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Studies of electronic structure of ZnO grain boundary and its proximity
by using spatially resolved electron energy loss spectroscopy
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The low electron energy loss and complex dielectric functions of an arbitrary grain boundary and its
proximity in ZnO thin films have been studied by using the spatially resolved electron energy loss
spectroscopy. The critical point parameters have been determined by fitting the dielectric functions
simultaneously with analytical line shape model. Gradual changes have been observed in the
dielectric functions spectra. The critical points are found to redshift and then blueshift when the
electron beam scanned across the grain boundary, which suggest the distinctive electronic structure
not only of the grain boundary but also of the depletion region. In addition, comparison has been
made between the experiment and the recent theoretical studies to account for the interband
transitions that occur in the grain boundaries. Several features predicted by the theory are
qualitatively found to be consistent with our results. The presence of dangling bonds instead of bond
distortion is attributed to be the major cause of defects in the grain boundaries of Zn@00®
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Grain boundarie$GBs) in ZnO have led to many inter- these regards will complement the core-loss studies and shed
esting phenomena in electricalas well as optical light on the structure, chemistry, and electronic properties of
applications>® Of particular is the realization of the nonlin- the GBs in ZnO.
ear electrical behavior whose primary function is to against  In this letter, we have studied the low electron energy
the transient voltage surge in electronic devitesaddition, 0SS and complex dielectric functions(E), of an arbitrary

the strong optical scattering that occurs at the GBs has par@r@in boundary in ZnO polycrystalline thin film by using the

doxically assisted the formation of self-assembled |ase§pat|ally resolved electron energy loss spectros¢&iBLS).

cavities? Although a great deal of effort has been devoted to;l_—gr?scrr:;s:l tl)oeoelrr]1t (geli)er[:nzii;aé?jet)ersthtg g]nea;rgi;?a;? rterzgi;]s
the research of GBs, the fundamental knowledge of the loc y y b '

. . . he variation of the CP parameters across the GB signifies
atomic and electronic structures remains unclear. Most of thﬁwe apparent changes of the electronic structure in the vicin-

macroscopic studies have usually suffered from the lack Ofty of the GB? In addition, by comparing our experimental

direct access to the electronic band structure and therefore 4ggits with the recent theoretical studies conducted by Oba
not examine the GBs in great detailo date, they simply et al,'% we have qualitatively identified the interband transi-
indicate the presence of a depletion region at the E8s.  tions arising from the GB.

the other hand, microscopic probes with high precision will  Thin films of ZnO are grown on amorphous fused silica
allow the exact determination of the electronic structure withby pulsed laser deposition in a high vacuum system. Depo-
the scale down to the submicron levef. Although there sition procedures have been given previodstyray diffrac-

have been a few studies concerning the use of electron protien indicates a large mosaic spread of the microcrystallites
to investigate the energy loss of the GBs, the majority isand the absence of any preferential in-plane alignment. The
involved in the high-energy near-edge regime where only thé00m temperature EELS measurements are conducted in a
unoccupied states in the conduction band are avaifdble. transmission mode by using a Hitachi HF-2000 microscope

The low loss region is, however, more or less disregarded. |gPerated at a beam voltage of 200 keV. The microscope is

general, the low loss study provides information of the inter_equped with a cold field emission gun and a (_3atan-666
arallel EEL spectrometer with an energy resolution of 0.5

nd transitions and m ffer an alternative to examine th . . .
band trans ons a d may o er an afiernative fo examine gv determined by the full width at half maximum of the zero
local electronic structure at high spatial extértloreover,

. . Lo loss peak. This setup allows the productidmd@ A diameter
the loss function and its derivatives, such as the Comple)électron beam with a spatial resolution higher than 2 nm.
dielectric functions and optical conductivity, allow direct Low energy loss spectra are line scanned from the grain to
comparison between the theory and experinféntsights in - e grain boundary. The removal of the zero loss function
using the Lorentizian fitting routine and the convergence and
3Electronic mail: hcong@phy.cuhk.edu.hk angular correction have been carried out for spectrum
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FIG. 1. The line scan of the low electron energy loss spectra across the grain 5 10 15 20 5 6 7 8 9 1
boundary of ZnO. The dot lines represent the raw data while the solid lines energy (eV) energy (eV)
signify the loss functions after the FFT filter. The arrows indicate the peak-

like features. The inset shows the high-resolution plane-view transmissiofr!G. 3. The complex dielectric function&) and(b), in the proximity of the

electron microscopy images illustrating the region where the measuremen&O grain boundary computed from the loss functions. The second-
are taken. derivative dielectric functions specttaymbolg together with the best fits

(solid-line) using the analytical line shape mode) and(d).

3 A
CLON B ® = 2y

correction”*! The Kramers—Kronig analysis is used to con-
vert the loss functions to the correspondinE).* into two small peaks appear at 20.75 and 22.44 eV. The
Figure 1 illustrates the energy loss spectra of ZnO lineattenuation of the bulk plasmon is accompanied with the
scanned across the GB after the removal of the zero loss ardnergence of a peak at 17.74 eV, which can be attributed to
multiple scattering. The loss function of the grain interior the interface plasmon. The plasmon is also found to blue-
exhibits essentially the bulk character and the bulk plasmoshifted slightly in the GB even though it is almost com-
peaks are clearly visible at 18.8 eV. Several minor peak$letely masked by the 17.74 eV peak.
observed at 3.86, 5.82, 9.5, 13, and 21.7 eV are determined The complex dielectric functions have been determined
to be the interband transition$>*Among them, the peaks at by using the Kramers—Kronig analysis and are plotted in
5.82 and 9.5 eV are assigned to the transitions from the O 2 Figs. 3a) and 3b). Thee(E) of the grain interior are shown
states to the unoccupied conduction band while the peaks & agree well with that of the bulk obtained from the reflec-
13 and 21.7 eV are ascribed to the transitions arise from Z#ivity measurement**Slight disparity is noticed although it
3d and O & levels, respectivel}® The loss at 3.86 eV is Is expected from two different methods. In the GB dielectric
assumed to be of defect origin that associates with the excfunctions, however, notable changes have been observed
tations from the deep states in the dafhe loss function is  With respect to that of the spectra from grain, especially at
consistent with that of Hengeholet al. taken by using a the energy range of 5-13 eV where transitions of O&hd
single Crystall_4 As the electron beam is moving towards the Zn 3d levels dominaté:*®In fact, most of the fine structures
GB, however, the loss profile slowly changes, which corre-given in the grain spectra are being smeared out at this en-
sponds to the change of the electron transitions at the GE2rgy region. The intensity of the imaginary part of the dielec-
The profile is becoming slightly level overall and severaltric functions, e,, is also found to increase in the GB and
features begin to arise. In order to clarify the difference bepeak-like features are visible at 6.08, 9.22, and 11.54 eV.
tween the energy losses of the grain and grain boundary, Itis known thate(E) corresponds to the joint density of
second derivative spectra instead of the raw data are exaritates(JDOS in which electron excitations will take place
ined. After the smoothing procedure by using the fast Fouriewhen both the densities of the valence and conduction states
transform(FFT) filter, the differentiated loss spectra are pre-involved in the relevant transitions are significdhtn addi-
sented in Fig. 2. The line spectra indicate most of the los#ion, the structure of the(E) can be considered as a sum of
peaks are reducing in intensity and the features at 5.82 argpntribution from all allowable transitions at the CPs, which
9.5 eV are changing gradually over to two prominent peaksan be analyzed in terms of the line shape expression given
at 7 and 10.33 eV. In addition, the peak at 21.7 eV is :splitas9

e(E)=C—Ae?(E—Ec+il")" )

for one CP, wherd\, ¢, E., andI” are the amplitude, phase
angle, energy position, and the line broadening. mhedi-
cates the dimensionality of the CP. The parameters from 5 to
10 eV have been determined by fitting the second-derivative
e(E) spectra simultaneously using three two-dimensional
(2D) CPs and the results are summarized in Fig. 4. The
shaded area is the GB. The best fits along with the second

4 6 8 1012 14 16 18 20 22 derivative spectra are illustrated in FiggcBand 3d). The
energy (eV) CP positions are found to remain relatively constant in the
FIG. 2. The second derivative spectra derived from the corresponding Ios_gram interior. However, they redshift S“g_htly _'n the prOXIm.-
functions. ity of the GB and blueshift at the GB. Likewise, the ampli-

Downloaded 23 Mar 2011 to 158.132.161.52. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



Appl. Phys. Lett., Vol. 81, No. 2, 8 July 2002 Ong, Dai, and Du 279

peaks at 20.85 and 22.44 eV in the EEL can be described by
the splitting of the O 2 level leading to the conclusion that
dangling bonds instead of bond distortion are prevailing in
our GBIn fact, our previous study on the second harmonic
generation of ZnO thin films has indicated a significant part

peak
position (eV)

p of the nonlinear optical output is generated by the dipoles, or
08 dangling bonds, at the GB& which agrees with our argu-
> ment.
]j In summary, we have mapped out the complex dielectric
<Lio functions in the proximity of an arbitrary ZnO GB by using
9 the scanning EELS and determine the CP parameters analyti-

cally. The dielectric functions of the GB are found to be quite

FIG. 4. The critical point peak positiote), line broadeningl’ (b), and  distinct from that of the grain as well as the depletion region
amplitudeA (c). The square, circle, and triangle symbols represent the flrstand this indicates observable changes of the electronic struc-
second, and third 2D critical points. The shaded area is the location of the .
GB. ture across the GB. Our results have been compared with the
recent studies on the ZnO GBs and fair agreement is reached

) ) o despite more experimental and theoretical work should be

tude and line broadening behave similarly when changes 0Gsarried out. We believe the dangling bonds instead of bond

cur not only at the GB but also near the GB. . distortion are the primary cause of defects in the GB.
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