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1. Introduction

It is known that effectiveness of the CdTe-based solar 
cells (SC) reduces during operation. The authors of paper [1] 
suggested two mechanisms in the degradation of such solar 
cells. The first is predetermined by the generation of defects 
in the area of semiconductor contact, caused by excessive 
charge carriers and defects of semiconductor layers. The 
second relates to an increase in the potential barrier at the 
rear ohmic contact. According to studies [2, 3], for the case 
of forming a tunnel rear contact, the degradation of SC is 
predetermined by the diffusion and interphase interactions 
between a nano-sized copper layer and a base layer [4]. Thus, 

degradation of SC renders relevance to the search for struc-
tural-technological solutions aimed at improving the degra-
dational stability of the specified instrumental structures.

2. Literature review and problem statement

Despite the global development of solar power engineer-
ing, the effect of SC degradation under the action of light is 
typical for any photoconverter. The processes that define the 
mechanisms of SC degradation and, accordingly, the efficien-
cy recovery techniques, have not been investigated enough. 
Among existing studies, the greatest attention was paid 
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Проведено дослiдження впливу прямої полярностi на вихiд-
нi параметри сонячних елементiв (СЕ) ITO/CdS/CdTe/Cu/Au. 
Експериментально зафiксовано вплив електричного поля пря-
мої полярностi на вихiднi параметри i свiтловi дiоднi харак-
теристики СЕ ITO/CdS/CdTe/Cu/Au, у яких вiдбулася дегра-
дацiя ККД. При витримцi затемненого СЕ не менше 120 хвилин 
в електричному полi, наведеним зовнiшньою постiйною напру-
гою величиною (0,5–0,9) В, спостерiгається зростання ККД. 
Полярнiсть електричного поля повинна вiдповiдати прямому 
змiщенню n–p гетеропереходу. Зростання ККД спостерiгається 
лише у тому випадку, якщо при деградацiї приладової структури 
не встигли сформуватися дефекти, якi за вказаний час витрим-
ки призводять до самовiдновлюючих електричних мiкропробоїв, 
що чередуються.

Встановлено, що зростання ККД вiдбувається за раху-
нок збiльшення густин фотоструму, зменшення послiдовного 
та збiльшення шунтувального опорiв СЕ. Покращення дiодних 
характеристик вiдбувається завдяки кiльком фiзичним проце-
сам. При подачi на СЕ напруги прямого змiщення, всерединi диод-
ной структури СЕ створюється електричне поле, яке пiдси-
лює вбудоване електричне поле тильного р–р+ гетероперехода 
i пригнiчує вбудоване електричне поле фронтального n+–p гете-
роперехода. Це вiдбувається внаслiдок того, що дiоди включенi 
на зустрiч один одному. Величина напруги прямого змiщення не 
повинна перевищувати висоту потенцiйного бар'єру гетеропе-
реходу. У цьому випадку на тильному р–р+ гетеропереходi та у 
прилеглих до нього з обох сторiн областях будуть iнтенсифiко-
ванi процеси пов’язанi з транспортом атомiв мiдi. Крiм того, 
спостерiгається перебудова комплексiв точкових дефектiв, що 
мiстять мiдь, та фазовi перетвореннями Cu1,4Te в Cu2-xTe.

Також пiд впливом поля, iндукованого прямозмiщуючою 
напругою, частки CuCd- з областi збiднення шару CdS почнуть 
рухатись у абсорбер. Це повинно знизити опiр частини шару 
CdS i привести до зменшення ширини областi збiднiння з боку 
абсорбера, тим самим, забезпечити зростання спектральної 
чутливостi СЕ в короткохвильовiй i середньохвильовiй обла-
стях сонячного спектру. Електродифузiя додаткової кiль-
костi CuCd- в абсорбер повинна посилювати вищеописаний 
i пов'язаний з цим ефект пiдвищення спектральної чутли-
востi, а значить i Jф приладiв. На основi проведених дослiд-
жень був розроблений алгоритм вiдновлення ефективностi  
СЕ ITO/CdS/CdTe/Cu/Au i вiдбраковування деградованих при-
ладових структур в складi працюючого модуля що працює

Ключовi слова: телурид кадмiю, деградацiя сонячного еле-
менту, спосiб вiдновлення, вихiднi параметри, свiтловi дiоднi 
характеристики
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to the-second generation SC [5, 6]. For example, paper [7]  
demonstrated a technique for recovering the second-gener-
ation SC using the light whose intensity is less than the in-
tensity of the initial light source. The authors of works [8‒10] 
investigated the specificity of CdTe-based SC degradation. 
Currently there are several hypotheses that offer different 
mechanisms of CdTe-based SC degradation. One of the first 
attempts to explain the mechanisms of degradation implied 
the consideration of processes of defects generation under the 
action of light. However, this theory could not explain the ex-
istence of samples resistant to degradation. The most popular 
now is the theories of electromigration, mainly copper, from 
metal contacts to the interface CdTe–CdS. The processes to 
form shunting defects have also been considered. Paper [11] 
shows that it is possible to form a network of shunting defects 
in the form of dendrites, and study [12] emphasizes a precur-
sor mechanism. However, in most of these works, the authors 
note that the probability of the implementation of a given 
degradational mechanism becomes higher in proportion to a 
decrease in the thickness of a solar battery layers. However, 
the existence of exceptionally stable samples was confirmed 
that are not subject to aging, in addition, certain samples even 
showed an increase in efficiency over time. Papers [13, 14] 
considered one of the conditions for obtaining stable solar 
cells based on CdS/CdTe. It was stated that the necessary 
condition for creating such SC is to thermally treat CdTe 
in the atmosphere containing Cl2. Typically, this treatment 
is conducted by depositing a thin film of CdCl2 atop CdTe 
by heating in open air at a fixed temperature. However, this 
stage is impractical under large-scale production. The authors 
of work [15] replaced this treatment by using a gas (HCF2Cl), 
which is stable, inert, and non-toxic at room temperature, and 
eliminates the stage of CdCl2 evaporation, as well as the pro-
cedure for subsequent chemical etching.

Given the degradation processes of CdTe-based SC 
during operation, it is necessary to undertake a research 
aimed at the development of a recovery technique for such 
instrumental structures.

3. The aim and objectives of the study

The aim of this work is to develop a technique for restor-
ing the efficiency of the film ITO/CdS/CdTe/Cu/Au SC 
after degradation.

To accomplish the aim, the following tasks have been set:
– to explore changes in the output parameters and light 

diode characteristics after the accelerated degradation of 
ITO/CdS/CdTe/Cu/Au SC; 

– to explore changes in the output parameters and diode 
characteristics of ITO/CdS/CdTe/Cu/Au SC with different 
types of n-p heterojunctions after exposure to direct polarity 
voltage; 

‒ to define the conditions for the recovery of efficiency of 
the film ITO/CdS/CdTe/Cu/Au SC after degradation.

4. Samples and methods to study the output parameters 
of ITO/CdS/CdTe/Cu/Au SC

The examined instrumental structures of ITO/CdS/
CdTe/Cu/Au were obtained by the method of thermal vacu-
um evaporation. The equipment and conditions for obtaining 
the examined samples are described in detail in [3]. We applied 

the ITO films (a mixed indium-tin oxide) using the method 
of non-reactive magnetron spraying at direct current at the 
laboratory setup VUP 5 applying the original material-saving 
magnetron. The length of a charge gap that represents the 
distance between the magnetron and the substrate was 70 mm. 
The power used by the magnetron was 0.2 W/cm2. Tempera-
ture of the substrate (Тs) was 300 °C. Initial pressure in the 
vacuum chamber was 3×10-5 mm Hg, working pressure of the 
argon-air mixture during spraying was (2.1‒2.6)×10-2 mm Hg. 
In order to press the ITO mixtures that contain indium oxide 
(95 % by weight) and tin oxide (5 % by weight), we fabricated 
a specialized pressing machine (Fig. 1).

It should be noted that magnetron spraying is one of 
the most promising methods for obtaining all transparent 
electrodes [16, 17]. This is predetermined by a high degree 
of precision when transferring the composition of a mixture 
onto the substrate, by reproducibility and control over the 
process of magnetron spraying [18, 19].

A matrix of the obtained solar cells is shown in Fig. 2. 
The initial values for efficiency coefficient of obtained SC 
were 9.4–10.4 %. Next, all SCs were placed in a non-trans-
parent plastic sealed box with air medium typical of 
non-industrial premises. After 48 months, the box, which 
was kept over this time at a temperature of 15‒25 xC, 
was unsealed to carry out a comprehensive research into 
the parameters of SC that were stored inside it. Among 
SCs on the matrix, which were exposed to the accelerated 

Fig.	1.	Equipment	for	pressing	the	ITO	mixtures:		
a –	mechanical	press;	b ‒ pressing	matrix		

(1	‒	piston,	2	‒	cylinder,	3	‒	cylinder,	4	‒	stand)

 
 a

 
 b
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degradation, part of SC was shunted. Among those suit-
able for recovery, we selected 7 SC samples to investigate 
the influence of a direct polarity voltage. Smooth (S) p–n 
junctions: two samples (No. 2, No. 6); unidentified (U) 
p–n junctions: three sample (No. 8, No. 12, No. 16); sharp 
(Sh) p–n junctions: two samples (No. 19, No. 20).

Selected samples were exposed to the action of a bias volt-
age of direct polarity Vd

max=675 5±  mV at maximum duration 
τex = 2 hours under a shaded mode at room temperature, 
and then we acquired the current-voltage characteristic of 
light. We studied the light current-voltage characteristic for 
experimental samples under the following conditions: illu-
mination – 1,000  W/m2, solar spectrum – AM1,5, ambient 
temperature – 25 °C. The equipment and methods to study 
the output parameters and the light diode characteristics for 
experimental samples are described in detail in paper [20]. 
The specified magnitude Vd

max  is chosen based on condition 
V V Vd oc

max min ,< »  where V max  is the voltage that corresponds 
to the point of maximum power at the light current-voltage 
characteristic, and Voc

min  is the smallest voltage of idling over 
the entire totality of values Voc for the examined SC.

Development of the recovery method implies determin-
ing the dependence of SC efficiency on the effect of a bias 
voltage of direct polarity on it. It is known that efficiency of 
any SC is calculated from formula [21]:

η = ( )⋅ = ∗( )  ⋅P P P P Snm r nm r s/ % / %,100 100  (1)

where Рr* is the specific absorption rate at the SC photo-re-
ceiving surface; Ss is the area of SC photo-receiving surface. 

Because

P J V FFnm sc oc= ,     (2)

where Jsc is short circuit current density, Voc is the voltage of 
idling, FF is the fill factor of current-voltage characteristic, 
then, along with ratio (1), we use the following expression

η = ∗( )  ⋅J V FF P Ssc oc r sc/ %.100    (3)

As seen from (3), effectiveness of solar cell increases with 
an increase in each of the three key output parameters for 
SC – Isc, Voc and FF.

In turn, the expression for determining Voc takes the 
following form:

V
kT
q

J
Joc

sc= +






ln ,
0

1     (4)

where Jsc is the short circuit current density, J0 is the diode 
current density of saturation, q is the charge of the electron; k 
is the Boltzmann constant, T is the temperature of a solar cell. 

As shown in (4), the idling voltage depends on Jsc and J0. 
Therefore, the high values for Voc require the low values for J0.

The current-voltage characteristic fill factor (FF) is de-
termined from ratio:

FF
P

J V
nm

sc oc

= .       (5)

In the absence of consistent resistance and the shunting 
conductivity, the expression for FF can be represented

FF
v v

v
oc oc

oc

=
− +

+
ln( . )

,
0 72

1
   (6)

where 

v
qV
AkToc

oc= .      (7)

In the presence of consequential resistance (Rs), the 
expression for the light current-voltage characteristic fill 
factor (FF) is transformed in the following way

FF FF R Rs s E= −0 1( / ),     (8)

where Rх=Voc/Jsc is the characteristic resistance. When se-
quential resistance (Rs) and the conductivity of the shunt (G)  
are substantial, the expression for the light current-voltage 
characteristic fill factor (FFs+sh) takes the form

FF FF
v FF
v R Gs sh s
oc s

oc
+ = −

+







1

0 72( . )
/ ( )

.
E

   (9)

According to expression (9), it is absolutely obvious that 
a growth in the value for FFs+sh will be contributed to by a 
decrease in Rs and G. 

Thus, in order to construct a method for restoring the SC 
efficiency, we must establish a change in the output param-
eters and the light diode characteristics under the influence 
of a bias voltage of direct polarity.

5. Results of studying a change in the output parameters 
and the diode characteristics of ITO/CdS/CdTe/Cu/Au SC 

5. 1. Studying a change in the output parameters and 
the light diode characteristics after the accelerated deg-
radation of ITO/CdS/CdTe/Cu/Au SC

The parameters for p-n heterojunctions (HJ) in the ex-
amined ITO/Cds/CdTe/Cu/Au SC, which were divided into 
smooth (S), unidentified (U), and sharp (Sh), depending on 
the magnitude of a potential barrier and the width of the de-
pletion zone, after 48 months of storage, are given in Table 1. 
The output parameters and the light diode characteristics, as 
well as the level of degradation in terms of efficiency following 
the accelerated degradation, are given in Tables 2, 3.

 
Fig.	2.	Matrix	of	examined	SC	(the	arrow	shows	a	direction	
of	the	copper	film	thickness	gradient,	associated	with	the	

location	of	the	source	of	copper	during	thermo	vacuum	
deposition	of	the	rear	electrode):	I	–	plot	that	belongs	to	SC	
with	sharp	n-p	heterojunctions;	II	–	plot	that	belongs	to	SC	

with	smooth	n-p	heterojunctions
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Table	1

Parameters	for	n-p	heterojunctions	of	film	SC	after	
48	months	of	storage

SC
HJ 

type
Фnр, 
eV

Wnр (0), 
µm

Wmax/Wmin, 
µm/µm

Nnр,  
1014 cm-3 а, 1018 cm-4

2 S 2.4 3.07 2.85–2.20 – 7.5

6 S 1.0 3.06 3.04–1.90 – 2.8

8 U 0.6 3.07 3.07–1.15 0.5 –

12 U 0.9 3.06 3.06–2.00 0.9 –

16 U 1.4 2.92 2.92–2.24 2.2 –

19 Sh 1.5 3.08 3.08–2.22 1.8 –

20 Sh 1.5 2.93 2.98–2.12 2.0 –

Table	2

Density	of	photocurrent,	diode,	and	output	parameters	of	SC	
after	accelerated	degradation

SC
Jph,  

mA/cm2
J0,  

mA/cm2

А, 
rel. 

units

Rs,  
Ohm 
cm2

Rsh,  
Ohm 
cm2

Jsc,  
mA/cm2

Voc, 
mV

FF, 
rel. 

units

2 13.7 1.6 0-10 1.53 20.5 236 12.6 705 0.46

6 17.2 9.0∙10-11 1.50 10.7 210 16.4 725 0.54

8 6.3 1.5∙10-12 1.34 19.8 893 6.1 758 0.62

12 9.9 1.7∙10-11 1.40 13.6 485 9.7 720 0.60

16 17.1 1.1 10-10 1.49 12.0 171 16.0 710 0.51

19 15.3 2.9∙10-10 1.66 8.6 316 14.9 749 0.59

20 31.3 5.5∙10-9 1.87 15.9 50 23.6 717 0.35

Table	3

Level	of	SC	degradation	in	terms	of	efficiency	after	
48	months	of	storage

SC 2 6 8 12 16 19 20

Efficiency  
coefficient, %

4.1 6.4 2.9 4.2 5.8 6.6 6.0

Degradation, % 54–60 28–38 67–72 53-59 35–44 26–36 33–42

Data given in Table 3 show that the largest degradation 
was demonstrated by sample No. 8 with an unidentified p-n 
heterojunction, substantial degradation was exhibited by 
sample No. 2 with a smooth heterojunction, and No. 12 with 
an unidentified heterojunction.

5. 2. Studying a change in the output parameters and 
the diode characteristics of ITO/CdS/CdTe/Cu/Au SC 
with different types of n–p heterojunctions after expo-
sure to a voltage of direct polarity

The selected samples were exposed to the action of a bias 
voltage of direct polarity Vd

max = ±675 5 mV at maximum du-
ration τex = 2 hours under a dark mode at room temperature; 
next, we acquired the dark VAP. 

Fig. 3–8 show the dark current-voltage characteristic for 
each type of p-n heterojunction, measured before and after 
the specified exposure, as well as dependences of direct cur-
rent Id, that passed through these same SCs at Vd

max .= 0 68 n, 
on time of the exposure τex.

The magnitude of relative change in the output param-
eters and the diode characteristics for SC with various 
types of n-p heterojunctions after the shaded SC were 
exposed to a direct polarity voltage of Vd

max ,= 0 68 V at 
maximum duration τex=2 hours at room temperature is 
given in Table 4.

 

Fig.	3.	Static	dark	volt-ampere	characteristics	for	ITO/CdS/
CdTe/Cu/Au	SC	No.	6:	·	–	prior	to	exposure	at	maximum	

duration	τex=2	hours	at	 V Vn d= max ; 	o	–	after	exposure

Fig.	4.	Dependence	of	direct	current	(Id)	passing	through	

these	same	SCs	at	 Vd
max ,= 0 68	V	on	the	time	of	exposure	τex	

for	ITO/CdS/CdTe/Cu/Au	SC	No.	6

 

Fig.	5.	Static	dark	volt-ampere	characteristics	for	ITO/CdS/
CdTe/Cu/Au	SC	No.	12:	·	–	prior	to	exposure	at	maximum	

duration	τex=2	hours	at	 V Vd d= max ; 	o	–	after	exposure

 

 

Fig.	6.	Dependence	of	direct	current	(Id)	passing	through	

these	same	SCs	at	 Vd
max ,= 0 68	V	on	the	time	of	exposure	τex	

for	ITO/CdS/CdTe/Cu/Au	SC	No.	12
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Table	4
Change	in	the	output	parameters	and	added	characteristics	

for	ITO/CdS/CdTe/Cu/Au	SC	as	a	result	of	action	of		
a	bias	voltage	of	direct	polarity

SC 
No./HJ 

type

DEfficiency/ 
Efficiency0, %

DId(τex)/
Id(0), %

DJph/
Jph, %

DFF/
FF, %

DJ0/ 
J0, %

DRs/
Rs, %

DRsh/
Rsh, %

2/S 31.0 –25.0 28.9 5.8 >>–100 -25.0 –86.7

6/S –4.8 139.8 0.07 –5.2 15.6 13.3 –7.5

8/U 1.7 –27.3 2.2 0.0 –6.9 28.2 151

12/U –2.3 –55.7* –6.4 3.5 192 –10.7 7.2

16/U 12.2 –33.3 8.4 3.8 817 –25.7 31.0

19/Sh 2.3 –19.3 2.4 0.0 841 –22.9 –2.6

20/Sh –81.2 1871 23.8 –52.6 558233 93.7 –82.7

Table 4 shows that four SCs No. 2, No. 8, No. 16, and 
No. 19, following the exposure to a voltage of direct po-
larity, demonstrated a partial recovery of efficiency, from 
1.7 % for the case of CE No. 8, to 31 % for the case of CE 
No. 2. The specified increase in the efficiency coefficient 
occurred after almost a monotonic decline in current 
strength Id passing through SC at a constant value. The 
effectiveness of operation of other SCs following the ex-
posure decreased in relative values from 2.3 % for the case 
of SC No. 12 to 81.2 % for the case of SC No. 20. That 
was contributed to by the non-monotonous change in Id 
with an increase in τex, mainly characteristic of capacitor 
structures with alternating self-restoring electrical mi-
cro-breakdowns.

5. 3. Determining the conditions for restoring the 
efficiency of film ITO/CdS/CdTe/Cu/Au SC after deg-
radation

Following the exposure over τex=2 hours to a voltage of 
Vd

max ,= 0 68 V, the SC operational performance is 62.5 %. An 
increase in efficiency by 47 % in the examined SC is prede-
termined mainly by an increase in Jph. For the remaining 
43 % of SC within such a category an increase in efficiency is 
due to an increase in Jph and Rsh, as well as due to a decrease 
in Rs, which led to a rise in FF. And in one of such SCs, along 
with the indicated changes, an increase in efficiency is also 
predetermined by a significant decrease in J0.

The results described point to a possibility to improve 
the effectiveness of film SC operation, after degradation, 
by their further exposure at a moderate temperature under 
a bias voltage of direct polarity of the n-p heterojunction 
V V Vd oc

max max< £  for about 2 hours. Such a recovery of efficien-
cy is possible if the diode structure of SC in the process of deg-
radation did not have the time to form the defects in the form 
of alternating self-restoring electrical micro-breakdowns. 

In addition, based on the analysis of results similar to those 
specified in Fig. 2‒7 and Table 4, one can explain the likely 
mechanisms of influence of the direct polarity voltage on pho-
tocurrent, diode, and the output parameters of such SC.

6. Discussion of results of influence of a bias voltage of 
direct polarity on Fe ITO/CdS/CdTe/Cu/Au SC

When SC is fed voltage V Vd d= max ,  the forming electric 
field within a diode structure of SC must enhance the built-
in electric field at the rear р–р+ heterojunction and partially 
inhibit the built-in electric field at the front n-p heterojunc-
tion. In this case, at the rear р–р+ heterojunction and in the 
areas that surrounding it from both sides such processes will 
be intensified that are associated with the transport of atoms 
of copper. In addition, there is a restructuring of complexes 
of point defects, containing copper, and the phase transfor-
mations of Cu1,4Te into Cu2-xTe. The consequence of these 
processes should include:

– a certain additional growth in the component of suc-
cessive resistance from the side of a rear contact; 

– a certain reduction in spectral sensitivity over a long 
wavelength region of solar radiation;

– additional metallization of plots in the joints of longi-
tudinal boundaries of the absorber grains arranged close to 
the р–р + heterojunction.

However, from the plots of longitudinal joints between 
the grains of absorber from the side of n–p heterojunction 
the intra-nodal copper should start moving towards the 
region of the CdS depletion layer. This process can lead to 
the dissolution of chains from copper atoms, which formed 
earlier and partially shunt the heterojunction from the side of 
CdTe. This circumstance could lead to an increase in shunt-
ing resistance. Since the arrival of copper to CdS from the 
joints of longitudinal boundaries of the absorber grains has a 
point character, it is possible, in this case, a point formation of 
additional quantities of the Cu2-δS phase, but this should not 
significantly affect the magnitude of Jph. Under the influence 
of the field induced by a bias voltage of direct polarity, parti-
cles of CuCd-from the layer of CdS depletion will start moving 
to the absorber. Such a move will help reduce the resistance 
of the CdS layer and can lead to a reduction in the width of 
the depletion region from the side of absorber. That would en-

Fig.	7.	Static	dark	volt-ampere	characteristics	for	ITO/CdS/
CdTe/Cu/Au	SC	No.	20:	·	–	prior	to	exposure	at	maximum	

duration	τex=2	hours	at	 V Vd d= max ;  o	–	after	exposure

 

Fig.	8.	Dependence	of	direct	current	(Id)	passing	through	

these	same	SCs	at	 Vd
max ,= 0 68	V	on	the	time	of	exposure	τex	

for	ITO/CdS/CdTe/Cu/Au	SC	No.	20
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hance the spectral sensitivity of SC over shortwave and medi-
umwave regions of solar spectrum. In addition, we do not rule 
out the dissociation, under the action of the specified field, of 
the Cu2-δS sublayer, which had formed earlier in the region of 
n-p heterojunction with the further electrodiffusion of anions 
of sulfur to the absorber, the transformation of copper cations, 
formed in CuCd- and electrodiffusion of CuCd- following the 
anions of sulfur. Partial or complete disappearance of the 
specified sublayer should lead to an increase in Jph. Electro-
diffusion of anions of sulfur to the absorber can intensify the 
sprouting of solid solution of CdTe1-УSУ beneath the absorber. 
The electrodiffusion of additional amount of CuCd- to the ab-
sorber must amplify the described-above and related effects of 
enhancing the spectral sensitivity of SC. It is obvious that the 
totality of the examined transformations under the influence 
of Vd

max

 leads to the increased efficiency of SC operation via 
an increase in Jph and Rsh at a decrease in J0 and Rs, which is 
observed experimentally.

It is only natural that in actual SC the ratio of intensities 
of the progress of the above-examined processes does not 
always match such a perfect combination of characters in 
change of Jph, Rsh, J0 and Rs. Probably, for example, in some 
cases, the flow of copper atoms along the joints at longitudi-
nal boundaries of the absorber grains to the area of n-p het-
erojunction may outperform the outflow to CdS. In this case 
it is absolutely clear to us that the powerful emerging shunt-
ing should lead to the release of a joule heat within the chain 
of copper atoms, sufficient to rupture it, which is one of the 
reasons for self-restoring micro-breakdowns, followed by its 
resurrection then again a self-restoring micro-breakdown.

Another interesting effect, not described in other pa-
pers, is what is observed when reducing Vd to Vd<0.2 V 
(Fig. 3, 5, 7) ‒ an unintentional switching of SC from the 
low-conducting state to the high-conducting state. A given 
effect is well explained by an increase in the reverse action 
on Cui + in the region of CdS depletion of the built-in field of 
n-p heterojunction, which helps saturate the joints of longi-
tudinal boundaries at absorber grains with copper from the 
side of the specified junction.

Based on the research conducted, we proposed a tech-
nique to restore the efficiency of SC after degradation. The 
technique implies sequential operations related to measuring 
the dark and light current-voltage characteristic and to the 
action of a direct polarity voltage. Using the proposed tech-
nique, it becomes possible to reject potentially unreliable 
SC included in solar modules, to prolong the duration and 
improve the efficiency of operation of potentially reliable 
devices. This list of successive operations involving SC is 
as follows. Periodically, at intervals of 24 hours, automatic 
measurement of light current-voltage characteristic for solar 
cells that make a solar module with the subsequent analyti-
cal treatment for determining the output parameters and the 
light diode characteristics. When observing a decrease in 
the output parameters, it is necessary to perform measure-
ments, during dark hours, of the direct branch of the dark 
current-voltage characteristic at voltages Vd in the range:

0 £ £V Vd d
act ,        (1)

where Vd
act  is the current value for voltage at which its last-

ing impact on SC is observed. 
In the absence of anomalies in the dependence of current 

strength Id on Vd we enter the mode of V Vd d
act=  with the 

following exposure of SC to voltage over 2 hours and we 

simultaneously register the dependence of Id on the exposure 
duration τex. 

For the case of a monotonic descent in the dependence of 
Id on τex (Fig. 3) the specified operation should be continued 
for 2 hours, then measure the straight branch of the SC dark 
current-voltage characteristic when reducing voltage from 
V Vd d

act=  to zero.
If there is a spontaneous switching of SC from the 

low-conducting state to the high-conducting state, the 
efficiency of instruments in the structure can be partially 
restored, which can be automatically controlled based on the 
analytical processing of the light current-voltage character-
istic at day light. 

If the dependence of Id on τex shows the signs of mi-
cro-breakdowns or there starts a monotonic ascent of Id 
with an increase in τex, the recovery via voltage must be 
stopped; a potentially unreliable SC should be replaced 
with a new one.

In the absence of anomalies in the dependence of current 
strength Id on Vd, we enter the mode of V Vd d

act=  followed by 
exposing SC to voltage over 2 hours and we simultaneously 
register the dependence of Id on the exposure duration τex. 

For the case of a monotonic descent in the dependence of 
Id on τex (Fig. 3), the specified operation should be continued 
for 2 hours, then we measure the straight branch of the SC 
dark current-voltage characteristic when reducing voltage 
from V Vd d

act=  to zero.
If there is a spontaneous switching of SC from the low-con-

ducting state to the high-conducting state, the efficiency of in-
struments in the structure can be partially restored, which can 
be automatically controlled based on the analytical processing 
of light current-voltage characteristic at day light. 

If the dependence of Id on τex shows the signs of electri-
cal micro-breakdowns or there starts a monotonic ascent 
of Id with increasing τex, restoring by voltage Vd

act  must be 
stopped; a potentially unreliable SC should be replaced with 
a new one.

6. Conclusions

1. We have experimentally registered the effect of an 
electrical field of direct polarity on the output parameters 
and the light diode characteristics of ITO/CdS/CdTe/Cu/
Au SC whose efficiency degraded.

2. We have shown a possibility to improve the efficiency 
of film ITO/CdS/CdTe/Cu/Au SC after degradation by 
exposing them to a bias voltage of n-p heterojunction if the 
diode structure of such SC during degradation did not have 
time to form defects that over a specified time of exposure 
could lead to the alternating self-restoring electrical mi-
cro-breakdowns.

3. We have defined conditions for the restoration of film 
ITO/CdS/CdTe/Cu/Au SC, based on exposing SC for at 
least 120 minutes to an electric field whose polarity matches 
the forward bias of the n-p heterojunction of SC induced 
by the external constant voltage of magnitude (0.5–0.9) V. 
Under the influence of an electric field, there occurs the 
intensification of processes of transporting copper atoms, re-
structuring of complexes of point defects, containing copper, 
as well as the phase conversion of Cu1,4Te. These processes 
lead to a decrease in the resistance of the CdS layer and to 
the electrodiffusion to the base layer of sulfur anions and the 
intra-nodal cations of CuCd-.
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