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The local structure of two samples of vertically well-aligned ZnO nanorods with average diameters
of 13 and 37 nm were studied using orientation-dependent x-ray absorption fine st(X&&®)

at the ZnK edge. The aligned ZnO nanorod samples were fabricated on sapp®@® substrates

with a catalyst-free metalorganic vapor-phase epitaxy method. The XAFS measurements showed
that both nanorod samples have a well-ordered wurtzite structure and that no vacancy was observed
at either site of zinc or oxygen atoms. However, we found that in both samples the lattice constants
of a andb were shrunken by-0.04 A whilec was elongated by-0.1 A, compared with those of

their bulk counterparts. Furthermore, there was a substantial amount of disorder in the bond length
of the only Zn—0O pairs located near thb plane. This may suggest that the terminating atoms at
the boundaries of the nanorods are oxygen atom*20®5 American Institute of Physics

[DOI: 10.1063/1.1851616

One-dimensional(1D) nanocrystalline semiconductors perpendicular to the axis. Both sets of XAFS data were
including nanorods, nanotubes and nanowires have attractsimultaneously fitted with the same parameters and the
considerable attention for their practical applications toorientation-dependent structural distortions of the nanorods
nanometer-scale electronics and photonics as well as for funwere obtained and compared with their ZnO bulk counter-
damental academic researchrhe physical properties of 1D parts.
nanomaterials are dependent on orientations because their Vertically well-aligned ZnO nanorods were fabricated on
size and surface effects also depend on the orientations. THd,03(0001) substrates at 500 and 800 °C for 1 h using
orientation-dependent quantum confinement effect was obsatalyst-free metalorganic vapor-phase epitaxy. The average
served from ZnO nanorods and ZnO/ZnMgO nanoroddiameters of the rods grown at 500 and 800 °C were 37+3
heterostructure®.For better understanding of the physical and 13+5 nm, respectively and the mean length atoagis
properties of 1D nanomaterials, the study of orientationwas about lum? X-ray diffraction and high resolution
dependent structural properties is necessary because strigansmission electron microscopyTEM) measurements
tural transitions including distortions and disorders as well ashowed that the nanorods were well-ordered single crystals
surface and size effects contribute to the determination of thand vertically well-aligned rod? Fluorescence XAFS data
properties: However, no study of the local structural prop- at the ZnK edge(9659 eV} were collected by selecting the
erties of a 1D nanomaterial has been reported. The diffradncident x-ray energy with a 25% detuned(Bil) double
tion technique is a powerful tool to investigate the structuregnonochromator. Figure 1 shows the normalized x-ray ab-
of crystalline materials but not of nanomaterials. Regularsorption coefficient from the ZnO nanorods near thekZn
x-ray absorption fine structur@AFS) can describe the av- €dge as a function of the incident x-ray energy, measured at
erage bond lengths and the distributions of the bond lengths
from a probe atom.However, regular XAFS cannot separate ;
the structural properties dependent on crystalline orienta- (@) Zn0 nanorods
tions, as like atoms are located at similar distances. elle

In this letter, we first report the structural properties and 1L.of ]
terminating atoms of 1D ZnO nanorods. We employed the 05 7n K-edge ilfi%nel}g,
orientation-dependent XAFS which can determine the angles i T = 300 K -——37 nm
and distances of bondsto discern the structural properties E:: L ; ' ]

in the ab plane and along the axis of ZnO nanorods with
diameters of 13 and 37 nm. Note that the quantum confine-
ment effect was observed from ZnO nanorods with a diam-
eter of less than 20 ninFor ZnO with a wurtzite structure,

Zn atoms have four oxygen atoms and 12 zinc atoms as the 0 . .
first and second neighboring atoms, respectively, in all direc- 9650 9700 9750 9800 9850
tions. Two independent XAFS measurements from the ZnO E (eV)

nanorods were made with the x-ray polarizations parallel and

FIG. 1. Normalized x-ray absorption coefficient from ZnO nanorods as a

function of incident x-ray energy at the Zhedge with the geometry of the

dAuthor to whom correspondence should be addressed; electronic mait axis aligned(a) parallel and(b) perpendicular, to the electric field vector
swhan@chonbuk.ac.kr of the x rays.
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room temperature for the two orientations. At Kredge, the

x-ray self-absorption of the ZnO nanorods with aboyirh FIG. 3. Magnitude of Fourier transformed XAFS, fraqa ZnO powder and
. - nO nanorods with an average diameter of 13 nm(fgrell¢ and(c) € L €,
length IS neg“glble' The near edge structures from the rOdgs a function of the distance from a Zn atom. For the Fourier transformation,

clearly show the dependence of the crystal orientations anglyanning window with a windowsill width of 0.5 & was used. Data in the
are comparable with Chiou’s stuay. range off=1.2—3.5 A were used for the fit.

The local structural properties around a probe atom can
be obtained by looking at the fine structure above the absorp-
tion edge’ The orientation-dependent XAFS data were ana{¢?, including thermal vibration and static disorgief Zn—O
lyzed with theuwxars packag using standard procedufes and Zn—2n pairs of the ZnO powder were 0.003A? and
and photoelectron backscattering functions calculated witl®.0082) AZ respectively, which again are comparable with
the FEFF8 code? After the atomic background absorptigy  those of previous report§:**
was determined usinguToBK (part of the UwxArs pack- To accurately determine the orientation-dependent struc-
age, the XAFS function,y=uw(E)/ uo(E)—1, was obtained. tural properties with the XAFS data of the nanorods, the two
Figure 2 shows the XAFS from ZnO powder and nanorods asets of XAFS data in Figs.(B) €llC and 3c) €L C were
the ZnK edge forel|¢ ande_L &, as a function of the photo- Simultaneously fitted. The results of the best fit are given in
electron wave vectork=\2m,(E-Eo)/%, wherem, is the  Table |. From a probe Zn atom, the distance ¢flOocated
electron rest masg is the incident photon energy aig is  just above the Zn atom along theaxis was~0.05 A longer
the edge energy. To minimize uncertainties only the XAFSwhile the distance of three @)s located about 19° off from
data in thek range of 2.5-10.5 & were used for further the Znab plane was about 0.025 A shorter, compared with
analysis. those bond lengths of the bulk counterpart. These results

The XAFS data were Fourier transformedrtspace and ~were similar to the bond length distortions of the Zn<{Bn
fit to the theoretical XAFS calculatiorfsas shown in Fig. 3.  pairs located~55° off from theab plane and the Zn—2@)
The fits included single- and multi-scattering paths and 95%pairs located in thab plane, as shown in Table I. Based on
polarization of the incident x ray was taken into account inthese fits, the lattice constants were estimated tabb
the data analysis. The dotted lines in Fig. 3 show the magni=3.2163.199 A andc=5.3055.307 A for the ZnO nano-
tudes of the Fourier transformed XAFS data from ZnO pow-rods with a diameter of X37) nm. A cumulant analysis to
der, and nanorods with a diameter of 13 nm. Note that thgearch for an anharmonic pair-distance distribution was,
peaks are shifted by about 0.5 A on thaxis from their true  however, inconclusive. We concluded that the lattice con-
bond lengths due to the phase shift of the backscattered phstants of ZnO nanorods, and b, were shrunken by about
toelectrons. Detailed fits are therefore necessary to obtaid.04 A, while ¢ was elongated by 0.1 A, compared with
guantitative information. For the fit of the ZnO powder data,those of the bulk counterpart.
we constructed a fully occupied model of a wurtzite struc-  The relative mean squared disorder of all pairs except
ture, the results of which are summarized in Table I. Fromthe Zn—-Q2) pairs in both nanorod samples was very com-
the fit, we found the lattice constants af b=3.24613) A parable with those of the bulk, implying that there was no
and c=5.20612) A, which agree well with the results of extra disorder in the bond lengths of the nanorods. The ratio
previous studies of bulk Zn®&M The Debye—-Waller factors of atomic pairs in the boundary to the total number of the

TABLE I. Coordination numbetN), bond length(d) and Debye—Waller factofo?) of ZnO bulk and nanorods were determined with simultaneous fits of
orientation-dependent XAFS data measured at thKBtuge.Sé of 0.95 was determined from the fit of the powder data and fixed for the fits of the nanorod
data. For the model calculations, a fully occupied wurtzite struatspace groupp63m) with a,b=3.245 A, c=5.205 A and the crystalline symmetryof
oxygen=0.366 was used.

Zn—-0(1) Zn-0(2) Zn—-7Zn(1) Zn-7Zn2)
Specimen N dA) o4(A?) N dA) o4(A?) N dA) (A2 N dA) o4(A?)
Model 1 1.9050 3 1.9991 6 3.2067 6 3.2450
Powder 1 1.90® 00031 3  1.98118 0.0031) 6  3.20610) 0.0082) 6  3.24613 0.0082)

Nanorods(13 nm  1.01) 1.9478) 0.00377) 3.1(4) 1.965%12) 0.007817) 6.23) 3.234) 0.008415 6.26) 3.2146) 0.008716)
Nanorods(37 nm  1.0(1) 1.9586) 0.00288) 2723 19509 0.005215 6.02) 3.23%4) 0.000014) 575 3.1958 0.008915
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pairs in a nanorod can be simply estimated wi#hR?>  from the ZnO nanorods was due to the size effect.
-m(R-D)?)/7R? whereR is the radius of the rods aridl is
the distance from the boundeﬁ%/Assuming that only the
first and second atomic layer€D=0.65 nn from the

boundary were effectively affected by the incomplete bond
at the boundary, about 19% of the Zn—2Zn pairs in nanorods’Ser Program(No. M202AK010021-04A1101-021300f

with a diameter of 13 nm had an extra disorder. However"0ton Engineering R&D Project from the Nuclear R&D
from the orientation dependent XAFS measurements, neithdprogram and the 21th Century Frontier R&D Program, and
extra disorder nor vacancy at the Zn sites in all directiongVOrk at POSTECH was supported by the National Creative
was observed, compared with the bulk counterpart. Thifkesearch Initiative Project of the Ministry of Science and
strongly suggests that the Zn atoms are well ordered in thd€chnology. The XAFS data were collected at the 3C1 beam-
ab plane even near the boundary, as well as along thes line of the Pohang Light Source, Korea, a facility which is
and that the terminating atoms at the boundary are oxygepartially supported by MOST and POSCO.

atoms. As the @)s are the terminating atoms at the bound- | , _

ary, the ratio of the Zn—(2) pairs located near the boundary ﬁbglgasn('nggf’&a% YHfa“r:éJ'SW,\jgg’ ﬁ“ieciékMH"'f;’rfé’ $a\}v(ﬁeﬂd?<?n g
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