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Abstract We report the formation of nanoclusters on the
surface of gallium nitride (GaN) epilayers due to irradiation
with 70 MeV Si ions with the fluences of 1 x 10'?
ions/cm? at the liquid nitrogen temperature (77 K). GaN
epilayers were grown using a metal organic chemical vapor
deposition system. Omega scan rocking curves of (002)
and (101) plane reflection shows irradiation-induced
broadening. Atomic force microscopy imagery revealed the
formation of nanoclusters on the surface of the irradiated
samples. X-ray photoelectron spectroscopy confirms that
the surface features are composed of GaN. The effects of
ion-beam-produced lattice defects on the surface, electrical,
and optical properties of GaN were studied and possible
mechanisms responsible for the formation of nanoclusters
during irradiation have been discussed.

Introduction

Gallium nitride (GaN) is one of the most important semi-
conductor materials with superior radiation hardness
compared with other compound semiconductors like GaAs
and InP due to the strong bond strength and wide bandgap
[1-3]. Swift heavy ions (SHI) of tens of MeVs have been
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established as an excellent tool for nano-structuring of thin
films and surfaces. Such heavy ion deposits a huge amount
of kinetic energy almost instantaneously into a highly
localized volume of nanodimensions. Energy dissipation in
to the relatively cold surrounding occurs approximately,
within few tens of picoseconds and leads to rapid solidifi-
cation of the excited volume. This highly localized process
can be regarded as a transient melting and rapid quenching
mechanism, which drives the solid far from equilibrium
and often modifies the surface with structures of non-
equilibrium material in nanodimensions. Recent studies
suggest that SHI impacts can be used to generate spatially
separated nano-scale structures with the application of
high-ion fluences, this process can result in structural
instabilities and a corresponding, often periodic, nano-scale
patterning of surfaces and thin films [4]. The ultra-fast
solid-liquid—solid phase transition in the surrounding
material, and the direct modification of the material in the
track itself can create new potential gradients, which may
then act as a driving force for further modification during
the ongoing ion irradiation. When increasing the ion flu-
ence, and thus, the number of modified zones, the inter-
action, and finally, the overlap of these zones may give rise
to surface instabilities and self-organization effects. Such
processes often result in large area coverage and sometimes
periodic nanometric patterns and structures [5].

In recent studies, the impact of ion irradiations on the
structural, optical, and electrical properties of GaN has
been explored. GaN layers grown by metal organic
chemical vapor deposition (MOCVD) were irradiated with
100 MeV silver and oxygen ions, 70 MeV nitrogen ions,
75 MeV tin ions [6-8], and 80 MeV Si ions [9] to study the
changes in the crystal quality due to irradiation at room
temperature. In the present investigation, results of exper-
iment aimed to form nano-structures on the surface of GaN
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by ion irradiation are reported. Surface modifications
induced by 70 MeV Si°" ion irradiation at liquid nitrogen
temperature on MOCVD grown GaN has been studied with
atomic force microscopy (AFM) and X-ray photoelectron
spectroscopy (XPS). The ions effects on the structural,
optical, and electrical properties were also studied and a
suitable mechanism responsible for the observed changes
of those properties is proposed.

Experiment

About 3 pm thick GaN epilayers were grown on sapphire
substrates using the MOCVD technique. The samples were
grown at 1,075 °C after depositing a 30 nm thick GaN at
low temperature as a buffer layer using trimethylgallium
and ammonia as precursors. The samples were irradiated
with 70 MeV Si°" jons with a fluence of 1 x 10'°,
1 x 10" and 1 x 10'? jons/cm? using the 15 UD tandem
pelletron accelerator [10]. The irradiation experiments
were carried out at liquid nitrogen temperature (77 K).
According to the calculations of stopping ranges of ions in
matter (SRIM) [11], the projected range of 70 MeV Si°"
ions in GaN was found to be ~12.68 pum. This shows that
the Si ions pass through the 3 um thick GaN matrix.
Structural properties were studied before and after irradi-
ation using Cu-Ko X-ray from Philips Xpert X-ray dif-
fractometer. The irradiation-induced surface modifications
were studied using Nanoscope IIIA AFM. The chemical
nature of the surface was studied using XPS.

Results and discussion
Stopping ranges of ions in matter calculations

In order to understand the modifications induced by ion
irradiation in GaN, it is important to analyze the role of
associated energy loss mechanisms. It is well known that
when an energetic ion penetrates into any material, it loses
energy by two nearly independent processes: elastic colli-
sions with the nuclei, known as nuclear energy loss S, and
inelastic collisions of the highly charged projectile ion with
atomic electrons of the matter, known as electronic energy
loss S.. In the inelastic collision, the energy is transferred
from the projectile to the atoms through excitation and
ionization of the surrounding electrons. The nuclear energy
loss of 70 MeV Si°" ions is three orders of magnitude
smaller than the electronic energy loss in GaN target
material as shown in Fig. 1. Therefore, the maximum
energy deposited to the material is expected to be mainly
due to the electronic energy loss during the passage of ions
through the GaN matrix. The layer suffers uniform
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Fig. 1 SRIM calculation showing the variation of nuclear and
electronic energy loss with ion energy and projectile depth

irradiation effects as the projected ion range is greater than
the thickness of the layer. The damage caused due to the
linear energy transfer (S, + S.) is 9.289 MeV/(mg/cmz) in
GaN target, S, and S, were obtained using SRIM program
simulating the irradiation conditions [11].

High-resolution X-ray diffraction

High-resolution X-ray diffraction rocking curves of the
samples were recorded for the reflection planes of (002)
and (101). w-20 scan rocking curves of (101) asymmetric
reflection plane of pristine and irradiated GaN samples are
shown in Fig. 2. The absence of a shift in the peak values
implies that there is no irradiation-induced phase change or
strain in the crystalline material. These results are consis-
tent with previous studies carried out with high energy
Au’" and Sn”" ion irradiation experiments wherein it was
shown that degradation in the crystallinity of GaN occurs at
the fluence of 5 x 10'* jons/cm? [12, 13]. The fluence used
in this study is very low compared to those used in the
previous study, and hence, the possibility of amorphisation
can be ruled out. Full width at half maximum (FWHM) of
the (101) asymmetric plane w-20 rocking curve scans,
which directly measure the crystalline quality of the epi-
layers, is shown in Fig. 3 with respect to ion fluence. As the
ion fluences increases, the FWHM also increases from 529
to 651 arc-sec. FWHM of (002) reflection plane also
showed a marginal increase with respect to ion fluence, it
increases from 240 to 260 arc-sec. This indicates that there
is no localized amorphisation at 1 x 10'* jons/cm” ion
fluence whereas the irradiation-induced damages increases
with increasing ion fluence causing the broadening of the
rocking curves.
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Fig. 2 The w20 rocking curves for pristine and 70 MeV Si°" ion
irradiated GaN films measured for (101) Bragg plane
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Fig. 3 The w20 rocking curves FWHM of (101) plane for pristine
and 70 MeV Si°* ion irradiated GaN films

Atomic force microscopy

Figure 4 shows 2 x 2 pm? 3D AFM scans of the pristine
and the irradiated samples. Pristine GaN layer has wide
surface steps and terraces which are the normal features of
high-quality GaN [14]. After irradiation, the sample sur-
face steps and terraces disappeared and the clusters of nano
dimensions were formed as shown in Fig. 4b. It is clear
from the Fig. 4c, d that the cluster size on the surface of the
irradiated sample increases with an increase in ion fluence.
The RMS roughness for the pristine and irradiated samples
is 0.5 nm, 0.5 nm (1 x 10'%), 0.7 nm (1 x 10'"), 1.1 nm
(1 x 10"%), respectively, as shown in Fig. 5. It is interesting
to note that the surface roughness for the samples irradiated
with the fluence of 1 x 10'° jons/cm? has not been altered,
which may be attributed to the nanocluster formation,

which eliminates the surface steps and compensates the
surface roughness.

Nanocluster formation mechanism

The changes in surface morphology were created due to
electronic energy transfer and the deposition of large
kinetic energy by the irradiated ions instantaneously on the
GaN surface [15]. For large electronic energy loss of the
ion, a cylindrical zone of the order of ~5 nm in diameter
will form along the ions path [16], with high atomic
mobility and reduced density. Depending on the material
and irradiation conditions, the irradiated region may be
strikingly different from the pristine [17]. The effects of the
high temperature and high pressure on the surrounding
material and also the direct modification of the material in
the track itself can create new potential gradients, which
then act as a driving force for further modification and
create nano-structures during ion irradiations.

X-ray photoelectron spectroscopy

Figure 6 shows full scan XPS spectra from (a) Si ion
irradiated GaN sample (ion fluence 1 x 10'? ions/cm?) and
(b) pristine GaN sample. Ga, N, C, and O peaks are visible
in all the spectra. The C and O background peaks originate
from organic compound precursors used during MOCVD.
No shift and tails were observed in the XPS peaks as shown
in the inset of Fig. 6, hence, the nanoclusters formed on the
surface may not be Metal Ga droplets, which would
otherwise have resulted in a shift of the Ga peaks toward
lower energies [18]. In the present investigation, the
change in the carbon concentration of pristine irradiated
and surface-cleaned irradiated GaN (cleaned by Ar ion
sputtering) were negligible confirming that there is no
additional carbon deposition during irradiation, and the
present carbon impurity was deposited during GaN growth
by MOCVD. Hence, we may conclude that the nanoclus-
ters seen in the AFM images are composed of GaN.

Hall effect measurements

The carrier concentration and hall mobility for the unirra-
diated and irradiated samples are shown in Fig. 7. The
measurements indicate that new donors were introduced by
the irradiation up to certain fluence of 1 x 10'" ions/cm?.
This suggests that the irradiation mainly creates N Frenkel
pairs, Vn—Np, in which Vi is a donor, as expected, and Ny is
an acceptor, as predicted by theory [19, 20]. The reduction
in carrier density at fluence of 1 x 10'% ions/cm? is a net
result of trapping by radiation-induced trap levels and
charge compensation by created defects with opposite
character [21]. The Hall mobility as shown in the Fig. 7
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Fig. 4 AFM images a as
grown, b irradiated with

1 x 10'° ions/cm? fluence,

¢ irradiated with 1 x 10'! ions/
cm? fluence, d irradiated with

1 x 10'? ions/cm? fluence
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Fig. 5 RMS roughness of pristine and the irradiated GaN epilayers as
a function of ion fluence

decreases due to coulombic scattering caused by an
increasing number of traps in GaN from radiation induced
defects, that results in increased concentration of charged
scattering centers, and hence decreased electron mobility
[22].

Photoluminescence studies
Figure 8a shows the normalized photoluminescence (PL)
spectra for the pristine and irradiated samples. Near

bandedge emission (NBE) occurs at 3.429 eV for pristine
GaN epilayer. The NBE red shifts from 3.429 to 3.422 eV
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Fig. 6 Full scan X-ray photoelectron spectrum of a irradiated GaN
and b pristine GaN. Inset shows detailed scans of the Ga3d peak for
irradiated GaN and pristine GaN

and broadens on increasing the ion fluence indicating the
presence of tensile stress. This may be attributed to the
formation of nanoclusters as evident in the AFM images
shown in Fig. 4a—d and subsequent defect production
induced by ion irradiation. Generation of defects due to ion
irradiation increases on increasing the ion fluences from
1 x 10" to 1 x 10" ions/cm” resulting in an increase in
tensile stress causing a further red shift in NBE and sub-
sequently reducing the luminescence intensity in the irra-
diated samples. These effects may also be due to the
efficient self-absorption effects.
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pristine and irradiated samples with respect to irradiation fluence
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Fig. 8 a Photoluminescence spectra recorded at room temperature
showing the near band emission of the pristine and the irradiated
samples. b Yellow luminescence of the pristine and the irradiated
samples

Broad yellow luminescence was observed from 2.0 to
2.6 eV with maximum at 2.25 eV as shown in Fig. 8b. This
emission may be due to the deep levels at the bandgap of
the material created by the defects and impurities com-
plexes [19, 23]. It is interesting to note a decrease in the YL
band intensity at the fluence of 1 x 10'° ions/cm? com-
pared with the pristine sample. This may be due to the
combined effect of the creation of photoelectron recom-
bination channels due to the introduction of irradiation-
induced defects and a decrease in defects responsible for
YL which might have been annealed out during restruc-
turing of the lattice while forming nanoclusters. For fluence
of 1 x 10" jons/cm® the YL intensity reached the same
level as that of pristine samples due to increase in the
concentration of defects causing YL. In Fig. 9, relative
intensity, the ratio between near band edge emission
intensity I, and defect intensity /4, was plotted as a function
of ion fluence. It clearly shows that at 1 x 10'* ions/cm?
fluence, YL is low with respect to near band emission, and
relative intensity decreases almost thrice at 1 x 10'? jons/
cm?” fluences. This may be attributed to the generation of
defects which may act as trapping centers affecting the
luminescence properties of the material.

UV-visible spectroscopy

The absorption coefficient as a function of energy has been
plotted in Fig. 10 to find the variation of band gap due to
irradiation. The absorption band edge of the pristine GaN is
at 3.4 eV as shown in the inset of Fig. 10. High-energy
irradiation usually induces band tailing effects which seri-
ously affect the optical properties of the material [10, 12].
A red shift in the absorption band edge with a decrease in
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Fig. 9 Relative intensity of the near band emission intensity I, to the
defect emission intensity /; as a function of ion fluence
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Fig. 10 Plot of o’ versus energy for the epitaxial layers irradiated
with different ion fluences. Inset of the figure showing the band edge
at 3.4 eV for the unirradiated sample

the slope is observed with ion fluence. This indicates that
the absorption band edge become less steep after irradia-
tion due to the band tailing effect as supported by the
broadening and a red shift in the PL NBE. Such change in
absorption band edge may be due to the tensile stress
generated strain near the defects created by the Si>* ion
irradiation [24].

Conclusion

X-ray diffraction studies showed no irradiation-induced
structural phase transformation in the epilayer, with only an
increase in FWHM due to surface modifications and irra-
diation damage. The formation of GaN nanoclusters on the
surface of GaN epilayers grown by MOCVD was con-
firmed with AFM images and XPS studies. The irradiated
samples were characterized to study the modification in
electrical and optical properties. These results show that by
suitably adjusting the irradiation conditions and inducing
further driving forces, morphologically well-aligned nano-
structures can be obtained by SHI irradiation on GaN thin
films without much alteration in their characteristics.
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