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’ INTRODUCTION

Recently, ZnO has become one of the most prominent
materials for optoelectronic applications, namely for ultra-
violet photodetectors,1 optical waveguides,2 and field-effect
transistors.3,4 In particular, the wide band gap of 3.37 eV and the
large exciton binding energy of 60meV (much higher than that of
ZnSe (40 meV) and GaN (25 meV)5) inherent to ZnO have
been demonstrated to exhibit efficient excitonic emission at
room temperature. Consequently, considerable efforts have been
devoted to this particular material in order to harvest efficient
ultraviolet luminescence (UVL) from ZnO.6�8 However, to
obtain enough emission intensity previous approaches usually
required relatively thick ZnO films with a thickness of 100 nm or
more and sometimes have to resort to more time-consuming
fabrication processes. For instance, pulsed laser deposition
(PLD) and RF magnetron sputtering have been the most
common approaches used to fabricate ZnO thin films for
optoelectronic devices. These two methods, however, either
requires a high growth temperature of 350 �C (PLD) or post-
growth annealing for obtaining desired properties. On the other
hand, atomic layer deposition (ALD) is a film growth technique
characterized by unique process of self-limiting vapor-phase
chemisorption. Thus, depending on consecutive reactions taking

place at the substrate surface, the deposited film is essentially
growing with a layer-by-layer fashion. The process hence gives
rise to excellent step-coverage characteristic as well as good crystal-
line quality of films even when grown at relatively low substrate
temperatures. It has been subsequently proposed that ZnO
films grown by using ALD with thickness thinner than 30 nm
might serve as a possible viable alternative to resolve the
above-mentioned drawbacks for other deposition processes.
Unfortunately, because of the relatively small amount of emissive
material involved, the emission intensity for the excitonic re-
combination from the planar thin films obtained by ALD process
was often very weak and has seriously hindered the possibility of
practical UVL applications. For that matter, it is desirable to
develop a viable approach that can harvest UVL from ultrathin
ZnO film in a more efficient fashion.

In this study, we demonstrate that by merely raising the
substrate temperature to 200 �C during the ALD, not only can
the defect-associated visible emission be completely suppressed
but also the significantly enhanced UVL emission associated with
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ABSTRACT: Room-temperature ultraviolet (UV) luminescence was investigated
for the atomic layer deposited ZnO films grown on silicon nanopillars (Si-NPs)
fabricated by self-masking dry etching in hydrogen-containing plasma. For films
deposited at 200 �C, an intensive UV emission corresponding to free-exciton
recombination (∼3.31 eV) was observed with a nearly complete suppression of the
defect-associated broad visible range emission peak. On the other hand, for ZnO
films grown at 25 �C, albeit the appearance of the defect-associated visible emission, the
UVemission peakwas observed to shift by∼60meV to near the direct band edge (3.37
eV) recombination emission. The high-resolution transmission electron microscopy
(HRTEM) showed that the ZnO films obtained at 25 �C were consisting of ZnO
nanocrystals with a mean radius of 2 nm embedded in a largely amorphous matrix.
Because the Bohr radius of free-exictons in bulk ZnO is∼2.3 nm, the size confinement
effect may have occurred and resulted in the observed direct band edge electron�hole
recombination. Additionally, the results also demonstrate order of magnitude enhancement in emission efficiency for the ZnO/Si-NP
structure, as compared to that of ZnO directly deposited on Si substrate under the same conditions.
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free excitonic emission is obtained for ultrathin ZnO film
(∼10 nm) grown on the Si nanopillar (Si-NP) template. It
is believed that the high density ZnO/Si-NP heterostructure
(∼3� 1012 cm�2) could be the primary factor for obtaining the
high surface/volume ratio needed to enhance the light emission.
On the other hand, for films grown at room-temperature, evidence
of UVL emission from direct band-edge recombinations, presum-
ably because of the effect of size confinement, is observed. Detailed
microstructural examinations by high-resolution crosssectional
transmission microscopy (HRXTEM) indicate the intimate cor-
relations between the obtained optical properties and film
microstructures.

’MATERIALS AND METHODS

The wafer-scale production of Si-NPs was carried out in an induc-
tively coupled plasma chemical vapor deposition (ICPCVD) system
with the following process. Prior to performing the etching processes,
CF4 andO2 plasma were applied to clean the chamber. After the Si(100)
wafer was loaded into the reaction chamber, it was pumped to a pressure
of 5 � 10�5 Torr with the substrate holder being heated to 400 �C.
Subsequently, the H2 gas with a flow rate of 160 sccm was introduced
into the reactor with the pressure being kept at 30 mTorr. The etching
process was carried out by applying a radio frequency (RF) power of
550 W with a dc-bias power being maintained at 280 W. Details of
the processes and the possible mechanisms involved in obtaining
Si-NPs with the H2-plasma etching were described and discussed
previously.9�11

ZnO films with thickness in few tens of nanometers were prepared by
an ALD system and grown on either polished Si (p-type, (100)
orientation) or Si-NPs under the ambient temperature (∼25 �C) or
200 �C. In particular, critical purge steps were carried out to prevent the
reactive precursors from interacting with each other.12 Briefly, the pulse
durations of water vapor and diethylzinc (DEZn) were kept at 100 and
50 ms, respectively. The stock time for both water vapor and DEZn was
set to 15 s in the stock mode. The purge and pumping periods were both
fixed at 15 s and N2 was used as the purge gas with the pressure being set
to 5� 10�2 Torr. The ultrathin ZnO films were prepared with 30 ALD
cycles, which gives a film thickness of about 10 nm.
The crystallographic structure of the ZnO/Si-NP samples was

characterized by the grazing incidence XRD at the wiggler beamline
BL-17B1 in the National Synchrotron Radiation Research Center
(NSRRC), Hsinchu, Taiwan. The incident X-ray was focused vertically
with a mirror and made monochromatic with energy 8 keV by a Si (111)
double-crystal monochromator. The morphology of the obtained ZnO/
Si-NPs was examined using a FESEM (JEOL JSM-6700F). The com-
positions of the obtained thin films were analyzed using the energy-
dispersive X-ray spectroscopy (EDS) attached to the FESEM. Cross-
sectional lattice images of the ultrathin ZnO/Si-NPs were obtained by
using a transmission electron microscope (TEM, JEOL JEM-2010F)
operated at a voltage of 200 kV. The measurements of photolumines-
cence (PL) were performed at room temperature using He�Cd laser
(325 nm, IK3252R-E, Kimmon) for excitation and a CCD (80 K, Spec-
10, Princeton Instruments) with a monochromator (0.5 m, SP-2558A,
Acton) for detection.

’RESULTS AND DISCUSSION

Figure 1a shows the typical cross-sectional image of the ZnO/Si-
NPs viewed by the field emission scanning electron microscope
(FESEM). It appears that the morphology of the vertically aligned
Si-NPs remains essentially intact after depositing the ZnO films by
ALD processes. Although a thin layer with relatively brighter
contrast is suggestive of the existence of the deposited ZnO film,

further evidence are certainly needed to verify the conjectures. Thus,
we show in the inset of Figure 1b the EDS spectrum for the 10 nm-
thick ZnO/Si-NPs films obtained at 200 �C by ALD. The spectrum
evidently indicates the existence of thin ZnO layers on Si-NPs. In
addition, as shown in Figure 1b, the top-view SEM image reveals a
facet-like appearance at the tip of the Si-NP template. This suggests
that either the Si-NPs or the deposited ZnO films are in crystalline
state, albeit the nominal thickness of the ZnO films was only about
10 nm. The X-ray diffraction (XRD) and TEM results to be
displayed below also give rise to similar conclusions. The density
of the ZnO/Si-NPs heterostructure is estimated to be around 3 �
1012 cm�2 with an average height of∼600�700 nm, giving rise to a
high surface/volume ratio needed for enhancing the light emission.

To further delineate the effect of growth temperature on the
crystalline structure of the ultrathinZnO films obtained by the current
ALD process, we performed grazing incidence XRD measurements.
Figure 2 shows the XRD traces obtained for the 10 nm thick ZnO
films deposited on Si-NPs at growth temperature of 25 or 200 �C,
respectively. It is evident that, for ZnO film grown at 200 �C, there are
three distinctive diffraction peaks corresponding to (100), (002), and
(101) crystallographic orientations of the hexagonal ZnO, while only
barely discernible (101) diffractionpeak is observed for that deposited

Figure 1. (a) Cross-sectional and (b) top-view SEM images of ultrathin
ZnO film which grown at 200 �C on ZnO/Si-NPs. The inset in b is the
EDS analysis.
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at 25 �C.The results suggest that the ultrathin ZnO film deposited on
the Si-NPs at 200 �C, while remains largely polycrystalline, is of good

crystalline quality. On the other hand, the microstructure of the ZnO
film obtained at 25 �C might be consisting of only nanosized grains
dispersed in a largely amorphous matrix.13

To further verify the conjectures derived from the XRD results
described above, we examined the ZnO/Si-NPs heterostructures
deposited at 200 �C by carrying out the high-resolution transmis-
sion electron microscopy (HRTEM). Figure 3a displays the
cross-sectional TEM image of the Si-NPs coated with a layer of
10 nm-thick ZnO film. In addition to display the similar pillar-like
morphology shown in Figure 1a, the image further reveals that
the average interpillar spacing is about 50 nm and there appears a
thin layer covering continuously over the entire pillar (see, for
example, the pillar marked with a rectangle in Figure 3(a). The
layer, as will be examined further below, indeed is ZnO film and
thus demonstrates the unique power of ALD process in obtaining
excellent step coverage for structures with high aspect ratios.
Figure 3b shows the HRTEM image for the area marked by the
small rectangle, revealing the close-up look at the interface of
ZnO/Si-NPs heterostructures. It clearly displays the nearly intact
single-crystalline characteristics of the Si-NPs obtained by the
reduced H2 plasma etching process and a layer of continuous
polycrystalline ZnO film, separated occasionally by regions of
amorphous SiOx. It is noted that, despite of the existence of the
amorphous SiOx regions at the interface, the ZnO layer is of very
good crystalline quality over the entire thickness of 10 nm, which
is consistent with the conjectures derived from the XRD results.
The next question to be addressed is how the detailed film
microstructure affects the optical properties of ultrathin ZnO
films grown on Si-NPs.

Because of the many attractive optical properties ubiquitously
exhibited in ZnO films and various ZnO nanostructures, the PL
properties of ZnO have been the subject of extensive research.14�17

In this respect, we compare the room-temperature PL spectra of the
ultrathin ZnO films deposited at growth temperatures of 25 and
200 �C, as shown in Figure 4. For comparison, the PL spectrum of
the ZnO film grown on polished Si at 200 �C is also included in
Figure 4. It is immediately noticed that there are distinctive features
between the PL spectra obtained for films grown at 25 �C and that
grown at 200 �C. First, the spectrum for the ultrathin ZnO films
deposited on Si-NPs at 25 �C (solid triangles) shows both an
emission peak centering at 367 nm (3.37 eV) and a broadened
spectrum covering almost the entire visible range with the peak
locating around 540 nm. The strong intensity of the latter indeed
exhibits the greenish emission displayed in inset picture a taken by
the digital camera. The visible emissions are generally conceived to
originate primarily from the defect-related in ZnO, such as oxygen
or zinc-related defects.18�23 More specifically, the visible emission
has been attributed to donor�acceptor pair transitions involving
oxygen vacancies.24,25 In any case, the fact that the comparable PL
intensities of the band-edge exciton recombination and the defect-
related visible emission indicates that, due to the low growth
temperature, the ZnO films grown on Si-NPs at 25 �C may have
inherited significant amount of atomic scale defects. The results for
films grown at 200 �C, on the other hand, display a nearly complete
suppression of visible range emission. This lends strong evidence to
that the films are indeed with good crystalline quality and the UV
emission (3.31 eV peak) is primarily resulting from the free
excitons.26�29 The high crystallinity of the ZnO films obtained at
higher growth temperature apparently have eliminated most of the
structural defects which not only blocked the self-compensation
processes thermodynamically but also removed most of the non-
radiative recombination channels. Moreover, it is important to note

Figure 3. Images of (a) TEM and (b) HRTEM for the ZnO/Si-NP
heterostructure gown at 200 �C.

Figure 2. XRD spectra of ultrathin ZnO films respectively grown at 25
and 200 �C on Si-NPs templates.
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that the intensity of the free exciton emission at 374 nm
(3.31 eV) for the ZnO/Si-NPs structure (solid circles in Figure 4)
was enhanced by nearly an order of magnitude as compared to
that obtained from ZnO/Si (solid squares in Figure 4), albeit
both were deposited under exactly the same conditions. This is
attributed to the high aspect (surface/volume) ratio inherent to
the Si-NPs, which has allowed considerably more amount of
ZnO material to be grown on the template and led to markedly
more efficient UV emission.13 The fact that the two 10 nm thick
ZnO films deposited on polished Si and Si-NPs under exactly the
same conditions displays essentially the same PL emission
characteristics, except for the relative intensities, further indicates
the unique feature of the current ALD processes, in that the film
crystalline structure appears to depend intimately on the growth
temperature regardless of the detailed conditions of the substrate
used. In any case, the current results have demonstrated a viable
way of obtaining efficient intrinsic UV emission from ZnO films.
Inset b of Figure 4 displays the digital camera picture of the blue-
violet emission from the ZnO films grown on Si-NPs at 200 �C. It
is interesting to note that the two digital camera pictures are
visibly reflecting what one would expect to see on the basis of the
results of the PL measurements.

Finally, we turn to discuss the origin of the UV-emission peak
centering at 367 nm (3.37 eV), which coincidentally has the same
energy as the energy gap of bulk ZnO. Thus, it is suggestive that the
emissionmay have originated from direct band edge electron�hole
recombination, which in general is not expected to occur for ionic
semiconductors with large exciton binding energy, such as in the
case of ZnO. In fact, to the best of our knowledge, this could be
the first observation of room-temperature band-to-band emission
(3.37 eV) for ZnO. Although there have been extensive investi-
gations concerning the effects of quantum confinement on the UV
emissions in various ZnO nanostructures,8,30�33 the observed emis-
sions were either associated with the free excitons,8,24 acceptor-
bound excitons,31 or with excited excitonic states.32,33 Thus, the
relevant energies were all significantly deviated from the bandgap
energy of 3.37 eV. On the other hand, it has been pointed out that in

ionic materials, the exciton�optical phonon interaction can signifi-
cantly influence their optical properties.34 In particular, the polaronic
corrections favors more bound excitons with smaller sizes. For ZnO,
in addition to a 60meV exciton binding energymentioned above,
the Bohr radius of the free excitons is∼2.34 nm.34 It is thus quite
possible that the 3.37 eV UV emission observed in the ultrathin
ZnO films grown on Si-NPs at 25 �C is a consequence of size
confinement. Namely, it is due to recombination of electron�
hole pairs, which were unable to form excitons because the crystal
size is compatible or even smaller than the Bohr radius. Indeed, as
displayed in Figure 5, the film miscrostructure of the ZnO/Si-NPs
obtained at 25 �C evidently exhibit a distinct feature of ZnO
nanocrystals dispersing in a largely amorphousmatrix. As indicated
by the dashed circle shown in Figure 5, the average radius of the
ZnO nanocrystals embedded in the amorphous matrix is ∼2 nm,
which is slightly smaller than the Bohr radius of the free excitons
(∼2.3 nm). This lends supportive evidence of attributing the
3.37 eV emission to the direct band-to-band transition of electrons
and holes residing at respective band edges of ZnO.35

’CONCLUSION

In summary, we have successfully demonstrated the feasibility
of utilizing a novel ZnO/Si-NP heterostructure to obtain highly
efficient room-temperature UV emission. For the ZnO/Si-NP
heterostructures obtained at 200 �C, the structural and optical
properties analyses evidently indicate that the observed UV
emissions are intimately related to the highly crystalline ZnO
layers resulted from high temperature ALD processes. More
importantly, by growing ZnO films on the Si-NPs evidently gives
rise to an enhancement of the UV emission intensity by nearly an
order of magnitude as compared to its ZnO/polished-Si counter-
part, presumably due to the significantly increased surface area
needed. For the ZnO/Si-NP heterostructures obtained at 25 �C,
in addition to the defect-associated visible emission, the UV-
emission in this case, instead of resulting from the free exciton
recombination, appears to result from direct band-to-band
electron�hole recombination. The relevant microstructural
analyses suggest that the effect of size confinement might have
been the primary reason for the observed behaviors.

Figure 5. HRTEM image of ZnO/Si-NPs grown at 25 �C.Figure 4. Room-temperature PL spectra obtained for the ZnO thin
films grown on polished Si, and ZnO/Si-NP heterostructures at growth
temperatures of 25 and 200 �C. The insets (a) and (b) show the bright
green or blue-violet emission taken from 10 nm thick ZnO/Si-NP
heterostructures (grown at 25 or 200 �C).
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