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Structure and optically pumped lasing from nanocrystalline ZnO thin films
prepared by thermal oxidation of ZnS thin films

X. T. Zhang, Y. C. Liu,a) L. G. Zhang, J. Y. Zhang, Y. M. Lu, D. Z. Shen, W. Xu,
G. Z. Zhong, X. W. Fan, and X. G. Kong
Open Laboratory of Excited State Processes, Chinese Academy of Sciences, Changchun Institute of Optics,
Fine Mechanics and Physics, Chinese Academy of Sciences, 1- Yan An Road, Changchun, 130021,
People’s Republic of China

~Received 1 October 2001; accepted for publication 11 June 2002!

In this article, we observe the optically pumped lasing from the high-quality nanocrystalline ZnO
thin films obtained by thermal oxidation of ZnS thin films, which were grown on SiO2 substrates by
low-pressure-metalorganic chemical vapor deposition technique. The x-ray diffraction~XRD!
patterns indicate that high-quality ZnS films possess a preferred~111! orientation. ZnS has a
transformation to ZnO at an annealing temperature~Ta! of 500 °C, and fully transforms into ZnO at
Ta>700 °C from the XRD patterns. The obtained ZnO films possess a polycrystalline hexagonal
wurtzite structure. The fifth-order Raman scattering is observed in the films, which indicates that a
large deformation energy exists in the lattice. In photoluminescence~PL!, spectra, for all the
samples with different annealing temperatures, the near-band-edge~NBE! PL peak has a
pronounced blueshift with increasing annealing temperature, while the full width at half maximum
~FWHM! decreases gradually. We think that emissions of the bound excitons play an important role
in NBE PL. A strong PL with a FWHM of 62 meV at 3.30 eV from NBE has been obtained at room
temperature for the samples annealed at 900 °C. The PL intensity ratio of the ultraviolet emission to
the deep-level emission is as high as 98 at room temperature, indicating the high-quality of the
nanocrystalline ZnO films. ©2002 American Institute of Physics.@DOI: 10.1063/1.1498958#
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I. INTRODUCTION

Zinc oxide ~ZnO! is an interesting wide band gap sem
conductor material with a direct band gap of 3.37 eV at ro
temperature. It makes more attention to the ultraviolet~UV!
optoelectronic devices, such as UV laser, optical wavegu
and exciton-related devices.1–3 To produce these devices
many techniques have been used to prepare ZnO thin fi
for example, rf magnetron sputtering,4 metalorganic chemi-
cal vapor deposition~MOCVD!,5 molecular-beam epitaxy
~MBE!,6,7 pulsed laser deposition,8 and reactive therma
evaporation.9 The photoluminescence~PL! spectra of ZnO
thin films show a near band edge~NBE! UV emission and a
defect-related deep-level~DL! emission which preclude
various applications, such as UV luminescence devices.
DL emissions are usually related to structural defects
impurities. All structural defects originate from an insuf
cient supply of oxygen during growth. In order to overcom
these difficulties and obtain a strong UV NBE emission a
a much weaker emission band correlated with DL defect
is necessary to prepare a high-quality ZnO thin film.

As is well known, it is difficult to directly prepare high
quality ZnO thin film by the MOCVD technique. This i
because oxygen~O2! used in the experiment easily oxidize
the organic source. Furthermore, it is a puzzling problem
accurately control the flow rate of the oxygen~O2!. How-

a!Also at: Institute of Theoretical Physics, Northeast Normal Univers
Changchun 130024, People’s Republic of China; author to whom
correspondence should be addressed; electronic mail:
liuyichun@mail.china.com
3290021-8979/2002/92(6)/3293/6/$19.00
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ever, high-quality ZnS films are easily grown on quartz su
strate by the MOCVD technique. In addition, the ZnS co
pound can be very easily oxidized to form ZnO and SO2. For
ZnO used in optoelectronic devices, to prepare high-qua
thin films is necessary. Up until now, the most high-qual
ZnO thin films with an intense UV luminescence or th
stimulated emission are to be grown on sapphire substr
by different growth techniques.10,11Assuming that ZnO thin
films grown on SiO2 substrates have a perfect crystal stru
ture with a good luminescence performance, compared w
ZnO thin films grown on sapphire substrates, there could
many advantages in luminescence devices. One of the ad
tages is that the ZnO samples used in our experiments f
a dielectric planar waveguide structure consisting of a t
ZnO ~n52.45! layer surrounded by air~n51! on one side
and SiO2 ~n51.46! on the other. This should be beneficial
confine light divergence from ZnO layers. In this article, w
present a useful and simple method for preparing nanoc
talline ZnO thin films with good UV luminescent perfor
mance, that is thermal oxidation of ZnS films on SiO2 sub-
strates grown by the low-pressure-metalorganic chem
vapor deposition~LP-MOCVD! technique.

II. EXPERIMENTS

The ZnS thin films were grown on quartz substrates
ing dimethyl zinc~DMZn! and hydrogen sulfide~H2S! by the
low-pressure-metalorganic chemical vapor deposition~LP-
MOCVD! technique. The gas flow rates of DMZn and H2S
were fixed at 28.6531026 mol/min and 4.0031024 mol/
min, respectively. Hydrogen~H2! was used as the carrier ga

,
ll
3 © 2002 American Institute of Physics
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3294 J. Appl. Phys., Vol. 92, No. 6, 15 September 2002 Zhang et al.
to transport the reactant, and the total flow rate was kep
1.3 l/min. The pressure of the growth chamber was 300 T
The films were deposited on quartz substrates to be kep
320 °C. The thickness of the deposited ZnS thin films w
about 500 nm. After deposition, thermal oxidation of t
films was carried out in oxygen ambient at different tempe
ture range of 500 °C–1000 °C for 2 h. In order to charac
ize the film structure, x-ray diffraction~XRD! spectra were
measured using a D/max-rA XRD spectrometer~Rigaku!
with a Cu Ka line of 1.54 Å and atomic force microscop
~AFM! experiment was carried out. Raman and PL spe
were measured using a microlaser Raman spectrometer
backscattering geometry configuration, a He–Cd laser wi
wavelength of 325 nm was used as the excitation source
resonant Raman scattering and PL measurement. The
cally pumped lasing experiments were performed using
laser output~320 nm and 200 fs! of an optical parametric
amplifier ~OPA! in an active passive mode-locked femtose
ond Ti–Sapphire laser operating at a repetition rate of 1 k
The output of laser was focused on the sample surface
normal incident using a cylindrical lens to form a rectangu
stripe of 3003800 mm2. When moving the excitation stripe
a speckled light was observed in high excitation intens
regions. This emission from the edge of the sample was t
focused into a monochromator with 0.5 m focal length a
detected by a charge coupled device.

III. RESULTS AND DISCUSSION

A. Effects of annealing temperature on film structure
and morphology

Figure 1 shows the XRD patterns of ZnS thin films a
nealed at different temperatures from 500 °C to 900 °C.
comparison, the XRD spectrum of an as-deposited ZnS
film is also given in Fig. 1. The XRD spectrum for an a
deposited ZnS thin film indicates that high-quality ZnS film
of a cubic crystal structure have been obtained with a p
ferred ~111! orientation. When the films are annealed
500 °C, the ZnS begins a transformation to ZnO from
mixed diffraction pattern of ZnS and ZnO in the XRD spe
trum. ~100!, ~002!, and ~101! ZnO diffraction peaks are
clearly seen in the XRD spectrum for the sample anneale

FIG. 1. The XRD patterns of the ZnO thin films at different anneali
temperatures and as-deposited ZnS sample.
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600 °C. We obtain that 52% of ZnS in the thin film tran
forms to ZnO from the theoretical fitting of all the diffractio
peaks in the XRD spectrum. The XRD pattern for the sam
annealed atTa>700 °C only consists of ZnO diffraction
peaks, indicating that the ZnS fully transforms into ZnO w
a polycrystalline hexagonal wurtzite structure. From Fig.
as the annealing temperature increases, the diffraction p
of ZnO, such as~101! ZnO peak, become sharper and mo
intense due to the increased particle size as well as the
proved crystallinity. In order to evaluate the mean grain s
of the films, the Scherrer’s formula12 is adopted. The mean
grain sizes of the films are 20.04, 28.81, 38.41, and 46.10
for the samples annealed at 600 °C, 700 °C, 800 °C,
900 °C, respectively.

For the samples annealed atTa>700 °C, only wurtzite
ZnO was found in the XRD patterns, indicating the sulf
sites of cubic ZnS were not simply replaced by oxygen d
ing the thermal annealing process. We assume that oxy
atoms diffuse into the ZnS matrix via interstitial sites a
bond to Zn, forcing sulfur atoms to occupy the interstit
sites in turn, leading to a modification of the cubic unit ne
work. This way is dominant for the samples annealed at l
temperatures.13 Another way is that oxygen atoms diffus
into the ZnS matrix to occupy the sulfur vacancies induc
by thermally fluctuation energy and directly bond to Zn, th
way can be dominant at high annealing temperatures. M
point defects, including oxygen vacancies and Zn inter
tials, are generated in this process and they assist the uni
to transform. Because the unit cell of ZnO~a53.249 Å, and
c55.207 Å! is smaller than that of ZnS~a55.405 Å!, some
voids are formed. These will cause the relaxation of the Z
matrix to a more stable wurtzite structure in accordance w
the lowest-energy system. These results indicate that
high-quality nanocrystalline ZnO thin films have been eas
obtained by using this method. The pictures of atomic fo
microscopy~AFM! are shown in Fig. 2, where the thin-film

FIG. 2. The pictures of AFM at different annealing temperatures:~a!
600 °C,~b! 700 °C,~c! 800 °C,~d! 900 °C
 license or copyright; see http://jap.aip.org/about/rights_and_permissions
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3295J. Appl. Phys., Vol. 92, No. 6, 15 September 2002 Zhang et al.
morphology is strongly dependent on annealing temperat
It is important to emphasize that all these samples are f
the same cleaved ZnS thin film deposited on a SiO2 sub-
strate. From Fig. 2, the disordered aggregates in the fi
gradually change into small nanocrystalline balls with a cl
interface. The thin films consist of the small nanocrystall
balls with a clear interface as the annealing temperature
creases to 900 °C.

B. Multiple phonon Raman processes

Figure 3~a! shows a typical room temperature~RT! reso-
nant Raman spectrum for the samples annealed at diffe
temperatures~Ta>600 °C!. For comparison, the Rama
spectrum for an as-deposited film is also shown in Fig. 3~b!.
The Raman spectrum of an as-deposited ZnS thin film
composed of five sharp lines at frequency shifts, which
multiples of the 1-longitudinal optical~LO! zone-center fre-
quency of 343 cm21. Similar frequency shifts are observe
for the samples annealed at 500 °C, yet, there was no ob
vation of Raman peak related to ZnO lattice. The Ram
spectra for the samples annealed atTa>600 °C consist of
five sharp lines at frequency shifts, which are mu1tiples
the 1-LO ~E1! zone-center frequency of ZnO at 581 cm21.
Furthermore, it should be noted that Raman scattering pe
of ZnS disappear at the annealing temperature of 700
when an Ar1 laser with a wavelength of 488 nm was used
the excitation source~not shown!. This result indicates tha
ZnS has fully transformed into ZnO, which is consistent w
the result of the XRD for the sample annealed at 700 °C
addition, the resonant Raman scattering of the ZnO LO p
non has been observed from Fig. 3~a!. The number of mul-
tiple phonon-scattering processes observed in semicon
tors varies monotonically with the polaron couplin
coefficient.14 ZnO crystal material has large polaron coupli
coefficient and large phonon frequency~581 cm21!, which
results in enormous frequency shifts. Just asn~LO! can be

FIG. 3. ~a! and~b! represent a typical and RT Raman spectrum of the Z
films annealed at 700 °C and as-deposited ZnS sample, respectively.
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compared witha, the polaron coefficient, the maximum fre
quency shiftn(LO)3vLO can be compared with the defo
mation energy, which is equal to 1/2a\LO . Hence, the large
5-LO Raman frequency shift indicates ZnO has a large
formation energy. To our knowledge, the multiple phono
scattering processes were observed in ZnO bulk cry
material,15 but resonant Raman spectra in thin films, so f
have not been reported in literature. A large enhancemen
the 2-LO scattered frequency is observed in all the sam
annealed at different temperatures, demonstrating a reso
enhancement. The intensity of then-LO ~n.2! is also en-
hanced by the same factor, which is consistent with the th
ries of multi-LO Raman scattering.16 The resonant Raman
scattering has been previously discussed.17,18 The results of
XRD and Raman scattering indicate that high-quality Zn
films have been obtained.

C. Photoluminescence

Figure 4 shows the room temperature PL spectra of
ZnS thin films annealed at different temperatures in the ra
from 600 °C to 1000 °C. The main features of the PL spec
are similar for all samples. The luminescence can be att
uted to the NBE emission and the DL emission. The NB
emission around 3.25 eV for the samples annealed at 50
has a tendency to blueshift, as compared with the PL of
deposited samples around 3.12 eV. This result is attribute
ZnO transformed from ZnS with the UV luminescence r
lated to excitons. As the annealing temperature increa
from 600 °C to 900 °C, the NBE emission intensity increas
remarkably and the peaks become sharper. The NBE e
sion integrated intensity as a function of annealing tempe
ture is shown in Fig. 5~a!. It is similar to that seen in typica
bulk ZnO. However, the peak position has a blueshift w
the increase of annealing temperature, while a full width
half maximum ~FWHM! of the NBE emission decrease
gradually. The NBE emission position as well as the FWH
plotted against annealing temperature is shown in Fig. 5~b!.
The strongest NBE emission with the smallest FWHM of
meV is observed around 3.30 eV for the films annealed

FIG. 4. RT PL spectra of the ZnO thin films at different annealing tempe
tures, the inset shows the PL intensity ratio of the NBE emission to the
emission as a function of annealing temperature.
 license or copyright; see http://jap.aip.org/about/rights_and_permissions
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900 °C. It is remarkable that the DL emission band arou
2.5 eV is barely observable. From XRD patterns and
spectra, it is confirmed that the film quality is gradually im
proved as the annealing temperature increases. At a s
ciently high annealing temperature, strain, from the dist
tion of the ZnO lattice, is eliminated. The defects in the Zn
films are distinctly decreased. It is reasonable to assume
the probability of a bound exciton emission is gradually d
creased. The PL peak position shift and the FWHM cha
are attributed to band structure deformation or latt
deformation.6 Because the emissions resulted from ba
structure deformation or lattice deformation are super
posed upon the low-energy side of the NBE emission. Thi
the reason why upper experimental results are obser
When the annealing temperature is higher than 900 °C,
NBE emission intensity begins to decrease, the FWH
broadens, and the NBE emission peak position becomes
shifted. We explain that, at higher annealing temperatu
some new defects, such as oxygen vacancies and Zn inte
tials, may be regenerated in ZnO films. Thus, the probab
ties of forming a new band structure deformation or latt
deformation increases. This will give rise to a decrease of
NBE emission. Also, the interaction between LO phonon a
plasma is enhanced. These mechanisms should result in
shifting and broadening.19

One way to evaluate the concentration of structural
fects in ZnO films is to compare the PL intensity ratio of t
NBE emission to the DL green emission.6 The reported epi-
taxial thin films grown by MOCVD5 and MBE6 showed rela-
tively weaker DL emissions, with ratios of 1 and 20 at R
respectively. In the case of bulk material, this ratio usua
approached zero as the temperature was increased to 2
The best ratio in our experiment is as high as 98 at RT~see
the inset in Fig. 4!. The FWHM for the samples annealed
900 °C is as narrow as 62 meV, in comparison with the 1
meV observed for MBE-grown ZnO films at RT. The resu
of the PL spectra indicate the presence of strong NBE em
sions with much weaker DL emissions. The concentrati
of the defects responsible for the DL emissions are ne
gible. On the other hand, when the nanocrystalline sizes
smaller than 55 nm, the films exhibit a strong free- excit
emission with a quantum efficiency that increases with na
crystalline sizes increasing.7 These may be the main reaso
why we can observe the strong NBE emission.

FIG. 5. ~a! PL integrated intensity as a function of annealing temperatu
~b! PL peak energy position and the FWHM as a function of annea
temperature.
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D. Lasing from thin films

For a comparison of PL line shapes, Fig. 6~a! shows the
normalized RT emission spectra from the edge of the na
crystalline ZnO films at below, near, and above a thresho
I th5150 kW/cm2. As a reference, Fig. 6~b! shows the lumi-
nescence spectrum excited by the 325 nm line of a He–
laser in a backscattering configuration. An intense N
emission~Eex! is seen at around 3.264 eV.

At low pumping intensities,I 50.3 I th , a broad emission
band is observed at around 3.264 eV with a FWHM of 2
meV. This is the NBE emission. As expected for spontane
emission, the intensity of this emission band increases
early with an increase of the pumping intensity belowI th ,
150 kW/cm2. When the ZnO film is pumped at an intensi
near the thresholdI th , I 51.02 I th , a new and narrow emis
sion peakp emerges directly from the low-energy should
of the broad spontaneous spectrum at around 3.178 eV
shown in Fig. 6~a!. At this point emission, the intensity of th
P band increases superlinearly with pumping intensity w
an unchanged peak position. When the ZnO thin films
excited atI 51.4 I th , there is a superintense emission peak
the spectrum with a FWHM of 21 meV, as shown in Fig.
in contrast to the linear increase in the spontaneous emis
intensity. Figure 7 shows the dependence of integrated ou
intensity on excitation intensity at RT. The linewidth narrow
ing from 243 to 21 meV, the superlinear increase of thep
band intensity as well as the total suppression of the br
spontaneous emission background indicates that stimul
emissions have occurred.6

Compared with previous reports on stimulated emissi
from ZnO films at RT, the position of our sharp emissio
peak is found to be in agreement with that expected from
inelastic collision between excitons,20,21 where one of the
two excitons obtains energy from the other and scatters

.
g

FIG. 6. NBE PL spectra of ZnO thin films annealed at 900 °C.~a! NBE PL
spectra at below, near, and above the threshold of 150 kW/cm2, excited by
using the laser output~320 nm and pulse width 200 fs! of OPA in an active
passive mode-locked femtosecond Ti:Sapphire laser operating at a repe
rate of 1 kHz and~b! PL spectrum excited by the 325 nm line of a He–C
laser.
 license or copyright; see http://jap.aip.org/about/rights_and_permissions
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a higher exciton state with a quantum numbern52, while
the other recombines radiatively. The photons emitted in
process have the energies ofpn given by20

Pn5Eex2Eb
ex~121/n2!23kT/2 ~n52,3,4, . . . ,̀ !,

~1!

wherepn is the emitted photon energy,Eex is the NBE emis-
sion energy,Eb

ex is the binding energy of the exciton,n is the
quantum number of the envelope function, andkT is the
thermal energy. At RT, Eq.~1! gives 84 meV as the energ
difference between the NBE emission peak and the excit
exciton peak. In our experiment, the position of the stim
lated emission peak at 3.178 eV is about 86 meV below
NBE emission. This calculated value is in good agreem
with our experimental result. Because the peak position
the p band is independent of the pumping intensity, we b
lieve that it also has an excitonic origin.7

However, it should be noted that the equally spac
sharp lines of the stimulated emission spectrum are attrib
to the multiple longitudinal modes of an optical cavity ha
ing a cavity length equal to the entire excitation stripe22

indicating the onset of laser action in our nanocrystall
ZnO thin films. Because the line spacing is measured fo
Fabry–Pe´rot resonant cavity with length L, using

DE5
pch

L S n1
Edn

dE D 21

, ~2!

whereEdn/dE is the variation of the refractive indexn with
photon energy E. The data of the refractive indexn(E) are
obtained from Ref. 23, andc is light velocity. The good
agreement between the calculated values and the mea
line spacing between the cavity modes strongly indicates
the sharp lines are due to the longitudinal modes of an o
cal cavity having a cavity length equal to the entire exci
tion stripe. The natural optical cavity was formed by t
nanocrystalline facets. It is usual for the best cavity mode
be produced from simply prepared samples and the op
cavities are accidentally or naturally formed within th
samples. The appearance of the equally spaced sharp lin

FIG. 7. NBE PL integrated intensity of ZnO thin films annealed at 900 °C
a function of the excitation intensity.
Downloaded 09 Sep 2012 to 159.226.165.151. Redistribution subject to AIP
is

–
-
e

nt
f
-

d
ed

e
a

red
at
ti-
-

to
al

s is

from different microlasers in microcavities21 with different
cavity lengths being completely stimulated. A detailed d
cussion will be published elsewhere.

From an optically pumped lasing experiment, the spe
led light around the excitation stripe is observed and no
ing signal is detected except along the direction of the ex
tation stripe. These results indicate that the planar waveg
decrease light emission scattering. This leads to an incre
in optically pumped lasing.

Optically pumped lasing of nanocrystalline ZnO is o
served in our experiment at RT. The mean grain size of
films is about 46 nm. When the nanocrystalline size is mu
larger than the excitonic Bohr radius but smaller than
excitonic coherence length, an excitonic wave function c
coherently extend over the nanocrystal. This can lead t
large enhancement in the exciton oscillator strength.7 The
ZnO nanocrystals in our films are spheres with a diamete
about 46 nm. The enhancement factor of the oscilla
strengthf is expected to bef / f ex5d3/p2aB

3'23103, where
f ex is the exciton oscillator strength in bulk crystal andaB is
the exciton Bohr radius~aB51.8 nm!. This huge enhance
ment of oscillator strength and the effect of the waveguide
limit light scattering may be responsible for the stronger
optically pumped lasing observed in our samples.

IV. CONCLUSIONS

We have obtained high-quality nanocrystalline Zn
films with a hexagonal wurtzite structure by thermal oxid
tion of high-quality ZnS films prepared by the LP-MOCV
technique. A multiple phonon-scattering process in ZnO t
films is observed. When the samples are annealed at 500
ZnS begins to transform into ZnO, and this transformat
into ZnO is complete at an annealing temperature of 700
When the annealing temperature increases, the defects i
films gradually decreased and DL emissions become m
weaker. The low-energy tail of the NBE emission resu
from the bound exciton emissions. A strong UV emission
observed at RT for the samples annealed at 900 °C. The
intensity ratio of NBE emission to DL emission is as high
98 at RT. We have observed lasing from the high-quality Z
thin films annealed at 900 °C. This mechanism of laser em
sion is believed to be exciton–exciton scattering at mode
excitation intensities. It is hoped that devices with mu
lower thresholds can be produced by further optimizing
nealing conditions and improving growth technique.
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