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Size-dependent electronic structures of ZnO nanowires
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ZnO nanowires with a diameter distribution from 20 to 100 nm were fabricated by a simple thermal
evaporation process. Two different types of nanowdigcular versus hexagonal cross sectinere
obtained by controlling the growth conditions. The size-dependent electronic structures of both
types of samples were investigated using valence electron energy-loss spectroscopy. Both the
common featuregsurface plasmon, bulk plasmon widltnd the difference¢O 2s interband
transition, bulk plasmon energpetween the two types of samples are discussed. The experimental
results strongly suggest that ZnO nanowires with hexagonal cross section and low-index terminating
surfaces are of high electronic quality, even at 20 nm diameter, and can thus serve as effective
building blocks for optoelectronic nanodevices.2005 American Institute of Physics
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Being one of the most important functional semiconduc-loss spectrdVEELS) of individual wires are compared. Sev-
tor materials, ZnO is found to have wide applications in theeral surface-related features are observed in the loss spectra,
opto-electronic industry because of the material’s excellenand their physical origins are discussed. The results contrib-
optical, electrical, and piezoelectrical properﬁé%Recently, ute to our general understanding of the electronic structure of
its pseudo-one-dimensiondlLD) nanostructures have at- the 1D ZnO nanostructures, one of the key factors in deter-
tracted much attention due to their great potential to serve asining the feasibility of using these 1D nanostructures in
functional building blocks for various nano-optoelectronic various nano-optoelectronic devices.
devices using the bottom-up approé‘cr’nlt is known that The ZnO nanowires were synthesized by a thermal
material properties and thus the final performance of a devicevaporation process using a vacuum tube furnace, as re-
are mainly determined by its electronic states. Therefore, gorted elsewhert® Briefly, a ZnO and carbon-powder mix-
fundamental understanding of the electronic structure of theure with a ratio of 1:1 was used as the source material,
1D nanomaterialin comparison to its bulk counterpais of  which was loaded onto an alumina boat positioned at the
primary concern. center of the tube furnace. After evacuating the tube-B

Photoemission-based methods have been extensively 1072 Torr, the temperature of the chamber was ramped
used in the study of the electronic structure of the ZnOfrom 800 to 1100 °C with a heating rate of 20 °C/min at a
Several interesting results have been reported, includingonstant flow of pure argofi00 sccn). In the second stage,
dependence of the band-gap emission on the materi@gl gas mixture of argon and oxygen with a ratio of 9:1 was
size®’ defect emission at~500 nm enhanced by the introduced into the system immediately after the target tem-
presence of large surface aréamd surface states observed perature was reached, followed by a 3-h annealing. A total
at small ZnO sizé~* Unfortunately, most of these re- gas flow rate of 200 sccrtfor sample aand 100 sccntfor
searches are limited by the poor spatial resolution of the&ample b were maintained throughout the experiment. The
characterization¥** This becomes particularly problematic as-synthesized nanowires were collected from the Au-coated
as many 1D nanostructures have a large size distributiorsj substrates located downstream from the source.
Therefore, most of the preViOUS research prOVideS Only aver- The genera| morph0|ogy and microstructure of the nano-
aged information about the 1D ZnO electronic structures. Ayires were studied by scanning electron microscePgEM,
couple of reports on the photoluminescence measurement§0 1450VP and transmission electron microscof§EM,
of individual ZnO nanowires have become ava”abIETecnai 20 ST, FEG 200 k)\/The electron energy-|oss mea-
recently:“'* However, these measurements do not providesyrements on the ZnO nanowires were performed using the
simultaneous structural information and suffer from smallgatan GIF system attached to the TEM, operating at a pri-
signal-to-noise ratio. . mary energy of 200 keV, with an energy resolution of 0.7 eV.

In this study, we use an alternative approach—electrorrhe spectra were acquired in TEM diffraction mode at small
energy loss spectrosco?ELS) performed inside a trans-  momentum transfer, with an angular resolution about 0.2
mission electron microscope. The excellent spatial resolutiofyaq. All of the spectra are calibrated using the zero loss
(subnanometgrof this method allows us to study the elec- peak position.
tronic structure of individual ZnO nanowires, while simulta- g gifferent types of ZnO nanowires were fabricated,
neously obtaining size and microstructure information. TWO;5 shown in the SEM images in Fig. 1. The nanowires in
types of ZnO nanowire with different surface morphologiessamme a have circular cross sectigsee inset of Fig. (B)],
were synthesized. Size-dependent valence electron energymnereas those in sample b have hexagonal cross sections
[inset of Fig. 1b)]. A size distribution of the nanowires is
¥Electronic mail: liquan@phy.cuhk.edu.hk observed in both samples, the wire diameter ranging from
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FIG. 1. (a) and(c) SEM images, low magnification TEM images, and cor- Energy loss (eV)
responding high resolution TEM images of the ZnO nanowires in sample

with circular cross sectiorib) and(d) Sample with hexagonal cross section. FIG. 2. () Loss functions[im(~1/¢)] and (b) the corresponding second

derivatives of the loss function for ZnO nanowires with different diameters

. .. and circular cross sections.
~20 to ~100 nm, as demonstrated in the low magnification

TEM images in Figs. (&) and Xb). The nanowires in both

samples are single crystal with the hexagonal lattice, as sugp oscillator strength of the 11.5 eV peak and broadening of
gested by transmission electron diffractigrot shown herg the dominant peak as the nanowire diameter decreases. Nev-
as well as by the high-resolution imaggBigs. 1c) and ertheless, neither a splitting of the 21.8 eV peak nor a shift of
1(d)]. The hexagonal001] direction is identified as the the dominant peak in the 20 nm nanowire is observed.
growth direction for all of the nanowires. However, a rough  In the loss functions of all the ZnO nanowires in both
surface is observed in sample a, in which the nanowires areamples, the dominant peak at about 18 eV is ascribed to a
of circular cross sectiofiFig. 1(c)], whereas the surface of bulk plasmon excitation, which represents the collective os-
the wires with hexagonal cross section appears to be much
smoother and well defingdrig. 1(d)].

Electron energy-loss spectroscopy was performed on
several tens of ZnO nanowires of different sizes, from
samples a and b, and the typical results are shown in Figs. 2
and 3, respectively. The loss functigim(-1/¢e)] of the
nanowires with selected diameté&rs20, ~40, and~60 nm
in both samples are obtained by removing the plural scatter-
ing from the corresponding energy-loss spectra using a con-
ventional Fourier-log deconvolution meth .

The loss functions of individual nanowires from sample
a are shown in Fig. @). The peak features in the low-loss
spectra are magnified by performing a second-order differen-
tiation of the loss function, as shown in Fig(b2 Several
common features are observed in the nanowires with differ-
ent sizes: a small peak at 9.5 eV, a shoulder at 13.5 eV, a
dominant peak in the range from 18.1 to 18.8 eV and another
shoulder at 21.8 eV. The intensity of a small peak at 11.5 eV
is found to increase as the nanowire diameter decreases. The
full width at half maximum of the dominant peak is also
found to increase with the decreasing diameter. For the wire
with the smallest diameteir~20 nm), the peak at 21.8 eV
splits into two peaks centered at 20.8 and 22.1 eV, respec- . .
tively. Simultaneously, the dominant peak is observed to shift 10 15 20
to lower energy(from 18.8 to 18.1 eV. Energyiioss (ev)

The loss functions of individual nanowires from SampleFIG. 3. (a) Loss functions[Im(-1/¢)] and (b) the corresponding second

b are shown in Fig. @). Features similar to those of sample gerivatives of the loss function for ZnO nanowires with different diameters

a are observed, including the peak positions and the increased hexagonal cross sections.
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cillation of the valence electrons excited by the incident fasimal evaporation, by controlling the growth conditions. In
electrons® Several other common peaks a9.5, ~13.5, general, the ZnO nanowires preserve the electronic structures
and~21.8 eV are identifiedrespectively as interband tran- of their bulk counterparts. Nevertheless, several size-related
sitions from the O B, the Zn 3, and the O 8 states in the features are identified: a surface-plasmon oscillation at about
valence band to unoccupied states in the conduction bandil.5 eV, whose oscillator strength increases as the nanowire
These peaks positions agree well with those of bulkdiameter decreases, a broadening of the bulk-plasmon peak
ZnO,lg‘Zlindicating that the general electronic structures ofwith decrease in wire diameter, and a splitting of the © 2
the nanowires resemble their bulk counterpart. state together with the redshift of the bulk plasmon in small-
On the other hand, subtle differences exist between th@iameter ZnO nanowires with circular cross sections. These
loss functions of the nanowires and of the bulk ZnO. Theeffects can all be explained in terms of the increased surface/
oscillator strength of the small peak &t11.5 eV was ob-  yolume ratio when the diameter of the nanowire decreases.
served to increase as the nanowire diameter decreases, fhe experimental results strongly suggest that with careful
vealing its size/surface-related origin. In fact, such 11.5e\control of the growth conditiongesulting in ZnO nanowires
peak has been reported as originating from the surfacgith hexagonal cross section and low-index surfacesen
plasmorf? The increased oscillator strength of thd 1.5 €V nanowires with 20 nm diameter are of high electronic quality

peak also coincides with a decrease in that of the bulk plaszng can serve as effective building blocks for optoelectronic
mon, a consequence of the oscillator-strength sum rule. It§5nodevices.

surface-plasmon interpretation is further confirmed by an
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