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Swift heavy ion irradiation of GaSb: From ion tracks to nanoporous networks

C. Notthoff ,* S. Jordan, A. Hadley, P. Mota-Santiago, and R. G. Elliman
Department of Electronic Materials Engineering, Research School of Physics, The Australian National University,

Canberra ACT 2601, Australia

W. Lei
Department of Electronic Materials Engineering, Research School of Physics, The Australian National University,

Canberra ACT 2601, Australia,
and School of Electrical, Electronic and Computer Engineering, The University of Western Australia, Crawley,

Western Australia 6009, Australia

N. Kirby
Australian Synchrotron part of ANSTO, Melbourne, Australia

P. Kluth
Department of Electronic Materials Engineering, Research School of Physics, The Australian National University,

Canberra ACT 2601, Australia

(Received 3 September 2019; revised manuscript received 21 February 2020; accepted 9 March 2020;
published 10 April 2020)

Ion track formation, amorphization, and the formation of porosity in crystalline GaSb induced by 185 MeV
197Au swift heavy ion irradiation is investigated as a function of fluence and irradiation angle relative to the
surface normal. Rutherford backscattering spectrometry in channeling configuration and small-angle x-ray
scattering reveal an ion track radius between 3 and 5 nm. The observed pore morphology and saturation
swelling of GaSb films shows a strong irradiation angle dependence. Raman spectroscopy and scanning electron
microscopy show that the ion tracks act as a source of strain in the material, leading to macroscopic plastic flow
at high fluences and off-normal irradiation. The results are consistent with the ion hammering model for glasses.
Furthermore, wide-angle x-ray scattering reveals the formation of nanocrystallites inside otherwise amorphous
GaSb after the onset of porosity.
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I. INTRODUCTION

GaSb is a narrow band-gap semiconductor with many tech-
nological applications, including laser diodes, high-frequency
electronic devices [1], high-efficiency infrared photodetec-
tors, thermoelectric devices, thermophotovoltaics, and tandem
concentrator solar cells [2,3]. Porous semiconductors differ
significantly in their physical and chemical properties from
their bulk counterparts due to their microstructure that is often
characterized by a large surface-to-volume ratio and small
feature sizes. Exploring such properties, nanoporous semicon-
ductors have been identified as ideal building blocks for many
optoelectronic, thermoelectric, thermophotovoltaic and sensor
devices, and membranes for biological and chemical appli-
cations [4–6]. The controlled fabrication of porous semicon-
ductors thus paves the way for the development of new ma-
terials with application-specific properties. Commonly used
methods to prepare nanoporous semiconductors are sintering
of nanoparticles [7], electrochemical etching [8,9], and ion
irradiation [10–15]. However, all methods have their own
challenges to control and tune the porosification process. Elec-
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trochemical etching, for example, is typically only capable
of rendering a thin layer of a few nanometers into a porous
structure, with the exception of porous silicon [16,17]. It
has been demonstrated previously that ion irradiation at low
energies can lead to the formation of nanoporous structures in
semiconductors such as GaSb, InSb, and Ge [11–15,18]. The
formation of porosity is attributed to clustering of vacancies
that are generated during the elastic collisions when the
material is irradiated by low energetic ions.

We have recently discovered the evolution of nanoporous
structures in GaSb following swift heavy ion irradiation,
where nuclear collisions become negligible and the interaction
is dominated by electronic energy loss [19,20]. The porous
structures generated by swift heavy ion irradiation in GaSb
are fundamentally different from those resulting from low-
energy irradiation or electrochemical etching. The process
allows fabrication of significantly thicker layers up to several
micrometers, in contrast to a few nanometers typical for etch-
ing and low-energy irradiation. The swift heavy ion process
is more efficient and enables the controlled fabrication of a
new class of porous materials. There is only one publication
[21] on ion track formation in GaSb under swift heavy ion
irradiation and our own work on the mechanisms of porous
structure formation [19,20] at high fluences.
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In this work, we present results on ion track formation
and porosification in crystalline GaSb under 185 MeV Au
swift heavy ion irradiation. The formation of amorphous
tracks in otherwise crystalline GaSb was investigated at low
fluences (� � 1 × 1013 ions/cm2) using Rutherford back-
scattering spectrometry in channeling geometry, small-angle
x-ray scattering, and Raman spectroscopy. Furthermore,
the effect of ion irradiation at high fluences (� > 1 ×
1013 ions/cm2) and non perpendicular ion incidence with
respect to the surface is investigated using high-resolution
scanning electron microscopy and grazing-incidence wide-
angle x-ray scattering.

II. EXPERIMENTAL

Single-crystal GaSb layers grown on (001) InP substrates
by metal organic chemical vapor deposition (MOCVD) and
bulk GaSb single-crystal wafers were irradiated at room
temperature with 185 MeV 197Au ions at the Australian
National University Heavy Ion Accelerator Facility. Irradi-
ation was performed to fluences ranging from 5.6 × 1011

to 2 × 1014 ions/cm2 and at angles of incidence relative to
the surface normal between 0◦ and 60◦. The surface elec-
tronic energy loss and mean ion range estimated using SRIM-
2013 [22] are 22.3 keV/nm and 16.5 μm, respectively. A
layer thickness of approximately 2.4 μm was chosen for
the MOCVD samples to ensure that the energy loss in the
GaSb layers is dominated by electronic stopping [19], even
for irradiation angles up to 60◦. Samples were studied using
scanning electron microscopy (SEM), Raman spectroscopy,
Rutherford backscattering spectrometry in channeling config-
uration (RBS/C), and small- and wide-angle x-ray scattering
(SAXS/WAXS). For SEM analysis, the samples were cleaved
and imaged in cross section to investigate the morphological
changes. Samples irradiated under an angle relative to the
surface normal were cleaved in the plane of irradiation and
perpendicular to it (not shown).

Track formation and damage buildup at low fluences
(� < 1 × 1013 ions/cm2) was investigated with RBS/C using
(001)-oriented bulk GaSb samples, 2 MeV He2+ ions, and
a surface barrier detector positioned at a scattering angle of
168◦.

For the SAXS measurements at the Australian Syn-
chrotron, thin-film samples irradiated to a fluence of � = 3 ×
1012 ions/cm2 were used where the substrate was removed
post irradiation by selective etching with HCl. The top surface
of the GaSb film was protected by Kapton tape during 30 min
etching, which was also used as support during the SAXS
measurements. The SAXS measurements were performed
in transmission geometry with an x-ray energy of 12 keV
(wavelength λ = 1.0332 Å) and a sample-to-detector distance
of 968 mm. Silver behenate and glassy carbon reference
samples were used for q-space calibration and normalization
of the absolute scattering intensity, respectively. SAXS data
were taken at room temperature with the ion tracks tilted by
about 10◦ with respect to the x-ray beam, using a Pilatus2-1M
detector.

Thin-film samples irradiated at normal and 30◦ incidence
with fluences between 5.6 × 1012 and 8.8 × 1013 ions/cm2

were investigated with grazing-incidence WAXS using the

(c)

(b)

(a)

FIG. 1. RBS/C backscattering yield for samples irradiated with
varying fluences (5.6 × 1011, 8.8 × 1011, 1.2 × 1012, 2.4 × 1012,
5.6 × 1012, and 8.8 × 1012 ions/cm2) (a) normal to the surface,
(b) 30◦, and (c) 60◦, relative to the surface normal with 185 MeV
Au ions. The dashed lines are channeled and randomly oriented
reference measurements of a pristine GaSb sample.

GaSb films on InP without any further preparation. The
WAXS measurements were performed at αi = 1◦ inci-
dence angle, an x-ray energy of 14 keV (λ = 0.885 601 Å),
and a sample-to-detector distance of 476 mm using a
Pilatus2-200k Detector. A LaB6 reference sample was used
for 2θ -space calibration and to determine the instrumental
broadening.

III. RESULTS

A. Track formation and damage cross section

Bulk GaSb samples irradiated with fluences ranging
from 5.6 × 1011 to 8.8 × 1012 ions/cm2 were investigated by
RBS/C. The analysis depth for 2 MeV He2+ ions in GaSb
is ∼2 μm, almost 10 times smaller than the range of 185
MeV 197Au ions used for irradiation. Therefore, the samples
are expected to appear uniform over the RBS/C measurement
depth. Figure 1 shows RBS/C data for samples irradiated
at normal (a), 30◦ (b), and 60◦ (c) incidence angle with
5.6 × 1011, 8.8 × 1011, 1.2 × 1012, 2.4 × 1012, 5.6 × 1012,
and 8.8 × 1012 ions/cm2. A pristine, (001)-oriented, single-
crystal GaSb sample was measured in channeling and ran-
dom configuration for reference (shown as dashed lines in
Fig. 1). With increasing swift heavy ion irradiation fluence,
we observe a continuous change of the backscattering yield
from crystalline to random, which is a direct measure of the
increase in disorder/damage in the material. For quantitative
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FIG. 2. Damage buildup as a function of fluence for samples
irradiated normal to the surface (black dots), 30◦ (blue squares), and
60◦ (red triangles) relative to the surface normal. Solid lines are fits
of Eq. (2) to the data.

analysis of the damage as a function of fluence �, we have
calculated the volume fraction of damaged material by

fd (�) = Y (�) − Yc

Yr − Yc
, (1)

with the backscattering yields integrated between channels
100 and 470 for the different irradiated samples Y (�), the
reference sample in channeling configuration Yc, and the
random measurement Yr . Figure 2 shows the resulting vol-
ume fractions of damaged material as a function of fluence
determined from the RBS/C spectra shown in Fig. 1. The
volume fraction of damaged material as a function of fluence
� follows a Poisson law [23]:

fd (�) = 1 − e−σ �
cos(θ ) , (2)

with the damage cross section σ , and the swift heavy ion
incidence angle θ . The cos(θ ) term in Eq. (2) accounts for
the extended path of the ions when irradiation is performed
under an angle θ relative to the surface normal. The damage
buildup for irradiations at 30◦ and 60◦ can be fitted well
with a single cross section of σ = (7.9 ± 0.4) × 10−13 cm2.
For irradiations at normal incidence, however, we observe
a significantly reduced cross section of σ = (3.3 ± 0.2) ×
10−13 cm2. Assuming a cylindrical interaction volume with-
out any inner structure, the cross section σ can be converted
to an equivalent ion track radius of RRBS ≈ 3 nm and 5
nm for normal and off-normal incidence, respectively. We
attribute the smaller damage cross section to a reduction of
energy loss Se due to the channeling effect present at normal
incidence [24,25]. These results differ significantly from those
by Szenes et al. [21], who report, based on transmission
electron microscopy (TEM) investigations, no track formation
for Pb irradiation at 0.85 MeV/u, corresponding to an energy
loss of 21.9 keV/nm, which is similar to the 22.3 keV/nm
for 0.94 MeV/u Au ions used here. Furthermore, the track
radii are significantly larger than the 1.8 nm reported for Pb
irradiation at 1.85 MeV/u in the same study, based on RBS.

FIG. 3. SAXS image of a GaSb sample irradiated with 3 ×
1012 Au/cm2 at 185 MeV and normal incidence, after selective
removal of the InP substrate. The white ring indicates the radial q
value, q = 1 nm−1.

B. Synchrotron-based small-angle x-ray scattering

Figure 3 shows a transmission SAXS image of a freestand-
ing GaSb film irradiated with 3 × 1012 ions/cm2, where the
InP substrate was selectively removed by a post irradiation
HCL etching step. At a fluence of 3 × 1012 ions/cm2 the
overlap of the ion tracks is small enough to interpret the
tracks as separate, well-aligned, cylindrical, amorphous inclu-
sions in an otherwise crystalline matrix. As discussed later,
no macroscopic porosification is observed at fluences below
5 × 1012 ions/cm2, which is consistent with no observation
of scattering from nano-sized pores in the SAXS experiment.
SAXS has been extensively used previously to study ion
tracks in various materials [26,27]. The sample and therefore
the long axis of the ion tracks was tilted by ≈10◦ relative to the
x-ray beam, resulting in clear, well-developed streaks typical
for ion tracks with high aspect ratios [26,27]. For quantitative
analysis of the SAXS data, the scattering intensity along the
streak is extracted and background corrected by subtracting
the isotropic scattering contribution from the matrix. The
anisotropic scattering of the ion tracks is extracted by applying
a narrow mask along the streak, excluding all but the intensity
of the streak, and azimuthal averaging of the 2D data in the q
range from qmin = 0.5 nm−1 to qmax = 4.0 nm−1. Using the
same mask but rotated by about 5◦ relative to the streak that
excludes the anisotropic scattering of the ion tracks allows for
the extraction of the background from the same data set [27].
The data reduction is performed with a custom developed
PYTHON code [28] which uses PYFAI [29] for data binning.
Figure 4 shows the scattering intensities along the streak
after background removal (black dots) together with a simple
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FIG. 4. Background-corrected SAXS data extracted from Fig. 3
(black dots) and a simple oriented cylinder model fit (blue line).

oriented cylinder model fit [26,27] (solid blue line):

I (q, RSAXS, χ ) = 1

η

(2π
ρL)2N√
2πχ

×
∫ ∞

−∞
dr

∣∣∣∣ r J1(q r)

q

∣∣∣∣
2

e
− (r−RSAXS )2

2χ2 , (3)

with the length of the ion tracks (sample thickness) L =
2.4 μm, number of ion tracks N = 3 × 1012, scattering length
density difference 
ρ = ρtrack − ρe between the ion track and
bulk, and a conversion factor η = 3.26 × 10−5 cm/counts
from absolute intensities to detector counts obtained from
a reference measurement of glassy carbon under the same
experimental conditions [30]. The cylinder model agrees well
with the experimental scattering intensities (except for a slight
deviation at about 1 nm−1 where part of the signal stems
from a Kossel line). The fit yields an ion track radius of
RSAXS ≈ 4.1 nm with a narrow Gaussian size distribution with
a width of χ = 0.2 nm. The comparison of the cylinder model
with the experimental SAXS data further allows us to estimate
the density change to be less than 1% relative to bulk GaSb
(ρe = 40.77 × 1010 cm−2 taken from Irena [31]).

The track radius determined by SAXS matches the results
from RBS measurements very well, as channeling is expected
to be largely suppressed for the highly defective thin GaSb
film on InP. No clear evidence of ion tracks was observed
at lower fluences, most likely due to the very weak contrast
between the amorphous ion tracks and the crystalline matrix.
This explains the difficulties in studying ion tracks in GaSb by
SAXS in our previous studies [19].

C. Strain and ion hammering

Figure 5 shows typical Raman spectra measured prior
to the RBS/C experiments on the same samples (symbols)
and fits to the data using pseudo-Voigt functions to describe
the transversal optical (TO) and longitudinal optical (LO)
Raman peaks (solid lines). The Raman spectra show an al-
most constant TO line intensity and a decreasing LO line,
indicating increasing amorphization with increasing fluence.

FIG. 5. Selected Raman spectra of GaSb samples irradiated at
normal incidence with different fluences (symbols) and pseudo-Voigt
fits to the data (solid lines).

The intensity reduction of the LO line is a measure of the
amorphized volume fraction, and the fluence dependence is
in good agreement with the RBS data.

In the fluence region of well-separated ion tracks in an
otherwise crystalline matrix (� � 1 × 1013 ions/cm2), we
observe a small but clear shift of the LO-phonon line towards
smaller wave numbers, as shown in Fig. 6. This indicates
the accumulation of tensile strain in the matrix. The strain
increases almost linearly with fluence for all investigated
irradiation angles. We observe the same slope for irradiation
under 30◦ and 60◦ relative to the surface normal. Similar to the
macroscopic surface shift observed in glasses and other semi-
conductors, we attribute the observed strain to the so-called
ion hammering effect [32,33]; however, the crystalline matrix
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FIG. 6. Peak shift of the LO Raman line as a function of ion
fluence for different irradiation angles relative to the surface normal
(symbols) and peak shift predicted by ion hammering theory for
irradiation normal to the surface (dashed line) as well as 30◦ and
60◦ (solid line).
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responds with an elastic rather than a plastic deformation at
low fluences �.

The ion hammering tensor is defined by [34–36]

ε = A0�

⎛
⎝ 1 − 3 sin2(θ ) 0 3 sin(θ ) cos(θ )

0 1 0
3 sin(θ ) cos(θ ) 0 1 − 3 cos2(θ )

⎞
⎠, (4)

where the deformation yield induced by a single ion track is
given by

A0 = 1.164
1 + ν

5 − 4ν

αgSe

eρC
, (5)

with the Poisson ratio ν = 0.31, density ρ = 5.61 g/cm3, spe-
cific heat C = 0.25 J/gK, linear thermal expansion coefficient
α = 7.75 × 10−6 K−1 of GaSb at room temperature [37], and
the fraction of energy transferred from the swift heavy ion to
the thermal spike gSe.

Within the framework of an analytical thermal spike
model, the knowledge of the ion track radius allows us to
estimate the efficiency of the energy transfer gSe. Following
Szenes et al. [21], the ion track radius is defined by

rspike = a(0)

√
ln

gSe

πρC
Ta(0)2
, (6)

with the energy loss Se = 22.3 keV/nm, initial Gaussian
width of the thermal spike a(0) = 11.2 nm [21], density ρ =
5.61 g/cm3, specific heat C = 0.25 J/gK, and the difference
between melting point and irradiation temperature 
T =
685 K. Using the track diameter of 5 nm (3 nm) obtained by
our RBS/C experiments, we can estimate the energy transfer
to about 2.88 keV/nm (2.54 keV/nm), which corresponds to
an efficiency g between 0.11 and 0.13.

The Raman peak shift can be calculated using the well-
known secular equation whose solutions yield the frequencies
of the optical phonons in the presence of strain [38]:

∣∣∣∣∣∣
pεxx + q(εyy + εzz ) + λ 2rεxy 2rεxz

2rεxy pεyy + q(εxx + εzz ) + λ 2rεyz

2rεxz 2rεyz pεzz + q(εxx + εyy) + λ

∣∣∣∣∣∣ = 0 , (7)

where λ = �2 − ω2
0 and � ≈ ω0 + λ/2ω0 with the unstrained phonon frequency ω0.

Substituting the ion hammering tensor for εi j we obtain


�(θ ) = −ω0

2
A0�

(
p − q

2ω2
0

+ 3

2ω2
0

√
(1 − 4 cos(θ )2 + 4 cos(θ )4)(p − q)2 + 16 sin(θ )2 cos(θ )2r2

)
(8)

for the strain-induced phonon line shift. Evaluating Eq. (8) for
θ = 0◦ and converting to wave numbers yields


ν0 = −2
(p − q)

2ω2
0

ν0A0� . (9)

In the case of θ = 30◦ and 60◦, Eq. (8) simplifies to


ν30,60=−
⎛
⎝1

2

p − q

2ω2
0

+ 3

4

√(
p − q

2ω2
0

)2

+ 3

(
r

ω2
0

)2
⎞
⎠ν0A0� .

(10)
The solid and dashed lines in Fig. 6 show the expected
strain-induced peak shift for the different irradiation angles
according to the ion hammering model using the parameters
(p − q)/2ω2

0 = 0.22, r/ω2
0 = −1.08, ω2

0 = 1.84 × 1027 sec−2

from Ref. [38], and gSe = 2.88 keV/nm determined from the
previously discussed RBS/C results. We note that there are no
free parameters involved in the calculation, i.e., no parameters
are adjustable to fit the experimental data.

The slope of the observed Raman peak shift with fluence
matches the prediction from the ion hammering model very
well. In contrast to previous reports on the ion hammer-
ing effect in Ge and Si under swift heavy ion irradiation
[10,39,40], where the occurrence of a low-density liquid state
is needed to explain the experimental observations, the ion
hammering effect in crystalline GaSb is consistent with the
simple thermal expansion model characteristic for glasses.
This is also consistent with the low density contrast between

the amorphous ion tracks and the crystalline matrix observed
from the SAXS measurements.

D. Swelling and surface shift

Figure 7(a) shows cross-section SEM images of sam-
ples irradiated normal to the surface with fluences rang-
ing from 1.2 × 1013 to 2 × 1014 ions/cm2, reproduced from
Ref. [19]. At low fluences � � 1.2 × 1013 ions/cm2 we
observe the formation of separated, almost spherical voids.
With increasing fluence (1.2 × 1013 ions/cm2 < � < 1.2 ×
1014 ions/cm2), the voids become elongated pockets and
self-assemble into columnar structures. At higher fluences
the pockets become more irregular, and signs of fiberlike
structures develop at the sample surface. The porosification
of the material with increasing fluence is accompanied by a
strong, mainly uniaxial swelling.

Figures 7(b) and 7(c) show cross-section SEM images
of samples irradiated at 30◦ and 60◦ relative to the sur-
face normal with fluences ranging from 2.4 × 1013 to 1.2 ×
1014 ions/cm2. The first and most prominent difference com-
pared to irradiation at normal incidence is the increased
porosity and therefore the significantly larger swelling of the
GaSb film, up to about twice that of normal incidence under
similar irradiation conditions.

Another significant difference is a clear preferential orien-
tation of the elongated pores as shown in Fig. 8. The pores are
aligned about 45◦ relative to the surface normal, and except for
minor variations (±5◦), the orientation is independent of the
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FIG. 7. Cross-section SEM images of GaSb films on InP substrates irradiated normal to the surface (a), at 30◦ (b), and 60◦ (c) relative to
the surface normal. The insets indicate the orientation of the ion beam during irradiation relative to the cross-sectional view.
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FIG. 8. Cross-section SEM images of GaSb films on InP sub-
strates irradiated with 185 MeV Au ions. Lines are a guide to the
eye, indicating the orientation of the pores at 45◦.

irradiation angle and fluence within the fluence range inves-
tigated. The elongation of pores with a preferential direction
of about 45◦, essentially independent of irradiation angle and
fluence, indicates the presence of considerable shear stress in
the film [41].

Besides the preferential orientation, the high-fluence pore
morphology is also significantly different to that at normal
incidence. It changes from pocketlike structures to a structure
resembling corrugated sheets, and the formation of fiberlike
features at the surface can be observed at fluences as low
as � = 5.6 × 1013 ions/cm2. At low fluences, no discernible
difference in pore shape can be observed, but a gradient in
pore size becomes more apparent with increasing irradiation

µ

FIG. 9. Cross-section SEM images of GaSb films on InP sub-
strates irradiated at 30◦ and 60◦ relative to the surface normal to a
fluence of 5.6 × 1012 ions/cm2.

angle. SEM images in Fig. 9 show a clear change from smaller
pores at the interface to larger ones at the free top surface.
Furthermore, it appears that the number density of pores also
increases with increasing irradiation angle. Figure 10 shows
the swelling 
h of the GaSb film as a function of fluence
� for samples irradiated parallel (black dots), at 30◦ (blue
squares), 45◦ (green stars), and 60◦ (red triangles) relative

FIG. 10. Swelling of thin-film GaSb (determined from SEM
cross-section images) as a function of ion fluence for different
irradiation angles relative to the surface normal (symbols) and best
fits of Eq. (13) to the data (solid lines).
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to the surface normal. We have previously shown that a
single ion impact into crystalline GaSb generates vacancy
clusters which agglomerate/grow into larger voids by diffu-
sion [19]. However, the formation of macroscopic voids and
a measurable swelling is only observed above a threshold
fluence �0 of about 5 × 1012 ions/cm2, which corresponds
approximately to a full coverage of the sample with ion tracks
and correspondingly to an almost complete amorphization of
the GaSb film, as observed by Raman and RBS/C.

The volume fraction of voids as a function of fluence fv (�)
can be described by a Johnson-Mehl-Avrami-Kolmogorov–
type equation [42–44], assuming a nucleation and growth
process similar to a crystallization or phase-change process:

fv (�) = f0[1 − e− κ
cos(θ ) (�−�0 cos(θ ))] , (11)

with a correction for the ion path length due to the incident
angle of the ions cos(θ ), the maximum/saturation porosity f0,
an effective ion cross section κ , and a threshold fluence �0.
Assuming a uniaxial expansion only (base area A = const .),
the porosity fv (�) can be easily translated into the swelling

h(�):

ρ = m

hA
= ρ0(1 − fv (�)), (12)


h(�) = h(�) − h0 = h0
fv (�)

1 − fv (�)
, (13)

with the bulk density ρ0, the initial film thickness h0, and an
arbitrary but constant area A and corresponding mass m.

The solid lines in Fig. 10 represent the best fits of Eq. (13)
to the data. Based on RBS/C measurements presented before,
the threshold fluence was chosen as �0 = 5 × 1012 ions/cm2,
which corresponds to between 80% and 90% amorphization
and corresponds approximately to complete coverage of the
sample with ion tracks. The fits were performed in parallel,
keeping the effective cross section κ constant for all irradi-
ation angles, which yields κ = 4.2 × 10−14 cm2. Only the
saturation porosity f0 is varied independently for the different
angles as indicated in the graph. The significant increase in
saturation porosity from f0 = 0.53 ± 0.01 for normal inci-
dence to f0 = 0.75 ± 0.01 for 60◦ irradiation angle is quite
surprising. The intuitive explanation that the longer ion path
results in greater vacancy production and clustering does not
hold up, as this is implicitly included in Eq. (13) in the
cosine term. In that case f0 would be the same for all angles.
Furthermore, if the total energy deposition in the layer was the
only factor responsible for the swelling, a higher fluence for
a lower angle should be able to compensate for the increased
path length at higher angles, which is clearly not the case. At
this stage we are not able to resolve the reason for the observed
behavior; however, possible mechanisms can include: (i) dif-
ferences in macroscopic strain in samples irradiated under
different angles, (ii) differences in mechanical stability of the
different microstructures observed, and (iii) different vacancy
production/nucleation rates. Possibly a combination of these
effects may account for the observed behavior. As mentioned
before, the strong elongation of the pores with a preferential
direction of about 45◦ as well as the observed Raman peak
shift at low fluences indicate the presence of strong shear
stress induced by the ion irradiation.

FIG. 11. Inset: Optical micrograph of a GaSb sample with Au
markers irradiated under an angle of 60◦ to a fluence of 5.6 ×
1013 ions/cm2. (a) Surface shift as a function of fluence for 30◦

(blue circles) and 60◦ (red squares) irradiation relative to the surface
normal. (b) Surface shift corrected for swelling as detailed in the text.

We have prepared samples with 50-nm-thick Au marker
layers on the surface by thermal evaporation using TEM grids
as a shadow mask and masked about half of the sample during
swift heavy ion irradiation to investigate the plastic flow of
GaSb under the induced shear stress. The inset in Fig. 11
shows a typical optical micrograph of a sample with a Au
marker layer where the lower part was irradiated under an
angle of 60◦ relative to the surface normal with 185 MeV Au
ions to a fluence of 5.6 × 1013 ions/cm2, whereas the upper
part was masked. The displacement of the Au squares in the
irradiated area relative to the unirradiated top part clearly
demonstrates a plastic flow in the direction of the ion beam
projection on the sample surface (see arrow in the inset of
Fig. 11). The observed surface shift 
x, determined using
SEM images, is depicted in Fig. 11(a) as a function of fluence
for 30◦ (blue circles) and 60◦ (red squares) irradiation relative
to the surface normal. The strong swelling of the layers alters
the observed surface shift and needs to be corrected for.
Figure 11(b) shows the corrected surface shift after applying
a simple geometric correction for the swelling by dividing the
surface shift 
x by the swelling 
h using Eq. (13). After
correction, we observe the same deformation yield (slope)

046001-8



SWIFT HEAVY ION IRRADIATION OF GaSb: FROM ION … PHYSICAL REVIEW MATERIALS 4, 046001 (2020)

for samples irradiated at 30◦ and 60◦. Equation (4) allows
for the estimation of the expected surface shift within the ion
hammering model for irradiation under 30◦ and 60◦, shown as
a dashed line in Fig. 11. Again, we note that there are no free
parameters involved in the calculation. The good agreement
between the experimentally observed surface shift and the ion
hammering model indicates that even after full amorphization
and the development of significant porosity the track forma-
tion process and the associated strain production resembles
the results in the crystalline, low-fluence regime obtained by
Raman earlier. In contrast to the low-fluence regime, where no
strain relaxation is observed, it appears that the predamaged,
amorphous layer relaxes the swift heavy-ion-induced strain
completely through plastic flow similar to the ion hammering
effect in glasses [34,45].

This result is quite surprising, as the melting point density
of GaSb [46] is with ρliquid = 6.058 g/cm3 about 8% more
dense than the amorphous phase, and the ion hammering
model predicts a plastic deformation with negative deforma-
tion yield if a simple liquid-solid phase transition (first-order
phase transition) is assumed [45]. For this situation a surface
shift in the other direction would be expected for GaSb. A
similar situation is observed in amorphous Si and Ge and
was attributed to the existence of a low-density liquid phase
in Si and Ge, which explains the observation of a positive
deformation yield [10,39,40,45]. In contrast to Si and Ge,
GaSb is a compound semiconductor and the liquid phase is
already a low-density phase, characterized by the presence
of local order [47,48]. There is no indication that an even
lower density phase exists. There is experimental evidence
for a change in viscosity in the GaSb liquid phase; however,
no evidence for a structural phase transition could be found
(see, e.g., Ref. [48]). The origin of the viscosity change is still
under discussion. Our low-fluence (separate amorphous tracks
in a crystalline matrix) Raman results and the observation
of a positive deformation yield at high fluence thus are both
in good agreement with the ion hammering effect in glasses
[34,45].

E. Swift heavy-ion-induced recrystallization

Figure 12(a) shows a typical detector image from the
WAXS measurements performed on thin-film GaSb samples
in grazing incidence. For quantitative analysis, the images are
azimuthally integrated and fitted by Rietveld refinement using
a modified code based on MSTRUCT [49,50], where we have
implemented size and strain broadening following Refs. [51]
and [52], respectively. Figure 12 shows the integrated scatter-
ing intensities (symbols) and Rietveld fits (solid lines) for a
sequence of samples irradiated with fluences from 5.6 × 1012

to 5.6 × 1013 ions/cm2 at normal (c) and 30◦ (b) ion irradia-
tion relative to the surface normal. Consistent with our RBS/C
experiments, both samples irradiated with a fluence of 5.6 ×
1012 ions/cm2 show no sign of a crystalline phase; only a
broad undefined background (most likely from the GaSb/InP
interface and the InP substrate) can be observed. With in-
creasing fluence, well-defined diffraction peaks become vis-
ible, which can be refined using a single nanocrystalline
GaSb phase. (GaSb at ambient condition is a zinc-blende
structure, which belongs to the space group F -43m in the

FIG. 12. Typical WAXS detector image (a), and azimuthally
integrated scattering intensities (red dots) for samples irradiated
with different fluences at 30◦ relative to the surface normal (b) and
at normal incidence (c). Solid (blue) lines are best fit Rietveld
refinements to the experimental data.

Hermann-Mauguin notation, and atomic position (0,0,0) and
(0.25,0.25,0.25) for Ga and Sb with occupancy 1, respectively
[1].) The Rietveld refinement yields a lattice constant of a =
6.09 Å and a = 6.08 Å for irradiations normal to the surface
and 30◦ inclined, respectively. The lattice constant matches
the 6.096 Å reported in Ref. [1], surprisingly well considering
the stress/strain induced by the ion hammering effect. This is
a strong indication that the ion-induced stress is fully relaxed
into the macroscopic, plastic deformation of the GaSb film.
Within the data quality there is no indication for microstrain
broadening typically observed in nanoparticles. Amorphous
and crystalline GaSb have a very similar local structure
(fourfold coordinated) and density [53]. Therefore, it is most
likely that the nanocrystals embedded in an amorphous matrix
with the same local structure do not have to minimize their
surface energy through surface reconstruction or microstrain.
The Rietveld refinement yields a crystallite size of 4.6 nm
for irradiation normal to the surface and a slightly larger
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size of 5.3 nm when irradiated at 30◦. Interestingly, in both
cases the crystallite size is independent of the fluence once
the nanoparticles are visible in the diffraction pattern. Swift
heavy-ion-induced annealing and recrystallization has been
observed previously in other materials (see, e.g., [54–57]);
however, in GaSb we observe the formation of nanoparticles
during a single ion impact, and no further crystallite growth
is induced upon consecutive ion impacts. A likely explanation
for the observation of nanoparticle formation only after the
onset of porosification as well as the small but clear difference
in nanoparticle size between 0◦ and 30◦ irradiation is the
reduction in thermal conductivity due to the porous structure
which causes higher temperatures on a longer time scale after
a swift heavy ion impact and allows for the spontaneous
nucleation of nanoparticles.

IV. SUMMARY AND CONCLUSION

We have investigated ion track formation in crystalline
GaSb exposed to 185 MeV Au ions using Raman, RBS,
and SAXS. The RBS measurements yield a track radius of
about 5 nm for off-normal and 3 nm for normal-incidence ion
irradiation, while about 4 nm is obtained from the SAXS data.
We attribute the variation in track radius from RBS/C to a
reduced energy loss due to channeling at normal incidence.
The SAXS result for normal incidence is in between the
RBS results for off-normal and normal irradiation and is
most likely explained by suppressed channeling due to a high
lattice mismatch of GaSb and InP and hence a high defect
density compared to the single-crystal wafers used in RBS
experiments. An alternative explanation for the difference in
radius determined with SAXS and RBS/C lies in the fact
that SAXS is sensitive only to density changes while RBS/C
may also detect a damaged halo around the core track and
overestimate the defect concentration due to the contribution
of dechanneling, leading to systematically higher track radii
measured by RBS/C. The different experimental methods
consistently yield a larger track radius compared to the only
other experimental report on track radii in crystalline GaSb by
Szenes et al. [21]. Raman spectroscopy was used for the inves-
tigation of ion-irradiation-induced strain in crystalline GaSb.
Within the framework of ion hammering and assuming a
simple thermal spike model, the known track radius was used
to predict the ion-irradiation-induced stress in the crystalline
GaSb sample. The prediction of the ion hammering/thermal
spike model agrees very well with the stress observed by
Raman spectroscopy.

Above a threshold fluence of about 5 × 1012 ions/cm2,
which corresponds to an almost complete amorphization of
the GaSb film, the vacancy mobility and density are sufficient
to allow macroscopic void nucleation and growth. This leads
to significant porosity along with a strong swelling of the
irradiated area. The degree of porosity and the resulting
microstructure observed depend strongly on the irradiation
angle. A significant increase in saturation porosity is observed
for off-normal irradiation. In addition to swelling, off-normal
irradiation leads to significant plastic flow in the direction

of the ion beam. The observed surface shift as a function
of fluence for 30◦ and 60◦ irradiation matches well with
the prediction based on the ion hammering model. We note
that there are no free parameters involved in the ion ham-
mering model to match the Raman and shift data. Wide-
angle x-ray scattering shows the formation of nanocrystals
once macroscopic porosity is observed, while the material
is amorphized completely upon irradiation before porosity
is induced. Rietveld refinement of the WAXS data reveals
that the crystallite size is independent of the fluence but
increases with increasing irradiation angle. This indicates that
the nanocrystals are formed during a single ion impact, rather
than growing continuously with fluence.

The results reveal a complex transformation of the GaSb
upon irradiation. First the material is rendered amorphous
until completely covered by ion tracks. Subsequently, the
material becomes porous where the microstructure and extent
of the porosity are strongly dependent on the incident irradi-
ation angle. After the formation of porosity, nanocrystallites
form in the porous structure. Both at low and high fluences,
results clearly show that in contrast to Ge and Si [10,39,40],
GaSb (crystalline and amorphous) behaves more like a glass
where the ion-induced thermal spike locally melts the material
and shear stress due to the thermal expansion in the molten
track freeze-in during the subsequent rapid cooling. The for-
mation of nanocrystallites can be explained by a spontaneous
nucleation during the quenching of the ion-induced liquid
phase inside the center of the thermal spike. Without poros-
ity, the maximum temperature and lifetime of the thermal
spike is too short to allow for crystallites to nucleate. With
increasing porosity the thermal conductivity decreases locally,
causing an increase in maximum temperature and lifetime of
the thermal spike, which allows spontaneous nucleation and
growth of nanocrystalline GaSb in the otherwise amorphous
matrix.

The results are interesting from a fundamental point of
view, as they show the glasslike behavior of the mate-
rial, which clearly differs from that previously observed
for elemental semiconductors. From an application point
of view, the controlled formation of porosity offers the
ability for the fabrication of thermoelectric and sensor
devices.
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