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RUTHERFORD BACKSCATTERING AND X-RAY DIFRACTION ANALYSIS OF

Ag/ZnS/glass MULTILAYER SYSTEM

Experimental results on the study of the element depth profiles, structural and roughness properties
of Ag/ZnS/glass multilayer system are reported. The ZnS films in this system were obtained by close-
spaced vacuum sublimation method (CSVS) under different substrate temperature. Examination of
layers morphology and structure was performed by optical microscopy with laser interferometry phase
shifting and X-ray diffraction method respectively. Element depth profiles and film thickness were
studied using energy dispersive X-ray analysis (EDAX), such non-destructive accurate qualitative
absolute techniques as Rutherford backscattering spectrometry (RBS) and elastic Backscattering
Spectroscopy (BS) of ‘He* and 'H* ions, respectively. Two temperature ranges where the film growth
is going under different mechanism were determined. It was established that ZnS films deposited
at 373<T.<573 K have ZB structure. At 7, > 573 K the traces of WZ phase are appearing in ZnS
films, their amount somewhat increases under increasing the 7,. RBS and BS techniques allow to
determine atomic concentration of compound elements and atomic concentration of the element
depth distributions. It was shown that thickness averaged stoichiometry of ZnS films were determined

by deposition regimes.

1. INTRODUCTION

The maximum efficiency of the best thin film solar
cells (SC) based on heterojunctions n-CdS/p-CdTe
is 16.5%, but the rate of its increasing became con-
siderably slower [1]. The most effective back-con-
tact solar cells have close-spaced chemical deposited
semiconductor layers are formed at high temperature
(T,~873 K). This process needs the use of the special
heat-resistant glass substrates. Therefore for indus-
try producing of solar cells base layers common use
low-temperature (~773 K) method of gas-transport
reactions. It enables to use low-cost soda-lime glass
substrates. However the efficiency of these solar cells
does not exceed 10%, and a prime price of energy is
high enough [2].

It is thought that the increase of the efficiency of
SCs with CdTe absorbing layer may be achieved by
change of the material of optical window [3—5]. Thin
ZnS layers (E,=3.68 eV) can be considered as an al-
ternative to CdS (E,=2.42 eV) films. Zinc sulfide has
a sufficiently larger gap than cadmium sulfide, what
makes it possible to expand the photosensitivity range
and to increase short circuit currents of the corre-
sponding SCs. ZnS has the same type of the crystal
lattice as CdTe and both materials form a continuous
row of solid solutions. Besides that, ZnS is not a toxic
material due to absence of hard metals as compound
components and appears as a friendly material for the
environment. At the same time, a large lattice mis-
match of ZnS and CdTe (~18%) causes a low efficien-
cy of available ZnS/CdTe SCs (~4%) [3]. However,
this disadvantage can be compensated by forming
transition layers at the interface under the diffusion
process as well as by technological way [4].

The efficiency of ZnO/CBD-ZnS/CIGS solar
cells increased to 18.6% in recent years [5]. How-
ever vacuum condensates of ZnS as wide-gap solar
cell windows in this case practically were not used
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and their properties are investigated poorly. Optimi-
zation of ZnS thin films characteristics is important.
Interaction processes also require research between a
glass lining and a semi-conductor layer which occur at
the moment of halcohenide condensation. It also has
caused the work purpose.

2. EXPERIMENTAL DETAILS

Zinc sulfide thin films were deposited on soda-
lime glass substrates by the close-spaced vacuum sub-
limation (CSVS) method [6]. The evaporation of two-
phased stoichiometric ZnS powder with exceeded
content of hexagonal phase (wurtzite) in the charge
was carried out. The temperature 7,, of evaporator was
1273 K. The temperature T, of substrate was varied in
the range 373+973 K.

The thin Ag layer was applied on the ZnS film for
support of charge gathering from the film surface dur-
ing measurements using charge particles. Under such
conditions the temperature of the ZnS surface was
573 K.

Surface morphology of the films had been investi-
gated by optical microscopy. The calculation of sur-
face roughness was performed according the standard
ISO/R 468 [7], while the average arithmetic devia-

1o

tion R, of profile was defined by formula R, —;Ey i
where y, — profile deviation of film surface from the
mean line, n — the number of profile peaks.

Structural investigations of the films were per-
formed with X-ray diffractometer DRON 4-07 using
Ni-filtered K, Cu radiation source and conventional
Bragg-Brentano geometry. Continuous mode scan-
ning over the range of diffraction angles 20° <26 < 60°
(where 260 is the Bragg angle) was applied to examine
the surface of the samples Obtained diffraction pat-
terns were normalized to the intensity of (111) peak
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of the cubic phase. Phase analysis was done by com-
parison of interplane distances and relative intensities
from the investigated samples and references accord-
ing to Joint Committee on Powder Diffraction Stand-
ards (JCPDS) data [8].

Chemical composition and films thickness stud-
ied by energy dispersive X-ray analysis (EDAX) and
Rutherford back scattering (RBS) method of protons
and high energy (2,5 MeV) helium ions [9]. Distribu-
tion of concentration in EDAX method was probed in
five points on films surfaces.

As the source of charged protons (in RBS meth-
od) the electrostatic accelerator on 2 MeV (Institute
of nuclear physics, Frankfort University, Germany)
was utilized. As the source of helium ions was used
electrostatic accelerator on 2.5 MeV (Scientific in-
stitute of nuclear physics, Moscow State University,
Russia). The primary beam of protons bombarded the
target normally, scattering angle was 170° and 171° re-
spectively. As the detecting system the semiconductor
detector of charged particles were used. The energy
resolution of this detector was ~15 keV.

SIMNRA and DVBS programs performed the
RBS spectra processing. It is considered that oxygen
is compulsory part of A,B;compounds. Coming from
it chemical composition of ZnS films is certain in
supposition, that in a layer except for basic material
is contained this impurity and hydrogen, absorbable
from substrate.

3. RESULTS AND DISCUSSION

Surface morphology and condensate structure
studies showed that zinc sulfide films are transparent,
polycrystalline and homogeneous in area with a good
adhesion to the substrate. Growth of ZnS layers takes
place as follows. A fine-grained transition region is
forming on the substrate with following overgrowth of
crystallites oriented by the (111) plane parallel to the
substrate.

The increase of crystallite sizes D with the increas-
ing film thickness / as a consequence of a secondary
nucleation during their condensation is almost not
occurred at 7,< 720 K. As a result, the grains become
a form close to a uniaxial one. Increasing the substrate
temperature leads to another growth mechanism: a
columnar-like mechanism becomes dominant.

The rise of condensation temperature is going with
increase in height of layers relief and therefore it’s sur-
face roughness. The typical micrographs of conden-
sates surfaces and surface profilograms are presented
in fig. 1.

The determination of parameter R, shows that un-
der rising in temperature from 7,= 423 K to 863 K the
surface roughness in increasing from R, ~0.062 um to
0.147 pum at L~3 um. The dependence of profile av-
erage arithmetic deviation for ZnS films versus 7, is
shown in fig. 2. The sharper arising of average arith-
metic deviation R, of films surface profile occurs in
the range of deposition temperature, where the col-
umn mechanism of film growth is realized.

Analysis of XRD patterns demonstrated that ZnS
films deposited at 373<T,<573K have ZB structure.
Hexagonal phase in the as-grown films is not observed

in X-ray diffractograms of the condensates (fig.3)
despite the double-phase composition of the initial
charge characterized by dominating WZ amount. As
a rule, XRD patterns show reflexes from (111), (311),
(222), (331) planes of ZB. The (111) peaks with dom-
inant maximum intensities are presenting in most
cases and exhibit the strong texture of the films.

Fig. 1 — The optical morphology with surface profiles of the films
grown under different substrate temperatures: 7,=573 K (a); T,
=863K (b)
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Fig. 2 — Dependencies of arithmetic average to absolute surface
deviation R, values on the substrate temperatures 7,

At T, > 573 K the traces of WZ phase are appearing
in ZnS films, their amount somewhat increases un-
der increasing the T.. It should be noted that in bulk
samples theWZ phase is stable at 7>1297 K. XRD
patterns mainly demonstrate reflexes only from (101)
wurtzite plane and indicate existence of texture in
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this phase. In the issue the high-temperature conden-
sates of ZnS are double-phased compounds. X-ray
analysis not found out oxides and other extraneous
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Fig. 3 — X-ray patterns of ZnS films obtained under different

condensation temperatures 7

The typical EDAX spectrums from the “ZnS/so-
dalime glass” films is illustrated in fig. 4. Along with
lines from Zn and S on spectrums there are lines from
Si, Ca, K, which belong to lining material. It is related
to the small thickness of investigational films by com-
parison to the depth of X-radiation. The lines of Na,
which is one of basic constituents of substrate, coin-
cide with lines of other elements and that is why does
not appear.
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Fig. 4 — Typical EDAX spectrums of the ZnS films on sodalime
glass substrates: @ — depth L=3,2 ym; b — L=1,1 pm
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This is why such techniques as RBS and BS were
applied to explore an elemental composition of the
multilayer Ag/ZnS/glass system. It is necessary to
mention that these techniques were used very seldom
to study ZnS films [10—12]. The BS has improved
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sensitivity to detect low-Z traces in high-Z matrix and
deeper probing. At the same time, the RBS technique
has better sensitivity to analyze high-Z elements in
low-Z substrates, lower value of profiling depth. From
the other side RBS has higher depth resolution and
more accurate detection of the absolute trace ele-
ment concentration [10]. Thus both techniques are
complementary each other and give us possibility to
obtain more detailed information about the ZnS film
depth, thickness averaged stoichiometry of ZnS films
and roughness of the Ag-ZnS and ZnS-glass interface
layers.

Typical BS and RBS spectra obtained from Ag/ZnS/
glass system are shown in Fig. 5,6. As we can see, over-
lapping of the partial spectra from the matrix and thin
layers occurs. Values of thickness were extracted from BS
spectra and found out to be L=1.1, 1.8 and 3.2 um.
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Fig. 5. Elastic proton backscattering spectras from multilayer

Ag/ZnS/glass system obtained by different grow conditions.

Kinematic edges of the elemental partial spectra are shown by
arrows

Fig. 5 shows that the peaks from Zn, S are good
separated from each other at 573 K in the case of ZnS
thin film (L=1.1 microns), but in the case of more
thick layers (L=1.8-3.2 microns) the partial spectra
overlap at 623 and 873 K, and it makes data han-
dling more difficult. Using “He™ analysing beam, the
spectra overlap even in the case of ZnS thinnest layer
(Fig. 6).
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Fig. 6. Energetic *“He* RBS spectra from multilayer Ag/ZnS/glass
systems obtained by different grow conditions. Kinematic edges of
the elemental partial spectra are shown by arrows



As a result of the simulations using SIMNRA and
DVBS codes, depth concentration distribution of the
multi-layer system was extracted. Some results of the

data handling for the sample prepared at 7, = 873 K
are presented in Table 1.

Table 1
Elemental depth distribution in multilayer Ag/ZnS /glass system

L, C, atomic %

nm Ag n S Ca Si Al Mg Na (0] H
104,7 73.0 24,6 2.4 0 0 0 0 0 0 0
166,5 17,2 32,7 48.9 0 0 0 0 0 0 1,1
219.0 1,2 349 51.5 0 0 0 0 0 6.7 5,6
250.4 0 42.1 55.3 0 0 0 0 0 1.7 1.0
399.2 0 43.1 55.8 0 0 0 0 0 0 1.1
763.8 0 43.6 56.1 0 0 0 0 0 0 0,2
1146.9 0 43.8 56.0 0 0 0 0 0 0 0,2
1534,2 0 43.8 56.0 0 0 0 0 0 0 0,2
1836.,8 0 43,1 55,1 0 0 0 0 0 0 0,8
1989.6 0 374 54,4 0.4 0,1 0 0 0 7.7 0,7
2096.7 0 32,7 49.4 2.5 2.9 0 0 0 9.2 3.3
2350.8 0 25.1 38.6 2.3 12,3 0 0 0 10.9 10.8
2611,1 0 13,5 8.0 2.7 17,4 0 0 0 29.3 29.0
35340,5 0 0 0 3 25 1 1 10 60 0

Traces of Si, Ca, Na diffused from glass substrate
to chalcogenide were explored in ZnS film at high
temperatures of the layer growth 7,. Some small con-
centration of W impurity caused by using of tungsten
evaporator for the deposition to obtain ZnS films was
detected on the surface of the films. Oxygen was ob-
served only in the near-surface layers of the film where
the oxide phase formation is possible, for example,
ZnO, and in the film interface layers. It is necessary
to mention that oxygen concentration reaches 3—8%
in the ZnS films prepared by pyrolysis and chemical
solutions methods and such films are rather solid state
solution like ZnS, 0, , [3]. In the vacuum condensates,
typical concentration of oxygen does not exceed 1—2%
which has been confirmed experimentally. Carbon
impurities were also found out on the surface of ZnS
films. As additional studies have shown, these impuri-
ties ingress into samples from the residual gas atmos-
phere of the vacuum scattering chamber of RBS beam
lines. For RBS spectra simulation hydrogen concen-
tration is usually used in the sample composition as a
model of the film pores, single vacancies etc.

Fig.7 shows the resulted types of depth distributing
of concentrations components (Zn, S) of Ag/ZnS/
glass multilayer structure obtained by RBS method.
Results of «tailing» size of Zn/S concentration pro-
files in the transitional layer of Ag-ZnS in number and

high-quality conform to information from measuring
of roughness of films surfaces resulted on Fig. 2.
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Fig. 7 — Effective elemental depth profiles of Ag/ZnS/glass system
obtained by Elastic backscattering spectrometry

Fig. 7 shows that stoichiometry of ZnS films de-
pending on T, and layer thickness. For the film depos-
ited at T, = 863 K, it is observed some increasing in S
in the narrow near-surface sublayer.

Table 2 presents the results of average layer ZnS
film stoichiometry obtained using RBS and BS tech-
niques.

Estimation of the effective stochiometric composition of ZnS layer fable2
BS data RBS data
Sample | T, K | T.K "0 "% | coat% | C,./C, | Coat% | Coat% | C,/C
ZnS-1 1373 573 49,5 48,9 1,01 39,0 49,0 0,80
ZnS-3 1373 623 43,8 56,1 0,78 39,5 49,0 0,81
ZnS-2 1373 873 42,6 57,2 0,75 38,0 49,0 0,77

A relative error of the effective stoichiometry com-
position value of ZnS layer extracted from the BS data
could be more than 20%, at the same time that de-
rived from the RBS spectra does not exceed 2—4%.

Comparing the results obtained using different tech-
niques, it is clear that those are within the limits of
experimental error.
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The obtained element concentration ratio C,,/Cs
~0.8 of the compound is found out quite unexpected
and require to be elucidated using different analys-
ing techniques. According to RBS results, ZnS films
ought to be double phase and sulphur reached. But
XRD, optical and SEM data are in contradiction with
the RBS findings. The last techniques do not detect
the sulphur precipitates.

The other literature works on the using of the RBS
technique to study of ZnS films show that ratio of
C,/Cs~0.91[11],1.02 [12] and 1.22 [13] that is to say
there are enrichment of Zn-atoms in the condensates.
From the other side in the Ref. [15] where explored
ZnS films were deposited using photo-chemical dep-
osition method and characterised using SEM/EDAX
technique the authors had obtained the results similar
to our ones — C,,/C~0.71-0.81. The paper [16] at-
tracts especial interest where the authors were stud-
ied a variation of the stoichiometric composition ZnS
films at different substrate temperatures using SEM/
EDAX which is quite similar to RBS technique. It was
found out that C,,/Cqratio increase from 0.88 up to
1.19 at increasing of 7, from 473 to 623 K, respective-
ly. The C,,/Cgration is also varied in depth from the
value of 0.97 naer substrate up to 1.11 near the surface
layer, respectively [17].

4. CONCLUSIONS

The structural investigation was spent and nonde-
structive elemental analysis of multylayer Ag/ZnS/glass
structure obtained by CSVS technique under different
grow temperatures was carried out. Two temperature
ranges where the film growth is going under different
mechanism were determined. It was established that
ZnS films deposited at 373<7.<573 K have ZB struc-
ture. At 7, > 573 K the traces of WZ phase are appear-
ing in ZnS films, their amount somewhat increases
under increasing the 7.. By means of RBS and BS
methods the chemical composition of condensates was
determined and component distribution of compound
as function of multylayer system depth was obtained.
It was shown that thickness averaged stoichiometry of
ZnS films were determined by deposition regimes and
were varying in Zn-to-S ratio range 0.77--0.81.
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K the traces of WZ phase are appearing in ZnS films, their amount somewhat increases under increasing the 7.. RBS and BS techniques
allow to determine atomic concentration of compound elements and atomic concentration of the element depth distributions. It was
shown that thickness averaged stoichiometry of ZnS films were determined by deposition regimes.
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JOCJIKEHHSA EJJEMEHTHOTO CKJIAZLY TA CTPYKTYPU BATATOIIIAPOBOI CUCTEMM Ag/ZnS/CKJIO

B po6ori npoBeneHe nociimkeHHsT MTpodijiB po3Moaiy eIeMEHTIB 32 TOBILIMHOIO, CTPYKTYPHUX BJIACTUBOCTEN Ta IIOPCTKOCTI
TOBEPXHi IJIiBOK ZnS B 6araToiaposiit cuctemi Ag/ZnS/ckno. lllapu cynbhiny HIMHKY B cUCTeMi OyJTM OTpMMaHi METOIOM BaKyyMHO1
cy6mimattii B 3aMkHyTOMY 00°‘eMi (CSVS) npu pisHuMX TemriepaTypax KoHaeHcallii. BuBueHHs1 Mopdosorii moBepxHi MPOBOAMIOCH 3a
TTOTTIOMOTOI0 JIa3epHoi iHTepdepomMeTpii 3i 3MilieHO0 (hazoto. CTpyKTYpHi TOCTiKEHHS TIPOBOAIINCH 3 BUKOPUCTAHHSIM METOY PEH-
TreHiBcbkoi nudpakiii (XRD). BuBueHHs po3roainy eJ1eMeHTiB 3a TOBILIMHOO Ta TOBIIMHU ILTiBOK ZnS OyJ10 3[iliICHEHO 3a 1I0IOMO-
roto pe3epdopaiBCbKOro i Mpy>KHOTo 3BOPOTHOTO PO3CiloBaHHSI MPOTOHIB Ta ioHiB resito-4 (RBS). [Tokazano, mwo npu 373<7,<573 K
IUTiBKK ZnS MaloTh KyOiuHY CTPYKTYpPY, B TOM Yac sIK MPY BUIIKUX TeMIepaTypax MMiIKIaaKy BOHU CTalOTh I1BoX(ha3HUMM. B pesynbraTi
BU3HAUEHUIi €JIEMEHTHUIA CKJIal KOHIEHCATiB, MOOYNOBAHUI PO3IO/LT €JIEMEHTIB 0araToiapoBoi CUCTEMU Ta CTEXiOMETPisl MJ1iBOK
ZnS 32 TOBIIMHOIO.

Y1K621.382
A. T. barnor, C. M. JlysaHnos, /1. I. Kypbatos, A. C. Onanactok
HCCJIEJOBAHUE ETJEMEHTHOI'O COCTABA U CTPYKTYPbI MHOI'OCJIOMHOM CUCTEMBI Ag/ZnS/CTEKJIO

B pabote npoBeaeHo usyueHue npoduiieit pacrpeaeaeHus 3JeMeHTOB O TOJIIMHE, CTPYKTYPHBIX CBOMCTB U LLIEPOXOBATOCTH MO-
BEPXHOCTH JIs1 TUIEHOK ZNnS B MHOTOCJIOMHOM TUIeHOUHO# cucteMe Ag/ZnS/crexio. [1nenku cynbduaa uuHka B cucteme ObUM Mo~
JIy4eHbI METOIOM BaKyyMHOI CyOIMMaliu B 3aMKHYTOM oobeMe (CSVS) npu pa3HbIx Temmiepatypax KoHAaeHcauuu. M3yueHue Mop-
(hosornu MoBEpXHOCTU MPOBOIUIIOCH C MTOMOLLBIO JIa3epHOIl MHTEPhEPOMETPUH CO cMelLeHHO (hazoit. CTpyKTypHbIE UCCIeI0BaHUSs
MPOBOIMJINCH C UCIIOJIb30BaHUEM MeTOAa peHTreHoBcKoi mudpakiuu (XRD). M3yuenune nipoduseii pacipeneneHus 3J1eMEHTOB 110
TOJILIIMHE U TOJIMHBI TUIEHOK ZnS ObUIO OCYILECTBIEHO C TOMOLIbIO Pe3ep(OpIOBCKOTo U YIPYroro 00paTHOrO paccesiHusl MpoTo-
HoB 1 noHOB renusi-4 (RBS). [Nokazano, yto ipu 373<7,<573 K mieHku ZnS uMeroT KyOMUECKYIO CTPYKTYpPY, a Tpu 00jiee BHICOKUX
TeMIepaTypax MoUIOXXKH OHU CTAaHOBATCS ABYX(asHbIMU. B pesysbraTe ornpenesaeH 3JeMeHTHBI COCTaB KOHAEHCATOB, MOCTPOSHO

pacripeieieHie JIEMEHTOB MHOTOCTIOMHOM CUCTEMBI 1 CTEXMOMETPHH TUIEHOK ZNS T10 TONIINHE.
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