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Abstract

Zinc oxide ZnO thin films were prepared by chemical spray pyrolysis technique on glass
substrates at (450°C) temperature. The prepared films were annealed at different temperatures
(550and600 °C) in air for 2h to study the effect of annealing on the structural and optical
properties of ZnO thin films. As-deposited and annealed films were characterized by X-ray
diffraction (XRD) and UV-Vis-NIR spectroscopy. X-ray diffraction patterns indicated that the
ZnO films had a polycrystalline wurtzite structure and crystallite size increases with the
increase of annealing temperature. The optical properties and dispersion parameters of ZnO
films have been studied over a wavelength range(400-900)nm. The optical band gap, refractive
index, extinction coefficient, single-oscillator energy, dispersion energy, moments of the
optical spectra (M-1) and (M-3), average oscillator strength, average oscillator wavelength, high
frequency dielectric constant, the ratio of carrier concentration to the effective mass N/m*,
static dielectric constant and static refractive indices of the ZnO thin films were investigated. It
was shown that the annealing temperature has significant effect on the properties of ZnO thin
films.

Keywords: ZnO, Thin films, Spray pyrolysis, Annealing, Structure, Optical properties,

Dispersion parameters.
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Introduction

Transparent conducting oxide (TCO) thin films are of great interest due to their variety of
applications. Consequently, thin films with high electrical conductivity and optical
transparency have been a subject of investigation since last century. ZnO belongs to the
important 11-VI semiconductor class of transparent conductor oxide materials that combine
low electrical resistance with high optical transparency in the visible range of the
electromagnetic spectrum. high chemical and thermal stability at room temperature (27°C)
with direct energy wide band gap (3.2-3.3 eV) and a large exciton binding energy of
60 meV[1]. Due to these unique characteristics it is expected ZnO’s efficient utilization in

different commercial applications such as integrated optics, antireflection coatings, solar cells
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[2,3], laser diodes [4],light emitting diodes [4,5], chemical sensors [6,7], etc. ZnO is also a
strong candidate for high temperature electronic devices that can reliably be operated in space
and other harsh environments [8,9]. ZnO thin film has been prepared by various techniques
such as spray pyrolysis[10], magnetron sputtering [11], electron beam evaporation [12], sol
gel coating [13], chemical vapor deposition [14], etc. Among them chemical spray pyrolysis
technique is one of the most widely used because it is an inexpensive and safe method for
producing highly transparent and conductive zinc oxide film. In this work, the effect of
annealing treatment on the structure, optical properties and dispersion parameters of ZnO thin

films prepared by chemical spray pyrolysis technique has been investigated.

Experimental Details

Thin films of ZnO with thickness of 0.5 um were deposited on to cleaned glass substrates at
450 °C using spray pyrolysis technique as described in our previous paper [15]. The prepared
ZnO films were annealed in air ambient for 2h at different temperatures 550°C and 600°C. The
structure of ZnO films were analyzed by X-ray diffractometer (XRD) instrument type (Rigaku
company — Miniflex 2) with Cu-Ka radiation with A = 1.5406 A. The optical transmittance
and absorbance spectra were recorded in the wavelength range (400 — 900) nm, using double
beam (SCHIMADZU UV/VIS-160 A), all measurements were carried out at room temperature.

Results and discussion

1. Structural properties

X-ray diffraction patterns for the crystalline ZnO thin films are shown in fig.(1). Three
diffraction peaks of the ZnO thin films can be indexed to (100), (002) and (101) diffraction
planes. The films produced were polycrystalline, in nature and exhibit hexagonal wurtzite
phase structure, the prepared ZnO thin film has (100) as a preferred orientation while the
other orientations like (101) and (002) were also seen comparatively with lesser intensities. It
could be stated that annealing causes an increase in intensity of planes. The values of lattice
constants a and c for the as prepared and annealed films at various temperature were

calculated using equation (1) [13,16] and the calculated values are given in table(1), it can be
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noticed that the calculated values were in good agreement with the standard values for ZnO
wurtzite structure(ICDD No. 01-075- 0576).

1 4| h*+hk+k? |2
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Where d is the interplanar spacing and h, k, and | are the Miller indices.
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Fig (1) XRD patterns of ZnO films annealed at different temperatures.

The size of crystallites is calculated using the well-known Scherrer’s formula as given in
following equation [13,16]:
094
B cosd (2)

Where D is the size of crystallite, A (=1.5405 A) the wavelength of X-rays used, B is the full
width at half maximum(rad) and 6 is the Bragg diffraction angle of the XRD peak(degree).
The crystallite size varies from (29.95 — 34) nm can be noticed from table (1), which is well

supported in literature [13,17]. This implies that annealing enhances crystallinity of thin film.
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Improvement in crystal structure could be attributed to the increase in crystallite size as the

small crystallites join each other in the planes by increasing heat treatments.

Table (1) The crystallite size and the lattice parameters (a, b, and c) of the

ZnO thin films,
arameters Calculated (ICDD) No0.01-075 -0576
samples Dnm |[a=d A| ¢ A | a=d A c A
As-deposited 29.95 3.25 5.21
Annealed at 550°C | 31.24 | 3.246 5.206 3.243 5.195
Annealed at 600°C 34 3.248 5.213

2. Optical properties
Transmittance spectra observed of as-deposited and after annealing of ZnO thin films are
presented in fig.(2),using the measured values of transmission (T) the absorption coefficient

(o)) can be written in the form [13,16].

a==Ini) ®3)

Where d is the film thickness.
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Fig (2) Transmitance versus wavelength for ZnO thin

films at different annealing temperatures.

The absorption coefficient can be used to determine the optical band gap Eg following
equation [13,16]:

ahv=(hv—Ey)" (4)

Where A is a constant, hv is the photon energy and r is a constant which depends on the
type of the electronic transitions, where r is equal to 1/2, 3/2, 2 and 3 for allowed direct,
forbidden direct, indirect allowed and indirect forbidden transitions, respectively. The optical
band gap can be obtained by extrapolating the linear portion of the plots of (ahv)" versus hv
to (ahv)" = 0 . Using the value r = 1/2, the relation found to be straight line as shown in
fig.(3) indicating a direct optical transition. The values of allowed direct band gaps calculated
from the graphs are listed in the table (2). The results show a decrease in the band gap with
increasing annealing temperature due to the crystallite growth and decreases in defect states

near the bands.
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Fig (3) Allowed direct energy gap for ZnO thin films
at different annealing temperatures.

3. Optical constants and dispersion parameters

The optical parameters, refractive index (n) and extinction coefficient (k), have been

determined from the following relations [13,15,16]:

1

n{(%) —(k2 +1):|2 +% (5)
k=% (6)

The refractive index and extinction coefficient were plotted in fig.(4) and fig.(5)

respectively as a function of the wavelength. It can be noticed that both refractive index as
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well as extinction coefficient of the ZnO films were increased as a result of annealing. This

can be attributed to the decrease in optical energy gap with the annealing temperature.
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Fig (4) Refractive index versus wavelength for ZnO
thin films at different annealing temperatures.
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Fig(5) Extinction coefficient versus wavelength for ZnO
thin films at different annealing temperatures.
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It is well known that, dispersion behavior, plays an important role in the research for optical
materials, because it is a significant factor in optical communication and devices design for
spectral dispersion. According to the single effective-oscillator model proposed by Wemple—
DiDomenico used to analyze experimental data of refractive index, which usually provides
physically significant quantities such as the oscillator energy in the interband transition
region. The optical data can be described to an excellent approximation by the relation [18]:

e @)

n? =9 "o
EZ-hv

Where E, is the energy of the effective dispersion oscillator, Eq is the dispersion energy or
single oscillator constant, which is a measure of the intensity of the interband optical
transitions. The curves of (n2 -1)* versus(hv)? for the ZnO films are plotted in Fig. (6) and
the data are fitted into straight lines, indicating the W-D dispersion model is applicable to
the ZnO films in the present work. The values of Eo and E4 can be determined from the slope
(1/EoEq) and intercept (Eo/Eq) on the vertical axis. It is clear that Eo decrease with increasing
annealing temperature, and has the same behavior of energy gap. While the values of Eqg
increased. We found that E, was related to the direct band gap by Eo = (1.4-1.5)Eg, this is
good agreement with the result of other workers [19,20].
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Fig (6) plot between ( n>-1)* and (hv)?
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The values of the static refractive index (ns) can be calculated by extrapolating the Wemple-
DiDomenico dispersion equation (7) to hv — 0[21]
n% = 1+Ed/Eo (8)

Then the values of static dielectric constant are equal to the square of the values of static
refractive index and they listed in the table (2)

£ =Ng 9)
According to the single-oscillator model, the moments of the optical spectrum M_;and
M_scan be calculated from the following relations and their values are listed in table (2) for

all samples[18]:

2 _ M4
B = N (10)
M3
B} = (12)

The refractive index can also be analyzed using Sellmeir dispersion formula that is given
by[18]:

AZ s
n?—1=-""-2 (12)
133

Where S, is the oscillator strength, and Ao is the average oscillator wavelength. Fig.(7) shows

the relation between (n? -1)* versus 1/ A? for the ZnO films. Values of S, and A, can be
estimated from the slope (1/So) and the infinite wavelength intercept (1/Soko2). The value of S,

and Ao are given in table(2).
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Table (2) Optical parameters of ZnO thin films.
Parameters
Eg Eo Eq M. Ms | S,x10% | A,x107 £ n.
Samples eV eV eV (eVv)? m? m
As deposited 2.95 4.32 355 8.2 0.44 5.8 3.60 9.2 3.03
Annealed at 2.85 4.25 36.8 8.65 0.48 104 3.39 9.65 3.1
550°C
Annealed at 2.75 412 38.2 9.2 0.54 28.8 2.54 10.2 3.2
600°C
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The complex dielectric function &= g + igj characterizes the optical properties of any solid
material. The real part of the dielectric constant shows how much the material will slow down
the speed of light, whereas the imaginary part shows how a dielectric material absorbs energy
from an electric field due to dipole motion.

Using Drude's theory of dielectrics, the real dielectric constant (gr) can be written as[18,22]:

N2 (13)

E=n%k*= g, - [m
Where ¢ is the real part, €, is the high frequency dielectric constant , N/m* is the ratio of
carrier concentration to the effective mass, e is the elementary charge, c is the velocity of
light, o is the permittivity of free space.

The variation of real part of dielectric constant with A for different values of annealing
temperatures is shown in fig.(8). It can be noticed that & increases as the annealing
temperature increases. The variation of real part of dielectric constant with A? for different
values of annealing temperature is shown in fig.(9). It can be noticed that the dependence of &
on A2 is linear at longer wavelengths. Extrapolating these linear parts to zero wavelength gives
the value of &, and from the slopes of these linear parts the ratios N/m* were obtained and
listed table(3). It is clear that N/m* decreases with increasing the annealing temperature which

can be attributed to decrease of optical energy gap.

=== As- deposited
=== Annealed at 550°C
Annealed at 600°C

400 500 600 700 800 900

Wavelength nm

Fig (8) Real part of dielectric constant versus wavelength for

ZnO thin films at different annealing temperatures.
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Also we can calculate the values of static dielectric constant €'s and static refractive index

N’s from the following relations and they are listed in table (3) for all samples [17]:
g s=18.52-3.08E, (14)
N =/ (15)

Table(3) Dielectric parameters of ZnO thin films

Parameters | N/m* €oo n 3,5 n's
kgt.m x10%

Samples
As deposited | 1.427 583 | 241 9.43 3.07
Annealed at | 1.272 5.74 2.39 9.74 3.12
550°C
Annealed at | 1.104 582 | 241 10.05 3.17
600°C
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It is clear from table (2) and table (3) that the values of static dielectric constant and the static
refractive index obtained from the relations (8,9) and relations (14,15) are approximately

equal.

Conclusions

The effects of annealing on the structural and the optical properties of ZnO thin films
prepared by chemical spray pyrolysis technique on glass were investigated. The size of the
crystallites was found to be in the range of (29.95 — 34) nm. The optical energy gap was found
to decrease with increasing the annealing temperature. The single oscillator parameters were
determined. It was shown that the dispersion parameters of the films obeyed the single
oscillator model. From structural and optical measurements, it was observed that ZnO thin
films were mostly suitable for opto-electronic devices fabrication as the window layer in solar

cells applications.
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