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Abstract: The II-VI semiconductor thin films have vast applications in optoelectronics. Cadmium telluride (CdTe) is one
such material, which has proved to be useful in the fabrication of solar cells, photodetectors, etc. In the present work, CdTe
thin films have been deposited on glass substrates by thermally evaporating CdTe powder under a high vacuum. The
optimum film thickness for photovoltaic applications was determined by performing a detailed characterization of the
films. The thermal evaporated CdTe films were found to be polycrystalline with a cubic structure. Considerable
improvement in the crystallinity was observed with the increase in thickness. The lattice constant, dislocation density,
strain, and stress have also been analyzed. The optical properties of the CdTe films have been observed to change with
thickness. The maximum optical absorption was found in the near infrared region. The photoluminescence spectra showed
a prominent peak, corresponding to the band-edge transition of the CdTe films. The electrical properties of the films were
found to improve with thickness. The films yield maximum photocurrent at 820 nm. Based on the detailed characterization,

the film thickness of 950 nm was found to be most suitable for photovoltaic application.
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1. Introduction

In the current scenario, thin-film technology is one of the
most promising fields for energy-efficient optoelectronics
and renewable energy research. The technology has
tremendous applications from the device fabrication point
of view [1, 2]. Among the semiconductor thin films, the II-
VI semiconductors have enormous advantages due to their
direct band gaps which cover the NIR-VIS-UV region of
the electromagnetic spectrum. Cadmium telluride (CdTe)
is one such II-VI semiconductor, with a high absorption
coefficient and a direct energy bandgap of 1.45 eV, which
is most suitable for the fabrication of photovoltaic devices
[3-7]. Often, the as-deposited CdTe thin films exhibit
p-type conductivity. However, it can also be obtained in
n-type form by suitably altering the deposition process
[8, 9]. The p-type CdTe thin films have been successfully
utilized in CdS/CdTe and ZnS/CdTe heterojunction solar
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cells [10, 11]. Apart from the solar cells, the CdTe thin
films can also be used to fabricate LEDs, IR-Photodetec-
tors, and other optoelectronic devices [12, 13].

Although the photovoltaic devices based on single-
crystal silicon are the most successful ones, the high cost of
manufacturing the single-crystal silicon has made them
expensive. This is one of the main reasons because of why
single-crystal solar cell technology has largely remained
beyond the reach of developing countries [14, 15]. So,
CdTe-based thin-film solar technology was developed as a
cost-effective alternative for single-crystal silicon solar
cells. Initially, NREL (USA) reported an efficiency of
about 16.5% in CdTe solar cells [16] Since then, a sig-
nificant increase in efficiency has been achieved (from 16.5
to 22%) through extensive research [17, 18].

The CdTe films can be deposited on different substrates
such as glass, FTO, ITO, etc., depending upon the device
requirements [19-21]. Both physical and chemical tech-
niques have been employed to obtain CdTe films [22-25].
However, the chemical deposition of CdTe has many
bottlenecks such as lack of stoichiometry, instability of
tellurium atoms, and the formation of excess oxygen atoms
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[26]. Among the physical techniques, thermal evaporation
has been a very popular choice. In this technique, uniform
CdTe films can be easily prepared on different types of
substrates. The method also offers relatively high deposi-
tion rates and minimum contamination. The cost of pro-
duction is also low compared to other high-end physical
techniques [27, 28].

Although several reports are available on thermally
evaporated CdTe thin films, detailed studies of structural,
electrical and photoresponse properties are yet to be
undertaken. Most of the published work on CdTe films has
focused on a very narrow range of thickness without
offering any justification for the choice of such a narrow
range [29, 30]. In the present work, we have investigated
the properties of CdTe films with a broad range of thick-
nesses. The optimum thickness of CdTe has been deter-
mined through detailed structural, optical, electrical, and
photo response studies.

2. Experimental details

The CdTe thin films were deposited on glass substrates by
thermal evaporation technique. Before the preparation of
the films, glass substrates were thoroughly cleaned for
better adhesion. Initially, the substrates were immersed in
dilute hydrochloric acid for 24 h. After that, the substrates
were rinsed in acetone and distilled water for 10 min and
finally dried.

A pre-determined amount of CdTe powder (99.99%
purity, from Sigma-Aldrich) was taken in a molybdenum
boat for deposition. The glass substrates were placed on the
substrate holder directly above the molybdenum boats. The
setup is placed inside a vacuum chamber and the molyb-
denum boat was resistively heated (under a residual pres-
sure of 107° Torr) until the CdTe powder is completely
evaporated. The schematic diagram of the thermal evapo-
ration setup is shown in Fig. 1.

The films thus obtained were subjected to detailed
structural, optical, and electrical characterization. The
structural and morphological properties of the films were
investigated by Rigaku Miniflex X-ray Diffraction (XRD)
and Oxford Scanning electron microscope (SEM). The
optical, photoluminescence, and electrical properties of the
films were studied by Shimadzu UV-VIS-NIR spectrom-
eter, Hitachi Fluorescence Spectrophotometer, and Hall
Effect measurement setup, respectively.

The spectral response of CdTe film was analyzed by
HOLMARC™ Quasar Monochromator setup with a
150 W Xenon lamp. The photocurrent of the film was
measured with the help of the Keithley meter.

3. Results and discussions

The thickness of the films was determined by the gravi-
metric method and later verified by a profilometer and
SEM cross section image. The thickness of the obtained
film samples ranged from 350 to about 1150 nm.

3.1. Structural properties

The thermally evaporated CdTe films were found to be
polycrystalline with a cubic phase. The peaks corre-
sponding to (111), (220), and (311) planes were visible in
the XRD patterns (Fig. 2). The intensity of the prominent
(111) peak increased with the film thickness up to 950 nm
but then decreased slightly in the case of 1150 nm films.
This behavior may be attributed to the lack of texture and
discontinuity in the films.

The crystallite size and other microstructural parameters
were determined from the XRD patterns. The well-known
Scherrer formula was used to determine the crystallite size
(D) [31]. The formula can be written as,

0.9
b= Bcos 0 )
where / is the wavelength used (CuKo, i.e., 1.54 ;\), p and
0 are the full-width at half maxima of the peaks correspond
to Bragg’s angle respectively. The values of ‘D’ are tab-
ulated in.

The crystallite size of the films was found to increase
with thickness up to 950 nm. The improvement in crys-
tallinity was due to the reduction in the grain boundaries.
At lower thicknesses, the atoms impinging on the substrate
are concise and adhere to one zone of the surface rather
than getting incorporated with the adjacent grains [32, 33].
However, as the thickness increases, the adjacent grains
would get assimilated to form larger grains. The
improvement in crystallinity also depends on the mobility
of the deposited atoms on the surface. The higher mobility
of the atoms results in the larger cluster formation with
uniformly distributed crystallites. In thermal evaporation,
more and more atoms get uniformly settled on the surface
of the substrate with the increase of thickness. Also, at
lower thicknesses, the dislocation of the atoms occurs more
often compared to films of a higher thickness value
(Table 1). The crystallite size was found to saturate at a
thickness of around 950 nm. Further increase in thickness
did not cause any improvement in the crystallite size. This
behavior is typical of thermally evaporated films. It is not
possible to have indefinitely higher crystallite size in
thermally evaporated films just by increasing thickness.
Hence, the crystallite size in the 1150 nm films was found
to be lower compared to that of the 950 nm film. Besides,
in thermal evaporation, the formation of the films takes
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Fig. 1 The schematic diagram
of thermal evaporation setup
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Fig. 2 The XRD patterns of CdTe thin films with different thickness

place in one crystallographic direction. This tends to lower
the surface energy density, which is tabulated in Table 2.
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The dislocation density of the CdTe thin films was
determined from the following formula [34].

1
6= )
The value of crystallite size was further verified by
Williamson—Hall (W—H) plot [35], as shown in Fig. 3. The
linear graph gives the idea of strain developed in the
deposited films according to the relation,

92
ﬁcosﬂz%—l—%sinﬁ (3)

The W-H plot describes the average crystallite size from
all the XRD peaks and the strain induced due to peak
broadening. The crystallite size (D) and the strain (¢)
obtained from the y-intercept and slope of the above
relation are tabulated in Tables 1 and 2.

The lattice constants of the films were also determined
for different thicknesses. The well-known Bragg’s equation
gives the relation between interplanar spacing (d) and
wavelength (1) [36].

ie 2dsinf = nl 4)

The lattice constant ‘a’ for cubic phase with miller
indices (h k I) can be calculated from the following
relation,

a=dVh+kE+P (5)

As the thickness increased, the lattice constants of the
CdTe films were found to approach the bulk values
(Table 2). The change in the lattice constants can be
attributed to the decrease in the surface energy density,
which tends to dislocate the films from the surface. For the
thickness of 950 nm, the lattice constant was found to be
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Table 1 The crystallite size of CdTe films at different thickness

Thickness Crystallite size D (nm) Dislocation
(nm) density o
x 10" (m™?)
From Scherrer From W-H
formula Plot
350 19.89 18.72 2.52
550 29.49 29.17 1.14
750 37.45 36.84 7.12
950 38.80 38.43 6.64
1150 35.39 3491 7.74

6.47 A. The slight residual mismatch from the bulk value is
due to disorientation and the presence of defects in the
films.

The lattice constants of the CdTe thin films were veri-
fied by Nelson—Riley (N-R) plot (Table 2). The N-R plot
yields better accuracy by accommodating the effects of
peak broadening in the polycrystalline films [37]. The N-R
function can be written as follows:

1
T

tan 0

(6)

The plot of e (0) versus ‘@’ was found to be linear
(Fig. 4). The values of the lattice constant were obtained by
extrapolating this linear graph.
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Fig. 3 The W-H plot of CdTe thin films with different thickness

dislocation in the films may be present in one crystallo-
graphic direction, which causes stress [38]. The strain
produced in the films was determined from Eq. (3) and
tabulated in Table 2. The improved crystallite size at higher
thickness results in a corresponding decrease in strain (up
to the film thickness of 950 nm) At 1150 nm, a slight
increase in the broadening of the peak was observed as a
direct consequence of the decrease in crystallite size.

The stress developed in the films was determined by the
relation,

The polycrystalline nature of the films invariably results S = M (7)

. .. . 2ap0

in stain-induced peak broadening. Furthermore, the

Table 2 The results obtained from XRD analysis of CdTe films

Thickness (nm) (hkl) Lattice constant € S U

a (A) x 1073 x 10% (N/m?) x 10° (J/m>)
From XRD From N-R plot

350 111 6.25 6.25 8.15 15.11 28.55
220 6.24
311 6.24

550 111 6.29 6.29 5.54 12.46 19.43
220 6.29
311 6.28

750 111 6.38 6.38 4.41 7.12 5.39
220 6.37
311 6.37

950 111 6.47 6.47 4.33 0.46 0.03
220 6.46
311 6.47

1150 111 6.40 6.41 4.69 4.31 2.32
220 6.41

311 6.40
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Fig. 4 The N-R plot of CdTe thin films with different thickness

where ay and a are the lattice constants of CdTe for bulk
and thin-film form. Y and ¢ are Young’s modulus and
Poisson’s ratio of the CdTe thin films, respectively. For the
calculations, the values of Y =4 x 10'° N/m? and
o = 0.469 were used [39]. The stress in the CdTe thin films
was also found to decrease with thickness up to 950 nm
(Table 2). At lower thickness, the dislocation in the CdTe
films was found to be high. Since the polycrystalline films
are in the form of a collection of grains (separated from
each other by grain boundary regions), the dislocation of
grains is expected at higher stress levels.

The elastic surface energy density was calculated using
the following formula [40].

SZ

U="_
2Y

(8)

The decrease in elastic surface energy density with the
thickness (Table 2) can be attributed to improvement in
crystallite size and reduced stress. The slight decrease in
the crystallite size (at the film thickness of 1150 nm) would
increase the surface energy density.

The SEM image showed uniform surface coverage in
the films. The films were devoid of any macroscopic

imperfections. The EDS analysis showed that the compo-
sition of the films deviated marginally from stoichiometry.
However, the composition changed with the thickness
(Table 3). The thermal evaporation technique is notorious
for producing non-stoichiometric films. The difference in
the vapor pressures of the constituent elements (Cd and Te)
results in an asymmetrical supply of atoms of the two
species at the substrate. The films with a thickness of
950 nm, were found to possess a nearly stoichiometric
composition.

3.2. Optical properties

The optical properties of the films are mainly governed by
the movement of electrons and the presence of defects in
the films. Since the crystal structure has a strong bearing on
the free movement of electrons, the optical properties of
the films may also vary with the thickness. The optical
absorbance spectra were recorded in the wavelength range
of 450-1100 nm. The films were found to have high
absorption in the near-infrared (NIR) region as reported
previously by other research groups [41, 42]. The absor-
bance of the films increased initially with thickness up to
1150 nm as shown in (Fig. 5a). The improvement in the
crystallinity tends to reduce the scattering loss. Therefore,
absorbance increased with the crystallite size of the CdTe
films. The absorption coefficient o and the energy bandgap
of the films can be determined from the absorbance spectra
using the relation [43].

ohy = A(hv — Eg)" )

In the relation, the value of n indicates the nature of
transition (n = % for direct and n = 2 for indirect). In the
present case, the plot of (Othv)2 versus hv was found to be
linear suggesting that the bandgap is direct. The value of
the energy bandgap was found by extrapolating the linear
part of the graph to meet the x-axis (Fig. 5b).

The energy bandgap of the films was also found to vary
with thickness. When the thickness increased, the absorp-
tion edge of the films shifted toward the higher wave-
lengths. The bandgap of the films varied from 1.52 to
1.45 eV which agrees well with the earlier reports [44, 45].

The extinction coefficient of the CdTe thin films was
calculated from the relation [46]

oA
= 1

The variation of extinction coefficient with film
thickness is shown in Fig. 6a. The increase in crystallite
size leads to a reduction in the defects due to the reduced
grain boundary region. This is chiefly responsible for the
variation of the extinction coefficient with thickness.
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Table 3 The composition of the CdTe films

Thickness The atomic percentage of ~ The atomic percentage
(nm) cadmium of tellurium

350 51.12 48.88

550 50.40 49.60

750 50.14 49.86

950 50.02 49.98

1150 50.21 49.79

The thickness of the films was also found to influence
the refractive index. The refractive index can be deter-
mined from the absorbance spectra using the relation [47].

R=1—(A+T) (11)

] (62

where R and k are the reflectance and extinction coefficient
of the CdTe films, respectively. The refractive index was
found to increase with thickness, as shown in Fig. 6b. The
improvement in crystallinity and the marginal changes in
the composition of the films have influenced their refrac-
tive index.

The optical conductivity of the films was determined
from the following relation [48].

(12)

anc

=

(13)

The graph of ¢ versus #v demonstrates the effect of the
thickness on the optical conductivity of the films. The
variation of optical conductivity with thickness is shown in
Fig. 6¢c. This is a direct consequence of the corresponding
variation in the absorbance of the films due to the increased
crystallite size.

4 % —=— 350 nm
—0— 550 nm
—4— 750 nm
—— 950 nm
—— 1150 nm

Absorption coeffcienct o x 10° (cm™)

5 e
450 600 750 900
Wavelength (nm)

(a)

Fig. 5 (a) Absorbance spectra and (b) Tauc plot of CdTe films

The stress and the fine grain structure are the main
sources of the defects present in the films. To quantify the
presence of defects, the Urbach energy was calculated
using the following relation [49].

h
o= 0y expE—v (14)

u

The plot In(«) versus kv was found to be linear (Fig. 7a)
and the inverse of its slope was obtained as Urbach energy
(Ey). The Urbach energy was found to decrease with the
increase in the thickness of the films (Fig. 7b). The
reduction in Urbach energy indicates the reduction in
defects due to the improvement in crystallinity. But for the
1150 nm sample, a slight rise in the Urbach energy was
observed which is due to the marginal decrease in the
crystallite size.

The photoluminescence (PL) spectra of the films were
recorded with the excitation wavelength of 550 nm. The
PL spectra (Fig. 8a) showed two peaks whose intensity
increased with thickness. The peaks also shifted toward the
higher wavelengths. The smaller peak (~ 600 nm) corre-
sponds to the electron—hole recombination of the tellurium
atoms [50]. The prominent peak (~ 780 nm) is due to the
band-edge emission of the films [51, 52]. The Commission
International De I-Eclairage (CIE)-1931 chromaticity dia-
gram was plotted for CdTe films (Fig. 8b). The films
showed emission in the orange region with a marginal
deviation in the x—y coordinates. The x—y coordinates of the
CIE plot were found to be x =0.582, y=0.379 and
x = 0.605, y = 0.389 for the 350 nm and 950 nm thickness
respectively.

3.3. Electrical properties

Silver (Ag) ohmic contacts were deposited on the films by
vacuum deposition. A Hall Effect setup (with Vander Pauw

—a— 350nm
—0— 550nm
10 —4&—750nm
—v— 950nm

—$—1150nm

(ahv)? x10" (eV/cm)?




Effect of thickness on structural,

electrical, and spectral response...

1413

0.5

0.4

0.3

0.2

0.1

extinction coefficient (k)

0.0 L

X122y,
%
S

0!
Qe

450 600

750
wavelength (nm)

(a)

1.0

900

Refractive index (n)

wavelength (nm)

(b)

o
©
T

o
o

Optical conductivity o x10" (s™)
0 2

o
=}

—=— 350 nm
—0— 550 nm
—4—750 nm
—v— 950 nm
—4— 1150 nm

—a— 350 nm
—0— 550 nm
—4— 750 nm
—v— 950 nm
—— 1150 nm

Fig. 6 The optical properties of CdTe thin films: (a) extinction coefficient, (b) refractive index, (¢) optical conductivity

15.5

15.0 -

In (@)

14.0

—0— 550 nm
—2—750 nm
—— 950 nm
—— 1150 nm

Fig. 7 (a) In(a) versus Av plot and (b) the variation of Urbach energy

2.0 22 24
hv (eV)

(a

420

400 -

380 |

360 |-

E, (meV)

340 @

320

300

1 1 1
600 750 900
Thickness (nm)

(b)

1
300 450

1
1050

1200




1414

V. K. Ashith et al.

20

PL Intensity (a u)
)

Ok T A Y " et

et an e s

600 650 700 750 800 850 900
wavelength (nm)

(a

A-350 nm
B-950 nm

(b)

Fig. 8 The (a) PL spectrum and (b) chromaticity diagram of CdTe films

Table 4 The electrical properties of CdTe films

Thickness  Resistivity x 10>  Carrier Mobility
(nm) (Q cm) concentration (em?> V=™
x 10" (cm™)

350 114 1.3 35.1

550 9.3 2.2 67.4

750 8.2 34 94.2

950 5.7 4.8 120.5

1150 6.1 4.1 97.4

Normalized Photocurrent

00 1 1 1 1 1 1 1
600 650 700 750 800 850 900 950 1000
wavelength (nm)

Fig. 9 The spectral response of CdTe film (950 nm thickness)

geometry) was used to find the resistivity, carrier concen-
tration, and mobility of the films (Table 4).

All the films were found to be of p-type. The resistivity
of the CdTe thin films decreased with thickness. At lower
thicknesses, the pronounced scattering effect impede the

conduction of the electrons. The larger grain boundary
regions (due to smaller average grain size) might also
contribute to the electrical resistivity. When the film
thickness increases, the scattering effect becomes less
effective. The grain boundaries will also reduce resulting in
better electrical conduction. But for the 1150 nm sample,
the resistivity was found to increase slightly due to the
reduction in crystallite size.

The improvement in the crystallinity also minimizes the
formation of carrier traps in the films. This results in the
increase of carrier concentration (from 1.3 x 10" to
4.8 x 10" cm™?) and electron mobility of the films (up to
the thickness of 950 nm). Thus, the CdTe films of a
thickness of about 950 nm showed optimum structural,
optical, and electrical properties. A similar result has been
reported by Paudel et al. [53].

The spectral response of the films (thickness 950 nm)
was analyzed at wavelengths ranging from 600 to
1000 nm. The white light from a 150 W Xenon lamp was
passed through a computer-controlled, high precision,
grating monochromator to get monochromatic light of
desired wavelengths. This monochromatic light was
allowed to fall on the CdTe film. The whole setup was kept
in a dark chamber and the photocurrent was measured
(with a 5 V bias) by a computer interfaced Keithley meter.

The photocurrent of the film was found to be high
around the wavelength of 820 nm (Fig. 9) which corre-
sponds to the band gap of the films. When the light of
energy equal to (or higher than) the band gap is incident on
the material, electron-hole pairs are generated [54]. The
samples of 950 nm thickness were found to yield the
highest photocurrent among all the analyzed samples.



Effect of thickness on structural, electrical, and spectral response...

1415

4. Conclusions

The cadmium telluride (CdTe) thin films of different
thicknesses were deposited on glass substrates by thermal
evaporation technique. The XRD patterns showed the
presence of a cubic phase in the films with a preferred
orientation along the (111) plane. Considerable improve-
ment in the crystal structure was observed with the increase
in thickness. The films showed high absorption in the NIR
region. The direct energy bandgap of the films varied
marginally with the thickness. The Urbach energy reduced
with the increase in thickness suggesting a significant
reduction in defects. The photoluminescence spectra of the
films showed a prominent peak corresponding to the band-
edge emission, whereas the CIE plot showed that the CdTe
films have emissions in the orange region. The films were
found to be p-type. The resistivity of the films decreased
with the increase in thickness owing to the improvement in
the crystal structure.

The carrier concentration of the films was found to be
high for 950 nm thickness. The films yield maximum
photocurrent at 820 nm. Thus, the analysis of structural,
optical, and electrical properties has shown that the thick-
ness of 950 nm is optimum for thermal evaporated CdTe
films as these films possess larger crystallite size, higher
absorption coefficient, lower resistivity, and higher carrier
concentration.
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