
lable at ScienceDirect

Vacuum 119 (2015) 81e87
Contents lists avai
Vacuum

journal homepage: www.elsevier .com/locate/vacuum
Morphological, structural, compositional properties and
IR-spectroscopy of CdSe films deposited by close-spaced
vacuum sublimation

M.M. Ivashchenko a, *, A.S. Opanasyuk b, V.I. Perekrestov b, V.V. Kosyak b, Yu.P. Gnatenko c,
V.M. Kolomiets d

a Konotop Institute, Sumy State University, Myru Ave. 24, UA-41600 Konotop, Ukraine
b Sumy State University, Rimsky-Korsakov Str. 2, UA-40007 Sumy, Ukraine
c Institute of Physics of National Academy of Sciences of Ukraine, Nauky Ave. 46, UA-03028 Kyiv, Ukraine
d Institute of Applied Physics of National Academy of Sciences of Ukraine, Petropavlivska Str. 58, UA-40030 Sumy, Ukraine
a r t i c l e i n f o

Article history:
Received 31 December 2014
Received in revised form
23 April 2015
Accepted 24 April 2015
Available online 7 May 2015

Keywords:
Cadmium selenide
Thin films
Surface morphology
X-ray diffraction analysis
RBS
FTIR
* Corresponding author. Tel.: þ380 98 4302003; fa
E-mail addresses: m_ivashchenko@ukr.net (M.M.

net (V.V. Kosyak).

http://dx.doi.org/10.1016/j.vacuum.2015.04.036
0042-207X/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

The polycrystalline CdSe films were deposited by the close-spaced vacuum sublimation technique at the
different substrate temperatures (373e873 K). Surface morphology, grain size and growth mechanism of
the films were determined by the scanning electron microscopy. The X-ray diffraction analysis of
structural and sub-structural properties of the films was carried out to study their phase composition
and growth texture. The main structural parameters of thin films, such as texture, lattice parameter, grain
size, scattering domain size and micro-stress level have been determined in the work depending on the
condensation film conditions. RBS and FTIR analysis shows that obtained films in general are homoge-
nous and pure. As a result, the growth conditions of CdSe polycrystalline films with good crystal quality
were determined.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The cadmium selenide films are being intensively investigated
as a material for the production of the base layer of tandem solar
cells [1e3], photo-detectors [4,5], high-performance thin-film
transistors [6,7], electrochemical cells [8], photovoltaic devices
[9e11], etc.

In order to effectively use CdSe films in microelectronics it is
necessary to optimize their structural, optical and electrical prop-
erties. It is well known that above mentioned properties depend on
thin films deposition method and growth conditions [9]. Currently,
the magnetron sputtering [10] and chemical methods, namely
chemical bath [11e13], photochemical [14], and electrochemical
deposition [15,16] etc., are the most used techniques for growth of
CdSe films. In most cases the crystal quality of CdSe thin films
x: þ380 5447 25171.
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deposited by these methods is rather low (small grain size, high
concentrations of the extended defects and high level of micro-
strain) [11,12]. The modifications of the thermal vacuum deposi-
tion method such as hot-wall epitaxy and isothermal close-spaced
sublimation allow to obtaining CdSe thin films with improved
crystal properties [17e23]. Due to the technical features of the
evaporator, close-spaced vacuum sublimation (CSVS) method [24]
could be considered as a promising low-cost technique for the
deposition of the high crystal quality CdSe thin films. This method
is widely used for the deposition of the IIeVI compound thin films
under conditions close to thermodynamic equilibrium growth
[24e27]. Unfortunately, this technique doesn't allow to obtain films
at room temperature deposition conditions due to the construc-
tional features of evaporator [24]. The possible way of this problem
solution is in additional thermal shields' usage.

It should be noted, that the photovoltaic properties of ZnTe/CdTe
and ZnS/CdTe hetero-structures were studied by us in Ref. [27]. It
was shown that these structures based on CdTe layer are useful for
photovoltaic device fabrication. In future we assume to study the
ZnTe/CdSe hetero-structure due to the minimal value of the lattice
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mismatch between both layers' materials (d ~ 0.5%). Earlier, the
working parameters and defect structure of ZnTe/CdSe hetero-
structures were estimated by us using theoretical modeling [28].
Besides, in Refs [24e27,29] were studied structural, optical and
luminescence properties of CdTe, ZnTe and ZnS films obtained by
SCVS technique at similar deposition conditions, suitable for use as
the basis layers of high efficiency photo-detectors.

Presently, the structural properties of CdSe polycrystalline thin
films prepared by CSVS method have been studied only in a few
papers [21e23]. The main goal of the present paper is to investigate
the influence of growth conditions on structural, micro-structural
parameters of CdSe films obtained by the CSVS method in order
to optimize deposition process of thin layers with improved crystal
quality.
2. Experimental details

The CdSe thin films were deposited by the CSVS technique (the
description of the equipment for the deposition presented in
Ref. [24]) on cleaned glass substrates from stoichiometric CdSe
powder using the following growth conditions: evaporator tem-
perature Te was kept constant at 973 K, substrate temperature Ts
was varied from 373 to 873 K and deposition time t was 10 min.

The surface morphology of the films has been investigated by
the scanning electron microscopy (SEM). Average grain size (d) in
the layers was estimated by Jeffries method [30]. In order to study
the optical (FTIR) parameters the thin films with thickness l of
about 0.8 mm were used, and for the structural investigations
thicker films l ¼ 5 mm were studied.

The X-ray diffraction (XRD) analysis was carried out by DRON4-
07 equipment with a conventional BraggeBrentano qe2q geometry
(2q is the Bragg's angle) using Ni-filtered CuKa radiation. The
samples were measured in the 2q e angle range from 20 to 80�.

The peak intensities were normalized to the intensity of (002)
peak of the hexagonal phase. Phase analysis was performed by
comparison of the inter-planar distances as well as relative in-
tensities measured from the samples and reference Joint Commit-
tee on Powder Diffraction Standards (JCPDS) data [31].

The texture of the films was determined by the Harris
method [32]. The pole density was calculated as:

Pi ¼ ðIi=I0iÞ=ð1=NÞ
PN

i¼1ðIi=I0iÞ, where Ii, I0i are the integral in-
tensities of i-diffraction peak for the film and reference powder
sample of CdSe, respectively, N is a number of lines observed in the
XRD pattern. The orientation factor was found using the following

equation: f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1=NÞPN

i¼1ðPi � 1Þ2
q

.

The scattering domain (SD) size L and micro-strains level 3were
determined from the broadening of the XRD peaks. Cauchy and
Gaussian approximations were used to separate physical and
instrumental contributions to peaks broadening [33,34]. In order to
separate the contributions in physical broadening from the
dispersive structure of the films and micro-deformation the Hall
approximation was applied [33]. Besides that, micro-strains level
and SD size were calculated by the method based on threefold
convolution of XRD line [24,25]. Lattice parameters of the wurtzite
and sphalerite phases were calculated by the NelsoneRiley
extrapolation method [33,34]. The lattice parameters a (c) of the
hexagonal phase were determined by the graphical convergence
method (line extrapolation).

RBS measurements with helium ions have been carried out
using an accelerator with energy of 1.8 MeV. RBS spectra were
obtained in a vacuum chamber under 4 ¼ 165� scattering angle
using a surface-barrier detector. The spectra were evaluated by
SIMNRA 6.0 program.
The ratio of atomic concentrations in the elements of CdSe
compound had been measured by the position of the partial peaks
maxima using the following equation:

g ¼ CCd=CSe ¼ ðsSeHCdDECdÞ=ðsCdHSeDESeÞ (1)

where sCd, sSe are the scattering cross-sections of the charged
particles by the atoms of cadmium and selenium; HCd, HSe are the
values of the corresponding signals in the spectra; DECd, DECd are
the corresponding energy peaks widths [35].

Infrared (FTIR) spectra of the films deposited on glass-ceramic
substrates were estimated by Fourier-transform infrared (FTIR)
Agilent Cary 630 spectrometer. FTIR spectra were obtained in full-
refraction regime (Diamond ATR appliance). The optical range of
absorbance was changed from 4000 up to 400 cm�1.

3. Results and discussion

3.1. Films morphology

The SEM study has showed that the growth mechanism of CdSe
films is similar to other chalcogenide thin films [19,20,25]. Namely,
it was observed that grain (crystalline) size is increased with the
substrate temperature from about d ¼ 0.1 mm at Ts < 673 K (Fig. 1b,
d) to d ¼ 3.0 mm at Ts ¼ 873 K (Fig. 1a, c). At low-temperature range
(Ts < 673 K) thin films growth occurs via a layer-by-layer mecha-
nism which changes to columnar growth and have a strongly
pronounced pyramidal relief at higher substrate temperatures.
Hence, at low-temperature range the grain size does not depend on
films thickness l and varies only with substrate temperature.
Whereas, at high-temperature range the grain size is increased and
that depends on substrate temperature and thin films thickness.

3.2. Phase composition and texture

The X-ray diffraction patterns of CdSe films obtained at different
substrate temperatures are shown in Fig. 2. As follows from analysis
of XRD patterns the layers are characterized by (002), (112) or (110)
growth textures.

The calculations of the pole density P(hkl) allowed to determine
[002] axial growth texture in CdSe layers obtained at Ts� 773 K. The
perfection of [002] texture depends on growth conditions and in-
crease with the films thickness. This texture is changed to [102] in
the films obtained at higher temperature, namely at Ts ¼ 873 K. It
should be noted that [002] axial texture is typical for wurtzite IIeVI
films deposited by thermal evaporation [22,36]. We assume that
texture of the low-temperature condensates was formed due to
free energy minimum of condensateesubstrate interface, which
promote formation of the (002) closest-packed plane. Also, it is well
known (Ref. [37]) that in the case of the hexagonal lattices the
strongest chemical bonds are realized by atoms placed in semi-
crystal configuration on the crystallographic planes (110) or (101).
Thus, at higher substrate temperatureswhen growth conditions are
close to thermodynamic equilibrium, the growth surface consists
mainly of (110) or (101) planes. From our point of view, this leads to
transition of growth texture from [002] to [102] in the samples
obtained at high substrate temperature. It should be noted that, the
[110], [112] growth textures were observed in CdSe films deposited
by thermal evaporation [13].

The substrate temperature dependence of the orientation factor
f has a complex behavior (Fig. 3). Generically, the texture quality of
the CdSe films decreases with the temperature. However, wave
shaped feTs curve shows two minimums at 570 K and 870 K.
Similar behavior of feTs dependencies was observed in Refs. [24,38]
in the case of CdTe films. The authors assumed that the minimums



Fig. 1. Microstructure of CdSe films: surface morphology of the films grown at different conditions: Ts ¼ 473 K, l ¼ 3.2 mm (a); Ts ¼ 873 K, l ¼ 5.8 mm (c) and their cross sections (b, d).
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on feTs curve could be explained by the change in growth mech-
anism at corresponding temperatures.

In most cases the IIeVI films contain several phases [2,7]. The
transition from meta-stable to stable phase leads to substantial
changes in optical and electrical parameters of thin films. Hence, in
order to produce a high-performance electronic device it is
Fig. 2. X-ray patterns of CdSe powder (a) and films (b) obtained under different
condensation temperatures (Fig. 2b): Ts, K: 373 (1); 473 K (2); 573 K (3); 773 K (4);
873 K (5).
necessary to obtain single-phase films with the stable crystalline
modification.

Detection of meta-stable cubic phase in CdSe films is compli-
cated because most of diffraction peaks from sphalerite and wurt-
zite phases are coincide. For the thin films obtained at low-
temperature range (Ts ¼ (373e473) K) the diffraction peaks from
cubic phase (400) were observed (Fig. 2) at 2q angles of 60.90�. The
value of the lattice constant a ¼ (0.60746e0.60795) nm of cubic
phase calculated from this reflection is in a good agreement with
the reference JCPDS data (a ¼ 0.60770 nm) [31]. This indicates that
thin films obtained at low temperature are bi-phase with low cubic
phase contribution (~3%). However, the samples deposited at
higher substrate temperature (Ts � 573 K) contain only wurtzite
phase. It should be noted that, as a rule, the thermally evaporated
CdSe films have hexagonal structure [18,21,22,36,39]. The bi-phase
structure of the CdSe films obtained at Ts ¼ 493 K was observed
only in Ref. [40].

In some cases, a line of low intensity of unknown origin was
discovered near 52�. The same line can be seen on X-ray patterns
presented in works [39e41], but its nature was not discussed.
Fig. 3. Influence of substrate temperature on orientation factor.



Fig. 4. The substrate temperature dependence of the lattice parameters of CdSe films.
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3.3. Lattice parameters

The lattice parameter of IIeVI compounds is extremely sensitive
to deviation from stoichiometry and to presence of impurities,
oxidation, etc. That is why the precise measurements of the lattice
parameter provide better understanding of above mentioned pro-
cesses. The lattice parameters of initial charge and samples ob-
tained under different growth conditions were determined by the
XRDmethod. Calculation of a, c hexagonal phase lattice parameters
was performed by taking into account position of Ka1 component of
all most intensive XRD lines using the following equations:

a ¼ l

2 sin q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
3
�
h2 þ hkþ k2

�þ �a
c

�2
l2

r
(2)

c ¼ l

2 sin q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
3

�c
a

�2�
h2 þ hkþ k2

�þ l2
r

(3)

where, the c/a ratio is related to lattice parameter of the ideal
wurtzite lattice (c/a ¼ 1.633).

Also, a and c constants were defined more precisely by Nel-
soneRiley method in accordance with procedure discussed in
Ref. [30]. The analysis of the obtained results shows that (002),
(103) and (105) XRD peaks are most suitable for determination of
the c lattice parameter.Whereas, the (100), (101), (110), (112), (201),
(202), (300) and (213) XRD peaks were used to determine a con-
stant. Corresponding ratio c/a (a/c) was used for determination of
lattice parameters in equations (2) and (3). After that the calcula-
tion procedure has been repeated several times (from 3 to 5), till
values a, c and c/awill became constant. Obtained parameters were
used to calculate volume of lattice cell by the next equation:
V ¼ 3

ffiffiffi
3

p
a2c.

The obtained a, c and a/c constants after different number of
iterations are listed in Table 1. The increase in iteration number
leads to increase in lattice parameter a, and to decrease in c/a ratio.
The experimental values of lattice parameters measured for CdSe
charge (a ¼ 0.42983 nm, c ¼ 0.70116 nm) (Fig. 4) are in a good
correlation with the JCPDS reference data (a ¼ 0.42990 nm,
c ¼ 0.70100 nm) [31]. At the same time, the lattice parameters
(a ¼ (0.43036e0.43166) nm and c ¼ (0.69987e0.70246) nm)
(Fig. 4) determined for the thin films, are larger than the reference
data. However, these results are in good agreement with the results
(a¼ (0.42810e0.43040) nm; c¼ (0.69810e0.70200) nm), obtained
in work [41] by NelsoneRiley method for vacuum deposited films.
It should be noted that the values of a and c obtained in present
work using iteration method are more precise than given in
Ref. [42].

As follows from Table 1 the influence of substrate temperature
on lattice parameters of CdSe films shows no clear trend, which
could be explained by deviations from stoichiometry of the com-
pound. As the substrate temperature changes in a broad range from
Table 1
Values of CdSe lattice constants estimated by NelsoneRiley method.

Ts (K) 1st Iteration 3rd Iteration

a c c/a a c

Powder 0.42978 0.70134 1.632 0.42983 0.70116
373 0.43033 0.70303 1.634 0.43047 0.70268
473 0.43058 0.70217 1.631 0.43067 0.70182
573 0.43005 0.70262 1.634 0.43018 0.70227
673 0.43031 0.70247 1.633 0.43079 0.70241
773 0.43061 0.70147 1.629 0.43135 0.70021
873 0.43078 0.70306 1.632 0.43124 0.70237
a ¼ 0.42990 nm, c ¼ 0.70100 nm, c/a ¼ 1.631 [31]
373 K to 773 K, a considerable increase of lattice parameters takes
place (Table 1). This effect may be caused by deformation of the
crystal lattice due to the formation of the intrinsic point defects
during the selenium re-evaporation.

In our work [43] were studied the low-temperature photo-
luminescence (PL) properties of CdSe films obtained at different
substrate temperatures. As a result of these investigations, it was
found that the PL spectrum of the films deposited at Ts ¼ 873 K
exhibit sharp intense donor bound exciton D0X-line, which is
characteristic for CdSe single crystals of n-type, as well as other
bands caused by donoreacceptor emissionwith the participation of
Na(Li) residual impurities. The presence of excitonic emission in-
dicates the high optical quality of the investigated films. It provides
a way to improve structural properties of polycrystalline CdSe films
deposited on a glass substrate which is transparent for CdSe
intrinsic emission to obtain high optical quality films suitable for
optoelectronic and photovoltaic applications.
3.4. Micro-stresses and micro-domains

The average SD size L and micro-stress level 3 were estimated
from physical broadening of (100)e(200), (101)e(202) and
(002)e(105) hexagonal phase XRD peaks. This allows us to deter-
mine SD size from broadening of XRD peaks of planes (002)e(105)
and (100)e(200) parallel and perpendicular to the axis c, respec-
tively. It was difficult to find pairs of XRD reflections which corre-
spond to the parallel planes. That is why the low angle (002)e(105)
XRD peaks at 25� were used for SD size calculations.

The typical Hall graphs are presented in Fig. 5. These results
were obtained with using Cauchy and Gaussian approximations
and are presented in Table 2.

It is well known that for determination of SD size and micro-
stress level the technique based on three-hold convolution is
more precise than the conventional Hall approximation method.
Therefore, sub-structure parameters were obtained with aid the
5th Iteration V � 1028 (m3)

c/a a c c/a

1.631 0.42983 0.70116 1.631 6.73
1.632 0.43073 0.70240 1.631 6.77
1.630 0.43069 0.70246 1.631 6.75
1.633 0.43036 0.70149 1.630 6.77
1.630 0.43076 0.70167 1.629 6.78
1.623 0.43166 0.69987 1.621 6.79
1.629 0.43142 0.70214 1.628 6.77



Fig. 5. Typical Hall graphs by X-ray graphs of CdSe film obtained at Ts ¼ 373 K. Cauchy
(a) and Gaussian (b) approximations.
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equations presented in Ref. [26]. The results of calculations are
summarized in Table 2. In amost cases, the SD size and values of the
micro-stress level obtained by three-fold convolution method are
intermediate between the values obtained by Cauchy and Gaussian
approximations. The observed good correlation indicates reliability
of calculations. Further, we will discuss only the most precise re-
sults obtained by the three-fold convolution method (the calcula-
tion error for L and 3 is less than 16%) [44].
Table 2
CdSe films sub-structure characteristics.

Ts (K) (hkl) L (nm)

Approximation by From

Gaussian Cauchy

Powder (100)e(200) 57.8 72.5 59.9
(101)e(202) 41.6 39.9 41.6
(002)e(105) 52.2 49.2 52.0

373 (100)e(200) 47.9 55.2 48.7
(101)e(202) 76.6 154.8 93.2
(002)e(105) >200 >200 >200

473 (100)e(200) 50.1 82.3 56.8
(101)e(202) 68.3 75.2 69.0
(002)e(105) >200 >200 >200

573 (100)e(200) 67.6 64.1 67.5
(101)e(202) 36.3 50.7 38.0
(002)e(105) >200 >200 >200

673 (100)e(200) e e e

(101)e(202) 49.7 88.9 57.9
(002)e(105) >200 >200 >200

773 (100)e(200) >200 >200 >200
(101)e(202) 55.5 59.4 48.1
(002)e(105) >200 >200 >200

873 (100)e(200) e e e

(101)e(202) 66.8 80.7 71.3
(002)e(105) 62.2 64.5 62.3
It could be assumed that scattering domains have a cylindrical
form. The cylinders are elongated in the c direction, hence the
cylinder's height is along the (002) plane and its diameter coincides
with (100) plane. In the case of samples obtained at low-
temperature (Ts ¼ 373 K) the height of cylinders is about
L(002) ~ 200 nm, which is several times larger than diameter
L(100) ~ 49 nm. The diameter and height of cylinders are some
changed with the substrate temperature to about 200 and 48 nm,
respectively (for the sample deposited at Ts ¼ 773 K). It can be
explained by stacking faults formation by the analogy to ZnS films
[25].

The micro-stress level in films is different along different crys-
tallographic direction. In general, the micro-stress levels in the
direction parallel to the c crystallography axis
(3(002) ¼ (0.2e4.1) � 10�3) are 2e5 times larger than for perpen-
dicular direction (3(100) ¼ (1.1e2.8) � 10�3). Meanwhile, the
behavior of 3 � Ts dependences is similar for both directions.
Namely, the micro-stress levels are increase with substrate tem-
perature till intermediate temperature range (from about 500 to
700 K) then they decrease at higher temperature.

The obtained SD size L(hhh) ¼ (38e200) nm is larger than it was
calculated in Refs. [13,15] for the CdSe films obtained by the ther-
mal evaporation and hot-wall epitaxy techniques. In Ref. [40] the
increase in SD size from 27 to 35 nmwithin substrate temperature
range from 473 to 623 K was observed. Work [18] reports the
thickness dependence of the SD size, which varied from 2 to 42 nm.
The micro-stress level in CdSe films obtained by the vacuum
evaporation presented in Ref. [40] and Ref. [41] were 3 ¼ 5.3 � 10�3

and 3 ¼ (2.6e6.5) � 10�3 respectively. It should be noted that SD
size and micro-stress level presented in Refs. [18,40,41] are roughly
estimated, because authors did not take into account the contri-
butions of small SD sizes and micro-strains to broadening of XRD
peaks.

It should be noted that optical study of CdSe films deposited by
CSVS technique at similar deposition conditions was carried out by
us in Ref. [45]. There were determined optical constants and band
gap values Eg. It was determined the correlation between optical
quality and structural properties of CdSe films. The variation of Eg
values (Eg1 ¼ 1.67e1.74 eV; Eg2 ¼ 2.06e2.13 eV) may be explained
3 � 103

convolution Approximation by From convolution

Gaussian Cauchy

1.7 0.8 1.3
0.9 0.5 0.6
0.7 0.5 0.5
1.4 0.5 1.1
2.9 2.3 2.6
3.8 3.6 1.7
3.2 2.4 2.8
1.8 0.9 1.3
1.3 0.4 0.9
1.5 1.8 1.4
2.2 3.4 2.8
3.9 3.9 4.1
e e e

3.5 2.7 3.1
3.4 3.1 3.4
2.5 2.3 2.5
0.3 0.1 0.5
3.7 3.1 4.0
e e e

0.3 0.2 0.6
0.4 0.1 0.2



Fig. 6. RBS analysis of CdSe thin films. Ts, K: 1 e 373; 2 e 573; 3 e 873.

Table 3
Atomic concentrations and stoichiometric ratio of CdSe films.

Ts, K CCd, at. % CSe, at. % g

373 42.60 48.57 0.88
573 44.83 48.96 0.92
873 44.96 49.24 0.91

Fig. 7. FTIR spectra of CdSe thin films.
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by the presence of cubic phase in these samples and by the optical
transitions between the conduction and valence bands including
the lower valence band [36,45].

3.5. RBS and FTIR study

The RBS spectra of CdSe films obtained under different deposi-
tion conditions are shown in Fig. 6. It should be noted that for the
Table 4
FTIR results of CdSe films.

Ts ¼ 373 K Ts ¼ 473 K Ts ¼ 573 K Ts ¼ 673 K

n, cm�1 E, eV n, cm�1 E, eV n, cm�1 E, eV n, cm�1 E,

2302 0.285 2302 0.285 2302 0.285 2302 0.2
2110 0.262 2110 0.262 2110 0.262 2108 0.2
1978 0.245 1980 0.246 1975 0.245 1988 0.2
1652 0.205 1652 0.205 e e e e

e e e e e e 1553 0.1
1429 0.177 1430 0.177 1430 0.177 e e

1151 0.143 e e 1148 0.142 e e

e e e e e e e e

864 0.107 860 0.107 864 0.107 864 0.1
762 0.094 760 0.094 763 0.095 763 0.0
601 0.075 e e e e e e

436 0.054 438 0.054 438 0.054 436 0.0
investigated films, the peaks which correspond to characteristic
cadmium and selenium compound components, substrate material
(glass) components e Si and O are observed. Besides, an additional
carbon (C) impurity peak whichmay be present as a part of residual
atmosphere or organic path on the film surface also was found [46].
The stoichiometry and the elemental composition of the films were
studied using RBS spectra. Silicon (Si) and oxygen (O) peaks
observed in the spectra belong to the substrate material.

Table 3 shows that the values stoichiometry (g) of CdSe films are
better at higher substrate temperatures. Similar results were ob-
tained in Ref. [20] where CdSe films were deposited into porous
silicone matrices by isothermal close space sublimation technique.

Results of the FTIR investigation of CdSe films are presented in
Fig. 7. At frequencies 436e438, 600e601 and 758e763 cm�1 a
typical CdeO bending and CdeSe stretching vibration modes are
observed [46,48,53]. Other peaks are observed at 864, 960, 1151,
1459, 1553, 1652, 1980, 2110 and 2302 cm�1. The nature of these
peaks presented in Table 4. It should be noted that in all cases of
investigated CdSe films in the region of n ¼ (1000e2000) cm�1 the
peaks which are due to the OeH and CH2 vibration modes are
presented. It may be caused by the samples inhomogeneous relief
due to the oxidation process. The observation of these peaks may be
caused by non-uniform relief of samples surface due to the oxida-
tion process. The presence of carbon impurities (n ¼ 1980 cm�1) is
confirmed by the RBS analysis. In all investigated films there is no
absorption in the spectral region 2500e3500 cm�1, which confirms
the purity of the condensates without any moisture and contami-
nation from vacuum pump oil [54].

4. Conclusions

In this work the investigations of the surface morphology,
grown mechanisms, structural, sub-structural and IR-spectroscopy
of polycrystalline CdSe thin films deposited by the close-spaced
vacuum sublimation technique were performed. The structural
study of CdSe films deposited by a CSVS method shows that these
layers can be used in tandem solar cells for the effective light ab-
sorption in wavelength range more than 700 nm (E < 1.77 eV). At
the same time the films deposited at the substrate temperatures
Ts > 573 K have optimal characteristics for solar cells base layer.
These films are highly textured and have a single phase columnar
structure with large average grain size, SD size and have a strongly
pronounced pyramidal relief. It was shown that obtained films have
single phase and had stable hexagonal modification and texture
[002] at Ts� 773 K, at higher temperaturese [102]. Their crystalline
size is increased with increase of the substrate temperature from
(0.1e0.3) mm at Ts < 673 K till (3e4) mm at Ts ¼ 873 K. It was
revealed the dependence of the lattice parameter, SDS and the
micro-stress level on the substrate temperature. Physical and
Ts ¼ 773 K Ts ¼ 873 K Assignment [Ref.]

eV n, cm�1 E, eV n, cm�1 E, eV

85 2302 0.285 2302 0.285 NOþ nitrozyle [46]
61 2110 0.262 2105 0.261 CeO stretch [47]
46 1980 0.246 1984 0.246 CeN carbon [46]

e e e e OeH bending [48]
93 1553 0.193 e e COO� stretch [49]

e e e e NeC stretch [50]
e e e e CH2 vibration [51]
e e 960 0.119 SeeO mode [46]

07 864 0.107 e e eH]H mode [52]
95 758 0.094 760 0.094 CdeSe stretch [53]

e e 600 0.074 CdeSe stretch [48]
54 438 0.054 438 0.054 CdeO bending [46]
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technological deposition regimes of CdSe films for use as absorp-
tion layers of tandem hetero-junction solar converters were
estimated.
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