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Abstract

Gallium-doped ZnO (GZO) semiconductor thin films were deposited onto
glass substrates using the spray pyrolysis technique. The effect of Ga dopant
concentration on the optical properties of ZnO thin films was studied. ZnO thin
films doped with Ga has been improved optical transmittance in the visible

region
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Introduction

Transparent conducting oxide (TCO) films have been widely studied for their
practical applications as transparent conductive electrodes, window materials in
display, window layer in solar cells ', light emitting devices ¥, gas sensors ),

(461 Intrinsic ZnO is

and various optoelectronic and acoustic wave filters devices
assumed to be an n-type semiconductor mainly because of donor defects such as
zinc interstitials (Zn;) and oxygen vacancies (V,). Therefore, the treatment of un-
doped ZnO described above increases the cation-to-anion ratio of ZnO, resulting
in an increase in the conductivity of ZnO. Un-doped nonstoichiometric ZnO thin
films have unstable electrical and optical properties . Unlike these
nonstoichiometric ZnO films, n-type doped ZnO films show stable electrical and
optical properties ™. The doping is achieved by replacing Zn™ atoms with atoms
of elements of higher valance, such as Al”, In”, Ga™, Sn™, Ge™, Pb™ P!, Doping
of ZnO using Ga species in particular is more effective for the stabilization of
lattice systems and increases the ionicity of chemical bonds in ZnO films.

The important properties of ZnO are due to its wide direct band gap of 3.37 eV
101 Bulk ZnO is quite expensive and is unavailable in large wafers. So, for the
time being, thin films of ZnO are relatively a good choice. Usually, the doped
ZnO films with optimum properties i.e. perfect crystallite structure; good
conducting properties, high transparency and high intensity of luminescence are
obtained when they are grown on heated substrates and annealed after
deposition at high temperature in an atmosphere of oxygen. However, for an
extensive use in the commercial applications, pure ZnO films must be prepared
at much lower substrate temperatures.

Generally, gallium-doped ZnO (ZnO:Ga) films are fabricated by chemical vapor

deposition (CVD) " magnetron sputtering ], sol-gel techniques "*

, spray
pyrolysis ! and pulsed laser deposition "%, In this work, transparent conducting

Zn0:Ga films deposited on glass substrates by spry pyrolysis technique are
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reported. The effect of doping concentration on the optical properties of ZnO
and ZnO:Ga transparent films are investigated in detail.

Experimental details

Thin films of zinc oxide have been prepared by chemical pyrolysis method. The
spray pyrolysis was done by using a laboratory designed glass atomizer, which
has an output nozzle about 1 mm. The films were deposited on preheated glass
substrates at a temperature of 400°C, the starting solution was achieved by an
aqueous solutions of 0.1M Zn (CH;COO),. 2H,O from Merck chemicals and
0.1M GaCl, from BDH chemicals used as a doping agent with a concentration of
2% , 5% and 7%, these materials were dissolved with de-ionized water and
ethanol, the final spray solution and a total volume of 50 ml was used in each
deposition. With the optimized conditions that concern the following
parameters, spray time was 10 sec and the spray interval (3min) was kept
constant. The carrier gas (filtered compressed air) was maintained at a pressure
of 10° Nm?, distance between nozzle and substrate was about 29 £1 cm,
solution flow rate 5 ml/min. Thickness of the sample was measured using the
weighting method and was found to be around 350 nm. Optical
transmittance and absorbance were recorded in the wavelength range (300-
900nm) using UV-visible spectrophotometer (Shimadzu Company Japan).
Optical transmittance and absorbance were reported in order to study the effect

of doping on the parameters under investigation.

Results and discussion

The optical absorption measurements were carried out in the UV/VIS region
(300-900 nm) for undoped ZnO films and ZnO doped with different contents of
Ga. The transmittance and reflectance of pure and doped ZnO films recorded in
the applied wavelength range are shown in Figures 1 and 2. It is clear from these
figures that transmittance spectra for all films increase with increasing
wavelength from (600-900) nm while reflectance decreased in the same range.

Increasing the Ga content of the films decreases transmittance and increases
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reflectance for a lower wavelength range (300-600) nm. This means that there is
some absorption in that wavelength range. For each composition typical spectral
behavior of transmittance and reflectance are given for pure and doped ZnO
films. Similar behavior was also obtained by Cheong ef al. !'". Also, It can be
noticed that all the samples exhibit very high transmittance of over 80% over a

wide spectral range from (600-900) nm. Such result was confirmed by Tseng et
al. '8,
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Fig. (1) Transmission of ZnO and ZnO: Ga thin films versus wavelength.
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Fig. (2) Reflectance of ZnO and ZnQO:Ga thin films versus wavelength.
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The UV-VIS absorption spectra in the region (300-900 nm) for ZnO,
Zn0:2%Ga, Zn0:5% Ga and ZnO:7% Ga thin films are shown in Fig. (3). The
Zn0O film shows a sharp absorption edge at about 425 nm. In contrast, the
absorption edge of the ZnO:Ga thin films has been slightly shifted to higher
wavelengths ( red-shifted ) to 510 nm. It is clear from the figure that absorption
spectra for all films increase with increasing wavelength from (300-600) nm.
Increasing the Ga content of the films decreases the absorption for a higher
wavelength range (600-900) nm. This means that there is some absorption in
that wavelength range. Such result was confirmed by Cheong et al. ' and Tseng
et al. ", Tt is evident that the optical absorbance increases in the visible region

with increasing the doping concentration of Ga.
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Fig. (3) Absorptance versus wavelength for
.the ZnO and ZnO:Ga thin films
The refractive index dispersion plays an important role in the optical
communication and designing of the optical devices. S,, it is important to
determine dispersion parameters of the films. The dispersion parameters of the
films were evaluated according to the single-effective-oscillator model using the
21,22].

following relation !

02 -1 = [EqEo/ (B~ E?)] woovrn.. )
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The physical meaning of the single-oscillator energy E, is that it simulates all
the electronic excitation involved and Eq is the dispersion energy related to the
average strength of the optical transitions !, which is a measure of the intensity
of the inter band optical. This model describes the dielectric response for
transitions below the optical gap. (n*~1)"' vs. (hv)* plots for the films was
plotted as shown in Fig. (4). E, and E4 values were determined from the slope,
(EoEq)" and intercept (E./Eq), on the vertical axis and are given in Table 1. E,
values decrease with the dopants as optical band gap. The refractive index
dispersion curves show that the films obey the single oscillator model.
According to the single-oscillator model, the single oscillator parameters E, and
Eq are related to the imaginary part of the complex dielectric constant; the
moments of the imaginary part of the optical spectrum M-, and M-; moments
can be derived from the following relations: [**!

ES=M.,/Mi; ........... (2)

Es=M’ /M5 .......... (3)

The values obtained for the dispersion parameters E,, Eq, M-, and M_; are
listed in Table (1) (M-, without units).The obtained M-, and M_; moments
changes with the dopants.

For the definition of the dependence of the refractive index n on the light
wavelength (1), the single-term Sellmeier relation can be used

n*(A) — 1 =Se A2/ [1 = (A/A)] oenee, (4)

Where A, is the average oscillator position and S, is the average oscillator
strength. The parameters S, and A, in Eq. (5) can be obtained experimentally by
plotting (n* — 1)' against 17> as shown in figure 4, the slope of the resulting
straight line gives 1/ S,, and the infinite-wavelength intercept gives 1/ S, A,>. The
results shows an increase in band gap which may be attributed to the presence of

unstructured defects.
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Table (1) the optical parameters

Sa | Eo E,
Eq M; | S,x10% | A,
mpl | eV) (eV) | == | n(o) | M, Ina
(eV) eV’ m nm
e | (
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Fig. (5) Variation in (n?> — 1) ™' as a function of ())?
.of ZnO and ZnO:Ga films

The incorporation of impurity into the semiconductor often reveals the
ormation of band tailing in the band gap. The tail of the absorption edge is
exponential, indicating the presence of localized states in the energy band gap.
The amount of tailing can be predicted to a first approximation by plotting the
absorption edge data in terms of an equation originally given by Urbach . The
absorption edge gives a measure of the energy band gap and the exponential
dependence of the absorption coefficient, in the exponential edge region Urbach
rule is expressed as *);

o= a°exp (A< Ey) ovviiiiinn, (1)

Where a° is a constant, Ey 1s the Urbach energy, which characterizes the
slope of the exponential edge. Equation (1) describes the optical transition
between the occupied states in the valence band tail to the unoccupied states of
the conduction band edge. Figure (6) shows Urbach plots of the films. The value
of Ey was obtained from the inverse of the slope of Ina vs. hv and is given in
Table 1. The dopants change the width of the localized states in the optical band.
Ey values change inversely with optical band gap. The Urbach energy values of
Zn0O and ZnO doped Ga films were found to be decreased which leads to an
increase in the energy gap. This behavior can result from the increasing
concentration of point defects induced by the dissolution of Ga in ZnO crystals
and formation of solid solution. So, this increase leads to a redistribution of
states, from band to tail, thus allowing a greater number of possible bands to tail
and tail to tail transitions . As a result, both an increase in the optical gap and

a narrowing of the Urbach tail are taken place.
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The optical conductivity was calculated using the relation '

Where c is the velocity of light.

Figure (7) shows the variation of optical conductivity with the wavelength,
the conductivity values of the ZnO and ZnO: Ga films at room temperature. It
was observed that the optical conductivity increases as the percentage of Ga in
the ZnO increases to 7%. The increased optical conductivity at high photon

energies is due to the high absorbance of the films in that region.

28

—=— Pure
—— 2%
24 . g 50’,10
7%

20

16

12

Optical Conductivity x10"°

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

209



.AL- Muthanna Journal of Pure Sciences ...... Number(2) ....Volume(1)..... September/2013...Eng

Fig. (7) Optical conductivity versus wavelength

for the ZnO and ZnO:Ga films

Conclusion
Zn0O and gallium doped ZnO films were prepared by using the chemical spray
pyrolysis technique. Both doped and un-doped samples were characterized using
UV-VIS technique and the results were systematically presented. Optical
transmittance was affected for moderate doping.
Dispersion parameters of the films obeye the single oscillator model The change
in dispersion was investigated before and after doping and its value increases
from 19.52 for the un-doped films to 22.86 for the doped films with 7% of Ga.
The optical conductivity of films was found to be increased as the doping
concentration of Ga increases.
References
[1] T. Yamamoto, T. Yamada, T. Sakemi, S. Shirakata, M. Osada, S.
Kishimoto, K. Awai, H. Makino, T. Mitsunaga, “ZnO:Ga-Based
transparent conductive films: An attractive potential for use in flat
panel display”, Ceram. Trans. 196 (2006) 475-479.
[2] Jinn-Kong Sheu, Ming-Lun Lee Lu, and Y.S. Shu, “Ga-Doped ZnO
Transparent Conductive Oxide Films Applied to GaN-Based Light-

Emitting Diodes for Improving Light Extraction Efficiency”,
Journal of Quantum Electronics, Volume 44, Issue 12,(2008) 1211-
1218.

[3] X.L. Cheng, H. Zhao, L.H. Huo, S. Gao, J.G. Zhao, “ZnO
nanoparticulate thin film: preparation, characterization and gas-
sensing property”, Sens. Actuators B 102 (2004) 248-252.

[4] G.S. Park, G.-M. Yang, “Characterization of SnO, films on glass by
transmission electron microscopy”, Solid Films 365 (2000) 7-11.
[5] Jin Ma, Feng Ji, Hong-lei Ma, Shu-ying Li, “Electrical and optical
210


http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=4674633

.AL- Muthanna Journal of Pure Sciences ...... Number(2) ....Volume(1)..... September/2013...Eng

properties of ZnO: Al films prepared by an evaporation method”,
Thin Solid Films 279 (1996) 213-215.

[6] K.T Ramakrishna Reddy, H Gopalaswamy, P.J Reddy, R.W Miles,
“Effect of gallium incorporation on the physical properties of ZnO
films grown by spray pyrolysis” ,Journal of Crystal Growth,
Volume 210, Issue 4,(2000), 516-520.

[7] W. Copel, and U. Lampe, “Influence of defects on the electronic
structure of zinc oxide surfaces”, Phys. Rev. B 22 (1980) 6447-
6462.

[8] T. Minami,” New n-Type Transparent Conducting Oxides”, MRS
Bull. 25 (2000) 38-44.

[9] Caglar Y., Ilican S., Caglar M. and Yakuphanoglu F., “Effects of In,
Al and Sn dopants on the structural and optical properties of ZnO
thin films”, Spectrochimica Acta Part A: Mol. and Bio. Spec., 67
(3—4) (2007) 1113-1119.

[10] YR.Ryu, S.Zhu, J.D.Budai, H.R.Chandrasekhar, P.F.Miceli and
H.W.White, “Optical and Structural Properties of ZnO Films
Deposited on GaAs by Pulsed Laser Deposition”, Appl.Phys. 88
(2000)201-204.

[11] L.Wang and N.C.Giles, “Temperature dependence of the free-
exciton transition energy in zinc oxide by photoluminescence
excitation spectroscopy”, J. Appl. Phys., 94 (2003) 973.

[12] J. Hu, R.G. Gordon, “Atmospheric pressure chemical vapor
deposition of gallium doped zinc oxide thin films from diethyl
zinc, water, and triethyl gallium”, J. Appl. Phys. 72 (1992) 5381.

[13] E. Fortunato, V. Assunc,a™0, A. Gonc,alves, A. Marques, H. A’
guas, L. Pereira, I. Ferreira, P. Vilarinho, R. Martins, “High quality

conductive gallium-doped zinc oxide films deposited at room

211


http://www.sciencedirect.com/science?_ob=PublicationURL&_hubEid=1-s2.0-S0022024800X0125X&_cid=271622&_pubType=JL&view=c&_auth=y&_acct=C000228598&_version=1&_urlVersion=0&_userid=10&md5=8835c3eb85151aa38f2a3c950d5c57a5
http://www.sciencedirect.com/science/journal/00220248

AL- Muthanna Journal of Pure Sciences

temperature”, Thin Solid Films 451-452 (2004) 443-447.
[14] K.Y. Cheong, N. Muti, S.R. Ramanan, “Electrical and optical

studies of ZnO:Ga thin films fabricated via the sol-gel technique”,
Thin Solid Films 410 (2002) 142-146.

[15] Julie De Merchant, Michael Cocivera, “Preparation and doping of
zinc oxide using spray pyrolysis®“,Chem. Mater.,7 (1995)1742—
1749.

[16] G.A. Hirata, J. McKittrick, T. Cheeks, J.M. Siqueiros, J.A. Diaz, O.
Contreras, O.A. Lopez, “Synthesis and optoelectronic
characterization of gallium doped zinc oxide transparent
electrodes”, Thin Solid Films 288 (1996) 29-31.

[17] K.Y. Cheong, Norani Muti, S. Roy Ramanan, “Electrical and
optical studies of ZnO:Ga thin films fabricated via the sol-gel
technique”, Thin Solid Films 410 (2002) 142—146.

[18] Jiun-Yi Tseng , Yuan-Tsung Chen, Ming-Yi Yang, Cheng-Yi Wang,
Pin-Chou Li, Wang-Chieh Yu, Yung-Fu Hsu, Sea-Fue Wang,
“Deposition of low-resistivity gallium-doped zinc oxide films by
low-temperature radio-frequency magnetron sputtering”, Thin
Solid Films 517 (2009) 6310-6314.

[19] J. I. Pankove, Optical processes in semiconductors, Dover
Publications, Inc. New York, (1975) p. 91.

[20] Wemple, S. H., DiDomenico, “Behavior of the Electronic
Dielectric Constant in Covalent and Ionic Materials”, Phys. Rev.
1971, B3, 1338-1351.

[21] Wemple, S. H., “Refractive-index behavior of amorphous
semiconductors and glasses”, Phys. Rev. 1973, B7, 3767-3777.

[22] Ammar, A. H., “Studies on some structural and optical properties

of ZnxCd1—xTe thin films”, Appl. Surf. Sci. (2002), Vol. 201, 9-19.

[23] Wemple, S. H., DiDomenico, “Oxygen — Octahedra Ferroelectrics
212



.AL- Muthanna Journal of Pure Sciences ...... Number(2) ....Volume(1)..... September/2013...Eng

I. Theory of Electro-Optical and Non Linear Optical Effects”, J.
Appl. Phys., 40 (2) (1969) 720-734

[24] Urbach F., “The Long-Wavelength Edge of Photographic
Sensitivity and of the Electronic Absorption of Solids”, Phys. Rev.,
92(5) (1953)1324.

[25] J. Tauc, “Amorphous and Liquid Semiconductors”, Plenum Press,
New York, 1974.

[26] O'Leary S. K., Zukotynski S., Perz J. M., “Disorder and optical
absorption in amorphous silicon and amorphous germanium”,
Journal of Non-Crystalline Solids, 210 (1997) 249-253.

213



	[7] W. Copel, and U. Lampe, “Influence of defects on the electronic structure of zinc oxide surfaces”, Phys. Rev. B 22 (1980) 6447-6462.

