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We have found that ZnO films consisting of epitaxially ordered arrays of closely packed hexagonal
microcrystallites grown on vicinglL000 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 (@®01) 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. @000 American Institute of Physids$§0021-897@0)06217-4

INTRODUCTION 320 cm ! is measured at a fluence of 3u0/cnt, an order of

magnitude larger than the gain reported for bulk ZnO crys-
In recent years, wide-gap semiconductor compoundsg|s measured at much higher fluefice.

have attracted much attention because of the intense com- We report here our study of biaxial optical anisotropy

mercial interest in developing practical short-wavelengthwithin the surface plane of these ZnO films. The optical an-

semiconductor diode laser6SDLs) for the huge market isotropy resonance occurs near the band gap energy of ZnO.

needs. Worldwide research efforts on the development ofhe line shape of the resonance is consistent with that in-

short-wavelength SDLs were initially focused on ZnSe-duced by an in-plane anisotropic strain. The direction of the

based heterostructures, but recently the interest in InGaldnisotropy coincides with the miscut direction of #t®01)

materials has grown considerably. These developments hagapphire substrates. The magnitude of the anisotropy is gen-

culminated in the demonstration of room-temperature opererally larger for films with high crystalline quality, and on

ating green—blue as well as blue SDL structures. ZnO isubstrates with larger miscut angles.

another wide-gap semiconductor, but it has received rela-

tively little attention despite its large exciton binding energy EXPERIMENTS

of 60 meV, which could allow efficient excitonic lasing . . .
) . ZnO microcrystallites were grown on sapphire substrates
mechanisms to operate at room tempera(&®. Ultraviolet . . .
by the laser molecular beam epitaxy technigae,a deposi-

(UV) stimulated emission and lasing have been extensively
studied in bulk ZnO crystals at cryogenic temperatdrés,
but observation of Iasingﬁat RT was mﬁentioned only briefly 0.8
in the works of Klingshird and otheré-® Recently, we re- e " Zn0 325
ported on RT UV lasing from ZnO thin films grown on sap- 0'6?'

phire (0001) substrate$.As a result of the large lattice mis- o
match, these films consist of an epitaxially ordered array of =
closely packed hexagonal microcrystallites. The facets of all §
hexagons within a few tens to a hundred micrometers are
parallel to those of the others, forming natural FabryrePe 3 )
lasing cavities. Under moderate excitation, the optical gain 02b
responsible for the RT UV stimulated emission is of an ex- *Paoton Energy (V) 35

citonic nature. For a 55-nm-thick film, an excitonic gain of

FIG. 1. Typical transmission difference spectigpper solid and dashed
curves of ZnO films. The lower pair of curves is the calculated transmission
3E|ectronic mail: phyang@ust.hk difference spectra assuming the strain induced band gap shift of 0.055 meV.

Calculation 3
AE = 0.055 meV
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pendence of the resonance amplitude on the azimuthal angle
of the sample relative to the horizontal direction. The angular

@ 0.5 b Frincipal axes dependence has a period of 180°. This means that the anisot-
= [ ropy possesses,, bi-axial symmetry rather than hexagonal
3 0.0F — symmetry(see the inset of Fig.)2because in the hexagonal
2t e symmetry, although at some azimuthal angles the optical re-
~ '0'55_ @—L', Zn0 326 1 sponse along the two perpendicular directions probed by
1.0 Dot TDS should be different, such anisotropy should have an
0 50 100 150 200

azimuthal period of 60° as shown in our earlier wérkhe
reason that we did not observe the hexagonal symmetry in
FIG. 2. The azimuthal angular dependence of the transmission anisotropy:)S is because our TDS measures the.avera.ge response of
amplitude of a ZnO film. an area about 1 mm in diameter, within which there are
many microcrystallites with different in-plane orientations.

. o We now discuss the origin of the observed optical an-
tion temperature of 500°C and an oxygen pressure of 1 . .
%1076 Torr. A pure ceramic ZnO targé89.999% was ab- |§otropy. Table | shows the §Z|muthal angle of the miscut
lated in an ultrahigh vacuum chamber using a KrF excimefirection of the substrate projected onto the sample surface,
laser. X-ray diffraction measurement revealed that the ZncS measured by Laue x-ray diffraction, together with the azi-
microcrystallites have high crystallinity witb-axis orienta- ~Muthal angle at which the measured anisotropy amplitude is
tion. The thin film consists of close-packed hexagons as remaximum. The straight edge of the half round disk shaped
vealed by atomic force microscopy, and by transmissiorsamples is chosen as the reference line. It is seen from Table
electron microscope. Detailed room temperature lasing antthat the major axis of the biaxial optical anisotropy coin-
structural characterizations have been reported e8rier. cides with the miscut direction, except for sample Zn0O-317
The in-plane optical anisotropy measurements were cafyhich is of poor crystalline quality as revealed by x-ray dif-
ried out by transmittance difference spectroscépPS) in - fraction. The optical anisotropy is therefore closely related to
the visible to UV spectral range. TDSlO'_S a variation of re-the miscut. There are two possible causes for this. First, be-
flectancg d|fferenge spectrosco(B(D.S), n which the d'f', cause of the miscut, the axis of the ZnO films is not com-
:ﬁg?:;cgvlg ;reargsewtljtﬁzllgf ;ﬁ;ﬁ%;}r‘sci'g?éggg:e%d_ﬁ:zeseiﬂn letely perpendicular to the sample surface, if the growth
) llows the substrate axis. In TDS, one of the polarization

the TDS is the same as RDS except that the sample normal(? . _ : .
placed for RDS measurements is replaced by(¥00) Si irections would sense a small portion of the dielectric func-

wafer which has negligible in-plane optical anisotropy, andtion of ZnO along thec axis (¢), and the other would only
the ZnO sample under investigation is placed in the opticapense that in the hexagonal plang §. Second, due to the
path after the light is reflected by the Si wafer. The sampleniscut and the large lattice mismatch between ZnO and sap-
can be rotated in the plane parallel to the substrate surface. phire, although the films are already stress relaxed because
HeNe laser is used to fix the off-plane orientation of thethe films are beyond the critical thickness, there could be
sample to ensure that the TRD is always in normal incidencgome small residual anisotropic strain in the films. Such an-
to the sample surface. isotropic strain would cause optical anisotropy, as will be
shown below.

The optical anisotropy of the ZnO films under investiga-

The upper two curves in Fig. 1 are typical TDS spectration was calculated in order to identify the origin of the an-
of these ZnO films. A resonance structure near the band gapotropy. The formulism for the dielectric function of bulk
energy of ZnO is clearly observed. Figure 2 shows the deZnO perpendicular to the axis is given below?!

Angle (Degree)

RESULTS AND DISCUSSIONS

TABLE I. Summary of the thickness and the experimental results of the ZnO samples investigated in this study.
The miscut projection angles and the maximum anisotropy angles are measured using the straight edge of the
half-round shaped samples against the horizontal direction. The valueE afe the ones used in the calcu-

lation to fit the amplitude of the experimental spectra.

Projection of Maximum Intensity of
Sample Thickness miscut angle anisotropy direction Bragg peak Miscut angle

number (nm) (+5° (+4°) (count3 (+0.59 AE(X10%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° 315 0.8° 2.5
325 45.5 6.5° 8° 131.2 1.5° 55
317 54.8 108.5° 88° 34.4 1.0° 2
318 58.2 78° 70° 134.5 1.3° 5
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Zn0O

Al . .
e (B)= 251 2, [9nn(E+ITn) = Gon(iTn)]

s L
+gu(E+iFO)_gu(iFO)]y (1) AA [ g
where L) T S
4R 1 1 0 BB
-— + , 2
gb,n(g) n3 e _E . _E ( ) OBea0BB-a"
(Eo— &) 2 (Eot ) 2 AB=r,AABB=r
Eé— gz 1 * FIG. 3. Schematic diagram of the strain anisotropy due to miscut orientation
gu(é)=—1In -= 2 Op.n(€) of sapphire substrates.
R? 2717
7R 7R
— 7| Cco VB¢ +co JEor g | (3)  seen that the calculated TDS spectra reproduce the observed

ones well. The calculated spectra for other samples with dif-
The five parameters are the amplitullethe direct-band-gap ferent thickness also match with the experimental ones well.
energyE,, the excitonic binding enerdg, the broadening of The values ofAE, which reflects the average strain an-
the direct band gap’y, and the broadening of the excitonic isotropy throughout the entire ZnO layer, for all the samples
peakI'g*. The broadening of theth exciton peak is deter- together with their x-ray diffraction Bragg peak amplitudes

mined using the empirical relation and the values of the miscut angles of the corresponding
ex substrates and are all summarized in Table I. It is seen that,

Io—T'g - : :
=Ty _ (4) in general, a larger miscut angle together with good crystal-

2

n line order (higher Bragg amplituderesult in larger strain

The parameters for the dielectric function perpendicular toamsotropy. For example, the two samples with the highest

the ¢ axis areEy=3.372 eV,R=0.056 eV,I'y=0.02 eV, AE (=0.05 meV also have the largest miscut angle of 1.3

ex_ _ _ . _and 1.5° and the highest Bragg amplitudes. On the other
0 =0.04 eV,A=8, andeg()=2.6. The broadening pa . hand, although the miscut angle of sample ZnO-328 is large

in thi k I han that in Ref. 11 . ) .
rameters used in this work are argert ant aJ.[ n ~e : 1.4°), but because it has weak Bragg amplitude, the strain
order to better reproduce the experimental dielectric func-

tion. The effective refractive index for light polarized paral- anlsot.ropy_ls still small. Using j[he deformation potel_wtlal_val-
. . S ues given in Ref. 14, the maximum amount of strain differ-
lel to the miscut direction is given B¥

ence in the two directions is estimated to be of the order of
n,\2 12 5% 10 . The value ofE,=3.35 eV obtained from our fit-
n -1 ' ) ting really is higher than that reported in Ref. 14. It is not
o ) clear whether this indicates the existence of a substantial
wheren,= e, ande; is given by Egs.(1)~(4) with the  3mount of strain in the films to significantly shi, by more
value ofE, replaced by the band gap along thexis, which 151 50 mev.
is 33 meV higher than the one in the hexagonal plane. The | yjane anisotropic strain has also been observed in
refractive index for light polarization perpendicular to the 54N grown on misoriented1000 sapphire substratés.
miscut direction is simply, = Ve, . The dielectric function s indicates that such strain may be common for thin epi-
of sapphire was taken from Ref. 13. The transmission fof,yia| films grown on misoriented sapphire. In the following
light polarized along the two directions was then calculateqd,q giscuss the origin of such in-plane anisotropic strain.
for the air—ZnO-sapphire structure. The calculated results p e to the difference of thermal expansion of film and
for misorientation induced anisotropy at a miscut angle ofg hsirate strain is induced in the film when the sample is
fo=5° show that although the calculated TDS spectra reproggoled from growth temperature to room temperature, even

duce the observed line shapes well, the amplitude is 1008,4,gh the film thickness has already exceeded the critical

times smaller than that of the experimental one. Therefore,, e for strain relaxation. Because of the miscut angle and
the misorientation of the axis of the films cannot account ne gifference in thermal expansion of theaxis andc axis

npz[(nl)z—sin2 6o

for the observed anisotropy. of sapphire, an in-plane anisotropic strain is induced. This is

_ Residual anisotropic strain will cause the band gap t0 bgchematically shown in Fig. 3. During cooling, the length
different by a small amouni E along the two strain anisot- perpendicular to the miscut tilt direction changes frarto
ropy axes. The dielectric functions along this two axes ar¢, “\hile the length parallel to the tilt direction projection in

thene(Eo, E), ande(Eo+AE, E) given by Eqs.(1)—(4).  the plane changes fromto r,. The in-plane strain anisot-
The bottom curves in Fig. 1 are the calculated TDS spectr%py is given by

with AE=0.055 meV. The nominal thickness of the ZnO
film was used in the calculation. The value Bf was also Ae— r-r. a—a
varied slightly and the best fit was found to be 3.35 eV. It is r a

=(ac.—ay)AT sir? 6, (6)
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