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Starting from a mixture of Zn and BiI3, we grew nanowires and nanoplates on an oxidized Si substrate at
relatively low temperatures of 250 and 300 °C, respectively. The ZnO nanowires had diameters of ∼40 nm
and grew along the [112h0] direction rather than the conventional [0001] direction. The nanoplates had
thicknesses of ∼40 nm and lateral dimensions of 3-4 µm. The growth of both the nanowires and nanoplates
is dominated by the synergy of vapor-liquid-solid (VLS) and direction conducting. Analysis of photoluminescence spectra suggested that the nanoplates contain more oxygen vacancies and have higher surfaceto-volume ratios than the nanowires. The present results clearly demonstrate that the shapes of ZnO
nanostructures formed by using BiI3 can be controlled by varying the temperature in the range 250-300 °C.

1. Introduction
ZnO nanostructures have attracted considerable interest
because of their diverse potential applications.1-4 These ZnO
nanostructures are usually fabricated under high temperatures
(>400 °C). This high-temperature environment is not well suited
to other processing techniques in nanodevice fabrication and
integration.5 Low-temperature fabrication is therefore desirable
and important for nanodevices, especially those in which the
substrate and nanostructures have different compositions. In
addition to the potential applications of 1D nanostructures, 2D
nanostructures can be directly utilized not only in the fabrication
of devices but also as a transition stage in the formation of other
nanostructures; for example, nanowalls formed from layerstructured carbon have been used as templates to deposit
magnetic nanoparticles.6 Wet chemistry and solid-vapor methods are currently the two main approaches used to synthesize
2D nanostructures. The thermolysis of various organometallic
precursors in surfactant solutions has been successfully used to
fabricate 2D nanostructures.7-10 This approach is particularly
intriguing because the selective absorption of the surfactant may
control the size and shape of the nanostructure. Nonetheless, it
is still difficult to grow nanostructures on the substrate in the
solution. The usefulness of the vapor-phase transport (VPT)
route is also limited by its low yields and need for high
temperatures.11 In terms of practical nanodevice applications,
not only the ability to fabricate 1D or 2D nanostructures at low
temperatures but also the ability to control the shapes of these
nanostructures at low temperatures is desirable. Although several
examples have been reported, shape control has proved difficult
to achieve and remains a key challenge. It would be ideal if
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one could integrate VPT into the selective absorption of the
surfactant at low temperature. One approach that could potentially facilitate control of the shape of ZnO nanostructures (i.e.,
nanowires and nanoplates) would be to use a precursor that can
also form a low-melting-point alloy with Zn and have the
function of selective absorption of the surfactant. Here, we
consider ZnI2 and BiI3, both of which tend to sublime at low
temperatures.12 Moreover, Bi and Zn can form a Zn-Bi alloy
with a low melting point, which can act as a catalyst for the
low-temperature growth of 1D ZnO nanostructures. I- and I2
are highly polarizable, and both can interact with the polar ZnO
surface, leading to the shape control of ZnO nanostructures.13
In this paper, we report the results of experiments carried
out in a VPT furnace with a vacuum pumping system, using
Zn and BiI3 as starting materials, an oxidized silicon wafer as
the substrate, and argon gas as the protective gas. We show
that, by using the iodide, we could control the shape of the
resulting ZnO nanostructures. Specifically, ZnO nanowires were
formed at 250 °C and ZnO nanoplates were formed at 300 °C,
with intermediate structures being observed at temperatures
between 250 and 300 °C.
2. Method Section
The experimental setup used to grow the nanowires and
nanoplates was the same as that in previous reports.14,15 Briefly,
bismuth iodide (99.999%, Aldrich) and zinc (99.998%, 100
mesh, Aldrich) were homogeneously mixed in a weight ratio
of 1:3 using a mortar and pestle. The resulting mixture was
loaded into an 8-cm-long alumina boat, which was then covered
by three pieces of oxidized silicon substrate separated by gaps
of approximately 1 mm. The covered boat was then placed in
the center of a quartz tube. The base vacuum in the tube was
about 300 m Torr. High-purity argon gas was fed into the tube
at a flow rate of 150 sccm. The furnace was heated to 250 or
300 °C and held at that temperature for 30 min. The air was
momentarily introduced into the reaction chamber through the
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Figure 2. XRD patterns of (a) ZnO nanowires and (b) ZnO nanoplates.
Figure 1. (a) SEM image of the ZnO nanowires grown on an oxidized
Si substrate at 250 °C. (b) SEM tilted view of ZnO nanowires at 250
°C. (c) SEM image of the nanoplates grown on an oxidized Si substrate
at 300 °C. (d) Magnified SEM image of a nanoplate at 300 °C.

outlet end of the furnace while maintaining the temperature.
The furnace was then cooled to ambient temperature.
The morphologies of the products on the substrates were
examined using a scanning electron microscope (SEM) equipped
with an energy-dispersive X-ray spectrometry (EDX) system
and a JEOL-2010 high-resolution transmission electron microscope (TEM) equipped with an energy-dispersive X-ray spectrometry (EDX) system and a Japanese Rigaku D/max γA X-ray
powder diffractometer (XRD). Photoluminescence (PL) spectra
were recorded at 10 and 300 K, using 300 nm and 355 nm lights
as the excitation sources.
3. Results and Discussion
Figure 1 shows SEM images of the nanowires grown at 250
°C and nanoplates grown at 300 °C. As shown in Figure 1a,
the nanowires grown at 250 °C are very dense and distributed
over the entire substrate surface. The nanowires have an average
diameter of about 40 nm and are each a few micrometers long.
The tilted SEM image of the ZnO nanowires in Figure 1b clearly
shows a thin layer (indicated by a black arrow) beneath the
nanowires. The SEM images of the ZnO nanoplates grown at
300 °C (Figure 1c and d) show a high density of nanoplates
distributed over the entire substrate surface. The magnified SEM
image in Figure 1d shows that the nanoplates have lateral
dimensions of 3-4 µm and a thickness of ∼40 nm. It is clear
from Figure 1 that the nanostructure generated by the proposed
method can be varied from a nanowire to a nanoplate structure
by a quite small temperature change in the low-temperature
region. Moreover, Figure 1a and c indicates that both the
nanowires and nanoplates were obtained in very high yield.
Figure 2 shows XRD patterns of the ZnO nanowires and
nanoplates on oxidized Si substrates. The diffraction peaks of
the ZnO nanowires (Figure 2a) are quite similar to those of bulk
ZnO with a hexagonal wurtzite structure (a ) 3.18 Å, c ) 5.18
Å) and conventional ZnO nanowires grown at high temperatures.4 No typical diffraction peaks corresponding to Bi or Bi
compound impurity phases were observed. For the ZnO nanoplates (Figure 2b), the reflections from (100), (002), and (110)
planes are weak, whereas those from (101), (102), and (103)
planes are quite strong, unlike the conventional nanodisks, in

Figure 3. (a) TEM image of a ZnO nanowire. The upper inset is the
SAED pattern, and the lower inset is the EDX spectrum. (b) HRTEM
image of the same nanowire. (c) TEM image of a nanoplate. The insets
are its EDX spectrum and SAED pattern. (d) HRTEM image of the
same nanoplate.

which (100), (002), and (101) peaks are relatively strong.11 It
may imply that the nanoplates be selectively oriented. Note that
the (102) peak is the most intense feature for the ZnO
nanoplates, whereas the (101) peak is the strongest for the ZnO
nanowires.
Figure 3a shows a TEM image of a single nanowire, which
has a diameter of approximately 40 nm. The EDX data for this
nanowire (lower inset in Figure 3a) indicates that it consists of
Zn, O, and Bi with Zn/O/Bi ) 48.74:51.23:0.03 in atomic
concentration. The atomic ratio of Zn to Bi is 99.94:0.06. The
selected area electron diffraction (SAED) pattern (upper inset)
shows diffraction spots corresponding to a single crystal
hexagonal wurtzite ZnO structure with a zone axis of [11h00],
and that the nanowire grew along the [112h0] direction rather
than the [0001] growth direction of conventional ZnO nanowires.4 Although the EDX data indicated the presence of Bi,
no secondary phases were evident in the XRD data. Figure 3b
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Figure 4. (a) Schematic diagram of the formation mechanism of ZnO nanostructures at 250 and 300 °C. (b) SEM image of the Zn(Bi)Ix thin layer
at 250 °C. (c) XRD pattern of the as-obtained layer. The asterisk symbol indicates hexagonal BiI3. (d) SEM images of ZnO nanorods obtained using
Zn and Bi powders as starting materials at 250 °C. (e) SEM images of cogrowth of ZnO nanowires and films at 280 °C.

shows a high-resolution (HR) TEM image of the same nanowire.
The interplanar spacings of 0.257 and 0.159 nm correspond to
the spacings between (0002) and (111h0) planes, respectively.
Figure 3c shows a TEM image of an individual nanoplate,
which has a thickness of ∼40 nm. The EDX results (inset)
indicate that the nanoplate consists of Zn, O, and Bi with Zn/
O/Bi ) 63.36:36.61:0.03 in atomic concentration. The SAED
pattern of the nanoplate indicates that it has a single crystal
hexagonal wurtzite ZnO structure with a [11h01] zone axis (a )
3.18 Å, c ) 5.18 Å). The nanoplate grew along the [1h011] and
[01h11h] directions, rather than the [101h0] and [011h0] directions
favored by conventional nanodisks.11 Figure 3d shows a

HRTEM image of the same nanoplate. The interplanar spacing
of 0.240 nm can be assigned to the spacing between (1h011)
planes.
The XRD and TEM data presented above thus indicate that
the ZnO nanowires and nanoplates can be achieved by varying
temperatures from 250 to 300 °C. Importantly, these data show
that the structures of the nanowires and nanoplates prepared in
the present work at low temperature differ not only from that
of bulk ZnO but also from those of nanostructures with similar
shapes grown at high temperature.
To understand the growth mechanism of the nanostructures,
a series of experiments were performed. The following mech-
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Figure 5. PL spectra of ZnO nanowires and nanoplates at 10 and 300 K. The inset is magnified UV emission of the samples: (a) ZnO nanowires
at 10 K; (b) ZnO nanowires at 300 K; (c) ZnO nanoplates at 10 K; (d) ZnO nanoplates at 300 K.

anism, shown schematically in Figure 4a, is proposed on the
basis of the experimental results. For the growth of ZnO
nanowires, the Zn and BiI3 first undergo the following reaction
at room temperature: 3Zn + 2BiI3 T 2Bi + 3ZnI2, 2BiI3 T
2Bi + 3I2, ZnI2 T Zn + I2. As the temperature rises from room
temperature up to the melting point of the Zn-Bi alloy (∼250
°C),16 ZnI2, BiI3 sublime and I2 are deposited onto the substrate.
The observation of a thin layer consisting mainly of Zn and O
beneath the nanowires (Figure 1b) provides indirect evidence
for this process. More directly, we found that if oxygen was
intentionally not introduced during the deposition process, the
resulting film had the composition Zn(Bi)Ix (Figure 4b). XRD
analysis of this Zn(Bi)Ix film (Figure 4c) indicates that it consists
of tetragonal ZnI2 and hexagonal BiI3. When the temperature
reaches 250 °C, Zn-Bi droplets form, which are vaporized and
then deposited on the Zn(Bi)Ix film. Introduction of oxygen into
the furnace causes ZnO to nucleate and precipitate from the
droplets to form nanowires, because ZnO is not soluble in the
droplets. The preference of the ZnO nanowires to grow in the
[112h0] direction likely arises from the effect of I- and I2 on the
liquid and the precipitation process. ZnO can be simply
described as a number of alternating planes composed of
tetrahedrally coordinated O2- and Zn2+ ions, stacked alternately
along the c-axis. The oppositely charged ions produce a
spontaneous polarization along the c-axis as well as a divergence
in surface energies.17 As both I- and I2 are highly polarizable,13
the sublimation of iodide and/or iodine allows iodine anions
and/or iodine molecules to interact with the polar ZnO surface
and change the surface energies, suppress or limit the growth
direction of nanowires; in other words, iodine and/or iodide have
the function of direction conducting for the ZnO nanostructures,
resulting in the formation of ZnO nanowires.

We found that if a Zn/Bi mixture was used instead of
Zn/BiI3 as the starting material under the same experimental
conditions, no thin layer was observed beneath the nanorods,
and the obtained nanorods had typical radial hexagonal cross
sections and grew along the [0001] direction (Figure 4d). If Zn
or ZnI2 was used instead of Zn/BiI3, no nanowires were
observed, much less the nanowires with the [112h0] direction.
From the above results, one can see that no nanowires with the
[112h0] direction were achieved in the absence of either bismuth
or iodine. These findings support the hypothesis that when a
Zn/BiI3 mixture is used as the starting material, the dissociate
Bi acts as catalyst and I- and/or I2 direct the growth of the
ZnO nanowires along the [112h0] direction. That is, the growth
of ZnO nanowires is dominated by the synergy of vaporliquid-solid (VLS) and direction conducting from iodide or
iodine.
For the growth of ZnO nanoplates, higher density of Iand/or I2 arising from the sublimation of iodine and iodide at a
relatively high temperature of 300 °C allows strong interaction
between I-/I2 and the polar ZnO surface, resulting in the
formation of ZnO nanoplates. This offers an explanation for
why, by absorbing additives such as citrate ions,18 phosphate
ions,19 and organic dyes20 on the (0001) surface of ZnO, the
growth along the [0001] direction was suppressed, resulting in
the formation of ZnO nanoplates.
To further examine the formation of ZnO nanoplates, we
investigated the temperature dependence of the nanostructure
morphology in the temperature range 250-300 °C. Figure 4e
shows a SEM image of the sample grown at 280 °C. When the
growth process proceeds at this temperature, the nanowires and
the ZnO film grow together such that the nanowires are
embedded in the film. From this observation and the results
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Figure 6. PL spectra of ZnO nanowires and nanoplates after vacuum
annealing at 550 °C.

obtained at 250 and 300 °C, we can conclude that at 250 °C
the growth rate of the nanowires is faster than that of the film,
and hence ZnO nanowires are obtained, whereas at the slightly
higher temperature of 280 °C, the growth rate of the film
exceeds that of the nanowires. When only ZnI2 was used as
the starting material at 300 °C, a ZnO film was formed but no
nanoplates, indicating that the BiI3 was necessary for the
formation of nanoplates. Moreover, experiments in which
ZnI2/BiI3 was used as the starting material at 300 °C, but the
base vacuum was reduced from 300 to 95 mTorr, yielded no
nanoplates but a large quantity of nanowires, similar to those
obtained at 250 °C with 300 mTorr (at 250 and 280 °C with 95
mTorr, the nanowires were also obtained, SEM based EDX
indicated that the nanowires contained I besides Zn and O).
These results indicate that, at a relatively low base vacuum of
300 mTorr, the amount of residual oxygen inside the quartz
tube plays a role in the initial formation of ZnO nanowires at
the relatively low temperature of 250 °C. When the temperature
is increased to 280 °C, the nanowires still form but are
embedded in the ZnO film due to the faster film growth at higher
temperature, indicating that the formation of ZnO nanostructures
is in association with not only Bi and I but also temperature,
base vacuum (residual oxygen), and pressure.
Figure 5 shows the PL spectra of the ZnO nanowires and
nanoplates at 10 and 300 K under the femtosecond optical
parametric oscillator (OPO) fourth harmonic at 300 nm of the
Ti:sapphire laser (1 MHz, 90 µmW).21 The inset is the magnified
UV emission of the samples. The 10 K PL spectrum of the
ZnO nanowires shows narrow UV emissions at 368 and 373
nm as well as a stronger broad green emission band around
510 nm. The intensity ratio of green emission to UV emission
(IG/IUV) is ∼2. At 300 K, the broad green emission band is
centered at 528 nm, and no UV emission is observed. The 10
K PL spectrum of the ZnO nanoplates exhibits narrow and weak
UV emissions at 369 and 374 nm as well as a stronger broad
green emission band around 507 nm. The intensity ratio of green
emission to UV emission (IG/IUV) is 21. At 300 K, only the
broad green emission band is observed, centered at 530 nm.
Thus, increasing the temperature from 10 to 300 K causes a
redshift in the green emission band of ∼18 nm for the ZnO
nanowires and ∼23 nm for the ZnO nanoplates. However, this
band is more intense at 300 K than at 10 K for both the
nanowires and nanoplates. The UV emission peaks are closely
related to the radiative annihilation of excitons,22 and the green

J. Phys. Chem. B, Vol. 110, No. 43, 2006 21745
emission can be assigned to oxygen vacancy.15,23 The redshift
of green emission on going from 10 to 300 K can thus be mainly
attributed to oxygen vacancies and/or defects in the ZnO
nanostructures. Moreover, the observation of a larger redshift
for the ZnO nanoplates compared to the ZnO nanowires suggests
that the former contain higher concentrations of oxygen vacancies and/or defects. The intensity ratio of green emission to UV
emission (IG/IUV) is related to the surface area ratio. Thus, the
much higher value of IG/IUV for the ZnO nanoplates compared
to the ZnO nanowires (IG/IUV ) 21 and 2, respectively) at 10
K indicates that the nanoplates have higher surface-to-volume
ratios than the nanowires. Figure 6 shows the room-temperature
PL spectra of ZnO nanowires and nanoplates after vacuum
annealing at 550 °C for 1 h, under the third harmonic at 355
nm of a Nd:YAG laser (13 kHz, 10 mW). As seen from the
spectra, the UV emissions of nanowires and nanoplates are
visible. The room-temperature UV emissions after vacuum
annealing are consistent with the involvement of oxygen
vacancies.24,25 IG/IUV of ZnO nanoplates (∼8) is higher than that
of nanowires (∼2), further indicating that the nanoplates contain
more oxygen vacancies than nanowires.
4. Conclusions
In summary, starting from a mixture of Zn and BiI3, we grew
nanowires and nanoplates on an oxidized Si substrate at
relatively low temperatures of 250 and 300 °C, respectively.
The ZnO nanowires had diameters of ∼40 nm and grew along
the [112h0] direction rather than the conventional [0001] direction. The nanoplates had a thickness of ∼40 nm and lateral
dimensions of 3-4 µm. The growth of both the nanowires and
nanoplates is dominated by the synergy of VLS and direction
conducting. Analysis of photoluminescence spectra suggested
that the nanoplates contain more oxygen vacancies and have
higher surface-to-volume ratios than the nanowires. The present
results clearly demonstrate that the shapes of ZnO nanostructures
formed by using BiI3 can be controlled by varying the
temperature in the range 250-300 °C.
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