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Shift-Current Photovoltaics Based on a
Non-Centrosymmetric Phase in In-Plane Ferroelectric SnS
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Yubei Xiang, Keisuke Shinokita, Kazunari Matsuda, Takashi Taniguchi, Kenji Watanabe,

and Kosuke Nagashio*

1. Introduction

The shift-current photovoltaics of group-IV monochalcogenides has been

predicted to be comparable to those of state-of-the-art Si-based solar cells.
However, its exploration has been prevented from the centrosymmetric layer
stacking in the thermodynamically stable bulk crystal. Herein, the
non-centrosymmetric layer stacking of tin sulfide (SnS) is stabilized in the
bottom regions of SnS crystals grown on a van der Waals substrate by
physical vapor deposition and the shift current of SnS, by combining the
polarization angle dependence and circular photogalvanic effect, is
demonstrated. Furthermore, 180° ferroelectric domains in SnS are verified
through both piezoresponse force microscopy and shift-current mapping
techniques. Based on these results, an atomic model of the ferroelectric
domain boundary is proposed. The direct observation of shift current and
ferroelectric domains reported herein paves a new path for future studies on

shift-current photovoltaics.
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The lack of inversion symmetry in a
crystal structure can give birth to a
variety of unique characteristics. Fol-
lowing the discovery and exploration
of non-centrosymmetric oxide mate-
rials, such as BiTiO, and PbTiO, 2
the non-centrosymmetric properties of
low-dimensional materials have recently
drawn intense attention. For example,
second-harmonic  generation (SHG),%
piezoelectricity,*°! ferroelectricity [*®] and
the bulk photovoltaic effect (BPVE),°11]
are widely observed for many 1D or 2D ma-
terials and their heterostructures.l'”) When
these properties are combined with other
advantages of low-dimensional materials,
specific applications, such as high-power-
density and flexible nanogenerators,
sensors, and self-powered devices,*>13]
can be realized, which contributes to the
pervasiveness of the Internet of Things
(IoT). Among the non-centrosymmetric properties, the BPVE
is especially focused on because of its wide range of applica-
tions, including not only power generators but also self-powered
photodetectors.['*] Compared to common photodetectors based
on low dimensional materials,!>'°! self-powered devices exhibit
the advantage of power saving aspect since no external bias
voltage is required for operation. Moreover, unlike the ordi-
nary photovoltaic effect, wherein an internal electric field arises
from heterostructures that consist of two or more material
components,!'”18] the BPVE generates a photocurrent from a
single component. This trait is beneficial for device fabrication
since only one material has to be incorporated in the photoac-
tive layer and no heterostructure formation is needed. Further-
more, the BPVE can produce high open-circuit photovoltages
larger than the band gap energies of materials,[*'! which indi-
cates its potential for allowing the Shockley-Queisser limit to
be overcome in single-junction solar cells.?”! The photocurrent
from the BPVE, Jgpy;, generally consists of two parts, as shown
in the following:(2!]

Jopve = 0, +mEX E* 1)

where o, is the real component related to linearly polarized light,
1, is the imaginary component related to circularly polarized light
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and E is the electric field of light. The first term of Equation (1) is
known as the shift current or linear photogalvanic effect, and its
origin is considered to be the shift of photoexcited carriers in real
space due to the difference in the Berry connection between the
conduction and valence bands or the quantum coherent motion
of a pair of dipoles moving in k space.[?*??] The second term of
Equation (1) is the so-called ballistic current or circular photogal-
vanic effect (CPGE), which generates spin-dependent photocur-
rents depending on the helicity of light and disappears under lin-
ear polarization.[?324 The origin of the CPGE current comes from
the asymmetric velocity distribution in bands arising from the
kinetic processes of asymmetric photoexcitation, recombination,
and momentum relaxation.2125-27]

Recently, the shift current of low-dimensional materials has
been extensively explored, and it was reported that spontaneous
polarization as well as a non-centrosymmetric structure is nec-
essary to observe the shift current.[) This is because the sponta-
neous polarization and the shift current are closely related to each
other through the Berry connection.[?2?8] Although the under-
standing of the shift current has progressed, the value of the shift
current that can be obtained from non-centrosymmetric material
systems is generally small. Unlike conventional perovskite oxides
that only show small shift currents (BiFeOs: 0.05 A V=2, BaTiOs:
5 A V~2), group IV monochalcogenides have recently been the-
oretically predicted to have much larger shift currents (%100 A
V~2), comparable to those of state-of-the-art Si-based solar cells
(250 pA V~2).[2931 With a general formula of MX (where M =
Ge, Sn and X = S, Se, Te), group IV monochalcogenides are 2D
materials exhibiting anisotropic puckered structures, and when
in monolayer form, they exhibit not only strong shift currents but
purely in-plane piezoelectricity and ferroelectricity.3331 Among
these materials, tin sulfide (SnS) was selected in this research
because SnX is more chemically stable than GeX and the Curie
temperature of monolayer SnS is higher than that of monolayer
SnSe.3*35] To date, although the piezoelectricity and ferroelec-
tricity of SnS have been experimentally demonstrated,!*%3¢] the
shift current of SnS has not yet been observed. The main reason
for this could be the weakened in-plane spontaneous polariza-
tion with increasing material layer number due to the odd—even
effect,[***8 which has largely hindered the study and applications
of the shift current of SnS.

In this work, the non-centrosymmetric structure of SnS was
achieved in few-layer crystals on van der Waals substrates, and
this achievement could be the key to solving the disappearance
of the in-plane spontaneous polarization of bulk 2D materi-
als. Known as the g’ phase of SnS, this non-centrosymmetric
structure was commonly observed at the interface between
SnS grown by physical vapor deposition (PVD) and substrates,
which indicates that the p’ phase of SnS might be a stress-
stabilized phase. With the assistance of angular-dependent mea-
surement with polarized light, power-dependent measurement,
and circularly polarized light with opposite helicity, the shift
current of few-layer SnS was confirmed and distinguished
from other kinds of spontaneous photocurrents. Moreover, an
atomic model of the ferroelectric domain structure of SnS
was proposed based on the observation of ferroelectric do-
mains through both shift-current mapping and piezoresponse
force microscopy (PFM) characterization. Our achievements
based on the ' phase of SnS can provide deeper insight into
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the spontaneous polarization of ferroelectrics and facilitate the
future progress of non-centrosymmetric property research in
2D materials.

2. Results and Discussion

2.1. Material Characterization

To obtain highly crystalline SnS, several improvements were
made to the PVD growth conditions: i) van der Waals substrates,
i.e., highly oriented pyrolytic graphite (HOPG), was used instead
of mica substrates and ii) the growth rate was reduced by increas-
ing the substrate temperature. The typical growth parameters are
shown in Figure S1 (Supporting Information). The atomic force
microscopy (AFM) image of a thin SnS crystal grown on HOPG
under optimized parameters is shown in Figure 1a. Compared
with typical SnS crystals grown on mica, as shown in Figure S2
(Supporting Information), the thin SnS crystal grown on HOPG
exhibited a larger grain size with thermodynamically stable crys-
tal facets, and these characteristics were observed even for a few-
layer SnS with a thickness () of <10 nm. In this work, the largest
grain size of PVD SnS with ¢t < 10 nm was &5 pum.

In general, SnS crystals exhibit a centrosymmetric a phase (the
antiferroelectric state of AB stacking layers, AB, ;) because of its
theoretically predicted lowest energy among the eight different
phases.*”! As schematically illustrated in Figure S3 (Supporting
Information), the eight different phases of SnS are generated by
the combination of four different layer stacking orders (AA, AB,
AC, AD) and two ferroelectric states (antiferroelectric (AFE) and
ferroelectric (FE)). The adjacent SnS layers show the opposite po-
larization direction in the AFE state while exhibiting the same
polarization direction in the FE state. In previous research, we
experimentally demonstrated that ferroelectric SnS phases can
be formed at the bottom region of bulk SnS crystals grown on
mica substrates.l®! However, we were not able to determine their
crystal structures because the AAy; and AC; phases exhibit the
same structure in the armchair direction, and the cross-sections
of the SnS crystal structures were observed from only one direc-
tion by high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM). Given that the armchair and
zigzag directions of SnS can be easily identified based on the clear
facets shown in AFM images, the cross-sections of two individual
SnS crystals grown on the same HOPG substrate were observed
in two different directions, as shown in Figure S4 (Supporting
Information). The cross-sectional HAADF-STEM images shown
in Figure 1b clearly confirm that the non-centrosymmetric phase
is not the AAp; phase but instead the ACy; phase. This non-
centrosymmetric phase of SnS is also known as the g’ phase,
which was first observed in large bulk SnS crystals grown on a
Si0, /Si substrate by chemical vapor deposition.!*’] Moreover, the
layer number of the g’ phase (ACy;) on HOPG is 3—4 L, which
is lower than that previously reported for the g’ phase on mica
(5-7 L).I% This suggests that the stress-induced phase transition
may be the origin of p’ phase (ACg;) formation. Actually, when
the difference between the thermal expansion coefficients of SnS
and substrates is taken into consideration (13-16 x 107% K~! for
SnS, 3 x 1076 K~ for mica, 4-8 X 10~ K~ for graphite, and —0.81
x 107¢ K~! for hexagonal boron nitride (h-BN)),l¥=* the tensile
stress of the SnS layers near the SnS/HOPG interface is smaller
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Figure 1. a) AFM topographic image of a typical SnS crystal grown on HOPG substrate. b) Cross-sectional HAADF-STEM images of few-layer SnS
observed in the armchair direction and zigzag direction. The red lines mark the boundary of the @ and p’ phases. The schematic illustrations of crystal
structures in the a and p’ phases are compared on the right. c,d) Raman spectra of few-layer and bulk PVD SnS grown on mica and HOPG substrates
measured at RT and 3 K, respectively. e) Parallel polarization SHG polar plot obtained from few-layer SnS. The red line is the theoretical calculation of
the SHG intensity for bilayer g’ phase. While the polarization angle dependence of SHG of bilayer and bulk g’ phase were both calculated, the better
agreement between experimental data and theoretical SHG intensity for bilayer f’ phase suggests that the layer number of the p’ phase in the sample

is close to bilayer.

than that near the SnS/mica interface during the cooling process
of material growth.[**] This result is in good agreement with our
observation that a thicker g’ phase (AC;) was formed on mica
than on HOPG. The presence of the f’ phase (ACgg) near the
substrate interface indicates that it might be stabilized by tensile
stress since it is the second most stable phase among the eight
phases of SnS.

The Raman spectra of few-layer SnS crystals with ¢t ~ 5 nm
grown on mica and HOPG are compared at room temperature
(RT) and 3 K, as shown in Figure 1c,d. The Raman spectrum of
the bulk PVD SnS crystal with ¢ ~ 30 nm is also included as a
reference for the a phase because the signal of the ' phase at
the bottom region was blinded by the thick a phase on top. At
RT, the Raman signals of the few-layer SnS crystal on mica were
obscured by those of mica, while the Raman signals of the few-
layer SnS crystal on HOPG were too broad to be distinguished.
By reducing the measurement temperature to 3 K, sharp Raman
peaks appeared for the few-layer SnS crystal on HOPG, while
the few-layer SnS crystal on mica still showed broad Raman sig-
nals. This phenomenon indicates that PVD SnS can exhibit su-
perior crystallinity when grown on a van der Waals substrate.
Furthermore, the appearance of >10 Raman peaks at 3 K corre-
sponds to recent first-principles calculation results, where 6 and
12 Raman vibration modes are predicted for the bulk a and g’
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phases, respectively.*’] Although the large number of peaks ob-

served here is consistent with the prediction, the identification
of Raman vibration modes was not achieved since the peak posi-
tions largely deviated from those obtained by theoretical calcula-
tions. This also suggests the existence of alarge degree of stress in
the SnS crystals. While the coexistence of « and g’ phases in the
same crystal was proven by cross-sectional HAADF-STEM im-
ages, the identification of Raman signals from both phases will
be further analyzed in future work with the help of polarization-
angle-dependent measurements and theoretically calculated Ra-
man tensors. From the crystal thickness-dependent Raman spec-
tra of SnS on HOPG shown in Figure S5 (Supporting Infor-
mation), it was observed that the characteristic peaks of the g’
phase disappeared gradually with increasing crystal thickness.
The main cause of this phenomenon is the penetration depth
of the 488 nm laser into SnS. Since the laser cannot reach the
bottom layers of the SnS crystal, no Raman signals from the g’
phase can be detected when the thickness of the SnS crystal is
larger than the critical penetration depth of ~15 nm. Therefore,
it is appropriate to select the Raman spectrum of a 30 nm-thick
SnS crystal as the reference for the a phase in this work, which
is consistent with the Raman spectra for a bulk SnS flake exfoli-
ated from a single-crystal grown by the horizontal gradient freeze
method.[*¢]
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To further support the existence of non-centrosymmetry in the
B’ phase, SHG spectroscopy was performed on the SnS crys-
tals grown on HOPG. The SHG signal of SnS is expected to
show angular dependency with linearly polarized light due to
its anisotropic structure. In our experimental configuration, both
the incident light and the collected SHG light were linearly polar-
ized in the x—y plane (basal plane of SnS). As shown in Figure 1le,
the parallel polarization SHG polar plot of the few-layer SnS fits
well with the theoretical calculation results and is in good agree-
ment with its crystal orientation (denoted in Figure S2e, Support-
ing Information). This result no doubt serves as clear evidence for
the existence of a non-centrosymmetric structure in the g’ phase.
It should be noted that non-centrosymmetric properties, such as
the SHG signal and ferroelectricity,®! can still be observed for the
few-layer SnS crystals with ¢ ~#10 nm even though the 3—4-layer-
thick g’ phase is covered by a much thicker « phase on top. This
allows the following optical analysis and shifts current measure-
ment of few-layer SnS crystals containing both a and g’ phases.

2.2. Shift-Current Measurement

Since no bias between the source and drain electrodes is re-
quired for the shift-current measurement, the conductive HOPG
substrate should be applicable for device fabrication. However,
it turns out that neither small graphite flakes transferred onto
the SiO, /Si substrate nor the HOPG substrate could be utilized
due to their large background current under zero bias conditions.
Therefore, h-BN, an insulating van der Waals substrate, was ap-
plied instead as the growth substrate for SnS to avoid the genera-
tion of a large background current. Based on our previous SnS
field-effect transistor (FET) device fabrication process,*’] SnS
photocurrent devices were fabricated, as shown in Figure 2a. To
avoid oxidation or degradation during the photocurrent measure-
ment, h-BN flakes with thicknesses ranging from 10-20 nm were
transferred on top to encapsulate the SnS devices, as schemati-
cally shown in Figure 2b.

To accurately measure the shift current of PVD SnS, the sepa-
ration of the shift current from other spontaneous photocurrents
is a critical issue. One of the primary sources of the spontaneous
photovoltaic effect originates from the band bending caused by
Schottky junction at the metal/2D contact region.['®*] Since the
Schottky junction photocurrent only appears at the contact region
while the shift current can be observed throughout the whole
non-centrosymmetric material,[] one can easily separate them by
avoiding photoillumination in the contact region. However, the
separation of the photocurrent becomes difficult for short chan-
nel lengths smaller than 2 um because photoillumination at the
contact region is nearly inevitable for a fixed laser spot size (the
ideal diameter of 0.66 um in our experimental setup). As a re-
sult, the small lateral size of SnS grown on the h-BN substrate
is a major issue. Although the enhanced growth conditions of
SnS on HOPG mentioned previously were applied for the h-BN
substrates, the lateral size was limited to several micrometers.
This result corresponds to the observation that the typical lateral
sizes of SnS crystals decrease in the order of HOPG, mica, h-BN,
and SiO, /Si substrates.”#”#l Therefore, as the first experimen-
tal improvement, linked SnS crystals aligned in the armchair di-
rection of SnS were intentionally selected for device fabrication,
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as shown in Figure S6 (Supporting Information). It should be
noted that the source and drain electrodes were also aligned in
the armchair direction of SnS, which is the direction of sponta-
neous polarization. The second experimental improvement was
the deposition of a 50 nm-thick Al film on top of the contact
electrode region of the device, which was performed to prevent
photoillumination in the Schottky junction region, as shown in
Figure 2a,b. The high reflectivity of Al at 488 nm is effective for
shading the incident laser in our experiment.>%! The spatially re-
solved photocurrent measurements were performed using an op-
tical microscope with a prober system, as shown in Figure S7
(Supporting Information). Line scanning of the laser beam with
a power of ~100 pW was conducted using a digital micromirror
device (DMD) with a 0.2 um pitch. Figure 2c compares the line
scan of photocurrents across the channel region of the SnS de-
vice with and without the Al cover film under a 0 V drain voltage
(Vp) and 0 V back gate voltage (Vjc). The photocurrent under
the Al film was obviously suppressed because of the weakened
illumination, contributing to the better overall resolution of the
shift-current measurement. Based on the optimized device struc-
ture, further analyses of the shift current of the SnS/h-BN devices
were conducted.

Figure 2d shows the AFM image of the best SnS device with
two-linked crystals, which was taken before the formation of the
top h-BN layer and Al cover layer for easy viewing. The photocur-
rent line profile with a 0.2-um pitch along the black dotted line
in Figure 2d is shown in Figure 2e. Four distinct photocurrent
peaks can be clearly distinguished from the line profile, and their
origins are discussed in the following paragraphs. Although the
Al cover reduced the illumination at the contact region of SnS, a
small Schottky junction current was still observed and led to the
photocurrent peaks observed at the edge of the Al film. To fur-
ther separate these photocurrents, the angular-dependent mea-
surement of linearly polarized light was introduced. Since the
absorbance of SnS for linearly polarized light at 488 nm is nearly
isotropic in all crystal directions,>!] the Schottky junction current
is expected to be isotropic at all angles. On the other hand, be-
cause the shift current originates from the non-centrosymmetric
structure of materials, an anisotropic shift current varied with
polarization angles of linearly polarized light is expected, as re-
ported in previous works.[*1% According to the BPVE theory!®?!
and third-order tensor model developed by Fridkin et al,?] the
shift current in the i direction can be expressed as:

Ji = B E B, = IB;ee, (2)

where f;;, is the shift current tensor, ¢; and ¢, are the projections
of the electric field in the j and k directions, respectively, and I is
the light intensity. Therefore, the shift current generated in the
armchair direction of the SnS crystal when incident light is per-
pendicular to its basal plane can be further expressed by the fol-
lowing equation:[>334]

J3 =1+ fy;sin*0 + I - f;;co8%0 3)
where f;, and f;; are the shift-current tensor elements of SnS
and 6 is the angle between the polarization direction of incident

light and the armchair direction of SnS. The detailed derivation
of Equation (3) is included in Note S1 (Supporting Information).
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Figure 2. a) Optical microscopy image of a typical SnS shift-current device. b) Schematic illustration of the cross-sectional view of the SnS device.
) Photocurrents obtained from line scans across the channel region of the SnS device with and without an Al film on top. d) AFM topographic image
of an SnS device with two-linked crystals measured before the application of h-BN encapsulation and Al film. e) Photocurrent obtained from the drain
electrode under Vp = 0V and Vg = 0V along the black dotted line shown in (d). The corresponding positions of the current peaks are marked in (d)
with the same color, and the photocurrent origins of these current peaks are noted. f) Angular-dependent photocurrents induced by linearly polarized
light measured at spots 1-4. The red lines are the calculated results of the shift current at spots 2 and 3 and the combination of the Schottky junction
photocurrent and shift current at spots 1 and 4. The predicted spontaneous polarization direction is marked by green arrows. g) Angular-dependent
photocurrent induced by linearly polarized light measured at the electrode region covered by Al film, whose position is indicated by the white rectangle

in (d).

Based on the DFT calculation,!?! the shift-current tensors f;; and ~ wave plate was utilized to switch the polarization direction in
B35 of SnS under 488 nm irradiation are extracted as 60.8 pJAV~2  this experiment, as shown in Figure S7 (Supporting Informa-
and 16.9 pAV~2, respectively. Therefore, the angular dependence  tion). It should be noted that the position of # = 0 was defined in
of the theoretical shift-current intensity of SnS can be obtained.  Figure 2d, and the photocurrent in Figure 2e was measured at the
As shown in Figure S8 (Supporting Information), the intensity of ~ drain electrode under the condition that the polarized direction
the shift current generated in the armchair direction of the SnS  of incident light was parallel to the zigzag direction of SnS. The
crystal is anticipated to be the strongest when the polarization  photocurrents measured at spots 2 and 3, which were located in
direction of incident light is parallel to the zigzag direction of  the channel region, showed strong angular dependence. Further-
SnS. more, it was observed that the polarized directions of higher cur-

The polarization angle dependence of the shift current was an-  rent at these spots were parallel to the zigzag direction of the SnS
alyzed at the four different spots showing photocurrent peaks  crystals, which is in good agreement with the theoretical calcula-
in Figure 2e, and the results are shown in Figure 2f. A half-  tion. These results indicate that the photocurrent obtained here
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Figure 3. a) CPGE current obtained from circularly polarized light with opposite helicity at the same spots shown in Figure 2d. The red circles represent
the difference between the CPGE currents induced by counterclockwise and clockwise circularly polarized light illumination. b,c) Power-dependent
photocurrents at the spots shown in Figure 2d. d) Cross-sectional HAADF-STEM images in the armchair direction of the same SnS device shown in
Figure 2d. The transition area between the f’ and « phases is magnified with the corresponding crystal structure and spontaneous polarization direction
denoted. The structure of the right crystal cannot be clearly observed due to the slight deviation in crystal orientation, and the grain boundary can be
regarded as a resistance during the photocurrent measurement. e) Schematic illustration of shift-current generation under illumination with a 488 nm

laser and the corresponding direction of current flow.

is mainly composed of the shift current of SnS crystals. On the
other hand, at spots 1 and 4, the polarization angle dependency
of the photocurrents did not match that at spots 2 and 3. The
directions of higher photocurrents were perpendicular to those
at spots 2 and 3. To verify this, another spot under the source
electrode was measured as a reference for the Schottky junction
photocurrent, whose position is shown by the open black rectan-
gle in Figure 2d. Since no angular dependence in the Schottky
junction photocurrent is expected, !l it is reasonable to observe
the isotropic photocurrent at source electrode area, as shown in
Figure 2g. This result suggests that the photocurrents at spots 1
and 4 do not come from the Schottky junction alone. One plausi-
ble origin of the abnormal polarization angle dependency in pho-
tocurrents measured at spots 1 and 4 could be the combination
of both the Schottky junction current and the shift current. Tak-
ing the photocurrent in spot 4 as an example, if a positive Schot-
tky junction current with a slightly higher value and a negative
shift current can be superimposed, the resulting photocurrent
indeed shows a pattern similar to those experimentally obtained,
as shown in Figure S9 (Supporting Information). Similarly, the
photocurrent measured at spot 1 could come from the superim-
position of the negative Schottky junction photocurrent and posi-
tive shift current. Through deconvolution, the directions showing
higher shift currents at spots 1 and 4 are actually well-matched
with the crystal orientations of the SnS crystals.

To further support the existence of the shift current, two ad-
ditional characterization experiments were conducted. The first
pertained to the utilization of the CPGE current represented by
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the second term in Equation (1). For the CPGE, it has been re-
ported that the photocurrent intensity depends largely on the he-
licity of light.[232+55:36] While spin-up carriers are stimulated by
light of a certain helicity, light of the opposite helicity induces
spin-down carriers. Briefly, the CPGE describes the generation
of spin-dependent photocurrents whose flow direction switches
with the helicity of incident light. Taking advantage of the fact
that the relationship between the CPGE current and shift cur-
rently in Equation (1) is retained in the same crystal,[?’] the CPGE
current can be applied to confirm the sign of the shift current
predicted based on the polarization angle-dependent photocur-
rent measurement shown in Figure 2f. The experimental setup
for the CPGE is the same as that for the abovementioned shift-
current measurement except for the application of a quarter-wave
plate, as shown in Figure S7 (Supporting Information). Figure 3a
shows the photocurrents obtained from the four spots shown in
Figure 2d under the illumination of circularly polarized light with
opposite helicity. Clockwise and counterclockwise circularly po-
larized light indeed led to different photocurrent intensities at
the same spots. First, spots 1 and 2 in the same crystal were fo-
cused on. At spot 2, the sign of the shift current was determined
to be positive because the shift current was the only source of
the positive photocurrents induced by linearly polarized light. To
match the sign of the CPGE with that of the shift current, the sign
of the CPGE under this measurement condition was defined as
the photocurrent difference between the counterclockwise CPGE
and clockwise CPGE, which was positive, as shown by the red dot
at spot 2 in Figure 3a. Following the same definition, the sign of
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the CPGE at spot 1 where the shift current was embedded by the
Schottky junction current was considered. The positive sign of
CPGE at spot 1 indicates that the sign of the shift current here
is also positive. Although the positive sign of the shift current at
spot 1 was determined by conjecture from the polarization an-
gle dependence measurement, this assumption was supported
by the present CPGE experiment. For spots 3 and 4, the situation
is the opposite. The negative sign of CPGE here indicates the neg-
ative shift current at these spots. Moreover, it should be noted that
the existence of the CPGE photocurrent indicates Rashba split-
ting in the electronic bands of §’ SnS.[%>7]

The second method for characterizing the shift current was
to investigate the incident light power dependency of the
photocurrent.”1%58] The relationship between the total photocur-
rent ], and the incident light power Py, can be simplified as
follows:

Pl
]ph =L- Plaser+ SO — +JO (4)

V Sl ! Plascr+ SZ

where L is the amplitude of the Schottky junction photocurrent,
which shows a linear contribution; S,, S;, and S, characterize
the shift-current contribution; and J, is the experimental offset of
the measurement system.!?2°8] The power-dependent photocur-
rents measured at the Al-covered contact region under the elec-
trode and at spots 1 and 4 in Figure 2d are shown in Figure 3b.
Since the photocurrents measured at these spots arose solely or
mainly from the Schottky junction, their photocurrents showed
a linear relationship with increasing light power. On the other
hand, as shown in Figure 3c, the photocurrents measured at spots
2 and 3 showed a gradually decreasing slope in the high-power re-
gion, indicating that the photocurrents originated from the shift
current of SnS. The relationships between the photocurrent and
laser power at spots 2 and 3 were estimated to be | « P** and
J o< P°% respectively. The slight deviation from the ideal depen-
dence of | « P*° might have resulted from other factors, such as
the photothermal effect induced by local heating from the laser.
In the above shift-current experiment, two-linked SnS crys-
tals, which were large enough for the measurement, were ana-
lyzed because of the lack of single-grain SnS crystals. The grain
boundary of the two-linked SnS crystals was analyzed by HAADEF-
STEM, as shown in Figure 3d. With the crystal orientation deter-
mined based on the macroscopic crystal shape observed by AFM,
the armchair structure was realized for the left SnS crystal. Al-
though the crystal structure was not clearly observed for the right
SnS crystal due to the slight deviation in crystal orientation, the
SnS layers of the right crystal connected well with those of the
left crystal at the grain boundary. Based on this observation, it
is reasonable to consider that the grain boundary works just as
the small resistance (R;) during the shift-current measurement.
Besides, it is quite interesting that multiple transitions between
the " and a phases were observed. Since only a single transi-
tion from the f’ to a phases have been observed for all our iso-
lated SnS crystals thus far, this transition may be triggered by the
interaction of the SnS crystal with the neighboring crystal dur-
ing PVD growth. In addition, the relationship between the direc-
tion of spontaneous polarization in the crystal and the direction
of the shift current was elucidated. While this relationship de-
pends on the Berry phase of the bands involved in the optical
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transition, it is known that the shift current is reversed depend-
ing on the excitation wavelength and the polarization direction
in some materials.[>) The spontaneous polarization direction of
the left SnS crystal was verified and is schematically illustrated in
Figure 3e. The spontaneous polarization and shift-current direc-
tions are the same in SnS crystals under our experimental condi-
tions.

2.3. Ferroelectric Domain

Since the formation of ferroelectric domains reduces the energy
raised by spontaneous polarization by minimizing electrostatic
and elastic energies,®*!] the domain structure of SnS is dis-
cussed here. As shown in Figure 4a, the PFM image reveals
that the widths of the ferroelectric domains in the few-layer
SnS crystal range from 100 nm to 500 nm, which corresponds
to the results of previous research.’?] Furthermore, it can be
found that the ferroelectric domain boundaries are parallel to
the crystal facet plane of SnS, which is energetically favorable.
While the odd—even effect on spontaneous polarization in few-
layer SnS'®%62] and ferroelectric domain switching in monolayer
SnSel®] have been reported, there is no discussion of the ferro-
electric domain structures on the atomic scale to date. Although
the ferroelectric domain boundary structure has been reported
for classical ferroelectric perovskite oxides in detail, the case of
SnS is quite different. Taking BaTiO; as an example,[®*] the spon-
taneous polarization depends on the position of the metal cation
at the center of the unit cell, which restricts the polarization di-
rection to one dimension and limits the polarization switching
to 180° only. On the other hand, the spontaneous polarization in
SnS results from the distortion of the puckered structure, which
originates from the cubic NaCl structure through the breaking
of the ionic bonds indicated by the dotted lines in Figure 4b.[%]
Since the polarization switching of SnS takes place through the
recovery of the cubic NaCl structure and “redisconnection” of
the bonds, the 90° switching of the in-plane spontaneous polar-
ization is also possible, which leads to the ferroelectricity and
ferroelasticity of SnS.[3233] Based on the PFM results, the ferro-
electric domain structures of SnS are explored through atomic
models with two constraint conditions, as shown in Figure S10
(Supporting Information). First, twin boundaries(®®! are consid-
ered to reduce the domain boundary energy. Second, the arm-
chair structure of SnS should always be observed from its zigzag
direction determined by “macroscopic” crystal shapes, as shown
in Figure 4a. In our HAADF-STEM experiments, condition two
is always fulfilled (in Figure 1b as well). Although four ferroelec-
tric domain boundary candidates can be constructed based on the
first condition, only one of them (type I-a) meets the second con-
dition, as shown in Figure S10 (Supporting Information). Nev-
ertheless, this type I-a structure is energetically unfavorable be-
cause two adjacent SnS crystals with opposite spontaneous po-
larizations are unlikely to bond directly with each other through
S-S bonds. To reduce the overall energy, another plausible ferro-
electric domain boundary structure with a NaCl structure in the
boundary region is proposed, as shown in Figure 4c. The NaCl
structure proposed here can serve as a transition phase to re-
duce boundary energy by avoiding bonding between the same
species of atoms. It should be emphasized that the strip-shaped
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Figure 4. a) PFM height, amplitude, and phase images of few-layer SnS on HOPG substrate. The crystal orientation can be determined by the macro-
scopic shape of the crystal, as shown in the topographic image. b) Schematic illustrations of the NaCl and puckered structures. c) Proposed molecular
model of the ferroelectric domain boundary of the dotted rectangular region shown in (d). The NaCl transition phase is proposed at the boundary of
ferroelectric domains. The spontaneous polarization direction in SnS is denoted by red arrows. d) Schematic illustration of ferroelectric domains in SnS
and their spontaneous polarization direction. e) AFM topographic image of a single-crystal SnS device and the photocurrent mapping in the marked
channel region. The ferroelectric domain boundaries marked by black dotted lines are determined roughly by the region showing zero photocurrents.
The ferroelectric domain boundaries are parallel to the energetically favorable facets of SnS.

orthogonal domains can be explained only using this proposed
180° domain structure without considering the 90° domain struc-
ture, as schematically illustrated in Figure 4d. Detailed discus-
sions on the ferroelectric domain boundary structure are in-
cluded in Figure S10 (Supporting Information).

Finally, to inspect the influence of ferroelectric domains on
the photocurrent measurement, photocurrent mapping was con-
ducted at the channel region of a single SnS crystal, as shown
in Figure 4e. The negative (blue) and positive (red) photocur-
rent regions can be clearly distinguished in the same crystal.
In accordance with the PFM results, this is caused by the exis-
tence of several ferroelectric domains with opposite spontaneous
polarization, which also clarifies the reason for the small over-
all shift current compared to the theoretically predicted value of
~100 pA V=2 for SnS.I?’! While the ferroelectric domain bound-
ary can be roughly defined by the areas with nearly zero pho-
tocurrents, these ferroelectric boundaries are parallel to the crys-
tal facet plane as well. It should be noted that because of the lim-
itation in laser spot size, the domain width (~1 um) obtained by
optical mapping is much larger than that obtained from the PFM
image shown in Figure 4a. Although more detailed characteriza-
tion and analysis are needed, the accomplishment of this exper-
iment provides the first discussion of the ferroelectric domain
structure of SnS and the demonstration of ferroelectric domains
through both piezoelectric response and optical approaches.

3. Conclusions

A non-centrosymmetric structure, which is likely to be induced
and stabilized by surface stress, was observed in the bottom re-
gions of PVD SnS crystals. This non-centrosymmetric structure
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is then confirmed to be the g’ phase SnS by HAADF-STEM, Ra-
man spectra, and SHG analyses. Assisted by Al film over the elec-
trode contacts, the shift current along the armchair direction of
SnS was obtained successfully. Through the polarization angle-
dependent measurement and incident laser power-dependent
measurement, the Schottky junction photocurrent and shift cur-
rent of SnS could be distinguished clearly. Furthermore, the flow
direction of shift current was determined with the support of
CPGE current measurement even under the situation that the
shift current was embedded by Schottky junction photocurrent.
In the end, the ferroelectric domains of SnS were inspected by
PFM as well as optical method and the atomic model of ferro-
electric domain boundary in SnS was proposed. The p’ phase SnS
studied in this work can play an indispensable role in the future
exploration of non-centrosymmetric properties in few-layer 2D
materials.

4. Experimental Section

PVD Growth of SnS: A three-zone furnace with separate temperature
controllers was used for the PVD growth of SnS, as schematically illus-
trated in Figure S1 (Supporting Information). SnS source powder (99.9%,
Kojundo Chemical Laboratory Co.) was placed in Zone 1, while target sub-
strates were placed in Zone 3. During the growth process, a 2.5 sccm
pure N, gas (99.9995%) flow was used as the carrier gas, and the tem-
perature difference between zone 1 and zone 3 was set to 20-80 °C to
facilitate the transportation of the SnS source vapor. The pressure of the
whole system was kept at 10 Pa during the growth processes. New sur-
faces of both mica and HOPG substrates were obtained by cleaving with
Scotch tape before every growth round. For SnS growth on the h-BN
substrate, multilayer h-BN flakes were mechanically exfoliated from bulk
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crystals grown by a temperature-gradient method under a high-pressure
and high-temperature atmosphere and transferred to a 90-nm SiO, /n*-
Si substrate by the Scotch tape method.[®] Then, the substrates were
annealed at 300 °C for 3 h to remove tape residue. Typical tempera-
ture profiles for SnS growth on the h-BN substrate and HOPG sub-
strate were plotted as shown in Figure ST (Supporting Information).
The substrate temperatures for typical SnS growth on h-BN and HOPG
substrates were 390 °C and 420-450 °C, respectively, while the growth
time was 2-30 min. At the end of the growth process, the furnace tem-
perature was quenched to <100 °C within 1 min to prevent further
growth.

Characterization of SnS: AFM and PFM measurements were con-
ducted on an Asylum Research Cypher HV at RT in a laboratory envi-
ronment. For AFM, a 42 N m~! Si cantilever was used, while a 2.8 N
m~! conductive tip coated with Pt/Ir was used for PFM. For the Raman
spectroscopy measurements, the SnS samples were sealed in a cryostat
chamber and cooled to 3 K in a vacuum of 0.01 Torr to prevent the
thermal degradation and oxidation of SnS. A semiconductor laser with a
wavelength of 488 nm was applied as the incident light with a focused
spot size of 2.5 um and an incident laser power of 1 mW after pass-
ing through an objective lens. The SHG analysis was conducted with a
custom-built optical system under ambient conditions. A mode-locking
femtosecond laser with a wavelength of 900 nm was applied as the inci-
dent light source with a focused spot size of 1 um and an incident laser
power of 0.3-0.9 mW before passing through an objective lens. Quantum
Espressol®] based on density functional theory was used to perform the
first-principle calculation of electronic band structure of bilayer g’ SnS. A
14X 14 x 1 k-mesh was used for sampling the Brillouin zone. The results of
SHG were calculated by solving the time-dependent Bethe Salpeter equa-
tion in Yambo code.®®] For the cross-sectional HAADF-STEM analysis of
SnS, the focused ion beam (FIB) technique was used to prepare sample
cross-sections. The cross-sectional images of SnS were obtained using a
JEM-ARM200F (JEOL) electron microscope at an accelerating voltage of
200 kV.

Device Fabrication: For shift-current device fabrication, a maskless
aligner with double layer resists (PMGI SF5/AZ1500) and an NMD-3 de-
veloper were used to define electrode patterns. A 1 nm/20 nm Ti/Au elec-
trode was deposited in an ultrahigh vacuum (UHV) chamber at a base
pressure of ~5 x 1078 Pa with a low deposition rate of 0.0014 A s~ for Ti
and 0.15 A s~ for Au. Then, 10-20 nm-thick h-BN flakes were transferred
on top of the channel region of the SnS device as an encapsulation layer by
a dry transfer method using poly(dimethylsiloxane) (PDMS) films.[7] Fi-
nally, ~50 nm-thick Al was deposited on top of the contact region between
the metal electrode and SnS by thermal evaporation at a vacuum level of
1073 Pa.

Photocurrent Measurement:  SnS devices were placed under a commer-
cial optical microscopy (OM) system, as shown in Figure S7 (Supporting
Information). A semiconductor laser with a wavelength of 488 nm and
an ideal spot size of 0.66 um was used to stimulate the photocurrent,
while the electrical properties were measured by a Keysight B1500 semi-
conductor analyzer. To prevent the sample position from shifting physi-
cally during the relatively long-time line-scan/mapping experiments, the
electrodes of SnS devices were extended by gold wires, and the probes
were in contact with the device electrode outside of the sample stage of
the OM system. The polarization angle dependence measurement of the
shift current was performed by applying a half-wave plate to a linearly po-
larized laser. The line-scan/mapping measurements of the photocurrent
were performed with a DMD, where the optical light was scanned while
keeping the sample stationary. During the CPGE current measurement, a
quarter-wave plate was applied to generate circularly polarized light. The
laser power-dependent experiment was conducted using a variable neutral
density (ND) filter.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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