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In-plane anisotropic strain of ZnO closely packed microcrystallites
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We have found that ZnO films consisting of epitaxially ordered arrays of closely packed hexagonal
microcrystallites grown on vicinal~1000! sapphire exhibit biaxial in-plane optical anisotropy. The
optical anisotropy resonance occurs near the band gap energy of ZnO. The line shape of the
resonance is consistent with that induced by an in-plane anisotropic strain. The direction of the
anisotropy coincides with the projection of the miscut direction of the~0001! sapphire substrates
onto the sample surface plane. The magnitude of the anisotropy is generally larger for films with
high crystalline quality, and on substrates with larger miscut angles. A possible origin of the strain
anisotropy due to the miscut angle and the difference in thermal expansion rate of sapphire along its
c anda axes is proposed. ©2000 American Institute of Physics.@S0021-8979~00!06217-4#
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INTRODUCTION

In recent years, wide-gap semiconductor compou
have attracted much attention because of the intense c
mercial interest in developing practical short-wavelen
semiconductor diode lasers~SDLs! for the huge market
needs. Worldwide research efforts on the developmen
short-wavelength SDLs were initially focused on ZnS
based heterostructures, but recently the interest in InG
materials has grown considerably. These developments
culminated in the demonstration of room-temperature op
ating green–blue as well as blue SDL structures. ZnO
another wide-gap semiconductor, but it has received r
tively little attention despite its large exciton binding ener
of 60 meV, which could allow efficient excitonic lasin
mechanisms to operate at room temperature~RT!. Ultraviolet
~UV! stimulated emission and lasing have been extensiv
studied in bulk ZnO crystals at cryogenic temperatures1–3

but observation of lasing at RT was mentioned only brie
in the works of Klingshirn3 and others.4–6 Recently, we re-
ported on RT UV lasing from ZnO thin films grown on sa
phire ~0001! substrates.7 As a result of the large lattice mis
match, these films consist of an epitaxially ordered array
closely packed hexagonal microcrystallites. The facets o
hexagons within a few tens to a hundred micrometers
parallel to those of the others, forming natural Fabry–Pe´rot
lasing cavities. Under moderate excitation, the optical g
responsible for the RT UV stimulated emission is of an e
citonic nature. For a 55-nm-thick film, an excitonic gain

a!Electronic mail: phyang@ust.hk
2480021-8979/2000/88(5)/2480/4/$17.00
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320 cm21 is measured at a fluence of 3.0mJ/cm2, an order of
magnitude larger than the gain reported for bulk ZnO cr
tals measured at much higher fluence.8

We report here our study of biaxial optical anisotro
within the surface plane of these ZnO films. The optical a
isotropy resonance occurs near the band gap energy of Z
The line shape of the resonance is consistent with that
duced by an in-plane anisotropic strain. The direction of
anisotropy coincides with the miscut direction of the~0001!
sapphire substrates. The magnitude of the anisotropy is
erally larger for films with high crystalline quality, and o
substrates with larger miscut angles.

EXPERIMENTS

ZnO microcrystallites were grown on sapphire substra
by the laser molecular beam epitaxy technique,9 at a deposi-

FIG. 1. Typical transmission difference spectra~upper solid and dashed
curves! of ZnO films. The lower pair of curves is the calculated transmiss
difference spectra assuming the strain induced band gap shift of 0.055 m
0 © 2000 American Institute of Physics
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2481J. Appl. Phys., Vol. 88, No. 5, 1 September 2000 Siah et al.
tion temperature of 500 °C and an oxygen pressure o
31026 Torr. A pure ceramic ZnO target~99.999%! was ab-
lated in an ultrahigh vacuum chamber using a KrF excim
laser. X-ray diffraction measurement revealed that the Z
microcrystallites have high crystallinity withc-axis orienta-
tion. The thin film consists of close-packed hexagons as
vealed by atomic force microscopy, and by transmiss
electron microscope. Detailed room temperature lasing
structural characterizations have been reported earlier.6,7

The in-plane optical anisotropy measurements were
ried out by transmittance difference spectroscopy~TDS! in
the visible to UV spectral range. TDS is a variation of r
flectance difference spectroscopy~RDS!,10 in which the dif-
ference in transmittance for the incident light polarized lig
along two perpendicular directions is measured. The setu
the TDS is the same as RDS except that the sample norm
placed for RDS measurements is replaced by an~100! Si
wafer which has negligible in-plane optical anisotropy, a
the ZnO sample under investigation is placed in the opt
path after the light is reflected by the Si wafer. The sam
can be rotated in the plane parallel to the substrate surfac
HeNe laser is used to fix the off-plane orientation of t
sample to ensure that the TRD is always in normal incide
to the sample surface.

RESULTS AND DISCUSSIONS

The upper two curves in Fig. 1 are typical TDS spec
of these ZnO films. A resonance structure near the band
energy of ZnO is clearly observed. Figure 2 shows the

FIG. 2. The azimuthal angular dependence of the transmission aniso
amplitude of a ZnO film.
Downloaded 25 Oct 2004 to 130.34.226.195. Redistribution subject to AI
1

r
O

e-
n
d

r-

-

t
of
lly

d
l

e
. A

e

a
ap
-

pendence of the resonance amplitude on the azimuthal a
of the sample relative to the horizontal direction. The angu
dependence has a period of 180°. This means that the an
ropy possessesC2v bi-axial symmetry rather than hexagon
symmetry~see the inset of Fig. 2!, because in the hexagona
symmetry, although at some azimuthal angles the optica
sponse along the two perpendicular directions probed
TDS should be different, such anisotropy should have
azimuthal period of 60° as shown in our earlier work.7 The
reason that we did not observe the hexagonal symmetr
TDS is because our TDS measures the average respon
an area about 1 mm in diameter, within which there a
many microcrystallites with different in-plane orientations

We now discuss the origin of the observed optical a
isotropy. Table I shows the azimuthal angle of the mis
direction of the substrate projected onto the sample surf
as measured by Laue x-ray diffraction, together with the a
muthal angle at which the measured anisotropy amplitud
maximum. The straight edge of the half round disk shap
samples is chosen as the reference line. It is seen from T
I that the major axis of the biaxial optical anisotropy coi
cides with the miscut direction, except for sample ZnO-3
which is of poor crystalline quality as revealed by x-ray d
fraction. The optical anisotropy is therefore closely related
the miscut. There are two possible causes for this. First,
cause of the miscut, thec axis of the ZnO films is not com-
pletely perpendicular to the sample surface, if the grow
follows the substratec axis. In TDS, one of the polarization
directions would sense a small portion of the dielectric fun
tion of ZnO along thec axis (« i), and the other would only
sense that in the hexagonal plane («' ). Second, due to the
miscut and the large lattice mismatch between ZnO and s
phire, although the films are already stress relaxed beca
the films are beyond the critical thickness, there could
some small residual anisotropic strain in the films. Such
isotropic strain would cause optical anisotropy, as will
shown below.

The optical anisotropy of the ZnO films under investig
tion was calculated in order to identify the origin of the a
isotropy. The formulism for the dielectric function of bul
ZnO perpendicular to thec axis is given below:11

py
study.
e of the
-

TABLE I. Summary of the thickness and the experimental results of the ZnO samples investigated in this
The miscut projection angles and the maximum anisotropy angles are measured using the straight edg
half-round shaped samples against the horizontal direction. The values ofDE are the ones used in the calcu
lation to fit the amplitude of the experimental spectra.

Sample
number

Thickness
~nm!

Projection of
miscut angle

~65°!

Maximum
anisotropy direction

~64°!

Intensity of
Bragg peak

~counts!
Miscut angle

~60.5°! DE(31025 eV!

328 24.4 33° 35° 34.8 1.4° 2.3
330 29.8 37° 42° 30.4 0.6° 1
329 37.3 23° 22° 88.4 0.9° 2.5
327 38.1 69.5° 65° 31.5 0.8° 2.5
325 45.5 6.5° 8° 131.2 1.5° 5.5
317 54.8 108.5° 88° 34.4 1.0° 2
318 58.2 78° 70° 134.5 1.3° 5
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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«'~E!5
A

2E2 H (
n51

`

@gb,n~E1 iGn!2gb,n~ iGn!#

1gu~E1 iG0!2gu~ iG0!J , ~1!

where

gb,n~j!5
4R

n3 F 1

~E02j!2
R

n2

1
1

~E01j!2
R

n2
G , ~2!

gu~j!52 lnS E0
22j2

R2 D 2
1

2 (
n51

`

gb,n~j!

2pFcotS pAR

AE02j
D 1cotS pAR

AE01j
D G . ~3!

The five parameters are the amplitudeA, the direct-band-gap
energyE0 , the excitonic binding energyR, the broadening of
the direct band gapG0 , and the broadening of the exciton
peakG0

ex. The broadening of thenth exciton peak is deter
mined using the empirical relation

Gn5G02
G02G0

ex

n2
. ~4!

The parameters for the dielectric function perpendicular
the c axis areE053.372 eV,R50.056 eV,G050.02 eV,
G0

ex50.04 eV,A58, and«R(`)52.6. The broadening pa
rameters used in this work are larger than that in Ref. 11
order to better reproduce the experimental dielectric fu
tion. The effective refractive index for light polarized para
lel to the miscut direction is given by12

np5H ~n'!22sin2 u0F S n'

ni
D 2

21G J 1/2

, ~5!

where ni5A« i, and « i is given by Eqs.~1!–~4! with the
value ofE0 replaced by the band gap along thec axis, which
is 33 meV higher than the one in the hexagonal plane.
refractive index for light polarization perpendicular to th
miscut direction is simplyn'5A«'. The dielectric function
of sapphire was taken from Ref. 13. The transmission
light polarized along the two directions was then calcula
for the air–ZnO–sapphire structure. The calculated res
for misorientation induced anisotropy at a miscut angle
u055° show that although the calculated TDS spectra rep
duce the observed line shapes well, the amplitude is 1
times smaller than that of the experimental one. Theref
the misorientation of thec axis of the films cannot accoun
for the observed anisotropy.

Residual anisotropic strain will cause the band gap to
different by a small amountDE along the two strain anisot
ropy axes. The dielectric functions along this two axes
then «(E0 , E!, and «(E01DE, E! given by Eqs.~1!–~4!.
The bottom curves in Fig. 1 are the calculated TDS spe
with DE50.055 meV. The nominal thickness of the Zn
film was used in the calculation. The value ofE0 was also
varied slightly and the best fit was found to be 3.35 eV. It
Downloaded 25 Oct 2004 to 130.34.226.195. Redistribution subject to AI
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seen that the calculated TDS spectra reproduce the obse
ones well. The calculated spectra for other samples with
ferent thickness also match with the experimental ones w

The values ofDE, which reflects the average strain a
isotropy throughout the entire ZnO layer, for all the samp
together with their x-ray diffraction Bragg peak amplitud
and the values of the miscut angles of the correspond
substrates and are all summarized in Table I. It is seen t
in general, a larger miscut angle together with good crys
line order ~higher Bragg amplitude! result in larger strain
anisotropy. For example, the two samples with the high
DE ~50.05 meV! also have the largest miscut angle of 1.
and 1.5° and the highest Bragg amplitudes. On the o
hand, although the miscut angle of sample ZnO-328 is la
~1.4°), but because it has weak Bragg amplitude, the st
anisotropy is still small. Using the deformation potential va
ues given in Ref. 14, the maximum amount of strain diffe
ence in the two directions is estimated to be of the orde
531026. The value ofE053.35 eV obtained from our fit-
ting really is higher than that reported in Ref. 14. It is n
clear whether this indicates the existence of a substan
amount of strain in the films to significantly shiftE0 by more
than 50 meV.

In-plane anisotropic strain has also been observed
GaN grown on misoriented~1000! sapphire substrates.15

This indicates that such strain may be common for thin e
taxial films grown on misoriented sapphire. In the followin
we discuss the origin of such in-plane anisotropic strain.

Due to the difference of thermal expansion of film a
substrate strain is induced in the film when the sample
cooled from growth temperature to room temperature, e
though the film thickness has already exceeded the crit
value for strain relaxation. Because of the miscut angle
the difference in thermal expansion of thea axis andc axis
of sapphire, an in-plane anisotropic strain is induced. Thi
schematically shown in Fig. 3. During cooling, the leng
perpendicular to the miscut tilt direction changes froma to
a1 , while the length parallel to the tilt direction projection i
the plane changes fromr to r 1 . The in-plane strain anisot
ropy is given by

De5
r 2r 1

r
2

a2a1

a
5~ac2aa!DT sin2 u, ~6!

FIG. 3. Schematic diagram of the strain anisotropy due to miscut orienta
of sapphire substrates.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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2483J. Appl. Phys., Vol. 88, No. 5, 1 September 2000 Siah et al.
whereac and aa are the thermal expansion coefficients
sapphire along thec anda axes, respectively,DT is the dif-
ference between the growth temperature and room temp
ture (20 °C!, and u is the miscut angle. Using the data
Ref. 16 and withu51°, the strain anisotropy is51.4
31027, which is about 40 times smaller than the observ
maximum value. Due to the large uncertainty of the mis
angle (;0.5°) and possible large strain nonuniformity due
grain boundary, the actual strain anisotropy could be m
larger than the estimation given here. Atomic steps co
also create local strain anisotropy. Further study is be
conducted to clarify the origin of the strain anisotropy.

SUMMARY

In summary, biaxial anisotropic strain has been found
ZnO films consisting of an epitaxially ordered array of he
agonal microcrystallites by transmission difference spect
copy. The strain anisotropy is of the order of 1026, and is
along the direction of the miscut angle of the sapphire s
strate. The anisotropic strain is larger for larger miscut ang
and films with high crystalline quality. A possible origin o
the strain anisotropy due to the miscut angle and the dif
ence in thermal expansion rate of sapphire along itsc anda
axes is proposed.
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