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Electron-beam-induced damage in wurtzite InN

K. A. Mkhoyan® and J. Silcox
School of Applied and Engineering Physics, Cornell University, Ithaca, New York 14853

(Received 10 October 2002; accepted 13 December)2002

Knock-on type damage with ejection of nitrogen atoms from a sample was observed in wurtzite InN
during irradiation by 100 keV electron beam in scanning transmission electron microscope.
Comparison of the measured integrated intensities of nitrdgeand indiumM, 5 edges with
calculated mass-loss provided a method to measure the energy of vacancy-enhanced displacement
in InN for nitrogen atoms, which was found to be 4.6 eV. The results were also applied to predict
the rate of electron beam induced damage that will occur in InN specimens with different
thicknesses. €003 American Institute of Physic§DOI: 10.1063/1.1543642

Before conducting experiments on a sample with elecfocused beam used for these measurements can be found
tron microscopy or spectroscopy, an understanding of thelsewheré.
nature and rate of the electron-beam-induced damage of the Annular dark field(ADF) images of the InN taken right
specimen occurring during observations is essential. This igfter 70 s exposure by 100 keV focused electron beam are
especially important for materials such as InN that contairshown in Figs. (a) and Xb), where characteristic white
low atomic number elements. These suffer considerable erspots of the damage can be seen. At first glance, composition
ergy transfer under irradiation by, for example, 100 keV elec-sensitive ADF images indicate changes in local stoichiom-
trons. InN is a promising candidate for fabrication of high- etry in the exposed areds.
performance high electron mobility transistors or light-  To understand the phenomena, several experiments un-
emitting diode$ as a result of the growth of high-quality der identical conditions were performed with simultaneous
wurtzite InN?? Electron energy-loss spectroscofifELS) recording of the intensities of the nitrogdét and indium
with a scanning transmission electron microscope is a reliM, s edges. The results are presented in Figs) and 1d),
able method for measurement of basic electronic structur&/here decay of the intensity of the nitrog&nedge can be
characteristics such as the densities of the unoccupied eleglearly seen. Unlike the nitrogeld edge, however, the in-
tronic state$, energies of the interband transitions, plasmondium M, s edge loses fine structure but not intensity. The
excitations, etc. However, useful quantitative EELS can onlychanges in the integrated intensities for both th& Ndge
be achieved with great care in minimization of the radiation
damage. @ (b)

A common effect of the radiation-induced damage in
materials for 100 keV beams is mass-ffs&puttering of the
atoms from the surface layemhile ionization, segregation, .
and lateral diffusion can also occur. Medlin and Howitt have
developed a simple theoretical model to describe the dy-
namic changes in the speciméthat was later generalized
for multicomponent materiafsThis model is adapted here to
characterize damage in InN. In this letter, we report the re-
sults of EELS measurements of the electron-beam-induces
damage in wurtzite InN that are compared with results of the
theoretical model. This comparison allowed determination of __
the energy for vacancy-enhanced displacement of nitroger-'ﬁg
atoms, i.e., the energy needed for displacement of a N aton =
into a nearby vacancy. At higher electron energies.,
>400 keV) dominant mechanism reflects atom displace-
ments within bulk(see, for example, Regniet al,).’

The wurtzite InN studied here was grown by conven-
tional molecular beam epitaxy on a sapphire substrate with ¢
200 nm AIN buffer layef The tripod polishing techniqd®
was used to prepare plan-view specimens for scanning trans
mission electron microscop§STEM) from this wafer with
the ¢ axis oriented close to the incident beam. Details on the

Cornell 100 keV UHV VG HB501 STEM with about 2 A FIG. 1. (a) and(b) ADF images of wurtzite InN with characteristic damaged
areas(bright spot$. The evolution of the damage after the first 63 s of
exposure:(c) effect on the NK edge andd) on the InM, 5 edge. Each
¥Electronic mail: kam55@cornell.edu spectrum was recorded Wib s acquisition.
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FIG. 3. Calculated Mott cross-sections of surface sputtering and bulk dis-
FIG. 2. Changes in the integrated intensities of the nitrojeaedge and  placement for nitrogen and indium atoms in InN for different acceleration
indium M, s edge with exposure time. Data from experiments 1 and 2 are fovoltages of incident electrons.

nitrogenK edge and 3 and 4 for indiumd , s edge obtained in spot mode. . . . .
Solid and dashed lines are the solution of the coupled differential equationgve times b'lg.ger than the surfage bonding enéFg-yhese
with the values of the cross-sections presented. The intensities are normavere the critical numbers used in the calculations of Mott

ized to the first spectra. cross-sections. As seen in Fig. 3, the cross-sections of bulk
displacements are several orders of magnitude smaller than
(integrated from 390 to 420 e\and the InM , 5 edge(from those for surface sputtering and, therefore, their contribution
440 to 480 eV during the first 70 s of exposure are mea- N Mmass-loss Eq(1) is negligible.
sured. The results of four different experiments are presented The solution of the coupled Ed1) has two features.
in Fig. 2. In these experiments, measured beam current wdgr'st, strong surface sputtering occurs ejecting nitrogen at-
about 8.5¢1072 nA. For these thicknesses, spectra do notoms from the exit surface and later, when the sputtering and
show noticeable effects on fine structure until after at least 1/ED rates balance, a steady state is reached and removal of
s exposure at these currents. the nitrogen from the exit surface takes plasee Fig. 2 At
The intensity of the core-level EELS is proportional to the same time, the In content remains almost unaltered. Thus,
the number of the corresponding atoms in the exposed arelle damage model describes the N being swept out of the
Thus, these observations reflect the ejection of the nitrogefample.
atoms out of the sample leaving behind indium-rich InN. By comparing the results of the numerical solution of
Similar knock-on type damage has been reported for wurtzit€&d- (1) with the measured integrated intensities of the nitro-
GaN?!? genK and indiumM 4 s edges(see Fig. 2, the cross-sections
According to the modéf mentioned earlier, dynamic for vacancy-enhanced displacement for the nitrogen atoms
mass-loss in the InN irradiated by an electron beam can bgan be obtained. The best fit to measurements are shown in

described by the following coupled differential equations: Fig. 2, which corresponds to the solution with a VED cross-
section, o). ~225 barns. The thickness of the specimen,

} : : : N . used in these calculations, was estimated from low-loss
gt = oved (Nj 1= S ) f = (Nj=S)fj 11— oS, EELS:d~A\pX|p /1, =210+10 A, where the calculatéd
(1)  Pplasmon generation mean-free-path was=122 nm, and
_ _ Ip. and 15 are intensities of plasmon-loss and zero-loss.
whereN} and S'j are the numbers of total and surface atomsSince there is some uncertainty in the value for energy of
of typei (i=N or In) in the layerj in the area of exposure, surface sputterings—6 eV, it is useful to estimate the sen-
J is incident beam current density,.q and o are the cross- sitivity of the VED cross-section to this parameter. The cal-
sections for vacancy-enhanced displacenf#D) and sur-  culations show that the VED cross-section should change
face sputtering of the atoms, amdis the probability that a only a few percent to accommodate the changes from 5 to 6
site in layerj is vacant. eV for surface sputtering energy, which correspond to
All these parameters can be obtained from basic strucehanges inoy from 195 to 145 barns. Note here that the
tural characteristics of the material except the VED and surehanges inoy and ol are in opposite directions, e.g., a
face sputtering cross-sections, which can be calculated usingecrease irarsN must be compensated by incredbat smal)
Mott cross-sections for electron-atom knock-on collisionsof ¢!,,, and vice versa.
with relativistic electron$®~*The electron-atom interaction To obtain the energy of the vacancy-enhanced displace-
may result in either sputtering of the latter from the surface ifment for nitrogen atoms in InN the dependence of the Mott
it is a surface atom, displacement to a neighboring vacancyross-section on the energy transferred to an atom was used.
or bulk displacement. The calculated cross-sectifius sur-  For 100 keV incident electrons, it is presented in Fig. 4.
face sputtering and bulk displacement for nitrogen and infrom the measured cross-secti@25 barnj Fig. 4 gives an
dium atoms are presented in Fig. 3. The cohesive energy pestimate of 4.6 eV for the VED energy. We should note here
bond of InN is about 1.9 e¥ which suggests that the sur- that the accuracy in determination of the VED energy is pri-
face bonding energy should be within a 5-6 eV energymarily limited by the mass-loss modef. Simplifications,
range. The energy for bulk displacement is approximatelysuch as the assumption that only forward scattering of atoms
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‘ ' ' ' low intensity ADF signal if it is not perfectly aligned to the
For E;=100 keV ] zone axis. Under these conditions, damaged regions of dis-
Electron Beam order can scatter more strongly than the crystalline matrix.
In conclusion, knock-on type damage with ejection of
primarily nitrogen atoms from the sample was observed in
wurtzite InN during electron beam irradiation in STEM.
Comparison of the measured integrated intensities of nitro-
genK and indiumM 4 s edges with calculated mass-loss us-

o
o
S

1000 ¢

100 ¢

MOTT Cross-Section (bams.)

2 4 5 8 10 ing Meldin and Howitt's model provided a nondirect method
Nitrogen VED Energy (eV) to measure the energy of the vacancy-enhanced displacement
) o for nitrogen atoms in InN and the value of 4.6 eV was ob-
FIG. 4. Mott cross-sections calculated for 100 keV incident electrons as 3ained. The results were also applied to predict the damage

5
o
o

function of energy transferred to atoms. : - . - .
that will occur in InN specimens of different thicknesses.

occur or ignorance of lateral diffusion and segregation, may  The authors thank M. Thomas and Dr. E. J. Kirkland for
introduce some error in the value of the VED energy. their technical support and W. J. Schaff for providing InN
The results of these observations were also used to pr&amples. This work was supported by Office of Naval Re-
dict the mass-loss in InN under the 100 keV electron beangearch No. N00014-99-10714.
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