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Electronic structures of polycrystalline ZnO thin films probed
by electron energy loss spectroscopy
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The microstructure of polycrystalline ZnO thin films grown on amorphous fused quartz has been
studied by transmission electron microscopy and electron energy loss spectré8&d ). The

optical functions of the grain and grain boundary of ZnO acquired from EELS are compared to
elucidate the mechanism of the formation of self-assemble laser cavities within this material. It is
found that the refractive index of the grain boundary is significantly lower than that of the grain due
to the lack of excitonic resonance. This large refractive index difference between the grain and grain
boundary substantiates the scenario that the formation of laser cavities is caused by the strong
optical scattering facilitated in a highly disordered crystalline structure. In addition, our results also
imply that the optical characteristics of ZnO have very high tolerance on defect2000
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Semiconductors have gained a wide spread of applicgsolycrystalline ZnO films, which is not observed in single
tion in light-emitting devices such as light-emitting diodes crystalline material. This phenomenon has motivated the in-
(LEDs) and laser:? Throughout the history of semiconduc- terest of finding the sites where light scattering actually takes
tor, much effort has been devoted to improving the perfecplace. In this letter, we report the detail studies of the struc-
tion of the semiconductor crystals and in particular to reduciural and electronic properties of the ZnO thin films by trans-
ing the concentration of intrinsic material defects. It is mission electron microscogyf EM) and electron energy loss
widely believed that defects in semiconductor lasers degradspectroscopyEELS) to substantiate the light scattering sce-
their optoelectronic performance as well as lifetime. to-  nario. Electron energy loss spectroscopy offers a direct probe
day’s semiconductor industry, the common practice of makeof the interband transitions in semiconductors and therefore
ing desirable semiconductor involves the concept of hetallows us to study the electronic structures of ZnO in a mi-
eroepitaxy by growing single-crystal-like semiconductor oncroscopic scalé.Our findings indicate the grain boundaries
foreign substraté.Good epitaxy on single crystal substrate indeed act as optical reflectors, which facilitate the scattering
reduces the generation of defects in the materials during thef light.
process of deposition and therefore produces high quality Thin films of ZnO are deposited on amorphous fused
semiconductors. Amorphous substrates are seldom used bguartz by pulsed laser depositidrExperimental apparatus
cause they do not support epitaxy. The growth of semiconand procedure have been described previotkser action
ductors on amorphous substrates always leads to polycrystdlas been observed in polycrystalline films at the ultraviolet
like structures that are accompanied with a significanf{UV) region of 3.20 eV 388 nm). TEM and EELS mea-
amount of defects. In addition, grain boundaries in polycryssurements are acquired by using a Hitachi H2000 analytical
tals enhance optical loss in lasing medium. Hence, the use @fansmission microscope, operated at an accelerating voltage
polycrystalline semiconductor on amorphous substrate foof 200 keV. The microscope is equipped with a cold-field
lasing structure is basically considered as an unrealistic coremission gun with an energy resolution of 0.5 eV determined
cept. However, we recently have demonstrated that laser aby the full width at half maximun{fFWHM) of the zero loss
tion can indeed be observed in polycrystalline ZnO thinpeak. It is also installed with an Oxford Pentafet x-ray de-
films2 Coherent backscatteritign ZnO films that has esti- tector and a Gatan-666 transmission EEL spectrometer. The
mated the mean free path is an order of the emission waveslectron beam is focused to give a beam diameter of less than
length of ZnO suggesting the occurrence of strong opticaP nm. The EELS measurements are carried out with the ir-
scattering in this materidllt is indicated that this scattering radiated area identical to the profile of the electron beam.
could lead to the formation of self-assemble laser cavities in.ow energy valence excitation loss spectra10—50eV)
are collected at the grains and grain boundaries. The conver-

aAuthor to whom correspondence should be addressed; electronic maifion Of energy loss spectra to die|ec_tric fl{nCtionS is C_arried
eehcong@cityu.edu.hk out by following the procedures given in the published
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FIG. 1. The TEM images of polycrystalline ZnO films. The plan-view im-
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regular shape of the microcrystallities. The grain size measured is typically

smaller than 100 nm. High-resolution plan-view imagé&bnshows that the
grain boundaries, indicated by arrows, jointed by three crystallities. Thread-

ing dislocations can be easily seen at the boundaries. Hexagonal dots indi- 0.04

cate wurtzite structure. A crosssection TEM imdgeis shown to illustrate

the columnar growth mode of the film. Arrows indicate the position of 0.00

defects. 0 1 2 3 4 5
(b) energy (eV)

“_terature- These include the smgle-sc;atterlng d.e?onVOIU'FIG. 2. The complex dielectric functions of the grain and grain boundaries
tion of removing the zero loss peak using Lorentizian peaka) of ZnO films. The filled squares and circles represent the real and imagi-
fit, convergence and angular correction, and Kramers-Kronigary parts of the dielectric function of the grains and the filled triangles and

. 4.6 inverted triangles represent the real and imaginary parts of the dielectric
analysis.” All the measurements are performed at rO0My nction of the grain boundaries. The corresponding loss funciibnare
temperature. also illustrated.

X-ray 6/26 analysis indicates ZnO films are textured in

c-axis orientation with respect to the substrate normal, and

the (FWHM) of (0002 w-rocking curve is shown to have a at the surface. The dislocations are also found to lie in the
mosaic spread of 0.9°~1°. In-plan scans of the films basal plane, which is opposite to that of nitride-based semi-

exhibit no peak-like features confirming the fact that amor-conductors. Stacking faults and inversion domains are fre-
phous substrate does not support any epitaxial growth. queqtly observed at the fll_m bulk ar_ld interface. Energy dis-
TEM analysis shows the ZnO polycrystalline film con- Persive x-rafEDX) analysis of the film shows only Zn and
sists of a highly disordered structure. Figuré)lshow a O suggesting no Si diffuses from substrate to the bulk of the
plane-view TEM image of ZnO film together with an elec- film to form ZnSiQ,. As a result, high resolution TEM illus-
tron diffraction pattern(EDP). The polycrystalline grain trate the structures of our ZnO films, even within the grains,
structure of ZnO is quite evident in the TEM image. Theare far less than the device quality of GaAs and ZnSe based
different contrast of the grains shows there exists certaifihaterials. Hence, the realization of excitonic emissiots
misorientation of individual grains with respect to thexis. ~ and laser actioh®in ZnO assumes that the optical proper-
The grains appear in irregular shapes with their sizes ranginies of this material in fact has a very high tolerance on
from 50 to 150 nm. Consistent with the results of XRD, EDPstructural defects and deserves further attention.
shows a series of diffraction ring pattern confirming the ab- ~ To elucidate the mechanism of light scattering in ZnO,
sence of any preferential in-plane orientation. High-the electronic structures of the grain and grain boundary have
resolution plain-view image in Fig.(h) shows that the grain been studied by EELS. Figure 2 illustrates the complex di-
boundaries are almost atomically sharp and are believed telectric functions of ZnO grain over the spectral range of 1
consist of various defects such as dislocations and distorteahd 5 eV transformed from the EEL function using
tetrahedra. A cross-section TEM image is shown in Fig) 1 Kramers—Kronig analysis. A strong and well-defined exci-
to illustrate the columnar growth mode of the film. The graintonic peak is exhibited at-3.32eV and is consistent with
boundaries are clearly visible between adjacent columnaihe results of Washingtoet al> and Jellison and Boatnét.
grains and normal to the substrate plane implying no coaledsowever, the magnitudes of the our dielectric functions at
cence of ZnO nuclei takes place after a few monolayers. Théhe excitonic resonance region, 3—3.5 eV égrand 3.2-3.7
interface between the film and substrate is relatively flateV for ¢,, are closer to that of Jellison and Boaterner than
Within individual grains, the defect structure is rather similarthat of Washingtoret al. due to the uncorrected pseudo func-
to that of published results for the epitaxial ZnO thin filfns. tions in the latter one. The dielectric functions of the grain at
The threading dislocation density is found to decrease as photon energy extended from 5 to 50 eV are found to be

function of thickness, from 18 at the interface to fcm2  compatible to that of single-crystalline Zn®The dielectric
Downloaded 29 Nov 2002 to 129.105.16.59. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



1486 Appl. Phys. Lett., Vol. 77, No. 10, 4 September 2000 Ong et al.

3.0 0.15, respectively, the reflectivity at the lasing wavelength of
r 388 nm is deduced to be 0.0005-0.0018 if the thickness of
2.57 the grain boundary varies from 20 to 40'Alt is also noted
20 that the lasing emissions occur at the wavelength where the
=~ i refractive index mismatch is the largest between the grain
B 15 [ —"n,grain ] and grain boundary. This implies that the strong optical scat-
= 10k e ﬁ g:z'i’r’] — - tering will more or less navigate the lasing emissions.
 —Y—k, grain boundary 1 In short, the structural and electronic properties of poly-
057 crystalline ZnO thin films grown on amorphous fused quartz
0.0 have been studied by TEM and EELS. Results have shown
0 1 2 3 4 5 that the refractive index of the grain boundary is significantly
energy (eV) lower than that of the grain due to the lack of excitonic

transitions. This observation substantiates the formation of

FIG. 3. The refractive indexes and extinction coefficients of the grain andga|f-assemble laser cavities in ZnO films is caused by the

grain boundaries of ZnO films. strong optical scattering occurred at the grain boundaries. In
. ) o addition, our results also imply the criteria of the formation
functions of the grain boundary are also shown in Fig. 2. Ayt |aser cavities which involve two intrinsic factors of the

absence of the excitonic feature in the grain boundary specti@aterial: strong excitonic character and high defect toler-

is clearly observed. The lack of excitonic transitions in thegnce.

grain boundary can be understood by realizing that the grain

boundaries are usually very structural defectivelhe de- The authors would like to thank Dr. Z. Q. Zhang for

fects act as nonradiative recombination centers, which dedseful discussion. This research was supported by the City

compose excitons? When excitons recombine in the vicin- University of Hong Kong through the RGC Competitive Ear-

ity of defects, the energy released tends to heat up the crystalarked Research Graf@040434, the NSFC/RGC Joint Re-

instead of producing light. search Schem&040434, and the Direct Allocation Grant
Figure 3 illustrates the refractive indexas) (and extinc-  (7100034.

tion coefficients k) of the grain and grain boundary com-

puted from the corres_pont;hng dielectric funC'tIOns_ Itis ObV'I- 1J. Singh, Semiconductor Optoelectronics: Physics and Technology

ous that the refractive index of the grain boundary is (vcGraw-Hill, New York, 1995.

significantly lower than that of the grain due to the lack of 2A. H. Herzog, D. L. Keune, and M. G. Craford, J. Appl. Phy8, 600

excitonic resonance. When ||ght propagates from one me- (1972; W. A. Brantley, O. G. Lorimor, P. D. Dapkus, 'S. E. Haszko, and

dium to another with lower refractive index, it experiences E‘n g’duiss?,‘"T‘_Jé_AgggS,PZﬁ%2:_298&%?3;;; J?'E?;{‘rgf"&";'}eigs'

internal reflections dependent on the angle of incidédce. (1974: T. Suzuki and Y. Masumoto, Appl. Phys. Le26, 431 (1975; P.

The exact scenario can apply to our situation where multiple Petroff and R. L. Hartman, Appl. Phys. Lef5, 266 (1973.

internal reflection or scattering indeed occurs in the disor—sg- gﬁZaY'f Zlhgﬂ'g-é}%”%eiézig*‘é% J. Y. Dai, J. Y. Wu, and R. P.

dered medium of the nonepitaxial ZnO films and Sl.,lppor.tsle: F. Egg,rtor?]gléctr())/n.Ener.g;/ Loss Spect.roscopy in the Electron Micro-

the argument that the self-formation of laser cavities iS scope(Plenum, New York, 1986

caused by the strong scattering of light. However, due to the’P. L. Washington, H. C. Ong, J. Y. Dai, and R. P. H. Chang, Appl. Phys.

fact that the thickness of the grain boundaries approaches tg-ett: 72 3261(1998.
the monolayer level, some photons may be energetic enou hH' Mullejans and R. H. French, J. Phys. D: Appl. P8, 1751(1999.
€ Y/ d p y g g J. Narayan, K. Dovidenko, A. K. Sharma, and S. Oktyabrsky, J. Appl.

to travel for a very long distance after the emissions but pnhys.84, 2597(1998.

eventually will be trapped. This also explains the fact that the®Z. K. Tang, G. K. L. Wong, P. Yu, M. Kawasaki, A. Ohtomo, H. Koi-
; ISR ; ; numa, and Y. Segawa, Appl. Phys. Let®, 3270(1998.

.S'Ze Of. thge Iaser-caV|t|es InCreases as a fL.”.]Ctlon of pump .“gth. M. Bagnall, Y. F. Chen, Z. Zhu, T. Yao, S. Koyama, M. Y. Shen, and

intensity” The size and shape of the cavities are determ!n_ed T. Goto, Appl. Phys. Lett70, 2230(1998.

by many factors. However, we have estimated the reflectivity°p. M. Bagnall, Y. F. Chen, Z. Zhu, T. Yao, M. Y. Shen, and T. Goto,

of the grain boundary system at a normal incidehic@his Appl. Phys. Lett.73, 1038(1998.

. L . 1G._E. Jellison, Jr. and L. A. Boatner, Phys. Rev58& 3586(1998.
will set the upper bound value of the reflectivity as a functlonle. C. Ong and J. Y. Daiunpublishedl

of incidence angle. Assuming the optical constantandk, 130. S. Heavenptical Properties of Thin Solid Film@over, New York,
of the grain and grain boundary to be 2.6 and 0.4 and 1.9 and199)).

Downloaded 29 Nov 2002 to 129.105.16.59. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



