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In this article, we highlight the epitaxial growth of non-polar a-plane ZnO and aluminium-doped ZnO using the
low-cost, non-vacuum and highly up-scalable intermittent spray pyrolysis technique. We successfully deposited
epitaxial ZnO and Al: ZnO thin films over r-sapphire using our optimized homemade Spray Pyrolysis setup. The
epitaxial relationships are those usually found in the samples grown by the conventional well established
epitaxial growth methods, that is, with a Zn0(1120)|| Al,03(0112) out-of-plane direction. We investigated the
effect of growth temperature on the growth of ZnO over r-sapphire substrate in the temperature range 300 °C to
600 °C and found that under the growth conditions that were used, there was an optimum growth temperature
range of 450 °C-500 °C in which we could grow very compact uniform epitaxial ZnO thin films. At both, lower
and higher growth temperatures, due to the instability induced in growth conditions (Ehrlich-Schwoebel effect
and stress-induced instability, respectively), there was surface roughening. The effect of aluminium doping on
ZnO was also investigated for the optimum growth temperatures 450 °C and 500 °C using morphological,
structural and electrical (Hall measurements) characterisation. The Al:ZnO sample with a nominal aluminium
concentration of 1 % without any post-deposition treatments had a carrier concentration of 5.03 x 10'° cm™® and

mobility of 10 cm?/V-s.

1. Introduction

ZnO is a group II-VI semiconductor material with a direct bandgap of
3.37 eV at room temperature with a large excitonic binding energy of 60
meV. ZnO has a wurtzite structure, the same crystallographic structure
as GaN. This characteristic joined to a lattice mismatch as low as <1.8 %,
makes ZnO a potential substrate for the growth of GaN and, also and
more significantly, a promising material in electronic devices [1].

ZnO films grown in the (0001) direction, that is, along the c-axis,
suffer from the inherent problem of spontaneous polarisation and strain-
induced piezoelectric polarisation. The polar nature of c-plane ZnO
leads to the generation of large electrostatic fields (giving rise to large
sheet charges at the interfaces), which reduces the overlap between the
electron and hole wave functions in the quantum well structures. This
behaviour leads to reduced electron-hole recombination probability,
being a source for the deterioration of the device performance. The
problem of spontaneous polarisation can be eliminated by using the non
polar planes of ZnO [2]. It is worth noting that the in-plane biaxial strain
of polar ¢-ZnO film is isotropic, whereas the in-plane biaxial strain of
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non-polar a-ZnO is anisotropic due to the asymmetry associated with the
wurtzite crystal structure [3]. This anisotropic strain in the non-polar
ZnO can be of interest in LEDs [4] and polarisation-sensitive photodi-
odes [5]. In general, ZnO is an n-type semiconductor due to the presence
of intrinsic defects like zinc interstitials and oxygen vacancies. The
n-type conductivity of zinc can be enhanced by doping with group III
elements like boron, aluminium, gallium etc. Among these elements,
aluminium-doped ZnO (AZO) enhances the suitability of ZnO for opto-
electronics, providing a non-toxic, affordable transparent conducting
oxide with higher charge carrier concentration. This is because A1+ ions
act as donors, introducing additional free electrons in the crystal
structure thereby resulting in improved electrical conductivity, while
still maintaining the properties of high transparency in the visible region
due to the close covalent bond length of Al-O (0.192 nm) to that of Zn-O
(0.197 nm) [6].

Epitaxial ZnO compounds are useful for the fabrication of devices
like light-emitting diodes, laser diodes, piezoelectric devices etc. Usu-
ally, techniques like molecular beam epitaxy [7], atomic layer deposi-
tion [8], sputtering [9], pulsed laser deposition [3,10], metal-organic
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chemical vapour deposition [11-13] are used to grow high-quality
epitaxial ZnO films. But these techniques, despite their ability to grow
high-quality films, tend to be expensive due to their high operational
costs. Spray pyrolysis is another thin film deposition technique, in which
the precursor solution is atomized and then sprayed onto the substrate,
which is maintained at the growth temperature. So, the precursors un-
dergo pyrolysis, that is, they decompose through specific reactions, and
form the required material at the substrate. This is a very simple,
up-scalable technique with lower operational costs. Achieving dense,
uniform films that are free of pinholes is one of the main challenges of
spray pyrolysis. This difficulty justifies its limited popularity in the
epitaxial thin film growth. Nevertheless, spray pyrolysis has previously
been used to grow epitaxial films of some materials. J.J.Chu et al. re-
ported the epitaxial growth of high T, superconducting Y-Ba-Cu-O thin
films on (001) MgO by chemical spray pyrolysis [14]. Homoepitaxial
films of gallium arsenide were grown on (001) GaAs from a single source
organometallic precursor using a modified spray pyrolysis process by A.
A.Wernberg et al. They used a hybrid of spray pyrolysis and conven-
tional organometallic chemical vapour deposition, introducing the
precursor into the hot wall reactor as a mist [15]. S.T. Zhang et al. grew
epitaxial fluorine doped tin oxide (FTO) using ultrasonic spray pyrolysis
on (110) rutile TiO5 single crystals [16]. A. Ainabayev et al. fabricated
high-quality epitaxial VO thin films on c-plane sapphire [17]. However,
the possibilities of conventional spray pyrolysis setups for epitaxial
growth of thin films remain an open subject, thus presenting both an
opportunity to reduce production costs in device fabrication and an
intriguing academic challenge.

In this paper, after meticulously controlling the growth parameters,
we report the growth of epitaxial non-polar a-plane ZnO and aluminium-
doped ZnO over r-sapphire using the spray pyrolysis methodology by
means of an intermittent process. We carried out a systematic investi-
gation to understand the effect of temperature on the growth of ZnO
over r-sapphire substrates. It was found that the growth in the temper-
ature range 450 °C and 500 °C yielded ZnO films which had uniform
homogeneous smooth thin film-like morphology. The excellent struc-
tural properties of these films are confirmed by the high-resolution X-ray
diffraction (HR-XRD) measurements. Based on this information, the
study was extended to the growth of aluminium-doped ZnO (AZO), at
both those temperatures, to understand the effect of aluminium doping,
while still maintaining excellent morphological and structural proper-
ties. The morphological, structural and electrical characterization of
these AZO samples was carried out. Based on the results of electrical
characterisation, it was found that the charge carrier concentration of
the AZO samples grown at 450 °C was greater than that of those grown
at 500 °C. To explain this behaviour, we suggest a mechanism to explain
the improved electrical properties at lower growth temperatures based
on the thermal decomposition and desorption of the aluminium pre-
cursor and its availability near the surface for lattice incorporation.

2. Experimental

The epitaxial ZnO thin film deposition was done using a relatively
simple homemade spray pyrolytic setup. The rate at which the precursor
solution was fed into the spray gun (Nordson) was modulated by a Sy-
ringe pump (New Era Pump Systems, NE300) and Nitrogen (99.99 %)
was used as the carrier gas to disperse the solution onto the r-sapphire
substrate (CrysTec) kept on the substrate heater whose temperature was
controlled by two Eurotherm PID temperature controllers. The Nitrogen
gas pressure was set to 1.6 bar with the carrier gas flow set to 4 Ipm by a
flowmeter (Brooks Instrument) and the nozzle to substrate distance set
to 17 cm. To understand the effect of temperature on the ZnO growth,
0.2 M precursor solution, prepared by dissolving Zinc acetate dihydrate
(Analytical Reagent grade, Fisher Scientific) in methanol (Analytical
Reagent, VWR BDH Chemicals) was sprayed onto the r-sapphire sub-
strates at different temperatures between 300 °C to 600 °C with a step
size of 50 °C . 6 ml of the precursor solution was sprayed with a flow rate
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of 1 ml/min by intermittent spraying, where each 1 min spraying was
followed by a 1 min interval. Then, once the required solution was
deposited, the sample was allowed to remain at the growth temperature
for 10 min, after which they were allowed to gradually cool down. A
similar growth protocol of intermittent spraying was used for the growth
of Aluminium doped ZnO (AZO) as well. The precursor solutions were
prepared from the stock solutions of Zinc acetate dihydrate (Analytical
Reagent grade, Fisher Scientific) and aluminium acetylacetonate (97 %,
Acros organics) prepared using the solvent which is a mixture of
methanol (Analytical Reagent, VWR BDH Chemicals) and glacial acetic
acid (Analytical reagent grade, Fischer Scientific) in 97:3 ratio, with
different concentrations of Aluminium (between 0 mol% and 3.5 mol%).

Taking in mind the results relative to the morphology of undoped
ZnO, which we will analyse in the following section, for the growth of
aluminium doped ZnO (AZO), 12 ml precursor solution was deposited by
a flow rate of 1 ml/min on r-sapphire substrate at 450 °C and 500 °C.

The film morphology and cross-sectional thickness of the samples
were determined by scanning electron microscopy using a Hitachi
$4800. The 20-w scans and pole figure measurements were done using a
Panalytical X-Pert MRD diffractometer with Cu Ka radiation (A =
1.54056 A). Parallel and monochromatic irradiation of the sample was
ensured by a parabolic mirror and a 4-bounce hybrid monochromator
situated at the incident beam. The carrier concentration, resistivity and
mobility were measured in van der Pauw geometry with a DC magnetic
field intensity of 1 Tesla using a LakeShore Cryotronics FastHall mea-
surement system.

3. Results and discussion
3.1. Morphological studies

The morphology and the cross-sectional views of the undoped ZnO
grown at different temperatures are shown in Fig. 1. At 300 °C the
surface has a lot of flake-like structures on the surface, but as the growth
temperature is increased, the size of the grains increase and plate-like
formations appear at 400 °C. If the temperature is increased further,
at 450 °C and 500 °C’ the thin films acquire a very compact and flat
uniform surface. At higher temperatures, 550 °C and 600 °C, additional
structures grow above the thin film layer, which therefore has reduced
smoothness than before.

In the deposition method proposed here, a forced diffusion of the
precursor vapour by the nitrogen carrier gas takes place. Depending on
the temperature of the substrate placed on the hot plate, the complete
pyrolysis of the precursors occurs at different regions. Ideally, we want
the precursors to dissociate just above the surface of the substrate in
order to obtain good-quality thin films. Higher growth temperatures
favour more homogeneous nucleation, whereas lower growth temper-
atures result in inhomogeneous nucleation, but favour the growth pro-
cess, forming larger grains. So initially, as the temperature increases, the
nucleation is not very homogeneous on the substrate, resulting in flake-
like formations. But as the temperature increases, we can see the in-
crease in the size of the grains, forming larger plate-like structures.
When the temperature is increased even further (between 450 °C and
500 °C), the results indicate that proper pyrolysis has occurred, with
homogenous nucleation and low dispersion of the morphology, resulting
in compact film-like morphology. At even higher temperatures, the
stress-induced instability dominates the surface growth, which results in
the formation of additional structures on the surface, thereby increasing
surface roughness. So, as the morphology evolves with the growth
temperature, the film surface will be rougher at both lower and higher
temperatures. Z. J. Liu and Y. G. Shen studied the effect of temperature
on the surface roughening of thin films and explained that, for thin film
growth at lower temperatures, the surface would be rough due to the
Ehrlich-Schowbel (E-S) effect, while at higher temperatures, the
roughening is caused by stress-induced instability [18]. The surface
roughness is caused due to unstable growth conditions. At lower growth
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Fig. 1. Growth of undoped ZnO at different temperatures(a) 300 °C (b) 350 °C (c) 350 °C (d) 450 °C (e) 500 °C (f) 550 °C (g) 600 °C.

temperatures, the Ehrlich-Schwoebel (E-S) barrier plays a role in
creating this instability. E-S barrier is a potential barrier that tries to
block an adatom from diffusing over a step edge from the upper to the
lower terrace, thereby, inducing an uphill particle current [19]. At high
deposition temperatures, this instability in growth conditions is caused
if there exists a stress due to lattice mismatch between the film and the
substrate [18]. So, with the experimental conditions that we used, in the
temperature region between 450 °C and 500 °C, we were able to grow
very compact uniform ZnO thin films. Similar conditions were main-
tained for the growth of Al-doped ZnO in order to have the best condi-
tions for obtaining a good morphology.

The morphology of the samples of aluminium-doped ZnO grown at
both 450 °C and 500 °C is shown in Fig. 2 and Fig. 3. It could be seen that
the morphology evolved from thin film-like morphology, to granular-
like structures, with more grain boundaries as the aluminium content
increased.

3.2. XRD analysis

In XRD patterns, all the observed diffraction peaks could be indexed
to ZnO wurtzite structure, and no other impurity phase was found. The
20-0 scans showed that all the ZnO samples grown on r-sapphire at
different temperatures, from 300 °C to 600 °C exhibit an out-of-plane
preferential growth orientation in the [1120] direction, according to
previous studies [21].

In order to assess that there is also an in-plane orientation of the ZnO
cell with respect to the r-sapphire substrate, pole figure measurements

2.5-AZ450

were made at 20=31.770° and 260=41.685° to obtain the ZnO(1010) and
the Al;03(0006) reflections (see Fig. 4(a)). All samples exhibited only
two poles at W=30°, separated by + 90°, which confirms a clear in-plane
orientation. The epitaxial resulting relationships of the samples were

Zn0(1120)|| Al,05(0112)(out — of — plane direction)

Zn0[0001]|| AL,03[0111] (c — axis of ZnO direction)
ZnO[1100]|| Al,05[2110] (m — axis of ZnO direction)

which indicates that the relative position of the ZnO cell and the surface
of the r-sapphire is that shown in Fig. 4(b). Pole figure measurements
made on AZO films (not shown) revealed that these samples showed the
same epitaxial relations as the undoped ZnO thin films.

The measured inclination angle between the Al,03(0112) and
Al;05(0006) planes is 57.61°. However, a small shift of 0.78° is observed
between the ZnO(1120) and the Al;05(0112) planes, giving rise to an
angle between the Zn0[1120] and the Al,O3 [0006] directions of 58.39°.

The optimum growth temperature range for ZnO films can be
deduced form Fig. 5(a), (b) and (c). It can be seen in Fig. 5(a) that for
temperatures lower than 400°, some additional ZnO peaks with low
intensity, corresponding to the Zn0(0002) and the ZnO(1012) planes,
were detected. In Fig. 5(b) it could be observed that the intensity of the
Zn0(1120) peak increased with the growth temperature reaching a
maximum at 400 °C to 550 °C, which indicates that this range provides
more favourable conditions for the growth of epitaxial ZnO films over r-

1.5-A450

(f)

3-A450

Fig. 2. Growth of AZO grown at 450 °C with different nominal concentrations of Aluminium (a) 0 % (b) 1 % (c) 1.5 % (d) 2 % (e) 2.5 % (f) 3 %.
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Fig. 3. Growth of AZO grown at 500 °C with different nominal concentrations of Aluminium (a) 0 % (b) 1 % (c) 1.5 % (d) 2 % (e) 2.5 % (f) 3 %.

1(1120)ZnO
1(0112) Sap

Zn0(1010)

Al,04(0006)

[0001] ZnO
[0111] Sap
[1100] ZnO
[2110] Sap

Fig. 4. (a) Pole figures of the ZnO(1010) the Al,03(0006) reflections on films grown at 450 °C. (b) Schematic representation of the ZnO cell on the surface of r-

sapphire [20].

sapphire substrates. It has to be noted that very narrow substrate peaks
(visible when in linear scale) and the shift in the relative inclination
between the ZnO(1120) and the Al,03(0112) planes make it difficult for
both peaks to be seen at the same time, that is why, it is seen only in
certain cases like here in the case of sample grown at 600°C.

For each main peak of ZnO, after the optimization on the o, 26 and
inclination angle, the full width at the half maximum (FWHM) was
determined. In Fig. 5(c) it can be seen that this value decreases with
increasing growth temperature, thus indicating an improvement of the
crystallinity of samples. The sudden drop in the FWHM values for
growth temperatures greater than 350 °C, indicates that for the depo-
sition methodology used, growth temperatures higher than 350 °C are
required to obtain good-quality ZnO thin films. B.P. Zhang et al. also
discussed a similar observation in their study [21]. The obtained lowest
FWHM values, namely 0.830, 0.670, and 0.780, corresponds to 500 °C,
550 °C and 600 °C, respectively, that is, samples with higher growth
temperatures. The FWHM values obtained in this paper are comparable
to those obtained by means of some of the well-established epitaxial thin
film deposition techniques, like MOCVD [11] and pulsed laser deposi-
tion [7]. The incorporation of aluminium content leads to an increase of
the FWHM values with increasing nominal aluminium concentration as
shown in Fig. 5(d). This increase in the FWHM values is because of the
decreasing crystallinity of the AZO samples with increasing nominal
aluminium content.

As said, a-ZnO films grown on r-sapphire substrates exhibit aniso-
tropic in-plane strain. This distortion originates from the anisotropic in-

plane lattice mismatch and from the different expansion thermal co-
efficients between layer and substrate. This combined anisotropy leads
to an orthorhombic distortion of the unit cell, resulting in a compressive
strain in the out-plane direction [21]. This out-plane strain can be
evaluated as €119 = (a-ag)/ ag x 100 %, where ag =3.24982(9) A is the
bulk ZnO lattice parameter (JCPDS card 36-1451) [22] and “a” is the
calculated a-lattice parameter in the out-plane direction. The variation
of the strain in this direction is represented in Fig. 5(e). Until 450 °C, the
compressive stress seems to be accumulating (reaching a minimum
value of a-lattice parameter=3.243 +£0.001 A), but in the temperature
range of 450 °C and 600 °C, there appears to be a reduction in the
compressive stress with increasing deposition temperature. Because of
the higher thermal expansion coefficient of ZnO than that of sapphire
[11] and the orthorhombic distortion of the ZnO cell, it results in a
complex lattice mismatch between ZnO and sapphire, as a function of
temperature, thereby resulting in smaller residual strain at higher
growth temperatures.

3.3. Electrical characterisation

Table 1 shows the Hall effect measurement (using van der Pauw
geometry) made on aluminium-doped ZnO films grown on r-sapphire
substrate at 450 °C (Fig. 6(a)), and 500 °C (Fig. 6(b)). Aluminium can act
as a donor dopant, as AI** can substitute Zn®" in the lattice (substitu-
tional doping), or rather can take one of the interstitial positions
(interstitial doping), generating one free carrier for each dopant atom
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Table 1

Electrical characterisation results (resistivity, carrier concentration, mobility) of AZO samples grown at temperatures 450 °C and 500 °C with different nominal

aluminium concentrations.

Substrate temperature 450 °C 500 °C
Nominal Al mol% Resistivity, p (Q-cm) Carrier concentration, Mobility, Resistivity, p (Q-cm) Carrier concentration, n (cm™>) Mobility,
n (em™) j (cm?/V-s) 1 (em?/V-s)

0 0.17745 6.069 x 108 5.796 0.92814 1.667 x 10'® 4.034
0.01196 5.0302 x 10%° 10.377 0.10583 5.118 x 108 11.52

1.5 0.0163 4.2298 x 10" 9.053 0.04518 1.9077 x 10" 7.2413
0.04052 2.26 x 10'° 6.8 0.03598 2.6554 x 10%° 6.5334

2.5 0.03831 3.596 x 10'° 4,531 0.05608 2.0361 x 10%° 5.4663

3 0.04028 3.0078 x 10" 5.1524 0.10443 2.112 x 10" 2.83

[23]. Aluminium has a low solubility of about 3-4 % in ZnO thin films.
The resistivity depends on both the carrier concentration and the
mobility. In general, the carrier concentration increases with the in-
crease of aluminium nominal concentration in the precursor solution,
then it decreases with a further increase in the aluminium nominal
content. This decrease could be understood because of the segregation of
AIP* dopants at the grain boundaries in the amorphous Al,Os. In
undoped ZnO films, the charge carriers are due to intrinsic defects like
zinc interstitials and oxygen vacancies. The significant increase in the
charge carrier concentration with increasing doping is because the AI**
dopant is a more effective donor than intrinsic defects [24]. It can be
seen that with a low concentration Al1>* addition, the carrier mobility of
the film is higher than that of undoped ZnO, however, further increase of
aluminium content results in a decrease of the mobility. The decrease in
mobility is because of the increase in the scattering, produced by the
increased ionized impurities and the grain boundary.

The electrical measurement parameters of AZO grown at 450 °C and

500 °C temperatures were compared. The resistivity of samples grown at
450 °C was much lower than those grown at 500 °C (Fig. 6(c)). Since
there is no significant difference in the mobility values (Fig. 6(e)), the
decreased resistivity of the AZO samples grown at 450 °C is due to the
higher charge carrier concentration of the samples compared to those
grown at 500 °C (Fig. 6(d)). This may be explained by considering the
thermal decomposition of the aluminium precursor. It has been reported
that aluminium acetylacetonate decomposes between 160 °C and 220
°C, and the zinc acetate dihydrate completely decomposes at ~300 °C
[25]. Now depending on the temperature profile above the substrate
between the spray nozzle and the substrate, the precursors will
decompose and will form the required material (ZnO and AZO in the
respective cases) and adhere over the substrate. Now, when comparing
growth at temperatures 450 °C and 500 °C, the aluminium precursor
could decompose into its volatile form way earlier before reaching the
substrate in the case of 500 °C, reducing the number of Aluminium
atoms available for incorporation just above the substrate surface. Thus,
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Fig. 6. Resistivity, charge carrier concentration and mobility as a function of the Aluminium concentration for samples grown at temperatures 450 °C (a) and 500 °C
(b). Comparison between the variation of resistivity (c), charge carrier concentration (d) and mobility (e) for AZO samples grown at 450 °C and 500 °C.

more Aluminium will be available near to the substrate surface in the
case of growth at 450 °C than that at 500 °C, because of which the carrier
concentration will also be higher in the former case. This is represented
in the schematic shown in Fig. 7. Another factor which could contribute
is related to the desorption of Al compound from the surface. The Al
precursor compound adsorbed at the surface, at higher temperatures

will have higher thermal energy and thereby can get easily desorbed
from the substrate surface. This increased desorption at higher tem-
peratures also contributes to the reduced Al incorporation into the

lattice.

In another study by T.Y. Ma and S.C. Lee [26], it was observed a
similar behaviour, that is: the carrier concentration of nominal 1.4 wt%

© Aluminium precursor
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Fig. 7. Schematic of the mechanism proposed to explain the increased charge carrier concentration for samples grown at 450 °C, compared to that of 500 °C.



C.T. Russel et al.

AZO increased with increasing substrate temperature until a certain
point, after which it started to decline. They attributed this reduction in
the carrier concentration to the reduction of Al atoms arriving to the
substrate due to its reduction in the aerosol as a consequence of a higher
reactor temperature [26]. The temperature at which this drop in this
carrier concentration was observed is lower than the range used in our
work. One possible reason for this difference is their use of ultrasonic
spray pyrolysis; with the precursor solution delivered as a fine mist, the
smaller droplet size likely led to faster decomposition of precursors than
in our setup, where the spray nozzle generated the aerosol. Additionally,
their use of aluminium chloride as the aluminium source, which
completely decomposes at 200 °C [27], could contribute, as it is slightly
lower than the decomposition temperature of aluminium acetyl aceto-
nate (220 °C) used in our study.

The electrical properties of AZO films vary depending on the quality
of the films which in turn depends on the deposition technique and the
post-deposition treatments, which mainly affect the crystallinity and the
microstructure of the thin films. Feng-Kuan Chen et al. reported the
growth of (0002) oriented AZO with particle-like morphology with large
hillocks with a charge carrier concentration of 10.33 x 10%° cm™ with
mobility of 9 cm?/V-s using High vacuum dual target sputtering for AZO
with Al/Zn=0.104 ratio, and after annealing in the presence of forming
gas, they were able to reduce the resistivity from 3.19 x 10~ Q-cm to
9.38 x 107 Q.cm by increasing the mobility to 20 cm?/V-s [28]. S.
Kuprenaite et al. synthesized epitaxial AZO with a smooth surface with
~2.7 at% aluminium with resistivity of 7.6 x 10~ Q-cm, carrier con-
centration of 1.46 x 10%° cm™ and high mobility of 56.5 cm?/ V-s, but
with a sophisticated aerosol-assisted MOCVD technique and on subse-
quent annealing the carrier concentration became 2.28 x 10%° cm™ and
mobility improved to 65.1 cm?/V-s [24]. Similarly, M.J. Rivera et al.
synthesized (0002) oriented AZO with round and hexagonal shaped
agglomerates like morphology, with 3 at% aluminium content with re-
sistivity of 4.3 x 10~ Q-cm, carrier concentration of 3.7 x 10%° cm™ and
mobility of 7.4 cm?/V-s using ultrasonic spray pyrolysis [25]. Using
spray pyrolysis, A. Kumar et al. obtained a carrier concentration of 1.8 x
10'® cm® and mobility of 13 cm?/V-s for as-deposited 1 at% AZO which
was oriented in (0002) direction with particle like morphology and on
vacuum annealing achieved carrier concentration of 1.7 x 10%° em™® and
mobility of 50 em?/V-s [29]. W. Zhang et al. reported the growth of
as-deposited 3 at% AZO using pulsed laser ablation with carrier con-
centration of 7.8 x 10'® cm™ and mobility of 3.6 cm?/V-s, and on
annealing the carrier concentration improved significantly to 1.1 x 102!
em™ and 10.7 cm?/V-s [30]. In our work, the as-deposited AZO film with
a nominal aluminium concentration of 1 % had a carrier concentration
0f 5.03 x 10'° cm™ and mobility of 10 cm?/V-s. Achieving these levels in
as-deposited films grown by a simple technique like spray pyrolysis
without any additional thermal treatment, while having an excellent
film morphology and good structural quality reflects the significance of
our results.

4. Conclusions

We have successfully demonstrated the epitaxial growth of non-polar
a-plane ZnO and aluminium-doped a-ZnO (AZO) thin films on r-sapphire
substrates using our optimized homemade intermittent spray pyrolysis
setup. The epitaxial relationships of the samples found from pole figure
measurements were as follows: ZnO(1120)|| Al,03(0112), Zn0O[0001] ||
Al03[0111] and ZnO[1100]|| Al;03[2110]. The films had good
morphology and were compact and uniform when the growth temper-
ature was in the temperature range of 450 °C-500 °C. At both lower and
higher growth temperatures the surface of the films was roughened
because of the instability in the growth conditions due to the Ehrlich-
Schwoebel effect and stress-induced instability, respectively. By using
this low-cost and relatively simple set-up, we were able to grow epitaxial
films with a structural quality comparable to the epitaxial films grown
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by well-established conventional techniques, like ultrasonic SP, aerosol-
assisted MOCVD or High vacuum dual target sputtering, with higher
operational costs and, in some cases, the needed of post-grown anneal-
ing processes. The variation of strain along the a-axis of the ZnO with the
variation of growth temperature was also studied. The effect of
aluminium doping on ZnO was investigated for growth temperatures
450 °C and 500 °C using morphological, structural and electrical (Hall
measurements) characterisation. The electrical properties of the AZO
samples grown at 450 °C (the lower temperature in the optimum tem-
perature range for epitaxial growth) were better than those grown at 500
°C (the higher temperature in the optimum temperature range for
epitaxial growth). This is explained by the difference in the availability
of the Aluminium atoms present just above the surface of the substrate
due to the difference in the temperature gradient profile above the
substrate in both cases. As the temperature gradient profile (the tem-
perature at which the aluminium precursor decomposes to its volatile
form) would be shifted away from the substrate in the case of 500 °C
than 450 °C, more Al precursor gets enough energy to decompose to its
volatile form, much earlier than reaching the substrate. Therefore, the
fraction of Al atoms reaching the substrate surface (available to be
included in the lattice) is reduced in the case of 500 °C (the higher
growth temperature) than that of 450 °C. Another contributing factor is
the higher desorption rate of aluminium precursor at higher tempera-
tures, which can contribute to the reduction in the number of Al ions
available for lattice incorporation. Due to this, the amount of Al incor-
porated into the lattice is also lower in the case of 500 °C than that of
450 °C. The AZO sample with a nominal aluminium concentration of 1
% without any post-deposition treatments had a carrier concentration of
5.03 x 10'° em™® and mobility of 10 cm?/V-s. The successful epitaxial
growth of non-polar a-plane ZnO and AZO with this low cost and simple
technique of spray pyrolysis and that too with very good morphology,
and good structural and electrical properties open a way to reduce the
cost of production of this material in the frame of optoelectronic devices.
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