CVD), chemical exfoliation and
chemical synthesis among others (Figure 2.12) are few of the widely used techniques for
synthesizing graphene. The number of layers, thickness, kind, and average size of the graphene
materials determine if top-down or bottom-up techniques are more appropriate to be used. In top-
down growth mechanisms, graphene sheets are produced by exfoliation/separation of graphite and
its derivatives including graphite oxide (GO). In the contrary, in bottom-up techniques graphene

is grown on top of other materials [16].

’ Graphene Synthesis Methods |

Top down Bottom up
l |

Mechanical Chemical Chemical Epitaxial Pyrolysis
exfoliation exfoliation Synthesis Growth

Adhesive tape Reduced GO

Figure 2.12: Diagrammatic depiction of several graphene growth techniques [41]

|

Other
Methods

2.3.1 Mechanical exfoliation

Mechanical exfoliation is alternatively referred to as Scotch tape or peel-off method. Novoselov
and Geim [1] were the ones that introduced this technique to produce graphene for the first time,
using an adhesive tape to break the weak Van der Waals bonds of graphite [41] and separate the
graphene layers (Figure 2.13.a). In this process, multiple layers of graphene adhere to the tape with
the initial peel, but with multiple peeling, graphene flakes are the end product. To separate the
flakes from the tape, a certain substrate (acetone) is used and the final flakes of different sizes and

shaped can be observed on SiO./Si substrates (Figure 2.13.b). Due to the slow and inaccurate
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2.3 Growth Mechanisms of Graphene

nature of this technique, it is mostly used to study graphene properties rather than being employed

for commercial purposes [16].

®

Figure 2.13: (a) ‘c;téizrtdpre ’ gfaphéne synthesis procedure [16], (b) Optical micrograph of multilayer
with 1, 2, 3, and 6 layers graphene [42]

2.3.2 Chemical vapor deposition

Chemical vapor deposition (CVD) is a bottom-up synthesis technique and it is commonly met in
industry as it can produce high-quality graphene on a large-scale basis. During this process high-
temperature chemical reactions occur between hydrocarbon gases (e.g. acetylene — C;H> and
methane — CH4) and a catalytic metal surface (copper or nickel) inside a reaction chamber with
controlled temperature, pressure, and gas flow rate conditions. Figure 2.14 shows a typical CVD
instrument with all of its components. Two CVD processes are used to activate the carbon source:

thermal CVD and plasma-enhanced CVD (PECVD) [16], [17].

Reaction N\ Vacuum detector

A Jjhamber

Plasma source

Figure 2.14: Schematic diagram of a typical CVD equipment [18]
In thermal CVD a high-temperature heating furnace (900 —1100°C) activates the carbon-

containing gasses reactants and is the main driving criterion for the reaction. In PECVD, the
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2 Graphene

decomposition of the gas source is accomplished by plasma. The ability of PECVD to produce
graphene at low pressure and temperature gives it an advantage over thermal CVD [16], [43].

Figure 2.15 shows thermal-CVD and plasma-enhanced CVD methods schematically.

(a) (b) Gas Inlet
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Figure 2.15: (a) Thermal and (b) Plasma enhanced CVD diagrams: 1. Forced convection reactant

transport, 2. Thermal (a) plasma or (b) activation, regulation of kinetic parameters, 3. Transport of
reactants to the substrate, 4. Reactant adsorption on the surface of the substrate, 5. Depending on the

physical characteristics and solubility of the substrate, species will dissolve and diffuse in bulk, 6.

Growth of the graphene film: chemical catalytic reaction, surface activation, bonding, and
heterogeneous surface reactions 7. Desorption of by-products. 8. Transport of by-products to main gas
stream 9. Removing by-products off the deposition region [43]
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2.3.3 Vacuum Epitaxial Growth

Using the epitaxial growth approach is another method of producing graphene. For this method
silicon carbide (SiC) coated on a silicon wafer is the initial material. Applying high temperatures
forces silicon and carbon atoms to break apart. To prevent contamination, the heating process —
either resistive or e-beam heating — takes place in a vacuum. Temperatures exceeding 1000° K
cause the silicon atoms to evaporate, leaving just carbon atoms and eventually, graphene is formed
on the substrate. Regardless, structural flaws are inevitable since carbon atoms are easily burnt due
to the high temperatures, resulting in contamination of the graphene with oxygen and hydrogen

[17].

Table 2.1: Advantages and Disadvantages of the aforementioned graphene growth techniques [44]

Production method Advantages Disadvantages
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3 Liquid Gated Graphene Field Effect Transistor (LG-GFET)

Graphene's electric field effect was one of the remarkable findings presented by Novoselov et al.
[20]. Consequently, a great amount of study has been done on graphene field effect transistors
(GFETs), where the channel material is graphene. Initially, graphene on Si/Si0; substrate was used
to create back-gate devices, with silicon and silicon dioxide acting as the back gate electrode and
dielectric, respectively, following the usual structure of traditional FETs. It did not take long for

the first top-gate graphene field effect device to appear in 2007 [21].

In this chapter, the foundational principles of GFETs operation will be presented and compared
to classic FETs. The attention is mainly directed towards liquid gated GFETSs, which hold
significant promise for biomedical and biosensing applications. Furthermore, an in-depth analysis

of the structure of the INL chip, used in this work, will be provided.
3.1 Basics of GFETs

A FET is a three terminal electronic device where the conductivity between two terminals: the
source and the drain, is regulated by the electric field created by the third gate terminal. The gate
functions as a control that allows high current or low current conduction, enabling the FET to be
used as a switch. In terms of physics, this control is accomplished as the gate modulates the free
carrier density in the channel between the source and the drain, which conventionally is dopped
silicon [19]. In Figure 3.1 the structure of a traditional metal oxide semiconductor FET (MOSFET)
is depicted [45].

(b)

Source (S) Gate (G) Drain (D)

T Oxide (S102) Metal
Oxide (Si0,) (thickness =1,,) /
—&m —
+ Channel +
" region "
i

p-type subsirate
(Body)

Source
region

p-type substrate
(Body)

Channel

region
N o

Body

Drain region

Figure 3.1: Physical structure of the enhancement-type NMOS transistor: (a) perspective view, (b)
cross section [45].
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3.1 Basics of GFETs

Unlike traditional MOSFETs, in GFETs the channel is just graphene. The first reported [20]
graphene FET device is depicted in Figure 3.2.a. Following the conventional FET structure, the
back-gate dielectric was a SiO» layer below the graphene channel and a doped silicon substrate
acted as the back-gate. This is a very useful device for proof-of-concept purposes, but it has large
parasitic capacitances. Therefore, in 2007 [21] a new structure, with top-gate, was introduced [22].

(a)s (b) Top Gate

ource Drain Source Drain

f. Graphene

Dopped Si

Metal I Back Gate

Back Gate
Figure 3.2: Structure of a GFETS: (a) back-gated, (b) top-gated [22].

In conventional FETs current flows through the channel only in the presence of gate voltage
(positive for NMOS occasion, negative for PMOS occasion), on the contrary graphene is
conductive by nature and therefore in GFETs there is always a small current flow. Additionally, in
GFETs the graphene channel is activated for both positive and negative gate voltages. All the
aforementioned phenomena lead to a unique current-voltage transfer characteristic (Figure 3.3.a)

[22].

In GFETs the applied gate voltage determines the type of the carriers (electrons or holes) in the
channel. Large positive gate voltages result in electron accumulation in the channel, while large
negative gate voltages lead to hole accumulation (absence of electrons). These 2 types of
conduction result in the two branches of the I; — Vj; curve separated by a charge neutrality point
or as called Dirac point (Figure 3.3.a). The Dirac point’s location is determined by several factors:
the type and density of the charges at the interfaces at the top and bottom of the channel, and any
doping of the graphene. For FET devices with large-area graphene channels, on-off ratios have

been reported in the 2—20 range, that is way too low for them to be used in logic circuits [22].
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3 Liquid Gated Graphene Field Effect Transistor (LG-GFET)

The change of the graphene’s fermi level (Figure 3.3.b) is noteworthy. For V; > Vy girac, the

fermi energy increases: the valence band penetrates into the initial conduction band and leads to
electron conduction. On the other hand, for V; <V 4irqc the fermi energy decreases and the

valence band shrinks, leading to holes conduction [23].

MOSFET 1 (b)

Hole conduction

3.0

(a)

25

p-doped pristine n-doped

Electron conduction

Drain current (mA)
&
T

Ef- - Conduction
10k band
‘ MOSFET 2 Valence
\ Ef— band
05 iDirac point
OO 1 L 1 i
-3 -2 i o L 2 3 dirac point Gate Voltage

Top-gate voltage (V)

Figure 3.3: (a) Typical transfer characteristics for two GFETs [22], (b) the change in the Fermi level of
graphene with applied gate voltage

The positive voltage applied to the back gate creates an electric field that attracts electrons away
from the carbon atoms. This process is known as electrostatic doping. In more detail, Figure 3.4
illustrates what happens to the device when V; > 0 is applied. The positive gate voltage attracts
the electrons and, consequently, generates positively charged carriers called "holes" below the
Si0,. Accordingly, the holes attract the negative charges of the SiO; leaving an abundance of
positive induced charges just under the graphene. These positive charges attract the electrons of
the graphene, and thus isolates them off the carbon atoms, allowing them to move under the
application of a bias drain voltage. Applying a negative gate voltage has the opposite effect and
leads to holes conduction. In the occasion where both gates are being used, the one “helps” the

other leading to same current conduction with lower applied voltage at both gates.
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Top Gate
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interface 5
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Figure 3.4: The effect of Vy > 0 in the back gate of a GFET

The application of drain voltage is necessary to observe the movement of the carriers. There are
three zones that make up the I; — V,; characteristic of monolayer graphene: the triode region, the
unipolar saturation region, and the ambipolar saturation region. Figure 3.5 illustrates the
phenomena in each section. In region I (triode region) current is caried by either holes or electrons
throughout the length of the channel, the curve is linear and so the graphene acts as an ohmic
resistor. As V,;, increases, the drain current saturates and eventually reaches the unipolar saturation
region (region II) at the inflection point (Vg5 = Vys ¢ri¢) and the channel is pinched at the drain
end. When Vy, surpasses Vg it the transistor enters the ambipolar saturation region (region III).

Within this bias range, the carriers in the channel are both electrons and holes [22], [24], [25].

G@D Liquid Gate

Zerog,,

Vs o

Drain current

Region Il
(second linear region)

Region Il

Inflection point

Region | Vos = Vs ait

Drain-source voltage

Figure 3.5: (a) Typical output characteristics for different V; [22], (b) illustration of the carrier
concentration beneath the top-gated region: for Vs < Vg crie (region 1) the channel charge at the
drain end begins to decrease as the minimal density point enters the channel, for Vgs = Vys crir (region
1I) the minimal density point forms at the drain and for Vs > Vg crie (region I1I) an electron channel
forms at the drain [25].
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3.2 Liquid gate GFETs

Expanding the top gate GFET technology, the commonly used solid dielectrics can be replaced
by a liquid (liquid-gate GFET, LG-GFET). In such configurations, the transistor is capable to
operate at very low voltage, because the gate potential is applied in the nanometer-thick electrical
double-layers (EDL) forming at the solid — electrolyte interfaces. The possibility of detecting small
changes in GFET transfer characteristics paves the way for ultrasensitive biosensing [26]. In Figure

3.6 a LG-GFET with a reference gate electrode is displayed.
Top gate electrode

gs ] .
Source Drain

I I

passivation
|:| liquid gate

graphene

. metal
— W sio;
Vs Back Gate _

y Si
1 |
Figure 3.6: Liquid gate GFET configuration with reference gate electrode

The principles of operation for LG-GFETs do not differ from back-gate GFETs presented in
subchapter 3.1 in Figure 3.4. In LG-GFETs the liquid acts as an insulator accordingly to the Si0»
in back-gate GFETs. The synchronous use of the top gate electrode and the back gate can enhance

the operation of the above configuration as the activation of graphene’s electrons will be double.
3.3 GFET applications

GFETs exhibit a diverse array of applications, spanning from biosensors tailored for specific
targets to the acquisition of neural signals. Particularly noteworthy is their ability to detect disease
biomarkers, often present at ultra-low concentrations during the initial stages of illness
manifestation. GFETs offer an optimal solution for biosensing, as they present a wide linear
detection ranges, better sensitivity, and rapid detection making them ideal to be used as sensing

devices [27].

49



3.3 GFET applications

Exploring further into the implementation, biomolecule receptors that can selectively bind to the
target biomolecules in a solution, such as antibodies or single-strand DNA probes, can be used to
chemically functionalize graphene. As the target biomolecules attach to their acceptors, changes
in characteristic curves of GFETs can be noticed (Figure 3.7). Consequently, the chemical modified
GFET can transduce the biological signal into an electrical signal and detect the binding events

[27]. An example development of a GFET biosensor is presented in Figure 3.8. This principle can
be expanded to detect SARS-CoV-2 [28] and other biomolecules [29], [30].

target biomolecules

target biomolecules
negatively charged

positively charged
receptor
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Figure 3 7 Sensing prmczple of GFET blosensor [29].
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Figure 3.8: Diagram outlining the progress of biosensor development. Stage 0: Initial graphene
transistor, Stage 1: Implementation of 1-Dodecanethiol (DDT) gate passivation, Stage 2: Introduction
of 1 — pyrenebutyric acid succinimidyl ester (PBSE) linker immobilization, Stage 3: Functionalization
with probe DNA, Stage 4: Application of ethanolamine blocking, Stage 5: Initiation of biorecognition

process [46].

Beyond biosensors, GFETs have also shown promising applications in the field of neural

interfaces [31], [32]. The research conducted by Blaschke et al. [32] represents a significant
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milestone in the field of neural prostheses by utilizing arrays of flexible graphene field-effect
transistors (GFETs) for mapping brain activity. The successful recording of in vivo brain activity
demonstrates the potential of GFET technology to compete with existing microelectrode-based
recording methods while offering unique advantages such as intrinsic signal amplification and the
ability for high-density integration. Furthermore, the combination of graphene with other 2D
materials like boron nitride substrates is expected to further improve the mobility and decrease
noise in flexible LGFETs, potentially enabling the detection of single unit activity directly from
the brain surface [32].

(=)

//

Figure 3.9: (a) representation of the implant placed on the surface of the rat's brain (b) representation

of the head of a graphene implant showing a 4 X 4 graphene transistor array and feed lines, (c) cross

section of a flexible graphene transistor with graphene between the source and drain contact that are
covered by an insulating SUS photoresist [32]

Concluding, GFET biosensors are especially appealing for point-of-care diagnostics because of
their miniaturization, low manufacturing costs and compatibility with semiconductor
manufacturing processes. It is for these reasons that many GFET biosensors have already been
created and documented in literature [27]. Actually, a search for "graphene field effect transistors"
in the NCBI PubMed Central database! turned up 1686 results and more than 6597 results were

found when the search was generalized to "graphene biosensors".
3.4 INL GFET chip

In the present work a chip with GFETs (Figure 3.10) manufactured from the Iberian
Nanotechnology Laboratory (INL) [26] is used and thoroughly analyzed. This chip incorporates

20 double gate GFETs consolidating the complexity of electrical measurements and enhancing

L https://pubmed.ncbi.nlm.nih.gov/
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3.4 INL GFET chip

integration capabilities. The core of the chip (Figure 3.10.b) consists of a silicon substrate on top
of which the GFETs are manufactured. Notably, the core structure is symmetrically divided into
two sides, each featuring a shared source electrode interconnecting 10 GFETs, summing up to in
total 20 devices in one chip. Through wire bonding and PCB techniques the electrodes are wired

to the pins of the chip (Figure 3.10.1).

(=)

Ieft side rlght 5|de
k Lifuid Gate (4

Left Soufce (¥1)
Right Sourc¢ (20)
Back Gate (27)

«Cb——

Figure 3.10: a) 3D illustration of the GFETs chip, b) close-up 3D illustration of the 20 GFETS, c)
collage of optical microscope images showing the 20 devices with numbers indicating correspondence
to pins, d) illustration of the 20 GFETs and close up of the graphene sheets, e) photograph of the chips,

and f) pins to electrodes correspondence mapping.

LG-GFETs are commonly manufactured without the reference gate electrode and an external
metallic wire is then added for measurements (Figure 3.6). The under-discussion chip allows for
flexible transistor layout design and planar technology single-lithographic mask contact
fabrication by integrating the gate electrode into the wafer and making it coplanar with the source

and drain electrodes [26].

Liquid gating in graphene field-effect transistors involves exposing semiconductor materials to
liquid solutions, which are prone to attack semiconductors. To minimize such effects, passivation
of all surfaces interfacing with the solutions, excluding graphene, is essential. This passivation not

only protects against destruction but also allows the deployment of liquid solution over numerous
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devices, ensuring minimal cross-talk, leakage current, drift induced by ion diffusion, and electrode

damage [26].

In LG-GFET fabrication, graphene transfer constitutes a pivotal stage. Graphene synthesized via
thermal chemical vapor deposition (CVD) on copper catalysts or silicon face of silicon carbide
(SiC) wafers stands as the preferred choice, offering high-quality graphene over large areas.
Despite wet transfer methods showcasing promise for large-scale GFET fabrication, challenges
concerning surface contaminants exist and are often overlooked in biosensing applications. Hence,
meticulous attention to surface purity is imperative to ensure the integrity and functionality of
GFETs, particularly in biosensing contexts. To avoid such negative effects, it is important to
minimize lithographic processes with aggressive patterning steps post graphene transfer on the

wafer, as they increase residue accumulation on graphene [26].

Figure 3.11 summarizes the fabrication process of the INL GFETs chip. Initially a hole in the
Si/SiO; substrate is created to reach the Si and create the back gate contact. Then, the Cr/Au
contacts are created, leaving a 75 um (channel width, W) by 25 um (channel length, L) gap. After
that, a sacrificial layer is deposited on the device, except where the graphene will be. The crucial
step of the graphene transfer, with the PMMA on top, is next. Afterwards the PMMA is removed
off the graphene and the sacrificial layer is destroyed leaving the chip as it is depicted in Step 4 of
Figure 3.11. Following, a stopping layer of Cu is deposited to protect the graphene and the gate
contacts from the passivation. Lastly, the passivation layer consisting of SiO2 and SiNx

interchanging layers is deposited and the stopping layer is removed [26].
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1. Back gate access 2. Gold Contacts 3. Sacrificial layer assisted transfer

-

4. Graphene patterning 5. Stopping layer 6. Passivation layer
(Preparation for passivation)

7. Final device Material(s)
Si

B so.
Cr/Au (Contacts)
Al,O,/TiW/AISICu/TiW (Sacrificial Layer)
. Graphene
. Cu/AISiCu/TiW (Stopping Layer)

. Si0,/SiN, (Passivation)

Figure 3.11: Graphical summary of the fabrication process for production of LG-GFETS for biosensing
at wafer-scale. In detail: Steps 1 and 2: contact patterning, Step 3: Graphene Transfer (to prevent
transfer-borne residues on gold surfaces, a sacrificial layer is used), Step 4: Graphene patterning

(Following full transfer and the removal of PMMA, dry etching is used to pattern the graphene and the

sacrificial layer is removed), Step 5: Stopping layer, Step 6. Deposition and dry etch patterning of the
passivation layer, and Step 7: Remove of the stopping layer [26].
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4 Electrical Characterization

In this chapter the focus shifts from the theoretical to the practical field, as the electrical
characterization of graphene field effect transistors will be analyzed. The methodology used for
electrical measurements is discussed in detail, describing the experimental setup and measurement
procedures. In addition, the chapter clarifies how useful quantities extracted from the characteristic
curves I; — Vg and I; — V), are, providing information on the electrical performance of the GFET.
Parameters such as conductivity, transconductance and graphene resistance are thoroughly
examined. Finally, quotes are given on the influence of the present chips on the number of
measurements performed on them and the influence of ambient air on them. The chapter lays the
foundation for a comprehensive analysis of the electrical behavior and performance characteristics

of the graphene transistor.

4.1 Measurements methodology

4.1.1 Experimental Setup

All measurements presented in this thesis are executed in the “Electrical Characterization Lab”
in the INN of NCSR “DEMOKRITOS”. For the I —V curves the HP 4155A Semiconductor
Parameter Analyzer (Figure 4.1) was used. The HP 4155A is an electronic instrument for
measuring and analyzing the characteristics of semiconductor devices. It can execute full sets of
measurements as it can be connected to LabView software or use the preinstalled measurements

formats.

For the experiments of this thesis 3 Source Measure Units (SMU): SMU1, SMU2 and SMU3 are
used for the source, gate and drain of the GFET accordingly. The SMUs can be set as variables,
constants or ground. In total 3 different types of measurements were executed: normal sweep,
double sweep and sampling. In the case of sweeps the drain and the gate (SMU1 and SMU2) were
set as variables and the source (SMU3) as ground. Both sweeps need a starting point, a step and
the number of steps for the variables. There is also a choice for compliance current, which is a
current limit where the measurements stop in order not to cause damage to the under-measurement
device. For the sampling measurements the gate and the drain were set as constants and the source

as ground, while the drain current was measured per time.
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4.1 Measurements methodology

Figure 4.1: HP 41554 Semiconductor Parameter Analyzer

The HP4155A was connected to a micromanipulator prober station located inside a dark box
(Figure 4.2, Figure 4.3). The prober station offers 4 tungsten probes, of which 3 were used. For the
probes to be placed correctly on the sample the offered microscope and placement-adjust screws
were used. The base of the probes station has negative pressure pumps that provide the necessary
stability to the samples. The dark box offers good light, electromagnetic and humidity insulation

for quality measurements.

Figure 4.2: Experimental setup for I —V curves.

The data derived from the LabVIEW software were managed through specialized user interfaces
(Uls) specifically developed for the purposes of this study. After importing the raw data into the
interface, various analyses were conducted, including the generation of plots, processing of data,
extraction of parameters, and creation of summary plots. These Uls were constructed utilizing the
Python programming language. The code for the Uls as well as supplementary scripts that were

used for data analysis are uploaded in this repository.
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Figure 4.3 (a) Micromanipulator probe station and (b) placement of the probes on the INL chip.

Additionally, C — V curves were retrieved to experimentally measure the capacitance of the top
gate liquid to the gate electrode. The HP4284A LCR meter (Figure 4.4) was used to obtain these
data. During the measurement a DC voltage is applied, to which a small amplitude AC voltage is
added (the amplitude of the AC signal is small so that the response is linear). Applying this voltage
causes a change in the load AQ of the device and through this the capacitance is calculated. For
this kind of measurements only 2 probes were used: one was just touching the liquid and the other
was touching the 4™ pin of the packaged chip, which is the coplanar top gate electrode pin. The

extracted plot is shown in Figure 4.25.

Figure 4.4: HP42844 LCR meter

4.1.2 Experimental details

The source of each FET was taken as a reference point for all measurements. So, when the
notation V; is used, it refers to V5, when the phrase voltage of the gate is used, it refers to the

voltage difference between gate and source, and so on.
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4.2 INL Chip preparation

After testing the limits of the device used in this work it has been concluded that it is safe to
work between —0.5V and +0.5V for drain voltage (V;) and from —1V to +1V for gate voltage

(Vy)- As current compliance a limit of 800uA both for drain and gate current was set.

4.2 INL Chip preparation

The INL chip's soldering points, connecting it to the PCB, are safeguarded by an epoxy resin,
forming a protective barrier against damage. This resin naturally forms a slight step, providing a
small tank where droplets can rest on the transistor array. However, for the current experimental
needs, a larger liquid volume 1is required. To accommodate this, a custom-made
polydimethylsiloxane (PDMS) well with a capacity of 0.3ml was meticulously crafted and securely
affixed to the INL chip.

Figure 4.5: (a) INL chip with a drop of distilled water, (b) INL chip with PDMS chamber filled with
distilled water, (c) illustration of INL chip with PDMS chamber

Silicone polymer Polydimethylsiloxane (PDMS), sometimes referred to as dimethicone or
dimethylpolysiloxane, is a silicone polymer with a broad range of applications, including industrial
lubrication and cosmetics. In general, PDMS is non-toxic, non-flammable, and optically clear. Its
uses include elastomers, medical equipment, and contact lenses. CH3[Si1(CH3)20],S1(CH3)3, where

n is the number of repeating monomer [Si(CH3)20] units, is the chemical formula for PDMS [47].
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Figure 4.6: Chemical structure of PDMS [47]
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4.3 Characteristic GFET curves

4.3.1 Transfer Characteristic (/z- V)

To obtain the curves of drain current versus gate voltage (I; — V;), gate voltage from —1V to

+1V was applied for drain voltages 0V, 0.1V, 0.2V, 0.3V and 0.4V. In addition, forward and

backward sweep measurements were taken to observe any hysteresis effects.

From the I; — V;, the Dirac point voltage for every drain voltage and every GFET device can be
extracted. The Dirac point voltage is located at the minimum point of the curve. Theoretically this

point should be located where Vj is approximately OV due to the symmetry of graphene’s energy

bands. However, when graphene is brought into contact with the contact’s metal, as the Fermi
Energies of the materials are equilibrating, the final Fermi Energy is smaller than the initial Fermi
Energy of graphene. As a result, positive gate voltage should be applied so that graphene reaches
the Dirac point [48]. Rather than that, any polymer residues (positive charges) or pollutants from
the water and the air that attach to the graphene’s surface are also conducting to the fall of Fermi
Energy and consequently the move of the Dirac point as they remove electrons from the graphene

[49]. All these lead to the conclusion that the graphene of the chips is slightly p-doped.

(a) Metal Graphene (b) Metal Graphene
vac------ E o T t AV
Pa
Er *
Er
<DOS DOS,

Figure 4.7: The relationship between the DOS" and the energy (a) in the contacts and in the graphene
separately and (b) "just" at the metal/graphene interface.

! The density of states (DOS) is the number of different states at a given energy level that electrons are allowed to
occupy.
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4.3 Characteristic GFET curves

Figure 4.8 shows the I; — Vj; curves for V; from OV to 0.4V for the FET 26_20 with the polymer

chamber filled (0.3ml) with distilled water. For V; = OV the drain current is, as expected, also 0.
The Dirac point moves right with the increase of drain voltage. This is explained also due to the
decrease of Fermi Energy as the voltage at the contacts increases. For devices with ambipolar
characteristics, such as graphene, the lowest current is spotted where the gate voltage changes the
Fermi level to the degree that the carrier injection between the source and the drain balances. Since
the V; modifies the carrier injection, the gate at which the current minimum is spotted will also

change [33].
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Figure 4.8: 14 — Vy curves for Vy from OV to 0.4V for the FET 26_20 with the polymer chamber filled
(0.3ml) with distilled water.

Additionally, Figure 4.8 shows that the curves are not symmetrical as per the vertical axis that
passes from the Dirac point. This asymmetry proves that the concentration and the mobility of

electrons, that function as charge carriers for V; > 0V, is smaller from the concentration and the

mobility of the holes, that function as carriers for V; < 0V.

Furthermore, in Figure 4.8 “cracks” in the right side of the curves are observed. To determinate
the reason for these, measurements were repeated while alternating the source and drain terminals.
In Figure 4.9 the same measurements have been made for source grounded (purple line) and drain
grounded (grey line). If the phenomenon occurred due to a constructive error of the contacts, then
by reversing the probes the "crack" should be transferred to the left branch. In the present
measurements the "break" is maintained on the same leg and therefore there is no manufacturing

error, but probably during the positive 1 there is a build-up of charges on the contacts.
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Figure 4.9: 15 — Vy curves for source grounded (purple line) and drain grounded (grey line).

The forward and backward sweep curves (Figure 4.10) show that the devices do have hysteresis
phenomena. The fact that during the backward sweep the curve is shifted to the left shows that
during the measurements the Fermi energy increases due to the accumulation of negative carriers
(electrons) at the graphene — distilled water interface. If the negative charges had accumulated at
the graphene — silicon interface, then the hysteresis should be permanent. By repeated
measurements it was observed that the hysteresis is not permanent and therefore, the shift is

attributed to charge accumulation at the graphene — distilled water interface.
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Figure 4.10: 14 — Vy curves for forward and backward sweep.

All the measurements presented on this work are made using an external tungsten top electrode
(Figure 4.3.b). However, as mentioned in section 3.4, the INL chip has embedded a coplanar Au/Cr

top gate electrode. Figure 4.11 shows how the I; — V; curves change depending on which electrode
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4.3 Characteristic GFET curves

is used. Different gate electrodes have an impact on the Dirac point's location but not the drain
current's magnitude (Figure 4.11.b). The external tungsten electrode has a better behavior while
interacting with the distilled water as it is less polarizable and it has a better electrochemical
equilibrium compared to the coplanar Au/Cr electrode. The effect of the different electrode

materials is also shown in relevant literature [50].

700 700
vd = 0.3V Top gate electrode: vd = 0.3V Top gate electrode:

1 — external (W) i T T - - external (W)
=60 — coplanar (Au/Cr ) 2600 s — - coplanar (Au/Cr)
=500 5004 ! \ P
o i) * )/
€ 400+ + 400- \ /

o o !

5 300 5 300+ v/

o vd =0.1V O Vd=0.1v \ /

€ 200+ —= .E 200+ T T T R =~ ~ _

s E -~ ~ -7 -

g W 5 100 \\ -

0 150191 DI CHAMBER 5_11 DAY 1 0 150191 DI CHAMBER 5_11 DAY 1
-1.0 -0.5 0.0 0.5 1.0 20 -15 -10 -05 0.0 0.5 1.0

Gate Voltage, Vg (V) Gate Voltage, Vg - Vg,Dirac (V)

Figure 4.11: 15 — Vy curves for different gate electrodes, in (b) the curves are shified by Vg 4irqc to
show the same profile

Figure 4.12 illustrates the curves for all the devices (FETs) of chip 150191. Though theoretically,
all FETs should have the same behavior, actual behavior varies from FET to FET of the same chip
due to fabrication variations. One factor to which it could be attributed is wrinkles that are formed
in the graphene during the wet transfer process. The FET 10 11 (source drain) is observed to
directly reach the compliance limit (800uA) indicating that this pair does not function as a FET.
The Dirac points of the FETs typically lie within a narrow range with little variation. Notably the
curves of some pairs, that are spatially close at the chip (e.g., 5 11 and 6 11, 18 20 and 19 _20)
are presenting identical behavior. This supports the claim that graphene regions with spatial

proximity exhibit similar behavior.
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Figure 4.12: 13 — Vy curves for Vy = 0.3V for the lefi (a) and the right FETS (b) of the chip 150191.

Right Source

800+ — 16.20

— — 1720

< 700+ — 1820

= — 1920

2 600 S

<] — 22 20

® 500 — 23 20

= — 24 20

QO 400 — 25 20

c — 26 20
©

5 3004 150191

DI CHAMBER

200 4 DAY 1

Vd = 0.3V

-1.0 -0.5 0.0 0.5 1.0 1.5

Gate Voltage, Vg (V)

In order to better observe in what interval, the Dirac points lay and what is the drain current at

it, box charts were created as shown in Figure 4.13. It is noticed that the variation of the gate

voltage and the drain current at the Dirac point increases as the drain voltage increases.
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Figure 4.13: Box charts for gate voltage (a) and drain current (b) at the Dirac point.

In Figure 4.14 and Figure 4.15 and the I; — V;, curves for all the devices (FETs) of chips 150431

and 150439, under the same conditions in which chip 150191 was measured, are presented. In both

chips a quite different behavior is noticed between the left and the right side. Particularly, in chip

150431 the curves of the right side seem to be shifted to the right and “unsharpened”, indicating

possible positive contamination of the graphene surface.
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Figure 4.15: 13 — Vy curves for Vy = 0.3V for the lefi (a) and the right FETS (b) of the chip 150439.

Noticing the curves from all 3 chips a non-uniform behavior is concluded. Small differences

during the fabrication, contamination and flaws on the graphene sheet are possible causes for this

phenomenon.

As will be discussed later (subsection 4.4.1), from the I3 — Vy curves the transconductance of

the FETs can be extracted.

4.3.2 Output Characteristic (/z- Va)

To obtain the curves of drain current versus drain voltage (I; — V), drain voltage from OV to

+1V was applied for drain voltages OV to 1V with a step of 0.2V. Moreover, to better understand
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the different operation for gate voltage before and after the Dirac point (V girqc), more detailed

measurements (smaller step) around the Vg 44 Were taken.

Figure 4.16 shows the characteristic I; — V,; curves for the FET 26 20 with the polymer chamber
filled (0.3ml) with distilled water. Generally, excluding the curve for zero gate voltage, upon
increase of the gate voltage the slope of the curve, which is equal to the conductivity, increases,
i.e. the resistance decreases. This is expected, as the higher the gate voltage is, the greater the

concentration of carriers at the graphene is and hence the more conductive it becomes.

More specifically, for different values of Vj; different behaviors are observed: for V; = OV the
curve is convex, for V; = 0.2V the curve changes its curvature midpoint and for V; > 0.2V all
curves have the same form (concave) and tend to reach a plateau. As the applied V; increases the
behavior of the device becomes more ohmic (more constant slope). The change in behavior of the

curve from V; = 0.2V to V, = 0.4V indicates that the Dirac point is between these two values.
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Figure 4.16: (a) 14 — V4 for Vy from OV to 1V for the FET 25_20 with the polymer chamber filled
(0.3ml) with distilled water.

Figure 4.17 shows the different behavior for V; < Vy girqc and for Vy > Vg girqc. The voltage

Vg,dirac = 0.34V is the first at which the curve does not change curvature, so the Dirac point is

between 0.32V and 0.34V. Also Figure 4.17.b indicates the 3 regions of operation of a GFET

discussed in subsection 3.1.
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Figure 4.17: (a) 13 — Vg curve for V; around Vy pirae, (b) 1qg — Vg curve for Vy = 0.2V, where the 3
regions of operation of a GFET are shown: 1) triode region, 1) unipolar saturation region and II1)
amphipolar saturation region [24].

500

A
N
o
o

w

o

o
L

Drain Current, Id (uA)
g 8

(b) Gate Voltage, Vg (V)

— 0.2

i}
11
1

150191 DI CHAMBER
25_20 DAY 1

0.0 0.1 0.2 0.3 04 0.5 0.6

Drain Voltage, Vd (V)

Figure 4.18 shows the curves I; — V,; for all FETs of the chip 15019. In theory all pairs should

have the same behavior but variations during the fabrication process as well as any graphene

wrinkles created during transfer cause different behavior from FET to FET of the same chip.
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Figure 4.18: 15 — V4 curves for V; = 0.4V for the left (a) and the right FETS (b) of the chip 150191.
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As will be discussed later (subsection 4.4.1), from the I3 — V,; curves the output conductance

(gq) of the FETs can be extracted.

4.3.3 Gate Leakage Current ()

New effects that are typically not predicted in conventional back-gated or dielectric gated FET

devices are introduced by the electrolyte-gated setup, such as low but always present gate/leakage

currents (I;). Both the transistor and the gate can be affected by the existence of gate currents in a
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LG-FETs, so it is of high importance that they are monitored. Alongside of all the above
measurements the leakage current was also measured to reassure proper functionality of the
devices. Figure 4.19 and Figure 4.20 show the leakage current measured during the experiments
of sections 4.3.1 and 4.3.2 accordingly. The gate current is significant smaller than the I; current
and into acceptable limits. During all the I; — V;; scans, the recorded I, had a similar profile: it was
negligible at low positive potentials but rapidly grew in magnitude when a specific gate potential

was surpassed.

a) 800 3 b)o.
( ) Drain Voltage, Vd (V) ( ) 0.04 Drain Voltage, Vd (V)
700+ — 0.0 — 00
— —~ 0.03
< 600 —0:1 < = — 0.1
2O — 02| 3 _— — 02
ko] — 03 .024 —_— 0.3
2 500, g 5
400 5 001
5 300 5
3 3 0.004
S 2001 @
® © -0.01
0 100+ o
4 i 150191 DI CHAMBER
04 150191 D;;gén\o/fs? 0.02 | | | | 2 200AY
40 05 00 05 10 15 10 -05 00 05 10 15
Gate Voltage, Vg (V) Gate Voltage, Vg (V)

Figure 4.19: (a) 13 — Vy curves for V4 from OV to 0.4V for the FET 26_20 with the polymer chamber
filled (0.3ml) with distilled water, (b) Leakage current during the same measurement
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Figure 4.20: (a) 13 — Vg for Vi from OV to 1V for the FET 25_20 with the polymer chamber filled
(0.3ml) with distilled water, (b) Leakage current during the same measurement
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4.4 Parameter Extraction

This subchapter marks an important phase of the study, as it delves into the intricate process of
parameter extraction from the I; —V; and I; — V,; curves. This section directs its focus towards
significant metrics of GFETs such as transconductance, carrier mobility, and carrier concentration.
This section aims to provide a comprehensive understanding of the parameters of GFETS’
functionality, laying the groundwork for subsequent discussions on optimization strategies and

applications.

4.4.1 Transconductance (gx')

Transconductance (also called transfer conductance) is the electrical characteristic that relates
the output current to the input voltage of a device. It shows how much the output current (I in this
work) changes regarding to variations of the input voltage (V; in this work). It can be extracted
from the plots of Figure 4.8 by applying the equation [51]:

_dl,

o (4.1)

9m

To calculate the derivative, the gradient command of the numpy? library in python® programming
language was used. Based on the documentation of numpy the command gradient* calculates the

derivative based on Taylor series and concludes to the eq (4.2).

+ O(h?) 4.2)

£ CfOq+ 1) —flg—1)
P 2h

Figure 4.17 shows the transconductance curves of GFET 25 20 for different values of drain
voltage (V;). All curves have their minimum point at the Dirac point. To the left of the
characteristics’ peaks there is transconductance due to hole mobility and to the right
transconductance due to electron mobility. These values will then be used to calculate the carrier
mobility (subsection 4.4.5). Finally, on the right-hand side, after the peaks the curves make a
“dent”. This “dent” is due to the “break” of the I; — Vj; curves (Figure 4.9).

! Transconductance is represented by m since it is also sometimes referred to as mutual conductance.
2 https://numpy.org/

3 https://www.python.org/

4 https://numpy.org/doc/stable/reference/generated/numpy.gradient.html
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Figure 4.21: Transconductance curves of GFET 25 20 for different values of drain voltage (V).

4.4.2 Output Conductance (g2)

The output conductance is a metric of how much the drain current changes in response to a

change in drain voltage. Mathematically it can be derived from the curves in Figure 4.17 through

eq. (4.3) [51].
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= — 4.3)
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Figure 4.22: gq — Vg curve for Vg around Vg pirac
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4.4.3 Conductance (G) and Resistance (R)

The resistance and conductance curves can also be derived from the I; — V; curves (subchapter

4.3.1). The curves of the conductance versus gate voltage are shown in Figure 4.23. The

conductivity is derived from the relation:

Iy
G =— 4.4)
Va
if applied to the curves in Figure 4.8.
2.2
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Figure 4.23: G — Vy curves for Vg from OV to 0.4V.

Similarly, the resistance versus gate voltage curves (Figure 4.24) are derived from the relation:
=7

if applied to the curves in Figure 4.8. As the gate voltage gets closer to the gate voltage at the Dirac

R 4.5)

point, the resistance increases due to the decrease of carriers. Figure 4.24.b shows the resistance
curves shifted to the left by V 4irqc and indicates that the resistance, in a range away from the

Vy,dirac» does not depend on the applied drain voltage.
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Figure 4.24: Resistance curves versus gate voltage (a) and versus gate voltage —Vg pirac (b).

The resistance shown in Figure 4.24 is the “full” resistance of the device including the graphene

resistance and the contact resistance. In more detail [34] the shown resistance is given by the

relationship:

Riot = Renannet + Reontact (4.6)

where:

® R nanner: the resistance of graphene in the area covered by the top gate electrode,
® R ontact: the resistance of the graphene in the uncovered area plus the resistance of the
contacts (graphene-contact interface). In the present arrangement there are 2 contacts and

no uncovered graphene so R onract = 2R, one R, for each contact.

The resistance R panne; 1S given by the relation:

Renannet = ——— = i @7)
Neot € Hefy ng +nlVi1? - e uepr
where:
® N,q: number of squares in the top gated area (Ngq = leng ht/wi dth = /W)’
e 14, the carrier concentrations (electrons and holes) in the graphene channel
Neor = _|N& + nlV;]? (4.8)

e ¢: the charge of electron,
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® g5y the effective mobility of the carriers,
e n,: the residual carrier concentration at the point of minimum conductivity (Dirac point),

e n[V;]: the carrier concentration caused by the gate voltage (Vi = Vi — Vi girac)-

The n[V{] is expressed from the relation:

e
VG - VG,dirac = C_n + — 4.9)
where:

e (g the capacitance of the dielectric per surface area (the total capacity of the graphene — water),
e ug: the Fermi velocity in graphene (10°m/s),
e h:reduced planck constant.

Solving the eq. (4.9) in terms of n it is concluded that:

2

—Cy-m-h-up/e? + \/C; w2 -h2-ulfet —4- 1w Cyr (Vo airac — Vi)/e
n= (4.10)
2-\m

So now by combining (4.9) and (4.10) a relationship R;,; = f (V) can be derived and thus a fit

to the experimental data (Figure 4.24.a) can be done to extract the constants R, 4 and n,.
To make the fitting possible, the capacity Cg is left to be calculated. It is given by the relation:

Cg = Ctotal = [1/Cq + 1/Cdl]_1 (411)

where:

e (,: the quantum capacity per surface area due to changes in the total charge in the chemical
potential (Fermi level, Er) dQ/dEr of the two-dimensional material,

e (y;: the double layer capacitance of the graphene — electrolyte interface per surface area given

by:

Cdl =& SO/AD (412)

where:

o ¢, the relative dielectric constant of the electrolyte,
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e &, the dielectric constant of air,

e Ap: the Debye length.
Table 4.1 contains the constants and the device characteristics used for the fit.

Table 4.1: Constants and device characteristics used for the fit of Figure 4.26.

Parameter Parameter description Value
L graphene sheet length 81-107°m
w graphene sheet width 25e - 107%m
& relative dielectric constant of the electrolyte 78.57
o dielectric constant of air 8.85-10"12F /m
Ap Debye length 107%m
Cq quantum capacity per surface area 2.102F /mz [52]*

Based on the above values the capacity is calculated as C; = 1.36pF. This value is confirmed
experimentally as shown in Figure 4.25, from which we obtain C, = 1.35pF. The capacitance has

been measured in 1MHz, as in this frequency the HP4284A LCR meter give very quick pulses and
the measured capacitance is attributed only to effective agile electrons and not to slower traps that

would have been measured if slower pulses were given.

! The Cq used in the present calculations is the minimum quantum capacity observed at the dirac point.
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Figure 4.25: Experimental water — graphene capacitance curve as a function of voltage for frequency
1MHz.

Figure 4.26 shows the fit [33] of eq. (4.6) to the experimental data of the resistance curve versus

the gate voltage.
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Figure 4.26: the fit [33] of eq. (4.6) to the experimental data of the resistance curve versus the gate
voltage for (a) V4 = 0.1V and (b) for all the measured drain voltages of the chip 150191 with the
polymer chamber filled with water.

From the fits in Figure 4.26.b the parameters presented in Table 4.2 and Figure 4.27 are extracted.

Table 4.2: Extracted Parameters from the fit presented in the curves of Figure 4.26.b

Contact Resistance — Residual Ca'rrler Effective Mobility —
Va(V) R (O Concentration — m2
Cc ( ) n, (/mZ) ”'eff ( /Vs)
0.1 290.2 3.14 - 10 71.29
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0.2 282 3.48 - 10 67.79
0.3 274.4 3.96 - 10* 64.52
0.4 264.6 4,62 -10** 5941

The extracted parameters are also plotted, and a linear fit is used to extract a relation between

each parameter and the applied drain voltage.
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Figure 4.27: The extracted parameters versus drain voltage and a linear fit: (a) Contact resistance,
(b)Residual carrier concentration and (c) effective mobility.

It is noticed that as the drain voltage increases the contact resistance and the effective mobility
do not present important change while the residual carrier concentration increases as expected.
The fact that the contact resistance and the effective mobility do not change indicates that there is

no damage in the FET during these measurements.

These values are useful to calculate further characteristics of graphene such as the total carrier

concentration (subchapter 4.4.4).

4.4.4 Carrier Concentration

From relation (4.10) the carrier concentration caused by the gate voltage can be derived as a
function of the gate voltage. Since this is the carrier concentration of a two-dimensional material,
it is measured in carrierS/mz and not in carriers /m3 which is done for three-dimensional
materials. Figure 4.28.a shows the carrier concentration of graphene provoked by the applied gate
voltage. It is observed that for a gate voltage equal to Vj 4irqc the carrier concentration is
minimized. It is also noticed that the carrier concentration has a constant value, except for the
voltage regions around Vg girqc. Figure 4.28.b shows the total carrier concentration as obtained

from relation (4.8) by substituting nq = 2.67 - 101* /m?, that was obtained by the aforementioned
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fitting (Figure 4.26). There is again a decrease in voltage but not as large since there is the

remaining concentration ny.
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Figure 4.28: (a) carrier concentration of graphene due to the applied gate voltage, (b) total carrier
concentration

4.4.5 Field Effect Mobility (/)

In this subchapter the field effect mobility (us.) will be analyzed. The s, is extracted from the

transconductance (g,,,). In more detail [51]:

_ L dlg 1 (4.13)
Hre =W av, ¢, '

where:
e (y: the capacitance of the dielectric per surface area (eq. (4.11)).

Figure 4.29 shows the field effect mobility as a function of gate voltage. At the Dirac points the
mobility is zero since there are no field effect carriers. It is also confirmed that the mobility of

holes is higher than the mobility of electrons.
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4.5 Measurement and time dependent behavior of GFETs

This section explores the behavior of GFET concerning exposure to ambient air and the number
of measurements conducted. Initially, unused devices exhibit a suboptimal current response.
However, with repeated voltage applications, their performance improves. Figure 4.30 illustrates
the I; — V; curves for iterative measurements on a first-time-used device, maintaining consistent
experimental parameters. Initially, the curve is broader, but it gradually steepens after two voltage
sweeps. Notably, after 2 to 3 sweeps, the curve stabilizes, indicating minimal further change. The
initial slower response is attributed to organic residues from the fabrication process or ambient air
pollutants, which form barriers. Several sweeps effectively “destroy” these barriers. This

phenomenon aligns with observations documented in the literature [49], [50].
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Figure 4.30: 14 — Vy curves for recursive measurements in an unused device.
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Moreover, after long lasting measurements a thin membrane is formed on top of the liquid used
as top gate. After the removal of the water this membrane can adhere to the surface of the device
and cause malfunctions. Figure 4.31.a shows the INL chip clean, before any measurements are
executed. In contrast, Figure 4.31.b illustrates the presence of the under-discussion membrane on

the device. This membrane initially causes operational issues, but it seems to “break™ after some

voltage sweeps. The corresponding behavior is depicted in Figure 4.33 and Figure 4.32.

Figure 4.31: The under investigation device (a) before any measurements, (b) with the wet membrane
right after measurements and removal of liquid and (c) with the dry membrane 1 day after the removal
of the liquid.

thin gelatinous
membrane on
top of water

Figure 4.32: The gelatinous membrane is visible on top of the water

The I; — Vj, curves, for the 5_11 device of the chip 150191, across six distinct temporal instances
are illustrated in Figure 4.33. Instances 1.1 and 1.2 are derived from measurements taken on the
same day. Instance 1.1 represents the initial curve, while Instance 1.2, which reflects conditions
after water removal, is measured in the presence of the membrane shown in Figure 4.31.b. Notably,
the appearance of this membrane causes a rightward shift of the Dirac point, indicative of the
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introduction of positive charges to the graphene. Instance 2 corresponds to measurements
conducted on the subsequent day, exhibiting a widened curve and a further rightward shift in the
Dirac point, that may be attributed to the formation of a new membrane. Instances 3.1 and 3.2,
acquired on the third day, have noteworthy points of difference: while 3.1, taken at the onset of
measurements, demonstrates a significant shift and broadening of the curve, 3.2, obtained post-
multiple voltage sweeps, demonstrates a restoration of the initial steep curve, suggesting a potential
reversal effect achieved by the voltage sweeps. Finally, curve 4, captured on the fourth day of

measurements, represents the latest temporal instance.
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Figure 4.33: 15 — V; curves, for the 5_11 device of the chip 150191, across six distinct temporal
instances. 1.1: start of day 1, 1.2: end of day 1, 2: start of day 2, 3.1: start of day 3, 3.2 end of day 3
and 4: start of day 4

With a closer look at the curves of Figure 4.33, it appears that the membrane adds positive
charges to the graphene, causing a characteristic shift of the Dirac point. Although after multiple
volage sweeps the curve steepens again, it never comes back to the initial state. Notably, another
intriguing phenomenon showcased in Figure 4.33 is the appearance of a second low point,

occurring approximately at V, = —0.9V, in curves 3.1 and 4.

Furthermore, the existence of the membrane causes a notable augmentation in the hysteresis
phenomenon. In Figure 4.34 the hysteresis loops are presented both with and without the
membrane. It is observed that the hysteresis is magnified by a factor of 3 to 4 with the inclusion
of the membrane in contrast to the hysteresis observed in its absence. This phenomenon may be
linked to the membrane's enhanced ability to entrap carriers originating from the water utilized as

the liquid gate.
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Figure 4.35 comes in contrast to the above, as the curves of the device 26 20 of the same chip
(150191) seem not to be affected by the formation of the membrane. This may be ascribed to the
sequencing of measurements: device 26 20 was the final device to undergo measurement.
Consequently, the multiple voltage sweeps conducted prior to its measurement may have

effectively “break” the membrane barrier, thereby minimizing its influence by the time

measurements were performed on device 26 20.
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Figure 4.35: 14 — Vy curves, for the 26_20 device of the chip 150191, across 4 days
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5 Using the INL chip as a pH sensor

Demonstrating the applicability of the INL chip as a pH sensor constitutes a pivotal advancement
for its use in biomedical applications. The discriminative ability of the INL chips to detect

differences in pH underscores its ion-sensitivity and sets new basis to use this chip as biosensor.
5.1 pH sensing with LG-FETs

The conductivity of graphene in LG-FETs exhibits a dependency on the pH of the solution used
as the gating medium. This phenomenon can be attributed to the fundamental principles of
electrochemical equilibrium and the interaction between graphene and the surrounding electrolyte.
When an aqueous solution is acidified the concentration of hydronium ions (H30%) increases in
accordance with the chemical equilibrium governing the dissolution of the acidic species. An
example of this process can be observed in the reaction between hydrogen chloride (HCI) and
water:

HCl + H,0 — H3;0" + CI™ (5.1)

This equilibrium shift results in a higher density of mobile charge carriers within the solution.
Consequently, when a gate voltage is applied, an increased population of charges accumulates at
the interface between the electrolyte and the graphene surface. These additional 1ons effectively

modulate the charge carrier density within the graphene channel and so increase its conductivity.
5.2 Experimental Process

Initially, three aqueous hydrogen chloride (HCI) solutions were prepared, exhibiting pH values
of 3.4, 4.5, and 5.5. These solutions were derived through the process of dilution from a primary
HCI solution characterized by a pH of 1. The dilution was made under continuous stirring and the
pH was measured with a pH meter (Figure 5.1). So, by the end of this process, there were 4
solutions available: the 3 aforementioned solutions and the distilled water, the pH of which was

measured to be 6.3.
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Figure 5.1: (a) Stirring equipment, (b) pH meter C860.

To notice the different response to different solution sampling measurements were executed. In
more detail one drop of each solution was placed on top of the chip. The 3 probes were touching
the drop (gate), the source and the drain. During the sampling the drain current was measured
while a constant gate voltage, to accelerate the movement of the solution’s carriers in the
graphene’s surface, and a drain bias voltage were applied. An important point of the experimental
process is that the measurements started first from the solutions with bigger pH, because they have
less carriers and therefore less of them would attach to the graphene. If the measurements started
from more acid solutions, which are rich in carriers, some of them would adhere to the graphene’s

surface and the next measurements would be biased. To elaborate, the procedures were as follows:

1. New unused chip
2. For every solution (starting from solutions with bigger pH):

1. Iq — V5 measurement for solution before the sampling

ii. Finding Vj 4iyq. for certain V; = v!

iii. Sampling with solution under V; = Vg'dimclvdzv +0.1VandV; =v
iv. Iy — V,; measurement for solution after the sampling

v. Triple rinse the chip with distilled water

! Not all measurements were taken with the same V.
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5 Using the INL chip as a pH sensor

Before and after the sampling, photos were captured to observe any discrepancies associated
with the time the solution remained on top of the graphene. Notably, it was found that if the solution
stayed on top of the chip for more than 2-3 sampling measurements (each lasting about 10
minutes), the metals were etched, leading to destruction of the whole or the half chip. Such an

example of electrochemical etching is shown on Figure 5.2.

Figure 5.2: Chip 150427 (a) before sampling measurements and (b) after sampling measurements,
where the electrochemical etching is obvious in many spots.

Due to the above phenomenon, measurements with all the solutions on the same chip under the
same conditions were not able. Therefore, the conductance (G) of the device is presented, as it is
less biased by the applied drain voltage. To reduce any remaining bias from the drain voltage the
conductance (from the initial I; — V; curve) at V; =V, ; and Vg = Vg 1, under which the sampling
was executed, is subtracted. Finally, in order for the conductance to be normalized, it is divided by

G(0)-6(Vg,1.Va1)

G(Vy4,1,V4,1) and so the presented data is c(VgVar)

. After the sampling measurements, the

data are combined in Figure 5.3.
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6 Cells Cultivation

After confirming the ion-sensitivity of the INL chips in subchapter 5.2, the focus now shifts to
proving their biocompatibility. To accomplish this, Neuro-2A cells were cultured for 4 days and
isolated neurons from the embryonic hippocampal region (E16.5) were cultivated for 10 days on

top of graphene, which was transferred to 300nm SiO».

In more detail, Neuro-2A cells were cultivated in nutrient medium (DMEM-FBS 2%)
supplemented with retinoic acid (10uM) for 4 days and their neural growth was evaluated. The
cultivation was made on 5 samples to statistically study the growth of the neural cells. In the 4"
day 46.28% of the cells had differentiated with an average neurite outgrowth! of 3.027um. An
example picture of the growing neurons is showed in Figure 6.1.

. Graphene -7
it * wrinkles > p . 7 Cell body

Neurite

\

4

- Synapse
Cell body ————

Neurite —

Synapse

Figure 6.1: Optical microscope images from the cultivation of Neuro-2A4 cells on graphene

Additionally, isolated neurons from the embryonic hippocampal region were cultivated for 10
days (Figure 6.2). Primary hippocampal neuron cultures exhibited normal development on the
graphene sample, confirming its potential as a medium for neuronal cell culture and differentiation.
These experiments contribute crucial information towards establishing the biocompatibility of the

INL chips, paving the way for their application in neurobiology and related fields.

! The neurite outgrowth is calculated by dividing the initial cell body diameter from the neurite grow length.
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Figure 6.2: Optical microscope images from the cultivation of isolated neurons from the embryonic
hippocampal region
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7 Conclusions

The purpose of the current work was to electrically characterize arrays of liquid gate graphene
field effect transistors. The transfer and output characteristics and proper parameter extraction
techniques, like derivation and curve fitting, facilitated the extraction of valuable metrics — such
as contact resistance, carrier concentration, effective mobility, and more — for the operation of the
INL chips. Repeated measurements on all the LG-GFETs of many chips allowed the statistical
assessment of the under-investigation devices and explored how they are affected from conditions,
like remain humidity and atmosphere contamination. Moreover, measurements executed for
aqueous solutions of different pH values, used as liquid gates, demonstrated a clear ion-sensitivity
of LG-GFETs. Finally, the successful cultivation of cells on the graphene opens new paths for
applications using this particular chip. The recording of nerve signals and the study of their effect
on the characteristic curves is just examples of the research that could follow. The fact that there
is an array of transistors and not a single device allows the elimination of noise as well as the

simultaneous study of the behavior of the cells from different points.

However, during this work a few misses regarding the chip have been observed. First, the
behavior of the LG-GFETs seems to vary a lot from chip to chip and also from FET to FET in the
same chip. This does not allow for a coherent study as there is not a common ground when
variables are changed. Additionally, the chips seem also to be really sensitive, even with distilled
water, having a degrading effect over the spam of just a few days. When they come in touch with
more acid solutions, electrochemical etching is noticed, indicating poor passivation of the metals.
Possible improvements would be, a better and more stable fabrication process, to eliminate
variance, and a better more resistant passivation layer. The test of different materials for the
coplanar top gate electrode, would also be a good suggestion, as the Au/Cr seem not to interact

well with distilled water.

All in all, this work have set the basis for further research and many biomedical applications
utilizing the LG-GFET array INL chip. Before use in application noise measurements and study,

that are really important when dealing with sensing, should be executed.
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