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Nano-porosity in GaSb induced by swift heavy ion irradiation
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Nano-porous structures form in GaSb after ion irradiation with 185 MeV Au ions. The porous layer
formation is governed by the dominant electronic energy loss at this energy regime. The porous
layer morphology differs significantly from that previously reported for low-energy, ion-irradiated
GaSb. Prior to the onset of porosity, positron annihilation lifetime spectroscopy indicates the
formation of small vacancy clusters in single ion impacts, while transmission electron microscopy
reveals fragmentation of the GaSb into nanocrystallites embedded in an amorphous matrix.
Following this fragmentation process, macroscopic porosity forms, presumably within the
amorphous phase. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861747]

Antimony based semiconductors, such as GaSb and
InSb, have many important applications, including laser
diodes, high frequency electronic devices,' high efficiency
infra-red photodetectors, as well as high-efficiency thermo-
photovoltaic systems and tandem concentrator solar cells.>”
Nano-porous semiconductors have been identified as ideal
building blocks for optoelectronic, photovoltaic and sensor
devices, and membranes for biological and chemical applica-
tions.*> A commonly used method for fabricating porous
semiconductors is electrochemical etching. This has been
extensively studied for the fabrication of porous silicon,® but
has also been reported for compound semiconductors, such
as GaAs, InP, and GaP.” In contrast to electrochemical etch-
ing methods, using ion irradiation to induce porosity is
largely independent of the electrical properties of the mate-
rial and provides a technology that is compatible with indus-
trial device fabrication; however, few semiconductor
materials can be rendered porous using this technique. In the
low energy regime, where nuclear stopping is predominant,
the formation of porous structures has been reported for Ge,
GaSb, and InSb.*'® In general, the formation of porosity is
attributed to clustering of vacancies that are generated during
the elastic collisions when the material is irradiated by ener-
getic ions. In the case of Ge, porosity was only observed af-
ter the material was first rendered amorphous.'® The current
understanding is that the amorphous structure can accommo-
date more interstitial-like atoms with the consequence that
vacancy clustering is enhanced. In contrast to Ge, the
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continuous-to-porous transformation in GaSb and InSb
occurs simultaneously with the crystalline-to-amorphous
transformation and is attributed to inefficient Frenkel pair
(i.e., interstitial and vacancy pair) recombination.'®'® Tt
remains unclear why other semiconductors, such as Si, are
not rendered porous by low energy ion irradiation.

Using high-energy irradiation, which is dominated by
electronic energy loss, recent reports show porous structure
formation in Ge.'”'® As in the case of low energy irradia-
tion, only amorphous Ge becomes porous. In this investiga-
tion, we present results on the formation of nano-porous
structures in GaSb using swift heavy ion irradiation. The
resulting structures are distinctly different from those formed
by low energy irradiation and the process does not require
the material to be amorphous before porosity develops.

For our experiments, we utilized bulk GaSb substrates,
as well as 2.2 um thick GaSb layers grown by metal organic
chemical vapor deposition (MOCVD) onto InP substrates.
Irradiation was performed at room temperature with
185MeV '"7Au ions at the Australian National University
Heavy Ion Accelerator Facility with the ion beam normal
to the sample surface. Fluences ranged between 1 x 10'" and
2% 10 ions/cmz. The ion flux was below 35 x 10'°
ions/cmz/s for all irradiation experiments resulting in
power densities below 1.5W/cm”. We thus rule out ion
beam-induced sample heating. Samples were studied using
scanning electron microscopy (SEM), positron annihilation
lifetime spectroscopy (PALS), transmission electron micros-
copy (TEM), as well as small-angle X-ray scattering (SAXS).
For SEM analysis, the samples were cleaved and imaged in
cross-section. PALS was performed at the Australian
Positron Beamline Facility at the ANU using 6keV posi-
trons.'® The penetration depth of the positrons peaks is at
approximately 100nm for this energy. In order to measure
the lifetime spectra, a BaF, scintillator was used in conjunc-
tion with a photo multiplier tube (PMT) and digital
multichannel analyzer with 100ps bin-width. A total of
~1.5 x 10° counts were measured in each spectrum, with a

© 2014 AIP Publishing LLC
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typical positron pulse Full-Width Half-Maximum (FWHM)
of ~0.8ns and signal-to-background ratio of >10°. An
un-irradiated GaSb sample was used as a reference for the
positron measurements, and lifetimes measured in the irradi-
ated samples can then be attributed solely to the damage
induced. For TEM studies, the irradiated specimens were
thinned to a thickness of ~10 um by polishing the unirradi-
ated surface, followed by continued thinning from the same
side by ion milling with a few keV Ar ions at less than 5° inci-
dence until perforation. TEM was conducted using a JEOL
3011 electron microscope. Transmission SAXS measure-
ments were performed at the SAXS/WAXS beamline at the
Australian Synchrotron. Thin film GaSb samples were uti-
lized where the InP substrate was locally removed by selec-
tive wet chemical etching prior to ion irradiation.

Fig. 1(a) shows a cross-sectional SEM image of bulk
GaSb irradiated to a fluence of 4 x 10" ions/cm?®. Three
distinct regions can be observed. The panels at the top of
Fig. 1(a) show magnifications of these regions. In the first
region (region 1) that extends to a depth of ~9 um, large
elongated voids (>100nm) are apparent. Beyond this depth,
the voids vanish, and the material appears largely solid
(region 2). At a depth of about 12 um, a layer of small,
largely spherical voids with diameters around 10 nm appears
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FIG. 1. Cross sectional SEM images of GaSb layers irradiated with 185 MeV
Au ions: (a) bulk sample exposed to a fluence of 4 x 10'* ions/cm?. The top
panels show magnifications from three characteristic areas. The main image is
overlaid with a SRIM calculation of the energy loss as a function of depth,
stretched by the swelling of the layer measured by profilometry; (b) GaSb thin
films grown on InP as a function of the irradiation fluence.
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that extends to a depth of ~22 um (region 3). The porosity is
accompanied by a swelling of the surface of approximately
6 um that was measured by surface profilometry. At the bot-
tom of the image, a Stopping and Range of Ions in Matter
(SRIMZOOS)20 calculation of the electronic and nuclear
energy loss as a function of depth is shown. As the calcula-
tion does not account for swelling, it was stretched to match
the swollen GaSb layer of 25 um layer with an initial thick-
ness of approximately 19 um. We are aware that the swelling
is not linear over the depth under investigation, and thus,
note that the “stretched” SRIM calculation can only be seen
as a crude approximation. It is readily apparent, however,
that the large voids in region 1 result from the electronic
energy deposition, as nuclear stopping is negligible in this
area. When the electronic energy loss falls below a value of
approximately 10keV/nm, the voids vanish and the material
is continuous (region 2). This value thus provides a threshold
for the electronic energy loss at which porosity occurs. The
appearance of small spherical voids in region 3 can be attrib-
uted to nuclear stopping and is consistent with previous
reports.”'*! In order to isolate the effects of electronic stop-
ping, the porosity was studied in 2.2 um thick GaSb layers
grown on InP by MOCVD. The InP substrate remains con-
tinuous upon swift heavy ion irradiation. The evolution of
the porosity as a function of fluence is shown in Fig. 1(b).
The porosity proceeds by the formation of spherical voids,
which grow with increasing irradiation fluence into elon-
gated voids and finally irregular pockets with characteristic
sizes of ~200nm and ~20-30nm thick sidewalls. While at
low irradiation energies with predominant nuclear stopping,
the initial stages of porosity are also characterized by the for-
mation of spherical voids,'® the final porous structures
resemble open fibrous networks distinctly different from the
structures observed here.'*'*

Using profilometry, the swelling of the material was
measured as a function of the ion fluence for both bulk sam-
ples, as well as thin films. The results are shown in Fig. 2(a).
Clearly, there is a linear increase in the step-height for the
bulk samples. A linear fit to the data indicates a threshold flu-
ence of approximately 9 x 10'? ions/cm? for the swelling to
be measurable. In contrast, swelling of the thin film saturates
at approximately 3 um. The difference in swelling behavior
is a consequence of the limited supply of GaSb in the thin
film. The morphology of the porous structure was found to
be identical for both bulk and thin film targets (see Figs. 1(a)
and 1(b), for example). More importantly, extrapolation of
the swelling for the thin film samples yields an almost identi-
cal threshold value for formation of pores in the bulk. While
no conclusive data have been reported for the damage
cross-sections of swift heavy ion tracks in GaSb,?' assuming
a typical track diameter of 10 nm, a simple overlap model*?
yields a fluence of approximately 1 x 10'® jons/cm? to cover
the whole irradiated area, in good agreement with the
observed threshold fluence. Thus, pre-damage of the material
is required before significant porosity forms.

The sub-threshold fluence region between 1 x 10'" and
1 x 10" ions/cm? was investigated using PALS. The bulk
GaSb samples were used for these measurements. A single
lifetime was observed in each sample and is shown as a func-
tion of the ion fluence in Fig. 2(b). An apparent increase in
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the lifetime up to a fluence of 1x 10" jons/cm® can be
attributed to the formation of vacancy clusters with increas-
ing size. Comparison with theoretical work on silicon sug-
gests that the smallest lifetime of ~450 ps corresponds to a
vacancy cluster >V10.>*** A simple extrapolation of this
model suggests that the size increases to a vacancy cluster of
around V40 at the longest lifetime, corresponding to a spher-
ical void of around 1nm in diameter. This clearly demon-
strates that small vacancy clusters already form in single ion
impacts. Growing vacancy clusters in a fluence range where
largely isolated ion tracks are formed (i.e., 1x 10" to
1 x 10'? ions/cm?) suggests the diffusion of the vacancies
beyond the typical track dimensions of ~10 nm.

In order to study the nature of the damage prior to and
after the onset of porosity, we performed high-resolution
TEM of bulk GaSb samples irradiated with 3 x 10'" and
3 x 10" jons/cm?, respectively. Figs. 3(a) and 3(b) show
images of the former and (c) and (d) of the latter. A fluence
of 3x 10" ions/cm? is below the threshold for observable
porosity. In agreement with the absence of swelling, no voids
could be detected by TEM, yet significant fragmentation of
the originally single-crystal structure is apparent. We note
that the vacancy clusters detected by PALS are too small for
detection by TEM. The morphology resembles randomly
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FIG. 2. (a) Swelling of bulk (blue triangles) and thin film (red circles) GaSb
measured by profilometry as a function of the irradiation fluence; (b)
positron lifetime broadening as a function of the irradiation fluence in the
sub-threshold region, i.e., before macroscopic porosity occurs.
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oriented crystallites, 5-20 nm in size, embedded in a matrix
consisting of amorphous material with “sidewalls” (i.e., the
spacing between the crystallites) of a few nm. At a fluence of
3 x 10" ions/cm?, Fig. 3(c) shows the hollow pockets of the
porous structure. A high-resolution image of the solid area in
(d) reveals that even at this fluence, where the material expe-
rienced multiple ion impacts and porosity is formed, the
microstructure still consists of nanocrystallites interspersed
in amorphous material. Thus, the formation of porosity dur-
ing swift heavy ion irradiation does not require the material
to be completely amorphous, in contrast to the case of Ge.
Electron diffraction analysis shown in the inset of Fig. 3(c)
confirms that the crystallites remain in the cubic zincblende
structure observed for bulk GaSb and no radiation-induced
decomposition was observed.

These results provide important mechanistic insights
into the main processes operational during porous layer for-
mation. From the PALS measurements, it is evident that va-
cancy clusters form within individual ion impacts, however,
significant porosity requires a degree of disorder to be pres-
ent manifested in the observed threshold fluence. Clearly,
disorder in the form of dislocations is not the origin of mac-
roscopic porosity, as both the thin layer and bulk GaSb show
a very similar evolution of porosity. The former contains a
significant dislocation density due to the large lattice mis-
match with the InP substrate. Thus, we propose that it is
within the amorphous material that the porosity is predomi-
nantly generated. In the low energy irradiation case,'®" in
contrast, porosity was explained by Ga interstitial agglomer-
ation at extended defects that leave a vacancy excess, which
ultimately leads to void formation. Porosity originating in
the amorphous phase has been investigated for Ge in both
high- and low-energy ion regimes. In the low-energy regime,
the amorphous phase can accommodate sufficient interstitials
such that enhanced clustering of vacancies can occur, and

FIG. 3. TEM images of bulk GaSb irradiated with 3 x 10'" (a) and (b), and
3 x 10" jons/cm? (c) and (d). The inset in (c) shows the selected area elec-
tron diffraction pattern. The indexing is consistent with crystallites in differ-
ent orientations that have the zincblende structure.
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this ultimately leads to macroscopic porosity.® In the high-
energy regime, a melt-quench process leads to the formation
of macroscopic voids within single ion tracks.>> The latter
were accompanied by ion tracks with a low atomic-density
core and a high atomic-density shell. The TEM observation
of randomly oriented nanocrystallites in low fluence irradi-
ated single crystal GaSb indicates a melt-quench process is
also operational during single ion impacts, albeit recrystalli-
sation of part of the material occurs during the quenching
process. In contrast to the case of Ge,25 transmission SAXS
measurements at the Australian Synchrotron on a thin film
GaSb sample irradiated with 1 x 10'" ions/cm? are indistin-
guishable from those of an unirradiated sample, thus leaving
no evidence of ion track or void formation. Such measure-
ments have previously enabled us to determine the track
structure in a variety of other materials with great
success.”>?%?® This suggests that ion tracks in GaSb may be
dissimilar to those in other materials that often show amor-
phous high-aspect ratio track cores in a crystalline matrix. In
the current case, resolidification includes recrystallization
albeit not epitaxial, leading to the observed fragmentation.
The current results cannot unambiguously determine if the
void formation in the amorphous part of the GaSb is similar
to that in amorphous Ge, as porosity and amorphisation
occur simultaneously, however, the absence of typical high
aspect ratio damage structures and the continuing presence
of a crystalline phase clearly differentiates the two cases.

In conclusion, porous structures can be induced in GaSb
by swift heavy ion irradiation, caused by electronic stopping
processes. The porous structures differ in comparison to the
fibrous networks observed to result from low-energy irradia-
tions. While the results suggest that significant disorder/
amorphisation is required before macroscopic porosity
appears, some crystallinity in the form of nanorystallites per-
sists. Lower ion fluences are required in the high-energy case
in order to obtain a similar degree of porosity as compared to
the low-energy irradiation. This was already apparent in
Fig. 1 where the surface region dominated by electronic
energy loss has larger void structures than regions where
nuclear-stopping dominates, i.e., at the end of range. The sig-
nificantly different porous morphologies, depending on the
energy regime, clearly extend the range of possible applica-
tions for the porous structures.
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