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ABSTRACT

This is a short review about the ion irradiation-induced foams in antimonide films. III-V semicon-
ductors like InSb and GaSb can be transformed into solid foams with nanometric dimensions upon
irradiation with swift heavy ions, increasing significantly the effective surface area of the material. The
giant surface-to-bulk ratio of solid nanofoams, combined with the small energy bandgap of antimonide
binary compounds offer new possibilities for the development of electronic devices with improved
energy efficiency. The characterization of antimonide nanofoams structure, composition and electronic
properties is thus essential to fully exploit their promising technological advantages. Here we show
that InSb and GaSb films deposited by magnetron sputtering on SiO,/Si substrates can be rendered
porous upon irradiation with 17 MeV Au™’ ions, while no evidence of porosity was observed in AlSb
films irradiated under similar conditions. InSb films initially amorphous, become polycrystalline with
zincblende phase upon irradiation with fluence 2x10' cm™2, at the same time as the accumulation
of voids result in the complete transformation of the films from compact-continuous to foam-like
structure. Single-crystalline InSb films can also be transformed into solid foams upon irradiation,
however, the ion fluence required to attain similar levels of porosity (compared to amorphous InSb
deposited by magnetron sputtering) is significantly higher. GaSb films, in a similar way, can also
be transformed into solid foams upon irradiation, although, for GaSb films deposited by magnetron
sputtering, the structure of the foams is amorphous with significant increase of oxide fraction upon
irradiation. The ion irradiation effects on the electronic properties of single crystalline InSb films are
also presented. We compare the ion irradiation effects in different antimonide binary compounds with
results about their crystalline structure and morphology using X-ray diffraction analysis and scanning

electron microscopy.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Antimonide films: deposition and irradiation

1. Why porous antimonides are interesting the symmetry of the host lattice, the properties of porous semi-

conductors can be radically different from those of bulk ma-
terial. Not only prime semiconductor parameters like absorp-

The discovery of luminescent microporous Si triggered consid- ~ tion/emission of light, conductivity and bandgap might be quite
erable interest in porous semiconductors. Since porosity breaks  different, but also high-order effects, internal symmetries/
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anisotropies and even basic chemistry (Foll et al., 2005). Porous
semiconductors can be highly attractive from a sensor point
of view, given their unique combination of crystalline struc-
ture and large internal surface area, which enables enhancement
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reactions. Various studies show that optical and electrical charac-
teristics of porous semiconductors may change significantly upon
adsorption of molecules to their surfaces or by filling up the
pores (Korotcenkov and Cho, 2010).

Recently, porous semiconductors other than Si have received
considerable attention, the most noteworthy being IlI-V com-
pound materials (Datta and Som, 2016; Nitta et al., 2010; Danilov
et al.,, 2005). These compounds offer much more possibilities in
this respect as compared with Si, due to the fact that the shift
from elementary to compound semiconductors entails a major
crystallographic modification and offers the possibility to change
their chemical composition (Vurgaftman et al., 2001). For exam-
ple, by combining Al with GaAs at certain proportions, different
semiconductors are obtained with different electronic bandgaps.
Consequently, the properties of each of these “mixtures” can
be extended by making them porous. Thus, this multitude of
materials in their bulk and porous form opens the way for new
exciting physical properties.

Pores in IlI-V compounds are not a new discovery, just as
pores in Si pre-date 1990. However, much progress has been
made during the last 10 years, especially the formation of pores
on antimonides by ion irradiation (Nitta et al., 2010; Kluth et al.,
2006; Datta et al., 2014; Jacobi et al., 2012; Kluth et al., 2011;
Yanagida et al., 2017; Giulian et al., 2017b; Kluth et al., 2014a,
2005; Giulian et al,, 2019). Antimonide nanofoams produced
by ion irradiation exhibit smaller dimensions than nanowires
grown by chemical vapour deposition, for example Anandan et al.
(2019), resulting in significantly greater surface-to-bulk ratio.
Moreover, Antimonide-based semiconductors are good candi-
dates for thermoelectric materials, high speed and low power
consumption electronic devices. Such properties are greatly pur-
sued for the development of digital and analogical systems for
data processing, imaging, communication and sensing, especially
in portable equipment and satellites (Korotcenkov and Cho, 2010;
Cheng et al,, 2017). This paper will focus on more recent devel-
opments in AlSb, InSb and GaSb films deposited by magnetron
sputtering, transformed into nanometric solid foams by ion irradi-
ation. The formation of nanoporous structures in single crystalline
InSb films grown by molecular beam epitaxy is also presented
for comparison and the structural and electronic characterization
of the films are discussed. Results about sputter-deposited films
were compiled from previous publications (Giulian et al., 2017b,
2019, 2017a; Manzo et al., 2019), but we also included new
results to compare the ion irradiation effects on single crystalline
InSb films, for which the electrical characterizations have been
performed.

2. Antimonide films: deposition and irradiation

Magnetron sputtering is a versatile technique mostly used for
thin film deposition, allowing a good control of film thickness,
composition and structure on a variety of structures (Giulian
et al,, 2017a). For the present study, we deposited AlSb, GaSb
and InSb films on SiO,/Si substrates, with thickness varying from
75 nm to 500 nm. Experimental parameters are described in
detail elsewhere (Giulian et al., 2017a). For simplicity, from here
on sputter-deposited films will be denoted InSb-sputt, GaSb-sputt
and AlSb-sputt.

After deposition, samples were irradiated with 17 MeV Au’*
ions at fluences varying from 1 x 10" to 1 x 10> cm™2. Ir-
radiations were performed at room temperature, with the ion
beam parallel to the samples normal. Further details about irra-
diation conditions can be seen in Refs. Giulian et al. (2017b,a).
Single-crystalline InSb films, ~370 nm thick, epitaxially grown
on semi-insulating GaAs substrates by molecular beam epitaxy
(MBE) were also irradiated with same energy and fluence, and

the results are presented here for comparison. For clarity, films
grown by MBE will be denoted InSb-MBE from here on. Scanning
electron microscopy (SEM) and X-ray diffraction (XRD) analyses
were performed before and after irradiation (experimental details
described elsewhere (Giulian et al., 2017b, 2019, 2017a)).

The carrier mobility and density for InSb-MBE were estimated
via Van der Pauw/Hall measurements. A magnetic field of 3280
Gauss was applied perpendicular to the sample and a current
smaller than 1 mA was used in all measurements.

3. Ion irradiation-induced foams

When energetic heavy ions pass through a solid, the ions lose
energy to the electrons and nuclei of the material along their
trajectory. In the nuclear stopping regime (S,) the impinging ions
create damaged regions approximately spherical, most promi-
nent at the end of trajectory, while in the electronic stopping
regime (S.) the energy transferred to the electrons usually re-
sults in ion track formation, of cylindrical shape, along the ion
path (Toulemonde et al., 2006). In both cases, the energy lost
by the impinging ions yields an increase in the local atomic
motion around the ion path (S.) or at the end of trajectory (S;),
equivalent to a local increase in temperature. For a short time, the
local temperature may exceed that required for melting or even
vaporization of the material and is rapidly dissipated. Despite
their very different mechanisms, both S, and S, result in highly
damaged regions that originate from a quench from the melt, but
with different shapes. For this reason, it is expected that both S,
and S, result in porous structures with similar features. When,
for example, 17 MeV Au*’ ions impinge in 200 nm GaSb films, S
~3.1 keV/nm and S, ~1.4 keV/nm at the surface (as calculated
by SRIM (Ziegler et al., 1985)), and these values are not very
different at the interface. Hence, the modifications induced by ion
irradiation with 17 MeV Au*’ ions may be due to a combination
of nuclear and electronic energy losses.

Fig. 1 shows SEM micrographs of GaSb-sputt films, deposited
on Si0,/Si substrates at 400 °C, and the dramatic transformation
induced by ion irradiation on those films. While as-deposited
GaSb samples are compact, ~200 nm thick, after irradiation
with 1 x 10 ¢cm~2 the morphology of the films changes sig-
nificantly, forming large voids separated by ~25 nm thick walls.
For 3 x 10 cm™ the voids increase even further, yielding an
overall swelling of the films (Manzo et al., 2019). Similar effect
is also observed in InSb-sputt films irradiated under similar
conditions (Giulian et al., 2017b), although, for 75 nm thick InSb
films, the swelling is more pronounced than that observed for
GaSb (Manzo et al., 2019) or even InSb with thickness >100 nm
(Giulian et al., 2017b). The reason for such different swelling re-
lies on the initial structure of the films. While 200 nm thick GaSb
or InSb films deposited by magnetron sputtering are polycrys-
talline, with zincblende phase, InSb films deposited by magnetron
sputtering, at room temperature, with thickness 75 nm, are amor-
phous (Giulian et al., 2017b). The structural analysis of these films
and its evolution upon ion irradiation is discussed in the next
section.

Fig. 2 shows SEM micrographs of InSb-MBE films, with initial
thickness of ~370 nm, and the pronounced swelling induced by
ion irradiation on those films can be readily seen. The morphology
of InSb-MBE foams (Fig. 2) is very similar to that of GaSb-sputt
foams (Fig. 1), and also to that of InSb-sputt (Giulian et al., 2017b).
However, the same irradiation fluence yields quite distinct results
for the swelling of InSb-sputt (75 nm thick) and InSb-MBE films
irradiated with 2 x 10 cm™2, as shown in Fig. 3. For better
visualization, Figs. 1 and 2 show SEM micrographs with the same
scale (for a given material), irradiated with different fluences,
so the relative increase in thickness can be directly appreciated,
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Fig. 1. SEM micrographs of GaSb films deposited by magnetron sputtering,
before and after irradiation with 17 MeV Au*’ ions at different fluences (on
scale).

while Fig. 3 shows two micrographs of samples irradiated with
the same fluence (2 x 10' cm™2) but with different scales.

The swelling, for InSb-sputt, InSb-MBE and GaSb films is also
plotted as a function of irradiation fluence in Fig. 4. While GaSb-
sputt, InSb-sputt films (with initial thickness above 200 nm) and
InSb-MBE exhibit similar swelling (approximately 5 times the
initial film thickness for irradiation fluence of 3 x 10'* cm™2),
InSb-sputt films with initial thickness 75 nm exhibit a much
more pronounced swelling, ~16 times the initial film thickness
for 3 x 10" cm™2. AlSb-sputt films, on the contrary, do not
show any indication of voids or swelling upon irradiation under
similar conditions (not shown). The SEM micrographs shown in
Fig. 3 also emphasize the strikingly different behaviour of films
with different initial structure. Bear in mind that InSb-sputt films
are amorphous (before irradiation) (Giulian et al., 2017b) while
InSb-MBE films are single crystalline.

With XRD analyses (Fig. 5), we could verify that not only
the morphology of the film changes upon irradiation, but also
the structure. As-deposited GaSb-sputt films are polycrystalline
and, with increasing irradiation fluence, the well-defined peaks
related to the zincblende phase of GaSb give place to broad peaks
indicative of amorphization. At 1 x 10'* cm~2, the zincblende
phase can no longer be identified in GaSb-sputt samples (Manzo
et al,, 2019). Very interestingly, for InSb-sputt films, the opposite
trend is observed. InSb films with thickness 75 nm, deposited
by magnetron sputtering at room temperature, are amorphous,
and upon irradiation with 17 MeV Au*’ ions, the structure of
the films changes, attaining a zincblende phase for irradiation
fluences of 1 x 10'* cm~2 and above (Giulian et al., 2019). AlSb-
sputt films, 500 nm thick deposited at 550 °C, on the other
hand, exhibit very good polycrystalline structure and do not show
any significant structural changes upon irradiation with fluences
as high as 2 x 10" cm™2, retaining the same zincblende phase
exhibited by as-deposited films. Crystallite sizes of GaSb, InSb and
AlSb samples determined using the Scherer equation (Patterson,
1939; Langford and Wilson, 1978) are listed in Table 1 (for a
complete description of the calculation see Ref. Manzo et al,
2019).

Although in many of the III-V semiconductors ion irradia-
tion induces amorphization (Schnohr, 2015), in amorphous InSb
films (as shown in Fig. 5) the ion irradiation induces recrys-
tallization (Giulian et al., 2017b). Similar behaviour can also be
attained (in amorphous InSb films) by thermal annealing with
temperatures as low as 150 °C, nonetheless, no evidence of poros-
ity induced by thermal annealing was observed (Giulian et al.,

Table 1

Crystallite sizes for GaSb, InSb and AISb films deposited by magnetron sputtering,
before and after irradiation with 17 MeV Au*’ ions, calculated using the Scherrer
equation Langford and Wilson (1978).

Fluence (cm~2) GaSb (nm) InSb (nm) AlSb (nm)
NI 15.1 £ 15 246 4+ 2.3
1 x 10%2 140 £ 15

4 x 1012 134 + 14

1 x 101 9.1+ 04 7.8 £ 1.3

1 x 10" 7.8 £ 12

2 x 10" 252 + 43
3 x 10 96 + 1.1

2017b). The considerable difference in swelling between amor-
phous and polycrystalline InSb films irradiated under similar
conditions may be attributed to the existing defects in amor-
phous films, which lower the energy required for vacancies and
interstitials to move. It becomes evident from the XRD results
shown in Fig. 5 that intrinsic thermodynamic properties of each
compound play a significant role in ion-induced foams. AlSb is a
semiconductor with bandgap ~1.65 eV and melting temperature
of 1057 °C, while GaSb and InSb melt at considerably lower
temperatures (712 °C and 527 °C, respectively), besides having
significantly smaller bandgaps (~0.75 eV and ~0.17 eV, respec-
tively). Moreover, GaSb films deposited by magnetron sputtering
at room temperature exhibit an excess Sb to the ratio 1:2 Ga:Sb,
even though the sputtering target used for deposition consisted
of 1:1 Ga:Sb (Giulian et al., 2019). Stoichiometric GaSb films
were only attained when depositions were performed at elevated
temperatures. In this sense, 420 °C was the lowest deposition
temperature for which the GaSb films exhibited good polycrys-
talline quality, with no excess Sb (the excess Sb was verified
by Rutherford backscattering spectrometry, as shown in detail in
Ref. Manzo et al., 2019).

X-ray diffraction analysis of InSb-MBE films also reveal inter-
esting aspects of the ion irradiation-induced transformations in
antimonides. Fig. 6 shows diffraction patterns of InSb-MBE films
before and after irradiation with 17 MeV Au” ions, in the fluence
range 0— 1 x 10'> cm™2. For the sake of clarity, the diffractograms
were divided in three parts: Fig. 6(a) shows a highlight of the
region where the peaks from the zincblende phases of InSb (111)
and GaAs (111) appear; Fig. 6(b) shows the full length of the
diffractogram for the InSb-MBE as-deposited film; and Fig. 6(c)
shows a magnified view of the same graph (as in Fig. 6(b)) for
selected irradiation fluences. The single-crystalline structure of
InSb-MBE samples (as grown) becomes evident from Fig. 6(b),
where a single narrow peak is visible at 26 ~32 degrees. Both
the InSb and GaAs have zincblende structure, but with different
lattice parameters, hence, the epitaxial growth of InSb film on
GaAs substrate results in lattice distortion on the InSb film. Also
visible from this graph is the (111) peak from zincblende phase of
the GaAs substrate, at 26 ~28 degrees. For increasing irradiation
fluences, the GaAs (111) peak gets broader and decreases in
amplitude (Fig. 6(a)), consistent with the increase in structural
damage at the substrate by the impinging ions. The peak cor-
responding to the InSb single-crystal phase also changes with
increasing fluence, but it does not disappear as fast as the GaAs
one. For 1 x 10 cm™2, the GaAs signal completely disappear
and small voids start to appear in the SEM. At 2 x 104 cm™2
the peaks corresponding to the zincblende phase of InSb start to
appear, at the same time as voids start to coalesce and a porous
structure can be readily seen in Figs. 2 and 3. For increasing
fluences, the polycrystalline zincblende phase of InSb gets more
prominent, similar to the observed for InSb-sputt films irradiated
with same energy, but for much lower fluences (Fig. 5) (Giulian
et al., 2017b).
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InSb films grown by MBE

1x10"°

Fig. 2. SEM micrographs of InSb-MBE films, before and after irradiation with 17 MeV Au*’ ions at different fluences (on scale).

Fig. 3. SEM micrographs of InSb-sputt and InSb-MBE films, after irradiation with 17 MeV Au*’ ions to a total fluence of 2 x 10" cm™2. The thicknesses of the

unirradiated films were 75 nm (InSb-sputt) and 370 nm (InSb-MBE), respectively.

The mechanisms responsible for the formation of voids in
antimonides by ion irradiation is still a matter for debate, but
a possible explanation follows Nitta et al. (2010), Kluth et al.
(2006), Datta et al. (2014), Jacobi et al. (2012), Kluth et al. (2011)
and Yanagida et al. (2017). Each ion creates a cylindrical region
around its path where the mobility of atoms is enhanced by the
local increase in temperature (Bierschenk et al., 2013; Kluth et al.,
2014b; Ridgway et al,, 2013). For a short time, vacancies and
interstitials are highly mobile inside the molten (or vaporized) ion
track, and diffuse away at different rates. Vacancies agglomerate
forming voids which coalesce to minimize surface energy, while
interstitials diffuse further away from the ion path. The foam-
like structures shown in Figs. 1-3 most likely result from the
coalescence of a large number of small voids formed by each
individual impinging ion. The linear swelling with increasing
irradiation fluence (Fig. 4) also supports that assumption. In this
sense, the material behaves like a foam, where the nanowires
shown in Figs. 1-3 are, in fact, the remaining plateau borders of a
dry foam with open cell (Thomas et al., 2006). It is expected that
amorphous films respond differently from polycrystalline ones
upon irradiation, as confirmed by InSb and GaSb results (Giulian
et al.,, 2017b, 2019). Polycrystalline films require more irradiation
fluence to attain the same level of porosity observed for amor-
phous films of the same compound. InSb requires less energy
to attain a polycrystalline structure than GaSb and AlSb, also,
amorphous films can be transformed into foams by ion irradiation
more easily than crystalline ones.

@ InSb 75 nm
- O InSb 350 nm
%) < InSb 370 nm (MBE)
3 15— A GaSb 200 nm
g
Q
<
=
T & 10
s =
s
£
3 5
£
0—

T T T T
o 2 4 6 8 10

Irradiation Fluence (x10'‘cm™)

Fig. 4. Swelling as a function of irradiation fluence for InSb-sputt (300 nm initial
thickness), InSb-sputt (75 nm initial thickness), GaSb-sputt and InSb-MBE films.

4. Electronic properties of InSh-MBE

Fig. 7(a) shows the mobility and electron density as a function
of irradiation fluence for InSb-MBE films irradiated with 17 MeV
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Fig. 6. XRD analysis of InSb-MBE films as-grown and after irradiation with different fluences. (a) Highlight of the region where the peaks from the zincblende phases
of InSb (111) and GaAs (111) appear. Diffractograms shown in cascade for better visualization. (b) Diffractogram for the InSb-MBE as-grown film; (c) Magnified view
of the same graph (as in Fig. 6(b)) for selected irradiation fluences, showing the formation of polycrystalline InSb with zincblende phase upon irradiation.

Au™7 ions, and Fig. 7(b) shows the mobility as a function of elec-
tron density for the same samples shown in Fig. 7(a). As Fig. 7(a)
indicates, irradiation reduces the mobility. Saturation occurs for
irradiation fluences higher than 3 x 10'?> cm~2. Notwithstanding,
the electron mobility is increased by the irradiation and also
shows the same pattern of saturation.

According to the Brooks-Herring model (Brooks, 1951), the
mobility limited by ionized impurities is given by:

(1)

T/To)*?
p o i 11,

where Ty is a reference temperature, and ¢ is a function that
is nearly constant over the carrier concentration n. Therefore,
the mobility due to ionized impurities is approximately inversely
proportional to their concentration.

The mobility as a function of the electron density shown in
Fig. 7(b) exhibits this trend. Thus, we conclude that the irradiation
produces defects that limit the carrier motion, but these defects
are ionized and work as dopants to the films. Moreover, the fitted
mobility as a function of the carrier concentration is given by:

w=2.10x 10'® x N7103, (2)
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which is a good approximation for the Brooks-Herring model.
Eq. (2) can also be written as:

sl T 21
pw~3.16 x 1083 | —

3
349 N1.03 (3)
Hence, we estimate a characteristic temperature Ty of approxi-
mately 349 K for this scattering mechanism.

Conclusions

In this brief review we show that antimonide binary com-
pounds can be transformed into solid foams with nanometric
dimensions upon irradiation with 17 MeV Au*’ ions. The small
bandgap of InSb and GaSb combined with the giant surface area
of solid foams offer new possibilities for the development of en-
ergy efficient electronic and photonic devices. The results shown
in this short review contribute to the understanding of anti-
monide binary thin film fabrication and structural characteri-
zation. We compare the ion irradiation effects on GaSb, InSb
and AISb films deposited by magnetron sputtering on SiO,/Si
substrates and InSb films epitaxially grown by MBE on GaAs. We
show that GaSb-sputt films can be transformed from crystalline-
to-amorphous and continuous-to-porous by ion irradiation. InSb-
sputt films with thickness 75 nm can also be transformed into
solid foams and they exhibit a much more pronounced swelling
upon irradiation than single-crystalline InSb films or GaSb-sputt
films irradiated under similar conditions. While polycrystalline
GaSb-sputt films become amorphous upon irradiation, in amor-
phous InSb-sputt films the ion irradiation induces recrystalliza-
tion. On the other hand, AlSb-sputt films do not show any sig-
nificant structural changes or the formation of voids or swelling
upon irradiation, retaining the same zincblende phase exhibited
by as-deposited films. Significant structural transformations can
also be seen in films irradiated with 17 MeV Au*’ ions. With
increasing irradiation fluence, the InSb-MBE films also attain a
polycrystalline structure, although the swelling of InSb-MBE films
is significantly smaller than that of InSb-sputt (75 nm thick) for
a given irradiation fluence, possibly due to the lower energy
required for interstitials and vacancies to move in the amorphous
film, compared to the crystalline one.
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