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The function of thin film photovoltaic device on the base of copper indium diselenide
(CIS) depends immediately on the character of interactions in the layers being in contact
therein: base CIS layer, buffer ZnSe layer, transparent conductive film of indium-tin oxide
(ITO). Such interaction may occur during ZnSe electrodeposition from solution on the ITO
or CIS surfaces as well as during vacuum annealing used in the technological process to
modify the CIS crystal structure. The investigations using scanning electron microscopy,
energy dispersing X-ray spectroscopy, electron-probe microanalysis, X-ray diffractometry,
and X-ray photoelectron spectroscopy have shown that during vacuum annealing of the
glass/Mo/CIS/ZnSe compositions, the buffer layer is purified of contamination, but the
same annealing of the glass/Mo/ITO/ZnSe compositions enriches the buffer layer in in-
dium and transforms it into ZnInXSey.

DYHKIIMOHUPOBaHNE TOHKOIIJIEHOUHOro (PoTOdJeKTpuuecKoro mnpeodpasosarensa (PIII) ma
6ase gucemenuzna menu u AU (CIS) HemocpeacTBEeHHO 3aBUCUT OT XapakTepa B3anmMojeicT-
BUA KOHTAKTHUPYIOIIUX B HeM 6aszoBoro cjoda CIS, Gydepnoro cios ZnSe u mpospadHoi
9JIEKTPOIIPOBOAHOM mjeHKU oKcuga uHausa u ojoBa (ITO). Takoe BsauMoneiicTBUEe MOJKET
MMEeTh MECTO KaK B IIpollecce 3JIEKTPOXMMUUYECKOro ocaskiaeHusi ZnSe m3 pacTsopa HA IIO-
BepxHoCcTh ITO uau CIS, Tak u B mpoilecce BAKYYMHBIX OTXKUI'OB, MCIIOJb3yeMbBIX B T€XHOJO-
ruyeckom 1mporecce msrorosiaenuss M®III mgas moagmpuKauy KPUCTAJLINYECKON CTPYKTYPbI
CIS. UccaemoBaHus METOZAMU 3JIEKTPOHHOM MHKPOCKOIHH B PEKHUMAX CKAHMPOBAHUS IIO-
BEPXHOCTU U PEHTI€HOBCKOI'0 MHUKPOAHAJIM3a, PEHTIeHOBCKOM CIEKTPOCKOINU C AUCIIEPCHUEN
II0 9HEPrusM, PEHTreHOBCKON AU(PPAKTOMETPUN M PEHTreHOBCKOUN (DOTOIJIEKTPOHHOM CIIEKT-
POCKOIIMY HO3BOJIUIUA OOHADPYKUTH, YTO B IIPOIlECCE BAKYYMHBIX OTKUIOB KOMIIOSUTOB CTEK-
10/Mo/CIS/ZnSe GydepHBI CI0M OYMIIAETCA OT IPUMeceil, Torga KaK IPU OTMUrax KOMIIO-
aurtoB crekgo/Mo/ITO/ZnSe ou obGorarmaercss UHAWEM U IIpeBpaIlaeTcs B ZnInXSey.

© 2005 — Institute for Single Crystals

In [1], we have investigated composition
and surface morphology of zinc selenide
(ZnSe) films electrochemically deposited
from solution and used as buffer layers in
photovoltaic devices (PD) on the base of
copper indium diselenide CulnSe, (CIS). To
simplify the investigation task, in the
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above-mentioned work we have essentially
excluded the interaction of zinc selenide
with substrate by using chemically inert
titanium nitride (TiN) substrate. Fulfilled
X-ray photoelectron spectroscopy (XPS) and
electron-probe microanalysis (EPMA) data
considered in [1] show that during elec-
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trodeposition, a film consisting of ZnSe and
Zn(OH), covered with Se®, SeO, and
0OSe(OH), is formed at the TIN substrate
surface. During vacuum annealing at 250-
350°C, zinc hydroxide is transformed into
zinc oxide, elemental selenium is partly
desorbed and partly, along with Se4*, inter-
acts with hydrogen occluded in the films
and Zn(OH), or ZnO forming ZnSe. So, vac-
uum annealing of zinc selenide films elec-
trodeposited on TiN substrates at 350°C
makes it possible to obtain ZnSe layers con-
taining minimum impurities.

In real PV-devices, however, zinc se-
lenide buffer layer is deposited not on the
surface of inert material but on surface of
CIS base layer or transparent conductive
oxide, for example, on indium-tin oxide
In,05:Sn (ITO). As reported in [2], at in-
creased temperatures (500°C) during PV-de-
vices manufacture, an intense interaction of
buffer ZnSe and base CuGaSe, (CGS) layers
manifested itself as the Zn diffusion from
ZnSe into CGS tooks place. Thus, to obtain
the real information on composition of elec-
trodeposited zinc selenide buffer layer in
PV-device, it is necessary to take into ac-
count its interaction with contacting neigh-
boring layers. Since the elaboration of high-
efficiency thin film PV-devices on the base
of CIS with ZnSe buffer layer is an actual
task, the present work is devoted to investi-
gation of such interaction before and after
vacuum annealing.

The ZnSe films were electrodeposited
from the electrolyte described in [1]. As
substrates, glass sheets covered with
magnetron sputtered transparent conductive
oxides (ITO) were used as well as
glass/Mo/CulnSe, compositions with magne-
tron sputtered molybdenum layers and 1-2 um
thick CulnSe, films electrodeposited and an-
nealed in argon at 400°C in accordance with
[3, 4]. Electrodeposition of =zinc selenide
was carried out in potentiostatic regime
using a potentiostat provided with a pro-
grammer and electrochemical cell equipped
with saturated AgQ/AgCl reference electrode
(SAE) (Ugyg = 0.22 V vs. normal hydrogen
electrode) and platinum counter electrode of
100 cm2 area at cathode potential U.=-
1.15 V vs. SAE. The electrolyte was agi-
tated by a magnetic stirrer. During the
electrolysis, the temperature was within
limits of 30 to 40°C. Electrodeposition time
was 2 to 20 min, the current density 0.5 to
2.0 mA/cm?2. The thickness of so obtained
zinc selenide layers, measured by means of
Fizot interferometer in accordance with [5]
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increased with deposition time and current
density from 0.02 um to 0.16 um. The as-
electrodeposited ZnSe layers were annealed
in vacuum (103 Pa) at 250°C and 850°C
during 0.5 h at each temperature. The sur-
face morphology of CIS films and their bulk
chemical composition were investigated by
means of a scanning electron microscope
LEO 1530 in the scanning (SEM) and energy
dispersing X-ray spectroscopy (EDX) re-
gimes. The film phase compositions were
studied similar to [6] by XRD method using
Philips PW 1820 goniometer with CuK -ra-
diation.

In addition, the sample surface morphol-
ogy and composition were studied by elec-
tron-probe microanalysis (EPMA) using a
JSM-820 electron microscope with a Link
AN10/858 microanalysis system. The micro-
scope resolution in this mode was 10 nm,
the analyzed depth was about 1 um. The
composition of the sample ~10 nm thick
sublayer was studied by X-ray photoelectron
spectroscopy using a XPS-800 Kratos spec-
trometer. The sample surface compositions
were determined using ratio of photoelec-
tron spectra areas of C1s, O1s, Zn3p, Se3d,
In3d, Cu3p, Mo3d core levels taking into
account their sensitivity factors [7]. The
binding energy (E;) was calibrated using
C1s (E, = 285 eV) line as a reference. To
determine the compounds present in the
surface sublayers of the samples before and
after the annealing, we analyzed the shapes
of selenium, indium, copper, molybdenum
and oxygen core-level spectra. For zinc, the
shape of Auger electron spectra Zn,,y,, were
considered because those are more sensitive
to chemical state of the atom than Zn2p or
Zn3p lines [8].

In order to apprize objectively the inter-
action between the buffer ZnSe and the base
CIS layers, we have analyzed first of all the
chemical composition and crystal structure
of CIS layers electrodeposited from solution
and annealed in argon flow at 400°C. Fig. 1
presents the EDX spectra of CulnSe, films
characterized by stoichiometric metal con-
tent (Cu/ln = 1.0) (Fig. la) and those con-
taining excess indium (In/Cu = 1.4) (Fig.
1b). As is seen in Fig. 1, the EDX spectra
for both samples contain, in addition to mo-
lybdenum substrate lines, copper, indium,
selenium, and oxygen ones. According to
[9], the oxygen peak in EDX spectra may
evidence the existence of metal hydroxide
impurities in such films. The XRD analysis
of the base layers (Fig. 2) shows that
stoichiometric CIS films and CIS films en-
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Fig. 1. EDX spectra of glass/Mo/CIS compos-
ites with CIS films: (a) stoichiometrical
(25 at.% Cu, 26 at.% In, 49 at.% Se); (b)
indium enriched (21 at.% Cu, 29 at.% In,
50 at.% Se).
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riched in copper are single phased ones and
exhibit the CulnSe, (chalcopyrite) crystal
structure (Fig. 2a, b). At the same time, the
XRD pattern of indium-enriched CIS film
(Fig. 2¢) contains, along with this main
phase, a small peak of In,Se; diffraction. In
all X-ray diagrams, Mo and MoSe, peaks
are presented. Apparently, molybdenum se-
lenide is an interaction product of molybde-
num substrate and base layer during an-
nealing of glass/Mo/CulnSe, composite in
argon flow at 400°C. As is seen in SEM
pictures (Fig. 3), the copper-enriched CIS
films are characterized by presence of crys-
tal agglomerates up to 2 um in diameter
(Fig. 3a) while indium-enriched layers are
nanocrystalline (Fig. 3b).

Investigations of glass/Mo/CulnSe, com-
posites using X-ray photoelectron spectros-
copy have shown that Se3d XPS peaks are
located at binding energy 54 eV, i.e. are
characteristic for Se?~ in chemical composi-
tions of copper, indium, and molybdenum
selenides [7]. Both in indium-enriched CIS
films and copper-enriched ones, In3d lines
are located at energies of approximately
445 eV, that correspond to XPS spectra ob-
served in [10] for CIS films. In thin surface
sublayers (~10 nm) of CIS films, adsorbed
oxygen (line O1s at 532 eV) and oxygen
bound with metals, for example in forms of
In,O5 or Cu,O oxides (line O1s at 530 eV) is
present. The surface composition of as-de-
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Fig. 2. XRD patterns of glass/Mo/CIS com-
posites with CIS films annealed in flowing
argon at 400°C: (a) copper enriched (28 at.%
Cu, 23 at.% In 49 at.% Se); (b) stoichiomet-
rical (24 at.% Cu, 25 at.% In, 51 at.% Se);
(c) indium enriched (21 at.% Cu, 29 at.% In
50 at.% Se). The asterisks indicate Mo dif-
fraction peaks; triangles, MoSe, diffraction
peaks; the arrow indicates the In,Se, diffrac-
tion peak.

posited glass/Mo/CulnSe, sample and sur-
face compositions of the samples obtained
after deposition of zinc selenide onto this
sample (glass/Mo/CulnSe,/ZnSe samples N°1
and 2 prior to and after annealing) are pre-
sented in Table 1.

As a result of electrodeposition of zinc
selenide buffer layers onto surfaces of cop-
per-enriched, indium-enriched or
stoichiometric CIS films, the indium and
copper line intensities in XPS spectra de-
crease, but keep their positions, thus evi-
dencing the undamaged structure and
chemical composition of the base layer. Vac-
uum anneals at 250°C and 350°C do not
result in shift of copper and indium peaks
in the XPS spectra, but promote the
changes in relative intensity of these peaks.
Apparently, the decrease of Se and O con-
tents resulting from wvacuum annealing of
glass/Mo/CulnSe,/ ZnSe composites can be
considered as a consequence of water and
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Table 1. Atomic concentrations of elements in the surface sublayers of the glass/Mo/CulnSe, and
glass/Mo/CulnSe,/ZnSe composites according to XPS data

Sample Composition, at.% (£0.2 %)
C O] Se In Cu Mo Zn
glass/Mo/CulnSe, 44.0 26.6 6.1 12.9 9.4 1.0 -
glass/Mo/CulnSe,/ZnSe No.1 63.6 16.9 8.6 2.8 4.0 0.5 3.6
No.l after vacuum annealing at 350°C | 74.2 10.3 7.2 2.1 3.6 1.0 1.6
glass/Mo/CulnSe,/ZnSe No.2 53.2 19.4 9.8 0.8 1.0 0.7 14.5
No.2 after vacuum annealing at 350°C | 56.8 16.2 8.9 2.7 3.4 1.0 10.0

Fig. 3. Scanning electron micrographs of Ar-annealed at 400°C compositions glass/Mo/CIS with CIS
films: (a) copper-enriched (28 at.% Cu, 23 at.% In, 49 at.% Se); (b) indium enriched (21 at.% Cu,

29 at.% In, 50 at.% Se).

excess selenium desorption that was ob-
served during similar annealings of
glass/TiN/ZnSe composites described in [1].
Moreover, during the annealings, we ob-
served (Table 1) a decreasing Zn content
that, in accordance with [10], may evidence
recrystallizations of buffer layers as a re-
sult of Zn(OH), into ZnO transformations
and of diffusion of Zn into CIS by analogy
with that described in [2]. As a whole, if
the partial Zn diffusion into CIS is not
taken into account, it can be concluded that
buffer layer contacting with CIS is changed
during vacuum annealing in the same way
as it was changed in the case of contact
with inert substrate TiN [1]: the zine hy-
droxide and zinc oxide impurities interact
with hydrogen and selenium occluded in the
film in form of Se¥, SeO,, or OSe(OH), and
so ZnSe is formed.

On the other side, in the case of elec-
trodeposition of zinc selenide onto the ITO
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surface and of make-up of glass/ITO/ZnSe
composite, the chemical interaction between
buffer layer and substrate takes place dur-
ing annealing at 250°C and 350°C, that is
seen in XPS spectra as increasing intensities
of In3d and Sn3d lines at binding energies
corresponding to their selenides (Table 2).
Perhaps the following reactions take place
during vacuum annealings:

|n203 + 3Se + 3H2 = |n28e3 + 3H20 (1)
|n203 + 38602 + 9H2 = |n2863 + 9H20 (2)

|n203 + SOSG(OH)Z + 9H2 = |n2863 + 12H20(3)

as well as similar reactions of tin oxides
contained in ITO with hydrogen and sele-
nium compounds, thus resulting in forma-
tion of tin selenides. Since the content ratio
of indium to tin in ITO films is 9:1, it is
reasonable to suppose that buffer layers on
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Table 2. Atomic concentrations of elements in the surface sublayers of the glass/ITO/ZnSe

composites according to XPS data

Sample Composition, at.% (£0.2 %)
C ) Se In Sn Zn
Sample No.3 glass/ITO/ZnSe 52.2 14.6 20.4 0.0 0.3 11.6
Sample No.3 glass/ITO/ZnSe after 43.9 21.7 8.7 6.3 1.5 17.9
vacuum annealing at 250°C
Sample No.4 glass/ITO/ZnSe 59.3 9.0 25.6 0.5 0.1 5.5
Sample No.4 glass/ITO/ZnSe after 53.6 11.3 15.9 5.8 0.9 12.5
vacuum annealing at 350°C
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Fig. 4. XPS spectra of glass/Mo/CulnSe,/ZnSe sample No.1 before (a) and after (b) vacuum anneal-

ing at T = 350°C.

ITO substrates after vacuum annealings
consist of ZnSe and In,Se; with small impu-
rities of tin selenides (Table 2). Note that
In,Se; impurity in the buffer layer is not
undesirable. In [11], this selenide itself is
believed to be suitable as a buffer layer be-
tween CIS and transparent conductive
oxide, while authors [12] point out the use
of not only ZnSe or InXSey, but also their
compound annXSey, as buffer layers to be
of good promise. So, using zinc selenide
electrodeposition on the ITO surface fol-
lowed by vacuum annealing of
glass/ITO/ZnSe composites, we can obtain a
glass/ITO/ZnSe buffer layer being consid-
ered now as a prospective alternative for
highly toxic cadmium-consisting buffer
layer.

The interaction character of the buffer layer
with CIS and ITO in glass/Mo/CulnSe,/ZnSe
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and glass/ITO/ZnSe composites may be con-
firmed additionally by the changes in the
Se3d and Zn; ., spectra shapes during the
annealing (Fig. 4,5) similar to those ob-
served in [1] for glass/TiN/ZnSe system.
The Se3d core level spectra before anneal-
ing contain (Fig. 4a,5a) three components
with binding energies of 54.2 eV (line 1),
55.3 eV (line 2), and 59.2 eV (line 3 in Fig.
4a), that can be ascribed to selenium in
Se?~ (ZnSe, Iny,Se;), Seb, and Se** (SeO,,
0OSe(OH),) states, respectively. After an-
nealing, the spectra contain only a single
line corresponding to Se2-.

In addition, the zinc selenide creation
after annealing is confirmed by change in
the Zn; gy Auger line shape. This line has a
rather complex structure, so it is difficult
to decompose it into components. However,
the spectrum shape in Fig. 5b is typical for
ZnSe [1, 8]. Note that prior to annealing

Functional materials, 12, 2, 2005
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Fig. 5. XPS spectra of glass/ITO/ZnSe sample No.2 before (a) and after (b) vacuum annealing at T = 350°C.

these spectra were mixed signals from
ZnSe, ZnO, Zn(OH),.

Thus, during the annealing of the
glass/Mo/CulnSe, composite in argon flow
at 400°C, the interaction of CIS base layer
with molybdenum substrate resulting in
formation of MoSe, takes place. In
glass/Mo/CulnSe,/ZnSe composites, the par-
tial diffusion of Zn from buffer layer into
CIS, the removal of water and excess sele-
nium out of the buffer layer, and transfor-
mation of zine hydroxide and zinc oxide
into ZnSe are observed during vacuum an-
nealing at 250°C and 350°C. Alongside with
the above, a partial interaction of ITO with
selenium or their compounds and hydrogen
occluded in the buffer layer takes place in
glass/ITO/ZnSe composites under such vac-
uum annealing resulting in formation of in-
dium selenides with small impurity of tin se-
lenides. Thus, after the annealing, the buffer
layer electrodeposited on ITO surface can be
considered to be of annxsey composition.
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B3aemogia Mixk mapaMu y TOHKOILIIBKOBOMY
doToesekTpuuHoMy mepersoproBaui Ha 6azi CIS

H.Il.Knouko, H./[.Boakosea, M.B./lo6poméopcovka,
II.B.Mameiiuwenxo, B.P.Konau, B.I.Illkanemo, C.M.Kapacvoé

DyHKIIIOBAHHA TOHKOILIIBKOBOrO (poToenerrpuunoro mepersoprosaua (PEII) ma 6asi gu-
ceneniny mimi Ta imzpiro (CIS) GesmocepemHbO 3aJEKUTH Bifi XapakTepy B3aeMOil KOHTAKTY-
ounx y Hbomy 0OasoBoro mapy CIS, 6ydepuoro mapy ZnSe Ta mposopoi ejgeKTponpoBimHoOl
naiBKU oxkcuny iHxgio ta onosa (ITO). Taka BaeMoid MOKJINBA AK IIPOTATOM €JEeKTPOXiMiu-
HOoro ocamKkeHHsa ZnSe 3 posumHy Ha moBepxHi ITO a6o CIS, Tak i mixg uac BakyymMHUX
BigmasiB, fAKi B3acTOCOBYIOTbCA y TeXHoJoriunHomy mnporeci BurorosyneHHsg DPEIl 3 wmeroro
mozpudiramii Kpucrtamaiunoi crpykrypu CIS. JocrimkeHHA MeTomaMu eJEeKTPOHHOI MiKpo-
CKOIil y pesKUMax CKaHyBaHHS IIOBEPXHI Ta PeHTreHiBCbKOTO MiKpoaHa/idy, peHTTeHiBChKOI
CIIEKTPOCKOMil 8 fucIiepcielo 3a eHepriiMu, peHTreHiBCcbKOl AudpaKTOMeTpii Ta peHTreHiBCh-
KOl (DOTOEJIEKTPOHHOI CHEeKTPOCKOITil JO3BOJUIMN BUABUTHU, IO IiJ yac BaKyyMHUX Bigmasuis
kommoauTiB ckao/Mo/CIS/ZnSe GydepHuil map OYMINYETLCS BiJ JOMIIIOK, a BHACIIJOK
Biznanis kommoautiB ckao/Mo/ITO/ZnSe Binm s6Garauyerbcs iHAieM 1 mIepeTBOPIOETHCH y
Znin,Se,.
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