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ABSTRACT

CW-CO; laser evaporation was used to deposit ZnSe thin films onto glass microscope slides. The films prepared were annealed
in air at annealing temperatures of 100, 200 and 300°C. The effect of annealing temperature on the surface morphology, crystal
structure and optical properties was investigated. All samples were seen to have an homogeneous surface morphology. The as-
deposited and low temperature annealed ZnSe films exhibited the cubic phase. As the annealing temperature increased, a
hexagonal phase developed and at 300°C the ZnO phase began to appear. The average crystallite size of ZnSe films increased
from 23.84 to 49.64 nm on annealing at 200°C. Dislocation density, strain in the film and film thickness decreased when the
annealing temperature increased up to 200°C. The optical band-gap of the as-deposited film was 2.76 eV decreasing to about
2.70 eV at the 200°C anneal. The introduction of the ZnO phase at 300°C decreased crystallite size whereas it increased film
strain. This work shows an easy and economical way to control band gap, crystallite size and film strain in ZnSe thin films by
annealing in air. The lack of a pre-heated substrate and the ability to control band gap energy by annealing provides a versatile
alternative source of ZnSe film deposition for potential optoelectronic applications. Copyright © 2014 VBRI press.
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CO, lasers have been used to prepare films of ZnO,
ZrO,, graphite and organic film [24-27]. Choudhury et al.
[28] prepared ZnSe films using a continuous wave CO,
laser (CW-CO,) onto substrates heated to 250°C. In this

Introduction

The semiconductor is an essential material in electronic

device fabrication such as diodes, laser diodes (LD), light
emission diodes (LED), sensors, solar cells, thermoelectric
devices, etc. [1-6]. The band-gap energy is a very important
property of the semiconductor and depends greatly on the
material, for example, GaAs, ZnO, and ZnS having band-
gap energies at 1.4 eV, 3.2 eV, and 3.6 eV, respectively [7-
9]. The band-gap energy value is explained by the energy
level of the atom through quantum theory [10-11]. ZnSe is
a semiconductor material which has 2.70 eV band-gap

paper, a CW-CO, laser was used to deposit films by
evaporation onto unheated glass substrates. This provides a
lower cost technique of laser deposition. Films produced
were then annealed to study the effect on structure and
optical properties. Film structure, film thickness, surface
morphology, and optical properties were analyzed by X-ray
diffractrometer (XRD), scanning electron microscope
(SEM), atomic force microscope (AFM), and ultraviolet-
visible spectroscopy (UV-vis), respectively.
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Experimental
Materials

ZnSe thin films were prepared in a vacuum chamber by
CW-CO, laser evaporation. The target was prepared by
pressing pellets, 3.0 mm thick and 10 mm diameter, of
99.99% pure ZnSe powder (Balzers Coating Materials).
The substrates are glass microscope slides (25 mm x 75
mm x 2 mm). The glass slides were cleaned in ethanol and
acetone, and finally ultrasonically cleaned for 30 minutes
in distilled water.

Method

The CW-CO, laser consisted of a sealed laser tube 40 cm
long. The laser beam has a typical wavelength of 10.6 um
and a 3 mm diameter. The laser power output was fixed at
10 W for all samples. The laser beam was focused onto the
target surface by a plano-convex lens with a 10 cm focal
length. The distance between the focus lens and the ZnSe
target was adjusted until a 1.0 mm spot size on the target
surface was achieved. The working pressure in the vacuum
chamber was fixed at 3x10° mbar. The CW-CO, laser
evaporating process had a 30 min evaporation time and the
substrate was at ambient temperature. Fig. 1 shows the
CW-CO, laser evaporation system diagram.
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Fig. 1. Schmatic diagram of laser evaporation chamber with CW-CO,
laser source.

Annealing was carried out at 100°C, 200°C and 300°C for
one hour in an insulated box atop a hot plate (20 cm.
diameter), temperature being measured and controlled by
thermocouple. All samples had their crystal structure,
surface morphology and RMS roughness, film thickness
and optical properties determined by using XRD (Bruker
D8 ADVANCE), AFM (Sl Nanotechnology model
SPA400), a LEO 1455VP SEM, and UV-vis (Jenway
model 6715), respectively. The XRD radiation was CuKa
of 0.154 nm wavelength. Scanning was performed from 20
to 60 20 degrees at a scan rate of 0.2°/min. The UV-vis
scan was between wavelengths of 400 nm and 900 nm.
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Results and discussion

Fig. 2 shows the XRD patterns of the ZnSe thin films
produced. The ZnSe thin film patterns of the as-deposited
and 100°C, 200°C and 300°C annealed specimens showed
a strong (111) peak of cubic ZnSe (zincblende).
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Fig. 2. XRD pattern of ZnSe thin films (a) as-deposited, annealed at (b)
100°C, (c) 200°C and (d) 300°C.

Fig. 2(a) displays the XRD pattern of the as-deposited
ZnSe thin film, which shows the reflection peak (111), and
(220). Annealing at 100°C adds a new zincblende
reflection peak (311) (Fig. 2(b)). Thus, the as-deposited
and 100°C annealed condition of the ZnSe thin films are
the cubic phase of ZnSe (zincblende-type). On annealing at
200°C the hexagonal phase of ZnSe begins to develop (Fig.
2(c)). This phase transformation of ZnSe films with air
annealing has been reported by Kale and Lokhande [29].

The XRD pattern of the ZnSe film annealed at 300°C
shows new peaks that correspond to a ZnO phase, formed
by oxidation as per the reaction [30]:

ZnSe + 20, - Zn0 + Se0, 1)

The XRD results show an increase in the intensity of
the (111) peak for the ZnSe cubic structure with an increase
in the annealing temperature from 100°C and 200°C, while
the ZnSe film annealed at 300°C shows a decrease in the
intensity of the (111) peak with a corresponding increase in
ZnO formation. Khan et al. found that on annealing at
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higher temperatures (about 400°C), the structure of ZnSe
films changed from crystalline to amorphous [23].

The results from XRD patterns were used to calculate
the average crystallite size (z), the lattice spacing (d), the
lattice parameter (a), the dislocation density (9), and the
strain (). The average crystallite size calculated from the
Scherrer formula with show in equation (2) [23]

0.941
= pcos @ )

where £ is the full-width at half maximum (FWHM), 1
is the wavelength of the X-ray radiation, and 6 is the half
angle between incident and the scattered X-ray.

The Bragg’s formula was used to calculate the lattice
spacing [23]

d=-2 3

" 2sin@

The lattice parameter was determined by using this
relation [23]:

1 _ h2+k%+17
E - az (4)
where h, k, and | represent the lattice planes

The dislocation density determined by using the
relation [23]:

__15pcos @
- 4ar

1) ()

The film strain was determined by the following
relation [23]:

pcos b
== (6)

Table 1 shows the values of the structural properties of
the ZnSe thin films. The crystallite size of the as-deposited
and the 100°C, 200°C and 300°C annealed films have
values 23.84 nm, 34.70 nm, 49.64 nm and 34.42 nm,
respectively estimated from the (111) reflection of cubic
ZnSe. Crystallite size increased with an increase in
annealing temperature up to 200°C. This increase in
average crystallite size could be related to the existence of
interface defects in the grain or crystallite boundaries
induced by annealing. The values of strain and the
dislocation density were found to decrease with the
increase of annealing temperature from room temperature
to 200°C as might be expected. At 300°C, the average
crystallite size decreases, probably the result of the
oxidation phase transformation and/or the fact that the size
was calculated from only the (111) plane of cubic ZnSe.
The values of strain and the dislocation density increase
again, which may be related to crystallite size and also the
development of the ZnO phase.

The surface morphology of the ZnSe thin film were
observed by AFM. The results from AFM images showed
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the film surface of as-deposited (Fig. 3a) and the 300°C
annealed (Fig. 3b) which were indicated that the films are
smooth, continuous and without cracks or pinholes. The
photographs also revealed that the average crystallite size
increases with the annealing temperature, which confirms
the XRD results (Table. 1).
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Fig. 3. Three dimensional AFM of ZnSe films; (a) as-deposited and
(b) 300°C annealed.
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Fig. 4. SEM Image of ZnSe thin films (a) as-deposited, annealed at (b)
100°C, (c) 200°C and (d) 300°C.

The RMS roughness of the film increases when the
annealing temperature increased. The RMS roughness of
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Table 1. The structural parameters and properties of cubic ZnSe films at various annealing temperature.

Sample 26(deg.) hkl Bldeg) ald) d(A) r(nm) ex 102 (lin?m*) &% 10" (lin m2?)
As-deposited 2750 111 0.358 5609 3238 2384 1518 1703
4539 220
Annealed at 274580 111 0246 5609 3238 3470 1043 0804
100 °C 4566 220
5398 311
Annealed at 2758 111 0172 5590 3228 49 64 0728 0.394
200=C 4560 220
5394 311
Annealed at 2750 111 0248 5609 3238 3442 1.051 087
300=C 4580 220
5395 311

as-deposited film and 300°C annealed were 1.49 nm and
3.77 nm, respectively. In addition, the thickness of ZnSe
thin film were decreased from 176 nm, 173 nm, 169 nm,
and 161 nm when as-deposited and after annealing at
100°C, 200°C and 300°C, respectively. They were showed
by SEM images (Fig. 4).

The transmission spectra of the ZnSe films were
observed by UV-Vis at wavelengths between 400 nm to
900 nm. The ZnSe thin film transmission spectra of the as-
deposited and annealed are clearly differentiated (Fig. 5).

The UV-Vis spectra were used to estimate the optical
band-gap energy (E) of the ZnSe thin films by Eq. (7)

A 1/2
a=h—v(hv—Eg) 7)
where « is the absorption coefficient, hv is the incident
photon energy A is the characteristic parameter. The o was

calculated by Eq. (8)

(1-R)?

1
a==In
D T

(8)
where D is the film thickness, R is the reflection coefficient
and T is the transmission coefficient. The (ahv)? = f(hV)
relation was used to estimate the E,; value by extrapolating
the portions ((ahv)? = 0).
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Fig. 5. Optical transmittance spectra of ZnSe thin films (a) as-deposited,
annealed at (b) 100°C, (c) 200°C and (d) 300°C.

Fig. 6 shows the Ejestimation of the as-deposited and
annealed ZnSe film. The Ejvalue of the as-deposited ZnSe
film is 2.76 eV which shows a “blue-shift” of 0.06 eV from
2.70 eV of the bulk material. The band gap energy
decreased with the air annealing. With the annealing
process, the E, value of ZnSe thin films decreased to 2.72
eV, 2.70 eV and 2.69 eV when the annealing temperature
increased to 100°C, 200°C, and 300°C, respectively. This
decreasing trend is explained by the average crystallite size
increasing. This phenomenon has been explained by the
quantum size effect in materials [23]. When the crystallite
size increases and grain boundaries decrease minimizing
the scattering and resulting with E, increasing. At the
300°C annealing condition the crystallite size decreases
and the E, value decreased.
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Fig. 6. Plot of (ahv)? vs. hv of ZnSe films; at as-deposited, annealed at

100 °C, 200 °C, and 300 °C.
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Conclusion

This work has shown that CW-CO, laser deposition of
ZnSe films onto cold substrates is a viable alternative to
deposition onto heated substrates. In addition, annealing
can be used to control structure, crystallite size and band
gap energy. The ZnSe thin films were deposited onto glass
substrates by CW-CO, laser evaporation and were annealed
at 100°C to 300°C. AFM showed the films to be
homogeneous. The structure of the as-deposited and 100°C
annealed films were found to be cubic. At 200°C, the film
structure began to transform to from a cubic to a hexagonal
structure. At 300 °C, the film began to degrade to ZnO.
The average crystallite size increased when the annealing
temperature increased. The E, value of the as-deposited
film is 2.76 eV and the E,values of annealed film are about
2.70 eV. Moreover, the E,values decreased when annealing
temperature increased. Finally, the transparency of the
ZnSe films was found to be ~80% between the optical
ranges of 1.55 - 2.37 eV; this is similar to the transparency
found by Khan and Lokhande [29] recently. The lack of a
pre-heated substrate and the ability to control band gap
energy by annealing provides a versatile alternative source
of ZnSe film deposition for potential optoelectronic
applications.
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