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Self-assembled growth and enhanced blue emission of SiO xNy-capped
silicon nanowire arrays

T. Qiu and X. L. Wua!

National Laboratory of Solid State Microstructures and Department of Physics, Nanjing University, Nanjing
210093, People’s Republic of China

G. J. Wan,b! Y. F. Mei, G. G. Siu, and Paul K. Chu
Department of Physics and Materials Science, City University of Hong Kong, Kowloon, Hong Kong,
People’s Republic of China

sReceived 29 December 2004; accepted 30 March 2005; published online 5 May 2005d

Unique structured SiOxNy-capped Si nanowire arrays were fabricated via electroless metal
deposition ona-SiOxNy-covered Si wafer in ionic silver HF solution through selective chemical
etching. A self-assembled localized microscopic electrochemical cell model and a diffusion-limited
aggregation process are associated with the formation of the SiOxNy-capped Si nanowire arrays. An
enhanced blue photoluminescence band has been recorded. Emission and excitation spectral
analyses suggest that generation of photoexcited carriers takes place mainly in the quantum confined
Si nanowires, whereas their radiative recombination occurs in the Si–N binding states of SiOxNy

nanocaps. ©2005 American Institute of Physics. fDOI: 10.1063/1.1929069g
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Currently Si nanowiressSiNWsd have attracted consi
erable attention due to their potential applications in in
connection and basic components for future nanoelect
and especially optoelectronic devices.1,2 Based on the vapo
liquid-solid growth mechanism,3 various techniques ha
been developed to fabricate the SiNWs.4–7 However, these
often complicated, routes typically yield disordered entan
ments of nanowires, a fact which hampers their experim
characterization and potential applications. The fabrica
of an ordered Si nanowire array, therefore, constitute
important and challenging issue. Recently, we have rep
the ultravioletsUVd emitting property of Ag-capped SiNW
which can be expected to have favorable applications in
toelectronics such as nanowire UV photodetector.8 The UV
photoluminescencesPLd is considered to be due to an opti
transition in the vacancy defect centers in silver nanocap
the SiNWs. It is in no way related to SiNWs, since hig
efficient photoexcited carriers produced by the quantum
finement on the SiNWs cannot be transferred to the d
states of Ag nanocapssmetal and semiconductor have co
pletely different energy gap structuresd.9,10 In order to attain
efficient carrier transfer and at the same time obtain vis
emission, a promising technique is to assemble visible l
emitting semiconductor nanomaterials at the tips
SiNWs,11,12 reminiscent of nanobeacons, which will be u
ful in future nanodevices. However, the relevant work
not been reported so far.

In this letter, we present a relatively rapid method
fabricating SiOxNy-capped SiNW arrays of enhanced b
emission via electroless metal deposition on a plasma-tr
Si wafer in ionic silver HF solution through selective et
ing. Electroless metal deposition is a simple and inexpen
fabrication technique and has been widely used in micro
tronics and in the metal coating industry.13,14
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a-SiOxNy thin films were deposited onp-type, B-doped
Si s100d s1–5 V cmd wafers using plasma immersion i
implantation and depositionsPIII&D d. The details of th
PIII&D system have been reported elsewhere.15,16 A Si rod
was ignited as an arc source by a high pulsed voltag
produce Si plasma. During the deposition, a mixture o
trogen s15 sccmd and oxygens3 sccmd was bled into th
chamber to maintain a working pressure of 5.0310−4 Torr.
The applied voltage was2200 V dc. The deposition tim
was 90 min. After the deposition, one set of samples
etched in a 5.0 mol/L HF solution containing 0.02 mo
silver nitrate at 50° C for 10 min, followed by ultrasou
treatment in a water bath for 1 min to clean the surface.
container was a conventional Teflon-lined stainless-stee
sel. The Si wafers were then rinsed with deionized water
blown dry in air. The morphology and chemical composi
of the samples were examined with a FEG JSM 6335 fi
emission scanning electron microscopesSEMd and a PH
5600 x-ray photoelectron spectrometersXPSd with mono-
chromatic AlKa source at 14 kV and 350 W. The photoel
tron take-off angle was 45°. PL and PL excitationsPLEd
measurements were carried out on a Perkin–Elmer LS
fluorescence spectrophotometer. All of the measurem
were taken at room temperature.

Figure 1sad is a cross-sectional SEM image
a-SiOxNy thin film on the Si wafer fabricated using PIII&D
The thickness of SiOxNy layer is approximately 150 nm.
large-area SiOxNy-capped Si nanowire array could be
served on the surface layer of the Si wafer, which is show
Figs. 1sbd and 1scd. Figure 1sbd is the cross-sectional SE
image of an oriented SiNW array prepared in a mixed
AgNO3 solution for 10 min and followed by ultrasound tre
ment in a water bath for 1 min to clean the surface. We
see that the SiNWs are nearly perfectly perpendicular t
surface of the Si wafer and have a uniform distribution.
etched depthsi.e., the lengths of Si nanowiresd of the Si
wafer is approximately 6mm. The diameters of nanowir
are in the range of 30–200 nm. In Fig. 1scd, one can see tin

l:
silver nanoclusters still attached on the tips of

© 2005 American Institute of Physics1-1

http://dx.doi.org/10.1063/1.1929069


a o
e
ence
,
pec

ys
lize

on-
tic
ge,
ul-

tom
ly

r.
s
s lo
rea
free
ble
like
hav

grai
ilver
rites
icle
win
.
ld be

the
s th

-
hed
thus

e.

i
Xe

PL
of a

520,
th
band
can

ates
ly
rigin
e
ized
ve
and.
rans-

by
-

rt the
of

Si–N

of

y

193111-2 Qiu et al. Appl. Phys. Lett. 86, 193111 ~2005!
SiOxNy-capped SiNWs. Figure 2 shows the XPS spectr
the etched Si wafer with Si 2p, N 1s, and O 1s signals. Thre
strong XPS signals display direct evidence of the exist
of SiOxNy caps on the SiNWs.17 At a depth of around 10 nm
the approximate N and O content is 25% and 30%, res
tively.

The formation of the SiOxNy-capped Si nanowire arra
can be understood on the basis of self-assembled loca
microscopic electrochemical cell model and diffusi
limited aggregation process.18,19 Figure 3 gives a schema
diagram of their formation process. At the initial sta
SiOxNy-covered Si etching and silver deposition occur sim
taneously at the wafer surface. The deposited silver a
initially form nuclei and then form nanoclusters, uniform
distributed on the surface of the SiOxNy-covered Si wafe
These silver nanoclusters and the SiOxNy-covered Si area
surrounding these silver nuclei could, respectively, act a
cal cathodes and anodes in the electrochemical redox
tion process. That is to say, numerous nanometer-sized
standing electrolytic cells could be spontaneously assem
on the surface of the wafer in aqueous HF solution. Un
other metal nanoclusters, such as Pt, Cu, Fe, etc. which
a strong tendency to coalesce and form a continuous
film in the process of electroless metal deposition, s
nanoclusters deposit on the wafer surface to form dend
involved in cluster formation by the adhesion of a part
with random path to a selected seed on contact and allo
the particle to diffuse and stick to the formed structureIn
situ prepared SiNWs around the silver nanoclusters cou
regarded as a template of the sort reported by Xiaoet al.20 in
relation to palladium and silver nanostructures. With
progress of silver deposition, silver nanoclusters acting a

FIG. 2. XPS spectra of Si 2p, N 1s, and O 1s, taken at the sputtered depth

FIG. 1. SEM images ofsad a-SiOxNy thin film on the Si wafer,sbd oriented
SiOxNy-capped SiNWs, andscd large-area SiOxNy-capped SiNWs with tin
silver nanocrystals attached on the tops.
10 nm of the SiOxNy-capped Si nanowire array.
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cathodes are successfully preservedfFig. 1scdg, while the sur
rounding SiOxNy-covered Si acting as the anodes is etc
away. The presence of these nanoscale electrolytic cells
leads to selective etching of the SiOxNy-covered Si substrat
As a result, the SiOxNy-capped SiNW array is formed.

The PL spectrum of thea-SiOxNy thin film on the S
wafer, taken under excitation with the 360 nm line of a
lamp, is presented in Fig. 4sad. It can be seen that a broad
peak appears at 520 nm. In addition, the weak existence
blue PL shoulder is evident at,440 nms2.8 eVd. The PLE
spectra of the 520 nm PL, taken by monitoring at 500,
and 540 nm, are shown in Fig. 4sbd. One can see that wi
increasing the monitored emission wavelength, the PLE
widens and redshifts. In view of the PLE character, we
attribute the 520 nm PL to optical transition in the tail st
of a-SiOxNy film.11,21 Noma et al.22 have experimental
suggested that the 440 nm PL in Si oxynitride has an o
related to Si–N bonds. Theoretical calculations by Ancet
al.23 pointed out that Si–N bonds can introduce local
states to SiO2 structure due to N 2p lone pair electrons abo
the O 2p lone pair states at the top of the valence b
These localized states are active in hole trapping and t
port. Moreover, the top of the valence band is formed
N 2p lone pair states in SiOxNy with a high Si–N concentra
tion. These theoretical and experimental results suppo
association of the 440 nm PL with the recombination
holes and electrons in localized states corresponding to
bonds.

FIG. 3. Schematic illustration of the growth process of the SiOxNy-capped
Si nanowire array.

FIG. 4. sad andsbd PL and PLE spectra ofa-SiOxNy thin film. scd andsdd PL

and PLE spectra of SiOxNy-capped Si nanowire array.
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Figure 4scd shows the PL spectrum of a SiOxNy-capped
Si nanowire array, taken under excitation with the 360
line of a Xe lamp. One can see that the two PL peaks a
and 520 nm still exist. Obviously, the 440 nm PL is gre
enhanced compared to that in Fig. 4sad. To identify the origin
of the enhanced 440 nm PL, we examined the PLE sp
by monitoring at different emission wavelengths around
nm. The corresponding result is presented in Fig. 4sdd. We
can see that the three PLE spectra all contain a broad
band at 380 nm. The broad PLE band is inherent in all
tems containing Si nanocrystals, and has been show
originate from a band-to-band excitation process wit
quantum confinement feature.9,10 Thus, we can infer that th
photoexcited carriers for the enhanced 440 nm radia
mainly originate in the quantum confined SiNWs w
smaller sizes, while their radiative recombination occur
the Si–N bonding states of SiOxNy nanocaps on the tops
the SiNWs.

In summary, a rapid inexpensive method of fabricatin
SiOxNy-capped SiNW array has been described on the
of electroless metal deposition technique. The formatio
the SiOxNy-capped SiNW array can be interpreted on
basis of self-assembled localized microscopic electroch
cal cell model and diffusion-limited aggregation process
enhanced blue PL band is observed at 440 nm. The PL
PLE spectral analyses strongly suggest that generatio
photoexcited carriers takes place in the quantum con
SiNWs, while their radiative recombination occurs at S
bonds of SiOxNy nanocaps.
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