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Effect of ion species on the accumulation of ion-beam damage in GaN
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Waurtzite GaN epilayers bombarded with a wide range of ion spétikeV 'H, 40 keV ?C, 50 keV 10,
600 keV 28si, 130 keV®Cu, 200 keV1%Ag, 300 keV *’Au, and 500 keV?%Bi) are studied by a combi-
nation of Rutherford backscattering/channeliRBS/O 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 largex{10'®cm™?), 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 t@) an increase in the defect clustering efficiency with increasing density of
ion-beam-generated defects andiora 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.
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[. INTRODUCTION bardment at liquid-nitrogen temperature. As discussed in de-

tail in Refs. 12 and 19, ion-beam-generated Frenkel pairs,

Significant technological importance of GaN has been anvhich survive very fast quenching of collision cascades, are
effective driving force for research interest in this material.Mobile in GaN even at liquid-nitrogen temperature, and most
Indeed, as discussed in a number of recent reviews on thfd them experience annihilation. In such a case of very effi-

topic! GaN is finding applications in the fabrication of a clent dynamic annealing, the damage-buildup behavior be-

. ; . " comes rather complex, typically involving nucleation-limited
range of electronic and photonic devices. In addition, re'amorphization.

search interest in GaN has been supported by interesting and Damage processes in GaN are also complicated by ion-
somewhat unusual properties of this material. beam-induced material dissociatibit* Indeed, after amor-
lon-beam disordering of GaN is an example of suchphization of GaN, ion bombardment has been shown to re-
physically interesting and technologically important re-syit in material dissociation with the formation of, Njas
search. Recent ion-implantation studid§ have revealed bubbles embedded into a Ga-fich matrix of amorphous GaN.
that, unlike the situation for mature semiconductors such agsuch dramatic decomposition has been attributed to ion-
Si and GaAs, GaN exhibits a range of intriguing behaviorbeam-induced stoichiometric imbalance. In addition, high
involving  extreme  property changes under ionplasticity (and extremely low hardnessf amorphous GaN
bombardment® In particular, it has been shown that dy- compared to that of crystalline GafRef. 18 seems to aid
namic annealing process@s., defect-interaction procesges the process of the formation and agglomeration gf gds
in GaN are extremely efficient even during heavy-ion bom-bubbles in GaN during ion bombardméfit.
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TABLE I. Implant conditions used in this study. Calculated values of the average number of lattice

vacancies produced by one ioN}fa‘C) and the number of vacancies in the maximum of the nuclear energy-

deposition profile K%) are also given.

lon Energy Implantation Beam flux Nl Nax
(keV) temperature (°C) (16 cm 2s?) (vaclion/A)

H- 10 —196 11 5 1.%x10°3
Kon 40 —196, 20 14 236 0.23
160~ 50 —196, 20 19 338 0.36
28gj~ 60 20 16 479 0.88
83Cu~ 130 20 9.4 1240 2.18
W07pg* 200 20 0.6 1976 3.4
Wiay* 300 —196 3.1 2956 5.7
Wiay* 300 20 4.4 2956 5.7
209+ 500 —196, 20 ~0.1 4646 5.9

Damage processes in GaN may also be complicated biynplantation, samples were tilted by7° relative to the in-
anomalous ion-beam-induced surface erosion which occurgdent ion beam to minimize channeling.
at elevated temperatures. For example, bombardment of GaN After implantation, samples were taken from the im-
with 300 keV Au ions at 550 °C has been shown to result inplanter chamber and characterizex situat room tempera-
the erosion of an-1000-A-thick surface layer® Such effi-  ture by Rutherford backscattering/channeliRBS/O spec-
cient erosion during elevated-temperature ion bombardmerntometry using an ANU 1.7 MV tandem acceleratdiEC,
may not only impose significant limitations on the techno-5SDH) with 1.8 MeV* He" ions incident along th¢0001]
logical applications of “hot implants” into GaN but also direction and backscattered into a detector at 98° relative to
complicate the interpretation of experimental data, as hathe incident beam direction. This glancing-angle detector ge-
been discussed elsewhére? ometry was used to provide enhanced depth resolution for
The above examplg®f strong dynamic annealing, some- examining near-surface damage accumulation. Selected
what unexpected defect evolution, and ion-beam-inducedamples were studied by cross-sectional transmission elec-
material dissociation and anomalous surface erggitgarly  tron microscopy(XTEM) in a Philips CM12 transmission
illustrate the complexity of ion-beam-damage processes irlectron microscope operating at 120 keV. XTEM specimens
GaN. Such an unexpectédnd certainly interestingoehav-  were prepared by 3 keV Arion-beam thinning using a Ga-
ior imposes significant limitations on the technological appli-tan precision ion-polishing system.
cations of ion implantation in the fabrication of GaN-based
devices. Hence, it is important to undertake systematic stud- Ill. RESULTS
ies of ion-beam-damage processes in this material if poten-
tial applications are to be fully exploited.
In this paper, we report on a systematic study of the in
fluence of ion specie@ising a range of ion species frohi A
0% ; o : Depth (A)
to 2°%Bi) on the damage-buildup behavior in GaN. We dis- 1600 1200 300 400 0
cuss chemical effects of implanted species. Such effects of 1600 T T . —
enhanced damage accumulation and/or stabilization of an
amorphous phase dominate in the case of light ions, where
large ion doses are needed to produce significant lattice dis- 1200
order to study the damage-buildup and amorphization behav-%
ior. Analyzing experimental data for ions of different masses i3
and taking chemical effects into account, we discuss the ef-¢, 800
fect of the density of collision cascades on implantation- @
produced lattice defects.

Figures 1-6 show RBS/C spectra illustrating the damage
buildup in GaN with increasing ion dose for implantation

10keV 'H - —— 1x1016

400 .
Il. EXPERIMENT
The ~2-um-thick wurtzite undoped GaN epilayers used %8 ' 1.0 ' 12 ' 1.4 ' 16
in this study were grown og-plane sapphire substrates by ) ’ Energy (MeV) ) ’

metalorganic chemical-vapor depositidMOCVD) in a

rotating-disk reactor at Ledex Corporation. Implantation was FIG. 1. RBS/C spectra showing the damage buildup for 10 keV
carried out over a wide dose range under conditions indiH jon bombardment of GaN at 196 °C with a beam flux of
cated in Table I, using the ANU 180 kV ion implanter and an1.1x10** cm 2s™ 1. Implantation doseén cm2) are indicated in
ANU 1.7 MV tandem acceleratoiNEC, 5SDH-4. During the figure. The random yield corresponds-&200 counts.
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FIG. 2. RBS/C spectra showing the damage buildup for 50 keV
O ion bombardment of GaN at 196 °C (a) and 20 °C(b) with a
beam flux of 1.%10"® cm ?s 1. Implantation dosegin cm 2)
are indicated in the figure. A virgin spectrum is also shown forhave occurred during warming the

comparison.

with 10 keV H ions at— 196 °C(Fig. 1), 50 keV O ions at
—196 and 20 °QFig. 2), 60 keV Siions at 20 °QFig. 3),
130 keV Cu ions at 20 °@Fig. 4), 200 keV Ag ions at 20°C
(Fig. 5, and 500 keV Bi ions at-196 and 20 °CFig. 6).
Below, we discuss the results for each ion species separatel
In addition, a detailed RBS/C and XTEM study of damage
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FIG. 4. RBS/C spectra showing the damage buildup for 130 keV
Cu ion bombardment of GaN at 20°C with a beam flux of 9.4
X102 cm 2s 1. Implantation doseéin cm™2) are indicated in the
figure.

of the effect of ion species on damage buildup presented
below.
It should be noted that, in the case of low-temperature
implantation experiments reported here and in Ref. 12, some
thermal annealing of ion-beam-produced lattice damage may
low-temperature-
implanted samples up to room temperature before the subse-
quent RBS/C or XTEM analysis. For example, such an ef-
fective room-temperature annealing of lattice damage
produced by low-temperature bombardment has been found
to occur in SiC2° However, in contrast to this situation in
SiC, one might not expect a pronounced thermal annealing at
room temperature of implantation-produced disorder in GaN.
deed, due to very efficient dynamic annealing that occurs
in GaN even at liquid-nitrogen temperature, a large part of

buildup in GaN under bombardment with 40 keV C and 3005, heam-generated point defects exhibits annihilation, and

keV Au ions at 20 and-196 °C was presented in Ref. 12.

only more stablgenergetically favorab)edefect structures

We will use data from Ref. 12 in the discussion and analysigqm in the lattice and effectively accumulate with increasing

Depth (A)
1800 1200 600 0
8000 p : ; .
60 keV **Si ——7x10"
~ 6000 —a—1x10" 4
;j _._2x1016
2 4000 M’;ﬂh 810 1
2000 w‘/\'\ | random ]
by virgin
O T T T T T
08 10 12 14 16 18 20
Energy (MeV)
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FIG. 3. RBS/C spectra showing the damage buildup for 60 keV  FIG. 5. RBS/C spectra showing the damage buildup for 200 keV
Si ion bombardment of GaN at 20°C with a beam flux of Ag ion bombardment of GaN at 20 °C with a beam flux of 6.0

1.6x10%cm 2 s 1. Implantation doseéin cm™2) are indicated in

the figure.

x 10" em 2 s L. Implantation doseén cm™?) are indicated in the
figure.
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Depth (A) increase in the magnitude of the surface defect peak, which

1800 1200 600 0 reflects the accumulation of lattice defects at the surface.
500 keV B Hence, in the case of very light iotsuch as'H), damage-

accumulation studies using RBS/C are not possible in GaN

8000

—e—1.5x10"

3 ——3a0" |

< 6000F oo bombarded even at liquid-nitrogen temperature and with low
2 ¥ o - ion energieqgsuch as 10 keVbecause extremely large ion
2 4000 S a “A;‘ "y MO]S 1 doses are needed to produce lattice disorder to levels detect-
P -y "'-......4“‘“P _rl:nlgom able by RBS/C. For such large ion doses, the formation,of H
2000 s 4 gas bubbles hinders studies of lattice disorder. Hence, we
1x10 . . . . .
st g™, viroi will not further discuss data from Fig. 1 in the following
gin . . .
0 . i analysis of the damage buildup in GaN.
(b) 500 keV **Bi —e—1.5x10"

—a—3x10" |

- 6000F y B. Oxygen

o] —e—6x10

= 10 Figure 2a) shows that the main features of the damage-
2 4000W L oto” buildup behavior during bombardment of GaN with 50 keV
& .-—-w.-"‘"ﬁ kX O ions at—196 °C are similar to those previously reported

—x—2x10"

2000 "o candom ] for bombardment with 40 keV C, 100 and 300 keV Au
o virgin ions!? as well as 500 keV Bi ions at 196 °C [see Fig.
0 - - - - \ . 6(a)]. Indeed, as is seen from Figa?, damage accumulation
06 08 1.0 12 14 16 18 20 at —196 °C is bimodal with a strong surface-defect peak in
Energy (MeV) addition to the bulk peak of disorder close to the maximum

\pf the nuclear energy-loss profile. In this case, the damage
buildup is sigmodal with ion dose, again consistent with pre-
vious results for C implantatiolf, where an amorphous
phase nucleates both at the surface and in the bulk. Such a
structure with surface and bulk amorphous layers is consis-

ion dose. Our assumption in this work that the complex defent with the RBS/C gpectra iIIusGtratgczi in Figapin the
fect structures produced by ion bombardment at low tem&ase of doses 0f810'° and 7x 10* cm“. With increasing
peratures will be thermally stable during annealing up to©n dose, these two amorphous layérsthe bulk and at the
room temperature is supported by previdossitu RBS/C surface expand unt|! they meet each other, resulting in a
studies by Jiangt al’® These authors have shown that no relatively thick, continuous surface layer of an amorphous
detectable recovery of damage produced in GaN by bomMaterial. _ _

bardment with’0 or 2°7Au ions at~ —90°C occurs as a Figure 2b) |Ilystrates the dgmage buildup fpr bombard-
result of prolonged annealing at room temperature. Howevefhent of GaN with 50 keV O 'O}nzsc at 20°C. It is seen that,
additional experimental worksuch asn situ RBS/C studies ~ 29ain similar to the situation forC (see Ref. 1p damage

is clearly desirable to study a possible room-temperatur@ccumulation is bimodal. However, in contrast to the case of

thermal recovery of damage produced in GaN by ion bom#0 keV C ion bombardmerjsee Fig. 1b) in Ref. 12, im-
bardment at liquid-nitrogen temperature. plantation with O ions at 20 °C does not appear to result in

bulk amorphization. Instead, bulk disorder saturates at a
level (which is at~85% of the random levgl which is,
however, much higher than the saturation level for the case
Figure 1 shows that the accumulation of implantation-of bombardment with heavier iofsee Figs. 3, 5, ®), and
produced lattice disorder in GaN during bombardment withRef. 12. We will return to the discussion of this fact below.
10 keV H ions at—196 °C becomes evident from RBS/C  Similar to the situation forH (discussed aboyend °C
spectra only for rather large ion dosez {x 10*%cm™?). (discussed in Ref. 22the study of damage buildup in GaN
This is a direct consequence of very efficient dynamic anexposed to implantation with%0 ions is complicated by the
nealing processes in GaN. However, for such large doses @éct that ion doses necessary to amorphize GaN with these
species that form gas bubbles, the small direct-scatteringins are extremely large even in the case of bombardment at
peak seen in Fig. 1 for doses of x40 and liquid-nitrogen temperature. This is clearly illustrated in
1x10"cm™2 may have a contribution from a band ok H Figs. Za) and 2b), where, for large ion doses, both channel-
gas bubbled! in addition to implantation-produced lattice ing and random spectra are given. It is seen from Fi¢@. 2
defects. In favor of such a scenario is the fact that the maxiand Zb) that the heightand the shapeof random spectra
mum of the bulk RBS/C peak seen in Fig. 1 is-a1100 A.  changes with increasing ion dose aboveéx10%cm2,
This is closer to the projected range of 10 ké¥ ions  which corresponds to several at.% of O atoms implanted
(~1000 A) rather than to the maximum of the nuclear into the GaN matrix. Moreover, relative to the energy scale,
energy-loss profile of these ions-010 A).?? It is also seen the depth scale in RBS/C spectra also changes with increas-
from Fig. 1 that even the largest dose bombardmening ion dose due to the changes in the energy losses of the
(1x10'cm™2 of 10 keV H iong results in only a slight analyzinga particles(see Ref. 12 for a more detailed dis-

FIG. 6. RBS/C spectra showing the damage buildup for 500 ke
Bi ion bombardment of GaN at 196 °C (a) and 20 °C(b) with a
beam flux of~1x 10" cm 2 s~ . Implantation doseén cm™?) are
indicated in the figure.

A. Hydrogen
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cussion of this effegt In the case of such high ion doses, a

guantitative estimation of the concentration vs depth profiles
of implantation-produced lattice disorder from RBS/C spec-
tra becomes a rather challenging problem.

C. Silicon

Shown in Fig. 3 are RBS/C spectra illustrating the buildup
of lattice disorder in GaN implanted with 60 keV Si ions at
room temperature. It is seen that, in this case of intermediate-
mass ions, the behavior of damage buildup with increasing
ion dose is similar to that previously observed for heavy-ion F|G. 7. Dark-field XTEM imageq(a) g=0002 and (b) g

(*97Au) bombardment at room temperatdr€.Indeed, Fig. 3 ~1100*] of the GaN epilayers bombarded at 20 °C with 60 keV Si
illustrates a bimodal damage buildup with evidence for dejons with a beam flux of 18108cm 2s ! to a dose of

fect saturation rather than amorphization in the crystal bulkp x 10 ¢cm~2,

for high ion doses. In this case, amorphization only appears

to proceed layer-by-layer from the surface with increasing E. Defect microstructure
ion dose. It is interesting that, similar to bombardment with
180 ions discussed above, the bulk damage level attained %t
high doses of®Si ions(see Fig. 3is larger than the satura- 0
tion level of damage in the case of irradiation with’Au
ions (see Ref. 12 In addition, due to the fact that relatively
large Si ion doses are required for amorphization of GaN
20°C (=5%x10'%cm ?), the chemical effects of implanted
Si atoms may also affect the damage buildup, as will b
discussed more fully below. Such a large concentration o
implanted

The microstructure of lattice defects produced in GaN by
mbardment with light 40 ke\*’C and heavy 100 and 300
keV '%Au ions at—196 and 20°C has previously been re-
ported in Ref. 12. It has been shown that, with increasing
fose of C or Au ions, damage evolution proceeds via the
a X )
ormation of point-defect complexes and a band of planar
defects, which are parallel to the basal plane of the GaN
ilm.*? For completeness, in the present work we present re-
sults of a XTEM study of lattice defects plr%(g(uced in GaN by
. . L . bombardment with intermediate-mass i0M1sS{).
Si atoms(with, presumably, precipitation of Bis also re- : o
sponsible for a large dip in the RBS/C random spectrurn20 I":l(?l\'l/\:i?h768hkoev\vlss??(;ﬁ-sﬁ§)ldaI(;T;asgeesbg]c_o?gl(\:ln?_ozm'?ﬁ;ieed at
(around~500 A) shown in Fig. 3 in the case of a dose of - . :
8% 10%cm-2, images mtﬁcate the presence of point-defect clugtas the
g=0002 image in Fig. Ta)] and planar defectksee theg

=1100* image in Fig. Tb)] in the near-surface region dam-
D. Heavier ions: ®3Cu, 1°’Ag, and 2°%Bi aged by ion bombardment{(1500 A from the GaN surfage
Damage buildup for heavier ions is illustrated in FigS'Hence, it can be concluded that these planar defects are char-

4-6 for Cu, Ag, and Bi ion bombardment, respectively. A acteristic for GaN bombarded to high ion doses with differ-

detailed RBS/C and XTEM study of the damage buildup in€"t ions(from very light, such as’C, to rather heavy, such
GaN under bombardment with 300 keV Au ions -afl96 @S >’Au). More detailed high resolution XTEM studies of

and 20°C was presented in Ref. 12. Figures 4—6, as well dbe microstructure of these planar defects are in progress.
data for Au ion bombardment show quite a similar behav- 1€ Sample from Fig. fbombarded with Si ionshas also

ior of damage accumulation for all these heavier ions. InP€€n studied by XTEM with the electron beam precisely

deed, heavy-ion bombardment of GaN at 20°C appears tgarallel to the GaN surface to minimize edge effects on the
result in amorphization which proceeds layer-by-layer fromcontrast of the near-surface region. This stud_y revegls the
the surface, while disorder in the bulk saturates at some levéjréSence of a thin surface-amorphous layer which 49-A-

which is below the random levésee Figs. 4—6 and Ref. 12 thick (figures are not shownwhich is consistent with the
For implantation at—196°C, the main features of the strong surface defect peak seen from the RBS/C spectrum

damage-buildup behavior are similar for all ion species use§noWn in Fig. 3. The formation of such surface amorphous
(both light and heavy as was discussed in Sec. Il B. ayers (as well as amorphlzanon proceec_jmg layer-by-layer
It should be noted that, in contrast to lighter ions, thefrom the surfacghas previously been attributed to the trap-

doses required to study the amorphization behavior in Gagind of migrating point defects by the GaN surface or the

during bombardment with heavier ions at room temperatur@morphousicrystaliine interfacé We will discuss this issue

are relatively low. In this case, when maximum concentra" more detail in Secs. IV C and IV D.

tions of implanted species arel at. %, the chemical effects

of implanted atoms appear to be negligible at least for the IV. DISCUSSION
heavy-ion species used in this study, as will be shown below.
Hence, an analysis of the damage-buildup behavior for these
ions can assist an understanding of the effects of the density All RBS/C spectra presented here and in Ref. 12 have
of collision cascades on implantation-produced lattice disorbeen analyzed using one of the conventional algoritfifios

der in GaN. Such an analysis is presented in Sec. IV. extracting depth profiles of the effective number of scattering

A. Effect of ion species on damage buildup
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FIG. 10. Left axis: the ion-mass dependence of the ion dose
necessary to produce relative disorder of Qa3 measured by
RBS/QO by implantation at 20 °C. Right axis: the dependence of

FIG. 8. The depth profiles of relative disorder in GaN films ém, (ém,= the ratio of the level of lattice disorder measured ex-
bombarded at 20 °C with 300 keV Au ions with a beam flux of perimentally to the damage level predicted based on ballistic calcu-
4.4x10%2cm~2 s L. Implantation dose§n cm™~?) are indicated in  lations on ion mass. See Table | for the details of implant condi-
the figure. The original RBS/C data for these implants were given irfions.

Ref. 12.

1.2 14 1.6 1.8
Energy (MeV)

GaN lattice during bombardment under different implant

centers. For brevity, the number of scattering centers exconditions. For example, Fig. 9 shows a lower saturation
tracted from RBS/C data, normalized to the atomic concenléVvel for the case of bombardment with Ag ions than with
tration of GaN, will be referred to below as “relative disor- other heavy ions used. This fact appears to be due to a lower
der’. As an example, Fig. 8 illustrates depth profiles of value of beam flux of Ag ionésee Table)l In contrast to the
relative disorder in GaN bombarded with 300 keV Au ions atcaseé of bombardment with heavy ions, Fig. 9 shows that the
20°C. This figure shows a damage-buildup behavior that i@PParent saturation level for bombardment with lighter O

typical for heavy-ion bombardment of GaN at room tempera&nd Si ions is significantly larger and in the case of C ion
ture, as was discussed in Sec. Il D. bombardment, no bulk damage saturation has been observed

Figure 9 illustrates the ion-dose dependence of maximurRY RBS/C;lZ We attribute this result to dominating chemical
relative disorder in the bulk defect peak for implantation€ffects of implanted light ions, as will be discussed in more
with seven different ions at room temperature. It is seen fronfletail below.

this figure that, with increasing dose of heavy iof8Cy, F.igure 9 also shows_ that.ion doses necessary to produce a
07ag," 97Ay, and 2°%Bi), implantation-produced lattice particular level of relative disorder are different for different

damage in the bulk exhibits saturation, with the saturatiodfMPlants. This effect is better illustrated in Fig. tibe left
level being~0.4—0.5 for all these heavy species. The dif- axisg), which shows the ion-mass dependence of the ion doses
ference in the saturation level for different heavy ions may'€duired to produce 30% relative disorddrgs. Such ion

be attributed to different type, concentration, and/or size ofl0Ses®o3, have been found by interpolation of damage-

. . 4 . .
planar defects and point-defect complexes formed in th&uildup curves from Fig. §itis seen from Fig. 1Qthe left
axis) that ® ; generally decreases with increasing ion mass.

This qualitative trend is expected since the number of ion-

1.0 e W pg ' beam-generated atomic displacements increases with ion
5 0.8F —=—"0 ——1y i mass. To support this assertion, thgzéast two columns of
—§ o 0 “ Taple | give rgsults ofRIM cglculanon% : of the number of _
2 0.6t — Si ——""Bi | lattice vacancies produced in GaN by the ion species used in
| this study.
g 04k i However, two deviations from the trend expected are
5 clearly seen in Fig. 10 for the cases tC and ?°Bi ions.
~ 02l | For example®, 5 for *2C ions is~2.3 times smaller than
: ®, 5 for %0 ions, despite the fact thadfO ions produce
0.0 ~ 1.6 times more vacancies thafC ions in the maximum of
’ 14 5 16 17 the nuclear energy-loss profilsee Table)l This is a some-
10 IODOSC (Cm»z)lo 10 what extreme example of chemical effects of implanted spe-

cies, consistent with the data for C shown in Fig. 9, as will

FIG. 9. Maximum relative disordetextracted from RBS/C ~be discussed below. In addition téC, irradiation with***Bi
spectra in the bulk defect peak as a function of dose for ionsions produced less stable lattice damage than bombardment
implanted at 20 °C, as indicated in the legend. See Table | for thavith °’Au ions, although?®Bi ions generate a larger num-
details of implant conditions.

ber of atomic displacements thaf’Au ions. However, this
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result may be attributed to the lower beam-flux value in the sok ~ . T T T ]
case of Bi ions compared with the beam-flux value of Au I .

ions (see Table )l Results reported previousR!’ showed 500} / .
that the level of implantation-produced lattice disorder in o i o

GaN depended on ion beam flux. Indeed, with increasing & 400

beam flux, an increase in the density of ion-beam-generated « 300
point defects enhances interactions between such mobile_g
point defects. This aids the process of formation of stable £ 200
defect complexes. Hence, in addition to chemical effects and &

—e— A
E 100 fo/. A/A 197 g-

the effects of the density of collision cascades discussed be- < ﬁ"x‘/ —u— Ay
00

r (A)

N

low, beam-flux values must be taken into account for a cor- A
rect interpretation of the influence of ion species on damage 10 20 30 40 50
buildup. dpa

Table | shows that, with an exception of Ag and Bi im- )
plants where much lower beam-flux values were used, the FIG. 11. The dependence of the thickness of surface-amorphous
values of beam flux of different ion species were compatiblg2Ye"™s on DPA for bombqrdment Ofo GaN with 130 keV Cu, 200
with each other. Hence, given that the flux effect in GaN eV Ag, and 300 keV Au ions at 20 °C. See Table | for the details

during ion bombardment at room temperature is not veryOf implant conditions.

strong*? we can neglect the influence of the difference in h icular i . d Fi d indi
beam flux for different iongexcept extreme cases of Ag and on the particular ion species used, Figs. 9 and 10 indicate
that all light ions used in this stud{, O, and Sj effectively

Bi) in the analysis of chemical effects and the effects of nhance the buildup of implantation disorder. However, car-

cascade density on the buildup of implantation-produce L A
damage in GaN presented in this paper. Eﬁg f())(hlblts the largest effect, as clearly shown in Figs. 9

A further insight into the effect of ion mass on : .
. X . : . o . A chemical enhancement of damage buildup, as observed
implantation-produced lattice disorder in GaN is given in X . :
. X ; . . by RBS/C, can be due t¢i) the trapping of ion-beam-
Fig. 10 (the right axi$, which shows the ion-mass depen- L . X : :
) - . generated migrating point defects by implanted impurity at-
dence of¢,,., the ratio of the level of lattice disorder of 0.3 o ; : . )
1 ) oms, (i) second phase formation and associated lattice dis-
(as measured by RBS/@ the dnir?age level pregggd based ortion, and/or(iii) enhanced stability of irradiation-induced
on ballistic calculatior® ®o NN, , WhereNJis the  gefects in GaN containing a high concentration of C, O, or
number of Iattlcg vacancies in the ma)-(|mum of the nUCIGaBi. |ndeed, trapping of migrating defects at |mpur|ty atoms
energy-loss profilésee Table), andn, is the atomic con-  may result in stable defect clusters that are observed as en-
centration of GaN. In the first approximation, the parametehanced scattering centers in RBS/C or directly by XTEM. At
éu, reflects the effectiveness of the production of stable lathigh concentrationgabove a few at. % precipitation of a
tice disorder N9 by ion bombardment under particular second phase involving the implanted atoms is increasingly
implant conditionsN9¢'= &m, O] for relatively low lev-  likely, thus leading to disordering of the surrounding GaN

vac . . . .
els of lattice disorder, wher® is ion dose. If postimplanta- matrix. Alternatively, large concentrations of implanted at-

tion stable lattice damage were the same as the one predict@f'S May enhance the stability of an amorphous phase in
based on ballistic calculatior&¢,, would be equal to unity GaN by defect trapping and/or influencing energy barriers
and independent of ion mass 1 for defect migration and interactions. Additional studies

. . . . would be desirable to ascertain contributions to the chemical
In contrast to such expectations, Fig. (tBe right axis

: effect from each of the above three processes.
shows a rather complex dependenceggfl on ion mass.
First of all, for all ion species userg*,\,I1 is significantly be-

low unity. This is a direct consequence of strong dynamic ) ) ) ) ]
annealing processes when a large fraction of ion-beam- In this section, we dlscuss the main features of ion-beam-
generated point defects experiences annihildidnis also ~ induced amorphization, which proceeds layer-by-layer from
seen from Fig. 1Qthe right axi that, with increasing ion the GaN surface. Figure 11 illustrates the dose dependence of
mass from'2C to 83Cu, ¢, decreases. For ions heavier thanthe thlckness of surface amorphous layers in GaN _bom-
63cy, £, shows an incret':lse with increasing ion msan barded with 130 keV Cu, 200 keV Ag, and 300 keV Au ions

1 SMy i . . 9 o at 20°C. In order to compare results obtained for different
explanation for such an interesting behaviorégf, is given  jon species, ion doses in Fig. 11 were multiplied by

in the following sections. NM2¥n,., and the product is shown as DRAisplacements

per atom.?® The thickness of surface amorphous layers

shown in Fig. 11 has been determined from RBS/C spectra.

) ] o o An assumption was made in cases where the RBS/C surface
We attribute a decrease #), with increasing ion mass peaks did not reach the random level that they originate from

for light ions (from 2C to ®3Cu) to dominating chemical a completely disordered material at the surface. As discussed

effects due to relatively high concentrations of implantedearlier in this papefsee Sec. Il £ such an assumption has

species. Although the scale of such chemical effects dependieen supported by XTEM studies, especially in the case of

C. Surface amorphization

B. Chemical effects
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heavy-ion bombardment and relatively thick surface amordefect clustering efficiency increases with the rate of defect
phous layers as shown in Fig. 11. The thickness of amorgeneration. It should be noted that an increase in the density
phous layers determined using this method is consistent witbf collision cascades should enhance the formation of stable
amorphous layer thickness determined for some samples ugefects even for implant conditions when the flux effect is
ing XTEM or directly from RBS/C spectra in the case of weak. This is due to the fact that interaction processes be-
thick surface amorphous layers. tween mobile point defects from the same collision cascade
Figure 11 shows that the rate of planar amorphizationnay occur in much shorter time intervals than migration and
(normalized to DPA proceeding from the GaN surface in- jhtaraction of defects produced in different collision cas-
creases with increasing ion mass. This may result frony,qes.
cascade-density effects, whereby defect clustering rather ap gqditional explanation for the strong dependence of

than annihilation is effectively enhanced, as will be dis-jmp|antation-produced stable lattice disorder in GaN on the
cussed more fully in the following section. Interestingly, gensity of collision cascaddsevealed in Fig. 1Dis a super-
such a discussion will help us to better understand the influgegy dependence of the concentration of ion-beam-

ence of the density of collision cascades on ion-beam dansroquced point defects, which survive cascade quenching, on
age in GaN. _ the density of collision cascades. This effect may be attrib-
Figure 11 also shows that the thickness of surfaceyieq 1o collective energy-spike processes that take place in
amorphous layers superlinearly depends on ion dose. Thigense collision cascades formed by heavy ions within very
effect can be attributed to the fact that, with increasing ionsport time intervals of-10 ps. These nonlinear energy-spike
dose, the amorphous/crystalline interface moves into a r&rocessegsuch as displacement and/or thermal spile®
gion with a larger level of defect generation by the ion beam,ye|| accepted in the literature in the case of%ihe most
Alternatively, the fact that the amorphous/crystalline inter-gyiensively studied semiconductor, to explain the superlinear

face moves into a region with a larger level of implantation-gependence of ion-beam-generated lattice disorder on cas-
produced lattice damage may also result in a superlinear dexqe density.

pendence of the thickness of surface amorphous layers on Alternatively, the mass-dependent damage buildup may
ion dose if stable defects near the amorphous/crystalline inse que to a decrease in the effective displacement energy of
terface aid the process of layer-by-layer amorphization.  atoms in the GaN matrix with increasing density of collision
_Results also show that the amorphization rate increasgsyscades. This effect may result from either the breaking of a
with decreasing implantation temperature from 20 10j3rge number of atomic bonds within a relatively small vol-
—196°C(figures are not shownThis is a typical behavior me of a collision cascade or the reduced displacement en-
for ion-beam-induced epitaxial amorphization that occurs iNergy of atoms with missing nearest neighbors, which arises
different semiconductors under certain implant conditiths. due to a very high displacement densiyThere may also be
However, at present, the micromechanism of layer-by-layefoca| material decomposition occurring within dense colli-
amorphization is still unknown. Even for Si, for which such gjgp, cascades, as has been discussed in more detail
a nonequilibrium phase transition has been studied Moslise\wherd?-4Both these effects would also be expected to

. l . .
ext_enswely’: an adequate model for ion-beam-induced epi-regyit in a superlinear dependence of ion-beam-generated de-
taxial amorphization has not been developed, partly due t@cts on the density of collision cascades.

the complexity of this problem. A superlinear dependence of the concentration of ion-
beam-produced defects on cascade density discussed above
D. Role of collision-cascade density appears to be supported by results from Fig(di¢cussed in

In this section, we discuss the effect of the density ofo€C: IV O, which shows that the rate of planar amorphiza-

collision cascades on implantation-produced lattice disordefion Proceeding from the GaN surface also increases with
in GaN. The buildup of damage in the bulk, as characterized'c"€asing density of collision cascades. However, the pro-

by the parametet,, , is treated first. Figure 10 shows that €SS of surface-amorphiza_tion_ is rather_ complex. For ex-
. ith 1 o for h e ample, the surface-amorphization behavior observed can be
ng Increases with Increasing 10n mass for heavy | ¢ attributed to complex nonlinear disordering processes which

1%7Ag, and '¥’Au).?® Amorphization studies in GaN bom- fayor clustering of ion-beam-generated defects at the
barded with these heavier ions require relatively low iongmorphous/crystalline interface with increasing density of
doses. Hence, the chemical effects of implanted species apollision cascades. If such nonlinear defect accumulation at
pear to be negligible, and the ion-mass dependencé,of the amorphous/crystalline interface takes place, an increase
should mainly reflect the effect of the density of collision in cascade density will also result in an increased rate of
cascades. Data from Fig. 10 show that an increase in theurface amorphization. Alternatively, an increase in the rate
density of collision cascades strongly enhances the level dff surface amorphization with increasing density of collision
implantation-produced stable lattice disorder in GANhis  cascades may be due to a decreased degree of lattice reor-
effect can be attributed to an increase in the efficiency oflering during quenching of very dense collision cascades
clustering of mobile point defects into stable defect com-produced by heavy ior¥.Indeed, in contrast to the situation
plexes with increasing density of ion-beam-generated poinin the crystal bulk, where cascades are surrounded by the
defects. Such an explanation is supported by the flux effeatrystal on all sides, the presence of an amorphous/crystalline
observed in GaN during heavy-ion bombardm&rt. Both  interface may hinder the process of lattice reordering during
cases, the cascade effect and the flux effect, may indicate theascade quenching. For example, if a dense collision cascade
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behaves like a thermal spike, quenching and subsequent rerost metals or even for mature semiconducieigh as Si
crystallization of the resultant molten zone may be inhibitedand GaA$ during ion irradiation at elevated temperatures.

by the presence of an amorphous/crystalline interface. This For example, in the case of implantation-produced dam-
effect might be expected to be enhanced as cascade dens@ge in metals, it has been recognized that chemical effects of
increases. As a result, this may lead to an increase in the ralen species implanted to large ion doses result in a reduced
of surface amorphization with increasing density of collisionlevel of dynamic annealing and stabilization of an amor-
cascades. phous phas& Most metals, particularly elemental metals,

It should also be noted that an increase in the rate of® impossible to amorphize even by heavy-ion bombard-
surface amorphization, with increasing density of collisionMent at low temperatures without such a chemical stabiliza-
cascades, revealed in Fig. 11, cannot be explained by a poon of the amorphous phase. This experimental fact has pre-
sible increase in the flux of point defects migrating from theViously been attributed to extremely efficient dynamic
bulk toward the surface or amorphous/crystalline interface@"nealing processes in met&lswhich is somewhat similar
Indeed, although layer-by-layer amorphization is generallyf© the situation in GaN. o
attributed to the trapping of such migrating point defects by N the case of Si, bombardment witfC ions at room
the surface or amorphous/crystalline interfasee, for ex- témperature has previously been shown to result in an en-
ample, Ref. 12 and references thejeian increase in the hanced damage accumulation compared to the case of irra-
defect clustering efficiency in the bulk, with increasing den-diation with other light-ion species such &8. This effect
sity of collision cascades, results in a decrease in the flux df@s been attributed to the formation of stable complexes of
point defects migrating from the bulk toward the surface andSi Self-interstitials with C atom¥,
hence, cannot account for the experimental data shown in
Fig. 11. Moreover, such a long-range migration of point de- V. CONCLUSIONS
fects in GaN during ion irradiation appears to occur only for  |n conclusion, the damage-buildup and amorphization be-
rather low ion dosefi.e., low levels of lattice disorder in the havior in GaN bombarded with a wide range of ion species
crysta). Indeed, an increased rate of surface amorphizatiogsee Table)l have been studied by a combination of RBS/C
in the case of ion bombardment using low beam flué@®s  and XTEM techniques. In the case of light ions, when the ion
illustrated in Figs. 5 and 11 in the case of Ag ion bombard-doses needed to study the damage-buildup and amorphiza-
menp occurs only for rather low ion doses. With increasingtion behavior are large, chemical effects of implanted species
ion dose and, hence, the level of implantation-produced latresult in an enhancement of damage-buildup. In particular, a
tice disorder, effective diffusion lengths of point defectsstrongly enhanced damage-buildup has been observed for
seem to decrease, presumably due to an increase in the prafsmbardment with2C ions. In addition, results show that an
ability of defect interactions and local clustering. However, itincrease in the density of collision cascades strongly in-
is clear that, at present, further studies are desirable to bettgfeases the level of implantation-produced lattice disorder in
understand the mechanism of planar amorphization and thﬁe bulk. The rate of |ayer-by-|ayer amorphization proceed-
physical processes responsible for the increase ifhg from the surface also increases with increasing density of
implantation-produced stable lattice damage with increasingollision cascades. Such an increase in stable damage and the

cascade density observed in this study. rate of surface amorphization has been attributedi)t@n
increase in the defect clustering efficiency with increasing
E. Comparison with metals and other semiconductors density of ion-beam-generated defects dinda superlinear

It should be noted that chemical enhancement of damagéi_ependence of _ion-beam-genergted defec_ts, which survive
buildup discussed above is, in fact, not new and has prevf-:‘f".scade quenchmg, on the density of collision cascades.. Ad-
ously been found in both semiconductors and méti&in- ditional studies are needed to better understand the micro-

deed, chemical effects often dominate the damage-buildug“aChanIsm of such a supgrlmear dependenpe of ion-beam-
behavior in an implantation regime with strong dynamic an- enerated defects on collision cascade density.

nealing when large ion doses are needed to observe signifi-
cant disorder. Such strong dynamic annealing, which occurs
in GaN even during heavy-ion bombardment at liquid- J.Z. thanks the Australian Research Council for providing
nitrogen temperature, is somewhat similar to the situation fofinancial support.
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