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The optical properties, chemical and phase composition of Zn,Cd,_, S films obtained by
close-spaced vacuum sublimation (CSS) were studied using X-ray diffraction, energy dis-
persive X-ray analysis and optical spectroscopy methods. The solid solution films were
deposited at the substrate and evaporator temperatures of T, = 5738 K and T, = 1273 K,
respectively. ZnS and CdS powders were mixed with different weight ratios (x = 0; 0.2;
0.4; 0.6; 0.8; 1.0) for further deposition of Zn,Cd,_,S films. It was found that the optical
properties (band gap, transmission and absorption coefficients) of Zn Cd,_ S films depends
on the chemical composition and can be controlled by the weight percentages of the initial
powders. It was found that the actual zinc concentrations in the films is higher than
expected and the film thickness reduces with increasing of x. This results demonstrate
that Zn,Cd,_,S solid solutions films obtained by CSS have improved optical parameters,
high crystal quality and good stoichiometry.
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WsyuyeHnsl onruyecKme cBONCTBa, XUMHUUYecKU# 1 (hasoBelil cocraBel mirenoxk Zn,Cd,_.S,
MOJYUYEeHHLIX BAaKYYMHLIM HCIIapeHNeM B KBasU3aMKHYTOM o0heMe. IIJIeHKH TBepAOro pac-
TBOPAa HAHOCUJMN IIPHM TeMIIepaTypaxX NOAJOKKM U ucnapurtens T, =573 K u T,=1273 K
cooTBeTcTBeHHO. Hna nanpHeiimero ocampenusa miaenok Zn,Cd, S MMOPOIIKN ZnS u CdS
CMeIIaHbl B PA3JIUYHBIX BeCOBBIX cooTHoureHuax (X = 0; 0,2; 0 4 0 6; 0,8; 1,0). Obuapy:xe-
HO, UTO OHTUYecKue cBoiicTBa (KO3 pUIlMeHT HPOIIyCKHON CII0COOHOCTH, KO((PUIIMEHT IIPO-
ITyCKaHMA U IoTrjoufenus) mireHox Zn,Cd, S 3aBMCAT OT MX XMMUYECKOTO COCTABA M MOTYT
PeryInpoBaTLCA BECOBBIM COCTABOM HMCXOAHON NMIMXTLI. YCTAHOBJIEHO, UTO (PaKTUUecKUe KOH-
IEeHTpanuy IUHKA B MJIEHKAX BLIIIe, UeM OMKHIANOChL, a TOJIMHA ILJIEHOK YMEHLIIAeTCS C
yBequeHneM X. OTH Pe3yJbTAThl MOKA3HIBAIOT, UTO TOHKME CJIOU TBepAoro pacrsopa Zn,Cd, S,
nosayuennsie MetogoM KCO, mMenT yayullleHHLIe ONTUYECKUE IapaMeTPhl, BLICOKOEe KAuecT-
BO KPUCTAJJIOB U XOPOIIYIO CTEXNOMETPUIO.

Ximiuamii, cdasosmit ckaag Ta omrmuHi Baactmeoctri mrisox Zn Cd, .S ogepammx
BAKYYMHHMM BUNIAPDOBYBAaHHAM y KBasizamxHeHOMy 006’emi. JO.C.€pvomenro, A.C.Onarnacwox,
A.A.Bosnuii, 1.0.Illnemuuii, I0.11.I'namenkxo, B.I.I'pebunaxa.

Busueno ontuuni BiacruBocti, Ximiunuii ta ¢asoBuil ckian ILIIBOK ZnXCd1_XS, oTpuMa-
HUX BaKYYMHIM BUIIAPOBYBAaHHAM y KBasisamxuenomy o6’emi (K30). Ilnisxku TBEpIOro pos-
UMHY HAHECeHO NPW TeMIeparypax miixaagxum i sunapamra I'y =573 K ra T,= 1273 K
Bigmosigwo. Husa momaneimoro ocamxenHsa mrisox Zn,Cd, S mopomku ZnS ta CdS smimani

16 Functional materials, 26, 1, 2019



Yu.Yeromenko et al. /| The chemical, phase composition ...

y pisumx BaroBux cmiBBigmomenuax (x = 0; 0,2; 0,4; 0,6; 0,8; 1,0). Bussseno, 1o onTuyHi
BJIACTUBOCTI (KoedilieHT mpomycKHOI 3AaTHOCTI, KoediIlieHT MpomycKaHHA Ta TMOTJIMHAHHSI)
mrisok Zn,Cd, S same:xars Big ix ximiuHoro ckiagy i MOMYTh pPeryaoBATHCA BATOBIM
CKJAIOM BHUXigHOI muxTtu. BeranosieHo, mio (akKTUYHI KOHIEHTpaIil IMHKY y ILIiBKax
BUIIi, HiK O4YiKyBaJsocs, & TOBIMHA ILUIIBOK 3MeHINyeTbcsA 3i 30imbpmienHsam x. IIi pesyabraru
HOKAa3yI0Th, IO TOHKI mapu TBepgoro posumny Zn,Cd, S, orpumani merogom K30, marors
HOJIIIIIeH] ONITUYHI ITapaMeTpH, BUCOKY SAKICTH KpPHUCTAJIB i Xopolry crexiomerpiio.

1. Introduction

In recent years, the interest of scientists
in new semiconductor materials with spe-
cific properties has increased. Semiconduc-
tor thin films are widely used as the func-
tional layers in optoelectronic and photovol-
taics devices. Therefore, deposition of the
thin films with optimal optical charac-
teristics, there is one of the most important
tasks for researchers [1, 2].

Today, the most common devices in pho-
tovoltaics are silicon-based. Thin films het-
erojunction solar cells can be attractive al-
ternative. In photovoltaic cells with CdTe,
Cu(In,Ga)Se, (CIGS) and some other ab-
sorber layers cadmium sulphide (CdS) is
traditionally used as a window layer [3-5].
However, replacement of CdS layer is also
considered today. One of the most promising
candidates for window layer replacement is
Zn,Cd,_,S [6]. Solid solutions thin films have
superior optical characteristics. At the same
time, adjusting Zn content allows to regulate
band gap and lattice parameters [7]. It pro-
vides increased transmission of the window
layer in wide wavelength range, and the re-
combination losses decreasing at the bounda-
ries of the contacting materials.

Zn,Cd,_,S thin films can be fabricated
using a number of methods, such as: spray
pyrolysis [8,9], chemical bath deposition,
dip coating, and others [10]. However, it is
well known that semiconductor layers with
the best characteristics are usually obtained
by vacuum methods [1, 2]. Among them,
close-spaced sublimation (CSS) is one of the
most attractive. This method allows to ob-
tain high purity semiconductor films, with
controlled growth conditions and optimal
structural, optical and electrical charac-
teristics [2, 11]. Therefore, CSS method was
chosen for Zn,Cd;_,S thin films producing.

The structural and optical properties of
CdS and ZnS films, deposited by CSS, were
studied in the works [12—-16]. However, the
properties of Zn,Cd,_,S films, obtained by
CSS method, have not been studied well
enough. The purpose of this work is to in-
vestigate the influence of the growth condi-
tions on the elemental compositions, struc-
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tural and optical properties of CSS-evapo-
rated Zn,Cd,_,S thin films.

2. Experimental

Zn,Cd,_,S solid solutions thin films were
obtained in a VUP-5M vacuum chamber by
close-spaced sublimation. It was grown the
two series of samples at similar conditions:
on glass (for X-ray diffraction and surface
analysis) and on ITO coated glass substrates
(for optical characteristics and elemental
composition investigations, with further
study of electrical properties). In both cases,
the substrates were cleaned using isopropyl
alcohol, and afterwards annealed in vacuum.

Among deposition parameters, the two has
huge effect on the films properties, namely
substrate (T,) and evaporator (T,) tempera-
tures [2, 11]. This temperatures were set to
T,=573 K and T, = 1273 K, respectively.
As a source material for Zn,Cd,;_, S deposition
was composed of ZnS and CdS powders that
were mechanically mixed with the different
weight proportions (x = 0; 0.20; 0.40; 0.60;
0.80; 1.0). In all cases, 1 mg of powder was
evaporated. The weight percentage of ZnS
and CdS powders were evaluated using the
precision weights. This has allowed us to ob-
tain pure films of initial materials, and solid
solutions films with different Zn percentages.
Details of close-spaced sublimation technique
are described in [14].

The method of investigating the struc-
tural characteristics and elemental composi-
tion of the CSS-evaporated films of II-VI
compound solid solutions (Cd,_,Zn,Te) is de-
scribed in [17]. X-ray diffraction (XRD)
method was used for the phase composition
investigations. The measurements were car-
ried out in the range of 26 = 25°-120° (26
— is the Bragg angle), using DRON 4-07
diffractometer, with Ni-filtered Cu K, radia-
tion and Bragg-Brentano focusing. Phase
analysis of Zn,Cd,_,S films was performed
by comparing interplanar distances and
relative intensities of the investigated films
and the references JCPDS [18-20].

Scanning electron microscopy method
(REM-100) was used to carry out the sur-
face morphology investigations. The average
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grain sizes of the samples were estimated by
using Jeffries formula:

D= kVSO/M_zng, (1)

where £ — is the coefficient of grain shape;
S is the area of the micrograph region; M is
the magnification; n, is the number of
grains on the selected region.

The elemental composition of Zn,Cd;_,S
films was studied using the energy disper-
sive X-ray (EDX) analysis equipped to scan-
ning electron microscope (REM-106i). We
determined the atomic concentrations of the
elements in Zn,Cd,_ S solid solutions and
also calculated the relative concentration of
zine (x). To prevent misinterpretation of the
results of chemical analysis, the background
spectrum of substrate was subtracted.

The optical studies were carried out at
the room temperature by SolidSpec-3700
UV-VIS-NIR spectrophotometer in the wave-
length range A = (300-1500) nm. The trans-
mittance spectrum T(\) was measured consid-
ering the substrates spectral properties. First
of all, we obtained ITO-coated glass sub-
strates basic spectrum. Afterwards it was
automatically subtracted. The illumination
was performed from Zn,Cd,;_S film side.

In spectral distributions of transmission
coefficient T(A), we have observed interfer-
ence fringes due to the multiple reflections
of the two film interfaces. This indicates
that the films prepared under the experi-
mental conditions are smooth and uniform.
These interference peaks are used to deter-
mine the film thickness, which is calculated
using the following formula [21]:

g tat2 , (2)
2n(hg — Ay)

where 7»1,2 is the wavelengths of two adjacent
minimums of maximums; n is the refractive
coefficient of material, which was taken from
the reference [21]. In each case, calculations
of the films thickness have been carried out
using the value of the first two maxima.

The absorption spectra of Zn,Cd,_,S, re-
quired for optical band gap E_, calculations,
was calculated using Lambert-Beer law:

1
o= - InT, (3)

where T is the optical transmittance; d is
the thickness of the film.
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The optical band gap of the material has been
determined using the formula for the semicon-
ductors with direct band gap energy [21]:

ahv = Ag(hv — E)1/2, (4)

where A, is the constant dependent on the
charge carriers effective mass in the mate-

rial; kv is the photon energy.

It follows, that the optical band gap E, can
be defined by extrapolation of the linear part
of (athv)2 — hv plot onto the kv (energy axis).

3. Results and discussion

The wvisual inspection revealed that
Zn,Cd,;_,S films were optically transparent
and homogeneous.

XRD patterns of the obtained films
showed in Fig. la. As a result of XRD-
analysis it was determined, that depending
on different elemental compositions of the
layers, (002) peaks from hexagonal phase of
CdS or (111) peaks from cubic phase of ZnS
were dominant. Moreover, when x > 0, the
diffraction peaks shift toward the higher
20 values relatively to pure CdS (Fig. 1b).
This indicates that obtained films are actu-
ally present solid solutions of the specified
materials, also witnessing of the lattice mi-
crostrains [22]. It was found that in CSS-
evaporated Zn,Cd,_, S films a phase transi-
tion from the hexagonal to the cubic struc-
ture is occurring at x >0.8. A similar
phenomenon was observed in the other
works, where composition dependence of
structural properties was studied [23—-25].

SEM images of the films surface showed
in Fig. 2. The layers consist of grains with
very different sizes. The average grain size
varied from 0.85 um for CdS to 1.15 um
for ZnS, respectively. In general, CSS de-
posited Zn,Cd,_,S films grain sizes is much
larger, than chemically deposited layers,
where average grain sizes does not exceed
0.1 um [8-10]. Larger crystalline sizes lead
to reduced interface recombination, in-
creased lifetimes and larger mean free path
of the charge carriers. It improves also op-
tical properties of the films and should
allow increasing the efficiency of solar cells
[13—-14]. The transmittance spectrum de-
pendences of the samples with different Zn
concentration are presented in Fig. 3a. The
appearance of interference fringes indicates
that the surface of prepared films is homo-
geneous and smooth.

As can be seen in Fig. 3a, films has the
high transmittance in a wide wavelength
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Fig. 1. XRD patterns of Zn Cd,_ S films with different weight concentration of zinc x in initial
powder (a) and shift in (002) peek positions of Zn Cd,_ S (weight concentration x = 0.60), relatively

CdS (x = 0) (b).

x4.00k

20.00kV

Fig. 2. SEM images of the Zn,Cd,_ S films with different weight concentration of zinc x in initial

powder: 0 (a); 0.40 (b); 0.60 (c); 1 (d).

range. As expected, the lowest transmit-
tance has pure CdS (x = 0) sample, having the
largest thickness of the film, and the smallest
optical band gap value. The best transmittance
has pure ZnS and Zn,Cd;_ S solid solutions
thin films. Regarding the interference, the
maximum transmittance was observed for the
layers with x =1 (A =410 nm, T = 98.83 %)
and x=0.4 (=655 nm, T =97.562 %).
However, the average transmittance increased
with elevated Zn content and decreased film
thicknesses. Also, it was observed, that ZnS
and CdS shows high transmittance in a nar-
row wavelength range, while Zn,Cd;_ S films
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have T > 70 % in a wide wavelength range.
It can be explained by the fact, that while
every initial material has best transmittance
in various spectral ranges, their solid solu-
tions films have the properties of both mate-
rials superimposed.

The transmittance coefficients wvalues
were used to calculate and plot the optical
absorption spectrum using formula (3). The
spectral distribution of the absorption coef-
ficients o chartered in Fig. 3b. As can be
seen, there is a tendency to reduced a with
increasing of zinc weight concentration (x),
when A = const. The best absorption was ob-
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Fig. 8. Optical transmission spectra (a) and absorption spectra (b) for Zn,Cd,_ S films with different
weight concentration of zinc x in initial powder: 0 (1); 0.20 (2); 0.40 (3); 0.60 (4); 0.80 (5); 1 (6).
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Fig. 4. (0hv)2 — hv dependences (a) and determination of zinc concentration (xop) by band gap values
(b) of the Zn,Cd,_ S films with different weight concentration of zinc x in initial powder: 0 (1);

0.20 (2); 0.40 (3); 0.60 (4); 0.80 (5); 1 (6).

served for pure CdS films, the worst — for
pure ZnS films. The absorption in higher-lying
band gap region was o = (2:104-4.10%) m™1.

To determine optical band gap of mate-
rial E, using the dependences on Fig. 3b,
(ahv)2 — hv graphs were plotted. The linear
parts of these graphs were extrapolated to
the photon energy axis. The point of inter-
section with the axis gives us the optical
band gap energy E,. The results of band
gap determination for CdS, ZnS, and their
solid solutions are presented in Fig. 4a.
The analysis of the results shows, that
band gap of investigated films wvaried in
the range from E, = 2.47 eV (CdS, x = 0)
to E,=38.74 eV (ZnS, x = 1).

Tﬁe calculated values of optical band gap
are in a good agreement with the reference
data [26, 27]. In the work [26] for films pre-
pared by spray-pyrolysis, band gap varied
from E_, = 2.44 eV for CdS to E,=3.75 eV
for ZnS. The band gap of sintered Zn,Cd,_,S
(x =0-1) films varied from 2.44 to 3.50,
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respectively [27]. Moreover, in all cases was
observed increasing E, with zinc content
growth.

Afterwards the determined E, values
were used to estimate real zine concentra-
tions in the films (xop) by the Vegard’s law
(Fig. 4b) [28, 29]. The results are presented
in the Table. It was found, that chemical
composition was significantly different than
expected from weight concentrations of in-
itial powders. It was observed that zinc con-
centrations x,, was higher, than expected.

Further, EBX method was used for more
precise investigations of the elemental com-
position. The results of elemental composi-
tion investigations by different methods
and stoichiometry (C(z,,cq)/Cs) summarized
in the Table. As we can see from the Table,
the results of EDX measurements correlate
with optical investigations values x,,. How-
ever, there is some discrepancy between two
methods for x =0.20 and x = 0.40 zinc
weight concentrations in the initial powder.
This can be explained as result of the

Functional materials, 26, 1, 2019
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Table. The results of Zn, Cd,_,S films investigations

X E, Xop ¥EDX Zn Cd S Czn+ca/Cs
Expected from Zn eV Determined | Determined by at. % at. % | at. %
weight concentration from E, EDX method
0 2.47 0 0 - 49.93 | 50.06 1.00
0.20 2.71 0.19 0.36 17.30 33.51 | 49.19 1.03
0.40 3.27 0.63 0.74 35.69 13.37 | 50.94 0.96
0.60 3.58 0.87 0.88 41.01 6.02 52.97 0.89
0.80 3.66 0.93 0.95 44.78 2.53 52.69 0.90
1.00 3.74 1.00 1.00 46.95 - 53.05 0.89
1,2 T
g a) cd 1000
‘ 1600 (B} 1572 S T=1273K |
; 800F — - -CdS o
ki \ 1400 | i
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Fig. 5. The dependence of the films stoichiometry C,,-4/Cg on zinc content x,,y, which was
indicated by EDX method (a) and thickness of Zn,Cd, S films with different zinc concentrations
xXppx (0). The typical characteristic EDX spectra of Zn,Cd,_,S solid solutions films and dependences
of ZnS and CdS gas pressure on temperature are presented on insets.

Vegard’s law for E, determination, instead
of using more complex and accurate non-lin-
ear model [30] and measurements from dif-
ferent points on the film. In Fig. 5a showed
the dependence of the films stoichiometry
on zinec content (xppx). As we can see from
the Figure, the films with xzpx = 0-0.50 is
close to stoichiometric. At the same time,
the samples with xppxy > 0.50 have some
excess of sulphur.

As indicated above, the interference
fringes in the dependence of the transmis-
sion coefficient on wavelength were used to
calculate the films thickness. The results of
appropriate calculations are presented in
Fig. bb. We plotted film thickness versus
xppx Vvalues, because EDX method is the
most accurate. Thickness of obtained films
decreased with increasing the zinc content
from 1.57 uym to 213 nm (Fig. 5b ). This
can be explained by the features of evapora-
tion process in vacuum. Initial powder con-
sists of mixing CdS and ZnS compounds.
ZnS gas pressure is much smaller than CdS
gas pressure (inset in Fig. 5b). Therefore,
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with increasing of zinc concentration flux
density of evaporated substance and film
thickness is decreased.

4. Conclusions

The elemental, phase composition and op-
tical properties of Zn,Cd,_,S films obtained
by CSS were studied. It was found, that
optical band gap of the deposited films in-
creased from E, = 2.47 eV (CdS) to 3.74 eV
(ZnS) with increasing of zinc content x
from O to 1. The values of zinc concentra-
tions determined from EDX analysis is in
good agreement with values obtained from
optical studies. However, concentrations
were significantly different in comparison
with the initial weight concentrations. The
stoichiometry of the films is also affected
by Zn concentration and varied from 1.00
(x =0) to 0.89 (x =1).

We have observed the tendency of the
increase of transmission coefficients of the
Zn,Cd,_,S films with increasing zinc con-
centration. Also, solid solutions films have
better transmittance in wide range of the
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spectrum, than initial CdS and ZnS. The
optical interference fringes observed in the
transmission spectra were used to calculate
the thickness of Zn,Cd,_,S films. It was
showed that the films thicknesses were re-
duced with the increase of x in the range of
1.57 um to 213 nm. The analysis of the ex-
perimental data allows us to conclude that
Zn,Cd;_,S solid solutions films have im-
proved optical characteristics.

Therefore, Zn,Cd,_,S films deposited by
CSS at conditions to T, =573 K and T, =
1273 K showed the promising physical and
optical properties to use as the novel win-
dow layer for second (CdTe, CIGS) and third
(CZTS) generation thin film solar cells.
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