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Influence of vacuum annealing on the
composition of electrochemically deposited
zinc selenide layers
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The paper is devoted to the analysis of electrodeposited zinc selenide films compositions
and to the research of their homogenization and purification probabilities by vacuum
annealing. In order to investigate the surface morphology and the composition of elec-
trodeposited films electron-probe microanalysis and X-ray photoelectron spectroscopy
(XPS) methods were used. It was revealed that as-electrodeposited films were enriched
with selenium and consisted of ZnSe and Zn(OH),, covered with Se, SeO, and OSe(OH),
layers. The film compositions before annealing were not homogenous. There were friable
conglomerates, consisting mostly of Zn(OH),, on their surfaces. Vacuum annealing at
100-350°C provided for Zn(OH), transformation into ZnO, for water removing from the
films and partially for the desorption of oxygen and selenium. The second part of surplus
selenium in the chemical state of Se, SeO, and OSe(OH), during the vacuum annealing at
350°C interacted with Zn(OH), or ZnO and hydrogen occluded in the films due to supple-
mentary cathode process of water reduction. As a result of such interaction, ZnSe was
obtained. The friable conglomerates after the annealing were enriched by selenium that
also led to the generation of ZnSe.

Pafora mocssIeHa aHAJIN3Y COCTABA IJIEHOK M U3YUYEHUIO BOBMOYKHOCTH HX IOMOTEHU3A-
WM ¥ OYMCTKHU OT NPHMeceHl IIOCPEJCTBOM BaKYYMHBIX OT:KUI0oB. s aHanusa mopdoioruu
[IOBEPXHOCTH U COCTABA 9JIEKTPOOCAMKIEHHBIX ILJIEHOK HCIIOJL30BAHBL METOIbl PEHTTEHOBCKO-
ro MHUKPOAHAJIN3Aa M PEHTIeHOBCKOIl (POTO3JIEeKTPOHHOHN crnekTpockonuu. OGHApPY»KeHOo, UuTo
CBEMKeOCAMK/ICHHbIe IIJeHKH ObLIM oboramieHbl celeHoM u cocroanu us ZnSe m Zn(OH),,
mokpeITHX caoamu Se, Se0, u OSe(OH),. Ha moBepxHOCTH IIEHOK A0 OTMKUIA HMEJNCh
PHIXJIBIE CKOILIEHWsA, cocToAmue mnpeuMymectsernHo us Zn(OH),. Omxurn B Baryyme npu
100-850°C o6ecneunBanu npespamenue Zn(OH), B ZnO, ypaneHne U3 IJIEHOK BOABI U
YACTUUHYIO [IecOPOLIMI0 KHUCJIOPOJa U 3JIEeMeHTAapHOro cejeHa. lpyras dyacTh u3OBITOUHOIO
cenerna B popme Se, SeO, u OSe(OH), B nponecce orxura mpu 38500C BsaumopneiicTEOBANA €
Zn(OH), n ZnO u OKKJIIOAVPOBAHHEIM B IIEHKAaX BOJOPOAOM, O0pasyIOIIUMCHA B Pe3yJbTaTe
TMOGOUHOM KATOMHONW PEaKIMM BOCCTAHOBJIEHUS BOJALI, ¢ o0pazoBanueM ZnSe. PLIXJble CKOTI-
JIEHUsI B pesyJbTare OT:KUra 0o0Orallajuch CEJEHOM M TaKiKe IIpeBpaliaauck B ZnSe.
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The development of new manufacturing
processes for zinc selenide (ZnSe) films is of
importance because ZnSe can be used in
various optoelectronic devices, for example, as
buffer layers in solar cells (SC) with base lay-
ers of CulnSe, or other chalcopyrite semicon-
ductors, or for the SC base layers formation
from CulnSe,—2ZnSe solid solutions [1, 2].

Studies of ZnSe film electrodeposition ki-
netics allowed us [3] to determine the po-
tential of substrate cathode at which the
films containing selenium and zine could be
grown. Mass-spectrometric and spectro-
graphic analyses [4] supported the conclu-
sions of these investigations by showing
that at the cathode potential U,=-1.16 V
versus AQ/AQCI reference electrode (SCE) in
aqueous electrolyte containing Na,SO, (0.1 M),
ZnSO, (0.02 M) and SeO, (51074 M ) at pH
5.5, cathodically electrodeposited layers
containing equal amounts of selenium and
zinc were formed. So, one can expect that
these layers consisted of zinc selenide. How-
ever, as the films were deposited from aque-
ous solutions, they apparently contained not
only zinc and selenium but also different
impurities which, in our opinion, could be re-
moved at least partially by vacuum annealing.
According to [6—7], the annealing conditions
are the factors which, along with the electro-
lyte composition and the deposition potential,
define the composition and structure of the
obtained films. So, this paper is devoted to the
study of as-electrodeposited and vacuum an-
nealed zinc selenide films composition.

The ZnSe films were deposited from the
above-mentioned electrolyte and at above-
mentioned cathodic potential. To prevent
chemical interaction during the electrodepo-
sition and vacuum annealing, we used glass
sheets coated with reactive-sputtered
500 nm thick titanium nitride (TiN) layers
as the substrates. The electrodeposition was
carried out in controlled potential regime
by means of potentiostat provided with a
programmer and three-electrode electro-
chemical cell containing a saturated Ag/AgClI
reference electrode (SCE) (Ugcp = 0.22 V
against the normal hydrogen electrode) and
platinum counter-electrode of 100 em? sur-
face area. The electrolyte was agitated with
a magnetic stirrer. During the electrolysis
the temperature (¢) was within limits of 30—
40°C. The deposition time T was 5-20 min-
utes, the current density J was 0.5—
2.0 mA/cm2. The thickness of the zinc se-
lenide layers obtained was measured with a
Fizo interferometer according to [8]. It in-
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Fig. 1. Electron microscopic image of sample
No.1.

creased with deposition time and current
density from 0.02 um to 0.16 um. The elec-
trodeposited ZnSe layers were annealed in
vacuum 1073 Pa at temperatures 100°C,
250°C, and 350°C, each time for 0.5 hour.
The sample surface morphology and compo-
sition were studied by electron-probe mi-
croanalysis method (EPMA) using a JSM-
820 electron microscope with Link
AN10/85S microanalysis system. The en-
ergy dispersion was analyzed using a Si(Li)
detector with the X-ray output angle y = 40°
and the following characteristics of X-ray
emission lines: ZnLa, ZnKa, SeLa, OKao. The
electron accelerating voltage was 10-20 kV.
The microscope resolution in this mode was
about 10 nm. The analyzed depth was ap-
proximately 1 um. The sample surface com-
position was examined by X-ray photoelec-
tron spectroscopy (XPS) with XPS-800
Kratos spectrometer. The vacuum in the
chamber was 51077 Torr. The photoelec-
trons were excited with MgK, radiation
(hy = 1253.6 eV). X-ray gun power was
15 kV-20 mA. The photoelectron kinetic en-
ergy was analyzed with a hemispherical
electrostatic analyzer. The instrument reso-
lution was 1 eV, the accuracy of binding
energy determination, 0.3 eV. The spectra
were processed by computer: smoothing, the
subtraction of constant and variable back-
ground (Shirley method), removing expand-
ing effect of the X-ray line (iterative decon-
volution) and decomposition of complex line
into components were made. The sample
surface composition was determined using
the ratio of areas of photoelectron lines in
the spectra of C1s, O1s, Zn3p, Se3d, Ti2p,
N1s core levels with regard to their sensi-
tivity factors [9]. Binding energy calibra-
tion and the consideration of charging po-
tential were made using Cls (E, = 285 eV)
line as a reference. A layer of approxi-
mately 10 nm thickness was analyzed.

To determine the compounds existing in
the surface layer of the samples before and
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Fig. 2. Photoelectron spectra of sample No.1l before (a) and after annealing (b) and sample No.3

after annealing (c).

after the annealing, we analyzed the shapes
of selenium and oxygen core level spectra.
As for zinc, we analyzed the shape of Auger
electron line Zn;,,,, because it is known
that for some metals (Zn, Cu) the shape and
the binding energy of Auger lines depend more
on their chemical environment than photoelec-
tron lines. This is connected with the fact that
superatomic relaxation energy of the final state
with two holes on 3d-core level influences con-
siderably the chemical shift value [10].

The visual consideration evidences that
the electrodeposition process produces films
which are sufficiently smooth to give the
interference pattern, thin, hard, and adher-

ent to TiN. A weak intensity of Ti2p line in
the XPS spectra shows that the films ob-
tained are solid (continuous) and are more
than 10 nm thick throughout all the sub-
strate surface. On the other hand, before as
well as after vacuum annealing, no consid-
erable amounts of titanium were registered in
the electrodeposited films. So, we can claim that
there was no interaction of these films with TiN.
However, the films were not mirroring because
they exhibit a fairly high light scattering, typi-
cal of electrodeposited ZnSe layers [5, 7).

The composition and the surface mor-
phology analysis of electrodeposited film by
EPMA showed (Fig. 1) that the composition

Table. Atomic concentration ratios for the elements found in the surface layers of the samples

according to XPS data

Sample Electrodeposition 0O/Zn Se/Zn Ti/Zn
regime
No.1 before annealing U.=-1.15V, 2.5 3.2 0
J =0.9-1.7 mA/cm?2,
t =37°C, T=10 min
No.1 after annealing at 350°C - 1.3 0.3 ~0.01
No.2 before annealing U.=-1.15V, 1.5 1.8 ~0.01
J =0.9-1.5 mA/cm?,
t =33°C, T= 15 min
No.2 after annealing at 250°C - 0.7 0.4 ~0.01
No.3 before annealing U.=-1.15V, 3.5 10.0 0
J =1.4-2.3 mA/cm2,
t =37°C, 1= 10 min
No.3 after annealing at 350°C - 0.8 1.0 0
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of freshly-deposited films of 0.08 um and
larger thickness was not homogenous. Loose
conglomerations on their surfaces consisted
mainly of zinc, oxygen and only small
amounts of selenium. Zinc to selenium ratio
in these conglomerations was 9:1. At the
same time, according to XPS, 10 nm thick
surface layer was characterized by excess
selenium and oxygen (see Table).

Fig. 2 shows the photoelectron spectra of
Se3d, O1s core levels and Auger electron
line Znj pyy for electrodeposited sample No.1
before and after vacuum annealing. The
spectra of O1s core level before annealing
(Fig. 2a) consists of two lines with binding
energies 531.5 eV (line 1) and 533.0 eV (line 2).
The consideration of literature [9, 11] shows
that line 1 could be associated with oxygen
in OH-groups (i.e. with Zn(OH), and
0Se(OH),), but line 2 could be connected with
water adsorbed on the sample surface. After
annealing, two lines appear in O1s core level
spectrum: one with binding energy 531.0 eV
(line 1 in Fig. 2b,c) that corresponds to oxy-
gen in metal compounds (i.e. ZnO), and
line 2 with binding energy 532.0 eV, that
could be attributed to the adsorbed oxygen.
The same changes were observed in [11]
for Zn(Se,OH) buffer layers deposited by
chemical bath deposition (CBD) process on
Cu(In,Ga)(S,Se), and annealed at 100°C.

The shape of Se3d core level peak also
was considerably transformed during vac-
uum annealing. Prior to the annealing, two
peaks are observed at 55.8 eV (line 1 in Fig. 2a)
and at 59.2 eV (line 2 in Fig. 2a), that could be
attributed to selenium in chemical states Sel
and Se** (namely, in OSe(OH), and SeO, com-
pounds), respectively. After vacuum annealing,
the line with binding energy 54.2 eV (line 3 on
Fig. 2b,c) in the Se3d photoelectron spectrum
becomes the main one, that is, characteristic for
ZnSe compound. At the same time, the intensi-
ties of the peaks corresponding to Se® and Se#*
are reduced dramatically.

Apparently, Zn(OH), impurity formation
is a side process of ZnSe films electrodepo-
sition due to water reduction and hydrogen
formation reaction in aqueous electrolytes,
especially at negative cathode potentials,
according to the equation:

2H,0 + 2¢™ = H, + 20H". (1)

According to [7], the hydrogen formation
is thermodynamically possible throughout
all the ZnSe electrodeposition range. The
process (1) results in alkalization of the
near-cathode space and, consequently, pro-

38

motes the formation of Zn(OH), impurity in
the zinc selenide films due to reaction:

Zn?t + 2H,0 + 2¢~ = Hy + Zn(OH),.  (2)

This is supported by the fact that when
the cathode potential during zinc selenide
deposition U, is shifted towards more nega-
tive values, for example from -1.15 V to
—-1.25 V, a decrease of selenium content and
increase of zinc and oxygen content in the
films were observed.

Vacuum annealing at 250°C and espe-
cially at 350°C, according to XPS studies,
caused a decrease of selenium and oxygen
contents and an increase of zinc content in
the films (see Table). The surface composi-
tion of the sample No.3 containing a small
amount of conglomerates before annealing
corresponded after the annealing to
stoichiometric ZnSe. In O1s spectrum of
this sample, the peak corresponding to ZnO
was practically absent. Se3d peak of the
sample No.3 after the annealing corre-
sponded to SeZ~ (Fig. 2c¢).

The authors [11] explained similar trans-
formations at such a moderate temperature
for CBD deposited films as a consequence of
impurity Zn(OH), conversion into ZnO, es-
pecially during vacuum annealing, accord-
ing to the equation:

Zn(OH), = ZnO + H,0. 3)

The decrease of selenium concentration
during the annealing toock place in part due to
elemental selenium evaporation [12]. Besides,
Se0 could interact with hydrogen occluded in
the films as well as with ZnO and Zn(OH),:

Se + H, + ZnO = ZnSe + H,0, (4)

Se + H, + Zn(OH), = ZnSe + 2H,0.  (5)

The cause of Se** peak intensity decrease

in XPS spectrum could be explained by the
interaction of Zn(OH), and ZnO with oec-

cluded hydrogen and Se** and ZnSe forma-
tion in the following reactions:

SeO, + 8H, + ZnO = ZnSe + 8H,0,  (6)
SeO, + 3H, + Zn(OH), = ZnSe + 4H,0, (7)

OSe(CH), + 8H, + ZnO = ZnSe + 4H,0, (8)

OSe(OH), + 3H, + Zn(OH), = ZnSe + 5H,0(9)
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The supporting evidence for the running
reactions (4)—(9) is the fact that Zn
Auger peak is also transformed during the
vacuum annealing and demonstrated the
change of zinc chemical state (Fig. 2). Unfor-
tunately, it was impossible to resolve this peak
into its components because of complex struc-
ture of the peak and a large number of probable
zine compounds, but the shape and the binding
energy of Zn; ,m spectrum for sample No.3 in Fig.
2c are characteristic for ZnSe [9].

In loose conglomerates, according to
EPMA data, Zn to Se ratio remained almost
unchanged after wvacuum annealing at
250°C, but considerably (from 9.0 to 0.9)
decreased at vacuum annealing at 350°. In
other words, the loose conglomerates, con-
sisting in the as-electrodeposited films
mainly of Zn(OH), and ZnO, were enriched
in selenium during vacuum annealing due
to the above-mentioned reactions (4)—(9)
and to selenium diffusion into the conglom-
erates. So, the vacuum annealing resulted
in homogenization of the film composition.

Thus, the consideration of X-ray photo-
electron spectroscopy and electron-probe mi-
croanalysis data allows to conclude that the
films consisting of ZnSe and Zn(OH),,
coated with Se0, Se0, and OSe(OH), are
formed on the TiN substrate surfaces in the
course of electrodeposition. In the course of
vacuum annealing, zinec hydroxide is trans-
formed into zinc oxide, while the excess ele-
mental selenium is partially desorbed and
partially, as well as Se4*, interacts with hy-
drogen occluded in the films and Zn(OH), or
Zn0 forming ZnSe. So, vacuum annealing at

350°C allows obtaining zinc selenide films
with minimum content of impurities.
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Bniue BakyyMHHX BiIIaJiB HAa CKJAJ €JEKTPOXiMiuHO
OCaI’KEeHUX ILIIBOK CeJIeHiTy IMHKY

H.Il. Knouko, H.J]. Borkosea, M.B. JJobpomeopcvka,
II.B. Mameiiuenxo, B.P. Konau, B.I. lllkanemo, C.M. Kapacvoé

PobGora npucssueHa aHajisy CKJIAY €JIEKTPOOCAMIMKEHUX ILIIBOK CEeJIeHIAY IIMHKY TA BUB-
YeHHIO MOMKJIMBOCTI IX romorenisamii # ouunineHHs Bix JOMIIIOK 3a LOIIOMOrOI0 BaKyYMHUX
Bigmanis. Hna ananisdy mopdosorii moBepxHi Ta CKJIALy €JEKTPOOCANMKEHUX MJIiBOK BUKO-
PHCTAHO METOAMN PEHTreHiBCbKOI'0 MiKpoaHa/Iidy Ta pPeHTreHiBCbKOI (POTOENEKTPOHHOI CIIeKT-
pockomnii. Busapieno, mo 6eamocepeqHbO IIiCJAS €JIEKTPOOCAIMEHHS ILIiBKM Oyam 3b6araudeHi
cemenoM i cknagamucsa 3 ZnSe i Zn(OH),, Bkpurtux mapamu Se, Se0, i OSe(OH),. Ilepex
BiimamaMu ckJaanx TUIiBOK He 6yB oxHopimzuumMm. Ha ix moeepxHi icHyBasm pospimskeHi cKym-
yeHHs, AKi IepeBaykHO ckaagamuca 3 ZnN(OH),. Bigmamrosammsa y Bakyymi mpm 100-350 °C
sabesmeuysano mepersoperHs Zn(OH), ma ZnO, BupaneHHs 3 IIiBOK BOAKM Ta YaCTKOBY
IecopOlIfio KMCHIO i1 eJleMeHTapHOro cesjeny. [HIIA yacTHMHA HAIJIHUIIKOBOTO CEJIEHY Y BUTJIALL
Se, Se0, i 0Se(OH), y mpomneci pignanosanaa npu 350 °C pearysama s Zn(OH), i ZnO Ta
OKJIIOMOBAHUM y IIJIiBKaX BOJHEM, OTPMMAHMM IIiJi 4yac CyIyTHbBOI KaToxHOi peakuii BizHOB-
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JIEeHHS BOAW 3 yTBOpeHHAM ZnSe. Pospijpkeni ckymuenHs y pesyabraTi Bigmaay sbarauysa-
JIMCS CEJIEHOM, I[0 TAKOX CIPUUYMHSJIO BUHUKHeHHs ZnSe.

Functional materials, 12, 1, 2005



