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Ion beam-induced intermixing is of great interest and has been observed in various systems such as
metal–semiconductor interfaces. However, similar effects in III-nitrides have not been studied in any detail,
yet. In the present study, swift heavy ion-induced intermixing of nearly lattice-matched Al(1−x)InxN/GaN
heterostructures have been investigated using Rutherford backscattering spectrometry and high-resolution
X-ray diffraction techniques. Inter-diffusion of Ga and In elements across the Al(1−x)InxN/GaN interface
and the consequent formation of a new mixed quaternary alloy (AlGaInN) layer have been observed. The
influence of electronic energy loss of SHI on intermixing effects has been studied.

Keywords: III-nitrides; swift heavy ion irradiation; RBS;HRXRD

Introduction

The family of III-nitrides has numerous applications in optoelectronic, high-power and high-
frequency devices. In particular, AlGaN and InGaN heterostructures (HS) have been investi-
gated extensively compared to AlInN. On the other hand, high-quality nearly lattice-matched
AlInN/GaN HS were reported by several research groups (1–7). These structures have been used
for realizing Bragg reflectors, microcavities and transistors (3, 6, 8, 9). Furthermore, AlInN alloys
cover extremely wide spectral range from deep UV to infrared. However, the growth of AlInN
over the full compositional range is difficult due to large disparities in cation size (0.53Å for
Al3+ and 0.76Å for In3+) (9) and thermal properties of the binary constituents (10–12). Recently,
it was demonstrated that biaxial strain (which depends on composition and thickness) is vital
and influences miscibility gap (12). Hence, it is important to study the various factors that can
influence the compositional gradients of these HS.
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Owing to their technological importance in satellite communications, there is a need to
understand how the device performance degrades/improves under various kinds of irradiations
including heavy ion bombardment. Thus, there is a great demand to understand the interface
mixing and delimitation of HS under the influence of heavy ion irradiation. It is well known that
when a fast moving ion passes through solid materials, it transfers large amounts of energy to
the electronic subsystem through inelastic collisions by either electronic excitation or ionization
of the target atoms (13). At these velocities, ions in materials can create columnar defects (14),
cylindrical tracks (15), amorphization (16) and recrystallizations (17). Most of the high-energy
irradiation results were understood by exploiting the concepts of planar defects, delamination and
tracks propagation (18, 19).

In the recent past, it has been observed (20) that the electronic energy deposition beyond critical
value can cause the movements of atoms leading to intermixing of multilayers. Swift heavy ion-
(SHI) induced mixing of various metal–semiconductor and semiconductor–semiconductor inter-
faces has been studied by several groups (20–26). The amount of mixing is found to be dependent
on the amount of energy that is transferred to target electrons. It is observed that the intermixing
is a result of diffusivity of atomic species during the transient molten phase in picoseconds range.
However, similar effects in III-nitrides have not been studied in any detail yet. Here, we study
SHI-induced mixing of nearly lattice-matched Al(1−x)InxN/GaN HS. Compositional profiles of
as-deposited and irradiated samples have been studied using Rutherford backscattering spectrom-
etry (RBS) and high-resolution X-ray diffraction (HRXRD) techniques. Inter-diffusion of Ga and
In elements across the Al(1−x)InxN/GaN interface and the consequent formation of a new mixed
quaternary alloy (AlxGayIn1−x−yN) layer have been observed. The influence of electronic energy
loss of SHI on intermixing effects has also been studied.

Experimental details

Al(1−x)InxN/GaN HS were grown on (0001) a sapphire substrate by the metal organic chemical
vapour deposition technique. These samples were then irradiated by 70 MeV Ni and 100 MeV
Ag ions at a fixed fluence of 1 × 1012/cm2 using the 15 MV Pelletron Accelerator (22) at Inter-
University Accelerator Centre (IUAC), New Delhi, India. Pristine, 70 MeV Ni and 100 MeV Ag
ions irradiated samples have been named as T2A, T2B and T2C, respectively. The purpose of
this experiment is to study the influence of electronic energy loss of SHI on Al(1−x)InxN/GaN
HS at a fixed fluence. Electronic energy loss (Se) and nuclear energy loss (Sn) of 70 MeV Ni
ions and 100 MeV Ag ions in HS have been calculated using stopping and range of ions in
matter code (SRIM 2003). Thus, Se and Sn for 70 MeV Ni ions in these HS have been found
to be 10 and 0.02 keV/nm, similarly for 100 MeV Ag ions in HS it has been found to be 16
and 0.08 keV/nm, respectively. Corresponding projected ranges of Ni and Ag ions in these HS
are 11.24 and 11.13 μm, respectively. Thus, ions predominantly deposit energy to target elec-
trons uniformly throughout the thin film which is two orders of magnitude smaller compared
to the projected range. RBS studies have been performed with a collimated beam of 2 MeV
He+ ions using a 2.5 MV model AN-2500 Van-de-Graaff accelerator (High Voltage Engineering)
at National University of Singapore (NUS), Singapore. The backscattered He+ ions have been
detected at an angle of 170◦ using a silicon surface barrier detector with an energy resolution
of 15 keV. We have used the SIMNRA simulation code for fitting the measured RBS spectra.
The structural properties of pristine and irradiated AlInN/GaN HS have also been characterized
by HRXRD. These measurements around (0002) GaN reflection are carried out by a Bruker
D8 DISCOVER, X-ray diffractometer with CuKα as the source and a four-bounce Ge (220)
monochromator.
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Results and discussion

RBS measurements were performed on pristine and irradiated samples (T2A, T2B and T2C) for
determining Ga and In compositional profiles. The presence of In, Ga and Al can be observed in
the RBS spectrum of the pristine sample (T2A) as shown in Figure 1. Simulations were carried
out using the SIMNRA code by varying the layer parameters starting with nominal values until
a satisfactory fit is obtained. These measurements suggest that the presence of Ga in the AlInN
layer may be due to a possible diffusion of Ga and In across the interface during the growth
process. The average In composition is estimated to be around 21% in this layer as against the
nominal value of 18%. Similar compositional gradients have been reported earlier for AlInN
films (23, 24). Generally, AlInN films close to lattice-matched conditions show pseudomorphic
growth (24). In the present study, the observed compositional gradient may lead to a slight lat-
tice mismatch between the AlInN layer and the GaN substrate. This is further confirmed by
the HRXRD measurements. Symmetric rocking curve measurements were performed along the
(0002) axis of GaN for determining the average In composition and lattice strain. Figure 2 shows
the measured and simulated ω − 2θ scans of the pristine sample (T2A). HRXRD simulation is
carried out using the dynamical theory-based Philips Epitaxy software. The composition and
thickness of the layer is optimized by a trial-and-error method, starting from nominal values until
a satisfactory fit is observed. The simulated scan matches reasonably well with experimental
data. The average In composition and the lattice parameter (c) obtained from these fits are given
in Table 1. It may be noticed that RBS in irradiated samples yields a gradient of In composi-
tion with depth. These values can be used for evaluating the out-of-plane strain in the AlInN
layer.

The measured RBS and HRXRD spectra of pristine and irradiated samples (T2A, T2B and
T2C) are shown in Figures 3 and 4. These spectra confirm the SHI-induced diffusion of In and Ga
elements across the AlInN/GaN interface. The enhanced diffusion of In and Ga due to 100 MeV
Ag ion irradiation in T2C sample demonstrates the influence of Se on SHI-mixing effects. The
Ga-edge from GaN substrate in RBS spectra is found to be at lower energies in irradiated samples,
particularly in T2C, as compared to pristine sample. This further confirms the formation of a thin

Figure 1. Measured and simulated RBS spectra of the T2A sample showing Ga diffusion into the indium energy window.

D
ow

nl
oa

de
d 

by
 [

N
U

S 
N

at
io

na
l U

ni
ve

rs
ity

 o
f 

Si
ng

ap
or

e]
 a

t 2
2:

36
 2

3 
A

ug
us

t 2
01

2 



Radiation Effects & Defects in Solids 509

Figure 2. (0002) ω − 2θ X-ray diffraction for the T2A sample along with the theoretical simulated profile.

Table 1. Average indium composition of T2A, T2B and T2C samples obtained from
HRXRD and RBS measurements.

Average indium composition by
Measured lattice parameters

Sample ID (by HRXRD) C (Å) HRXRD RBS

T2A (Pristine) 5.150 0.21 0.21
T2B (Ni) 5.140, 5.212 (bi layer) 0.20, 0.29 Gradient
T2C (Ag) 5.146, 5.205 (bi layer) 0.21, 0.28 Gradient

Figure 3. RBS spectra of T2A, T2B and T2C samples. SHI-induced diffusion of Ga from GaN into the AlInN epilayer
is evident in spectra.
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Figure 4. The (0002) HRXRD rocking curves of T2A, T2B and T2C samples. SHI-induced modification of strain in
the epilayer is evident in spectra.

intermixed layer between the AlInN layer and the GaN substrate. In fact, SIMNRA simulation of
the T2C sample suggested the formation of an interdiffused layer (InGaAlN) with concentration
gradients between InAlN and GaN layers.

The influence of SHI-induced mixing on the lattice strain in AlInN layer is studied using
HRXRD measurements. Measured values of In composition and corresponding lattice constants
are given in Table 1. Figure 4 clearly shows a significant shift in the Bragg angle of layer peak
and a corresponding change in strain due to the SHI irradiation as a function of Se. It is important
to note that the ion irradiation can be used to alter the strain by varying Se. In fact, tensile strain
is induced (T2C) in an initially nearly lattice-matched/compressive strained layer (T2A).

It is known that ion beams at moderate fluence can create latent tracks in various metal–
semiconductor and semiconductor–semiconductor bi layer systems (20). Such SHI-induced
intermixing has been observed by different research groups in different systems such as Fe/Si,
C/Si, C60/Si, Co/Si, V/Si, Zr/Si, Cu/Ge, Ni/Si and Fe/Ni multilayers. In all the above studies,
SHI-induced mixing at the interfaces has been identified as atomic diffusion in the molten phase
created by transient temperature spike (25, 26). In the present study, It is noted from Figures 3
and 4 that T2C sample shows more intermixing than T2B sample, which is due to a significant
difference in Se deposition rates for their corresponding ion propagation in Al(1−x)InxN/GaN HS.
The enhanced diffusion of In and Ga across the AlInN/GaN interface at higher Se (i.e. in T2C)
can be understood as a consequence of high quenching rates along the path of ions.

Conclusions

SHI-induced mixing effects in nearly lattice-matched Al(1−x)InxN/GaN HS have been studied as a
function of Se. The RBS technique has been used for determining composition profiles as a function
of depth on pristine and irradiated samples. Compositional gradients have been observed in the
measured RBS spectrum of the pristine sample. Average compositions obtained from RBS and
HRXRD are in close agreement with nominal values. Moreover, the observed diffusion gradient
in RBS and HRXRD measurements is correlated with simulations. Change of strain status from
nearly lattice-matched/compressive strain to tensile strain has also been observed as function of
Se. Here, it is shown that the SHI-mixing can be used to alter the strain in AlInN/GaN HS. The
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present study indicates that it is possible to achieve a new mixed quaternary alloy (AlGaInN) due
to interface mixing of AlInN and GaN layers with ion beams. However, it may be quite difficult
to achieve by the usual growth methods.

Acknowledgements

G.D. and V.S. thank CSIR New Delhi for the award of Senior Research Fellowship. S.V.S.N. thanks NUS and UH for
the financial support for a visit to NUS under UH-NUS-MOU. N.S.R. thanks UGC for the Dr D.S. Kothari Post Doctoral
Fellowship. We also thank Prof. Arnab Bhattacharya, TIFR, Mumbai, India, for providing the necessary samples. Thanks
are also due to Dr D.K. Avasthi and Mr Saif Khan of IUAC, New Delhi, for helpful discussions during beam time
experiments.

References

(1) Dadgar, A.; Schulze, F.; Blasing, J.; Diez, A.; Krost, A.; Neuburger, M.; Kohn, E.; Daumiller, I.; Kunze, M. Appl.
Phys. Lett. 2004, 85, 5400–5402.

(2) Watson, I.M.; Liu, C.; Gu, E.; Dawson, M.D.; Edwards, P.R.; Martin, R.W. Appl. Phys. Lett. 2005, 87, 151901–
151903.

(3) Bejtka, K.; Martin, R.W.; Watson, I.M.; Ndiaye, S.; Leroux, M. Appl. Phys. Lett. 2006, 89, 191912–191914.
(4) Jeganathan, K.; Shimizu, M.; Okumura, H.; Yano, Y.; Akutsu, N. J. Crystallogr. Growth 2007, 304, 342–345.
(5) Schmult, S.; Siegrist, T.; Sergent, A.M.; Manfra, M.J.; Molnar, R.J. Appl. Phys. Lett. 2007, 90, 021922–021924.
(6) Katz, O.; Mistele, D.; Meyler, B.; Bahir, G.; Salzman, J. IEEE Trans. Electron Devices 2005, 52, 146–150.
(7) Shannon, R.D.; Prewitt, C.T. Acta Crystallogr. B 1969, 25, 925–946.
(8) Carlin, J.F.; Ilegems, M. Appl. Phys. Lett. 2003, 83, 668–670.
(9) Carlin, J.F.; Zellweger, C.; Dorsaz, J.; Nicolay, S.; Christmann, G.; Feltin, E.; Butte, R.; Grandjean, N. Phys. Status

Solidi B 2005, 242, 2326–2344.
(10) Matsuoka, T. Appl. Phys. Lett. 1997, 71, 105–106.
(11) Ferhat, M.; Bechstedt, F. Phys. Rev. B 2002, 65, 075213–075219.
(12) Hums, C.; Blasing, J.; Dadgar, A.; Diez, A.; Hempel, T.; Christen, J.; Krost, A.; Lorenz, K.; Alves, E. Appl. Phys.

Lett. 2007, 90, 022105–022107.
(13) Ziegler, J.F.; Biersack, J.P.; Littmark, U. Stopping and Range of Ions in Solids; Vol. 1; Pergamon: New York, 1985.
(14) Civale, L.; Marwick, A.D.; Worthington, T.K.; Kirk, M.A.; Thompson, J.R.; Krusin-Elbaum, L.; Sun,Y.; Clem, J.R.;

Holtzberg, F. Phys. Rev. Lett. 1991, 67, 648–651.
(15) Fleischer, R.L.; Price, P.B.; Walker, R.M. J. Appl. Phys. 1965, 36, 3645–3652.
(16) Trinkaus, H. Mat. Sci. Forum 1997, 248–249, 3.
(17) Virdi, G.S.; Pathak, B.C.; Avasthi, D.K.; Kanjilal, D. Nucl. Instrum. Methods B 2002, 187, 189–200.
(18) Boudinov, H.; Kucheyev, S.O.; Williams, J.S.; Jagadish, C.; Li, G. Appl. Phys. Lett. 2001, 78, 943–945.
(19) Kucheyev, S.O.; Williams, J.S.; Zou, J.; Jagadish, C. J. Appl. Phys. 2004, 95, 3048–3054.
(20) Dufour, C.; Bauer, Ph.; Marchal, G.; Grilhe, J.; Jaouen, C.; Pacaud, J.; Jousset, J.C. Europhys. Lett. 1993, 21,

671–677.
(21) Assmann, W.; Dobler, M.; Avasthi, D.K.; Kruijer, S.; Mieskes, H.D.; Nolte, H. Nucl. Instrum. Methods B 1998, 146,

271–277.
(22) Kanjilal, D.; Chopra, S.; Narayanan, M.M.; Iyer, I.S.; Jha, V.; Joshi, R.; Datta, S.K. Nucl. Instrum. Methods A 1993,

328, 97–100.
(23) Lorenz, K.; Franco, N.; Alves, E.; Pereira, S.; Watson, I.M.; Martin, R.W.; O’Donnell, K.P. J. Crystallogr. Growth

2008, 310, 4058–4064.
(24) Darakchieva, V.; Beckers, M.; Xie, M-Y.; Hultman, L.; Monemar, B.; Carlin, J-F.; Feltin, E.; Gonschorek, M.;

Grandjean, N. J. Appl. Phys. 2008, 103, 103513–103519.
(25) Srivastava, S.K.; Avasthi, D.K.; Assmann, W.; Wang, Z.; Kucal, H.; Jacquet, E.; Carstanjen, H.D.; Toulemonde, M.

Phys. Rev. B 2005, 71, 0193405–193408.
(26) Diva, K.; Kabiraj, D.; Chakraborty, B.R.; Shivaprasad, S.M.; Avasthi, D.K. Nucl. Instrum. Methods B 2004, 222,

169–174.

D
ow

nl
oa

de
d 

by
 [

N
U

S 
N

at
io

na
l U

ni
ve

rs
ity

 o
f 

Si
ng

ap
or

e]
 a

t 2
2:

36
 2

3 
A

ug
us

t 2
01

2 


