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Abstract Zinc oxide (ZnO) nanocrystallites with different
Ga-doping levels were successfully prepared by spin coating
sol—gel technique. The morphological properties of Ga doped
ZnO films were studied by atomic force microscopy (AFM).
Alignment of ZnO nanorods with respect to the substrate
depends on the amount of Ga dopant content. The dopant
content varies from 1 % to 4 %, based on Ga-doping levels.
The optical properties of the ZnO nanocrystallites following
Ga-doping were also investigated by UV—Visible absorption
and Photoluminescence spectra. Our results indicate that Ga-
doping can change the energy-band structure and effectively
adjust the intensity of the luminescence properties of ZnO
nanocrystallites. Transmittance spectra of the films indicate
that the films have high transparency. The refractive index
dispersion was analyzed by single oscillator model developed
by Wemple and DiDomenico. The oscillator energy, disper-
sion energy, high frequency dielectric constant values for the
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films were determined were calculated and it is found that the
optical parameters are changed with Ga-doping content.

Keywords Ga-doped ZnO - Photoluminscence - nanorods -
Optical dispersion

1 Introduction

Nanostructured ZnO-based materials possess unique posi-
tion among materials owing to its superior and diverse
properties such as piezoelectricity, chemical stability, bio-
compatibility, optical transparency in the visible region,
high voltage current nonlinearity and widely used for appli-
cations such as photoconductors, logic gate and field emit-
ters [1, 2]. Recently, applications of ZnO nanorods and thin
films in energy conversion, such as in electronic and opto-
electronic devices such as transparent conductors, solar cell
windows, gas sensors, surface acoustic wave (SAW) devi-
ces, heat mirrors, dye sensitized solar cells and thermoelec-
tronics, have attracted increasing research interest [1-5].

The addition of selective doping element such as B, Al, Ga,
In,Ni and Co into ZnO has become an important route for
enhancing and controlling its optical, electrical performance,
which are crucial for their practical applications [6, 7].

The physical properties of undoped and doped ZnO films
have been widely reported. Vijayalakshmi et al. [8] studied the
effect of Cd dopant on the properties of ZnO films. Shan et al.
[9] deposited undoped ZnO, and Mg and Cd-doped ZnO thin
films using pulsed laser deposition (PLD) and investigated
their structural, morphological and optical properties.

Effect of In, Al and Sn dopants on the optical and structural
properties of ZnO thin films have been investigated by Caglar
et al. [10]. Ilican et al. [11] studied the structural, optical and
electrical properties of the Sb-doped ZnO films by various
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techniques including scanning electron microscopy, X-ray
diffraction, UV—vis absorption, photoluminescence, and elec-
trical transport measurements. The microstructure, and the
electrical and optical properties of undoped zinc oxide
(Zn0O) and cadmium-doped ZnO (CZO) films deposited by a
sol—gel method have been investigated by Yakuphanoglu et al.
[12]. The effect of Ni contents on the structural, photolumi-
nescence (PL) and Optical constants properties of undoped
and Ni-doped ZnO of 0.2 %, 0.4 %, 0.6 %, 0.8 %, 1 %, 3 %,
5 % and 7 % concentrations were investigated by Farag et al.
[13]. Moreover, the effect of Cu incorporation on the structur-
al, morphological and optical properties of the ZnO film was
investigated by Caglar and Yakuphanoglu [14].

Among these metal dopants, the Ga doping seems to be
promising due to its advantages, such as the rather similar
ionic radius and the covalent radius (0.062 and 0.126 nm),
as compared to those of Zn (0.074 and 0.134 nm), respec-
tively [15, 16]. Therefore, the Ga®* can be substituted for
Zn*" without any lattice distortion and can cause free-stress
in film [15, 16]. Moreover, the Ga-doped ZnO thin films
have a larger optical transmittance and smaller resistance
than In- and Al-doped ZnO films, which are very important
for perfect transparent conducting oxides [16, 17].

Although several experimental studies have been reported
on the structural, morphological, and optical properties of
doped ZnO films, there are few reports on the optical con-
stants of Ga-doped ZnO in the available literature. The objec-
tive of the present work is to prepare undoped and Ga-doped
ZnO nanostructure films by using simple sol gel spin coating
method with controlling Ga contents. The photoluminescence,
PL is also studied for providing information on the quality of
surfaces and interfaces. The main important optical parame-
ters such as refractive index, absorption index, absorption
coefficient, optical band gap, real and imaginary parts of
dielectric constant and optical conductivity, the high frequen-
cy dielectric constant and the lattice dielectric constant and
single oscillator parameters are calculated and interpreted for
the undoped and Ga-doped ZnO films.

2 Experimental
2.1 Materials, preparation and characterization tools

ZnO and Ga-doped nanostructured films were prepared by
sol—gel method using spin coating technique onto ITO coat-
ed conducting glass substrates. These substrates were
cleaned by chemical method using ultrasonic cleaner and
dried with nitrogen. The Ga doped-ZnO coating solutions
were prepared from zinc acetate dihydrate (ZnO(CH;COO),
- 2H,0, Sigma-aldrich), Gallium(IIl) nitrate hydrate (Ga
(NO») - H,0, Alfa Aesar), methoxyethanol, and monoetha-
nolamine (Samchun pure chemical) and the solution were

stirred for 2 h at 70°C using a hot plate magnetic stirrer. The
obtained solutions were aged at room temperature for 3 days
to evaporate all the solvent and to remove all the organic
residuals. The Ga dopant level, determined by 100%[mg,}
[mg,+mz,0], was varied from 0 to 4 wt.%, where m, is the
mass of component x. Then, the Ga-doped ZnO layers were
coated on the cleaned glass by spin coater at room temperature
with 1000-2500 rpm. The films were thermally treated at 300°
C for 10 min. using a hotplate. The coatings were repeated for
eight times to obtain a ZnO film of approximately 240 nm
thickness. The thickness of the films was determined with
Mettler Toledo MX5 microbalance using weighing method
for all the deposited films. The prepared film structures were
found to be nearly similar to wt% of Ga in solution.

The surface morphology of the prepared films was ob-
served by atomic force microscopy, AFM (type Park System
XE-100E).

The photoluminescence properties of the films were
recorded using a fluorescence spectrophotometer (LS 45)
with an excitation wavelength of 325 nm. The measure-
ments of transmittance 7 (1) and reflectance R (1) were
carried out using a Shimadzu UV-VIS-NIR 3600 spectro-
photometer with an integrating sphere attachment. All the
measurements were carried out at room temperature.

2.2 Method of optical constants calculations

For determination of the optical constants of the films,
undoped ZnO and Ga doped ZnO thin films were deposited
onto glass transparent substrates. The complex refractive
index for the films is expressed by 7 = n — ik, where n is
the refractive index and & is the extinction coefficient. The
absorption coefficient a was computed from the experimen-
tal measurements of the transmittance 7" (1) and reflectance
R (1) using the following equation [18]:

1 |(1-R?) (1-R)*
=1
=a" ar T\ arm

+ R? (1)

The reflectance R (4) can be expressed by Fresnel for-
mula [19]:

R:M (2)
(n+ 1)+ k2

Where k=aA/4m. If one solves Eq. (2) via elementary
algebraic manipulation, the refractive index is obtained as

- () [ 5

When the film thickness is known, then the computation
can be carried out and the optical constants can be
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calculated. The optical constants » and k& were estimated by
taking the consideration of the experimental errors in mea-
suring the film thickness as £2 %, and 7 (1)and R (4)
as =1 %.

3 Results and discussion
3.1 Surface morphological characterizations

Figure 1 shows AFM images of the ZnO and Ga-doped ZnO
films. ZnO has a high nucleation density and forms continu-
ous thin films without nanorods-shaped grains as well as the
films of low Ga concentrations of 1 % and 2 %. On the other
hand, the images of higher Ga concentrations of 3 % and 4 %
indicate that these films are formed from the nanorods of
different alignments and the alignment was enhanced with
increasing Ga content in ZnO. The incorporation of Ga dop-
ants promoted the formation of vertically arrayed nanorods by
inducing island growth in the initial stage. As the Ga contents
increased, the density of the stacking faults formed by stress
relaxation process was greatly enhanced [20]. However, the
incorporation of the Ga dopants of 3 % and 4 % forms a high
density of stacking of the nanorods. Notably, the stacking fault
density was significantly enhanced by the increase in the Ga
content, which is considered to be attributed to the structural
relaxation of the stored stress [20]. The metal doping is the
effective procedure to modify the grain size, orientation and
the conductivity and could greatly influence the crystalline,
optical and the electrical properties of the ZnO nanostructures
[21]. For many nanorod applications, such as field emission, it
is important to control alignment of nanorods [22].

3.2 Photoluminescence and absorption characterization

It is well known that the intensity of the photoluminescence,
PL signal provides information on the quality of surfaces
and interfaces. Generally, the PL of ZnO films exhibits one
emission peak in the UV region due to a recombination of
free excitons, and possibly one or more emission peaks in
the visible spectral range, which are attributed to defect
emissions [23]. However, the origin of the defects respon-
sible for these emissions is not fully clear but still there are
lots of controversial explanations for these emissions in ZnO
nanoparticles [23]. Generally, the near band emission in
ZnO is observed around 400 nm may be attributed to the
oxygen-deficient non-stoichiometric nature of the materials
[24]. Figure 2 shows PL spectra of the ZnO and different
Ga-doped ZnO films. A nearly similar feature of the
obtained PL spectra with inhancement in the intensity was
observed for the Ga-doped ZnO as compared to ZnO spec-
trum. This enhancement for the PL spectra due to the incor-
poration of Ga dopant in the ZnO host material may be
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attributed to the surface states and enhance the number of
defects in the material as discussed by Wang et al. [25] for
Co-doping in ZnO namostructured films. Therefore, the
possible strong visible emissions in Ga-doping in ZnO
nanocrystals may arise due to the electronic transitions from
the deep levels, surface states levels to conduction band.

The emission observed around 440 nm (2.82 eV) may be
attributed to the exciton recombination between the electron
localized at the interstitial zinc and the holes in the valence
band [23, 26]. The weak emission observed around 475 nm
may result from the electron transition from the level of the
ionized oxygen vacancies to the valence band [27]. The
emission observed at 540 nm (2.29 eV) is attributed to the
radiative recombination of delocalized electrons close to the
conduction band with deeply trapped holes in oxygen cen-
ters [23, 28].

Figure 3 shows the absorption of corresponding UV—
visible spectra of undoped and Ga-doped ZnO nanostruc-
tured thin films. The intensity of the absorption spectra in
the higher energy region increases from the undoped ZnO to
2 % Ga doped ZnO after which the intensity decreases.
Otherwise, a regular change in the absorption spectra is
observed in the low energy region where the intensity
increases from the undoped ZnO to 4 % Ga doped ZnO
films. The sharp edge of the absorption spectrum of 4 % Ga-
doped ZnO film as compared to the other films may be
attributed to the well ordered and condensed distribution
of the nanorods for the 4 % Ga-doped ZnO film as com-
pared to the other films as supported before by using AFM
images.

3.3 Optical constant characterization

The spectral behavior of the normal incidence transmittance
T () and reflectance R (1) for the ZnO and Ga-doped ZnO
nanostructure thin films are shown in Fig. 4 (a) and (b). As
seen in Fig. 4(a), the observed high transmitivity of these
films suggests that all films have a good transparency,
especially above 500 nm wavelength. A sharp decrease in
the transmittance is observed at about 370 nm that is attrib-
uted to the band edge absorption. This strong absorption
means that the incoming photons have sufficient energy to
excite electrons from the valence band to the conduction
band. Also, a little dependence is observed for the measured
transmittance on the doping concentration of Ga at the
studied range especially near the band edge. The spectral
behavior of the reflectance R (1) in Fig. 4(b) shows a doping
concentration of Ga dependence but not regular, especially
in the wavelength region 300<A<600 nm. All the samples
show a characteristic peak of reflectance. High reflectance
properties for ZnO is obtained as compared to the Ga-doped
ZnO films especially at around 400 nm may be attributed to
the increase of the refractive index of the undoped ZnO as
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Fig. 1 AFM of ZnO and
Ga-doped ZnO of 1 %,2 %,3 %
and 4 % concentrations
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Fig. 2 Photoluminescence spectra of undoped ZnO and Ga-doped
ZnO

compared to the Ga-doped ZnO. This behavior was ob-
served by other authors [12, 14]. These effects are interest-
ing for the fabrication of diffractive optical elements or
integrated optical components [12, 29].

The oscillations in the values of T(A) and R(A) are a result
of light interference in the considered wavelength range, one
can conclude also that the light is not dispersed and this
indicates that the films are homogenous [29]. The homogene-
ity of the films means that the thickness and/or the refractive
index are uniform, also in thin transparent films. The homo-
geneity of the film is very important because the low homo-
geneity or the inhomogeneity causes a shrinking of the
interference frings and a deviation of reflectance and transmit-
tance even extrema from the reflectance and transmittance
spectra of the substrate, respectively [30, 31]. Moreover, sev-
eral wrong experimental conclusions could be drawn, e.g.
higher extinction coefficient values than the actual ones, pres-
ence of non-existent absorption bands [30].

To obtain information about the absorption band edge of
the films, the first derivative of the optical transmittance can
be computed as published before by [14].

The curves of both dT/dA and dR/dA versus wavelength
were plotted, as shown in Fig. 5(a) and (b), respectively. As
seen from these figures, the maximum peak position corre-
sponds to the absorption band edge for the ZnO and Ga-
doped ZnO (1 %, 2 %, 3 % and 4 %) nanostructure films is
shifted to the lower wavelengths (blue-shift). This behavior
gives an evidence for the effect of the Ga dopant

—z0

—— 1% Ga doped ZnO

—— 2% Ga doped ZnO

— 3% Ga doped ZnO
4% Ga doped ZnO

Absorption (a.u.)

X

300 400 500 600
A (nm)

Fig. 3 Absorption spectra of undoped ZnO and Ga-doped ZnO
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Fig. 4 (a) Transmission spectra of undoped ZnO and Ga-doped ZnO
thin films. (b) Reflection spectra of undoped ZnO and Ga-doped ZnO
thin films

concentrations on the ZnO and the optical band gap varies
in the range 3.27-3.30 eV. It was clearly observed that the
incorporation of Ga dopants increases the optical band gap
value of ZnO. The incorporation of Ga dopants promoted
the formation of vertically arrayed nanorods by inducing
island growth in the initial stage. As we know, the optical
band gap value depended upon many key parameters such
as particle size, particle shape and defect concentration [32,
33]. From the results obtained and using the AFM images
analysis, it is reasonable to conclude that these parameters
can be influence a value of the optical band gap.

The refractive and absorption indices 7 and &k of ZnO and
Ga-doped ZnO nanostructure films were determined from
the measured transmittance and reflectance at normal light
incidence. The spectral dependences of both n (1) and & (1)
are plotted in Fig. 6 (a) and (b).

The absorption index k is very small at longer wave-
lengths, showing that the prepared films are highly trans-
parent. Evaluation of the refractive indices of optical
materials is considerably important for the applications in
integrated optics devices, such as switches, filters and mod-
ulation, etc., in which the refractive index is a key parameter
for the device design [34].

The refractive index n of ZnO and Ga-doped ZnO (1 %,
2 %, 3 % and 4 %) thin film shows anomalous dispersion in
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Fig. 5 (a) Plot of the first (a)
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the spectral range 390 <A> 600 nm. Moreover, the films
show anormal dispersion in the spectral range 600 <1>
1000 nm. This anomalous behavior is due to the resonance
effect between the incident electromagnetic radiation and
the electrons polarization, which leads to the coupling of
electrons in ZnO films to the oscillating electric field.

The optical absorption method was used to determine the
optical band gap of the films, which is the most direct and
simplest method. The fundamental absorption refers to band to
band transitions and it manifests itself by a rapid rising in the
absorption used to determine the optical band gap. The band-
gap of the films is determined by the following relation [35]:

A m
o= <hv> (hv — Eg) ,

Where, A is a constant that depends on the transition, hv
is the photon energy and E, is the optical band gap and the
value of the exponent m depends on the nature of the optical
transition type (m = 1/2, 1/3, 2 and 2/3 for allowed and
forbidden indirect transitions, and for allowed and forbidden
direct ones, respectively). An analysis of the absorption
coefficient can be reasonably well fitted by Eq. (4) with
m=1/2. This means that all the undoped and Ga doped ZnO
nanostructured films have allowed direct interband transi-
tions. Figure 7 shows the plots of (athv)® versus photon

(4)

energy near the absorption edge of undoped and Ga doped
ZnO nanostructured films. The optical band gap values of
the films were determined by extrapolating the linear por-
tion of the plot to (ahv)*=0. The obtained optical energy
gap values are given in Table 1. It is clear that the obtained
values of E, are remarkably little dependence on the Ga
content. The determined energy gaps for undoped and Ga
doped ZnO nanostructured films thin film are in agreement
with that published in the literature by other authors
[36-39].

The obtained energy gap in the present work is found to
be lower than that obtained for nanocrystalline Ga doped
ZnO by Jung et al. [17] prepared by RF sputtering tech-
nique. But the obtained optical band gap was found to be
larger than that obtained for nanocrystalline undoped and
La-doped ZnO by Suwanboon and Amornpitoksuk [40].
The E, value of ZnO altered depending on many parame-
ters, for example, imperfection in ZnO crystal [33], particle
shape [33] and particle size [41].

3.4 Optical dispersion characterization
Knowledge of the dispersion of the refractive indices of

semiconductor materials is necessary for accurate modeling
and design of devices [42].

@ Springer
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Fig. 6 (a) Plot of spectral dependence of absorption index of undoped
ZnO and Ga-doped ZnO films. (b) Plot of spectral dependence of
refractive index of undoped ZnO and Ga-doped ZnO films

The dispersion theory shows that in the region of low
absorption, the refractive index, n, is expressed according to
the effective-single oscillator model [43, 44]:

E, E
B U (5)

2
—1
" -

where is the photon energy, E,, is the oscillator energy and is
the dispersion energy. The parameter £, which measures
the intensity of the inter-band optical transition, does not

1x10"

ZnO

—— 1% Ga doped ZnO
———2% Ga doped ZnO
—— 3% Ga doped ZnO

4% Ga doped ZnO

8x10°

6x10°

4x10°

(ahv)’ (eViem)

2x10°

3.4
hv (eV)

Fig. 7 Plot of photon energy dependence of (ahv)? of undoped ZnO
and Ga-doped ZnO films
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Table 1 Values of energy gap for undoped and Ga-doped ZnO of 1 %,
2 %, 3%and 4 % concentrations determined from different methods

Function dT/dn dR/d) (ohv)?
Ga content% Eg(eV) Ey(eV) Eg(eV)
0 3.277 3.280 3.255
1 3.301 3.285 3.283
2 3.307 3.290 3.295
3 3.311 3.292 3.275
4 3.313 3.293 3.285

depend significantly on the band gap. The plots of (n*-1)""
versus E* of the ZnO and Ga-doped ZnO (1 %, 2 %, 3 % and
4 %) nanostructure films are shown in Fig. 8. As seen in
Fig. 8, the refractive index is declined towards the longer
wavelengths due to the influence E, of lattice absorption.
Extrapolating the linear part towards long wavelengths, the p
E,oint of interception with the ordinate at (hvy*=0 yields the
value of the dielectric constant at higher wavelength (e..). The
obtained values of e,, for ZnO and Ga-doped ZnO nanostruc-
tured films are given in Table 2. It is seen that the values of ,,
did not significantly change with Ga dopant. The obtained
dispersion parameters are in agreement with that published
before in the literature [13, 14, 45, 46].

The values of £, and were obtained from the slope (E,
E,)"" and the intersection (E,) obtained from extrapolation
of the line to zero photo energy, respectively. Figure 9 shows
the variation of £, and E,, for ZnO and Ga-doped ZnO (1 %,
2 %, 3 % and 4 %) nanostructured films. As observed, the
values of £, and E,; are found to increase with increasing Ga
dopant content up to 1 % after which the values are de-
creased. The change in the dispersion parameters such as Eg4
and E, can be attributed to the change in the polarizability,
which is associated with Ga ion incorporation. The incor-
poration of Ga dopants promoted the formation of vertically
arrayed nanorods by inducing island growth in the initial
stage. As the Ga contents increased, the density of the
stacking faults formed by stress relaxation process was

0.352

0.348

(n%1)'

* 1% Ga doped ZnO
4 2% Ga doped ZnO
v 3% Ga doped ZnO
4% Ga doped ZnO
I I

35 4.0 45 5.0
(hv)’(ev)y*

0.344 -

Fig. 8 Plot of (n*-1)"" vs.(hv)* of undoped ZnO and Ni-doped ZnO
films
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Table 2 Dispersion Parameters

of undoped and Ga-doped ZnO Ga content% 0 max € B &L N/m*(g™" em) fevy

of 1 %, 2 %, 3 % and 4 %

concentrations 0 2.0358 3.77 0.225 3.94 6.50x10% 151.03
1 1.978 3.789 0. 285 3.87 478%10% 132.19
2 1.969 3.79 0.275 3.8991 4.63%10% 131.53
3 1.9731 3.774 0.263 3.8994 434%10% 102.4
4 1.9739 3.735 0.203 3.939 4.15%10% 63.7

greatly enhanced [47]. However, the incorporation of the Ga
dopants of 3 % and 4 % forms a high density of stacking of
the nanorods as obtained from AFM images.

The dispersion energy Ej, obeys the following empirical
relationship [48]:

E; = BN.Z,N, (6)

where N, is the coordination number of the cation nearest-
neighbor to the anion, Z, is the formal chemical valency of
the anion, N, is the effective number of valence electrons per
anion and f3 is a constant (0.37+0.04) for covalently bonded
crystalline and amorphous chalcogenides and 0.26+0.04 eV
for halides and most oxides that have ionic structure). Tak-
ing N.=4, Z,=2, N,=8 for ZnO [48],the 3 values for ZnO
and Ga-doped ZnO nanostructure films were determined
and are given in Table 2. As observed, the obtained values
of (3 are in agreement with that published for ZnO [45, 48]
which give indication for the ionic property of the undoped
and ga-doped nanostructured films.

There is an important parameter called the oscillator
strength (f) as reported in [48] such that

S =EEq (7)

The oscillator strength values for undoped ZnO and Ga-
doped ZnO nanostructure films were determined and are
given in Table 2. As observed, the obtained oscillator
strength is in agreement with that published for ZnO [45,
48], but when the Ga dopant content is increased, the oscil-
lator strength is decreased.

The obtained data of the refractive index » can be ana-
lyzed to obtain the high-frequency dielectric constant via a

40 T T T T T

—n—E,

E (eV)
[
E (eV)

28—

0 1 2 3
Ga-dopant content %

£y

Fig. 9 Plot of E4 and E, vs. Ga-dopant content %

procedure that describes the contribution of the free carriers
and the lattice vibration modes of the dispersion [49]. The
relation between the optical dielectric constant, ¢, and the
refractive index is given by the following equation

€1 :nZZEL—Dlz (8)

where ¢, is the real part of the dielectric constant, ¢ is the
high-frequency dielectric constant and D is a constant
depending on the ratio of carrier concentration to the effec-
tive mass; D = >N /4n*com*c?, where e is the charge of the
electron, N is the free charge carrier concentration, ¢ is the
permittivity of free space, m* is the effective mass of the
electron and c is the velocity of light. Figure 10 shows the
relation between n” and A for the films. It is observed that
the dependence of £, on A7 is linear at longer wavelengths. It
can be shown that the refractive index has anomalous dis-
persion in the region of the high frequency. A¢;s the refrac-
tive index is increased, there is also an increased of the
absorption of electromagnetic radiation associated with an
increase of the frequency. Furthermore, the refractive index
becomes high when the frequency of the radiation crosses
with the characteristic frequency of the electron. Hence,
there is no propagation of electromagnetic radiation through
the ZnO films. As shown in Fig. 10, the dependence of n* is
linear at the longer wavelengths. The value of the lattice
high frequency dielectric constant € is determined from the
intersection of the straight line with A°=0. Table 2 lists the
values of and the ratio N/m* for ZnO and Ga-doped ZnO
nanostructure films. The obtained values are in the order of
10% cm™3 .gfl. It is clear from the results that ¢, €, for the

3.90
—=—2Zn0
—e— 1% Ga doped ZnO
—4—2% Ga doped ZnO
—v— 3% Ga doped ZnO
+ - 4% Ga doped ZnO
o~
[ =
3.85F
4.0x10° 4.5x10° 5.0x10° 5.5x10°
A*(nm)?

Fig. 10 Plot of n* vs. A* of undoped ZnO and Ga-doped ZnO films.

@ Springer



20

J Electroceram (2012) 29:12-22

all films which can be attributed to the contribution of the
free charge carrier. In general, it can be concluded that both
the high frequency dielectric constant and the ratio N/m* are
related to the internal microstructure [50].

3.5 Dielectric characterization

The fundamental electron excitation spectrum of the films
was described by means of the frequency dependence of the
complex dielectric constant [S1]. The complex refractive
index 97 = n + ik and dielectric function T = & +ig,
characterize the optical properties of any solid material. The
real and imaginary parts of complex dielectric constant are
expressed by the following relation [52]:

e1 (w) = n? (0) — K (o), (9a)

& (w) = 2n (0)k(w), (9b)

where €, and ¢, are the real and imaginary parts of the
dielectric constant, respectively. The dependences of ¢,
and ¢, on the photon energy are shown in Fig. 11 (a) and
(b) for ZnO and Ga-doped ZnO nanostructure films. The

(@)
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w
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——1% Ga doped ZnO
——2% Ga doped ZnO
28 [ —— 3% Gadoped ZnO
—— 4% Ga doped ZnO
I I I I I
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—— 1% Ga doped ZnO
4 [F— 2% Ga doped ZnO
—— 3% Ga doped ZnO
—— 4% Ga doped ZnO
o 2F
0 L L L
2 3 4 5 6
hv (eV)

Fig. 11 (a) Plot of photon energy dependence of real dielectric con-
stant of undoped ZnO and Ga-doped ZnO films. (b) Plot of photon
energy dependence of imaginary dielectric constant of undoped ZnO
and Ga-doped ZnO films

@ Springer

real and imaginary parts follow different patterns. The var-
iation of the dielectric constant with photon energy indicates
that some interactions between photons and electrons in the
films are produced in this energy range. These interactions
are observed on the shapes of the real and imaginary parts of
the dielectric constant and they cause formation of peaks in
the dielectric spectra which depends on the material type
[52].

The real and imaginary parts of the dielectric constant ¢,
and ¢, can be used to calculate the spectral behavior of the
optical conductivity according to the following relations
[53]:

o*(w) = o1(w) + ior(w) (10)
where

o1(w) = wepea (10a)
0‘2((1)) = WENE] (10b)

Where o(w) and o,(w) are the real and imaginary parts
of the optical conductivity, respectively, € is the permittiv-
ity of the free space. The optical conductivities o(w) and
0,(w) can be used to detect any further allowed interband
optical transitions. The dependence of the real and

O
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Fig. 12 (a) Plot of photon energy dependence of real optical conduc-
tivity of undoped ZnO and Ga-doped ZnO films. (b) Plot of photon
energy dependence of imaginary optical conductivity of undoped ZnO
and Ga-doped ZnO films
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imaginary parts of the optical conductivity on the wave-
length is shown in Fig. 12(a) and (b). It can be seen that
the real and imaginary optical conductivity values are little
affected by Ga doping concentration at lower photon energy
up to about 3 eV, after which the undoped ZnO has a high
optical conductivity in the photon energy region 3.2-4 eV
for the real and in the range 2.5-3.2 eV for the imaginary
optical conductivity. At the higher photon energy range
(larger than 4 eV up to 6 eV), the undoped ZnO has the
lower values of real optical conductivity and higher imagi-
nary optical conductivity but the Ga-doped ZnO of 3 %
concentration has the higher values of real optical conduc-
tivity and lower imaginary optical conductivity. The lower
value of the real optical conductivity of undoped ZnO may
be attributed to the high reflectance properties of ZnO as
compared to the Ga-doped ZnO films [12, 14].

4 Conclusions

Nanostructure films of undoped ZnO and Ga-doped ZnO
(1 %, 2 %, 3 % and 4 %) were grown by sol—gel spin coating
process. Nanorods were observed for Ga-doped ZnO films
with concentrations of 3 % and 4 % as obtained from AFM
images. Photoluminescence (PL) spectra of undoped ZnO
and Ga doped showed a strong emission band at about
465 nm. The optical constants of the undoped and Ga doped
ZnO films of different concentrations were characterized
using spectrophotometric measurements. It was found that
the absorption spectra near the band edge could be well
fitted using the direct transitions and little effect of Ga
concentration was observed on the obtained energy gap of
the films. On the other hand, it was found that the refractive
index of the Ga deposited film is affected with doping
concentration of Ga. In addition, Ga-doping concentration
affects the values of the calculated dispersion parameters
such as oscillator energy, dispersion energy, oscillator
strength and dielectric constants. Moreover, a higher real
and imaginary optical conductivity were obtained for the
Ga-doped ZnO of 3 % concentration and undoped ZnO,
respectively.
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