IBIMA Publishing

International Journal of Renewable Energy & Biofuels
http://ibimapublishing.com/articles/IJREB/2014/791671/
Vol 2014 (2014), Article ID 791671, 8 pages
DOI:10.5171/2014.791671

Research Article

Thickness Dependent Optical Parameters of
Vacuum Evaporated Cadmium
Telluride Thin Films

Mahesh Hampapatna Matt, Naveen Chickmagalur Shivappa,
Raghu Patel and Shailaja Jeetendra

Thin film and solar cell research lab, Department of Electronic Science, Jnanabharathi Campus,
Bangalore University, Bangalore, India

Correspondence should be addressed to: Mahesh Hampapatna Matt; hm_mahesh@rediffmail.com
Received date: 26 May 2014; Accepted date: 26 August 2014; Published date: 26 August 2014
Academic Editor: Yu P. Gnatenko

Copyright © 2014. Mahesh Hampapatna Matt, Naveen Chickmagalur Shivappa, Raghu Patel, and
Shailaja Jeetendra. Distributed under Creative Commons CC-BY 3.0

Abstract

Vacuum evaporated polycrystalline CdTe thin films were deposited on to glass substrates and
optical parameters were determined by envelope technique. Thin films were characterized by
optical transmission spectroscopy in the spectral range 290 - 1000 nm. The refractive index,
extinction coefficient, optical conductivity and loss factor dependency on thickness were
evaluated. Thickness dependency of thin films showed direct allowed transition with band gap
of 1.43 - 1.50 eV. The Urbach tail width determined near the absorption edge was found to be
decreased with thickness indicating the improved grain size. The normalized transmittance
standard deviation showed a minimum value of 0.12% for 2 um and maximum of 0.32% for
lpm thick CdTe films. The surface morphology showed uniform thin films with good
stoichiometric values.
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Introduction

Among the range of semiconductors,
Cadmium Telluride (CdTe) is considered as a
promising material in various opto-electronic
applications (Duan et al., 2003; Gratzel, 2001;
Shaaban et al., 2009). CdTe has also proven
to be a good absorber material in thin film
photo-device applications due to its ideal
band gap near to that of silicon (Rakhshani,
1997). There are many techniques adopted
for deposition of CdTe thin films, but vacuum
depositions are most preferred due to its
flexible and stoichiometric effects (Anthony
et al.,, 1984; Feldman et al.,, 1981, Al-Ghamdi
et al, 2010, Lalitha et al, 2007). The studies
on optical, structural, and electrical
properties of CdTe thin films have been
extensively carried out by several
researchers (Khairnar et al.,, 2003; Youn-Ok
Choi et al., 2010; Bacaksiz et al, 2007;
Semaltianos et al, 2009), but detailed
understanding on optical behavior and
characteristics with respect to thickness is
sparse, also the accurate measurements of
optical like refractive index, extinction
coefficient and optical thickness are of great
importance, particularly for optical coatings
and photo-optical devices.

Numerous methods have been used to
understand the thin film thickness and
optical parameters. Such methods are
classified depending upon the spectra of
transmission and reflection, photometric,
interferometric, and ellipsometric
measurements (Poelman et al., 2003, Nasr et
al, 2001, Caliendo et al, 1977). The
interferometric and ellipsometric method
gives precise measurements, but it requires
equipment and experimental proficiency.
However, the most simple and widely used
technique was the envelope technique which
was first given by Swanepoel 1983. By using
this technique, the optical parameters can be
evaluated from the transmission spectra in
strong and weak absorption bands. This
technique was recently adopted for
amorphous Ge-Se and nano-CdTe thin films
on flexible substrates (Pan et al, 2013;

Shaaban et al.,, 2014). The illustration of the
envelope method for transmission spectra is
as shown in figure 1.

Hence, considering these in this work, we
report the systematic investigation on
determination of optical parameters and
thickness of CdTe thin films by envelope
technique and evaluated the thickness
dependency on the optical properties of CdTe
thin films for  photovoltaic device
applications.

Experimental

99.99% pure CdTe powder was procured
from Sigma Aldrich for deposition of CdTe
thin films. The CdTe thin films were prepared
over soda lime glass by thermal evaporation
technique. The cleaning procedure adopted
for substrates was carried out as reported
elsewhere  (Khairnar et al, 2003).
Molybdenum boat was used as sample holder
and the separation between the boat and the
substrate was kept constant to 13.5 cm. The
substrate holder is aided with the continuous
rotation for the formation of uniform films.
The thin films of 1-4 microns thickness were
deposited under the standard rate of
deposition (3-5 A°/Sec), which is monitored
by in situ digital thickness monitor. The
deposited samples were annealed in a
vacuum chamber at 350 °C for 30 min
without disturbing the vacuum conditions
before and after the deposition processes.

Results and Discussion
1. Optical analysis

Figure 2 shows the optical transmittance
spectra of 1-4 um deposited CdTe films in the
Vis-NIR wavelength range. For all the film
thicknesses, spectral characteristics confirm
very significant interference patterns for
wavelength next to prominent absorption
edge. This tendency of the transmission
spectra is a support of the increase in the
thickness and uniformity of the films. With
the increased thickness, increase in
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transmittance with sharp shifts in absorption
edge in NIR region was evident from the
spectra. This behavior could occur due to the
increase in absorbance related to changes in
surface roughness and this will also have
noticeable effects on the propagation of the
incident light mainly due to light scattering
(Shadia et al., 2013). All the samples revealed
more than 60% optical transparency
exhibiting increased interference maxima
and minima with increasing film thickness in
the spectral region between 800 nm to 1100
nm, which in turn gives precise absorption
edge reliable to the optical band gap of the
thin films. The spectra clearly specify that the
transmission is found to decrease with
increasing film thickness from 2 pm to 4 pm,
which highlight that the CdTe films are
having a substantial absorption throughout
in the wavelength region 350-800 nm,
further the films own weak absorption in the
wavelengths above 800 nm.

Fig. 3 represents the normalized
transmittance standard deviation with
respect to thickness of thin films. The
normalized standard deviation showed a
minimum value of 0.12% for 2 pm and
maximum of 0.32% for 1pum thick CdTe films.
As the film thickness is increased from 2-4
um, from normalized standard deviation it
can be inferred that the absorption edge shift
becomes less significant compared to 1-2 pm
thickness with the average deviation of
0.035%. This deviation drift shows exactly
the direct proportion to the flow of the
optical transmittance.

The absorption coefficient can be written as a
function of incident photon energy in its
broad type is given as (Pankove, 1971),

ahv=A (v-E,) ———————-—- 1)

Where ‘p’ has discrete values like 1/2, 3/2, 2
etc. depends on the direct, indirect, allowed
or forbidden transitions. In the direct and
allowed cases P=1/2 whereas for the direct
but forbidden cases it is 3/2. A, is a constant
and it is given by equation (2),

o

Where "™ and "'" are the effective and
reduced masses of charge carriers
respectively. E; is the optical band gap, the
value of ‘P’ determines the nature of optical
transition.

The  measured absorbance  through
spectrophotometer and calculated
absorption coefficient are represented in
figures 4 and 5 respectively. Using the
spectral data the absorption coefficient was
calculated using the relation (3),

2.303 1
=2 Il = e
“ d n(Tj 3

The maximum optical absorbance for 1 - 2
um thickness was found to be in the 450 -
550 nm wavelengths, whereas 3 - 4 pm
thickness exhibits wide band absorbance
from 450 - 700 nm. The mean absorbance of
CdTe thin films with different thickness was
calculated in the wavelength range from 350
to 1000 nm and is presented in the inset of
figure 4.

The mean absorbance increased with
thickness and the maximum absorbance
revealed for 3 pum thick CdTe. The high
absorbance with low value of absorption
coefficient exhibited by 3 - 4 um thin film was
due to the increasing recombination of the
photo generated electrons wunder the
thickness conditions. The mean absorption
coefficient decreases with increase in
thickness from 2.07x106 to 6.5x105 for 1 to 4
um. The reported optoelectronic properties
of single crystal CdTe has the absorption
coefficient value 6x10%4 at the wavelength
value of 600 nm, which can be achieved with
increase in thickness (Mitchell et al., 1977).
The 3 pum thick CdTe film exhibits more mean
absorption with optimum absorption
coefficient compared to rest of the thin films
also, the absorption coefficient value
confirms that the incident photon of nearly
100% could be absorbed in the visible
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spectral region with thickness uniformity
(Lalitha et al., 2004).

The optical band gap energy of CdTe thin
films was estimated from the Tauc plot of
(chv)? versus photon energy (hv) by a linear
extrapolation of each curve to the energy axis
in the direct allowed transition as depicted in
figure 6. All of the estimated optical band gap
energies for various thicknesses are in the
range Eg = 1.43-1.50 eV is in good agreement
for the single crystal, polycrystalline CdTe
thin films (Mitchell, K et al., 1977; Rakhshani,
1997) and also with the earlier reported
values (Kim et al,, 2010). The inset of figure 6

represents the variation in In (a) versus
photon energy which gives the Urbach tail
width, signifies the characteristic phenomena
of the absorption curve with respect to
photon energy. If the structure of the film has
disorderness, we can estimate the level of
disorderness using this Urbach energy
(Urbach, 1953) which results in lean-in the
transmittance spectra towards minimum
photon energy. The tail width of the films can
be calculated by the slope of the straight line
portion of the plot. The optical band gap (Eg)
and the tail width (AE) of CdTe thin films is
shown in table 1.

Table 1: Band Gap and Tail Width of the CdTe thin films
CdTe Thickness (nm) | 1000 | 2000 | 3000 | 4000
E; (eV) 1.43 1.47 1.49 1.50
AE (eV) 1.22 2.10 1.72 1.88

The maximum tail width exhibit by 2 pm
CdTe thin film of 2.10 eV, whereas 3 and 4
um film revealed 1.72 and 1.88 eV
respectively. The decreased tail width is the
perceptible for the improved grain size of the
thin films (Yang Dingyu et al,, 2011) which is
evident from figure 11.

The refractive index (n) of the film in the
medium and weak absorption bands was
estimated by wusing the transmittance
maxima and minima as a first approximation
according to envelope method. The refractive
index was calculated using the equation (4),

122
n:[Nﬁ(Nf—nf) J —————————— )
Where,
_ 2
N = 2nr xu LH __________ (5)
A M*m 2

The interference maxima and corresponding
minima are represented by Tm and Tnm
respectively. ‘ng’ is the substrate refractive
index, which is taken as a standard value of

1.52 for glass. Maxima or minima can be
calculated are the transmission maximum
and the corresponding minimum at a
particular wavelength (A).

The thickness has been estimated by
considering either consecutive
maxima’s/minima’s (m = 4) or a maxima and
subsequent minima (m = 2) of the envelope
at corresponding wavelengths, which is given
by,

hxA

Twn, (Axd) ©

The values of Ty, Tm, 15, and d (envelope) is
depicted in table 2. The values of refractive
index and film thickness are calculated
according to the envelope method. The in-
situ digital thickness monitor (DTM) was
used to cross verify the thickness calculated
from the swanepoel method and is confirmed
to be a good agreement with the DTM
thickness. The average refractive index of the
film decreases with increase in thickness and
was found to be in the range of 2.51 to 2.27,
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this decreased trend with respect to absorption and decreased transmission in
thickness can be attributed to increase in the weak absorption wavelength.
Table 2: Values of A, Tm, Tm, ns, d(envelope) of CdTe thin films.
CdTe Thickness (nm)* | A (nm) Twm Tm ns | ns(Average) | d.f (envolope)
902.76 | 0.992 | 0.6161 | 2.49
1000 997.43 | 0.9941 | 0.631 | 2.54 2.51 1012.13
858.53 | 0.891 | 0.588% | 2.54
2000 905.66 | 0.9331 | 0.606 | 2.54 2.48 2021.31
972.38 | 0.997 | 0.6831 | 2.38
862.49 | 0.750 | 0.563t1 | 2.36
888.05 | 0.8241 | 0.578 | 2.46
3000 919.74 | 0.903 | 0.6191 | 2.44 2.37 2996.68
955.57 | 0.9131 | 0.637 | 2.40
992.83 | 0.905 | 0.6211 | 2.22
835.68 | 0.555 | 0.5101 | 1.95
846 | 0.6341 | 0.535 | 2.13
874.13 | 0.851 | 0.5941 | 2.45
4000 900 | 0876t | 0.630 |236| %7 3910.39
932.27 | 0.914 | 0.638t1 | 2.40
962.92 | 0.9321 | 0.656 | 2.37
T Calculated
*Digital Thickness Monitor

The extinction coefficient (k) is a measure of
the damping factor of light due to scattering
and absorption. It can be determined by
using the value of absorption coefficient by
using the relation,

ol
h=—C 7
4z
Figure 7 represents the variation of
extinction coefficient with respect to

wavelength of CdTe thin films. It can be seen
that the ‘K’ value decreases with respect to
thickness and hence we can say that the loss
factor of the incident light has been reduced
as the thickness increases. Similar behavior
was observed for CdTe thin films deposited
on stainless steel substrate (Pantoja et al,
2013).

The Loss factor of the thin films shown in
figure 8 can be evaluated by real (&) and
imaginary (&) parts of the complex dielectric
constant. The complex dielectric constant is

the orientation sum of the dielectric constant
and the loss factor components with unity
dimensions. The dielectric constants of the
CdTe thin films have been evaluated from the
following equations (Chambouleyron 2001),

Loss factor,

s (10)
£

r

The imaginary part of the dielectric constants
in this work decreases with increase in
thickness, whereas the real part remains
constant with the increase in photon energy.
The imaginary part reveals not much
variation till 1.45 eV but after that there is a
steep increase representing the increased
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loss. This can be correlated by weak
absorption and high absorption coefficient
regime. Hence, the photonic loss increases
above 750 nm, with a decrease in thickness,
which lies in the weak absorption band (Fig.
8).

Figure 9 shows the variation of optical
conductivity with the incident photon
energy. The optical conductivity was
determined using absorption coefficient and
the refractive index of the film, which follows
the relation (Sharma et al., 2007),

anc
= 11
iy 4 ah

Where, ‘c’ is the speed of light. The steep
increase in the optical conductivity from the
band edge is due to the high absorbance of
CdTe thin films in that region. The decreased
optical conductivity with the increase in
thickness can be attributed to the decrease in
absorption coefficient with an increase in
photon energy.

2. Structural morphological analysis

X-ray diffraction (XRD) outline for the CdTe
thin films, annealed at 350 °C, is shown in
Fig.10. There is a single prominent peak at 26
equal to 24° which correspond to diffraction
from the (111) plane of cubic cadmium
telluride with zinc blend structure (Jae-
Hyeong Lee et al, 2003). The grain size has
increased from 54.73 to 59.54 nm for 1 - 3
um thin films. This shows that the films
deposited at a higher thickness has improved
grain size. The surface morphology and
energy dispersive spectroscopy of 3um CdTe
thin film was shown in Fig. 11.

The film exhibits uniform and compact
morphology. The EDAX analysis shows the
composition ratios of Cd and Te having 43.6
and 50.7 wt% which reflects that the film
posses good stoichiometric values.

Conclusions

The dependency of thickness over optical
parameters of vacuum evaporated CdTe thin
films was evaluated by envelope technique
from the transmittance spectra. The
estimated thickness was in good agreement
with the in-situ DTM thickness. The
determined optical parameters with respect
to thickness support the evidence of
maximum absorption for 3 um CdTe thin film
with direct allowed transition having optical
band gap of 1.49 eV. Grain size evaluated
from XRD suggests that it has been increased
with increase in thickness with decreased tail
width. Also, thin films own good surface
morphology and having precise Cd and Te
ratios. These are the direct evidence for CdTe
thin film which can be used for photovoltaic
application.
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