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a b s t r a c t

Thin films of ZnSe were deposited on soda lime glass substrates by thermal evaporation and annealed
in vacuum at various temperatures in the range of 100–300 ◦C. Structural and optoelectronic properties
of these films were investigated and compared with the available data. XRD studies revealed that as-
deposited films were polycrystalline in nature with cubic structure. It was further observed that the
eywords:
nSe thin films
ptical band gap

grain size and crystallinity increased, whereas dislocations and strains decreased with the increase of
annealing temperature. The optical energy band gap estimated from the transmittance data was in the
range of 2.60–2.67 eV. The observed increase in band gap energy with annealing temperature may be
due to the quantum confinement effects. Similarly, refractive index of the films was found to increase
with the annealing temperature. The AFM images revealed that films were uniform and pinhole free. The
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. Introduction

Zinc selenide (ZnSe) has unique physical properties, such as
ide optical energy band gap (∼2.7 eV), high refractive index,

ow optical absorption in the visible and infrared spectral region.
nSe films, therefore, have several potential applications in electro-
ptics devices [1,2], optical coatings, thin film transistors and
eterojunction solar cells [3]. At present CdS is the most exten-
ively used buffer layer material for solar cells. However, due to
he toxic nature of CdS layers much attention has been focused
n developing Cd-free buffer layers. One such substitute of CdS is
nSe. ZnSe is not only environment friendly but have wider band
ap as compared to CdS (∼2.4 eV), consequently ZnSe buffer layer
ay transmit even higher energy photons to the absorber layer of

he solar cell. There are reports in the literature that it is possible
o fabricate ZnSe based solar cells with efficiency >11% [4,5].

Among the various techniques that have been used to prepare
nSe thin films [6–8], thermal evaporation is relatively simple,
ow cost and provide high deposition rate. It is well known that
he structural and optical properties of a thin film depend very
uch on the conditions in which the deposition has been carried
ut. However, the properties of as-deposited thin film could be
ailored, to some extent, by thermal annealing. For annealing treat-

ent, various annealing parameters such as temperature, duration,

∗ Corresponding author. Tel.: +92 51 2207241; fax: +92 51 2207374.
E-mail address: qayyum@pinstech.org.pk (A. Qayyum).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.11.032
reased from 1.5 nm to 2.5 nm with the increase of annealing temperature.
ed linearly with the increase of temperature.

© 2010 Elsevier B.V. All rights reserved.

atmosphere and pressure could be varied. Previously, the influ-
ence of annealing parameters on the properties of ZnSe thin film
have been investigated, for instance Bacaksiz et al. [9] showed that
annealing temperature of 200–400 ◦C did not affect the predom-
inant (1 1 1) crystallographic texture but affected the degree of
preferred orientation of ZnSe thin film deposited at the substrate
of −73 ◦C and 275 ◦C. Also there was no appreciable change in opti-
cal band gap with annealing temperature. The annealing process
reduced the electrical resistivity of the film deposited at −73 ◦C, but
opposite trend was observed for the film deposited at 275 ◦C. Kale
and Lokhande [10] reported that thermal annealing transformed
metastable cubic phase into stable polycrystalline hexagonal phase,
slightly reduced the optical band gap and electrical resistivity of the
ZnSe thin films prepared by chemical bath deposition method. Oh
et al. [11] prepared low resistivity p-type ZnSe epilayer by anneal-
ing ZnSe film in N2 environment.

In this work, ZnSe thin films were deposited on the soda lime
glass substrates by thermal evaporation and annealed at various
temperatures in vacuum for 1 h. The effects of thermal annealing
on the structural, optical and electrical properties of the films have
been investigated and discussed.

2. Experimental setup
High purity (99.99%) ZnSe material was used as a source material for the depo-
sition of ZnSe films on soda lime glass substrates. The substrates were cleaned with
detergent and washed in running water followed by cleaning with isopropyl alcohol
(IPA) in an ultrasonic bath. The films were deposited by resistive heating tech-
nique, using a high vacuum coating unit (Edward 610A). The vacuum better than

dx.doi.org/10.1016/j.jallcom.2010.11.032
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:qayyum@pinstech.org.pk
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refractive index were calculated by fitting the transmission data
Fig. 1. Rutherford back scattering spectrum of ZnSe film annealed at 200 ◦C.

× 10−5 mbar was maintained in the chamber during deposition. The substrate was
ept at room temperature (∼25 ◦C) during deposition. The source to substrate dis-
ance was kept 35 cm and the substrate holder was rotated at 35 revolutions per

inute. Film thickness and deposition rate were controlled by in situ quartz crystal
onitor (FTM5). Average deposition rate and intended thickness of the films were

.2 nm/s and 500 nm, respectively.
The films were annealed in vacuum (about 1 × 10−5 mbar) at various tempera-

ures ranging from 100 to 300 ◦C for 1 h. Structure of these films was determined by
-ray diffraction (XRD) at room temperature. XRD measurements were performed
sing Bruker D8 discover diffractometer equipped with Cu K� radiation in the scan-
ing mode. Optical transmission of the films was recorded at room temperature in
he wavelength range of 300–2500 nm using PerkinElmer Lambda 19 UV/vis/NIR
pectrophotometer and UV Win Lab software.

Band gape and refractive indices of these films were calculated by fitting the
ransmittance data. The surface morphology of the films was investigated by atomic
orce microscope (AFM) (Quesant Universal SPM, Ambios Technology, USA). The
ontact mode of operation was used to study the morphology of the film. An AFM
ip of silicon nitride having radius of curvature ∼10 nm was used. All images were
aken in air ambient. The mean RMS roughness was taken at different sites of each
lm at atmospheric pressure and room temperature. The composition of the films
as measured by Rutherford back scattering (RBS) technique. The 2.08 MeV doubly

harged helium ions beam was used for the analysis. The RBS results were simu-
ated by a computer code named RUMP. Electrical resistivity of the ZnSe films was

easured using two-probe method.

. Results and discussion

.1. Composition and surface analysis

The deposited ZnSe thin films were uniform, pinhole free and
ell adherent with the substrate. Fig. 1 shows a typical RBS

pectrum of ZnSe film annealed at 200 ◦C along with simulated
pectrum. The RBS results revealed that films were nearly stoi-
hiometric along with Si, Na and O elements from the substrate.
hickness of the films determined by RBS technique, quartz crystal
nd fitting the transmittance data were in good agreement. Fig. 2
epicts 3D AFM images of the films annealed at 100 and 300 ◦C.
he photographs indicate that the films are smooth and continu-
us without any pinholes/cracks. AFM images also revealed that the
rain size increases with the annealing temperature, which is also
onfirmed by XRD data (see below). RMS roughness of the films

nnealed at 100 and 300 ◦C was 1.5 nm and 2.5 nm, respectively,
ndicating that roughness increases with the increase of annealing
emperature.
mpounds 509 (2011) 2414–2419 2415

3.2. Structural properties

Fig. 3 shows XRD patterns of as-deposited and annealed ZnSe
films. It is observed that all films are polycrystalline in nature having
cubic crystal structure, preferred orientated along (1 1 1) together
with other planes (2 2 0) and (3 1 1). Our results are in good agree-
ment with the previous studies [12,13], which showed that ZnSe
films grown by thermal evaporation have cubic structure. How-
ever, hexagonal wurtzite structure and cubic zinc blend structure,
or some times a mixture of both phases have been observed for
the ZnSe films deposited by various other techniques [14]. This
shows that the structure of ZnSe films depends mostly on the
deposition technique. Fig. 3 also shows that the intensity of (1 1 1)
reflection increases with the annealing temperature. We attribute
this increase of peak intensity to the enhancement of clusters,
rearrangement of atoms and removal of residual stresses/defects
formed during the film deposition [15]. Subbaiah et al. [14] reported
similar increase of (1 1 1) reflection with the increase of substrate
temperature up to 300 ◦C for ZnSe films deposited by close-spaced
sublimation. The peaks due to (2 2 0) and (3 1 1) reflections became
weak at higher annealing temperatures because of the improve-
ment in crystallinity of the films. The average crystallite size, �,
was estimated using Scherrer formula [16]:

� = K�

ˇ cos �
(1)

where K is the shape factor that was taken equal to 0.9, � is the
wavelength of X-ray source, ˇ is the full width at half maximum
(FWHM) of (1 1 1) peak and � is the Bragg diffraction angle in
degrees.

The lattice spacing, d, is calculated from the Bragg’s formula:

d = �

2 sin �
(2)

The lattice parameter, a, for cubic ZnSe film was determined using
the relation:

1
d2

= h2 + k2 + l2

a2
(3)

where h, k and l represent the lattice planes.
The dislocation density was determined using following the

relation [17]:

ı = 15ˇ cos �

4a�
(4)

The strain ε values were evaluated by the following relation [18]:

ε = ˇ cos �

4
(5)

Structural parameters for the (1 1 1) peak such as lattice constant
a, lattice spacing d, grain size �, dislocation density ı, and strain ε
are summarized in Table 1. Data shows that the lattice constant of
the films deviates from the bulk which indicates that crystallites of
films are under strained that may be due to the change in nature
and concentration of the native defects [13]. The strain and dis-
location density decreases, whereas grain size increases with the
increase of annealing temperature, which indicates the improve-
ment in crystallinity of the films.

3.3. Optical properties

The optical parameters of ZnSe thin films, thickness and the
to the following equation [19,20]:

T = Ax

B − Cx cos � + Dx2
(6)
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Fig. 2. Three dimensional AFM (1000 nm × 1000 nm) images showing the surfa

here T is the normal transmittance of the system consisting
f a thin film on a transparent substrate surrounded by air,
nd taking into account all multiple reflections at the interface
or the case of k2 � n2, which is true for this kind of semi-

onductor thin films [20–22]. The other variables are defined
s A = 16n2s, B = (n + 1)3 (n + s2), C = 2(n2 − 1)(n2 − s2), D = (n − 1)3

n − s2), � = 4�nd/�, x = exp(−˛d), k = ˛�/4�. Here n and s are the
efractive index of the film and glass substrate respectively, d is
he thickness, ˛ is the absorption coefficient and k is the extinction

able 1
he structural parameters for (1 1 1) peak of ZnSe films annealed at various temperatures

Annealing temperature (◦C) 2� (◦) a (Å) d (Å) Grain si

25 (as deposited) 27.17 5.680 3.279 20.50
100 27.21 5.675 3.276 25.70
200 27.20 5.674 3.275 41.00
300 27.21 5.675 3.276 45.20
rphology of ZnSe films; annealed in vacuum for 1 h at (a) 100 ◦C and (b) 300 ◦C.

coefficient of the film. An empirical formula for n dependence of �
is given as [19,20]:

n = a + b

�2
(7)
where a and b are constants. The ˛ dependence of � can be approx-
imated as

˛ = c + f

�
+ g

�2
(8)

.

ze � (nm) Strain × 10−3 ε (lin−2 m−4) Dislocation density × 1015

ı (lin m−2)

1.70 2.30
1.39 1.49
0.90 0.60
0.80 0.49
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ig. 3. X-ray diffraction patterns of as-deposited and annealed ZnSe thin films.

here c, f and g are constants. Fig. 4 shows the resulting fit of Eq.
6) to the experimental data. It is clear that it provides a good fit in
ransparent as well as in medium absorption region. By using the
alues of n and d, which were determined from the fitted curve, ˛
as calculated in the high absorption region. In this case the exact

olution of Eq. (6) for x is

= [C cos(�) + A/T] − [(C cos(�) + A/T)2 − 4BD]
1/2

2D
(9)

= −1
d

ln(x)

here all the parameters are defined earlier. Fig. 5 shows trans-
ission of the films annealed at various temperatures as a function

f wavelength. The interference peaks present in each spectrum
onfirm that the films are uniform. The sudden fall of transmission
elow 500 nm is most probably due to the absorption edge. The
lms annealed at 100 and 200 ◦C show less transmittance at shorter

◦
avelengths, whereas film annealed at 300 C revealed higher
ransmittance. The variation in absorption edge most probably due
o the improvement in structural order, removal of residual stresses
nd quantum confinement effects [21–23]. The films showed blue
hift with the increase of annealing temperature, which indicates
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ig. 4. Optical transmittance along with fitted spectrum of ZnSe film annealed at
00 ◦C.
300 600 900 1200 1500 1800 2100 2400

Wavelength (nm)

Fig. 5. Optical transmission of ZnSe films as a function of wavelength.

that absorption edge shifting towards bulk ZnSe. The blue shift may
be attributed with structural changes in the films such as growth
of nanocrystallites into larger crystallites.

The direct energy band gap, Eg, was determined using the well-
known relation ˛h� = (h� − Eg)1/2, where h� is the photon energy.
Eg of the ZnSe films annealed at various temperature were esti-
mated by extrapolating the linear portion of (˛h�)2 vs. (h�) curves
to (˛h�)2 = 0 as shown in Fig. 6. The energy band gap of the films
annealed at various temperatures is plotted in Fig. 7. The band gap
at annealing temperature 300 ◦C was found to be 2.67 eV, which is
very close to that of bulk ZnSe (2.70 eV) [24]. The increase in energy
band gap from 2.60 to 2.67 eV may be related with the existence
of high-density levels within the band gap [25] and the structural
changes causing quantum confinement effects in the ZnSe films
with annealing temperature [21–23]. The calculated values of band
gap are in good agreement with that of the films deposited by vac-
uum evaporation (2.63–2.64 eV) [9], screen-printing (2.66 eV) [26]
and two-source evaporation (2.68 eV) [27] methods. But the band
gap values reported in this study are higher than that of the films
deposited by closed spaced sublimation (2.57–2.61 eV) technique

[14].

The refractive index of ZnSe films annealed at 100, 200 and
300 ◦C is plotted as a function of wavelength in Fig. 8. The refractive
indices of all films are tabulated in Table 2. The reported values of
refractive indices are in good agreement with films deposited by
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)2 (e
V
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h  (eV)

 Annealed at 100oC

 Annealed at 300oC

Fig. 6. Plot of (˛h�)2 vs. photon energy (h�) of ZnSe films.
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Table 2
Optical parameters of ZnSe films annealed at various temperatures.

Annealing temperature (◦C) Refractive index, n = a + b/�2 Band gap Eg (eV) Thickness of films
determined by fitting (nm)

a b (nm)2

25 (as deposited) 2.4801 8.5618 × 104 2.60 540
100 2.4883 8.5812 × 104 2.62 530
200 2.49363 8.8249 × 104 2.63 520
300 2.5046 8.7331 × 104 2.67 495
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ig. 7. Energy band gap of ZnSe films as a function of annealing temperature.

ot wall evaporation (n ∼ 2.75 at 550 nm) [28], but higher than the
alues reported for the film deposited by closed spaced sublimation
n ∼ 2.54 at 550 nm) [14]. Our results indicate that refractive index
ncreases with the increase of annealing temperature that may due
o the improvement in crystalline structure, increase of grain size
nd reduction of dislocation density (Table 1).

.4. Electrical properties

The electrical resistivity of ZnSe thin films was measured in the

emperature range of 300–550 K. For this study samples were cut
nto dimensions of 10 mm × 10 mm, gold coating was used to make
he contact and silver paste for wire connections. The resistivity
f semiconductor at any temperature T is given by the Arrhenius
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Fig. 8. Refractive index of ZnSe films as a function of wavelength.
1000/T (1/K)

Fig. 9. Temperature dependence of resistivity of as deposited ZnSe film.

relation.

	 = 	0 exp
(

Ea

kT

)
(10)

where 	0 is constant, k is Boltzmann’s constant and Ea is activa-
tion energy. The variation of resistivity with absolute temperature
is shown in Fig. 9. Linear behavior of the graph indicates that the
film conductivity is in good agreement with the Arrhenius rela-
tion. The activation energy of as deposited film calculated from
slope of the graph is ∼0.45 eV. The decrease in resistivity with
increase of temperature indicates the semi-conducting behavior
of ZnSe films. The reduction of resistivity with the increase of tem-
perature may be due to the thermal excitation of carriers from the
grain boundaries to the region of grains [29]. The low temperature
conductivity can be explained by hopping of carriers between the
localized states (Efors–Shkloskii conduction mechanism), whereas
at high temperatures Mott’s hopping may be responsible for the
higher conductivity [30].

4. Conclusions

The ZnSe thin films have been deposited on glass substrates by
vacuum evaporation and annealed in vacuum at various tempera-
tures. Deposited films were uniform and pinhole free. All the films
were nearly stoichiometric and have a cubic structure with pre-
ferred orientation along (1 1 1) plane. The crystalline quality of the
film found to increase with the increase of annealing temperature.
Optical studies revealed that the energy band-gap and refractive

index increases with the increase of annealing temperature. Elec-
tric analysis showed linear increase in conductivity of the film with
the annealing temperature. The results reported in this paper are
useful for the designing of optoelectronic devices, optical coating
for infrared applications and buffer layer for solar cells.



nd Co

R

[
[
[

[

[

[
[

[
[

[
[
[

[
[

[

[

[

M. Ashraf et al. / Journal of Alloys a

eferences
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