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Different origins of visible luminescence in ZnO nanostructures fabricated
by the chemical and evaporation methods

D. Li, Y. H. Leung, A. B. Djurišić,a) Z. T. Liu, M. H. Xie, S. L. Shi, and S. J. Xu
Department of Physics, The University of Hong Kong, Pokfulam Road, Hong Kong, China

W. K. Chan
Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong, China

(Received 15 March 2004; accepted 25 June 2004)

We prepared ZnO nanostructures using chemical and thermal evaporation methods. The properties
of the fabricated nanostructures were studied using scanning electron microscopy, x-ray diffraction,
photoluminescence, and electron paramagnetic resonance(EPR) spectroscopy. It was found that the
luminescence in the visible region has different peak positions in samples prepared by chemical and
evaporation methods. The samples fabricated by evaporation exhibited green luminescence due to
surface centers, while the samples fabricated by chemical methods exhibited yellow luminescence
which was not affected by the surface modification. No relationship was found between green
emission andg,1.96 EPR signal, while the sample with yellow emission exhibited strong EPR
signal. ©2004 American Institute of Physics. [DOI: 10.1063/1.1786375]
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ZnO is of great interest for photonic applications,
thus, the optical properties of different forms of ZnO(single
crystals, thin films, powder, and nanostructures) have bee
extensively studied.1–23ZnO typically exhibits UV band edg
emission and a broad visible band due to defect emis
The visible photoluminescence(PL) is most commonl
green,1–7 though other peaks such as, for example, ora8

and yellow emission14,15,17–19have also been reported. Out
different reported emission peaks, the origin of the g
emission is the most controversial one. It was proposed
green emission in ZnO originates from Cu impurities3,4

However, the dependence of the PL spectra on the fab
tion atmosphere9 and the annealing conditions10 may be
more consistent with an intrinsic defect than an extrinsic
purity. Vanheusdenet al.1,2 observed a correlation betwe
the intensities ofg<1.96 electron paramagnetic resona
(EPR) peak and green photoluminescence(PL) and propose
that the green PL originates from a transition between s
charged oxygen vacancy and photoexcited hole. How
the assignment ofg,1.96 signal to singly ionized oxyge
vacancy is controversial. This signal was also assigne
shallow donors,3,24,25 regardless of the shallow don
identity,24 and free electrons,26 while g'=1.9945 andgi

=1.9960 signals were assigned to singly ionized oxygen
cancy Vo

+.3,24 Furthermore, theoretical predictions indic
that the native shallow donor in ZnO is interstitial zinci
while oxygen vacancy is a deep donor.27 Therefore, the hy
pothesis of correlation between green PL and presen
oxygen vacancies based ong,1.96 EPR signal is likely no
correct.

Other proposed mechanisms include transition betw
the electron close to the conduction band and deeply tra
hole at Vo

++ center (oxygen vacancy containing n
electrons),11,12,16 donor–acceptor and shallow donor–d
level transitions,5–7 zinc interstitials15 and antisite oxygen.13

It is possible that visible luminescence in ZnO has diffe
origins in different samples. For example, single crystals
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phosphor powders may be more likely to exhibit impu
related emission, while nanostructures and epitaxial
films are more likely to exhibit emission due to intrin
defects. In this work, we attempt to clarify the origins
visible emissions in ZnO nanostructures fabricated by di
ent methods. We performed EPR and PL measuremen
ZnO samples prepared using chemical procedure(from aque
ous solution of zinc nitrate hydrate a
hexamethylenetetramine)17 and evaporation procedure
oxidation of Zn (in humid argon and dry nitrogen flow) as
reported previously9 or by heating a mixture of ZnO an
graphite(1:1 molar ratio)21 at 1100°C in a tube furnace.

The structure of deposited materials was investigate
x-ray diffraction(XRD) using Siemens D5000 x-ray diffra
tometer, and energy dispersive x-ray spectroscopy(EDX)
and scanning electron microscopy(SEM) using Leo 1530
FESEM. EPR measurements were performed using B
EMX EPR Spectrometer. The room temperature and 4 K
spectra were measured using a HeCd laser excitation s
s325 nmd. Figure 1 shows the representative SEM image
ZnO nanostructures fabricated by a chemical method[Figs.
1(a) and 1(b) and evaporation in humid argon flow[Fig.
1(c)]. Nitrogen gas flow yielded the same morphology
humid argon flow. For ZnO:graphite mixture, tetrapod st
tures similar to those reported in our previous study9,21 were
obtained(not shown). XRD spectra in all cases show pe
corresponding to wurtzite ZnO. No diffraction peaks fr
Zn or other impurities were detected. Figure 2 shows
EPR spectra from different samples, while the compariso
the corresponding PL spectra is shown in Fig. 3(a). It can be
observed that the strongg,1.96 EPR signal is present on
for the sample prepared by chemical methods which exh
yellow instead of green photoluminescence. Other sam
show weak or nog,1.96 EPR signal. Strong yellow lum
nescence can also be observed at low temperature, as
in the inset of Fig. 3(a). Lack of green photoluminescence
the sample prepared by chemical method is in agree
with the previously reported result.17 Yellow emission in
ZnO has been attributed to oxygen interstitials Oi.

15,18,23
Donor–acceptor recombination at lithium acceptors was also

© 2004 American Institute of Physics
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proposed as the origin of the yellow emission.28,29 The cor-
relation between the yellow emission andg,1.96 EPR sig
nal intensities was previously observed in Al doped Z
samples.19 This is in contradiction with the results repor
by Vanheusdenet al.1,2 who found the correlation betwe
green photoluminescence andg,1.96 EPR signal.

Out of the four samples investigated here, the sam
with the strongestg,1.96 EPR signal exhibits yellow P

FIG. 1. Representative SEM images of ZnO nanostructures:(a) ZnO pre-
pared by chemical methods, small magnification;(b) ZnO prepared b
chemical methods, large magnification, and(c) ZnO prepared from Zn i
humid argon flow.

FIG. 2. EPR spectra measured at room temperature from ZnO stru

using different methods. EPR spectra have been vertically shifted for clarity

Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP l
emission. The sample with the strongest green PL emi
(ZnO tetrapod/nanowire structures fabricated in nitro
flow) shows no EPR signal at all. The sample fabric
from ZnO:graphite mixture shows small EPR signal at
same position as the sample fabricated by chemical met
but it exhibits green photoluminescence. The sample f
cated from Zn in humid argon flow also shows green ph
luminescence, though it is much weaker compared to
sample fabricated in N2 gas flow. This sample possibly e
hibits some feature atg,1.96 near the level of noise. T
interpretation of the obtained results is further complic
by the fact thatg=1.96 EPR signal actually can consist
two lines g=1.955 andg=1.958 which may be caused
different defects.26 The samples exhibiting green and yell
emission investigated here show EPR signal at the sam
sition g<1.955, which has been previously assigned
Zni.

25 Also, recent experiments on the influence of the e
tric field to the green luminescence in ZnO single crys
indicated that the luminescence may be due to comple
fects including Zni.

30 Another alternative explanation is th
the g,1.955 signal is caused by free electrons, whilg
,1.958 is caused by Zni or dislocations.26 Regardless of th
cause of this signal, it is obvious that there is no sim
relationship between the intensity ofg,1.96 EPR signal an
visible photoluminescence. A possible explanation for
controversy is that two different deep levels are respon
for green and yellow photoluminescence. Transitions
tween conduction band electrons or shallow donors(depend
ing whether there is anyg,1.96 EPR signal) and the dee
level would result in the visible photoluminescence. If
deep level concentration is higher than a shallow donor
centration, this would explain the correlation between thg
,1.96 EPR signal intensity and the visible PL(green o
yellow, depending on the deep level involved) observed in
some of the samples. The deep level involved in the ye
luminescence is likely interstitial oxygen,15,17,18,23which is ins

FIG. 3. (a) Photoluminescence spectra measured at room temperatur
ZnO structures using different methods. The inset shows the PL fro
sample fabricated by a chemical method at 4 K.(b) The comparison of th
photoluminescence spectra with and without surfactant for ZnO prepa
a chemical method. The inset shows the influence of surfactant for
fabricated from Zn in humid argon flow.
agreement with the reported results on disappearance of this.
icense or copyright, see http://apl.aip.org/apl/copyright.jsp
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emission after annealing in reducing atmospheres.17 Depen-
dence of the visible emission(green or yellow) on the oxi-
dation temperature in ZnO films prepared by thermal ox
tion is also in agreement with intrinsic defect hypothes22

However, it should be noted that even though ZnO rod
this work have not been intentionally doped, presence o
impurity in the starting material and hence Li acceptor
lated yellow luminescence28,29 is possible. The nature of th
defect responsible for the green emission requires fu
study.

In order to obtain more information on the origins
green and yellow emission, fabricated nanostructures
coated with a surfactant using following procedure. Z
nanostructures were dispersed in a dichloromethane so
of n-hexyltrichlorosilane in an ultrasonic bath for 1 h. Af
dispersion, nanostructures were separated using cent
and rinsed thoroughly with dichloromethane to remove
residual surfactant and dried in a vacuum oven for 30
After coating with surfactant, SEM and EDX were p
formed to check the morphology and composition. It
found that the morphology was preserved, and EDX
firmed presence of Si and Cl indicating successful att
ment of n-hexyltrichlorosilane to ZnO nanostructures. T
comparison between PL spectra of ZnO nanostructures
ricated by chemical methods with and without surfactan
shown in Fig. 3(b). The inset shows the effects of surfact
for ZnO nanostructures fabricated in humid argon flow
can be observed that the addition of surfactant significa
reduces green emission, indicating that the defects re
sible for the green emission are located at the surface. O
other hand, yellow emission is not reduced by surfac
coating. Small red shift of the peak can be observed, whi
likely due to the suppression of the green part of the e
sion. This indicates that the yellow centers are not locate
the surface, which is in agreement with the previous re
for ZnO samples sintered in moist air.15 Also, coating of ZnO
single crystals with KCl or KI also resulted in the suppr
sion of green luminescence while yellow emiss
remained.14

To summarize, we have performed PL and EPR s
troscopy studies of ZnO structures fabricated by diffe
methods. We found that the fabrication methods significa
affected the properties of the obtained nanostructures. T
fabricated by evaporation methods exhibited green PL
surface centers. The ratio of the UV to green emission
well as the existence ofg=1.96 EPR signal, were depend
on the fabrication atmosphere and the starting materia(Zn
vs ZnO:C mixture), but no correlation was observed betw
EPR and green PL. The nanostructures fabricated by ch
cal methods exhibited yellow luminescence and strong
=1.96 EPR signal. Yellow luminescence was not sensitiv
the surface modifications of the nanostructures, hen

likely originated from the defects in the bulk, not the surface.
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