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ABSTRACT

In this study, the undoped and Aluminum (Al) doped (1% and 3%) zinc oxide (ZnO) films were prepared by sol gel method
via spin coating onto glass substrates. To investigate the structural and optical properties of the films, it was used to X-ray
diffractometer and UV-VIS spectrophotometer, respectively. The prepared ZnO films are polycrystalline with a hexagonal
wurtzite structure with a preferential orientation according to the (002) plane. The crystalline quality of ZnO film was improved
by the increase of Al content. So, the most intense of (002) peak is observed for 3% Al-doped ZnO film. According to UV-vis
spectroscopy spectra, the average optical transmittance and reflectance of all the films are greater than 76% and 14% in the
visible range, respectively. The different methods were used to evaluate the absorption edges of the prepared films depending
on the Al dopants. The optical band gap value of ZnO film shifted towards to the blue region in the first incorporation of Al in
ZnO film, and then, this value shifted towards the red region with increasing Al content. The optical constants such as refractive
index, extinction coefficient and dielectric constants were determined for undoped and Al doped ZnO films. The refractive
index dispersion of the films was analyzed by using the single oscillator model. The dispersion parameters such as oscillator
energy and dispersion energy values of the prepared films were determined.
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ZnO FILMININ KRiSTALLIGI VE OPTiK PARAMETRELERININ ALUMINYUM
KATKISI iLE IYILESTIRILMESI

OZET

Bu ¢alismada, katkisiz ve aliiminyum (Al) katkili (%1 ve %3) ¢inko oksit (ZnO) filmleri cam alttaslar iizerine spin kaplama
teknigi ile sol jel metodu kullanilarak elde edilmistir. Filmlerin yapisal ve optik 6zelliklerini incelemek i¢in sirastyla, X-1smlari
difraktometresi ve UV-vis spektrofotometresi kullanilmistir. Elde edilen filmler polikristal olup, hekzagonal wurtzite yapida
ve (002) tercihli yonelimine sahiptirler. ZnO filminin kristal kalitesi, artan Al katkisi ile artmistir. Bu nedenle, en siddetli (002)
piki %3 Al katkili ZnO filminde gézlenmistir. UV-vis spektrofotometresine gore, filmlerin goriiniir bolgedeki ortalama
transmittans ve reflektanslari, sirasiyla %76 ve %14 degerinden bilyiiktiir. Elde edilen filmlerin Al katkisina bagli olarak
absorpsiyon kenarlarini belirlemek igin farkli metotlar kullanilmistir. ZnO filminin optik bant araligi, ilk Al katkisi ile mavi
bolgeye kaymis, ve daha sonra Al katki miktari arttirilinca, kirmizi bolgeye kaymistir. Kirtlma indisi, soniim katsayisi ve
dielektrik sabitleri gibi optik sabitler katkisiz ve Al katkili ZnO filmleri i¢in belirlenmistir. Filmlerin kirilma indisi dispersiyonu,
single oscillator model kullanilarak analiz edilmistir. Elde edilen filmlerin osilatdr enerjisi ve dispersiyon enerjisi gibi
dispersiyon parametreleri belirlenmistir.

Anahtar Kelimeler: Al katkili ZnO filmleri, Sol jel, Optik bant aralig1, Optik sabitler, Dispersiyon parametreleri

1. INTRODUCTION

Wide optical band gap 11-VI semiconductors, especially Zinc Oxide (ZnO) was subject to most intensive
research for several decades. Because, ZnO is a significant material as an optoelectronic device material
owing to possess physical properties such as wide band gap (=3.3 eV at 300K), large exciton binding
energy (60 meV), high optical transparency and electrical conductivity [1]. To further improve these
properties of ZnO, it can be doped with a group I11A elements such as AI**, In®", Ga®* [2-8].
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To date, both physical and chemical processes have been used to deposit of Al doped ZnO films. The
sol gel method is one of the chemical processes, and a versatile method due to some advantages with
low cost and simple experimental set-up equipment, can be made easy doping and easy fabrication of
large-area films. Therefore, many research groups have prepared Al doped ZnO films by sol gel method
and characterized of them. Kim et al. [9] prepared Al doped ZnO films by spin coating technique. They
reported that all the films were highly transparent and the optical band gap of the prepared Al doped
ZnO films exhibited higher value than undoped ZnO film. It is the increase of band gap by the doping
of Al, in agreement with Burstein-Moss effect. Khan et al. [10] reported the influence of Al on structural,
morphological and optical properties Al doped ZnO films prepared by the spin coating technique. They
observed an increase in the optical band gap with an increase in Al composition in ZnO. They concluded
their prepared Al doped ZnO films had potential applications in the fabrication of light emitting devices.
Caglar et al. [5] studied the microstructural, optical and electrical properties of Al doped ZnO films
deposited by a spin coating technique. In their study, it is emphasized that optical band gap, crystallite
size and texture coefficient of ZnO film decreased whereas electrical conductivity increased with
increasing Al content. Al-Ghamdi et al. [2] also prepared ZnO films with Al content by the same
technique and reported that Al incorporation increased the optical band gap, electrical conductivity,
mobility carriers and carrier concentration, but decreased the lattice parameters.

Above these studies had focused on the structural parameters, morphological properties, optical band
gap and electrical conductivity of sol gel derived Al doped ZnO films, whereas there are only a few
reports on its optical constants and dispersion parameters of that films [11-13]. Therefore, the main goal
of this study is to investigate the correlation between the Al content and its effect on structural and
optical properties of ZnO films were prepared by sol gel method, furthermore the effect of Al content
on the optical constants and dispersion parameters of sol gel derived ZnO film.

2. EXPERIMENTAL DETAILS

Glass substrates were sonicated with ethanol and DI water, subsequently rinsed with acetone water, and
dried N gas. The precursor solutions with a concentration of 0.5M were prepared by using zinc acetate
dihydrate [Zn(CHsC0OO0)2-2H,0, ZnAc], 2-methoxyethanol and monoethanolamine. The solution was
stirred in clear solution at 40°C for 1h, and then was coated by spin coating (3000rpm, 30s) onto cleaned
substrate. The wet film was preheated at 300°C after each coating. In order to obtain well-crystallized
film, it was finally annealed at 550°C for 1h in air after tenth coating. Finally, it was served cooling at
room temperature. For Al doped ZnO films, Aluminum chloride was used as a dopant source with the
same preparation procedure, and mixed to the precursor solution with a nominal volume ratio 1% and
3% Al. The deposition process was conducted for all prepared solutions to deposit films of different Al
concentrations.

To check the crystalline phase and crystallite orientation of Al doped ZnO films was used by an X-ray
diffractometer (BRUKER D2 Phaser) equipped with CuK, radiation (1=1.5406 nm). The optical
reflectance and transmittance spectra of the prepared ZnO films were measured by SHIMADZU
UV2450 spectrophotometer with an integrating sphere attachment. A bare glass substrate was used as
the reference sample. The thicknesses of the undoped and Al doped ZnO films were determined by using
weighing method with Mettler Toledo MX5 microbalance, and found to be approximately 400nm.

3. RESULTS AND DISCUSSION
3.1. Crystallinity of the Prepared Undoped and Al Doped ZnO Films

To investigate the crystallinity and preferred orientations of the prepared undoped and Al doped ZnO
films, it was used to the XRD method. XRD spectra of these films are given in Fig. 1. All of the spectra
are indexed to a ZnO hexagonal wurtzite structure (Zincite phase, JCPDS card file no: 36-1451). Only
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one peak, corresponding to the (002) phase, appeared on the XRD spectra. No other impurity phase
related to aluminum is observed. So, these films are preferentially oriented along the c-axis direction.
The intensity of the (002) peak increases, indicating that the crystalline quality of the ZnO film enhances
with incorporation of Al. In addition to, 2theta angles of (002) peaks for undoped, 1%Al doped and
3%Al doped ZnO films were observed at 34.385°, 34.408° and 34.431°, respectively. Mondal et al. [14]
and Baba et al. [15] reported similar results. That is, Al incorporation causes the shift towards the big
angle for the (002) peak direction. This presumably results from the substitution of Zn?* by smaller ionic
radii of AI** (raz+=0.53A < rzn2:=0.74A). That is, this shift implies due to difference in ionic radius of
and Zn?* and APP*. Therefore, the substitution of by AI** may have caused this decrease.

3.2. Optical Band Gap of the Prepared Undoped and Al Doped ZnO films

The transmittance and reflectance studies are important methods for optical properties of the films. To
determine the optical band gap (Eg) or corresponding absorption edge several well-known methods have
been used. In this study, the absorption edges of the undoped and Al doped ZnO films were determined
by using both transmittance (Fig. 2a) and diffuse reflectance (Fig. 2b) spectra and compared with each
other. The first derivative of transmittance (dT/dA) was deduced to determine the absorption edges and
plotted in Fig. 3a. The maxima in the first derivative curves refer to the band gap energies of the prepared
films. As seen from this figure, the absorption edge shifts towards the ultraviolet region with Al
incorporation. This shift is attributed to Moss-Burstein effect, caused by an increase in free electron
concentration because of Al incorporation. It is observed the red shift when Al content is increased. This
shift is associated with shrinkage effect due to increasing carrier concentration.

In another method the diffuse reflectance data are used for determination of the absorption edge. The
differential reflectance dR/dA versus 4 is also given in Fig. 3b. The E4 value for undoped and Al doped
ZnO films determine using the maximum values of these plots. The values determined by this method
also show the same trend.

In the third method, the direct optical band gap energies of the films can be determined according to the

Tauc model, which is using a plot of (ahv)? vs. the photon energy. The Tauc model could be expressed
as [16],

(ahv) =B (hv — Eg)l/2 1)

where B is a constant and « is absorption coefficient which is given by
a=— )

The Eq4 values were determined from Fig.4 and the same variation was observed again. The same trend
in Eg value with Al incorporation into ZnO was also observed by the others researchers [15, 17]. The
detail of the Eg4 values determined from different methods is given in Fig. 5. The variation of the band
gap energy with the Al content is more clearly shown from this figure. It can be seen that the results
obtained from these methods are very close to each other.
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Figure 1. XRD spectra of the undoped and Al doped ZnO films
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Figure 2. The transmittance (a) and reflectance (b) spectra of the undoped and Al doped ZnO films
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Figure 3. The plots of dT/dA (a) and dR/dA (b) versus wavelength for the undoped and Al doped ZnO
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Figure 4. Tauc’s plots of the undoped and Al doped ZnO films
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Figure 5. The absorption band edges of the undoped and Al doped ZnO films determined by different
methods. The dashed lines indicate the average values for each film.

3.3. Optical Constants of the Prepared Undoped and Al doped ZnO films

The complex optical refractive index (n’) of the films plays a crucial role in designing and developing
optical/optoelectronic devices. Therefore, it is extremely important to determine this optical constant.
To investigate optical refractive index of the undoped and Al doped ZnO films, it was used following
relation

n' =n) + ik(1) 3)

where n is the refractive index (real part of n’) and k is the extinction coefficient (imaginary part of n').
It is measured by reflectance spectra of the prepared films in order to calculate the n of the films at
different wavelengths, and it can be used the following equation [18]:

1+R 4R

n= (ﬁ) tame~ k2 “)

The variation of calculated n and k values with wavelength are given in Fig. 6. The average values of
Nave and Kave in the visible region obtained for the undoped, 1 and 3% Al doped ZnO films are presented
in Table 1. Observing a decrease in refractive index may result from the variation in the film density.

The complex dielectric constant (¢') is characterized by fundamental intrinsic property of the
material and given by following relation:

e =g +ig (5)

where &, and &, are real and imaginary parts of the dielectric constant, respectively. They give
information about the loss factor, and they are determined by using following relations [19]:

g =n?—k? (6)
and
& = 2nk (7)
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Both of & and & values are determined Egs. (6) and (7) in the UV-visible range. Fig.7 is presented the
calculated & and & values as a function of wavelength.
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Figure 6. The variation of refractive index and extinction coefficient with wavelength for the undoped
and Al doped ZnO films
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Figure 7. The variation of real and imaginary parts of dielectric constants with wavelength for the
undoped and Al doped ZnO films

Table 1. The optical parameters of undoped and Al doped ZnO films

Film Tave% Rave% Nave Kave X 102 Elave Eave X 10"2

Zn0O 80.3 19.6 2.61 2.58 7.03 1.35
Zn0:1%Al 814 15.7 2.33 2.45 5.62 1.15
Zn0:3%Al 76.5 14.0 2.22 3.11 5.17 1.38
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3.4. Dispersion Parameters of the 3% Al Doped ZnO Film

The dispersion parameters of the films are also important due to play a significant role in designing of
the optical devices. The dispersive refractive index data (in range of v < Eg) were analyzed with using
the single oscillator model proposed by Wemple and DiDomenico. This model is related to the dielectric
response for transitions under the optical band gap. The experimental data of the undoped and/or doped
ZnO were successfully applied to this model by the researchers, and reported [6, 20-24]. Therefore, to
analyze the refractive index dispersion of the prepared films, the single oscillator model was used in this
study. It is given by [25]

EoE
n?—1=-222%
EZ-E

(8)

where E, is the single oscillator energy and Eq is the dispersion energy, which is a measure of the
intensity of the inter band optical transitions. (n*-1)* vs. (hv)? plots for the prepared films was plotted.
The (n?-1)* vs. (hv)? plot of 3% Al doped ZnO film obeys the single-oscillator model. E,and Eq values
were determined from the slope and intercept on the vertical axis, and found to be 5.181 and 14.846 eV,
respectively. The E, value can be considered as an average energy gap and was found to be in proportion
to the Eq value (Eg <E, <2Eg). The determined dispersion parameters in this study are good agreement
with earlier reported values [26, 27].

A measure of interband transition strengths can be provided from the M.; and M.; moments of the optical
dispersion spectra. A relation between the dispersion parameters and the moments can be expressed as
[25]

M_
E} = s ©)
and
2 M31
Ea =37 (10)

The M.; and M. values of the 3% Al doped ZnO film was determined, and found to be 2.865 and
0.107eV?, respectively.

4. CONCLUSIONS

ZnO films with different Al content were prepared by sol gel method using spin coating technique and
the crystallinity and optical parameters of these films were studied by XRD and UV-vis
spectrophotometer, respectively. The XRD spectra indicate that the undoped and Al doped ZnO films
are highly textured and zincite phase. On the other hand, they have (002) preferred orientation and the
crystalline quality of the films enhanced with increasing Al content. The optical transmittance was found
to above 76%. The values of the E4 values of the prepared films were determined from the plot of first
derivative transmittance and diffuse reflectance vs. wavelength and Tauc method. The optical constants
such as refractive index, extinction coefficient and dielectric constants were calculated for the prepared
films. The single oscillator model was used to analyze the refractive index dispersion of the prepared
films. The obtained dispersion parameters suggest that the single-oscillator model is valid for 3%Al
doped film.

In conclusion, in this study, undoped and Al doped ZnO films were successfully prepared by the low
cost spin coating technique onto glass substrates. Moreover, it was observed that aluminum
incorporation played an important role on the crystal quality and all the optical parameters of ZnO.
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