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a b s t r a c t

The structural and photoluminescent properties as well as the evolution of photo-generated excitons

were studied in combination with the effects of thermal annealing for c-axis oriented nanocrystalline

zinc oxide (nc-ZnO) films on Si (100) prepared by plasma assisted reactive pulsed laser deposition.

The extra energy and the reactive oxygen species provided by ECR oxygen plasma result in the low-

temperature c-axis oriented growth of nc-ZnO with wurtzite structure and low density of oxygen

vacancies in the grown ZnO. The annealing process leads to the improvement of crystallinity and the

growth of crystallites at the expense of the introduction of oxygen vacancies. The prepared nc-ZnO

films emit strong near band edge (NBE) photoluminescence (PL) associated with longitudinal optical

(LO) phonon replicas of free and bound excitons at 325 nm light excitation at 7 K. The temperature-

dependent PL features reveal the evolution of radiative recombination processes with temperature and

indicate that the room-temperature NBE luminescence is dominated by the LO phonon replicas of free

excitons, whereas inappreciable visible emission in the room-temperature PL from as-deposited nc-ZnO

suggests low-density oxygen vacancies in the samples.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

With a wide band gap of 3.37 eV and a large exciton binding
energy of 60 meV at room temperature, zinc oxide (ZnO) is
considered as an important material for optoelectronic devices such
as short-wavelength light-emitting diodes, laser diodes, and detec-
tors [1]. ZnO is also recognized as a promising solar energy material
and has attracted much attention in photovoltaic applications. ZnO
has a good transparency for the solar spectrum and can be used as a
window layer in solar cells [2,3]. ZnO has an excellent conductivity
and can be applied as a front conducting electrode in solar cells [4,5].
Due to its high electron mobility and almost equality in band
gap energy with TiO2, ZnO has been investigated as an alternative
photoanode material for TiO2 in dye-sensitized solar cells (DSSCs)
[6–8]. ZnO has also been proposed to form type-II heterojunctions
with other wide band gap II–VI semiconductors as an alternative
structure for photovoltaic applications [9,10]. In addition to bulk and
film materials, ZnO with various nanostructures is particularly
attractive for photovoltaic devices. In the DSSCs constructed from
nanocrystalline ZnO (nc-ZnO) films, dye excited states undergo
rapid charge separation, with electrons injected into the nc-ZnO
ll rights reserved.
films and holes leaving the opposite side of the device. The
replacement of a flat and smooth surface of ZnO back electrode by
a rough nc-ZnO film is an effective approach to increase light path in
solar cells [4]. The refractive index of nanostructured ZnO can be
tailored by coating on an absorber surface. ZnO with varied
refractive index suppresses the reflection at surface, and therefore
can be used as a light coupling layer for antireflective coating as well
as solar thermal selective surfaces in solar cells [11].

ZnO nanostructures can be synthesized by different methods
using various liquid, gaseous, solid, and colloidal systems and
their combinations as the precursor media for nanoscale assem-
blies. Among them, plasma-based methods using reactive gaseous
precursors are versatile for the synthesis of nanostructured
materials including various forms of ZnO nanostructures [12].
Despite the achievements in the preparation of ZnO nanostruc-
tures and the extensive studies of nanostructured ZnO, further
work is necessary for the material to be used commercially,
including the studies on the fundamental properties and their
dependence on preparation approaches and treatment conditions.
For photovoltaic applications, in particular, the centers and
mechanisms responsible for the generation, transfer, and relaxa-
tion of photo-generated excitons as well as their correlation with
structure need to be further clarified.

We have recently succeeded in the synthesis of highly c-axis
oriented and hexagonal wurtzite structured nc-ZnO films by plasma
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assisted reactive pulsed laser deposition [13,14]. An oxygen plasma
ignited by electron cyclotron resonance (ECR) microwave discharge
was used as a reactive oxygen source for the reactive deposition of
nc-ZnO films on several kinds of substrates. In this paper, we present
a systematic study on nc-ZnO films deposited on lattice mismatched
Si(100) substrates, about the dependence of the structure and
photoluminescence (PL) on annealing process and the correlation
between the structural and the luminescent properties. Tempera-
ture dependent PL is also presented here for the examination of the
transfer and relaxation of photo-generated excitons in the prepared
nc-ZnO films.
2. Experimental section

2.1. Sample preparation

Nc-ZnO thin films were reactively deposited by oxygen plasma
assisted pulsed laser deposition. A detailed description of the
experimental equipment and the deposition procedure has been
provided previously [13,14]. A metallic zinc target (99.999% in
purity) was ablated by a pulsed laser beam in the environment
of an oxygen plasma ignited by means of electron cyclotron
resonance (ECR) microwave discharge in pure (499.999%) oxy-
gen gas. The zinc plasma created by the zinc target ablation
expanded in the oxygen plasma and the oxygen plasma was
further excited by the laser induced zinc plasma during its
expansion from the target to the substrate [15]. Polished n-type
single crystalline Si (100) wafers were used as substrates after
being chemically cleaned to remove surface contaminants and
natural oxide layer. The substrate was positioned parallel to the
target surface with a distance of 40 mm. The laser induced
zinc plasma expanded reactively through the highly reactive
oxygen plasma towards the substrate surface, resulting in the
reactive deposition of nc-ZnO films at a temperature of about
80 1C. After deposition, the deposited nc-ZnO films were exposed
to thermal annealing process at different temperatures in air for
30 min.
20

(1
01

)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

2θ (degree)

S
i(4

00
)

(1
03

)

(1
10

)

(1
02

)

(1
00

) (1
01

)
(0

02
)

1

2

X 5

30 40 50 60 70 80

Fig. 1. XRD patterns of as-deposited nc-ZnO films on Si: (1) with a thickness of

80 nm and (2) with a thickness of 500 nm. Pattern 1 shown in the figure is

magnified by 5 vertically.
2.2. Sample characterization

Surface morphology of the prepared nc-ZnO films was exam-
ined by atomic force microscopy (AFM) with a scanning probe
microscope (PSIA, XE-100), which worked in the AFM non-contact
mode. The crystalline structure was analyzed by X-ray diffrac-
tion (XRD) with a Rigaku D/max-gB X-ray diffractometer in
the y–2y configuration using the Ni-filtered Cu Ka radiation
(l¼0.15406 nm). The structure of the films was also character-
ized by Raman scattering and Fourier transform infrared (FTIR)
spectroscopy through the analysis of oxide phases and vibrational
modes. The Raman scattering measurements were performed
with a Jobin-Yvon LabRAM HR 800UV micro-Raman spectrometer
using 325 nm laser beam from a He–Cd laser as the exciting light,
while the FTIR spectra were recorded with a Bruker Vertex
80 V spectrometer. PL measurements were performed for the
as-deposited and the annealed nc-ZnO films by normally exciting
the samples with 325 nm laser light from a CW He–Cd laser
(Melles Griot, 3074-M-X04). The nc-ZnO samples were fixed to
the cold holder of a closed-cycle refrigerator (Arscryo, DE-204)
and cooled down to the desired temperature for measurements.
The PL spectra were recorded by collecting the emitted lumines-
cence at normal direction with a 0.5 m spectrometer (Acton
Research, Spectra Pro 500i) and an intensified charge-coupled
device (ICCD) (Andor Technology, iStar DH720), which was
attached to the exit port of the spectrometer.
3. Results and discussion

3.1. Surface morphology

The prepared nc-ZnO films have good adhesion to the substrates.
The examination of surface morphology by AFM reveals that the
prepared films exhibit a smooth surface appearance with an average
root mean square value of roughness of about 1.0 nm over
1 mm�1 mm surface area. AFM images of the as-deposited and
the annealed nc-ZnO films on Si (100) substrates have been
presented elsewhere [13,14]. No significant influence on the surface
morphology by post deposition annealing has been observed.

3.2. Crystal structure

XRD characterization reveals that the as-deposited nc-ZnO films
are of wurtzite structure with a preferred orientation along the
c-axis perpendicular to the substrate surface. Curve 1 in Fig. 1 is a
typical XRD pattern taken from an as-deposited nc-ZnO film with a
thickness of about 80 nm. Besides the strong and sharp peak
(2y¼69.141) attributed to the diffraction from the Si substrate, the
dominant peak is identified as the (002) diffraction of wurtzite ZnO
phase. The oriented crystallographic growth of ZnO is partially due
to the extra energy provided by the plasma stream to the precursors
arriving at the surface, which promotes the reaction rate at the
surface and enhances the mobility of the arrived precursors, hence
facilitating the oriented growth of the crystalline film at low
temperatures. Several weak peaks, also indexed to the hexagonal
wurtzite structured ZnO, can be observed in addition to the (002)
diffraction, indicating the presence of orientations other than the
dominant c-axis orientation. It is noted that 2y value corresponding
to the (002) diffraction is 33.701, much smaller than 34.4221, the
standard value for bulk ZnO (JCPDS: 36-1451), suggesting the
imperfection of the ZnO wurtzite structure. Meanwhile, the full
width at half-maximum (FWHM) of the (002) peak is rather large
(�0.851), revealing the small size of the ZnO crystallites. From the
diffraction angle and the FWHM of the (002) peak, the mean size of
the prepared ZnO crystallites in this film is calculated to be about
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Fig. 2. Detailed XRD patterns of (002) diffraction peaks showing diffraction shift

and peak narrowing: (a) as-deposited; (b) annealed at 400 1C; (c) annealed at

600 1C; (d) annealed at 800 1C; and (e) annealed at 1000 1C. The weak (101) peaks

also appear in the XRD patterns obtained from the as-deposited film and the film

annealed at 400 1C.
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10 nm using the Scherrer’s formula [16]:

d¼
Kl

bcosy
,

where d is the mean diameter of the crystallites, and K, l, b, and y
the Scherrer parameters (¼0.9 generally), X-ray wavelength
(0.15406 nm here), FWMH of the diffraction peak, and Bragg
diffraction angle, respectively. Using the well-known x-ray diffrac-
tion formula for a hexagonal structure [17], the lattice constants are
determined to be a¼0.531 nm and c¼0.325 nm from the XRD data.

As the films grow thicker up to about 300 nm, the intensity of
these weak diffraction peaks decreases while that of the domi-
nant (002) diffraction increases, together with the peak position
shifting towards larger angles and the peak width narrowing
gradually. Above 300 nm, these weak diffraction peaks become
almost indiscernible and the features of XRD pattern remain
almost unchanged. Unless otherwise specified, the present work
was mainly performed for the films with a thickness of about
500 nm. The XRD pattern obtained for an as-deposited nc-ZnO
film with a thickness of 500 nm is also depicted in Fig. 1 (curve 2).
It can be seen that the (002) diffraction peak of wurtzite ZnO
dominates the XRD pattern, except a very weak peak indexed to
ZnO (101). This XRD pattern suggests the nearly oriented crystal-
lographic growth of the nc-ZnO films with the c-axis perpendi-
cular to the substrates. However, the 2y value corresponding to
the (002) diffraction is still smaller than the standard value for
bulk ZnO, suggesting that there is some stress in the as-deposited
films. On the other hand, narrowing of the (002) peak reveals that
the crystallites grow larger in size during the growth of the film.
The calculated lattice constants of the nc-ZnO structure and the
determined mean size of the crystallites are listed in Table 1
together with the measured XRD data.

After annealing in air, the (002) peak is observed to shift towards
the larger diffraction angles along with a narrowing in the diffrac-
tion peak, implying that the stress in the film was released and the
crystallites grew larger during thermal annealing. A gradual shift in
diffraction angle and a gradual narrowing in diffraction peak with
annealing temperature illustrated in Fig. 2 clearly reveal the
progressive improvement in nc-ZnO crystallinity. In addition, the
orientation of the crystallinity was also improved by thermal
annealing, as revealed by the disappearance of the (101) peak,
which is only observed from the as-deposited and the low-tem-
perature annealed films. After annealing at temperatures above
500 1C, the (101) diffraction can no longer be recognized. The peak
positions and the FWHMs of the (002) diffraction peak of the nc-ZnO
films after annealing at different temperatures are tabulated in
Table 1. The positions of the weak (101) peak of the as-deposited
and the low-temperature annealed films are also listed in the table.
Using the x-ray diffraction formula and the Scherrer’s formula, the
lattice constants of the wurtzite structure and the mean size of the
crystallites in the films are determined for the nc-ZnO films after
annealing at different temperatures, as tabulated also in Table 1. It
can be seen that the crystallites in the nc-ZnO films grew larger
with annealing temperature. With respect to crystallinity, however,
temperatures around 700 1C are most appropriate: no diffractions
Table 1
Measured positions of (002), and (101) XRD peaks and FWHM of (002) peak, and calcu

Sample As-deposited Annealed at 400 1C

(002) peak position (2y) 33.931 34.221

(101) peak position (2y) 36.201 36.261

FWHM of (002) peak 0.511 0.401

Lattice constant c (nm) 0.528 0.524

Lattice constant a (nm) 0.324 0.324

Crystallite diameter d (nm) 16 20
other than the (002) one could be observed from the film after
annealing above 600 1C, indicating the high c-axis orientation; the
films after annealing at temperatures from 600 to 800 1C have the
(002) diffraction and lattice constants very close to the standard
values for bulk wurtzite ZnO.

3.3. Oxide phase and vibrational modes

FTIR measurements confirm the formation of wurtzite ZnO
phase in the prepared films. Theoretical calculation has predicted
the Zn–O bond excitation around a wavenumber of 410 cm�1 for
high quality ZnO, while ZnO usually shows distinct absorption
bands around 460 cm�1 [18–20]. Fig. 3 illustrates the recorded FTIR
transmission spectra in the wavenumber region below 1500 cm�1

for the as-deposited film on Si and the films after annealing at
different temperatures, together with that recorded for the Si
substrate as a reference. In addition to the absorptions originating
from the substrate, a strong absorption is clearly observed at about
420 cm�1 for the prepared films whether annealed or not. This
band is due to zinc oxide and can be attributed to Zn–O vibrational
modes. It is also observed that this absorption becomes stronger
and the absorption band gets much narrower after annealing,
indicating the improvement in crystallinity resulting from post
deposition annealing, consistent with the results obtained by XRD
characterization. Furthermore, a weak but distinct absorption near
570 cm�1 appears as a shoulder in the spectrum taken from the as-
deposited film (marked by an asterisk in the figure). This absorption
lated lattice constants and crystallite diameters.

Annealed at 600 1C Annealed at 800 1C Annealed at 1000 1C

34.401 34.481 34.561

Not identified Not identified Not identified

0.341 0.231 0.181

0.521 0.520 0.519

Not calculated Not calculated Not calculated

24 36 45
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Fig. 4. Raman scattering spectrum of as-deposited nc-ZnO film on Si.

0

Raman shift (cm-1)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

e

d

c

b

a

**
*

E2(high)
A1 (LO)

A1 (2LO)

A1 (3LO)

500 1000 1500 2000

Fig. 5. Raman scattering spectra of nc-ZnO films on Si: (a) as-deposited; (b)

annealed at 400 1C; (c) annealed at 600 1C; (d) annealed at 800 1C; and (e)

annealed at 1000 1C.

1500

*

*

*

*

f

%
 T

ra
ns

m
itt

an
ce

Wavenumber (cm-1)

e

d

c

b

a
*

1000 5000 0

Fig. 3. FTIR transmission spectra of nc-ZnO films on Si: (a) as-deposited; (b)
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is attributed to the polar A1 mode with longitudinal optical (LO)
phonons, which is both IR and Raman active. The A1 (LO) mode has
a high efficiency to be excited in Raman scattering and hence the
Raman signal corresponding to the A1 (LO) mode is easy to be
observed. In contrast, this mode is usually hard to be observed in IR
characterization [18–21]. In our case, this absorption can be
identified in the FTIR measurements and becomes prominent after
annealing, with its intensity increasing with an increase in anneal-
ing temperature, as clearly shown in Fig. 3.

Raman scattering measurements provide further evidence
for the wurtzite ZnO phase in the prepared films. For hexagonal
wurtzite ZnO, the phonon modes belonging to the E2, E1, and A1

symmetries are Raman active [22]. Of them, the non-polar phonon
modes with symmetry E2 have two frequencies associated with
oxygen and zinc sublattices, and the polar A1 and E1 modes split
into LO and transverse optical (TO) components, respectively,
exhibiting different frequencies. Therefore, there are six Raman
active phonon modes E2 (low), E2 (high), A1 (TO), A1 (LO), E1 (TO),
and E1 (LO) for wurtzite ZnO [23,24]. Fig. 4 shows a typical Raman
spectrum recorded for the as-deposited film. The scattering signals
are rather strong with more resolved peaks compared with our
previous work [13,14]. This could be due to the stronger absorption
of 325 nm light for sample excitation. The spectra exhibit three
prominent peaks at 570, 1150, and 1730 cm�1 and several weak
ones. Two Raman peaks corresponding to the E2 (high) and the
A1 (LO) modes at 438 and 570 cm�1, respectively, are observed as
expected from the Raman selection rules in wurtzite crystal
structure. Three weak features at 325, 655, and 998 cm�1 are
also resolved (marked by asterisks in the figure). They could be
attributed to multiple-phonon scattering processes [24,25]. It is
worthwhile noting that the A1 (LO) mode is remarkably strong, and
the frequency shifts of the 2LO and 3LO phonons are also remark-
ably prominent. Intense multiple-phonon scattering processes of
the A1 (LO) modes have previously been observed in high quality
ZnO bulk crystal materials [26]. Raman spectra recorded for the nc-
ZnO films after annealing in the temperature range from 400 to
1000 1C are depicted in Fig. 5, along with those obtained from the
as-deposited film for comparison. It can be seen from Fig. 5 that no
obvious annealing effects are observed up to 600 1C, except that the
E2 (high) Raman peak becomes much resolved for the films after
annealing compared with the as-deposited one. High-temperature
annealed nc-ZnO films exhibit stronger Raman scattering signals.
However, there seems no monotonic increase in Raman signals
with annealing temperature and the strongest Raman signals are
observed from the films after annealing at temperatures around
800 1C, most probably corresponding to the improvement in
crystallinity resulting from annealing at about 800 1C.

3.4. Room-temperature photoluminescence

Fig. 6(a) illustrates the room-temperature (RT) PL spectrum
taken from the as-deposited nc-ZnO films on Si substrates. At the
excitation of light with a wavelength of 325 nm, the as-deposited
nc-ZnO film emits strong UV luminescence peaking at 381.6 nm
(3.249 eV). This UV PL is assigned to the room-temperature free
exciton related near band edge (NBE) emission in ZnO, namely,
the recombination of free excitons through an exciton–exciton
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collision process [27,28], which is evidenced by temperature
dependent PL measurement as will be described below. The NBE
emission band of the as-deposited nc-ZnO film is rather broad and
extends to 435 nm in the long wavelength side with an FWHM of
about 20 nm. It can be seen that the intensity and feature of the NBE
emission show a strong dependence on the annealing process, as
shown by Fig. 6(b), which displays the RT PL spectra taken from the
as-deposited and the annealed nc-ZnO films. For the nc-ZnO film
annealed at 400 1C in air for 30 min, the intensity of the NBE
emission decreases significantly. With the annealing temperature
increasing above 400 1C, however, an enhancement in the NBE
emission and a narrowing in the emission band are observed. The
strongest NBE emission is observed for the films annealed at about
800 1C, whose NBE emission peaks at 377.8 nm and spans from 362
to 411 nm, or from 368 to 396 nm with an intensity above 10% of
the peak intensity, with its FWHM of approximately 10 nm. Further
increasing the annealing temperature results in a decrease in the
intensity of the NBE emission, as shown in Fig. 6. The wavelength of
the emission peak is also observed to be dependent on annealing
temperature. The dependence of the PL intensity and peak position
of the NBE emission on annealing temperature is depicted in Fig. 7.

In addition to the NBE emission, green and other visible lumines-
cence, usually observed in almost all ZnO prepared on different
substrates by various methods [29–32], can hardly be detected in
our case from the as-deposited film and the films after annealing
below 600 1C, with the intensity less than 2% of the NBE emission
intensity for the as-deposited film and less than 5% for the 600 1C
annealed films. The visible photoluminescence of ZnO is related to the
deep level defects, such as oxygen vacancies, oxygen interstitials and
zinc interstitials in ZnO. Green emission in ZnO is generally explained
by the radiative recombination of a photo-generated hole with the
electron in a singly ionized oxygen vacancy [30,31], while yellow
emission is attributed to oxygen interstitials [32]. Although the actual
recombination mechanisms for visible emission are still not fully
understood, the almost absence of the visible defect-related deep
level (DL) emission from our as-deposited film and films after
annealing below 600 1C reveals a lower density of such defects in
the nc-ZnO films and a higher thermal stability of the prepared nc-
ZnO films at temperatures as high as 600 1C. The low density of
oxygen vacancies in our nc-ZnO films could be attributed to the ECR
oxygen plasma, which provides the ZnO crystallites with sufficient
reactive oxygen during the growth of nc-ZnO. However, it can be seen
from Fig. 6 that with further increase in the annealing temperature,
the DL emission is greatly enhanced, indicating the introduction of
deep level defects such as oxygen vacancies during high temperature
annealing. For the film annealed at 800 1C, i.e. the film having the
highest efficiency for UV NBE emission at 325 nm light excitation, the
intensity of the DL emission increases to be higher than half of that of
the NBE emission. Much more intense DL emission is observed from
the film after annealing at 1000 1C, whose DL emission is remarkably
enhanced with its intensity more than three times that of the NBE
emission. The intensity of the DL emission and the relative intensity
of the DL emission to the NBE emission are plotted in Fig. 8 as
functions of annealing temperature, together with the intensity of the
NBE emission for reference.

3.5. Temperature dependent photoluminescence and photo-

generated excitons

The above RT PL measurements show that the UV NBE
luminescence from the nc-ZnO films is greatly enhanced after
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annealing at around 600 1C while the DL luminescence remains
very weak. The films thus prepared and annealed were submitted
to various temperatures for temperature dependent PL measure-
ments. At low temperatures, the NBE luminescence is dominated
by radiative decays from a number of free and bound exciton
complexes. Fig. 9 displays a typical high resolution PL spectrum
taken at 7 K from the annealed nc-ZnO film. The details of the PL
features related to the emissions with various excitons and their
phonon replicas are shown in the figure. The emission at 3.360 eV
with its FWHM of about 8 meV is the strongest in the spectrum.
This strong and narrow emission peak is associated with bound
excitonic emission at neutral donors (D0X) [27,28]. The NBE
luminescence extends to lower energies and the D0X peak is
accompanied by an emission at 3.346 eV, which can be attributed
to the contribution of neutral-acceptor bound excitons (A0X). At
the high energy side of the D0X peak, the emission associated
with free excitons (FX) appears as a shoulder. In addition to the
emissions associated with donor and acceptor bound excitons and
that with free excitons, two PL bands are clearly resolved at 3.313
and 3.240 eV, as illustrated in Fig. 9. They can be attributed to
the LO phonon replicas of free excitons and result from the
simultaneous emission of photons and phonons in the annihila-
tion process of free excitons. For the as-deposited film, the PL
spectrum taken at 7 K is also dominated by the NBE luminescence
arising from free and bound exciton complexes, but the detailed
excitonic features are not so well resolved except for the strongest
emission related to the neutral donor bound excitons.

The photo-generated excitons in the nc-ZnO and their evolu-
tion with temperature are studied by temperature dependent PL
measurements, from which the origin of UV luminescence is also
confirmed. Fig. 10 illustrates the PL spectra taken from the
annealed nc-ZnO film at temperatures from 7 to 300 K. It can be
seen that the exciton emissions of FX, D0X, and A0X show obvious
redshifts as the sample temperature increases. Meanwhile, the
intensity of the UV NBE luminescence decreases as a whole.
However, the emission associated with bound excitons decreases
more rapidly than that associated with free excitons and becomes
hardly resolvable at around 150 K, indicating the decomposition
of bound excitons to free ones with increasing thermal energy
[33]. The quenching temperature of this emission is lower than
that for bulk ZnO crystals at 210 K [28]. The rapid thermal
quenching suggests that the excitons are bound very weakly,
and hence they must be bound to shallow neutral donors rather
than deep ones or acceptors. Furthermore, the larger surface-to-
volume ratio in ZnO nanostructure could accelerate the decom-
position of bound excitons.

From the PL evolution with temperature obtained by tempera-
ture dependent PL measurements, it is clearly seen that the
maximum of the PL spectra taken at low temperatures coincides
with the emission associated with neutral-donor bound excitons.
It is exceeded by the emission associated with free excitons as the
temperature increases. The latter becomes the strongest PL
feature and dominates the luminescence above 150 K. Such an
effect of temperature on the luminescence features obviously
indicates that the dominant room-temperature NBE luminescence
results from radiative recombination of free excitons.
4. Conclusions

Highly c-axis oriented nanocrystalline ZnO thin films with low
density of oxygen vacancies were prepared on lattice mismatched
Si (100) substrates by the reactive pulsed laser deposition with the
assistance of ECR oxygen plasma and post deposition annealing.
The oxygen plasma provides sufficient reactive oxygen for the
reactive deposition of ZnO with low-density oxygen vacancies and
extra energy for the c-axis oriented growth of nanocrystalline ZnO
at low temperatures. The crystallites grow larger upon thermal
annealing together with the improvement in crystallinity. Annealing
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temperatures from 600 to 800 1C are most favorable for crystalline
perfection of wurtzite ZnO. At excitation by 325 nm light at room
temperature, the as-deposited nc-ZnO films emit strong NBE lumi-
nescence resulting from radiative recombination of free excitons
with a high intensity ratio to the visible DL emission. The PL features
are strongly influenced by the annealing process. The ultraviolet
emission is greatly enhanced after annealing at temperatures around
800 1C, while higher temperature annealing results in the introduc-
tion of oxygen vacancies, and hence a remarkable enhancement of
defect related visible emission. Both free and bound exciton asso-
ciated emissions are observed at low temperatures and show obvious
redshifts with increasing measurement temperature together with a
decrease of PL intensity. The bound exciton associated emission
decreases more rapidly than that associated with free excitons due
to the decomposition of bound excitons to free ones with increasing
thermal energy. The latter ultimately dominates the NBE emission
above 150 K.
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