
electroluminescent conjugated polymers. As an example, Fig-
ure 3 shows the anisotropic optical constants of a film of
F8BT. The ordinary absorption was again in good agreement
with the spectrum obtained from normal incidence transmis-
sion measurements. Although not as anisotropic as OC1C10±

PPV, F8BT shows considerable anisotropy, with a birefrin-
gence of 0.19 at 633 nm. As with OC1C10±PPV there is a
slight blue shift in the absorption peaks for the extraordinary
direction with respect to the ordinary direction, again indicat-
ing a decreased conjugation length for chains lying out of the
plane of the film.

In conclusion, we have shown that a combination of reflec-
tion and transmission ellipsometry can be reliably employed
to determine the ordinary and extraordinary optical constants
in conjugated polymer films in both the absorbing and trans-
parent regions. We have presented optical constants for two
commonly used electroluminescent polymers, which will be
useful in optical modeling of LEDs and photovoltaic devices.
The technique provides structural information about the
degree of chain alignment, and will in the future be applied to

study the effects of annealing on optical properties, and to
investigate possible variation of anisotropy with film thickness
in thinner films than were studied here.

Experimental

OC1C10±PPV and F8BT were spin-coated on 1.2 mm Spectrosil-B sub-
strates. Spectrosil-B has well-known optical constants, with negligible refractive
index dispersion and no absorption over the wavelength range of interest. The
OC1C10±PPV film was spin-coated from a chloroform solution at a concentra-
tion of 5 g/L and the F8BT film from a xylene solution at 15 g/L. The samples
were annealed for 14 h at 115 �C in vacuum.

Measurements were performed using a J. A. Woollam M-2000 diode-array
rotating-compensator ellipsometer, with a xenon lamp source. The rotating
compensator system does not suffer from regions that are insensitive to D,
unlike rotating-polarizer or rotating-analyzer systems, which are insensitive
around D = 0� and D = 180�. This meant that Dt, which was always close to 0� in
this experiment, was not affected by excessive noise. Reflection and transmis-
sion ellipsometry measurements were performed in air over a wavelength range
of 245 nm±900 nm. The angles of incidence used were between 55� and 70� for
reflection ellipsometry and between 40� and 60� for transmission ellipsometry,
in steps of 5�. No evidence for biaxial anisotropy within the plane of the film
was observed either by rotating the sample in the plane of the film, or from
non-zero off-diagonal elements in the Jones matrix describing the sample re-
sponse.
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Low-Temperature Growth of Well-Aligned ZnO
Nanorods by Chemical Vapor Deposition**

By Jih-Jen Wu* and Sai-Chang Liu

One-dimensional nanometer-sized semiconductor materi-
als, i.e., nanowires and nanorods, have attracted considerable
attention due to their great potential for fundamental studies
of the roles of dimensionality and size in their physical proper-
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Table 1. Correlations between fit parameters (data at 400 nm) for reflection
ellipsometry data only and for both reflection and transmission ellipsometry
data combined. The correlation between parameters when both data sets are
used is significantly reduced compared to that when only reflection ellipsometry
data are used.

Fig. 3. The ordinary (*) and extraordinary (l) values for n (solid lines) and k
(dotted lines) for F8BT. The chemical structure of F8BT is inset.
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ties as well as for their application in optoelectronic nanode-
vices.[1] The growth of group IV, III±V, and II±VI semiconduc-
tor nanowires has been demonstrated by various methods, in-
cluding the vapor±liquid±solid (VLS) growth mechanism,[2]

oxide-assisted growth,[3] and template-based growth meth-
ods.[4] In addition, the growth of SiCN nanorods[5] and GaN
nanowires[6] via the native nanocrystal-seeded method has
also been reported. ZnO exhibits a direct bandgap of 3.37 eV
at room temperature with a large exciton binding energy of
60 meV. The strong exciton binding energy, which is much
larger than that of GaN (25 meV) and the thermal energy at
room temperature (26 meV), can ensure an efficient exciton
emission at room temperature under low excitation energy.[7]

As a consequence, ZnO is recognized as a promising photonic
material in the blue-UV region. Room-temperature UV las-
ing properties have recently been demonstrated from ZnO
epitaxial films, microcrystalline thin films, and nanoclusters.[8]

The synthesis of one-dimensional single-crystalline ZnO
nanostructures has been of growing interest owing to their
promising application in nanoscale optoelectronic devices.
Single-crystalline ZnO nanowires have been synthesized suc-
cessfully using high-temperature VLS growth methods.[9]

Room-temperature UV lasing in ZnO nanowires has been
demonstrated very recently.[10] Single-crystalline ZnO nano-
belts have been prepared by simply evaporating the ZnO
powders at a high temperature of 1400 �C.[11] However, for
practical applications, high-density and well-ordered nano-
structures will be needed. Here, we present a simple chemical
vapor deposition (CVD) approach to the growth of well-
aligned ZnO nanorods at a low temperature of around 500 �C.
Structural characterization of the ZnO nanorods by X-ray dif-
fraction (XRD) and transmission electron microscopy (TEM)
indicates that the nanorods are preferentially oriented in the
c-axis direction. Photoluminescence (PL) characteristics of
the ZnO nanorods show a strong UV light emission peaking
at around 386 nm at room temperature.

ZnO nanorods were grown in a two-temperature-zone fur-
nace. Zinc acetylacetonate hydrate (Zn(C5H7O2)2´x H2O),
which has been used to grow ZnO whiskers and films,[12] was
vaporized at 130±140 �C in a furnace. The vapor was carried
by a N2/O2 flow into the higher temperature zone of the fur-
nace in which substrates were located. ZnO nanorods were
grown directly on bare fused silica or silicon substrates at a
temperature of 500 �C. As shown in Figure 1, a high density of
well-aligned nanorods with a diameter in the range 60±80 nm
formed uniformly over the entire substrate at a vaporizing
temperature of 135 �C. The energy dispersive spectrometry
(EDS) of the nanorods shows that the atomic composition ra-
tio of Zn/O is about 1:1. Size control of the well-aligned ZnO
nanorod diameters was achieved by adjusting the vaporizing
temperatures of zinc acetylacetonate hydrate.

The crystal structure of the nanorods was examined by
XRD. Figure 2 shows a typical XRD pattern of the well-
aligned ZnO nanorods grown on a fused silica substrate. The
two peaks are indexed as (0002) and (0004) of the wurtzite
structure of ZnO, indicating that the nanorods are preferen-
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Fig. 1. SEM images of ZnO nanorods grown on fused silica substrates at a
vaporizing temperature of 135 �C. a) Top view, b,c) 45� tilted view.

Fig. 2. XRD pattern of ZnO nanorods on a fused silica substrate.



tially oriented in the c-axis direction. In contrast to the XRD
spectra of the ZnO nanowires grown using the VLS mecha-
nism[9] wherein the diffraction peaks of the catalyst or the zinc
metal appeared with the ZnO peaks, pure ZnO phase is
synthesized on the substrates in our case.

Further structural characterization of the ZnO nanorods
was performed using TEM. Figure 3a shows a cross-sectional
image of the ZnO nanorods, which were grown on a fused
silica substrate, with a diameter in the range 80±100 nm. It
reveals that all nanorods grew in a direction perpendicular
to the substrate. Moreover, no additional metal particle
appeared on the top or the bottom of the rods, implying a
non-VLS approach to the growth of the well-aligned ZnO

nanorods at a low temperature was achieved. Typical bright-
field and dark-field images of the ZnO nanorods are illustrat-
ed in Figure 3b and Figure 3c, respectively. The dark-field im-
age indicates that the nanorod possesses the single crystalline
structure. Figure 3d shows a high-resolution TEM image of a
nanorod. The lattice spacing of 0.257 nm corresponds to the
d-spacing of (0002) crystal planes, confirming the XRD analy-
sis that the ZnO nanorods are preferentially oriented in the
c-axis direction, as shown in Figure 2.

PL spectra of the ZnO nanorods were measured on a fluo-
rescence spectrophotometer using a Xe lamp with an excita-
tion wavelength of 325 nm at room temperature. Figure 4
shows the PL spectrum of the ZnO nanorods with a diameter

in the range 60±80 nm. Three emitting bands, including a
strong ultraviolet emission at around 386 nm, a very week
blue band (440±480 nm), as well as an almost negligible green
band (510±580 nm), were observed. The UV emission must be
contributing to the near band edge emission of the wide band-
gap ZnO. It has been suggested that the green band emission
corresponds to the singly ionized oxygen vacancy in ZnO and
results from the recombination of a photogenerated hole with
the single ionized charge state of this defect.[13] The stronger
the intensity of the green luminescence, the more singly ion-
ized oxygen vacancies there are. Thus the almost negligible
green band in Figure 4 shows that there is a very low concen-
tration of oxygen vacancies in the well-aligned ZnO nanorods.
The observation of blue band emission (440±480 nm) of ZnO
film has been also reported using cathodoluminescence.[14]

However, the mechanism of this emission is not yet clear.
A simple CVD method for the growth of the well-aligned

ZnO nanorods at low temperature has been demonstrated in
this report. The nanorods grown on fused silica are preferen-
tially oriented in the c-axis direction. PL characteristics of the
ZnO nanorods show a strong UV light emission peaking at
around 386 nm at room temperature. We believe the pre-
sented approach is a simple one for practical application to
nanoscale optoelectronic devices.
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Fig. 3. TEM cross-sectional images of ZnO nanorods grown on fused silica sub-
strates at a vaporizing temperature of 138 �C. a) Low-magnification image
shows nanorods grown with a direction perpendicular to the substrate. b,c) Typ-
ical bright-field and dark-field images of the ZnO nanorods, respectively.
d) High-resolution TEM image of a single-crystalline ZnO nanorod and the cor-
responding electron diffraction pattern (inset).

Fig. 4. Typical photoluminescence spectrum of ZnO nanorods.



Experimental

ZnO nanorods were grown in a two-temperature-zone furnace. Silicon wa-
fers and fused silica plates were employed as solid reactant susceptors or sub-
strates. They were cleaned in an ultrasonic bath of acetone for 20 min. Zinc
acetylacetonate hydrate (Zn(C5H7O2)2´x H2O, Lancaster, 98 %) placed on a
cleaned silicon susceptor was loaded into the low temperature zone of the fur-
nace, which was controlled to be in the range 130±140 �C to vaporize the solid
reactant. The vapor was carried by a 500 sccm N2/O2 flow into the higher tem-
perature zone of the furnace in which substrates were located at 200 torr. ZnO
nanorods were grown directly on bare fused silica or silicon substrates at a tem-
perature of 500 �C.

The morphology and size distribution as well as elemental analyses of the
nanorods were examined using a scanning electron microscope (SEM) (Hitachi,
S-4200) equipped with an EDS. The crystal structure of the nanorods was ana-
lyzed using XRD (Rigaku) and HRTEM (JEOL, JEM-4000EX). PL studies
were conducted using a Hitachi F-4500 fluorescence spectrophotometer with a
Xe lamp at room temperature. The excitation wavelength was 325 nm.
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Metal Silicide/Silicon Nanowires from Metal
Vapor Vacuum Arc Implantation**

By Chi-Pui Li, Ning Wang, Sai-Peng Wong, Chun-Sing Lee,
and Shuit-Tong Lee*

Silicon nanowires (SiNWs) are attracting much interest
because they are expected to play an important role as inter-
connects and basic components for future mesoscopic elec-
tronic and optoelectronic devices.[1] Towards this end, control-
ling the electrical conductivity of SiNWs and patterning the
electrical contact to SiNWs are major issues. Metal silicide
(MS) is among the best candidates for the electrical contact to
silicon.[2] Epitaxial MS with a good lattice matching with the
Si substrate can result in greater stability.[3±5] The NiSi2/Si and
CoSi2/Si systems have superior structural perfection[6] because
of their small lattice mismatches (±0.4 % for NiSi2/Si and
±1.2 % for CoSi2/Si). Ion beam synthesis (IBS) of MS by met-
al implantation into Si substrates has been used since the mid-
1980s[7,8] because of its precise control of implantation dose
and excellent reproducibility. However, the high dose
requirement of the conventional IBS technique is a major
drawback. To overcome this problem, metal vapor vacuum
arc (MEVVA) ion source implantation[9] has been developed.
In this paper, we report the synthesis of NiSi2/Si and CoSi2/Si
on the surface of bare SiNWs using MEVVA implantation.
This approach to the synthesis of metal silicide/Si nanowires
(MS/SiNWs) can be potentially useful to fabricate electrical
contacts to SiNWs and to improve the electrical conductivity
of SiNWs.

SiNWs were synthesized by thermal decomposition of pure
SiO powder (Aldrich, 325 mesh, 99.9 %)[10,11] at 1320 �C in an
evacuated alumina tube for 7 h under a total pressure of
300 torr. The ambient gas consisted of Ar 95 % and H2 5 %
with a flow rate of 50 sccm. The dark brown and sponge-like
SiNWs were obtained on the inside wall of the alumina tube.
Without any treatment, SiNWs were then mounted on copper
folding grids and directly implanted by MEVVA implantation
with a nominal Ni+ or Co+ dose of 1 � 1017 cm±2 at an extrac-
tion voltage of 5 kV at room temperature. The MEVVA im-
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