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a b s t r a c t

Although wurtzite ZnO has a simple crystal structure, the mechanism of its photoluminescence is still
controversial and this topic has attracted numerous research efforts. The polycrystalline ZnO thin films
studied here were deposited on Si (1 0 0) substrate by sputtering in pure Ar atmosphere, and then ther-
mally annealed in air at various temperatures ranging from 300 ◦C to 1050 ◦C. The photoluminescence
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spectra of the as-synthesized ZnO thin films exhibited some interesting results: two novel and remark-
able blue-violet emission peaks around 415 nm and 440 nm were discovered, while the usual strong
green emission peak at 450–550 nm was absent. These two blue-violet peaks might originate from zinc
interstitial and zinc vacancy point defects, which were introduced during sputtering in a non-oxygen
atmosphere. Strong blue-violet emissions of ZnO are highly desirable and they have great potential in

ical fl

lue-violet
hin films
efects

light emitting and biolog

. Introduction

As a direct semiconductor, ZnO has a wide band gap of 3.3–3.4 eV
nd a high exciton binding energy of 60 meV at room tempera-
ure, which is better than many other semiconductors, such as GaN
21 meV) and ZnSe (20 meV). Owing to these outstanding prop-
rties, ZnO has been recognized as a promising candidate for UV
ight-emitting diodes [1] and detectors [2], and it has aroused great
esearch interests around the world. ZnO thin films can be fabri-
ated by many methods, such as sol–gel process [2], chemical vapor
eposition (CVD) [3], pulsed laser deposition (PLD) [4], magnetron
puttering [5]. In photoluminescence (PL), besides the strong UV
mission from the near band edge, the visible emission proper-
ies of ZnO thin films are strongly dependent on their defects. ZnO
hin films produced by different methods or at different condi-
ions could introduce different kinds of defects, such as oxygen
acancies (VO) [6,7], zinc interstitials (Zni) [8], zinc vacancies (VZn)
9,10], anti-sites (OZn and ZnO) [11], and metal impurities [12]. A
road emission peak around 450–550 nm is the most frequently
bserved PL peak for ZnO thin films and this emission is usually

ttributed to deep level defects VO or Zni. In addition, experiments
ave confirmed that these visible emissions can be tailored by vary-

ng the annealing temperature [13], doping concentration [14], or
xcitation wavelength [15].
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uorescence labeling applications.
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In this research, the annealing-temperature-dependent mor-
phological, structural and optical properties of as-prepared ZnO
thin films have been investigated. The grain size and roughness
of ZnO thin films increased when thermal temperature rose. Two
novel and remarkable blue-violet emission peaks around 415 nm
and 440 nm are observed in PL spectra from ZnO thin films,
while the usual broad emission around 450–550 nm is absent.
The blue-violet emissions of ZnO are highly desirable and they
have great potential in light emitting and biological fluorescence
labeling applications. However, only a few papers reported the
blue emissions, and the proposed emission mechanisms are still
controversial [16,17]. The blue-violet emissions from the samples
reported in this article are stronger than its UV near band-edge
emission (NBE). Changing the excitation wavelength has notable
impact on NBE as well as these two new peaks. The agreement
between experimentally obtained defect levels by PL and those
predicted from previous work suggest that these two strong blue-
violet emissions should originate from the zinc interstitial and zinc
vacancy point defects, which are introduced during sputtering in
Ar atmosphere.

2. Experimental

2.1. Materials
The polycrytalline ZnO thin films were prepared on Si (1 0 0) substrates by
magnetron sputtering method. The ZnO target was purchased from Hefei Crystal
Materials Technology Co., Ltd, a branch of MTI Corp. and the purity is 99.99%. The
intrinsic Si (1 0 0) wafers were purchased from Tianjin Institute of Semiconductor
Research, cleaned by a standard procedure, and transferred into the sputter cham-
ber. The sputtering gas was Ar and the sputtering pressure was maintained at 1 Pa

dx.doi.org/10.1016/j.jallcom.2011.02.084
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wenjiemai@gmail.com
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uring deposition. The RF power was controlled at 80 W for 20 min and the thick-
ess of the thin film is 500 nm. Subsequently, the as-prepared ZnO thin films were
hermally annealed in air and at a series of different temperatures from 300 ◦C to
050 ◦C for 2 h.

.2. Characterization

The morphology and crystal structure of ZnO thin films were analyzed by atomic
orce microscopy (AFM), X-ray diffractometer (XRD), scanning electron microscopy
SEM) and energy dispersive spectroscopy (EDS). The room temperature PL exper-
ment was carried out on Shimadzu RF-5301pc photoluminescence spectrometer
nd was used to evaluate NBE and defect emissions from the ZnO thin films.

. Results and discussion

Fig. 1(a)–(c) shows the SEM image, the corresponding EDS spec-
rum and XRD spectrum of the ZnO thin film prepared by sputtering,
espectively. From the SEM image, the grain size of the polycrys-

alline ZnO thin film is roughly estimated as 50–100 nm, and the
lm has a relative flat surface. The EDS spectrum confirms the exis-
ence of Zn, O and Si elements. ZnO grains on the surface of thin films
end to orient with c plane as the outer surface so as to minimize
he surface energy; therefore polycrystalline wurtzite ZnO thin film

ig. 1. (a) The SEM image of the newly sputtered ZnO thin film. (b) The EDS spec-
rum of the corresponding ZnO thin film, indicating existence of only Zn, O, and Si
lements. (c) The XRD spectrum of the sputtered ZnO thin film, showing only ZnO
urtzite (0 0 2) and Si (4 0 0) diffraction peaks.
mpounds 509 (2011) 5437–5440

exhibits only diffraction peaks from c plane (0 0 2) peak, in our XRD
spectrum. XRD spectrum also shows Si (4 0 0) peak coming from
the single crystal Si (1 0 0) substrate.

Fig. 2(a) presents the AFM image of the ZnO film deposited
by sputtering and Fig. 2(b)–(d) demonstrate the surface evolution
when ZnO thin films were treated with 2-h thermal annealing at
600, 900 and 1050 ◦C, respectively. The surface morphology under-
takes steady and remarkable changes as the annealing temperature
increases. For example, the average diameter of ZnO grains expands
linearly from 79 nm to 305 nm as the sputtered sample is annealed
up to 1050 ◦C, as shown in Fig. 1(e). Although the average grain size
in Fig. 1(d) turns larger, the figure also clearly displays the coex-
istence of large and small grains, implying significant variance of
grain sizes, and this phenomenon is consistent with the thermal
coarsening process.

Room temperature and low temperature PL spectra of ZnO
have been extensively studied because of its importance as well
as complexity [6–18]. A typical PL spectrum of ZnO (black curve) is
exhibited in Fig. 3(a), which is obtained from commercially avail-

able ZnO powders. The excitation wavelength is fixed at 300 nm
here and later in this paper, unless declared otherwise. Both the
sharp UV emission peak at 382 nm from the NBE and the broad
peak round 450–550 nm from defect emission are observed. The

Fig. 2. (a)–(d) The AFM images of 3 �m × 3 �m area of the ZnO thin film samples,
which are newly sputtered, annealed at 600, 900, and 1050 ◦C for 2 h, respectively.
(e) The evolution of the average diameter of ZnO grains for the previous samples.
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ig. 3. (a) The PL spectra of ZnO powders (in black) and the newly sputtered ZnO
ormalized PL spectra of ZnO thin film samples (offset by a fix interval for better o
d) The relative intensity of two blue-violet emission with respect to the UV emissio
o the web version of the article.)

ed curve in Fig. 3(a) shows the PL spectrum of ZnO thin film sput-
ered from the ZnO target. The main differences between ZnO thin
lms and powders are described as follows: (1) for the thin film, the
ommon green peak from defect emission is absent; (2) two novel
nd remarkable peaks occur in blue-violet region ∼415 nm and
440 nm; (3) the UV peak shifts to 370 nm. The absence of the green
eak suggests the concentrations of the defects responsible for the
eep level emissions are negligible. Sputtering in Ar atmosphere is
elieved to be a key factor in eliminating the green emission. Only
few papers reported the peaks in blue-violet region, but their

L intensity is weak for applications [16,17]. Recently, a study on
L of ZnO nanoparticles reported blue emissions at 415, 440, 455
nd 488 nm (only the former two peaks are observed in our PL) in
he blue wave band, and it proposed a possible mechanism related
ith interstitial-zinc-related defect levels as initial states for blue

mission [19]. Here in this paper, another possible mechanism is
iscussed based on previous calculation results: a full-potential

inear muffin-tin orbital method suggested that Zni defect level
s 2.9 eV above valance band Ev and VZn defect level is 3.06 eV
elow conduction band Ec [11], which is also schematically plot-
ed in Fig. 3(b). Interestingly, the blue-violet emission energy in
ur sample corresponds to 2.82 eV (440 nm) and 2.99 eV (415 nm),
ery close to 2.9 eV (Zni) and 3.06 eV (VZn), respectively. According
o one possible defect reaction:

nZn ⇔ ZnX
i + VX

Zn,

hese two kinds of defects could occur simultaneously during the
puttering process and have similar concentrations. Two novel
mission peaks at 440 nm and 415 nm that have very similar inten-
ity could be contributed by Zni and VZn, respectively. Concerning
he UV peak shifting, different fabrication and treatment processes
an cause differences in crystallinity and defect concentrations in

nO, thus resulting in slight modification in band gap energy, which
n turn shifts UV peak location.

Fig. 3(c) presents normalized PL spectra of a series of ZnO thin
lms that were sputtered and later thermally annealed in air at 300,
00, 900, and 1050 ◦C for two hours. Annealing usually can improve
lm (in red). (b) The re-plot of the calculated defect levels in ZnO film [11]. (c) The
tion), which are sputtered, annealed at 600, 900, and 1050 ◦C for 2 h, respectively.
interpretation of the references to color in this figure legend, the reader is referred

the crystallinity and remove partial defects. One way to evaluate the
concentration of structural defects in ZnO is to compare the rela-
tive PL intensity of defect emission to the UV NBE. The impact of the
annealing on the PL spectra from our samples is shown in Fig. 3(d).
It is believed that annealing offers enough energy for the recombi-
nation of Zn interstitials and Zn vacancies that were induced during
sputtering, and therefore relieves the blue-violet emission. Inter-
estingly, the two peaks in blue-violet region are still larger than
that of NBE, implying great potential applications in light emitting
and biological fluorescence labeling. The growth of grains during
annealing does not induce a systematic shift of NBE for two rea-
sons. Firstly, when the average diameter is bigger than 10 nm, the
change of band gap caused by grain size difference is neglectable.
According to a formula deduced in previous literature [20,21]:

E(gap,nanocrystal) = E(gap,bulk) + �2h̄2

2R2

(
1

m∗
e

+ 1
m∗

h

)
− 0.248E∗

Ry

where E(gap,nanocrystal) is the nanocrytsal band gap energy, E(gap,bulk)
is the bulk band gap energy, E∗

Ry is the exciton binding energy, h̄ is
the reduced Planck constant, R is the radius of the grains, m∗

e is the
effective electron mass, and m∗

h
is the effective hole mass. The effect

of average grain size is reflected in the second term on the right
side. If m∗

e = 0.24m0 and m∗
h

= 2.31m0 are adopted [21], the shift
of energy is 1.04 meV when the average grain diameter increases
from 79 nm to 305 nm, corresponding to 0.1 nm shift in wavelength.
Secondly, two strong blue-violet emission peaks and the NBE peak
overlap extensively, thus the accurate NBE peak position is hard to
be determined.

In order to understand the features of the excited states related
to these blue emissions, the PL spectra were carefully obtained
under different excitation energies, as shown in Fig. 4. As the exci-

tation wavelength increases from 270 nm to 330 nm with energy
closer to the band gap energy of ZnO, the UV emission intensity is
steadily decreasing and its location displays notable movement. In
contrast, the location and intensity of the two novel blue emission
peaks related to the defects remain relatively stable throughout



5440 Z. Liang et al. / Journal of Alloys and Co

F
i
f

t
s
f
f
i
a
i
s
s
s
s
U
a
a
w
t
a
t
t
r
d

[
[
[

[

[

[
[

[

ig. 4. Excitation-dependent PL spectra of ZnO thin film samples (offset by a fix
nterval for better observation), which are (a) sputtered and (b) annealed at 1050 ◦C
or 2 h.

his series of experiments. In Fig. 4(a) for the spectra obtained from
puttered ZnO thin film, the UV emission peak slightly blue shifted
rom 372 nm to 370 nm, when the excitation wavelength increases
rom 270 nm to 310 nm. As the excitation wavelength continues
ncreasing up to 330 nm, the UV peak reverses its shifting direction
nd reaches 382 nm. Similarly, when the excitation wavelength
ncreases, UV emission diminishing effect is also observed on the
ample that was annealed at 1050 ◦C. However, in contrast to the
ample without annealing, two major differences of this annealed
ample are observed: the location of original UV peak keeps blue
hifting to 365 nm during increasing excitation wavelength; a new
V peak appears at 382 nm when excitation wavelength is 320
nd 330 nm. One possible explanation for the observed PL char-
cteristics is that the peak at 365 nm originates from free excitons
hile the peak at 382 nm from bounded excitons. When the exci-

ation energy reduces toward the band gap energy, the NBE yield

lso weakens, providing better opportunity for observing separa-
ion of two weaker UV peaks. For the sample annealed at 1050 ◦C,
he defect concentrations of zinc interstitials and zinc vacancies are
educed by thermally assisted recombination. Since there are less
efects to attract and bound the excitions, the free exciton concen-

[

[

[
[

mpounds 509 (2011) 5437–5440

tration in annealed sample can be enhanced and the corresponding
emission can be easier for detection.

4. Conclusions

In conclusion, we have studied the morphological, structural
and optical properties of a series of polycrystalline ZnO films that
were annealed at various temperatures for 2 h. The grains of poly-
crystalline ZnO thin films experienced a coarsening process when
thermal temperature rose. In PL spectra of ZnO thin film, two novel
and strong blue-violet emission peaks around 415 nm and 440 nm
were discovered while the usual green emission at 450–550 nm was
absent. The blue-violet emissions from the samples reported in this
article were stronger than their UV near band-edge emission. The
origins of these two peaks might relate to the zinc interstitial and
zinc vacancy point defects that were introduced during sputtering
in Ar atmosphere.
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