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Optical properties of epitaxially grown zinc oxide films on sapphire
by pulsed laser deposition
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ZnO thin films were epitaxially grown onc-sapphire substrates by pulsed laser deposition
at substrate temperatures of 500–800 °C. The crystal structure of ZnO films follow the
epitaxial relationship of (0001)ZnOi(0001)Al2O3

(101̄0)ZnOi(112̄0)Al2O3
. Both room temperature

and cryogenic temperature photoluminescence showed a remarkable band-edge transition, and
clear excitonic structures could be seen at cryogenic temperature. The optical refractive index
was measured in the range of 375–900 nm by varying angle spectroscopic ellipsometry. The
simulation was carried out using a Sellmeier equation. ©1999 American Institute of Physics.
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I. INTRODUCTION

Zinc oxide~ZnO! is a wide-band-gap semiconductor~3.3
eV!. Like indium oxide and tin oxide, ZnO is both transpa
ent in the visible region and electrically conductive with a
propriate dopants such as aluminum. This unique prop
has been widely studied for its practical applications such
transparent conducting electrodes for flat panel displays,
solar cells.1 Zinc oxide is also a piezoelectric material whic
has a reasonably large piezoelectric coefficient. Acou
electrical devices, such as surface acoustic wave dev
~SAW! have been fabricated with ZnO.2 Due to its unique
conducting mechanism based on oxygen vacancies, zinc
ide is also used in oxygen gas sensors.3

Very recently, because of the rapid growth of galliu
nitride ~GaN! based blue, green light emitting diodes~LED!
and laser diodes~LD!,4,5 zinc oxide has received particula
attention as a promising substrate material due to its isom
phic structure and near perfect lattice match to GaN, es
cially in its thin film form.6,7 Since bulk ZnO is quite expen
sive and unavailable in large wafers for the time being, Z
thin film, especially on sapphire, is a relatively good cho
due to ~1! it can heteroepitaxially grow on sapphire an
Si~111! at low substrate temperatures,8,9 ~2! it is isomorphic
to GaN ~the lattice mismatch between GaN and ZnO is j
2.2%, even their band edge and deep-center photolumi
cence show great similarities10!, ~3! it is transparent in the
visible region and electrically conductive. Because ZnO
such a potential substrate of GaN growth, it is quite imp
tant to study the optical properties of ZnO on sapphire
order to design GaN LED and LD that perform well.

More recently, room temperature ultraviolet~UV! lasing
from ZnO films grown on sapphire has been demonstrated
two research groups.11,12 This makes it possible to fabricat
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ZnO-based UV light emitting devices. An understanding
the optical properties of ZnO on sapphire is also needed
this case to obtain the best performance.

Fabricating crystal quality ZnO on sapphire, and analy
of its optical properties, will be important for the afore
mentioned applications. In this article, ZnO thin films grow
epitaxially on sapphire by pulsed laser deposition~PLD! at
relatively low temperatures are reported. Photoluminesce
~PL! measurement and variable angle spectroscopic e
sometry~VASE! were employed to study the optical prope
ties of PLD grown ZnO on sapphire. In fact, high quali
heteroepitaxially ZnO has been grown on sapphire by PL8

II. EXPERIMENT

The 99.99% pure ZnO target used in our experiment w
a commercial 1 in. diameter hot pressed and sintered d
An ArF excimer laser~Lambda Physik! operating at 193 nm
was used to ablate the ZnO target. Throughout the exp
ment, the excimer laser was set at a pulse energy of 150
and a repetition rate of 10 Hz. The laser was focused on
target with an area of 132.5 mm2, producing an energy den
sity of 6 J/cm2. The deposition was conducted as follows: t
pulsed laser deposition chamber was first turbopumped
base pressure of 1027 Torr, then oxygen gas was backfille
into the chamber through a mass flow controller. The cha
ber was kept at a constant pressure of 10 mTorr during
deposition. The distance between the target and the subs
was kept at 5 cm. The substrate temperatures used in
experiment ranged from 200 to 800 °C.

The crystallinity of the as-grown ZnO films was chara
terized by high-resolution x-ray diffraction~HRXRD! for
both rocking curve measurement and in planef scan using
copper Ka radiation. Photoluminescence and VASE we
both carried out to characterize the optical properties of
as-grown ZnO. The photoluminescence was excited b
© 1999 American Institute of Physics



ar
r.

n
S
om

n

te
m
lo

m
in

ng

,
e
o

e
n
s
ta
h

d in
ger

e

-
.

ire
the

-

s.
nd

409J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 X. Sun and H. Kwok
He–Cd laser operating at 325 nm and captured by a ch
coupled device~CCD! camera through a monochromato
Low temperature photoluminescence was performed i
small chamber that can be cooled down to 10 K. The VA
was carried out by a variable angle spectroscopic ellips
eter from J. A. Woollam Co.,c andD were obtained over the
wavelength range of 350–900 nm. The refractive index a
the film thickness were fitted by a Sellmeier relationship.

III. CRYSTAL STRUCTURES

In the present study, we found that the critical parame
determining the crystal quality of ZnO is the substrate te
perature. The substrate temperature is crucial in that too
substrate temperature results in a low surface migration
adatoms, while too high substrate temperature causes
adatoms to re-evaporate from the film surface. Various te
peratures ranging from 200 to 800 °C were used for grow
ZnO film on sapphire~0001!. The epitaxial growth of ZnO
film begins from as low as 500 °C. ZnO is an interesti
material in that even with low substrate heating~200 °C in
this experiment!, Zn and O atoms follow vertical packing
resulting in a singlec-axis orientation. The best crystallin
quality film was obtained at a substrate temperature
700 °C and an oxygen pressure of 10 mTorr. Compared
the optimum condition~1025– 1024 Torr oxygen pressure!
employed by Visputeet al.,8 our 10 mTorr oxygen pressur
is relatively higher. This may be due to the pressure-dista
PD scaling law13 in PLD. In PLD, a higher ambient ga
pressure must accompany a shorter target-substrate dis
in order to obtain the film with optimum quality. Althoug

FIG. 1. XRD 2u scan of ZnO grown on~0001! sapphire at a growth tem
perature of 700 °C. The inset shows the x-ray rocking curve of the film

TABLE I. Film thickness and crystal quality of epitaxially grown ZnO film
on sapphire by pulsed laser deposition at various substrate temperature
ArF excimer laser operating at 193 nm with a pulse energy of 150 mJ a
repetition rate of 10 Hz was used for all the depositions.

Growth temperature Film thickness
FWHM of x-ray rocking curve

of ZnO ~0002! peak

500 °C 650 nm 0.48°
600 °C 640 nm 0.25°
700 °C 600 nm 0.18°
800 °C 420 nm 0.18°
ge
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the target-substrate distance has not been mentione
Ref. 8, we believe their target-substrate distance is lon
than ours~5 cm!. The difference in laser parameters~laser
wavelength, laser fluence! may also be responsible for th

FIG. 2. XRD in planef scan of~a! (101̄-10) plane of sapphire~0001!, and

~b! (101̄4) plane of ZnO film grown on sapphire~0001! at 700 °C.

FIG. 3. ~a! Photoluminescence spectrum of ZnO film grown on sapph
~0001! measured at a cryogenic temperature of 10 K. The inset shows
energy spectrum of the band-edge luminescence.~b! Photoluminescence
spectrum of ZnO film grown on sapphire~0001! measured at room tempera
ture.
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optimum oxygen pressure difference between Ref. 8 and
experiment. The films deposited at 800 °C showed sim
crystalline quality to the ZnO film deposited at 700 °C. Tab
I lists the full width at half maximum~FWHM! of ZnO
~0002! peak and the film thickness at different growth te
peratures. All films~shown in Table I! were deposited by 50
thousand laser shots. It is quite obvious that the growth
showed a continuous decrease as the substrate tempe
increased.

HRXRD u–2u scan spectrum is shown in Fig. 1 for th
ZnO film deposited at 700 °C and an oxygen pressure o
mTorr. The rocking curve~cf. inset of Fig. 1! shows that
ZnO grows in singlec-axis orientation with thec axis normal
to the sapphire basal plane, indicating a heteroepita
relationship of (0001)ZnOi(0001)sapphire. As shown in Fig. 1,
the FWHM of ZnO ~0002! rocking curve is 0.18°. The in
planef scan is shown in Fig. 2. The scanning planes u
here were (101̄-10)14 for sapphire, and (1014̄) for ZnO.
From the in-plane x-rayf scan, it can be seen that th
(101̄0) plane of ZnO aligns with the (1120̄) plane of sap-
phire. This indicates a 30° rotation of the ZnO unit cell wi

FIG. 4. Measured~closed and open circles! and calculated~solid and dashed
lines! ~a! D and~b! C spectra of ZnO film on a sapphire~0001! substrate at
two incident angles of 61° and 62°, respectively.

TABLE II. The best VASE fitting parameters of Sellmeier model.

A B C D E Thickness MSE

2.0065 1.57483106 13108 1.5868 2606.3 6119 Å 24.49
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respect to that of sapphire. This phenomenon, observed
fore by other researchers,8 is probably due to the large lattic
mismatch between ZnO and sapphire~16%!. Combining the
results of XRDu scan andf scan, the epitaxial relationshi
between ZnO and sapphire is (0001)ZnOi(0001)sapphire and
(101̄0)ZnOi(112̄0)sapphire.

IV. PHOTOLUMINESCENCE

Photoluminescence of the epitaxially grown ZnO on sa
phire~0001! was also characterized. The excitation sou
used was a He–Cd laser operating at 325 nm with an ou
power of 3 mW. The sample was mounted in a closed-cy
refrigerator that can be cooled down to 10 K. The PL sig
from the sample was filtered by a monochromator~with a
resolution of 2 nm! and picked up by a water-cooled CC
detector. A Corning color glass filter was used to suppr
the scattered laser radiation. The cutoff wavelength of
filter at the ultraviolet side is about 340 nm.

Figure 3 shows a typical PL spectrum of epitaxia
grown ZnO film on sapphire~0001! both at a cryogenic tem
perature of 10 K@Fig. 3~a!# and at room temperature@Fig.
3~b!#. Please note that the vertical scale of Fig. 3~a! is 30
times larger than that of Fig. 3~b!. From Fig. 3~a!, it can be
seen that there is a clear band-edge luminescence from
cryogenic temperature measurement. The band-edge l
nescence is enlarged and inserted in the inset of Fig. 3~a!. At
least three peaks can be identified; a free excitons pea
3.413 eV, excitons bound to neutral donors at 3.377 eV,
excitons bound to neutral acceptors at 3.368 eV.15,16 The
other fine structures may be due to phonon replicas of ei
the donor or acceptor bound excitons. It can also be see
Fig. 3~b! that, at room temperature, the green band emiss
dominates; the band-edge luminescence showed a broad
peak without fine structures. At room temperature, the ba
edge luminescence has a remarkable redshift compared t
10 K measurement. Both the room temperature and cr
genic temperature measurements showed green band e
sion from deep levels. This is believed to come either fro
oxygen vacancies or interstitial zinc.10,17

V. VARIABLE ANGLE SPECTROSCOPIC
ELLIPSOMETRY „VASE…

The epitaxial ZnO films on sapphire appeared optica
smooth by visual inspection. They should be suitable to
ply the Sellmeier model. The measured VASE data~c, D! in
the wavelength region of 350–1000 nm under an incid
angle of 61°~closed circle! and 62°~open circle! are plotted
in Fig. 4. The solid line and the dashed line are simulat
fittings by a Sellmeier model for 61° and 62° incidence,
spectively.

From the experimental data ofD and c, the refractive
index and extinction coefficient can be extracted throug
Sellmeier equation fitting ofD and c. The fit was done by
minimizing the mean-square error~MSE! automatically by
the ellipsometer’s own computer program. Film thickne
was also obtained as a by-product. The Sellmeier equati18

for the refractive index,n, and the extinction coefficient,k as
a function of wavelength in our model is expressed by
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n~l!25A1
Bl2

l22C2 1
Dl2

l22E2 , ~1!

k~l!50. ~2!

A, B, C, D and E are the fitting parameters, andl is the
wavelength of light~in Å!. The Sellmeier model assume
that the film surface is smooth and that the sapphire subs
is of infinite thickness.k is considered to be zero becau
ZnO absorbs very little in the near UV and visible regio
However, this fact can also be verified from our VASE da
if a nonzerok is assumed.

The simulatedn, as a function of wavelength, is plotte
in Fig. 5 together with reference data from Ref. 19, and
fitting parameters are listed in Table II. In Fig 5, one can
the rugged experimental refractive index curve at less t
3800 Å wavelength range. This corresponds to a relativ
large deviation ofD and c in the same range which come
from the strong absorption of ZnO interband transition. T
band gap is just about 3.3 eV as the room temperature
showed. Also shown in Fig. 5 is an extinction coefficie
assuming a nonzerok. It can be seen thatk can be considered
zero in the range of 4000–8500 Å, although there are sm
disturbances which are believed to come from the scatte
at the back of sapphire substrate~the sapphire substrate use
is one-side polished!. This is why we have not considered th
extinction coefficient as in Eq.~2!. It can also be seen from
Fig. 5 that our fitted refractive index, in the wavelength
gion of 4000–8500 Å, coincides well with that taken fro
Ref. 19. The value of the fitted film thickness~6119 Å!
closely matches the film thickness measured by a profilo
ter ~6000 Å!.

VI. CONCLUSIONS

High quality ZnO films were epitaxially grown on sap
phire~0001! substrate by pulsed laser deposition. These fi

FIG. 5. Refractive index, extinction coefficient of ZnO film on sapphire a
function of wavelength. The dashed line shows the refractive index of Z
from Ref. 19.
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are suitable for GaN-based III–V compound heterostr
tures. Optical properties including photoluminescence a
refractive index were measured. PL measurement sho
clear excitonic bandedge structures at cryogenic temp
tures. Refractive index was extracted by fitting VASE ofD
andc by a Sellmeier equation. These data should be help
to design high efficiency GaN-based light emitting devic
on ZnO substrate or ZnO-buffered substrates.
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