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Effect of ion species on the accumulation of ion-beam damage in GaN
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Wurtzite GaN epilayers bombarded with a wide range of ion species~10 keV 1H, 40 keV 12C, 50 keV16O,
600 keV 28Si, 130 keV63Cu, 200 keV107Ag, 300 keV 197Au, and 500 keV209Bi) are studied by a combi-
nation of Rutherford backscattering/channeling~RBS/C! spectrometry and cross-sectional transmission elec-
tron microscopy. Results show that strong dynamic annealing processes lead to a complex dependence of the
damage-buildup behavior in GaN on ion species. For room-temperature bombardment with different ion
species, bulk disorder, as measured by RBS/C, saturates at some level that is below the random level, and
amorphization proceeds layer-by-layer from the GaN surface with increasing ion dose. The saturation level of
bulk disorder depends on implant conditions and is much higher for light-ion bombardment than for the
heavy-ion irradiation regime. In the case of light ions, when ion doses needed to observe significant lattice
disorder in GaN are large (*1016 cm22), chemical effects of implanted species dominate. Such implanted
atoms appear to stabilize an amorphous phase in GaN and/or to act as effective traps for ion-beam-generated
mobile point defects and enhance damage buildup. In particular, the presence of a large conce ntration of
carbon in GaN strongly enhances the accumulation of implantation-produced disorder. For heavier ions, where
chemical effects of implanted species seem to be negligible, an increase in the density of collision cascades
strongly increases the level of implantation-produced lattice disorder in the bulk as well as the rate of layer-
by-layer amorphization proceeding from the surface. Such an increase in stable damage and the rate of planar
amorphization is attributed to~i! an increase in the defect clustering efficiency with increasing density of
ion-beam-generated defects and/or~ii ! a superlinear dependence of ion-beam-generated defects, which survive
cascade quenching, on the density of collision cascades. Physical mechanisms responsible for such a super-
linear dependence of ion-beam-generated defects on collision cascade density are considered. Mechanisms of
surface and bulk amorphization in GaN are also discussed.

DOI: 10.1103/PhysRevB.64.035202 PACS number~s!: 61.72.Cc, 61.72.Dd, 61.72.Yx, 68.55.Ln
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I. INTRODUCTION

Significant technological importance of GaN has been
effective driving force for research interest in this materi
Indeed, as discussed in a number of recent reviews on
topic,1 GaN is finding applications in the fabrication of
range of electronic and photonic devices. In addition,
search interest in GaN has been supported by interesting
somewhat unusual properties of this material.

Ion-beam disordering of GaN is an example of su
physically interesting and technologically important r
search. Recent ion-implantation studies2–18 have revealed
that, unlike the situation for mature semiconductors such
Si and GaAs, GaN exhibits a range of intriguing behav
involving extreme property changes under i
bombardment.19 In particular, it has been shown that d
namic annealing processes~i.e., defect-interaction processe!
in GaN are extremely efficient even during heavy-ion bo
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bardment at liquid-nitrogen temperature. As discussed in
tail in Refs. 12 and 19, ion-beam-generated Frenkel pa
which survive very fast quenching of collision cascades,
mobile in GaN even at liquid-nitrogen temperature, and m
of them experience annihilation. In such a case of very e
cient dynamic annealing, the damage-buildup behavior
comes rather complex, typically involving nucleation-limite
amorphization.

Damage processes in GaN are also complicated by
beam-induced material dissociation.13,14 Indeed, after amor-
phization of GaN, ion bombardment has been shown to
sult in material dissociation with the formation of N2 gas
bubbles embedded into a Ga-rich matrix of amorphous G
Such dramatic decomposition has been attributed to
beam-induced stoichiometric imbalance. In addition, h
plasticity ~and extremely low hardness! of amorphous GaN
compared to that of crystalline GaN~Ref. 18! seems to aid
the process of the formation and agglomeration of N2 gas
bubbles in GaN during ion bombardment.16
©2001 The American Physical Society02-1
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TABLE I. Implant conditions used in this study. Calculated values of the average number of l
vacancies produced by one ion (Nvac

tot ) and the number of vacancies in the maximum of the nuclear ene
deposition profile (Nvac

max) are also given.

Ion Energy Implantation Beam flux Nvac
tot Nvac

max

~keV! temperature (°C) (1012 cm22 s21) (vac/ion/Å)

1H2 10 2196 11 5 1.731023

12C2 40 2196, 20 14 236 0.23
16O2 50 2196, 20 19 338 0.36
28Si2 60 20 16 479 0.88
63Cu2 130 20 9.4 1240 2.18
107Ag1 200 20 0.6 1976 3.4
197Au1 300 2196 3.1 2956 5.7
197Au1 300 20 4.4 2956 5.7
209Bi1 500 2196, 20 ;0.1 4646 5.9
cu
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Damage processes in GaN may also be complicated
anomalous ion-beam-induced surface erosion which oc
at elevated temperatures. For example, bombardment of
with 300 keV Au ions at 550 °C has been shown to resul
the erosion of an;1000-Å-thick surface layer.15 Such effi-
cient erosion during elevated-temperature ion bombardm
may not only impose significant limitations on the techn
logical applications of ‘‘hot implants’’ into GaN but als
complicate the interpretation of experimental data, as
been discussed elsewhere.15,19

The above examples~of strong dynamic annealing, some
what unexpected defect evolution, and ion-beam-indu
material dissociation and anomalous surface erosion! clearly
illustrate the complexity of ion-beam-damage processe
GaN. Such an unexpected~and certainly interesting! behav-
ior imposes significant limitations on the technological app
cations of ion implantation in the fabrication of GaN-bas
devices. Hence, it is important to undertake systematic s
ies of ion-beam-damage processes in this material if po
tial applications are to be fully exploited.

In this paper, we report on a systematic study of the
fluence of ion species~using a range of ion species from1H
to 209Bi) on the damage-buildup behavior in GaN. We d
cuss chemical effects of implanted species. Such effect
enhanced damage accumulation and/or stabilization o
amorphous phase dominate in the case of light ions, wh
large ion doses are needed to produce significant lattice
order to study the damage-buildup and amorphization beh
ior. Analyzing experimental data for ions of different mass
and taking chemical effects into account, we discuss the
fect of the density of collision cascades on implantatio
produced lattice defects.

II. EXPERIMENT

The ;2-mm-thick wurtzite undoped GaN epilayers us
in this study were grown onc-plane sapphire substrates b
metalorganic chemical-vapor deposition~MOCVD! in a
rotating-disk reactor at Ledex Corporation. Implantation w
carried out over a wide dose range under conditions in
cated in Table I, using the ANU 180 kV ion implanter and
ANU 1.7 MV tandem accelerator~NEC, 5SDH-4!. During
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implantation, samples were tilted by;7° relative to the in-
cident ion beam to minimize channeling.

After implantation, samples were taken from the im
planter chamber and characterizedex situat room tempera-
ture by Rutherford backscattering/channeling~RBS/C! spec-
trometry using an ANU 1.7 MV tandem accelerator~NEC,
5SDH! with 1.8 MeV4 He1 ions incident along the@0001#
direction and backscattered into a detector at 98° relativ
the incident beam direction. This glancing-angle detector
ometry was used to provide enhanced depth resolution
examining near-surface damage accumulation. Sele
samples were studied by cross-sectional transmission e
tron microscopy~XTEM! in a Philips CM12 transmission
electron microscope operating at 120 keV. XTEM specime
were prepared by 3 keV Ar1 ion-beam thinning using a Ga
tan precision ion-polishing system.

III. RESULTS

Figures 1–6 show RBS/C spectra illustrating the dam
buildup in GaN with increasing ion dose for implantatio

FIG. 1. RBS/C spectra showing the damage buildup for 10 k
H ion bombardment of GaN at2196 °C with a beam flux of
1.131013 cm22 s21. Implantation doses~in cm22) are indicated in
the figure. The random yield corresponds to;5200 counts.
2-2
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EFFECT OF ION SPECIES ON THE ACCUMULATION . . . PHYSICAL REVIEW B64 035202
with 10 keV H ions at2196 °C ~Fig. 1!, 50 keV O ions at
2196 and 20 °C~Fig. 2!, 60 keV Si ions at 20 °C~Fig. 3!,
130 keV Cu ions at 20 °C~Fig. 4!, 200 keV Ag ions at 20 °C
~Fig. 5!, and 500 keV Bi ions at2196 and 20 °C~Fig. 6!.
Below, we discuss the results for each ion species separa
In addition, a detailed RBS/C and XTEM study of dama
buildup in GaN under bombardment with 40 keV C and 3
keV Au ions at 20 and2196 °C was presented in Ref. 1
We will use data from Ref. 12 in the discussion and analy

FIG. 2. RBS/C spectra showing the damage buildup for 50 k
O ion bombardment of GaN at2196 °C ~a! and 20 °C~b! with a
beam flux of 1.931013 cm22 s21. Implantation doses~in cm22)
are indicated in the figure. A virgin spectrum is also shown
comparison.

FIG. 3. RBS/C spectra showing the damage buildup for 60 k
Si ion bombardment of GaN at 20 °C with a beam flux
1.631013 cm22 s21. Implantation doses~in cm22) are indicated in
the figure.
03520
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of the effect of ion species on damage buildup presen
below.

It should be noted that, in the case of low-temperat
implantation experiments reported here and in Ref. 12, so
thermal annealing of ion-beam-produced lattice damage m
have occurred during warming the low-temperatu
implanted samples up to room temperature before the su
quent RBS/C or XTEM analysis. For example, such an
fective room-temperature annealing of lattice dama
produced by low-temperature bombardment has been fo
to occur in SiC.20 However, in contrast to this situation i
SiC, one might not expect a pronounced thermal annealin
room temperature of implantation-produced disorder in Ga
Indeed, due to very efficient dynamic annealing that occ
in GaN even at liquid-nitrogen temperature, a large part
ion-beam-generated point defects exhibits annihilation,
only more stable~energetically favorable! defect structures
form in the lattice and effectively accumulate with increasi

V

r

FIG. 4. RBS/C spectra showing the damage buildup for 130 k
Cu ion bombardment of GaN at 20 °C with a beam flux of 9
31012 cm22 s21. Implantation doses~in cm22) are indicated in the
figure.

V FIG. 5. RBS/C spectra showing the damage buildup for 200 k
Ag ion bombardment of GaN at 20 °C with a beam flux of 6
31011 cm22 s21. Implantation doses~in cm22) are indicated in the
figure.
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ion dose. Our assumption in this work that the complex
fect structures produced by ion bombardment at low te
peratures will be thermally stable during annealing up
room temperature is supported by previousin situ RBS/C
studies by Jianget al.7,8 These authors have shown that
detectable recovery of damage produced in GaN by b
bardment with16O or 197Au ions at;290 °C occurs as a
result of prolonged annealing at room temperature. Howe
additional experimental work~such asin situ RBS/C studies!
is clearly desirable to study a possible room-tempera
thermal recovery of damage produced in GaN by ion bo
bardment at liquid-nitrogen temperature.

A. Hydrogen

Figure 1 shows that the accumulation of implantatio
produced lattice disorder in GaN during bombardment w
10 keV H ions at2196 °C becomes evident from RBS/
spectra only for rather large ion doses (*131016cm22).
This is a direct consequence of very efficient dynamic
nealing processes in GaN. However, for such large dose
species that form gas bubbles, the small direct-scatte
peak seen in Fig. 1 for doses of 531016 and
131017cm22 may have a contribution from a band of H2
gas bubbles,21 in addition to implantation-produced lattic
defects. In favor of such a scenario is the fact that the m
mum of the bulk RBS/C peak seen in Fig. 1 is at;1100 Å.
This is closer to the projected range of 10 keV1H ions
(;1000 Å! rather than to the maximum of the nucle
energy-loss profile of these ions (;910 Å!.22 It is also seen
from Fig. 1 that even the largest dose bombardm
(131017cm22 of 10 keV H ions! results in only a slight

FIG. 6. RBS/C spectra showing the damage buildup for 500 k
Bi ion bombardment of GaN at2196 °C ~a! and 20 °C~b! with a
beam flux of;131011 cm22 s21. Implantation doses~in cm22) are
indicated in the figure.
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increase in the magnitude of the surface defect peak, wh
reflects the accumulation of lattice defects at the surfa
Hence, in the case of very light ions~such as1H), damage-
accumulation studies using RBS/C are not possible in G
bombarded even at liquid-nitrogen temperature and with
ion energies~such as 10 keV! because extremely large io
doses are needed to produce lattice disorder to levels de
able by RBS/C. For such large ion doses, the formation of2
gas bubbles hinders studies of lattice disorder. Hence,
will not further discuss data from Fig. 1 in the followin
analysis of the damage buildup in GaN.

B. Oxygen

Figure 2~a! shows that the main features of the damag
buildup behavior during bombardment of GaN with 50 ke
O ions at2196 °C are similar to those previously reporte
for bombardment with 40 keV C, 100 and 300 keV A
ions,12 as well as 500 keV Bi ions at2196 °C @see Fig.
6~a!#. Indeed, as is seen from Fig. 2~a!, damage accumulation
at 2196 °C is bimodal with a strong surface-defect peak
addition to the bulk peak of disorder close to the maximu
of the nuclear energy-loss profile. In this case, the dam
buildup is sigmodal with ion dose, again consistent with p
vious results for C implantation,12 where an amorphous
phase nucleates both at the surface and in the bulk. Su
structure with surface and bulk amorphous layers is con
tent with the RBS/C spectra illustrated in Fig. 2~a! in the
case of doses of 631016 and 731016cm22. With increasing
ion dose, these two amorphous layers~in the bulk and at the
surface! expand until they meet each other, resulting in
relatively thick, continuous surface layer of an amorpho
material.

Figure 2~b! illustrates the damage buildup for bombar
ment of GaN with 50 keV O ions at 20 °C. It is seen th
again similar to the situation for12C ~see Ref. 12!, damage
accumulation is bimodal. However, in contrast to the case
40 keV C ion bombardment@see Fig. 1~b! in Ref. 12#, im-
plantation with O ions at 20 °C does not appear to resul
bulk amorphization. Instead, bulk disorder saturates a
level ~which is at ;85% of the random level!, which is,
however, much higher than the saturation level for the c
of bombardment with heavier ions@see Figs. 3, 5, 6~b!, and
Ref. 12#. We will return to the discussion of this fact below

Similar to the situation for1H ~discussed above! and 12C
~discussed in Ref. 12!, the study of damage buildup in GaN
exposed to implantation with16O ions is complicated by the
fact that ion doses necessary to amorphize GaN with th
ions are extremely large even in the case of bombardmen
liquid-nitrogen temperature. This is clearly illustrated
Figs. 2~a! and 2~b!, where, for large ion doses, both channe
ing and random spectra are given. It is seen from Figs. 2~a!
and 2~b! that the height~and the shape! of random spectra
changes with increasing ion dose above;531016cm22,
which corresponds to several at. % of O atoms implan
into the GaN matrix. Moreover, relative to the energy sca
the depth scale in RBS/C spectra also changes with incr
ing ion dose due to the changes in the energy losses of
analyzinga particles~see Ref. 12 for a more detailed dis
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EFFECT OF ION SPECIES ON THE ACCUMULATION . . . PHYSICAL REVIEW B64 035202
cussion of this effect!. In the case of such high ion doses,
quantitative estimation of the concentration vs depth profi
of implantation-produced lattice disorder from RBS/C sp
tra becomes a rather challenging problem.

C. Silicon

Shown in Fig. 3 are RBS/C spectra illustrating the build
of lattice disorder in GaN implanted with 60 keV Si ions
room temperature. It is seen that, in this case of intermedi
mass ions, the behavior of damage buildup with increas
ion dose is similar to that previously observed for heavy-
(197Au) bombardment at room temperature.8,12 Indeed, Fig. 3
illustrates a bimodal damage buildup with evidence for
fect saturation rather than amorphization in the crystal b
for high ion doses. In this case, amorphization only appe
to proceed layer-by-layer from the surface with increas
ion dose. It is interesting that, similar to bombardment w
16O ions discussed above, the bulk damage level attaine
high doses of28Si ions~see Fig. 3! is larger than the satura
tion level of damage in the case of irradiation with197Au
ions ~see Ref. 12!. In addition, due to the fact that relativel
large Si ion doses are required for amorphization of GaN
20 °C (*531016cm22), the chemical effects of implante
Si atoms may also affect the damage buildup, as will
discussed more fully below. Such a large concentration
implanted
Si atoms~with, presumably, precipitation of Si! is also re-
sponsible for a large dip in the RBS/C random spectr
~around;500 Å! shown in Fig. 3 in the case of a dose
831016cm22.

D. Heavier ions: 63Cu, 107Ag, and 209Bi

Damage buildup for heavier ions is illustrated in Fig
4–6 for Cu, Ag, and Bi ion bombardment, respectively.
detailed RBS/C and XTEM study of the damage buildup
GaN under bombardment with 300 keV Au ions at2196
and 20 °C was presented in Ref. 12. Figures 4–6, as we
data for Au ion bombardment,12 show quite a similar behav
ior of damage accumulation for all these heavier ions.
deed, heavy-ion bombardment of GaN at 20 °C appear
result in amorphization which proceeds layer-by-layer fro
the surface, while disorder in the bulk saturates at some l
which is below the random level~see Figs. 4–6 and Ref. 12!.
For implantation at2196 °C, the main features of th
damage-buildup behavior are similar for all ion species u
~both light and heavy!, as was discussed in Sec. III B.

It should be noted that, in contrast to lighter ions, t
doses required to study the amorphization behavior in G
during bombardment with heavier ions at room temperat
are relatively low. In this case, when maximum concent
tions of implanted species are&1 at. %, the chemical effect
of implanted atoms appear to be negligible at least for
heavy-ion species used in this study, as will be shown bel
Hence, an analysis of the damage-buildup behavior for th
ions can assist an understanding of the effects of the den
of collision cascades on implantation-produced lattice dis
der in GaN. Such an analysis is presented in Sec. IV.
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E. Defect microstructure

The microstructure of lattice defects produced in GaN
bombardment with light 40 keV12C and heavy 100 and 30
keV 197Au ions at2196 and 20 °C has previously been r
ported in Ref. 12. It has been shown that, with increas
dose of C or Au ions, damage evolution proceeds via
formation of point-defect complexes and a band of pla
defects, which are parallel to the basal plane of the G
film.12 For completeness, in the present work we present
sults of a XTEM study of lattice defects produced in GaN
bombardment with intermediate-mass ions (28Si).

Figure 7 shows dark-field images of GaN bombarded
20 °C with 60 keV Si ions to a dose of 231016 cm22. These
images indicate the presence of point-defect clusters@see the
g50002* image in Fig. 7~a!# and planar defects@see theg
511̄00* image in Fig. 7~b!# in the near-surface region dam
aged by ion bombardment (;1500 Å from the GaN surface!.
Hence, it can be concluded that these planar defects are c
acteristic for GaN bombarded to high ion doses with diffe
ent ions~from very light, such as12C, to rather heavy, such
as 197Au). More detailed high resolution XTEM studies o
the microstructure of these planar defects are in progres

The sample from Fig. 7~bombarded with Si ions! has also
been studied by XTEM with the electron beam precis
parallel to the GaN surface to minimize edge effects on
contrast of the near-surface region. This study reveals
presence of a thin surface-amorphous layer which is;40-Å-
thick ~figures are not shown!, which is consistent with the
strong surface defect peak seen from the RBS/C spect
shown in Fig. 3. The formation of such surface amorpho
layers ~as well as amorphization proceeding layer-by-lay
from the surface! has previously been attributed to the tra
ping of migrating point defects by the GaN surface or t
amorphous/crystalline interface.12 We will discuss this issue
in more detail in Secs. IV C and IV D.

IV. DISCUSSION

A. Effect of ion species on damage buildup

All RBS/C spectra presented here and in Ref. 12 ha
been analyzed using one of the conventional algorithms23 for
extracting depth profiles of the effective number of scatter

FIG. 7. Dark-field XTEM images@~a! g50002* and ~b! g
511̄00* ] of the GaN epilayers bombarded at 20 °C with 60 keV
ions with a beam flux of 1.631013 cm22 s21 to a dose of
231016 cm22.
2-5
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S. O. KUCHEYEVet al. PHYSICAL REVIEW B 64 035202
centers. For brevity, the number of scattering centers
tracted from RBS/C data, normalized to the atomic conc
tration of GaN, will be referred to below as ‘‘relative diso
der’’. As an example, Fig. 8 illustrates depth profiles
relative disorder in GaN bombarded with 300 keV Au ions
20 °C. This figure shows a damage-buildup behavior tha
typical for heavy-ion bombardment of GaN at room tempe
ture, as was discussed in Sec. III D.

Figure 9 illustrates the ion-dose dependence of maxim
relative disorder in the bulk defect peak for implantati
with seven different ions at room temperature. It is seen fr
this figure that, with increasing dose of heavy ions (63Cu,
107Ag, 197Au, and 209Bi), implantation-produced lattice
damage in the bulk exhibits saturation, with the saturat
level being;0.420.5 for all these heavy species. The d
ference in the saturation level for different heavy ions m
be attributed to different type, concentration, and/or size
planar defects and point-defect complexes formed in

FIG. 8. The depth profiles of relative disorder in GaN film
bombarded at 20 °C with 300 keV Au ions with a beam flux
4.431012 cm22 s21. Implantation doses~in cm22) are indicated in
the figure. The original RBS/C data for these implants were give
Ref. 12.

FIG. 9. Maximum relative disorder~extracted from RBS/C
spectra! in the bulk defect peak as a function of dose for io
implanted at 20 °C, as indicated in the legend. See Table I for
details of implant conditions.
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GaN lattice during bombardment under different impla
conditions. For example, Fig. 9 shows a lower saturat
level for the case of bombardment with Ag ions than w
other heavy ions used. This fact appears to be due to a lo
value of beam flux of Ag ions~see Table I!. In contrast to the
case of bombardment with heavy ions, Fig. 9 shows that
apparent saturation level for bombardment with lighter
and Si ions is significantly larger and in the case of C i
bombardment, no bulk damage saturation has been obse
by RBS/C.12 We attribute this result to dominating chemic
effects of implanted light ions, as will be discussed in mo
detail below.

Figure 9 also shows that ion doses necessary to produ
particular level of relative disorder are different for differe
implants. This effect is better illustrated in Fig. 10~the left
axis!, which shows the ion-mass dependence of the ion do
required to produce 30% relative disorder,F0.3. Such ion
doses,F0.3, have been found by interpolation of damag
buildup curves from Fig. 9.24 It is seen from Fig. 10~the left
axis! thatF0.3 generally decreases with increasing ion ma
This qualitative trend is expected since the number of i
beam-generated atomic displacements increases with
mass. To support this assertion, the last two columns
Table I give results ofTRIM calculations25,26of the number of
lattice vacancies produced in GaN by the ion species use
this study.

However, two deviations from the trend expected a
clearly seen in Fig. 10 for the cases of12C and 209Bi ions.
For example,F0.3 for 12C ions is;2.3 times smaller than
F0.3 for 16O ions, despite the fact that16O ions produce
;1.6 times more vacancies than12C ions in the maximum of
the nuclear energy-loss profile~see Table I!. This is a some-
what extreme example of chemical effects of implanted s
cies, consistent with the data for C shown in Fig. 9, as w
be discussed below. In addition to12C, irradiation with209Bi
ions produced less stable lattice damage than bombardm
with 197Au ions, although209Bi ions generate a larger num
ber of atomic displacements than197Au ions. However, this

n

FIG. 10. Left axis: the ion-mass dependence of the ion d
necessary to produce relative disorder of 0.3~as measured by
RBS/C! by implantation at 20 °C. Right axis: the dependence
jM1

(jM1
5 the ratio of the level of lattice disorder measured e

perimentally to the damage level predicted based on ballistic ca
lations! on ion mass. See Table I for the details of implant con
tions.

e
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EFFECT OF ION SPECIES ON THE ACCUMULATION . . . PHYSICAL REVIEW B64 035202
result may be attributed to the lower beam-flux value in
case of Bi ions compared with the beam-flux value of
ions ~see Table I!. Results reported previously12,17 showed
that the level of implantation-produced lattice disorder
GaN depended on ion beam flux. Indeed, with increas
beam flux, an increase in the density of ion-beam-gener
point defects enhances interactions between such mo
point defects. This aids the process of formation of sta
defect complexes. Hence, in addition to chemical effects
the effects of the density of collision cascades discussed
low, beam-flux values must be taken into account for a c
rect interpretation of the influence of ion species on dam
buildup.

Table I shows that, with an exception of Ag and Bi im
plants where much lower beam-flux values were used,
values of beam flux of different ion species were compati
with each other. Hence, given that the flux effect in G
during ion bombardment at room temperature is not v
strong,12 we can neglect the influence of the difference
beam flux for different ions~except extreme cases of Ag an
Bi! in the analysis of chemical effects and the effects
cascade density on the buildup of implantation-produ
damage in GaN presented in this paper.

A further insight into the effect of ion mass o
implantation-produced lattice disorder in GaN is given
Fig. 10 ~the right axis!, which shows the ion-mass depe
dence ofjM1

, the ratio of the level of lattice disorder of 0.
~as measured by RBS/C! to the damage level predicted bas
on ballistic calculations26 F0.3Nvac

max/nat , whereNvac
max is the

number of lattice vacancies in the maximum of the nucl
energy-loss profile~see Table I!, andnat is the atomic con-
centration of GaN. In the first approximation, the parame
jM1

reflects the effectiveness of the production of stable

tice disorder (Nde f) by ion bombardment under particula
implant conditions:Nde f5jM1

FNvac
max for relatively low lev-

els of lattice disorder, whereF is ion dose. If postimplanta
tion stable lattice damage were the same as the one pred
based on ballistic calculations,25 jM1

would be equal to unity
and independent of ion mass.

In contrast to such expectations, Fig. 10~the right axis!
shows a rather complex dependence ofjM1

on ion mass.

First of all, for all ion species used,jM1
is significantly be-

low unity. This is a direct consequence of strong dynam
annealing processes when a large fraction of ion-be
generated point defects experiences annihilation.27 It is also
seen from Fig. 10~the right axis! that, with increasing ion
mass from12C to 63Cu, jM1

decreases. For ions heavier th
63Cu, jM1

shows an increase with increasing ion mass.28 An

explanation for such an interesting behavior ofjM1
is given

in the following sections.

B. Chemical effects

We attribute a decrease injM1
with increasing ion mass

for light ions ~from 12C to 63Cu) to dominating chemica
effects due to relatively high concentrations of implant
species. Although the scale of such chemical effects depe
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on the particular ion species used, Figs. 9 and 10 indic
that all light ions used in this study~C, O, and Si! effectively
enhance the buildup of implantation disorder. However, c
bon exhibits the largest effect, as clearly shown in Figs
and 10.

A chemical enhancement of damage buildup, as obser
by RBS/C, can be due to~i! the trapping of ion-beam-
generated migrating point defects by implanted impurity
oms, ~ii ! second phase formation and associated lattice
tortion, and/or~iii ! enhanced stability of irradiation-induce
defects in GaN containing a high concentration of C, O,
Si. Indeed, trapping of migrating defects at impurity atom
may result in stable defect clusters that are observed as
hanced scattering centers in RBS/C or directly by XTEM.
high concentrations~above a few at. %!, precipitation of a
second phase involving the implanted atoms is increasin
likely, thus leading to disordering of the surrounding Ga
matrix. Alternatively, large concentrations of implanted a
oms may enhance the stability of an amorphous phas
GaN by defect trapping and/or influencing energy barri
for defect migration and interactions. Additional studi
would be desirable to ascertain contributions to the chem
effect from each of the above three processes.

C. Surface amorphization

In this section, we discuss the main features of ion-bea
induced amorphization, which proceeds layer-by-layer fr
the GaN surface. Figure 11 illustrates the dose dependen
the thickness of surface amorphous layers in GaN bo
barded with 130 keV Cu, 200 keV Ag, and 300 keV Au io
at 20 °C. In order to compare results obtained for differe
ion species, ion doses in Fig. 11 were multiplied
Nvac

max/nat , and the product is shown as DPA~displacements
per atom!.29 The thickness of surface amorphous laye
shown in Fig. 11 has been determined from RBS/C spec
An assumption was made in cases where the RBS/C sur
peaks did not reach the random level that they originate fr
a completely disordered material at the surface. As discus
earlier in this paper~see Sec. III E!, such an assumption ha
been supported by XTEM studies, especially in the case

FIG. 11. The dependence of the thickness of surface-amorph
layers on DPA for bombardment of GaN with 130 keV Cu, 2
keV Ag, and 300 keV Au ions at 20 °C. See Table I for the deta
of implant conditions.
2-7
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heavy-ion bombardment and relatively thick surface am
phous layers as shown in Fig. 11. The thickness of am
phous layers determined using this method is consistent
amorphous layer thickness determined for some samples
ing XTEM or directly from RBS/C spectra in the case
thick surface amorphous layers.

Figure 11 shows that the rate of planar amorphizat
~normalized to DPA! proceeding from the GaN surface in
creases with increasing ion mass. This may result fr
cascade-density effects, whereby defect clustering ra
than annihilation is effectively enhanced, as will be d
cussed more fully in the following section. Interesting
such a discussion will help us to better understand the in
ence of the density of collision cascades on ion-beam d
age in GaN.

Figure 11 also shows that the thickness of surfa
amorphous layers superlinearly depends on ion dose.
effect can be attributed to the fact that, with increasing
dose, the amorphous/crystalline interface moves into a
gion with a larger level of defect generation by the ion bea
Alternatively, the fact that the amorphous/crystalline int
face moves into a region with a larger level of implantatio
produced lattice damage may also result in a superlinear
pendence of the thickness of surface amorphous layer
ion dose if stable defects near the amorphous/crystalline
terface aid the process of layer-by-layer amorphization.

Results also show that the amorphization rate increa
with decreasing implantation temperature from 20
2196 °C ~figures are not shown!. This is a typical behavior
for ion-beam-induced epitaxial amorphization that occurs
different semiconductors under certain implant condition30

However, at present, the micromechanism of layer-by-la
amorphization is still unknown. Even for Si, for which suc
a nonequilibrium phase transition has been studied m
extensively,31 an adequate model for ion-beam-induced e
taxial amorphization has not been developed, partly due
the complexity of this problem.

D. Role of collision-cascade density

In this section, we discuss the effect of the density
collision cascades on implantation-produced lattice disor
in GaN. The buildup of damage in the bulk, as characteri
by the parameterjM1

, is treated first. Figure 10 shows th

jM1
increases with increasing ion mass for heavy ions (63Cu,

107Ag, and 197Au).28 Amorphization studies in GaN bom
barded with these heavier ions require relatively low i
doses. Hence, the chemical effects of implanted species
pear to be negligible, and the ion-mass dependence ofjM1

should mainly reflect the effect of the density of collisio
cascades. Data from Fig. 10 show that an increase in
density of collision cascades strongly enhances the leve
implantation-produced stable lattice disorder in GaN.32 This
effect can be attributed to an increase in the efficiency
clustering of mobile point defects into stable defect co
plexes with increasing density of ion-beam-generated p
defects. Such an explanation is supported by the flux ef
observed in GaN during heavy-ion bombardment.12,17 Both
cases, the cascade effect and the flux effect, may indicate
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defect clustering efficiency increases with the rate of def
generation. It should be noted that an increase in the den
of collision cascades should enhance the formation of sta
defects even for implant conditions when the flux effect
weak. This is due to the fact that interaction processes
tween mobile point defects from the same collision casc
may occur in much shorter time intervals than migration a
interaction of defects produced in different collision ca
cades.

An additional explanation for the strong dependence
implantation-produced stable lattice disorder in GaN on
density of collision cascades~revealed in Fig. 10! is a super-
linear dependence of the concentration of ion-bea
produced point defects, which survive cascade quenching
the density of collision cascades. This effect may be att
uted to collective energy-spike processes that take plac
dense collision cascades formed by heavy ions within v
short time intervals of;10 ps. These nonlinear energy-spik
processes~such as displacement and/or thermal spikes! are
well accepted in the literature in the case of Si,33 the most
extensively studied semiconductor, to explain the superlin
dependence of ion-beam-generated lattice disorder on
cade density.

Alternatively, the mass-dependent damage buildup m
be due to a decrease in the effective displacement energ
atoms in the GaN matrix with increasing density of collisio
cascades. This effect may result from either the breaking
large number of atomic bonds within a relatively small vo
ume of a collision cascade or the reduced displacement
ergy of atoms with missing nearest neighbors, which ari
due to a very high displacement density.33 There may also be
local material decomposition occurring within dense co
sion cascades, as has been discussed in more d
elsewhere.12–14Both these effects would also be expected
result in a superlinear dependence of ion-beam-generated
fects on the density of collision cascades.

A superlinear dependence of the concentration of i
beam-produced defects on cascade density discussed a
appears to be supported by results from Fig. 11~discussed in
Sec. IV C!, which shows that the rate of planar amorphiz
tion proceeding from the GaN surface also increases w
increasing density of collision cascades. However, the p
cess of surface-amorphization is rather complex. For
ample, the surface-amorphization behavior observed ca
attributed to complex nonlinear disordering processes wh
favor clustering of ion-beam-generated defects at
amorphous/crystalline interface with increasing density
collision cascades. If such nonlinear defect accumulation
the amorphous/crystalline interface takes place, an incre
in cascade density will also result in an increased rate
surface amorphization. Alternatively, an increase in the r
of surface amorphization with increasing density of collisi
cascades may be due to a decreased degree of lattice
dering during quenching of very dense collision casca
produced by heavy ions.34 Indeed, in contrast to the situatio
in the crystal bulk, where cascades are surrounded by
crystal on all sides, the presence of an amorphous/crysta
interface may hinder the process of lattice reordering dur
cascade quenching. For example, if a dense collision cas
2-8
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behaves like a thermal spike, quenching and subseque
crystallization of the resultant molten zone may be inhibi
by the presence of an amorphous/crystalline interface.
effect might be expected to be enhanced as cascade d
increases. As a result, this may lead to an increase in the
of surface amorphization with increasing density of collis
cascades.

It should also be noted that an increase in the rate
surface amorphization, with increasing density of collis
cascades, revealed in Fig. 11, cannot be explained by a
sible increase in the flux of point defects migrating from
bulk toward the surface or amorphous/crystalline interfa
Indeed, although layer-by-layer amorphization is gener
attributed to the trapping of such migrating point defects
the surface or amorphous/crystalline interface~see, for ex-
ample, Ref. 12 and references therein!, an increase in th
defect clustering efficiency in the bulk, with increasing d
sity of collision cascades, results in a decrease in the flu
point defects migrating from the bulk toward the surface a
hence, cannot account for the experimental data show
Fig. 11. Moreover, such a long-range migration of point
fects in GaN during ion irradiation appears to occur only
rather low ion doses~i.e., low levels of lattice disorder in th
crystal!. Indeed, an increased rate of surface amorphiza
in the case of ion bombardment using low beam fluxes~as
illustrated in Figs. 5 and 11 in the case of Ag ion bomba
ment! occurs only for rather low ion doses. With increas
ion dose and, hence, the level of implantation-produced
tice disorder, effective diffusion lengths of point defe
seem to decrease, presumably due to an increase in the
ability of defect interactions and local clustering. Howeve
is clear that, at present, further studies are desirable to b
understand the mechanism of planar amorphization and
physical processes responsible for the increase
implantation-produced stable lattice damage with increa
cascade density observed in this study.

E. Comparison with metals and other semiconductors

It should be noted that chemical enhancement of dam
buildup discussed above is, in fact, not new and has pr
ously been found in both semiconductors and metals.35,36 In-
deed, chemical effects often dominate the damage-bui
behavior in an implantation regime with strong dynamic
nealing when large ion doses are needed to observe si
cant disorder. Such strong dynamic annealing, which oc
in GaN even during heavy-ion bombardment at liqu
nitrogen temperature, is somewhat similar to the situation
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most metals or even for mature semiconductors~such as Si
and GaAs! during ion irradiation at elevated temperatures

For example, in the case of implantation-produced da
age in metals, it has been recognized that chemical effec
ion species implanted to large ion doses result in a redu
level of dynamic annealing and stabilization of an am
phous phase.35 Most metals, particularly elemental meta
are impossible to amorphize even by heavy-ion bomba
ment at low temperatures without such a chemical stabil
tion of the amorphous phase. This experimental fact has
viously been attributed to extremely efficient dynam
annealing processes in metals,35 which is somewhat similar
to the situation in GaN.

In the case of Si, bombardment with12C ions at room
temperature has previously been shown to result in an
hanced damage accumulation compared to the case of
diation with other light-ion species such as11B. This effect
has been attributed to the formation of stable complexe
Si self-interstitials with C atoms.36

V. CONCLUSIONS

In conclusion, the damage-buildup and amorphization
havior in GaN bombarded with a wide range of ion spec
~see Table I! have been studied by a combination of RBS
and XTEM techniques. In the case of light ions, when the
doses needed to study the damage-buildup and amorp
tion behavior are large, chemical effects of implanted spe
result in an enhancement of damage-buildup. In particula
strongly enhanced damage-buildup has been observed
bombardment with12C ions. In addition, results show that a
increase in the density of collision cascades strongly
creases the level of implantation-produced lattice disorde
the bulk. The rate of layer-by-layer amorphization proce
ing from the surface also increases with increasing densit
collision cascades. Such an increase in stable damage an
rate of surface amorphization has been attributed to~i! an
increase in the defect clustering efficiency with increas
density of ion-beam-generated defects and~ii ! a superlinear
dependence of ion-beam-generated defects, which sur
cascade quenching, on the density of collision cascades.
ditional studies are needed to better understand the m
mechanism of such a superlinear dependence of ion-be
generated defects on collision cascade density.

ACKNOWLEDGMENT

J.Z. thanks the Australian Research Council for provid
financial support.
.
-

.

d
r,
*Email address: sergei.kucheyev@anu.edu.au
1See, for example, J. W. Orton and C. T. Foxon, Rep. Prog. Phy

61, 1 ~1998!; S. J. Pearton, J. C. Zolper, R. J. Shul, and F. Re
J. Appl. Phys.86, 1 ~1999!; S. C. Jain, M. Willander, J.
Narayan, and R. Van Overstraeten,ibid. 87, 965 ~2000!, and
references therein.

2H. H. Tan, J. S. Williams, J. Zou, D. J. Cockayne, S. J. Pearto
and R. A. Stall, Appl. Phys. Lett.69, 2364~1996!.

3C. Liu, B. Mensching, M. Zeitler, K. Volz, and B. Rauschenbach
s.
n,

n,

,

Phys. Rev. B57, 2530~1998!.
4N. Parikh, A. Suvkhanov, M. Lioubtchenko, E. Carlson, M

Bremser, D. Bray, R. Davis, and J. Hunn, Nucl. Instrum. Meth
ods Phys. Res. B127Õ128, 463 ~1997!.

5A. Suvkhanov, J. Hunn, W. Wu, D. Thomson, K. Price, N
Parikh, E. Irene, R. F. Davis, and L. Krasnobaev, inWide-
Bandgap Semiconductors for High Power, High Frequency an
High Temperature, edited by S. DenBaars, J. Palmour, M. Shu
and M. Spencer, Mater. Res. Soc. Symp. Proc. No.512 ~Mate-
2-9



i-

B.

. J

M

.
N

L

an

L

L

is

L

V

fo
to

eth

i
. J

R

n

ra
f
s
u
os
n

ft

ow

d

ere

r
ntal
d

eas-
er

he
on

old

i

eal-

ner-

sur-
ion
o of
ns
uld
dis-
ce.
a-

rtu-
am-
GaN

us-
S.

ble
d by
can
i,

or-

ys.
.

S. O. KUCHEYEVet al. PHYSICAL REVIEW B 64 035202
rials Research Society, Warrendale, 1998!, p. 475.
6W. R. Wampler and S. M. Myers, MRS Internet J. Nitride Sem

cond. Res.4S1, G3.73~1999!.
7W. Jiang, W. J. Weber, S. Thevuthasan, G. J. Exarhos, and

Bozlee, MRS Internet J. Nitride Semicond. Res.4S1, G6.15
~1999!.

8W. Jiang, W. J. Weber, and S. Thevuthasan, J. Appl. Phys.87,
7671 ~2000!.

9A. Wenzel, C. Liu, and B. Rauschenbach, Mater. Sci. Eng., B59,
191 ~1999!.

10S. O. Kucheyev, J. S. Williams, C. Jagadish, G. Li, and S
Pearton, Appl. Phys. Lett.76, 3899~2000!.

11S. O. Kucheyev, J. S. Williams, C. Jagadish, J. Zou, M. Toth,
R. Phillips, H. H. Tan, G. Li, and S. J. Pearton, inWide-
Bandgap Electronic Devices, edited by R. J. Shul, F. Ren, M
Murakami, and W. Pletschen, Mater. Res. Soc. Symp. Proc.
622 ~Materials Research Society, Warrendale, 2000!, p. T7.9.1.

12S. O. Kucheyev, J. S. Williams, C. Jagadish, J. Zou, and G.
Phys. Rev. B62, 7510~2000!.

13S. O. Kucheyev, J. S. Williams, C. Jagadish, V. S. J. Craig,
G. Li, Appl. Phys. Lett.77, 1455~2000!.

14S. O. Kucheyev, J. S. Williams, J. Zou, C. Jagadish, and G.
Appl. Phys. Lett.77, 3577~2000!.

15S. O. Kucheyev, J. S. Williams, J. Zou, C. Jagadish, and G.
Appl. Phys. Lett.78, 1373~2001!.

16S. O. Kucheyev, J. S. Williams, J. Zou, J. E. Bradby, C. Jagad
and G. Li, Phys. Rev. B63, 113202~2001!.

17S. O. Kucheyev, J. S. Williams, J. Zou, C. Jagadish, and G.
Nucl. Instrum. Methods Phys. Res. B178, 209 ~2001!.

18S. O. Kucheyev, J. E. Bradby, J. S. Williams, C. Jagadish, M.
Swain, and G. Li, Appl. Phys. Lett.78, 156 ~2001!.

19For a recent review of ion implantation studies in GaN, see,
example, S. O. Kucheyev, J. S. Williams, and S. J. Pear
Mater. Sci. Eng., R.33, 51 ~2001!.

20W. J. Weber, W. Jiang, and S. Thevuthasan, Nucl. Instrum. M
ods Phys. Res. B166-167, 410 ~2000!; W. Jiang, W. J. Weber,
S. Thevuthasan, and D. E. McCready, J. Appl. Phys.257, 295
~1998!.

21For studies on the formation of hydrogen gas bubbles
H-implanted GaN, see Ref. 6 and S. M. Myers, J. Han, T
Headley, C. R. Hills, G. A. Petersen, C. H. Seager, and W.
Wampler, Nucl. Instrum. Methods Phys. Res. B148, 386
~1999!; C. H. Seager, S. M. Myers, G. A. Petersen, J. Han, a
T. J. Headley, J. Appl. Phys.85, 2568~1999!.

22It should be noted that the difference in the depth scales of
dom and aligned spectra~i.e., the difference in the energy loss o
analyzing a particles for random and channeling direction!
cannot be the reason for such a shift in the position of the b
RBS/C peak relative to the maximum of the nuclear energy-l
profile. Indeed, such a difference in the depth scales results i
apparent shift of the RBS/C peaks closer to the surface~i.e., to
higher energies!. This is just the opposite direction of the shi
observed in Fig. 1.

23K. Schmid, Radiat. Eff.17, 201 ~1973!.
24The level of relative disorder of 0.3 has been chosen since~i! the

analysis used to extract relative disorder is not valid for very l
levels of implantation-produced damage~Ref. 23! and ~ii ! this
level is below the saturation level of damage for all ions use
03520
J.

.

.

o.

i,

d

i,

i,

h,

i,

.

r
n,

-

n
.
.

d

n-

lk
s
an

.

25J. P. Biersack and L. G. Haggmark, Nucl. Instrum. Methods174,
257 ~1980!.

26Calculations of atomic displacements presented in this paper w
performed using theTRIM code ~Ref. 25!. The threshold dis-
placement energy of atoms,Ed , was assumed to be 25 eV fo
both Ga and N sublattices. To our knowledge, no experime
studies to determine the value ofEd in GaN have been reporte
in the literature.TRIM simulations~Ref. 25! show that the num-
ber of atomic displacements nonlinearly decreases with incr
ing Ed . However, qualitatively, the results reported in this pap
are independent ofEd since the dependence of the ratios of t
number of atomic displacements produced by different ions
Ed is negligible forEd values from 5 to 30 eV.

27Note that, due to strong dynamic annealing,jM1
is significantly

less than unity even for a relatively large value of the thresh
displacement energyEd of 25 eV chosen forTRIM simulations
presented here. Lower values ofEd would result in even smaller
values forjM1

. It can also be noted that, for implantation of S
with heavy ions at low temperatures,jM1

is larger than unity due
to nonlinear cascade effects and a low level of dynamic ann
ing, as will be discussed in Sec. IV D.

28A legitimate explanation for a low value ofjM1
in the case of

209Bi ion bombardment~see Fig. 10! is the effect of beam flux
previously discussed in Sec. IV A.

29It should be noted that, although the number of vacancies ge
ated in the maximum of the nuclear energy-loss profile,Nvac

max, is
larger than the number of vacancies generated at the GaN
face, Fig. 11 still can be used to ascertain the influence of
mass on the rate of surface amorphization. Indeed, the rati
Nvac

max to that value at the surface is compatible for all three io
shown in Fig. 11. A somewhat more accurate analysis wo
require integration of defect-generation profiles over some
tance from the surface or the amorphous/crystalline interfa
However, such integration would require knowledge of the p
rameters describing defect migration and interactions. Unfo
nately, at present, not only the numerical values for such par
eters but also the dominant defect-interaction processes in
are unknown.

30See, for example, F. Priolo and E. Rimini, Mater. Sci. Rep.5, 319
~1990!.

31For a recent discussion of the ion-beam-induced amorpho
crystalline phase transition, see, for example, A. I. Titov and
O. Kucheyev, Nucl. Instrum. Methods Phys. Res. B168, 375
~2000!, and references therein.

32A strong effect of the density of collision cascades on sta
implantation damage in GaN discussed here is also supporte
our very recent molecular-effect studies, the details of which
be found in S. O. Kucheyev, J. S. Williams, A. I. Titov, G. L
and C. Jagadish, Appl. Phys. Lett.78, 2694~2001!.

33See, for example, J. A. Davies, inIon Implantation and Beam
Processing, edited by J. S. Williams and J. M. Poate~Academic
Press, Sydney, 1984!.

34For a discussion on the formation of amorphous or highly dis
dered zones in GaN, see Refs. 12 and 19.

35See, for example, J. S. Williams, Rep. Prog. Phys.49, 491~1986!,
and references therein.

36J. P. de Souza, H. Boudinov, and P. F. P. Fichtner, Appl. Ph
Lett. 64, 3596~1994!; J. P. de Souza, Yu. Suprun-Belevich, H
Boudinov, and C. A. Cima, J. Appl. Phys.87, 8385~2000!.
2-10


