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Room temperature irradiation of InSb(111) by 60keV Ar*-ions at normal (0°) and oblique (60°)
angles of incidence led to the formation of nanoporous structure in the high fluence regime of
1 x 10" to 3 x 10'® ions cm™2. While a porous layer comprising of a network of interconnected
nanofibers was generated by normal ion incidence, evolution of plate-like structures was observed
for obliquely incident ions. Systematic studies of composition and structure using energy dispersive
X-ray spectroscopy, Raman spectroscopy, x-ray photoelectron spectroscopy, Raman mapping, graz-
ing incidence x-ray diffraction, and cross-sectional transmission electron microscopy revealed a
high degree of oxidation of the ion-induced microstructures with the presence of In,O; and Sb,05
phases and presence of nanocrystallites within the nanoporous structures. The observed structural
evolution was understood in terms of processes driven by ion-induced defect accumulation within
InSb. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4897537]

I. INTRODUCTION

The success of nanotechnology in developing small
scale electronic and optoelectronic devices, sensors, or solar
cells with highly improved performance relied to a great
extent upon the unique properties of semiconductor nano-
structures originating from quantum confinement of carriers
in low-dimension. III-V semiconductors nanostructures, in
particular, are promising for applications in high-speed elec-
tronic devices and near to mid-infrared optoelectronic devi-
ces due to their low band gap and high carrier mobility.'™
Among the II-V semiconductors, InSb attracted special
attention because of the lowest band gap (0.17eV at room
temperature (RT)) and high electron mobility of 77 000 cm?
V~! 57! making it a promising candidate for developing
infrared emitters and detectors as well as low power, high
speed electronic devices.” Recent studies also indicated pos-
sibility of InSb to be used in memory devices.” Moreover,
the Bohr radius of exciton in InSb is 60 nm,5 which made it
convenient to engineer the band gap of InSb nanostructures
for potential applications by tailoring their dimension. For
instance, InSb nanowires were used in field effect transistor
and sensors.”® As a result, synthesis of InSb nanostructures
became a focus of research.”*~'® Nanowires of InSb were
fabricated by techniques like chemical beam epitaxy,’
template-based deposition,” or self-catalysis based growth.'’
In parallel to such techniques, RT irradiation of InSb by
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energetic ions was successfully used to fabricate a porous
InSb layer comprising of a network of interconnected nano-
fibers.'""'* In fact, the advantage of ion-beam technique,
such as large scale self-organized synthesis in a single step
made it a promising method for nanofabrication. However,
the energy of the ion beam in earlier studies was in 1-3 MeV
range where a nanofibrous layer was generated for applied
fluences in the range of ~10"-10" ions cm~%.'"'? On the
other hand, in focused ion beam (FIB) based studies, it was
observed that normally incident 30keV Ga™-ion irradiation
to fluences of 10'°~10'7 ions cm ™~ resulted in gradual devel-
opment of cone-like nanostructures,'” instead of nanoporous
structure. Moreover, when ion beam was incident at an angle
0 to the surface, periodic nanoscale ripple or hillock struc-
tures were generated at the fluence of 8 x 10" ions cm~2.'°
Further, with the increase in applied fluence beyond 10'°
ions cm ™2, the ripple structures evolved into cone-like nano-
structures having an In rich apex.'® Re-deposition of sput-
tered atoms was assumed to play a key role in the formation
of such cone-like nanostructures.'>'® However, whether a
nanoporous structure comprising of nanofibers can be fabri-
cated by normally or obliquely incident medium energy ion
irradiation of InSb or not remained an open question. Our
recent studies'”"'® on medium energy ion irradiation of GaSb
in the high fluence regime (7 x 10'°-3 x 10'® ions cm™?)
revealed formation of a porous layer whose microstructure
was dependent upon ion incidence angle. Since a vacancy
mediated mechanism was invoked for understanding the ion
induced porosity development in both of InSb and
GaSb,'"'*1718 medium energy ion irradiation of InSb in the

© 2014 AIP Publishing LLC
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high fluence regime (>10'7 ions cm %) might lead to the for-
mation of similar nanostructures.

Radiation damage due to irradiation of medium energy
ions to high fluence, in general, is expected to lead to the
amorphization of a crystalline semiconductor matrix.
However, the nanofiber network generated by MeV energy
ion irradiation at low fluences was found to contain nano-
crystallites embedded in an amorphous matrix.'? In addition,
the cone-like nanostructures generated by FIB irradiation
were also found to be polycrystalline. These observations
suggested that the processes leading to the development of
porosity or formation of nanostructure might also play a role
in the transition of a crystalline matrix to an amorphous one.
Regarding the application of InSb nanostructures, although
crystalline InSb nanowires were used in device applica-
tions,”® quantum confinement effect similar to those
observed in crystalline nanostructures was demonstrated for
amorphous InSb nanostructures.'® The crystallinity aspect of
the nanostructures developed by irradiation to high fluences
is, therefore, of great importance both for understanding the
evolution process as well as for the possible technological
applications. Moreover, oxide phases of In and Sb could be
present in InSb nanostructures due to the reactive natures of
both In and Sb, although this aspect was not addressed in
earlier studies of ion induced evolution of InSb
morphologies.'' ™"

Thus, in order to establish energetic ion irradiation as a
useful technique for synthesis of InSb nanostructures, in par-
ticular, and synthesis of semiconductor nanostructures in
general, it becomes imperative to investigate and understand
the evolution of microstructure, composition, and crystallin-
ity of medium energy ion irradiated InSb in the high fluence
regime.

In this paper, we showed that a porous InSb layer con-
taining nanofibers forms under 60keV Ar*-ion irradiation in
the high fluence range of 1 x 10'” to 3 x 10'® ions cm 2. We
further demonstrated the difference in structural evolution
for normal and oblique ion incidences. While a network of
interconnected nanofibers evolved for normal ion irradiation,
a porous layer containing plate-like structures was formed
for irradiation at 60°. The structural evolution was under-
stood in terms of irradiation induced growth of voids due to
vacancy agglomeration, subsequent void growth, and inter-
connection. Our studies further revealed the presence of
crystalline phases, in the form of nanocrystallites, in the ion-
generated microstructure and high level of oxygen absorp-
tion, leading to the formation of In,O3 and Sb,O3 phases.

Il. EXPERIMENTAL

Mirror polished n-type (Te-doped) InSb (111) wafers
were cut into pieces (I x 1cm?) and ultrasonically cleaned
by using trichloroethylene, acetone, ethanol, and de-ionized
water. The samples were irradiated at RT with mass sepa-
rated *°Ar"-jons of energy 60keV. In order to understand
the role of incident angle of ions (0) in the evolution of
microstructures, InSb samples were irradiated at both normal
(0=0°) and oblique (0 =60°) angles of ion incidence. The
applied fluence was varied from 1 x 10" jons cm 2 to
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3% 10" jons cm 2. The ion-induced evolution of micro-
structure was investigated by using a field emission gun
based scanning electron microscope (FEGSEM) (Carl-Zeiss)
in both plan-view and cross-sectional geometries. The ele-
mental analysis was carried out in plan-view mode by energy
dispersive x-ray spectroscopy (EDS) (Oxford Instruments)
attached to the SEM, using a 10keV electron beam. In addi-
tion, surface chemical property was studied by x-ray photo-
electron spectroscopy (XPS) (VG Instruments) using Mg-K,
radiation source (hv=1254¢V). Micro-Raman (Renishaw)
spectra of the irradiated samples were also recorded at RT in
a backscattering geometry using the 514.5 nm line of an Ar-
ion laser. Raman mapping was performed at RT by using the
514.5nm line of an Ar-ion laser (inVia, Renishaw) and the
data were recorded with the help of an 1800 lines nm " gra-
ting and a thermoelectrically cooled CCD detector.
Moreover, grazing-incidence (5°) x-ray diffraction (GIXRD)
measurements were carried out (Bruker, D8-Discover), by
using the Cu-K, radiation source (/4 =0.154 nm), to look for
crystalline phases in the irradiated samples. Microstructure
of samples, irradiated to the highest fluence at 0 =0° and
60°, was investigated by cross-sectional transmission elec-
tron microscopy (XTEM) using a 300kV field emission gun
based TEM (FEI Tecnai G> S-Twin).

lll. RESULTS AND DISCUSSION

The plan-view and cross-sectional SEM (XSEM) micro-
graphs in Figs. 1 and 2 demonstrate that a porous microstruc-
ture was generated by both normally and obliquely incident
Ar"-ions at the lowest fluence (viz. 1 x 10" ions cmfz). It
should be noted that this result is in contrast to earlier obser-
vations of cone-like structures or ripple pattern formation (at
oblique ion incidence) for medium energy ion irradiation of
InSb using FIB.!>1° Moreover, contrasting nature of struc-
tural evolution of irradiated InSb for normal and oblique ion
incidences also became clear from the SEM images.
Normally incident ion irradiation generated a porous layer
comprising of an interconnected network of nanofibers as
discernible from Fig. 1(a). The widths of the nanofibers were
measured to be ~10-25 nm range. Plate-like structures were
also observed to coexist with the interconnected nanofibers
[indicated in Fig. 1(a)]. As the applied fluence was increased,
lesser numbers of plate-like structures were observed in the
porous layer, with further appearance of interconnected
nanofibers. This became evident from the plan-view image
shown in Fig. 1(c) corresponding to the highest fluence of
3% 10"™ jons cm 2 The XSEM images provided more
insight into the microstructural evolution during ion irradia-
tion. The XSEM image in Fig. 1(b), corresponding to the
structure shown in Fig. 1(a), clearly demonstrated the forma-
tion of a porous layer of thickness around ~1 yum containing
a network of nanofibers. It should be mentioned here that, at
the high ion fluences used in the present study, a variation in
thickness of the porous layer was detected in XSEM images
taken from different places. Plate-like structures coexisting
with nanofibers-network were also observed throughout the
porous layer. In fact, some nanofibers were seen to extend
from plate-like structures in Fig. 1(b). A further close
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inspection of the interface of the porous layer and the under-
lying substrate revealed the existence of voids of dimension
20-50nm along the interface. Columnar structures were
observed above the void layer, as indicated in Fig. 1(b). On
the other hand, the XSEM image of the sample, irradiated to
the highest fluence of 3 x 10'® ions cm 2, in Fig. 1(d) shows
that the porous layer mainly comprised of a network of inter-
connected nanofibers (the inset at the top left corner presents
a magnified view). Moreover, an increase in thickness of the
porous layer to 1.8-2 um was observed in Fig. 1(d). The
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FIG. 1. Plan-view and cross-sectional
SEM (XSEM) images of InSb irradiated
at 0=0°, as a function of applied ion
fluence. (a) Plan-view; fluence 1 x 10'7
ions cm ™2, (b) XSEM; fluence 1 x 10"
ions cm 2, (c) plan-view; fluence
3 x 10" jons cm™?, and (d) XSEM,; flu-
ence 3 x 10'® jons cm 2. The dashed
yellow lines on the XSEM images show
the top surface and the interface with
the substrate underneath.

interface region of the porous layer with the underlying sub-
strate, however, showed microstructure similar to the one
observed at the lowest fluence [inset at the bottom left corner
of Fig. 1(d)]. Here, columnar structures are observed over
voids of dimension ~20-50 nm. Thus, normally incident ion
irradiation (in this fluence regime) turned out to be an effi-
cient method for fabricating InSb nanofibers.

The porous microstructure formed by irradiation of
obliquely incident ions on InSb turned out to be significantly
different compared to the ones formed due to normally

FIG. 2. Plan-view and cross-sectional
SEM (XSEM) images of InSb irradi-
ated at 0 =60°, as a function of applied
ion fluence. (a) Plan-view; fluence
1% 10" ions cm 2, (b) XSEM; fluence
1 x 10" jons cm_z, (c) plan-view; flu-
ence 3x 10" jons em™2, and (d)
XSEM; fluence 3 x 10'® ions cm 2.
The XSEM images are taken in a
direction perpendicular to the pro-
jected ion beam direction depicted by
the red arrows on the plan-view
images. The dashed yellow lines on the
XSEM images show the top surface
and the interface with the substrate
underneath.
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incident ions. The microstructures of InSb samples, irradi-
ated to fluences of 1 x 10'7 and 3 x 10" jons cm ™2 under
oblique ion irradiation, are shown in Figs. 2(a) and 2(b) and
Figs. 2(c) and 2(d), respectively. It is clearly seen from the
plan-view images of Figs. 2(a) and 2(c) that in contrast to
normally incident ions, where porous layer was distributed
all over the irradiated surface, obliquely incident ion irradia-
tion resulted in the formation of porous structures in distinct
regions on the surface within which the bare irradiated sur-
face was also observed. In fact, the porous regions were
arranged in strips over the surface oriented perpendicular to
the incident beam direction (depicted by the red arrows on
the plan-view images). In the porous regions, plate-like
structures were mainly observed with few nanofibers extend-
ing from them. Measurements also revealed that widths of
plate-like structures are in the range of 15-30nm, which
were slightly higher than those found for normally incident
ion-generated structures.

XSEM image shown in Fig. 2(b) illustrates that the
plate-like structures were extended from a modulated inter-
face. It should be mentioned here that the XSEM images
were taken in a direction perpendicular to the direction of
projection of incident ion-beam onto the surface (depicted
by the concentric yellow circles on the respective image). In
accordance with the plan-view image, the porous layer was
found to contain plate-like structures, whereas a few nanofib-
ers extending from the plate-like structures were seen near
the top surface. However, the interface of the plate-like
structures with the substrate underneath showed the presence
of small voids [~20-50 nm wide, also visible in the inset of
Fig. 2(b)], similar to the case of normally incident ions. The
thickness of the porous layer [from a valley to top, as shown
in Fig. 2(b)] was around 700 nm. Within the range of fluence
under consideration, obliquely incident ion irradiation
showed such porous layer in regions with bare surface in
between them. When the ion fluence was increased to
3% 10" ions cm ™2, the porous layer comprised of similar
plate-like structures (of comparable widths), as observed for
the lowest fluence, although the thickness of the porous layer
increased to ~1 um [Fig. 2(d)]. In addition, a layer of small
voids was also detected at the interface of the porous layer
with the substrate underneath (inset in the bottom right cor-
ner of Fig. 2(d) presents a magnified view).

EDS analyses revealed that the difference in porous
microstructures generated by normally and obliquely inci-
dent ion beam had significant influence on their composition.
Fluence-dependent compositional variations of the porous
structures are displayed in Figs. 3(a) and 3(b) for 0 =0° and
60°, respectively. Throughout the fluence range of the pres-
ent study, the concentration of In in the ion irradiated sam-
ples remained slightly above Sb for both 0=0° and 60°.
Moreover, adsorption of O in the microstructure was
detected by EDS. For 0 =0°, an increasing trend in the O
concentration is discernible in Fig. 3(a). In fact, the amount
of O increased from 29% to 35% as the applied fluence was
varied from 1x 10" to 3 x 10'® ions cmfz, which was
accompanied by a slight decrease in the concentrations of In
and Sb. In contrast, the concentration of O within the porous
structure remained within 12%—13% throughout the fluence
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FIG. 3. Atomic concentrations, obtained from EDS analyses, of In, Sb, and
O as a function of ion fluence for (a) 0 =0° and (b) 0 = 60°.

range for 0=60°, except a small enhancement at 1 x 10'®
jons cm % Since the O adsorption is directly dependent
upon the surface area of the structures exposed to ambience,
the difference in O concentration in porous layers for 0 = 0°
and 60° seemed to be originating from variation in effective
surface area of the nanostructures.

Micro-Raman spectroscopic measurements were carried
out to detect the possible presence of oxides in the nanopo-
rous layer. The Raman spectra of the samples are shown in
Figs. 4(a) and 4(b) for 0 = 0° and 60°, respectively. Indeed, a
peak was discernible around 260cm ™' in all the Raman
spectra of Figs. 4(a) and 4(b), which could be assigned to
Sb203.20 In addition, a prominent peak at 178 cm_l, corre-
sponding to TO mode of InSb,>'** was observed in the
Raman spectra of samples irradiated at 0 =60° [Fig. 4(b)].
Moreover, a small peak around 157 cm ™! was discernible in
Fig. 4(b), which was earlier observed by Seok et al. for Ar-
ion beam etched InSb and attributed to amorphous InSb.*?
On the other hand, although the presence of any peak corre-
sponding to TO mode of InSb or amorphous InSb was not
apparent in Fig. 4(a), deconvolution of spectra corresponding
to normally irradiated samples (in the region 120-220 cm ™ ")
showed the presence of two peaks at 178cm ™' and
157 cm ™', respectively. While the amorphization of InSb
matrix in the present experiment, due to Ar”-ion irradiation,
became apparent from the peak observed at 157 cm ™', the
peak corresponding to TO mode of InSb indicated the
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FIG. 4. Micro-Raman spectra of irradiated InSb samples for (a) 0 =0° and
(b) 6 =60°. The spectra are shifted along the y-direction for clarity.

presence of crystalline phase in the form of nanocrystallites
in the porous microstructure. In addition, the peak at
144 cm™" in the Raman spectra of all the irradiated samples
matched with the A, peak of elemental Sb.>*2° The pres-
ence of elemental Sb was correlated with the oxidation of
irradiated porous structures and is discussed below.

Since the oxide phase of Sb was detected in Raman
spectroscopic studies, XPS measurements were carried out
for a detailed analysis of the chemical states present on the
surface of the nanoporous structures and evolution of the
same with ion fluence. In Fig. 5, we show the recorded spec-
tra of In 3d and Sb 3d regions for the pristine InSb along
with those from InSb samples irradiated to the fluences of
1 x 10" and 3 x 10" jons cm ™2 at 0° and 60°, respectively.
Analysis of data showed the presence of oxygen on the pris-
tine sample, indicating the existence of a native oxide layer.
In fact, an average thickness of the native oxide layer present
on InSb surface was estimated to be ~2nm in an earlier
study.?” The In 3d core level spectra were deconvoluted into
In-Sb bonds in InSb (444.3eV) and In-O bonds in In,O;
(445.2eV) with a spin orbit splitting of 7.5eVv.?!
Corresponding Sb 3d spectra were deconvoluted into Sb-In
bond in InSb (527.4eV), Sb-O bond in Sb,O5; (530.2¢eV)
with a spin orbit splitting of 9.5eV.?’° The Sb 3d spectra
further contained Ols signal at 531eV.?’ 7% XPS measure-
ments showed the presence of both In,O3 and Sb,O5 phases
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FIG. 5. In 3d and Sb 3d core level XPS spectra corresponding to the pristine

InSb and after irradiation to fluences of 1 x 10'7 and 3 x 10'® ions cm™2 at

0=0° and 60°. The corresponding microstructures are shown in the SEM
images of Figs. 1 and 2. Colors refer to collected spectra (light green), fitted
curve (black), background (gray), 3ds,, component of In-O bond (red) and
In-Sb bond (blue), 3ds, component of In-O bond (cyan) and In-Sb bond
(magenta), 3ds;, component of Sb-In bond (red) and Sb-O bond (blue), 3d5/,
component of Sb-In bond (magenta), Sb-O bond (dark yellow), and Ols
bond (orange), respectively.

in the porous microstructures. The relative amount of
the components, determined from XPS data, is shown in
Table 1. Both for § =0° and 60°, an increasing amount of In
corresponding to InSb phase, with ion fluence, was found
(Table I), in comparison to that of Sb in InSb phase. This
indicates the higher reactivity of Sb with O compared to In,
which is discussed below. Also, the relative amount of Sb in
Sb,O; phase was found to increase with ion fluence for
0 = 0°, whereas it remained almost constant for 0 = 60°.
Although the presence of a native oxide layer was
detected in the pristine sample, the same would get quickly
sputtered away during irradiation, considering the sputtering
yield of ~3.4 of InSb for normally incident 60 keV Ar"-ions
(obtained from TRIDYN simulation®?). In fact, correspond-
ing to this sputtering yield, even the lowest fluence of 10"’
ions cm~* would amount to a sputtered layer thickness of
~100nm, which is orders of magnitude higher than the
native oxide layer thickness on the pristine InSb. In addition,
the vacuum during irradiation was 5 x 10~’ mbar, which

TABLE 1. Composition of pristine and irradiated InSb surfaces as extracted
from XPS.

B.E.(eV) IninInSb IninIn,O; SbinInSb Sbin Sb,O; O ls
Fluence 4443/ 4452/ 527.4/ 530.2/
(ions cm™2) 451.8 4527 536.8 539.7 531
Pristine 53.5 56.5 7.8 28.8 63.4
1x 107 0=0° 29.7 70.3 6.5 24.6 68.9
3x 108 60=0° 56.1 43.9 1.8 32.3 65.9
1x107;0=60° 609 39.1 7.2 26.5 66.3
3x10%,0=60° 566 43.4 4.8 26.2 69
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FIG. 6. Raman mapping data of InSb
and Sb,0; taken over the Ar'-ion irra-
diated porous structures. Angle of ion
incidence and ion fluence are shown
on the images.
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would not lead to any oxidation of the samples even after the
irradiation got completed. Evidently, the observed oxidation
of the porous microstructures occurred upon exposing the
irradiated samples to the ambient.

It may be mentioned that although the presence of oxide
phases in the ion-generated structures was established by the
results from Raman spectroscopy and XPS, the question of
the spatial distribution of the chemical phases such as Sb,O;
over the surface remained open. In order to find out the spa-
tial distribution of the chemical phases, we carried out
Raman mapping of irradiated InSb samples. The Raman
peaks selected for the mapping were 178 cm ™" correspond-
ing to TO mode of InSb and 260cm™' corresponding to
Sb,03. The Raman maps are shown in Figs. 6(a)-6(d) for
InSb and in Figs. 6(e)-6(h) for Sb,O5 as a function of ion flu-
ence and angle of incidence. The corresponding morphology
of the irradiated InSb can be followed from SEM images of
Figs. 1(a) and 1(c) for 0 = 0° and from Figs. 2(a) and 2(c) for
0=060°, respectively. A comparison of Raman mapping
images of InSb and Sb,O3 for #=0° to the lowest and the
highest ion fluences with corresponding SEM images makes
it clear that Sb,O; was present all over the porous micro-
structures formed due to normally incident ions. On the other
hand, Raman mapping of Sb,O3 on the sample irradiated to
the highest fluence at 0 =60° showed strips, whereas the
InSb signal was distributed all over the implanted surface. A
comparison with SEM images made it evident that the Sb,O5
signal was coming from the strips of porous structures. In
other words, oxidation was higher on the porous microstruc-
tures in comparison to the bare surface observed in between
the strips.

To further explore the crystallinity aspect of ion-induced
nanoporous structures at the high fluence regime of the pres-
ent study, we performed GIXRD studies. The GIXRD spec-
tra (Fig. 7) of the samples irradiated at 6 =0° showed peaks
at 20 =24°,39.1°, and 45.4°, respectively. These peaks were

assigned to (111), (220), and (311) peaks of a cubic InSb
structure.®® The GIXRD spectra from the samples irradiated
at 6=60° showed similar peaks (not shown). The peaks
observed in the GIXRD spectra clearly indicated that nano-
crystallites were present in the porous microstructure even
after irradiation to the highest fluence. Using the full width
at half maximum (FWHM) of the (111) diffraction peak in
the Scherrer’s formula,*® the average crystallite size turned
out to be around 3nm and 4nm for 0=0° and 60°,
respectively.

Since the presence of crystallites was detected up to the
highest applied fluences, these two samples were investi-
gated by XTEM. An XTEM micrograph of the sample corre-
sponding to 6 =0° is shown in Fig. 8(a). The interconnected

(o]
a11) 6=0
] , (220) (31:1)f
: '
S :
el i .
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S [
>
= . ! .
7] ! . !
c ! ,
2 ! ' '
24° .

= 87 454°

| T I T I T

20 30 40 50
20(deg.)

FIG. 7. GIXRD spectra of InSb samples irradiated at 6 =0° to fluences of
(a) pristine InSb, (b) 1x 10" ions em 2, (¢) 4x10"7 ions em™2, (d)
7 % 10" jons cm™2, (e) 1 x 10'® jons cm ™2, and (f) 3 x 10'® ions cm 2. The
spectra are shifted along the y-axis for better clarity.



143502-7

Datta et al.

FIG. 8. (a) XTEM image of InSb sample irradiated to fluence of 3 x 10'®
ions cm~2 at 0=0°. The inset at the top right corner of (a) shows a magni-
fied view of the interface region of the porous layer with the substrate under-
neath. The inset at the bottom left corner of (a) shows the SAED pattern
obtained from the substrate. The SAED pattern obtained from the nanofi-
brous layer is shown in (b). HRTEM image of nanofibers in (c) shows the
nanocrystallites embedded in amorphous matrix where the inset demon-
strates lattice fringes arising from the nanocrystallites.

network of ion-induced nanofibers was clearly observed
from the same. The widths of the Nanofibers, measured from
XTEM micrographs, were in the range of 10-25nm and
agreed well with the results obtained from XSEM study. The
inset in the top right corner of Fig. 8(a) presents a magnified
view of the interface region of the nanofibrous layer with the
substrate underneath, showing the voids and plate-like struc-
tures in this region. The inset in the bottom left corner of
Fig. 8(a) depicts the selected area electron diffraction
(SAED) pattern obtained from the substrate underneath
where ordered diffraction spots, corresponding to an fcc lat-
tice along the [112] direction, were seen, exhibiting the

d=0.37 nm

A\Y

(e)
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single-crystalline nature of the substrate. On the other hand,
the SAED pattern shown in Fig. 8(b), collected from the
nanofibrous layer [shown in Fig. 8(a)], would indicate a tex-
tured pattern consisting of bright spots over concentric rings,
which were indicative of oriented InSb crystallites within the
nanofibers. The presence of nanoscale crystallites embedded
in the amorphous matrix also became obvious from the high-
resolution TEM (HRTEM) image shown in Fig. 8(c) where
lattice fringes were observed from the nanocrystallites em-
bedded in the amorphous matrix. The d-spacing measured
from the lattice fringes turned out to be 0.37 nm and matched
with the d;; of cubic zinc-blend structure of InSb, This cor-
roborates well with the GIXRD data described above.

The XTEM image of InSb irradiated to 3 x 10'® ions
em 2 at #=60° is shown in Fig. 9(a). The XTEM image
revealed the presence of large voids (~100nm) in the ion-
induced porous layer, in contrast to nanofibers observed for
0=0°. A comparison with the corresponding XSEM image
in Fig. 2(d) suggests that the large voids were the cavities
enclosed by the plate-like structures. In Figs. 9(b) and 9(c),
we have shown two SAED patterns obtained from the
regions marked as “1” and “2” [enclosed by the red circles in
Fig. 9(a)]. The SAED pattern in Fig. 9(b) (from the top
region of the porous layer) demonstrated that the specimen
got textured about a direction at an angle to the beam, so the
Ewald sphere created elongated spots or arcs in the diffrac-
tion pattern. On the other hand, the SAED pattern from the
bottom part of the porous layer in Fig. 9(c) is indicative of
relatively more textured nature. This is an important obser-
vation as in this way oriented crystalline nanowires can be
formed. The HRTEM image in Fig. 9(d), obtained from the
top part of the porous layer, showed highly damaged and
partially amorphous structure, which is consistent with the
SAED pattern in Fig. 9(b). The d-spacing, measured from
the lattice fringes seen in the HRTEM image [Fig. 9(e)], was
measured to be 0.37 nm, which matched with d;;; of cubic

FIG. 9. (a) XTEM image of InSb sam-
ple irradiated to the fluence of 3 x 10'®
ions cm 2 at §=60°. SAED patterns
obtained from the regions marked “1”
and “2” in (a) are shown in (b) and (c),
respectively. Ion-damaged structure of
the porous layer is shown in the
HRTEM image in (d). The d-spacing
of lattice fringes observed in (d) is
shown in (e).
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zinc-blend structure of InSb (similar to the one obtained
from the porous layer generated by normally incident ions).
We now attempt to understand the observed modifica-
tions of InSb in light of basic ion-solid interactions. Earlier
studies involving MeV energy ions''™'? attributed the forma-
tion of porous structure to a mechanism similar to the one
invoked for GaSb.'”'® Nuclear energy loss of incident ions
inside the target matrix resulted in formation of defects, i.e.,
vacancies and interstitials. Owing to the inefficient recombi-
nation of interstitials with vacancies, vacancy concentration
in the target matrix increased with ion irradiation, which
finally led to accumulation of vacancies into voids. This pro-
cess is schematically represented in Figs. 10(a) and 10(b) for
normally incident ion irradiation. Fig. 10(a) shows the initial
stage of irradiation where the vacancies and interstitials were
produced up to a depth of the order of projected range of
ions, whereas Fig. 10(b) depicts the situation when voids
were formed by vacancy aggregation. Subsequent to void
formation, ions did lose energy only in the “thin walls” in
between the voids [indicated in Fig. 10(b)], while no energy
loss took place for ion-paths within the voids. As a result,
ions penetrated deeper into the matrix beneath the void layer
where further void nucleation took place. This mechanism
led to void formation deeper and deeper in the target matrix,
increasing the thickness of the void layer much higher than
the projected range of ions.

incident

®»
©
2
£
=
-

—

projected
ionrange

Void containing
layer

Sputtered
atoms
N

nanoporous
layer

(c)

FIG. 10. Schematic representation of the processes leading to the formation
of nanoporous layer in InSb. The white and black dots in (a) depict vacan-
cies and interstitials created along the ion path up to the projected range.
The dashed blue arrows represent the ion path inside InSb. The green arrows
depict atoms sputtered from the surface. The dotted yellow line on the dia-
grams (b) and (c) denote the interface of nanoporous layer and the underly-
ing InSb substrate.
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According to the mechanism described above, the void
dimension at a certain depth was proportional to the rate of
vacancy generation. Primarily, voids were formed within a
layer that extended up to the projected range. Subsequent to
their formation, a few vacancies were generated within the
thin walls separating the voids by incident ions penetrating
deeper into the substrate [Fig. 10(b)]. These vacancies
migrated to the existing voids leading to an increase in the
void dimension, while smaller voids nucleated in the sub-
strate underneath. Thus, the dimensions of the voids became
a function of depth where voids of smallest dimension were
expected to form at a depth up to which the ions reached af-
ter losing their energy. On the other hand, as the voids grew
with irradiation, they started to coalesce with each other,
leading to the gradual formation of a porous layer of inter-
connected nanofibers [Fig. 10(c)]. This schematic picture
provides a qualitative explanation of our experimentally
observed nanofibrous network formation under normally
incident ion irradiation. The layer of small voids was seen at
the interface of porous layer with the substrate underneath
because ions reached at this depth after spending most of
their energy in the porous layer above. Small voids were
formed out of the few vacancies created by a small amount
of energy deposited at this depth. In comparison, energy dep-
osition and related vacancy generation were slightly higher
in the region above the void layer, leading to an increase in
void dimensions and partial coalescence. The columnar
structures observed over the void layer, thus, could be corre-
lated with the void walls remaining after partial void
coalescence.

The presence of crystalline phases in the present experi-
ment was also consistent with this qualitative understanding
of evolution of a porous structure/network. Although our ex-
perimental studies were in the high fluence regime, compari-
son with earlier studies'"'? suggests that the nanoporous
structure got formed at much lower fluences, before transi-
tion of the crystalline InSb to a completely amorphous one.
As a result, the “thin walls” separating the voids contained
crystallites/highly damaged zones within the amorphized
matrix. Since the dimension of the nanostructures observed
in this fluence regime was very small (~10-25nm), very
small amount of energy deposited by the ions within the
nanostructures could not produce radiation damage sufficient
for conversion of the nanocrystallites to amorphous struc-
ture. Therefore, some crystallites remained embedded within
the amorphous matrix.

In case of oblique incidence of ions, our study revealed
the formation of plate-like structures up to the highest flu-
ence used, viz. 3 X 10'® jons cm 2. The thickness of the po-
rous layer was observed to be much lower than that
corresponding to normal irradiation. It may be noted that the
projected range of ions for 6 =60° is half of that for 6 =0°.
As described above, initially void formation and their growth
took place within a layer of thickness of the order of pro-
jected range. Thus, although the basic mechanism for porous
layer development was similar to the case of normal ion inci-
dence, the void layer thickness would be almost half for 60°
incidence. For further irradiation, although thickness of the
void-containing layer increased by ion-penetration into the
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bulk underneath, thickness of the layer remained lower than
that for 0 =0° for any oblique ion incidence. If we would
take into account the randomness of ion penetration through
voids in the fluence range under consideration, the lower
thickness of the porous layer observed for ion incidence at
0 =60° would be consistent with the qualitative understand-
ing invoked here. Further, from simulation using Monte
Carlo program SRIM-2012,* the vacancy generation rate in
the surface layer of InSb for 6 = 60° was found to be higher
than for 0 =0°. As a result, the void growth rate was higher
for 0 =60° than that for 0 =0°. It may be noted that in
XSEM images [Figs. 2(b) and 2(d)], we observed large cav-
ities enclosed by the plate-like structures. This type of micro-
structure seemed to be caused by high growth rate of voids
at oblique ion incidence. However, the question as to why
the plate-like structure did not transform into a nanofibrous
network remains beyond the scope of the present qualitative
model.

It should be mentioned that recently we observed forma-
tion of a rough top layer during development of porous layer
by obliquely incident (for 0 =60°) 60keV Ar'-ion irradia-
tion of GaSb."” The observed result was explained by con-
sidering the effect of redeposition of sputtered atoms on top
of the porous layer during ion irradiation. Competition of
redeposition of sputtered atoms with vacancy mediated po-
rous structure formation resulted in the formation of a top
layer. However, such structural modification was not
observed for ion irradiation of InSb at € =60°. The reason
could be possibly the considerable higher rate of vacancy
generation in InSb compared to GaSb. For the present exper-
imental condition, SRIM-2012 simulation yielded the num-
ber of vacancy generated per incident ion to be 1818 in InSb
(with an average uncertainty of 7.5%), which was almost
double than that of 968 for GaSb and thus, the growth rate of
porous structure was almost two times faster in InSb com-
pared to GaSb. As a result, the porosity development domi-
nated over redeposition and the porous layer remained
exposed up to the highest applied fluence of the present
study.

The high degree of oxidation of the porous layer seems
to be due to the reactive natures of In and Sb. Indeed, high
level of oxidation of InSb surface was detected in earlier ex-
perimental studies, which was attributed to the reactive
natures of In and Sb, leading to the formation of oxide
phases on the surface layer.”’° The oxidation process of
InSb could be understood by the following reaction:*’

2InSb + 302 = In203 + Sb203. (1)

Since Sb,Os5 is metastable in nature while it is in contact
with InSb, the following reaction would take place:

Sb,05 + 2InSb = In,O; + 4Sb. )

In fact, accumulation of a group V element at the interface of
oxide and INI-V semiconductor interface is well known.?’
Thus, the elemental Sb created through the above reaction (Eq.
(2)) could be assumed to have accumulated at the interface of
In,O5 and InSb. We note that elemental Sb signal was detected
in the micro-Raman spectra of all irradiated InSb samples
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[Figs. 4(a) and 4(b)]. The above reaction showed the origin of
this elemental Sb in the porous microstructures.

Since the oxidation takes place due to exposure of the
porous structures to ambient, the extent of oxidation should
be proportional to the effective surface area. The experimen-
tally observed O concentration (Table I) is highly consistent
with this. For 6 = 0°, the amount of oxygen (at the lowest flu-
ence) corresponded to the microstructures shown in Figs.
1(a) and 1(b), where some plate-like structures were seen at
the interface of the porous layer with the substrate under-
neath. When the ion fluence increased, the thickness of the
porous layer increased according to the mechanism discussed
above. In other words, the surface area of the porous layer
effectively increased. Thus, an increase in oxygen absorption
was observed in the EDS spectra. For 0=60°, plate-like
structures evolved and the increment in the surface area was
not sufficient to give rise to appreciable change in O concen-
tration detectable by EDS.

A question arises regarding the porous microstructures
observed in the present case, which was in contrast to the
formation of ripple patterns or cone-like structures during
FIB irradiation.'>'>"'® We note that FIB irradiations in the
earlier studies were performed over a small area of a few
micron. With this small area and considering the high ion
flux used in those studies, there will be considerable increase
in temperature during irradiation. As a result, the recombina-
tion rate of vacancies and interstitials might be significantly
higher than the present case where ion irradiation was carried
out over an area ~1 cm?. Thus, the effect of sputtering would
be higher than the vacancy-mediated void formation, leading
to cone-like structure instead of a porous microstructure.

IV. CONCLUSIONS

In summary, we showed the evolution of porous micro-
structure during medium energy Ar ™ -ion irradiation of InSb
in the high fluence regime. Our study demonstrated that
while a network of nanofibers evolved under normally inci-
dent ions, plate-like structures were generated under oblique
ion incidence of 60°. We further showed that evolution of
porous structures can be qualitatively understood in terms of
defect accumulation due to ion irradiation and subsequent
void growth. The structural difference observed for oblique
ion incidence was correlated to higher defect accumulation
within a smaller volume. The present experimental results
not only provided a route to fabricate nanofibers but also
indicated significant difference from FIB processing. In addi-
tion, the present study demonstrated the existence of crystal-
line phase in the ion-generated nanostructures in the high
fluence regime, which could have important implications for
possible optical or optoelectronics application of the nanofib-
ers since the dimension of the observed structures was well
below the Bohr radius of excitons in InSb. Experimental
investigations on the optical properties of these nanostruc-
tures are under way. Moreover, we detected high degree of
oxidation of the nanostructures (with the presence of In,O;
and Sb,Oj; phases) subsequent to an exposure of the samples
to ambient. The oxide phases on the nanostructures could
make them useful in sensors or in catalytic devices.*®*’
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