O o

Hinaxom excnepumenmanviux oocni-
Oicenv eueueni mexanizmu deezpadauii CE
CdTe 6 npoueci excnayamauii. Busnayveno
deéa Mmexanismu Oezpadauii maxux CoHsu-
Hux eaemenmie. llepwuii 00ymosnenui ze-
Hepauielo Oepexmie 6 obracmi nepexody,
aKa 00ymoenena HAOAUMKOSUMU HOCIA-
Mu 3apady i depexmamu. /Ipyeuii — 3poc-
manHaAm eeununu muiviozo oap’epy. Jlo-
caiodcenns 60bm-amnepHux u 6oavm-a-
PAOHUX XAPaAKMepucmux COHAMHUX eJle-
Menmie 00360UNU 3ANPONOHYEAMU MOOEb
dezpadauii conaMHux esiemenmis Ha OCHO-
6i CdTe. Bcmanoeaeno, wo nHaséHicmo mioi
Y CKAQ0i MunvbH020 KOHMAKMy noe6’s3ano
3 HaUKpawjolo Ha4aavLHolo edexmueHicmio
o0Hax 1 Haiibiww weuokor dezpadauicto
6 npoueci excnayamauii. Y eionosionocmi
00 3anpononosanoi mooeni NOACHIOEMbCA
SuUHUKHEHHsT 000amK060i Kinvkocmi eJe-
Menmapnux oOepexmie ax pesynvmam Ou-
couiauii mpvox 6u0i6 KOMNIEKCI8 MOUKOBUX
depexmie (Cu;*—2Cucq- )™, (Veir —Cuis) ™,
Q2Cucqa —Vr+) ™, (Cuir—Cucq), Posena-
HYMO WYHMYEAHH N-p zemeponepexo-
dy i paszoei nepemeopenns 3i cmoponu
pt-Cuy.Te 3a paxynox enexmpoodidpysii
Cucq i3 p-CdTe na mexci n-CdS/p-CdTe
ma p-CdTe/p+ Cuy.,Te. 3 inwmozo Goxy,
moxcauea ougysia Cu;* (mesceysnosa
Miob) 6 00°em abcopbepa. Moxcausa enex-
modipyzis Oepexmie iz 2emeponepexodie
6 06’em abcopbepa, wo cnpurunse Kom-
nexcauilo eexmueHuUx aKuenmopHux yeH-
mpie ma npu3eo0umv 00 3HUNCEHHS UACY
JHCUMMSA HEOCHOBHUX HOCI6 3apsady u 6i0-
noeiono do snudicenns Jp. Kpim moeo, cno-
cmepizaemocs NPOPOCMAHHA WYHMYIOHUX
Memanesux JAAHUI0NCKIE N0 NO3006IHCHIX
Mmedxczepennux xopoonax p-Cdle minc n-p
i p-p* eemeponepexodamu ma moxncausicmo
BUHUKHEHHA BUCOKOOMHUX (Pa3 cucmemu
Cu-Te. 3anpononosana mooenv NOACHIOE
Modcausicmv eunuxnenna gasu pt—Cus_sS
na mexci CdS/CdTe, sxa cmpumye npoxoo-
JHCEHHS POMO AKMUBHOT HACMUHU COHAMHO20
cnexmpy 6 p-CdTe

Kntouogi croea: meaypuo xaomiio, de-
epadayis COHAUHO20 eJleMeHma, 6UXio-
Hi napamempu, ceimogi 0iooni xapaxme-
pucmuxu

u] =,
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1. Introduction

their widespread use [2]. Among others, particular attention

The increasing use of SC as alternative energy sources
is no longer surprising [1]. However, some factors constrain

should be paid to the degradation of SC during operation.
The rate of degradation of SC based on cadmium telluride
can be reduced by optimizing the back contacts to such



instrument structures. Existing approaches to optimizing
the back contacts to such instrument structures occur in
two directions. The first direction is focused on finding the
optimal compound (material) to create the back contact [3].
The second direction is devoted to finding the best way to get
the back contact [4].

However, each of these directions requires an under-
standing of the processes occurring in the solar cell while
degradation during operation.

Therefore, it is important to develop a model that will
give an understanding of the processes occurring in the solar
cell during operation.

2. Literature review and problem statement

The publications [4-9] present the results of studying
the deterioration of characteristics of different types of
solar cells. Among those considered, organic [3] solar cells,
GalnP/GalnAs/Ge triple-junction solar cells [6, 7], cad-
mium telluride (CdTe) cells [4, 8], and copper indium
gallium selenide cells [9] during operation. Among other
types of thin-film solar cells, CdTe solar cells are suitable
for both space flight and terrestrial applications due to their
economic advantages relative to the production process
and high specific power relative to their thickness [10-12].
However, the theoretical value of efficiency for such SC is
currently unattainable. One of the reasons for the restrained
achievement of the theoretical value of efficiency is the
search for optimal contacts to film CdTe SC. For example,
in [12] the authors investigated two types of SC: contain-
ing graphite paste, as well as Ag and Ni layers as the back
contact. As a result of the studies of CdS/CdTe SC, the
back contacts made using graphite paste and Ag, as well as
graphite paste and Ni, showed similar efficiency values of
about 12.5 % and FF at 66 %. In open-circuit conditions,
a slight decrease in the efficiency of both SC by 10-15 %
was observed.

Thus, the authors concluded that graphite paste behaves
as a diffuse barrier preventing the penetration of metal from
the secondary contact into the CdTe region. Solar cells using
only Ag and Ni layers as the back contacts had significantly
lower output FF values (58-62 %) and showed significant
degradation. When operating for 707 hours at 100 °C in
open-circuit conditions, the efficiency is reduced by 25-45 %.
The use of only the Ag layer as the back contact resulted in
an increase in the dopant concentration in CdTe due to Ag
diffusion into the SC region. Rapid Ag propagation along
the grain boundary contributed to shunt formation and
increased micro-heterogeneities. Thus, SC having only Ag
as the back contact showed a 25 % decrease in efficiency
after open-circuit operation. For SC using Ni as the back
contact, the formation of the NisTe, intermetallic compound
on the CdTe surface was observed. The appearance of such a
layer on the CdTe surface contributed to an increase in the
series resistance during open-circuit operation of SC for
707 hours at a temperature of 100 °C, resulting in a 45 %
efficiency decrease.

The authors of [13] proposed to use the NiTe; compound
as the back contact to CdS/CdTe SC. The NiTe; compound
is formed during the chemical deposition of Ni onto the CdTe
surface. After holding the obtained SC in the air for 20 hours,
no diffusion of Ni into the base layer occurs. The obtained
CdS/CdTe SC have an efficiency of more than 10 %, but

their operation in a wet atmosphere revealed a decrease in
the output parameters. When introduced into dry air, SC
efficiency is restored.

[14] considered the use of the PEDOT-PSS organic back
contact, which was applied on the CdTe surface by centrif-
ugation. The efficiency of the resulting solar cell did not
exceed 2 %. It was found that such a low efficiency is due to
the «through diode» operation of the instrument structure,
which is characterized by low open-circuit voltage values.

The authors of [15] investigated the effect of various
procedures of etching of CdTe surface, buffer layers and
metallization to obtain effective CdS/CdTe SC. Several
variants of CdTe surface etching were used: traditional in
BrMeOH and NP etching at different concentrations of
nitric acid. In addition, solar cells, whose back surface was
not chemically etched were investigated. The result is that
traditional BrMeOH etching is a relatively mild etching
that mainly cleans and creates excess Te on the CdTe surface
without significantly expanding the intergranular bound-
aries. Non-chemically etched SC showed an efficiency of
less than 9 %. For such SC, the authors proposed applying a
several nm thick layer of elementary Ti to the CdTe surface.

[16] showed that radio-frequency sputtering of ShyTes/Mo
onto the CdTe surface is promising for use as a back contact
to stable CdTe/CdS SC. This contact is a stable compound
having a band gap of about 0.3 eV and low resistivity of
about 10~* Ohm-cm. Six variants of back contact compo-
sitions were investigated, including Sb/Mo, SbyTes/Mo,
Cu/Mo, Sb/Au, Sb/Al, SbyTes/Au. After annealing at 150 °C
for 30 min, Cu, Al and Au were found to diffuse faster
and cause a significant decrease in efficiency. Mo, Sb, and
SbyTes diffuse very poorly or do not diffuse at all. The effi-
ciency of SC containing the SbyTes/Mo compound as the
back contact increased after annealing by more than 1 %.
This indicates that the conditions of back contact formation
were not optimal. Further annealing to 400 °C in the air did
not change the efficiency.

Long-term stability tests were performed at a constant
illumination of about 1,000 W/m? at 80 °C, which corre-
sponds to a 100-fold acceleration of lifetime [17]. SC, whose
back contacts were made using Sb and SbyTes as the buffer
layer and Mo as the secondary contact were resistant to
degradation. Whereas SC with Au or Al metallization de-
graded faster. The height of the potential barrier of SC
having the SbyTes/Mo back contact is lower than that of
SC containing Sb/Mo as the back contact. However, the use
of Sb/Mo is economical for industrial production.

In [18, 19], SC with the copper-containing back contact
were investigated. It is shown that during the SC operation,
the fill factor of the light current-voltage characteristic
is reduced due to shunting effects. Therefore, on the one
hand, to obtain stable CdS/CdTe solar cells, it is necessary
to avoid using Cu in the back contact. On the other hand,
Cu-containing CdS/CdTe SC remain versatile because, re-
gardless of the base layer formation technology, they provide
high efficiency of photovoltaic processes. At the same time,
the most optimal etchant creating the elementary Ti layer
is BrMeOH. Back contacts that do not contain Cu either
do not provide highly efficient instrument structures, or
are combined with a specific base layer technology. Thus,
in order to create effective SC for large-scale production,
it is necessary to understand the processes occurring in SC
during operation that lead to the degradation of the output
parameters.



3. The aim and objectives of the study

The aim of the work is to develop a model of CdS/CdTe
SC degradation during operation to further develop a me-
thod to restore the effectiveness of such SC.

To achieve this aim, the following objectives are set:

— to investigate the output parameters and diode charac-
teristics of SC after accelerated degradation;

— to investigate the degradation mechanisms of film
cadmium sulfide and telluride SC with copper back contacts.

4. Materials and methods for CdTe SC research

The production of 10x10 cm experimental specimens of
SC was carried out according to the standard procedure for
CdTe, i. e., by thermal vacuum evaporation using a UVN67
vacuum unit with modified internal equipment.[20] The
thickness of the CdTe base layer was 2.5 pm. The internal
equipment of the unit is shown in Fig. 1.

Fig. 1. Inner structure of the CdS and CdTe sputtering unit:
1, 2 — screens; 3 — cadmium telluride powder evaporator;
4 — cadmium sulfide powder evaporator; 5 — carousel,

6 — substrate heater, 7 — substrate holder [20]

The next operation was chloride treatment and annealing
in air at 200 °C for 30 minutes. During the previous 10 mi-
nutes, the laboratory specimens were heated to the specified
annealing temperature.

The application of ITO films (indium and tin oxides)
was carried out by non-reactive DC magnetron sputtering in
a VUP-5M vacuum unit (Fig. 2).

Since effective instrument structures cannot be obtained
without the copper layer, a 2 nm nanoscale copper layer was
deposited on the cadmium telluride surface prior to ITO
application. Thickness minimization of the copper layer was
aimed at increasing the degradation resistance of the instru-
ment structure. The structure of the studied specimens is
presented in Fig. 3.

After manufacture, SC were investigated in standard
laboratory conditions, adopted for testing SC for ground use,
i. e. in the AM1.5 mode at a luminous power of 100 mW /cm?
and temperature of 25 °C. Their light CVC were measured,
followed by dark voltage-capacitance characteristics (VCC)
at 20-22 °C. To study the degradation processes in such SC,
after measuring the initial parameters, SC were placed in
a sealed plastic box and held for 4 years at 15-25 °C. After
holding under these conditions, the SC were removed and
measurements of light CVC and dark VCC were repeated.

Transmission and reflection spectra of cadmium telluride
films obtained on glass substrates were also investigated. This
allowed determining the spectral dependence of the absorp-
tion coefficient of cadmium telluride films. The absorption in-
tensity of the solar spectrum in the base layer was calculated
by integrating the absorption coefficient value in the spectral
interval corresponding to solar radiation in ground conditions.

Fig. 2. VUP-5M vacuum unit:
a — vacuum unit; b — material-saving magnetron [21]

Cu/Au 0.06 mkm
CdTe 4 mkm

CdS 0.3 mkm
ITO 0.5 mkm

Fig. 3. Structure of ITO/CdS /CdTe/Cu/Au solar cells

5. Results of the study of CdS/CdTe SC
after long-term storage

3. 1. Results of the study of the output parameters and
diode characteristics of SC before and after accelerated
degradation

As a result of the CdTe SC study, the output parameters
and diode characteristics of the instrument structures were
determined both immediately after manufacture and after



holding for 4 years at a temperature of 15-25 °C. Light CVC
of the studied specimens are shown in Fig. 4.

[ 100 200 300 400 500 600 700/500

Fig. 4. Light CVC of ITO/CdS /CdTe/Cu/Au SC:
1 — after manufacture; 2 — after long-term storage

The obtained output parameters and diode characteristics
of CdS/CdTe SC calculated using the method given in [17]
before and after long-term storage are given in Table 1.

Table 1

Changes in the output parameters and diode characteristics
of CdS/CdTe SC after long-term storage

Parameters After After long-term

and characteristics manufacture storage
Jpi, MA /cm? 21.3 16.9

Jo, 1077A /cm? 1.9-10°7 1.510°°
R,, Ohm-cm? 1.6 15.4
Ry, Ohm-cm? 623 750
Jso mA/cm? 21.2 16.0
Voo, mV 731 756
FF, c. u. 0.66 0.62
Efficiency, % 10.2 5.8

5. 2. Results of the study of spectral dependences of
SC after accelerated degradation

After long-term storage, spectral dependences of the
studied instrument structures were obtained. A typical spec-
tral dependence for the ITO/CdS/CdTe/Cu/Au specimens
is shown in Fig. 5.

=
S 0.6+
v

0.4

0,.7
—
A, pm

0 1 2 3 4

Fig. 5. Typical transmission spectrum of cadmium
telluride films. Investigated instrument structures
ITO/CdS/CdTe/Cu/Au

The study of the spectral dependences of the transmit-
tance showed that the ITO/CdS/CdTe/Cu/Au instrument
structures in the spectral range (0.82-1.20) um have an
average transmittance of 0.58.

6. Discussion of the results of the study of CdS/CdTe SC
after long-term storage

6. 1. Results of the study of degradation mechanisms
of film SC based on cadmium sulfide and telluride with
copper-containing back contacts

Analysis of Table 1 shows that the main contribution to the
degradation process of CdS/CdTe SC with the copper-con-
taining back contact is made by such diode characteristics
as Jyn and Ry, while changes in these parameters lead to a sig-
nificant decrease in Ry,. In turn, given the relations described
in [18], this leads to a significant drop in the output parame-
ters Js, Voo, FF, and hence the efficiency. Earlier in [21, 22],
the influence of such complexes of point defects as Cu,,,
Cu;, V., (Cuf=Cug,), (Cuf=2Cu., ), (Vi —Cu;),
(2Cu,. —V;.)” and their elementary components on the
parameters of SC containing copper in the back contact
was determined. In view of this, the key mechanisms of deg-
radation of the investigated SC during long-term storage,
acting solely at the expense of the internal resources of the
SC heterostructure, are probably as follows. First of all, the
decisive role of thermodynamic mass transfer of copper from
the region containing copper telluride (arising from the back
contact at the stage of SC production) through the absorber
along the boundaries and through the volume of CdTe grains
to CdS, as well as the diffusion interaction of CdS and CdTe
layers is undoubted. The validity of this assumption is con-
firmed experimentally in [21, 22], where an understanding of
a number of important mechanisms of the effect of structural
transformations in the semiconductor base of SC on the evo-
lution of electronic, added and output parameters was also
achieved.

Thus, it can be concluded that the decisive role in the SC
degradation during operation is played by copper diffusion
from the back contact through the absorber along the grain
boundaries and through their volume at the stage of SC
production. The change in the height of the potential barrier
to F,,=2.4 eV revealed in this study may indicate the disso-
lution of CdS and CdTe.

However, in the previously published papers [ 14, 18—20],
the role of two space charge regions with the built-in elec-
tric field remains out of view. Considering the effect of the
built-in electric field of the n-p heterojunction on the SC
parameters during operation, it should be taken into account
that in this region, after the SC production, there is more
copper than in the absorber region [23, 24]. In addition, there
is a diffusion of CuCd~ from the absorber to the n-CdS layer
and Cuj, on the contrary, to the absorber volume. As a result
of CuCd~ diffusion from the absorber region to the n-CdS
layer, at the CdS/CdTe boundary, the p*—Cu,_sS phase and
CuCd™ centers may occur, which may lead to an increase in R;.
There may also be an expansion of the depletion region
from n-CdS, which leads to both an increase in Ry and a de-
crease in Jpp, Joc and V,.. The bandgap p*—Cuy_sS depending
on § is 1.0-2.3 eV, which is less than E,=2.42 eV in CdS. In
view of this, as well as the fact that CusS is a direct-gap
semiconductor, the partial decrease of ], and therefore Ji,
V,e and FF, during the SC storage can be explained by the



decrease in the flux of photovoltaic active light quanta
entering the absorber due to their additional absorption in
p"—Cuy_sS. Note that an additional factor contributing
to the formation of p*—Cuy_sS may be the effect of partial
self-compensation in 7-CdS:Cucq_, which leads to the gene-
ration of sulfur vacancies, resulting in an excessive amount of
sulfur at the #n-CdS and CdTe boundary capable of actively
reacting with excess copper present there.

6. 2. Development of a model of CdS/CdTe SC degra-
dation during operation

Comparison of the output parameters and light-emitting
diode characteristics with those after degradation, supple-
mented by the results of voltage-capacitance characteris-
tics, allowed proposing the following degradation model.
The model takes into account all the considered processes
of mass transfer, phase transformations and their conse-
quences on the evolution of photocurrent, electronic, diode
characteristics and output parameters of SC. The driving
force for the diffusion of Cu into CdS and S into Cuy_xTe
along the grain boundaries is the large Cu—S bond strength
compared to Cu—Te.

|CdTe,vSy 5>« Cu"| = 1al, Wyt= Jeul Jscls Vocl, Reul, FF|
| (Vea™-Cui") »Cui™ 13 Vea™t = Nit = Jpul; Nal= Rsts W, 1, FF|
| 2Cucq-Vie) —>Cui1;Ved 13 Ve = N 1=>Jpnl sNA|=>RsT;W, 1, FF|

| (Cui*-Cuca) —Cui™1; Cucq't
(SCR) > + - ! -
n-cds| | | p-cate | |

Cqu'—>CuTe:>Cu1,4Te :>RST, FFL
T

CU+S—)CH2_§S:>Engs =2.42 eB—)EgCu2_55= (1.0-2.3)

eB=Jpn|.Jscl,Yocl,FF|

Fig. 6. Model of SC degradation:

T, — electron lifetime in p-CdTe; W, — width of the depletion region of p-CdTe;
N, — volume concentration of recombination centers in p-CdTe;
N, — concentration of active acceptor centers in p-CdTe; W, — width of the
depletion region of the n-CdS layer; SCR — space charge region

+ « (SCR)

| p*-CuTe | p*-Cu,xTe | Cu | Au |
FF|,Rsul,Vocl.dscl.dpul<= Wel, Tul, <= Cu;’ =

«Cu;"'=71,|,W,1,MC=Jpu|,Jscl,Vocl,Rsul; FF|

FF|,RsT,Vocl.IsclJprl<=Tal,Nal,Wal,WpT<=«Cucq

The resulting physical understanding of the mechanisms
of degradation of film SC based on sulfide and cadmium
telluride during operation will allow developing a method
to restore the efficiency of ITO/CdS/CdTe/Cu/Au SC after
their degradation. These results can be used for sulfide and
cadmium telluride SC with the Cu-containing back contact.

7. Conclusions

1. The study of the output parameters and diode cha-
racteristics of CdS/CdTe SC with the copper back contact
after accelerated degradation is performed. It is found that
the main contribution to the process of degradation of
CdS/CdTe SC with the copper-containing back contact is
made by such output parameters and diode characteristics
as Jyn and R, while a significant decrease in Ry, is observed.

2. The model of degradation and change of the parameters of
n*-1TO/n-CdS/pCdTe/p*—Cus., Te/Cu/Au SC is developed.
According to the proposed model, the occurrence of additional
elementary defects as a result of dissociation of three types
of point defect complexes (Cu; —2Cu )", (ngg -Cu}),

(2Cucdz —V,.)" is explained. Shunting of
the n-p heterojunction and phase transfor-
mations from the p*—Cu,_,Te side due to
electrodiffusion of Cu,, - with p-CdTe at the
boundary of n-CdS /p-CdTe and —-CdTe/p*—
Cusy_,Te is considered. On the other hand,
Cu; (interstitial copper) diffusion into the
absorber volume is possible. Thus, electro-
diffusion of defects from heterojunctions
into the absorber volume is possible, which
results in compensation of effective acceptor
centers and leads to a decrease in the life-
time of minority charge carriers and conse-
quently a decrease in J,. In addition, there
is a growth of shunting metal chains along
the longitudinal intergranular boundaries of
p-CdTe between n—rr and p—p* heterojunc-
tions and the possibility of high-resistance
phases of the Cu—Te system. The proposed
model explains the possibility of the oc-
currence of the p™Cusy S phase at the
CdS/CdTe boundary, which constrains the
passage of the photoactive part of the solar
spectrum in p-CdTe.
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