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The peculiarities of photo-electric processes in thin film CdS/CdTe solar cells with
different back electrodes (Cu/Au, ITO) has been studied. The Cu-free ITO back electrode is
shown to cause the formation of a low-quality tunnel heterojunction n*-ITO/p™-CdTe and
the negative influence of the grain surface boundary of the base layer on the diffusion and
separation of non-equilibrium carriers. A new design of transparent back electrode based
on Cu/ITO composition is proposed. It is shown that the use of Cu nanolayer in ITO back
contact provides the degradation-resistant bifacial solar cells with efficiency exceeding
10 00 .

Nsyuensr ocobeHHOCTH (OTOSIEKTPUUECKUX IIPOI[ECCOB B TOHKOIIJIEHOYHBIX COJHEYHBIX
anmementax CAdS/CdTe ¢ pasnuuasim Tumom TthLIbHOTO daeKTpoma (Cu/Au, ITO). ITokasawno,
YTO OTCYTCTBME MeOU B COJHEUHBIX 3JIEMEHTaX € THUIBHBIM aJjekTpozoM ITO mpuBoauT K
(hOPMUPOBAHMIO HUBKOKAUECTBEHHOIO TYHHEJILHOTO rerTeponepexona n'-ITO/pt-CdTe u k me-
TaTUBHOMY BJIUAHUIO 3€PHOTPAHUYHON ITOBEPXHOCTU 0A30BOTO CJIOA Ha Ipoliecchl Aupdysuu
U pasesieHus HepaBHOBECHBIX HocutTejeil sapapma. IlpennoskeHa HoBasg KOHCTPYKIIUA IIPO-
3PAaYHOr0 THIIBHOI'O djeKTpoga Ha ocHoBe Kommoauinuu Cu/ITO. IlokasaHo, 4TO HCIIOJIL30BA-
uue HaHociaos CU II03BOJSIET MOJYYUTH AETrPAJAIMOHHO-CTOMKNE NBYCTOPOHHE UYBCTBUTEJb-
Hble conHeunsle aaemMeHThl ¢ KIII Beime 10 %.
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1. Introduction

At present, the laboratory samples of
thin-film solar cells (SC) based on n-CdS/p-
CdTe show maximum efficiency of 16.5 %
[1]. In such SC, opaque back electrode are
used. The base CdTe layer is illuminated
through a thin CdS layer and transparent
front electrodes made of high-doped oxides
of In, Sn or Cd with n™-type conductivity.
In tandem device structures [2], several
base layers with different band gap E, val-
ues are used. In the SC with high base layer
Eg, both front and back electrodes should be
transparent. This allows low energy photons
attain the next SC of the tandem structure
having a lower base layer E, [3, 4]. The
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film SC with CdTe and CulnSe, base layers
is of good promise for use in tandem SC [5]
(EngTe =1.46 eV and EgCuInSeZ =1.10 eV).

However, the film SC on CdS/CdTe base
are not used in tandem structures, since no
transparent back electrodes to p-type layers
of cadmium telluride are developed to date.
When the "comb” electrodes are used, the
high specific resistance of CdTe base layers
limits the efficiency of such SC at the level
of 1 %. The heterosystem Cu/Au is a tradi-
tional low-ohmic tunnel back contact for p-
type CdTe [6]. When using such electrodes
in SC on CdS/CdTe base, the main problem
consists in diffusion of Cu from the contact
to the p-n junction, thus causing degrada-

Functional materials, 17, 1, 2010



G.Khrypunov et al. /| Development of back contact...

tion of output characteristics [7]. In [8], a
layer of degenerate semiconductor consist-
ing of indium and tin oxides (ITO) was ap-
plied as the transparent tunnel contact for
p-CdTe layers. However the efficiency of
such SC did not exceed 7.7 % . Therefore, to
develop a transparent and stabile back con-
tact for SC on CdS/CdTe base, we carried
out in this work comparative investigation
of photoelectric processes in such SC with
ITO and Cu/Au back electrodes.

2. Experimental

The CdS/CdTe/ITO film heterosystem
was prepared by thermal vacuum deposition
on glass substrates coated with a SnO,:F
layer. Prior to formation of back electrodes,
the standard "chloride” treatment was real-
ized by deposition of a CdCl, film onto the
CdTe surface and followed by annealing in
air at 430°C. Then the CdTe base layer sur-
face was etched in a bromine-methanol solu-
tion [9]. To form the back electrode on the
glass/Sn0O,:F/CdS/CdTe/ITO solar cell, the
300-350 nm thick ITO layers were depos-
ited on the etched surface by nonreactive
high-frequency magnetron sputtering at
250°C. To form the back electrode on the
glass/Sn0O, F/CdS/CdTe/Cu/Au  solar cell,
about 10 nm thick Cu films and 50 nm
thick Au films were sequentially deposited
onto the etched base layer surface by ther-
mal vacuum evaporation. Then the solar
cells were annealed in air at 250°C for
25 min.

To investigate the efficiency of the
charge carrier generation and separation
processes in SC, the spectral dependence of
quantum efficiency coefficient Q(A) [10] was
studied. To that purpose, the short-circuit
current J,, was measured as a function of
the radiation wavelength A. The measuring
system provided an opportunity to apply a
constant voltage V across the heterosystem
to be studied in the course of measure-
ments. This allowed to change the sizes of
space charge regions (SCR) in the n-CdS/p-
CdTe heterojunction and at the boundary
p-CdTe/back electrode interface. The pho-
tocurrent polarity in CdS/CdTe/Cu/Au het-
erosystem at V =0 was adopted as positive,
while the opposite, as negative. For a com-
parative analysis of different SC, the absolute
values of @Q(L) were normalized to the maxi-
mum value of the quantum efficiency coeffi-
cient measured for the CdS/CdTe/Cu/Au SC
at V = 0. The output parameters and light
diode characteristics of SC were found by
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Fig. 1. Quantum efficiency coefficient Q(1)
for CdS/CdTe/Cu/Au SC at V =0 (curve 1)
and CS CdS/CdTe/ITO at V =0 (curve 2);
quantum efficiency difference Qcuau—@rro at

V =0 (curve 3).

processing of light current voltage (IV)
characteristics measured using an auto-
mated 4145A Semiconductor Analyzer
(Hewlett Packard) at the light flux power
100 mW/cm?2.

3. Results and discussion

At first studies of the Q(A) dependences
for CdS/CdTe/Cu/Au and CdS/CdTe/ITO
SCs, those were illuminated from the fron-
tal side (from the glass substrate side) at
V = 0. The corresponding Q(2) dependence
for CdS/CdTe/Cu/Au SC, has shown higher
values in the whole spectral range of photo-
sensitivity as compared to that for the
CdS/CdTe/ITO (Fig. 1). The largest differ-
ence between the Q()\) values of the investi-
gated SC was 0.4 at the wavelength
A = 550 nm (Fig. 1, curve 3). The absorp-
tion band edge of this substance is situated
at 520-540 nm, so that, when the studied
heterosystems were illuminated from the
CdS side, the 550 nm photons had the high-
est energy among those that were not ab-
sorbed substantially in the cadmium sulfide
layer and reached the cadmium telluride
base layer. In this case, in accordance with
the energy of photons, the absorption re-
gion thereof was located near the CdS/CdTe
interface. Thus, the revealed difference be-
tween the corresponding @()\) values of the
investigated SC evidences that the recombi-
nation losses near CdS/CdTe interface of
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the CdS/CdTe/Cu/Au SC were lower than
those in the CdS/CdTe/ITO SC itself.

The authors [11] believe that copper
atoms diffusing over the grain boundaries
passivate the grain-boundary surface near
the CdS/CdTe interface in the course of the
Au/Cu back contact formation. This reduces
the recombination rate in that layer and
results in an increase of Q(A) for the
CdS/CdTe/Cu/Au SC. Thus, we have shown
that, to enhance the quantum efficiency co-
efficient @(A) of the CdS/CdTe/ITO hetero-
system, it is necessary to reduce the nega-
tive influence of the developed grain-bound-
ary surface of the base layer on the
processes of diffusion and distribution of
non-equilibrium current carriers generated
near the CdS/CdTe interface under the action
of photons from the short-wave range of the
visible spectrum.

If the CdS/CdTe/ITO SC was illuminated
from the frontal side and the applied electric
bias was positive, the growth of electric volt-
age resulted in a reduction of @(A) values in
the whole spectral photosensitivity range
(Fig. 2, curves 1-4). The @Q()\) decrease at A
increasing from 650 to 820 nm becomes
more essential. An increase of the direct
bias resulted in a reduction of the electric
field in the space-charge region of the fron-
tal heterojunction. This stimulated the in-
creasing recombination losses of non-equi-
librium current carriers in the SCR. The
increasing direct bias also resulted in a nar-
rowing of the SCR, which caused an in-
creasing recombination losses of generated
current carriers in the bulk when A in-
creased. When measuring J (i) for
CdS/CdTe/ITO SC at V > 0.8 V, a change of
the photocurrent polarity from positive to
negative was registered. The relevant de-
pendences Q(L) are presented in Fig. 2
(curves 5-7). The photocurrent polarity
change was caused by the existence of two
heterojunctions in the CdS/CdTe/ITO het-
erosystem being in the opposite connection
[12], namely, the n-CdS/p-CdTe and p™-
CdTe/n™-ITO ones. The electric resistance
of the n-CdS/p-CdTe heterojunction de-
creased as the direct bias grew, so that a
greater part of the voltage began to drop
across the p™-CdTe/n*-ITO one, for which
such a voltage polarity caused a reverse
bias. As a result, the SCR dimensions of the
pT-CdTe/n™-ITO heterojunction started to
grow, which led to an effective redistribu-
tion of non-equilibrium current carriers by
its potential barrier.
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Fig. 2. Quantum efficiency coefficient Q(A) for
CdS/CdTe/ITO SC at the frontal illumination and
different voltage: V =0 (curve 1), 0.4 V (curve
2), 0.6 V (curve 3), 0.7 V (curve 46), 0.8 V
(curve 5), 0.9 (curve 6) and 1.2 V (curve 7).

In such a structure, most effectively
separated were the current carriers gener-
ated near the SCR of the p*t-CdTe/n™-ITO
heterojunction when the SC was illuminated
from its back side with photons from the
long-wave spectral range. The heterojunc-
tion pt-CdTe/n™-ITO was studied by us be-
fore [12] It has been shown that the height
of the CdTe/ITO potential barrier is 2.2 eV
whereas for contact CdTe/Cu/Au, it is less
than 0.8 eV. Thus, the film electrode n™*-
ITO and base layer p'-CdTe form a low-
quality tunnel contact. It is the main reason
restricting the efficiency of SC with ITO
contact in contrast to SC with the Cu/Au
back contact.

The investigation of quantum efficiency
allows to assume that it is just the Cu/ITO
back contact that is the optimum for use. In
this contact, the thickness of Cu should be
minimized to not restrict its transparence.
The SCs with the new back contact type
glass/Sn0O,:F/CdS/CdTe/Cu/ITO were pre-
pared using the technology described above.
The difference was that prior to deposition
of ITO layer by vacuum evaporation,
nanosized Cu films (less than 1 nm thick)
were deposited onto the CdTe layer surface.

The light IV characteristics of SC
glass/Sn0O,:F/CdS/CdTe/ITO, glass/SnO,:F/
CdS/CdTe/Cu/ITO, and glass/SnO,:F/CdS/
CdTe/Cu/Au were explored. Their output
characteristics and diode parameters in in-
itial state are given in Table. The lower
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Table. Output parameters and light diode characteristics of SC with different type back contacts

in initial state

Output‘ parameters Type of back contact
harasteristios Cu/Au ITO Cu/ITO
V,., mV 788 692 741
J,» mA/cm? 19.7 18.5 19.5
FF 0.67 0.60 0.683
n, % 10.4 7.7 9.86/10.3"
R,, Q-cm? 2.0 9.0 2.22
R, Q-cm? 890 1990 848
Jo, A/cm? 31078 2.2.10°5 1.510°8
A 1.8 3.9 2.06
I o mA/cm? 20.0 19.0 19.5

efficiency of SC with the ITO contact is
connected with high wvalues of the diode
saturation current density J, and series re-
sistance R, (see Table), in contrast to SC
with the Cu/Au back contact. Thus, the use
of a copper film in the back contact struc-
ture causes a decreased diode saturation
current and series resistance, and, as a re-
sult, an increased SC efficiency.

The stability studies of SC charac-
teristics have shown that the least stable is
SC with Cu/Au back contact (Fig. 3,
curves 1). The decreased efficiency of these
SC is due mainly to decrease of shunting
resistance by 38 times (from 900 up to
300 Q-cm?) and increase of the diode satu-
ration current density by 4 times (from 30
up to 180 nA/cm?2). That, as is known [13],
is connected with copper diffusion to the
n-CdS/p-CdTe heterojunction area. On the
contrary, SC with ITO and Cu/ITO back
contacts demonstrate a rather high stability
and even improvement of all characteristics
at the initial service stage as compared to
initial state (see Fig. 3, curves 2 and 3). For
example, the efficiency of SC with Cu/ITO
back contact increases from 9.8 % to
10.3 % during the first six months of serv-
ice and remains higher than 10 % after six-
year service. This increasing efficiency is
due to lowering diode saturation current
density and series resistance, which at
reaching of a peak efficiency receive values
Jo=1pA/em?, R,=5 Ohm-cm? for ITO
back contact and J;=0.84 nA/cm?,
R,=0.5 Qecm? for Cu/ITO back contact.
The series resistance prolongs to decrease
during the whole service period. This de-
crease is from 2 down to 1.1 Q-cm? for SC
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with Cu/Au back contact, from 9 down to
3.7 Q- for SC with ITO back contact, and
from 2.2 down to <0.5 Q-em? for SC with
Cu/ITO back contact.

The observed R, lowering for all investi-
gated solar sells cannot be explained only by
copper diffusion from the back contact.
Copper is present only in two explored SC
types; further, for copper-free ITO back
contact, the decrease of R, is even more
than for Cu/Au one. The crystallization of a
thin (~2 nm) amorphous tellurium layer
formed after etching of CdTe surface in
bromine/methanol is hardly probable to
cause the R, lowering. In solar cells with
copper layer in the back contacts, after the
Cu deposition and deposition of the follow-
ing layer (Au or ITO) the whole amorphous
tellurium layer is spent for formation of
Cu,_,Te compound which provides a lower
R, than that of tellurium layer. In SC with
ITO contact, the substrate temperature dur-
ing the ITO layer deposition exceeds 250°C
and the deposition time is about 40 min,
that is enough for full crystallization of
amorphous tellurium. The absence of amor-
phous tellurium layer is confirmed also by a
rather high quality of the ITO back contact
already in the initial state that would be
impossible in the presence of an amorphous
tellurium layer.

As was shown in [14], two type of defect
complexes, namely, electrically active Clyg—
Vg and electrically inactive 2Clyg—Vq ones,
may be formed in the base layer after the
"chloride” treatment. Therefore, it is possi-
ble to assume that the main cause of de-
creasing R, is the photo-stimulated decom-
position of electrically inactive 2Chg—Vy
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Fig. 3. Change of short-circuit current (a), open
circuit voltage (b) and efficiency (c) SC during
the service time: curve 1, Cu/Au contact; curve
2, ITO contact; curve 3, Cu/ITO contact.

defect complexes and transformation
thereof into electrically active Clyg—Vigq de-
fect complexes. This results in an additional
doping of CdTe base layer.

4. Conclusion

The investigation in spectral dependence
of quantum efficiency has established that
the lower efficiency of SC on the CdS/CdTe
base with ITO back contact as compared to
those with Cu/Au back contact is caused by
following reasons. First, the negative influ-
ence of the surface grain-boundary of the
base layer on the diffusion and separation
of non-equilibrium carriers which are gener-
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ated by short-wave photons. This negative
influence is compensated by formation of
p-pt isotype junction between the grain vol-
ume and boundary at the grain-boundary
diffusion of Cu which is an acceptor. Sec-
ond, formation of a low-quality n*-ITO/p™*-
CdTe tunnel heterojunction results in a lim-
ited collection efficiency of non-equilibrium
carriers. This negative influence also is
compensated by using of Cu in back contact
at formation of degenerate p™-Cu,_,Te layer
with high conductivity.

A new structure of the transparent back
electrode based on Cu/ITO composition is
proposed. By comparative studies of
glass/Sn0O,:F/CdS/CdTe/ITO, glass/SnO,:F/
CdS/CdTe/Cu/ITO and glass/SnO,:F/CdS/
CdTe/Cu/Au film SCs, it has been shown
that the formation of a Cu nanolayer prior
to the deposition of transparent ITO film
contact provides the stable bifacial solar
cells with efficiency exceeding 10 %, which
can be used for tandem SC.
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Po3po0ka THJIBHOTO KOHTAKTY AJA TOHKOILIIBKOBHUX
conaunux eaementie CdS/CdTe

I'.C.Xpunynoe, A.B.Mepiyy, M.I.Knwoi,
T.M.Illenecm, H.B./[eiinexo, H.A.Koemyn

BuBueno ocobauBocTi (hOoTOEIEKTPUUYHUX IIPOIECIB Y TOHKOILIIBKOBUX COHAUYHHUX €JIEeMEeH-
tax CdS/CdTe 3 pisaumm rtumom tuasnoro enexrpoxy (Cu/Au, ITO). Iloxasamo, 10
BizcyTHicTh MiZl y COHAUHHMX eseMeHTaxX 3 TUAbHUM eiaexkTpogoMm ITO mpusosuTh 10 opmy-
BaHHA TyHeJabHOTo reTepornepexony n't-ITO/p*-CdTe HusbKoi AKOCTi i O HEraTMBHOTO BILTH-
By I'PaHUIlbL 3epeH 06as3oBoro mapy Ha mpollecu nudysii i pospisenHa HepiBHOBaiKHMX HOCiiB
3apAny. 3aIpPOIIOHOBAHO HOBY KOHCTPYKILiI0 IPO30POT0 THUJILHOTO €JeKTPOAY Ha OCHOBI KOM-
nosurnii Cu/ITO. Ilokasano, 1m0 BUKoOpucTaHHA HaHoiapy CU mo3BoJisge ofep:KaTu [erpa-
pJanifino criifiki gBocropoume uyrausi cousuni exementu 3 KK 6inbmre 10 % .
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