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ABSTRACT

The close-spaced sublimation process (CSS) was used to deposit thin 5.2-6.7 pm
CdTe films on the well-scrubbed borosilicate glass in this communication. The
pinhole-free CdTe films with good adhesion were produced by adjusting the
CSS Ar pressure profile inside the chamber at 250, 500, 750, and 1000 mTorr for
10 min to evaluate the film crystallinity and optoelectronic attributes. The source
and substrate temperatures were reserved at 625 °C and 585 °C, respectively, for
the deposition of CdTe thin films. Atomic force microscopy (AFM), X-ray
diffraction (XRD), scanning electron microscopy (SEM), and a UV-Vis spec-
trophotometer are employed to investigate the microstructural and optoelec-
tronic properties of these as-deposited films. The polycrystalline CdTe structure
was revealed by XRD research, which revealed sharp features peak at (111),
(220), and (311) orientations. The grain development relied on the deposition
pressure in a SEM investigation. AFM shows mean roughness (Ra) and RMS
roughness (Rq) values in the 199-293 nm and 245-357 nm ranges, respectively.
The optical band gap ranged between 1.45 and 1.55 eV according to UV-Vis
analyses. The relationship between Urbach energy (Ey), skin depth (y), steep-
ness parameter (o), refractive index (1), and other optoelectronic parameters
with deposition pressure is thoroughly investigated. A correlation between the
structural and optoelectronic properties of CdTe thin films and the deposition
pressure in the Ar atmosphere of the as-deposited layers has been recognized
through this study which is useful for designing and manufacturing CdTe solar
cells and implies substantial commercial assurance.
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1 Introduction

The development of high-performance and low-cost
photovoltaic cells for nonconventional energy sour-
ces relying on the photovoltaic effect is currently a
crucial scientific and technological issue [1]. Because
of their potential applications in thin-film solar cells
and other optoelectronic devices, binary II-VI com-
pound semiconductors have piqued scientists’
curiosity. Cadmium telluride (CdTe) is one of the
most value-added materials in the II-VI group [2]. In
a few micrometers of CdTe material, more than 90%
of the incident light is absorbed. Due to the high
absorption coefficient (> 10* cm™ ') and nearly ideal
direct band gap (1.45 eV), light can be absorbed and
converted to power in several-millimeter-thick CdTe
layers, which may be produced on a variety of sub-
strates, including glass, metallic foils, polymers, and
ultra-thin glass, enabling conventional, lightweight,
and adjustable design [3, 4]. Furthermore, theoretical
evaluations of probable photovoltaic solar energy
conversion into electricity for CdTe are around 29%
[1]. Electrons often migrate between the conduction
and valance bands of the same wave vector by col-
lecting or releasing a photon without phonon inter-
action. As a result, high-quality CdTe thin films are
widely employed in a variety of electrical and opto-
electronic devices, covering solar cells, photodetec-
tors, infrared windows, X-ray detectors, light-
emitting diodes, lasers, and so on [5].

The quest for the CdS/CdTe heterojunction solar
cell emerged early with a 6% power conversion effi-
ciency [6]. Using the close-spaced sublimation (CSS)
approach, Kodak laboratories reached 10% efficiency
for CdTe thin-film solar cells in 1984 [3]. Another
research group from South Florida University
obtained 15.8% efficiency in 1993 when he utilized
the CSS to deposit CdTe films on a borosilicate glass
substrate at around 650 °C [7]. After a while, a team
from the National Renewable Energy Laboratory
(NREL) attained an efficiency of 16.5% [8]. CdTe thin-
film solar cells have seen a considerable increase in
efficiency from 16.5 to 22.1% between 2013 and 2016
[9]. According to First Solar Inc., current efficiency
has approached 22.1% PCE [10]. The gap between the
maximum theoretical efficiency (30%) and the highest
measured laboratory efficiency (22.1%) of CdTe solar
cells is being bridged by sustained research efforts.

Due to its low sublimation temperature, CdTe can
be produced using a variety of processes, each of
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which has a substantial impact on the material’s
properties and device performance. Sputtering [4],
CSS [5], vapor transport deposition (VTD) [10], ther-
mal evaporation [11], co-sputtering [12] and electro-
deposition [13] are some of the CdTe deposition
processes and so on. CSS is one of the several
strategies that have yielded positive results so far.
High deposition rates and extensive raw material
consumption are two advantages of the CSS process,
resulting in reduced manufacturing expenses and
competitive module costs. CSS is a low-cost method
for depositing polycrystalline thin films because of its
low working pressure (0.01-1 Torr) and uncompli-
cated configuration.

Deposition requirements such as evaporation rate,
substrate temperature, source to substrate distance,
and film thickness, as well as microfabrication tech-
nique, atmosphere, annealing, CdCl, treatment [14],
and doping, all affect the structural, optical, electrical,
and topographical attributes of CdTe thin films. Thin-
film CdTe used in photovoltaic devices is polycrys-
talline in nature. Solar cells fabricated from a material
with tailored crystallite size have photovoltaic effi-
ciencies that rise with a grain size up to the point
where the device’s series resistance R is no longer
influenced by the grain boundaries.

The boundaries between single-crystal grains are
expected to have a substantial impact on the photo-
voltaic efficiency of CdTe/CdS solar cells. There is
likely to be a large prevalence of defects (e.g., dan-
gling bonds, dislocations) near grain boundaries, and
impurities and stoichiometric excesses of Te may also
migrate to the boundary [15]. In the CSS technique, a
sensible, innovative approach to alter crystallite size
might be the adjustment of sublimation chamber
pressure by Ar gas which will control the rate of
sublimation of source materials. In designing optimal
CdTe thin-film solar cells, it is crucial to find the
optimal deposition condition for the CdTe absorber
layer, especially a perfect sublimation rate for the CSS
method, to obtain desired stoichiometry of the film.
To investigate the effect of deposition pressure on the
characteristics of CdTe thin film, Amin et al. [16]
observed CSS-deposited CdTe thin film grown in the
range of 1 Torr to 200 Torr Ar pressure. Falcao et al.
[17] demonstrated the limited adsorption rate at high
pressure (0.1-20 Torr) using pure argon or a mixture
of argon and oxygen. The major goal of this research
is to use the CSS approach to build a thin (about
5-6 pm) pinhole-free CdTe film with comparatively
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lower Ar deposition pressures from 250 to 1000
mTorr to discover a possible enhancement in the
film’s structural and optoelectrical attributes.
According to the diffusion transport hypothesis, CSS-
deposited CdTe is grown when Cd and Te atoms
migrate to the substrate while diffusing and colliding
with gas molecules. Later they are condensed on the
substrate. According to this theory [18], the deposi-
tion rate is an inverse function of ambient gas pres-
sure as high deposition pressure increases the
likelihood of a collision by decreasing the mean free
path (MFP). Therefore, X-ray diffraction, SEM, AFM,
and UV-Vis spectrophotometer are used to investi-
gate the physical features of as-deposited CdTe thin
film with an emphasis on lower Ar pressure for solar
cell application.

1.1 Experimentation

Initially, 2-mm-thin borosilicate glass (BSG) sub-
strates were pre-cut with a dimension of 3 cm X
3 cm. The glass substrates were ultrasonically
cleaned with a sequence of methanol-acetone—
methanol-DI water for 10, 10, 10, and 20 min,
respectively. After cleaning, samples were dried by a
jet stream of industrial N, gas. Then all substrates
were plasma cleaned inside a plasma chamber (CY-
P5L-B). CdTe films were grown on the BSG by CSS
method. The CSS system employed in this work
consists of a quartz tube augmented by halogen
lamps as a heat source, thermocouples, and PID
controllers to monitor the source and substrate
temperatures.

CSS is a technique of converting a solid into vapor
at a high temperature in a vacuum chamber. Figure 1
shows a schematic of the CSS system that was
developed for experimentation. If the source and
substrate temperatures are the same, the deposition
on the substrate will reach equilibrium, and the film
will not be grown. In most cases, a shorter distance
between the source and the substrate minimizes the
risk of mass transfer loss during sublimation. The
source and substrate temperatures were both scaled
up at the same time until they finally diverged for a
different amount of time, which is regarded as
depositing time. The selection of deposition param-
eters is influenced by the specific deposition proce-
dure [19]. The temperatures of the source and
substrate [3], annealing [20, 21], the nature of the
environment [22], the working pressure [5], and the
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chemistry of the source material are all critical per-
formance parameters in the CSS method. Thus, the
variables are intertwined. The deposition parameters
in this study, such as source-substrate temperature,
spacing, deposition duration, and pressure, were
chosen based on optimization from previously
reviewed literature, analytical approaches, empirical
results, and in some cases, plausible assumptions.
Figure 2a shows a source with CdTe powder, and
Fig. 2b depicts the CdTe thin films.

The substrate and source are separated by 2 mm.
The system is sustained at the set temperatures
(source temperature: 625 °C, substrate temperature:
585 °C) by 2 kW halogen lamps. The thermocouples
are engaged to monitor the temperatures of the sub-
strate and source. The chamber is reserved at
250-1000mTorr (Ar) to generate the suitable deposi-
tion ambient. The argon gas is used to maintain an
inert atmosphere inside the chamber.

The main goal of this research is to control film
thickness around 5 pm toward stable pinhole-free
CdTe thin films. By keeping other deposition
parameters constant, deposition pressure is changed
to achieve the desired film thickness.

Accordingly, the temperature was kept constant
for both the source and the substrate throughout the
film growth. The deposition time was 10 min for all
pressure variations. Table 1 shows the deposition
conditions of CdTe film grown via CSS.

1.2 Characterization

To investigate the microstructure, the fabricated
CZTS films are subjected to the X-ray diffraction
(XRD) technique. XRD configurations are verified
with a GBC, EMMA diffractometer with Cu-Ka
radiation beam at 1.5406 A wavelength. The diffrac-
tometer is operated at 35 kV and 28mA. A UV-Vis
spectrophotometer (Hitachi, UH4150) is employed to
reveal the optical absorbance between 300 and
800 nm wavelengths. UH4150 is a spectrophotometer
that inherits the optical system of the U-4100,
renowned for its parallel beam and low polarization
characteristics, which are ideal for assessing optical
characteristics. Film thickness is calculated with a
Surface Profilometer (Dektak, Bruker). DektakXT
enables vital nanometer-level surface measurements
for the microelectronics, semiconductor, solar, high-
brightness LED, medical, and materials research
industries. Film morphology is examined with an
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Fig. 1 Schematic diagram of a CSS system

Fig. 2 a Source with CdTe
powder and b CdTe-deposited
substrate

(b)

Table 1 Different deposition conditions for CdTe thin-film growth and measured film thickness

Sample Source temp Substrate temp  Source—substrate spacing Deposition time ~ Ar pressure (mTorr) Film thickness, d (pum)

P250 625 °C 585 °C 2 mm 10 min 250 6.50
P500 500 5.20
P750 750 6.70
P1000 1000 6.00
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atomic force microscope (Nanosurf, C3000) and
scanning electron microscope (Zeiss, EVO18).

2 Results and discussion
2.1 Structural properties

The structural properties of as-grown CdTe thin film
are studied by XRD. The XRD patterns of the afore-
mentioned as-deposited films are shown in Fig. 3. It
is observed from the XRD spectra that the CSS-de-
posited CdTe films show polycrystalline nature with
the preferential orientation along with (1 1 1) plane
and originated at 20 = 23.8° for all the deposition
conditions approving a cubic construction. Addi-
tional two low-intensity peaks are noted at
20 = 39.30° and 20 = 46.51° corresponding to the (2 2
0) and (3 1 1) plane, respectively, which are well
indexed with the JCPDS Card No. 03-065-1046 [23].
From the XRD peak, it is obvious that the pattern is
dominated by the (1 1 1) peak as the intensity of the
other two CdTe peaks (22 0) and (3 1 1) is very weak.
All these films are polycrystalline with a cubic phase
and are in settlement with the XRD consequences
stated by previous studies [1, 19, 24].

The strongest preferred (1 1 1) orientation is seen in
the sample deposited at 500 mTorr Ar pressure. After
this deposition pressure, the peak intensity showed a
diminishing trend, which may be attributed to the
formation of successive thin layers of material and a
decrease in surface mobility on the Borosilicate glass
[2, 19]. To achieve similar intensity, the amount of

— P 250
—— P 500
——P 750
—— P 1000

¥ (220)
>(311)

>
3

Relative intensity, AU
o
%—- %— %‘ ;— 111)
>
>

30 40 50 60 70 80
Diffraction angles, 20 (°)

Fig. 3 XRD of as-deposited CdTe thin film

Page 5 of 14 344

deposited material has to be the same. If the thickness
and deposition time is altered, the peak intensity may
differ. Variations in XRD peak intensities are often
linked to changes in the scattering intensity of crystal
components or their lattice orientation and can be
regarded as a result of crystallite size variations
caused by a variety of events. It could also be caused
by a discontinuity in the film texture, a high porosity
in the samples, huge voids, or a rough substrate [25].
The regular crystallite size is assessed from the full
width of half maximum (FWHM) of the utmost
powerful peak (111) with the Scherrer formula

K2
B Bcosl’ (1)

where f is the full width of half maximum (FWHM)

in radians, 4 is the wavelength (1.54 A), and k = 0.89
is the Scherrer constant. The estimated regular crys-
tallite size, D, of the samples for the (111) plane is
listed in Table 2. It is depicted here that the FWHM of
the major diffraction peak decreases with increasing
crystallite size, D. It is clear that the samples annealed
at the lower pressure (P 250 and P 500) have com-
paratively lower FWHMSs and larger crystallite sizes.
For deposition, the source and substrate tempera-
tures were maintained at 625 and 585 °C. Rising the
temperature origins more mobility and diffusion of
the surface, which permits the element to travel and
unite together, resulting in superior regular crystallite
size with a minor FWHM. However, Amin et al. [16]
have reported a larger crystallite size (21-38 nm) for
deposition pressure of 1-200 Torr where ultra-thin
glass (UTG) is used as substrate. UTG is ideal as a
substrate since it is very resistant to air and moisture,
offers transparency and bendability, and possesses a
thermal  expansion  coefficient  (CTE) of
72 x 107 °K™ " near CdTe (5.9 x 10~ ° K~ ") [16].
However, we have used BSG as a substrate for this
study and its CTE is 3.3 x 10~ ®* K~ '. The formation
of any tensile or compressive stress during high
temperature/pressure deposition, as well as cracks or
shrinkage during the cooling period, is minimized
with the aid of CTE equilibrium [26]. So, the use of
UTG might have a great contribution to structural
attributes along with lower Ar pressure.

The data of dislocation density, 6, shown in Table 2
are also lower for the samples with larger crystallite
sizes indicating fewer lattice imperfections and
decreased strain [27]. Still, the crystallite size does not
seem to diverge considerably through rising Ar
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Table 2 Structural parameters of CdTe thin films at various deposition pressures for (111) plane

Sample Position, d FWHM Crystallite size,  Dislocation density, ¢ Strain, & Crystallite number,
20 A) (deg) D (nm) (x10') (lines/m?) (x1073) Nm™ 2 (x10'%

P 250  23.798 3.7358 0.527 16 3.87 2.92 8.98

P 500 23.748 3.7428 0.526 16 3.84 2.77 8.91

P 750  23.749 3.7429 0.544 16 4.11 2.86 9.87

P 1000 23.670 3.7554 0.549 15 4.20 2.67 10.22

pressure (250-1000 mTorr) as the crystallization N d A
temperature or annealing temperature shows a sig- D )

nificant effect on the crystal morphology. Moreover,
an additional tensile or compressive stress is present
in the CdTe film due to the use of BSG as substrate
[26] which has an impact on crystal structure and
lattice strain.

The dislocation density ¢ [28] is defined as the
number of dislocations per unit volume of a crystal. It
can be estimated by

1

o=rs

(2)

Stress is one of the most vital factors influencing
microstructural properties. The strains that arise in
thin films deposited on substrates can jeopardize
thin-film electronic device reliability. Understanding
the origin of these stresses and the governing defor-
mation processes in thin films is required in order to
design these devices for greater mechanical reliabil-
ity. In nanomaterials, crystal dislocation enhances
strain. According to the Williamson-Hall isotropic
strain model (W-HISM) [28, 29], the dimension of the
crystallite and the strain in the lattice are unrelated.
However, the Williamson-Hall anisotropic uniform
deformation energy density model (W-HUDEDM)
[30] states that when the crystallites are quite tiny,
there are greater volume defects at grain borders. A
stress field is created by the internal pressure exerted
by surface tension due to volume defects. The strain
in the lattice is caused by the extra stress at grain
boundaries. Generally, the strain ¢ of the thin film is
dignified as [31]

pcotl
— ()

In addition, the crystallite number N can be cal-
culated [32] by utilizing values of film thickness (d)
and crystallite size, D as

@ Springer

The value of microstructural parameters of posi-
tion (20), dng, FWHM, dislocation density, 6, strain, ¢,
and crystallite number, N is listed in Table 2.

2.2 Surface morphology

Scanning electron microscopy (SEM) is helpful in
ensuring that huge areas of material are covered
uniformly. This approach can be used to determine
the existence of various surface defects and Te pre-
cipitation in CdTe. Figure 4 illustrates the SEM
micrograph of a CSS-deposited CdTe layer with dif-
ferent Ar deposition pressures at a magnification of
25k to show consistent coverage. The premise, out-
comes, and order of magnitudes of several approa-
ches, for grain size calculation such as the Scherer
formula and the Williamson-Hall plot, make it tough
to compare them directly. However, all available
techniques are capable of estimating accurate grain
size to some extent [3, 19]. The size of crystalline
domains is computed using XRD, whereas actual
grains are visible using SEM.

As may be seen in SEM pictures, films have a
homogeneous, smooth, and uniform surface with no
pits or cracks (Fig. 4). For deposition pressures of 250
and 500 mTorr, some large grains can be seen
alongside small grains in Fig. 4a and b. In Fig. 4c and
d, the grains are nearly identical and densely packed,
with smaller grains appearing at higher pressures of
750 and 1000 mTorr. Smaller grains are more reactive
and have a higher solubility in melted flux, resulting
in more efficient mass movement during annealing or
post-heat treatment. For all CdTe films, there are no
voids or inclusions, and the surface appears to be
well ordered. And eventually, the XRD outcomes are
supported by these SEM pictures.
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Fig. 4 SEM images of CdTe thin-film samples: a P 250, b P 500, ¢ P 750, d P 1000

2.3 Surface topography

The surface topology of a thin film may be detected
and visualized by AFM [14]. CSS-grown CdTe film is
generally rough and has poor coverage. Therefore,
AFM analysis is used to investigate the relationship
between the roughness of CdTe thin films and their
deposition pressure. Consequently, surface topogra-
phy, average roughness (Ra), and RMS (Rq) rough-
ness are all measured for this study using AFM.
Figure 5 depicts the AFM surface topography of
CdTe thin-film samples. In addition, Fig. 6 illustrates
the topography (from a 3D image) of CdTe film in a
scanning area of 20 pm x 20 pm for deposition
pressure of 250, 500, 750, and 1000 mTorr,
respectively.

Table 3 shows the variation of grain size, RMS
roughness (Rq), and average roughness (Ra) achieved
from the AFM study with the change in deposition
pressure of CSS-deposited CdTe thin film. Crystallite
size, according to the literature, is a measurement of
the size of coherently diffracting regions of material.
The Scherrer equation is widely used to calculate the
crystallite size from an XRD pattern. Grains, on the
other hand, refer to the average diameter of the
individual crystal orientations. Grain is a single-
crystalline or polycrystalline material that can be
found in bulk or as thin films. Due to kinetics, smaller
crystallites move closer during processing and

become larger. As a result, the grain is more than
likely larger than a crystallite. If the grain is exactly
single crystallite, crystallite size equals grain size [19].
Table 3 shows that grain size changes with deposi-
tion pressure. For the lowest deposition pressure at
250mTorr, the grain size was the largest (2.21 um).
And it decreases with increasing deposition pressure
of Ar. Nevertheless, Major et al. [5] demonstrate
another study of grain size controlling of CdTe thin
film where N, pressure was varied (2-200 Torr) and
the range of grain sizes increased with N, pressure.
However, The AFM data support the hypothesis of
improved grain size for lower deposition pressure by
XRD and SEM for this study.

The roughness of the surface indicates its level of
homogeneity. Both average roughness, Ra, and RMS
roughness, Rq, calculate the roughness of thin films,
but their mechanisms for that are distinct. Increased
roughness causes greater light scattering, which can
result in higher reflectance or even attenuation. To
create a longer optical length, more roughness is
recommended. The changes in surface roughness
could be attributed to surface flaws, changes in the
degree of disorder, and the porosity of the films [33].
In addition, for this study, the mean roughness (Ra)
values are in the range of 199-293 nm which is in
accordance with the study accomplished by Seth
et al. [19, 34].

Fig. 5 Surface morphology of CdTe thin film by using AFM: a P 250, b P 500, ¢ P 750, d P 1000
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1.4 pm

0.0 pm

Fig. 6 3D images of CdTe thin film by using AFM: a P 250, b P 500, ¢ P 750, d P 1000

Table 3 RMS roughness (Rq)

RMS roughness (Rq) nm Mean roughness (Ra) nm

and mean roughness (Ra) of Sample Grain size pm
;ill“estilsnn film from AFM P 250 221
y P 500 176
P 750 1.63
P 1000 1.48

356.99 293.52
312.37 251.54
262.10 213.82
245.47 199.86

2.4 Optical properties
2.4.1 Transmittance (%T), and absorption coefficient (o)

The absorbance of deposited CdTe thin films is
assessed by measuring optical properties. To nor-
malize the impact of the underlying substrate, the
reference glass’ absorbance is deducted. Figure 7
illustrates the transmittance (%T) spectra of CdTe
thin films. The UV-Vis spectra of the CZTS samples
portrayed in Fig. 8 show that the CdTe thin films
possess high optical absorbance with a large
absorption coefficient, o, where the transmission and
reflection losses have been discounted. The measured
absorption coefficient values for all the samples are
> 10* cm™ ! in the visible region which confirms the

0.30

0.25 ~

0.20 ~

Transmittance, % T

0.05 ~

0.00 T T T T T T
300 400 500 600 700 800
Wavelength, A(nm)

Fig. 7 Transmittance spectra (%T) of CdTe thin-film samples:
(a) P 250, (b) P 500, (c) P 750, (d) P 1000

@ Springer

absorbance of more than 90% as desired for an
effective absorber layer [28, 31] for the absorption
coefficient:
n
o= M 5)
hv
Here, 1 is the constant number having values 1/2,
2,3/2, or 3 corresponding to allowed direct, allowed
indirect, forbidden direct, or forbidden indirect
transitions, respectively, and the remaining have
their usual meanings. The absorption coefficient «
[27, 28] is estimated by means of the following rela-
tion from the absorbance A as

1= Ioe_“d, or

16000

14000

1
N
N
o
o
o

1

10000

8000 -

—P 250

——P 500
—P 750
——P1000

6000 -

4000

2000

Absorption coefficient, a(cm™)

-2000 T T T T T T T
200 300 400 500 600 700 800

Wavelength, A(nm)

Fig. 8 Absorption coefficient o of CdTe thin-film samples:
(a) P 250, (b) P 500, (c) P 750, (d) P 1000
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o = 2.303 (‘2), (6)

where I expresses the transmitted intensity, I,
expresses the incident intensity, A is the absorbance,
and d is the width of the fabricated film.

2.4.2 Band gap energy (E,)

The graphs of (#hv)* vs. hv are plotted in Fig. 9 to
define the energy band gaps of the films. The optical
absorbance and band gap allocation of films are
greatly affected by the grain homogeneity of the
substrate surface. The Tauc plot’s appearance verifies
CdTe’s status as a direct band gap semiconductor.
The energy band gap is measured in the region of
1.45-1.55 eV and changes in the band gap are linked
to changes in Cd stoichiometry and crystallinity
[35, 36]. The Burstein-Moss effect clarifies that
changes in the absorption shift and carrier concen-
tration may result in changes in the band gap too [37].
Strong interaction between the substrate and vapor
atoms on samples is the other factor of band gap
reduction in the case of treated CdTe. The adjustment
in the optical band gap could be due to a change in
base pressure initiated by a change in film stoi-
chiometry, which reasons changes in electrical char-
acteristics like carrier density and mobility.
Dislocation density (§), disorder at grain boundaries,
stoichiometric deviations, quantum size impact, and
change in preferred orientation can all affect the band
gap of a semiconductor material [19]. However, our
experimental data are in good agreement with the

1.6E+9

1.4E+9

1.2E+9 o

1.0E+9

8.0E+8 o

(ahv)? (eV? /cm?)

6.0E+8

4.0E+8 o

2.0E+8

T T T T T T T T T T T T T T
132 143 154 165 176 187 1.98 209 220 231 242 253 264 275

Photon Energy, E, (eV)

Fig. 9 Plot of (¢hv)? versus photon energy (v) for the band gap
calculation of CdTe thin films
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study [38] which reported that the direct optical band
gap of CdTe thin film was approximately 1.65 eV
before treatment and 1.5 eV after treatment.

24.3  Urbach energy (Ey), steepness parameter (c),
extinction coefficient (K), and skin depth (y)

The ultimate absorption edge beneath the energy
band gap (E,) rises exponentially in semiconductors
and insulators, and this absorption edge is denoted as
the Urbach tail [39]. Over the years, researchers have
looked at the actual cause of Urbach tails in semi-
conductor materials.

The width of the defect bands created as an inter-
mediate state in the band gap of CdTe can be deter-
mined. These defect band states produce a band tail
that extends from the lower conduction band to the
higher valence band. As a result, an energy tail forms
on both sides of the valence band maximum and
conduction band minimum [40, 41]. In amorphous,
disordered, and crystalline materials, the tail emerges
toward the optical band edge. According to research,
such tails are caused by strains high enough to drive
local states past the band edges and decay exponen-
tially into the band gap [42]. According to the study,
phonons, excitons, impurities in crystal, and struc-
tural irregularities in the lattice have been linked with
the detected tails, which are mathematically
exponent.

The spectrum dependence of absorption coefficient
() with photon energies (hv) less than the energy
band gap of a CdTe thin film is determined by

o= ocoe%, (7)

where o is a constant and Ey is the Urbach energy.
In the energy spectrum of the absorption coefficient,
the Urbach tail is an exponential portion. The degree
of structural disorder in thin films is measured by
Urbach energy (Ey). The local defect or localized
states at the optical energy gap are represented by
this quantity. Electronic transitions between localized
states may cause the optical absorption coefficient («)
of thin films to be dependent on photon energy [4]. In
Fig. 10, we show the logarithmic absorption coeffi-
cient (o) of the CdTe film as a function of wavelength
(4). The reciprocal of the slopes of the linear portion,
below the optical band gap, gives the value of Ey;. The
values of the Ey are listed in Table 4. The experi-
mental value of the Ey is much higher than the
reported data [16]. Crystal defects may be the cause
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of a spike in Urbach energy, which causes the local-
ized state to reorganize in thinner samples.

The number of thermally produced phonons is
very low at low temperatures; hence, Ey's weak
temperature dependency is primarily due to struc-
tural abnormalities. Due to the presence of a consid-
erable quantity of unanticipated impurities and
vacancies, the thin film is acknowledged to have a
major number of structural abnormalities. Based on
the influence of structural disorder and thermal effect
on the electronic attributes of silicon, Cody et al. [43]
developed a model for the Urbach energy (Ey). In this
study, all the CdTe samples are fabricated at the same
temperature. So the value of Urbach energy has not
been seen to vary drastically.

Meanwhile, in Wasim’s model [44], the Urbach
energy of Cu ternaries fluctuates from Cody’s by one
extra variable that accounts for phonon(s)—exci-
ton(s) interaction. The intensified interaction between
electron and phonon occurs as the number of pho-
nons grows with rising temperature causing a larger
temperature dependency of Ey in the high-tempera-
ture zone. At high temperatures, the electron-phonon
interaction governs the temperature reliance of
Urbach energy, Ey. Furthermore, these two effects are
additive and have a significant impact on absorption
tails [39].

The steepness parameter [39, 45] o characterizing the
broadening of the optical absorption edge due to
electron—phonon interactions can be determined by

Equation y=a+b*
Plot P 250 P 500 P 750 P1000
Intercept = 7.63665 £ 0.56482  9.38301 +0.53116 = 9.7036 + 0.53336  9.18988 + 0.45078
Slope 4.22075+0.3808  3.14282 +0.35811 274978 £ 0.35959  3.18137 + 0.30392
T T T T
14.10
14.05 i
14.00 +
13.95 T
=1
=
13.90
13.85
13.80 —m— P 250
—e— P 500
4 —A— P 750
1375 —w— P1000
13.70 T T T T T
1.46 1.47 1.48 1.49 1.50 1.51

Photon energy, hv(eV)

Fig. 10 Plot of Ln « as a function of the incident photon energy of
CdTe thin film deposited at different pressures
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_iT
i

(8)

o

where k denotes the Boltzmann constant and T de-

notes the absolute temperature. The impact of
impurities and disorders on the Urbach tail is not
incorporated here. The calculated values of ¢ of CdTe
films are listed in Table 4.

Extinction coefficient (K ) is a study of light lost due
to scattering and absorption per unit volume of the
medium through which it passes [46]. The mass
density or molar concentration of a specific material
determines the absorbance of light at a given wave-
length. So, the extinction coefficient (K) depends on
the material and also on the photon energy [47]. The
depth of material necessary to absorb half of the
incident energy is 0.693/K. The extinction coefficient
(K) can be expressed by

4nK
w=— 9)

Figure 11 shows the dependence of the extinction
coefficient K of CdTe thin film deposited at different
pressures. The value of the extinction coefficient
K was less in the ultraviolet region, but it increases
linearly with the increment of wavelength (/) in the
visible region. In addition, it shows a higher value of
extinction coefficient K for the sample deposited at a
pressure of 500 mTorr and lowest for the sample
deposited at 750 mTorr. As it is directly proportional
to absorbance coefficient () and material thickness
(d), this behavior is potentially in agreement with the
same rationale mentioned in Table 1; Fig. 8. Lower
extinction coefficient values represent the compara-
tively smoother surface of thin film and lower loss of
light energy by scattering and absorption.

Another crucial metric linked to light absorption
within the thin film is skin depth, y (also known as
penetration depth). It is the thickness at which the
photon density equals 1/e of the surface value. It is
determined by the conductivity of the thin films
under study and the wavelength of the incident light.
The optical characteristics of semiconducting mate-
rials can be related to skin depth [48, 49]. Due to the
substantial dependence of conductivity in semicon-
ducting materials on the optical band gap, the skin
depth may be calculated as [48, 50].
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Table 4 Optical parameters of CdTe thin films
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Sample Band gap, E;, Urbach energy, Steepness parameter, ¢ Refractive High-frequency dielectric Dielectric
(eV) Ey (eV) x (10~ 2) index, n constant, &, constant, &,
P250 1.454+0.01 0.24 10.90 2.938 4+ 0.004 8.630 14.054 £+ 0.025
P500 1.524+0.02 0.32 8.12 2.903 + 0.006 8.429 13.838 4+ 0.038
P750 1.554+0.01 036 7.1 2.889 + 0.004 8.347 13.746 + 0.025
P 1000 1.48 £0.02 0.31 8.22 2.923 + 0.008 8.542 13.962 + 0.052
0.10
3000 -
0081 —— P 250
5 2500 —— P 500
= P 750
0.06 - _
2 E ——P 1000
£ S 2000 -
P -
=
E 0.04 - )
=] =
£ £ 1500
£ Z ﬁ
5 0.02 _\\..‘
1000 - %g\__
0.00 i . i o
200 300 400 500 600 700 800 300 400 500 600 700 800

Wavelength, A(nm)

Fig. 11 Dependence of the extinction coefficient (K) of CdTe thin
films on the wavelength (1) of incident light

L= (10)

Here, y is the skin depth, and o is the thin film’s
absorption coefficient. Skin depth is related to the
square root of the resistivity in a good conductor. As
a result, better conductors have a shallower skin
depth. Figure 12 depicts the skin depth dependence
on incident light wavelength for close-spaced subli-
mated CdTe thin films. The value of skin depth y was
high in the ultraviolet region and it decreases dras-
tically and becomes stable with the increment of
wavelength (1) in the visible region. Moreover, the
plot illustrates that skin depth y is lower for films
with higher absorbance. And that is obvious because
high absorption causes the film’s transmittance to
decrease, allowing the light wave to travel less
through the film.

Wavelength, A(nm)

Fig. 12 Dependence of Skin depth () of CdTe thin films on the
wavelength (1) of incident light

2.4.4  Refractive index (n), high-frequency dielectric
constant (e.,), and static dielectric constant (g,)

Due to the difficulties of employing experimental
equipment to assess the electric characteristics at
higher temperatures, the dielectric properties of II-VI
semiconductors are measured primarily based on
low temperatures [51]. In order to enhance their
application for thermoelectric devices, this theoretical
study is a complement to semiconductor material
research. The refractive index (1) of the thin film is
one of the foremost factors in the prospect of total
internal reflection inside a photovoltaic cell [52]. The
refractive index, which is defined as a measure of
density, also provides information regarding voids in
the deposited layer [10]. The refractive index usually
increases as the optical energy band gap reduces, and
the two factors can be connected using the Harve-
Vandamme model [11]. However, for simplicity, the
refractive index n of CdTe thin films fabricated for
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the communication is considered from the Moss
relation [28]

En* =k, (11)

where k denotes a constant with a worth of 108 eV.

The E,; varies from 1.45 to 1.55 eV for this experiment,
whereas it varies from 1.66 to 1.69 eV reported by
Amin et al. [16]. Repelling electrons and/or passi-
vation defects that act as recombination sites at the
interface are minimized by a narrower band gap
range. The relation between band gap energy (Ey),
refractive index (n), and dielectric constant (¢) of
CdTe thin film is depicted in Fig. 13.

The dielectric belongings of material are related to
its capacity to obstruct an electron’s mobility when it
is polarized under the inspiration of an exterior
electric field. The dielectric constant is modified by
electromagnetic radiations moving through the
material and is influenced by the sensitivity of the
electronic structure of the semiconductor. Materials
with appropriate dielectric constants are beneficial to
develop efficient solar cells [10].

The high-frequency dielectric constant &,, of CdTe
film is estimated by the following equation [27]

€ = 12 (12)

The static dielectric constant, ¢, of each thin film
[31] is calculated using the relation

6o = 18.52 — 3.08E,. (13)

The value band gap, refractive index, and dielectric
constant of the CdTe thin films deposited in different

160 T T T T - 14.135
—m—Band Gap, Eg (eV) 298
1.58 —m— Refractive Index, n
l —e— Dielectric constant, ¢, - 14.080
1.56 -
(-2.96
| % 14025 &
; 1.54 . - =
O o £
> 152 " l (2% & Liseo B
w \ 2 5
; o
& 150 4 l2o2 > 13915 ©
o £ .‘g
g bl £ L 13.860 %
L] o leoo & - &
1.46 | \
f b I 13.805
144 4 ) 288
4 L 13.750
142 H 256
1.40 I 13.695

T T T T
P 250 P 500 P750 P 1000

Fig. 13 Band gap energy (E,), refractive Index (1) and dielectric
constant (&) of CdTe thin film fabricated at diverse pressure
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Ar pressures are revealed in Table 4. All the values
are in decent settlement with former reports [19, 20].

3 Conclusion

In this study, CdTe thin films were grown on
borosilicate glass substrates via a high-temperature
deposition process called CSS. The deposition pres-
sure (Ar) varied from 250 to 1000 mTorr. The impact
of deposition pressure (Ar) on the physical properties
of CdTe thin films has been inspected comprehen-
sively. The polycrystalline CdTe structure is acquired
with a sharp peak at (111), (220), and (311) planes.
The crystalline nature difference was discovered at
various deposition pressure. The variation of crys-
tallite size (D), dislocation density (9), strain (¢), and
crystalline number (N) has been listed to observe the
significance of deposition pressure on the CdTe thin
film. The findings reveal that altering the pressure of
inert gas (Ar) present during the formation of CSS-
deposited CdTe films can result in a considerable
microstructural change. Comparatively larger crys-
tallite size is obtained for lower deposition pressure
which is revealed by XRD analysis and it is in
agreement with SEM and AFM analysis. The contri-
bution to series resistance R, from grain borders may
be predicted to diminish as grain size increases. As a
result, the performance of solar cells may steadily
improve. The grain size management method used in
this study can be used to do a schematic evaluation of
solar cell performance using grain size as the only
parameter. Surface roughness is distorted by the
deposition pressure and depicts a relatively less
roughness value for higher deposition pressure (750
and 1000 mTorr). Band gap energy (E;) of CdTe thin
film varies from 1.45 to 1.55 eV which is ideal for the
absorber layer of the solar cell. The refractive index
(n) was found in the range of 2.88-2.93. A fixed
temperature is maintained for all CdTe sample fab-
rication, so there is no orientation in the calculated
Urbach energy (Ey) or steepness parameter (o).
Hereafter the weak temperature reliance of Urbach
energy Ey is predominantly accompanied by impu-
rities and thermal and structural disarrays. However,
the inquiry of the Urbach effect in the optical
absorption spectra of the CdTe thin films deposited
by CSS is reported here for understanding. This will
be fascinating to examine how Cu-doped CdTe thin
films compete with as-deposited films in terms of
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absorption edges; as such, results will help explain
the exact function of impurities and disorders in the
optical attributes of CdTe thin films. As a result, it is
concluded that deposition pressure has a significant
impact on CdTe thin-film attributes. Furthermore, all
of the examined features of CdTe thin films are well
matched within the range of typical reported values,
indicating that they have the aptitude to be used as
absorber layers in solar applications. The selection of
the ideal substrate for CdTe thin-film solar cells can
be further improved by micromechanical analyses of
the interface and coating strength incorporating
selective chlorine treatment.
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