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Diameter dependence of the electronic structure of ZnO nanorods
determined by x-ray absorption spectroscopy and scanning photoelectron
microscopy
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OK-, ZnLs, and K-edges x-ray absorption near-edge struct¥&NES) spectra and scanning
photoelectron microscop{6PEM) spectra were obtained for ZnO nanorods with various diameters.
The analysis of the XANES spectra revealed increased numbers pfad@ Zn 4 unoccupied

states with the downsizing of the nanorods, which reflects the enhancement of surface states when
the diameter is decreased. Valence-band photoemission spectra show a significant narrowing of the
valence band for the 45 nm diameter nanorod. The@im&nsities in the Zn 8 SPEM spectra are
drastically diminished for all nanorods as compared to the ZnO reference film, which can be
interpreted as a reduction in density of itinerant final states or in transition probabili00@
American Institute of Physic§DOI: 10.1063/1.1802373

Zinc oxide (ZnO) 1I-VI semiconductor is an important samples have been determined to have diameters of 150+40,
material for optoelectronic applicatiohZnO nanorods and 80+20, and 45+10 nm and lengths o600, 540, and
nanowires are particularly interesting because they can b260 nm, respectively. These well-aligned nanorods have a
used to tune electronic and optoelectronic devices that inhexagonalwurtzite) structure and are oriented along tbe
volve UV lasing actiorf:® Knowledge of the electronic struc- axis as shown by the representative SEM and TEM micro-
ture of the nanorods is crucial to understand the basic physgraphs for the 45+10 nm nanorod (&) and (b) of Fig. 1,
ics for these applications. Recently, Geal* and Chiouet  respectively. X-ray diffraction’XRD) measurements of the
al.® have studied polarization-dependenkedge x-ray ab- ZnO nanorods and of a reference ZnO thin-film sample are
sorption and angle-dependent x-ray absorption near-edgéisplayed in Fig. 1. The characteristic peak of hexagonal
structure(XANES) for highly oriented ZnO microrods and ZnO with a(002) preferential orientation shows that the na-
nanorods, respectively. To complement these studies, theorods grow along the axis.”® The slight shift in the dif-
present XANES and scanning photoelectron microscopyraction peak to lower angles for nanorods with smaller di-
(SPEM measurements focus on the dependence of the ele@meters was interpreted as an increase in the lattice spacing
tronic structure on the diameter. with respect to the growth directioh.

OK-, Zn L5, andK-edges XANES spectra and SPEM Figure 2 presents the K-edge spectra of the well-
spectra were obtained at the National Synchrotron Radiatiofligned ZnO nanorods and the reference film. Features
Research Cente(NSRRQ, Hsinchu, Taiwan. The ®&-, A.,B;,C,,D4, and E; are attributed to electron excitations
Zn Lg-, and K-edges were measured in fluorescence mod&om O 1s to 2330 (along the bilayerand O 2., (along thec
using a high-energy spherical grating monochromator an@xis) states:>**"**The upper inset is an enlargement of the
wiggler-C beamlines. SPEM images and spectra were ad K-edge near-edge features obtained after subtracting the
quired at the U5-undulator beamline. The SPEM-end statiof®ackground using a best fitted Gaussian curve indicated by
at NSRRC has been described elsewﬁémll—aligned ZnO the dotted lines. The increase of the intensities of these fea-
nanorods were synthesized without a catalyst by low temtures with the decrease of the diameter of the ZnO nanorod
perature chemical vapor deposition process usiif08) as shows that the number of Qp2unoccupied states increases
substrate. The details of the preparation of the ZnO nanoroddith the decrease of the diameter. The 528—-531 eV energy
are reported elsewhefélhe size distribution of the nanorods range is magnified and shown in the lower inset. This inset
was investigated using a scanning electron microscopkeVveals a shift to higher energies of thekeedge for nano-
(SEM) and a transmission electron microscgB&M). Three ~ rods, which can be interpreted as a widening of the energy

gap.
dAuthor to whom correspondence should be addressed; electronic mail; Figure 3 presents Zh3_ed.ge XANES spectra of ZnO
wipong@mail tku.edu.tw ’ hanor_ods anq the referen_qe film. FeatukgsB,, andC, are
®permanent address: Department of Applied Physics, National Chiayi Uni@Ssociated with the transition of Zp2lectron to Zn 4 and
versity, Chiayi 600, Taiwan. antibonding 8 states’***The upper inset displays a mag-
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FIG. 1. XRD measurements of the well-aligned ZnO nanorods with 45, 8OF|G_ 3. (8 ZnLs-edge XANES spectra of the ZnO nanorods with 45, 80

and 150 nm diameters and the reffersnce thin flanand (b) show _re;ire— and 150 nm diameters and the reference thin film. The upper inset shows the

sentative SEM and TEM images of the 45 nm nanorod, respectively magnified main near-edge features after background subtraction. The lower
inset shows the integrated intensities oK@open circlegand ZnL ;-edges

. . filled circl -edge features.
nified view of the near-edge features after background supfiied circles near-edge features

traction using a best fitted Gaussian curve indicated by the

dotted lines. The upper inset reveals that the intensities ofyggests a reduction of the ®2zn 3d antibonding cou-
featuresB, and C, decrease with the decrease of the diam-pling with the downsizing of the nanorod.

eter, while the intenSity of featumz is less sensitive. Since Figure 4 presents the Z{i.edge Spectra of the ZnO na-
3d orbitals are more localized than the drbital, the transi-  norods and the thin film. Featurds, B,, C, andDj reflect

tion probability of Zn 2)—>3d can be Iarger than that of transition from Zn & to empty b, (along ¢ axis) and b,

Zn 2p—4s. Then, features,, B,, andC, will be dominated  (along the bilayerstate$ These features are similar to those
by Zn 3d state contributions. The decrease of the intensitiegpserved in the GK-edges XANES spectra of GaN thin
shows a decrease of the number of Zhaihtlbondlng states, fiiml5 and nanowireé§ The magnified main peaB3 shown
which is consistent with a slight increase of the lattice spacin the inset exhibits an intensity increase as the nanorod di-
ing or Zn—O bond length observed in XRD measurementsameter decreases. This result shows that the number o Zn 4
The lower inset of Fig. 3 plots the integration of the intensi-ynoccupied states increases as the nanorod diameter de-
ties of the features in the R- and ZnLz-edges XANES  creases. One may interpret the decrease of thepZocdu-
spectra between 528 and 547 and 1012-1027 eV, respegancy with the decrease of the nanorod diameter as a
tively, which represent the numbers of @ and Zn3l un-  7n4p—0 2p charge transfer. However, this interpretation
occupied states. The decrease of the number ofdZar®c-  will contradict with the increase of the number of @ @n-
cupied states with the decrease of the nanorod diameter
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FIG. 2. OK-edge XANES spectra of the well-aligned ZnO nanorods with
45, 80, and 150 nm diameters and the reference thin film. The upper anBIG. 4. ZnK-edge XANES spectra of the ZnO nanorods with 45, 80, and
lower insets show the magnified main features after background subtractiob50 nm diameters and the reference thin film. The inset shows the magnified

and the edge features, respectively. feature B.
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be interpreted as a decrease of the number ofdZocgupied

hv=383 eV

—o— g=45nm states with the decrease of the diameter. However, this inter-
—a— 800nm pretation may not be correct because an isolated Zn atom has
—a— 150 nm

a filled & shell lying much lower than those os4nd 4. In
ZnO, hybridization between Op2and Zn 3 orbitals may
give rise to unoccupied antibonding states. However, the in-
tensity of the Zn 8 photoemission spectrum from the nano-
rod with the smallest diameter is less than half of that of the
thin film. If the intensity directly reflects the Zrd3occu-
pancy, the Zn 8 photoemission results would imply that
Zn 3d orbitals are less than half filled. This is very unlikely.
The photoemission intensity is a product of the density of
occupied Zn 8 states, density of unoccupied above vacuum-
level itinerant states, and the transition probability between
these states. Thus, the drastically reduced @pl3otoemis-

sion intensity for the nanorods is better interpreted as a dras-
1 : tically reduced density of the itinerant states and/or transition
8 7 6 5 4 3 2 1 0=E; .

Binding Energy (V) probability.
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