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Aluminium doped zinc oxide thin films are prepared by Radio Frequency magnetron sputtering in
pure argon atmosphere at 100 W. The structural results reveal good film adhesion on a silicon
substrate (001). The thin films were then subjected to heat treatment in a furnace under ambient
air. The structural, morphological, and optical properties of the thin films as a function of
deposition time and annealing temperatures have been investigated using Grazing incidence
X-Ray Diffraction (GIXRD), Atomic Force Microscopy, and Scanning Electronic Microscopy.
The photoluminescence properties of the annealed films showed significant changes in the optical
properties attributed to mid gap defects. Annealing increases the crystallite size and the roughness
of the film. The crystallinity of the films also improved as evident from the Raman and XRD studies.
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I. INTRODUCTION

Environmental friendly ZnO has received much atten-
tion over the past decades as a result of its wide and direct
band gap (3.27¢V) as well as the large exciton binding
energy (60meV)." Through band gap engineering such as
alloying with MgO or CdO, its properties can be extended to
numerous applications. This makes it a good candidate for
various applications such as gas sensors and transparent con-
ductors for optoelectronic applications. Other important
characteristics of ZnO include: strong luminescence in the
green-white region of the spectrum making it a suitable
material for phosphor application and as a base material for
up and down-conversion;” availability of large area single
crystals and epi-ready substrates hence make it easy to grow
thin films using diverse methods such as chemical vapor
deposition, molecular beam epitaxy, laser ablation or sputter-
ing.>” ZnO crystallizes in the thermodynamically stable
wurtzite structure almost always as an n-type wide band gap
semiconductor, the cause of which has been a matter of inten-
sive debate.® The low symmetry of the wurtzite crystal struc-
ture combined with the large electromechanical coupling in
ZnO also gives rise to strong piezoelectric and pyroelectric
properties.”® Various research groups have reported that the
opto-electrical properties of ZnO can be significantly changed
using a relatively small concentration of native point defects
and impurities (transition metals and rare earths).”'?

Recently, aluminium doped ZnO has shown high poten-
tial as a low cost alternative to indium tin oxide (ITO) com-
monly used as a transparent conducting electrode in solar
cells and light emitting diodes (LED’s). This is also as a
result of its abundance in nature and its non-toxicity as well
as its non-electrode poisoning capability. It also exhibits
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good electrical conductivity, high optical transparency within
the visible region (400-800 nm), as well as good mechanical,
chemical, and thermal stability (T, = 2248K)."!

Among the various growth techniques for Al doped
ZnO, Radio Frequency (RF) magnetron sputtering has its
advantages such as ability to produce good quality films with
a high surface area and low electrical resistivity. This deposi-
tion can be carried out at room temperature yet exhibit high
stability at elevated temperatures.’

In the present study, the effect of deposition time and
post-growth annealing of RF sputtered Al doped ZnO thin
film at a temperature range of 600—1000 °C in air are inves-
tigated. High temperature annealing appears to enhance
green-white photoluminescence (PL) intensity, improve
crystallinity, as well provide a mechanism for the substitu-
tion of zinc doping in the presence of Al impurity. A high
crystallinity is essential to reduce the phonon velocities
thereby limiting the probability of non-radiative transitions
which quench the emission intensity of rare earths used for
up and down conversion applications.

Il. EXPERIMENTAL DETAILS

Aluminium doped ZnO thin films have been deposited
using RF magnetron sputtering onto n-type (001) Silicon
substrates at room temperature. The substrates were initially
cleaned with acetone and ethanol in an ultrasonic bath for
20 min and rinsed in deionized water before drying using a
stream of nitrogen gas. The substrates were then mounted on
a rotating substrate holder at a distance of 6cm from the
ZnO target. The target used was ZnO (98%): Al (2%) disk
(99.99% purity) with a diameter of 76 mm and thickness
6 mm. This was bonded onto a circuit magnetron cathode in

Published by AIP Publishing.
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a vertical configuration. The sputtering chamber was evacu-
ated to a base pressure of about 2 x 10~> mbar while sputter-
ing was performed under Argon with a working gas pressure
of 2.3 x 10~ mbar. The growth was undertaken under 13-
sccm Ar flow, 100 W RF power with deposition time varied
between 5 and 60 min. Post-growth annealing was carried
out in air for films deposited for 40 min in a furnace at a tem-
perature range of 600—1000 °C for 2 h.

A. Characterization of the films

The morphologies and structural analyses of the samples
were characterized using Veeco Di-3100 atomic force micros-
copy (AFM) in tapping mode and FEI Nova Nanolab 600
scanning electronic microscopy (SEM). The elemental compo-
sition of the films was analysed using an energy dispersive
X-ray diffractometer spectroscopy (EDX) attached to the SEM.
The Raman bands and the structural order of all the films were
examined using a Horiba LabRAM HR Raman spectrometer
equipped with an Ar ion laser (514.5nm) and a laser power of
<1 mW at the sample. The effect of deposition time and post
growth annealing temperature on the crystallinity and phase
were studied using an AXS Bruker D8 Discover, 40kV, 40 mA
using CuKo radiation in the Seeman—Bohlin geometry. The
scanning range of 20 was varied from 10° to 80° at a low
scanning rate of 1.2 deg/min. The X-ray reflectivity (XRR) and
diffraction spectrum of the sample were recorded before
XRR curve fitting wusing the Diffrac-Leptos software.
Photoluminescence measurements were carried out using a
Horiba LabRAM HR spectrometer with a 150 lines/mm grating

.69 nm
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and an excitation wavelength of 229 nm from a frequency dou-
bled Lexel argon ion laser.

lll. RESULTS AND DISCUSSION
A. Morphology studies by AFM and SEM

The surface morphology of the ZnO:Al films was char-
acterized using the Veeco Di3100 AFM under the tapping
mode and the results are shown in Fig. 1.

The surface topographic parameters such as the average
roughness (R,), root mean square roughness (R;s), skew-
ness (Rgy), and kurtosis (Ry,) parameters are summarized in
Table II.

From Table I, the average roughness of the film surface
increases with annealing temperature showing that the
degree of uniformity of the surface decreases with increases
in temperature. Indeed, the surface reconstruction as a result
of formation of native defects can vary over a wide range
(given by the formation enthalpy of ZnO, i.e., 3.6eV) as a
function of the chemical potentials.’

We further tabulated the skewness (Rg) and the kurtosis
(Ryy) which give a measure of the asymmetry and the sharp-
ness, respectively. The skewness (Rg) was used to establish
the profile symmetry about the mean line. The positive val-
ues of the skewness parameter indicate that the height distri-
bution is asymmetrical with more peaks than valleys.''
Annealing enhances surface diffusion and oxidation leading
to shape and size reconstruction and hence an increasing
trend of the skewness. Kurtosis (Ry,) on the other hand gives
the measure of surface sharpness of the film surface. Since

100.00 nm

0.00 nm

0.00 nm 0.00 nm

FIG. 1. AFM images of the Al doped ZnO films grown at constant deposition time before and after annealing at a temperature range of 600—1000°C in air.
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TABLE I. Summary of tapping mode AFM analysis of films annealed at dif-
ferent temperatures.

Annealing R, Rims Skewness  Kurtosis ~ Grain height
temperature (°C) (nm) (nm) (Rgw) (Riw) (nm)
Reference 343 4317 0.002 3.162 8.06
600 4.567  5.747 0.016 3.076 22.56
700 4310 5414 0.087 3.045 22.683
800 4.608  5.775 0.042 3.035 21.065
900 5777 7428 0.654 4.222 27.244
1000 28.563 35.883 0.653 4.132 94.149

the kurtosis (Ry,) is higher than 3, the surface has more
peaks than valleys.

The grain height is observed to increase with tempera-
ture. This is attributed to the process of coalescence and sur-
face oxidation. This is consistent with the grazing incidence
x-ray diffraction (GIXRD) results; however, the values are
seemingly larger than those obtained from XRD analysis due
to the fact that AFM gives the particle size while XRD
derives the grain size.

When annealed at high temperatures, the atoms acquire
enough energy to overcome the activation energy of self-
diffusion and thus occupy lattice site in the crystal. Grains of
Bragg reflexes 100, 002, and 112 with the lower surface
energy will become larger.'” At 1000°C, there is a sharp
increase in both roughness and grain height due to grain
growth. On the account of vacancy reduction, larger grains are
formed in a process similar to sintering. Zinc has a greater
volume diffusion than oxygen.'* Zn self-diffusion may be
mediated by Zn vacancies which have a higher migration

31.73 nm

73.57 nm

0.00 nm
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barrier of 1.40eV, but with much lower formation energy in
n-type ZnO."* Indeed, Tomlins e al. reported an activation
energy of Zn in ZnO of 3.86 eV for self-diffusion compared to
Oxygen in ZnO, and appropriately suggested that Zn self-
diffusion is controlled by a vacancy mechanism.’

Figure 2 shows the AFM image of films deposited at an
RF power of 100 W at varied deposition time. At low deposi-
tion time flat islands, often with highly dendritic shapes
are formed following the Volmer—Weber growth mode.
An increase in deposition time leads to the formation of
“spherical” like thicker films. This is confirmed by the
increase in grain height with time as well as film thickness
increase measured using the thickness profilometer. From
Table II, the roughness first increases with deposition time as
larger porous particles are formed. At 40 min deposition
time, the film appears more compact with a reduced rough-
ness. This is also observed at a deposition time of 1 h.

The SEM micrographs of Al doped ZnO grown at an RF
power of 100 W for 40 min shows that the films exhibit a
smoother and uniform texture upon growth. The particles
assume an almost spherical shape indicating a homogenous
nucleation process involved in the RF sputtering (Fig. 3).
The emergence of small crack in the as-grown film is a clear
indication of competition between strain and film-substrate
adhesion in the as-deposited films. With the increase of the
annealing temperature, the strain relaxation occurs as the
smaller strained grains are aggregated into larger grain sizes
which are less strained.'> This is corroborated from the
change in lattice parameters and c/a ratio. A comprehensive
discussion is presented in Sec. III C. At 1000 °C, the surface
is smooth but with huge gaps between the blocks resulting

58.75nm

92.58 nm

0.00nm

0.00 nm

FIG. 2. AFM images of the Al doped ZnO grown at an RF power of 100 W over different deposition times ranging from 5 min to 1 h at room temperature.
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TABLE II. Summary of tapping mode AFM analysis.

Deposition Film thickness R, Ry, Skewness Kurtosis Grain height

time (min) (nm) (nm) (nm)  (Ry) (Ryw) (nm)
5 138 225 3.19 3.233 53.86 8.06
20 379 263 329 0.289 3.74 10.18
30 545 412 522 0.327 5.031 38.82
40 715 343 432 0.302 3.162 46.64
60 1048 331 4.16 0.244 3.192 53.34

from thermal stress due to mismatch of thermal expansion
between the Al doped ZnO and the silicon substrate. For
instance ZnO has a thermal expansion coefficient of 4.75
x107°K~! while the silicon substrate has a mean thermal
expansion of 2.69 x 107 °K~! at room temperature.'®!” A
mismatch in thermal expansion and anisotropic contraction
during annealing induces tensile stress on the ZnO film as the
substrate cools from high temperature to room temperature
and such stress relaxations lead to cracking of films.'® The
EDS spectrum measurement (Fig. 4) shows that there is no
impurity from other materials besides Si used as a substrate.

B. Raman spectroscopy

Raman spectroscopy is the inelastic scattering of pho-
tons by phonons. This technique is predominantly used for
estimating the crystallinity of materials. The finite optical
phonons within the grains of ZnO nanostructures result in
an interesting change in their vibrational spectra compared
to that of their bulk counterparts. Some shifting of peaks as
well as broadenings in the Raman spectra may occur for
crystals with reduced dimensionality. The Raman spectra of
ZnO nanostructures always exhibit such shift and broaden-
ing from the bulk phonon frequencies. According to Khan
et al., the phonon peak shifts in the Raman spectra of nano-
structures is attributed to spatial confinement within the
quantum dot nanocrystal boundaries as well as phonon

600 °C

Reference

J. Appl. Phys. 122, 075303 (2017)

localization by defects.'® ZnO is a semiconductor with a
wurtzite crystal structure. The wurtzite structure of the ZnO
crystal has a C6v symmetry with 4 atoms in the hexagonal
unit cell leading to 12 phonon branches, 9 optical, and 3
acoustic, classified according to the following irreducible
representations:

T =24, + 2B, +2E, +2E,, (1)

where A and B modes have one-fold degeneracy and E
modes are two-fold. One A; mode and one E; pair are the
acoustic phonons. The 9 optical phonons are divided into
one A, branch (Raman and IR active), one doubly degener-
ate E; branch (Raman and IR active), two doubly degenerate
E, branches (Raman active only), and two inactive B;
branches.?® The non-polar E2 modes have two wave num-
bers, namely, E2 (high) and E2 (low) associated with the
motion of oxygen and Zn sub lattice, respectively.'’

Figure 5 shows the various Raman modes obtained
using the green excitation wavelength (514 nm, 2.41eV) in
the 100-800 cm ' range. Raman peaks are observed at 278,
305, 437, 584, and 619 cm ™" in the as-synthesized sample.

The peak intensity at 278 cm ™' gradually reduces with
annealing temperature and finally disappears at 800 °C. This
peak is attributed to the Raman inactive B, mode resulting
from the presence of a built-in electric field within the sepa-
rate grains that lowers the lattice symmetry.'" As a result of
increase in the A; (LO) vibrations, another peak due to the
existence of a built-in electric field in the crystallites is seen
at 584cm . The grain boundaries typically contain a rela-
tively high interfacial density that captures the free carriers
from most of the grains. Interface charge gives rise to band-
bending in the bulk of the grain and an interface barrier
develops. This confirms the substitution of Al in the ZnO.
The depletion layer is located near the grain boundary due to
the high carrier concentration resulting from Al doping, and
the bulk density of the carrier density in most grains is con-
stant. Lowering of the doping level, for example by addition

700 °C

FIG. 3. SEM images of the Al doped
ZnO before and after annealing at the
temperature range of 600-1000°C in
air.
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FIG. 4. Energy Dispersive Spectroscopy
keV| (EDS) spectra of the (a) pristine and (b)

—
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annealed ZnO thin film (1000 °C).

ke

of oxygen during the annealing process, leads to nearly flat
bands throughout each grain. This is evident by the peak at
278 cm ' and in the high Raman shift regime, at 584 cm™'
which suddenly disappear at annealing temperature of
800 °C. At this temperature, there is formation of more insu-
lating films and hence the value of the built-in electric field
decreases and disappears.”'

A notable peak observed at 437 cm ™' in all samples is
the assigned E, (high) mode. Usually, this is the strongest
mode in the wurtzite crystal structure and is as a result of
oxygen atom motion in the ZnO lattice.*> The position of the
E, (high) mode shows no obvious change with increasing
annealing temperature. The intense peaks at 305 and
525cm ™" are associated with the silicon substrate. However
its intensity increases with annealing temperature, an indica-
tion of the improving crystalline quality of the films with
annealing.”

L

1

Intensity (arb. units))

Reference;

T T T L
200 400 600 800
Wavenumber (cm™)

FIG. 5. Raman spectra of the aluminium doped ZnO thin film before and
after annealing at 600—1000 °C. The spectra were collected at normal inci-
dence (at 90 °C to the surface normal).

When the time of deposition is varied, the Raman peaks
obtained are as shown in Fig. 6.

Figure 6 shows the Raman spectra of the prepared Al
doped ZnO thin films with varied deposition times. The
Raman lines around 278 cmfl, 437 cmfl, and 584 cm ™!
were observed for all the samples. These lines are assigned
to the ZnO B, mode, E, (high) and the A, longitudinal opti-
cal (LO) mode, respectively. The blue shift of the B, mode
peak from 274.1cm ™" to 277.6cm™ " was caused by the ten-
sile strain in the films which was in good agreement with
the GIXRD results. The peaks at 278 cm ™' and 584 cm ™'
become intense with narrow FWHM as deposition time
increases. This could be attributed to more scatter volume
and thermalisation of the substrate for long deposition times
as well as an increasing order in ZnO along the basal plane
due to the prolonged thermal history of the film for longer
deposition times (Fig. 7). The Al (LO) mode was caused by
the defects of O-vacancy and Zn interstitial. The increase of
the B, and A; (LO) mode intensity for the Al doped ZnO

Intensity (arb. units)

1

T T T
200 400 600 800

Wavenumber (cm™)

FIG. 6. Raman spectra of the Al doped ZnO thin film deposited at 100 W
power at different deposition times.
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[0001]

FIG. 7. Schematic representation of a wurtzitic ZnO structure having lattice
constants a in the basal plane and c in the basal direction; the u parameter is
expressed as the bond length.”>

thin film with increasing deposition time implied the increase
of defects (O- vacancy and Zn interstitial) in this film which
is consistent with the PL result.**

C. XRD and XRR measurements

The GIXRD patterns of the Al doped zinc oxide films
annealed at different temperatures appear in Fig. 8. All the
peaks are indexed to the JCP2 card number 003—0888 with a
hexagonal wurtzite structure of the space group of P63mc
and lattice constants, a=75.21 A and ¢ =3.24 A. A schematic
diagram of the ZnO wurtzite structure is shown in Fig. 6.
The structure consists of two interpenetrating hexagonal-
close-packed hcp sub lattices. Each sublattice consists of one
type of atom displaced with respect to each other along the
threefold c-axis by the amount of u=0.379 defined as the
length of the bond parallel to the c axis, in units of ¢ and is
given by the following equation:*

1/(a? 1
“=§(C—z>+z 2)

From the XRD patterns, the as deposited films are polycrys-
talline in nature with a preferred orientation along the c-axis.
Three distinct peaks (100), (002), and (112) are observed.
The (100) and (002) peak intensity increases with increasing

J. Appl. Phys. 122, 075303 (2017)

annealing temperature up to 900°C. The increase in peak
intensity is coupled to a reduction in the full wavelength at
half maxima (FWHM) indicating enhanced crystallinity
(grain growth) in the films with increasing annealing tempera-
ture. The increase in peak intensity with annealing tempera-
ture between 600 and 900 °C may be attributed to the thermal
activation energy acquired by atoms to enhance their mobility
in ZnO. The diffusion of oxygen atoms could decrease the
vacancy defects in the ZnO films hence improving the quality
of films.'? Beyond 900 °C, the intensity sharply decreases and
this may be a result of the presence of porosity.?

In ZnO, the most intense peak is usually along the (002)
plane, however, this is contrary to our observation in which a
higher intensity peak corresponding to the (100) plane is
reported. This anomaly is attributed to the disturbance of the
charge neutrality induced by Al *Tsubstitution of Zn®".’
Furthermore, the presence of Al changes the diffusion rate of
Zn and O on the Si substrate during deposition and anneal-
ing. This may alter the energetic balance between (100) and
(002) orientations hence making the usually preferred (002)
orientation in the wurtzite structure®® to be unfavourable.
This peak intensity increases with temperature as a result of
more substitution.

At temperatures between 600 and 900 °C, the FWHM of
the peaks decreases relative to the strong increase of their
intensities (Table III). This observation can be explained
using the Scherrer’s theory that the full width of a peak at
half maximum in a polycrystalline sample is correlated with
the extension d of the crystalline domains.*’ The peak posi-
tions are shifted to lower wavelength in this temperature
regime as a result of compressive stress induced by anneal-
ing effects. This may also be due to the fact that more Al
ions occupy the lattice position of Zn ions and less stress
remains in films after annealing.’® At 900 °C, the shift in peak
position is towards that of the pristine film. Annealing also
reduces the concentration of structural defects/pinhole and
thus decreases the intrinsic stress. During annealing, atoms of
ZnO films acquire energy to arrange leading to reduction in
the tensile stress. There are higher chances of Zn self-
diffusion mediated by Zn vacancies which have a higher
migration barrier of 1.40 eV, but with a much lower formation
energy. Indeed, Tomlins et al. reported an activation energy

Intenslty (arb. units)
Intensity (arb. units)

FIG. 8. X-ray diffraction (XRD) pat-
tern of (a) the Al doped ZnO thin film
before and after annealing at tempera-
ture between 600 and 1000°C in air
and (b) curve fit of the (100) peak
before and after annealing at 1000 °C.

30

2 Theta

32 33
26
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TABLE III. Characteristics of Al doped ZnO estimated from XRD patterns.

Annealing fwhm 20 fwhm 20 fwhm 20
temperature (°C)  (100) (deg) (002) (deg) (112) (deg)

Reference 1.53822 31.3593 2.45638 34.4687 3.54359 67.3477
600 1.32936 31.9170 1.79432 34.7805 2.64725 68.4060
700 1.29202 31.9153 1.73682 34.7051 2.45601 68.2038
800 1.17732 32.0276 1.42188 34.9395 2.26733 68.6342
900 1.28508 31.7629 1.52375 34.4886 2.40098 68.2992
1000 1.19040 32.1506 1.29611 36.6505 1.91422 68.9132

of 3.86¢eV for self-diffusion of Zn in ZnO, and appropriately
suggested that Zn self-diffusion is controlled by a vacancy
mechanism.® However, ZnO has a higher thermal expansion
coefficient compared to the substrate (Si). Hence, a compres-
sive stress will be generated by Si when the substrate cools to
room temperature. This difference causes the shift in the peak
position'? and a decrease in the elastic strain.

The associated stress and strain are evident in the chang-
ing lattice constants a and c values as shown in Table IV
below.

From the multi-peak fitting carried out using the Origin8
software (originLab corporation), the peak center positions
were obtained as recorded in Table III and used to derive the
lattice spacing for all the samples using Bragg’s relation:

2o = 2dpig Sin Oy, 3)

where 0 is the Bragg’s angle (angle between normal to
the diffracting plane and incident X-ray), 4 is the X-ray
wavelength which in our case was CuKo radiation with a
wavelength of 1.541 A. The lattice parameters a and ¢ were
obtained for the three major peaks using the expression for

the hexagonal system?>*

1 4<h2+hk+12) I
a3\ )t = S
d 3 a c

The lattice parameters a and c calculated at different anneal-
ing temperatures as well as the reference film are nearly
equal to the lattice constants given in the standard data
(JCP2 card number 003-0888). The slight increase in the lat-
tice parameters with increasing annealing temperature is
attributed to the strain in the lattice or stresses induced by
the Al dopant which have higher valence states than Zn.

TABLE 1V. Estimated crystallite size, lattice parameters, dislocation den-
sity, and strain from XRD data.

Crystallite size, Dg,/(nm)

Annealing
temperature (100) (002) (112) Average
(°C) peak peak peak  size  a/(A) c/(A) 6(10") &(107%)

Reference 10.73 6.79 5.39 7.63 329 520 8.69 3.23

600 1243 928 726 9.65 324 516 647 2.79
700 1279 9.58 7.81 10.06 3.24 5.17 6.11 2.71
800 14.04 9.51 848 10.67 323 5.13 6.07 2.70
900 12.86 12.04 799 1096 325 5.19 6.05 2.69
1000 13.89 1292 10.06 1229 321 490 5.18 2.49

J. Appl. Phys. 122, 075303 (2017)

The change in the lattice parameters of the ZnO host material
depends on the ionic radii of the impurity that substitutes the
Zn ions at the lattice sites. In our case, since the ionic radius
of AI* (0.053 nm) used as a dopant is less than that of Zn>"
(0.074nm), AI*" substituting Zn>" will lead to compression
of the lattice and hence a decrease in the lattice parameters is
observed in Table IV. It is plausible that the increase in tem-
perature provides sufficient energy to thermally activate Zn/
Al atoms into the sites in the ZnO film, and this increases the
probability of atomic substitution. Site substitutions for
atoms with different charge states than host could lead to a
reduction in the lattice parameters.22

Table IV shows the calculated crystallite sizes for the
three peaks with the highest peaks as well as an average size
derived using Scherrer’s formula shown in the following
equation:

kA

Dy, =——
T Beos O’

®)

where k is the crystallite shape factor usually 0.9, 4 is the
X-ray wavelength used which in our case was 1.541 A, pis
the FWHM which is tabulated in Table III while 0 is the
Bragg’s angle in radians.

From Table IV, the average in plane crystallite size
becomes larger with increasing annealing temperature in
agreement with the results of AFM and SEM analysis. This
increase could be attributed to the fact that at high tempera-
ture, the atoms have a higher diffusion coefficient and thus
can occupy the correct site in the crystal lattice such that the
grains with lower surface energy will become larger at high
temperature. As a result, the growth orientation develops
into one crystallographic direction of the low surface energy,
leading to the improvement of the film crystallinity*®

g,
D = Dyer, (6)

where D, is the diffusion coefficient at reference temperature T.

The dislocation density 6, defined as the length of dislo-
cation lines per unit volume of the crystal (Williamson and
Smallman) and the strain present in the thin film were inves-
tigated using Eq. (7) and (8), respectively,

1
0=—-, @)
sh
0
o= CZS . 8)

The strain in the films relaxes with temperature increase as a
result of the removal of defects in the lattice or reduction of
grain boundary energy at the grain boundary (Table IV).
Such a release in strain reduces the variation of interplanar
spacing d, leading to the decrease in the dislocation density.
The reducing strain and dislocation density together enhance
the stoichiometry of the films, which in turn causes the volu-
metric expansion of thin films and hence improvement of
crystallinity.>'

Figure 9 shows the effect of varied deposition time on
the XRD patterns. The films grown at 5 and 10 min are poly-
crystalline in nature with a preferred orientation along the
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FIG. 9. X-ray diffraction (XRD) pattern of the Al doped ZnO thin film
before and after annealing at temperature between 600 and 1000 °C in air.

c-axis, i.e., (002) plane and certain fraction along the (103)
plane. Increasing the deposition time shows a decrease in the
(002) plane intensity and emergence of the (100) and (112)
planes as the preferred orientations. In addition, a shift to
higher Bragg’s angle is observed. This change in the pre-
ferred crystal orientation is attributed to the availability of
more Al ions substituting Zn ions as stated in a section ear-
lier in this work.

The surface and interface sensitivity of X-ray reflectivity
(XRR) has also been exploited to determine the film density,
interfacial roughness, and thickness of Al doped ZnO films.
The presence of smooth interfaces is responsible for the
Kiessig oscillations in the XRR spectrum for a film deposited
for 5min. Figure 10 represents the simulation of the XRR
data in which precise information of the layer thickness, film
density, surface, and interfacial roughness has been extracted
for the layer.

From the simulation of the specular reflectivity, the
thickness and rms roughness of the film deposited at 5 min
were found to be 139.49 =0.05nm and 0.51 = 0.05nm,
respectively. This implies a deposition rate of 278.98 A/min.
The density was found to be 5.56 + 0.1 gem > which is in
agreement with the literature value of 5.61 gcm . This film

J. Appl. Phys. 122, 075303 (2017)

thickness for the film grown for 5min is in agreement with
that obtained from the surface profilometer as shown in
Table II. Further measurements of films grown at different
deposition times reveal that films deposited on silicon wafer
substrates at room temperature show a greater dispersion as
the deposition time increases. This is in agreement with the
findings of Camacho-Espinosa er al.** This could also be
attributed to variation in the chamber pressure which was not
easy to keep constant.

D. PL measurements

Figure 9 shows the room temperature photolumines-
cence spectra of Al doped ZnO before and after annealing.
The spectra were acquired using 229 nm excitation from a
frequency-doubled argon ion laser. The spectrometer utilized
a 150 lines/mm grating and a 20X UVB objective. The spec-
trum was acquired from 250 nm to 900 nm at 5s acquisition
time.

The thin films grown at a duration of 40 min without
annealing (Fig. 11) show an emission band at 467 nm
(2.7eV). This band is attributed to the near band edge (NBE)
emission corresponding to the exciton related transition from
the localized level below the conduction band to the valence
band. The relatively high wavelength of this band could be
as a result of substitution of Zn>" that has a higher ionic
radius, 0.074 nm with APt of ionic radius 0.053 nm. This
confirms the observation made in XRD analysis. Annealing
of this film leads to blue-shifting of this peak to around
374 7nm (3.31eV) when the annealing temperature is
1000 °C. Several other bands are also formed as shown in
Fig. 9. During annealing in air Zn, the interstitials could be
reduced or removed since they are shallow donors separating
the conduction band and other defect bands leading to a
wider optical band gap due to reduced overlapping of the
defect band and conduction band.

The band at 439 nm (2.82eV) emerges when annealing
is carried out at 800 °C and increases in intensity with tem-
perature. This could be attributed to O; centers, which pro-
motes the chemisorption of oxygen hence increasing the
density of electronic state in the film.'" Other bands also
emerge upon annealing at 800 °C such as at 488 nm that may
be associated to Zn;" and 545 and 600nm associated with

4.28%10°-

Intensity (Counts)

FIG. 10. Experimental (black) and
simulated (blue) XRR spectra of the
as-deposited Al doped thin film depos-
ited at 100 W for 5 min.
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FIG. 11. Room temperature photoluminescence spectra of the Al doped
ZnO thin film grown for 40 min before and after annealing at temperature
between 600 and 1000 °C in air. The spectra have been stacked for clarity.

Zn;" — V,” transition. The band at 523 nm when annealing
is carried out at 800 °C increases in intensity with tempera-
ture indicating that the concentration of O vacancies
increases with temperature.

The thin films grown at a duration of 20 min (Fig. 12)
show a blue band near 474 nm (2.62¢eV) and a broad shoul-
der near 720-730 nm. This band (2.62 eV) is attributed to the
near band edge (NBE) emission. Increasing the deposition
time leads to blue-shifting of this peak to around 421 nm
(2.95eV) when the deposition time is 1 h. The infrared emis-
sion at 830.0nm when the film is grown for 1h could be
attributable to an electronic transition from the Oi O to the
higher V, — level.

IV. CONCLUSION

The influences of thermal annealing and deposition time
on the structural and optical features of radio frequency (RF)

E -
£ |
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FIG. 12. Room temperature photoluminescence spectra of the Al doped
ZnO thin film as-grown at an RF power of 100 W at different deposition
times.

J. Appl. Phys. 122, 075303 (2017)

magnetron sputtered aluminium doped Zinc Oxide on Si
(100) are investigated. Preferentially oriented structures of
Al doped ZnO along the (100), (002), and (112) directions
together with peak shift and reduced strain due to post-
annealing between 600 and 1000°C are established from
grazing incidence x-ray diffraction (XRD). Atomic force
microscopy (AFM) images showed increasing roughness and
particle size. The observed blue-shift and emerging of many
photoluminescence peaks resulting from thermal annealing
and increase in deposition time have been reported.
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