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The influence of the substrate polarity �Zn polar or O polar� on the structural and optical properties of
homoepitaxial ZnO epilayers grown by chemical vapor deposition is investigated. The polarity of the epilayer
is controlled by the substrate polarity as shown by high-resolution transmission electron microscopy �TEM�
imaging. Changes in stoichiometry in the epilayer are studied by quantitative TEM analysis. A small compres-
sive strain of �cc=3�10−4 is observed in both epilayers and x-ray diffraction measurements indicate a superior
structural quality of the epilayers compared to the substrate. Cross-sectional Raman spectroscopy also dem-
onstrates the superior quality of the epilayers, although high strain is present within the substrates. The phonon
deformation-potential parameters of the strain sensitive E2�high� Raman mode are determined to a=
−730 cm−1 and b=−1000 cm−1. Differences in the excitonic luminescence including the appearance of dif-
ferent emission lines and an increased full width at half maximum in O-face epilayers are observed. It is
suggested that the impurity diffusion from the substrate to the layer is affected by the substrate surface polarity
with lower impurity concentrations in the Zn-polar film compared to the O-polar epilayer.
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I. INTRODUCTION

The fabrication of efficient optoelectronic devices based
on ZnO depends on the structural perfection and optical
properties of the epilayers. Homoepitaxial growth of ZnO
has the great potential to provide high-quality epilayers with-
out strain or dislocations induced by the mismatch of lattice
or thermal-expansion coefficients. A lower dislocation den-
sity and the absence of a defective substrate-layer interface
are promising prospects. Due to their wurtzite structure, ZnO

substrates can be Zn polar �0001� or O polar �0001̄� along
�0001�. The two faces have different compositions and sur-
face configurations leading to variations in the chemical and
physical properties.1–4 Other wurtzite semiconductors, such
as GaN, show similar dependencies on the surface polarity,
which influences the diffusion process of impurities, defect
incorporation, and dislocation formation. Consequently, the
incorporation of shallow acceptors for p-type conductivity
substantially depends on the polarity of the surface.5,6 This is
best proven by the successful fabrication of p-conductive
GaN:Mg on Ga-polar substrates, while N-polar GaN shows
hexagonal hillocks, high resistivity, and no p-type
conduction.7,8

Since ZnO has the same crystal structure and similar ma-
terial parameters as GaN, Zn-polar faces are likely to possess
more favorable properties toward p-conductive ZnO. This is
supported by the first reports of successful p-type doping on
Zn-polar ZnO.9,10 Nevertheless, only few publications report
on the impact of surface polarity on structural and optical
properties using homoepitaxy.1,3,4,11 The fact that many ZnO

layers also show rather large variation in the c /a lattice-
constant ratio, ranging between 1.6018 and 1.6035, can also
be correlated with the impurity concentration and polarity of
the substrate.12–14 It could be observed that, for example, the
large concentration of Li in ZnO substrates by Tokyo Denpa
leads to rather tensile strain in the layers. This is probably
caused by the smaller ionic radius of Li �0.59 Å� substituted
for Zn �0.60 Å�.15 On the other hand, the diffusion and in-
corporation of defects for homoepitaxy on Crystec substrate
usually results in compressively strained layers. The current
understanding of the impact of surface polarity on these is-
sues is still very fragmentary.

In this paper, we study the influence of the substrate po-
larity on the structural and optical properties of homoepitaxi-
ally grown ZnO epilayers. First, the influence of the substrate
polarity on the polarity of the epilayer is studied. Then, the
effect of impurities and their correlation to local strain fields
in the epilayers and substrates are evaluated. Finally, bound
exciton transitions for the different surface polarities are
identified and the deformation potential for the E2�high� Ra-
man mode is determined.

II. EXPERIMENT

Nominally undoped ZnO layers of approximately 1.2 �m
in thickness were grown by chemical vapor deposition on
Zn- and O-polar ZnO substrates. The epilayers were grown
simultaneously in the same reactor to ensure direct compa-
rability between the samples. Before growth the substrates
were annealed at 1150 °C in a flowing oxygen atmosphere.
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This procedure removes polishing damages and produces ter-
racelike structures which are necessary for two-dimensional
growth.

For structural analysis high-resolution transmission elec-
tron microscopy �HRTEM� and x-ray diffraction �XRD�
were performed. For HRTEM the samples were prepared ac-
cording to standard cross-sectional preparation procedure
with mechanical thinning and ion milling. After ion milling
the samples were etched by a KOH solution to produce clean
and atomically flat sample wedges. Micrographs were re-
corded on the OÅM based on a Phillips CM300 FEG oper-
ated at 300 kV. This machine has an information limit of
0.8 Å. That corresponds to the usable resolution when a ho-
lographic method �exit wave reconstruction by through focal
series16� is used to correct for aberrations up to the spherical
aberration. As the phase of the exit wave is dependent on the
atomic number Z of atoms in the sample, it can be used for
the chemical identification of single atom columns. The
XRD data were acquired using a Philips X’pert Pro materials
research diffractometer �MRD� employing the Cu K�1 radia-
tion with a four-crystal monochromator set for the �220� Ge
reflection mode in the primary beam.

Photoluminescence �PL� measurements were performed
using a 325 nm HeCd laser with 45 mW as excitation source.
The laser beam hits the samples at an arbitrary angle between
k and the principal axis of the crystals c. The emitted light
was detected by a bialkali photomultiplier in combination
with a Spex 1 m double spectrometer. Micro-Raman spectra
were excited using an argon-krypton-ion laser, which was
focused by micro-optics to a radial symmetric spot of about
500 nm in diameter. The Raman signal was recorded using a
Dilor XY 800 triple-grating Raman spectrometer with 1800
lines/mm and a liquid-nitrogen-cooled charge-coupled de-
vice �CCD� camera as detector. The scattered light was de-
tected in backscattering geometry.

III. STRUCTURAL ANALYSIS

ZnO is a wurtzite crystal with hexagonal bilayers of Zn
and O in the �0001� plane. The polarity of such a crystal is
defined by the type of atom in the top half of this bilayer
with respect to the growth direction. In Zn-polar �Zn-face�
material, zinc atoms lie in the top half of the bilayer, whereas
in O-polar �O-face� ZnO, oxygen is in the top layer. Electron
affinities and chemical properties strongly depend on the po-
larity of the material. Hence, the polarity is an important
parameter of epitaxial growth.

The polarity can be determined in real space by HRTEM
imaging of Zn and O columns which are separately resolved
and identified in the bilayers. In projection, the Zn-O dumb-

bell is largest in �112̄0� zone axis where it is 1.12 Å wide.
Resolving the dumbbell is complicated by the large atomic
number difference of zinc �Z=30� and oxygen �Z=8�. The
large and heavy Zn columns localize the electron wave
strongly and induce a large phase shift that makes Zn col-
umns appear strong but small in-phase images. The O col-
umns next to them appear large but smeared out and can be
difficult to resolve. Only if the dumbbell is successfully re-
solved, zinc and O columns can be identified and allow a

direct determination of the material’s polarity.
For illustration, Fig. 1 shows the phase of the recon-

structed exit wave of a wedge-shaped ZnO substrate in

�112̄0� orientation. An atomic overlay sketches the Zn and O
columns in this orientation �rings for zinc; small dots for O
columns�. Using this atomic model, exit wave simulations
were computed for 3 and 6 nm thicknesses and overlaid to
the image. The contrast of the simulations was adjusted to
the experiment because of Stobbs factor.17 With this correc-
tion, the simulations agree very nicely with the reconstructed
exit wave. As seen in the inset, Zn and O columns are easily
discernible and the polarity of the material can thus be de-
termined on a microscopic level by HRTEM.

In a next step, the polarities in the studied samples are
investigated. Figure 2 shows the phases of the reconstructed
exit waves in the substrates and epilayers of the O-face and
Zn-face samples. Again, an overlay sketches the Zn and O
columns. It is seen that the polarity of the epilayers is the
same as in the substrate. Reconstructions were undertaken in
various locations of the epilayers and always showed the
same polarity.

Inversion domains as they are sometimes observed in
GaN �Ref. 18� were detected neither by HRTEM nor by dark
field TEM imaging. It is thus concluded that in the studied
samples, the polarity of the homoepitaxially grown epilayers
is solely controlled by the polarity of the substrates.

For a quantitative analysis the phases from Fig. 2 are
compared to simulations. A discrepancy of the experimental
values to the simulations could indicate a change in stoichi-
ometry. If, for example, the experimentally measured phase
in the O column is higher then predicted by theory, one or
more heavy atoms must be present in that column. Of course
this necessitates an accurate reconstruction and determina-
tion of the sample thickness. For comparison with the experi-
ment a through-focal series of a wedge-shaped Zn0.5O0.5

sample oriented along the in �112̄0� zone axis was simulated

FIG. 1. �Color online� Phase of the reconstructed exit wave of a
ZnO substrate. The sample gets thicker from right to left. An atomic

overlay shows the �112̄0� zone axis of ZnO as used for image
simulations. The simulations are compared with the experiment for
two thicknesses �squares�. The inset shows a line profile over the
Zn-O dumbbell.
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using the MACTEMPAS software package and settings corre-
sponding to the OÅM.19 Image contrast was adapted to
match the recorded micrographs by the addition of a gray
level value �Stobbs factor�. Then, an exit wave was recon-
structed from the simulated image series. Note that the simu-
lations are not sensitive to changes in polarity since the crys-
tal structure remains the same.

In the experimental images, a nonisoplanicity across the
field of view, in this case a change in focus due to a tilted
exit surface, was corrected by adjusting the defocus. The
thickness was experimentally determined by the use of back-
ground gray level oscillations �for more details, see Ref. 20�.

The phase was extracted by linescans over the Zn-O
dumbbell. The maxima were Gaussian fitted for every col-
umn as shown in the inset of Fig. 1. The height of the Gauss-
ian fit was used to quantify the phase shift. The same proce-
dure was applied for the simulated and experimental phase
images. The resulting phase shifts in the respective atomic
columns are shown in Fig. 3 as a function of thickness
�straight lines are from the simulations, thin lines with data
points are from the experiment�. The quantitative agreement
of the simulations and the experiment is reasonable, confirm-
ing the correct identification of the Zn and O columns. For
the O columns in the O-polar epilayer a reduced phase shift
is observed, while in the Zn-polar sample the shift is in-
creased. Under the presumption that the reconstruction and
the thickness determination are accurate, it could be con-
cluded that oxygen vacancies are present in the O-face ma-
terial and heavy atoms �such as Zn or dopants� are present in
the Zn-face material on oxygen sites.

Unfortunately several factors hamper this interpretation.
Changes in stoichiometry could also be present in the Zn
columns which would lead to an inaccurate determination of
the thickness and makes the interpretation of phase effects
more difficult. Further, it is seen that in some cases the ex-
perimental phase in the Zn columns scatters and can be sig-

nificantly lower than that predicted by theory. This is attrib-
uted to a slight sample tilt or an incorrect exit wave
reconstruction due to wrong aberration parameters. Despite
these obstacles, the presented images provide a useful polar-
ity determination at a microscopic level and an outlook on
the power of phase analysis in HRTEM. Since the phase of
the exit wave carries all chemical information with subang-
strom spatial resolution, it allows the direct measurement of
stoichiometric changes in the sample. It is only a matter of
sensitivity and resolution whether it can be recovered with
sufficient accuracy. The TEAM microscope is being devel-
oped with the goal of quantitative TEM at an atomic level21

and it is expected to be of great help to study the nonstoichi-
ometry and defect distribution in materials such as ZnO.

Finally, the crystal quality of the samples was studied by
XRD measurements. A �-2� scan of the �0002� and �0004�
peaks revealed no separate diffraction peaks for both epilay-
ers and the substrate �not shown�. Considering the resolution
of the instrument, we estimate the maximum strain along the
c axis to �cc�3�10−4. The full width at half maximum
�FWHM� of the �0002� peak is determined to 17.5� in the
Zn-face layer and 18� in the O-face layer compared to 27� in
the substrate. These results demonstrate the superior struc-
tural quality of both epilayers in comparison to the substrate
and a negligible impact of the substrate polarity on the XRD
data.

FIG. 2. �Color online� Phase of the exit waves of substrate and
epilayer of the O-face �left� and Zn-face �right� samples. The over-

lay sketches the atoms in �112̄0� zone axis. Again rings represent
Zn columns; dots represent O columns. The polarity of the epilayers
is the same as in the substrate.

FIG. 3. �Color online� Phase of Zn and O columns in the
epilayer of the Zn-face �upper graph� and O-face �lower graph�
samples. Thin lines with data points represent experimental data;
straight lines result from simulations.
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IV. DEFECT-INDUCED STRAIN DISTRIBUTION

In order to determine the strain in the epilayers from low-
temperature PL spectra, we first focus merely on the free
exciton transitions. The possible symmetry of the exciton
states is determined by the symmetry of the conduction and
valence bands. The conduction band in ZnO has �7 symme-
try while the valence band is split due to crystal-field inter-
action and spin-orbit coupling into three subbands, whereby
two bands have �7 symmetry and one has �9 symmetry.
Therefore, the following exciton symmetries are possible:

�7
c

� �7
v = �1 � �2 � �5 �1�

�7
c

� �9
v = �5 � �6. �2�

The ordering of the valence bands was extensively discussed
in literature since the first publications in the early 1960s. In
this work, we follow the original designation of Thomas and
Hopfield.22 Consequently, the visible A excitons have �1 and
�5 symmetries �the �2 exciton is a pure triplet state with a
total spin of S=1 which is dipole forbidden�. Since dipole-
allowed exciton states interact with the eigenvalues of the
electromagnetic field, exciton polaritons are formed which
lead to a longitudinal-transverse splitting of the �5 state. The
excitation of the longitudinal exciton polariton by the trans-
verse electromagnetic wave can be observed due to structural
imperfections for k �c or for arbitrary angles between k and c
as used in our setup. In the Zn-face sample, three transitions
in the range of the free A exciton are present. The longitudi-
nal and transversal A exciton polaritons are observed at
E�AL��5��=3.377 36 eV and E�AT��5��=3.376 06 eV,
whereas the 3.375 29 eV transition originates from the
AL��1� exciton �see Sec. V�. The size of the L-T splitting of
the �5 A exciton polariton is 1.3 meV but differs in depen-
dence of the investigated samples as demonstrated by the
large variation in reported values in the literature. The ob-
served splitting is similar compared to the L-T splitting pub-
lished by Hopfield and Thomas23 �1.2 meV�, Wrzesinski24

�1.42 meV�, Chichibu et al.25 �1.5 meV�, and Kurtze et al.26

�1.5 meV�, but is significantly smaller compared to the split-
ting published by Blattner et al.27 �2.2 meV�, Teke et al.28

�2.6 meV�, and Reynolds et al.29 �3.6 meV�. Additionally,
there is also a significant variation in the absolute energetic
position of the free excitons. Aside from the assignment of
different peaks to the same transition in the literature, differ-
ent effects including strain, piezoelectric fields, and varia-
tions in the lattice constants may contribute to the energetic
variations.

In the investigated Zn-face sample, the energies of the �5
A exciton polaritons at 3.377 36 and 3.376 06 eV exhibit a
blueshift of 160 �eV compared to the �5 A exciton-
polariton transitions in the substrate at 3.377 20 and
3.375 90 eV. This shift of the A free excitons to higher en-
ergies can be related to the presence of uniaxial tensile strain
along the c axis �cc, i.e., biaxial compressive strain in the a
plane.30 The excitonic shift is approximated by evaluating
the strain Hamiltonian including first- and second-order
terms.31 It is given by

E�XA� = EA
0 + �D1 − D2/���cc + a+�D3 − D4/���cc

− a+a−��D3 − D4/���cc�2�EC
0 − EA

0�−1, �3�

where 2a	=1	 �
1−
2���
1−
2�2+8
2
2�−1/2, with the de-

formation potentials Di, the crystal-field and spin-orbit split-
ting parameters 
1 and 
2, the Poisson ration �=C13 /C33,
and the elastic moduli Cij. EA

0 =3.3759 eV and EC
0

=3.4199 eV are the energies of the free A and C excitons in
unstrained ZnO, respectively. Using values for the deforma-
tion potentials and splitting parameters of D1=−3.90 eV,
D2=−4.13 eV, D3=−1.15 eV, D4=1.22 eV, 
1=38.3, and

2=2.1 �Ref. 32� and average values for the elastic constants
of C13=105.6 and C33=210.2,33,34 we calculate the strain for
the Zn-face sample to be �cc=2.1�10−4 along the c axis and
�aa=−5.2�10−5 in the a plane. A similar calculation for the
O-face sample is complicated by the much weaker and
broadened free exciton luminescence. However, the position
of the bound exciton transitions with their well-known local-
ization energies35 suggests a somewhat larger blueshift of
approximately 250 �eV. This corresponds to strain values
of �cc=3.3�10−4 and �aa=−8.2�10−5 in the O-polar
sample.

The weaker free exciton emission in the O-face sample
can be explained by an increased impurity concentration,
which leads to an efficient localization of free excitons at
impurities and the formation of bound excitons. The in-
creased impurity concentration in the O-face epilayers is
confirmed by recently published results of secondary-ion
mass spectroscopy �SIMS�.36 It is shown that the impurity
concentration in the investigated samples is significantly
higher in the O-face samples. This is most pronounced for
the alkali metals �Li, Na, and K�, which concentrations are
up to 2 orders of magnitude higher compared to the Zn-face
samples. Since O-face and Zn-face samples were always
grown simultaneously in the same reactor chamber, the in-
corporation of different amounts of impurities by contamina-
tions during the growth can be excluded. Consequently, it is
suggested that the incorporation of impurity atoms from the
substrate into the epilayer is facilitated for the O-polar sur-
face. The larger impurity concentration in the O-face sample
correlates with an increased FWHM of all bound exciton
lines with values of �BX�120 �eV. This interpretation is
further supported by the higher strain in the O-face sample
since impurities with their different ionic radii are expected
to increase local strain fields.

The formation of local strain is studied as a function of
depth for both surface polarities. For this purpose cross-
sectional �in-plane� micro-Raman measurements in x�yy�x̄
configuration were performed. The x�yy�x̄ geometry in the
case of in-plane and the z�..�z̄ geometry in the case of on-
plane measurements are selected to probe the strain proper-
ties. Therefore, the position of the E2�high� mode is analyzed
since it is, other than the TO and LO vibration modes, non-
polar and is not affected by free carriers or internal electric
fields but only by strain. Raman selection rules show that the
A1�TO�, E2�low�, and E2�high� modes are the only Raman-
allowed modes for wurtzite ZnO in x�yy�x̄ scattering
geometry.37 The depth-dependent shift of the E2�high�
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optical-phonon mode at room temperature is displayed in
Fig. 4. The E2�high� value is steady in the epilayer with
small fluctuations of 0.1 cm−1 in the O-face sample. In con-
trast to the small variations in the epilayers, changes of up to
0.8 cm−1 in the top 6 �m of the substrate are observed. The
ability to grow high-quality epilayers on substrates with in-
homogeneous strain distribution by homoepitaxy is clearly
demonstrated by these measurements in agreement with the
XRD data. Still, the variations in the O-polar epilayer sug-
gest that larger localized strain fields can be present due to a
higher impurity concentration.

The magnitude of the strain-induced shift of the phonon
mode 
�E2�high�=2a�aa+b�cc is determined by the phonon
deformation-potential parameters a and b which are specific
for each phonon mode. Based on the previously determined
strain �Eq. �3��, we evaluate the strain-induced Raman shift
in order to derive the specific deformation potentials for the
E2�high�. With the relation �cc=−2�C13 /C33��aa the follow-
ing equation can be derived:


�E2�high� = �b − a�C33/C13���cc. �4�

The phonon frequency shift at hydrostatic compression of a
hexagonal crystal is characterized by the Grüneisen param-
eter

 = −
2a�C33 − C13� + b�C11 + C12 − 2C13�

��C11 + C12 + 2C33 − 4C13�
, �5�

as a function of the deformation-potential parameters. The
two independent equations enable the calculation of a and b.
We use average values for the Grüneisen parameter =1.89
�Refs. 38–40� and the elastic constants C11=208.4, C12
=119.4, C13=105.6, and C33=210.2.33,34 The average posi-
tion of the E2�high� Raman mode in the epilayers is deter-
mined to 437.15 cm−1. This corresponds to a strain-induced
shift of 
E2�high�=0.15 cm−1 with respect to 437.0 cm−1 in
strain-free ZnO single crystals.37 We calculate the phonon
deformation-potential constants a and b for the E2�high�
mode to a=−730 cm−1 and b=−1000 cm−1. The error in
these values is mainly determined by the uncertainty in the

literature for the Grüneisen parameter and is estimated to be
of around 10%. These values are in good agreement with the
results published by Gruber et al.41

Aside from the strain evaluation, micro-Raman measure-
ments are used to investigate crystal imperfections in the
substrates and epilayers. Figure 5 shows the intensity ratio of
the E1�TO� to E2�high� Raman modes measured in the
x�yy�x̄ configuration. In this geometry the E2�low�, E2�high�,
and A1�TO� Raman modes are allowed. However, the
E1�TO� mode is only allowed in the x�yz�x̄ configuration
where the E2�high� is forbidden. For clarity, only the first
7.5 �m is displayed with a spacial resolution of 250 nm. In
the epilayer, the intensity ratio in both samples is small and
of constant value as expected by the Raman selection rules
with slightly higher variations in the O-face sample. On the
contrary, the substrate shows regions with non-perfect-
crystal symmetry or orientation where the forbidden E1�TO�
appears with an intensity of up to 80% compared to the
allowed E2�high� mode. Possible explanations for the ap-
pearance of a forbidden Raman mode are weakened selection
rules due to crystal perturbations, multireflections, or a tilting
of the c axis. Such a tilting would lead to a changed geom-
etry, consequently resulting in different selection rules.
Hence, previously forbidden Raman modes could appear.
These variations in the orientation of c axis can be measured
by ion channeling measurements or XRD in different
reflections.42 However, we found no evidence for a tilting of
the c axis in our XRD measurements. Crystal perturbations,
such as defect clusters or inhomogeneous doping profiles due
to impurity diffusion, may also lead to a local relaxation of
selection rules in Raman scattering. Although it is not pos-
sible to draw a final conclusion on the effects involved in the
lowering or changing of the symmetry, the intensity ratio and
strain evaluation of the Raman modes and the XRD data
show the superior quality of the grown epilayers even on
non-perfect-crystal structures.43

V. OPTICAL PROPERTIES

Figure 6 displays the low-temperature luminescence of
epilayers grown on Zn-face- and O-face-terminated substrate

FIG. 4. �Color online� Depth-dependent shift of the E2�high�
mode in cross-sectional micro-Raman measurements. Circles and
squares indicate the peak position in O-face- and Zn-face-
terminated samples at room temperature.

FIG. 5. �Color online� Depth-resolved intensity ratio of the
E1�TO� to E2�high� Raman modes for Zn-face and O-face ZnO at a
depth of 0–7 �m.
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in the range of the free and bound exciton transitions. Ap-
parently, there are different excitonic recombinations de-
pending on the surface polarity of the ZnO substrate. This is
reproducible for various Zn-face and O-face samples.

The luminescence spectrum of the Zn-face grown sample
is dominated by the I6a �Al� and I8 �Ga� neutral-donor bound
exciton lines.35 These are accompanied by the ionized donors
I0 and I1 which form correlated pairs with the I6a and I8
excitons, respectively.44 Apart from the weak I9 exciton �In
donor�, the sample exhibits several narrow transition lines
with a FWHM as small as 80 �eV. Finally, the previously
discussed exciton polaritons of the A valence band are
clearly observed.

By contrast, the bound exciton spectrum of the O-face
sample is dominated by the I8, I6a, I6, and I5 transition lines
between 3.359 78 and 3.361 37 eV. Additionally, we ob-
serve two luminescence structures X1,2 and X3,4 consisting
each of two transition lines at 3.361 85 eV �X1�,
3.362 15 eV �X2�, 3.363 65 eV �X3�, and 3.363 95 eV �X4�.
The energetic distance of 0.3 meV between X1 to X2 is the
same as those of X3 to X4. The line splitting of X1 to X3 and
X2 to X4 is 1.8 meV. Temperature-dependent measurements
further show a thermalization behavior, which can be ex-
plained by a defect complex with energy splittings of 0.3 and
1.8 meV in the ground state and excited state, respectively.36

Consequently, these four transitions are attributed to the
same defect complex. A possible candidate for this defect is
a Zn interstitial-acceptor pair which behaves as shallow do-
nor complex.45 It should be noted that the transition lines of
this defect complex could not be observed in any sample
grown on Zn-polar substrate. Although the Zn-face sample
exhibits narrow peaks at similar energies compared to the
X1,2 lines, these transitions do probably not originate from
the same defect complex. This conclusion is supported by the
strong correlation between the X1,2 and X3,4 lines concerning

intensity ratio, energetic distance, thermalization and decay
constants, which is not given in the Zn-face samples. Particu-
larly, the Zn-face sample shows neither any peaks at the
energy of X3 and X4 nor a constant intensity ratio of X1 to X2
as observed in the O-face samples. The peaks at 3.3628 and
3.3614 eV are well known in the literature and are usually
labeled I4 and I5, respectively.35 The origin and chemical
identity of the other weak lines in the Zn-face sample re-
mains uncertain.

VI. CONCLUSION

In conclusion, we presented results of structural and opti-
cal characterizations of homoepitaxially grown ZnO epilay-
ers on Zn- and O-terminated ZnO substrates. HRTEM con-
firmed that the polarity of the epilayer is controlled by the
polarity of the substrate. The identification of the atomic col-
umns could be confirmed by a good agreement of the phases
of the reconstructed exit waves with theoretical simulations.
However, the quantitative analysis of the phases for stoichi-
ometric determination is still limited by noise in microscopes
without hardware aberration correction. XRD measurements
show that the quality of the epilayers is improved for both
polarities compared to the substrate.

The impact of different surface polarities is most pro-
nounced in the excitonic luminescence spectra. Linewidths
of bound excitons are as low as 80 �eV in the Zn face and
120 �eV in the O-face material. A reduced full width at half
maximum of exciton lines, a smaller shift of the free exciton,
and less intense impurity related recombination lines in Zn-
face epilayer indicate a better quality compared to the O-face
specimens. Micro-Raman measurements demonstrate that
both surface polarities lead to a reduction in strain in the
epilayer with slightly higher variations in the Raman shift in
the O-face sample. The residual strain along the c axis was
found to be very small with �cc=2.1�10−4. The E2�high�
phonon deformation-potential parameters were determined to
a=−730 cm−1 and b=−1000 cm−1. In conclusion, the abil-
ity to grow high-quality epilayers with very small residual
strain �even on inferior substrates� was demonstrated by
XRD and micro-Raman measurements. It is suggested that
growth on Zn-polar substrates results in lower impurity con-
centrations and better optical properties of the epilayer com-
pared to O-face crystals.
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