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The microstructural responses of Ing32GagegN and Ing9Gag 1N films to 2.25 GeV Xe ion irradiation have been
investigated using x-ray diffraction, Raman scattering, ion channeling and transmission electron microscopy. It was found
that the In-rich Ing9Gag N is more susceptible to irradiation than the Ga-rich Ing3,Gag ggN. Xe ion irradiation with a
fluence of 7 x 10! jons-cm™2 leads to little damage in Ing3;Gag cgN but an obvious lattice expansion in Ing9Gag | N.
The level of lattice disorder in Ing 9Gag 1N increases after irradiation, due to the huge electronic energy deposition of the
incident Xe ions. However, no Xe ion tracks were observed to be formed, which is attributed to the very high velocity
of 2.25 GeV Xe ions. Point defects and/or small defect clusters are probably the dominant defect type in Xe-irradiated

Ino_gGaO' 1 N.

Keywords: InGaN, swift heavy ions, irradiation effects

PACS: 61.80.—x, 78.66.Fd

1. Introduction

Indium gallium nitride (InGaN) is an important group III
nitride semiconductor material. The bandgap of In,Ga;_,N
can be tuned from 0.7 eV to 3.4 eV with decreasing In content
x from 1 to 0,!"?) which covers nearly the whole solar spec-
trum. Hence, InGaN has great potential for the development
of multi-junction solar cells, light-emitting diodes (LEDs) and
laser diodes (LDs).’] One of the challenges for the applica-
tion of InGaN materials is how to achieve p-type doping, in
particular for In-rich In,Ga;_,N (x > 0.5).'] The ion implan-
tation technique is widely used for ion doping in semiconduct-
ing materials.[*>! As implantation-induced radiation damage
is detrimental to effective doping, knowledge of the radiation
effects in implanted materials is essential for the application
of ion implantation. Over the past decade, extensive research
effort has been devoted to radiation studies of InGaN.!®-12]
It has been found that the resistance of InGaN to irradiation-
induced amorphization dramatically decreases with increasing
In concentration in InGaN. While GaN is fully amorphized
by room-temperature irradiation of 1 MeV Au ions to a dose
of ~ 90 dpa (displacements per atom),/'?! the amorphization
dose for Ing,GaggN under a similar irradiation condition is
only ~ 1.4 dpa.[®! The lattice structure of In,Ga;_N (x > 0.7)
irradiated with 5 MeV Xe ions at room temperature was ob-
served to break down at doses of no more than 0.1 dpa.l!
The decreasing radiation resistance of the high In-content In-
GaN is primarily attributed to a smaller cohesive energy of
the In—-N bond, which results in a reduced dynamic annealing
efficiency. 1 However, to date, little is known about the re-
sponse of InGaN to irradiation with swift heavy ions (SHIs)
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with ion energies larger than several tens of MeV. Unlike the
case of low-energy ion irradiation, huge electronic energy de-
position is produced in materials by SHI irradiation. Ion tracks
with a modified material structure along the ion incidence di-
rection will be created when the electronic stopping power
(Se) of incident ions exceeds a certain threshold;'*! otherwise
annealing of the pre-existing lattice defects probably occurs.
SHIs with large projected ion ranges can be used for deep
ion implantation of materials. In addition, the application of
InGaN-based electronics in outer space will suffer from SHI
irradiation. Hence it is important to understand the radiation
effects of SHIs in InGaN. This work focuses on the depen-
dence on In content of radiation hardness of InGaN to SHI
irradiation. Both Ingp3,Gag gN and Ing9Gag N films are ir-
radiated with 2.25 GeV Xe ions and then characterized by
high-resolution x-ray diffraction (HRXRD), Raman scattering,
Rutherford backscattering spectrometry in channeling geom-
etry (RBS/C) and transmission electron microscopy (TEM).
The reported results will improve the current understanding
of SHI irradiation-induced damage effects in InGaN, and may
have important implications for the ion implantation and space
electronics of InGaN materials.

2. Experiments

The wurtzite In,Ga;_,N films used in this work
were grown by metal-organic chemical vapor deposition
(MOCVD) on c-plane sapphire (Al,O3) substrates with 2 um
thick GaN interlayers. Based on the analysis of Ruther-
ford backscattering spectrometry (RBS), the In content x in

the two different In,Ga;_,N samples was determined to be
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0.32 and 0.9 +0.01, respectively; the film thicknesses of the
Ing30Gag egN and Ing9Gag N were ~ 290 nm and 350 nm.
The samples were cut into 4 mmx4 mm squares for ion ir-
radiation. SHI irradiation experiments were performed at
the Heavy Ion Research Facility in Lanzhou in the Insti-
tute of Modern Physics, Chinese Academy of Sciences. The
2.52 GeV 'Xe?’* ions were provided by the sector-focused
cyclotron and sector-separated cyclotron. In order to count
and decelerate the Xe ions, high-purity Al foils were placed in
front of the samples with the foil surface normal to the incident
ion beam. After penetrating the foils, the incident Xe ions are
slowed down to an energy of 2.25 GeV according to the SRIM
simulation,[!> and they are expected to attain charge-state
equilibrium. The mean equilibrium charge state of 2.25 GeV
Xe ions in solids is calculated by the CasP code to be 48+.[16]
The samples were then irradiated at room temperature and

2

normal incidence to ion fluences of 3 x 10! ions-cm—2 and

7 % 10! ions-cm~2 with a beam flux of 3 x 10% ions-cm™2-s~!.
The Ing 32Gag N and Ing 9Gag ;N samples were irradiated si-
multaneously by placing them side by side under a uniform
beam spot. The incident Xe ions penetrate the InGaN films
and underlying GaN interlayers completely and terminate in
the Al,O3 substrates. For a comparison study, the Ing9Gag | N
sample was also irradiated at room temperature with 5 MeV
129X e+ jons at the 320 kV platform for multidisciplinary re-
search at the Institute of Modern Physics, Chinese Academic
of Sciences. The irradiation was conducted at normal inci-
dence to a fluence of 3 x 10'! ions-cm™2 with a beam flux of

2.s7!. After irradiation, the samples were

1 x 10" ions-cm™
characterized by HRXRD using a Bruker D8 diffractometer.
®-20 scans of the (0002) plane of the samples were performed
in triple-axis mode with a Cu K¢ source. The angular reso-
lution of the spectra was 0.005°. The Raman scattering mea-
surements were carried out using a LabRAM HR 800UV spec-
trometer (Horiba Jobin-Yvon). In order to reduce the Raman
signal from the GaN sublayers, the 325 nm line of a Cd—He
laser was used as the excitation source. The laser beam was
focused onto a spot with a diameter of ~ 3 um at the sam-
ple surface. The Raman spectral resolution was better than
1 cm~!'. The RBS/C measurements were performed with a
2 MeV He™ ion beam incident along (0001} direction of the
samples and recorded by a detector at a backscattering angle
of 150° or 165°. The backscattering yields have an uncer-
tainty of ~ 7% due to the inaccuracy of current integration.
Cross-sectional TEM foils with a thickness of ~ 50 nm were
prepared using a focused ion beam system after application
of a protective Pt/Au layer on the sample surface. TEM was
performed on the samples using FEI TF30 at an accelerating

voltage of 300 kV.

3. Results
3.1. HRXRD results

Figure 1 illustrates the HRXRD spectra of the
Ing.32Gag.egN and Ing9Gap N (0002) peaks before and after
2.25 GeV Xe ion irradiation to a fluence of 7 x 10!! ions-cm 2.
It is seen that the intensities of the InGaN peaks are weak,
because the InGaN films are thin and the sample sizes are
very small. The full width at half maximum (FWHM) val-
ues of the virgin Ing3,GagegN and Ingo9Gag N are roughly
estimated to be 0.14° and 0.06°, respectively. This suggests
that the Ing9Gap N film has a better crystal quality than
Ing32GagegN. The analysis of the virgin (0002) peaks leads
to lattice parameters of ¢ = 0.5386 nm for Ing 3,Gag egN and
¢ = 0.5704 nm for Ing9Gag N, respectively. Using Vegard’s
law,!!7] the cq values of perfect Ing 3,Gag ¢sN and Ing9Gag | N
are estimated to be 0.5351 nm and 0.5651 nm, with the as-
sumptions of ¢y = 0.5186 nm for GaN and ¢y = 0.5703 nm
for InN. The virgin Ing3,GagesN and Ingo9Gap N exhibit
slight lattice strains [(¢c — ¢p)/co x 100%] of ~ 0.6% and
0.9%, which originate from the differences in lattice con-
stants and thermal expansion coefficients between the InGaN
and GaN substrates.!!! After Xe ion irradiation, no significant
changes in FWHM of the diffraction peaks are induced for ei-
ther Il‘l().32Gao_6gN or Il‘lo,gGao‘lN. The Ino.32Ga0.68N peak in
Fig. 1(a) exhibits a slight shift of 0.01° towards higher angles
with respect to the unirradiated peak.

InolggGag'GSN (0002) (d.)

7X10!! ions/cm?
m

32.8 33.0 33.2 33.4 33.6

Log intensity

20 (°)
IHO.QGaO.lN (0002) (b)

7X10'! jons/cm?

Log intensity

Virgin

31.0 31.1 31.2 31.3 314 315
20 (°)

Fig. 1. HRXRD spectra for (a) Ing.32Gag.6gN and (b) Ing 9Gag N films

before and after 2.25 GeV Xe ion irradiation at room temperature to a

fluence of 7 x 10" ions-cm™2.
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Normally, ion irradiation causes lattice expansion in ni-
tride materials, which results in a shift of the diffraction
peaks towards lower angles.['8! The abnormal shift of the
Ing32GagegN peak may be attributed to a slight composi-
tional difference in those samples. The InGaN samples used
in this work are cut from an InGaN wafer grown by MOCVD
with a diameter of 2 inches. The In content and film thick-
ness are different in different regions of the wafer. How-
ever, the differences are slight and cannot be resolved by RBS
and Raman spectroscopy, as shown below. In contrast to
Ing 32Gag N, the Ing9Gap 1N peak obviously shifts towards
smaller angles. The shift indicates an irradiation-induced lat-
tice expansion in Ing9Gag N, which is ascribed to the accu-
mulation of various point defects, which is common in nitride
materials.['%1# The corresponding lattice strain along the c-
axis is increased to 1.1%. The XRD results suggest that, as
in the case of low-energy heavy-ion irradiation,[®! the In-rich
Ing9Gag N is more sensitive to SHI irradiation than the Ga-

rich Ing 3pGag g N.

3.2. Raman results

Figure 2 shows the Raman spectra for the Ing3,Gag gsN
and Ing9Gag N films before and after 2.25 GeV Xe ion ir-
radiation to a fluence of 7 x 10! jons-cm™2. In addition to
the E»(high) and A (longitudinal optical, LO) peaks from the

Ing.32Gag.esN

Intensity

300 400 500 600 700 800
Raman shift (cm™1)

E;(high) 501 (b)

Ino_gGa()_]N

497
I

E,(high) !
| .

Intensity

460 480 500 520 54

A4(LO) Raman shift (cm~1)

Intensity

323 1 1 1 1
300 400 500 600 700 800
Raman shift (cm™!)

Fig. 2. Raman spectra for (a) Ing 32Gag ¢sN and (b) Ing 9Gag N films
before and after 2.25 GeV Xe ion irradiation at room temperature to a
fluence of 7 x 10'! jons-cm™2. The inset shows the magnified E;(high)
peak from Ing 9Gag N.

InGaN films, there are two fluorescence-induced background
peaks at 323 cm~ ! and 573 em™!. For Ing 3pGag ggN, there
is a shoulder on the low-frequency side of the A;(LO) peak,
which is assigned as a disorder-activated E{(LO) mode due
to the poor crystal quality of Ing3,Gag¢gN.!!?! The intensity
of the A;(LO) peak from the Ing9Gag N film is very weak,
which is attributed to the increasing electron carrier concen-
tration in Ing.9Gag 1N that damps the LO phonons via phonon—
plasmon coupling.?%2!1 After Xe ion irradiation, no changes
are revealed in the Raman spectrum of Ing 3,Gag ¢sN whereas
the E,(high) peak of IngoGag N shifts from 497 cm™! to
501 cm~!, as shown in the inset of Fig. 2(b). The blue shift
of the Ej(high) peak suggests the existence of a compres-

[22] agsociated with the

sive stress in the irradiated Ing 9Gag | N
irradiation-induced lattice expansion. This is in good agree-

ment with the XRD observation in Fig. 1.

3.3. RBS/C results

Figure 3 displays the RBS random and (0001)-aligned
channeling spectra for the Ing 3pGag ¢gN and Ing.9Gag 1N films
on GaN before and after 2.25 GeV Xe ion irradiation to a flu-
ence of 7 x 10'! jons-cm~2. The depth scales of the In and Ga
sublattices are obtained using the He stopping power from the
SRIM database. The simulation results of random spectra us-
ing the SIMNRA 7.0 code?*! are also included in the figures,
from which the film composition and thickness are estimated.
For the virgin Ing 9Gag | N, the minimum backscattering yield
(Xmin) as determined by the yield ratio of the channeling to
a random spectrum in the near-surface region is 4.7%, typ-
ical for a perfect crystal. By contrast, the yni, for the virgin
Ing 32Gag g N is as high as 47%, which is attributed to the large
lattice mismatch between GaN and InN.!!] As shown in Fig. 3,
Xe ion irradiation leads to little damage in Ing3,Gag gsN, as
suggested by the RBS/C yields before and after irradiation.
However, the Ing9Gap N is damaged under the identical ir-
radiation condition, which is consistent with the HRXRD and
Raman scattering results. The relative In disorder in the irra-
diated Ing 9Gag 1N, Dy, can be calculated from

Dr: (Yl 7YVC)/(YVI‘7YVC)7 (1)

where Y, and Y,; are the integrated yields of the channel-
ing and random spectra from the virgin film and Y is the
integrated yield of the irradiated channeling spectrum. The
backscattering yields are integrated in a small depth region
from 50 nm to 75 nm just below the sample surface, where
the influence of angular dispersion of the incident He ions on
the RBS/C yields can be neglected. The D, value of the Xe-
irradiated Ing 9Gag N film is calculated to be 5%.
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Depth (nm)
300 150 0= Ga
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Fig. 3. RBS/C spectra together with the random spectra for (a)

Ing 32Gag 6gN and (b) Ing 9Gag | N films grown on GaN before and after
2.25 GeV Xe ion irradiation to a fluence of 7 x 10! ions-cm~2. The red
curves are simulation results of the random spectra using the SIMNRA
code.

3.4. TEM results

In order to investigate whether 2.25 GeV Xe ion irradi-
ation leads to the formation of ion tracks in Ing9Gag N, the
Xe-irradiated Ing 9Gag ;N sample was characterized by cross-
sectional TEM. The sample irradiated with an ion fluence of

3 x 10" jons-cm™2

was used for the characterization, because
overlapping of ion tracks probably occurs in the TEM image
at a larger fluence.**! The TEM image of the Xe-irradiated
sample is shown in Fig. 4(a), together with the corresponding
selected area electron diffraction pattern. Dislocation loops
(black spots) as well as dislocation lines that penetrate the
Ing 9Gag N film along the film growth direction are observed.
These dislocations also exist in the pristine Ing9Gag N (data
not shown), implying that they are formed during the epitaxial
growth of the Ing9Gap N film, which is common for nitride
films. 2329 Figure 4(b) shows the high-resolution TEM im-
age of the Xe-irradiated Ing9Gag 1N together with the corre-
sponding fast-Fourier transform pattern. The Ing9Gag N ex-
hibits an intact lattice structure after irradiation. Assuming
that highly disordered or amorphous ion tracks are formed in
Ing9Gag N, the track diameter should be ~ 3 nm (estimated
from the RBS/C spectra). The detailed calculation method can

be found in Ref. [14]. However, no such ion tracks are re-
vealed in the TEM image. This suggests that point defects
and/or small defect clusters are probably the dominant defect
types in the Xe-irradiated Ing 9Gag N, and these cannot be re-
solved by conventional TEM. Instead, XRD, Raman scattering
and RBS/C are very sensitive to these defects.

Ion beam

Fig. 4. (a) Cross-sectional TEM image and corresponding selected area
electron diffraction pattern and (b) high-resolution TEM image and cor-
responding fast Fourier transform pattern of Ing 9Gag | N irradiated with
2.25 GeV Xe ions to a fluence of 3 x 10! ions-cm 2.

4. Discussion

In the present study, Ing.9Gag (N is found to be more sen-
sitive to 2.25 GeV Xe ion irradiation than Ing 3,Gag ggN. This
agrees well with our previous irradiation study of In,Ga;_,N
(x = 0.32-1.0) using 5 MeV Xe ions, which shows that the
radiation resistance of InGaN decreases with increasing In
concentration.!” The decreasing radiation resistance of In-
rich InGaN is mainly attributed to the smaller cohesion en-
ergy of the In-N bond (7.970 versus 9.058 eV/atom for the
Ga-N bond). As a consequence, the broken In-N bonds are
more difficult to restore than Ga—N bonds, which reduces the
dynamic annealing efficiency in In-rich InGaN. In addition,
the formation enthalpy of InGaN decreases with increasing In
concentration, which leads to a decrease in the intrinsic sta-
bility of In-rich InGaN.!) However, unlike the case of 5 MeV
Xe ion irradiation, 2.25 GeV Xe ion irradiation creates lat-
tice damage in Ing9Gag N, primarily via intense electronic
excitation rather than ballistic collision. For comparison, the
Ing.9Gag.1 N sample irradiated with 5 MeV Xe ions at room

2 was character-

temperature to a fluence of 3 x 10! ions-cm™
ized by RBS/C, and the results are shown in Fig. 5. Accord-
ing to the SRIM calculation, the projected range of 5 MeV
Xe ions in the InGaN/GaN samples is ~ 1.1 pum, which is
about four times greater than the thickness of the Ing9Gag N
film. Hence, the incident Xe ions penetrate the IngoGag N
film and create a nearly homogeneous damage distribution in
the film. It is seen from Fig. 5 that 5 MeV Xe ion irradiation
leads to little increase in RBS/C yields. The D, value esti-
mated from the near-surface region of the film is only 1.7%,
which is lower than the value of 5% induced by 2.25 GeV

2

Xe ion irradiation at 7 x 10'! jons-cm™2. The correspond-

ing SRIM-calculated displacement damage dose at the near-
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surface region is 6 x 10~* dpa for 5 MeV Xe irradiation of
3 x 10! ions-cm ™2, but only 1.3 x 107 dpa for 2.25 GeV Xe
irradiation of 7 x 10! ions-cm~2. This means that 2.25 GeV
Xe ion irradiation leads to a higher lattice disorder with a much
lower displacement damage dose. Obviously, the huge elec-
tronic energy deposition accounts for the damage production
in Ing9Gagp 1N irradiated with 2.25 GeV Xe ions. According
to the thermal spike model,!?’3!] target electrons are excited
as a result of extremely high electronic energy deposition un-
der SHI irradiation. The excited electrons transfer their en-
ergy to lattice atoms via electron—phonon coupling in a few
picoseconds. This strong coupling effect between electronic
and atomic subsystems can result in the formation of atomic-

level defects. 32

Depth (nm)

300 150 0 =—Ca
5000 — ) ) .
-+ Random 300 150 0 <—In
--3X10'"! ions/cm?_ In+Ga
4000 e- Virgin In
IIlo_gGaUJN
< 3000 |
g
> 2000 |
1000
P Ga

0 1 1 1
1200 1300 1400 1500 1600 1700
Energy (keV)

Fig. 5. RBS/C spectra together with the random spectra for Ing 9Gag | N

films on GaN/Al,O3 before and after 5 MeV Xe ion irradiation at room

temperature to a fluence of 3 x 10'! ions-cm =2,

Although 2.25 GeV Xe ion irradiation produces lat-
tice damage in Ing9Gag N, no ion tracks are observed to

It was found that the S. threshold for ion
1

be formed.
track formation in GaN is between 22.8 keV-nm~" and
28.3 keV-nm~!.[33] InGaN and InN were found to be more
susceptible to SHI irradiation than GaN.!>!*! For InN, ion
tracks of 3.6 nm in diameter are created by 104 MeV Pb
ions with a S. value of 22 keV.-nm~'.3% The S, value of
2.25 GeV Xe ions in Ingg9Gag N is calculated by SRIM to
be 23 keV.-nm~'. The absence of ion tracks in Xe-irradiated
Ing 9Gag | N could be attributed to the very high velocity of the
Xe ions. For SHIs in solids, the higher the ion velocity, the
larger the volume in which the electronic energy is deposited
(the so-called velocity effect).[3*30] As a result, ion tracks are
more likely to be formed for SHIs with a lower velocity be-
cause of the larger electronic energy deposition density. Us-
ing the inelastic thermal spike model,!*"! the S, thresholds for
the formation of ion tracks in InN and GaN were predicted
to increase with increasing ion velocity from 0.5 MeV-u~! to
4.5 MeV-u~'. Since the velocity of 2.25 Xe ions is as high as
17 MeV-u~!, the electronic energy deposition density of the
Xe ions in Ing9Gag N could be too low to induce ion tracks.

Point defects and defect clusters are therefore expected to be
the dominant defect type in the Xe-irradiated Ing 9Gag 1 N.

5. Conclusions

Waurtzite Ing 3,GagggN and Ing9Gag N films were irra-
diated with 2.25 GeV Xe ions to 3 x 10'! jons-cm™? and
7 x 10'! jions-cm~2 at room temperature. The irradiated films
were analyzed by HRXRD, Raman scattering, RBS/C and
TEM. The radiation resistance of In,Ga;_,N was found to de-
crease with increasing In content x. The HRXRD and Raman
scattering results show that Xe ion irradiation leads to lattice
expansion along with lattice strain in Ing 9Gag | N. By contrast,
there are almost no structural changes in Ing3,Gag ¢sN under
identical radiation conditions. The level of lattice disorder, as
determined by RBS/C, increases in Ing9Gag N after irradia-
tion. The intense electronic excitation rather than ballistic col-
lision is confirmed to account for the production of damage.
However, no ion tracks were observed in the TEM images of
Xe-irradiated Ing 9Gag 1N, which is due to the velocity effect
of SHIs in solids. Point defects and/or small defect clusters are
probably the main radiation damage in Ing 9Gag 1N, and these
cannot be resolved by conventional TEM but are very sensitive
to XRD, Raman scattering and RBS/C.
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