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Ca, O thin films were prepared by spray pyrolysis method and studied the impact of

Ga doping concentration on the physical properties of these films. XRD analysis confirmed the structural
purity and polycrystalline nature of the films and composition analysis verified the incorporation of
dopants in the structures. Optical transmission in the visible range initially increased and at higher Ga
concentration decreased in accordance with the crystalline quality. Energy gap increased with doping
percentage due to Burstein-Moss effect arising from the increase in carrier concentration. Ga doping
resulted in enhanced electron concentration and consequently obtained lower resistive n type thin
films. At higher doping level, electron density decreased due to the limit of solid solubility and hence
conductivity slightly decreased but energy gap increased due to the extended localization arising from
the poor crystallinity. Mobility decreased with doping due to the increased ionized impurity scattering
at lower dopant concentration and due to intra-grain cluster scattering at heavy doping.
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1. Introduction

Transparent and conducting oxides (TCOs) are an
unparalleled class of materials which have been undergoing
serious research for the last few decades. TCOs found
immense applications in electronics and optoelectronics
such as flat panel displays, light emitting diodes (LEDs),
window defrosters, thin film solar cells, surface acoustic
wave (SAW) devices, thin film transistors, etc.'¢ In the
beginning, indium oxide (In,0,) had been widely used in
various TCO applications. But later on it was discarded due
to its scarcity and replaced by the low cost, abundant, less
toxic and biocompatible zinc oxide (ZnO). ZnO is a wide
band gap semiconducting material (~3.37 eV). It exhibits
better piezoelectric properties and possesses large free exciton
binding energy (~60 meV) at room temperature.

The interest of materials researchers on ZnO is fuelled
and fanned by the viability of tunable electrical properties
and tailorable optical energy gap. The electrical conductivity
of ZnO can be fine tuned and enhanced by adding group
IIT elements such as B, Al, Ga and In. The optical energy
gap can be engineered by forming alloys with other oxide
materials with different optical energy gap. Thus ZnO can
be alloyed with a variety of elements to tailor the band gap.
For example, by alloying with a wider band gap material like
MgO (Eg="7.8eV), we will get an alloy of Zn, MgO with
larger optical energy gap’. Similarly, in order to decrease the
band gap, cadmium can be mixed to ZnO3. Also we can extend
this method with other earth alkaline elements like Be and
Ca and these will find applications in optoelectronic devices.
However, there have been very few reports on the properties
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of Zn,

thin films of undoped and doped ZnO have been extensively

Ca O thin films®. Deposition and characterization of

investigated and huge number of reports is already available in
the literature. Researchers opted various deposition strategies
and succeeded in achieving good quality ZnO thin films on
a variety of substrates. In this work, thin films of gallium
(Ga) doped Zn,
by spray pyrolysis method and studied the influence of Ga

Ca, O were deposited on glass substrates

doping concentration on the various physical properties.
The particular stoichiometric composition of Zn,.Ca O
was preferred for the present study because thin film of this
composition resulted in promising physical properties as
concluded in our earlier study'’. Spray pyrolysis was adopted
for the deposition of thin films as it is simple and non-vacuum
technique for film deposition over large area and doping can
be easily accomplished by adding the salts of the desired

dopants into the precursor solution during its preparation.
2. Materials and Methods

Zn,,Ca; O thin films doped with 1 - 4 at% Ga were
deposited on hot glass substrates kept at a temperature of
400+10 °C by spray pyrolysis technique (Holmarc HO-
TH-04). Prior to film deposition, glass substrates were cleaned
with diluted chromic acid, sodium hydroxide solution and
acetone followed by ultrasonic bath cleaning in hot distilled
water. 15% Ca*" substituted ZnO thin films were prepared
with 0.4M aqueous solutions of zinc acetate dihydrate
[Zn(CH,COO0),. 2H,0] and calcium acetate monohydrate
[Ca(CH,CO0),. H,O]. Compressed air was used for atomizing
the precursor solution and the solution flow rate was 2ml/
min. Details of the deposition system and conditions were
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reported elsewhere!®. Ga doping with different concentrations
was achieved by adding equivalent quantities of gallium
nitrate (GaNO,) in the precursor of Zn.Ca_ .O.
Structural mapping of the as-deposited films were done
with Rigaku Miniflex 600 X-ray Diffractometer operating
ata voltage of 40 kV using Cu-Ko. (1= 1.5406 A) radiation.
Surface morphology and chemical composition of the films
were investigated with JEOL Model JSM 6390 scanning
electron microscope attached with JEOL Model JED 2300.
Optical characterization of the films was carried out with
JASCO V-650 double beam spectrophotometer. The optical
energy gap was derived from the transmittance spectra.
Electrical properties such as carrier type, concentration (n),
mobility (i) and resistivity (p) of the films were measured
using Ecopia Hall Effect Measurement System (HMS 3000
VER 3.52). For the measurement, a magnetic field of strength
0.55T was applied to the films configured in Van der Pauw
geometry. Highly conducting silver paste was used to make
ohmic contacts at the four corners in the Van der Pauw
configuration. These contacts were then properly heated
and allowed to dry to carry out electrical characterization.

3. Results and Discussions

3.1 Structural properties

Structural analysis of the as-deposited thin films was
carried out with the X-ray diffraction (XRD) spectra shown in
Figure 1. XRD pattern revealed the polycrystalline character
of the films and conformed to hexagonal wurtzite structure
without showing any trace of impurity phases such as Ga,0,,
CaO etc. owing to the incorporation of both dopants in the
ZnO lattice (JCPDS 36-1451). All films, except the 4 at%
Ga doped one, assumed the preferential orientation along the
(002) plane, c-axis normal to the substrate surface. 1 and 2

Figure 1. XRD patterns of differently Ga doped Zn ,,Ca, O thin films.
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at% Ga doping resulted in highly textured growth along the
(002) plane having minimum surface energy while 3 at%
doping favoured growth of grains along other directions
also. 4 at% doped film is highly polycrystalline and showed
a preferred growth along (100) plane. An estimation of the
average (mean) crystallite size (D) has been done using the
well-known formula of Scherrer'

_ 094
D= [ cosB (1)

where f is the observed angular width at half maximum
intensity (FWHM) of each diffraction peak located at a
peak position 20 and A is the X-ray wavelength (1.5406 A).
Table 1 summarizes the results of calculation. The average
crystallite size initially increased with Ga doping due to the
highly textured growth while for 3 and 4 at % doped films,
crystallinity deteriorated. Excess dopants cause perturbation
in the lattice periodicity by forming defects or disorders and
thereby densify grain boundaries. Moreover, impurity doping
induces stress in the structure which also deteriorates the
crystalline quality of the films'?.

3.2 Morphology and compositional analysis

Scanning electron microscope (SEM) images of the as-
deposited thin films were shown in Figure 2. All the films
exhibited nanostructured grains and showed no void spaces
and confirmed the uniform growth of grains over the substrate
surfaces. The EDX spectra shown in Figure 3 confirmed the
presence of Ca and Ga in the ZnO lattice.

3.3 Optical properties

Optical properties of the deposited thin films were studied
using the transmittance spectra (Figure 4) measured in the
300-900 nm spectral region. The films possessed better optical
transmission in the visible and near infrared region. 1and
2 at% doping slightly enhanced the average transmittance
but showed degradation at higher doping concentration
due to the deterioration in crystallinity. The increased free
carrier absorption and scattering of photons by the crystal
defects were responsible for the poor transmittance. The
oscillatory character of the transmission spectra arising from
the interference showed that the films’ surfaces are smoother.
The fundamental absorption edge corresponding to the inter-
band electronic transitions had undergone a blue-shift with
Ga doping suggesting band gap broadening. The absorption
coefficient (o) varies with the incident photon energy (hv)
and obeys the Tauc relation'?

a=E(w-E)y @

where B and n are constants independent of the photon
energy and n is equal to %2 as ZnO is a direct band gap material.
The plots of (ahv)? versus (hv) for the films were shown in
Figure 5. Energy gap values were calculated and presented
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Table 1. Average crystallite size (D), energy gap (Eg) and experimental and theoretical values of Burstein-Moss shift (AE) of Zn  Ca O
and Ga doped ZnCa, O thin films.

Ga Concentration D(nm) E (V) AE,,,(eV) Reference
(at %) ¢ Experimental Theoretical

0 13.16 3.505 - - 10

1 21.23 3.548 0.043 0.111 Present study
2 20.47 3.552 0.047 0.137 Present study
3 10.25 3.556 0.051 0.154 Present study
4 8.34 3.589 0.084 0.064 Present study

Figure 2. SEM images of Ga doped Zn_Ca O thin films.

in Table 1. Band gap energy increased with Ga doping  in ZnO and Pauli Exclusion Principle restricts states to be
concentration due to the increase in carrier concentration  singly occupied, valence electrons need additional energy to
known as Burstein-Moss (BM) effect. In heavily doped excite to the higher states in the conduction band. According
semiconductors, excess electrons occupy levels near the  to Burstein, the magnitude of Burstein-Moss shift (AE,,) in
conduction band minimum. As optical transitions are vertical ~ energy gap defined as the shift of Fermi level with respect
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Figure 3. EDX spectra of Ga doped Zn, ,.Ca, O thin films.

to the bottom of the conduction band can be approximated
using the relation'*

W(gﬂfzn)% 3)

AEBM =

where h is the Plancks constant, m* is the electron effective
mass, and n is the electron density determined from Hall
effect measurements. We use m* = 0.26 m, assuming that
the bottom of the conduction band is located at the centre
of the Brillouin zone and therefore the electron effective
mass remains unchanged within the occupied part of the
conduction band'>'6. The calculated values along with the
experimentally measured shifts were summarized in Table 1.
It was obvious from the table that theoretically determined
values of BM shift (using equation (3)) were larger than
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the experimental shift. This discrepancy can be explained
on the basis of the combined effects of non-parabolicity
of the conduction band in heavily doped semiconductors
and the phenomenon of band gap narrowing (BGN)'"!%. In
heavily doped degenerate semiconductors, effective mass
of electrons varies with carrier concentration because of the
non-parabolicity of the conduction band and consequently
the equation for effective mass needs some correction as
suggested by Lu et al'’. BGN is the result of band gap
renormalization arising from many-body effects of free
carriers in the valence and conduction bands. In the case
of n type semiconductors, these many body effects include
electron-electron interactions, electron-hole interactions
and electron-donor interactions. From the details of Hall
measurement, the carrier concentration decreased for 4
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Figure 4. Transmittance spectra of Ga doped Zn, , Ca, O thin films.

Figure 5. Tauc plot of Ga doped Zn,,Ca O thin films for band
gap energy (E) determination.

at% doping, but energy gap still increased. This could be
in part related to the degraded crystallinity which increases
the localization near the valence and conduction bands and
hence broadens the optical energy gap.

3.4 Electrical properties

Carrier type, concentration (n), mobility (i) and resistivity
(p) of the samples obtained from the Hall measurement are
listed in Table 2. All the films exhibited n type electrical
conductivity and Ga doping provided lower resistivity of
the order of 102Qcm. The carrier concentration enhanced
with Ga doping except at higher doping levels while mobility
decreased monotonously. The enhancement of electron
density with doping is due to the substitution of Ga** in

Table 2. Carrier type, concentration (n), mobility (i) and resistivity
(p) ofthe Zn ,Ca, O and Gadoped ZnCa O thin films obtained

0.85 0.15
from Hall effect measurement.

((;etl 05(?]())ncentrat10n Type  n(cm) “(\332/ p(Qem)
0 n  7.34x10' 6.38 1.33x10!
1 n  2.25x10" 3.78 7.54%102
2 n  3.04x10" 3.74 5.86x102
3 n  3.65x10" 3.52 4.86x102
4 n  9.79x10"™ 9.37x10"  7.69x10"!

Zn?*" lattice sites. Each of the substituted donor provides
one excess electron and hence the conductivity improves.
Many authors reported such an enhancement of carrier
concentration by the substitution of gallium dopants in zinc
sites and a consequent reduction in resistivity in ZnO thin
films'-2!. However, after an optimum level of doping, due
to the limit of solid solubility, dopants cannot occupy Zn
sites and occupy some interstitial sites forming some sort
of neutral defects and act as carrier traps thereby reducing
carrier density and mobility. Hall measurement details
manifest that carrier mobility decreased with increase in Ga
dopant concentration which adversely affects the electrical
conductivity even when the carrier concentration increases.
The observed decrease in mobility is attributed to various
scattering mechanisms such as ionized impurity scattering,
neutral impurity scattering, grain boundary scattering, lattice
vibration scattering and intra-grain cluster scattering. As
neutral impurity concentration is much smaller than the
electron density (same as the ionized impurity density) in the
doped films, neutral impurity scattering cannot significantly
affect electron mobility.Intentionally or unintentionally
doped impurities generate long range Coulomb potentials
which affect the motion of free carriers in the film. As the
contribution of ionized impurity scattering to mobility?

( L >A 13 %E? 1 4)
H“\'m”) 7eN.Z ) <1 L ek )
n N/ Ze’
is negatively correlated with the carrier concentration (Ni
=n), the observed decrease in mobility at low level doping can
be explained as a consequence of ionized impurity scattering.
The grain boundary scattering dependent mobility is***

MLy = wo T exp(—%) (5)

This contribution becomes effective only when the mean
free path of electrons becomes comparable with the crystallite
size. Mean free path of electrons in semiconductors®

S = P

T
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is much smaller than the average crystallite size and
hence its contribution can be ruled out. The lattice vibration
scattering dependent mobility*

€h3 C,

s
T
= | = _— 7
a <3) (M VEkyTn” @

becomes effective only at higher temperatures. Thus the
main scattering centres which make contribution to mobility
are ionized impurities. Further, it was observed that heavy
doping resulted in decrease in carrier concentration as well
as in mobility. This decrease in mobility can be attributed
to the intra-grain cluster scattering accompanied with
heavy doping. Similar change in scattering mechanisms
from ionized impurity scattering (inter-grain) to intra-grain
cluster scattering was observed by Das et al when ZnO thin
films doped with Al*.
4. Conclusions

Zn,,Ca, O thin films doped with Ga at different
concentrations were deposited on glass substrates by spray
pyrolysis technique. All the samples were nanostructured and
polycrystalline and assumed hexagonal wurtzite geometry.
Low level Ga doping improved the crystallinity due to the
textured growth but further increase in doping concentration
deteriorated crystallinity due to the defects and disorders
introduced by the impurities. Optical transmittance also varied
in accordance with the crystalline quality. The EDX spectra
confirmed the presence of incorporated dopants. With donor
doping, the band gap energy enhanced due to Burstein-Moss
effect. Carrier concentration and electrical conductivity
enhanced with Ga doping while mobility decreased due to
ionized impurity scattering at lower dopant concentration
and due to intra-grain cluster scattering at heavy doping.
After an optimum level of doping, carrier concentration
decreased and hence the film became more resistive. In
summary Ga doping in Zn,,Ca O thin films resulted in
band gap broadened and highly conductive thin film which
will suit for various blue and ultraviolet applications.
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