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The paper describes investigate of crystal structure and optical characteristics of the CdS transparent
window layers and the CdTe base layers, obtained by direct current magnetron sputtering on glass or poly-
imide substrate, and output parameters the flexible thin film solar cells based on them. The band gap in
obtained hexagonal CdS films is Eg= 2.38-2.41 eV and optical transparency of CdS films is 80-90%. Con-
ducting chloride treatment of CdTe layers, obtained at 7 < 300°C, promotes wurtzite-sphalerite phase
transition. Cooling ITO/CdS layers to room temperature before CdTe deposition, removal of the air and
subsequent heating in vacuum to the required temperature of the substrate leads to an increase of the en-
ergy conversion efficiency and open circuit voltage of the polyimide/ITO/CdS/CdTe/Cu/Ag flexible solar cell.
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1. INTRODUCTION

Thin film solar cells based on CdS/CdTe hetero-
structure are prospective for an industrial production
[1]. Nowadays solar cells formed on flexible polyimide
films are being actively developed [2]. Such construc-
tive and technological solution allows to install flexible
solar cells on surfaces of any shape and to achieve sev-
eral times higher electrical power per unit of weight
than in traditional solar cells. One of the stages in the
development of effective flexible solar cells is the crea-
tion of an economical industrial technology of CdS and
CdTe semiconductor layers production. This is promis-
ing to use a widely applied method of non-reactive di-
rect current magnetron sputtering (DC magnetron
sputtering) as such technology. However, there are
some technological problems during the deposition of
semiconductor films by this method. They are caused
by low conductivity of CdS and CdTe pressed powder
targets and sufficiently low emission ability of these
materials. In order to determine the optimal physical
and technological modes of condensation by DC magne-
tron sputtering, the study of crystal structure and opti-
cal properties of CdS and CdTe films on glass sub-
strates is relevant.

The condensation modes of CdS and CdTe films
with optimal crystalline structure and optical proper-
ties were used for the production of laboratory samples
of  flexible superstrate solar cells polyi-
mide/ITO/CdS/CdTe/Cu/Ag. The output parameters
and light diode characteristics of such solar cells were
determined.

2. EXPERIMENTAL DETAILS

Thin films of CdS and CdTe were obtained by DC
magnetron sputtering at a pressure 0.8-1 Pa. As a
working gas we used Argon, whose pressure in the
vacuum chamber was regulated in manual mode.

The targets with diameter 76 mm and thickness 2-
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2.5 mm were made by cold pressing from cadmium tel-
luride and cadmium sulfide powders. After this the
targets were annealed in vacuum at residual pressure
more than 1.3-10-2 Pa and temperature 60-80 °C with-
in 3 hours. The feature of used in laboratory technology
of condensation CdS and CdTe films by DC magnetron
sputtering magnetron design is that the cooling circuit
covered only the magnetic system so there was no
forced cooling of sputtered target.

The glass or polyimide substrates were installed in
the substrate holder with mobile heater. For the im-
plementation of the process of thermionic emission of
electrons from the target material for plasma discharge
ignition the target was preheated for 15 minutes. The
target "training" process was carried out within 5 min
in the mode of maximum approximation to the techno-
logical mode of obtaining films, while the current plas-
ma discharge was to increase. After the "training" pro-
cess, the target substrate with a movable substrate
holder carrier was moved to the position above the tar-
get without changing the discharge electrical parame-
ters and pressure in the chamber. The distance from
the substrate to the target was 40 mm. The tempera-
ture of the substrate was monitored using a thermo-
couple.

The structure of the obtained CdTe and cadmium
sulphide films was studied by the X ray diffractometry
(XRD) methods [3]. There was conducted automatic
recording of X ray spectra at 626 scanning using X-ray
diffractometer DRON-4 with step 0.01-0.02 degrees in
K- radiation of cobalt anode.

To accurately determine the phase composition of
the obtained CdTe films we used the "oblique" shooting
method, during which in the radiation of cobalt anode
in the process of 6-26 scanning were conducted detec-
tion and registration of diffraction reflections from
those sphalerite and wurtzite planes, that are not de-
tected in the foregoing registration method because of
texturing of samples.
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Optical studies of CdTe and CdS layers were con-
ducted using the spectrometer SF-2000. The transmis-
sion spectrum of studied films was used to determine
the thickness of the layers. The thickness of the layers
was determined by the formula:

t=WM A A2) I 2(n(A1) A2— n(A2) 1) (1)

where A1, 12 — the wavelengths of two adjacent extre-
mums (interferential maxima or minima of transmis-
sion spectrum) in nm; n(li), n(lz) — refractive index,
depending on the wavelength A1, Aa.

The bandgap of thin films was determined by calcu-
lating the dependence of absorption coefficient on the
wavelength a(4) using the Beer—Lambert law:

T=[(1-R)2e"/[1- R?e2% @)

where T - transmission coefficient; R — reflection coeffi-
cient; ¢ — film thickness.

The CdTe and CdS polycrystalline films bandgaps
were determined by extrapolation of the linear portion
of the (arh1)? = f(hv) curves (where A — Planck constant,
v—frequency) to the intersection with the Av energy
axis.

Measurement of light current-voltage (J-V) charac-
teristics of the obtained solar cells polyi-
mide/ITO/CdS/CdTe/Cu/Ag was performed in AM 1.5
simulated solar light. The output parameters and light
diode characteristics of the studied solar cells were de-
termined: short circuit current density (Js), open cir-
cuit voltage (Voo), fill factor (FF) of J-V characteristics
and, ultimately, efficiency () by analytical processing
of light J-V characteristics [4]:

n= (Jsc'Voc'FF)/Pin, (3)

where Pi» = 103 W/m? — the incident solar power.
According to the equivalent scheme of the solar cell
[4], the quantitative characteristics of the photovoltaic
processes are the light diode characteristics of the solar
cell: the density of the diode saturation current <Jo, the
photocurrent density /pn, the device ideality factor A,
the serial resistance Rs and the shunt resistance R,
which are calculated per unit area of the solar cell. The
connection of the efficiency of a solar cell with light
diode characteristics implicitly is described by the the-
oretical light JJ-V characteristic of the solar cell [5]:

J = — Jon + Jotexple(V— JRYART)] — 1} +
+ (V— JRS)/Rsh, (4)

where J — current density flowing through the load, e —
the charge, £ — the Boltzmann constant, 7' — the tem-
perature of device, V — voltage drop on load.

By approximating the experimental values of J and
V according to (4), output parameters, light diode char-
acteristics and efficiency of solar cells were theoretical-
ly calculated [6].

3. RESULTS AND DISCUSSION

CdS films were condensed by DC magnetron sput-
tering on a glass substrates at different physical and
technological modes: substrate temperature Tsus = 220-
250°C, pressure of inert gas Par=0.9-1 Pa, magnetron
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discharge current density J=1.1 mA/cm? the voltage
on magnetron V= 550-600 V, deposition time 5-15 min.

Studying the XRD patterns of CdS layers lattice
grown at deposition time 5-15 min (Fig. 1), the only one
diffraction peak was observed for all of the received
films at the angle 26=30.62° Considering that the
CdS stable structure is hexagonal [4], subsequent dif-
fractogram data processing was done for this CdS
phase. This peak corresponds to reflection (002)
hexagonal phase of CdS. Low intensity of this peak is
due to small thickness of the sample. For all samples
the intensity of peak lies in the 220-280 imp/s range,
which indicates almost the same thickness of obtained
CdS layers. Estimated yvalues of interplanar spacing
lies in the 3.379-3.391 A range, which corresponds to
the value of lattice constant ¢ = 6.758-6.782 A.

350 (111)c
(002)h
L imp/s
250
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100

50

0
27 32 37 20, degrees 42

Fig. 1 — XRD pattern of obtained CdS sample layer

Table 1 — Technological modes of obtaining CdTe films

Tawat | Taswat | T,

No start, °Clfinish, °Cl min Par, Pa| V,V |, mA| ¢, pm
1 330 315 15 0.8-1 | 600 60 0.3
2 300 300 15 0.8-1 | 600 40 0.39
31| 295 292 25 0.8-1 | 600 40 1.03
4 | 300 300 25 0.8-1 | 600 60 2.36
51 270 315 15 0.9-1 | 600 80 2.12
6,

8, | 312 295 25 0.9-1 | 650 80 [4.9-5.1
9

7 312 297 15 10.8-0.9| 650 | 100 | >5,5

Spectral dependences of transmission coefficient of
obtained CdS layers are presented in Fig. 2.

According to results of optical studies there is a
strong absorption of radiation in the wavelength range
400-500 nm, while in the visible and infrared spectral
range the CdS films transparence is up to 80%. Typical
thickness of the investigated CdS layers is 150-250 nm.
The bandgap in obtained CdS films is E;= 2.38-
2.41 eV, which is close (Eg = 2.42-2.45 eV) to CdS mono-
crystals value.
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Fig. 2 — Spectral dependences of transmission and reflection
coefficients (a) and dependences (a'hv)2 = f(hv) (b) of samples
1-5 respectively

The optical transparency of CdS films is 80-90%,
which indicates the ability to use such films as a trans-
parent window layer in solar cells based on CdS/CdTe
heterostructure.

CdTe layers were obtained on glass substrates un-
der the following conditions: Tsus =295-315 °C,
Par=0.8-1 Pa, J=2.2-5.4 mA/em?2, V= 600-650 V, depo-
sition time 15-25 min.

The structure and optical properties of CdTe thin
films grown on glass substrates using DC magnetron
sputtering method at different physical and technologi-
cal condensation modes were investigated (Tabl. 1).

The typical XRD pattern of CdTe sample layer ob-
tained at different physical and technological conden-
sation modes (samples 3, 4, 6, 7) is presented in Fig. 3
(by the example of sample 6).

In all diffractograms of studied CdTe films there are
two distinct peaks at the angles 26 27.05° and 91.05°.
According to table ASTM 15-0770 they can belong both
to hexagonal and cubic structure of CdTe: wurtzite
reflections (002) and (006) and sphalerite reflections
(111) and (333) respectively. Also reflections (103) and
(105) of hexagonal phase CdTe are observed in
diffractograms. Using of «oblique» shooting method of
diffractometry at the angles 20 72-85° allowed to de-
termine the exact phase composition of grown CdTe
layers when rotating the sample on an angle of 20.5°.
In all diffractograms only reflection (105) of hexagonal
phase was observed (Fig. 3b). Thus, all studied CdTe
films obtained at different physical and technological
condensation modes by DC magnetron sputtering
method contain only metastable hexagonal structure.
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The annealing of samples in vacuum at 7'= 400 °C for
20 min does not change the CdTe layers phase.
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Fig. 3 — Typical XRD patterns of obtained CdTe films: (a)
sample 6, (b) sample 6, by using «oblique» shooting method
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Fig. 4 — Spectral dependences of transmission coefficient (a)
and dependences (a-h)? = f(hv) (b) of samples CdTe 1-9

Spectral dependences of transmission coefficient of
CdTe films samples 1-9 are shown in Fig. 4 (Tabl. 1).
For all samples the transparence is 5% in the visible
wavelength range and about 60% in the infrared spec-
tral range. The CdTe bandgap in obtained thin films
with different thickness is 1.52-1.54 eV and established
according to the same procedure, as in cases of CdS
films.
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Fig. 5 — XRD pattern of sample 8 (a) after Cl treatment and
annealing in air and (b) by using «oblique» shooting method

Traditional chloride treatment (Cl treatment) with
subsequent annealing in air at 7'=430 °C for 25 min
[7] of studied CdTe films facilitates phase transition
wurtzite-sphalerite what can be seen in XRD patterns.
The typical diffractogram of sample 8 (Tabl. 1) is shown
in Fig. 5a, b.

Table 2 -The output and diode parameters of flexible
polyimide/ITO/CdS/CdTe/Cu/Ag solar cells with base layers of
the CdTe type: Samples 1 and Samples 2

The output and diode Samples 1 Samples 2
parameters
Jse, mA/cm? 9.4 8.2
Voe, mV 731 765
FF,r.u. 0.38 0.49
17, % 2.6 3.1
Jph, mA/cm? 10.1 8.4
Rs, Q+cm? 39.76 7.12
Rsp, Q*cm? 605.19 369,06
A, r.u. 2.2 4.3
Jo, mA/cm? 2.5-10-5 5.9-10-3

All peaks that belong to stable cubic structure CdTe
are observed. Using «oblique» shooting method at the
angles 26 72.5-87.5° when rotating the sample on an
angle of 20.5° was found, that in this area of XRD pat-
tern only cubic structure peaks (331) and (422) can be
observed, hexagonal structure peaks (105) are not pre-
sented. Thus, Cl treatment facilitates wurtzite-
sphalerite phase transition, thereby studied CdTe films
contain only stable cubic structure.

After Cl treatment we observed a slight decrease of
FWHM values of peaks (111) and (333) compared with
peaks (002) and (006) of hexagonal phase in samples
before Cl treatment and annealing in air (Fig. 3 and
Fig. 5). This indicates the passing of the
recrystallization process and grain size increasing in
the polycrystalline CdTe films. The calculated value of
lattice constant in the cubic structure of CdTe films
after Cl treatment is = 6.4905 A. The deviation from
the value « in table ASTM 15-0770 is less than
0.2%.Such CdTe films can be used as the base layer in
solar cells based on CdS/CdTe heterostructure.

The influence of the technological DC magnetron
sputtering modes of CdS/CdTe heterosystem deposited
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on flexible substrates on the output parameters of
polyimide/ITO/CdS/CdTe/Cu/Ag  solar cells were
studied.

For the production of laboratory samples of polyi-
mide/ITO/CdS/CdTe/Cu/Ag solar cell, ITO layers were
obtained on a Upilex polyimide film (12.5 pm thick) by
DC magnetron sputtering. The target contained a com-
pressed mechanical mixture of In203 powders
(90 wt. %) and SnO2 (10 wt. %) semiconductor purity.
The formation of ITO layers with a thickness of 0.3 pm
was carried out in argon atmosphere at a pressure of
0.8 Pa. The electrical parameters of the plasma dis-
charge were: the voltage at the magnetron 500 V, the
discharge current density 12.6 mA/cm2. Temperature of
the substrate was Tsu» = 300-350 °C. These modes of
magnetron sputtering allow to obtain ITO layers on
polyimide substrates with optimal electrical and optical
properties [8]. After that CdS films were deposited on
the ITO layers at Psus=0.8 Pa and Tsu = 270-280 °C
(the electrical parameters of the plasma discharge
were: voltage at the magnetron of 550-600 V, the densi-
ty of the plasma discharge current of 2.8 mA/cm?). The
basic layers of cadmium telluride for solar cells were
obtained in two ways:

1. The CdTe film was immediately condensed on
polyimide/ITO/CdS  heterostructure at Tsu» = 280-
320 °C without intermediate cooling of the substrate
and vacuum violation (Samples 1);

2. The polymid/ITO/CdS heterostructure was cooled
to room temperature and applied to the air. After re-
turning to the working volume of the vacuum chamber,
the polyimide/ITO/CdS heterosystem was heated to
Tsup = 280-320 °C (Samples 2).

The following electrical parameters of the plasma
discharge were used to obtain cadmium telluride layers
by DC magnetron sputtering: voltage at the magnetron
650-700 V, plasma current density of 4.2 mA/cm?2.

The obtained polyimide/ITO/CdS/CdTe
heterosystems were subject to Cl treatment. For this
CdCl: films were applied to the CdTe layers without
heating of the substrate, by thermal evaporation at a
pressure of 5.3-103 Pa. The obtained
polymid/ITO/CdS/CdTe/CdCl:  heterosystems  were
annealed in air at a temperature of 430°C for 25
minutes. After etching of annealed heterosystems in
bromomethanol solution, two-layer electrical contacts
Cu-Ag were condensed on their surface by thermal
evaporation. Then formed polyi-
mide/ITO/CdS/CdTe/Cu/Ag solar cells were annealed in
air at 200 °C for 20 minutes.

By analytical processing of the experimental J-V
characteristics (Fig. 6), the output and diode parame-
ters of the solar cells were determined (Tabl. 2).

The results of the study of the output parameters
and the light diode characteristics of the flexible polyi-
mide/ITO/CdS/CdTe/Cu/Ag solar cells indicate that the
pre-cooling of the polyimide/ITO/CdS heterosystems,
applying to the air and heating them in vacuum to a
substrate temperature Tsuw = 300-320 °C, contribute to
the achievement of higher values of the open circuit
voltage Voc = 765 mV, the fill factor of the J-V character-
istic FF = 0.49 r.u. and the efficiency 1= 3.1% (Samples
2). At the same time, the initial parameters of Samples
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Fig. 6 — Typical characteristics of flexible

light J-V
polyimide/ITO/CdS/CdTe/Cu/Ag solar cells with base layers of
the CdTe type: Samples 1 and Samples 2

which were not pre-cooled before obtaining the CdTe
layer, were Voc=731mV, FF=0.38r.u., n=2.6%.
Increase of the efficiency coefficient in Samples 2 is due
to an increase in the value of the open circuit voltage
and the fill factor of J-V characteristic, as well as a
significant decrease in the serial resistance. Samples 1
are characterized by higher values of short circuit
current densities and photocurrent densities.

Higher values of Samples 2 efficiency may be related
to the interaction of oxygen with CdS polycrystalline
layer and formation of oxide compounds at grain bound-
aries of the semiconductor. With this heterostructure
heating to temperatures of CdTe base layer deposition
(Tsuw» = 300-320 °C) within 25-30 minutes the recrystalli-
zation process of CdS transparent window layer struc-
ture takes place. And as a result the defective crystalline
layer negative impact at the interface CdS/CdTe on the
crystal structure of condensed the base layer and
increasing the grain size in the CdTe reduces similar [9)].
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4. CONCLUSIONS

The laboratory method of DC magnetron sputtering
with preheating of the target for CdS and CdTe films
on glass substrates was developed. The band gap in
obtained hexagonal CdS films is Eg=2.38-2.41 eV.
Optical transparency of CdS films is 80-90%, which
allows to use such films as a transparent window layer
in solar cells based on heterostructure of CdS/CdTe.

When plasma discharge current density is 2.2-
5.4 mA/cm?2 and the deposition rate is 200 nm/min.,
CdTe layers with hexagonal structure up to 5 pm thick
were obtained. The transmittance of CdTe films with
hexagonal structure in the wavelength range of the
visible spectrum is up to 5%, and in the infrared
spectral range is about 60%. The band gap in obtained
CdTe layers of different thickness is 1.52-1.54 eV. After
the Cl treatment with subsequent annealing in air at
T=430°C for 25 min. (as a result of the wurtzite-
sphalerite phase transition) investigated CdTe films
contain only the stable cubic structure. Value of lattice
constant is a = 6.4905 A, that is less than by 0.2% devi-
ate from the tabular value. Such CdTe films can be
used as a base layer of solar cells based on
heterostructure of CdS/CdTe.

The influence of the technological DC magnetron
sputtering modes of CdS/CdTe heterosystem deposited
on flexible substrates on the output parameters of solar
cells is studied. It is shown that the pre-cooling of the
CdS layer and its transfer to the air before deposition
of the CdTe layer leads to an increasing the open
circuit voltage and the fill-factor of the illuminated J-V
characteristic and decreasing the series resistance of
the solar cell. As a result, the efficiency of
ITO/CdS/CdTe/Cu/Ag flexible solar cell on the CdTe
base layer increases from 2.6% to 3.1%.

Crpyrrypa Ta ontu4udi Bnactusocti Toukux mwiiBok CdS ta CdTe niia couaunux exeMeHTiB Ha
FHYYKHX MiIKIAJKaX, OTPMMAHAX MATHETPOHHUM PO3IUJIEHHAM HA MOCTIiHHOMY CTpyMi

I'.I. Komau, P.II. Muryenxo, I'.C. Xpunysos, A.l. Jloopoxkam, M.M. XapueHko

Hauionanvruti Texniunuti Yuisepcumem «Xapriscorkuii Ionimexniunuti Incmumymy», eyn. Kupnuuosa, 2, 61002
Xaprie, Ykpaina

JlocmiaxeHHO KPUCTAIIYHY CTPYKTYPY Ta OINTHYHI XapaKTEePHUCTHUKU LIApiB ITHpPoKo3oHHOro BikHa CdS
Ta 6asosux mapis CdTe, oTpuMaHux 3a JOMOMOr0K0 MATHETPOHHOTO PO3MUJIEHHS HAa MOCTIMHOMY CTPyMI Ha
CRJITHAX a00 IOTIIMIOHUX IIKIagKaX, a TAKOK BHUXUIHI ITapaMeTpl THYYKHX TOHKOILIIBKOBUX COHSYHUX
eJleMeHTIB Ha ix ocHOBI. [[lupuna 3abopoHeHoi 30HM MaTepiaiy y orpumanux mmiBkax CdS rekcaronaabHoL
momudikarii cranoButh E, = 2,38-2,41 eB, a onruuna mposopicte maiBok CdS cramoButs 80-90%. IIpose-
nesHa xjopuaHoi 00podku mapis CdTe, orpumanux mpu 7' < 300 °C, cupusie paszoBoMy IIepexoay BIOPTIUT-
canepur. Oxonomxennsa mapis ITO/CdS go kiMHaTHOI TeMIIepaTypH AoIIepel KOHIeHCAIllelo 6a30BOr0 IIa-
py CdTe, BuHeCeHHS HA MOBITPA Ta MOCIAYOUNN HATPIB y BAKYyMI 10 HEOOXITHOI TeMIIepaTypy MigKIaTKNA
HPU3BOIUATH JI0 301JIBIITEHHA KoedillleHTy KOPHUCHOI il Ta HAIPYTHA XOJIOCTOr0 X0y THYYKOTO TOHKOILIIBKO-
BoOro corssuHoro esemenTta mosimin/ITO/CdS/CdTe/Cu/Ag.

Knrwouosi cinosa: Cynsdin xagmio, Temypun xaamio, MarmeTpoHHe PO3IMICHHS HA IIOCTIMHOMY CTPyMI,

Conaunnii enemenT, ToHK] ITIBKHA.
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Crpykrypa u ontuueckue ceoiicrBa TOHKHX miIeHOK CdS u CdTe niia cotHeYHBIX 3/1eMEHTOB
HA TNOKHMX MOJIOKKAX, IIOJIyY€HHBIX MATHETPOHHLIM PaCIbLIEHHEM HA MOCTOSHHOM TOKE

I''U. Konau, P.I1. Murymenxo, I".C. Xpumyuos, A.W. Jlooposxaru, H.M. Xapuerro

Hauuornanvrviii mexnuueckuli ynusepcumem «XapvKo8CKUL nosiumexHuveckull unemumymn, ya. Kupnuuosa, 2,
61002 Xapovros, Yrpaurna

WcenemoBaHo KPpUCTAIIIMYECKYIO CTPYKTYPY U OIITHYECKUE XaPAKTEPUCTUKY CJIOEB IIMPOKO30HHOT0 OKHA
CdS u 6aszoBeix cioe CdTe, 1moyuyeHHBIX ¢ TIOMOIIBI0 MATHETPOHHOTO PACIIBIJICHUS Ha TTOCTOSHHOM TOKE Ha
CTEKJITHHBIX WJIA TIOJUAMUIHOMN IMOJIOMKAX, 4 TAKMKE BBIXOJHbIE [TapaMeTpe TMOKUX TOHKOILIEHOUHBIX COJI-
HeuHBIX Oarapeil Ha ux ocHoBe. lllupuna 3ampeneHHON 30HB MaTeprasa B moJydeHHbIX mwreHkax CdS rex-
caroHasbHOM Momuduranuu cocrasiser Ey = 2,38-2,41 0B, a onruueckas mpospaunocts mieHok CdS co-
crasisier 80-90%. IIposemenume xmopummoit obpaborku cimoes CdTe, momyduennsrx mpu 7' < 300 °C, cmoco6-
crByeT (hazoBoMy mepexoay BiopriuT-casiepur. Oxnasxaenue cioes I'TO/CAS mo koMHATHOM TeMIepaTyph
nepey KouzeHcanuei 6asosoro cioss CdTe, BeiHeceHMs Ha BO3/IyX U MOCJIEAYIONINM HATPEB B BaKyyMe 10 He-
00XOMMOM TeMITepaTyphl IOJIOKKN IPUBOAUT K YBEJIUYEHUI0 K0d(pUIIMEeHTA II0JIE3HOTO IeHCTBHUA W
HATIPSPKEHUsS.  XOJIOCTOI0  XO07a  TUOKOTO0  TOHKOILUIGHOYHOTO  COJIHEUHOTO  oJIeMeHTa  IIOJIMH-

mun/ITO/CdS/CdTe/Cu/Ag.

Knouersie cinora: Cynbsdun kagvus, Tesutypun kagvusi, MaraeTpoHHOE paciblIeHUue HA TTOCTOSHHOM TO-
ke, Conmeunsrii anement, ToHKHe IIeHKN.
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