JOURNAL OF APPLIED PHYSICS 107, 123519 (2010)

Anisotropic properties of periodically polarity-inverted zinc oxide
structures
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We report on the anisotropic structural properties of periodically polarity-inverted (PPI) ZnO
structures grown on patterned templates. The etching and growth rates along (1120) direction of

ZnO structures are higher than those of (101_0) direction of ZnO films. From the strain evaluation
by Raman spectroscopy, compressive strains are observed in all PPI ZnO samples with different
stripe pattern size and the smaller pattern size is more effective to residual stress relaxation. The
detailed structures at transition region show relationship with the anisotropic crystal quality. © 2010
American Institute of Physics. [doi:10.1063/1.3436575]

I. INTRODUCTION

Zinc oxide (ZnO) is a representative wide band gap
compound semiconductor with a large exciton binding en-
ergy (60 meV) and piezoelectric constant."? The unique
properties have made it as the most promising candidate ma-
terial for a wide variety of applications in the fields of opto-
electronics, transparent conduction electrodes, spintronics,
and gas sensors.” Recently, the manipulation of growth ki-
netics using the anisotropic growth characteristics of ZnO
materials is considered as a useful method to change the
growth behaviors of Zn0.° The surface energy for (1100)

and (1120) plane was calculated 0.91 J/m? and 1.64 J/m?,
respectively, which can be an origin of anisotropic crystal
growth.7

Although there have been significant research for the
growth and properties of ZnO nanostructures,”® few studies
to understand material properties related with the anisotropic
growth behaviors have been conducted for the thin films.” In
particular, the patterning and regrowth techniques are consid-
ered as the advanced and useful techniques to control the
growth of micro- and nanostructured material systems.lo’11

The attempts for periodical array of ZnO structures con-
sisting of Zn-polar and O-polar on patterned template were
reported in articles to extend application fields to nonlinear
optics.lz’13 Recently, we demonstrated the second harmonic
generation using the periodically polarity-inverted (PPI) ZnO
structures.'* Therefore, the proper understanding of this in-
teresting growth behavior depending on the direction of pat-
terned templates will be the first step to understand how to
control the material properties.
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In this work, we report on the anisotropic growth of ZnO
heterostructures depending on the direction of etched tem-
plates and its detailed effects on materials properties.

Il. EXPERIMENTAL DETAILS

The one-dimensional (1D) PPI ZnO structures were fab-
ricated on c-sapphire substrates by plasma assisted molecular
beam epitaxy (PA MBE), where the growth and patterning
sequences were obtained by carrying out photolithography
and regrowth, as illustrated in Fig. 1. A 5 nm thick CrN layer
is grown on (0001) Al,O; by PA MBE. First, low-
temperature (LT) ZnO layers are grown on a Zn-exposed
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FIG. 1. (Color online) Schematic illustration of overall processes for PPI
ZnO fabrication. (a) LT-ZnO growth on the Zn pre-exposed CrN buffer. (b)
Formation of stripe patterns on the LT-ZnO along (1 120) and (1010) direc-
tion. (c) O-plasma treatment on 1D patterned ZnO/CrN after chemical etch-
ing.(d) HT-ZnO growth.
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FIG. 2. (Color online) AFM images of etched ZnO structures. (a) Etched
ZnO/CrN surface after 1 min. (b) etched ZnO/CrN stripe patterned direction

[1120] and (c) [1010] direction for more 30 s, respectively. (d) Etching rate
dependence on the pattern directions.

CrN/Al,O5 which can protect CrN surface from oxidation."?
The polarity of LT-ZnO grown on CrN is Zn-polar with ep-
itaxial relationship between ZnO and CrN as
ZnO(0001)ICrN(111) and ZnO(2110)ICrN(011).'? Next,
1D periodic stripes have patterned on the LT-ZnO. The stripe
pattern size (width of one stripe pattern) is changed from the
2 to 30 wm. Moreover, the stripe directions are changed

[1120] A-direction and [1010] M-direction of ZnO films.
After these patterns are obtained, the LT-ZnO layers are com-
pletely etched by the mixture of ethylenediaminetetraacetic
acid and ethylenediamine solution (EDTA:ED=20:1) at
room temperature. For the formation of a Cr,O3 layer,
O-plasma treatment was conducted onto the exposed CrN
surface; this led to the formation of Cr,0O; layers on CrN
surface in patterns shown in Fig. 1(c); the formation of
Cr,05 is essential for the subsequent growth of O-polar ZnO
film. Finally, a high-temperature (HT) ZnO layer was grown
on the LT-ZnO; this results in the growth of the Zn-polar
ZnO on the CrN area and the O-polar ZnO on the
Cr,0;3/CrN area.'” The polarity control and lateral polarity
determination of ZnO hetero structures used in this work can
be found out in other articles."*'* In order to measure the
lateral growth rate depending on the etched facet direction of
Zn0O, the atomic force microscopy (AFM) measurement was
conducted before and after the etching and regrowth, respec-
tively. After the fabrication of 1D PPI ZnO structures, the
behavior of strain relaxation and crystal quality are investi-
gated by the micro-Raman (u-Raman) spectroscopy, photo-
luminescence (PL), and high resolution x-ray diffraction
(XRD). The detailed microstructures are investigated using
the high resolution transmission electron microscopy
(HRTEM).

Ill. RESULTS AND DISCUSSION

In order to get an insight into the etching and growth
behaviors of ZnO films grown on patterned templates, the
lateral direction etching rates are calculated by measurement
of change in width of ZnO stripe during etching process. In
Fig. 2, the etched surface of LT-ZnO film after etching for 1
and 1.5 min are shown with different stripe direction along
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FIG. 3. (Color online) Surface atomic arrangement of (a) (1120) ZnO and
(b) (1010) ZnO, respectively

with A-planes (b) and M-planes (c), respectively. The results
clearly show the different etching rate depending on the pat-
terned stripe direction. The etching rate of A-direction is
15.36 nm/min and that of M-direction is 9.89 nm/min as
shown in Fig. 2(d). Recently Palacios-Lid6n et al."” reported
the different etching behaviors in 0.01 mol HCl[aq] along the
miller indices crystallographic planes in ZnO based on the
polarity and dangling bond of oxygen. In terms of surface

density of oxygen dangling bonds per nm?, the {1010} and

{1120} plane show 5.9 and 6.8, respectively. The high dan-
gling bonds seek more easily the etchant which makes more
fast etching rate. Although the etching solution used in Ref.
15 is different from our experimental, the etching behaviors
are well agreed with our experimental results. Moreover, the
lateral direction growth rates of ZnO are also measured after
growth of PPI ZnO structures on patterned templates. As
expected in etching rate, the growth rate along the
A-direction shows the 3.32 nm/min which is 1.37 times
higher than that of M-direction.

To help intuitional understanding of etching characteris-
tics depending on the planes of ZnO material in detail,
atomic packing density of plane is considered. Figures 3(a)
and 3(b) show the surface atomic configurations of ZnO

(1010) and (1120) planes, respectively. The atomic packing
density of plane has strong relationship with the etching rate
i.e., the denser atomic packing density makes the slower
etching and vice versa.'® The atomic packing density is very

higher in {1010} plane when compared to the {1120} plane as
shown in Fig. 3. From this information we can expect that
the etching rate and growth rate should be faster in
A-direction than in M-direction. This consideration is well
agreed with the theoretical expectation and experimental re-
sults. The theoretical calculation values of surface energy

TABLE I. Summary of the surface energy, etching rate, and growth rate
depending on the plane of ZnO.

Surface energy® Etching rate Growth rate

Plane of ZnO (J/m?) (nm/min) (nm/min)
(1010) 0.96 9.9 242
(1120) 1.64 15.4 332
(0001) 1.74 15.0 5.83
(0001) 142.5 453

“Reference 7.
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FIG. 4. (Color online) (Color online) Raman E, (high) mode shift as a
function of pattern size. The black open circle and red ball show the Zn-
polar and O-polar regions, respectively. In order to take reference, bulk ZnO
is used (blue line).

depending on various planes of ZnO (Ref. 7) and experimen-
tal results in this study about the lateral growth rates and
etching rates are summarized in Table I.

In order to evaluate the residual strain in PPI ZnO het-
erostructures, u-Raman spectroscopy measurements are car-
ried out using a LabRam HR-UV/Vis/NIR (HORIBA Jobin
Yvon) with a 0.4 cm™! spectral resolution.

Figure 4 shows the peak position gap between E, (high)
mode peak and sapphire substrate obtained from the Raman
spectra of the ZnO films with different stripe pattern size.
The wave numbers of sapphire mode and E, mode of ZnO
are determined as 417 cm™' and 438 cm™!, respectively.'”'®
Because the E, (high) mode of Raman peak shift gives in-
formation about the stress in wurtzite structure, it is usually
used to analyze the stress in epitaxial films. The Raman sig-
nal of ZnO single crystal is obtained for reference signal of
E, (high) mode.

Huang et al."® showed that an increase in the E, photon
frequency was ascribed to compressive stress, whereas a de-
crease in the E, phonon frequency was ascribed to tensile
stress. The E, (high) mode of stress-free bulk ZnO is ob-
tained at 437 cm™!. But it could shift in ZnO thin films due
to the strain caused by lattice mismatch between ZnO and
substrate. For the ZnO films grown on relatively wide striped
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pattern, the E, mode is up-shifted comparing to the narrow
pattern size. This result indicates that the PPI ZnO film
grown on the wider patterned templates suffers the more
compressive stress.

In the epitaxial ZnO films directly grown on Al,O4
(0001) substrate, the lattice constant of ZnO film is larger
than that of the substrate at the growth temperature, which
induces a large compressive misfit strain in the ZnO films.*
As the lateral pattern size decreases, the residual strain in
ZnO films reduced due to the relaxation of residual misfit
compressive strain which means the narrow pattern size is
more effective to relieve the stress. Moreover, the Raman
frequency of Zn-polar and O-polar shows the same value
which means the existence of same residual strain in both
regions which are double checked by the micro-PL (not
shown here).

In addition, PL measurement conducted at 10 K by using
the He—Cd 325 nm excitation source. For the more detailed
strain evaluation using the PL with a 0.5 um spatial mea-
surement resolution, a PPI ZnO with 500 nm stripe pattern
size and bulk ZnO sample (Tokyo Denpa) are used. The in-
cident laser beam impinged perpendicular to stripe pattern
with 45° angle on surface and the emission was collected on
surface of PPI ZnO. PL peaks are assigned D°X, e-A, and
longitudinal optical (LO) phonon replica peak as following
the reference articles.”’ The PL spectra around band edge of
ZnO heterostructures show the shift in emission peaks. Es-
pecially, the shift in e-A peak and phonon replica peaks are
clearly shown. Unfortunately, it is difficult to define the shift
in excitonic emission peaks in PPI ZnO with 500 nm pattern
size due to the separation of dominant peak as shown in Fig.
5. The Fig. 5(b) clearly shows the blue shift in peak position
with the increase in stripe pattern size. The shift toward
higher energy indicates that the more compressive stressed
ZnO was grown on relatively wider patterns. The results ob-
tained from PL measurements are consistent with those of
the Raman analyses.

Figure 6 shows the change in full width at half maxi-
mum (FWHM) of XRD rocking curves of ZnO (0002) peak
as a function of azimuthal angle @ which is the angle be-
tween the stripe direction and the rotation axis in @ scan for
XRD measurements where, for @=0° is incident x-ray per-
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FIG. 5. (Color online) (a) PL spectra in 1D PPI ZnO structures with different pattern sizes and (b) peak shift as a function of pattern size. The peak assignment

is denoted in figure.
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FIG. 6. (Color online) The change in FWHM of (0002) ZnO XRD rocking
curves as a function of measured azimuthal angle. Inset shows the measure-
ment methods.

pendicular to stripe and @ =90° is parallel, respectively. The
minimum and maximum values for FWHM of ZnO (0002)
peak are periodically appeared with changing of azitmuthal
@ angle. The parallel measurement direction along stripe
pattern shows the narrower FWHM values comparing to per-
pendicular direction with pattern. In the case of lateral epi-
taxial overgrown GaN layers on SiO, mask, the FWHM
broadening with change in measurement direction depends
on strain anisotropy to thickness and lateral growth
spee:d.zz’23 The anisotropy properties related to the aniso-
tropic strain relaxation and tilted domain coming from the
interface between films and mask. As following these previ-
ous reports, the anisotropic behaviors in PPI ZnO structures
can be explained by the structural tilting or mixed planes in
lateral growth direction coming from the different growth
rates depending on the polarity, perpendicular to the stripe
patterns.

In order to investigate the detailed microstructures be-
tween Zn-polar and O-polar region, the HRTEM images are
obtained as shown in Fig. 7(a). Park et al** reported the
inversion domain boundary formation between both polar
region in similar structured PPI ZnO structures. In this time,
we want to focus on the transition regions to find out the
origin of anisotropic broadening of FWHM of ZnO (0002).
Digital diffraction patterns (DDPs) obtained by fast Fourier
transformation of the HRTEM image are also shown in the
Figs. 7(b) and 7(c). The DDPs are obtained from the marked
white square regions on O-polar ZnO and transition region
on the HRTEM image. The tilting about 10° between polar
ZnO and transition regions are clearly shown as indicated red
and black arrow on the DDPs. This tilted mosaicity can af-
fect on the broadening of FWHM of ZnO (0002) which is
similar to the tilting effects on the deterioration of crystal
quality in GaN grown on masked region.22

IV. SUMMARY

The effects of anisotropic growth characteristics in PPI
ZnO grown on patterned templates with different pattern size

J. Appl. Phys. 107, 123519 (2010)

FIG. 7. (Color online) (a) HRTEM image obtained polar ZnO region and
transition regions. (b) and (c) are the DDPs obtained marked region in (a).

and direction are investigated in detail. The etching and
growth rates of (1120) direction are about 1.5 and 1.3 times

higher than those of (1010) direction, respectively. The dif-
ferent dangling bond and atomic density depending on plane
of ZnO were considered to explain these characteristics. The
origin of anisotropic crystal quality in PPI ZnO might come
from the mixed mosaicity in transition region between Zn-
polar and O-polar regions. Moreover, the relatively narrow
stripe pattern size shows effective compressive stress reduc-
tion by the strong relaxation which will help to control the
strain and material properties.
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