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Enhancement of band-edge photoluminescence of bulk ZnO single crystals coated
with alkali halide
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We have studied coating effects of bulk ZnO crystal by means of photoluminescence~PL! measurements.
Bulk crystal surface of ZnO is once covered by the melt of alkali halide at high temperature and is coated with
thin alkali halide crystal. At low temperature, band-edge PL intensity of the ZnO crystal coated with KCl or KI
is about 300 times larger than that of a polished crystal. In the no-coating ZnO crystal treated by the same
thermal conditions, the enhancement of the PL intensity is only about 20 times larger. The enhancement of
band-edge PL also occurs considerably at room temperature. The experimental results including the PL spectra
in the visible light region, suggesting the qualitative improvement of ZnO surface by the coating, are discussed
in terms of the incorporation of halogen ions supplied from alkali halide into oxygen vacancies.
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I. INTRODUCTION

Until now, much attention has been paid to semicondu
ing material, zinc oxide~ZnO!, for device applications such
as transparent electrodes, solar cell, piezoelectric trans
ers, sensors, phosphors, and window materials of display
cause of a wide variety of optoelectric properties. In parti
lar, ZnO is an attractive material for blue and ultravio
~UV! laser devices because of large band-gap energy~3.3
eV!,1 and large binding energy of exciton~;60 meV!.2 As is
well known, ZnO crystals show band-edge and visible p
toluminescence~PL! bands which strongly depend on th
samples. It seems that the intensity of the band-edge
strikingly competes with that of the visible PL.3–5 Thus it is
very important to let band-edge PL intensity increase for
application. It is desirable to decrease visible PL intens
related to deep defects. The green band seen in the vi
region has been related to oxygen vacancies as reporte
Vanheusdenet al.6 In order to reduce the density of oxyge
vacancies, a lot of efforts have been made, such as anne
under excess oxygen ambient4,5,7,8and passivating by hydro
genation during the crystal growth.3 These methods are quit
effective to grow high quality ZnO layers, which are interi
parts in multilayered structures and have no open surfac

Very recently, we have succeeded preparation of g
micron-sized ZnO particles by embedding them in thin alk
halide crystal.9–11 In the prepared particles, a free excito
~FE! line is clearly observed at low and high temperatur
Furthermore, an intense sharp line, which is attributed to
transition of excitons bound to interface between a ZnO p
ticle and alkali halide medium, appears, although it is har
observed in ZnO powder material and bulk crystal. The fa
have been further examined by microscopic cathodlumin
cence measurements in a single micron-sized ZnO partic12

According to the results, it is confirmed that radiative reco
bination of the excitons effectively occurs at specific area
the surface of the single particle.

In order to investigate coating effects of the ZnO surfa
0163-1829/2003/68~4!/045421~4!/$20.00 68 0454
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in detail, PL measurements have been carried out by the
of bulk ZnO single crystal coated with alkali halide crysta
In the present paper, we report remarkable enhancemen
the band-edge PL in ZnO crystals. The qualitative impro
ment of the ZnO surface by the coating of alkali halide
discussed.

II. EXPERIMENT

Two kinds of bulk ZnO single crystals~A and B! grown
by the hydrothermal method were used. The polished
chemically etched crystals, which were made by~A! Scien-
tific Production Company Goodwill, Russia, and~B! Atom-
ergic Chemetals Co., NY, were commercially supplied fro
Furuuchi Chem. Co., Ltd. The samples (123830.5 mm3)
having the crystal face of~0001! were washed by organic
solvents. Each sample was divided into four parts. Two
them were coated with thin alkali halide crystals, KCl a
KI, which are used to check the halogen ion dependence.
method of the coating is briefly shown in Figs. 1~a!–~c!: ~a!
The ZnO crystal is put on a quartz plate (83831 mm3). ~b!
A small amount of alkali halide powder~;20 mg! is placed
on a step of quartz plate.~c! In N2 gas atmosphere, the pow
der is melted by an electric furnace above the melting te
perature of the alkali halide~;800 °C!. The melting tem-
perature of ZnO~1975 °C! and quartz~;1300 °C! is much
higher than that of alkali halides. The melt is infiltrated in
the gap between two plates through the capillarity. The s
face of ZnO is covered by the melt, after infiltrating the m
into the whole area of the gap. The melt is solidified
natural cooling. It is noted that the ZnO crystal and t
quartz plate are glued together by the thin alkali halide cr
tal. Present thin crystal of alkali halide is not opaque b
perfectly transparent. In Fig. 1~d!, resulting sample crystal o
ZnO and light beams for optical measurements are sho
schematically. Another one was annealed under the s
thermal and ambient gas conditions. This sample is name
©2003 The American Physical Society21-1



le

g
e
pl

y
ra
.0
a
c

a

i-
a
un
in
w

ty
he
ea
im
rv

t
I

ct
i

an
rd

ergy
ali
s

the
ich
es

the

in-
300
rge
ent
ed-

for
n a

FE
d is
fact
in-

n-
n-
ted

p
z
ep
l-

n

n

YOSHIYUKI HARADA AND SATOSHI HASHIMOTO PHYSICAL REVIEW B 68, 045421 ~2003!
annealed crystal. The rest one used for a reference is cal
polished crystal.

For PL measurements, a He-Cd laser with the wavelen
of 325 nm and with the maximum power of 50 mW was us
as an excitation light source. Emitted light from a sam
surface was dispersed by a monochromator~SPEX 750M!
with a 1200/mm grating. The light signal was detected b
photon-counting system with a photomultiplier. All spect
were measured with a spectral resolution of less than 0
nm. Temperature of the sample was controlled between 9
300 K using a conventional cryostat cooled by a closed-cy
cryogenic refrigerator.

III. RESULTS AND DISCUSSION

Figure 2 shows logarithmic display of PL spectra in
blue-UV region at 9 K for four ZnO ~A! samples:~a! a
coated crystal with KCl,~b! a coated crystal with KI,~c! an
annealed crystal, and~d! a polished crystal. The PL intens
ties of these spectra are able to relatively compare with e
other because the measurements have been carried out
the same conditions. In the polished crystal without coat
and annealing treatments, the PL intensity is very weak. T
PL peaks at 3.361 and 3.373 eV are due to transitions
bound exciton~BE! and FE, respectively. The PL intensi
for the annealed crystal is stronger than that of the polis
crystal. The annealing treatment probably causes to incr
luminescent centers associated with the band-edge PL. S
lar optical enhancement of band-edge PL has been obse
in ZnO phosphor powders annealed at about 900 °C.6 Fur-
thermore, as seen in Figs. 2~a! and ~b!, drastic enhancemen
of the PL intensity in the coated ZnO crystals with KCl or K
occurs in the whole energy region indicated. The PL spe
for the both coated ZnO crystals are almost the same w
each other, except for slight differences in peak positions
PL intensities. Thus enhancement of the band-edge PL ha

FIG. 1. Schematic illustrations of coating method and a sam
of coated ZnO crystal.~a! Bulk ZnO single crystal is put on a quart
plate.~b! A small amount of alkali halide powder is placed on a st
of quartz plate.~c! Above the melting temperature, the melt infi
trates into the gap of two plates, and it is solidified.~d! A relation
between a coated ZnO crystal with thin alkali halide crystal a
light beams of excitation and emission.
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depends on the kind of halogens.
An intense PL peak labeled X appears at the same en

of 3.366 eV as that of the embedded ZnO particles in alk
halides,10 and is most likely due to a transition of exciton
bound to ZnO surface reported by Savikihinet al.13 A FE
emission associated with one longitudinal-optical~LO! pho-
non appears at 3.31 eV in a similar manner to that of
annealed crystal. The peak height of band-edge PL wh
includes the BE, X, and FE emissions is about 300 tim
larger than that of the polished crystal.

We show temperature dependence of PL spectra for
ZnO ~A! crystal coated with KCl in Fig. 3. The BE and X
lines decrease rapidly with increasing temperature, while
tensities of the FE and the FE-1LO lines remain even at
K. The behavior of the FE is caused by having the la
binding energy.2 These characteristic features are consist
with the previous results observed in ZnO particles emb
ded in alkali halide.9

At room temperature, PL measurement was carried out
the same four samples. Figure 4 shows PL spectra i
blue-UV region at room temperature for the ZnO~A!
samples:~a! a coated crystal with KCl,~b! a coated crystal
with KI, ~c! an annealed crystal, and~d! a polished crystal.
The broad PL bands corresponding to transitions of the
and its phonon replicas appear at around 3.3 eV. The tren
the same as the case at low temperature in Fig. 2. The
reveals that luminescent efficiency of the band-edge PL
creases by the coating of alkali halide.

It is essential for evaluation of crystalline quality to co
sider visible PL in contrast with band-edge PL in semico
ductors. The visible PL is seriously depending on the rela
defects. PL spectra in visible region at 9 K for ZnO ~A!
samples are shown in Fig. 5:~a! a coated crystal with KCl,

le

d

FIG. 2. Logarithmic display of PL spectra in a blue-UV regio
measured at 9 K is shown for four ZnO~A! samples;~a! a coated
crystal with KCl, ~b! a coated crystal with KI,~c! an annealed
crystal, and~d! a polished crystal.
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~b! an annealed crystal, and~c! a polished crystal. Here,
spectrum of coated crystal with KI is excluded because i
almost the same as the spectrum of coated crystal with K
The visible PL intensity centered at around 2.35 eV for
annealed crystal is the strongest among three samples.
PL peak corresponds to the well-known green ba
emission.6 The strong green band having oscillatory structu
reveals that oxygen vacancies increase by the annealing.

FIG. 3. Temperature dependence of PL spectra for the co
ZnO ~A! crystal with KCl. Temperatures are corresponding to
order indicated.

FIG. 4. PL spectra in a blue-UV region at room temperature
ZnO ~A! samples:~a! a coated crystal with KCl,~b! a coated crystal
with KI, ~c! an annealed crystal, and~d! a polished crystal.
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structure is due to LO phonons as reported by Reyno
et al.14 In the coated crystal, the PL intensity decreases t
level of the polished crystal, while the peak position shifts
the lower energy at 2.1 eV. This band corresponds to
so-called yellow band emission, which has been explai
by arising from transition of single negatively charged inte
stitial oxygen ions.5 The spectral change in the coated crys
demonstrates that alkali halide decreases the total numb
the oxygen vacancies, but increases that of the interst
oxygen ions.

Present results suggest that coating with alkali halide
fectively improves optical properties in ZnO crystal. In oth
words, it enhances the band-edge PL intensity and decre
the green band intensity. When a lot of oxygen vacancie
ZnO crystal are included, the green band emission appea
addition to the band-edge PL. Annealing treatment in N2 gas
atmosphere at high temperature increases the amount of
gen vacancies, resulting in the green band emission. C
versely, coating on ZnO crystal with alkali halide reduces
amount of oxygen vacancies. As a result, the green b
emission decreases.

In order to examine reproducibility of the coating effec
in ZnO, similar samples are prepared in another bulk Z
crystal obtained from a different source. Figure 6 shows
spectra for three ZnO~B! samples:~a! a coated crystal with
KCl, ~b! an annealed crystal, and~c! a polished crystal. The
band-edge PL intensity for the coated crystal with KCl
about 100 times larger than that of the polished crystal. In
polished sample, a weak band-edge PL is only observe
almost the same intensity as the visible PL. Therefore
hancement of band-edge PL is confirmed for the bulk Z
~B! samples.

We have already reported that optical properties are c
siderably affected by halogens in ZnO particles embedde

ed

r

FIG. 5. PL spectra in a visible region at 9 K for ZnO ~A!
samples;~a! a coated crystal with KCl,~b! an annealed crystal, an
~c! a polished crystal.
1-3
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alkali halide.11 The results provide that halogen ions pe
etrate into ZnO surface and cause crucial changes in
band-edge PL spectrum. It is well known that a halogen a
substitutes for an oxygen site and acts as a role of dono
ZnO.14 Since a lot of oxygen vacancies present in the surf
of a ZnO crystal, halogen-donors are increased by incor
ration of halogen ions into oxygen vacancies. The increas
the donors causes to increase excitons bound to the su
of ZnO crystal. As a result, the X line related to the surfa
enhances efficiently. On the other hand, the oxygen vac
cies decrease by supplementing with the incorporation of
halogen ions. Optical enhancement of the band-edge P
occurred in contrast with the visible PL, suggesting qual
tive improvement of the ZnO surface.

We find that alkali halide contributes to the qualitati
improvement of the surface in bulk ZnO. Here, the halog

FIG. 6. PL spectra measured at 9 K are shown for three ZnO~B!
samples:~a! a coated crystal with KCl,~b! an annealed crystal, an
~c! a polished crystal.
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plays an important role for the improvement independing
the kind of halogen ions. In the case of hydrogenation tre
ment, hydrogen efficiently passivates the green band em
sion and enhances the band-edge luminescence of ZnO.3 The
fact is very similar to our results. Since it is difficult to gro
high quality ZnO crystal, our method probably becomes v
useful for enhancement of the band-edge PL in the viewp
of optical application. Furthermore, higher doping of halog
donors occurs by the coating with alkali halides in a th
region at ZnO surface. Since alkali halide on ZnO surfa
can be perfectly washed away by water, then-type surface is
obtained easily. By joining then-type ZnO withp-type ZnO
or other materials, it will be possible to preparep-n junction,
laser diode, and other electrical devices. In addition, the
terface between a ZnO layer and thin alkali halide crys
could be applied to the fabrication of a new-type met
insulator-semiconductor structure, though there are ser
problems of a large lattice mismatch and physically we
strength of alkali halides. For further investigation, it will b
necessary to apply the method for various ZnO crystals s
as sputtering thin films and epitaxial layers grown by m
lecular beam epitaxy method.

IV. CONCLUSIONS

The coating treatment of alkali halide for ZnO cryst
enhances the band-edge PL intensity and decreases the
band intensity markedly. The experimental results sugg
that surface of ZnO crystal is improved by alkali halide e
fectively. The improvement is probably due to incorporati
of halogen ions supplied from alkali halide into oxygen v
cancies on the ZnO surface.
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