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ABSTRACT: We report the catalyst-free synthesis of arrays of c-axis oriented antimony sulfoiodide nanorods on anodic aluminum
oxide (AAO) substrates by vapor phase deposition. The surface roughness of the AAO substrates played a decisive role in the ori-
entation control of the SbSI nanorods produced. The as-grown ShSI nanorods were single crystalline and <001> oriented, as re-
vealed from the x-ray diffraction and transmission electron microscopy analysis. Switching spectroscopy-piezoresponse force mi-
croscopy experiments demonstrated, for the first time, the presence of switchable ferroelectricity and piezoelectricity in individual
SbSI nanorods. Ferroelectric switching in the SbSI nanorods was found to occur via a 180° domain reversal, due to the preferred

orientation of the nanorods along their polar c-axis.

INTRODUCTION

Most of the research in nanoscale ferroelectrics and pi-
ezoelectrics has been focused primarily on oxide based perov-
skite materials,? with less attention given to non-oxide based
systems. Many interesting ferroelectric and piezoelectric
characteristics of non-oxide based systems have been reported
in the literature in general,® among these antimony sulfoiodide
(SbSI) draws attention due to its unusually high dielectric,
piezoelectric and photo conducting properties.* ShSI is a sem-
iconductor ferroelectric material which belongs to the V-VI-
VII class of compounds and was widely studied during the
1960s and 1970s.51° ShSI shows highly anisotropic behavior
in many of its functional properties!, due to polar chains of
(SbSI),, which run parallel to the c-axis.®> This anisotropy
accounts for its superior functional characteristics, such as a
high peak pyroelectric coefficient (6 x 102C m2 K1),2% dielec-
tric constant (~50,000),* refractive index (~4.5),** and piezoe-
lectric coefficient (2000 pC N),%° along the polar axis in sin-
gle crystalline form.'2 These versatile functional properties of
SbSI could lead to its use in many applications such as thermal
imaging,® non-linear optics,® and mechanical actuation.*’

However, although promising for many potential uses, the
difficulty in obtaining vertically aligned phase pure SbSI sin-
gle crystals has put severe constraints on its real
applicability.*®> The International Technology Roadmap for
Semiconductors (ITRS) has identified the need for new
nanostructured ferroelectric materials with significantly-
improved properties to meet future technology requirements.*®

As all of the interesting functional properties of SbSI are max-
imized along its c-axis, the synthesis of vertically (c-axis) ori-
ented SbSI nanostructures should allow exploitation of these
superior properties. Previously, SbSI nanorods and nanowires
have been synthesized by hydrothermal®?® and
sonochemical? routes. Vapor deposition???® and pulsed laser
deposition'>?* methods have been widely used for making
SbSI crystals and thin films. Whilst some of these methods®®
have been successful in producing c-axis oriented thin films,
there been no literature reports to date on the synthesis of ver-
tically-aligned SbSI nanostructures. Most of the approaches
reported for preparing one-dimensional SbSI materials result
in randomly-oriented, large-grained or discontinuous struc-
tures, due to the large energy barrier for nucleation of SbSI on
many substrates. The surface roughness of a substrate plays a
crucial role in controlling the energy barrier for nucleation and
orientation of the nanostructures, especially nanowires and
nanorods. Recently, vertically aligned arrays of ZnO nanorods
were synthesized on chemically etched sapphire substrates by
a catalyst-free vapor-solid (VS) growth approach.?®?¢ The
vertical alignment of ZnO was caused by the assistance of
irregularities, or roughness, present on the surface of the sap-
phire substrates. The surface roughness on a substrate can act
as nucleation centers which reduce the nucleation barrier, im-
proving oriented growth.?®? Based on this hypothesis, we
have utilized the inherent surface roughness of anodic alumi-
num oxide/titanium/silicon (AAO/Ti/Si) substrates to assist
the growth of vertically aligned SbSI nanorods by vapor phase
deposition. In addition, the nanoscale piezoelectric and ferroe-



lectric characteristics of the SbSI nanorods were studied using
piezoresponse force microscopy (PFM), allowing the ferroe-
lectric and piezoelectric functionality of individual nanostruc-
tures to be characterized on a one-to-one basis.

EXPERIMENTAL METHODS

AAOQITI/Si substrates were prepared by the two-step ano-
dization?” of Al/Ti/Si substrates at 40 V in 0.3 M oxalic acid,

at 4 °C. SbSI nanorods were synthesized on AAO/Ti/Si sub-

strates by vapor phase deposition of a mixture of Sbh,S; and
Sbl; powders (1:0.8 molar ratios). The deposition was carried
out in a two-zone tube furnace with the source placed in the
middle of a quartz tube, while the substrate was placed down-
stream at an optimum distance of ~15 cm from the source.
The quartz tube was then evacuated (~10* Torr) for 1 h to
attain a steady vacuum and then sealed. The source and sub-
strate zone temperature were then raised to 400 and 250 °C
respectively, at a heating ramp rate of 1 °C min-and the depo-
sition was carried out for 1 h. A control experiment was con-
ducted with a Si (001) substrate under similar conditions.

The phase composition and purity of the SbSI nanostruc-
tures synthesized was investigated by x-ray diffraction (XRD),
on a Philips X’Pert diffractometer using Cu Kol radiation
with an anode current of 35 mA and an accelerating voltage of
40 kV. The morphology of the SbSI samples produced was
analyzed using a FEI Quanta 650 FEG-SEM. High-resolution
transmission electron microscopy (HRTEM) analysis of the
samples was performed on a JEOL-JEM 2100 TEM operated
at 200 kV, fitted with an Oxford INCA EDX detector. Select-
ed area electron diffraction (SAED) was obtained using
HRTEM along the [010] zone-axis of the SbSI nanorods. The
ShSI nanorods were dispersed on a conducting platinum sub-
strate for PFM measurements. The nanoscale ferroelectric and
piezoelectric properties of the SbSI nanorods were then ana-
lyzed by dual resonance tracking (DART) switching spectros-
copy- piezoresponse force microscopy (SS-PFM, MFP-3D™
software, Asylum Research, Santa Barbara, CA) using a cali-
brated conductive cantilever (AC240TM platinum coated sili-
con tip, Olympus).

Figure 1. SEM images showing (a) plan-view image of an AAO/Ti/Si substrate, (b) islands of (Sbls)x(Sb2S3)1x formed at170 °C on an
AAOQITI/Si substrate, (c) vertical SbSI nanorods formed at 250 °C (Insets show magnified plan-view and side-view SEM image of ShSI
nanorods), (d) vertical SbSI nanorod clusters formed at 275 °C, and (e) side-view of SbSI nanorods formed on an AAO/Ti/Si substrate at

250 °C.



RESULTS AND DISCUSSION

The change in the morphology of the synthesized ShSI
nanostructures as a function of temperature is shown in Figure
1. The surface morphology of a bare AAO surface on a Ti/Si
substrate (Figure 1(a)) shows pores with diameters ranging
between 20 to 50 nm, including grain boundaries. These pores
and grain boundaries give the AAO its rough surface. SbSI
forms by a gaseous phase reaction between Sh,S; and Sbls at a
source temperature of 400 °C to form (Sbls)x(Sh2Ss)1x,2>?8
which is then transported across a temperature gradient onto
an AAO/TI/Si substrate. The onset of nucleation of SbSI
starts close to 160 °C, under conditions close to the critical
saturation for the condensation of (Sbls)x(Sb,S3)1x.2%%® As
shown in Figure 1(b), SbSI starts nucleating at a substrate
temperature of 170 °C in the form of tiny islands of
(Sbl3)«(Sh,S3)1.x condensate,?*2® with a mean lateral size of ~
200 to 300 nm. As the substrate temperature is increased to
250 °C, vertically oriented SbSI nanorods with a mean length
of ~ 3 um and diameter range between 150 to 300 nm were
formed on the surface of the AAO/TI/Si substrate (Figure
1(c)). Upon increasing the substrate temperature to 275 °C,
the SbSI nanorods tend to coalesce to form vertically oriented
SbSI nanorod clusters with a mean length of ~ 3 um and di-
ameter of 600 nm (Figure 1(d)). The coverage and density of
the vertical SbSI crystallites on the AAO/TI/Si substrates in-
creases as the substrate temperature is increased from 250 to
275 °C since a higher temperature could increase the migra-
tion rate of SbSI species, promoting a high uniform distribu-
tion of SbSI on the surface.® Figure 1(e) shows the side-view
of SbSI nanorods, clearly indicating that nucleation starts from
the AAO surface. In this work, the optimum temperature to
obtain phase pure ShSI was found to be 250 °C. Deposition
temperatures lower and higher than 250 °C resulted in Sbls
rich SbSI and non-stoichiometric SbSI respectively. Since no
catalytic particle was observed on the tips of the SbSI nano-
rods (see inset Figure 1(c)), the nanorod growth process oc-
curred via a self-catalyzed vapor-solid growth mechanism.

The phase purity of the as-synthesized SbSI nanorods was
confirmed by XRD analysis. The XRD pattern of SbSI nano-
rods grown from an AAO/Ti/Si substrate, at a reaction tem-
perature of 250 °C, is shown in Figure 2(a) and can be indexed
to orthorhombic SbSI (space group, Pna2;; PDF no. 88-2407),
displaying a high intensity (002) reflection at 20 = 44.3°; in-
dicative of predominant c-axis oriented growth. To further
confirm the c-axis oriented growth, TEM analysis has under-
taken on isolated SbSI nanorods. TEM image of a SbSI nano-
rod (Figure 2(c)) reveals the single crystalline nature of a na-
norod with a predominant growth direction along the <001>
axis, confirming that the c-axis is normal to the substrate
plane. The measured lattice fringe spacing of 0.648 nm corre-
sponds to the (110) plane of the nanorod. Selected area elec-
tron diffraction (SAED) was used to further confirm the c-axis
orientation of the SbSI nanorods. The electron diffraction
pattern, obtained in the [010] zone axis, (inset in Figure 2(c))
further reiterates the single crystalline nature and dominant
<001> growth of the nanorods. The lattice fringe spacing and
angles between planes in the SAED pattern can be indexed to
orthorhombic SbSI. The composition of individual SbSI na-
norods grown at 250 °C, determined by EDX analysis (Figure
2(b)), was found to be SbSlo.gs, with 33.9 % Sbh, 34.0% S and

32.2% |, close to the expected stoichiometry. SbSI nanorods
formed at 275 °C were found to be slightly non-stoichiometric,
with a composition of SbSeslose (See supporting information),
due to the partial decomposition of SbSI.%2

SbSI (PDF 88-2407)

Figure 2. (a) XRD pattern of SbSI nanorods formed at 250 °C on
an AAO/TI/Si substrate, indexed to orthorhombic SbSI (PDF No:
88-2407), (b) EDX spectrum of an individual SbSI nanorod, and
(c) TEM image of a SbSI nanorod showing preferential <001>
oriented growth (inset showing high resolution images of lattice
fringes and SAED pattern obtained along [010] zone axis); the
marked lattice fringe spacing of 0.648 nm corresponds to the
(110) lattice plane of SbSI.

To study the influence of surface roughness on the align-
ment of SbSI nanorods, a control experiment was carried out
using a Si (001) substrate (Figure 3(a)), under similar deposi-
tion conditions to those used with the AAO/TIi/Si substrates.
Figure 3(b) shows an SEM image of SbSI formed on a Si sub-
strate at a deposition temperature of 250 °C. Randomly ori-
ented one dimensional ShSI crystallites, with lengths between
~5to 7 um and width between ~ 600 to 700 nm, were ob-
served on the Si substrate, highlighting that the substrate sur-
face plays a crucial role in orienting the SbSI nanostructures.
SbSI crystallites formed on smooth Si substrates preferred to
align parallel to the substrate plane (Figures 3(b) and 3(c)),
compared to the perpendicular alignment observed with the
rough AAO/TI/Si substrates (Figure 1(c) and 1(d)). However,
SbSI crystals deposited on Si and AAO/Ti/Si substrates have a
similar composition and one-dimensional morphology, but
differ in their alignment. The one-dimensional orientation of
the nanorods is attributed to the inherently fast growth of the
SbSI crystals along their c-axis compared to their a-b planes.'?
The XRD pattern (Figure 3(d)) obtained for the deposited
films on Si substrate can be indexed to orthorhombic SbSI
(PDF no: 74-2245), with a distinct peak at 26 = 32.8°, corre-
sponding to the (310) reflection plane.
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Figure 3. Plan-view SEM images of (a) a bare Si (001) substrate,
(b) SbSI nanorods formed on a Si substrate at a temperature of
250 °C, (c) zoomed-in image of SbSI crystallites and (d) XRD
pattern of crystallites formed on a Si substrate, indexed to ortho-
rhombic SbSI (PDF No: 74-2245).

The difference in the alignment of SbSI crystallites formed
on AAO/TI/Si and Si substrates can be explained by taking
into account the surface roughness of these substrates. The
rough surface of the AAO substrates (pores and grain bounda-
ries) provides enough nucleation centers for the vertical
growth of SbSI compared to a smooth Si substrate, due to the
lower critical energy required for nuclei formation on a rough
substrate.?2®® AFM surface roughness analysis showed that an
as-synthesized AAO/TI/Si substrates had a root mean square
surface roughness of 9.03 + 0.50 nm compared to 0.81 + 0.02
nm for Si substrates. In comparison with the smooth Si sub-
strate, an AAO/Ti/Si substrate provides more binding sites for
the vertical growth of SbSI, accounting for the initial for-
mation of islands of (Sbls)x(Sb2Ss)1x (Figure 1(b)), with no
such deposition observed on Si substrates at the same tempera-
ture. These islands of (Sbls)x(Sh,Ss)1.x act as nucleation cen-
ters for the vertical growth of SbSI nanorods. Once the nucle-
ation occurs, the continued supply of incoming SbSI vapors
result in one-dimensional growth.3® As seen in Figure 1(e),
SbSI nanorods were nucleated and grown directly on the upper
surface of the AAO template. Similar reasoning was applied
for the formation of vertically aligned ZnO nanorods on chem-

ically etched sapphire substrate,?>?8 SiC/AISIC core-shell nan-
owires on AAO% membranes and V,Os nanowires on chemi-
cally etched Si (001) substrates®. Due to the amorphous na-
ture of AAO, epitaxial growth of SbSI can be excluded.

To compare the preferential orientation of the SbSI nano-
rods deposited on AAO/TI/Si and Si substrates two XRD
peaks of ShSl, (330) and (002), were studied. These peaks
were chosen since the normal direction to the (002) plane cor-
responds to the c-axis and is parallel to the (330) plane, which
is suitable to determine the vertical alignment of SbSI.* Fig-
ure 4 shows a comparison of the change in intensities of the
(330) and (002) XRD peaks obtained for SbSI deposited, at
250 °C, on Si and AAO/Ti/Si substrates. The (330) and (002)
diffraction peaks of SbSI appear at 41.6° and 44.3° (20) re-
spectively. The peak intensity from the (002) diffraction plane
of the SbSI crystals formed on a Si substrate (Figure 4(a)) was
very weak compared to that from the nanorods formed on an
AAO/TI/Si substrate (Figure 4(b)). The high intensity (330)
diffraction peak and low intensity (002) peak highlights that
the c-axis of the SbSI crystallites grown on Si were aligned
parallel to the substrate plane. In contrast, XRD analysis of
SbSI nanorods deposited on AAO/TIi/Si substrates showed
intense (002) and weak (310) reflections respectively, due to
preferential vertical alignment of the SbSI nanorods along
their c-axis.
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Figure 4. XRD patterns showing the influence of substrate on the
degree of c-axis orientation of SbSI crystallites. (a) SbSI crystal-
lites deposited on a Si substrate at 250 °C, and (b) SbSI nanorods
formed on AAO/Ti/Si substrate at 250 °C.

One of the most influential factors determining the mor-
phology of the SbSI crystals deposited on a given substrate, is
the relative surface energies of various growth facets at the
deposition conditions employed.® The inset in Figure 1(c)
indicates that the SbSI nanorods are faceted, which can be
attributed to the polar nature of the SbSI crystals. Polar sur-
faces are generally stabilized by surface reconstruction or fac-
eting.3* During SbSI formation, after an initial period of nu-
cleation, ShSI tends to form 1D structures because the nanorod



formation can maximize the areas of the {110}, {010} and
{100} facets, which have a lower free energy compared to
{002} facets.®**¢ Along the [001] direction, the growth of
SbSI can take place without the formation of a 2D nuclei since
its orthorhombic structure (Pna2;) possess a 2; screw axis in
this direction.¥

The nanoscale piezoelectric and ferroelectric properties of
SbSI nanorods grown at 250 °C on AAO/Ti/Si substrates were
studied, for the first time, using piezoresponse force microsco-
py (PFM) in contact mode. Compared to bulk techniques,
PFM has the advantage of being able to visualize the ferroe-
lectric domain dynamics, polarization switching and quantifi-
cation of  piezoelectric  responses of individual
nanostructures.®**  The PFM ferroelectric and piezoelectric
response obtained from a cluster of SbSI nanorods, 2.0 x 2.0
um?, dispersed on a conducting platinum substrate is shown in
Figure 5. The PFM topography, piezoresponse amplitude and
ferroelectric domain phase images obtained for SbSI nanorods
are shown in Figures 5(a) to (c) respectively. The piezo re-
sponse can be clearly seen from the bright and dark amplitude
contrast of the nanorods shown in Figure 5(b). The presence
of the bright white contrast is evidence of a piezoresponse in
the SbSI nanorods, due to an out-of-plane displacement along
the polar c-axis. The PFM phase image (Figure 5(c)) of the
SbSI nanorods clearly shows the presence of ferroelectric do-
mains present in the material. Different orientations of the
polar axis of adjacent domains in SbSI nanorods lead to multi-
domain contrast. This multi-domain structure is formed as a
result of the differing level of polarity present in individual
ferroelectric domains.*

The primary feature of a ferroelectric material is the reversal
of spontaneous polarization under the application of an applied
electric field. Piezoresponse force microscopy (PFM) has
become a standard technique to analyze the local ferroelec-
tric/piezoelectric ~ switching  properties  of  nanoscale
materials.®®*° An advanced version of PFM called switching
spectroscopy PFM (SS-PFM) allows the acquisition of ferroe-
lectric and piezoelectric switching hysteresis loops from a
point on a nanostructure. In our study, hysteresis loops were
obtained by positioning the PFM conducting tip on top of a
SbSI nanorod and applying an AC voltage of 3.3 V plus a DC

bias of 44 V simultaneously across the nanorod and the back
electrode. Figures 6(a) and (b) show the phase and piezore-
sponse switching hysteresis obtained from a single ShSI nano-
rod, by positioning the tip in the center of the top edge of a
nanorod (Figure 6(a), red dot in the inset image). Positioning
the tip on the (002) plane of the SbSI nanorod allows the
measurement of the piezoresponse along the polar c-axis. The
square shape phase-voltage hysteresis (Figure 6(a)) curve ob-
tained gives strong evidence for the presence of switchable
ferroelectricity in SbSI nanorods. The 180° phase difference
observed during switching (Figure 6(a)) can be attributed to
the presence of 180° ferroelectric polarization present along
the c-axis in the SbSI nanorod. Due to the <001> orientation
of the SbSI nanorods, the polarization change occurs mostly
along the c-axis of the nanorod and thus results in the for-
mation of two oppositely oriented (180°) ferroelectric domains
along the polar axis. Similar results have previously been
reported by us for <001> oriented Sh,S; nanowires.*? Figure
6(b) depicts the normalized piezoresponse hysteresis response
obtained for a ShSI nanorod, from the same location as that of
the phase hysteresis. The inset image in Figure 6(b) shows the
classical ferroelectric loop acquired from the SbSI nanorod,
which is a signature of the presence of switchable piezoelec-
tric response in the material.®

The effective piezoelectric coefficient ds3(eff) for the ShSI
nanorods, calculated using equation®°, da; =A/V,Qr, where A
is the maximum amplitude, V. is the applied AC voltage and
Qr is the quality factor (obtained during the PFM measure-
ment and depends solely on the tip-sample surface interac-
tion), was found to ~ 12 pm V11° The difficulty related to
positioning the PFM tip at a specific location on top of a SbSI
nanorod surface, due to tip shift, put constraints on quantifying
the piezoelectric response and limits our study to a qualitative
view point. Figure 6(c) illustrates the changes observed in
domains during ferroelectric switching of a single SbSI nano-
rod when a DC bias of +44 V was applied. The applied bias
induces a reversal of the ferroelectric domain structure and
provides clear evidence for the presence of switchable ferroe-
lectricity in the SbSI nanorods.

Figure 5. PFM images of SbSI nanorods dispersed on a conducting platinum substrate, showing (a) height, (b) amplitude, and (c) phase

profiles SbSI nanorods grown at 250 °C on AAO/Ti/Si substrate.
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Figure 6. (a) SS-PFM phase-switching hysteresis, (the red dot in
the inset image shows the location of the tip on the SbhSI nanorod
during the hysteresis loop acquisition), (b) normalized piezo-
switching hysteresis (inset shows the actual butterfly shaped pie-
zoresponse hysteresis loop), loops acquired from an individual
SbSI nanorod and (c) SS-PFM phase images showing ferroelectric
domain switching of a selected SbSI nanorod before and after
domain switching, by applying a bias voltage of +44V.

The presence of ferroelectricity in ShSI can be attributed to
its orthorhombic structure with the polar space group Pna2;, at
room temperature. SbSI has a phase transition or Curie tem-
perature (T¢) of ~ 22 °C at which it undergoes a phase transi-
tion from the ferroelectric Pna2; phase to the paraelectric
Pnma phase.*! The ferroelectric and piezoelectric switching,
under the application of an applied bias, in SbSI is associated
with the alternating arrangement of polar double chains
[(SbSI)x]. parallel to the [001] axis.!! The asymmetric ar-
rangement of these double chains creates disorder of the Sb
atoms and polarity in the ShSI crystal, which in turn results in
unidirectional polarization along the polar c-axis due to <001>
orientation of the SbSI nanorods, accounting for their ferroe-
lectric and piezoelectric behavior.

CONCLUSION

In summary, arrays of c-axis oriented SbSI nanorods were
synthesized by a surface roughness assisted vapor deposition
method on AAO/TI/Si substrates. The growth of SbSI nano-
rods proceeded via a seedless vapor-solid mechanism. XRD
and TEM-SAED analysis of the as-synthesized SbSI nanorods
confirmed their single crystalline nature and <001> oriented
preferred growth. Surface roughness of the AAO substrate
played a crucial role in vertically orienting the SbSI nanorods,
by providing a large number of binding centers for nucleation.
PFM studies revealed the presence of switchable ferroelectric
and piezoelectric responses in individual SbSI nanorods. A
180° phase difference was observed during ferroelectric
switching which could be attributed to the presence of the
formation of two oppositely oriented (180°) ferroelectric do-

mains, due to the c-axis oriented single crystalline nature of
the SbSI nanorods.
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XRD pattern and EDX spectrum obtained for SbSI nanorods
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