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ABSTRACT

The present thesis consists of two parts: the first one refers to the study of the
affection of the environmental conditions to the dielectric properties of selected solid,
liquid and polymer materials, while the second part refers to the study of the
electrodeposition  of CdSe films and how they are affected due to the change of
various parameters.

The chosen solid dielectric materials (TiO2, Al2O3 and Li2CO3) are used in the
form of cement, molding blends of different composition, which, in turn, were shaped
in solid samples and submitted in thermal processing in order to form ceramic
materials. The study exploits the dependence of the dielectric values on the
composition and the structure morphology of each sample, the degree of the thermal
processing as well as the environmental conditions (temperature, moisture). The
construction of high k – low loss materials is proposed for micro-electronic and
telecom applications.

The insulating oil, which has an extended use in electrical equipment and
most important, the power transformers, has been chosen as liquid dielectric material.
The dielectric behavior of the dielectric liquid (mineral oil) enriched with low
concentration nano-materials is studied. Scope of the study is the monitoring of the
dielectric behavior of the oil and the reversal of possible negative aging phenomena
due to byproducts.

The  biaxially  oriented  polypropelene  (BOPP)  has  been  chosen  as  dielectric
polymer. The induced changes on complex permittivity after applying
UV/condensation cycles were investigated.

Scope of the second part of this thesis is the development of CdSe thin films
on nickel substrate and the study of the electrical and structure properties of the
samples. The factors that have been differentiated are: temperature of the solution, the
surface of the substrate (oxidation of nickel), the presence of nitrogen during the
electroplating and the thermal processing of the produced samples during the presence
of nitrogen. Each processing has been studied in order to determine affects at the
crystallization of the produced CdSe films, its rectifying properties and its surface
morphology. The last part of the work is to propose the most applicable processing
method where the most appropriate results occurred in order the produced
semiconductor to be used in photovoltaic applications.

KEYWORDS
Titanium oxide, anatase, rutile, phase transformations, Dielectrics, Polymers, Electrical
Properties, composite insulation, dielectric polarization; humidity; interface
phenomena, nanodielectrics; nanofluid; oil insulation; Permittivity measurement,
Electrodeposition, wurtzite CdSe, II-VI semiconductors, Schottky diode, nickel, thin
films, annealing.
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2.3.4   

,

r  tan

. 

 ( ,max)  

. 

.  

, 

, : , , r, tan .

:  ,  ,  

, , , , 

,  ,  

. 

, 

, , , 

.

r  tan . 

, 

.  

. 

 20-100  C. 

.

. 

, 
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.  ,  ,  

  r ,

.

. , 

 ( r).

2.3.5   

. 

:
sec

103 8 mc  , 

 ( =c/f) 

.

, 

.  

, 

, 

, .

: rr c
cn

2

1

2

1 .  

,  

.

. 

, 

. 

. 

 (  1.4).
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 1.4

, 

:

 ( ) 

.  (  1.5 ). 

,  (1015

– 1016Hz) .

.  (

). 

., 

 (  1.5 ). 

 (1012 - 1013Hz) .

 ( )

, 

, . 

.  

., , 

 P  E  (  1.5 ). 

 1011 - 1012Hz.

. .
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 ( )

. 

, ., 

, 

 1.5 ). 

 (  1kHz). 

. ,

.

, 

. 

, . 

, .

)

)
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)

)

 1.5  ( ): , ( ): , ( ): 
,  ( ): 

 (

)  (

). 

, , 

 ( r ).

,  (tan ) .

. 

, .

2.4     

2.4.1   

. , 
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 (Q=CV) 

 (effective). 

  r

. 

:

d
A

C or , :
d

A
C o

 1.6

:
d
VE    ,

or
onpolarizatieffective EEE ,

: .

, 

. r

.(effective).

:

i) :  (Rv) 

 (Rs). :
SV

SV
total RR

RRR  . 

,

.

ii) : 

.   
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, .

: tan22 CfVP rms  ,  tan

, .

2.4.2   

. 

. , 

,  

.

 (  1.7):

 1.7

) ) 
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, 

, .

:

PP
SS RC

CR 1tan ,
r

r

PPPP

P

RCC
G

R
X 1cottan

:

2222 1
1

tan1 SS
P

S
P CR

CCC

 RS , RP : 22

2

tan
11

tan
tan1

S

P

R
R

:

222

2

222 1
,

1 SSO

SS
rSSr

SSO

S
r

O

P
r CRC

CRCR
CRC

C
C
C

rrr j :

222

2

222 11 SSO

SS

SSO

S
r CRC

CRj
CRC

C

. , 

.

2.4.3   

. 

,  

. 
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.

 (dielectric response

methods) 

.  P 

. 

EP O  (1)  :  .  

,  

.  =8.85419 10-12 As/Vm, , 

 (V/m) 

.

, .  (1) 

 P  

.   (  >  0)  

   ( ). 

, 

. , 

’  

.
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 3: 

 k

, 

 tan . 

, 

. 

 ( , 

) 

, 

 (  20 Hz  1 MHz,  5 ) 

.

. 

, . 

, 

. 

.

 :

. , 

. ,

.  

. , 

, 

, 

.

. 

, 

, . 

.  ( ) 
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, 

. , 

,  (

)  (

).

. 

 (  700-1000oC) 

, .

, 

 ( , ), 

, ),  (

)  ( , 

).  

. 

, 

.

.  

. 

,   (10-6

mbar)  600  C.



39

3.1     

, 

 (European Ceramic Society, American Ceramic Society), 

,  1000oC 

.

, 

, , 

. 

 (toughness) 

 (ductility).  

. 

. , 

[1],[2], . 

 (

1):

.(oC) .(oC)

TiC( ) 3120 Al2O3 ) 2050

MgO( ) 2798 SiO2 ) 1715

SiC( ) 2500 Si3N4 ) 1900

B4C( ) 2450 TiO2 ) 1775

 1  « » 

: 

. 

: ,  (silica – SiO2)

 (feldspar). , 

. 

 (  – compounds) 

. 

 (powder) 

 ( ), 
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.

 (van  der  Waals  ),  

, -

, 

[3],[4].

3.2     

.

, , .

. 

 Pauling. 

:

%  = [1 - exp(-0.25{Xa - Xb}2) .100%,

a b .

.  

 « » 

. 

 2.

(%) (%)

MgO 2.3 73 27

Al2O3 2.0 63 37

SiO2 1.7 51 49

Si3N4 1.2 30 70

SiC 0.7 11 89

 2  « » 
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, 

.

,  ,  

.

,  (

),  (

).  « » ,

. 

. 

 (critical radius ratio). 

 (  3.1).

 3.1

, . , 

.

, 

:

, 

.

.

.  ,  ,  ,  
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.   8,  6,  4   3  

 3.

0,732

0,414

0,225

0,155

 3  8, 6, 4  3 

(silicates), .
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 SiO4
4-

.   Si-O   50%   50%  ,  

. 

.

3.3     

(powder) . :

1.

2.  (packing density), 

3.

.

3.3.1   

. 

, 

. ,

, , 

. 

.

3.3.2   

, 

.

 (Pressing):

. 

.

 (Dry pressing):

 (high-heat-resistant-materials)
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. 

(binder). , 

 binder. 

. 

.

.

 (Isostatic pressing):

. 

.

 (Hot pressing):

.  (hot pressing - HP)  (hot

isostatic pressing - HIP). 

.

 (Extrusion):

(plastic state) . 

, . 

 (vacuum-auger type extrusion machine)

 ( ) 

. 

.

:

  .

: 

. 

100 C 

.  (binder)

,  200  300 C.
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 (Sintering):

 (solid-

state diffusion). 

 ( ). 

 , , 

 (titanates)  ( ).

, ,

 1000 C, . 

,  

 (  3.2).

 3.2

.  « » 

.

, 

. , , 

, . , 

,  (

3.3). , 

.
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 3.3  sintering.

.

. 

.

 (Vitrification): , , 

 (glass phase). 

. , 

. 

.  

, 

. 

.
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3.4     

3.4.1    

.  3.4 

. 

,  (refractories) 

, , .

, .

 3.4

 « » 

.

, . 

, 

(porosity).  2.1gr/cm3  3.3gr/cm3. 

. 

.

. 

 (MgO)  (CaO).
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, 

, . 

 (SiO2)   (Al2O3). ,

.

.   70%  

 1260 C.

 (  3.5). 

 10 

 1260 C.

 3.5

, 

 (thermal shock). 

, . , 

. , 

.  ,  ,  

.
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 3.4.2    

. 

. 

. 

.

3.5     

3.5.1    

. 

.

. 

.

 (electrical porcelain)  50% 

l2O3 6SiO2 2H2O), 25%  (SiO2)   25%   (feldspar  -

2 l2O3 6SiO2). , 

. 

.

 (steatite porcelains) 

, 

. 

.  90%  (talc) (3 gO 4SiO2 H2O) 

10% .  (enstatite -

MgSiO3) .

O  (fosterite)  Mg2SiO4

 (vitreous  phase).  ,  

, 
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. 

 (tan ).

,    ( l2O3)  

. 

. , 

 (radomes).

 4.

m)
(kV/mm)

 (tan )
60Hz 1M

Hz
60Hz 1MHz

1011-1013 2-12 6 0,06

>1012 6-11 6 6 0,008-0,09 0,007-0,025

>1012 9,8 6 0,001-0,002

>1012 9,8 9 0,0008-0,009

 4

3.5.2    

. 

, 

 2.6 . 

 (BaTiO3)  .   BaTiO3

,  1200  1500.

.
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 3.6 ) , ( ) 

 3.6

. 

. 

. 

. 

.

3.5.3    

. , 

 (NTC – Negative Temperature

Coefficient)  (PTC -

Positive Temperature Coefficient).  NTC.

 NTC .

,  

. 

NTC  Mn ( ), Ni ( ), Fe ( ), Co

)  Cu ( ), .
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. 

 (solid solution).  (Fe3O4)

 Fe2+  Fe3+.

, 

, , 

.

3.5.4    

. 

, 

. 

. 

 (  3.7 ).

, 

. 

 (  3.7b). , 

, 

. 

 (  3.7c).

.

 BaTiO3

 PdZrO3  PdTiO3  PZT . 

 BaTiO3.
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 3.7

3.5.5    

, 

. , 

. 

, 

. 

.  

. 

(hardness) 

. 

 - 

, 

.  (high chemical resistance)

. 

. 

 (SiO2).  

 (loose network).

.  

.
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3.6     :  (TiO2)

3.6.1    

 (Ti –  22) 

 (FeTiO3)  .  

 90% .  95% 

 ( ) 

. 

, ,

, 

, 

.  ,  ,  

. 

  .

3.6.2    

: , 

. 

 5 [9]-[12].

,  

. ,  915oC , 

.  

 750oC [4],[13]-[17]. 

,  (luster), 

 (hardness)  (density). 

,  (  4/m 2/m 2/m). 

,  TiO2

 (2)  (edges). 

 (4) . , 

. 

. 

, 

, i4+

2-. , 
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4+ , ,

 ( ). 

 sp2 , 

.

(Crystal System)
(tet) (tet) (orth)

79,890 79,890 79,890

(Coordination
number)

4 2 8

(Point Group)
4/mmm 4/mmm mmm

(Space Group)
P42/mnm I41/amd Pbca

 (Vol) (gr/lt) 136,25 62,07 257,38

(Molar Vol)(mol/ lt)
20,156 18,693 19,377

 (gr/cm3) 3,895 4,2743 4,123
 Mohs 5,5 - 6 6 – 6,5 5,5 - 6

 5  TiO2, 

. , 

,  ,  

 c.   TiO2, 

i4+, 

, 

i4+ - i4+. , 

,  
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i4+,   sp2

, 

.  

i4+. 

 3.8 . i4+

2-  3.8 .

, 

 TiO4  OTi3, 

.  ,  

  TiO4, , 

 3.8 .

 3.8
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 3.9  ( ),  ( ),  ( )

 Ti4+ 2-
3, 

, 

,  .  

 sp2  d2sp3

. 

 90°  sp2

 3d 

.  d  t2, 

 c- , 

 Ti4+ - Ti4+ . 

 2Ti4+, 4 2- ,  

 24  Ti-O  8 

-   Ti- .  i2 4,   Ti4+

 4 2-  32 , 

,  TiO2 .

.  V 2  d

 V4+, -

,  dz
2 * , , 

,  .   VO2

, 

,  TiO2.
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3.6.3     Ti 2

3.6.3.1 
 Ti 2

, 

.

 Ti 2  (n=2.71) 

, . 

.  

.

,  Ti 2 , 

 200  500nm.  (nanopowder) 

. 

. , . 

.

,  (UV, <380nm) 

.  Ti 2

, 

,  

[18]-[20]. ,  Ti 2,

 (reactive oxide species - ROS),

,  ( 2 2 - ) 

 ( 2
-).

22

2

2

OeO
HOHhOH

ehhvTiO

 CO2. 
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 (self-cleaning).  Ti 2

, , 

 (porous

film).

,  Ti 2 . 

.

3.6.3.2 

, 

. 

 TiO2 9.3x6.35x76 mm 

 128.9 MNm-2  l71  MNm-2

 1200 C,   179  MNm-2 .

, 

.

3.6.3.3 
,  TiO2

. , , 

 (  3   3.5eV   -  high  bandgap

semiconductor) [21]. 

. 

VLSI, 

.

3.6.4    

3.6.4.1 
:  Ti 2 . 

. 

.  ,  ,  .  

, 

 Ti 2. .
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 Ti 2.

.

,  ,  

 PVC.

:  Ti 2

, 

 (  50nm). 

. 

(nanoparticles), , 

.

, 

.

 «

» (“gold nanoparticle”). 

.

, 

.  

. 

.

3.6.4.2 
 – DSSC:  TiO2

 (dye-

sensitized  solar  cells  -  DSSC)  [22].  

 Michael Grätzel  Swiss Federal Institute of

Technology  1991. 

, 

, .  
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 (strongly absorbing dye molecules) 

. , 

.  

.

 TiO2

. , 

 nm (nano-regime), 

. 

,  

.

 DSSC  

(transparent conductive glass electrode) 

 TiO2 (nc-TiO2).  

(attached)  nc-TiO2

 (reduction-oxidation couple)  I-/I3 (redox

couple),  nc-TiO2. 

. 

 (  3.10).

 3.10  DSSC

 TiO2  (

 20 nm) 

. To  TiO2

 450– 500oC  
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. 

,  

 1 m. 

 (ruthenium - Ru).

 DSSC 

 3.11:

1)

2)      nc-TiO2

3) ,  

.

4) 3
-.

5) - ,  

 TiO2, .

 3.11  DSSC  – 

, , 

 (regenerative operation). 

. ,  TiO2  DSSC

.  
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 3%

 TiO2  11%.

 – MTOS: , 

 (SiO2)  

,  

. H 

, 

(MEMS)  nm. 

 SiO2  3nm, 

,  (leakage

current)  (direct tunneling) .

 (high-k dielectric materials) 

 MOSFET  (gate insulator) 

. ,  TiO2  Ta2O5

 (>10) 

 (barrier height). 

TiO2  MTOS (Metal–TiO2–SiO2-Si).   MOS

 TiO2. 

 SiO2  TiO2 ,

 MTOS  

 MOS.  ,  ,  

 (intermixing) 

.

 MTOS  (breakdown voltage),

 MOS.  

 [23],[24].

:  Ti 2

(nanotube) [25].  1500 

. 

, .
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 (connectivity) , 

. 

.

. 

.

,  Ti 2

 (self clean) 

 ( 3),  (CO2), 

 (CO)  ( 2).

 (ppm)  4%. 

, 

.

:

: ,  

. , , 

. , 

,   , 

.    ,  

, 

.

v:   

, 

,  E. Coli 

pseudomonas aeruginosa 

.. 

. 
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, , , , , , 

.

: 

’ . 

. 

.

: , 

 Ti 2,

 (  3.12).

 3.12

: , 

 Ti 2 ,

, 

.  Ti 2  (thin film). 

. 

 CO2. 

, , , 

.  NASA  AiroCide
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.  3.13.

, . 

 99,9%  

.

. 

 (zeolite).   Ti 2

. , 

. 

.

 3.13  TiO2

   (CO2) :

. 

, 

. 

. 
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, 

, .

. 

,  135  40

,  .  ,  

. 

. 

.

, ,  160

. 

20 , 

. 

, 

,  " " (syngas), 

.

:

 Acid  Orange  7  ( 7),  -

,  TiO2

 (>400 nm)  .  

, , 

 (- -),  sp2- . 

, 

,  

,  .  
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, , 

, .

, 

7 

, 

, 

. , 

,  CO2

. , 

, 

. , ,  COD 

, , 

” (  3.14). 

, 

, 

, , 

 TiO2  pH.

 3.14
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3.6.5    

,

, , 

. 

. , 

, 

 [26],

[27].

3.6.5.1 

.   H2SO4

. , 

, 

.

 (98%) 

, , 

. 

 « » . , 

FeSO4.7H2 ,  copperas, . -

 (TiOSO4), , 

. 

, 

,  TiO2. 

, 

, 

.

,  800-900 °C 

 ±5 °C 

.

3.6.5.2 

 TiCl4,  TiO2:
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 + C+ Cl2  TiCl4 + CO2 + CO

TiCl4 +O 2 +N2  T i 2+2C12+N2

, 

,  0.77 

 TiCl4,  0.73 , 

 1.1  0.73 

. , 

. -

:

2FeTi 3 +1/2 2  Fe2Ti 5 + TiO2

Fe2TiO5 + TiO2 + 1/2C  2Fe  + 2TiO2 + 1/2CO2

FeO + 2HCl 2  + FeCl2
,  950

°C  TiCl4  1000

°C .
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3.7     :  (Al2O3)  &
 (Li2CO3)

3.7.1     (Al2O3)-

,   25%

.  Al3+

,  Si4+, 

Al3+

 ( ) [6],[7],[26]-[31].

, 

, . 

. 

.  (powder)   

. 

.

  

: (50%),  (20%),  (15%) 

 (10%).

 3.15

  

) 

. 

 3.15.
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 cm 

m 

(monolithic refractories).

3.7.1.1 

 (Al(OH)3), 

,  (Al2O(OH)4)  (Al2O3.H2O).  

, .

  

.

,  

. 

:

3.7.1.1.1  Bayer

. 

. 

. 

.

:

 :
atmOHNaOHOHOAl 4

242  + 

. 

: , 

, 

, . 
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 Al(OH)3 .  

 1200 C 

. 

, , 

. 

 90%.

 3.16

3.7.1.1.2 
 1200oC  

 Na2CO3. 

 CO2.  

, . 

 Bayer .

 Bayer 

.

3.7.1.1.3  Peniakoff

. , 

 Na2SO4  900-1000 C  
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 SO2  CO2

.

3.7.1.1.4 
 500 C, 

 HCl  H2SO4

. 

. 

,  

.

3.7.1.1.5 

. 

, . 

 Al(OH)3 .

3.7.1.2 
, 

. 

,  

, .

, 

 (closed-packed) 

. 

.

 Al3+  O2  O2

 Al3+

. , 

.  Al3+

.
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 3.17 .

Al2O3

. 

, . , 

 [111], , 

 55 17  0,542nm. 

.

,  

, -Al2O3  (corundum).  -

,   Al2O3 . 

.

3.7.1.3  Al2O3
 ( ,  ,  ,  ,  ,

), 

.  -  Al2O3. 

.

3.7.1.3.1 

,  ,

.  
2-  closed
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packed  Al3+

 3.18.

 (  3.19).  

 30 -

 c-  hcp ,  closed

packed  <1010> 

 hcp  <1120>.

 3.18 . 

 closed packed , 

. 

.
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 3.19 .  Al, 

.

 Lee  Lagerlof 

,  

. , 

, .

, 

, 

 (  2050 C). , 

0,133kNm-2  2148 C  101,325kNm-2  2977 C, 

 2980 C, 

.

3.7.1.3.2 
 Al2O3  Na2CO3

 1100 C 

.
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. 

.

 M2O.11Al2O3

.  

 Na+ , , . 

.

 P63/mmc. 

 c  O2-  Mn+

 « » . 

.

 1100 C  -

, 

.  

3.7.1.3.3 
.

 Al(OH)3

,  AlO(OH).  

, , 

m, . 

.

-Al2O3

 NH3  Al(NO)3 ,  

, ,  80 C  915 C .

, -Al2O3

, 

, 

.



79

3.7.1.4 
 (Smelter Grade):

. 

.

. 

,  180 C-600 C. 

 1000 C 

.

 (Calcined):

 1100 C, 

, 

.

 (metallisers) 

. 

.

. 

, .

.

 (low soda):

, , 

.  low soda 

 0,1% . . 

.

 (Reactive):

 (<1 m) , 

low  medium soda .  
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. 

, .

Tabular :

, ,  

. 

 1700 C -1850 C 

. , 

, 

.

, , 

, 

.

 (Fused): ,  

. 

. 

.  fused , , 

.  

.

 (High Purity):  

 99,99% , 

   Bayer 

. 

,   (AlNH4(SO4)2

. 

. , 

, 

, 

. ,

 lasers.

:
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 (high compression strength)

3.7.1.5 

, , 

, . 

 60 ,  90% 

. 

.

3.7.1.5.1 

 ( ) .

, 

 (Milling Media) 

.

, .

, 

, 

. 

/ 

. .
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/ , 

, . 

 (fluorescent light lamps) . 

Al2O3

.

3.7.1.5.2 
 (free energy) ,

. 

. 

, 

, 

.

3.7.1.5.3   
 (dielectric strength) 

, 

 transistors,  (

)  

.

, , 

 (Microwave Components),

. .

3.7.1.5.4 
,

 (aluminium sulphate),

,  CD/DVD 

.
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(zeolites), .

,

, ,   

,  Brockmann types,  pH, , 

(9.5 pH)  (4,5pH ). 

, .

3.7.1.5.5 

, 

.

3.7.1.5.6 
, 

, , 

 Al2O3  

. 

.  laser .

3.7.1.5.7  laser (Laser  Ruby)
 Al2O3

,  Cr3+

).  Cr3+

 Cr3+  Al2O3

3.20. 2-

, .

.  Al2O3, 

 Cr3+ , 

, 
2    (  3.20) .
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 3.20  Cr3+

) , ( ) Al2O3

2 4
2  694,3 nm

. 
2  Cr3+

4
2 ,  (694,3 nm). 

 laser ( ) 

 laser  (1960).

3.7.2     (Li2CO3)- 

 (Li2CO3) , ,

 2.1  735°C. 

 Li2 . 

. , 

,  .  ,  ,  

, 

.

 (Li)   3  ,

,  

,  6,94.  180,54 C° 

 1347 C° [6],[32],[33]. 

.  -  - 

 (
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,  ,  ,

' ).

3.7.2.1  
,

.  Li-7, 

, 

, 

800°C.  Li-6, , 

, , , , 

.

,  .  ,  ,  ,  

. , 

, 

, , , , . 

, , . 

, 

, . 

.

, 

. , , 

 Li .

 ( )

. 

.  ( ) , 

, 

. 

, , ) 
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. , , ,

, .

3.7.2.2   Li
.  

,  (

), , 

) . 

, 

.  

.  ,  

:  Li2O   Li2O2

(Li ), , 

 (Li3 ). , 

,   Li .  ,  

,  ,  

. ,

, 

, 

.

:

: Li-6 (7,4%)  Li-7 (92,6%). 

 (Li-5, Li-8  Li-9) 

.  Li-7 

, 

. , , , 

 ( -3), 

 (Tokamak).   1932  

.  

, 
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(John Cockroft)  (Ernest Walton), 

,  ( ). 

, ,  Li-6 .

:

, , 

. , , 

. , 

.

. 

, .

3.7.2.3  

 (Li ),  (Li2 3) 

(Li2 4), 

. 

 (LiCl) Cl).  LiCl, 

, , 

.

 LiCl,  ,  

' . 

 935°C.

Cl  LiCl 

 (  400°C- 420°C). 

 LiCl Cl, 

 97%. 

. 

, . 

, 

, 



88

. 

, 

, 

. 

 100 ppm.

 LiCl 

, 

, ' .

3.7.2.4  
, 

 Li+, 

, 

.

:

 (Li )  ,  

,  0.82,  680°C. 

. , 

 Li .  

.

 (Li 4) ,

 0,92,  125°C

 Li ,  .   Li

 ( lCl3). 

, , 

, v , 

., .

 (Li ) , 

 1.46,  462°C  924°C. 

 Li2CO3. 

, 

) .
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 (Li ), 

(LiC ),   (Li r)   (LiI).   LiF  

,  2.64,  842°C 

1.670°C.  Li2 3.  

. 

.  LiC ,  2.1, 

 614°C  1.360°C. 

. 

.   Li r  ,

, ,  3.5,  547°C 

 1.265°C.  Li2 3.

, ,

.  LiC  Li r  ( ), 

. 

.  LiI , 

,  3.5,  450°C  1.171°C.

 Li2 3. 

.

 (Li2 4 2 ) , 

,  2.1  130°C. 

 Li2 3, 

. .

,  Li2 , , , 

 2  1.427°C. .

.  (Li202) 

,  2.15, , , 

. 

2 2)  Li . .
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 (Li3 ) ,

 1.3   845°C.  

.

, , 

. 

 CnH2n+1Li  (R-Li),  

. -

 (C4 9Li) 

.
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3.8     

3.8.1     –  (TiO2)

 (TiO2). ,  TiO2

Merck  99%. = 79,90

gr/mol.  (powder), 

 500nm, . 

 6 .

 (TiO2)
: MERCK

: 1.00808.1000

: >99,0%

: 200-500nm

:  H2O 0,5%

                    0,5%

                    SO4
-2 0,05%

                    Pb 0,005%

                    Fe 0,05

 6  TiO2

3.8.2     (Al2O3) 
(Li2CO3)

,  TiO2,

 (Al2O3), 

 (Li2CO3). , 

 TiO2  ,  

 TiO2. 

 (powder). 

 ( ).
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3.8.3     - 

 (  3.21) 

 (  -  3.22  3.23)  (0,7gr)

,  16mm. 

.

 3.21

 3.22 . :

 (  16mm), , 

.
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 3.23
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, 

 ( poil APF ,  Poil p ),

. 

 ( xx APF ,  Px x

).  

 (  Dp=35mm   Dx=16mm), 

, 

. 

. 

:

oiloil
x

p
oilx PP

D
D

PP 785.4
16
35 22

: 

, 

 (  3.24 ) 

(20)  (min). ,  (

3.24 ) .

.

,  ).  

. , 

.
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) )

 3.24 , ( ) 
 ( ) . : (1)

, (2) , (3) , (4) , (5) 
.

22
1

3

1

22

4

5

4
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3.8.4    

 700 

1000oC. 

 (sintering).   

  TiO2  Al2O3, TiO2  Li2CO3

. 

 (3) . 

. 

.  280 oC/h, 

 ( 22oC) .

3.8.5    

3.8.5.1   Nabertherm HTC 03/15  B170 (MB1)
 (  3.26)  

 [34],[35].   (controller)  

, , 

.

, 

. 

.

 (  3.25). 

, .

 3.25 .
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 3.26  Nabertherm

3.8.5.2  

,  

. .

, 

. . 

 (gauges) . 

. , 

 ( ) . 

 (vanes) .

, 

.  

 10-2  10-3

mbar.

,  (High

Vacuum), 

. 

.  

,  1913. 

 (jet  vapor),  
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, 

. 

, 

, .

.

, 

. , 

.

 3.27 , : 1. , 2. 
, 3. , 4. , 5. 

.

3.8.5.3   Siemens 5000 (XRD)

. 

. 

. 

, 

. 
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.

, 

.

. 

 DifracPlus. 

.

 3.28  Siemens 5000 (XRD)

 Spurr-Myers:

 Spurr-

Myers [36].    

 XRD.   

, 

 25.3  27.45 , 

.  ,   IA R

,
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 (WA)  (WR), 

:

%100
26.11

1

A

R
A

I
I

W %100
8.01

1

R

A
R

I
I

W

,  7.

3.8.5.4  HP 4284A Precision LCR Meter (  LCR)
 LCR 

, . 

HP 4284A  LCR 

, 

 - .  HP 4284A

 LCR 

, 

20Hz  1MHz,  5mV  40V Vrms[37].

 HP 4284A 

(Cp-D)  0.05%  0.0005% 

 6   (

 0.000001).

 HP-IB  

 C 

.
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 3.29  LCR (1)  (2) .

3.8.5.5  HP 16451B Dielectric Test Fixture ( )
, 

.  HP 16451B 

 LCR 

 15MHz [38]. 

 ( ) .

 0  55 C. 

, 

(guard electrodes) 

. 

 LCR.

 (unguarded electrode) , 

 (guarded electrode) 

 (guard electrode). 

. 

. 

.
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3.8.5.6  Scanning Electron Microscopy (SEM)

  (SEM) 

. 

, ,

. 

FEI Quanta 200   

, 

.  20 kV (  15 kV,

)  90 A,  0.6 Torr.

 3.30  

3.8.6    

, 

.  – 

 (38mm)  (  16mm) 

.

,

  r=  r  -j r , r =C/Co r =G/ Co. 
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.  Sx

 S , 

. 

,  Sx

 (  k )  SA=S -Sx

 (  = 1). 

:

d
SC x

x 0 d
S

C A
A 0

, , 

:

d
SSCCC xA

xAm 0 ,

:

d
S

d
SSC xA

om 00 .

 –   LCR  

:

x

A
mm

xA

xA

om

m
m S

S
SS

SS
C
C 1  (1)

.

, 

 G  Co

,  .  

 Gm (Gm=GA+Gx=Gx) 

 Geq

. 

 (G= S/d), 

:

x

xA
meq S

SSGG
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om

x

xA
m

om

eq

C
S

SS
G

C
G

 (2)

, :

x

A
mm

om

x

xA
m

S
S

C
S

SS
G

1
tantan  (3), 

om

m
m C

C
(4).

. 

 18oC  22oC   30%   40%,

.

: 

.  

 LCR 

 Cp (Cm)   G  (Gm) 

 (20Hz – 1MHz).

:

1. : 

2. : Cp – G (  - 

)

3. : fstart=20 Hz   fstop=1 MHz

4.  (tbm): 1s

5. : 2000mV=2V

6. Integration factor: long ( )

7.  8 .

, 

,  

, 

 (Com). 

16mm . 
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   ( r=k*), 

 (tan ) 

 (1), (2)  (3).

3.8.7    .  & 

3.8.7.1   TiO2
: , 

.  ,   TiO2

 [39]-[41]. 

, 

 X (X-ray diffraction - XRD) . 

TiO2,  TiO2

 (Al2O3)  0.79%, 1.58%  3.96% 

 TiO2  (Li2CO3) 

1.08%, 2.16%  5.38%. ,  Spurr and Myers 

 wA

 (mol) 

.  2

 R  .  

, , 

 mol,   wA.

, 

 7.  Li2O

 Al2O3  R. 

, , 

.
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 TiO2

800oC >98 % <2 %
900oC >98 % <2 %
925oC 98 % 2 %
950oC 79.4 % 20.5 %
975oC 62.3 % 37.5 %

1000oC <2 % >98 %
98.92% mol TiO2 :
1.08% mol Li2O

600oC >98 % <2 %
700oC 94.3 % 5.7 %
800oC <2 % >98 %
850oC <2 % >98 %

94.62% mol TiO2 :
5.38% mol Li2O

800oC <2 % >98 %
850oC 2.5 % 97.5 %
950oC <2 % >98 %

98.42% mol TiO2 :
1.58% Al2O3

900 oC >98 % <2 %
925 oC 97.7 % 2.3 %
950 oC 93.1 % 6.8 %
975 oC 26.9 % 73 %
1000 oC <2 % >98 %

96.04% mol TiO2 :
3.96% Al2O3

900 oC >98 % <2 %
925 oC 96.8 % 3.2 %
950 oC 73.2 % 26.7 %
975 oC 21.5 % 78.4 %
1000 oC <2 % >98 %

 7.  WA  WR , 
 TiO2  TiO2  Al2O3, TiO2  Li2CO3

700,800,850,900, 925, 950, 975  1000°C.

3.8.7.2  :  TiO2

3.8.7.2.1   XRD
-

). 

.  

:

(i)

(ii)  (10-6 mbar).

 TiO2  XRD 

 3.31  (A-R) 

.  925 C 

, . 
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 2  = 27.5

 950 C,  1000 C  

.

 3.31  XRD  TiO2

 900 °C  1000 °C

3.8.7.2.2   SEM
, 

 200 nm.  

 950 C 

 500 nm.  3.32 

 (925 C)   

.. 

1050 C  1000 nm  5 m  1150 C.

 1180 C 

 2 m.

TiO2

10 20 30 40 50 60 70 80 90 100
diffraction angles in

In
te

ns
ity

 (A
.U

.)

900 oC

925 oC

950 oC

975 oC

A

R R
A R

R

A

WA= 98.2%

WA= 98%

WA= 79.4%

WA= 62.3%

1000 oCWA= 0.3%

A
A

A A A A A A
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900 oC 950 oC 1000 oC
 3.32 SEM  TiO2

3.8.7.3  :  TiO2-Al2O3

3.8.7.3.1  XRD
 TiO2-Al2O3

 1150 C ,  [42].

 Al2O3  TiO2

 A-R  [43].  XRD 

TiO2-Al2O3  98.92% mol TiO2,  6.3 .  A-

R  1.58% mol Al2O3-TiO2  925 C 

 1000 C. 

 TiO2.  

 975 C,  ,  

 Al2O3 .   3.33  

 26.9% 

1.58%  mol Al2O3  Al2O3,

 TiO2

 62.4%.   

 Al2O3,

A-R .
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 3.33  XRD  TiO2

 1.58% moles Al2O3

  800 °C  1000 °C

3.8.7.3.2  SEM
 Al2O3

,  TiO2

 3.34).

1050 oC
 3.34 SEM  TiO2-Al2O3

1.58% Al2O3

10 20 30 40 50 60 70 80 90 100
diffraction angles in

In
te

ns
ity

 (A
.U

.)

800 oC

900 oC

925 oC

950 oC

A

R A A AA A AAR
A R

R

WA= 98.2%

WA= 98%

WA= 97.7%

WA= 93.1%

975 oCWA= 26.9%
A

A
A

1000 oCWA= 0.9%
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3.8.7.4  :  TiO2-Li2O

3.8.7.4.1  XRD
 Li2CO3  723oC  

 1310oC [44],   Li2CO3  TiO2

 CO2  700ºC [45].

 XRD   TiO2-Li2CO3  98.92% moles

TiO2,  3.35. 

 XRD  TiO2-Li2O 

.  A-R

.  850ºC

 Li4Ti5O12 (  L1  3.35).  3.36

 XRD  Li2O (1.08% -

5.38% moles)  A-R

 700ºC  800ºC. 

 TiO2.  Li-Ti-O

 TiO2-Li2O [46], [47].
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 3.35  XRD  TiO2

 2% . Li2CO3

 600 °C  850 °C

 3.36  XRD  TiO2

 Li2CO3

 800 °C

10 20 30 40 50 60 70 80 90 100

diffraction angles in o

In
te

ns
ity

 (A
.U

.)
A

A
A

A A A A AA AA A AR

R
R

R
R R R

R R R

A

R

R RL1

R

L1
L1

not treated

700 oC

800 oC

850 oC

600 oC

1.08% Li2O

L1

800 oC

10 20 30 40 50 60 70 80 90 100
diffraction angles in o

In
te

ns
ity

 (A
.U

.)

TiO2

0.54% Li2O

1.08% Li2O

2.16% Li2O

5.38% Li2O

A R

A
A

A
A A AR R

A A A A A

R
R

R

R

R R R R R R

L1
L1

L1

L1R

R
R

L1

R

R
R R R R R

R
R

R R RR R R

R A
A

A
A

A A AA A A A A

R

WA= 97.3%

WA= 90.1%

WA= 0.3%

WA= 0.3%

WA= 1.9%
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3.8.7.4.2  SEM
 Li2O 

. ,  SEM (  3.37) 

 Li-Ti-O  (  x6) 

 TiO2, .

900 oC 950 oC 1000 oC 1050 oC
 3.37 SEM  TiO2-Li2O

3.8.8     TiO2

3.8.8.1  
TiO2

 TiO2.

  . ,

,  925oC

. 

). 

 800oC  975oC.  

 (TiO2 not

treated).  3.38 

 ( r = k ), 

 ( r =  k )   (tan ),  

,  20Hz  1MHz.
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)

)

 3.38  TiO2   

 800°C,  900°C .

)  k

)  tan

0

10

20

30

40

50

60

10 100 1000 10000 100000 1000000
(Hz)

TiO2 not treated

TiO2 800oC

TiO2 975oC

TiO2

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

10 1000

tan

TiO2 not treated
TiO2 800oC
TiO2 975oC

TiO2

(Hz)

10000 100000 1000000100
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3.8.8.2  
 TiO2  Al2O3  5% .

 TiO2

  Al2O3 5% ..  (800°C 

975°C) , 

 3.39,   

 ( r = k ),   ( r = k )

 (tan ), ’ , 

 (20Hz-1MHz).

)

0

20

40

60

80

100

120

10 100 1000 10000 100000 1000000

(Hz)

5% Al2O3 not treated

5% Al2O3 800oC

5% Al2O3 975oC

TiO2 5% . Al2O3
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)

 3.39  TiO2  Al2O3

5% .    800°C, 

900°C .

)  k

)  tan

3.8.8.3   TiO2

,  TiO2   Al2O3

5% ..  3.40, 3.41 

3.42   k ,  k  tan

, , , 

800°C  975°C.

0

0,5

1

1,5

2

2,5

10 100 1000 10000 100000 1000000

tan

(Hz)

5% Al2O3 not treated
5% Al2O3 800oC
5% Al2O3 975oC

TiO2  5% . Al  2 O3
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)

)

 3.40  TiO2  TiO2  Al2O3

5% .,   .

)  k

)  tan

0

20

40

60

80

100

120

10 100 1000 10000 100000

(Hz)

TiO2 not treated
5% Al2O3 not treated

TiO2  5% . Al2O3

1000000

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

10 100 1000

tan

(Hz)

TiO2 not treated
5% Al2O3 not treated

TiO2  5% . Al2O3

10000 100000 1000000
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)

)

 3.41  TiO2  TiO2  Al2O3

5% .,    800°C.

)  k

)  tan

0

0,2

0,4

0,6

0,8

1

1,2

1,4

10 100 1000 10000 100000 1000000

tan

(Hz)

TiO2 800oC

5% Al2O3 800oC

 800oC

0

10

20

30

40

50

60

70

10 100 1000 10000 100000 1000000

(Hz)

TiO2 800oC

5% Al2O3 800oC

 800 O C
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)

)

 3.42  TiO2  TiO2  Al2O3

5% .,    975°C.

)  k

)  tan

0

0,5

1

1,5

2

2,5

10 100 1000 10000 100000 1000000

tan

(Hz)

TiO2 975oC

5% Al2O3 975oC

 975oC

0

10

20

30

40

50

60

10 100 1000 10000 100000 1000000

(Hz)

TiO2 975oC

5% Al2O3 975oC

 975oC
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. 

. 

 (k ). 

 k . 

 k  k .

 (tan ) 

 5kHz  

 0,5  1.  800°C (  3.41),

 Al2O3. 

 Al2O3

,   975°C.

,  975°C, 

, 

. 

. 

.

 H-OH 

.  1kHz  10kHz.

 TiO2

, 

,  Al2O3,

.

, 

 (k ) 

 (tan ), 

  .
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,  

, . 

. 

 (  1kHz). 

. 

. 

. , 

 k .  

 k . 

 (20Hz – 1MHz).

3.8.9    

  

. 

,

 (electrostatically

screened).

  

. 

-

.    XRD

 TiO2 .
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, 

 (10-6 mbar)  600  C.  

.

. 

. 

.

3.8.9.1 
,    

)  Agilent-16452A . 

 3mm 

 LCR  (Lc, Lp,

Hc,  Hp)  16048A. 

 1 MHz  -0,3%  +0,3%.

 3.43

 100 KHz  83 

.
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)

)

 3.43 )  k  ( )  tan ,

. 

Types of water

10

100

1000

10000

100000

1000000

10000000

10 100 1000 10000 100000 1000000
Frequency (Hz)

Mineral
NaCl 2%
NaCl 1%
NaCl 0.5%
NaCl 0.1%
Deionized
Bidistilled

Types of water

0

10

20

30

40

50

60

70

80

90

100

10 100 1000 10000 100000 1000000
Frequency (Hz)

tan

Bidistilled
Deionized
NaCl 0.1%
NaCl 0.5%
NaCl 1%
NaCl 2%
Mineral
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. 

 tan  85  5.1 . 

 –  –

 tan  100 Hz 

) 

. , 

 (tan )  

.

, 

 78  1 MHz , 

. 

 ( )

 (  96.5  1 MHz 

). , 

. 

. , 

. 

3.44 .
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 3.44 ( ) 

)

, 

. 

 ( )  

. 

 3.44 . 

(i)

            

(ii)

.

 (H2O)i (g).  

 10-20 , 

, 

 3.45.
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 3.45

: ) ) 

) 

,  :

 (BCs), 

 (t-HBCs) l 

 (l-HBCs).

.

. 

. , . 

 NaCl,  
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O2, N2, CO2 , .

:

(i)

(ii)

(iii)  tan .

.

3.8.9.2 
-

.

. 

3.46 ,

.
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 3.46

)

.

3.8.9.3 E  TiO2
-

). 

.  

:

 (10-6 mbar)..

 TiO2

,   800  Hz   200  Hz  

 3.47.

, 

 TiO2.
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 3.47 ) ) tan

. 

 TiO2

 (  – ) 

 TiO2

 (f<10 KHz). 

 (9 ) 

Anatase TiO2 (200 nm - 500 nm)

0

500

1000

1500

2000

2500

3000

10 100 1000 10000 100000 1000000
Frequency (Hz)

'

pristine condition

after vacuum - drying

(a)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

10 100 1000 10000 100000 1000000

Frequency (Hz)

tan

pristine condition

after vacuum - drying

(b)
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..

.

 TiO2

 900  C 

. 

 tan

 3.47 . 

. 

, , 

, , , 

, 

. 

 TiO2  SEM 

 3.48.

800 oC 900 oC 1000 oC
 3.48 . 

 TiO2

 200 nm  500 nm

. 
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 TiO2

 1000  C  24 . 

 8. 

 ( ).

 ID MHT  (HV)       TiO2

 TiO2 11.4  1 HV

 TiO2

 850  C, 5 
14.6  1 HV

 TiO2  2 
 850  C

64.0  1 HV

 TiO2  2 
 1050  C

193  6 HV

 TiO2  2 
 1150  C

349  15 HV

 TiO2  2 
 1180  C.

640  15 HV

 8  TiO2

.

 ( ) 

. 

 (f<1  MHz)  .

, 

.  
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. 

, 

.

3.8.9.4  Al2O3

. 

,  

, 

.

,  ( ) 

. 

 k  k  (

),  

 tan . 

. 

. 

 ( ) 

.

 (  50% 

nanopowder).  0.7 g  100

bar, . , 

 (3 10-2 mbar)  15-20 min 

.

, . 

.

. 

, 
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.  9 , 

, 

, 

. 

 (  np) .

 3.49  k  (50% np), 
,  9 .

0

100

200

300

400

500

600

700

800

10 100 1000 10000 100000 1000000
Frequency (Hz)

before vacuum

after vacuum

9 days after vacuum

0

5

10

15

20

1000 10000 100000 1000000
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 3.50  k  (50% np), 
,  9 .

 3.51  tan  (50% np), 
,  9 .

, 

. 

.

0,1

1

10

100

1000

10 100 1000 10000 100000 1000000

Frequency (Hz)

before vacuum

after vacuum

9 days after vacuum

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

10 100 1000 10000 100000 1000000

Frequency (Hz)

ta
n

before vacuum

after vacuum

9 days after vacuum
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,

. 

 ( )  

, 

.

.

 ( ) 

. 

 (f<1  MHz)  .

, 

.  

. 

,  

.

. 

 [48]-[50].

.
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 hydrogen-silsesquioxane (HSQ) [4]  methyl-

silsesquioxane (MSQ) [5].  1 
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 1
 [7,8,9].

Solid dielectric material Dielectric constant

Low-k 4.0  2.0

SiO2 3.9-4.5

(FSG)
 SiOF) 3.2-4.0

Diamond-like carbon (DLC)  SiOC) 2.7-3.4
Black Diamond  SiCOH) 2.7-3.3
Fluorinated DLC  SiOCF) 2.4-2.8

 (HSQ)
)

2.9-3.2

 (MSQ)
)

2.6-2.8

Polyimides ) 3.1-3.4
Fluorinated Polyimides ) 2.5-2.9
B-staged polymer
(CYCLOTENE TM)

(Organosiloxane
 )

2.6-2.7

B-staged polymer (SiLK TM) ) 2.6-2.8
Poly (arylene ether)    (PAE) ) 2.6-2.8
Parylene-F ) 2.4-2.5

Ultra Low-k 2.0  1.0

PTFE (Teflon-AF or
microemulsion)

) 1.9-2.1

Silica aerogels
)

1.1-2.2

Silica xerogels
)

1.5-2.2

 HSQ, MSQ, and PAE (
)

1.8-2.2

 SiLK  (Highly porous aromatic
polymer)

1.5-2.0

Bonding system C C  C F  C O  C H  O H  C O  C C  C C  C N

Polarizability  ( Å ) 0.53 0.56 0.58 0.65 0.71 1.02 1.64 2.04 2.24

-

}  (PTFE) 
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(hopping conduction), .
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.
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 73 V/ m , 99 V/ m 

 BOPP  152 V/ m 

 BOPP.  500 V/ m, 550

V/ m  680 V/ m 28 cm . [4]

 (hopping conduction) 
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. [5]

 4.6

 (PP)  (PPm) 
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,  .
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O  d33

 (pressure expanssion procedure), 
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,  
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 . 
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 « » (MD). 

 « » (TD) 

 « ». ,  40 m, 

 : 

 2 m.  BOPP 

 1.

 1   BOPP.

m 40 ASTM D 4321
g/m2 18,2 ASTM D 2673

MD
TD

N/mm2 140
290

ASTM D 882
DIN 53455

MD
TD

%
205
55

ASTM D 882
DIN 53455

MD
TD

N/mm2 2000
3500

ASTM D 882

 2 )
0,3 ASTM D 1894

DIN 53375
% 1,8 ASTM D 1003

38 C, 90%RH
23 C, 85%RH
25 C, 75%RH

g/m2/24h
7,0
1,4
1,6

ASTM F 1249
DIN 53122
BS 3177

 0.5 m x 10 m x 40 m 

 7 cm x 7 cm x 40 m, 

 UV  .   UV  –  B

 320 nm  280 nm 

3.87 - 4.43 eV. 

 ASTM G154. 

 8 h  UV  60  C   4  h  

 50  C.   QPanel   LAB
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Products,  0.67W/m2/nm

 (313nm). 

 12 h, 24 h, 36 h  48 h.

, 

  , 

, 

. 

20 Hz  1GHz 

 (k ) . 

 (k )

)  (k )

.   k /k

,  (tan ).

 20 Hz  1MHz 

 LCR  Agilent 4284A 

 Agilent 16451B. 

 « », 

.  

 11,3 cm2.  

. 

 1.

 1MHz  1GHz 

 LCR   Agilent  4287A  

 Agilent 16453A, 

 0,3 cm2. 

,   « »  

SCPO

, S 

 (
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)  3,1 mm,  l  

, . 

 Mitutoyo  Co.  

 0-250 m. 

 (  4.28).

 4.27 – .

 4.28  – .

 1 MHz, 

.
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4.5.2    BOPP

 BOPP  

 1, 2, 3,  4 . 

 (PTFE -

Teflon)  1 mm.  PTFE 

,  (10-6 mbar).

 UV – B 

 BOPP. ,  BOPP 

 tan  5x10-3  100  Hz  

 (  800 Hz  106 Hz)   10-4 .  PTFE

,  4 kHz .

 50Hz  PTFE (0.022) 

 BOPP  (0.0018)  .   10  kHz  

 tan  (k  3.10-4), 

 ( , ). 

 1 MHz  1GHz  PTFE 

,  1  10-4,   BOPP  10-4  5  10-5,

.

 4.29  20 Hz  1 MHz.

0,000

0,002

0,004

0,006

0,008

0,010

0,012

1,0E+01 1,0E+02 1,0E+03 1,0E+04 1,0E+05 1,0E+06
Frequency (Hz)

Ta
n 

BOPP REF
BOPP 12H
BOPP 24H
BOPP 36H
BOPP 48H
PTFE
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.  BOPP  k =

2.12,  4  k  = 1.82, 

14 %. 

 UV 

 k , . 

 PTFE,  k  2,  120 Hz,

.

 4.30    20 Hz  

1 Hz.

 BOPP 

 100 MHz. 

.  

PTFE, 

. 

. 

1,60

1,70

1,80

1,90

2,00

2,10

2,20

1,0E+01 1,0E+02 1,0E+03 1,0E+04 1,0E+05 1,0E+06
Frequency (Hz)

k'

BOPP REF BOPP 12H
BOPP 24H BOPP 36H
BOPP 48H PTFE
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Frequency (Hz)
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 (crosslinking), 
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 tan  UV.
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,  1.9,

 65 nm

 45 nm  32 nm.  BOPP 

,  

,  ,  

. , 

 PTFE,  

 BOPP 

. 

 BOPP  

. 

.
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 5: 

.   ,

, 

. 

.

. 

 ( ),  

.

, 

, 

, 

. 

 CuO, Cu2O  Fe2O3

 5% w/v . 

 (tan )  

 20 Hz  1 MHz, 

.

,  

 :

. .

 OFEE 
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.

. 

.  (magnetite)

, 

.  ,  

, 

. 

.

5.1     

5.1.1     

.

. 

,  ,  ,  

. 

 2%.

     

, . 

.  

, 

. , 
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.

     

. 

, 

. 

 VDE 

 95  C, 

 90 C.

     

. ,

, 

. 

, 

,  ,  

.

.

     

.  

. 

 o .  

.  

,  

.

     

,  

, 

.

      Engler 

,  
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. 

.

5.1.2     

5.1.2.1  
, , 

,  

. 

, :

     ) 

     ) 

     ) 

, 

'' '' . 

, 

 '' ''. 

.

             ( ) Paraffin                       ( ) Naphthene                      ( ) Aromate

 5.1

, , 

, . 

, 

. , 
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 U.S. Bureau of Mines, 

 9 , 

, .

1

2

3

4

5

6

7

8

9

 1  

  

 66%) 

. 

.     

 (  66%) 

  . 

.

     

, 

.

5.1.2.2  

:
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 ( ):

, 

.  ,  

.

:

, . 

. 

 (sludge). , 

 , 

. 

.   

, 

.

       

,  

.  2  ,

.

     

, 

. 

. 

.
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5.1.3     

   

. 

. 

.

5.1.3.1  

, 

. 

:

paraffin ( )                 :  40-60%

naphthene ( )  :  30-50%

aromatic                                 :    5-20%

olefin ( )                      :       1%

. 

. 

.  

, .

, 

. 

, 

 , 

, 

, 

. 

, 

.

5.1.3.2   PCBs
, 

,  PCBs, 
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.  PCBs (Poly-chlorinated Biphenyls,

)  

 (Cl2)  (C12H10 ), 

,   6

. 

'' ''  ( ) 

 10 

).

 5.2  PCBs.  Cl 

 Pyralen,

Chlophen ( ), Askarel, Inerteen, Chrovextol 

:

 (

)

, 

,  

:

, , 

, 
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, , 

 1970 

 EPA ,  PCBs.

, 

. 

 PCBs. 

,

 .

 PCBs  

. , 

 PCBs . 

, , 

, 

 (PolyChlorinated Biphenyls, PCBs),

. 

, 

 PCBs. , 

.

 PCB , 

. ,  PCBs 

, .  50 ppm  2

ppm 

 . ,

,

. , 

 PCBs, ,
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, 

 -

-. 

,  ( ) 

.

 5.1.3.3  

 PCBs, , 

.

5.1.3.3.1 

(pentaerythritol tetraester) , 

. , 

 (20  C   90 C).  

. 

, 

 ( )

. , 

 .

5.1.3.3.2 
 (poly-

dimethyl siloxanes), . 

. 

, 

. , 

.  ,  

. 

,

, .
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5.1.3.3.3 
 100  

. 

.  

. :

.

. 

.

, 

.

 (PCBs) ,

.

,  

.  1962 

, ) .  1971, 

. 

1974, 

.  

,  1979-1983.  1985 

.  1990 

. 

.

, , 

, 

. 

, 

. 

 BIOTEMP ,  1999. 
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 80% 

.

:

 ( r') 2,2 2,71 3,1 3,3

 -

90oC

>10-3 1,6 10-4 - 10-4

C

130-135 300 310 257

C

150-175 340 355 310

(20oC) pm

45 200 1200 2700

V

68 73 85 89

OXI

0,01 - 0,06 0,01

(25 C)

300 - 55-75 50

 2  

. , 

 (HFP- high fire point) 
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 300 C. 

,  ( ) 

,  

 200ppm  45ppm . , 

, 

,   

.

      ( ) 

,

.  

 [15].

 5.3  (a) 

(b) 

, , 

, 

.

,  ,  

 tan . 
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.

5.1.4    

.

, 

. 

, 

.

     

 Lewis, Swann,

Kok, Krasucki, Zaky, Hawley  Gallagher. 

. 

, 

. 

,  (Schottky)

. 

.

     

. 

. , 

.  

, 

. 

, .

     

, 
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. 

.

, .

 Schottky

, . 

. 

.

     

. 

, 

. 

.

,  

.  r

liq. ,

Fe= liq r3= ( - liq)  gradE / (E-2 liq)

     > liq

< liq . 

, , 

Fe=F = r3  gradE

     , 

. , 

. 

, 

.
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. 

, .

. 

:

i.

ii.

iii. ,

iv.

     

liq , :

                                       b = 3 Eo / ( liq + 2)  ,

      . 

  b , , 

.

                                           .4.5

 5.4

      J. George

Hwang,, Markus Zahn,Francis M. O’Sullivan,Leif A. A. Pettersson, Olof Hjortstam,

 Rongsheng Liu 

. , 

, 

. , 
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. 

,  .  

.

, 

. 

. 

 (streamer),

. 

 R,

2 2, 

  1=1x10-12 S/m 1=2,2 o .

 5.5

      t=0+  z-  E

 r . 
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 Laplace . 

 Fe3O4  

,  ns/ms, 

. 

 ( )  RC

 [7].

5.1.5    

. 

, , , 

. 

, 

. 

. 

,  (

). 

.

5.1.5.1 

, , 

, 

. 

. 

. 

,  

. 

, 
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. :

 :

 ( )  

.  2 VA.

 :

.  50kVA  1600kVA.

 : , 

, 

. .

:

 :

  

5.1.5.1.1 
,  

. 

 5.6



196

:  

. 

.  5.2 

 , , 

.  Faraday V=N dt

,  
Vs
Vp =

Ns
Np

s,NP

 Vs,VP . 

, ,

.  

.

     

.

:

:

.  

.  

. 

.

:

.  

. 

.
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 5.7 :  ( ) 

 ( ) : 

)  ( )

:

. 

 ( )   (

).  

. 

. 

 ( ) 

 ( ) 

,  25 kVA .
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 5.8 :  (air-breathing)

                     : 

:

) , 

  

 ( )   (

) 

) 

, 

 air-breathing (

)  hermetic (

).  air-breathing.

5.1.5.1.2 

:
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. 

. 

, 

.

 Joule . 

. 

. 

. 

. .

, 

.  

. 

.

.  

. ,

.  

. 

. 

 : 

, 

.

, 
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. 

.   

  ,

, 

.

.  

.  

 Bouchholtz,  

. 

,   ,  

.  

 Bouchholtz

.

, 

 '' '' .

,
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 5.9

, 

, 

, . 

 Kraft paper.  90%

 (cellulose), 6-7%  (lignin)  3-4% 

(pentosans). , 

 ( ), 

 12 

 40 .

      

. 

. 

,  CO,  CO2, 

.



202

5.1.5.1.3 

. 

,  

.  ,  

. , 

, 

. 

 450  550, 

.

     , 

, , ,

. 

, 

 ( ).  ,  

,

.

     , 

   (streaming

electrification).  ,  

. , 

,  .  

 , 

,  ,  

.
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 5.10

, 

, 

.  

. 

  . 

. 

 ( , , '' '') 

.

     , 

 [11] . 

.

5.1.5.1.4 

. 

  ,  

, .  ( 2 2 2,CH4, CO,

CO2 .)   

. 
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. , 

:

 5.11 r  tan

  Group-I,Group-II,Group-III 

, 

 (Group-I 

,Group-III ). 

. 

 (tan ) [4].

5.1.5.2 

.  

, , 

 ( ) 
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. 

, 

  .

,

.  ,  

. 

. 

, 

.  80% , 

. 

. 

. 

 ( . ).

                            (a)                                                                   (b)

 5.12 (a) , 110 kV, 350 A.

(b) [12]
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 345 kV, 

. 

,  SF6. 

 :

 5.13

5.1.5.3 

, 

. 

. 

, 

 1920s.

. 

. 

, 

.  ,  

. 

.
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 5.14  2 F  25 F  dc

 100 kV/cm,

 45 kV/cm. , 

,  

. .

 PCBs.

     

, 

.  

 XFS-

4169L  20 

 PCBs. 

, .

154 oC 167 oC

 PCBs 166 oC 316 oC

XFS-4169L 174 oC 199 oC

 3

5.1.5.4 
,  100 , 

 380 V  400 kV. 

. H 
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, . 

, 

, .

, . 

.

     , 

.  

.   ( )  

.

,  

, 

 PIRELLI

, 

, 

. 

. 

. 

 ( ). 

. 

. 

, .

      66kV , 

. 

, 

.  
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,  ,  

.

 66kV  

. , 

, 

, 

. 

. 

. 

, .

.

 5.15  12/20…18/30kV : (1)

,(2) , (3) , (4) ,

(5) , (6),(7),(8),(9) , (10) , (11)

.

,

,  

. 

. 

. , 

. 
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.

tan  U. 

, 

. 

. , 

compounds  compounds 

 30% . 

 compounds   tan

compounds .

:

. 

. 

, 

. 

.

 tan

5.1.5.5 

. 

.

     

. 
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.

      tan

.  

. 

.

5.1.6     

5.1.6.1  

. 

, , 

  

,

. 

, 

.

, 

, .

 4

.
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:

, , 

. , 

, ,

. 

, , 

, 

. 

.  

, 

 ASTM D 877. 

, 

.

:

 ASTM D 971. 

 (interfacial tensiometer). 

,  .  

, . .

’  .  

, . 

. ’ ,

, . 

. 

.

: , , 

 ASTM D974, 

 mg 
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. ,

,  

 PCBs  50 ppm. 

. , 

, , , 

. ,

, 

. , 

, 

.

 5.16   [3]

:

 (ppm max)  ASTM D1533,

 (  Karl Ficher). 

, . 

’ .

.

:

 ASTM D1298. 
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, 

. 

, , 

, , 

.

: , 

,  ASTM D1500. 

, , ,

. 

 0.5  

.  0.5 ( )  8 (

). 

.

. 

, . 

, 

, . 

’ .

, ,

 5, .

ASTM
D445
D1169

D3635

D5837
D1698

D92

PCBs D4059

 5  
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: , 

, 

) . 

 (High

Performance Liquid Chromatography)  O2, N2,

H2, CH4, CO, CO2, C2H6, C2H4, C2H2, C3H8 .

 (ppm) . 

, 

. 

 -

- 

 ( . ). 

.

:

. 

, 

r  tan .

     , . 

 ( . 

) . , 

. 

.  
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 Fourier  Laplace 

.

     

, ,

, , , , 

. 

 « »  ,  

. 

 .

5.2    

 (Oil Filled Electrical

Equipment-OFEE) , 

,  .

,  

. 

 ( ),  

.

, 

) 

. 

, 

.

 (

CuO, Cu2O, Fe2O3 ). , 

. 
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. 

.

5.2.1    

 ( . , , ,

,  .)  .  ,  

. 

 ( )  ( ). 

. , , 

, , , . 

,  .  

. 

, , ,

, , 

. 

, 

.

, 

. 

. 

. 

. 
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.  

.

. 

. 

,  

.

 Segal . 

, . 

.  

. 

, 

.  ,  

, 

. ,

. 

, , . 

, , 

, .
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5.2.2    

,  (powder) 

 ( ), 

.

 ( Al2O3),

 (TiO2). 

 (CuO, CuO2,Fe2O3), 

.  ,  

 (

).

5.2.2.1  ( )
 (CuO),  cupric oxide,  

Eg=1,2 eV

 5.17  ( ) 

 1200 C . 

:

                                                   Cu+O2  2 CuO
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CuO

 5.18

 ( ) 

, ,  ( , )

. , 

 p- . 

   dry-cell 

. 

.  ,  

 ( ) 

.

79,545 g/mol

 CAS 1317-38-0

6,31 g/cm3

1201 C

2000 C

1,2 eV

 6  ( )
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5.2.2.2  ( )
 ( ) 

cuprus oxide  copper oxide (I)  Cu2O. 

. 

, . 

, 

(cuprite).

 5.19  ( ) 

      Cu2O , 

:

4 Cu + O2   2 Cu2O

.  

  [Cu(NH3)2]+, 

  [Cu(NH3)4(H2O)2]2+. , 

 CuCl2
-.   

, .

     =4,2696 . 

 FCC  

CC.  4  Cu  2  O.
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 5.19  ( )

      Cu2O  

.  ,  

.

, , 

. 

 1924,  

. :

143,09 g/mol

 CAS 13417-39-1

6,0 g/cm3

1235o C

1800o C

2,137 eV

 7  ( )

5.2.2.3  ( )
      Fe2O3

 iron (III) oxide  ferric oxide.  3 

,   ( )-FeO,  
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,    ( )-Fe3O4

.   Fe2O3

. 

, 

. .

       Fe2O3  2

 :

- Fe2O3 :   Fe2O3. 

 , , 

. 

260 K  260  950 K. 

, 

.

 5.20

 -Fe2O3 : ,    .  

 maghemite. 

,  ,   10  nm  ,  -

.

 5.21  maghemite

 Fe2O3

, 

, :
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                                4 Fe + 3 2 + 2 2  4 FeO(OH)

, FeO(OH),  200  C

                                     2  FeO(OH)     Fe2O3 + H2O

. . 

:

159,69 g/mol
-

 CAS 1309-37-1

5,242 g/cm3

1566o C
2,2 eV

 8  ( )

5.2.3    

 LCR (HP 4284A):

 LCR 

4284  Hewlett Packard (Agilent), 

 16452 . 

, 

.

 (Agilent 16452A):

, 

. 

, 

.   

, .
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.  

(spacer,  3mm) 

.  ,  ( -rings) 

.

 5.22

  , 

,

.  

.   datasheet  

:

Spacer thickness  3mm

Air capacitance value 5.5 pF  (+-10%)

Ls (equivalent series inductance) 20 nH

Rs (equivalent series resistance) 0.5 

 9

 , .

.
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: H  LCR  4 

. 

,  

.  (Hc, High current), 

 (Lc, Low current),  (Hp, High potential) 

 (Lp,  Low  potential).   Hc,  Lc  

 Hp,  Lp  

.

 5.23

5.2.4    

,  . 

, 

.  ,  ,  

.  

 ( , 

)    (  20  Hz   1  MHz,

 5 ) 

.
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.  

. 

 :

: -, 

. 

, 

. 

.  2

, , 

.

. 

. , 

, 

. 

,   (  

)   (

). 

.

5.2.4.1  
:

i. : ,  Columbia Petro

Chem PVT.  32.10 mPa s

 20 C  0.845  25 C.

ii.  ( )    (CuO),  Riedel-de Haen No

12867.  79,54 g/mol, 

iii.  ( ) (bottle)

iv.  ( )  (Cu2O),  Riedel-de Haen No

12841, 

v.  ( I)  (Fe2O3) ,  Merck
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vi.  ( I)  (Fe2O3) , bottle

 (TiO2, rutile titania),

ldrich No 637262, 99.5%.

, .

 20ml  ,  

, 

. 

. , , 

.

      30  45 

(35 kHz, 170 W) 

. 

.

 20 kHz.

, 

, 

. , 

. 

-

, . H

.

5.2.5    

, 

,  Cpo. 

 Cp  G 

. ,   (k'=Cp
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/Cpo)   (k''=  G/  C )  ,  

 (tan =k''/k') .

, 

, . 

 (  20-30 C, 

 30-40%).

5.2.5.1  
 LCR 

, 

. 

 :

: 

:  fstart=20 Hz, 

fstop=106 Hz

: CP-G (

)

 avg=1  avg=8

: 1 sec

: bias=0

: 20mV

 Enter 

.

 LCR  

. 

. , 

, 

, 

. 

,

.
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5.2.5.2  
, 

. 

, 

, 

.

 5.24  

, 

. 

, 

, 

.  ,  

. 

.  ,  '  

. 

.

 5.24 (a)  O' Konski 

 (b) 

     , 

, . , 

. , 

 ( )   

. , 
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 ( 'oil=2,2), 

.

 5.25  

      5.25, 

, 

. , 

.

, 

, 

. 

  

. 

 Schrodinger 

 k. 

, . 

,   Bloch  

, 

.

. 

'' '' . 

, 

.
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 1 m 

, 

. , 

, 

. 

.

5.2.6    - 

5.2.6.1  
, , ,

. 

 3mm

:

 5.26  

NPOIL_A

2,1

2,15

2,2

2,25

2,3

2,35

2,4

10 100 1000 10000 100000 1000000

Frequency (Hz)

R
el

at
iv

e 
di

el
ec

tr
ic

 c
on

st
an

t 
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 5.27

,  k' 

2.13  1kHz , 

. , 

 k' 

.

    k' 

 Cpo. 

:

) 

) 

)   (50Hz )

,  0.05 ( )

 0.0001 ( ). 

 tan  0,0001 

NPOIL_A

0,00001

0,0001

0,001

0,01

0,1

1
10 100 1000 10000 100000 1000000

Frequency (Hz)

ta
n
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, 

.

5.2.6.2   - CuO
 ( ) , 

.

o  MIXG2,  20ml , 1 gr CuO (b)  5%

CuO  ( ). 

45 , 

MIXG2_A  MIXG2_B.

To  MIXG3  2,5% ( )  CuO (b), 

 10ml  MIXG2  10ml

.  30 

 MIXG3_A.

 MIXG8  20ml , 1 gr CuO (Riddle)

 5% . 

 1 .  2 

,  MIXG8_A (avg=8) 

MIXG8_B (avg=1), .

To MIXG11  MIXG2,  4

, 

MIXG11_A

, 

 tan  :
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 5.28 -CuO 

      k' 

 ( ). -

CuO (b),   100  Hz –  1

kHz  2.16-2.19  1 MHz . 

 MIXG2, MIXG11  MIXG3  MIXG3_

, . 

 MIXG2_A  MIXG2_B 

 CuO 

.  MIXG2_B 

,  MIXG2_A. 

MIXG11,  MIXG2 ,

'  2.45  2.35  MIXG2. 

.

     -CuO (Riddle) ,

. 

2,1

2,15

2,2

2,25

2,3

2,35

2,4

10 100 1000 10000 100000 1000000

Frequency (Hz)

R
el

at
iv

e 
di

el
ec

tr
ic

 c
on

st
an

t 

NPOIL_A

MIXG2_A-5%CuO-a8

MIXG2_B-5%CuO-later-a8

MIXG3_A-2.5%CuO-a8

MIXG8_A-5% CuO (R)

MIXG8_B-5% CuO (R)

MIXG11_A-5%CuO(b)
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,  MIXG3 

. ,  CuO , 

.

 5.29 -CuO 

-CuO (b) 

, . 

-CuO (Riedel) 

.  tan  MIXG2,

MIXG3, MIXG11  0.004  0.08  MIXG8

 0.002   0.05.  CuO(b) 

 100 z.

, :

300Hz 

)  ( ). ,

. .

0,00001

0,0001

0,001

0,01

0,1

1
10 100 1000 10000 100000 1000000

Frequency (Hz)

ta
n

NPOIL_A

MIXG2-A-5%CuO

MIXG2-B-5%CuO-later

MIXG3-A-2.5%CuO

MIXG8_A-5% CuO (R)

MIXG8_B-5% CuO (R)

MIXG11_A-5%CuO(b)
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, 

.

. , 

)  

.

, 

. 

, 

.  ,  

  -CuO(Riddle) 

 CuO  (bottle)  ,  

.

 CuO  (Riedel),  1 Hz

, 

. , 

 [13,14]

 ( ), 

 2.137 eV  18.1. , 

 k'  ,  

.  k''

, 

. , 

, .

     ,  MIXG14,  CuO

. ,  2.5% CuO (Riedel)  2.5%

CuO(bottle)  20ml . :
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 5.30 -CuO- CuO(R)

 5.31 -CuO-CuO(R) 

 CuO 

.  ,   CuO

(bottle) 

2,1

2,15

2,2

2,25

2,3

2,35

2,4

10 100 1000 10000 100000 1000000

Frequency (Hz)

R
el

at
iv

e 
di

el
ec

tr
ic

 c
on

st
an

t 
NPOIL_A

MIXG3_A-2.5%CuO-a8

MIXG8_A-5% CuO (R)

MIXG14_A-5%CuO(R)CuO(b)

0,00001

0,0001

0,001

0,01

0,1

1
10 100 1000 10000 100000 1000000

Frequency (Hz)

ta
n

NPOIL_A

MIXG3-A-2.5%CuO

MIXG8_A-5% CuO (R)

MIXG14_A-5%CuO(R)CuO(b)
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. , 

 CuO (Riedel)

. 

 CuO (bottle).

5.2.6.3   – Cu2O
 Cu2O  

:

o   MIXG6,   20ml  ,  1  gr  Cu2O  5%

Cu2O  ( ). 

45 , 

,  MIXG6_A (avg=1)  MIXG6_B (avg=8) 

.

To  MIXG7  2,5% ( )  Cu2O , 

 10ml  MIXG6  10ml

.  30 

  ,  MIXG7_A

(avg=1)  MIXG7_B (avg=8), .

 5.32 -Cu2O 

2,1

2,15

2,2

2,25

2,3

2,35

2,4

10 100 1000 10000 100000 1000000

Frequency (Hz)

R
el

at
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e 
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 c
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t 

NPOIL_A

MIXG6_A-5%Cu2O

MIXG6_B-5%Cu2O-a8

MIXG7_A-2.5%Cu2O

MIXG7_B-2.5%Cu2O-a8
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 MIXG6, MIXG7 

.   MIXG6 

' 

(2.25  2.2), 

 Cu2O.  MIXG7 

, . 

MIXG7,   MIXG6  , 

  MIXG6_B  k' 

 1kHz.

 5.33 -Cu2O 

      2

 6kHz .

,  tan . 

tan  MIXG6, MIXG7  0.006  0.05. 

 (

) .

0,00001

0,0001

0,001

0,01

0,1

1
10 100 1000 10000 100000 1000000

Frequency (Hz)

ta
n

NPOIL_A

MIXG6_A-5%Cu2O

MIXG6_B-5%Cu2O-later

MIXG7_A-2.5%Cu2O

MIXG7_B-2.5%Cu2O-later
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, :

 k' .

, 

 k', 

 k  (  tan ). 

,  tan . 

 1MHz. 

.

 Cu2O ,

 Cu. ,

 k' 

 Cu2O , 

.

 ( ), 

 1.2 eV  18.1. , 

 k'  ,  

.  

 k'' , 

. ,  

. 

.

5.2.6.4   – Fe2O3
                 ( ) ,

 (  bottle  Merck). 

:

o  MIXG4,  20ml , 1 gr Fe2O3 (bottle)

 5% Fe2O3  ( ). 

 60   

 avg=8

To  MIXG5  2.5% ( )  Fe2O3 (bottle),

 10ml  MIXG4 
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10ml .  30 

  , 

MIXG5_A (avg=1)  MIXG5_B (avg=8)

o   MIXG9,   20ml  ,  1  gr  Fe2O3 (Merck)

 5% Fe2O3  ( ). 

 45    

 avg=1

To  MIXG10  2.5% ( )  Fe2O3 (Merck),

 10ml  MIXG9 

10ml .  30 

  .

 5.34 -Fe2O3

,  Fe2O3 .

 MIXG4  MIXG5 

,  MIXG4 

Fe2O3 .  MIXG4  MIXG5

,  

. 

. , 

2,1

2,15

2,2

2,25

2,3

2,35

2,4

10 100 1000 10000 100000 1000000

Frequency (Hz)

R
el

at
iv

e 
di
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ec

tr
ic

 c
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st
an

t 

NPOIL_A

MIXG4_A-5%Fe2O3-a8

MIXG4_B-5%Fe2O3-later-a8

MIXG5_A-2.5%Fe2O3

MIXG5_B-2.5%Fe2O3-a8

MIXG9_B-5%Fe2O3(M)

MIXG9_C-5%Fe2O3(M)-2V

MIXG9_C-5%Fe2O3(M)-later

MIXG10_A-2.5%Fe2O3(M)

MIXG10_B-2.5%Fe2O3(M)-later
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 MIXG9   MIXG10,    Fe2O3 (Merck), 

 MIXG9_C,  2V, 100

.

 5.35 -Fe2O3

     , 

, . 

MIXG4  MIXG5  MIXG9 

MIXG10, 

.  10kHz.

     , 

 Fe2O3,  MIXG4, MIXG9 

 :
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0,1

1
10 100 1000 10000 100000 1000000

Frequency (Hz)

ta
n

NPOIL_A

MIXG4_A-5%Fe2O3

MIXG4_B-5%Fe2O3-later

MIXG5_A-2.5%Fe2O3

MIXG9_A-5%Fe2O3(M)

MIXG9_B-5%Fe2O3(M)-2V

MIXG9_C-5%Fe2O3(M)-later

MIXG10_A-2.5%Fe2O3(M)

MIXG10_B-2.5%Fe2O3(M)-later
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(a)

(b)

 5.36 (a)  MIXG4 

MIXG9  (b)  MIXG4  MIXG9

  . 

, . 

2,1

2,15

2,2

2,25

2,3

2,35

2,4
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R
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MIXG4_A-5%Fe2O3-a8

MIXG9_B-5%Fe2O3(M)
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1
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MIXG4_A-5%Fe2O3

MIXG9_A-5%Fe2O3(M)
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'  MIXG4 

 tan .

 G4  

 avg=8 

. ,  Fe2O3

 MIXG4_B. 

avg=1 

,  MIX_G9 

'.  Fe2O3 .

, 

 G4 .

, 

,  MIXG9 

. 

 tan  G9,   0.0001 

.

5.2.6.5   – Cu2O - CuO
     ,  (  & ) 

. 

:

o  MIXG15,  20ml , 0,5 gr CuO (bottle)

0,5 gr Cu2O  (Riddle),   2.5%  Cu2O  2.5% CuO 

).  45 

   avg=1

To  MIXG16  1.25% ( ) Cu2O  1.25%

CuO ,  10ml  MIXG15 

 10ml .  30 

.



246

 5.37 -Cu2O- CuO 

  , 

 MIXG2 

.  ,  

 Cu2O  MIXG2. , 

 MIXG2 

 MIXG6. ,  1 MHz 

k'  MIXG6 , .

2,1

2,15

2,2

2,25

2,3

2,35

2,4

10 100 1000 10000 100000 1000000

Frequency (Hz)

R
el

at
iv

e 
di

el
ec

tr
ic

 c
on

st
an

t 

NPOIL_A

MIXG2_A-5%CuO-a8

MIXG6_A-5%Cu2O

MIXG15_A-Cuo 2.5%-Cu2O 2.5%
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 5.38 -Cu2O-CuO 

, .  MIXG2  MIXG6 

, 

MIXG2.   0.01  

 MIXG2  MIXG6.

:

 MIXG2, 

 500 Hz. , 

 MIXG6 

 CuO (bottle).

 tan , 

 (  0.01) . , 

MIXG15 .

0,00001

0,0001

0,001

0,01

0,1

1
10 100 1000 10000 100000 1000000

Frequency (Hz)

ta
n

MIXG2-A-5%CuO

MIXG6_A-5%Cu2O

MIXG15_A-CuO 2.5%-Cu2O 2.5%

TanD
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5.2.6.6   – Cu2O - Fe2O3
, ) 

. 

:

o  MIXG12,  20ml , 0,5 gr Fe2O3 (bottle)

0.5 gr Cu2O (Riddle)  2.5% Cu2O  2.5% Fe2O3

).  45 

   avg=1

To  MIXG13  1.25% ( ) Cu2O  1.25%

Fe2O3,   10ml   MIXG12  

 10ml .  30 

.

 5.39 -Cu2O- Fe2O3

,  Cu2O   Fe2O3

.  MIXG5,

MIXG7  MIXG12 

.  ,  

2,1

2,15

2,2

2,25

2,3

2,35

2,4

10 100 1000 10000 100000 1000000

Frequency (Hz)

R
el

at
iv

e 
di

el
ec

tr
ic

 c
on

st
an

t 

NPOIL_A

MIXG4_A-5%Fe2O3-a8

MIXG5_A-2.5%Fe2O3

MIXG6_A-5%Cu2O

MIXG7_A-2.5%Cu2O

MIXG12_A-5%Cu2O(R)Fe2O3(b)

MIXG12_B-5%Cu2O(R)Fe2O3(b)later

MIXG13_A-2.5%Cu2O(R)Fe2O3(b)
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.  k' 

  MIXG7 .

 5.40 -Cu2O- Fe2O3

 MIXG5, MIXG7

,  10kHz. 

.  MIXG12 

 MIXG7

.

, 

. 

 1  MHz   Cu2O. , 

,   2.2  

MIXG15 , .

0,00001

0,0001

0,001

0,01

0,1

1
10 100 1000 10000 100000 1000000

Frequency (Hz)

ta
n

NPOIL_A

MIXG4_A-5%Fe2O3

MIXG5_A-2.5%Fe2O3

MIXG6_A-5%Cu2O

MIXG7_A-2.5%Cu2O

MIXG12_A-5%Cu2O(R)Fe2O3(b)

MIXG12_B-5%Cu2O(R)Fe2O3(b)later

MIXG13_A-2.5%Cu2O(R)Fe2O3(b)
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5.2.6.7   – Cu2O -CuO - Fe2O3
,   (  & ) 

. 

:

o  MIXG17,  20ml , 0,5 gr CuO (bottle) , 0,5

gr Cu2O (Riddle)  0,5 gr Fe2O3 (bottle)  2.5% Cu2O , 2.5% CuO  2.5%

Fe2O3 (bottle)  ( ). 

 45  avg=1

 5.41 -Cu2O-CuO-Fe2O3

, 

. , 

 MIXG17  MIXG3, MIXG5  MIXG7. 

,  k'.

 CuO (bottle) 

500 Hz ,   MIXG15, .  

2,1

2,15

2,2

2,25

2,3

2,35

2,4

10 100 1000 10000 100000 1000000

Frequency (Hz)

R
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tr
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 c
on

st
an

t 

NPOIL_A

MIXG3_A-2.5%CuO-a8

MIXG5_A-2.5%Fe2O3

MIXG7_A-2.5%Cu2O

MIXG17_A-CuO 2.5%-Cu2O 2.5%-Fe2O3 2.5%
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, 

.

 5.42 -Cu2O-CuO-Fe2O3

MIXG3, . ,

 MIXG5, . 

 CuO

 Cu2O  MIXG15.

 CuO  (bottle)  

.  

, .

.

, , 

,  .  

 k'. ,

 Cu2O.

0,00001

0,0001

0,001

0,01

0,1

1
10 100 1000 10000 100000 1000000

Frequency (Hz)

ta
n

NPOIL_A

MIXG5_A-2.5%Fe2O3

MIXG7_A-2.5%Cu2O

MIXG17_A-CuO 2.5%-Cu2O 2.5% Fe2O3
2.5%

TanD
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5.3     

.  Low k' – Low

loss , 

. 

, 

.

 Fe2O3 , 

,  (

 0,001)  k'. 

 High k'  – Low

loss.

 CuO   Cu2O   Riedel,  

 k'   , 

. 

 (  1 MHz) 

,  Cu2O,  

 (  spike), 

. 

,  

.

,  CuO (bottle) 

.  k' .

, 

.  

. 

. 

. , 

 Al2O3, 

 [5]. , 

 CuO (bottle)  CuO (Riedel) 
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 CuO (bottle) 

.

Mergos J.A., Athanassopoulou M.D., Argyropoulos T.G., Dervos C.T., Dielectric
Properties of Nanopowder Dispersions in Paraffin Oil, IEEE Transactions in
Dielectrics and Electrical Insulation, 19 (5) , art. no. 6311493 , pp. 1502-1507, 2012.

Mergos J.A., Athanassopoulou M.D., Argyropoulos T.G., Dervos C.T., Dielectric
properties of nanopowder emulsions in paraffin oil, Proceedings – IEEE nternational
Conference on Dielectric Liquids, art. no. 6015449, 2011.
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 (thin films) 

. 

.

.  film 

,  , 

.

.

. 

.  Schottky 

 Schottky, 

. 

,  

.

, 

 CdSe    (55oC - 85oC) 

20 - 30 . 

 500  1000 mV. 

. 

.   CdSe
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 (XRD) 

  . 

(SEM) 

-  - .

.

: , 

 ( ),  

, .

 CdSe, 

.  

.
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 1: 

1.1     

, 

. , , 

, .

: 

. 

, 

. 

, . 

, ,

 [1].

 III-V  

. , , 

 (GaN, AlN, InN, GaP, AlP, InP, GaAs,

AlAs, InAs, GaSb, AlSb, InSb ). 

, 

. 

 II-VI (CdS, ZnS, HgS,

ZnSe, ZnO, CdSe, CdTe, PbTe ).  IV-VI

.
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 1.1

1.2     

. 

, . 

, , 

, 

.

, 

 Eg.  1.2 

 hv>Eg .  

, , 

 Eg

. 

, 

.
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 1.2 ( ) g

   )

 Si-Si, ,  Si-Si,

.

, -

, 

, hv>Eg. , , 

, , 

.  

. 

, 

,

. ,  h+, 

. 

, , 

, 

. 

. , 

, 

 ‘ ’  ‘ ’ 

.
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, 

.

. 

. 

 ‘ ’ [2].

 1.3 . 

 1.3    

.

, 

.
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: )  ( ) ) .

 n

 p ,  ( ) 

:

= + (1.1)

, 

.

1.4      Fermi - Dirac

  

.

. 

,  1022 m-3, 

.

 ½ , 

,  F(E) 

:

( ) =
 [ ]

(1.2)

k:  Boltzmann

T: 

 Fermi-

Dirac».  F  Fermi 

 ½  (

). 

 Fermi 



266

 F(E) .

F>>kT  Boltzmann  Fermi-

Dirac, :

( ) =
 [ ]

(1.3)

 1.4  Fermi-Dirac. 

Fermi .

 EF,  F(E) 

,  EF

. 

Fermi ,  1.2, 

 ½.  

, F, 

, F.

, ,

. 

. , 

).  F(E)
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,  1-F(E) 

)  :

( ) = exp ( ) (1.4)

1.5     

. 

. , , 

) 

. , 

. 

:

= (1.5)

ni: 

pi: 

i , 

. 

exp(-Eg/2kT),   Fermi  

, .

 1.5  Fermi 

         .
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, , 

, . 

 ( i) 

, :

= + = | | + | | (1.6)

e: 

h: 

, 

,

. 

, , 

 [1].

1.6     

, , 

 (D),   ( ).  

, , 

. 

 1 

.  

,

, . 

. , 

, 

. 

 15  13 .
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:  ( ),  

 Si  

 Si.

.  

 Coulomb 

.  

. 

, 

, , .  ‘ ’ 

. 

 ‘Rutherford’ .

-n, 

 negative  ( ).  -n  ,  

.

, 

.  ,  

 1.6. 

. 

.  Si 

 ( ). 

-p,  positive ( ).

.
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 1.6

, 

, , . EC-ED

D

, . , 

 ( A-EV) 

.

 1.7  Ef

-n  p

 (
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) .

 1.8

. , 

,  

. 

:

= (1.7)

ND
+ : 
- : 

, -p 

:

= (1.8)

 [17].

1.7     

  , 

. 

 ( ). 

 « » ,
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   hv = Eg. 

 (LED) .

 1.9  GaAs

. 

,

),  h , 

.   ,  

( ) 

h . 

, 

, 

,  = .  ,  Si    Ge,  
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( ) ,  =
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 Si   Ge. , 
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,   (

). ,  GaAs
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 LED.

,   Si
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. 

1.10 ( ) 

, 

c .  
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, .
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.
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, , 

 (  1.10 ( )). 
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  , 
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, , 
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, 

, , 

. 

, 

,  .   

.   1.10  ( )  

, 

, 

. , 

, ‘

’, . 

 Schocules  Reed [2].
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 2: : 
Schottky

2.1      

. 

, 

 Fermi. 

.

2.2      Schottky

-n

. 

.

 2.1 

. , 

 Fermi. 

. , m, 

.  Fermi,

EFm,  

 EFn. ,

n,   

. , 

.
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 2.1  Schottky 

-n

, m >  s.  

 Schottky. , 

. , 

 ( Fm)

 (  2.1). 

 W. 

, , V0. 

 E0, 

,  0.5A

 (  Thomas-Fermi). 

. 

 W 

,  ,  

.  ,  

. max
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. ,

 W  Schottky.

= (2.1)

0 : 

 : 

D
+ : 

, V , 

 VFWD, :

                                                         VTOT = V0 – VFWD (2.2)

 Schottky, CD, 

.

 (

):

= = (2.3)

. 

.

,  Fermi 

. , 

 Fermi

F, .

 EFm  EFn .  W 

Ec-EFn  n  .  ,

 Ec-EFn , 

 (  2.2). 

m n

.  

. 
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 Schottky,  B

:

0B m s c FneV E E (2.4)

m :

s : .

 2.2:  Schottky 

-n

, 

. 

 eV0

.  

Boltzmann. . 

:

= exp ( ) (2.5)

C1 : 

:



281

= exp ( ) (2.6)

C2 :  C1

, 

, :

                                    J  = J2 –J1 =0 (2.7)

,  -n  

.  W 

-n (  W)

, 

.  ,  VAPPL

 V0.   V0  V0-  VAPPL. 

.  

 qVFWD  2.3.

 2.3  Schottky. 

.
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 q(V0-VFWD). 

.

 J2

= ( ) (2.8)

,   J1 .  

:

= = 1 (2.9)

Jo :  

.

 J1

 J2  ( +VREV) 

 J1. 

 2.4 [2].

 2.4  Schottky.

.
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 2.5  I-V  Schottky 

. .

2.3     

 Schottky. , 

, 

, .

 2.6

, 

. 
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. , , 

, 0,  ,  
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0, 
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 Fermi 

. 

 (  2.7).  Ef >  0, 

0  Ef. 

’ , 

 [1].

 2.7 , 0, 

-n. 

2.4      Schottky

. , 

, 
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   ‘ ’

.  2.8 

 Schottky  (film)

, 

. SiO2  Si. 

,  VAPP, VAPP/n   

 W. 

film VAPP [(n-1)/n]. n
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 [1].

 2.8

.  film  Vf. 

, Ecd, , Evd, 

.

 2.5     Schottky

Schottky   
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.  Schottky 
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.
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. 

 ( c ) 
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 Fermi -n 
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 Fermi 
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,   -n. 

,  hv 

 [2].

2.6     

 Schottky. 

.  

.  Schottky,  I-V

. , , 

 I-V 

.

 2.10 

-n.  ,  m, 

, s. 

, 

, , 

.  3-10, 

 Ec.  

. 

, . 

,  Fermi 

.
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 2.10 -n 
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,  
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 n 

,   Ec-EFn,   n.  
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. ,  Schottky
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, , 

. 

.  ,  
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 J  =  E,  

[2].
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3.1     
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,  ,  ,  

,  

. , 

.

, 

, 

, 

. , 

, 

. 

, 

,  ,  

.

,  

, ,

.

,

 0.5-1.0V 
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 20-40mA/cm2 .  

 1839. 

.

 3.2    

, 

,  .  

,  

. , , 

 ( ) 

. ,

 (

)  p-n 

 3.1.

 3.1

.  ,  

,  n , 

). 

 e-)  (  h+), 

. 
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. 

, ,

.

 n 

 p,  

.  ,  

,  

.

, , 

. 

.  p  n 

, , 

, 

, , 

. 

 p-n  Schottky.

3.3     .

.

. , 

, 

. , .

, 

,  .    

,  

. 

, , 
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, . 

, 

.

:

hcE hv (3.1)

h:  Planck 346,3 10h Js

c: 83 10 /c m s .

 (eV)

 ( m), 

, g, :

1,238
g

gE (3.2)

 hv,  

) , 

 ( ), 

:

H H
hv hc (3.3)

, , , 

, .

0

,  x 

, , (x) 

. 

,  

, 

. , 
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 x,   x,

(x). :

d x
dx (3.4)

: 

x=0 (x) 0, 

:

0 expx ax (3.5)

,  

,  

.

 3.2  ,

. ,

g , 

. , 

,  

.

 3.2  ( ) 

 ( )  (hv) 
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3.4     

,

, , 

. ,  

:

n pI eg L L (3.6)

e: 

g: 

Ln, Lp: , .

 S, 

, , 

. ,  S( )

:

I
S

e (3.7)

): 

+d

, 

, :

0

gI e S d (3.8)

, ,

.  3.3 

,  

.
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 3.3  S(v) 

,  3 

:  n, , 

 p.

, :

0

1
g

I e S R d (3.9)

R( ): .

3.5     

 (Isc-short circuit), 

 (Voc-open circuit),  (FF-fill factor),

. , 

. 

 I-V 

. 

.

3.4,  Rs (series resistance) 

 (

)  .  

, 
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,  

 Rsh  Gs

(Shunt resistance- Shunt conductance).  I-

V  3.5 .

 3.4

 Rs,  Gs.

 3.5 -V  Gs, 

 Rs, 

.

. 

, 

. 

, 

 Voc  FF. 

 n, 

:

n n (3.10)

: .
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, , 

 0,005 , 

.  3.6 

.

 3.6

. 

 20 C. 

.

3.6     

. 

 ( , , , 

), 

,  (

) ,

.

, 

sc, . , 

, , 

 Voc. , 

(P=IV)  ,  ,  

, .
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, , 

,  3.7.

,  Pm

 Vm  Im. , 

 Voc,  Isc, .

, 

.

 3.7  (V)

 (I) 

, , 

 (  V=0) 

 I=0). 

 (

). Vm,  Im

 Pm.

 3.8   I-V 

, 

, ,  Rs, 

 Rsh (=1/Gs).
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 3.8 -V (a) 

, (b) , (c) 

, (d)  Rs, (e) 

 Rsh.

3.7     

, 

. , , 

, 

, 
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.

, 

.

, 

,  

,  

, , , 

, 

.

, 

. , 

. 

.   

, 

 [3].
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 4: 
 CdSe 

. 

, 

,

. 

, 

, 

.

,  

, 

. 

,

, , 

. .

  ,

,   ( )  

. 

  

 ( ).

. , 

 ( e- ) .

, 

 1800 .  Luigi Brugnatelli ,

, 

. 

.  1805 
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.

 1850 

, 

.

, 

.

4.1     

 Cd  

48.  12

, . 

.   1817  Friedrich  Stromeyer

,  1940. 

 1990, 

.

.

  

. 

,

. 

, 

.   [4]:

 (Ni–Cd):

- 

, 

. 

, 

.   Ni  –  Cd  
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.

:

, , . 

.

: ,

.

.

:

 ( ) , ( ) 

 ( ) . 

  

.

4.2     

 34, Se

 78.96 g/mol.  4  VI A (

16 ) 

 ( ). 

. 

,

.

, , 

. 

. , , 

 [5].
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4.3     

, ,  

, 

. CdSe   -VI , 

.  5,816 gr/cm3. 

 1,74 eV  300 K. 

 CdSe. 

.   n  

 p- ,  (nitrogen).

,  laser . 

. 

, 

 100nm [6].

 ‘Quantum

Dots’.  Quantum Dot   

, 

. 

, 

. 

, 

.  

.

, ,  quantum dots 

 (CdSe), 

(CdS)  (CdTe) . 

: CdS -UV, CdSe 

. CdTe . 



307

.

,

. , 

 - 

 – .  

.

 quantum dots. 

, 

.

, , 

, 

. , , 

,

 quantum dots 

. 

,   (CFQD-

Cadmium Free Quantum Dots) 

, 

   CdSe.

4.4     

 1968 

. 

 pH=0,  ( 4CdSO )   ( 32 SeOH ) 

 20 C.   (substrate)   (Cu)  

 (Pb)  n  p 

 Cd:Se.
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,  1976,  Hodes et. Al. 

(Photo-electrochemical cell-PEC) 

 (FF=0.3).

 1976, iller et. al. 
2Se . ,

.

,  CdSe  0,6%.

,  Murthy 

Reddy,  0,9%.

 Se 2Cd , 

. , 

, :

OHCdSeeCdSeOH 2
2

32 36 (4.1)

,  

Skyllas-Kazacos- Miller 

. 

:

OHSeHeHOSeH IIIV
2232 366 (4.2)

OHSeSeHSeOH 2232 332 (4.3)

HCdSeSeHCd 22 2
2

(4.4)

 (4.3), 

 (4.2). , 

, 

. 
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 (HCL, ), 22 SeOCdCl

.

,  Hiouston et. al., 

,

,

 4,2 % .  Chandra  Panday, 

 ( 2SeO ) , 

.

, 

Skyllas-Kazacos, 

 (CdTe), SeCN

TeCN , 

CN. :

CNSeeSeCN 22 (4.5)

CdSeSeCd 22 (4.6)

, IVSe

 Se.  ,  

 (  0,2 %).

 Kazacos  Miller, 
2

3SeSO ,  

2Se :

2
3

22
3 2 SOSeeSeSO (4.7)

 (4.6)  (4.7), 

. , 

,  

. 

 PEC  1 %. 
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 Cocivera,  5,9 %, 

.

, 

 Tomkiewitz et al 

 5,5 %.

  Boudreau  Rauh 

, 

. 

.

 Pandey et. al.  CdSe 

  2
2 , SeOCd DTA ( )

.

 Kressin et al , 

CdSe , 

 (Ti)  (Ni)  10V/s,  -0,4  -0,8

V/SCE 2
2 , SeOCd . 

, .

,  Lade, Uplane  Lokhande 

,  CdS 

, . 

, 

 (  3,8 %) 

.

4.5     

 28, 

 58.71gr/mol,  8.9gr/mol,  1453 C  ,

 2732 C  Ni.  Ni 

 385 C  .  

, . 
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 « ».

 17 ,

.

, 

,  

 3% .   1-3%

 1953 

.

, 

 ( ) 

. ,   .  (

) . 

. ,

, , 

,  ,  ,  ,  

. , , 

 ( ), 

.

. , 

, 

[7].
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 5: 

.

  

, 

. 

. 

 (grid: 220,400 800, 1000,1200) 

. : ,

, , , ,

, 

 150 C, ,  pH-  .

 5.1
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 5.2 , 

.

 5.3

1.  
. 

.

10. 

2.  11. ( ) 

3.  12. ( ) 

4.  13. 

5.  14. 

6.  15. -
7.  16. -
8.  17. ( ) 

9.  
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5.1      - 

,  

, 

 500ml. , 

. , 

      150  C 

.

, 

 500 RPM (Rounds Per Minute), 

.

 5.4
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5.2     

, 

. , 

, 

 ±0.1 C. 

 150oC .

 5.5

5.3     

: , 

.

 (working electrode-WE) 

. , . 

,

, 

. 
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.

. 

. 

.

 5.6  

.  / 

 (Hg /

Hg2SO4 /  K2SO4).

 5.7

5.4     

. 

,  

. 

. 

, 
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, 

.

 5.8

5.5      Nabertherm HTC 03/15 170

.  (controller) 

, , 

. 

, 

 12  500 C, 

) . 

, .

 5.9  Nabertherm
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5.6     

. 

 15 cm  15 cm,  2 .

 5.10: .
1.  8.  
2.  9.  
3.  10.  Pirani
4.  11. 
5.  12. 
6.  13. 
7.  14. 

. 

,  

 2,5  kW.  

. 

, . 

. 
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,  

.

. 

 3,5 cm 

 (Ultra High Vacuum, UHV). 

 20  cm 

. 

.  

. 

 80 C,  .  

 40 C . 

, 

. 

. 

 Pirani  [8]. 

, 

.

 5.11: .
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 5 . 

 (air inlet) 

.  4 . , 

, , 

,  Edwards E2M0.7 [9] 

 (Quadrupole Mass Spectrometry, QMS), 

.  (

 20  atm  )  

 (regulator)  1,2 atm  (

).

 Pirani , 

.  Pirani 

.

 IRtec P800 

 -30 C  +880 C 

.

5.7     

. 

   

grid: 220, 400, 800, 1000, 1200,  

 (mirror finish).
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 5.12

 5.13 , ,  mirror finish

  

 CdSe:

.

.

 HF 10%  30

.

.

 1.5 cm  1.2 cm
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 5.8     –   CdSO4- SeO2

 ( 4CdSO ) 

 ( 2SeO )  0.2  1m , 

 ( 42SOH ), pH 2.2. 

4CdSO  0.2 , 

)  (  300 mL 

 15.39gr 4CdSO )  3mL 2SeO

 0.1  (  0,1 3dm  1,11 gr). 

42SOH  (  1:5)    pH 

,  pH- .

 5.14  pH  

-

, :

HSeOHSeOH 3232

HSeOSeOH 2
332

:

OHSeeHSeOH s 2)(32 344

OHSeeHSeOH s 2)(32 345

OHSeeHSeOH s 2)(
2

32 346
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)(
2 2 sCdeCd

H

. , 

 (CdSe). 

, 

 Cd  Se. 

.

 (

5.15). : 

 Cd,  Se, 

Cd  Se, .

 5.15

5.9      X Siemens 5000 (XRD)

. 

. 

. 

, 

. 

 (
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). ,

.

. 

 DifracPlus. 

.

 5.16  Siemens 5000 (XRD)

5.10    (SEM)

 (Scanning Electron Microscope-

SEM),  

.
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 5.17   

, .

 ( .  ).  

. 

. 

.

.   SEM  

.  

, 

.  SEM 

.
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 5.18  SEM

5.11   

 I-V , 

.

 Faraday, Hewlett Packard 16055A text fixture, 

. 

 (10cm) • (5cm) • (2cm) 

 1.2cm  1.5cm 

. ,  0.9cm 

1.6cm  probe. 

 probe  .  

 0.5cm 

 0.6cm .

 5.19  Faraday



328

, 

.  pA METER/DC

VOLTAGE SOURCE (Hewlett Packard 4140B).

 5.20 pA meter/DC voltage source (Hewlett Packard 4140B)

   probe 

 ( , , ) 

.  Faraday 

, 

. 

 I-V . 

: 

 (Ni-

CdSe-Au.  5.21 

 I-V.

 5.21  I-V.
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5.12   

5.12.1   CdSe 

 (Ni),  15mm,

 (CdSO4)

 (SeO2)  0.2  0.1m

.  (H2SO4) 

pH  2.2.   

 55 C  85 C . 

 500   1000 mV. 

. , 

, 30 ,  CdSe.

 5.22 CdSe

 Ni.

 XRD

 CdSe -

) × ( )-  6 C, 

.  XRD  5.23 

 CdSe 

 zinc-blende  (111) . 

 zinc-blende cubic  CdSe (2  = 25.3 ,

42.3 ) . 

 (111) CdSe (2  = 25.3  )  ,  

 65 C. 
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 CdSe 

 [10]-[12].

 Cd  (2  = 31.8 )  

 Se (2 =29.8 )  (

 Ni, 

). 

.

 5.23  XRD  CdSe  Ni 

 zinc

blende.

 10  C,  

.  5.24.

 CdSe 

, ,

  , 

 30

.

20 30 40 50 60 70 80

In
te

ns
ity

 (
A.

U
.)

diffraction angles in

Zinc-blende 
 CdSe Ni

CdSe
(111)

CdSe
(220)

CdSe
(311)

Ni
Ni

55 °C

65 °C

75 °C

85 °C

Ni
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 5.24  XRD  CdSe  Ni 

. 

. 

CdSe (111)  10.9 C.

 I-V  Ni-CdSe-Au ( -

)   5.25.  I-V 

5.25( ) 

,  55 oC  65 oC.  

 Ni/CdSe/Au  

, 

  -  [21].

 5.25( ). 

, 

-I(V) = I(-V)  R V  – V .

20 30 40 50 60 70 80

In
te

ns
ity

 (A
.U

.)

diffraction angles in

Zinc-blende 
 CdSe NiCdSe

(111)

Ni
Ni

Q= 5.5 C

Q= 10.9 C

Bath temperature 60 °C

Ni
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C
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 75 oC
Forward

Reverse

(  )
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 5.25 /  (

)  CdSe  Ni   

.

 SEM

 CdSe films  SEM. 

.      CdSe/Ni  

.  5.26 

 (55 C-65 C-75 C-85 C).

 SEM, 

, . 

 55 C  (

 2 m) . 

CdSe  65 C 

, 

(75 C- 85 C)  (

 3.5 m), .  Ni

 CdSe 

1,E-12

1,E-11

1,E-10

1,E-09

1,E-08

1,E-07

1,E-06

1,E-05

0 1 2 3 4

C
ur

re
nt

 (A
)

Voltage (V)

85 oC

Forward

Reverse

(  )
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 2 m (  5.26). 

 ( ) .

 Ni 55 °C 65 °C

75 °C 85 °C  CdSe

5.26  SEM  CdSe  Ni 

.

 CdSe  Ni  

CdSO4  Cd2+  SeO2.  pH 

 H2SO4  2.2  1V 

(Hg/HgSO4 . K2SO4).  [13] :
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, 

.

 XRD  CdSe 

 zinc-blende.

.

 SEM 

. ,

. 

.

 Ni-CdSe 

 (65 C  -  75 C).  

 (75 C -

85 C) - -

.

5.12.2    CdSe 

, 

.  Nabertherm HTC 03/15 

170 .

 (controller) , 

, 

. 

,  12  500 C,

 ( ) 

.

 (Ni),  (CdSO4) 

 (SeO2)  0.2  0.1m

.  (H2SO4) 

pH  2.2.   
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 65 C  75 C. 

 500   1000 mV. T

 4 , 

 CdSe, 

 6C -7C, 

.

 XRD

 XRD  (  5.27)   

 zinc-blende  CdSe (2  = 25.3) 

, 

.  (NiO),

. 

.

 5.27  XRD  CdSe  Ni 

, .

20 30 40 50 60 70 80 90 100

In
te

ns
ity

 (
A.

U
.)

diffraction angles in

Zinc-blende 
 CdSe Ni

CdSe
(111)

NiO

Ni

65 °C

75 °C

70 °C

NiNiO NiO

Ni

Ni
Ni

Ni
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 I-V  Ni-CdSe-Au ( -

)   5.28.  I-V 

, 

,  -I(V) = I(-V)  R 

V  – V .  Ni/CdSe/Au

, 

  

-  [14].

1,E-11

1,E-10

1,E-09

1,E-08

1,E-07

1,E-06
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re
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C
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Voltage (V)

 70 oC
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(  )
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 5.28 /  (

)  CdSe  Ni 

  

.

  

. 

. 

. 

:

 65 C - 70 C 

 5.5C – 9.2C.

 I-V

, , 

.

 XRD,  

, 

.

1,E-13

1,E-12

1,E-11

1,E-10

1,E-09

1,E-08

1,E-07

0 0,5 1 1,5 2 2,5 3

C
ur

re
nt

 (A
)

Voltage (V)

75 oC

Forward

Reverse

(  )
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.

 SEM , 

 CdSe 

.

5.12.3     CdSe  ( 2)

 55 C, 60 C  65 C. 

,

.

, . 

. 

 500  ,  

 1000 mV 

, 

20 .

, . 

. 

, , 

.
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 5.29 , 

.  N2

. 

, 

. 

.

 5.30 , :

1. 7.

2. 8.  -

3. 9.

4.  10. 

5.  - 11. 

6.  12-13-14-15-16.  
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 XRD

 CdSe -

) × ( )-  6 C.  XRD 

 5.31     CdSe  

 zinc-blende  (111)

.  zinc-blende cubic

 CdSe (2  = 25.3 , 42.3 ) . 

 (111)  CdSe  (2  = 25.3  )

,  65 C.

 Cd  (2  = 31.8 )  

 Se (2 =29.8 ) . 

.

20 30 40 50 60 70 80

In
te

ns
ity

 (A
.U

.)

diffraction angles in

Zinc-blende 
 CdSe Ni

CdSe
(111)

CdSe
(220)

CdSe
(311)

Ni
Ni

55 °C

Ni

2
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 5.31  XRD  CdSe  Ni 

.

 I-V  Ni-CdSe-Au ( -

)  5.32.  I-V 

5.32( ) 

20 30 40 50 60 70 80

In
te

ns
ity

 (A
.U

.)

diffraction angles in

Zinc-blende 
 CdSe  Ni

CdSe
(111)

Ni
Ni

60 °C

Ni

2
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te
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ity

 (A
.U

.)

diffraction angles in

Zinc-blende 
 CdSe Ni

CdSe
(111)

Ni
Ni

65 °C

Ni

2
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. 

 Ni/CdSe/Au  

,    

-  [14].
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 5.32  CdSe  Ni 

 ( ) 

.

 CdSe  (Ni) 

 (N2). 

 ( 55 oC, 60 oC  65 oC ) 

. 

:

, 

, 

. 

, 

.

,  

,  

1,E-12

1,E-11

1,E-10

1,E-09

1,E-08

1,E-07
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C
ur
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nt
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)

Voltage (V)

65 oC
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(  )
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.

 I-V, 

 I-V 

 Schottky, .

, 

.  60 oC 

65 oC.

 XRD, 

. , 

, 

.

.

5.12.4     CdSe 
2

 CdSe  Ni 

 55oC, 60oC  65oC.

, 

, 

, 

. 

.

 5.6. 
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.  

 (55oC, 60oC   65oC) 

.  400 oC 

1,5 h ,  2 . 

:

 ( ) 

, 

, .

.

 XRD

 XRD 

.  XRD  5.33 

, 

.   CdSe 

 zinc-blende 

 (111) , 

2.   zinc-

blende   CdSe  (2  = 25.3 , 42.3 ) 

.  (111) CdSe

(2  = 25.3  ) , 

 65 C, .

 Cd  (2  = 31.8 )  

 Se (2 =29.8 ) . 

.
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 5.33  XRD  CdSe  Ni 

 zinc

blende .

 I-V  Ni-CdSe-Au ( -

)   5.34. 

 CdSe

.  I-V 

.  

, 

.

 5.34 

,  60 oC   65 oC. 

, , 

 XRD.  

Ni/CdSe/Au   ,  

20 30 40 50 60 70 80

In
te

ns
ity

 (A
.U

.)

diffraction angles in

Zinc-blende
CdSe  Ni

CdSe
(111)

Ni Ni

65 °C

Ni

 400°C
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-  [14].

 (55oC)  

. 

,  -I(V) = I(-V) 

 R V  – V .

 [15]  CdSe 

, 

[16].
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 5.35 /  (

)  CdSe  Ni   

.

 SEM

 CdSe films  SEM. 

.      CdSe/Ni  

.  5.36 

 (55 C-60 C-65 C).

 SEM, 

, . 

 55 C  (

 2 m) . 

.

, . 

1E-13
1E-12
1E-11
1E-10
1E-09
1E-08
1E-07
1E-06
1E-05
1E-04
1E-03
1E-02

0 0,5 1 1,5 2

C
ur

re
nt

 (A
)

Voltage (V)

 65 oC

Forward Reverse



351

 ( ) 

.

55 oC 60 oC 65 oC

55 oC 60 oC 65 oC

 5.36  SEM  CdSe  Ni 

.

 CdSe 



352

. 

, 

, 

, . 

:

 XRD  CdSe 

zinc-blende .

.

.

 SEM 

. ,

. 

.

,  

 –

, 

.

 Ni-CdSe 

 (60 C - 65 C).

 (55 C) 

- - .



353

Athanassopoulou M.D., Mergos J.A., Palaiologopoulou M.D., Argyropoulos T.G.,
Dervos C.T., Structural and electrical properties of annealed CdSe films on Ni
substrate, Thin Solid Films, 520 (21), pp. 6515-6520, 2012.

Athanassopoulou M.D., Argyropoulos Th., Mergos J.A., Novakovic J., Dervos C.T.,
Formation and characterization of CdSe thin films on Ni substrate, Proceedings of the
Mediterranean Electrotechnical Conference -MELECON, art.no. 5476258, pp. 374-
377, 2010.

Balafas C.A., Athanassopoulou M.D., Argyropoulos Th., Skafidas P., Dervos C.T.,
Effect of the diffuse solar radiation on photovoltaic inverter output, Proceedings of the
Mediterranean Electrotechnical Conference -MELECON, art. no. 5476340, pp. 58-63,
2010.

Argyropoulos T.G., Novakovic J., Athanassopoulou M.D., Vassiliou P., Mergos J.A.,
Dervos C.T., Characterization of electrolytically deposited CdSe on Ti
substrates, Defect and Diffusion Forum, 297-301, pp. 912-917, 2010.



354

1. , , “ ” , , , 2004.
2. S.O Kasap, “ ”,  ,

2004.
3. , “ ”, , 1992.
4. http://en.wikipedia.org/wiki/Cadmium
5. http://en.wikipedia.org/wiki/Selenium
6. http://en.wikipedia.org/wiki/Cadmium_selenide
7. http://en.wikipedia.org/wiki/Nickel
8. “Active Pirani Gauge”, Instruction Manual D021-71-885, Issue E, BOC

Edwards, UK.
9. “E2M0.7, E2M1 and E2M1.5 Rotary Vacuum Pumps”, Instruction Manual

A371-22-880, Issue G, BOC Edwards, UK.
10. P.  P.  Hankare,  V.  M.  Bhuse,  K.  M.  Garadkar,  S.  D.  Delekar  and  I.  S.  Mulla,

“Chemical deposition of cubic CdSe and HgSe thin films and their
characterization ,” Semicond. Sci. Technol., vol. 19, pp. 70-75, 2004.

11. S. Nagata and K. Agata,“On the crystal structure of cadmium selenide of
selenium rectifier,” J. Phys. Soc. Jpn., vol. 6, pp. 523-524, 1951.

12. I. P. Kalinkin, L. A. Srgeeva, V. A. Aleskovskii, and L. P. Strakhov,
Krystallografiya, vol. 8, pp. 459, 1963.

13. M.D. Athanassopoulou, Th. Argyropoulos, J.A. Mergos, J. Novakovic, C.T.
Dervos, “Formation and Characterization of CdSe Thin Films on Ni Substrate”,
15th IEEE Mediterranean Electrotechnical Conference (MELECON 2010),
Valetta, Malta, 25-28/4/2010, pp. 374-377.

14. C. T. Dervos, P. D. Skafidas, J. A. Mergos, and P. Vassiliou, “p-n junction
photocurrent modelling evaluation under optical and electrical excitation”,
Sensors, vol. 4, pp. 58-70, 2004.

15. E. H. Rhoderick, Metal semiconductor contacts, Oxford: SP, 1980
16. . R. Murali, I. Radhakrishna, K. Nagaraja Rao, and V. K. Venkatesan,

“Growth  of  cadmium selenide  layers  by  electrodeposition,”  J.  Mater.  Sci.,  vol.
25, pp.3521-3523, 1990.

17. . , “ ”,
, , 2007.

18. Martin CR (1994) Nanomaterials: A membrane-based synthetic approach.
Science 266:1961-1966

19. Huczko A (2000) Template-based synthesis of nanomaterials. Appl Phys A
70:365-376

20. Cerdeira F, Torriani I, Motisuke P, Lemos V, and Decker F (1988) Optical and
structural properties of polycrystalline CdSe deposited on titanium substrates.
Appl Phys A 46:107-112

21. Hodes G, Manassen J, and Cahen D (1980) Effect of photoelectrode crystal
structure on output stability of Cd(Se,Te)/polysulfide photoelectro-chemical
cells. J Am Chem Soc 102:5962-5964

22. Gutierrez CMT and Ortega J (1989) Photoelectrochemical study of
electrodeposited polycrystalline CdSe in ferro-ferricyanide system. J
Electrochem Soc 136:2316-2320

23. Norris DJ and. Vlasov YA (2001) Chemical approaches to three-dimensional
semiconductor photonic crystals. Adv Mater 13:371-376



355

24. Murali KR, Swaminathan V, and Trivedi DC (2004) Characteristics of
nanocrystalline CdSe films. Sol Energ Mat Sol C 81:113-118

25. Klein DL, Roth R, Lim KLA, Alivisatos AP, and McEuen PL (1997) A single-
electron transistor made from a cadmium selenide nanocrystal. Nature 389:699-
701

26. Jones AC (1997) Developments in metalorganic precursors for semiconductor
growth from the vapour phase. Chem Soc Rev 26:101-110

27. Aneva Z, Nesheva D, Main C, Reynolds S, Fitzgerald AG and Vateva E (2008)
Electrical properties of nanocrystalline CdSe thin films prepared by thermal
vacuum evaporation. Semicond Sci Technol 23: art. no. 095002

28. Hankare PP, Bhuse VM, Garadkar KM, Delekar SD and Mulla IS (2004)
Chemical deposition of cubic CdSe and HgSe thin films and their
characterization. Semicond Sci Technol 19:70-75

29. Pratt DR, Langmuir ME, Boudreau RA, and Rauh RD (1981) Chemically
deposited CdSe thin films for photoelectrochemical cells. J Electrochem Soc
128:1627-1629

30. Rajeshwar K, Thompson L, Single P, Kainthla RC, Chopra KL (1981)
Photoelectrochemical characterization of CdSe thin film anodes. J Electrochem
Soc 128:1744-1750

31. Boudreau RA and Rauch RD (1983) Chemical Bath Deposition of Thin Film
Cadmium Selenide for Photoelectrochemical Cells. J Electrochem Soc 130:513-
516

32. Hodes G, Grunbaum E, Feldman Y, Bastide S, and Lévy-Clément C (2005)
Variable optical properties and effective porosity of CdSe nanocrystalline films
electrodeposited from selenosulfate solutions. J Electrochem Soc 152(12):G917-
G923

33. Kazacos MS, Skyllas M, and Miller B (1981) Electrodeposition of CdSe films
from selenosulfite solution. J Electrochem Soc 127:2378-2381

34. Hodes G, Albu-Yaron A, Decker A, and Motisuke P (1987) Three-dimensional
quantum-size effect in chemically deposited cadmium selenide films. Phys Rev
B 36:4215-4221

35. Lincot D (2005) Electrodeposition of semiconductors. Thin Solid Films 487:40-
48

36. Nagata S and Agata K (1951) On the crystal structure of cadmium selenide of
selenium rectifier. J Phys Soc Jpn 6:523-524



356


