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Abstract

The structural and optical properties of cadmium telluride (CdTe) thin films prepared by thermal evaporation using physical
vapor deposition technique and obtained under different process conditions (different deposition time) were investigated.
CdTe thin films were obtained on (100) silicon and glass substrates. The analysis of atomic force microscopy images of
surface revealed a certain periodicity of the objects’ location on the surface. After detailed analysis by autocorrelation
functions, it has been established that the films have a clearly expressed periodicity along the axis OX, which is due to the
orientation of growth on (100) Si substrate. The optical properties indicate a smooth film with nanoparticle size (25-28)
nm on surface for both thin and thick films of CdTe. The optical transparency is observed in the short infrared radiation. An
analysis of the optical properties was performed using the Swanepoel method. Hence, the basic properties of the films such
as refractive index, film thickness, absorption coefficient and optical conductivity are determined. The optical transparency
is observed in the short infrared radiation.
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Abbreviations Introduction

CdTe Cadmium telluride

CIS Copper indium selenide The problem of alternative energy sources is the highest
CIGS Copper indium gallium di-selenide priority area of modern research, due to fossil resources
CdS Cadmium sulfide limits. Renewable energy technologies produce sustain-
PV Photovoltaic able, clean energy from sources such as the sun, the wind,
PVD Physical vapor deposition plants, and water (Ruvinskii et al. 2016; Dresselhaus and
CSS Close spaced sublimation Thomas 2001; Ismail and Ahmed 2009; Barnhart et al.
PLD Pulsed laser deposition method 2013; Prokopiv et al. 2017). Photovoltaic (PV) energy
RF Radio frequency conversion plays an important role in advancing energy
VTD Vapor transport deposition solutions (Shah et al 1999). There are three main gen-
MOCVD Metal-organic chemical vapor deposition erations: silicon, thin film and organic solar cells (Ham-
AFM Atomic force microscope akawa 2013; Wisz et al. 2017). At present, the most com-
SEM Scanning electron microscope monly used solar cells are photovoltaic elements based on
EDS Energy-dispersive X-ray spectroscopy silicon technologies. An alternative to these converters is
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thin-film solar cells designed to reduce the cost of solar
modules and increase production using straight-line semi-
conductors, deposited on a cheap substrate of large areas
(glass, metal foil, plastic) (Aramoto et al. 1997; Dobson
et al. 2000). The straight-line semiconductor is capable
to absorb solar radiation at a thickness of the layer two
orders of magnitude lower than the thickness of the sili-
con cells. Using materials with higher optical absorption
coefficient, it is possible to reduce the thickness of pho-
tovoltaic elements (Alvarez et al. 1997). It decreases the
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costs of production. Moreover, it is possible to reduce
the weight of photovoltaic devices depending on the used
substrate. As a result, using the thin-film semiconductor
materials, such as CIS, CIGS, CdTe and CdS, and suitable
manufacturing technologies, enable to obtain PV devices
at relatively low cost, good electrical performance, low
weight and high flexibility (Znajdek et al. 2014).

Cadmium Telluride is one of the promising materials for
producing low-cost thin-film photovoltaic second-generation
devices (Mahabaduge et al. 2015). CdTe is II-VI compound
semiconductor with a direct optical bandgap of ~ 1.5 eV that
is optimally matched to the solar spectrum for PV energy
conversion (Wu 2004). The use of cadmium telluride as
thin-film material for solar cells has attracted wide attention
due to its high availability, low cost, and simplicity in the
large-scale manufacture. The theoretical value of efficiency
is about 33% (Polman et al. 2016) and the practical effi-
ciency is about 22% of the thin-film photovoltaic materials
(Gloeckler 2016).

In recent years, the interest for this material has signifi-
cantly grown. Worth to note that by 2010 such thin-film
elements had an efficiency not exceeding 17%, and in the
previous 7 years, the efficiency had risen to 22.5% (Gloeck-
ler 2016). This is due to the fact that the big producers of
solar cells are focused on reducing the cost of such solar
panels. The cost was ~1$/Wp at 16.7% (2001), decreased
to ~0.75$/Wp at 22.1% (2016) and First Solar Inc. predicts
efficiency about ~25% achievable with current cell structure
~0.67$/Wp (Green 2016, Nykyruy et al. 2017).

The PV elements based on CdTe thin films can be depos-
ited by various deposition techniques. It includes physical
vapor deposition (PVD) such as close spaced sublimation
(CSS) (Krishnakumar et al. 2017), pulsed laser deposition
method (PLD) (Bylica et al. 2006), thermal evaporation
(Brus et al. 2014; Saliy et al. 2017a, b), RF magnetron sput-
tering (Jeyadheepan et al. 2015), vapor transport deposition
(VTD) (Gu et al. 2017), metal-organic chemical vapor depo-
sition (MOCVD) (Kartopu et al. 2015), electrodeposition
(Diso et al. 2016), and the method of chemical transport
reactions (II’chuk et al. 1999).

The method of thermal evaporation by physical vapor
deposition technique has advantages for several reasons.
In particular, the technological simplicity of the device
structure makes this method very cheap and simple, which,
finally, optimizes the production technological lines and
reduces the cost of photovoltaic cells.

A few number of technological parameters, which are set
during deposition, significantly reduce the resulting errors.
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Experimental

CdTe thin films were deposited on (100) silicon and glass
substrates using the thermal evaporation method by PVD
technique. The used installation can be to receive series
(5-10 films) in a single cycle for various technological fac-
tors: different thickness d=(0.05—10) um at a constant tem-
perature of deposition Tg=(300-570) K; uniform thickness
d with different T; different temperature of evaporation Ty
(600-970) K with constant thickness d or temperature of
deposition T.

The investigated thin films were obtained with different
thicknesses (determined by different deposition time 7) at
the same T and Tj. The growth temperature 7, was 470 K,
and temperature of evaporation of the pre-synthesized com-
pounds CdTe was T; =870 K. The thickness of the thin films
was set by deposition time 7= (60—420) s. The morphologi-
cal and structural properties of CdTe thin films were investi-
gated by scanning electron microscope (Vega 3 Tescan) and
atomic force microscope (CSM Instruments). Measurements
were carried out in the central part of the samples using a
number of silicon probes Veeco MNSL-5 with a nominal
radius of curvature of the tip up to 5 nm. The film thick-
nesses d were measured with the 2D Profilometer Bruker
Dektak XT.

Optical transmission spectra were measured in the wave-
length range of 190-1500 nm using Agilent Technologies
Cary Series UV-Vis—NIR Spectrophotometer. The chemi-
cal composition of the obtained films was investigated by
SEM using the energy-dispersive X-ray spectroscopy (EDS)
method.

Results and discussion

The technological properties of obtained CdTe thin films on
glass and (100) Si substrates are presented in Table 1. The
thin films were obtained in one technological process with
different thickness (different deposition time).

Structural properties

The AFM images of morphological properties of CdTe thin
films obtained on (100) Si substrates of different thickness
can be observed in Fig. 1. Nanoparticles observed on the
surface with normal sizes (21-25) nm for the thin films
(sample 9), and (22-28) nm for the thick films (sample 6)
(Fig. 1). It can be noted that the thickness of films does not
significantly affect on the change of morphology and surface
nanoparticles.

Also, for the thin films, there is a certain periodicity of
film growth along the Ox axis, as it can be seen from the
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Table 1 Technological modes
of CdTe thin films
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Number of Substrates Temperature of  Evaporation Deposition  Thickness
samples substrate temperature time d,nm
TS’ K TE’ K 7,8
1 Glass 470 770 210 540
2 470 820 210 2930
3 470 820 420 3915
4 470 870 210 1620
6 Silicon (100) glass 470 820 300 2835
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Fig. 1 AFM images of CdTe/(100)Si deposited at the different deposition time z: a sample 9; b sample 6

autocorrelation functions (Fig. 2). The analysis of perio-
dicity of grown for these CdTe thin films has been stud-
ied in detail using autocorrelation function and Fourier

Height, nm

transformation (Saliy et al. 2017a, b; Saliy et al. 2017). This
is primarily due to the orientation of growth on the (100) Si
substrate (Bera and Saha 2016; Sagan et al. 2005).
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Fig.2 The values of two-dimensional autocorrelation function along coordinate axes: x=var, y=const [sample 6/(100)Si]

From the cross-sections (Fig. 3), we see that the surface is
smooth, and the growth comes with the formation of nanow-
ire inside the film. Such nanowires make a significant con-
tribution to the absorption of light in photovoltaic elements.

For CdTe/(100)Si sample, the chemical composition
analysis was provided on SEM (Bruker Quantax) using the
energy-dispersive X-ray spectroscopy (EDS) method. The
assayed EDS analysis was carried out in the low-vacuum
mode. In particular, for the sample 7 the atomic weight per-
cent consists of Cd 47.63% and for Te 49.29%. Si 3.08%

SEM HV: 30.0 kV WD: 6.63 mm
SEM MAG: 4.59 kx Det: SE
View field: 90.4 ym Date(m/d/y): 03/30/17

|

20 pm

VEGA3 TESCAN|

Performance in nanospace

as basic element of the substrate was obviously observed
in the spectrum (Fig. 4). From the sequential experiments,
the conditions can be determined for the deposition of stoi-
chiometric CdTe semiconductor films with a small tellurium
excess using the vapor-phase condensation method.

Optical properties

The spectral distribution of optical transparence was carried
out for the identification of CdTe thin films. The region of

SEM HV: 30.0 kV WD: 6.62 mm
SEM MAG: 37.5 kx Det: SE
View field: 11.1 um  Date(m/dly): 03/30/17

VEGA3 TESCAN

|

2pm

Performance in nanospace

Fig.3 The cross-sectional images of CdTe/(100) Si thin films (sample 7): a in scale 20 pm; b in X10 zoom
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Fig.4 The EDS spectrum of CdTe/(100) thin films (sample 7)
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Fig.5 Optical transmission of the CdTe/glass thin films

fundamental absorption was observed in transmission spec-
tra. The transmission spectra of CdTe thin films obtained
on glass substrates with different thickness were measured
in the wavelength range from 180 to 1500 nm and shown in
Fig. 5. It can be observed that the films are highly transpar-
ent in the near infrared region and the average transmittance
varies from 57 to 80%. Absorption edge is about 800 nm

for all samples. In addition, the observed interference pat-
terns in the optical transmission spectra are the indication
for the thickness homogeneity of deposited films. These
results are also confirmed by structural analysis. This could
be explained by the fact that there is a difference between the
refractive indexes of the film and substrate and also due to
the interference of multiple light reflections (Moshfegh et al.
2005; Punitha et al. 2014). One very useful method that uses
these interference fringes to determine the optical properties
of the material is the Swanepoel method (Swanepoel 1983;
Shaaban et al. 2012).

To obtain the value of band gap, the absorption coefficient
was calculated from the transmission data using the follow-
ing relation (Tauc 2012):

a= @, (D)

where ‘‘d’’ is the film thickness and ‘‘T”’ is the transmis-
sion. For the direct transition, the optical band gap energy
of the CdTe thin film was determined using the equation:

(ahv)’ = A(hv — E,), 2)

where A is a constant, v photon energy, and E| is the opti-
cal energy gap.
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Fig.6 Optical band gap of the CdTe thin films

Figure 6 shows five graphs of (ahv)? versus hv derived
from a Tauc formula (Akbarnejad et al. 2016). The direct
energy band gap is estimated by extrapolation from the
intersection of the linear part at « =0. The optical band gap
energy for the freshly grown CdTe thin film was 1.52 eV.
Depending on the technological parameters of the obtaining,
the extracted optical band gaps of the samples decrease to
values between 1.54 and 1.43 eV. These values completely
coincide with other works on CdTe band gap (Punitha et al.
2014; Smith and Nie 2010; Schulman and Mcgill 1979).

Swanepoel method

The application of this method entails, as a first step, the
calculation of the maximum 7\, (1) and minimum 7, (1)
transmission envelope curves by parabolic interpolation
(Swanepoel 1983) to the experimentally determined posi-
tions of peaks and valleys (Fig. 7).

T =T (4, s,n, d, a), 3)
where 1—wavelength, s—substrate refractive index, n—
refractive index of CdTe, d—thickness, and a—coefficient
of absorption.

The transmission 7T for the normal incidence resulted
from the interference of the wave transmitted from three
interfaces can be written as (Swanepoel 1983)

T = Ax

" B—Cx cos @+ Dx2’ “)
where
A = 16n°s, )
B = (n+1)3(n+s2), 6)
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Fig.7 The optical transmission spectra of the as-deposited CdTe thin
film with determined Ty, and T,

C = 2(112— 1) (n2— sz), @)
D=@xn-1(n-s), 8)
@ = 4znd/ 4, 9)
x = exp (—ad). (10)
The extremes of the interference fringes can be written as
Ax
Ty=—,
M™ B—Cx +Dx? an
Ax
r,=———.
T B4+ Cx +Dx2 a2

T, is the maximum value of the transmission of substrate
(Fig. 7). Thereafter, the substrate refractive index s can be
given by the following equation:

1/2
1 1
= — — -1
s TS+<T2 > " (13)

T 4n’s
" n4+n2(s2+1)+s2. (14)

In the region of weak and medium absorption received
a#0 and x < 1—Subtracting the reciprocal of Eq. (11) from
the reciprocal of Eq. (12) yields an expression that is inde-
pendent of x:

1 1
T A a9

From Egs. (5—10) and Eq. (15) the refractive index is:
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1/2
n = [N+(N2—s2)1/2] , (16)
where
25(Ty — Ty 241
_ (Ty ) (s )' a17)
Ty T, 2

Using the Egs. 16 and 17, and taking s=1.46, the refractive
index of CdTe sample in the range of fitted curves (Fig. 7) can
be obtained which is presented in Fig. 8. This equation can be
only use for interference zone. With increasing wavelength, the
refractive index of CdTe thin film is increased from 2.45 (for
the sample 4) to 2.95 (the sample 2). Averaging the calculated

T T T T T T T T T T T T T
2.95+ A calculated points (s.6) ||
1 n (1) (s.6) 1
2.90 4 ® calculated points (s.4) |
1 —n (@) (s4) 1
2.854 @ calculated points (s.2) |
] n (V) (s.2)

c 2804 1

a;" 4

S 2.754 1

£ 1

o 2.704 1

= g

T 2,65 -

% .

e 2.60—- 1
2.55 1
2.50 1
2.45

T T T T T T T T T T T T T T
800 900 1000 1100 1200 1300 1400 1500
Wavelenght, (nm)

values we will get 2.55 (Table 2), can be seen that they are
completely consistent with the literary ones that matter for
CdTe thin films to 2.7 (Madelung et al. 1999).

The film thickness can be calculated from the refractive
index, using the following equation, where n (4,) and n (4,)
are the refractive index at two adjacent maxima or minima at
A, and 4,, respectively (Swanepoel 1983):

J Ay
2(n(2) = I n(Ay)) (18)

The thicknesses of the CdTe thin films for the sample 2 are
presented as d; in the Table 2. For the samples 4 and 6, the
calculated values of thicknesses are 1898 and 3039 nm, respec-
tively. The measured values of the thickness were received
using the profilometer method (Table 1). Comparing the
experimental and calculated values of the thickness, a small
difference in value associated with the error of the thickness
calculation can be noted according to Eq. 18.

As it can be seen from Fig. 8, the values of the refrac-
tive index n (1) of CdTe thin films (the samples 2 and 6)
calculated from the Eq. (16) decrease with the increasing of
wavelength. A sharp increase in the refractive index at wave-
lengths < 1000 nm is due to decrease in the transmission near
the edge of own absorption of cadmium telluride thin films. It
can be seen that the refractive index depends considerably on
the film thickness; for the thin films (sample 4), the refractive
index is within 2.47-2.58.

The order of interference is:

A
Fig. 8 Refractive index (n) of the CdTe thin films as a function of the m= [ﬁ] > (19)
wavelength (1) for the samples 2, 4, and 6 1 2
Tableg Optical parameters 4, nm Ty T, " d, nm m a, cm™! Gy 101!
(experimental) and calculated P
results of CdTe thin films for 1472 0.789 0.518 2.590
the sample 2 1402 0.786 0515 2.596
1338 0.771 0.509 2.595 9.5 507.399 3.100
1283 0.748 0.497 2.604 2817.367 10.5 517.897 3.170
1229 0.720 0.492 2.567 3351.731 11 593.012 3.580
1184 0.702 0.484 2.564 3677.039 11.5 1390.962 8.300
1139 0.668 0.472 2.542 3496.162 12.5 698.014 4.170
1101 0.651 0.461 2.553 3252.864 13 1452.531 8.730
1062 0.625 0.447 2.557 2837.066 13.5 1179.906 7.100
1030 0.600 0.435 2.551 3161.608 14.5 1100.359 6.610
998 0.569 0.423 2.522 3201.433 15.5 1111.593 6.600
971 0.548 0.414 2.502 3001.171 16 2361.357 13.900
942 0.520 0.394 2.531 3125911 16.5 2147.537 12.800
920 0.487 0.378 2.504 3469.052 17.5 2854.082 16.800
893 0.450 0.351 2.545 3050.406 18 3275.103 19.600
877 0.404 0.329 2.470 4684.632 27.200
(d) 3203.484
aﬁ#’iﬁﬁ'ﬂw @ Springer
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where A,and 1, are the wavelengths of two adjacent trans-
mission maxima.

Knowing the following values of the thickness (d) of
the CdTe thin films, the refractive index (n), the refractive
index substrate (s), and the absorption coefficient of the
CdTe material deposited on the glass substrate (@) can be
calculated:

16ns
In . (20)

1
a :E 3 >
(n+ 1y (n+sH)T,

If T,=Ax/B, Eq. (20) can be shown:

we L (=1’ =57

E - [Ei_ (n2—1)3(n2—s4)]1/2 (1)
where
E,= (Snzs/Tm) — (nz— 1)(112— sz). (22)

Absorption coefficient of CdTe thin films is presented in
Fig. 9. We can see that the largest value of the absorption
coefficient is appropriate for the sample 2 and it is 4.8 - 10°
(cm™).

Optical conductivity

We can analyze the value of the optical conductivity 6, as
follows (Pankove 1975) using the calculated values of the
absorption coefficient by the Swanepoel method

anc

Oopt = 4z’

(23)

where « is the absorption coefficient and c is the velocity
of light.

5x10° A calculated points (s.6) H
* — a (V) (s.6)
® calculated points (s.4) H
5 \ — oA (s4d)
4x10 & calculated points (s.2) |
] \ — oW (s.2)
*
= 3x10°
5 \
= | A -
3
2x10° o
\
k.*.""‘ho—l_.:_'_“ * e ¢
*—-—o—._.
0 T v v
800 1000 1200 1400

Wavelenght, (nm)

Fig.9 Absorption coefficient of CdTe thin film calculated using
Swanepoel method
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Figure 10 shows the variation of optical conductivity
Oopt @s @ function of photon energy iv. The optical con-
ductivity of thin films increases with the growth of photon
energy and with the thickness. The values of optical con-
ductivity for sample 2 are shown in Table 2. This infers
that the contribution of electron transition increases with
dopant level, which may be due to the reduction in energy
band gap (Punitha et al. 2014).

Conclusion

The thin films of CdTe were obtained by vapor-phase con-
densation on the (100) Si and glass substrates. Based on
structural studies, it has been found that the films have
a certain growth periodicity along the axis Ox, which is
evidently observed on silicon substrates. Arranged on
the surface of the film nanoparticles are characterized by
Stranski—Krastanov mechanism of growth, which allows
to control smoothly the photoelectric properties. The
autocorrelation function well describes the distribution of
these nanoparticles, and their sizes were (25-28) nm, both
on glass and silicon substrates. It is established that the
increase of the film thickness does not greatly affect on the
size of the nanoparticles. The edge of the absorption band
in the films is appropriate for a short infrared wavelength.
For larger wavelengths, the light begins to interfere with
the surface of the film, forming an interference pattern,
which further confirmed the presence of a homogeneous
smooth surface. Using the Swanepoel method, the optical
characteristics of thin films (such as refractive index, film
thickness, absorption coefficient and optical conductivity)
were calculated. They are consistent with the experimental
data.

3,010
A calculated points (s.6) A4
2,5%10" O (V) (5.6) /
® calculated points (s.4)
T Gon (hv) (s.4)
2,0x1 R @ calculated points (s.2) *
— 6, (V) (5:2) /
) 12 A
g/ 1,5x10 . /
"‘;l ) A
© 1,0x10"
P'S .//
5,0x10" y% /,_I_—l———-’_' =
¢ F ] L
—2— " @
.__.___‘,__._.-—r’
0,0

0,9 1,0 1,1 1,2 1,3 1,4 1,5
Photon energy, (eV)

Fig. 10 Dependence of optical conductivity versus photon energy for
CdTe thin films



Applied Nanoscience

Acknowledgements This work was performed under the science
department Laboratory of Thin Films and Electron Microscopy, Vasyl
Stefanyk Precarpathian National University and Laboratory of Material
Technologies for Industry, University of Rzeszow.

Author contributions RY grew the thin films, calculated the opti-
cal properties, interpreted the results and wrote the manuscript. LN
performed and determined the problem, conducted the experiments,
and performed the characterization. GW has defined the methods and
subjects of investigation. PP has conducted research on the optical
properties of thin films. SA has conducted research of structural prop-
erties on the AFM. SzG performed SEM, cross-section images and
EDX analysis. All authors have read and approved the final version of
the manuscript.

Funding All sources of funding for the research were based on statu-
tory activities of the Vasyl Stefanyk Precarpathian National University
and University of Rzeszow.

Compliance with ethical standards

Conflict of interest The authors declare that they have no competing
interests.

References

Akbarnejad E, Ghoranneviss M, Mohajerzadeh S et al (2016) Optical
absorption enhancement of CdTe nanostructures by low-energy
nitrogen ion bombardment. J Phys D Appl Phys 49:075301. https
://doi.org/10.1088/0022-3727/49/7/075301

Alvarez FJ, Di Lalla N, Lamagna A (1997) Thin film CdS/CdTe solar
cells prepared by electrodeposition using low cost materials. In:
Photovoltaic specialists conference, 1997, conference record of
the twenty-sixth IEEE, IEEE, pp 459462

Aramoto T, Kumazawa S, Higuchi H, Arita T, Shibutani S, Nishio T,
Omura K (1997) 16.0% efficient thin-film CdS/CdTe solar cells.
JpnJ Appl Phys 36(10R):6304

Barnhart CJ, Dale M, Brandt AR, Benson SM (2013) The energetic
implications of curtailing versus storing solar-and wind-gener-
ated electricity. Energy Environ Sci 6(10):2804-2810. https://doi.
org/10.1039/c3ee41973h

Bera SR, Saha S (2016) Fabrication of CdTe/Si heterojunction solar
cell. Appl Nanosci 6(7):1037-1042. https://doi.org/10.1007/s1320
4-015-0516-5

Brus VV, Solovan MN, Maistruk EV, Kozyarskii IP, Maryanchuk PD,
Ulyanytsky KS, Rappich J (2014) Specific features of the optical
and electrical properties of polycrystalline CdTe films grown by
the thermal evaporation method. Phys Solid State 56(10):1947—
1951. https://doi.org/10.1134/S1063783414100072

Bylica A, Sagan P, Virt I, Wisz G, Bester M, Stefaniuk I, Kuzma M
(2006) Layers of CdTe and CdS obtained by PLD on ITO sub-
strates. Thin Solid Films 511:439-442. https://doi.org/10.1016/j.
tsf.2005.11.071

Diso DG, Fauzi F, Echendu OK et al (2016) Optimisation of CdTe
electrodeposition voltage for development of CdS/CdTe solar
cells. J Mater Sci Mater Electron 27:12464-12472. https://doi.
org/10.1007/s10854-016-4844-3

Dobson KD, Visoly-Fisher I, Hodes G, Cahen D (2000) Stability
of CdTe/CdS thin-film solar cells. Sol Energy Mater Sol Cells
62(3):295-325. https://doi.org/10.1016/S0927-0248(00)00014-3

Dresselhaus MS, Thomas IL (2001) Alternative energy technologies.
Nature 414(6861):332-337. https://doi.org/10.1038/35104599

Gloeckler M (2016) Realization of the potential of CdTe thin-film PV.
In: Photovoltaic specialists conference (PVSC), 2016 IEEE 43rd.
IEEE, pp 1292-1292. https://doi.org/10.1109/PVSC.2016.77498
23

Green MA (2016) Commercial progress and challenges for photovolta-
ics. Nat Energy 1:15015. https://doi.org/10.1038/nenergy.2015.15

Gu H, Ren A, Zhang J et al (2017) The study of oxygen concentration
in the CdTe thin film prepared by vapor transport deposition for
CdTe photovoltaic devices. ] Mater Sci Mater Electron 28:9442—
9449. https://doi.org/10.1007/s10854-017-6686-z

Hamakawa Y (ed) (2013) Thin-film solar cells: next generation photo-
voltaics and its applications, vol 13. Springer, Berlin

II’chuk GA, Ukrainets NA, Ivanov-Omskii VI, Rud YV, Rud VY
(1999) Optoelectronic effects in semi-insulating CdTe single
crystals and structures based on them. Semiconductors 33(5):518-
522. https://doi.org/10.1134/1.1187720

Ismail BI, Ahmed WH (2009) Thermoelectric power generation using
waste-heat energy as an alternative green technology. Recent Pat
Electr Electron Eng (Formerly Recent Patents on Electrical Engi-
neering) 2(1):27-39. https://doi.org/10.2174/187447611090201
0027

Jeyadheepan K, Thamilselvan M, Kim K, Yi J, Sanjeeviraja C (2015)
Optoelectronic properties of RF magnetron sputtered cadmium tin
oxide (Cd 2 SnO 4) thin films for CdS/CdTe thin film solar cell
applications. J Alloy Compd 620:185-191

Kartopu G, Phillips LJ, Barrioz V et al (2015) Progression of metalor-
ganic chemical vapour-deposited CdTe thin-film PV devices
towards modules. Prog Photovolt Res Appl 24:283-291. https://
doi.org/10.1002/pip.2668

Krishnakumar V, Spith B, Drost C, Kraft C, Siepchen B, Delahoy A,
Zywitzki O (2017) Close spaced sublimation deposition of CdTe
layers with process gas oxygen for thin film solar cells. Thin Solid
Films 633:112-117. https://doi.org/10.1016/j.tsf.2016.10.009

Madelung O, Rossler U, Schulz M (1999) Cadmium telluride (CdTe)
optical properties, refractive index, dielectric constants, two-
photon absorption. II-VI and I-VII compounds; semimagnetic
compounds Landolt-Bornstein—Group III. Condens Matter. https
://doi.org/10.1007/10681719_641

Mahabaduge HP, Rance WL, Burst JM, Reese MO, Meysing
DM, Wolden CA, Garner S (2015) High-efficiency, flexible
CdTe solar cells on ultra-thin glass substrates. Appl Phys Lett
106(13):133501. https://doi.org/10.1063/1.4916634

Moshfegh A, Azimirad R, Akhavan O (2005) Optical properties and
surface morphology of evaporated (WO3)1-x—(Fe203)x thin
films. Thin Solid Films 484:124—131. https://doi.org/10.1016/j.
ts£.2005.02.019

Nykyruy L, Saliy Ya, Yavorskyi R, Yavorskyi Ya, Wisz G, G6rny
Sz, Schenderovsky V (2017) CdTe vapor phase condensates on
(100) Si and Glass for Solar Cells. In: Conference: 2017 IEEE
7th international conference nanomaterials: application and
properties (NAP), at Odesa, Ukraine. https://doi.org/10.1109/
NAP.2017.8190161

Pankove JI (1975) Optical processes in semiconductors. Dover Publica-
tions Inc., New York, p 91

Polman A, Knight M, Garnett EC, Ehrler B, Sinke WC (2016) Photo-
voltaic materials: present efficiencies and future challenges. Sci-
ence 352(6283):aad4424. https://doi.org/10.1126/science.aad4424

Prokopiv V, Nykyruy L, Voznyak O, Dzundza B, Horichok I, Yavor-
skyi Y, Matkivskyi O, Mazur T (2017) Solar thermoelectric gen-
erator. Phys Chem Solid State (Ukr) 18(3):372-375. https://doi.
org/10.15330/pcss.18.3.372-375

Punitha K, Sivakumar R, Sanjeeviraja C et al (2014) Physical proper-
ties of electron beam evaporated CdTe and CdTe:Cu thin films. J
Appl Phys 116:213502. https://doi.org/10.1063/1.4903320

Ruvinskii MA, Kostyuk OB, Dzundza BS (2016) The Influence of
the size effects on the thermoelectrical properties of PbTe thin

pisllase ol ay .
e e O) Springer


https://doi.org/10.1088/0022-3727/49/7/075301
https://doi.org/10.1088/0022-3727/49/7/075301
https://doi.org/10.1039/c3ee41973h
https://doi.org/10.1039/c3ee41973h
https://doi.org/10.1007/s13204-015-0516-5
https://doi.org/10.1007/s13204-015-0516-5
https://doi.org/10.1134/S1063783414100072
https://doi.org/10.1016/j.tsf.2005.11.071
https://doi.org/10.1016/j.tsf.2005.11.071
https://doi.org/10.1007/s10854-016-4844-3
https://doi.org/10.1007/s10854-016-4844-3
https://doi.org/10.1016/S0927-0248(00)00014-3
https://doi.org/10.1038/35104599
https://doi.org/10.1109/PVSC.2016.7749823
https://doi.org/10.1109/PVSC.2016.7749823
https://doi.org/10.1038/nenergy.2015.15
https://doi.org/10.1007/s10854-017-6686-z
https://doi.org/10.1134/1.1187720
https://doi.org/10.2174/1874476110902010027
https://doi.org/10.2174/1874476110902010027
https://doi.org/10.1002/pip.2668
https://doi.org/10.1002/pip.2668
https://doi.org/10.1016/j.tsf.2016.10.009
https://doi.org/10.1007/10681719_641
https://doi.org/10.1007/10681719_641
https://doi.org/10.1063/1.4916634
https://doi.org/10.1016/j.tsf.2005.02.019
https://doi.org/10.1016/j.tsf.2005.02.019
https://doi.org/10.1109/NAP.2017.8190161
https://doi.org/10.1109/NAP.2017.8190161
https://doi.org/10.1126/science.aad4424
https://doi.org/10.15330/pcss.18.3.372-375
https://doi.org/10.15330/pcss.18.3.372-375
https://doi.org/10.1063/1.4903320

Applied Nanoscience

films. J Nano Electron Phys 8(2):02051. https://doi.org/10.21272
/jnep.8(2).02051

Sagan P, Wisz G, Bester M, Rudyj 10, Kurilo IV, Lopatynskij IE,
Lopatynskij IE, Virt IS, Kuzma M, Ciach R (2005) RHEED study
of CdTe and HgCdTe thin films grown on Si by pulse laser depo-
sition. Thin Solid Films 480:318-321. https://doi.org/10.1016/j.
ts£.2004.11.016

Saliy YP, Nykyruy LI, Yavorskyi RS, Adamiak S (2017a) The sur-
face morphology of CdTe thin films obtained by open evapora-
tion in vacuum. J Nano Electron Phys 9(5):05016. https://doi.
org/10.21272/jnep.9(5).05016

Saliy Y, Ruvinskiy M, Nykyruy L (2017b) Statistics of nano-objects
characteristics on the surface of PbTe:Bi condensate depos-
ited on ceramic. Mod Phys Lett B 31(03):1750023. https://doi.
org/10.1142/S0217984917500233

Schulman JN, Mcgill TC (1979) The CdTe/HgTe superlattice: proposal
for a new infrared material. Appl Phys Lett 34:663-665. https://
doi.org/10.1063/1.90629

Shaaban E, Yahia I, El-Metwally E (2012) Validity of Swanepoel’s
method for calculating the optical constants of thick films.
Acta Phys Pol A 121:628-635. https://doi.org/10.12693/aphys
pola.121.628

Shah A, Torres P, Tscharner R, Wyrsch N, Keppner H (1999) Pho-
tovoltaic technology: the case for thin-film solar cells. sci-
ence 285(5428):692-698. https://doi.org/10.1126/scien
ce.285.5428.692

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

Smith AM, Nie S (2010) Semiconductor nanocrystals: structure, prop-
erties, and band gap engineering. Acc Chem Res 43(2):190
Swanepoel R (1983) Determination of the thickness and optical con-
stants of amorphous silicon. J Phys E Sci Instrum 16:1214-1222.
https://doi.org/10.1088/0022-3735/16/12/023

Tauc J (ed) (2012) Amorphous and liquid semiconductors. Springer,
Berlin

Wisz G, Virt I, Sagan P, Potera P, Yavorskyi R (2017) Structural,
optical and electrical properties of zinc oxide layers produced
by pulsed laser deposition method. Nanoscale Res Lett 12:253.
https://doi.org/10.1186/s11671-017-2033-9

Wu X (2004) High-efficiency polycrystalline CdTe thin-film solar
cells. Solar Energy 77(6):803-814. https://doi.org/10.1016/j.solen
er.2004.06.006

Znajdek K, Sibiniski M, Przymecki K, Lisik Z (2014) Transparentne
warstwy drukowane PEDOT jako kontakty emiterowe do aplikacji
w elastycznych ogniwach fotowoltaicznych. Przeglad Elektrotech-
niczny 90(9):101-104. https://doi.org/10.12915/pe.2014.09.28

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.21272/jnep.8(2).02051
https://doi.org/10.21272/jnep.8(2).02051
https://doi.org/10.1016/j.tsf.2004.11.016
https://doi.org/10.1016/j.tsf.2004.11.016
https://doi.org/10.21272/jnep.9(5).05016
https://doi.org/10.21272/jnep.9(5).05016
https://doi.org/10.1142/S0217984917500233
https://doi.org/10.1142/S0217984917500233
https://doi.org/10.1063/1.90629
https://doi.org/10.1063/1.90629
https://doi.org/10.12693/aphyspola.121.628
https://doi.org/10.12693/aphyspola.121.628
https://doi.org/10.1126/science.285.5428.692
https://doi.org/10.1126/science.285.5428.692
https://doi.org/10.1088/0022-3735/16/12/023
https://doi.org/10.1186/s11671-017-2033-9
https://doi.org/10.1016/j.solener.2004.06.006
https://doi.org/10.1016/j.solener.2004.06.006
https://doi.org/10.12915/pe.2014.09.28

	Structural and optical properties of cadmium telluride obtained by physical vapor deposition technique
	Abstract
	Introduction
	Experimental
	Results and discussion
	Structural properties
	Optical properties
	Swanepoel method
	Optical conductivity

	Conclusion
	Acknowledgements 
	References


