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ABSTRACT: Nonpolar ZnO films were grown epitaxially on (1010) sapphire substrates at 200 °C by atomic layer deposition with
interrupted flow. The latter method improved the crystalline quality of ZnO films, transformed the structure from polycrystalline to
epitaxial, and enhanced the optical properties of near-band-edge emission. The interfacial structure shows multiple domain phases
along sapphire (020) and the disappearance of a minor phase near the surface. As determined by X-ray diffraction, the epitaxial relation
between ZnO and sapphire follows [002]7,0ll [020]sapphire and [020]7,0/ [006]sapphire- The photoluminescence intensity increased with

increasing crystalline quality and thickness of ZnO films.

Zinc oxide and its compounds are promising materials for
broad optoelectronic applications, especially for solid-state devi-
ces that emit in the blue or ultraviolet (UV) regions or that emit
white light, with advantages over Ill-nitride semiconductors
such as a large exciton binding energy.'® Orientation parallel
to the c-axis is the preferred direction of growth of ZnO on most
currently available substrates, but this orientation causes a spon-
taneous piezoelectric field within the active layers of a light-
emitting device based on ZnO, resulting in a small luminous
efficiency.”® To improve the luminescence characteristics, non-
polar ZnO is preferable.”'® Atomic-layer deposition (ALD) is a
self-limiting process to grow thin films that possess several prac-
tical advantages including accurate and simple control of the
thickness, a large area and a large batch capability, effective
conformality and reproducibility, straightforward doping and
scaling, and the ability to produce sharp and tailored interfaces
and to prepare multilayer structures; the latter property is requi-
red in a continuous process to fabricate optoelectronic devices. !
Moreover, ALD generally yields a thin film with a polycrystalline
structure on various substrates; a ZnO-based optoelectronic
device with high performance requires preparation of epitaxial
ZnO thin films of great quality. Some authors have reported
demonstrations that an epitaxial thin film of the ¢-plane ZnO can
be grown with ALD on a sapphire substrate and a buffer layer of
GaN or yttria-stabilized zirconia (YSZ) grown with another
method,'>!'? but there is no report of epitaxial growth of m-plane
ZnO on sapphire by ALD without a buffer layer. Such epitaxial
growth of ZnO on sapphire is of great importance for the
fabrication of optoelectronic devices. We grew a c-plane epitaxial
film of ZnO on sapphire using ALD with an interrupted flow.'*
Here we present the first report of epitaxial growth of a m-plane
nonpolar thin film of ZnO on a (1010) sapphire substrate by ALD
with an interrupted flow.

ZnO thin films were grown on a sapphire (1010) substrate
using ALD; diethylzinc (DEZn) and water served as precur-
sors for zinc and oxidant, respectively. The temperature of
growth of the thin films was maintained at 200 °C. In
conventional ALD, durations of pulses of DEZn and water
precursors were 100 ms, respectively. After a precursor pulse

*Author to whom correspondence should be addressed. E-mail: hylee@
nsrrc.org.tw (H.Y.L.); cmlin@mail.nhcue.edu.tw (C.M.L.).

pubs.acs.org/crystal Published on Web 03/22/2010

was injected into the reaction chamber, highly pure N, gas
was used to purge the chamber for 10 s at 1 Torr chamber
pressure and evacuated with a rotary pump (6 s to 1 mTorr)
before the next precursor was admitted to the chamber. For
the interrupted flow, after evacuation of the chamber, the
ALD valve was closed first to preserve the pressure of the
precursor and to increase the duration of reaction between
the precursor and the sample surface. The period of closure of
the ALD valve, called the “stock time”, was 3 s; the durations
of pulses of DEZn and water were 30 and 60 ms respectively.
Purging and pumping were performed in the same manner as
with the conventional method. Thin films of ZnO were
deposited with 100, 400, and 1600 ALD cycles to achieve
thicknesses ~22.5, 100, and 400 nm, respectively.

Measurements of X-ray diffraction at high resolution (HRXRD)
and of X-ray reflectivity (XRR) were performed at wiggler beam-
line BL-17B1 with an eight-circle diffractrometer in the National
Synchrotron Radiation Research Center (NSRRC), Hsinchu,
Taiwan. For XRD, the photon energy was 8 keV with a flux
estimated to be 10'! photons/s. Use of two pairs of slits between
the sample and the detector provided a typical wave-vector
resolution ~0.001 nm™! in the vertical scattering plane in this
experiment. The image and nanobeam diffraction (NBD) pat-
terns of high resolution transmission electron microscopy (HRTEM)
were performed along the c-axis of sapphire substrate. Micro-
Raman scattering was recorded (Jobin-Yvon U1000 double
grating monochromator, resolution 0.4 cm™') with an Ar"
laser providing excitation at 488 nm. For measurements of
photoluminescence (PL) at 10 K, a He—Cd laser (325 nm,
1K 3252R-E, Kimmon) provided excitation with a UV-enhanced
CCD (spec-10, Princeton Instruments, cooled with liquid
nitrogen) after a monochromator (0.5 m, SP-2558A, Acton,
entrance slit width 10 zm, grating 1200 L/mm, spectral resolution
0.02 nm).

Figure | shows XRD patterns measured from a radial scan
(60—26 scan) along the surface normal of ZnO films (400 ALD
cycles, on a sapphire (1010) substrate) with and without
interrupted flow. Values of H, K, and L given in this paper
for an orthorhombic crystal system are expressed in recipro-
cal lattice units (r. 1. u.) referred to parameters of the ZnO
lattice, a = 0.5628, b = 0.325, ¢ = 0.5207 nm at 25 °C. Thin
films of ZnO deposited with continuous flow show a (200)
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Figure 1. Surface normal of crystal-truncation-rod (CTR) scan
spectra of a ZnO film (400 cycles) (a) with interrupted flow, and
(b) without interrupted flow.
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Figure 2. CTR spectrum (a) along the ZnO direction (0.06 0 L); the
inset shows the dependence of the CTR scan profile on depth; (b) a
scan along the ZnO direction (0.06 K 0); the inset shows the depen-
dence of the CTR scan profile on depth.

preferential polycrystalline orientation, whereas a ZnO film
grown with interrupted flow shows in the upper curve in
Figure 1 only a single intense (200) feature. Moreover, the
intensity of the (200) feature of ZnO with interrupted flow was
3000 times that of the conventional method. To examine the
behavior of induced strain relaxation due to lattice mismatch
at interfaces between ZnO and sapphire and the relation
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Figure 3. Azimuthalscan (® scan) of the surface ZnO (002) line and
the substrate sapphire (020) Bragg line of a ZnO film deposited with
100 cycles.

between surface and orientation of ZnO and its substrate,
we measured a map of the in-plane dependence of the crystal-
truncation-rod (CTR) on the depth of thin (100 cycles) and
thick (1600 cycles) films of ZnO. Figure 2a shows a L-scan of a
thin film of ZnO (100 cycles). The scan was performed near
the ZnO (002) Bragg line; the angle of incidence was fixed at
H = 0.06 with respect to the sample surface during the mea-
surement. The intense and sharp feature centered at L = 2.182
is the sapphire (020) Bragg reflection from the substrate, as
shown in Figure 2a. Besides the sapphire (020) Bragg reflec-
tion, the feature at L = 1.994 is ascribed to unstrained ZnO
(002). Two additional minor phases of ZnO appeared at L =
1.850 and 2.096, which might indicate a ¢-plane orientation
(200) (¢ = 0.5629 nm) and partially strained ZnO (002) (¢ =
0.4959 nm), respectively. The existence of these minor phases
might be attributed to release of strain due to a large lattice
mismatch (~9.38%) between sapphire (020) and ZnO (002).
The inset of Figure 2(a) shows in an L-scan the dependence of
the CTR mapping on depth. The profile shows the c-orienta-
tion and that the partially strained phase became increasingly
dominant for a position near the interface (for # > 0.1) or
subordinate near the surface (for H < 0.06). Figure 2b shows a
K-scan in a direction perpendicular to that of the L-scan with
the same angle of incidence (H = 0.06); a broad feature at
K =1.999, indicated by arrows in Figure 2b, is ascribed to the
Bragg line of ZnO (020), and a sharp Bragg line originates
from the substrate (006) at K = 1.498. The lattice parameter of
sapphire (006), ~1.2993 nm, is almost four times that of ZnO
(020), 0.325 nm. In addition, a narrow feature on top of the
ZnO (020) line indicated that ZnO was well aligned with
sapphire through nearly a lattice match at the interface. The
inset shows also that no other minor phase exists from the
interface to the surface. Furthermore, an azimuthal scan near
a ZnO (002) surface line and the substrate (020) Bragg line of a
ZnO film deposited after 100 cycles, as shown in Figure 3,
clearly exhibits a 2-fold symmetry with the same orientation.
No other feature was observed in the intervals between the
two lines, indicating a perfect alignment of ¢ and b axes of
ZnO unit cells along those of the sapphire substrate. These
results provide firm evidence that a strongly epitaxial layer
was deposited on the substrate. The CTR scan of Figure 2 and
the azimuthal scan of Figure 3 indicate that an epitaxial rela-
tion between ZnO and sapphire follows [002] 7,0/ [020]sapphire and
[020]2110” [006]sapphire~

To acquire insight into the detailed phase distribution
of the structure, we examined CTR mapping along both
L- and K-directions of the deposited ZnO films. Figure 4
shows the CTR mapping for ZnO films of 100 cycles and


http://pubs.acs.org/action/showImage?doi=10.1021/cg9013043&iName=master.img-000.png&w=192&h=150
http://pubs.acs.org/action/showImage?doi=10.1021/cg9013043&iName=master.img-001.jpg&w=197&h=162
http://pubs.acs.org/action/showImage?doi=10.1021/cg9013043&iName=master.img-002.jpg&w=205&h=341

1462 Crystal Growth & Design, Vol. 10, No. 4, 2010

100 cycles

H (r.l.u)

20

18 1.8

21

1600 cycles

H (r.Lu)

20 21

L (r.l.u)

2.2

22

Ku et al.

H (r.l.u)

23

H(r.l.u)

1.7

23 1.8 19 20

K (r.l.u)

21 22 2.3

Figure 4. CTR maps of thin films of ZnO with 100 and 1600 cycles for each L- and K-direction.

1600 cycles, which were similar between thin (100 cycles) and
thick (1600 cycles) ZnO films for K-direction mapping. In the
L-direction, the thick ZnO film displays only a single phase of
the ZnO (002) Bragg line. The intensity distribution was
broad at large H but became narrow with decreasing H. The
results clearly demonstrate that the minor phase completely
vanished and the crystalline quality was improved with inc-
reasing thickness of the ZnO film.

To confirm the growth conditions and orientation relation
obtained from HRXRD, we examined the HRTEM images
and NBD patterns of the ZnO films. Figure 5a,b shows
HRTEM images and NBD patterns for a ZnO thin film from
400 ALD cycles with continuous flow and from 1600 ALD
cycles with interrupted flow, respectively. The HRTEM
image in Figure 5a shows three grain boundaries and four
distinct orientations along the c-direction of sapphire. From a
comparison of NBD patterns between the interface, surface,
and substrate, the diffraction spots also indicated a polycrys-
talline structure of the ZnO thin film with continuous flow.
After 1600 cycles of growth of a ZnO thick film in the stock
mode, the HRTEM image and NBD patterns showed a mono-
crystalline nature, with the lattice parameter ~0.521 nm
in-plane along the (0002) direction. The large-scale TEM
image shows that the dislocation density gradually decreased
from the interface to the surface, in agreement with CTR
maps compared in Figure 4.

Figure 6 shows the polarity dependence in the micro-
Raman results. In this case, with X, Y, and Z constituting
the Cartesian coordinate system, the X direction is perpendi-
cular to the m-plane and Z is along the c-axis. When the
polarization direction of the incident light is perpendicular to
the z direction, we see two signals of the E>"E" modes of ZnO
at 438 cm ™', whereas when the polarization direction of the
incident light is parallel to the z (polarization) direction, the
E, mode is undetectable.'® This experimental result demon-
strates that the obtained sample is a nonpolar ZnO film with

the c-axis lying in the growth plane, in accordance with the
XRD results.

Figure 7 shows photoluminescence measured for ZnO films of
varied thickness at 10 K; for comparison, a ZnO film (400 cycles)
prepared with continuous flow is included in Figure 7. The film
with interrupted flow shows much greater intensity in the donor-
bound exciton (DX, 3.364 eV) and its related phonon replica
emission (DyX-1L0O, 3.303 eV) region than with continuous flow,
but both have similar intensity in the green band (GB). Further-
more, the 1600-cycle ZnO thin film showed a much clearer phonon
replica with respect to other films, signifying a greater crystalline
quality. The PL results show that, with increasing film thickness,
both the emissions of ZnO related to Dy X increased rapidly and the
GB emission due to oxygen and zinc vacancies is suppressed,
indicating the quality of the thin film to have improved greatly, in
agreement with TEM results. The cause of the PL behavior for a
thin film was that the interface region contained several phases of
ZnO; the grain boundary and boundary surface between phases
produced many dislocations and vacancies that resulted in deep
levels and contributed to GB emission.'®”'® When the film became
thicker with only one domain phase, the GB emission decreased
and donated the carriers to the near-band-edge (NBE) emission.

In conclusion, we used interrupted flow to grow ZnO as a thin
film with m-plane orientation on (1010) sapphire substrates.
Interrupting the flow not only converted the growth structure
from polycrystalline to monocrystalline but also promoted the
quality of the thin film. Compared with our previous results on
c-axis orientation,'* both orientations show epitaxial growth via
precursors with the interrupted method, but m-plane ZnO thin
films possess superior crystalline quality and optical properties.
An in-plane scan along the L-direction of ZnO was more
complicated than that along the K-direction because of a larger
mismatch of lattices between the thin film and the substrate.
Minor phases existing in the L-direction vanished with increa-
sing thickness of the film, and the ZnO (002) orientation also
became narrowed through full relaxation of strain. Both the
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Figure 5. HRTEM images and NBD patterns of ZnO thin films:
(a) 400 cycles without interrupted flow and (b) 1600 cycles with
interrupted flow.
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Figure 6. Micro-Raman scattering spectra measured at two scattering
geometries; the inset shows the rotation intensity of the ZnO E,"¢" peak.

photoluminescence intensity and the NBE/GB ratio increased
with increasing crystalline quality and thickness of ZnO films.
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Figure 7. Photoluminescence of ZnO films at 10 K deposited with a
varied number of ALD cycles.
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