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The work is devoted to an investigation of structure and physical properties of differ-
ent electroplated compositions of copper, selenium and indium in order to obtain the
optimized combinations for creating of precursors for CIS based solar cells. Analysis of the
crystal structure and surface morphology of the electrodeposited films and film composi-
tions has revealed that only possible sequence of CIS precursor components in terms of
optimization of mentioned above characteristics is Cu—In-Se. Particularly, the formation
of Culn and Cu,ln intermetallic compounds during electrodeposition of In onto Cu promotes
improvement of the interlayer adhesion, the In,Se; phase formed during electrodeposition
of Se onto In has comparatively perfect nanostructure, while immediate contact of Cu and
Se is undesirable, for example, because of generation of Cu,Se crystal phase with consid-
erable strained microstructure.

PafoTa mocBAleHa HCCIELOBAHUIO CTPYKTYPhI U (PU3NUYECKHUX CBOMCTB pPas3iIMUYHBIX
2JIEKTPOOCAMKIEHHEIX KOMIIOSUIIUI MeIu, cejleHa W MHIUS C [eJbI0 CO3JaHUsA ONTUMAJIbLHBEIX
KOMOUHAIUMN [AJId IPEeKypPCOPOB COJHEUHBIX djeMeHTOB Ha ocHoBe CIS. AHajus KpHUCTAJIU-
YEeCKOH CTPYKTYPHI X MOPQOJOrAU IOBEPXHOCTU 3JIEKTPOOCAMKIEHHEIX IJIEHOK U ILJIEHOUYHBIX
KOMITOBUIIUA BHEIABUJ, UTO €JUHCTBEHHON NpHeMJIeMOM II0CJIeJ0BATeJbHOCTHI0 KOMIIOHEHTOB
npexypcopa CIS ¢ TOUKM 3peHMs ONTUMUIAIAM ero XapaKTepucTUk, sasiasgerca Cu—In—-Se. B
gacTHOCTH, (opMHPOBaHHEe HHTepMerawnmiecKkux coesmuenuii Culn m Cu,ln B mpomecce
anekTpoocaxkaenus In Ha mosepxHOoCcTs, CU CIOCOGCTBYET YIYUIIEHUIO AATE3UN MEMKILY OTUMU
croamu, (asa In,Se;, KoTopaa GopMuUpyeTca mpU dJIeKTpoocakAeHNM S€ Ha IoBepXHOCTH In,
UMeeT JOCTATOYHO COBEPIIEHHYI0 HAHOCTPYKTYPY, B TO BpeMs KaK HeIOoCPeICTBeHHBIA KOH-
TakT CU u Se sABJdeTcsa HeMelaTeJbHBIM, HAIPUMED, 1U3-38 O0PA30BAHUSA KPUCTAJINYECKOR
daser Cu,Se ¢ oueHb HANPAMKEHHOH MHKPOCTPYKTYDOIL.
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1. Introduction

The main technical and economic per-
formance of terrestrial solar cells (SC) along
with the conversion efficiency is the cost of
electric energy produced by these cells,
since at present it is in 3—8 times above the
market price of electricity from conven-
tional sources [1]. It is considered [1-3]
that thin film solar cells must ensure com-
petitiveness in the energy market because of
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their lower material and energy production
expenditure compared to silicon SC ana-
logues. A highest conversion efficiency of
thin film solar cells (20 %) was reached for
the base layers of chalcopyrite compounds
CulnSe, (CIS) and Cu(In,Ga;_,)(SySes_),
(CIGS), and some industrial companies in
the US, Germany and Japan have already
started serial production of such solar cells
[1-5]. However, at the present time the
most effective chalcopyrite solar cells are
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Table. Electrochemical deposition parameters and calculated thickness of the obtained films

Sample |Electrodeposition stage Cathode current Deposition time, ¢, Calculated film
No. density, j, mA/cm2 min thickness, d, pm
1 Cu onto Mo/glass 25 10 5.5
2 Cu onto SnO,:F/glass 25 10 5.5
3 Se onto SnO,:F/glass 1 10 0.3
4 Cu onto Mo/glass 18 10 4.0
In onto Cu/Mo/glass 29 1 0.9
5 Cu onto Mo/glass 28 10 6.2,
In onto Cu/Mo/glass 24 10 7.8
Se onto In/Cu/Mo/glass 3 40 3.1
6 Cu onto Mo/glass 14 10 3.1
In onto Cu/Mo/glass 16 10 5.2
Se onto Mo/glass 10 0.8
Se onto Mo/glass 10 0.8
Cu onto Se/Mo/glass 25 10 5.5

produced by co-evaporation of precursor ele-
ments from several separate sources. Such
production method increases of device cost
because of high temperature of deposition
and evaporation, a necessity of mass-spec-
trometry using to monitor and control ele-
ment flows on purpose to obtain required
base layers. Also it leads to large losses of
evaporating material and needs for disposal
of selenium toxic emissions. Among other
alternative methods for production of CIS
and solid solutions on its basis cathode elec-
trodeposition from aqueous solutions is used
by a number of companies and firms includ-
ing "Solopower”, "CIS Solartechnic GmbH"
and "Odersun” [5]. In so-called one-step
electrochemical deposition of CulnSe, layers
electrolytes contain selenium, copper and
indium compounds simultaneously. The
main problem of one-step process is a big
difference between the electrochemical po-
tentials of copper, indium and selenium,
leading to necessity of use low electrolytes
concentrations (units of mM/l) and com-
plexons [4-7]. It causes instability in elec-
trodeposition processes and requires com-
plex equipment for the control and regula-
tion, that therefore eliminated all
advantages of this technology as cheap and
suitable one for large-scale production.
Two-stage method is consisted in electrode-
position of copper, indium and selenium
layers from separate electrolytes, that is a
much simpler task. Since electrochemical
metallization has been widely used in elec-
tronics for a long time, these electrodeposi-
tion processes are well studied and mastered
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in industrial conditions. Electrolytes are
stable, contain high ions concentrations and
therefore do not require frequent adjustments
during layers electrodeposition. It should be
noted that in both electrochemical methods
precursors are subsequently transformed into
CIS by laser or heat treatments, often it is
fulfilled in selenium or in hydrogen selenide
vapors. Unfortunately, CIS base layers pre-
pared in such ways have efficiencies lower
than 11 % [5] that is almost twice less than
efficiency of photovoltaic cells with analogous
base layers deposited in vacuum. Probably, it
is associated with specific structures and
phase compositions of the electrodeposited
Cu-In-Se precursors. Therefore, identifica-
tion of undesirable combinations and se-
quences of layer depositions and development
of optimal conditions for plating of precur-
sors for chalcopyrite photovoltaic cells are the
urgent technical problems and their solving
has become the objective of this work.

2. Experimental

Electrochemical deposition of copper, in-
dium and selenium was carried out at room
temperature in two electrode cells in simple
aqueous electrolytes without organic addi-
tives. Copper electrolyte was consisted of
solution of 230 g/1 InCl; and 100 g/1 NH,CI
was used for indium electrodeposition. Elec-
trochemical selenium deposition was carried
out with a solution containing 55 g/1 SeO,.
During the deposition of copper films the
copper plate was used as anode, while
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graphite anodes were utilized for indium
and selenium plating. Table presents pa-
rameters of electrodeposition process and
film thicknesses calculated by Faraday’s law
with assuming of absolute current yield.

X-ray diffraction studies of the film
structures were carried out using diffrac-
tometer DRON-4. Shooting of diffraction
spectrum was taken at constant 20-scan
with a Bragg-Brentano focusoin cobalt anode
radiation (Agok, = 1-78897 A). A program
New_ Profile3.4(375) was used for determi-
nation of the individual peak parameters,
namely half-width and asymmetry factor,
due to approximations by Cauchy and Gauss
functions. Lattice parameters for corre-
sponding crystal system were calculated ac-
cording to [8]. Precision determinations of
lattice spacings of the electrodeposited lay-
ers were carried out by Nelson-Riley method
[9]. Considering that systematic error was
primary induced by X-ray absorption in a
pattern, a straight extrapolation of calcu-
lated lattice spacing values was used for
cubic lattice as a function of lattice spacing
vs cos20(1/sin20 + 1/6). Lattice parameters
for other crystal systems were calculated on
the base of two last indexed lines in X-ray
diffraction patterns in accordance with [9].
Investigation of the film preferable orienta-
tion was performed by analysis of the dif-
fraction maxima and by calculating of the
texture ratio P; (otherwise, a pole density,
i.e. the probability with which the normal
to the pattern surface coincides with the
normal to a plane, in other words, the part
of grains in which this plane is parallel to
the sample surface) [10]:

d;/Ig) - N (1)
Pi=—F—,
S,/ 1,

12

where I; is an intensity of the experimen-
tally obtained i peak; I, is an intensity of i
peak according to the JCPDS card; N is num-
ber of the experimentally detected diffraction
peaks. In the absence of texture P;=1,
therefore texture coefficient is calculated in
relative units against to the probability of
this orientation for non-textured pattern.
An angle ¢ between the texture axis and
normals to reflective planes for all reflec-
tion planes (hkl); was determined according
to [10] for certain crystal systems. It was
concluded from the curve shape of the dia-
gram P; = f(¢p) about the degree of texture
perfection. The texture is founded to be
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more perfect if P; decreases faster with in-
creasing of o.

Calculation of crystallite size for studied
films was carried out by Williamson-Hall
formula [11]. A profile of an actual diffrac-
tion distribution B was calculated depending
on the type of approximation function by
means of program New_ Profile3.4(375). By
using approximation by Cauchy’s function
we obtained PB¢:

Bo=B-b, (2)

where B is an integral width of the investi-
gated diffraction pattern, b is an integral
width for the standard specimen. By using
of Gauss’s approximation we obtained Bg:

The B value we calculated as arithmetic
average:

Bo +B (4)

Since such characteristics of crystal grains
as coherent-scattering region size (grain size
in this case) ¢ and microstrain Ad/d influence
on the diffraction profile expansion, there-
fore B can be explained as follows:

_0.942
tcoso

()

B + 4tandAd/d.

So, ¢t and Ad/d were obtained by graphi-
cal solving of equation (5).

Surface morphology of the electrodepo-
sited layers was studied using scanning
electron microscope REM-100V by registra-
tion of secondary and reflected electrons at
accelerating voltage 30 kV.

For the electrochemical deposition of CIS
precursor we used substrates with Mo layers
and fluorine doped tin oxide FTO films depos-
ited on glass plates, because by reason of
molybdenum chemical activity the leading
Europe laboratories [5] search for ways to
manufacture base layers precursors using al-
ternative back contacts made of titanium and
zirconium nitride or electrically conductive
oxides such as indium tin oxide ITO or FTO.

3. Results and discussion

At the beginning the task was to deter-
mine the possibilities for precursor’s pro-
duction by successive electrochemical depo-
sition from simple electrolytes which did not
contain complexons or surfactants, which
could decrease the quality of CIS base layers.
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Fig. 1. X-ray diffraction patterns of copper
films electrodeposited onto Mo/glass (@ —No.1)
and onto FTO/glass (b — No.2) and correspond-
ing scanning electron microscopy images of the
surface (inserts).

Since the indium standard electrode poten-
tial is negative enough (E®.3, = —0.834V
versus normal hydrogen electrode), the re-
lease of gaseous hydrogen is reaction associ-
ated with metal electrodepositing from an
aqueous electrolyte that may reduce the In
adhesion to substrates. That is why to our
opinion, it is better to use as the first layer
of CIS three-layered precursor copper
(E%y2+/cu = 0-84 V) or selenium (E%go44/56
=0.74 V). 3-6 pum thick copper films ob-
tained by electrodeposition from a simple
copper solution were smooth and well ad-
hered to the Mo and FTO substrates. Fig. 1
shows scanning electron microscopy images
of copper film surfaces on Mo and FTO sub-
strates (samples No.l1 and No.2, respec-
tively), that indicate fine-crystalline and
homogeneous surfaces. In both cases X-ray
diffraction diagrams of these films detected
single-phase structure of Cu (JCPDS 04-
0836). Analysis of structural parameters
and texture has showed that copper film
obtained on FTO substrate is characterized
by small preferred orientation (220), while
Cu layers electrodeposited on Mo did not
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Fig. 2. Precision determination of lattice pa-
rameters for the electrodeposited copper films.

have pronounced preferred orientation. Pre-
cision detections of the crystal lattice pa-
rameters (Fig. 2) gave magnitudes closed to
the JCPDS card data. It also coincided with
the Williamson-Hall calculations, which
showed very little microstrains in copper
films electrodeposited on Mo (samples No.1,
4, 5, 6) and FTO (sample No 2) substrates.
As a whole, the grain size of the electrode-
posited copper films has increased with
thickness from 86 nm to 187 nm, so the
films were nanocrystalline. Thus, the elec-
trodeposition of copper films from simple
acidic sulfate solution using both types of
substrates was found to be successful.

Selenium electrodeposition on copper sur-
face from simple selenium solution, namely
an aqueous solution of selenious acid
H,Se0; (pH = 1.5) formed due to interac-
tion SeO, with water, was found impossible
owing to chemical reaction on the Cu sur-
face:

5Cu + 2H,Se05 = (6)
= Sel + 4CuOl + CuSel + 2H,0.

Therefore, at immersion copper film into
this solution it was covered immediately by
black layer, and eventually the volume of
electrolyte was filled by black flakes Se,
CuO and CuSe, coming off the surface.

At the same time, indium electrodeposi-
tion onto copper surface was not accompa-
nied by difficulties and provided for well ad-
hered smooth white film. The morphology im-
ages of these films (samples No.4 and No.6)
are shown in Fig. 3. X-ray diffractometry
study of thin (~ 0.9 um) indium layer on cop-
per surface has revealed only intermetallic
compound of copper and indium Culn (JCPDS
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Fig. 8. X-ray diffraction patterns of 0.9 pum
thick (@ — No.4) and 5.2 pm thick (b — No.6)
indium films electrodeposited onto
Cu/Mo/glass substrates and corresponding
scanning electron microscopy images of the
surface (inserts).

35-1150) (Fig. 3, sample No.4) formed,
probably, directly during indium electrode-
position onto copper surface. Increasing of
the electrodeposited indium film thickness
up to 3-8 um causes to the appearance on
X-ray diffraction patterns alongside with
Cu and Culn also In phase (JCPDS 05-0642)
(Fig. 3, sample No.6) and Cu,ln phase
(JCPDS 42-1475 ) (Fig. 4, sample No.5). In,
Cusln and Culn grains are nanocrystalline
and characterized by small preferred orien-
tations changed with layer combinations.
The most significant microstresses were re-
vealed in Culh nanocrystals, but only in the
case of comparatively thick In layer elec-
trodeposition. As such as thickness of CIS
base layer in the thin film SC equals 2-
4 um [2-8], each film thickness will be at
most 1.4 um, so, great strains in Culn will
be absent. From the other side, the creation
of Culn intermetallic compound will ensure
perfect adhesion between the electrodepo-
sited films. Thus, electrodeposition of in-
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Fig. 4. X-ray diffraction pattern of selenium
film electrodeposited onto In/Cu/Mo/glass sub-
strate (No.5) and corresponding scanning elec-
tron microscopy image of the surface (insert).

dium layer onto copper surface can be con-
sidered as an acceptable precursor’s combi-
nation for CIS production. The following
electrodeposition of selenium onto surface
of such In/Cu/Mo/glass combination allowed
producing well adhered dense CIS precursor
layer. It turned out that the top layer con-
tained crystalline In,Se; phase (JCPDS 23-
0294) (Fig. 4, sample No.5) with average
grain size 99 nm and slight microstrains
(Ad/d = 2:1073). The creation of In,Se; com-
pound apparently will promote improved ad-
hesion between indium and selenium films
in the precursor.

Selenium films on Mo/glass and
SnO,:F/glass substrates were produced and
analyzed for determination the possibility
of Se electrodeposition on such substrates.
Electrodeposition of selenium on fluoride
doped tin oxide was not accompanied by
complications: selenium film was adhevent,
smooth and amorphous (Fig. 5, sample
No.3). At the same time, owing to the large
difference in standard potentials of molyb-
denum and selenium (-0.2 V and 0.74 V,
respectively) Se electrodeposition onto Mo
substrate surface required its immersion
into selenium solution "on current”, i.e.
with switched dec supply. Without using of
this procedure selenium film adhesion to
the substrate was decreased by internal elec-
trolysis. Selenium electrodeposition onto
molybdenum surface was accompanied by in-
tense releasing of hydrogen, however, we
managed to get a dense layer of amorphous
selenium, as such as its X-ray diffraction
pattern (Fig. 5 (sample No.7)) showed only
single weak peak of the molybdenum sub-
strate. But it turned out that producing CIS

Functional materials, 18, 3, 2011
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Fig. 5. X-ray diffraction patterns of selenium
films electrodeposited onto FTO/glass (¢ —No.3)
and onto Mo/glass (b — No.7) and correspond-
ing scanning electron microscopy images of
the surface (inserts).

precursor by layerwise electrodeposition in
the Se—Cu-In sequence was impossible. At-
tempts to copper electrodeposition onto sele-
nium surface led to the formation of
cracked loose precipitation, containing cop-
per Cu and copper(I)selenide Cu,Se (Fig. 6
(sample No.8)). Distortions in the crystal
lattice of copper film deposited on selenium
layer were supported by its strongly re-
duced parameters (Fig. 2) and especially by
the small grain sizes (¢t = 7 nm) and high
values of tensile microstrains (Ad/d =
1.14-1072), which probably caused the crack-
ing of the copper film on selenium surface.
The Cu,Se phase obtained during copper
electrodeposition onto selenium surface has
more smaller and strained grains, therefore
the preparation of CIS precursor by the
layer electrodeposition in sequence Se—Cu—In
was found to be impossible.

Functional materials, 18, 3, 2011

I, a.u.
B < g
400 I 3 \a-?/'
- o w
oS
O
300
Sl =
20 & 58
Y qe
B 3 e
= ~ O
3 o' 9
100 | g 5
0 1 i 1
20 40

Fig. 6. X-ray diffraction pattern of copper
film electrodeposited onto Se/Mo/glass
(No.8) and corresponding scanning electron
microscopy image of the surface (insert).

4. Conclusions

So, we created comparatively perfect
nanocrystalline copper layers by means of
electrochemical deposition in simple aque-
ous solution onto molybdenum and fluorine
doped tin oxide surfaces. Intermetallic
Cu,ln and Culn compounds were formed dur-
ing indium electrodeposition onto copper
surface that caused perfect adhesion of the
adjacent layers. Selenium electrodeposition
onto indium surface results in the forma-
tion of In,Se; compound, which apparently
will promote improved adhesion between
electrodeposited indium and selenium films
in CIS precursor. Only possible sequence of
components of CIS precursor on the base of
electrodeposited films is copper-indium-sele-
nium, because all other layer combinations
and orders of the film electrodeposition
either impossible or not ensure properties
required for the following transformation of
the precursor into base layer of the solar cell.
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ExexTpoocamxkennsa npexkypcopis Cu-In-Se muaa
XaJdbKOMiPUTHUX (POTOETEKTPUUYHUX IEePEeTBOPIOBAYIB

H.Il.Knouko, I'C.Xpunynoe, H./[.Boakoea, B.P.Konawu,
B.M.JIw606, O.B.Momomenrxo, A.B.Konau

Pobora mpucBfueHa ZOCTiIAKEHHIO CTPYKTYPHU i (PiSMUHUX BIACTUBOCTEll PiBHUX €JIEKTPO-
OCaI)KeHUX KOMIIO3WIIi# Mifmi, cejeHy Ta iHZiI0 3 METOI0 CTBOPEHHS ONTHUMAaJbHUX KOMOi-
HaIill IJId TPeKypcopiB COHAYHUX ejeMeHTiB Ha 0asi CIS. AmHanis KpuctaniuHoi CTPYKTypHU
i mopdosorii moBepxHi eJEeKTPOOCAMKEHNX IIJIiBOK 1 MJIIBKOBUX KOMIIO3UILiffi BHUABUB, II0
€IVMHOI0 NPUUHATHOIO MOCJIiZOBHICTIO KOMIIOHEHTiB mperkypcopa CIS 3 mormany omrumisarii
iioro xapakrepuctuk € Cu—In—-Se. Bokpema, dpopmyBanus inrepmeraniunux crnoayk Culn ta
Cuyln y mpomeci enexrpoocamsxenns In ma mosepxnio Cu cnpuse noxinmennio agresii mix
numMu mapamu, (asa In,Se;, aka dopmyersea Hmpu engeKTpoocasKenHi Se Ha mosepxHIo In,
Mae MOPIBHAHO LOCKOHAIY HAHOCTPYKTYPY, B TOU uac fK Oesmocepexnuiit koutakt Cu ta Se
€ He6aKaHNMM, HAIPUKJAJT, Yepes yTBOPeHHA KpucTamiunoi ¢gasu Cu,Se 3 nyske HanpyskeHOO
MiKPOCTPYKTYpOIO.
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