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The influence of In content on the accumulation of structural damage @gjn,N films (with x
=0.0-0.2) under heavy-ion bombardment is studied by a combination of Rutherford
backscattering/channeling spectrometry and transmission electron microscopy. Results show that an
increase in In concentration strongly suppresses dynamic annealing processes and, hence, enhances
the buildup of stable lattice disorder in InGaN under ion bombardment, A comparison of the damage
buildup behavior and defect microstructure in InGaN with those in GaN is presented. Results of this
study may have significant technological implications for estimation and control of
implantation-produced damage in InGaN/GaN heterostructures20@1L American Institute of
Physics. [DOI: 10.1063/1.1388881

The family of Ili-nitrides (in particular, GaN, AlGaN, of ~3.1x10 cm ?s ! over the dose range fromx410'
and InGaN is currently a subject of extensive research. Sig-to 2x 10'® cm™2 using an ANU 1.7 MV tandem accelerator
nificant interest in these materials is driven by important(NEC, 5SDH-4. During implantation, samples were tilted
technological applications of Ill-nitrides in the fabrication of by ~7° relative to the incident ion beam to minimize chan-
a range of(optoelectronic devices, as has been discussed imeling.
detail in a number of recent reviewdn the fabrication of After implantation, all samples were characterizex
such devices, ion implantation is a very attractive technologisitu by Rutherford backscattering/channelitRBS/Q spec-
cal tool. However, ion implantation inevitably produces lat-trometry using an ANU 1.7 MV tandem accelerattEC,
tice disorder. Because ion-beam-produced damage affects &BDH with 1.8 MeV *He" or 3.3 MeV*He™ ions incident
the properties of the material under bombardment, studies @¢flong the[0001] direction and backscattered into detectors at
imp|antation disorder are techno|ogica”y important_ 98° and 110° relative to the incident beam direction. The 8°
Given such technological importance, considerable workglancing-angle detector geometry with a 1.8 Mé¥e" ion
has recently been done to understand ion-beam-damage p,lbeam was used to provide enhanced depth resolution for ex-
cesses in GaR.However, ion-beam-produced structural @Mining near-surface damage accumulation, while the 20°
damage in AlGaN and InGaN has not been studied in anglancing-angle detector geometry with 3.3 MéMe" ions

detail. These materials are of great importance because ${2s Used to separate In and Ga peaks in the RBS/C spectra to
their role as active and cladding layers in optoelectronic>tudy the accumulation of In and Ga displaced atoms sepa-

devices** Hence, in this letter, we report on studies of the "atély. RBS/C spectra acquired using 3.3 MeV He ions were
influence of In contentx) on the buildup of implantation- a”a'Yzed using one of the convengonal algorithrfes ex- )
produced damage in JGa,_N. Interestingly, results show tracting depth profiles of the effective number of scattering

that an increase ir suppresses dynamic annealing processegenters.' For brevity, su_ch a numbe_r of s_cattenng centers,

) . normalized to the atomic concentration, will be referred to
and enhances the accumulation of stable lattice damage dLB’- ) . ) y
o elow as “relative disorder.” Selected samples were also
ing ion bombardment.

About 1400-A-thick 1Ga,_ N films (x=0.00, 0.03 studied by cross-sectional transmission electron microscopy
e —X — U. y . y

) (XTEM) in a Philips CM12 transmission electron micro-
0.07, 0.12, 0.16, 0.18, and 0.20, witlx=0.01, as measured . .
! ' ' ' ) ' ' : t t 120 keV. XTEM d
by Rutherford backscatteringpn the top of ~2-um-thick >cope operafing & © specimens were prepare

. . by 3 keV Ar' ion-beam thinning using a Gatan precision
wurtzite undoped GaN epilayers were grownaplane sap- ion-polishing system

phire substrates by metalorganic chemical vapor deposition Figure 1 shows RBS/C spectra illustrating lattice dam-

in a rotating disk reactor at Nichia Corp. Samples were im-age in InGa,_,N films bombarded at 20 °C with 300 keV
planted with 300 keV’Au™ ions at 20 °C with a beam flux A, ions to a ;j)z)se of X10% cm 2. It is clearly seen from

Fig. 1 that the level of implantation-produced lattice damage
¥Electronic mail: sergei.kucheyev@anu.edu.au increases with increasing In concentration. It should be noted
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FIG. 1. RBS/C spectréacquired using 1.8 MeV He iopdllustrating lattice ~ FIG. 3. The dose dependence of relative disor@atracted from RBS/C
damage in IpGa, 4N films bombarded at 20 °C with 300 keV Au ions to a data for the Ga peakin the bulk defect peak region for,J6a - ,N samples
dose of 4b(1013 cm_2 with a beam flux of~3.1x 1012 Cm_2 S_l. Indium bombarded with 300 keV Au ions at 20 °C with a beam flux-e8.1
content &) in different samples is indicated in the legend. The positions of X 10" cm™?s™%. Indium content X) in different samples is given in the
the surface peaks of In and Ga are shown by arrows. legend.

that, for a given dose, an increase in relative disorder withaII InGaN samples studied. Hence, the reduced efficiency of

increasing In content is actually larger than that suggested bd hamic annealing in InGaN appears not to be caused by
9 y1arg 99 educed effective diffusivities of only Ga or In interstitials.

Fig. 1 pecause the RBS random Ieyel of @“d.mh Is used to Figure 3 summarizes RBS/C data for all samples stud-
normalize damagedecreases with increasing In concentra-. . . .
X . . . ed, showing the dose dependence of relative disofeler
tion. Figure 1 also shows that the damage buildup in InGa

: : C . racted from RBS/C data for the Ga peak depths corre-
does not result in a bimodal distribution with a strong surface

disorder peak, in contrast to the situation for GaMdeed, sponding t_o the bulk defect peak_ region forx:Bal__XN
. . . . samples with differenx bombarded with 300 keV Au ions at
even in the sample with the lowest In concentration studie

(Ing oG o), surface disordering is not strof 0 °C. It is clearly seen from Fig. 3 that an increase in In
0032%.97Y) : 9 "g. . concentration strongly enhances implantation-produced dis-

Typical RBS/C spectra illustrating the buildup of lattice order. Eor example. Fia. 3 shows that for a dose of 4
disorder in IRGa, _,N with increasing dose of 300 keV Au ; pe, "Ig. X

3 ~m2 ; ; ;
ions at 20 °C are shown in Fig. 2 for the casexef0.12. In X 10" cm * the level of relative disorder in &N

i ) 0 Caron ok
these spectra, acquired using 3.3 MeV He ions, the Ga and l%amples dramatically increases frome% to ~85% with

peaks are well separated, which allows the accumulation 0|]ncrea:~“,|ng><from 0.0 to 0.2. This behavior is consistent with

Ga and In displaced atoms to be monitored separately. Figurae previous report comparing the_ degr_ee of dynamic anneal-
L L ing in different semiconductors, including GaN and Ik
2 shows that, with increasing ion dose, the number of In and

Ga displaced atoms accumulates at similar rates for both spggdltlon' Fig. 3 reveals that an increase in In concentration

cies. Moreover, an analysis of RBS/C data reveals that, in aﬁtpparently suppresses the effect of damage saturation in the
: ' . . . ' . crystal bulk. Such defect saturation is very pronounced in

InGaN samples studied, this accumulation of Ga and In dis: :

) GaN under heavy-ion bombardment at room temperature

order proceeds at essentially the same rate. Indeed, for a

given dose, RBS/C yieldgormalized to random level$or (see Ref. 2 and Fig.)3 Fl'gurt'e 3’. hquever, shows that the
Ga and In peaks are the sarfveithin experimental errdrin effect of damage saturation is significantly less pronounced
P P in InGaN samples, with apparent saturation levels increasing

with an increase ix.
Ga Depth (&) In selected samples, ion-beam-produced defects have
5000 2500 0 been studied by XTEM. Figures(@ and 4b) show dark-
' 197 ' field XTEM images of 1 1Ga giN implanted at 20 °C with
- . “ — In,,Ga,, N 300 keV Au ions to a dose of410*® cm™2 These XTEM
TR ey images reveal that defect structures in ion implanted InGaN
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FIG. 2. RBS/C spectrdacquired using 3.3 MeV He iohshowing the o

damage buildup for 300 keV Au ion bombardment of f5&, g\ at 20 °C FIG. 4. Dark-field XTEM image$(a) g=0002 and (b) g=1100*] of an
with a beam flux of~3.1x 10" cm 2s . Implantation dosegin cm 2 Ing.16Ga g epilayer bombarded at 20 °C with 300 keV Au ions with a
are indicated in the figure. The positions of the surface peaks of In and Gheam flux of~3.1x 102 cm 2?s ! to a dose of 4 10'® cm 2. Images(a
are shown by arrows. and (b) are of the same magnification.
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heavy-ion bombardment at room temperature, the amor-
phization behavior of InGaN is markedly different from that
of GaN. Indeed, in GaN, under room-temperature heavy-ion
bombardment, amorphization proceeds layer-by-layer from
the surfacé. It should be noted that amorphization which

: . proceeds via the formation of amorphous regions embedded
Tgm & & into a heavily damaged crystalline matfsuch as shown in
Fig. 5 is typical for materials in which dynamic annealing,
although being present, is not significant compared with the

FIG. 5. Bright-field(a) and dark-fieldb) XTEM images g=0002) of an  Fate of accumulation of stable lattice disor8er.

INg.16Ga g N epilayer bombarded at 20 °C with 300 keV Au ions with a In  conclusion, the structural characteristics of
beam flux of~3.1x10** cm™?s™* to a dose of 210" cm™?. Images(a) In,Ga,_,N layers bombarded with keV heavy ions have
and(b) are of the same magnification. been studied by RBS/C and XTEM. Results show that an

o ) increase in In conter(i) suppresses dynamic annealing pro-
appear to be similar to those previously reported for GaN:esses(ii) enhances the accumulation of stable lattice de-
bombarded with heavy iorfsindeed, some coarse defect fects, andiii) weakens the effect of damage saturation in the
clusters[see Fig. 4a)] and a band of extendef@lanah de- |k during room temperature bombardment. In addition, we
fects [see Fig. 4b)] are observed in ion implanted GaN. haye found that, with increasing ion dose, the number of In
However, Fig. 4b) shows that, in the case of InGaN, gng Ga displaced atoms accumulates at essentially the same
implantation-produced planar defects seem to be coarser apghe (within experimental error XTEM has revealed similar
less regular than those in ion implanted GaN. This observagefect structures in ion implanted InGaN as compared to
tion is consistent with the fact that, as discussed above, dyose in GaN. However, extended defects appear to be
namic annealing processes in InGaN are suppressed as COByarser and less regular in InGaN than those in GaN, which

pared to those in GaN. Indeed, it is dynamic annealing whichis consistent with a reduced level of dynamic annealing in
is responsible for the formation of extended defects duringngan.
ion bombardment.

It is also interesting that a rather sharp border of
implantation-produced damage is seen in Fig. 4, where exisee, for example, S. J. Pearton, J. C. Zolper, R. J. Shul, and F. Ren, J.
tended defects are observed only within the top InGaN film, Appl. Phys.86, 1(1999; S. C. Jain, M. Willander, J. Narayan, and R. Van

; ; ; ; _ Overstraetenipid. 87, 965 (2000, and references therein.
while the underlylng .GaN epllaygr IS fr?e from such ex 2gee, for example, B. Rauschenbach|lisNitride Semiconductors: Elec-
tend_ed defect_s. This is also (_:0n3|stent with the fact thfalt_ dY- yrical, Structural and Defects Propertiesedited by M. O. Manasreh
namic annealing processes in GaN are extremely efficient, (Eisevier, Amsterdam, 2000S. O. Kucheyev, J. S. Williams, and S. J.

which results in a considerably lower level of lattice disorder 3Peart0'|1, Mat_er_-dSCé Eng., ?3, 51 (ZOOdD- Wy in. 1969
: ; H. Morkog, Nitride Semiconductors and Devic&Springer, Berlin, 1
in GaN as compared to that in InGaN. 4S. Nakamura, irProperties, Processing and Applications of Gallium Ni-

Finally, Figs. %a) and §b) show bright- and dark-field  t1ige and Related Semiconductoredited by J. H. Edgar, S. Strite, I.
XTEM images of an lg,dGay g\ film implanted at 20 °C Akasaki, H. Amano, and C. WetzedNSPEC—IEE, London, 1999
with 300 keV Au ions to a dose of 210 cm 2. These Z:ﬁ iﬁhflzidt; Radiag tnglj 201(137?- 4 curface defect seaks ob
: : : . should be noted that somewhat pronounced surface defect peaks ob-
images cle_arly illustrate that, even in the case Qf relatively (' cqin RBS/C spectra of JgGa, oN and In,,/Ga, N samples shown
high dose ion bombardment, when the RBS/C yield reaches;, Fig. 1 are most likely due to an overlap of ion-beam-produced bulk and
the random leve(see Fig. 3, the implanted InGaN film may intrinsic (.., present in as-grown samplasirface RBS/C peaks. Indeed,
not be completely disorderedi.e., amorphous Rather, for larger ion doses and, hence, for higher levels of lattice disorder, no
XTEM strongly suggests that the |G ap g N film shown in preferential surface disordering has been revealed, and RBS/C spectra are

) 4 0:15-0.8 : unimodal even for samples with low In content.

Fig. 5 consists of amorphous regions embedded into &; s wiliams, Mater. Sci. Eng., 253 8 (1998.
heavily damagedbut still crystalling matrix. Hence, under 2See, for example, J. F. Gibbons, Proc. |IEGE 1062 (1972.



