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a  b  s  t  r  a  c  t

Structural  and  optical  properties  of  selenium-rich  CdSe  (SR-CdSe)  thin  films  prepared  by  thermal  evap-
oration  are  studied  as  a  function  of  annealing  temperature.  X-ray  diffraction  (XRD)  patterns  show  that
the as-prepared  films  were  amorphous,  whereas  the  annealed  films  are  polycrystalline.  Analyzing  XRD
patterns  of the  annealed  films  reveal  the  coexistence  of both  (hexagonal)  Se  and  (hexagonal)  CdSe  crys-
talline  phases.  Surface  roughness  of  SR-CdSe  films  is measured  using  atomic  force  microscope  (AFM).
Analyses  of  the  absorption  spectra  in the  wavelength  range  (200–2500  nm)  of  SR-CdSe  thin  films  indi-
cates  the  existence  of direct  and  indirect  optical  transition  mechanisms.  The  optical  band  gap  (Eg)  of
as-prepared  film  is 1.92  and  2.14  eV  for the  indirect  allowed  and  direct  allowed  transitions  respectively.
After  annealing,  the  absorption  coefficient  and  optical  band  gap  were  found  to  decrease,  while  the  values
ispersion parameters
nnealing effect

of refractive  index  (n) and  the extinction  coefficient  (kex) increase.  The  dispersion  of the refractive  index  is
described  using  the  Wimple–Di  Domenico  (WDD)  single  oscillator  model  and  the dispersion  parameters
are  calculated  as a  function  of  annealing  temperature.  Besides,  the  high  frequency  dielectric  constant
(ε∞)  and  the  ratios  of  the  free  carrier  concentration  to  its effective  mass  (N/m*)  are  studied  as  a  function
of annealing  temperature.  The  results  are  discussed  and  correlated  in  terms  of amorphous-crystalline
transformations.
. Introduction

Chalcogenide glasses have many interesting properties and
pplications [1,2]. Cadmium selenide system is an example of the
ide-bandgap II–VI systems that is considered as a promising semi-

onductor material for optoelectronics and photovoltaic devices
3–5]. Thin films of CdSe have been deposited using different tech-
iques such as electron beam deposition [6],  spray pyrolysis [7],
acuum deposition [8] and chemical bath deposition [9].  Electri-
al and optical properties of these semiconducting films are found
o be sensitive to ambient conditions and deposition technique.
he thin film growth conditions and thermal annealing process
ere found effective to achieve the performance devices [10–12].

he stoichiometry of the films is expected also to have a signif-
cant influence on the electrical and optical properties of these
lms. However; no enough studies are reported on the growth,
haracterization and properties of non-stoichiometric films [13].

reviously we  have studied the electrical properties of selenium-
ich cadmium selenide, SR-CdSe, thin films deposited by thermal
vaporation [14]. The aim of the present work is to study the

∗ Corresponding author. Tel.: +20 10 8771059; fax: +20 88 2354130.
E-mail address: hmkscience@yahoo.com (H.M. Kotb).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

influence of thermal annealing on the structural, spectral behavior
and optical constants of thermally evaporated SR-CdSe, Cd10Se90,
thin films.

2. Experimental techniques

The bulk Cd10Se90 were prepared from a mixture of Cd and Se elements with
purity 99.999% (Aldrich Chem Co., USA). The constituent elements were weighed
according to their atomic percentage and were sealed in a quartz ampoule (inner
diameter ∼ 8 mm)  under vacuum of 10−3 T. The sealed ampoules were kept inside
a  furnace and heated gradually up to 1173 K and kept at that temperature for 16 h.
Continuous stirring of the melt was carried out to ensure good homogeneity. The
melt was  then rapidly quenched in ice–water mixture. After quenching, the solid
ingots were removed from the ampoules and kept in dry atmosphere.

Thin films of SR-CdSe were then deposited onto well-cleaned glass substrates
kept at room temperature by thermal evaporation technique using a high vacuum
coating unit (E306A, Edwards Co., UK). During the deposition process (at normal
incidence), the substrates were suitably rotated in order to obtain films of uniform
thickness. The thickness of the films (∼150 nm and 600 nm for optical and struc-
tural respectively) was  measured by a mechanical profilometer (KLA Tenchor P.15).
Annealing of the films was carried out in Pyrex tube furnace at 348 K, 373 K, 398 K
and  423 K for 30 min  under flow of pure nitrogen in order to avoid the oxidation of
the  samples during annealing.
The structure and phases of the films were confirmed by using X-ray diffrac-
tometer (Philips type PW 1710 with Cu as a target and Ni as a filter, � = 1.5418 Å).
The surface roughness of the films was measured using the Digital Instrument 3100
Atomic Force Microscope (AFM). The chemical composition of the films was studied
using the standard energy dispersive analysis of X-ray (EDX) technique. An EDX unit

dx.doi.org/10.1016/j.jallcom.2011.09.034
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hmkscience@yahoo.com
dx.doi.org/10.1016/j.jallcom.2011.09.034
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ttached to the scanning electron microscope (SEM), Jeol (JSM)-T200 type, was  used
or these measurements.

The optical transmittance, T, and reflectance, R, of the films were measured
t  room temperature with unpolarized light at normal incidence in the wave-
ength range (200–2500 nm)  using a double beam (ultraviolet–visible) scanning
pectrophotometer (SHIMADZU 2101) attached to a personal computer.

. Results and discussions

.1. Structural analysis: EDX, XRD, SEM and AFM

The EDX analysis of as-prepared thin film yielded an average
tomic percentage of Cd:Se of 9.92:90.08 which is very near to
ur targeted Cd:Se ratio (10:90). X-ray diffraction patterns of as-
repared and annealed films are shown in Fig. 1. As-prepared films
ere of amorphous nature, Fig. 1(a). However, thin films annealed

or 30 min  in N2 atmosphere at 348 K, 373 K and 423 K, Fig. 1(b)–(d)
hows a polycrystalline structure indicating an amorphous-to-
rystalline phase transition. Peaks were indexed according to JCPDS
les no. 02-0330 and no. 86-2246 for hexagonal CdSe and hexago-
al Se respectively.

The annealed films at 348 K and 373 K, Fig. 1(b) and (c), are char-
cterized by the predominant appearance of Se hexagonal phase
eaks. Only one tiny peak situated at 2� = 25.18◦ (d = 3.537 Å) is cor-
esponding to (0 0 2) plane of CdSe hexagonal phase. With further
ncrease of the annealing temperature up to 423 K, the CdSe peak
howed a much greater intensity which indicates a considerable
ncrease in the volume fraction of CdSe crystalline phase.

The interplanar spacing (d) was calculated using Bragg’s formula
d = �/2 sin �) where � is the Bragg’s angle, � is the wavelength of
he used X-ray. The lattice constant (c) for different SR-CdSe films

as calculated for hexagonal structure by the equation [15]:

1

d2
hkl

= 4
3

[
h2 + hk + k2

a2

]
+ l2

c2
(1)

able 1
tructure parameters of annealed SR-CdSe thin films.

Phase Annealing temperature (K) h k l Lat

Ob

CdSe
348 0 0 2 3.5
373 0 0 2 3.5
423  0 0 2 3.5

Se
348 1 0 1 3.0
373 1 0 1 3.0
423  1 0 1 3.0

Fig. 2. AFM image for SR-CdSe thin film: (a) before
Fig. 1. XRD patterns of Cd10Se90 thin films: (a) as-prepared, (b) annealed at 348 K,
(c)  annealed at 373 K, (d) annealed at 423 K.

From Table 1, we note that the calculated values for the parame-
ters d and c for SR-CdSe thin films are in a good agreement with the
standard JCPDS data files for Se and CdSe hexagonal phases. In fact
the tensile strain of the annealed films of SR-CdSe [14] is thought
to be the reason of the relatively larger values of these parameters
for SR-CdSe as compared to the standard lattice parameters.

Fig. 2 shows the AFM images of the as-prepared SR-CdSe film
and after annealing at 423 K. Before annealing the root mean
square (RMS) roughness was  3.31 nm.  After annealing, the RMS

roughness of the surface decreased to 1.45 nm.  This may be under-
stood as some small amounts of material diffuse from the surface
to the inside of the film during the annealing process resulting in
a roughness reduction and grain growth.

tice spacing, d (Å) Lattice parameters, c (Å)

served Standard Observed Standard

37
3.52

7.074
7.0253 7.106

53 7.106

17
3.007

5.006
4.95873 4.989

72 4.998

 and (b) after annealing at 423 K for 30 min.
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.2. Optical properties

.2.1. The optical constants
The optical constants were deduced from the transmittance (T)

nd reflectance (R) data. Fig. 3(a) shows the transmittance, T, versus
avelength, �, for as-prepared and annealed SR-CdSe thin films

n the spectral range 450–2500 nm.  As can be seen in Fig. 3(a),
he changes in the optical transmission of annealed SR-CdSe films
how the shifts of the high energy absorption edges to higher wave-
engths with increasing the annealing temperature (348–423 K).

Using the measured data of the transmittance (T) and reflectance
R), the absorption coefficient  ̨ have been computed by using [16],

 = 1
d

ln

⎡
⎣ (1 − R)2

2T
+

{(
(1 − R)2

2T

)2

− R2

}1/2
⎤
⎦ (2)

here d is the films thickness.
In the high absorption region (  ̨ ≥ 104 cm−1), the variation of the

bsorption coefficient with photon energy is obtained as [17]:

h� = B(h� − E )r (3)
g

here h is Planck constant, � is the frequency, B is an energy-
ndependent constant (it is a parameter which depends on
he transition probability), Eg is the optical energy gap of the

2.202.152.102.052.001.951.901.851.80
0

100

200

300a b

hν (eV) 

(α
hν

)1
/2

  (
cm

-1
eV

)1
/2

 As-prepared
 348 K
 373 K
 398 K
 423 K

Fig. 4. (a) Plot of (˛h�)1/2 versus h� for as-prepared and annealed SR-CdSe thin film
aled SR-CdSe thin films. (b) Example for the plot of 1/[d{ln(˛h�)}/d(h�)] versus h�

investigated films, and r is a number characterizing the transition
process, having the values (1/2, 3/2, 2 and 3) for direct allowed,
direct forbidden, indirect allowed and indirect forbidden transi-
tions, respectively.

By simple mathematical treatment, Eq. (3) can be written as,

1

[d
{

ln(˛h�)
}

/d(h�)]
= 1

r
h� − Eg

r
(4)

Eq. (4) then can be used to deduce the type of transition and
the optical energy gap, Eg, for the studied films by plotting
1/[d{ln(˛h�)}/d(h�)] versus h�. Fig. 3(b) represents an example of
such a plot for the as-prepared SR-CdSe film. The values of ‘r’ and
‘Eg’ can be directly determined from the slope and the intercept of
the straight line, respectively. For all SR-CdSe thin films, there were
two distinct linear parts of different slopes indicating the existence
of both indirect and direct optical transitions (1/r ≈ 0.5 ± 0.04 or
≈ 2± 0.05) for SR-CdSe thin films which is in agreement with the
results reported by Patel et al. [18] for thermally evaporated CdSe
thin films.

Plots of (˛h�)1/2 and (˛h�)2 versus h�, Fig. 4, were used to deter-

mine the values Eind

g and Ed
g , for the as-prepared and annealed films

respectively. As shown, (˛h�)1/2 and (˛h�)2 vary linearly with h�,
which is in a good agreement with the classical theory of the band to
band transition. Extrapolating the straight parts of the two  relations

hν (eV)
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s. (b) Plot (˛h�)2 versus h� for as-prepared and annealed SR-CdSe thin films.



118 H.M. Kotb et al. / Journal of Alloys and Compounds 512 (2012) 115– 120

2.102.052.001.951.901.851.80
6.5

7.0

7.5

8.0

8.5

9.0

ln
 (α

) (
cm

-1
)

hν (eV)

As-prepared
348 K
373 K
398 K
423 K

F
C

t
b

a
e

˛

w
o
t
s
s

s
a
c
T
f
c
a
p
s
t
t
r
c
i
t
g
i
o
C
f

440420400380360340320300
1.80

1.85

1.90

1.95

2.00

2.05

2.10

2.15

2.20

 Edir     
g  Eind

g                  Ee

Annealing temperature (K)

E g
 (e

V)

0.015

0.020

0.025

0.030

0.035

0.040
Ee  (eV)

T
O

ig. 5. Plots of ln(˛) versus photon energy (h�) for as-prepared and annealed SR-
dSe thin films.

owards lower photon energies yields the values of the forbidden
and gaps.

For absorption coefficient (˛) of less than 104 cm−1, the low
bsorption region, there is usually Urbach tail where  ̨ increases
xponentially with the photon energy (h�) as [19],

(�) = ˛o exp
(

h�

Ee

)
(5)

here � is the frequency of the radiation, ˛o is constant and Ee is
ften interpreted as the width of the tails of the localized states in
he gap region and in general represents the degree of disorder in
emiconductors. Thus plotting of ln(˛) versus h�, Fig. 5, should give
traight line with the inverse of its slope equals Ee.

The values of the energy gaps, Eg, and the width of localized
tates tails, Ee, for the as-prepared and annealed SR-CdSe thin films
re listed in Table 2 and plotted in Fig. 6. It is clear that the opti-
al energy gap decreases gradually with annealing temperature.
his result can be interpreted by assuming the production of sur-
ace dangling bonds around the crystallites during the process of
rystallization [20]. It has been suggested [21] that ‘nearly ideal’
morphous solids crystallize under heat treatment, and that in the
rocess of crystallization dangling bonds are produced around the
urface of the crystallites. Further heat treatment causes the crys-
allites to break down [9] into smaller crystals thereby increasing
he number of surface dangling bonds. These dangling bonds are
esponsible for formation of some types of defects in highly poly-
rystalline solids. As the number of dangling bonds and defects
ncreases with increase in annealing temperature, the concen-
ration of localized states in the band structure also increases
radually. Hence the heat treatment of the films causes an increase

n the energy width of localized states tails thereby reducing the
ptical band gap. Similar behavior has also been observed for
uGeTe [22] and GeAsTe thin films [23]. The higher values of Eg

or SR-CdSe thin films compared to the value of bulk optical gap,

able 2
ptical parameters of SR-CdSe thin films.

Ann. temp. (K) Ee (eV) Eind
g (eV) Edir

g (eV) Eo (eV) 

As 0.018 1.92 2.14 1.92 

348  0.023 1.88 2.05 1.92 

373  0.031 1.85 2.00 1.94 

398 0.034  1.83 1.97 1.94 

423  0.037 1.82 1.95 1.95 
Fig. 6. The values of Eg and Ee as a function of annealing temperature of SR-CdSe
thin films.

Eg, of CdSe (1.74 ± 0.01) eV may  be due to the quantum confine-
ment effect accompanying the nanocrystalline nature of SR-CdSe
thin films [14]. Similar blue shift in band gap energy values for thin
films with the reduction of crystallite sizes have been previously
reported for chemically deposited CdSe thin films [24,25].

3.3. Dispersive optical constants

The values of the refractive index (n) were calculated from the
reflectance (R) data by the following relation [26],

n =
[(

4R

(R − 1)2
− k2

ex

)1/2

+ (1 + R)
(1 − R)

]
(6)

where kex is the extinction coefficient which is related to the
absorption coefficient (˛) and the wavelength (�) by kex = ˛�/4�.
The refractive index (n) and extinction coefficient (kex) depen-
dence on the wavelength are shown in Fig. 7. A peak appeared in
the refractive index (n) appears at around 600 nm for as-prepared
films which shifts to lower energies due to annealing temperatures.
Besides, the refractive index values for annealed films are generally
higher than its values for as-prepared films.

The dispersion of refractive index (n) may  be analyzed using
the concept of the single-oscillator and can be expressed by the
Wimple–Didomenico relationship [27,28],

n2 = 1 + EdEo

Eo
2 − (h�)2

(7)

where Eo is the oscillator energy and considered as an average
energy gap, h� is the photon energy and Ed is the dispersion energy
which measures the average strength of the interband optical tran-

sitions.

The dispersion parameters Ed and Eo can be obtained accord-
ing to Eq. (7) by plotting of (n2 − 1)−1 versus (h�)2 as shown in
Fig. 8(a). The values of Ed and Eo can be directly determined from

Ed (eV) ε∞(1) N/m* (× 1056 m−3 kg−1) ε∞(2)

2.28 13.82 12 2.18
1.26 16.63 13.5 1.63
3.96 18.88 15 3.1
4.74 20.57 17 3.63
5.35 22.93 22 3.7
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alues for the dispersion parameters Eo and Ed for the SR-CdSe
hin films are given in Table 2. In our case it is found that

o ≈ Eg, which is in good agreement with the relation of Tichá and
ichý [29].
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3.4. Determination of the high frequency dielectric constants

In order to calculate the high frequency dielectric constant (ε ),
∞
we have further analyzed the data of refractive index dependence
on photon’s energy (or wavelength) via two  procedures.

b
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The first procedure includes the contribution of free carries and
he lattice vibration modes of dispersion. In this procedure, the rela-
ion between the lattice high frequency dielectric constant (ε∞(1))
nd refractive index (n) is given by the following relation [30]:

2 = ε∞(1) −
(

e2N

4�c2εom∗

)
�2 (8)

here e is the electronic charge, εo is the vacuum permittivity
8.854 × 10−12 F/m), N is the charge carrier concentration and m*
s the effective mass of the charge carrier. The plot of n2 versus
2 for SR-CdSe thin films is shown in Fig. 8(b). Extrapolating the

inear part of this dependence to zero wavelength gives the value
f ε∞(1) and from the slopes of these lines we can calculate the
alues of N/m*. From Table 2, it is clear that the value of ε∞(1)
ncreases with increasing the annealing temperature. This behavior
an be attributed to the increase in the free carrier concentration
assuming that m*  is constant in the first approximation).

The second procedure for calculating ε∞ is based upon the dis-
ersion arising from the bound carriers in an empty lattice. In the
his procedure, ε∞(2) (= n2∞) can be calculated by applying the fol-
owing simple classical dispersion relation using the single term
ellmeir oscillation [31]

(n∞2 − 1)
(n2 − 1)

= 1 −
(

�o

�

)2

(9)

here n∞ is the long wavelength refractive index, �o the average
scillator wavelength. Plots of (n2 − 1)−1 versus �−2 for SR-CdSe
hin films are given Fig. 8(c). Value of ε∞(2) can be calculated accord-
ng to Eq. (9) and included in Table 2. It is noticed that the values
∞(1) are higher than those of ε∞(2). This behavior can be attributed
o, the increase in the free carrier contribution [32].

. Conclusions

Annealing of amorphous SR-CdSe films at temperatures
73–423 K in N2 atmosphere resulted in polycrystalline films
ith Se phase in the major proportion as compared to the CdSe
hase with both phases exhibit a hexagonal structure. AFM images
evealed that the films consisted of homogeneous, uniform grains
ree from pinholes. Root-mean-square (RMS) roughness of SR-CdSe
ecreased with annealing.

The optical absorption measurements indicate that the absorp-
ion is due to indirect and direct band gap for as-prepared and
nnealed films. Thermal annealing causes a decrease in optical band

ap Eg for SR-CdSe thin films accompanied by an increase of the
idth of localized states tail, Ee. This behavior is attributed to the
roduction of more surface dangling bonds around the formed crys-
allites during the process of crystallization. It was found that the

[
[
[
[
[

ompounds 512 (2012) 115– 120

dispersion of refractive index obeyed the single oscillator model.
The results indicate that the optical parameters Ed, Eo, ε∞, and
N/m* are sensitive to heat treatment. This confirms the effect of
the annealing on the density of localized states and microstructure
of the SR-CdSe films.
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