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ABSTRACT: Structural characteristics of the ZnO epitaxial films grown on c-plane sapphire by the atomic layer deposition
method were thoroughly studied. The in-plane axes of the c-plane oriented ZnO layers are predominantly aligned with that of
the sapphire substrate, yielding the relationship of {1010}ZnO ) {1010}Al2O3

. The minor orientation with a 30� in-plane twist
configuration, that is, {1010}ZnO ) {1120}Al2O3

,which ismore commonly observed inZnO films grownbymetal organic chemical
vapor deposition, pulsed laser deposition, and other methods, only amounts to less than 3% and can be eliminated by thermal
annealing. The structure of the ZnO epi-films exhibits significantly improvement upon thermal annealing, and intrinsic types of
basal plane stacking faults are the predominant structural defects in the ZnO after thermal treatment. The effect of post growth
thermal treatment is reported in this work.

Introduction

ZnO with hexagonal wurtzite structure (lattice constants
a=3.2438 and c=5.2036 Å) has many attractive properties
such as a large direct wide band gap (Eg=3.3 eV) and large
exciton binding energy (∼60 meV) at room temperature,
native tendency of n-type electric property, piezoelectricity,
and transparency. These properties make ZnO thin film a
potential material for many applications such as the ultravio-
let light emitters,1,2 piezoelectric transducers,3 transparent
electronics,4-6 surface acoustic wave devices,7 and solar cells.8,9

The c-plane sapphire (R-Al2O3 with a rhombohedral crystal
structure and lattice constants a=4.759 Å and c=12.992 Å)
is commonlyadoptedas the substrate forZnOgrowthbecause
reasonable costs and good quality of the ZnO obtained. On
c-sapphire, ZnO preferentially grows with its c-axis aligned
with the c-axis of substrate.

Molecular beam epitaxy (MBE), metal organic chemical
vapor deposition (MOCVD),6,10 and pulsed laser deposition
(PLD)11-13 have beenwidely employed to growZnOepitaxial
films with high structural quality. Recently, atomic layer
deposition (ALD) has attracted much attention for its appli-
cation in ZnO growth.14-21 ALD is a technique based on the
sequential use of self-terminating gas-solid reactions that
bearmany practical advantages such as large-area deposition,
high uniformity, high reproducibility, high covering ratio, low
growth temperature, and the ability of producing sharp and
tailored interfaces.22 Moreover, the merit of accurate thick-
ness control renders ALD particularly suitable for the fabri-
cation of high quality multiquantum-well (MQW) structures.

In this paper, the ALD method is employed to fabricate
ZnO epi-films on c-plane sapphire. The structural character-
istics of the as-grown and thermally annealed ZnO films
were thoroughly studied by both scattering and microscopic

methods, including X-ray diffraction (XRD), transmission
electron microscopy (TEM), and atomic force microscopy
(AFM). The effects of thermal annealing on the structural
properties are investigated.

Experimental Procedures

The c-plane (0001) oriented sapphire was cleaned by sequential
D.I. water/acetone/D.I. water rinse for 5 min/5 min/5 min and then
blown dry with N2 gas. The cleaned sapphire substrate was then
loaded into the ALD reactor (SYSKEY Ltd., Taiwan), heated to
200 �C, and held at this temperature for 30 min. Diethylzinc (DEZn
with chemical formula of Zn(C2H5)2 and purity 4N8) andH2O (D. I.
water of resistivity 18MΩ 3 cm), kept in reservoirs at 25 �C,were used
as zinc and oxygenprecursors, respectively. The growth cycle consists
of precursor exposures and N2 purge following the sequence of
DEZn/N2/H2O/N2 with corresponding duration of 5 s/15 s/5 s/15 s.
After each N2 purging, the reactor was pumped down to ∼1 � 10-2

Torr. Precursor introduction was done by opening the inlet valve
between the reservoir and reactor chamber while the outlet valve was
closed; no carrier gas was employed. The pressures of the DEZn and
H2O in the reactor chamber were approximately 7 and 17 Torr,
respectively, monitored by a vacuum gauge. The substrate tempera-
turewasmaintained at 200 �Cunder a vacuumof1-2Torrduring the
deposition. The reaction was repeated 200 times for all the studied
samples. Ideally, two cycles of reaction yield a unit cell of ZnO along
the c-axis; 200 cycles would lead to 100 unit cells along the growth
direction equivalent toa thickness of about 52nm.Thermal annealing
was performed at temperatures varying from300 to800 �C for 1.5 h in
pure oxygen gas at 1 atm.

The X-ray measurements were conducted using a four-circle
diffractometer at beamline BL13A of National Synchrotron Radia-
tionResearchCenter (NSRRC) with an incident wavelength 1.02473
Å. Two pairs of slits located between the sample and a NaI scintilla-
tion detector were employed and yielded a typical resolution of better
than 1 � 10-3 Å-1. Surface morphology and roughness of the ZnO
layer were measured by AFM (Veeco Dimension 5000 Scanning
ProbeMicroscope, D5000). Cross sectional TEM specimens with the
thickness of about 90 ( 10 nm were prepared by focused ion beam
(FIB). TEM images were taken with a Philips TECNAI-20 field
emission gun type TEM.

*Authors to whom correspondence should be addressed. E-mail:
chsu@nsrrc.org.tw (C.-H.H.); wfhsieh@mail.nctu.edu.tw (W.F.H.).



Article Crystal Growth & Design, Vol. 9, No. 12, 2009 5185

Results and Discussion

Figure 1 illustrates the radial scan (θ-2θ scan) along the
surface normal of an as-deposited ZnO layer and the samples
annealed at 300, 700, and 800 �C. The pronounced peak
centered at qz, momentum transfer along the surface normal,
∼2.409 Å-1 observed in the as-deposited sample yields an
interplanar spacing∼ 2.608 Å. This value is 0.24% larger than
the d-spacing of bulk ZnO (0002) planes, d0002; we assigned
this peak to ZnO (0002) reflection. At the higher qz side, a
broad shoulder centered at∼2.53 Å-1 is attributed to theZnO
(1011) reflection. Besides the reflections from sapphire sub-
strate, no other peak originated from ZnO was observed,
indicating the as-deposited ZnO layer is predominantly
c-plane oriented with a coexisting minor (1011) orientation.
It isworthmentioning that the (1010) planewas reported tobe
the preferential surface orientation inmanyALD grown ZnO
films, especially those grownon substrates such as Si (001)15,16

and fused glass23 or deposited at low temperatures.19No trace
of the (1010) oriented grains was detected in our samples. This
is attributed to the hexagonal symmetry of the c-sapphire,
which strongly favors the growth of c-plane ZnO with com-
patible symmetry.17,18 The other factor in favor of the growth
of high quality c-plane ZnO is the long purging time used in
our case. The simultaneous enhancement of (0001) growth
and improvement of crystalline quality with prolonged pur-
ging timewas reported byW�ojcik et al.19 Longer purging time
provides not only more complete removal of physically
adsorbed surface species and volatile byproduct but also a
longer time for element diffusion to prepare a better surface
for subsequent reaction.

Upon thermal annealing, the ZnO (1011) reflection disap-
pears accompanied by the sharpening up and intensity en-
hancement of the ZnO (0002) reflection, a sign of increasing
structural coherence along the growth direction. Moreover,
the lattice parameter along the c-axis systematically decreases
with increasing annealing temperature as revealed by the shift
of the (0002) reflection to the higher qz side and approaches
the bulk value, as marked by the dashed line, to within 0.02%
after 800 �C annealing.

The ZnO (0002) θ-rocking curves of the as-deposited and
annealed samples, with the intensity normalized to corre-
sponding peak intensity, are illustrated in Figure 2a. All the
curves are composed of a shape peak (PS) with typical full

width at half-maximum (fwhm) of less than 0.02� super-
imposed with a broad peak (PB) whose line width is 2 orders
of magnitude larger than the central sharp peak. The broad
component is attributed to the diffuse scattering from the
structural defects, such as dislocations, and misoriented
grains. Such a pronounced diffuse component has hardly
been observed in ZnO epi-layers grown by PLD or MOCVD
and indicates the intrinsic difference between the structural
characteristics of the ZnO layers grown by ALD and other
methods. Upon annealing the fwhm of the sharp component
showedmild improvement from 0.017� to 0.015�, as shown in
Figure 2b, and these values are comparable to the fwhm of
sapphire (0006) reflection, 0.013�. In contrast, the fwhm of
broad component exhibits a monotonic reduction from 2.53�
for the as-deposited film to 0.91� for the 800 �C annealed
sample and their integrated intensity also drastically decreases

Figure 1. The radial scans (θ-2θ scan) along the surface normal of
the as-deposited ZnO and those annealed at 300, 700, and 800 �C.
The red broken line marks the position of bulk ZnO (0002) reflec-
tion. The arrow indicates the location corresponding to the inter-
planar spacing of ZnO (1011).

Figure 2. (a) The θ-rocking curves of the as-deposited and annealed
ZnO layers. Each curve is a superposition of a sharp (PS) and a
broad peak (PB). (b) The variation of the fwhm of PS and PB as a
function of annealing temperature.

Figure 3. The φ-scan across the off-normal ZnO {1011} reflection
of as-deposited and annealed ZnO layers, together with the φ-scan
across sapphire {1126} shown at the bottom.

http://pubs.acs.org/action/showImage?doi=10.1021/cg900580r&iName=master.img-000.jpg&w=202&h=147
http://pubs.acs.org/action/showImage?doi=10.1021/cg900580r&iName=master.img-001.jpg&w=207&h=266
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5186 Crystal Growth & Design, Vol. 9, No. 12, 2009 Yang et al.

with elevated annealing temperature, evidencing the signifi-
cant improvement of structural perfection by the thermal
treatment.

In order to determine the epitaxial relationship between the
ZnO layers and the substrates, we performed azimuthal cone
scans (φ-scans) across the off-normal ZnO{1011} and sap-
phire {1126} reflections, as illustrated inFigure 3.For both as-
deposited and annealed ZnO layers, the scans across the ZnO
{1011} reflections show 6-fold symmetry confirming the
hexagonal symmetry. The angular positions of these peaks
are offset from that of the six sapphire {1126} reflections by
30� and yield the in-plane relationship of {1010}ZnO )

{1010}Al2O3
, the “aligned orientation”. It is also noticed that

the fwhm of the ZnO {1011} peaks drastically decreases from
6.75� for the as-deposited sample to 2.48� for the sample after
800 �C thermal treatment, again indicating the significant
improvement in twist deformation upon annealing. Carefully
examining the φ-scan of the as-deposited sample, we found
another set of weak peaks with 6-fold symmetry appearing at
the same angular position as sapphire {1126}. This observa-
tion reveals the existence of a small fraction of c-plane ZnO
has {1010}ZnO ) {1120}Al2O3

orientation, the “twisted orienta-
tion”. Determined from the integrated intensity, the fraction
of the minor twisted orientation decreases with annealing
temperature from ∼4.2% for as-deposited film to less than
0.03% after 800 �C thermal annealing.

The twisted orientation, inwhich the lattice ofZnO is aligned
with the oxygen sublattice in sapphire, is most commonly
observed for ZnO epi-films grown on c-sapphire.11,24-26 Its
lattice mismatch with sapphire, 18.3%, is smaller than the
31.8% of the aligned orientation, in which the ZnO lattice is
aligned with the Al sublattice in sapphire. Intuitively, the
twisted orientation is energetically favorable, and indeedmost
of the ZnO epi-layers grown on c-plane sapphire by PLD and
MOCVD, VPE have this orientation.10,25,26 The aligned in-
plane orientation has been reported on ZnO epi-films grown
by PLD and magnetron sputtering at low deposition temp-
eratures (T<600 �C).27-30 In thoseworks, the fraction of the
domains with the aligned orientation increases with decreas-
ing growth temperature and/or lower deposition rate.

The orientationof the epi-films is a result of the competition
between the interfacial bonding, elastic energy, and surface
energy. In view of the energy of interfacial bonding, the much
larger bond energy of Al-O (511 kJ/mol) bond than the
Zn-O bond (271 kJ/mol) favors the O-Al-O-Zn config-
uration, that is, the O in ZnO bonds with the Al in sapphire
substrate, and leads to the alignment of Zn terminated ZnO
lattice with Al sublattice.27 However, from the aspect of
smaller lattice mismatch and higher thermodynamic stability
of O-terminated ZnO surface,31 the configuration with twisted
orientation is preferred.Ohkubo et al. attributed theprevalence
of the alignedorientationat low temperatures toAl termination
of sapphire surface and the dominance of local interface energy
when the growth process is kinetics limited.24,26 According to
this argument, the low operation temperature of ALD favors
the formation of observed aligned orientation, but the inter-
facial bonding mechanism should be different because of the
alternative formation of Zn and O atomic layers during two
separate half reactions.

The topmost surface of a sapphire wafer after wet-cleaning
is terminated by hydroxyl groups due to its high stability. It is
a known difficulty of creating anOH free sapphire surface not
mentioning the surface prepared by wet-cleaning and mild
heating pretreatment adopted in our process.32 According to
the ALD growth sequence, the zinc precursor DEZn with the
chemical structure of CH3-CH2-Zn-CH2-CH3 is first
supplied onto the substrate surface. One ethyl of the DEZn
reacts with the hydroxyl at the sapphire surface and leaves the
zinc atom bonded with the oxygen at the substrate surface.
Volatile organic byproduct ethane is pumped away and the
residual functional group ethyl prevents the continuous
growth of deposited material due to the self-limiting effect.
Subsequently introduced H2O reacted with the ethyl group
and formed a -Zn-O-H terminated surface.25 After this
point, the rest of the film growth can be considered
as homoepitaxy. The initial bonding of DEZn to sapphire,
-Al-O-Zn-CH2-CH3, anchors the orientation of the ZnO
layer, which follows the atomic arrangement of the Al sub-
lattice in sapphire and yields the observed aligned orientation,
that is, {1010}ZnO ) {1010}Al2O3

.

Figure 4. (a) The cross sectional TEM image of the as-deposited ZnO epi-layer along the [1120] zone axis, (b) the SAED pattern, and (c) the
image of 800 �C annealed sample taken under the same pole.

http://pubs.acs.org/action/showImage?doi=10.1021/cg900580r&iName=master.img-003.jpg&w=300&h=224
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It is well-known that structural properties obtained by
XRD are an ensemble average over the macroscopic illumi-
nated volume, typical of mm3. On the contrary, microscopy
probes microscopic features over a much more localized
region. As a complement, we also performed TEM measure-
ments on the ZnO epi-layers. Illustrated in Figure 4a is a cross
sectional TEM image taken along the [1120]Al2O3

zone axis, in
which ZnO grains with planes of 5.2 Å interplanar spacing
parallel to the interface can be well resolved. The selected area

electron diffraction (SAED) pattern (Figure 4b) confirmed
the (0001) <1100>ZnO ) (0001) <1100>Al2O3

orientation in
agreement with XRD observation. However, numerous mis-
oriented grains, as enclosed by the rectangles in Figure 4a and
defects of various kinds distribute throughout the grown film.
Figure 4c is the micrograph of the 800 �C annealed sample
taken under the same pole, which exhibits drastic structural
improvement. Moreover, many contrast lines lying in the
basal planes with lateral extension of the order of 10 nm
(some of them are marked by arrows) were observed. These
lines were verified to be basal plane stacking faults as de-
scribed below and represented the majority of structural
defects found in annealed ALD grown c-ZnO epi-films.

To characterize the nature of the lateral lines, we performed
diffraction contrast analysis on the images of the 800 �C
annealed sample. The bright field images of the same region
taken along the [1120] pole andwith diffraction vector g set to
(1011), (0002), and (1010) are shown in Figure 5, panels a, b,
and c, respectively. Depending on the type of error in stacking
sequence or equivalently the displacement vector R, which
defines the relative displacement between the unfaulted lat-
tices above and below the fault, the basal plane stacking faults
in wurtzite crystal structure are generally divided into three
types: two intrinsic ones named I1 and I2 and an extrinsic one
named E. The displacement vectors associated with the I1, I2,
and E type of basal plane stacking faults are 1/6Æ2203æ,
1/3Æ1100æ, and 1/2Æ0001æ, respectively.33-35 According to the
extinction rules for stacking faults in the TEM image, a
stacking fault will be out of contrast if the dot product of its
displacement vector R with the diffraction vector g used for
imaging equals 2πn, where n = 0, (1, (2, ...34,35 Conse-
quently, all three types of stacking faults are visible in image
withg=(1011) andoutof contrast asg=(0002). In the case of
g=(1010), only intrinsic stacking faults of types I1 and I2 are
in contrast. Examining the images taken under different
diffraction vectors, we found about all the lateral lines
visible in Figure 5a with g= (1011) became out of contrast
in Figure 5b with g=(0002), confirming that basal plane

Figure 6. The AFM images of the (a) as-deposited and (b) annealed ZnO layers. The scan image profiles of the as-deposited and annealed
samples are shown in (c) and (d), respectively.

Figure 5. The bright-filed images of the ZnO layer annealed at
800 �C with diffraction vector g set to (a) (1011), (b) (0002), and
(c) (1010). The insets show the corresponding diffraction peaks used
under two-beam condition.

http://pubs.acs.org/action/showImage?doi=10.1021/cg900580r&iName=master.img-004.jpg&w=300&h=238
http://pubs.acs.org/action/showImage?doi=10.1021/cg900580r&iName=master.img-005.jpg&w=240&h=255
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stacking faults are indeed the major structural defects in the
800 �C annealed sample. Furthermore, the absence of an
obvious difference in the spatial distribution of the lines found
in images taken under g=(1011) and (1010), shown respec-
tively in Figure 5b,c, reveals that the stacking faults belong to
the intrinsic type. Unfortunately, we cannot further verify the
type of stacking faults, I1 or I2. These lines are due to limited
accessible diffraction vector under experimental geometry.

Unlike the ZnO epi-layers grown by PLD12 and p-MBE26

on c-sapphire where edge-type threading dislocations are the
dominant structural defects in the film bulk, basal plane
stacking faults are the majority of structural defects found
in ALD grown c-ZnO epi-films. This also explains the small
line width in the θ-rocking curve of ZnO (0002) reflection,
which is not sensitive to the basal plane stacking faults. The
diversity in characteristic structural features is related to the
fundamental difference in the growth mechanism of those
methods. In the case of PLD deposition, a plume of materials
liberated from the target, consisting of a variety of energetic
species, such as atoms, ions, and small clusters of the ZnO are
deposited on the surface and the growth of ZnO film on
c-sapphire proceeded via island nucleation followed by lateral
extension.36 Such a growth mode results in a film of a
columnar structure surrounded by grain boundaries with a
high density of threading dislocations.12 In contrast, the
intrinsic layer-by-layer growth nature of the ALD method
unfavors the initial island nucleation and suppresses the
formation of threading dislocations. Apparently, 800 �C
annealing results in the grain growth and stimulates the
precipitation of point defects such as vacancies or interstitials
and/or the dissociation of dislocations togetherwith the slip of
partial dislocations, which are known as the most likely
mechanisms for the generation of basal plane stacking
faults.34

In additional to the crystalline structure, we also studied the
effect on the surfacemorphology by thermal treatment. Voids
were found in some areas near the film/air interface in the
cross section TEM micrographs of the annealed sample (not
shown). This explains the increase of surface roughness and
the decrease ofmass density near the film surface region in the
annealed samples as revealed by X-ray reflectivity measure-
ments. Figure 6a,b shows, respectively, the surface morpho-
logy before and after 800 �C annealing measured by AFM;
Figure 6, panels c andd, are the corresponding section profiles
of the scans along the surface. Grain growth and the deve-
lopment of voids between the grains are induced by thermal
treatment and lead to the increase of root-mean-square rough-
ness from 1.64 to 5.75 nm. The similar variation of surface
morphology and the increase of grain size resulting from the
post annealing have also been reported by other groups and
are attributed to the recrystallization of the ZnO grains.16-18

Conclusion

The structural characteristics of the ALD grown ZnO
epitaixal films on c-plane sapphire together with the influence
of thermal annealing were thoroughly studied. The ZnO films
are c-plane oriented.The d-spacing along the growthdirection
of the as-deposited ZnO layer is 0.24% larger than the bulk
value and progressively decreases and approaches the bulk
value with increasing annealing temperature. The in-plane
epitaxial relationship of {1010}ZnO ) {1010}Al2O3

is confirmed
from the φ-scan data of ZnO {1011} and sapphire {1126}
reflections. This orientation is the same as that of ZnO grown

on c-plane sapphire at low temperatures by the PLD
method.27 After annealing at high temperatures, the crystal-
line quality exhibits drastic improvement. The diffraction
contrast analysis of the cross-section TEM images reveals
that intrinsic basal plane stacking faults are the dominant
structural defects of the annealed ZnO layers, different from
the PLD grown ZnO layers where threading dislocations are
the predominant defects. The diversity in the dominant typeof
structural defectswas attributed to the fundamental difference
in the growth mechanisms of the two methods.
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