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Abstract. ZnO thin films were grown by ablation of a ZnO ceramic target using pulsed excimer laser (KrF) under
1 mTorr oxygen partial pressure over (0001) α-Al2O3 substrates held at 750◦C. Highly c-axis oriented (0002) ZnO
films with visible range optical transparency over 80% were obtained. Inhomogeneous distribution of strain in
the film growth direction was studied by line shape analysis of X-ray diffraction and broad luminescence features
centered on near band edge transition at 3.3 eV. Strain in the film adversely affects optical gain and excitonic
threshold of UV emission. Post-growth oxygen annealing of films at 850◦C for 1 h reduces strain and associated
defects at ZnO film interface with (0001) Al2O3 substrate. FWHM of X-ray rocking curves show corresponding
lowering from 12.5 arc min to 9.0 arc min signifying improved ZnO crystal quality. ω-rocking curves show line
features with two superimposed peaks belonging to interfacial layer and bulk ZnO film. Graded strain in ZnO film
is related to differently oriented interfacial layer formed at inception stage of film growth. Decrease in conductivity
of annealed ZnO films show that O2-vacancies are primary defects. Formation of strain free (0002) oriented optical
quality ZnO films based on combined process of growth in low O2 pressure and post growth anneal at high O2

pressure is proposed for UV-optoelectronic applications.
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1. Introduction

Zinc oxide exhibits wide ranging technological appli-
cations in acousto-optical devices, gas selective chemi-
cal sensors, conducting transparent electrodes for solar
cells and displays etc. These applications exploit its
unique combined piezoelectric, electrical and optical
properties, which are attainable with polycrystalline
films. Current research interest in ZnO epitaxial films
stems from its potential applications in ultraviolet op-
toelectronics. ZnO properties, wide (3.37 eV) direct
band gap, large (60 meV) excitonic binding energy,
high temperature stability and chemical inertness are
attractive for fabrication of such devices. Recently,
spontaneous UV emission [1], excitonic lasing [2] and
biexciton emission [3] have been demonstrated in epi-
taxial ZnO films which has stimulated considerable
interest in epitaxial growth of ZnO films. Although
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a number of growth techniques have been employed
to form ZnO films, chemical vapor deposition [4],
pulsed laser deposition PLD [5, 6] and free radical,
laser or plasma assisted molecular beam epitaxy MBE
[7–9] are widely studied to form high quality single
crystal ZnO films useful for devices. ZnO epitaxial
films are generally grown over c-plane sapphire (α-
Al2O3) substrates. Large lattice mismatch (∼16.8%)
and difference in thermal expansion coefficients be-
tween ZnO and α-Al2O3 could possibly cause inclusion
of strain and defects in films during growth. These af-
fect ZnO properties, particularly excitonic binding en-
ergy, surface microstructure and crystalline structure.
Fabrication of ZnO/α-Al2O3 heterostructures with low
excitonic lasing threshold and high optical gain are im-
portant for optical devices. It is relevant to investigate
strain effects in ZnO films Deposition of ZnO films
at lower temperature as in PLD technique therefore
appears attractive. In this paper we describe growth
of highly oriented ZnO films by pulsed laser ablation
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technique and effect of strain in such films on photolu-
minescence properties.

2. Experimental

ZnO thin films were grown by pulsed laser ablation
technique over c-axis oriented sapphire (α-Al2O3 crys-
tals) substrates. Ceramic target of 25 mm diameter was
prepared by conventional powder processing route us-
ing 99.99% pure ZnO powder. Laser ablation was car-
ried out using KrF (248 nm) excimer laser with pulse
energy density ∼2–2.5 J/cm2 at 10 Hz pulse repeti-
tion rate. Prior to film growth, deposition chamber
was evacuated down to 0.0 1 mTorr and then back-
filled by introduction of O2 to 1 mTorr oxygen pres-
sure. ZnO films were deposited over double side pol-
ished α-Al2O3 crystal substrates heated to 750◦C and
kept at ∼5 cm distance from ZnO target. Film thick-
ness ranged between 300–350 nm as measured using
Alpha 100 step-scan TENCOR instrument. ZnO films
were annealed at constant temperature between 800–
900◦C for 1 h each in standard furnace under con-
tinuous oxygen flow. Crystal structure of ZnO films
was determined by conventional X-ray θ–2θ diffrac-
tion scans using CuKα radiation in a Siemens D5000
diffractometer. ω-scan rocking curves were obtained
on a Bede QC1 diffractometer. Full width at half maxi-
mum (FWHM) of rocking curves yield information on
orientation distribution of the lattice planes with a def-
inite lattice parameter to characterize ZnO film growth
over substrates. Measurements of electrical resistivity
and mobility of ZnO thin films were done in Van der
Pauw configuration using sputtered gold film contacts.
Irradiating ZnO films by 325 nm emission line of a
20 mW continuous wave He-Cd laser excited the pho-
toluminescence (PL) spectra. Emission from ZnO films
was dispersed by a 600 mm focal length monochroma-
tor equipped with double 1200 lines/mm grating blazed
at 400 nm. PL emission was detected using a standard
GaAs photomultiplier tube and photon counting sys-
tem and recorded at 296 K with 0.2 nm resolution.

3. Results and Discussion

3.1. X-ray Diffraction Studies

X-ray θ–2θ diffraction scans along the growth direc-
tion of as deposited and O2-annealed ZnO films formed

Fig. 1. X-ray diffraction pattern of as-deposited and O2-annealed
ZnO films showing c-axis orientation.

over c-plane sapphire (α-Al2O3) substrates are shown
in Fig. 1. High intensity (0002) ZnO reflection along
with its lower intensity (0004) harmonic from hexag-
onal wurzite structure is observed. FWHM of (0002)
reflection is ∼0.94◦ which shows highly c-axis ori-
ented ZnO film growth. Other strong diffraction line
is from (0006) plane of single crystal substrate. Ad-
ditional information about the structural properties of
oriented ZnO films is obtained by thin film strains. For
this analysis, distance between the lattice planes dhkl

of epitaxial ZnO films was treated as an internal strain
gauge [10]. Strain ε⊥ in the direction of diffraction vec-
tor �� normal to the planes with spacing dhkl is defined
as ε⊥ ≈ (dhkl – dB)/dB , where dB is lattice spacing cor-
responding to the bulk crystal in unstressed form. In the
present case, as highly c-axis oriented ZnO films are
formed; there are no diffraction peaks in X-ray diffrac-
tion pattern to identify in-plane lattice strain. Determi-
nation of strain in ZnO films was made using dhkl val-
ues based only on (0002) reflection. Out of plane lattice
parameter changes with annealing conditions resulting
in reduction of c-direction strain from 3.3 × 10−2 to
1.9 × 10−3 as shown in Fig. 2. Analogous to earlier
inferences drawn from studies on GaN, in ZnO with
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Fig. 2. Reduction in strain in ZnO films by oxygen annealing at
different temperatures.

hexagonal structure, c-axis strain proportionally acts
on generation of biaxial compressive film stress paral-
lel to the direction of the film plane [11]. Reason for
elastic lattice strain in ZnO film is ∼16.8% lattice mis-
match between (0001) α-Al2O3 substrate and (0002)
ZnO film planes. Thermal origin of strain is derived
from differences in thermal expansion coefficients.

X-ray ω-rocking curve of (0002) reflection from
as-deposited ZnO film has asymmetrical line shape as
shown in Fig. 3(a). Rocking curves of several similarly
deposited films are also found identical in nature.
Fitting Gaussian line shape to ω-peak profile reveals
that observed rocking curve is superposition of two
distinct peaks. An intense sharp peak with FWHM,
∼11.2 arc min and other a broader low intensity
peak with FWHM ∼13.5 arc min. Narrower peak of
ω-rocking curve due to coherent diffraction originates
from region of film with high crystalline perfection.
High intensity of this peak indicates that bulk of film
has oriented crystalline structure with high degree
of alignment of (0002) lattice planes with (0001)
substrate planes. Similar inferences were drawn from
earlier ZnO epitaxial growth studies [5, 12], although
much smaller FWHM ∼5 arc min was realized for ZnO
epitaxy by plasma assisted MBE [3]. Simultaneous
occurrence of the second peak in ω-rocking curve
indicates that a portion of as-deposited ZnO film is

Fig. 3. (a) Rocking curve of (0002) reflection for as deposited ZnO
film. Best fit Gaussian line profile fit with two separate peak features
is shown by the dotted line. (b) Rocking curve of (0002) reflection
for 850◦C annealed ZnO film. Best fit Gaussian line profile for a
single line with FWHM ∼9.8 arc min is shown by the dotted line.

oriented with different lattice plane-normal compared
to bulk of film. Based on previous studies on ZnO films
grown over imperfectly matched substrates [13, 14], it
is inferred that differently oriented portion of ZnO film
lies at the interface with Al2O3 substrate. Factors that
might contribute to formation of such ZnO layer adja-
cent to substrate are directional defects. Defects such
as screw dislocations with Burger vector parallel to c-
axes in ZnO also cause crystallographic tilt in c-lattice
planes and produce broadening of X-ray diffraction of
(0002) in ZnO rocking curves [15, 16]. Asymmetric
features of ω-rocking curves suggest that ZnO film
growth by laser ablation occurs in two stages, an initial
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ZnO layer characterized by directional lattice defects
and subsequently formation of a highly crystalline
ZnO layer. Substantial portion of ZnO film is having
high degree of preferred c-axis orientation as seen
from narrow and intense line profile. Thus, initially
formed ZnO layer at interface is apparently a transition
layer and subsequent ZnO growth gradually changes
to attain much-improved c-axis oriented crystalline
structure. Such two-layer growth behavior is likely
to result in inclusion of strain in as-deposited ZnO
films. Early growth can be regarded as highly strained
growth mode and transition towards highly oriented
ZnO film growth is accompanied by gradual relieving
of strain. Lattice strain in as-deposited film is thus non-
uniformly distributed in the direction perpendicular to
(0002) plane [17, 18]. Further, analysis of line shapes
of θ -2θ scans also indicates gradation in average depth
concentration and strain in as-deposited ZnO films.

ZnO films after isothermal O2-anneal at 850◦C show
ω-rocking curve having single high intensity peak with
highly symmetrical line profile that is consistent with
Gaussian curve as shown in Fig. 3(b). O2-ambient an-
nealing eliminated second broad asymmetric peak seen
in ω rocking curves of as-deposited ZnO films. Second
peak was associated with interfacial transition layer.
Based on this layer, it was earlier inferred that as-
deposited ZnO films could have strain with gradation in
the direction of film growth. Emergence of single sym-
metrical line feature in O2-annealed films appears to
be result of structural changes in transition layer at the
interface. This could in turn lead to reduction in elastic
strain and its distribution along c-axis direction. O2-
annealed ZnO films show ω-rocking curve peak with
FWHM ∼9.8 arc min reduced from 11.2 arc min seen
in as-deposited films. This is close to lowest values re-
ported for PLD grown ZnO films. Lower FWHM value
also indicates reduction in lattice defects in annealed
ZnO films. Annealing is generally known to remove
certain defects and reduce stress in the films. How-
ever, this alone was not found sufficient for reduction
in strain in ZnO films to the extent observed in this
study. Annealing in O2-ambient was found essential.
Reduction in oxygen deficiency and as a result, com-
pensation of oxygen vacancies and related defects in
ZnO films after O2 ambient annealing might have con-
tribute towards decrease in strain.

It may be mentioned that oxygen vacancy defects
are generally observed in ZnO films prepared by var-
ious growth techniques [19]. In PLD, availability of
reactive oxygen through interaction with ZnO plasma

in the plume created by focused laser beam is highly
dependent on ambient pressure used for film growth.
Present growth experiments were carried out at low
oxygen pressure ∼1 mTorr and laser energy density
∼2–2.5 Joules/cm2 at 10 Hz repeat rates. These con-
ditions were used to prevent particulate formation and
favor uniform ZnO flux at the substrate in order to form
single crystal films, minimize defects, realize smooth
surface morphology and achieve homogeneous growth.
Such films are required for ZnO based optical devices.
This deliberate choice of low oxygen pressure during
growth of ZnO films might have further contributed to
induction of O2-vacancy defects.

3.2. Electrical Resistivity

ZnO films show n-type conduction as determined by
sign of Hall-coefficient. Possible reason for this is for-
mation of shallow donors associated with oxygen va-
cancies and interstitial Zn atoms [20]. Electrical re-
sistivity of as deposited ZnO film is typically 0.3–
0.8 ohm cm. Free carriers in ZnO originating from
oxygen vacancies are possible cause of lower electrical
resistivity [19, 21] Oxygen annealing of as-deposited
ZnO films between 800–900◦C increases electrical re-
sistivity as shown by Fig. 4. This increase in resistivity
by oxygenation is due to compensation of free carriers
through reduction in oxygen vacancies [19, 21, 22].

3.3. Photoluminescence Studies

Optical properties of ZnO epitaxial films were inves-
tigated through PL measurements. Room temperature

Fig. 4. Variation of electrical resistivity of ZnO films on O2-
annealing at different temperatures.
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PL spectrum of ZnO epitaxial film grown on α-Al2O3

crystal is shown in Fig. 5(a). Prominent UV near band
edge emission centered at 375.2 nm (3.302 eV) at-
tributed to excitonic emission due to recombination of
photo generated charge carriers dominates the spec-
trum. Features in UV emission band split by Gaussian
fitting into two peaks are shown in Fig. 5(b). Domi-
nant peak with narrow line width located at 374.6 nm
(3.31 eV) is attributed to near band edge emission of
bound neutral donors, D◦ X transition. Additional low
intensity peak at 383.8 nm (3.23 eV) is due to complex
defects and arises from electronic transition between
donor-acceptor pairs [23]. UV emission peak shows a
low energy tail, which is expected from localization
of excitons in inhomogeneous strain fields, which is
consistent with the observation of high compressive
strains within ZnO films [24, 25]. A broad asymmetri-
cal emission band observed in visible region is further
separated into two broad peaks identified in Fig. 5(c) as,
green-yellow emission bands at 498.0 nm (2.489 eV)
and 527.5 nm (2.35 eV), respectively. Visible emis-
sion is not attributed to extrinsic impurities in ZnO, as
X-ray photoelectron spectroscopy measurements have
revealed no such impurities. Typically, visible emis-
sion in ZnO is caused by deep level defects. Relative
intensity ratio of near band edge emission to visible
emission ∼2.3 could be taken as an indication of high
density of defects in the film. Biaxial strain in ZnO
films affects only UV emission and causes no change
in the position or intensity of deep level emission. Ac-
cording to θ -2θ diffraction and ω-rocking curve stud-
ies discussed earlier (Figs. 1–3), graded biaxial strain
in laser ablation growth of ZnO thin films could be
caused by transition of growth modes from an initial
defect layer towards highly c-axis oriented defect free
film on surface. ZnO films deposited at relatively higher
O2-partial pressures show increased intensity of UV
emission (ratio ∼7–8). O2-deficient ZnO film growth
in early stages might contribute to both defects and
gradation of strain along c-axis parallel to film growth
direction.

Figure 6(a) shows PL spectrum of a ZnO film after
O2-annealing at 850◦C. Significantly diminished inten-
sity of deep level visible emission and corresponding
increase in intensity of UV emission line (ratio ∼7.5)
is attributed to reduction in oxygen vacancy defects.
UV emission intensity of O2 annealed ZnO films in-
creases by ∼3.7 times in comparison to as-deposited
ZnO films which is consistent with earlier inference of
defect and strain reduction. Effect of strain reduction

Fig. 5. (a) 296 K PL spectra of ZnO/α-Al2O3 structures formed by
PLD grown 350 nm thick ZnO film in the as-deposited state showing
near band edge UV and visible emission bands. (b) Fine structure
of UV band by peak separation using Gaussian profile fit. (c) Fine
structure of visible band separated as green and yellow emission
peaks using Gaussian profile fit.
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Fig. 6. (a) 296 K PL spectra of ZnO/α-Al2O3 structures formed
by PLD grown 350 nm thick ZnO film after O2-annelaing at 850◦C
showing near band edge UV and low intensity visible emission bands.
(b) Fine structure of visible band separated as green and yellow
emission peaks using Gaussian profile fit. (c) Fine structure of visible
band separated as green and yellow emission peaks using Gaussian
profile fit showing distinct yellow peak along with a broad peak.

on UV emission band is shown in Fig. 6(b). It is split
into three peaks appearing at 374.6 nm (3.31 eV), 381.7
nm (3.25 eV) and 387.2 nm (3.20 eV). Transition en-
ergy for near band edge emission at 374.6 nm remains
invariant. Peak initially located at 383.8 nm in strained
ZnO film shifts towards lower energy and appears at
387.2 nm after annealing. Band structure calculations
[24] show that with increased strain, excitonic transi-
tion energies shift towards higher energies. Displace-
ment of transition energy of this excitonic peak by 28
meV towards lower energy side in annealed ZnO film is
consistent with concurrent reduction in residual strain.
O2-annealed ZnO film shows a third emission peak of
relatively high intensity and centered around 3.248 eV.
In as- deposited ZnO films it is merged with near band
edge. This near band edge peak is identified due to ex-
citons bound to neutral acceptors A◦ X transitions. Ob-
servation of this emission peak became possible due
to delocalization of exciton through minimization of
strain inhomogenieties in O2-annealed ZnO films. In-
tensity of D◦ X transitions is higher than A◦ X transi-
tions due to n-type character of ZnO films. FWHM
of near band edge emission line in PL spectra for as
deposited and O2-annealed ZnO films are 80 and 61
meV, respectively. Lowering of FWHM after anneal-
ing is in agreement with corresponding reduction in
defects density and strain in annealed ZnO films. Con-
sistent with the observation of lower FWHM of 9.5
arc min for ω-rocking curves, it is obvious that defect
reduction, improvements in crystal quality and optical
properties of ZnO epitaxial film occur simultaneously
with O2-annealing.

Analysis of visible emission band for O2-annealed
films is presented in Fig. 6(c). No substantive differ-
ences in positions of the two peaks, which comprise
this emission band, are observed. However, reduction
in intensity but a factor ∼4 compared to as-deposited
films is caused by reduction in intrinsic defects. Rel-
ative intensity reduction of green over yellow broad
emission is ∼1.5 times. In addition, a sharp emission
line emerges at 527.5 nm (2.35 eV), which existed as
a small peak in as-deposited ZnO films. Various mech-
anisms have been proposed to understand the origin
of green-yellow PL emission in ZnO [26–30]. Van-
heusden et al. [26] found that PL intensity of green
emission at 2.495 eV in ZnO scales with increase
in free electron carrier concentration and density of
singly ionized oxygen vacancies [V+

o ]. Green emission
arises by radiative recombination of electrons trapped
at [V+

o ] defect with photoexcited hole in valance band.
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Considering that oxygen at high temperature rapidly
diffuses into ZnO and recombines with O2-vacancies,
reduction in green emission intensity suggests that
[V+

o ] defects are responsible for green emission. In-
crease in resistivity of O2-annealed ZnO films (Fig. 4)
correlates well with oxygen vacancy defect mecha-
nism. Yellow emission in ZnO arises from radiative
optical transition in interstitial oxygen Oi [29]. Wu et al.
[27] have shown that intensity of yellow emission in-
creases in ZnO films deposited at higher O2 pressures
(increase in Oi ) but decreases with increased depo-
sition temperature (increase in V+

o ). O2-annealing of
ZnO films at higher (850◦C) than growth temperature
compensates for [V+

o ] defects but at the same time may
cause inclusion of Oi interstitials through 1/2 O2 =
Oi dissociation. Thus, appearance of a sharp yellow
emission peak and simultaneous reduction in green
emission in annealed ZnO films could arise from Oi

defects. Yellow emission band in Fig. 5(c) comprises
of a sharp peak and a diffused band both centered on
the same (2.35 eV) energy. This unusual structure of
yellow band points out towards two different origins.
According to Reynolds et al. [28], visible emission in
ZnO is a result of transition between shallow donor
with a deep acceptor complex involving Zn vacancy
(VZn) defects. During high temperature O2-annealing,
VZn defects could form due to high diffusivity of Zn
in ZnO compared to that of O2 which supports out
diffusion of Zn atoms into interstitial sites [26]. Fol-
lowing this yellow emission could also arise from VZn

defects. We have no direct evidence which of the two,
sharp and diffused yellow bands could be attributed to
Oi or [V+

o ], but since broad yellow band is present in
as-deposited film in which Oi defects are unlikely, it
is thought that broad yellow emission originates from
VZn defects. Much smaller overall intensity of visi-
ble emission band relative to UV emission suggests
that concentration of Oi and VZn defects formed by
O2-annealing is quite small as also evidenced from no
adverse changes in the electrical properties. More per-
ceptible effect of O2-annealing lies in removal of oxy-
gen vacancies, increased UV emission and relieving of
graded compressive strain in ZnO films.

4. Conclusions

ZnO films over α-Al2O3 substrate with preferred c-axis
orientation were deposited at 750◦C under 1.0 mTorr
O2 background pressure by PLD technique. Deliber-

ate choice of low O2-pressure was dictated by need to
form optical quality single crystal films for ZnO based
optoelectronic device applications. ZnO film growth
at higher O2 pressure minimizes oxygen vacancies
and thus could be more useful for devices and for p-
conversion studies, but is also known to yield a rough
surface morphology and often inclusion of additional
defects such as low angle grain boundaries and intersti-
tials [10]. ZnO films grown at low O2-pressures show
gradation of strain along the growth direction from
interface region over substrate towards ZnO surface.
Post deposition annealing in O2 ambient at 850◦C,
higher than growth temperature, can compensate for
O2-vacancies and thus in reducing associated defects.
Further, O2 annealing causes lattice rearrangement re-
sulting in relieving of inhomogeneous distribution of
strain. Visible luminescence shows that smaller con-
centration of interstitial oxygen and zinc vacancy de-
fect could arise without effecting electronic properties
but can be avoided by appropriate choice of annealing
parameters. Thus, optical quality ZnO films with high
c-axis oriented crystal structure can be grown at rel-
atively lower O2-pressure without any adverse effects
by combining the process with post growth higher tem-
perature annealing in O2-ambient.
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