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We study the evolution of structural defects in@k, N films (with x=0.0—0.6) bombarded with
kilo-electron-volt heavy ions at 77 and 300 K. We use a combination of Rutherford backscattering/
channeling spectrometry and cross-sectional transmission electron microscopy. Results show that an
increase in Al content not only strongly enhances dynamic annealing processes but can also change
the main features of the amorphization behavior. In particular, the damage buildup behavior at 300
K is essentially similar for all the AlGaN films studied. lon-beam-produced disorder at 300 K
accumulates preferentially in the crystal bulk region up to a certain saturation(te86p6—60%

relative disorder Bombardment at 300 K above a critical fluence results in a rapid increase in
damage from the saturation level up to complete disordering, with a buried amorphous layer
nucleating in the crystal bulk. However, at 77 K, the saturation effect of lattice disorder in the bulk
occurs only forx=0.1. Based on the analysis of these results for AlGaN and previously reported
data for InGaN, we discuss physical mechanisms of the susceptibility of group-Ill nitrides to
ion-beam-induced disordering and to the crystalline-to-amorphous phase transitioR0040
American Institute of Physics[DOI: 10.1063/1.1649459

I. INTRODUCTION compare the damage accumulation behavior in AlIGaN with
- . that previously reported for GalNi;! InGaN? and some other
Group-lll nitrides(GaN, AlGaN, and InGaNare impor-  semjiconductors. Emphasis is given to understanding physical

tant (optojelectronic materials. In the past several yearsprocesses responsible for the material resistance to ion-beam
needs of the fast developing lll-nitride technology havegisordering and amorphization.

stimulated extensive studies of fundamental ion-beam-
damage processes in GaN by a number of research groups.eExPERIMENT
The current state of understanding of the defect evolution in

GaN under keV ion bombardment can be found in several APout 0.5um-thick AL,Ga _,N films (x=0.00, 0.05,
recent reviews on this topic® 0.08, 0.10, 0.13, 0.19, 0.40, and 0.60, witix=0.02, as

Recently, ion-bombardment-produced defects have alsBSS€Ssed by Rutherford backscattering and x-ray diffraction
been studied in InGaN, AlGaN, and AN It has been Were used in this study. These AlGaN films were deposited
by metal-organic chemical vapor deposition on the top of
wurtzite undoped GaN epilayers grown oiplane sapphire
substrates. The deposition was done in two different EM-
CORE reactors at Ledex Corpraiwan and at EMCORE

shown that an increase in In content strongly suppredges
namic annealingorocessesi.e., defect migration and inter-
action processgésand enhances the buildup of stable lattice

disorder® Interestingly, an increase in Al concentration in the : :
AlGaN alloy has the opposite effect on the efficiency of dy- ggrp.(Spmerset, NJ Samples were implanted with 300 keV
Au” ions at 77 or 300 K with a beam flux of 3.1

namic annealing, increasing material resistance to ion-beam- 2em-2s 1 03
induced disorderingZ° In this article, following our brief <10°cm “s* over the fluence range from>810™ to 5

6 —2 H
report® we present a detailed study of the damage buildup10-°m ? using a 1.7 MV tandem acceleratNEC,
behavior in AlGa, ,N films (with x=0.0—0.6) bombarded 5SDH-4 at the Australian National University. During im-

with kilo-electron-volt heavy ions at 77 and 300 K. We also Plantation, samples were tilted by7° relative to the inci-
dent ion beam to minimize channeling.

After implantation, all samples were characterizexi
dElectronic mail: kucheyevi@linl.gov situ at 300 K by Rutherford backscattering/channeling spec-

0021-8979/2004/95(6)/3048/7/$22.00 3048 © 2004 American Institute of Physics


http://dx.doi.org/10.1063/1.1649459

J. Appl. Phys., Vol. 95, No. 6, 15 March 2004 Kucheyev et al. 3049

Depth (A)
1800 1200 600 0
4000 - . . . m
—e—8x10
A10.19Ga0.81N A 6X1014
o 000 T=300K —a—1x10"
K W —x—5x10"°
% 2000 —v—6x10"
= —r—9x10"
| —a—1.5x10"
1000 ol virgin —
 —+— random FIG. 2. Bright-field (a) and dark-field(b) XTEM images @=1100") of
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08 10 12 14 16 18 20 of ~3.1x 102 cm 2 s ! to a fluence of 1.5 10'6 cm™2. Both images are of
Energy (MeV) the same magnification and illustrate the same sample region. Note in-

creased surface roughness of this sample due to the formation of circular

FIG. 1. Selected RBS/C spectra illustrating the buildup of structural disornclusions within the buried amorphous layer.

der in Aly 1§G& g;N bombarded at 300 K with 300 keV Au ions with beam
flux of ~3.1x 10"?cm~2 s™1. Implantation fluenceén cm™?) are indicated
in the figure. The random spectrum is given for a fluence of 1.5ied by XTEM in Ref. 9. Hence, in the present study, we have

x10%cm 2, examined by XTEM several AlGaN samples bombarded to

high fluences when lattice amorphization is suggested by the

RBS/C yield reaching the random level. For example, Fig. 2

shows that bombardment of AldGa, g/N with 300 keV Au

ions to a fluence of 1810 cm 2 results in the formation

bf a buried amorphous layécompare bright- and dark-field

images in Figs. @) and 2Zb)]. Figure 2 also illustrates the

Yormation of planar defects which are parallel to the basal
ane of the A} ;GagN film. Similar planar defects have

trometry(RBS/Q using an ANU 1.7 MV tandem accelerator
(NEC, 5SDH with 1.8 MeV “He" ions incident along the

[000]] direction and backscattered into detectors at 98°
115°, and 168° relative to the incident beam direction. The 8
glancing-angle detector geometry was used to provide e
hanced depth resolution for examining near-surface dama

accmljmulatlon. Sc(jat:enng ge?m'itrles dwgh Iargir glag(;g eviously been observed in GaN bombarded under a wide
angies were used lo separate Au and a peaxs In rénge of irradiation conditiods’*8as well as in A|Ga, _,N

spectra in samples implanted up to high Au fluences ( ith = 1 | N
% 10°cm~2). Note that all RBS/C spectra illustrated in this ﬁN\I:/it: 38(')05 e?/ng\uoi Oﬁg?g rrebl'ellf/zﬁ oximgﬁféz"d at 300

article were taken in the 8° glancing-angle detector geom- : . ; ;
X Figure 2 also clearly illustrates a number of inclusions
etry. All RBS/C spectra were analyzed using one of the con- g y

tional algorithm® f tracting depth-orofi fthe ef within the buried amorphous layer. The formation of similar
ventional aigorithms for extracting depin-protiies otthe €l - 0 44 circular inclusions has previously been observed by

fective number of scattering centers. For brevity, the numbeg(.l.ElvI in GaN amorphized by ion bombardmestThis ef-

of scattering centers, normalized to the atomic concentrationy, . ¢ peen attributed to ion-beam-induced stoichiometric

will be referred to below as “relative disorder. Selected_ imbalance with the formation of Ngas bubble? stimulated

samples were also studied by cross-sectional transmissmw . -
) . > ) y the high plasticity of an amorphous phase of GaNote
electron microscopyXTEM) in a Philips CM12 transmis- .that, for the sample from Fig. 2, surface exfoliation as a

sion electron microscope operating at120 ke\_/. X.TEM SPECiesult of bubble growth, typically observed for GaN bom-
mens were prepared by 3 keV Afon-beam thinning using barded to high ion fluences, is hindered by a stiff surface

a Gatan precision ion-polishing system. layer of a crystalline material. Figure 2 strongly suggests
that, similar to the case of GaN,,Nbubble formation also
lll. RESULTS occurs at 300 K in amorphous AdGa, g/N.

A. Bombardment at 300 K

Figure 1 shows selected RBS/C spectra which iIIustratéB' Bombardment at 77 K
the damage buildup in AhdGa N films bombarded at 300 Our results have revealed that the damage buildup be-
K with 300 keV Au ions. As briefly discussed in Ref. 9, the havior in AlGaN at 77 K is more complex than that at 300 K.
main features of the damage buildup behavior at 300 K il-Figure 3 shows selected RBS/C spectra illustrating the dam-
lustrated in Fig. 1 areommorfor all the AL,Ga, _,N wafers  age accumulation in /lbsG& ¢\ films bombarded at 77 K
studied(with x=0.05-0.60). These features inclu@edam-  with 300 keV Au ions. It is seen from Fig. 3 that, at 77 K, the
age saturation in the crystal bulk close to the region of themain features of the damage buildup ingfdGay g\ are
maximum nuclear energy los§i,) the absence of preferential similar to those in GaN, discussed in detail previodss.
surface disordering and surface amorphizatiarcontrast to  Indeed, Fig. 3 shows that, with increasing ion fluence, lattice
the case ofx=0; i.e., GaN, and (iii) a rapid increase in damage gradually accumulates in the crystal bulk until the
damage from the saturation level up to the random levelRBS/C yield reaches the random level for fluences above
above a critical fluenc¥ ~10"®cm™?, and the effect of damage saturation in the crys-

Preamorphous structural disorder in,&bk_,N films  tal bulk is not present. A qualitatively similar damage
(with x=0.08 and 0.1 bombarded at 300 K to relatively buildup behavior at 77 K has been observed foy f6ay o\
small fluences of 300 keV Au ions has previously been studfilms.
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FIG. 3. Selected RBS/C spectra illustrating the buildup of structural disor-

der in Aly o:Ga o\ bombarded at 77 K with 300 keV Au ions with beam
flux of ~3.1x 10*2cm~2 s~ . Implantation fluence&n cm™?) are indicated
in the figure.

Figure 4 shows XTEM images of fh:Gay N bom-
barded at 77 K to a fluence of X8.0°cm 2, confirming
the formation of a buried completely disorderge., amor-

Kucheyev et al.
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FIG. 5. Selected RBS/C spectra illustrating the buildup of structural disor-
der in Aly1§G& g:N bombarded at 77 K with 300 keV Au ions with beam
flux of ~3.1x 10" cm~2 s~ 1. Implantation fluenceén cm?) are indicated

in the figure. The random spectrum is given for a fluence of 7
X 10%cm 2.

Figure 6 shows XTEM images of AldGa giN bom-
barded at 77 K to a fluence o710"°cm™2, confirming the
formation of an amorphous layer, as suggested by RBS/C

phous layer, as suggested by RBS/C data from Fig. 3. Simi-data from Fig. 5. It is also seen from Fig. 6 that a thi.00
lar to the case of bombardment at 300 K discussed in thé) near-surface layer remains crystalline even after such

previous section, Fig. 4 reveal$) no preferential surface
disordering,(ii) the formation of planar defects parallel to
the basal plane of the nitride film, an@i) a number of

relatively large fluence bombardment. This observation sup-
ports the fact that, in contrast to the case of GaN, the AlGaN
surface is not a preferential site for amorphization. Rather,

inclusions in the buried amorphous layer, attributed to matethe surface of AlGaN appears to effectively promote defect

rial decomposition with the formation of \gas bubbles.

annihilation.

Our results show that an increase in Al content above
~0.1 changes the main features of the damage buildup bgy piscussioN

havior at 77 K. This is illustrated, for example, in Fig. 5,

which shows selected RBS/C spectra representing the darf: Pamage buildup in AlGaN

age buildup in A} 1Gay N films bombarded at 77 K. It is
seen from Fig. 5 that, in contrast to the case of fb& g\

Results presented herein show that both Al content and
sample temperature strongly affect not only the level of ion-

shown in Figs. 3 and 4, the effect of defect saturation in theheam-produced preamorphous disorder but also the main
crystal bulk is observed. Note that the damage buildup befeatures of the damage buildup behavior. The damage

havior illustrated in Fig. 5 is common for all A&a_,N

buildup behavior is better illustrated in Fig. 7, which sum-

films with x=0.1 investigated in the present study. Hence, ainarizes defect accumulation curves at 30QFig. 7(a)] and

77 K, the damage buildup in &Ga,_,N with x=0.1 is
qualitatively similar to that in AlGa, _N (for all values ofx
studied at 300 K.

FIG. 4. Bright-field (@) and dark-field(b) XTEM images @=1100*) of

Al 05G& ogN bombarded at 77 K with 300 keV Au ions with a beam flux of
~3.1x102cm ?s ! to a fluence of 1.8 10'°cm 2. Both images are of
the same magnification.

77 K [Fig. 7(b)] for samples with different Al content.
Shown in Fig. 7 are dependencies of relative disorder, ex-
tracted from RBS/C data, in the bulk defect peak region
(~450 A from the sample surfagas a function of displace-
ments per atoniDPA). These DPA values aldg&sd/ng2"

Surface
[~

FIG. 6. Bright-field (a) and dark-field(b) XTEM images @=1100") of

Al 14Ga giN bombarded at 77 K with 300 keV Au ions with a beam flux of
~3.1x10%cm 2 s ! to a fluence of K 10'°cm 2. Both images are of the
same magpnification.
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FIG. 8. Dependence of the displacements per at®fA) necessary to
produce the level of relative lattice disorder of 30% (RRA or
100% (DPA o), as measured by RBS/C, on Al contéxtin the AL,Ga, _,N
alloy bombarded with 300 keV Au ions with a beam flux ef3.1

X 102cm 2 s at 77 or 300 K, as indicated in the legend. Lines are shown
to guide the reader’s eye.

FIG. 7. Relative disordefextracted from RBS/C spectra for the Ga peiak
the bulk defect peak region for Aba, _,N samples as a function of dis-
placements per atofDPA). Samples were bombarded with 300 keV Au
ions at 300 K(a) and 77 K(b) with a beam flux of~3.1x 10?cm 2 s~ L.

Aluminum content(x) in different samples is given in the legend. isfactory fit for damage buildup curves from Fig. 7 using

simple disorder overlap modé¥for any values of the fitting
parameters. This result is not unexpected since the damage

whereNEY is the average concentration of Ga vacancies genbuildup behavior in AlGaN is rather complex, involving ef-
erated by one ion per unit of depth in the bulk defect peakects such ag) the formation of extended defects during ion
region,nG;lt is the concentration of Ga atoms in the AlIGaN bombardment(ii) damage saturation in the crystal bu(ki,)
alloy, and® is ion fluence. In order to estimaM{2°, ballis-  material decomposition(iv) cascade density effect$,and
tic simulations were performed with theim code(version  (v) chemical effects of implanted specf@sThus, more so-
SRIM-2003.16%% with a threshold displacement energy of 25 phisticated models need to be developed to qualitatively de-
eV for Al, Ga, and N atom&* Such a conversion of ion scribe damage accumulation in materials with strong dy-
fluences into DPA takes account of the difference in the numnamic annealing.
ber of atomic displacements ballistically generated by the ion  The effect of Al content on the damage buildup is further
beam in different AlGaN alloys. This allows the influence of illustrated in Fig. 8, which shows the values of DPA neces-
factors other than the expected difference in ballistic prosary to produce levels of relative disorder of 30% ([QRA
cesses to be studied. For DRA.3, when the lateral overlap and 100% (DPA) in the crystal bulk as a function of Al
of collision cascades is small, DPA values essentially indi-<contentx. A damage level of 30% corresponds to ion irradia-
cate how many times each lattice atom has Headlistically  tion to fluences lower than those resulting in bulk damage
displaced by the ion beam. For larger DPA values, howeversaturation(at ~50%—60%, while a disorder level of 100%
it can be showf? that, in the absence of dynamic annealingobviously corresponds to the case of complete lattice disor-
(when all ion-beam-generated defects are essentially “frodering, as monitored by the ion channeling technique. Hence,
zen” in the lattice, the relative number of displaced atoms in DPA, 5 indicates the efficiency of the formation of stable
the lattice accumulates as-&xp(—DPA), due to an effective preamorphous disorder, whereas QRAshows the ease of
lateral overlap of collision cascades produced by differentmaterial amorphization. Note that, in the case of no dynamic
ions. annealing, DPf3; and DPA o, would be ~0.3 and~3, re-

Figure Ta) illustrates that, for all values of at 300 K,  spectively, independent of Al contet{t?® Figure 8, however,
defect saturation occurs at a relative disorder level ofeveals much larger values of DpAand DPA ,, reflecting
~50%-60%, and damage-DPA curves gradually shift to+ather efficient dynamic annealing which increases with in-
ward larger DPA values with increasing For the case of creasing Al content.
bombardment at 77 K, Fig(B) clearly illustrates a transition Figure 8 further reveals that a crystalline-to-amorphous
from the regime of a gradual damage buildup up to amortransition occurs at smaller DPA values at 77 K as compared
phization forx=0.1 to the regime with saturation of damage to that at 300 K. This result is consistent with the expected
in the bulk(at a disorder level of-60%) for x=0.1. The fact increase in the efficiency of defect annihilation processes
that the disorder level in the saturation regime is essentiallyith increasing sample temperature, which is typically ob-
independent of Al content and sample temperatse® Fig. served in semiconductofS.Interestingly, Fig. 8 also shows
7) suggests that similar defect structures are present ithat, an increase in irradiation temperature from 77 up to 300
AlL,Ga N in the saturation regime, when defect generationK results in anincreasein the amount of ion-beam-produced
and dynamic annealing processes are effectively balanced.preamorphous disordédr.e., a decrease in DRBA). Hence,

The buildup of lattice disorder in semiconductors underfor relatively low levels of lattice disorder, such as 30%, an
ion bombardment can often be well fitted using defect overincrease in dynamic annealing, with increasing sample tem-
lap models”®> However, we have not been able to find a sat-perature, results in the formation of energetically favorable



3052 J. Appl. Phys., Vol. 95, No. 6, 15 March 2004
100 - B e _m—ma—a
x/:/’( v ./I

Ssol =/ K

R ol s —e—0.00

‘g / e —4—0.03

QL v —s—0.07

o 40

= . —v—0.12

E 20F g —+—0.16
opp—— —x—0.20

10’ 10'

DPA

FIG. 9. Relative disordefextracted from RBS/C spectra for the Ga peiak
the bulk defect peak region for J8a _,N samples as a function of dis-
placements per atoDPA). Samples were bombarded with 300 keV Au
jons at 300 K with a beam flux of 3.1x 102 cm~2 s~ . Indium contentx)
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C. Effect of Al and In content on dynamic annealing
and amorphization

In this section, we discuss possible physical mechanisms
controlling changes in the buildup of preamorphous lattice
disorder and in amorphization of Ill-nitrides with variations
in Al or In content.

1. Preamorphous disorder

Results presented above have shown that adding Al in-
creasegwhile adding In decreasgthe level of dynamic an-
nealing in AlIGaN(and InGaN ternary alloys. This result can
be attributed to a largésmalle) energy of the Al-N(In—N)
bond as compared to the energy of the Ga—N hseé Table
I). Indeed, the buildup of preamorphous disorder in lll-
nitrides is associated with the formation of lattice defects
involving broken and reconstructed bonds. It is expected that

in different samples is given in the legend. Lines are shown to guide th‘?:iynamic annealing processes, including defect annihilation,

reader’s eye.

will be more efficient in a system with a larger energy gain
due to the recovery of broken, distorted, and nonstoichiomet-
ric bonds, which are ballistically generated by the ion beam.
This argument, based on the energies of chemical bonds,

defect structures leading to a more efficient direct scattering : . _ 1 DO
of the analyzind'He" particles. Thus, an increase in irradia- €@n_also be applied to explain dzynaml_c annealing in
tion temperature from 77 up to 300 K results in an increasélxGa —xAs alloys (see Table )I**~*? studied in detail

in the concentration of residual defects and/or a change in theeviously”® It should be noted, however, that, although the
atomic configuration of ion-beam-produced stable lattice de€fficiency of dynamic annealing in AlGaN, InGaN, and Al-
fects. Additional systematic studies are, however, needed t§aAs alloys scales with the energy of chemical bofudghe
better understand the physical mechanisms of such an ifbelting point, which is typically proportional to the bond

crease in the defect level in AlGaN with increasing irradia-€N€rgy, variations in other parameters can also be respon-
tion temperature. sible for changes in the damage buildup behavior. For ex-

ample, activation energies for various defect migration and
interaction processesvhich are not well known in AlGaN
and InGaN can also dramatically affect damage accumula-
tion. In addition, possible segregation of In and/or Al atoms
during ion bombardment could influence the buildup of
stable lattice disorder. Hence, although the bond energy gives
clear trend in the efficiency of dynamic annealing and the

B. Damage buildup in InGaN

Before discussing the effect of Al and In content on dy-
namic annealing in group-lll nitrides in the next section, we

re-examine the damage buildup behavior in InGaN, based o@

experimental data from Ref. 8. In Ref. 8, &g, _,N films
(with x=0.00, 0.03, 0.07, 0.12, 0.16, 0.18, and 0.BOmM-
barded at 300 K with 300 keV Au ions with a beam flux of

~3.1x10"%cm ?s™ ! were studied by a combination of

RBS/C and XTEM. Figure 9 shows damage buildup curveg"

uildup of preamorphous disorder in a number of semicon-
ductor systems such as AlGaN, InGaN, and AlGaAs, a better
understanding of the physical mechanisms controlling dy-
namic annealing in these semiconductors will need to await
ore detailed data on defect migration and interaction pro-

in InGaN films with different In concentrations replotted CESSes.

from Ref. 8 as a function of DPA. Similar to the case of ) N

AlGaN discussed in the previous section, such a conversioff: Cystalline-to-amorphous phase transition

of ion fluences to DPA takes into account the difference in It is interesting to consider the influence of Al or In
ballistic processes in different InGaN alloys. It is seen fromcontent on the susceptibility to amorphization and on amor-
Fig. 9 that an increase in In content suppresses dynamic aphization mechanisms in lll-nitrides. In contrast to the case
nealing processes and weakens the effect of damage saturH-dynamic annealing and the buildup of preamorphous dis-
tion (at the depth of the bulk disorder pgak order discussed above, the influence of material parameters

TABLE I. Some properties of wurtzite lll-nitrides as well as GaAs and AlAs at 300 K. Taken from Refs. 30—32.

Units GaN AIN InN GaAs AlAs
Density g/cn 6.15 3.23 6.81 5.32 3.76
Melting point K ~2773 3273 1373 1513 2129
Cohesive energy eV/atom 8.96 11.54 7.72 6.52 7.56
Phillips ionicity 0.500 0.499 0.578 0.310 0.274
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on susceptibility to ion-beam-induced amorphization hagnaterial may rise above that of the amorphous phase, result-
been a subject of several previous studfed® The follow-  ing in a catastrophic collapse of the defective crystalline lat-
ing criteria for material susceptibility to amorphization in- tice into an amorphous pha$k*®
duced by ballistic ion-beam processes have been proposed: For heavy-ion bombardment of AlGaN and InGaN, re-
(i) bond type**® (ii) the ratio of crystallization temperature sults presented above show that the sample surface is not a
to the melting poinf® (iii ) structural connectivity® (iv) en-  nucleation site for amorphization. As discussed in the previ-
thalpy or free energy difference between crystalline andbus section, an increase in Al content in AlGaN results in a
amorphous phasé$:and (v) an empirical combination of more efficient defect annihilation, attributed to a larger en-
several of these parametéfg? ergy of the AI-N bond as compared to that of the Ga—N
However, the structural connectivity criteridncannot  bond. In this case, the free energy of the defective material
explain the difference in amorphization susceptibility sincemay remain lower than that of the amorphous phase even for
AlGaN and InGaN alloys have the samweurtzite) crystal  large ion fluences, resulting in an effective suppression of the
structure. In addition, a quantitative analysis basediptne  crystalline-to-amorphous phase transition. An increase in Al
ratio of the crystallization temperature to the melting ptint content may also result in a large increase in the free energy
or (i) an enthalpy or free energy differericés difficult be-  of the amorphous phase of AIGaN, thus prohibiting energeti-
cause enthalpies, free energies, and crystallization tempergally unfavorable amorphization.
tures for AIGaN and InGaN alloys are currently unknown.  Conversely, an increase in In content in InGaN dramati-
Finally, based on the bond type criterittt® ion-beam- cally enhances defect agglomeration processes. Such an en-
induced amorphization should occur in solids with bond ion-hancement of damage accumulation may be attributed to the
icities (as defined by Phillig§) <0.47, whereas solids with trapping of ion-beam-generated point defects at In atoms
ionicities of chemical bonds above 0.60 remain crystallineand/or less energetically favorable recovery of broken and
even after high-fluence ion bombardment. Materials withdistorted In—N bonds as compared to the recovery of Ga—N
bond ionicities between 0.47 and 0.60 typically show vary-bonds. These processes, in addition to possible changes in
ing structural stability under ion bombardmént® It should ~ the free energy of the amorphous phase of InGaN, may en-
be noted that the physical mechanisms underlying the enflance local amorphization in InGaN as the free energy of the
pirical bond type criterio?? are not well understood. Never- defective crystal lattice exceeds that of the amorphous phase.
theless, it has been suggested that an increase in electrostdiewever, at this stage additional studies would be desirable
energy associated with substitutional disorder as ionicityf© further clarify the mechanisms of the influence of Al and
increase® and/or the rotational rigidity of covalent borids 1N content on the susceptibility of group-Ili-nitride semicon-
may underlie the ionicity criterion for amorphization. Large ductors to the ion-beam-induced crystalline-to-amorphous
bond ionicity can also facilitate defect annihilation by elec-Phase transition.
trostatically lowering energy barriers to defect interaction

processes.
Table | shows that Phillips ionicitiéSof GaN, AIN, and V. CONCLUSIONS
InN all fall into the last category of materia{&ith ionicities In conclusion, the influence of Al content on the buildup

between 0.47 and 0.8Qvhich may or may not exhibit ion- of structural damage in AGa _,N films (with x
beam-induced amorphization. Hence, none of the criteria=0.0—0.6) under kilo-electron-volt heavy-ion bombardment
previously proposed can be directly applied to predict amorat 77 and 300 K has been studied by a combination of
phization susceptibility of the AlGaN and InGaN alloys. RBS/C and XTEM. We have also reexamined our previous
What then are the criteria for amorphization in these materiRBS/C and XTEM data on ion-beam-produced structural de-
als and what are the underlying mechanisms? fects in InGaNE The main results of the present work can be
Experiment&*! show that ion bombardment can render summarized as follows.
GaN and InN amorphous, while AIN remains crystalline at (i) An increase in Al concentration strongly enhances
300 K even after large fluences of heavy ions. Physicatlynamic annealing processes and, hence, suppresses the pro-
mechanisms of surface and bulk amorphization in GaN havéduction of stable lattice disorder in AlGaN under ion bom-
been discussed in detail in Refs. 26 and 44. Possible initisbardment at 77 or 300 K.
tors for the crystalline-to-amorphous phase transition in GaN (i) An increase in Al content above 0.1 changes the
include: (i) the sample surfacdii) point and planar defects; main features of the damage buildup behavior at 77 K. In
(iii ) stoichiometric imbalance and material decomposition;particular, the effect of damage saturation in the crystal bulk
(iv) excess of interstitials or vacancies; atW implanted at 77 K has been observed for, &a _,N with x=0.1 but
impurities. For GaN, it is clear that even at liquid nitrogen not for samples witkx=0.1.
temperature, strong dynamic annealing effectively sup- (iii) The level of relative disorder~50%—-60% during
presses amorphization. However, defect annihilation prothe defect saturation regim&hen it occurg in the crystal
cesses are not perfect, and lattice defects in GaN effectivelgulk is essentially independent of Al content<0.0—0.6) or
accumulate with increasing ion fluence. For such imperfecimplantation temperaturérom 77 to 300 K.
dynamic annealing, defect clustering in the bulk and trapping  (iv) All AlIGaN (with x=0.0—-0.6) and InGaNwith x
of defects at the sample surface are crucial for amorphiza=0.0—0.2) wafers studied have exhibited no preferential sur-
tion. With increasing concentration of ion-beam-producedface disordering, indicating that the AIGaN or InGaN surface
stable lattice defects in GaN, the free energy of the defectivés not a preferential site for amorphization.
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(v) XTEM has revealed similar defect structuresith 15K, Schmid, Radiat. Eff17, 201 (1973.
the formation of p|anar defects para||e| to the nitride j”mﬂ 1Note in Fig. 1 a pronounced increase in the RBS yield near the sample

AlGaN bombarded at 77 or 300 K as compared to those in surface for Au fluences above5x10'°cm 2. Such an increase in the
GaN and InGaN RBS yield for both channeling and random spectra is due to an overlap of

. . L. . Au and Ga peaks in the spectra taken with the 8°-glancing-angle scattering
(vi) Anincrease in irradiation temperature from 77 up to  geometry.

300 K results in an increase in the amount of ion-beam’C. M. Wang, W. Jiang, W. J. Weber, and L. E. Thomas, J. Mater. R&s.
produced preamorphous disorder in AlGaN. The effective,2945(2002.

o . L . ~°Y. G. Wang, J. Zou, S. O. Kucheyey, J. S. Williams, C. Jagadish, and G.
amorphization fluence, however, increases with increasing: iecirochem. Solid-State Lets G34(2003.

irradiation temperature from 77 up 300 K. 195 0. Kucheyev, J. S. Williams, C. Jagadish, V. S. J. Craig, and G. Li,
(vii) Finally, physical mechanisms controlling the sus-_Appl. Phys. Lett.77, 1455(2000. _ _
ceptibility of AlGaN and InGaN to ion-beam-induced disor- *°S: O- Kucheyev, J. S. Williams, J. Zou, C. Jagadish, and G. Li, Appl. Phys.

dering and to the crystalline-to-amorphous phase transitio Lett. 77, 3577(2000.
Ing Y ! phous p i ElS. O. Kucheyey, J. E. Bradby, J. S. Williams, C. Jagadish, M. V. Swain,

have been discussed. It has been assumed that the crystallinemd G. Li, Appl. Phys. Lett78, 156 (2002.
to-amorphous phase transition occurs when the free enerd§s. O. Kucheyev, J. S. Williams, J. Zou, G. Li, C. Jagadish, and A. 1. Titov,
of the defective material exceeds that of the amorphoug,Nucl Instrum. Methods Phys. Res. 180, 782(2002.
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phase. An increas@ecreasgin dynamic annealing with in- lons in Solids(Pergamon, New York, 1985

creasing Al (In) content has been attributed to a larger24to our knowledge, no experimental studies to determine the value of the
(smalley energy of the Al-N(In—N) bond as compared to  threshold displacement enerd) for Ga, Al, and N in AlGaN or InGaN

the energy of the Ga—N bond. have been reported in the literature. Hence, possible deviations of effec-
tive E4 values from 25 eV, assumed in our simulations, can introduce
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