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Optical properties of thermally evaporated cadmium telluride thin films
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Abstract

Polycrystalline CdTe films have been deposited onto glass substrates at 373 K by vacuum evaporation technique. The transmittance and
reflectance have been measured at normal and near normal incidence, respectively, in the spectral range 200–2500 nm. The dependence
of absorption coefficient,α on the photon energy have been determined. Analysis of the result showed that for CdTe films of different
thicknesses, direct transition occurs with band gap energies in the range 1.45–1.52 eV. Refractive indices and extinction coefficients have
been evaluated in the above spectral range. The XRD analysis confirmed that CdTe films are polycrystalline having hexagonal structure.
The lattice parameters of thin films are almost matching with the JCPDS 82-0474 data for cadmium telluride.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cadmium telluride is considered at present one of the most
promising materials, for device applications. It has high ab-
sorption coefficient in the visible range of the solar spectrum
and its band gap is close to the optimum value for efficient
solar energy conversion[1,2]. The material can be prepared
in n-type and p-type forms so that solar cells can be formed
in both homojunction and heterojunction configurations. A
survey of the literature shows that different techniques of
deposition have been developed to obtain device grade CdTe
thin films, among which electrodeposition[3], rf sputtering
[4], closed vapor transport[5], spray pyrolysis[6], screen
printing [7], and vacuum evaporation[8,9] are worth men-
tioning. All these techniques have their own merits and de-
merits in producing high quality CdTe films. Recently sev-
eral workers have studied structural characteristic and optical
properties depending on the deposition conditions[10–17].
Most of these investigations did not deal with each deposi-
tion condition, separately and some contradictions appeared
in the results. Therefore in this work systematic investiga-
tion of the effect of the preparation conditions on the optical
properties and structural characteristic has been carried out.
An interpretation of the determined optical constant varia-
tions in correlation with the corresponding structural param-
eters is presented.
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2. Experimental

2.1. Deposition of CdTe films

A series of CdTe films have been deposited via subli-
mation of the compound in vacuum higher than 10−5 mbar
under controlled growth conditions of various thicknesses.
Cadmium telluride material used was in powder form.
This was of “Aldrich Chemical Co.” make having purity
of >99.99%. The substrates used were glass slides of di-
mensions 75 mm× 25 mm× 1 mm. The glass slides were
cleaned with warm dilute chromic acid, detergent solution,
distilled water and isopropyl alcohol in that order. All sam-
ples of different thicknesses (500, 1000, 1500, 2000, 2500,
3000 Å) were deposited under almost the same environment.
The thicknesses of films were controlled by using quartz
crystal thickness monitor model no. DTM-101 provided
by Hind-High Vac. The deposition rate was maintained
10–15 Å s−1 constant throughout the sample preparations.
The source to substrate distance was kept constant (10 cm)
and substrate was kept at constant temperature (373 K).
Deposited samples were kept under vacuum overnight.

2.2. Characterization of the films

The structural characteristics have been studied by X-ray
diffractograms (Rigaku, Miniflex Japan) with Cu K� ra-
diation (1.5418 Å). The optical studies were performed in
the wavelength range of 200–2500 nm. A double beam
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spectrophotometer, Hitachi-330 Japan, was used for this
purpose. The absorption coefficient, types of transition, op-
tical constant and optical band gap were determined from
these studies for all the evaporated thin films.

3. Results and discussion

The degree of preferred orientation was assessed by
the “ratio” between the peak intensity of (1 0 0) to that
of (1 0 1) reflections on the same scale. The full width at
half-maximum (FWHM) was determined to a high degree
of precision by a graphical computer program. The X-ray
showed that all the films prepared were polycrystalline with
a hexagonal structure.

The reflectance and transmittance spectra of these samples
were recorded using Hitachi spectrophotometer model-330
in the spectral region 200–2500 nm. Using these data, the
absorption coefficientα has been calculated by applying the
relation:

α = 2.303
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The absorption coefficient can be written in general form as
a function of incident photon energyhν as[18]

αhν = A0(hν − Eg)
P (2)

where P has discrete values like 1/2, 3/2, 2 or more de-
pending on whether the transition is direct or indirect, and
allowed or forbidden. In the direct and allowed casesP =
1/2, whereas for the direct but forbidden cases it is 3/2. But
for the indirect and allowed caseP = 2 and for the for-

Fig. 1. Spectral behavior of transmittance of CdTe thin films of different thicknesses.

bidden cases it will be 3 or more. And the constantA0 is
given by

A0 =
[

e2

neh2m∗
e

]
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3/2

wherem∗
e and mr are the effective and reduced masses of

charges carriers, respectively.Eg is the optical band gap, the
value ofP determined the nature of optical transition. The
results have been analyzed according to relation (2).

Optical constants, refractive indices and extinction coef-
ficients, have been evaluated from the reflection data and
using the following relations[19]:

R = (n − 1)2 + k2

(n + 1)2 + k2
(3)

and

α = 4πK

λ
(4)

Absorption coefficients have been evaluated using percent-
age transmittance data as a function of wavelength presented
in Fig. 1 for the samples of different thicknesses. The plot
of (αhν)2 versushν is presented inFig. 2. This figure shows
clearly the linear dependence for the value ofP = 1/2. This
is attributed to an allowed and direct transition with direct
band gap energies. The evaluated band gap energies are 1.45,
1.49 and 1.50 eV for the samples of thicknesses 1560, 2000,
and 2500 Å, respectively, clearly indicating dependence on
thicknesses of films.

It was attempted to plot (αhν)1/2 versushν for the samples
of different thicknesses. These plots did not show any linear
dependence indicating that the transitions are direct.
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Fig. 2. Variation of (αhν)2 with photon energy for different thicknesses.

The optical transition observed by different workers
[13–15,20,21]is more or less in agreement with one another
as far as the gap width of approximately 1.5 eV is con-
cerned. However as far as the character of the transition is
concerned, some authors found it to be direct, while others
found it to be direct and indirect with similar and different
values. It is found that our results confirm only direct char-
acter of the optical transition. Our values for the direct gap
width are consistent with previous findings for thin films
[12,14,15,20], for single crystal[22,23], while other authors
[16,17,24,25]reported higher values. This may attribute to
the appearance of different phase of structural form of CdTe
as revealed by XRD.

It is however difficult to account for the observed band
gap shift as a function of thickness. The possible causes of
the observed band gap shift may be accounted for one or
more of the following mechanisms:

1. A hexagonal to cubic phase transformation taking place
at higher temperature can reduce the energy gap of the
film [17]. This is known for some II–VI compounds that
exhibit the two phases[25].

2. Defect-induced absorption caused by incomplete trans-
formation of metastable hexagonal to cubic phase[25].

3. Presence of a quantum size effect originated by the mi-
crostructure nature of the films with average grain sizes
<300 Å [26,27].

4. Change in stoichiometry due to loss of Cd with heat
treatment, which reduces the value of the energy gap[28].

In the present work, all the film samples investigated are
of single phase of hexagonal structure. Therefore the first
two mechanisms cannot account for the observed gap shift.
Observed gap broadening may be accounted for by the third
mechanism. As estimated crystallite sizes for all the samples

Fig. 3. Variation ofn and k with wavelength (d = 2000 Å).

of different thicknesses are less than 100 Å it may account
by third mechanism i. e. presence of quantum size effect
originated by the microstructure nature of the films. It is
obvious that films of small thicknesses are more strained,
have small size crystallites and are weakly oriented which
together lead to highly absorbing films.

The variation of refractive indices and extinction coeffi-
cients as a function of wavelength is represented inFigs. 3–5,
respectively, for the thicknesses 2000, 2500 and 3000 Å.
From these figures it is found that variations in refractive

Fig. 4. Variation ofn and k with wavelength (d = 2500 Å).



424 U.P. Khairnar et al. / Materials Chemistry and Physics 80 (2003) 421–427

Fig. 5. Variation ofn and k with wavelength (d = 3000 Å).

indices and extinction coefficient are oscillatory in nature. It
is also found that the number of maxima and minima depend
upon the thickness of the film samples. This comparative
study reveals the following facts:

1. For the thinnest sample of thickness 500 Å, there is no
well-defined maxima or minima in variation ofn andk
as a function of wavelength.

2. For the sample of thickness 1000 Å there are two
well-defined maxima and one minima in the variation of
n, while there is only one minima in the variation ofk.

Table 1
Well-defined maxima and minima on variation ofn and k

Serial no. Sample thickness (Å) Maxima Minima

λ (�m) n k λ (�m) n k

1 2000 0.900 5.95 – 1.100 1.820 –
1.400 5.32 – 2.100 1.840 –
1.000 – 0.28 1.000 0.000 0.14
1.500 – 0.39 2.100 0.000 0.14

2 2500 1.000 5.64 – 1.000 2.520 –
1.300 6.32 – 1.600 2.060 –
1.200 – 0.24 2.500 2.860 –
2.200 – 0.40 1.100 – 0.13

1.500 – 0.08

3 3000 1.100 5.61 – 1.200 2.260 –
1.400 5.98 – 1.800 2.120 –
2.200 4.52 – 2.500 2.880 –
1.100 – 0.24 1.300 – 0.12
1.500 – 0.24 1.900 – 0.08

3. For the sample of thickness 1500 Å there are two minima
and one maxima in the variations ofn andk as a function
of wavelength.

4. In the case of the sample of thickness of 2000 Å there are
two well-defined maxima and one minima in the variation
of n as a function of wavelength. While there are two
well-defined minima and one maxima in the variation of
k as a function of wavelength.

5. In the samples of higher thicknesses of 2500 and 3000 Å,
the nature of variation ofn andk as a function of wave-
length, is similar having three well-defined maxima and
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Fig. 6. X-ray diffractogram of as-deposited CdTe thin film of 2000 Å thickness.

two minima in the variation ofn, while there are two
well-defined minima and one maxima in the variation of
k.

Refractive index varies in the range from 2 to 6 while the
range of variation of extinction coefficient is from 0.1 to 0.7.
This is represented inTable 1.

Myers et al.[20], and El-Shazly and El-Shair[12] reported
the range of variation of refractive indices from 2.70 to 3.10
and the range of variation from near 0 to 0.5 for extinction
coefficient for CdTe films deposited at different temperature.
It therefore reveals that present results seems to be consistent
for the extinction coefficient while for index of refraction
the range of variation is much wide. This may be attributed
to the particular structure of films and their thicknesses.

Fig. 7. X-ray diffractogram of CdTe thin films annealed at 573 K of (a) thickness 2000 Å and (b) thickness 2500 Å.

The XRD of typical CdTe film of thickness of 2000 Å
and as-deposited film is presented inFig. 6 and that of
annealed samples of thickness 2000 and 2500 Å are pre-
sented inFig. 7(a) and (b), respectively. From these X-ray
diffractograms, it is observed that the main features of the
diffractions patterns are the same but the peak intensity is
varied. The peak intensity of the prime peak observed at
2θ = 23.300 in Fig. 6 of as-deposited sample of thick-
ness 2000 Å is of the order of 1200 cps while that of an-
nealed sample (annealing temperature= 573 K and anneal-
ing time = 6 h), the peak intensity of the prime peak ob-
served at the same 2θ = 23.300 is of the order of 2000 cps.
While the peak intensity of the same prime peak observed at
2θ = 23.300 for an annealed sample of thickness 2500 Å is
of the order of 5000 cps. This observed peak is identified as
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Table 2
Comparison of standard and observed XRD data

Standard Observed

2θ d-value Intensity h k l 2θ d-value Intensity

23.920 3.721 70 1 0 0 23.300 3.8144 100
25.474 3.501 49 1 0 1 25.800 3.4502 13
35.693 3.485 13 0 1 3 38.800 2.3189 48
42.873 2.110 316 0 1 4 42.400 2.1300 13
45.812 1.980 70 1 1 2 45.900 1.9754 22
61.629 1.504 55 2 0 4 61.900 1.4977 15
70.457 1.337 69 1 1 6 70.700 1.3313 17
75.604 1.258 22 0 2 6 75.700 1.2553 12
76.881 1.240 10 3 0 0 76.000 1.2511 07

(1 0 0) plane of the standard data file (JCPDS 82-0474) in-
dicating hexagonal structure having lattice parametersa =
4.292 Å andc = 10.235 Å and comparison of standard and
observed data is presented inTable 2. From these diffraction
patterns, it appears that the growth of films is of preferred
orientation i. e. columnar growth perpendicular to substrate
as indicated by low intensity of peaks observed in annealed
samples. The low intensity peaks that appeared on anneal-
ing may be due to random orientation of grains. Diffraction
analysis indicates that CdTe films are polycrystalline and
grain sizes are determined by using Scherrer formula[31]:

Cs = Kλ

B cosθ
(5)

where the constantK is a shape factor usually�1, λ the
wavelength of the X-ray (1.5418 Å),θ the Bragg’s angle and

Fig. 8. Variation of photocurrent vs. voltage for CdTe (d = 3000 Å) thin film.

B is the corrected FWHM. The range of crystallite size es-
timated for as-deposited film sample (2000 Å thickness) is
63.82 Å while for annealed sample (2000 Å thickness) it was
from 69.85 to 79.10 Å and that for 2500 Å thick annealed
sample ranged from 69.85 to 95.75 Å, respectively. The ef-
fect of annealing and thickness as observed is that crystallite
size increases and improves the structure of the film[29].
The crystallite size is by definition, measured in a direc-
tion normal to the reflection plane (1 0 0), i.e. in the〈1 0 0〉
direction and consequently perpendicular to the substrate
[10,30–32]. Therefore the observed increase in crystallite
size may be interpreted in terms of a columnar grain growth.
From the XRD analysis, it may be found that CdTe films
have hexagonal structure having parameters estimated from
computer program POWD (an Interpretation and Indexing
Program, version 2.2)a = 4.4045 Å andc = 10.235 Å
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which are in good agreement with the standard (JCPDS
82-0474).

CdTe films deposited by PVD methods at different sub-
strate temperatures have mixed structure of cubic and hexag-
onal[20]. However El-Kadary et al.[31], and Rusu and Rusu
[32] have reported that thermally evaporated films have cu-
bic structures.

An attempt is made to study photoconductive character-
istic of the sample of thickness 3000 Å and theI–V char-
acteristic is presented in theFig. 8. It is observed that the
CdTe films are of low photosensitivity. For low accelerating
voltage up to 500 V photosensitivity is very low, while it
increases at high accelerating voltages above 600 V. Maxi-
mum photosensitivity for largest excitation intensity 3000 lx
is around 1.5–1.6.

4. Conclusions

Single-phase polycrystalline CdTe films have been de-
posited onto amorphous glass substrates as revealed from
XRD analysis and evaluated crystallite size ranging from 63
to 95 Å only. Annealing of the samples improve crystallinity
of the films. The dependence of the optical parameters of
the films on the light energy supports the direct character of
the interband transition through an optical band gap in the
range 1.45–1.50 eV. The variation in optical constants as a
function of wavelength is oscillatory in nature, which de-
pends on the thickness of the sample. CdTe films are of low
photosensitivity.
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