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Abstract

Cadmium selenide (CdSe) films were prepared by hot wall deposition technique using

optimized tube length under a vacuum of 6mPa on to well-cleaned glass and ITO substrates.

The X-ray diffraction analysis revealed that the films are polycrystalline in nature for lower

thickness and at lower substrate temperatures, but with increasing thickness and increasing

substrate temperature a more preferred orientation along (0 0 2) direction was observed. The

crystallite size (D), dislocation density ðdÞ and strain ðeÞ were calculated. An analysis of optical

measurements revealed a sharp absorption around 700 nm and a direct allowed transition. The

band gap was found to be around 1.7 eV. The effect of thickness and substrate temperature on

the fundamental optical parameters like band gap, refractive index and extinction coefficient

are studied.

r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The compound cadmium selenide (CdSe) is one of the elements of the groups II–
VI having wide range of applications. The knowledge of various properties of CdSe
films has widely contributed to the phenomenal growth of their applications in
scientific, technological and industrial applications. Usually CdSe is a n-type
material and they are of interest for their applications as photoconductors [1], solar
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cells [2,3], thin film transistors [4,5], gas sensors [6,7], acousto optic devices [8],
vidicones [9], photographic photoreceptors [10], etc.

CdSe films deposited using vacuum evaporation [11,12], molecular beam epitaxy
(MBE) [13,14], metal oxide molecular beam epitaxy (MOMBE) [15], Laser ablation
technique [16] and chemical deposition methods [17–20] have already been studied
extensively. Normally, the crystallinity and impurities incorporated during the
deposition process strongly affect the basic characteristics. Among the various
techniques available for the preparation of thin films, recently, hot wall deposition
has become a popular technique, because of its simplicity and its economic viability
and it has significantly contributed to the growth of high quality epitaxial films.

A detailed analysis on the effect of tube length on the formation of stochiometric
films were discussed elsewhere [21]. We have already reported that 0.15 m tube length
will be optimum to deposit stochimetric films. In this paper, we report structural and
optical properties of films deposited on glass and ITO substrates of various
thicknesses and at various substrate temperatures using optimized tube length.

2. Experimental

2.1. Structural analysis

The hot wall experimental setup used for films preparation has been described
elsewhere in detail [21]. The main feature of the system was the heated linear quartz
tube (0.01 m diameter), which served to enclose and direct the vapor from the source
to the substrate. The source, wall and the substrates were heated independently using
tungsten, kanthal and nichrome, respectively.

The structure of the films were analyzed using an X-ray diffractometer (JOEL
8030, using CuKa radiation with l ¼ 0:15418 nm). The crystallite sizes (D) were
calculated using the Scherrer formula [22] from the full-width at half-maximum
(FWHM) ðbÞ

D ¼
0:94l
b cos y

: ð1Þ

The strain ðeÞ was calculated from the slope of b cos y versus siny plot using the relation

b ¼
l

D cos y
� e tan y: ð2Þ

The dislocation density ðdÞ; defined as the length of dislocation lines per unit volume
of the crystal, was evaluated from the formula [23]

d ¼
1

D2
: ð3Þ

The lattice parameters a and c were evaluated from the equation [24]

1

d2
¼

4

3

h2 þ hk þ k2

d2
þ

l2

c2
: ð4Þ
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Film thicknesses were measured by gravimetric method using a Metler Micro balance
and cross-verified by Taylor Hobson Tally step and optical interference pattern [21].

2.2. Optical analysis

The optical transmittance spectra are recorded from 400 to 2500 nm wavelength
using Hitach UV–VIS-NIR spectrophotometer (U-3400) at room temperature with
unpolarized radiation. The measurements are made on films deposited on glass and
ITO substrates using optimized tube length with varying parameters such as
thickness and substrate temperatures. The substrate absorption is corrected by
introducing an uncoated cleaned glass or ITO substrate in the reference beam. The
absorption coefficient a can be calculated using the relation [25]

a ¼
2:303 logð1=TÞ

t
; ð5Þ

where T is the transmittance and t is the film thickness.
The extinction coefficient and the refractive index can be evaluated from the

relations

a ¼
4pkt

l
; ð6Þ

T ¼
n2

n0

ð1 þ d1Þ
2 þ ð1 þ d2Þ

2

1 þ ðd2
1d

2
2Þ þ 2d1d2 cos 2G

; ð7Þ

where

d1 ¼
n2

0 � n2
1

ðn0 þ n1Þ
2
; d1 ¼

n2
1 � n2

2

ðn1 þ n2Þ
2
; and G ¼

2pn1t

l
;

where l is the wavelength of the incident radiation, n0; n1; n2 are the refractive indices
of air, film and glass, respectively. Substituting the experimental values for T ; t; n0

and n2; the above equations can be solved for n1 and k using the method of iteration
till the desired convergence is achieved.

3. Results and discussion

3.1. Structural analysis

In the present study, films are deposited onto well-cleaned glass and ITO
substrates with varying parameters like thickness and substrate temperature. From
the surface analysis, the films are found to posses uniform thickness distribution on
all substrates. Figs. 1 and 2 show the diffraction patterns of CdSe films of various
thicknesses on glass and ITO substrates. The X-ray diffraction (XRD) analysis
revealed that the films are polycrystalline in nature possessing wurzite structure. It
can be seen that the film thickness strongly affects the XRD pattern. For lower
thickness, the films have random particle orientation, identified by the presence of
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various peaks at (1 0 3), (1 1 0), etc., on both glass and ITO substrates. Peaks
corresponding to ITO are also identified for the films deposited on ITO substrates.
As the film thickness increases, the (0 0 2) diffraction peak becomes more and more
dominant. This means that, at the initial stage of film formation i.e., during the
atomistic condensation of the film formation, the deposited atoms are at random
orientation. As the thickness of the film increases the polycrystalline grains begin to
orient mainly along (0 0 2) direction which is evident from the Figs. 1(v) and 2(v).
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Fig. 1. The X-ray diffraction patterns of CdSe films of various thicknesses on glass substrates.
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Tables 1 and 2 show a comparative look of the crystallite size (D), dislocation
density ðdÞ; strain ðeÞ of the CdSe films of different thicknesses on glass and ITO
substrates. It is observed that the crystallite size increases but the dislocation density
decreases with increase of film thickness on both glass and ITO substrates. In the
case of films on glass substrates the same trend is observed up to 1200 nm thickness
and thereafter a slight decrease in grain size and increase of strain and dislocation
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Fig. 2. The XRD patterns of CdSe films of various thicknesses on ITO substrates.

Table 1

Microstructural and optical parameters of CdSe films of various thickness deposited on glass substrates

t (nm) D (nm) d� 1014 (lin/m2) e� 10�4 Eg1 (eV) Eg2 (eV) n at 900 nm k � 10�2

160 27.0 13.68 12.32 1.69 1.72 1.93 1.90

490 29.2 11.72 8.61 1.69 1.69 1.93 2.35

700 39.1 6.57 7.86 1.67 — 2.14 1.45

1200 42.2 5.61 7.86 1.63 — 2.23 1.22

1800 41.5 5.81 7.9 1.61 — 2.59 1.85

Table 1

Table 2

Microstructural and optical parameters of CdSe films of various thickness deposited on ITO substrates

t (nm) D (nm) d� 1014

(lin/m2)

e� 10�4 Eg1

(eV)

Eg2

(eV)

S–O Split

(eV)

n at

900 nm

k � 10�2

270 25.2 15.77 12.14 1.74 2.20 0.46 1.90 3.72

615 28.6 12.27 11.92 1.70 1.83 0.13 2.11 3.64

970 29.1 11.83 11.39 1.65 1.85 0.20 2.44 1.75

1350 33.3 9.03 10.91 1.63 1.81 0.18 2.44 1.72

1890 32.9 9.23 11.02 1.62 1.62 0 2.32 1.24

Table 2
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density are noticed. A similar trend of the dependence of grain size, dislocation
density and RMS strain on the thickness is reported by Pal et al. [26] for vacuum
deposited CdSe films on glass substrates. When thickness increases the average grain
size increases and for the films with higher thicknesses the decrease of grain size may
be attributed to the formation of new smaller grains on the larger grains. The size of
grains does not increase indefinitely with thickness but reaches a level where average
grain size begins to oscillate with increase of thickness and it becomes difficult to
analyze experimentally as observed for PbTe films [27]. A similar argument holds
good for the films deposited on ITO substrates. The decrease in grain size above
1200 nm on both the substrates can be explained based on the composition also.
Dufresne and Brodie [28] have reported a decrease in crystallite size with increase in
the content of cadmium. Even one atomic percent increase in cadmium has a
significant effect on the crystallite size.

3.1.1. Effect of temperature

X-ray diffractograms of the films deposited using optimized tube length on glass
and ITO substrates at different substrate temperatures (Ts) are shown in Figs. 3 and
4. All the samples prepared at different temperatures have thicknesses in the
neighborhood of 600 nm. At low temperatures apart from (0 0 2) peaks some more
peaks at (1 0 1), (1 1 0) and (1 0 3) are also identified for films deposited on glass
substrates. But as the substrate temperature increases, films show highly preferred
orientation in (0 0 2) direction. Similar type of orientation has been reported for
molecular beam deposited films [14]. Table 3 shows the calculated values of
crystallite size, dislocation density and strain of the CdSe films deposited on glass
substrates. The results are comparable with the earlier reported values [26]. In the
case of films deposited on ITO substrates, the ITO peak identified at 2y ¼ 51:61 get
suppressed at higher substrate temperatures. This is actually due to the increase in
the intensity (counts) of the (0 0 2) peak at higher substrate temperature. Table 2
depicts the calculated values of the structural parameters of the films deposited on
ITO substrates. Similar trend of increase in grain size and decrease in dislocation
density and strain with increase of substrate temperature is observed [26] for vacuum
evaporated CdSe films on glass substrates. Since the dislocation density and strain
are the manifestation of dislocation network in the films, the decrease in the strain
and dislocation density indicates the formation of high quality films at higher
substrate temperatures.

Improvement in quality of the films based on FWHM for the films deposited on
glass substrates is already reported [21]. A similar trend is observed for the films on
ITO substrates, that is, when the substrate temperature increases the line width
narrows and hence higher the quality of the films.

3.2. Optical analysis

3.2.1. Effect of thickness

ðahnÞ2 versus ðhnÞ plot plots for all the films deposited on glass and ITO substrates
were plotted and the straight line portion is extrapolated to cut the x-axis which gives
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the energy gap. All graphs show straight line portions supporting the interpretation
of direct band gap for all the films. Figs. 5 and 6 shows a representative plot between
ðahnÞ2 versus ðhnÞ for a film of thickness 1200 nm on glass substrate and ITO
substrate (t ¼ 1350 nm). Fig. 6 shows that two different linear regions appear in
some of the samples, so two different band gap energy values can be obtained from

20 40 60 80

(i) T = 420 K

(ii) T = 520 K

(iii) T = 595 K

I (
a.

u
)

(0
02

)
(1

00
)

(1
01

)

(1
03

)

(0
02

)
(0

02
)

(a)

 2� (degrees)

20 40 60 80

I(
a.

u
)

(0
02

)
(0

02
)

(v) T = 695 K

(iv) T = 640 K

(b)

 2� (degrees)

Fig. 3. X-ray diffractograms of CdSe films deposited on glass substrates at different substrate

temperatures.
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these plots. We call Eg1 and Eg2 to the low (high) energy band gap values
extrapolated for each case. Also, the two direct transitions observed in the films may
be attributed to spin orbit splitting of valence band [29,30]. A comparative look of
Eg1 and Eg2 values with the micro-structural parameters on glass and ITO substrates
for films of various thicknesses is given in Tables 1 and 2. It is observed that the band
gap ðEg1Þ decreases with increase of film thickness. Similar observation of decrease in
band gap with thickness was reported by Pal et al. [29] and Shaalan et al. [31]. The
energy band gaps Eg1 and Eg2 are found to vary from 1.69 to 1.61 eV and 1.72 to
1.69 eV, respectively, for samples on glass substrates. Mondal et al. [32] have
reported energy band gaps Eg1 ¼ 1:69 eV and Eg2 ¼ 1:91 eV for CdSe films on glass
substrates which is comparable to the values Eg1 and less than that of Eg2 in the

Table 3

Microstructural and optical parameters of CdSe films deposited at various glass substrate temperatures

Ts (K) D (nm) d� 1014

(lin/m2)

e� 10�4 Eg1

(eV)

Eg2

(eV)

S–O Split

(eV)

n at

900 nm

k � 10�2

420 26.0 14.77 12.92 1.69 1.69 0 1.93 2.35

520 29.1 11.72 11.30 1.59 1.62 0.03 1.96 2.64

595 34.2 8.57 10.07 1.59 — — 1.93 2.76

640 38.3 6.81 8.96 1.53 1.58 0.05 2.05 3.46

695 45.7 4.78 7.50 1.53 — — 2.44 7.18

Table 3

Microstructural and optical parameters of CdSe films deposited at various glass substrate temperatures
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Fig. 4. X-ray diffractograms of CdSe films deposited on ITO substrates at different substrate

temperatures.
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present investigation. The decrease in energy band gap may be attributed to an
increase in particle size and decrease in strain and dislocation density. This can be
further explained from the three-dimensional quantum size effect, leading to
decrease of band gap with increase of particle size, which is well known for colloidal
semiconductors sols where the individual colloidal particles are dispersed in a liquid
or glass [33].
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Fig. 6. ðahnÞ2 versus ðhnÞ plot for a typical film of thickness 1350 nm on ITO substrate.
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Fig. 5. ðahnÞ2 versus ðhnÞ plot for a typical film of thickness 1200 nm on glass substrate.

S. Velumani et al. / Solar Energy Materials & Solar Cells 76 (2003) 347–358 355



The energy gaps of CdSe films deposited on ITO substrates vary from 1.74 to
1.62 eV for Eg1 and 2.2 to 1.62 eV for Eg2 (Table 2). El-Shazly et al. [34] have
reported the Eg2 value as 2.2 eV which is comparable for the films on ITO substrate
and a little higher for those on glass substrates. Schwab et al. [35] have reported three
band gaps of 1.841, 1.866 and 2.274 eV for CdSe crystals at 4.2 K. But generally,
these values are reduced at room temperatures. The values obtained from the present
investigation are comparable with these results.

3.2.2. Effect of temperature

A comparative look of Eg1 and Eg2 with the micro-structural parameters of CdSe
films deposited at various substrate temperatures on glass and ITO is given in Tables
3 and 4. It is observed that the band gap decreases with increase of temperature and
increase of particle size. Similar observation of decrease in band gap with increase of
temperature has been reported for vacuum evaporated CdSe films [29,31]. This
decrease in energy band gap was attributed to variation of stochiometry [29].

3.2.3. Extinction coefficient and refractive index

The variation of n and k values with thickness at 900 nm is given in Tables 1 and 2
for glass and ITO substrates, respectively. It is seen clearly that the refractive index
increases with increase of film thickness. The calculated values of n and k on glass
and ITO substrates for corresponding temperatures are given in Tables 3 and 4. The
values of n and k increases with increase of substrate temperature. Similar trend is
reported by Pal et al. [29]. Manifacier et al. [36] and Pal et al. [37] have reported
similar variation for their SnO2 and ZnTe films.

4. Conclusion

Without sacrificing the simplicity and versatility of vacuum evaporation method,
very good quality, stochiometric and epitaxial like films were prepared by hot wall
deposition technique on to glass and ITO substrates. From the XRD analysis, the
structural parameters like crystallite size, dislocation density and strain were
calculated. The results are in good agreement with the earlier reported values. From
the optical studies, a very sharp absorption at 700 nm was observed and the band

Table 4

Microstructural and optical parameters of CdSe films deposited at various ITO substrates temperatures

Ts (K) D

(nm)

d� 1014

(lin/m2)

e� 10�4 Eg1 (eV) Eg2 (eV) S–O Split

(eV)

n at

900 nm

k � 10�2

400 27.2 13.53 11.84 1.70 1.83 0.13 2.11 2.64

510 29.6 11.45 11.19 1.63 1.73 0.10 2.38 2.13

590 30.3 10.92 10.91 1.61 1.64 0.03 2.80 6.00

670 35.5 7.95 9.31 1.60 — — 2.87 7.29

Table 4

Microstructural and optical parameters of CdSe films deposited at various ITO substrates temperatures

S. Velumani et al. / Solar Energy Materials & Solar Cells 76 (2003) 347–358356



gap was found to be around 1.7 eV, which suggest that hot wall deposited CdSe film
is a good candidate for solar cells.
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