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Abstract

Recently, there has been much interest in wide band-gap wurtzite semiconductors such as group-III nitrides (GaN,

AlGaN, and InGaN) and ZnO. Ion-beam-defect processes are considerably more complex in these wurtzite

semiconductors than in the case of both elemental and group-III–V cubic semiconductors. This brief review focuses on

our recent studies of the following aspects of ion-beam-defect processes: (i) effects of implanted species and the density

of collision cascades, (ii) the nature of ion-beam-produced planar defects in GaN, (iii) defect production in GaN by

swift heavy ions, (iv) blistering of H-implanted GaN, (v) electrical isolation of GaN and ZnO, (vi) the effect of Al and

In content on defect processes in III-nitrides, and (vii) structural damage in ZnO with an intriguing effect of the

formation of an anomalous defect peak. Emphasis is given to unusual ion-beam-defect processes and to the physical

mechanisms underlying them.

r 2003 Elsevier Ltd. All rights reserved.

PACS: 61.72.Cc; 61.72.Dd; 68.55.Ln; 61.72.Vv
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1. Introduction

Important applications of wide band-gap wurt-
zite semiconductors such as group-III nitrides
(GaN, AlGaN, and InGaN) and ZnO in (opto)e-
lectronics have stimulated extensive research ef-
forts over the past decade (see, for example,
reviews [1,2]). In the fabrication of ZnO- and III-
nitride-based devices, ion bombardment represents
a rather attractive processing tool for several
technological steps, including selective-area dop-
g author.
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ing, electrical and optical isolation, dry etching,
and ion slicing. However, ion-beam-produced
lattice disorder and its often undesirable conse-
quences limit technological applications of ion
implantation.
Ion-beam-defect processes in GaN have recently

been reviewed in [3–5]. In particular, it has been
shown that dynamic annealing processes (i.e.,
defect interaction processes) are extremely efficient
in GaN even during heavy-ion bombardment at
low temperatures [4]. The intriguing damage-
related processes in GaN, discussed in detail in
review [4], include (i) complex damage buildup
behaviour with defect saturation in the crystal
ed.
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bulk, (ii) preferential surface disordering and
nitrogen loss, (iii) ion-beam-induced porosity and
associated material decomposition, (iv) anomalous
surface erosion at elevated temperatures, and (v)
the reconstruction of amorphous GaN by light-ion
re-irradiation.
Since our last review [4], the field of ion

implantation into III-nitrides has matured signifi-
cantly. Indeed, for the past two years, a number of
detailed studies of ion-beam-produced lattice
defects in GaN, AlGaN, AlN, and InGaN (as
well as in another wurtzite semiconductor, ZnO)
have been reported. The present brief review
mainly concentrates on our recent progress made
in the understanding of ion-beam processes in III-
nitrides and ZnO, not included in our previous
review article [4]. Due to space limitations, we will
discuss only the most unusual aspects of the ion-
beam damaging behaviour in these materials.
1014 1015 1016 1017
0.0

0.2

Dose (cm−2)

R
e

(b)

Fig. 1. Maximum relative disorder (extracted from RBS/C

spectra) in the bulk defect peak as a function of dose for 40 keV

C, 50 keV O, 60 keV Si, 130 keV Cu, 200 keV Ag, 300 keV Au,

and 500 keV Bi ions implanted at LN2 (a) and RT (b), as

indicated in the legend.
2. Effects of ion species and collision cascade

density on defect processes in GaN

A detailed study of the effect of ion species and
the density of collision cascades on defect accu-
mulation in GaN at liquid nitrogen (LN2) and
room temperatures (RT) has recently been re-
ported in [6–8]. Fig. 1 shows the dose dependence
of maximum relative disorder in the crystal bulk
for several ion species at LN2 [Fig. 1(a)] and RT
[Fig. 1(b)], as measured by Rutherford back-
scattering/channelling spectrometry (RBS/C). It
is seen from Fig. 1(a) that GaN exhibits bulk
amorphization at LN2 (with the formation of
buried amorphous layers) only for very heavy ions
(such as 197Au and 209Bi) and for light 12C and 16O
ions. However, in the case of bombardment with
intermediate-mass ions studied (28Si; 63Cu; and
107Ag), Fig. 1 shows that the damage level in the
bulk saturates, and amorphization proceeds only
from the surface for both LN2 and RT bombard-
ment regimes. Hence, ion mass affects not only the
level of implantation-produced lattice disorder but
also the main features of the damage buildup
behaviour in GaN.
To better illustrate the effects of ion species on

the level of pre-amorphous disorder in GaN, Fig. 2
(the left axis) shows the ion mass dependence of
the ion doses required to produce 30% relative
disorder, F0:3; at LN2 [Fig. 2(a)] and RT [Fig.
2(b)]. Such ion doses, F0:3; have been found by
interpolation of damage build-up curves from Fig.
1. It is seen from Fig. 2 (the left axis) that F0:3

generally decreases with increasing ion mass. This
qualitative trend is expected since the number of
ion-beam-generated atomic displacements in-
creases with ion mass.
However, two deviations from the trend ex-

pected are clearly seen in Fig. 2 for the cases of 12C
and 209Bi ions for both LN2 and RT bombardment
regimes. For example, F0:3 for 12C ions is about
two times smaller than F0:3 for

16O ions for both
LN2 and RT, despite the fact that 16O ions
produce B1:6 times more vacancies than 12C ions
in the maximum of the nuclear energy loss profile.
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Fig. 2. Left axis: the ion mass dependence of the ion dose

necessary to produce relative disorder of 0.3 (as measured by

RBS/C) by implantation at LN2 (a) and RT (b). Right axis: the

dependence of xM1
(xM1

¼ the ratio of the level of lattice

disorder measured experimentally to the damage level predicted

based on ballistic calculations) on ion mass.
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This is a somewhat extreme example of chemical
effects of implanted species, consistent with the
data for C shown in Fig. 1, as discussed in detail in
[6]. In addition to 12C; irradiation with 209Bi ions
produced less stable lattice damage than bombard-
ment with 197Au ions, although 209Bi ions generate
a larger number of atomic displacements than
197Au ions. This result has been attributed to the
lower beam flux value in the case of Bi ions
compared with the beam flux value of Au ions [6].
A further insight into the effect of ion mass on

implantation-produced lattice disorder in GaN is
given in Fig. 2 (the right axis), which shows the ion
mass dependence of xM1

; the ratio of the level of
lattice disorder of 0.3 (as measured by RBS/C) to
the damage level predicted based on ballistic
calculations F0:3N

max
vac =nat; where Nmax

vac is the
number of lattice vacancies in the maximum of
the nuclear energy loss profile, and nat is the
atomic concentration of GaN. In the first approx-
imation, the parameter xM1

reflects the effective-
ness of the production of stable lattice disorder
ðNdef Þ by ion bombardment under particular
implant conditions: Ndef ¼ xM1

FNmax
vac for rela-

tively low levels of lattice disorder, where F is ion
dose. If postimplantation stable lattice damage
were the same as the one predicted based on
ballistic calculations (such as the TRIM code [9]),
xM1

would be equal to unity and independent of
ion mass.
In contrast to such expectations, Fig. 2 (the

right axis) shows a rather complex dependence of
xM1

on ion mass for both LN2 and RT bombard-
ment regimes. First of all, for all ion species used,
xM1

is significantly below unity. This is a direct
consequence of strong dynamic annealing pro-
cesses when a large fraction of ion-beam-generated
point defects experiences annihilation even at LN2:
It is also seen from Fig. 2 (the right axis) that, with
increasing ion mass from 12C to 63Cu; xM1

decreases. For ions heavier than 63Cu; xM1
shows

an increase with increasing ion mass. Such a
complex behaviour has been attributed in [6] to a
combination of the following factors: (i) strong
dynamic annealing processes, (ii) changes in defect
clustering efficiency, (iii) collective energy spike
effects, (iv) variations in the effective displacement
energy, and (v) chemical effects of implanted
species.
3. Nature of planar defects in GaN

It has been established that irradiation under a
wide range of implant conditions (such as ion
mass, dose, and implant temperature) leads to the
formation of planar defects which are parallel to
the basal plane of the wurtzite structure of GaN
[4,10]. An example of planar defects will be given
in Section 7 [Fig. 6(b)]. The nature of such ion-
irradiation-produced planar defects has recently
been studied by high-resolution transmission
electron microscopy (XTEM) in [11,12]. Interest-
ingly, for all implant conditions studied in [12], all
planar defects observed in theB20-nm-thick near-
surface layers of GaN are interstitial in nature and
have Burgers vectors of either 1=2½0001� or
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1=6/2%203S: Although the nature of these irradia-
tion-produced planar defects appears to be in-
dependent of implant conditions, irradiation
parameters have been found to influence the
average defect size and density. In particular,
larger planar defects have been observed for higher
irradiation temperatures.
It should be noted that irradiation-produced

planar defects are a result of dynamic annealing
processes occurring in GaN during ion bombard-
ment even at liquid nitrogen temperature. Such
planar defects are formed by migrating interstitials
generated in different collision cascades. This is
supported by the facts reported in [12] that (i) the
average size of planar defects is, in many cases,
larger than the lateral size of collision cascades
(which are t10 nm for the case of 300 keV Au
ions, based on ballistic calculations such as the
TRIM code [9]) and (ii) the size of planar defects
increases with increasing ion dose.
It is also interesting to note that, although only

interstitial-based defects have been identified in
[12], the ion beam generates an equal number of
lattice interstitials and vacancies. While intersti-
tials agglomerate to form planar defects, vacancies
can either migrate and annihilate at the sample
surface or agglomerate into some stable vacancy-
rich defect complexes. However, a long-range
migration of vacancies to the sample surface seems
to be unlikely, particularly for relatively high ion
doses for which planar defects are experimentally
observed. Indeed, in a crystal with a relatively
large concentration of lattice defects, trap-limited
short-range defect migration is expected to dom-
inate long-range defect diffusion. The agglomera-
tion of ion-beam-generated vacancies into some
vacancy-rich defect complexes is, thus, more
plausible [12].
Fig. 3. Bright-field XTEM images [(a) g ¼ 0002� and (b)

g ¼ 1%100�] of GaN bombarded at RT with 200 MeV Au ions

with a beam flux of B3� 109 cm�2 s�1 to a fluence of 2�
1011 cm�2: Both images are of the same magnification.
4. Lattice damage produced in GaN by intense

electronic excitation

In all the previous studies (see, for example,
reviews [3,4]), 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 bombardment
with keV ions. Indeed, in the case of irradiation
with keV ions, the level of electronic excitation is
t1 keV=nm: Such low electronic energy losses
typically do not result in the formation of lattice
defects in radiolysis-resistant materials such as
GaN. 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. In this so-called
swift heavy ion bombardment regime, intense
ultrafast excitation of valence electrons occurs
along ion tracks (see, for example, reviews [13,14]).
In order to understand the effect of intense

electronic excitation on defect formation in GaN,
lattice defects produced by 200 MeV 197Au16þ

ions have been studied in Ref. [15]. Fig. 3 shows
bright-field XTEM images of GaN bombarded at
300 K with 200 MeV Au ions to a fluence of 2�
1011 cm�2: This figure illustrates the formation of
near-continuous latent tracks, clearly visible even
at low magnification. These tracks propagate
throughout the entire GaN film into the sapphire
substrate. No external defects such as dislocations
or stacking faults are visible in the vicinity of
the tracks. Analysis of selected-area diffraction
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patterns from the sample shown in Fig. 3 has not
revealed the presence of an amorphous phase [15].
Hence, the tracks appear to consist of a disordered
material, resulting in lattice stress responsible for
XTEM contrast. The fluence of 2� 1011 cm�2

corresponds to an average distance between ion
impacts of B200 (A: Hence, the areal density of
latent tracks, revealed in Fig. 3, appears to be close
to the density of ion impacts. Throughout the
bombarded epilayer, high-resolution XTEM has
also revealed planar defects which are parallel to
the basal plane of the GaN film [15].
It has also been demonstrated in [15] that the

gross level of lattice disorder in GaN bombarded
with 200 MeV Au ions, as measured by RBS/C,
gradually increases with increasing ion fluence up
to B1013 cm�2: This damage buildup has been
best described by the direct impact (zero overlap)
model. For ion fluences above 1013 cm�2; delami-
nation 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 mechanical
stress in both sapphire substrate and GaN film.
Fig. 4. Typical optical micrographs of GaN samples implanted

at 20	C [(a), (b)] and at �196	C [(c), (d)] with 100 keV H ions

to doses of 8� 1017 [(a), (d)], 1:2� 1018 (b), and 5� 1017 cm�2

(c). After implantation, samples were annealed at 900	C for

5 min in a nitrogen ambient. The horizontal field width is

250 mm for (a), (c), and (d) and is 500 mm for (b).
5. Blistering of H-implanted GaN

A knowledge of the influence of implant and
annealing conditions on the blistering of H-
implanted GaN is essential for the development
of ion slicing and ‘‘etching’’ of GaN using
implantation with H ions. In particular, ion slicing
[16] is a rather attractive technological tool for the
integration of GaN-based electronics (with GaN
epilayers being usually grown on sapphire or SiC
substrates) with Si-based integrated circuit tech-
nology.
The mechanisms of blistering of wurtzite GaN

films implanted with H ions have been studied in
Ref. [17]. In particular, the influence of the
following parameters on the blistering process
has been investigated: (i) ion energy (from 20 to
150 keV), (ii) ion dose (up to 1:2� 1018 cm�2), (iii)
implantation temperature (from �196	C to
250	C), and (iv) annealing temperature (up to
900	C). Results from Ref. [17] have shown that the
blistering behaviour strongly depends on both
implant and annealing conditions, such as ion
energy, ion dose, and implantation and annealing
temperatures.
For example, the effect of ion dose on the

blistering process is illustrated in Figs. 4(a) and (b)
for the case of 100 keV H ion implantation at RT.
With increasing dose of 100 keV H ions at RT,
surface blisters become elongated in shape. At a
very large dose of 1:2� 1018 cm�2 [Fig. 4(b)],
blisters appear to grow and overlap to produce
large exfoliated areas. Hence, Fig. 4 clearly
illustrates that the pattern of surface blistering of
GaN strongly depends on ion dose.
Fig. 4 also illustrates that implantation tem-

perature has a very strong effect on the blistering
process in GaN during post-implantation anneal-
ing. Indeed, annealing at \900	C is required for
blistering of GaN bombarded with 100 keV H ions
at LN2 to a dose of 5� 1017 cm�2; while, after
identical implantation at RT, surface blistering
occurs at much lower annealing temperatures
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(\350	C). Moreover, the data in Fig. 4 reveals
that surface blistering patterns are markedly
different for RT and LN2 bombardment regimes.
Hence, an increase in implantation temperature
not only enhances blistering but also changes the
pattern of surface exfoliation during post-implan-
tation annealing.
6. Electrical isolation of GaN and ZnO

Ion irradiation can render the material highly
resistive under appropriate conditions and, hence,
can be used for selective-area electrical isolation
[18]. Electrical isolation of n-type GaN and ZnO
by MeV light-ion irradiation has recently been
reported in Refs. [19–22] and [23,24], respectively.
It has been demonstrated that sheet resistance of
both GaN and ZnO can be increased by > 7 orders
of magnitude as a result of ion irradiation [19,23].
Results have also shown that, for both GaN and
ZnO, the ion doses necessary for electrical isola-
tion inversely depend on the number of lattice
displacements produced by the ion beam. As an
example, Fig. 5 shows sheet resistances of GaN
Fig. 5. Sheet resistance of GaN and ZnO epilayers (with

original free carrier concentrations of B3 andB1� 1017 cm�3;
respectively) as a function of displacements per atom (DPA).

Samples were bombarded at room temperature with MeV Li, C,

O, and Si ions. See [19,23] for the details of implant conditions.

When plotted as a function of DPA, isolation curves for these

ions essentially overlap (within experimental error).
and ZnO epilayers as a function of displacements
per atom (DPA) for irradiation with MeV Li, C,
O, and Si ions. Fig. 5 clearly illustrates that the
isolation process in both GaN and ZnO is
essentially independent of ion mass (within experi-
mental error), provided that ion doses are con-
verted to DPA. It is also seen from Fig. 5 that the
efficiency of the formation of lattice defects,
responsible for electrical isolation, is rather differ-
ent in GaN and ZnO, with ZnO being significantly
more resistant to defect-induced electrical isola-
tion. Indeed, Fig. 5 shows that two orders of
magnitude more atomic displacements are needed
to isolate ZnO as compared to the case of GaN
with a similar original free electron concentration.
The effects of irradiation temperature, beam

flux, and collision cascade density on electrical
isolation of GaN by MeV light-ion irradiation
have been reported in Ref. [20]. These results [20]
have revealed that both implantation temperature
(varied from �196	C up to 150	C) and ion beam
flux affect the process of electrical isolation in the
case of irradiation with 12C ions. This effect has
suggested that the centres responsible for electrical
isolation are defect complexes or anti-site-related
defects, whereas ion-beam-generated simple Fren-
kel pairs in GaN are mobile and unstable during
irradiation at LN2 and above. The influence of
irradiation temperature and beam flux revealed in
Ref. [20] should be taken into account for
choosing implant conditions necessary for an
effective electrical isolation of GaN-based devices.
An unusual approach to study electrical isola-

tion in GaN by energy dispersive X-ray spectro-
metry (EDS) has been developed in Ref. [21]. This
study has shown that the maximum bremsstrah-
lung X-ray energy (the Duane–Hunt limit) can be
used to monitor the isolation process in the
scanning electron microscope. A correlation of
EDS and resistance measurements of GaN [21] has
strongly suggested that the magnitude of sample
charging scales with the number of ion-beam-
produced deep electron traps which are empty at
equilibrium. This method allows the dose region
above the threshold dose for isolation to be
conveniently studied, whereas the application of
conventional (low-voltage) electrical techniques in
this dose range with large sheet resistances of the
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material ð\1011 O=sqÞ is often impossible due to
comparable parasitic resistances of the experimen-
tal setup. In addition, such contactless EDS
measurements allow the whole semiconductor
wafer to be studied without cutting and give an
ideal opportunity to study electrical isolation in
some cases when the fabrication of Ohmic contacts
is not feasible [21].
A quantitative model for electrical isolation of

GaN by light-ion bombardment has been devel-
oped in Ref. [22]. In this model, a decrease in the
concentration of free carriers responsible for
isolation has been assumed to be due to the
formation of complexes of ion-beam-generated
point defects with shallow donor or acceptor
dopants. The defect interaction processes have
been described in terms of quasi-chemical reac-
tions. Results have shown that the model devel-
oped in Ref. [22] can adequately describe
experimental data for electrical isolation in the
case of MeV light-ion irradiation of n-GaN. In
particular, this model [22] describes well the
dependence of sheet resistance on ion dose and
the number of ion-beam-generated atomic displa-
cements as well as the dependence of the threshold
isolation dose on original free electron concentra-
tion and on the number of atomic displacements.
Future studies should be able to extend the
theoretical approach developed in Ref. [22] to
include ion beam flux and temperature depen-
dences as well as to potentially describe electrical
isolation in other semiconductors.
The thermal stability of ion-irradiation-induced

electrical isolation of n-type single-crystal ZnO
epilayers has been studied in Ref. [24]. Results
have shown that an increase in the dose of
2 MeV 16O ions (up to B2 orders of magnitude
above the threshold isolation dose) and irradiation
temperature (up to 350	C) has a relatively minor
effect on the thermal stability of electrical isola-
tion, which is limited to temperatures of B300–
400	C: An analysis of the temperature dependence
of sheet resistance has suggested that effective
levels associated with irradiation-produced defects
are rather shallow ðo50 meVÞ: Results from Ref.
[24] have also revealed a negligible ion-beam flux
effect in the case of irradiation with 2 MeV 16O
ions, supporting high diffusivity of ion-beam-
generated defects during ion irradiation and a
very fast stabilization of collision cascade pro-
cesses in ZnO. For the case of implantation with
keV Cr, Fe, or Ni ions, the evolution of sheet
resistance with annealing temperature is consistent
with defect-induced isolation, with a relatively
minor effect of Cr, Fe, or Ni impurities on the
thermal stability of isolation. At this stage, more
work is highly desirable to study the effect of other
impurities which can potentially form thermally-
stable deep acceptor levels in ZnO if desirable
device processing and/or operating temperatures
are above B400	C:
7. Effect of Al and In content on dynamic annealing

in III-nitrides

Recently, ion-bombardment-produced defects
have also been studied in InGaN, AlGaN, and
AlN [25–31]. As an example of the defect
microstructure produced in III-nitrides [31],
Fig. 6 shows that bombardment of Al0:19Ga0:81N
at RT with 300 keV Au ions to a dose of 1:5�
1016 cm�2 results in the formation of a buried
amorphous layer [compare bright- and dark-field
images in Figs. 6(a) and (b)]. Fig. 6 also illustrates
the formation of planar defects which are parallel
to the basal plane of the Al0:19Ga0:81N film. Similar
planar defects have also been observed in GaN
bombarded under a wide range of irradiation
conditions (see Section 3) as well as in AlxGa1�xN
(with x ¼ 0:08 and 0.19) and In0:16Ga0:84N bom-
barded at RT with 300 keV Au ions to relatively
low doses [28,29].
Fig. 6 also clearly illustrates a number of

circular inclusions within the buried amorphous
layer. The formation of similar circular inclusions
has also been observed by XTEM in GaN
amorphized by ion bombardment [4]. This effect
has been attributed to ion-beam-induced stoichio-
metric imbalance with the formation of N2 gas
bubbles stimulated by the high plasticity of an
amorphous phase of GaN [4]. Note that, for the
sample from Fig. 6, surface exfoliation as a result
of bubble growth, typically observed for GaN
bombarded to high ion doses, is hindered by a stiff
surface layer of a crystalline material. Fig. 6
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Fig. 6. Bright-field (a) and dark-field (b) XTEM images (g ¼ 1%100�) of Al0:19Ga0:81N bombarded at RT with 300 keV Au ions with a

beam flux of B3:1� 1012 cm�2 s�1 to a dose of 1:5� 1016 cm�2: Both images are of the same magnification and illustrate the same

sample region. Note increased surface roughness of this sample due to the formation of circular inclusions within the buried

amorphous layer.
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Fig. 7. Relative disorder (extracted from RBS/C spectra for the

Ga peak) in the bulk defect peak region for AlxGa1�xN samples

as a function of displacements per atom (DPA). Samples were

bombarded with 300 keV Au ions at RT (a) and LN2 (b) with a

beam flux of B3:1� 1012 cm�2 s�1: Aluminium content (x) in

different samples is given in the legend.
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illustrates that, similar to the case of GaN, N2

bubble formation occurs at RT in amorphous
Al0:19Ga0:81N:
The damage buildup behaviour in AlGaN is

illustrated in Fig. 7, which summarizes defect
accumulation curves at RT (Fig. 7(a)) and LN2

(Fig. 7(b)) for samples with different Al content.
Shown in Fig. 7 are dependences of relative
disorder, extracted from RBS/C data, in the bulk
defect peak region (B450 (A from the sample
surface) as a function of DPA. These DPA values
are Nvac

Ga F=nat
Ga; where Nvac

Ga is the average concen-
tration of Ga vacancies generated by one ion per
unit of depth in the bulk defect peak region, nat

Ga is
the concentration of Ga atoms in the AlGaN
alloy, and F is ion dose. Such a conversion of ion
doses into DPA takes account of the difference in
the number of atomic displacements ballistically
generated by the ion beam in different AlGaN
alloys. This allows the influence of factors other
than the expected difference in ballistic processes
to be studied. For DPA t0:3; when the lateral
overlap of collision cascades is small, DPA values
essentially indicate how many times each lattice
atom has been ballistically displaced by the ion
beam. For larger DPA values, however, in the
absence of dynamic annealing (when all ion-beam-
generated defects are essentially ‘‘frozen’’ in the
lattice), the relative number of displaced atoms in
the lattice accumulates as 1� expð�DPAÞn due to
an effective lateral overlap of collision cascades
produced by different ions.
Fig. 7(a) illustrates that, for all values of x at
RT, defect saturation occurs at a relative disorder
level of B50–60%, and damage–DPA curves
gradually shift toward larger DPA values with
increasing x: For the case of bombardment at
LN2; Fig. 7(b) clearly illustrates a transition from
the regime of a gradual damage build-up up to
amorphization for xt0:1 to the regime with
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Fig. 8. Relative disorder (extracted from RBS/C spectra for the

Ga peak) in the bulk defect peak region for InxGa1�xN samples

as a function of displacements per atom (DPA). Samples were

bombarded with 300 keV Au ions at RT with a beam flux of

B3:1� 1012 cm�2 s�1: Indium content ðxÞ in different samples

is given in the legend. Lines are shown to guide the reader’s eye.
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saturation of damage in the bulk (at a disorder
level of B60%) for x\0:1: The fact that the
disorder level in the saturation regime is essentially
independent of Al content and sample temperature
(see Fig. 7) suggests that similar defect structures
are present in AlxGa1�xN in the saturation regime,
when defect generation and dynamic annealing
processes are effectively balanced.
Fig. 8 shows damage build-up curves in InGaN

films with different In concentrations as a function
of DPA. Similar to the case of AlGaN discussed
above, such a conversion of ion doses to DPA
takes into account the difference in ballistic
processes in different InGaN alloys. It is seen
from Fig. 8 that an increase in In content
suppresses dynamic annealing processes and weak-
ens the effect of damage saturation (at the depth of
the bulk disorder peak).
Results from Figs. 7 and 8 show that adding Al

increases (while adding In decreases) the level of
dynamic annealing in AlGaN (and InGaN)
ternary alloys. This result has been attributed to
a larger (smaller) energy of the Al–N (In–N) bond
as compared to the energy of the Ga–N bond [31].
Indeed, the buildup of preamorphous disorder in
III-nitrides is associated with the formation of
lattice defects involving broken and reconstructed
bonds. It is expected that dynamic annealing
processes, including defect annihilation, will be
more efficient in a system with a larger energy gain
due to the recovery of broken, distorted, and non-
stoichiometric bonds, which are ballistically gen-
erated by the ion beam.
This argument, based on the energies of

chemical bonds, has also been applied in [31] to
explain dynamic annealing in AlxGa1�xAs alloys,
studied in detail previously (see, for example, [32]).
It should be noted, however, that, although the
efficiency of dynamic annealing in AlGaN, In-
GaN, and AlGaAs alloys scales with the energy of
chemical bonds, variations in other parameters can
also be responsible for changes in the damage
buildup behaviour. For example, activation en-
ergies for various defect migration and interaction
processes (which are not well known in AlGaN
and InGaN) can also dramatically affect damage
accumulation. Hence, although the bond energy
gives a clear trend in the efficiency of dynamic
annealing and the buildup of pre-amorphous
disorder in a number of semiconductor systems
such as AlGaN, InGaN, and AlGaAs, a better
understanding of the physical mechanisms con-
trolling dynamic annealing in these semiconduc-
tors will need to await more detailed data on defect
migration and interaction processes.
8. Damage buildup in ZnO

A detailed study of the evolution of lattice
defects in single-crystal ZnO bombarded with
60 keV 28Si and 300 keV 197Au ions at LN2 and
RT has been reported in Ref. [33]. It has been
shown in Ref. [33] there that ZnO exhibits strong
dynamic annealing, and even high-dose bombard-
ment with heavy (197Au) ions at LN2 does not
render ZnO amorphous. However, a crystalline-to-
amorphous phase transition can be induced by
irradiation with relatively light 28Si ions. In this
latter case, amorphization has been attributed to
strong chemical effects of Si atoms implanted into
the ZnO lattice, resulting in the stabilization of an
amorphous phase. High-dose heavy-ion bombard-
ment also results in strong stoichiometric imbal-
ance (loss of O) in the near-surface region. A
variation in irradiation temperature from LN2 up
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to RT has been shown to have a minor effect on
the damage build-up behaviour in ZnO bom-
barded with Au ions. Data analysis in Ref. [33] has
also shown that a variation in the density of
collision cascades by increasing ion mass from 28Si
up to 197Au has a negligible effect on the damage
buildup behaviour, in contrast to the case of GaN,
discussed in Section 2. For both light (28Si) and
heavy (197Au) ion bombardment regimes, XTEM
has revealed that ion irradiation produces energe-
tically favourable planar defects which are parallel
to the basal plane of the wurtzite structure of ZnO.
More details of the damage build-up behaviour in
ZnO can be found in [33].
Fig. 9. Selected RBS/C spectra acquired with an 8	 glancing

angle detector geometries showing the damage buildup in the

near-surface layer of ZnO bombarded at LN2 with 300 keV Au

ions with a beam flux of B3� 1012 cm�2 s�1: Implantation
doses (in cm�2) are indicated in the legend. Note that the near-

surface random yield corresponds to B2800 counts.
9. Anomalous defect peak in ZnO

Interestingly, our RBS/C study reported in Ref.
[33] has also revealed the formation of an
intermediate defect peak (IDP) between the sur-
face and bulk peaks of disorder in Au-implanted
ZnO. As an example, Fig. 9 illustrates this effect. It
is also seen from Fig. 9 that the position of the
IDP changes with increasing ion dose. Indeed, as
ion bombardment proceeds, the IDP originates at
the sample surface and moves toward the bulk
defect peak. For relatively large ion doses (0.5–
1� 1016 cm�2), Fig. 9 shows that the position of
the IDP appears to be independent of ion dose and
equals to B380 (A: In addition, for the sample
temperatures studied in Ref. [33] (LN2 and RT),
the behaviour of the IDP is independent of
irradiation temperature, within experimental
error.
The formation of this middle peak is rather

unexpected and, to our knowledge, has not been
observed in any other material. Indeed, typical
depth profiles of ion-beam-produced lattice dis-
order in crystalline solids have a close-to-Gaussian
shape with one maximum (in addition to the
surface defect peak), reflecting the depth profile of
atomic displacements ballistically generated by the
ion beam.
Results from Ref. [33] have essentially ruled out

the possibilities that the IDP in RBS/C spectra is
related to measurement artifacts, such as segrega-
tion of Au, large surface non-uniformities, or
pronounced ion-beam-induced stoichiometric
changes. This suggests that the mechanism for
IDP formation is disorder-related. It has been
suggested that the IDP can be caused by the
formation of a localized band of lattice defects
resulting from imperfect defect annihilation pro-
cesses during ion bombardment [33]. A possible
nucleation site for such a defect cluster formation,
giving rise to a direct scattering peak in RBS/C
spectra, can be an excess of ion-beam-generated
lattice vacancies near the sample surface. Indeed, it
is well known that vacancies and interstitials are
spatially separated in a collision cascade, with an
interstitial excess at the ion end of range and a
vacancy excess closer to the surface. This effect is
expected to be pronounced for bombardment
regimes with strong dynamic annealing, which is
the case for ZnO at least at LN2 and above. The
importance of such a ballistic separation of
interstitials and vacancies in the damage build-up
behaviour in ZnO bombarded with 197Au ions is
also supported by the fact that the bulk defect
peak is shifted, relative to the maximum of the
nuclear energy loss profile, closer to the ion end of
range, the region with an interstitial excess.
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This scenario for a defect-related formation of
the IDP appears to be consistent with the
experimental observations from Ref. [33]. The fact
that the IDP is observed only in ZnO samples
bombarded with (heavy) 197Au ions (not in
samples irradiated with lighter 28Si ions) [33] may
suggest that the nucleation of the defect band
giving rise to the IDP requires a large vacancy
excess and the formation of dense collision
cascades generated by heavy ions. The fact that
the IDP moves deeper into the crystal bulk, with
increasing ion dose, can be associated with the
onset of ion-beam-induced loss of O from the
sample surface as ion irradiation proceeds. Loss of
O can stimulate defect annihilation processes in
the region between the sample surface and the
defect band giving rise to a separation of the IDP
from the surface peak. Indeed, such O-loss has
been measured by X-ray photoelectron spectro-
scopy for higher ion doses when ion-beam-induced
stoichiometric changes become significant [33].
However, this intriguing dose dependence of the
IDP position can also be attributed to a possible
increased defect annihilation at the sample
surface. Additional work is presently needed to
clarify the role of the sample surface and material
stoichiometry in the formation and evolution of
the IDP.
10. Comparison of GaN with ZnO

A rather detailed comparison of the damage
build-up behaviour in GaN with that in other
semiconductors as well as metals has previously
been given in Ref. [4]. In the present review, it is
instructive to make a brief comparison of ion-
beam-induced defect processes in GaN and ZnO.
Both ZnO and GaN exhibit strong dynamic
annealing. This behaviour is typical for materials
with a large degree of ionicity [31]. However, ZnO
is even more resistive to ion-beam-induced dama-
ging than GaN. Moreover, ZnO does not exhibit
the effect of defect saturation in the crystal bulk
which has been observed in GaN. The surface of
ZnO is also not a nucleation site for amorphiza-
tion, as it is in GaN. Indeed, for a wide range of
ion bombardment conditions, with increasing ion
dose, amorphization of GaN proceeds layer-by-
layer from the sample surface into the crystal bulk
[6]. In the case of ZnO, amorphization nucleates at
the ion end of range, mediated by chemical effects
of implanted Si atoms [33]. Furthermore, in
contrast to the case of GaN, a negligible effect of
the density of collision cascades on the
damage build-up behaviour in ZnO has been
revealed in [33]. However, both these materials
exhibit ion-beam-induced stoichiometric imbal-
ance as a result of high-dose heavy-ion bom-
bardment, and, in both cases, implanted species
can dramatically change the behaviour of
damage accumulation and stabilize an amor-
phous phase. Moreover, in both GaN and ZnO,
defect structures resultant from imperfect
dynamic annealing processes include planar de-
fects parallel to the basal plane of the wurtzite
lattice structure.
11. Conclusions

This brief review has focused on our recent
studies of ion-beam-produced defects of group-III
nitrides and ZnO. Due to efficient dynamic
annealing, these wurtzite semiconductors exhibit
a range of intriguing and complex defect-related
processes. Although our understanding of ion-
beam damaging behaviour in III-nitrides and ZnO
has matured considerably in the past several years,
much more work is obviously needed before ion-
damage effects in these materials are fully under-
stood.
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