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Damage buildup in GaN under ion bombardment
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The damage buildup until amorphization in wurtzite GaN films under keV lit@t)(and heavy ¥’Au) ion
bombardment at room and liquid nitrogen (PNtemperatures is studied by Rutherford backscattering/
channeling(RBS/Q spectrometry and transmission electron microscOfgM). The effect of beam flux on
implantation damage in GaN is reported. A marked similarity between damage buildup for light and heavy ion
bombardment regimes is observed. The results point to substantial dynamic annealing of irradiation defects
even during heavy ion bombardment at 4 démperature. Amorphization starts from the GaN surface with
increasing ion dose for both LNand room-temperature bombardment with light or heavy ions. A strong
surface defect peak, seen by RBS/C, arises from an amorphous layer at the GaN surface, as indicated by TEM.
The origin of such an amorphous layer is attributed to the trapping of mobile point defects by the GaN surface,
as suggested by the flux behavior. However, in the samples implanted with light ions to low doses (1
X 10" cm ?), no amorphous layer on the GaN surface is revealed by TEM. Damage buildup is highly sig-
modal for LN, temperature irradiation with light or heavy ions. Formation of planar defects in the crystal bulk
is assumed to provide a “nucleation site” for amorphization with increasing ion dose during irradiatior; at LN
temperature. For room-temperature bombardment with heavy ions, the damage in the GaN bulk region satu-
rates at a level lower than that of the amorphous phase, as measured by RBS/C, and amorphization proceeds
from the GaN surface with increasing ion dose. For such a saturation regime at room temperature, implantation
damage in the bulk consists of point-defect clusters and planar defects which are parallel to the basal plane of
the GaN film. Various defect interaction processes in GaN during ion bombardment are proposed to explain the
observed, somewhat unexpected behavior of disorder buildup.

[. INTRODUCTION studies often give an insight into the important properties of
the defects produced by an ion beam. For example, informa-
For much of the past decade, extensive studies of GaMon on the mobility and effective lifetimes of defects, defect
have demonstrated amazing success leading to the fabricalustering efficiency, and on the influence of interfaces on
tion of a range of both electronic and photonic devites. mobile defects can often be obtained from an analysis of
However, given the present understanding of its propertiedamage buildup under ion irradiation.
and processes taking place during various technological Given the current understanding of ion beam damage pro-
steps, GaN is still far from being considered as a matureesses in mature semiconductor materials such as Si and
semiconductor material. In particular, the data reported in th&aAs, one can select two limiting cases based on the char-
literature on damage processes in GaN under ion bombarécteristics of the collision cascades generated by energetic
ment are still rather limited and far from being understoodions penetrating through a cryst8l.These two cases are
despite the technological importance of studies orbombardment by light and heavy ions relative to the masses
implantation-produced disorder in GaN. For example, ionof the host atoms of the material under bombardment. In the
implantation can be applied for selective-area doping andase of light ions, collision cascades are very dilute and con-
dry-etching of GaN. Because device performance depends aist mostly of simple point defects such as vacancies and
defect type and concentration, systematic studies of ion beanterstitials. In the case of heavy ions, where the nuclear
damage in GaN represent an example of not only a physienergy loss rate is large, it is generally believed that each ion
cally interesting research subject but also a study that magenerates a dense collision cascade which, upon very fast
have significant implications for the fast developing GaNquenching, can often result in an amorphous Zdrgom-
industry. bardment by intermediate mass ions represents a combina-
Up to now, few detailed studies have been reported on thdon of these two limiting cases.

structural characterization of disorder buildup in GaN under Neither light nor heavy ion-induced damage buildup stud-
ion bombardment:® This situation is surprising since such ies in GaN have been reported in the literature. Detailed
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studies of amorphization behavior with increasing ion dose Depth (A)
have been reported only for bombardment of GaN witf Si, 1000 500 0

¢ and Ca(Ref. 6 ions at liquid nitrogen (L}) tempera- sooo b '(a) ’ OkVC — GaN = = -vien ]
ture. The effects of implantation temperature and beam flux LN, —e—1x10!3 |

on the amorphization behavior of GaN have not been re- 400
ported even for bombardment with these intermediate mass
ions.

In this paper, we report on the results of our systematlc »
study of structural damage in GaN under ion bombardment. & 2000
We report here the influence of implant conditions on amor-
phization behavior of GaN during both light’C) and heavy
ion (**’Au) bombardment. Rutherford backscattering/
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channelingRBS/Q spectrometry was used to monitor gross 01.0 1.2 1.4 1.6 1.8
lattice disorder, while cross-sectional transmission electron Energy (MeV)
microscopy(TEM) was applied to identify the nature of the
defects produced by an ion beam. The results point to a Depth (A)
marked similarity between damage buildup for light and 100 50 0 i
heavy ion bombardment regimes. However, some differ- sgoo} (b) 40keV C —> GaN = = viggin |
ences between these two regimes have also been observe RT —e—1x10'S
Based on the experimental results, we propose an explana 4000 _'_2"“’1: g
tion for the complex damage accumulation observed in GaN / IZ::gIS ]
under ion bombardment. 2 3000 [ random 11016 ]
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Il. EXPERIMENT
1000

The wurtzite GaN layers used in this study wer@ um e rysyye o Yadan _*—::g::
thick, epitaxially grown onc-plane sapphire substrates by ===
metalorganic chemical vapor depositiddOCVD) in a ro- 1.0 12 B 1‘11\/1 v 16 18
tating disk reactor at LED Expert Corporation. Implantation nergy (MeV)
with 40 keV*°C and with 100, 300, and 450 ke¥’Au ions FIG. 1. RBS/C spectra showing the damage buildup for 40 keV
was done at LM and RT over a wide dose range. Implanta- C ion bombardment of GaN at LNa) and RT(b) with a beam flux
tion with 40 keV'?C and 100 ke\A°’Au ions was carried out  of 1.4x 1083 cm 2s L. Implantation dose§in cm™?) are indicated
using the ANU 180 kV ion implanter. The ANU 1.7 MV in the figure.
tandem acceleratdNEC, 5SDH was used for the bombard-
ment by higher energy ions. During implantation, samples Ill. RESULTS
were tilted by~7° relative to the incident ion beam to avoid . .
channeling. An average scanned ion beam flux was kept con- A. Bombardment with 40 keV C fons
stant during implantation to different doses by ions with the Figure 1 shows RBS/C spectra that illustrate the damage
same energy and mass to study damage buildup. Addition&luildup in GaN with an increasing dose of 40 keV C ions
implantation was performed at different beam fluxes. implanted with a beam flux of 1x410*cm 2s ! at LN,

For some samples, prior to ion bombardment, silicon ox{Fig. 1(@] and RT[Fig. 1(b)]. A number of features of these
ide (SiQ)) or silicon nitride (S{N,) capping layerg~300 A spectra, which show damage in the Ga sublattice, are of in-
thick) were deposited on the GaN surface at temperatures dérest. First, the distorted shape of the RBS/C spectra for
100°C (in the case of SiQ and 300°C(in the case of GaN implanted to high doses>2x 10**cm™?) is due to the
SikN,) using an Oxford Plasmalab 80 plasma enhance(ﬂormatlon of a GGaN, alloy with an increasing dose of C
chemical vapor depositiolPECVD) system at the ANU. ions!? This effect is also illustrated in Fig. 2, which shows
The deposition was carried out in order to prevent decompothat, with increasing ion dose, the aligned RBS/C spectra
sition of GaN during ion bombardment. Atomic force mi- exhibit a complex behavior with a general trendefiuction
croscopy(AFM) was used to monitor the quality of depos- in the yield for high doses¥5x 10°cm™2). It is interesting
ited capping layers. that, relative to the energy scale, the depth scale also changes

After implantation, samples were analyzes situ by  with increasing dose due to the changes in the energy losses
RBS/C with 1.8 MeV*He" ions incident along th¢0001]  of the analyzing 1.8 MeV Heions. Such a complex behav-
direction and backscattered into detectors-af70° and 98° ior is a result of the introduction into the GaN lattice of a
relative to the incident beam direction. The latter glancing-high concentration of>C atoms, which are much lighter than
angle detector was used to provide enhanced depth resoltfGa. As shown by us previousfythe preferential loss of
tion for examining near-surface damage accumulationnitrogen during high-dose ion bombardment also influences
Cross-sectional TEM specimens were prepared by ian  the RBS/C yield in the near-surface region. Figure 2 clearly
beam thinning using a Gatan precision ion polishing systenillustrates a potential difficulty of studying amorphization in
operating at 3 keV. These TEM specimens were investigate@aN under light ion bombardment when very high doses are
in a Philips CM12 TEM operating at 120 keV. required for amorphization.
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and(b) g=1100*] of the GaN epilayers bombarded with 40 keV C
ions with a beam flux of 1410%cm?s! to a dose of 8

FIG. 2. RBS/C spectra of GaN implanted to high doses with 40 10'*cm ™2 at LN, temperature.
keV C ions at LN temperature with a beam flux of 1.4
x 108 cm2s™L Implantation dose§n cm™2) are indicated in the reason for the appearance of a strong surface peak and sug-
figure. gested that the GaN surface acted as a strong sink for mi-
grating point defects. This effect is discussed in more detail
Also seen from Fig. 1 is an apparent small shift of thebelow.
maximum of the bulk defect peak to lower backscattering Figure 3 shows dark-field TEM images taken from GaN
energies with increasing level of lattice disorder. This shiftimplanted with 40 keV C ions with a beam flux of 1.4
has been attributed to the difference in the energy loss ok 1013cm 2s ! to a dose of & 10°cm 2 at LN, tempera-
analyzing 1.8 MeV Hg ions incident along channeling and ture. The RBS/C spectrum of the same sample is shown by
random directions? It should be noted that the depth scalesdiamonds in Fig. (a). The TEM micrograph shown in Fig.
in the RBS/C spectra reported in this paper have been calc®a) (g=0002) indicates the presence of point-defect clus-
lated with the stopping powers of Ga and N in an amorphousers in the implanted regiofup to ~900 A from the GaN
matrix. Therefore, the depth scales should be more accuratgrface. In addition, the image witlg=1100* shown in
for the spectra with high damage levels, where the error regijg. 3(h) reveals some planar defects present in the bulk
sulting from the different stopping power in a channelingdefect peak region. These planar defects are parallel to the
direction should be small. This has been discussed in morgasal plane of the GaN film. Although the region between
detail elsewhere? bulk and surface defect peaks is free from planar defsets
Another feature seen from Fig. 1 is that an increase in therig. 3(b)], a small concentration of point-defect clusters is
implantation temperature from Li\to RT appreciably re- present in this region, as indicated by Figa)3 Therefore,
duces implantation damage. Although this trend is not unexthese TEM data are in good agreement with the damage
pected, the magnitude of the temperature effect on posHepth profile measured by RBS[Eig. 1(a)].
implantation damage is of more interest. The results from Selected samples have been studied by cross-sectional
Fig. 1 do not indicate a very strong effect of the temperaturergm with the electron beam precisely parallel to the GaN
on the gross amount of post-implantation disorder in GaNsyrface to eliminate edge effects on the contrast of the near-
under the Implant conditions of this Study. However, it is surface region_ F|gure(4) shows such a br|ght-f|e|d image
reasonable to expect a much stronger effect of implantatiogf the same sample depicted in Fig. 3. A thin layer of amor-
temperature on damage for some beam flux values differeqyhous material on the GaN surface is clearly seen. This layer
from the one used in this study (&x40cm™?s™). In-  has a different contrast to that of the glue and of the crystal-
deed, for mature semiconductor materig@s and GaAsfor  |ine GaN. TEM investigation by switching between bright-
some implantation regimes with substantial dynamic annealie|d imaging and dark-field imaging indicates that this layer

ing (i.e., at elevated temperatufei has been shown that the s amorphous. This finding is also consistent with the RBS/C
effect of implantation temperature on post-implantation dis-

order can be strong, but the magnitude of the effect can _ '
appreciably depend on beam fl(see, for example, Refs. 14 5 -POXY.» 3 4 Surface Al
and 15. >

The next important feature from Fig. 1 is that the shape of
the measured damage profiles significantly departs from an
expected Gaussian-like defect profile calculated based only
on the nuclear energy loss processes using, for example, the
TRIM code’® Two peaks in the experimental damage distri-
bution are clearly seen, corresponding to surface and bulk
peaks of disorder. The bulk peak close to the depth of the FiG. 4. (a) Cross-sectional bright-field TEM image taken from
maximum nuclear energy logs-500 A) is not unexpected.  the same GaN sample depicted in Fig(t8.Cross-sectional bright-

However, as reported by us previouSlgn unusually strong field TEM image of GaN implanted with 100 keV Au ions with a
surface peak of disorder in GaN bombarded under a wid@eam flux of 1.4 10"3cm ?s ' to a dose of ¥ 10" cm 2 at LN,

range of implant conditions is somewhat surprising. Our pretemperature. Amorphous layefigbeled as A.L. on the GaN sur-
vious result$ indicated that nitrogen loss was not the mainface are clearly demonstrated.

Energy (MeV)
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FIG. 5. Cross-sectional weak-beam TEM images= 0002 1000 £ random J

with g/6.1g imaging condition of the GaN epilayers bombarded ey

with 40 keV C ions with a beam flux of 1:410%cm ?s ! to a 012 o T s s s

dose of 1x10"cm™2 at LN, (&) and RT(b). ' ' Energy (MeV) ' '

yield reaching the random level at the surface, as measured Depth (&)

with the glancing-angle detector geometry. For comparison, 800 600 400 200 0

Fig. 4(b) shows a bright-field micrograph of a sample im- s000 | l(b) ' ’ ' " == virgin |
planted with Au ions, which is described later. —e—sx10'3

Figure 5 showsg=0002 (with g/6.1g imaging condi- 4000 """1’“01:.
tion) weak-beam TEM images taken from samples implanted 3 oty T
with 40 keV C ions with a beam flux of 12410 cm2st = 3000 | RT s",egex;" _'_ix:gm-
to a dose of X10®cm 2 at LN, [Fig. 5a)] and RT[Fig. § ,"ji&?‘xxx $ :::5;014
5(b)]. Figure 5 indicates that, for such a low-dose 2000 ;AR —x—x1014]
implantatiort’ (1x 10®°cm™2), RT bombardment produces a ——7x1014]
similar type of residual damage to irradiation at J.i¢m- 1000 " R - - - <1085
perature. In addition, a comparison of RBS/C spectra of "

these two sampldsee Figs. (a) and Xb)] suggests a higher 1.2 ,3 1,4 » 1.5 1,6 1.7
damage level in the RT implanted sample. The RBS/C yield Energy (MeV)

FIG. 7. RBS/C spectra showing the damage buildup for 100 keV

o 40keV C = GaN (a) Au ion bombardment of GaN at LN@) and RT(b) with a beam
£ 1 ——s—8—use—8—4 flux of 1.4x 103 cm ?s L. Implantation doseéin cm™?) are indi-
g - cated in the figure.
g n—n F‘, o
£ -—
§ o ,P —B— Surface; LN, of the sample implanted at RT is higher than that of the
B s - O~ Bulg LN, sample bombarded at LNemperature to the same dose of
= ’ ,d —@-— Suface; RT 1x10%cm=2
E o} A .- -0- BukRT | ; ' _
S 0.2l 3 Figure 8a) shows the magnitudes of the surface and bulk
o . . defect peaks, taken from Fig. 1, as a function of the dose of
1015 1016 1017 40 keV C ions implanted at LNand RT. The peak levels
Dose (cm2) have been normalized to the random level for each dose to
. . take into account the effect of high-dose implantation on the
9 (b) random yield. It is clearly seen from Fig(ef that the dam-
& 1} 300keVAu—> GaN p—os—a age buildup in GaN is highly sigmodal for the case of light
g ‘.A____,L. _.00--0 ion bombardment. This behavior is consistent with the re-
g :7— /d' ,o"' sults_ of LN, tempergztureebombardment of GaN witlh inter-
s Rl mediate mass iorSi,” Ar,° and Ca(Ref. 6]. Such a sigmo-
g a7 @~ Surface; LN, dality represents a characteristic feature of nucleation-limited
3 R - O Buls LN, damage buildup, as discussed in more detail below.
Eoif - , —@—Suface; RT 1
2 o’ - - O- Bulk;RT
o~ B. Bombardment with 100 keV Au ions
1014 1013 Figure 7 shows RBS/C spectra that illustrate the damage
Dose (cm'2)

buildup in GaN with an increasing dose of 100 keV Au ions

FIG. 6. Dose dependence of the magnitudes of the bulk andMPlanted with a beam flux of 1>41013_Cm st at LN,
surface defect peaks for 40 keV C ion bombardment atamnd RT ~ LFi9- 7(@] and RT[Fig. 7(b)]. A comparison of Figs. @
with a beam flux of 1.4 10 cm™2s* (a) and for 300 keV Auion ~and 7b) reveals quite different damage buildup behavior
bombardment at LN temperature with a beam flux of 3.1 With increasing the dose of 100 keV Au ions for hBind RT

x102cm2s! and at RT with a beam flux of 4.4 bombardment regimes. Indeed, for LMemperature irradia-
X 102cm 257 (b). The peak levels have been normalized to thetion, for doses up to~2Xx10*cm 2, Fig. 7@ shows an
random level. accumulation of damage preferentially at the GaN surface,
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away from the maximum of the nuclear energy loss profile.
Then, in the dose range from-2x10%cm ™2 to 4
x 10**cm ™2, damage in the GaN bulk regidr-150 A from

RBS Yield

—_ 15
the GaN surfaceexhibits a very rapid increase from a very f +_?:;1120m
low level to apparent amorphization, as indicated by the (3x1015)

RBS/C yield reaching the random level. This rapid disorder
buildup results in a strong sigmodality of the damage-dose 1.0 12
function, as discussed in more detail below. In contrast to

LN, temperature, bombardment atRT dogs no.t re.sult In STUCh FIG. 9. RBS/C spectra showing the damage buildup for 300 keV
a fast growth o_f damage in the bulk region with INCréasiNga, jon bombardment of GaN at LNemperature with a beam flux
ion dose[see Fig. T)]. Instead, damage in the bulk region o 3 1% 102cm=25t (a and at RT with a beam flux of 4.4
saturates below the random level, and amorphization appeags) 32 cm-2 s (b). Implantation doseéin cm™2) are indicated in

to proceed layer-by-layer from the GaN surface, as indicateghe figure.

by RBS/C spectra shown in Fig(Ly.

Figure 8 shows dark-field TEM images taken from GaNand a thin amorphous layer to be separated in the RBS/C
implanted with 100 keV Au ions with a beam flux of 1.4 spectra, even for the glancing-angle detector geometry used
x10%cm 2s! to doses of X10*cm 2 [Figs. §a) and in this study. Therefore, a higher energy of gold ions has
8(c)] and 3x 10**cm 2 [Figs. 8§b) and &d)] at LN, tempera-  been used, as presented below.
ture. Images taken under tige= 0002 condition[Figs. §a) _ _
and 8b)] indicate the presence of point-defect clusters in the C. Bombardment with 300 keV Au ions
implanted regiongup to ~300 A from the GaN surfage Shown in Fig. 9 are RBS/C spectra illustrating damage
while images taken under thyg= 1100* condition[Figs. §c) accumulation in GaN with a dose of 300 keV Au ions im-
and 8&d)] reveal some planar defects. The concentration oplanted at LN temperature with a beam flux of 3.1
these planar defects, which are parallel to the basal plane of 10?cm ?s ! [Fig. 9a)] and at RT with a beam flux of
the GaN film, increases with increasing ion dose, as seed.4x 10"2cm 2s ! [Fig. 9b)]. Compared to 100 keV Au
from a comparison of Figs.(8) and 8d). A similar band of bombardment, in this case the RBS/C depth resolution is
planar defects has been observed in GaN bombarded witufficient for the bulk and surface peaks of disorder to be
light ions[see Fig. 80)]. separated in the spectra. A comparison of Figs. 7 and 9

Shown in Fig. 4b) is a bright-field TEM image taken shows that the main features of damage buildup behavior do
from the GaN sample shown in Figs(b® and &d). This  not change upon increasing the energy of Au ions from 100
image was taken under the same conditions as the imade 300 keV. One can see the same highly sigmodal damage
from Fig. 4a). The similarity between these two images for buildup for LN, temperature bombardmeffig. Aa)] and a
light and heavy ions is clear. Both exhibit thin surface amor-pronounced effect of damage saturation in the bulk region
phous layers and defect clusters in the bulk. This result suger implantation at RT[Fig. 9b)]. These effects are also
gests that ion bombardment with both light and heavy ionsllustrated in Fig. b), which shows the magnitudes of the
leads to the formation of a thin amorphous layer on the GaMurface and bulk defect peaksken from Fig. 9 as a func-
surface. However, for 100 keV Au ion bombardment, thetion of the dose of 300 keV Au ions implanted at 4 &nd
bulk damage profile is too shallow for the bulk defect peakRT.

1.8

1.4
Energy (MeV)
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(b),(d),(f) g= 1100 ] taken from GaN implanted at RT with
300 keV Au ions with a beam flux of 4:4102cm 2s ™! to
doses of &10%cm 2 [Figs. 1Ga) and 1Gb)], 7

X 10" cm™2 [Figs. 1@c) and 1Qd)], and 1.5<10*®°cm™2
[Figs. 1@e) and 1@f)]. Although some defect clusters are
seen in the implanted region of the sample bombarded to a
dose of 810"cm™? [Fig. 10@)], no planar defects have
been revealed by TEM after such a low-dose implantation
[Fig. 10b)]. Again, a strong surface defect peak in the
RBS/C spectrum of this samp|&ig. 9b)] appears to arise
from a thin amorphous layer at the GaN surface, as sug-
gested by the bright-field TEM imadsee Fig. 11a)] taken
under the same imaging conditions as the images from
Fig. 4.

TEM images from the samples implanted to higher doses
(7x 10" and 1.5¢10%cm ?) clearly illustrate point-defect
clusters(Fig. 10c,@) and a band of large planar defects
[Figs. 1ad) and 1@f)] produced by heavy ion bombardment.
It is also seen from Fig. 18) that the region between the
surface and the bulk defect peaks is free from planar defects.
Additional TEM investigation reveals an amorphous layer on
the GaN surface of this sampla dose of K 10'*cm™?), as
shown in Fig. 11b). As expected, the thickness of the sur-
face amorphous layer in this sample@ dose of 7

FIG. 10. Cross-sectional dark-fiel)—(d) and bright-field X 10cm™2) is larger than the amorphous layer thickness in
(e),(f) TEM images[(a),(c),(e) g=0002 and(b),(d),(f) g=1100*]  the sample implanted to a lower dose ok 80'3cm ™2, as
of the GaN epilayers bombarded at RT with 300 keV Au ions withseen from Figs. 1& and 11b). Figures 10e) and 1Qf)
abeam flux of 4.4 10" cm™?s™* to doses of & 10"cm™? (a),(b), illustrate a relatively thick surface amorphous laye#00 A
7x10*cm™? (¢),(d), and 1.5¢10"cm ™2 (e),(f). thick) in the sample implanted to a dose of X.50°cm2

This result supports the RBS/C data from Figh)2hat, with

It should be noted that the magnitudes of the surface dencreasing ion dose, amorphization proceeds layer-by-layer
fect peaks relative to the random level depend on the geonfrom the surface. Figure 1) also shows that, in the satura-
etry of RBS/C measurements. For example, it is seen frontion regime, the damage in the bulk consists of large planar
Fig. 9a), which shows RBS/C spectra measured with 8°defects in addition to some defect complexes revealed by
glancing-angle detector geometry, that the surface peak of ig. 10(e) taken under different diffraction conditions.
sample implanted with 300 keV Au ions at Lkemperature
to a dose of X 10"*cm 2 is below the random level. How- D. Bombardment of GaN capped with SiQ or Si;N,
ever, the surface peak of the same sample reaches the ran- ]
dom level when measured by RBS/C with about 3° glancing- The formation of an amorphous layer observed at the
angle detector geometry to provide a better depth resolutioaN surface may be due to the effect of preferential loss of
in the near-surface region. This residbtained also for other Nitrogen during ion implantation. To clarify this point, prior
selected Samp'éas well as the TEM dat@ee F|g 4sug_ to ion bombardment, silicon oxide (S,!DOI’ silicon nitride
gest that the strong surface peak in RBS/C spectra ariséSikNy) cap layers(~300 A thick were deposited on the
from a thin amorphous layer on the GaN surface. GaN surface in order to inhibit decomposition of GaN during

Figure 10 shows TEM imagdsa),(c),(e) g=0002 and ion bombardment. RBS/C spectra shown in Figgaland

12(b) illustrate the damage buildup in GaN with a Si@yer

on the GaN surface bombarded at 4 Nrig. 12a)] and RT

A.L. Epoxy Surface A.L [Fig. 12b)] with 450 keV Au ions. Figure 12) shows the

RBS/C spectra of GaN with a ®l, cap layer on the GaN
surface after bombardment with 450 keV Au ions at RT. The
Au ion energy of 450 keV was chosen so that, after traveling
through an~300 A cap layer, the average energy of ions
passing through the Si@GaN or S{N,/GaN interface was
b 50 nm close to 300 keV. In this case, we can roughly compare these
data with the results of 300 keV Au bombardment of GaN

FIG. 11. Cross-sectional bright-field TEM images of GaN im- Without preimplantation cappin@=ig. 9). _ o
planted with 300 keV Au ions at RT with a beam flux of 4.4 It is clearly seen from Fig. 12 that capping with either
x1022cm 25! to a dose of &102cm ™2 (@) and 7x10%cm2  SiO, or SiN, layers does not eliminate strong surface disor-
(b). Amorphous layerslabeled as A. L). on the GaN surface are dering for both LN and RT bombardment regimes. There-
clearly demonstrated. The thickness of the surface amorphous layéore, the loss of N from the GaN surface during ion irradia-
increases with increasing ion dose. tion appears not to be the main reason for preferential
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M IV. DISCUSSION
§ The above experimental data indicate very strong recov-
ery of ion-generated defects in GaN during ion bombardment

En.ergy (Mevj ' even at LN temperature. In contrast to Si or GaAs, GaN is
extremely difficult to amorphize by ion bombardméhEor
FIG. 12. RBS/C spectra showing the damage buildup in GaNexample, amorphous layers in Si or GaAs can be created by
capped with a SiQ(a),(b) or SkN, (c) layer ~300 A thick. Im-  heavy ion bombardment at RT to doses of the order of
plantation was carried out with 450 keV Au ions at 4 ¢mpera-  10*cm ™2, while GaN remains crystalline to much higher
ture with a beam flux of 3:X10"%cm 2s7! (a) and at RT with a  jon doseqgsee, for example, Figs.(3) and 9b)]. This is a
beam flux of 4.410cm™2s™* (b),(c). Implantation dosedin  direct consequence of very efficient dynamic annealing pro-
cm?) are indicated in the figure. cesses in GaN during ion bombardment. However, dynamic
annealing is never perfett!® With increasing ion dose,

disordering in the near-surface region of GaN and for the aN exhibits layer-by-layer amorphization proceeding from

formation of a surface amorphous layer, as has also bee ;
. : . . the surface as well as the nucleation and growth of a band of
briefly reported by us previousRThe formation mechanism .
extended defects in the bulk.

of a surface amorphous layer is revealed more fully by the Very similar behavior has been observed during elevated

flux behavior, which is discussed below. temperature ion bombardment of Si or Gafse, for ex-
ample, Refs. 14, 15, and 18-22n fact, at elevated tem-
peratures, Si and GaAs exhibit stroftgut also not perfegt
Finally, Fig. 13 shows RBS/C spectra illustrating the ef-dynamic annealing which leads to eventual buildup of radia-
fect of the beam flux on implantation damage produced bytion damage in the form of extended defects and, ultimately,
300 keV Au ion bombardment of GaN at LNIFig. 13a)] to amorphization. During elevated temperature ion bombard-
and RT[Fig. 13b)]. It is seen that, with increasing beam ment of Si or GaAs, amorphization also often proceeds from
flux, the magnitude of the bulk defect peak also increases fathe surface.
both LN, and RT implantation regimes. However, Fig(i3 Although ion beam processes in GaN atla&hd RT have
also shows that, for RT irradiation, the surface defect peakome similarity with those in Si and GaAs during elevated
decreases$n magnitude with increasing beam flux. This=  temperature bombardment, the damage buildup in GaN ap-
verse flux effectobserved also in the case of light ion bom- pears to be even more complex. In the discussion below, we
bardment of GaN at Lhtemperature, strongly supports the examine a number of defect processes which are plausible in
important role of mobile point defects in the formation andGaN during ion irradiation. Later in this paper, we will
growth of a surface amorphous layer in GaN under ion bombriefly return to compare proposed processes in GaN with
bardment, as discussed more fully below. However, Figthose discussed in the literature for Si and GaAs.
13(a) shows a normal flux effedt.e., damage level increases It should be noted that in the present scenario we do not
upon increasing beam fluxXor the surface defect peak in take into account the chemical effects of implanted carbon
GaN under irradiation at LNtemperature. and gold atoms on the buildup of radiation damage in GaN.

E. Flux effect
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However, at present, we cannot exclude a possible influend®@BS/C data. It is also reasonable to expect dynamic anneal-
of carbon and gold impurities on the damage accumulatioing of these complexes via interaction with ion-generated
behavior, and this effect requires additional studies. mobile point defects. For example, a vacancy cluster is ex-
pected to anneal via trapping of mobile interstitials. This
process, on the other hand, represents an example of a two-
step(indirect annihilation of a Frenkel pair: first, trapping of

An energetic ion penetrating through a GaN crystal gena vacancy(interstitia) at a complex; second, recombination
erates a collision cascade which consists of vacancies in thef this quiescent vacandynterstitia) with a mobile intersti-
gallium and nitrogen sublatticed/§, andVy), gallium and tial (vacancy.
nitrogen interstitial®® (Ga and N), and, presumably, an TEM investigation reveals that defect recombination and
amorphous zone in the cascade core in the case of hea¥yrmation of defect complexes are not the only processes
ions. Such an amorphous zone is expected to form when theking place in GaN during ion bombardmésee Figs. 3, 8,
damage level in the collisiofsubcascade volume exceeds and 10Q. A band of planar defects in the crystal bulk also
some threshold valu€. However, the damage buildup be- nucleates with increasing ion dose at both,laid RT bom-
havior in GaN under heavy ion bombardment, as illustratecbardment with light or heavy ions. The microscopic structure
in Figs. @b), 7, 9, 12, and 13, strongly suggests that amor-and formation mechanism of these planar defects are not
phous zones generated by heavy ions are not stable in Galderstood at present and warrant additional systematic stud-
during ion bombardment at L)Nemperature and above. ies.

Indeed, if amorphous zones were stable, the gross damage The defect processes during ion bombardment of GaN are
level would be a monotonic function of ion dose due to aalso complicated by the influence of the GaN surféoe
gradual accumulation of such amorphous zones until com&aN/capping layer interfagelndeed, the GaN surface ap-
plete amorphization of the implanted regihf’ This is in  pears to represent an effective sink for migrating point de-
contrast to the highly sigmodal damage buildup experimenfects. The flux behaviofsee Fig. 13 suggests that mobile
tally observed even in the case of heavy ion bombardmengoint defects play an important role in the formation and
[Fig. 6b)]. The RBS/C damage-depth profileghich have  growth of the surface amorphous layer. Indeed, a normal flux
two peak$ and pronounced dynamic annealing during heavyeffect (i.e., with increasing beam flux, the damage level also
ion bombardment of GaN even at Likemperature also sup- increasegis observed for the bulk peak of dama@gee Fig.
port the fact that the disorder buildup is not governed by13). This is consistent with the current understanding of im-
accumulation of amorphous zones. On quenching of veryplantation damage buildup in semiconductors under implan-
dense collision cascades generated by keV heavy(®msh  tation conditions when substantial dynamic annealing of ra-
as'%’Au), these zones appear to be unstable and anneal vigiation defects takes pladsee, for example, Refs. 10, 14,
presumably, both direct thermal and ion-beam-assisteds5, 18, and 19 An increase in the beam flux decreases the
processe$h* However, the possible formation and dynamic average time interval between collision cascades which spa-
annealing of amorphous zones in GaN under different contally overlap. Such an increase in the generation rate of
ditions of ion bombardment deserve additional systematigpoint defects with increasing beam flux enhances the rate of
studies[as, for example, has been recently done for GaAsnteractions between mobile defects and, therefore, enhances
(Ref. 26]. the formation of defect complexes. However, Fig(ld3lso

lon generated simple point defect¥d,, Vy, Ga, and  shows that the surface defect peak decreases in magnitude
N;), which survive after quenching of collisional cascadeswith increasing beam flux. This reverse flux effect can be
therefore, appear to dominate damage buildup during bothualitatively explained in terms of the competition between
light and heavy ion bombardment. These defects seem to lefect trapping and migration processes. Indeed, an increase
mobile even at LN temperature, and most of them experi- in the beam flux enhances the formation of defect complexes
ence annihilation. This conclusion directly follows from the in the crystal bulk. As a result, fewer point defects generated
fact that the experimentally measured amount of lattice disin this region can reach the surface.
order is much less than that predicted by calculaticugsh The influence of the surface on the point defects gener-
as theTrIM codé®) which take into account only collisional ated in the crystal bulk is determined by the effective mobil-
processes and neglect defect diffusion and annihildfion. ity of defects and, of course, by the distance between the
Such a substantial annihilation may indicate a high rate ofurface and the region where these defects are generated.
the direct recombination processéés,+~Gg—0, Vy+N; Figures 7 and 9 show that the main features of damage
—0. Nevertheless, indirect annihilation procesgesombi-  buildup remain the same upon increasing the energy of Au
nation of a vacancjjinterstitial] via trapping at an interstitial ions from 100 to 300 keV. However, an additional system-
[vacancy comple® cannot be excluded. Dynamic annealing atic study of the dependence of damage buildup on the dis-
may also result in the formation of antisite defeciégf tance between the surface and the maximum of the nuclear
+N;—Nga VNT+Ga—Gay). energy loss profile is highly desirable.

The initial sluggish growth of the gross damage for low The well-known effect of local material stoichiometric
ion doses,’ observed in Figs. 1, 6, 7, and 9, is, therefore, duémbalance in the collision cascade voILfrﬁenay also affect
to a considerable recombination of ion-generated point dedamage accumulation and annealing. Indeed, in the case of a
fects. However, defect annihilation is not perfect, and pointcompound semiconductor, an excess concentration of the
defect clusterpresumably complexes of vacancies and/orheavier element exists at shallow depth, while the region at
interstitials, as well as defect-impurity complexesmppear greater depth is enriched with atoms of the lighter element.
with further increasing ion dose, as indicated by TEM andCalculations show that such stoichiometric disturbances are

A. Scenario for defect interaction processes
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greatest when the mass ratio of the constituent elements aind a vacancy excess closer to the surface. The effect of such
the semiconductor is high, and when the ion mass is [&rge. a spatial separation of vacancies and interstitials for each
Therefore, for the case of implantation 6f’Au ions into  collision cascade is expected to become more pronounced
GaN—a material with a large difference in the masses ofvith increasing ion dose. As a result, this effect could also be
constituent elements{Ga and'“N)—the effect of local sto- important in controlling damage accumulation in GaN, given
ichiometric imbalance under bombardment should be takef€ high ion doses required for amorphization of GaN.
into account. Finally, a comment should be made on the possibility of
However, the final local stoichiometry after ion bombard- d€veloping a quantitative model for damage buildup in GaN.

- ey i L 24
ment depends not only on the ballistic collisional processed! IS clear that all “traditional” quantitative modef5™* can

but also on defect migration. The stoichiometric disturbance9€ a@Pplied only when the rate of dynamic annealing is con-
may be effectively repaired via defect diffusion and dynamics'derably lower than the defect production rate, which is not

annealing, processes which are rather effective in GaN 4f'® case even for heavy ion bombardment of GaN aj LN
LN, temperature and above. Because such local stoichidéMperature. At present, the development of a model which

metric imbalance of GaN could significantly affect disorder {@K€S into account elemental defect processes and dynamic
removal during post-implantation annealing, additional sys@nnealing in GaN during ion bombardment appears to be a

tematic studies of this effect are desirable and may havE2ther difficult task due to a very limited understanding of
significant implications for a successful application of ion these processes. It is clear that additional experimental stud-

beams for the fabrication of GaN-based devices. ies are necessary before a satisfactory quantitative model for
The effect of local stoichiometric imbalance may accountd@mage buildup in GaN can be developed.
for the distorted shape of the RBS/C channeling and random
spectra illustrated in Fig. 9 for GaN heavily damaged by Au
ions. For example, Fig.(8) shows that both channeling and  Based on the above discussion, we can qualitatively ex-
random spectra of the sample implanted with 300 keV Auplain the damage buildup observed in GaN under ion bom-
ions to a dose of X 10"®cm 2 at LN, temperature have a bardment at LN temperature. Very similar damage buildup
“shoulder” with a decreased RBS/C yield in the ion end-of- behavior at LN temperature has been observed in both cases
range region and increased yield near the GaN surface. Thif light and heavy ion bombardment. Therefore, these two
indicates that the near-surface region of GaN is enrichedases are discussed below together.
with Ga atoms, while the region at greater depth has a Ga At low doses:’ ion-generated mobile point defects exhibit
deficiency. Compared to LNtemperature, the spectra of substantial annihilation, while some defects are trapped at
GaN implanted with 300 keV ions at RT have a less pro-the surface, giving rise to the strong surface peak in RBS/C
nounced distortion, as indicated in Figh® spectrgd Figs. 1a), 7(a), and 9a)] via, presumably, layer-by-
Such a distortion in RBS/C spectra does not seem to biyer amorphization proceeding from the GaN surface, as
the result of the introduction of a high concentration of Auindicated by an appearance of an amorphous layer at the
atoms into the GaN lattice because of the relatively small iorGaN surfacgsee Fig. 4
doses used+1x 10*°cm™?), where the Au concentrationis  Despite effective recombination of mobile defects, defect
=<1 atomic percent. This conclusion is also supported by theomplexes accumulate with increasing ion dose. In addition,
facts that(i) the magnitude of such a distortion does nota band of planar defects nucleates in the bulk redfgs.
change with increasing ion dose fromx@0“ to 1 3(b), 8(c), and &d)]. Then, with a further increase in the ion
x10%cm 2 for LN, temperature bombardmefisee Fig. dose, the damage in the GaN bulk exhibits a very rapid
9(a)], and (ii) this distortion is larger for LN temperature growth from a low level to amorphization, as suggested by
implantation than for irradiation at RT although ion doses forthe RBS/C yield reaching the random level in Fig$a)l
RT are largefsee Figs. @) and 9b)]. Thus, with increasing 7(a), and 9a). This rapid damage buildufor a strong sig-
implantation temperature, stoichiometric disturbances arenodality of the damage-dose functjae a characteristic fea-
more effectively repaired, owing to enhanced defect diffu-ture of nucleation-limited amorphization, where the initial
sion and dynamic annealing processes. stage of ion bombardment results in the formation of “nucle-
In addition to local material stoichiometric imbalance pro- ation sites” for amorphizatioh® When such “nucleation
duced by heavy ion implantation of GaN, loss of nitrogensites” are formed, subsequent irradiation of a predamaged
from the GaN surface during ion bombardment also appearsrystal leads to a very fast increase in the damage level with
to contribute to the distortion of the near-surface region inincreasing ion dose.
the RBS/C spectra, as has been reported by us previdusly. A correlation between RBS/C and TEM ddisee Figs.
particular, the well-known effect of preferential sputterffig, 7(a), 8(c), and &d)] indicates that the onset of the fast
which may significantly change the composition of the near-growth of damage with increasing ion do&s observed by
surface region of a compound semiconductor, may be impoRBS/Q coincides with the formation of the planar defects
tant, given the high ion doses used in this study. However(as observed by TEM This fact may suggest that the planar
based on collisional processes aléhehe effect of preferen-  defects are plausible candidates for the “nucleation sites” of
tial sputtering cannot account for the large effects in Fig. 9.amorphization. When these planar defects form, an increase
A further important mechanism which may significantly in the ion dose results in very fast damage accumulation.
affect dynamic annealing and hence the damage buildup inlowever, further study is necessary to ultimately ascertain
GaN is worth mentioning. Indeed, it is well known that va- whether the band of planar defects acts as a “nucleation
cancies and interstitials are spatially separated in a collisiosite” for amorphization during ion bombardment at $N
cascadé® with an interstitial excess at the ion end-of-rangetemperature.

B. Bombardment at LN, temperature
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C. Bombardment at room temperature carbon dose is very high during damage buildup at RT.

The rate of all thermally activated defect processes should Fina(ljlya a commené couolld ?TQ_Tade on tfgjetapthf)mérently in-
be enhanced at RT compared tofdmperature irradiation. ;:reaT_e ht _am%ge pl))roduce tatl | cgm%;;e FQ 5 El)_ir.a'
The scenario at RT, as compared to bombardment gt L\-ure light 1on bombardment to low dosesee Fig. IS

eresting result may be qualitatively explained based on the

temperature, becomes more complicated. Because differe ! - R X
damage buildup behavior has been observed for RT bo ‘act that an increase in implantation temperature leads to an

bardment with light and heavy ions, these two cases are coficrease in the rate of all thermally gcti_v ated pqiqt-dgfect
sidered separately ' processesdefect diffusion, direct and indirect annihilation,

formation of complexes, trapping of free defects by defect
complexes and impurities, etcThe nature of “stable” de-
1. Light ions fect complexes formed at RT during dynamic annealing may,

Figures 1b) and Ga) show that for RT bombardment with &S @ consequence, resultin a highgr level of residual disorder.
40 keV C ions, after initial relatively fast growth, the surface However, at present, further eXperlmgntaI work' is necessary
peak exhibits plateauing in the dose range from1D' to to identify the most plausible mechanism for this somewhat
3% 10"cm 2. This rather unexpected plateauing effect can®dd temperature-dependent effect.
be tentatively explained as follows. Damage accumulation in
the bulk defect peak region may become more efficient when
the “nucleation sites” for amorphizatiofpresumably, pla- Figures Tb) and 9b) show that, for low doses of Au ions
nar defectsare fully formed. Such efficient defect trapping (~8x 103cm™?), the damage buildup at RT is very similar
is supported by a highly sigmodal damage buildup in theto that during LN temperature irradiation. Most of the ion-
crystal bulk with increasing ion dogdsee Fig. 6a)]. After  generated defects annihilate, while some of them trap at the
the “nucleation sites”form in the bulk, fewer defects gener- surface and, presumably, form a surface amorphous [ager
ated by an ion beam can reach the surface from the bullseen in TEM images in Fig. }1giving rise to the strong
which may be the reason for the observed plateauing of theurface peak in the RBS/C spectra shown in Figb) @nd
surface defect peak. However, for higher doses3( 9(b).

X 10%cm™?), as soon as a buried amorphous layer forms in  An increased effective mobility of point defects at RT, as
the bulk(as suggested by the channeling RBS/C yield reacheompared to LN temperature, is supported by the fact that,
ing the random leve) two amorphous/crystalline interfaces for low ion doses, the surface defect peak for RT bombard-
of the buried and surface amorphous layers seem to havwaent is larger than that for irradiation at Lkemperature, as
similar efficiency to trap mobile defects. These two amor-indicated in Fig. @b). This fact, as well as the reverse flux
phous layers appear to grow layer-by-layer and ultimatelyeffect on the surface defect pefee Fig. 18)], might sug-
join together with a further increase in the dose, as seen fromgest that, during 300 keV Au ion bombardment at RT, point
Fig. 1(b). The buried amorphous layer expands faster thamlefects generated in the whole implantation regiap to

the surface layer since the defect generation rate in the bulk900 A from the GaN surfagecontribute to the formation

is higher than that near the surface. of the surface amorphous layer. In contrast, the normal flux

An increasedpresumably, trap-limiteddefect mobility at  effect(i.e., damage level increases upon increasing the beam
RT compared to LN temperature bombardment is also sup-flux) for the surface defect peak for 300 keV Au ion bom-
ported by an apparent shift of the maximum of the bulkbardment at LN temperaturdFig. 13a)] may be attributed
defect peak(to greater depthswith increasing implantation to smaller effective diffusion lengths of point defects, as
temperature. For example, the damage peak gtteMpera- compared to ion irradiation at RT.
ture for a dose of & 10"°cm ™2 is close to~470 A, but the Again, as in the case of L\temperature bombardment,
depth of the damage peak for a dose of 20'®*cm 2 at RT  defect annihilation is not perfect, and, with increasing ion
is near~620 A, as shown in Figs.(4) and 1b). Such be- dose, in addition to layer-by-layer amorphization proceeding
havior has previously been observed for elevated temperdrom the surface, point-defect complexes are formed as well
ture bombardment of Si, where disorder is found to buildupas a band of planar defects in the GaN crystal ligée Fig.
beyond the maximum of the nuclear energy deposition dis10). With further increasing ion dose, Figs(by and 9b)
tribution at so-called end-of-range defettsThese end-of- indicate that the damage lev&ls measured by RBS)Gn
range defects in Si consist of interstitial-based clusters anthe GaN bulk region saturates below the random level, and
small loops which arise from the well-known spatial separalayer-by-layer amorphization proceeds from the GaN surface
tion of vacancies and interstitials in a collision cascade, with(see Fig. 1@ For this saturation regime, the disorder in the
an interstitial excess at the ion end of range and a vacandyulk consists of a band of planar defects as revealed by TEM
excess closer to the surface. In Si, under strong dynamid=igs. 10d) and 1@f)]. Figures 9b), 10(d), and 1@f) also
annealing conditions, mobile defects are preferentiallyshow that the band of planar defects broadens with further
trapped at the surface or in the end-of-range region where thiacreasing dose. For Au ion implantation, this band of planar
interstitial excess coalesces. A somewhat similar explanatiodefects does not amorphize independently of the surface
might be proposed for the RT behavior observed in GaNamorphous layefas has been observed for light iprimut,
Strong defect annihilation and increased defect mobility mayather, is consumed by the advancing surface amorphous
lead to a dominant trapping of defects both at the surface anlidyer.
at the end of range for 40 keV C ions implanted into GaN. The above effect of bulk damage saturation represents an
However, we cannot exclude the role of carlipe., trapping example in which the processes of defect production and
of point defects by carbon atopmm this process since the removal are balanced in some region of a crystal. It should

2. Heavy ions



7520 KUCHEYEV, WILLIAMS, JAGADISH, ZOU, AND LI PRB 62

be noted that the existence of such a saturation regime dosemiconductor surface, presumably formed due to trapping
not necessarily require that all point defects generated by aof migrating point defects by the surface. In the case of GaN,
ion beam in some region of a sample exhibit perfect annihithe data presented above and elsewhshew that the strong
lation. Indeed, point defects produced by ion irradiation insurface peak of disorder also often arises from an amorphous
the region with planar defects might not increase the densit}ayer on the GaN surface, as indicated by TEM. In addition,
of such extended defects but, rather, lead to the expansion gie flux behavior of damage strongly supports the fact that

the planar defect band. At present, it is difficult to propose anne syrface defect peak in GaN may be attributed to trapping
unequivocal microscopic mechanism to account for the exisgs mopile point defects by the GaN surface.

tence of the saturation regime and the extension of the band
of planar defects. However, this effect may be attributed to

(i) the enhanced annihilation of point defects within the re- £ comparison of light and heavy ion bombardment
gion containing a saturation density of planar defects and/or ] . ] ]
to (ii) energetically favorable processépossibly stress- A brief comparison between damage buildup in GaN un-

induced relating to defect annihilation and/or agglomerationder heavy and light ion bombardment can be made. The fol-
after the nucleation of a band of planar defects. Additionallowing similarities between these two irradiation regimes are
studies are highly desirable to understand the evolution angvident.

saturation of defects in GaN during ion bombardment. (i) Substantial dynamic annealing of ion-produced defects
has been observed for both regimes at,ladd RT.
D. Surface defect peak (i) For both irradiation regimes, the damage-depth pro-

A comment on the unusually strong surface defect peafll®: @ measured by RBS/C, has two peaks—the surface and

observed in GaN should be made. A thin surface amorpho ulk defect_peaks. Th_is feat_u_re has been attributed to high
layer has been observed in GaN implanted to a relatively lovfi€féct mobility and high efficiency of the GaN surface to
dose of 300 keV Au ions at LNtemperature, as shown in trap migrating point defects.

Fig. 11a). In addition, Fig. 4a) clearly indicates the pres- (iii) In both cases, a band of planar defects nucleates in
ence of a surface amorphous layer for a relatively high doséhe crystal bulk with increasing ion dose. However, the size
(8x10%cm™?) of 40 keV C ions implanted at Ljtempera-  Of such planar defects appears to depend on implant condi-
ture. Nevertheless, it is interesting to ascertain whether or ndtons.

the surface defect peak measured by RBS/C for lower doses (iv) Similar damage buildup behavior at LXemperature
results from an amorphous layer. TEM investigation onhas been observed in both cases of light and heavy ion bom-
samples implanted with 40 keV C ions with a beam flux of bardment.

1.4x10%cm ?s ' to a dose of X 10*°cm ? at LN, and RT However, the following differences between light and
did not reveal any amorphous layer on the GaN surfaceneavy ion bombardment regimes are worth mentioning.
Therefore, the strong surface peak in RBS/C spectra of low (i) Completely different damage accumulation behavior
dose irradia_lted GaN samples seems to arisg from the lattiqgas been observed for RT bombardment by ligh€) and
reconstruction of the first several monatomic layers on thgeayy 97Au) ions. No damage saturation in the GaN bulk
GaN surface due to, presumably) accumulation of point — qyring jrradiation with light ions has been observed, as mea-
defects at the GaN surfad@,) ion-produced preferential loss g, o by RBS/C. This fact may be explained by the differ-

9,30 g : : .
?f N, th_anld/or ("'f) re(;on |mpl?nta_t|ort]_ of tshe r:mpurmetsh_ ence in the defects formed during bombardment with light
rom a thin layer of surtace contaminafion. such a very thin, 4 heavy iongfor example, different size of planar de-

near-surface layer of reconstructed lattice may act as a p.r?écts). However, the chemical effects of implanted carbon
cursor for a surface amorphous layer which appears with

increasing ion dose. Additional work is desirable to studyand/Or gold atoms may also influence the buildup of radia-

damage of the GaN surface produced by light ion bombardt-iOn_.d"’mage in QaN, and thi; requires additional study.
ment to low dosed’ (i) A comparison of the disorder levels, as measured by

Finally, it is worth mentioning that the surface peak of RBSI/C, with the results ofrimM calculations® shows that the

disorder produced by ion bombardment of semiconductors i§€fect annihilation efficiency is higher for light ion bombard-
not a new effect. This effect was studied in the 1970s bymnent than that for irradiation with heavy ions. This result is
different experimental techniquésuch as RBS/C, electron consistent with the fact that the defect generatiate is
diffraction, electron paramagnetic resonance, and electrol@rger in the case of heavy ion bombardment. Such an in-
backscatteringfor the case of ion implantation into $6ee, crease in the generation rate of defects enhances the rate of
for example, Refs. 31-361In addition, the nucleation of interaction between mobile defects, and, consequently, pro-
amorphous layers in Si preferentially at the surface has beemotes the formation of defect complexés®*?
observed during elevated temperature bombardifefine (ii) No reverse flux effect on the surface defect peak has
surface peak of damage has also been studied in Ge afen observed for LNemperature bombardment with heavy
GaAs¥ and, very recently, ion-bombardment-inducedions [see Fig. 183)], while a small reverse flux effect has
anomalous surface disordering in Si has received new intebeen observed in the case of light ion bombardment at LN
est due to important applications of low-energy ion beamgemperaturdfigure is not showh This result may indicate a
for the formation of very shallow junctions in 33 lower effective mobility of point defects for heavy ion bom-
The results of previous studies on Si, Ge, and Gd2efs.  bardment due to denser collision cascades and, hence, en-
21, 22, and 31-37also suggest that the origin of the surface hanced local defect interaction, as compared to the case of
defect peak can be attributed to an amorphous layer at theradiation with light ions.
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F. Comparison of damage buildup in GaN with that in Si and ied by a combination of RBS/C and TEM techniques. The
GaAs effect of beam flux on radiation damage in GaN has been
reported. The experimental data presented point to a complex
role of mobile, irradiation-induced defects in controlling
. . . damage accumulation. The data indicate that significant an-
semiconductors—Si an_d GaAs. As alluded to earlier, SOMGihilation of damage occurs even during heavy ion bombard-
features of damage b_“"dgp m_GaN at i.ltemp_erature e ment at LN temperature. Point defects, which survive after
semble those occurring in Si or GaAs during elevated,,enching of collisional cascades, appear to be the dominant

temperature ion bombardment. Indeed, during elevatedype of defects controlling disorder accumulation during ion
temperature ion bombardment of these latter materials, Wheflympardment at LINtemperature and above.

dynamic annealing of ion-generated defects is strong, dam- \yjith increasing dose of light or heavy ions, amorphiza-

age accumulation proceeds via the formation of an array ofion, starts from the GaN surface although the surface is well
extended defects, as has been reviewed elsewhétghese separated from the maximum of the nuclear energy deposi-
extended defects in Si or GaAs are usually tangles of dislogon profile. As a result, experimentally measured damage-
cations, and their density increases with increasing ion dos%‘epth profiles in GaN after light or heavy ion bombardment
This causes a continuous rise in. the total energy of the sysy; LN, or RT significantly depart from those predicted by
tem until the system collapses into the energetically morgg,y calculations® which take into account only collisional
preferable amorphous stdtein addition, in Si or GaAs processes and neglect dynamic annealing. RBS/C spectra
bombarded at an elevated temperature, layer-by-layer amogye 4 strong surface peak which arises from an amorphous
phization can proceed from the surface. In this case, the SUlayer at the GaN surface. The origin of such an amorphous

face acts as a "nucleation site” for amorphization. layer is attributed to the trapping of migrating point defects
The scenario for amorphization in GaN under ion bom-by the GaN surface.

bardment at LN temperature appears to be qualitatively Damage buildup is highly sigmodal during LXempera-
similar to that in Si or GaAs at elevated implant temperaturey ;e hombardment with light or heavy ions. For heavy ion

Indeed, damage evolution in GaN proceeds via the formatiof o giation at RT, the damage in the bulk region saturates at
of a band of extended defects. The surface of GaN also aclg|eye Jower than the random level, as measured by RBS/C.
as a “nucleation site” for amorphization. However, the ion- o pang of planar defects nucleates in the GaN bulk region
produced extended defects in GaN consist of a regular array, ,oth LN, and RT implantation regimes. The planar de-
of planar defects, not dislocation tangles as in Si or GaASte s have been assumed to provide a “nucleation site” for
Moreover, the p;resencg r?fha saturation regime dunrr:g F:] morphization with further increasing ion dose during,LN
bombardrr;ent 0 Cr-;gN with heavy lons may suglgestht at;l femperature irradiation. However, it appears energetically fa-
process of amorphization in GaN is more complex than thaf,, ape for such planar defects to grow rather than to nucle-
in Si or GaAs during elevated-temperature bombardment. Iny. 5, amorphous phase for Au ion irradiation at RT. A
deed, in addition to the possmle chemical effects.of iM-number of possible damage processes, which may take place
planted atoms, amorphization C,)f QaN SEems to be sumule_qu GaN under ion bombardment, have been discussed. The
by the processes of local stoichiometric imbalance, whichyomewhat unexpected behavior of damage buildup has been
should become pronounced for high ion doses. This maiaualitatively explained based on complex dynamic annealing

explain why amorphous zones presumably generated ifigcesses. Finally, this study shows again that GaN is not

dense collisional cascades produced by heavy ions appear Qi 4 material with promising device applications but is also

be unstable in GaN, whereas surface and buried amorphoyg,e \yhich exhibits rather interesting defect-controlled disor-
layers can be nucleated for very high ion doses. However, '&ering behavior under ion bombardment.

is obvious that, at present, much more experimental work is
necessary for a deeper understanding of amorphization ACKNOWLEDGMENTS
mechanisms in GaN.
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