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Wurtzite GaN epilayers bombarded at 300 K with 200 MeV197Au161 ions are studied by a
combination of transmission electron microscopy~TEM! and Rutherford backscattering/channeling
spectrometry ~RBS/C!. Results reveal the formation of near-continuous tracks propagating
throughout the entire;1.5-mm-thick GaN film. These tracks,;100 Å in diameter, exhibit a large
degree of structural disordering but do not appear to be amorphous. Throughout the bombarded
epilayer, high-resolution TEM reveals planar defects which are parallel to the basal plane of the
GaN film. The gross level of lattice disorder, as measured by RBS/C, gradually increases with
increasing ion fluence up to;1013 cm22. For larger fluences, delamination of the nitride film from
the sapphire substrate occurs. Based on these results, physical mechanisms of the formation of
lattice disorder in GaN in such a high electronic stopping power regime are discussed. ©2004
American Institute of Physics.@DOI: 10.1063/1.1703826#

I. INTRODUCTION

Recent extensive research of ion-beam processes in GaN
has mainly focused on understanding production and proper-
ties of defects in this material under ion bombardment at keV
energies. A number of unexpected and rather complex phe-
nomena have been observed and studied, including a com-
plex damage buildup and amorphization behavior, the forma-
tion of extended defects even at low temperatures~such as 77
K!, preferential surface disordering, material decomposition,
porosity, and efficient erosion. These processes have recently
been reviewed in Refs. 1–3.

In all the previous studies,1–3 it has been assumed that
lattice defects are produced as a result of nuclear~or elastic!
collisions, while electronic energy loss processes~i.e., the
excitation of the electronic subsystem of the solid! have a
negligible role in defect formation in GaN under bombard-
ment with keV ions.4 Indeed, in the case of irradiation with
keV ions, the level of electronic excitation is&1 keV/nm.
Such low electronic energy losses typically do not result in
the formation of lattice defects in radiolysis-resistant materi-
als such as GaN.5

The level of electronic excitation gradually increases
with increasing ion energy and atomic number. Electronic
energy losses can reach some tens of keV/nm in the case of

heavy ions with energies of several hundred MeV. For ex-
ample, with increasing energy of197Au ions from 300 keV
up to 200 MeV, electronic energy loss in GaN increases from
1 up to 34 keV/nm, according to stopping powers from the
TRIM code ~version SRIM-2003.17!.6 In this so-calledswift
heavy ion~SHI! bombardment regime, intense ultrafast exci-
tation of valence electrons occurs along ion paths.

There have been numerous previous studies of SHI-
induced damage in different solids. It has been found that
SHI bombardment of various polymers and insulators results
in the formation oflatent tracks. Such tracks are continuous
or discontinuous cylindrical damaged zones created along
the paths of rapidly moving ions. Numerous experiments
have shown that track formation processes are nonlinear. In-
deed, tracks are created only when the level of electronic
excitation exceeds a certain threshold, typically correspond-
ing to electronic energy losses of;1–30 keV/nm. Excellent
reviews on the formation of latent tracks in polymers and
insulators can be found in Refs. 7–9.

More recently, swift-ion-induced lattice damage has also
been studied in metals~see, for example, Refs. 9 and 10! and
a wide range of radiolysis-resistant semiconductors such as
Si, Ge, GaAs, InP, InSb, GaSb, InAs, GeS, GaP, SiGe, SiC,
UO2, Si3N4 , as well as AlN.11–16After SHI irradiation, ion
tracks have been observed by transmission electron micros-
copy ~TEM! in some semiconductors including InSb, GaSb,a!Electronic mail: kucheyev1@llnl.gov
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InP, GeS, SiGe, and Si3N4 .11–15 However, no tracks have
been found in other materials such as Si, Ge, C~diamond!,
GaAs, GaP, AlN, and SiC.9,12,16Ion tracks in some semicon-
ductors ~such as GeS, InP, Si3N4 , and GaSb!12,14,15 have
been found to have an amorphous core, as in the case of
many insulators.7–9 In other semiconductors~such as InSb,
UO2, and SiGe!,11–14 track cores consist of a disordered but
not amorphous material.

In addition, the formation of amorphous tracks has re-
cently been observed in Si,17 Ge,18 GaAs,19 and Al2O3 ~Ref.
20! bombarded with 20–40 MeV C60 cluster~fullerene! ions.
Note that, as discussed above, bombardment of Si, Ge, and
GaAs with SHI does not result in track formation. This may
be reconciled since a comparison of damage production in
MeV fullerene and SHI irradiation regimes requires consid-
eration of not only the total electronic stopping power but
also the great difference in the velocities of SHI’s and C60

ion clusters for the same energy loss. A detailed discussion of
this so-calledvelocity effecthas been given by Dammak
et al.10 and will not be reproduced here.

In experiments on SHI-induced material modification,
the key parameters of practical interest are~i! the threshold
values of the stopping power required for track formation,
~ii ! track diameters, and~iii ! defect structures inside the
track. Several models have been developed to explain the
transfer of the energy of electronic excitation into atomic
motion, resulting in track formation in crystalline solids.21

The main models are the thermal spike,9,14,22 Coulomb
explosion,7,23 and material instability at high levels of elec-
tronic excitation~i.e., lattice relaxation model!.24,25 We will
discuss the underlining physical processes of these three
models in Sec. IV. Here, it should be noted that none of these
models canpredict the track formation behavior in semicon-
ductors. It is likely that, in different solids, different physical
mechanisms are responsible for track formation.

All the current models for track formation in semicon-
ductors are nonpredictive. In particular, none of the current
models describes the structural characteristics of the track
core~i.e., the phase and defect structures in the lattice!. It has
often been assumed that the track core is completely amor-
phous, especially in wide band gap semiconductors.9,14 How-
ever, results of the present study as well as several previous
reports11–14 show that it is not the case for many semicon-
ductors. Hence, experiments are needed to reveal the re-
sponse of each material to intense electronic excitation along
SHI tracks.

While the physical processes following SHI bombard-
ment of semiconductors are generally unclear, even less is
known about the behavior of nitride semiconductors exposed
to intense electronic excitation. Cylindrical amorphous tracks
have previously been observed in Si3N4 bombarded with 710
MeV Bi ions.12 In contrast, such irradiation has not resulted
in track formation in AlN.12 It is, therefore, interesting to
consider whether intense electronic excitation can result in
defect formation in GaN. Moreover, it may be possible to
produce stoichiometric amorphous GaN by ion bombard-
ment in the electronic stopping power regime and to study
the properties of such an amorphous phase. Indeed, previous
theoretical studies have predicted that amorphous GaN has

intriguing electronic properties.26 As reported previously,27,28

GaN amorphized by keV ion bombardment, in the nuclear
stopping power regime, exhibits material decomposition with
the formation of nitrogen gas bubbles embedded into a Ga-
rich matrix. This may not occur in the electronic stopping
power regime of SHI’s.

In this article, we present experimental data on the modi-
fication of GaN with SHI and discuss physical mechanisms
of track formation in this material.

II. EXPERIMENT

The ;1.5-mm-thick wurtzite undoped GaN epilayer
used in this study was grown on ac-plane sapphire substrate
by metal-organic chemical vapor deposition in a rotating disk
reactor at Ledex Corporation, Taiwan. Samples, all cut from
the same wafer, were bombarded with 200 MeV197Au161

ions at 300 K with a beam flux of;33109 cm22 s21.
Samples were exposed to fluences in the range from;6
31010 up to 531013 cm22. The Au beam was delivered by
the NEC 14 UD pelletron accelerator at the Australian Na-
tional University~ANU!. In order to reduce sample heating
during ion bombardment, the samples were mounted on a Cu
holder with a conductive silver paste. The surface normal of
the samples was at an angle of;4° relative to the incident
beam axis. The electronic and nuclear stopping powers of
200 MeV 197Au ions in GaN are 34 and 0.31 keV/nm,
respectively.6 The projected ion range is;12 mm. Hence,
these ions lose their energy predominantly in the electronic
stopping power regime throughout the entire;1.5-mm-thick
GaN film, while the ion end-of-range region is deep inside
the sapphire substrate.

After implantation, samples were characterizedex situat
300 K by Rutherford backscattering/channeling spectrometry
~RBS/C! using an ANU 1.7 MV tandem accelerator~NEC,
5SDH! with 3.3 MeV 4He1 ions incident along the@0001#
direction and backscattered into a detector at 168° relative to
the incident beam direction. To characterize the microstruc-
ture of ion-beam-produced lattice defects, selected samples
were studied by cross-sectional transmission electron mi-
croscopy~XTEM! in a Philips CM12 transmission electron
microscope operating at 120 kV. Specimens for XTEM were
prepared by 3.5 keV Ar1 ion-beam thinning using a Gatan
precision ion-polishing system. The high-resolution TEM
~HRTEM! study was performed in a JEOL JEM-3000F elec-
tron microscope operating at 300 kV with a point resolution
of 1.95 Å.

III. RESULTS

Figure 1 shows RBS/C spectra illustrating the damage
buildup in GaN bombarded at 300 K with 200 MeV Au ions.
It is seen from Fig. 1 that, with increasing ion fluence up to
;1013 cm22, lattice disorder gradually accumulates roughly
uniformly throughout the entire;1.5-mm-thick GaN film.29

However, experiments show that bombardment to ion flu-
ences above;1013 cm22 ~for example, to fluences of 1.5, 2,
and;531013 cm22) results in the delamination of the GaN
film from the sapphire substrate over the entire area irradi-
ated~;4 mm in diameter!.
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Figure 2 shows bright-field XTEM images of GaN bom-
barded at 300 K with 200 MeV Au ions to a fluence of 2
31011 cm22. This figure illustrates the formation of near-
continuous tracks, clearly visible even at low magnification.
These tracks propagate throughout the entire GaN film into
the sapphire substrate, which is consistent with previous
studies of SHI-induced tracks in Al2O3 .12 No external de-
fects such as dislocations or stacking faults are visible in the
vicinity of the tracks. Analysis of selected-area diffraction
~SAD! patterns from the sample shown in Fig. 2 has not
revealed the presence of an amorphous phase. Hence, the
tracks appear to consist of a disordered material, resulting in
lattice stress responsible for XTEM contrast.30 The fluence of
231011 cm22 corresponds to an average distance between
ion impacts of;200 Å. Hence, the areal density of tracks,
revealed in Fig. 2, appears to be close to the density of ion
impacts.

Tracks in Fig. 2 have an apparent diameter of;100 Å. It
should be noted, however, that, in the case when tracks are
not amorphous, determination of track diameters from
diffraction-contrast XTEM images can be ambiguous. In-
deed, the size of the area exhibiting stress-induced XTEM
contrast depends on imaging conditions. This can be seen
from a comparison of Figs. 2~a! and 2~b!, where the tracks

appear slightly smaller ing50002* images than ing
511̄00* taken from the same area of the cross-section.
Hence, care should be exercised in the analysis of track di-
ameters extracted from XTEM images in the case when
tracks are not completely amorphous.

A bright-field XTEM image of a sample bombarded to a
larger fluence of 1013 cm22 is shown in Fig. 3~a!. For this
fluence, the average distance between ion impacts is;30 Å.
Hence, ion tracks effectively overlap, resulting in a rather
uniform defect concentration throughout the entire GaN film.
Our SAD analysis of this sample has revealed no evidence

FIG. 1. Selected RBS/C spectra showing the damage buildup in GaN bom-
barded at 300 K with 200 MeV Au ions with a beam flux of;3
3109 cm22 s21. Ion fluences~in cm22! are indicated in the legend.

FIG. 2. Bright-field XTEM images@~a! g50002* and ~b! g511̄00* ] of
GaN bombarded at 300 K with 200 MeV Au ions with a beam flux of;3
3109 cm22 s21 to a fluence of 231011 cm22. Both images are of the same
magnification.

FIG. 3. ~a! Bright-field XTEM image (g50002* ) of GaN bombarded at
300 K with 200 MeV Au ions with a beam flux of;33109 cm22 s21 to a
fluence of 131013 cm22. ~b! HRTEM image of the near-surface region of
the sample depicted in~a!.
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for the presence of an amorphous phase. This result again
supports the fact that the track core is damaged but not amor-
phous.

In order to better understand the structure of SHI-
produced defects in GaN, samples have been studied by
HRTEM. In agreement with results of the SAD studies dis-
cussed above, our HRTEM investigation has not revealed
any amorphous phase in the GaN film. Figure 3~b! shows a
HRTEM image illustrating the general view of structural de-
fects in the same sample as shown in Fig. 3~a!. Figure 3~b!
reveals the presence of planar defects which are parallel to
the basal plane of the GaN film. The average size of these
planar defects is;100 Å. Similar planar defects have previ-
ously been observed in GaN bombarded with keV ions.4,31,32

IV. DISCUSSION

A. Damage accumulation

The mechanism of the damage buildup behavior can of-
ten be better understood by analyzing ion fluence dependen-
cies of the level of lattice disorder, as measured by RBS/C.
However, an accurate, nonspeculative extraction of the effec-
tive number of scattering centers from RBS/C spectra such
as those shown in Fig. 1 is a rather challenging problem.
Indeed, the atomic structure of the defects causing ion scat-
tering is unknown. Moreover, the entire film has been dam-
aged, which makes it difficult to quantitatively estimate the
dechanneling component that arises from lattice strain sur-
rounding defects. The damage buildup, however, can also be
considered by plotting the RBS/C yield, normalized to the
random level, as a function of ion fluence. Figure 4~filled
circles! shows such an ion fluence dependence of the normal-
ized RBS/C yield at a depth of;0.5 mm.

Damage buildup curves can often be described by the
well-known defect overlap model developed in the
1970s.33–35A detailed discussion of the defect overlap model
can be found, for example, in Refs. 36 and 37. The model
takes into account a spatial overlap of regions with an in-
completely disordered crystal structure. It is assumed that an
m-fold spatial overlap of incompletely disordered regions is
required for complete lattice disordering. The basis of this
model is the fact that the ratio of the surface area covered by

(k21) spatially overlapped disordered regions and the total
area being irradiated can be described by the Poisson equa-
tion:

Sk5~aF!k exp~2aF!/k!, ~1!

wherea5pd2/4 is the area~projected on the surface of the
crystal! of the disordered region at specific depth,F is ion
fluence, andk is an integer number. In the case ofk50, S0

determines the relative area of undamaged material. Based
on Eq.~1!, relative disorder in the crystal as a function of ion
fluence can be written as

nd512exp~2aF! (
n50

m

@~aF!n/n! #. ~2!

Results of fitting Eq.~2! to the data are shown in Fig. 4
by solid and dashed curves for 0 and 1 overlaps, respectively.
It is seen from Fig. 4 that the best fit to experimental data is
for parametersd and m of ;90 Å and 0, respectively. This
corresponds to direct impact disordering~i.e., no spatial
overlap of ion tracks is necessary to disorder the lattice,
causing strong ion scattering and dechanneling!. Note that
the value ofd590 Å is in good agreement with the track
diameters obtained from XTEM data from Fig. 2~;100 Å!.

Figure 4 also reveals that the normalized RBS/C yield
~at ;2.2 MeV! exhibits a slow growth for ion fluences above
;231012 cm22, reaching a level of;80% for a fluence of
1013 cm22. Such a slow increase in the RBS/C yield for
relatively high ion fluences is not described by the simple
defect overlap model~see Fig. 4!. This reflects the complex-
ity of the damage buildup in GaN under SHI bombardment
and the oversimplification of the defect overlap model.38 It
should be noted that previous studies2,4,39,40have revealed a
rather complex damage buildup behavior in GaN under keV
ion bombardment, including the effect of damage saturation
in the crystal bulk. Figure 4 suggests that a somewhat similar
damage saturation effect may also be present in GaN under
SHI bombardment, but additional work is currently needed
to clarify it.

B. Film delamination

It has previously been shown that irradiation with keV-
GeV ions,41 5–30 keV electrons,42 and 10–20 eV photons43

often results in a significant enhancement of the adhesion of
thin metal or semiconductor films on various substrates.
Such an improvement in adhesion has been attributed to the
energy deposition by irradiation into the electronic sub-
system of the solid, leading to changes in local electron dis-
tribution and atomic configuration at film/substrate
interfaces.41–43

In contrast to the expected improvement of adhesion, the
present study has revealed a catastrophic delamination of the
GaN film from the sapphire substrate for ion fluences above
;1013 cm22. Such a delamination can be attributed to ion-
beam-induced rearrangement and weakening of atomic
bonds at the film/substrate interface and the buildup of me-
chanical stress in both sapphire substrate and GaN film. In-
deed, previous studies have shown that ion-beam-produced
disorder results in material expansion and an associated

FIG. 4. Filled circles: ion fluence dependence of the RBS/C yield~at ;2.2
MeV!, normalized to the random level, extracted from spectra such as those
shown in Fig. 1. Curves: results of calculations based on the damage overlap
model. The number of overlaps~m! and diameters of damage zones~d! are
indicated in the legend.
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buildup of mechanical stress in GaN.27,28 It will be interest-
ing to study damage produced in bulk GaN crystals by SHI
irradiation to relatively large ion fluences (&1013 cm22)
when bulk GaN becomes readily available. Indeed, it is pos-
sible that due to its good mechanical properties,44 bulk GaN
will not exhibit disintegration for large fluences of SHI’s.

C. Track formation mechanism

Since energy loss processes of energetic ions are rela-
tively well understood and are similar for different crystals,
the variations in the track formation behavior of different
materials are mostly determined by processes of energy dis-
sipation. As mentioned in Sec. I, the mainphysicalmodels
proposed to explain track formation in crystalline solids are
the thermal spike,9,14,22 Coulomb explosion,7,23 and lattice
relaxation24,25 models.

In the thermal spikemodel, excited electrons transfer
their energy to atoms via the electron-phonon coupling. The
amount of heat deposited into the thermal spike volume can
be large, and the spike temperature can significantly exceed
the melting point. Hence, a pseudoliquid~‘‘molten’’ ! region
is formed around the ion trajectory. Subsequent very rapid
quenching of such a hot region results in the formation of an
amorphous track if the cooling rate is too fast for epitaxial
crystallization to occur. Imperfect recrystallization will result
in the formation of a track consisting of a damaged but not
amorphous material.

An alternative mechanism of track formation, related to
thermal spikes, isplastic deformationdue to the high pres-
sure on the material surrounding the ion path. Indeed, heat-
ing of the track core material, after electrons transfer their
energy to the lattice, results in thermal expansion and an
associated stress field.

Within theCoulomb explosionmodel,7,23 a large density
of positive charge in the track core results in repulsion be-
tween atoms, leading to atomic motion and track formation.
Finally, according to thelattice relaxationmodel,24,25 intense
electronic excitation weakens the covalent bonds and causes
a repulsive force between atoms, resulting in collective
atomic rearrangement and track formation.

Track formation in insulators has generally been ex-
plained within the Coulomb explosion approach,7,8,23 which
has been supported by a number of experiments.45 Tracks in
semiconductors~which typically have chemical bonds with
relatively low ionicities46! have been attributed to the forma-
tion of thermal spikes.9,11–14,22,47It should be noted, how-
ever, that there has been no direct experimental evidence to
support the formation of thermal spikes along paths of SHI’s
in semiconductors. Miotello and Kelly48 have recently given
a detailed discussion of difficulties associated with using the
thermal spike approach to describe the formation of latent
tracks in solids under SHI bombardment. They have pointed
out that, due to large kinetic energies of inner-shell electrons
excited by a SHI,10 a large part of the energy deposited by
the fast moving particle is carried away from the ion track
volume and dissipated over larger distances, not confined by
the ion trajectory. Hence, the existence of thermal spikes

along the trajectories of SHI’s is not obvious, as also pointed
out in another recent report.49

Several attempts have previously been made to develop
a theory which could predict the threshold ionization levels
required for track formation in different materials.9,14 The
authors of these models9,14 have tried to correlate the effi-
ciency of track formation with fundamental parameters of
the solid, such as the band gap, ionicity of chemical bonds,
thermal conductivity, etc. However, similar to the case of
lattice amorphization under keV ion bombardment,50 none of
the models proposed up to date can explain the influence of
fundamental material parameters on track formation in dif-
ferent crystalline materials. Hence, it appears that a combi-
nation of material parameters can contribute to track forma-
tion efficiency, and more work is needed to better understand
this process.

Based on our results as well as on results of the previous
ex situ characterization studies of SHI-induced defects in
crystals, it is difficult to answer the question of which physi-
cal mechanism is responsible for the formation of latent
tracks in semiconductors.In situ experimental studies as well
as a more sophisticated theoretical analysis would be desir-
able to shed light on the micromechanisms of track forma-
tion in GaN.

V. SUMMARY

In conclusion, we have studied the formation of struc-
tural defects in GaN bombarded at 300 K with 200 MeV Au
ions. The main results of this work can be summarized as
follows:

~i! Near-continuous latent tracks,;100 Å in diameter,
have been observed.

~ii ! The core of these tracks consists of a damaged ma-
terial, but it does not appear to be amorphous.

~iii ! Planar defects,;100 Å in size, parallel to the basal
plane of the GaN film have been observed.

~iv! The damage buildup is best described by the direct
impact ~zero overlap! model.

~v! For ion fluences above 1013 cm22, delamination of
the GaN epilayer has been observed and attributed to ion-
beam-induced rearrangement and weakening of atomic
bonds at the film/substrate interface and the buildup of me-
chanical stress in both sapphire substrate and GaN film.

We have concluded that theex situ experimental data
currently available are not sufficient to conclusively decide
on which physical processes are responsible for track forma-
tion in GaN and other semiconductors during SHI bombard-
ment. Further work is thus needed to understand the micro-
mechanisms responsible for track formation in GaN.
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