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Bulk Photovoltaic Effect in Single Ferroelectric Domain of
SnS Crystal and Control of Local Polarization by Strain

Ryo Nanae, Satsuki Kitamura, Yih-Ren Chang, Kaito Kanahashi, Tomonori Nishimura,
Redhwan Moqbel, Kung-Hsuan Lin, Mina Maruyama, Yanlin Gao, Susumu Okada,
Kai Qi, Jui-Han Fu, Vincent Tung, Takashi Taniguchi, Kenji Watanabe,
and Kosuke Nagashio*

The bulk photovoltaic effect (BPVE) in ferroelectrics, wherein spontaneous
polarization can be reversed within crystals lacking centrosymmetry,
encompasses the significant contribution of ferroelectric domain walls (DWs),
known as DW-PVE. Nevertheless, the separation between intrinsic BPVE
within the domain and DW-PVE remains unexplored in 2D ferroelectrics,
notwithstanding its significant importance. In this study, sizable crystals of 2D
ferroelectric SnS are successfully grown, facilitating a comprehensive yet
intricate examination of domain configurations utilizing polarized optical
microscopy and piezoresponse force microscopy. By properly selecting the
large ferroelectric single domain within SnS crystals, uniform intrinsic BPVE
across the domain is unequivocally demonstrated. Furthermore, to further
enhance intrinsic BPVE, manipulation of strain poling increased photocurrent,
suggesting that locally distributed polarizations due to imperfection
introduced in SnS crystals are aligned by strain. These results will offer a new
avenue for rigorous comprehension of DW-PVE in 2D ferroelectrics.

1. Introduction

Ferroelectrics constitute a class of materials wherein spon-
taneous polarization can be reversed within crystals lacking
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centrosymmetry.[1] The control of ferro-
electric domains has long been a sub-
ject of understanding because it forms
the basis of electrical/mechanical conver-
sion characteristics,[2] memory operation,[3]

and so on in many devices. On the other
hand, the phenomenon in which photo-
voltage is generated by light illumination
in ferroelectric oxides, such as BaTiO3,[4]

and LiNbO3,[5] was named as the bulk
photovoltaic effect (BPVE) in 1957,[6] even
though the origin was unclear. Unlike pho-
tovoltage generated by built-in potentials at
pn junctions in conventional semiconduc-
tors, BPVE can achieve photovoltage greater
than the bandgap (EG) without pn junc-
tions, offering significant potential[7] to sur-
pass the Schockley-Queisser (SQ) limit.[8]

Recent theoretical advancements[9–13] have
proposed possible mechanisms for BPVE
based on the noncentrosymmetric crys-
tal structures, namely shift current and

ballistic current. Shift current is an intrinsic mechanism where
differences in Berry connection at band edges result in the shift
of electron clouds in real space upon light excitation. On the
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other hand, ballistic current is more extrinsic, arising from the
asymmetry of photoexcitation and recombination of nonthermal-
ized carriers. Furthermore, experimental studies controlling fer-
roelectric domain structures[14–16] have highlighted the substan-
tial contribution of the domain walls (DWs) to total BPVE, in addi-
tion to intrinsic (single domain) BPVE. It has been demonstrated
that above-EG voltages can be enhanced by increasing the num-
ber of DWs. One proposed mechanism suggests that periodic
potential in ferroelectric crystals with multiple domains could
lead to a net potential difference when the excess charge carriers
created in DWs by illumination reduce the potential in DWs.[14]

Although BPVE, including DW-PVE, is attracting attention as a
next-generation photovoltaic mechanism due to its potential to
generate photovoltage greater than EG and exceed the SQ limit,
the wide EG of ferroelectric oxides, such as 3.2 eV for BaTiO3,[7]

has impeded further harnessing of sunlight, restricting absorp-
tion to less than 10% of the solar spectrum.

In this context, 2D layered semiconductors with sponta-
neous polarization show promise for achieving high BPVE
efficiency[17–20] because their EG generally ranges from ≈1 to 2 eV,
suitable for visible light absorption. Additionally, van der Waals
stacking of different 2D materials provides a new route to ma-
nipulate their symmetry by controlling the stacking order,[21,22]

even when the initial material system lacks spontaneous polariza-
tion. A fascinating example is the WS2/black phosphorous (BP)
system, where the threefold symmetry of WS2 is disrupted by
stacking with BP and in-plane electronic polarization is created
at the WS2/BP interface, leading to BPVE.[21] However, there has
been limited discussion on DW-PVE in 2D materials, as the ma-
terial systems studied thus far have primarily focused on (artifi-
cial) pyroelectric single crystals. Recently, BPVE has been demon-
strated in out-of-plane ferroelectric CuInP2S6

[23,24] and in-plane
ferroelectric SnS.[25] Although ferroelectric switching has been
reported for both materials,[23–28] the ferroelectric domain struc-
tures are considerably different. Atomically diffuse interfaces
have been observed in CuInP2S6 from piezoresponse force mi-
croscopy (PFM) images,[23,24,29–31] whereas atomically sharp inter-
faces with specific atomic configurations have been reported by
PFM, scanning tunneling microscopy (STM), high-angle annular
dark field scanning transmission electron microscopy (HAADF-
STEM) and 4D STEM in SnS[25,32] as well as in other group IV
monochalcogenides like SnTe,[33–35] and SnSe.[36–38] Although the
contribution of DW-PVE to BPVE is expected to vary significantly
among material systems, the separation of intrinsic BPVE and
DW-PVE has not yet been carried out, despite its importance for
a comprehensive understanding of intrinsic BPVE.

Here, we focus on ferroelectric SnS to study intrinsic BPVE
completely separated from DW-PVE because the bulk SnS has
an EG of ≈1.1 eV,[39–41] and the maximum value of the shift
current tensor expected for SnS (≈100 μA/V2) has been theo-
retically predicted to be comparable to that of a Si pn junction
(250 μA/V2),[42–44] unlike conventional perovskite oxides, which
only exhibit small shift currents (BiFeO3: 0.05 μA/V2, BaTiO3:
5 μA/V2). Moreover, the curie temperature higher than room
temperature of monolayer ferroelectric SnS has been experimen-
tally confirmed,[28] and a large spontaneous electric polarization
of 2.62 × 10−10 C/m has been theoretically predicted.[45] Hence,
SnS holds great promise as a next-generation photovoltaic ma-
terial. In this study, ferroelectric SnS crystals larger than 10 μm

in size were grown on the mica substrate through physical va-
por deposition (PVD) method,[46,47] enabling the observation and
characterization of ferroelectric domain structure macroscopi-
cally by polarized optical microscopy (POM) and microscopically
by HAADF-STEM and density functional theory (DFT), respec-
tively. By properly selecting the large single-domain in SnS crys-
tals, uniform intrinsic BPVE throughout the domain, separated
from domain walls as well as Schottky junction, was evidently ob-
served. Furthermore, to further enhance intrinsic BPVE, manip-
ulation of strain poling increased photocurrent, suggesting that
locally distributed polarizations due to imperfection introduced
in SnS crystals are aligned by strain.

2. Results and Discussion

2.1. Material Characterization

Monolayer SnS is a multiferroic material[48,49] exhibiting ferro-
electricity and ferroelasticity. The polarization switching takes
place through the cubic NaCl structure from the puckered struc-
ture by the “reconnection” of the bonding under the stress or
the electric field, enabling the 90° switching as well as 180°, as
schematically shown in Figure S1 (Supporting Information). Two
distinct stacking structures are energetically favorable,[50,51] as
shown in Figure 1a. One represents a centrosymmetric 𝛼 phase
with AB stacking, where the spontaneous polarization cancels
out, resulting in the antiferroelectric state (ABAFE). The other is a
noncentrosymmetric 𝛽’ phase with AC stacking, where the spon-
taneous polarization aligns each other, giving rise to a robust fer-
roelectric state (ACFE). In our previous characterization of SnS
crystals grown on the mica substrate by PVD,[25,28] the metastable
𝛽’ phase of ≈3-7 layers was stabilized at the bottom region due to
substrate interaction, followed by subsequent 𝛼 phase growth, as
shown in Figure 1a. Although a thick 𝛽’ phase is suitable to en-
hancing BPVE efficiency, its thickness is primarily determined by
the selection of growth substrate. Hence, a crucial prerequisite is
for the 𝛼 phase to be thin to minimize unwanted light absorp-
tion, with a total thickness (t) thinner than ≈15 nm because the
penetration depth of 𝛼-SnS is ≈20 nm for 488-nm-laser, while
ensuring a large grain size for physical property measurement.
Despite extensive growth studies,[46,52,53] the lateral size of SnS
crystals has remained insufficient due to competition between
lateral and vertical growth directions owing to the high surface
reactivity of SnS associated with lone pair electrons.[54]

Recently, SnSe growth with grain sizes exceeding 20 μm has
been achieved through low-pressure PVD employing extended
growth periods of 2 h.[36] The primary challenge lies in miti-
gating nucleation rates by enhancing SnS desorption, achieved
by maintaining the growth temperature as high as possible.
However, after following similar growth conditions, it was re-
alized that the surface of SnS source powders oxidized during
the growth run, terminating further SnS growth. Therefore, sev-
eral improvements were made to the PVD growth furnace to in-
crease the growth time, as schematically shown in Figure 1b. (i)
H2 gas with N2 carrier gas was introduced to maintain the re-
ducing atmosphere, despite known reactions among SnS, SnS2,
and H2.[55] (ii) Molecular sieves were introduced along gas lines
to reduce carrier gas moisture to <100 ppb. Typical growth pa-
rameters are described in Figure S2 (Supporting Information).
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Figure 1. a) Schematic illustrations of crystal structures in the 𝛼 and 𝛽’ phases. The direction of polarization is shown by red arrows. Typical SnS crystals
grown on the mica substrate show the 𝛽’ phase formation on mica substrate and subsequent 𝛼 phase formation. b) Schematic illustration of growth
furnace for SnS. SnS crystals grown on the mica substrate at the growth conditions before c) and after d) the modification. Insets show AFM images of
typical SnS crystals.

Following these modifications, the growth time could be ex-
tended to over 4 h, while the growth temperature was reversely
increased to enhance the desorption. Atomic force microscope
(AFM) and OM images of thin SnS crystals grown on the mica
substrate before and after the above-mentioned modifications are
compared in Figure 1c,d. It is evident that thin SnS crystals grown
at 400 °C for 4 h exhibit larger grain size with thermodynamically
stable crystal facets while crystals grown at 380 °C for 5 min ex-
hibit smaller grain size with kinetically controlled shape. These
characteristics were observed even for ≈5-nm-thick SnS. In this
study, the largest grain size of PVD SnS with t < 10 nm was
≈20 μm.

With the significant increase in crystal size, a variety of
bright/dark morphologies interestingly appeared via POM in re-
flection mode, as shown in Figure 2a. To confirm these as ferro-
electric domains, Figure 2b compared the POM image with PFM
and conductive AFM (c-AFM) images. It should be noted that this
SnS crystal in Figure 2b was grown on the highly oriented py-
rolytic graphite (HOPG) substrate for c-AFM. The bright/dark
morphology in POM correlated with that in PFM, confirming
them as ferroelectric domains. It is difficult to uniquely deter-
mine the polarization direction in in-plane SnS flake due to weak
PFM sensitivity unlike out-of-plane ferroelectric materials. More-
over, in ferroelectric oxides where no electrical conduction was
observed due to their insulating property, it is interesting that
there is electrical conduction at the domain walls and that the
difference of the electrical conduction by one order of magnitude
between tail-to-tail and head-to-head domain walls is explained
by the carrier accumulation and band structure change at the
walls.[56–58] As SnS is a semiconductor, the difference in electri-
cal conduction was confirmed between adjacent domains, not at
the domain walls. This difference is discussed later with cross-
sectional TEM observations.

To further discuss the polarization direction, POM images
were captured with the parallel-polarized condition while rotat-
ing the SnS crystal, as shown in Figure 2c. Both domains A and
B show twofold rotational symmetry in brightness change and
were 90° shifted from each other. For materials with anisotropic
dielectrics such as ferroelectrics with sufficient thickness, bire-
fringence occurs, and the angular dependence of the intensity
typically shows fourfold rotational symmetry due to the sin2𝜃
term, as shown in Figure S4 (Supporting Information). On the
other hand, when the crystal thickness is thinner than the wave-
length of incident light, that is, the phase difference is negligi-
ble as in the present situation, the contribution of birefringence
in first-order reflectance to the total reflection is negligible. Con-
sequently, twofold rotational symmetry caused by zero-order re-
flectance dominates due to the sin𝜃 term. Furthermore, a 90°

shift between two domains indicates that these domains rotate
90°/270° from each other. Based on these observations, the po-
larization direction in SnS crystals with stripe domain shape can
be identified as a schematic image in the inset of Figure 2c. Since
the 180° rotation is identical in POM, the exact polarization direc-
tion cannot be uniquely determined.

After the intensive exploration of complicated ferroelectric do-
main morphologies, the macroscopic shape of SnS crystals was
realized to be related to the number of stripes, particularly when
simple stripe domain crystals are intentionally selected. Figure 3a
aligns POM and PFM images of the SnS crystals while increas-
ing the number of stripes. The angle at the crystal corner is ide-
ally 87° for the two-domain crystal, while the “macroscopic” an-
gle of the crystal corner with an infinite number of stripes satu-
rates to 90° with increasing the number of stripes, as schemat-
ically explained in Figure 3b. This observation suggests that
the polarization direction indicated by the red arrow is indeed
consistent with the armchair direction, and that the boundary
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Figure 2. a) POM images of SnS crystals observed at the different place on the mica substrate. Cross-polarized condition and reflection mode was
selected. b) POM, PFM, and c-AFM images of the same SnS crystal grown on the HOPG substrate. The scan direction in PFM and c-AFM is from left
to right. c) POM images taken with the parallel-polarized condition while rotating the SnS crystal. Right bottom schematic in dotted box shows the
identified 90° domain structure.

between 90° domains comprises the twin, as proposed in our
previous study.[25] Here, our primary motivation for this obser-
vation is to identify single-domain SnS crystals for BPVE mea-
surement. Although the SnS crystal surrounded by a blue dot-
ted circle in Figure 2a appears to be single domain by POM, this
might not be the case due to limitations in observing domain
structure by POM within a certain thickness range and insuffi-
cient spatial resolution of corner angles. Therefore, two-domain
SnS crystals are focused on. The PFM image in Figure 3a con-
firms that two domain SnS crystals do not include other small
domain structures. Moreover, as shown in Figure 3c and Figure
S5a (Supporting Information), scanning second harmonic gen-
eration (SHG) mapping performed on the two-domain SnS crys-
tal also supports the single-domain structure with uniform SHG
intensity shown by a red rectangular. Interestingly, another do-
main exhibits limited SHG intensity, suggesting that the thick-
ness of AB stacking is much thicker than that of AC stacking
(Figure 1a). This asymmetric SHG intensity of the two-domain
SnS crystal has been observed in other SnS crystals and also re-
ported in SnSe crystals.[38] Moreover, the SHG intensity in the
stripe domains significantly enhanced in domains with multi-
ple stripes, as shown in Figure S5b (Supporting Information),
suggesting that the strain enhanced in the multiple domains
stabilized AC stacking. As shown in Figure 3d, the cross and
parallel polarization SHG polar plots of the same SnS crys-
tal (domain with higher SHG intensity) fit well with the the-
oretical calculation results[59] and are in good agreement with
its crystal orientation. From these results, it is now possible to
identify a large single domain area in two-domain SnS crys-
tals simply by POM. Note that the domain size in group IV
monochalcogenides may depends on the structural stability,[60]

for example, SnS (≈1 um), SnSe (≈100 nm),[38] and GeSe
(≈50 nm).[61]

Next, the atomic structure of 90° domain walls in Figure 3b is
discussed in more detail. Figure 4a shows two possible structures
of DWs. One comprises Sn─Sn bonding with identical atomic
species, which is energetically unfavorable. This is the so-called
head-to-head DW (i). The other type, composed of the Sn─S
bonding with dissimilar atomic species, represents an energeti-
cally favorable configuration, known as head-to-tail DW (ii). This
suggested that only the head-to-tail DW structure exist within
SnS DWs. To confirm this idea, cross-sectional HAADF-STEM
images of DW were captured parallel to the DW to elucidate the
atomic structure, as shown in Figure 4b. In the side-view atomic
structure, Sn and S atoms exhibit distorted arc-shaped config-
urations, denoted by red and yellow shapes, depending on the
projected polarization direction. The stacking sequence, analyzed
through simple geometric analysis and color-coding, reveals the
existence of head-to-head and tail-to-tail DWs as well as head-to-
tail DWs. To justify the head-to-head structure (i), a transition re-
gion with a cubic NaCl structure is considered, as shown in (i’),
because the puckered structure originates from the rupture of
bonds in the cubic NaCl structure. This NaCl transition region
was previously proposed in our research[25] and has recently been
observed in the Bi system.[62] To comprehend the formation of
this NaCl transition region, first-principles calculations for var-
ious DWs were conducted to simulate the variation in the total
energy. The table in Figure 4a summarizes the relative total en-
ergies for various DWs relative to that of DW with S-Sn bonding
(ii). It is evident that the average energy per length associated with
Sn─Sn boding is significantly reduced to −0.196 eV Å−1 (i’) from
0.103 eV Å−1 (i) upon the incorporation of the NaCl transition
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Figure 3. a) POM, PFM, and schematic drawing of domain structure as a function of the number of domain stripes. Cross-polarized condition and
reflection mode was selected for POM. Note that SnS crystal for POM is different from that for PFM only for two-domain SnS crystal. The scan direction
of the PFM image is shown by arrows. b) The angle at the crystal corner of the armchair direction as a function of domain number/area. The schematic
drawing of three 90° domain stripes. c) OM and SHG intensity mapping. The parallel SHG condition at 180° d) The cross and parallel polarization SHG
polar plots by illumination light with wavelength of 800 nm. The red and blue lines are obtained by simulating the cross and parallel polarization SHG
of bulk 𝛽’ SnS crystal.

region. It should be noted that the interface energies of DWs of
(i) and (i’) indeed represent the averages of those of Sn─Sn and
S-S interfaces due to the structural model considered here. De-
tailed structural models and calculation methods are provided in
Figure S6 (Supporting Information). However, the NaCl transi-
tion region cannot be discerned in the HAADF-STEM image due
to insufficient atomic resolution resulting from the sample thick-
ness. Despite the typical sequence of several 𝛽’ layers followed
by the 𝛼 phase, as illustrated in Figure 1a, the present sample
exhibits a complex stacking sequence with very fine domain pat-
tern, as schematically illustrated in Figure 4b. This complexity
may be attributed to the relatively large strains induced in the
sample due to numerous DWs. However, as shown in c-AFM of
Figure 2b, the current levels for domains with the identical polar-
ization directions are roughly the same, suggesting the existence
of a discernible rule in the layer stacking sequence.

2.2. BPVE Measurement and Strain Poling

SnS photocurrent devices were fabricated by a maskless pho-
tolithography process, as shown in Figure S7 (Supporting In-
formation). A critical aspect involves transferring an h-BN flake
with ≈10 nm thickness onto the SnS device to prevent oxidation

or degradation during photocurrent measurements. A typical de-
vice image is presented in Figure 5a. Spatially-resolved photocur-
rent measurements were performed using a digital micromirror
device (DMD) with a 0.5-μm pitch to avoid mechanical drift, as
shown in Figure S8 (Supporting Information). A linearly polar-
ized laser with a wavelength of 488 nm and a power of ≈100 μW
was employed in an OM system with a laser spot size of 0.66 μm
for 488 nm. For the photocurrent measurement, drain current
was measured at zero drain bias and under laser illumination.

Figure 5b shows the result of line scanning photocurrent mea-
surement under laser illumination along the black line in the
OM image of the inset. Since BPVE current flows along the
polarization direction, the armchair direction was macroscopi-
cally selected by using the optical image. Band bending in SnS
at the metal/SnS contact separates electron-hole pairs, resulting
in strong Schottky current, as evidenced at the positions of the
blue circles. As identical metal electrodes were employed, the
peak on the left side is positive, while it is negative on the right
side. Additionally, at the center region indicated by red circle, a
noticeable photocurrent peak is observed, suggesting its origin
from bulk SnS crystals. To further reveal whether this photocur-
rent peak results from BPVE, angular-dependent photocurrent
measurements were performed, as shown in Figure 5c. Since
the absorbance of SnS for linearly polarized light at 488 nm is
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Figure 4. a) Atomic structures of two possible DWs. (i-Sn) DW with Sn─Sn bonding. (i-Sn’) DW stabilized by the insertion of the cubic NaCl structure.
(ii) DW with Sn─S bonding. The polarization direction in the top view and polarization direction projected in the side view are indicated by red arrows.
b) Cross-sectional HAADF-STEM images of DW. (i) Left side of DW, (ii) DW region, and (iii) Right side of DW. Red and yellow hatchings denote the
projected polarization directions, while green hatching represents the unclear region, expected as NaCl structure region.

nearly isotropic in all crystal directions,[63] the clear twofold ro-
tational symmetry supports the occurrence of photocurrent due
to BPVE. As SnS crystals grew larger through optimization of
growth conditions, the device channel length exceeded the laser
spot size. Thus, photocurrent originating from the Schottky junc-
tion, one of the primary sources of spontaneous photovoltaics,
could be well separated from BPVE. On the other hand, as shown
in Figure 5d, the current – voltage characteristics exhibit a similar
level of photocurrents at the zero-drain bias in both armchair and
zigzag directions, while the dark current is negligible for both di-
rections. This phenomenon may be explained by the net polar-
ization direction at the laser spot where the contribution of 90°

ferroelectric domains and/or DW-PVE are included, as schemat-
ically shown in the inset of Figure 5d.

To elucidate the intrinsic BPVE without any contribution from
DW-PVE, two-domain SnS crystals should be selected, as shown
in Figure 3a. Figure 6a shows the OM image of the SnS pho-
tocurrent device where four electrodes are patterned onto the

larger single domain region on the left side. The line scan-
ning photocurrent measurement along the armchair direction in
Figure 6b demonstrates uniform photocurrent contribution with-
out any peaks, indicated by the red hatching. It should be noted
that the red circle should be located at zero current if there is
no BPVE current, and that this BPVE current level is compara-
ble to that at the current peak in Figure 5b. Therefore, the unin-
form and flat photocurrent can be explained by the BPVE current
generated in the single domain without any contribution from
DW-PVE. However, the comparable level of BPVE current was
observed also for the zigzag direction. In general, BPVE current
along the polarization direction is much larger than that along
the direction normal to the polarization direction.[64,65] More-
over, angular-dependent photocurrent measurement in Figure 6c
shows nearly circular polarization dependency. Since the con-
tribution from other domains and DW-PVE has already elimi-
nated, another factor should be considered here. One possible
origin is the poor crystallinity of the 𝛽’ phase of SnS grown
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Figure 5. a) Optical micrograph of a typical SnS photocurrent device on the mica substrate. b) Photocurrent measured under zero drain bias condition
along the black line in the inset. c) Angular-dependent photocurrent measured by linearly polarized light at the red circle in b). The definition of angle is
shown in the inset of b). d) Current – voltage characteristics measured in armchair and zigzag directions. The inset illustrates expected domain structure.

on the mica substrate. As illustrated in Figure 6d, the polariza-
tion directions at some local areas differ from the main polar-
ization direction along the armchair direction. This kind fluctu-
ation in local polarization can be expected from atomic displace-
ment or/and vacancy formation. To confirm this scenario, Raman
measurements were conducted at 4 K, as shown in Figure 6e.
The Raman shift at the single domain region of SnS crystal on
the mica substrate clearly shows much broader peaks than that
on the HOPG substrate. Moreover, for comparison at a more
local area, the fast Fourier transform (FFT) of cross-sectional
HAADF-STEM images of the 𝛽’ phase was performed for both
substrates, as shown in Figures 6f and S9 (Supporting Informa-
tion). Apparently, the crystallinity of SnS on the mica substrate
is poorer than that of SnS on the HOPG substrate. These re-
sults support that the intrinsic BPVE current was observed for
both armchair and zigzag directions even in the single domain
region.

Since SnS exhibits ferroelasticity as well as ferroelectricity, the
application of strain to the SnS crystal may align polarizations
pointing in different directions locally. Thus, to investigate the
impact of strain on the intrinsic BPVE current, photocurrent
measurement during a bending test was conducted, as shown
in Figures 6g and S8 (Supporting Information). Figure S10
(Supporting Information) shows angular-dependent photocur-
rent measurements with increasing the strain along the armchair
direction. Since plastic deformation of polyethylene terephthalate
(PET) was observed at strains greater than 1%,[66] the maximum

strain applied in this study was maintained below 1%. Although
a clear increase in photocurrent was observed with increasing
strain, various factors such as the piezoresistive effect in the 𝛽’
phase, increase in EG by tensile stress along the armchair direc-
tion, changes in Schottky barrier height at the metal/SnS contact,
and others need to be taken into account under strain.[67] To sim-
plify the experiment, as shown in Figure 6g, photocurrent was
measured immediately after a single sequence of bending and re-
laxing, allowing all effects under strain to be released and only the
effect of poling to remain. Figure 6h shows angular-dependent
photocurrent measurements after releasing the strain. It is evi-
dent that the photocurrent increases with each iterative applica-
tion of strain, suggesting that locally distributed polarizations are
aligned by strain. It should be emphasized that the applied strain
was only 1%, significantly smaller than the 4% required for fer-
roelastic polarization switching. This further supports the exis-
tence of locally distributed polarizations in the 𝛽’ phase of SnS
grown on the mica substrate. Here, it is noteworthy that strained
materials, including paraelectric materials, exhibit a photovoltaic
effect known as the flexo-photovoltaic effect, which displays a sig-
nificant dependence on the polarization of incident light.[68–70]

While it may pose a challenge to separate poling-induced po-
larization rearrangement from bending-induced strain gradient,
the current BPVE measurements were conducted subsequent to
bending and relaxation, thereby minimizing the influence of the
flexo-photovoltaic effect. Consequently, it is plausible to attribute
the predominant source of increased current to strain poling. Our

Adv. Funct. Mater. 2024, 34, 2406140 2406140 (7 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) Optical micrograph of a two-domain SnS photocurrent device. b) Photocurrent measured under zero drain bias condition along the red line
(top) and the blue line (bottom) in (a). c) Angular-dependent photocurrent measured by linearly polarized light at the black circle in a). The definition
of angle is shown in a). d) Schematic illustration showing the locally distributed polarizations, which can originate from atomic displacement or/and
vacancy formation. e) Raman spectra from the single domain region in few layer SnS on the mica substrate measured at 4 K. On the other hand, Raman
spectra for SnS on the HOPG substrate were obtained for the SnS sample without identifying the domain structure since it is quite difficult to grown SnS
crystals with large domains. f) the FFT of cross-sectional HAADF-STEM images of the 𝛽’ phase for SnS on the mica and HOPG substrates. g) Schematic
illustration of the bending test for SnS on the mica substrate. h) Angular-dependent photocurrent measured by linearly polarized light at the center of
the single domain region in SnS crystal. The angle is measured from the armchair direction.

achievements on single-domain BPVE and strain poling facili-
tate the future advancement of BPVE research through domain
engineering.

3. Conclusion

We have shown that intrinsic BPVE is uniform and flat across
the single ferroelectric domain region. Furthermore, alignment
of locally distributed polarizations was demonstrated by strain
poling. Since intrinsic BPVE was clearly separated from DW-PVE
as well as Schottky junction current, the present study paves the
way for a more profound understanding of DW-PVE in 2D ferro-
electrics by controlling the domain structure, proposing new per-
spectives for the manipulation and enhancement of BPVE in 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 1b. SnS source powder (99.9%, Kojundo Chemical Labo-
ratory Co.) with the weight of 0.5 g was placed in zone 1, while target sub-
strates were placed in zone 3. The tube furnace was evacuated to 10−2 Pa.
During the growth run, a 140 sccm pure N2 gas (99.99995%) flow was typ-
ically used as the carrier gas and 10 sccm H2 gas (99.99999%) as reducing
gas. The base pressure during the SnS growth was 60 Pa. The source tem-
perature at zone 1 was usually set as 440 °C, while the substrate tempera-
ture at zone 3 was usually set as 400 °C. The typical growth time was 2–4 h.

New surfaces of the mica substrate were obtained by cleaving with Scotch
tape before every growth run. Then, the mica substrates were annealed at
400 °C for 30 min. Typical temperature profiles for SnS growth are plotted
as shown in Figure S2 (Supporting information). At the end of the growth
process, the furnace temperature 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 room temperature in a labo-
ratory environment. For AFM, a 42 N m−1 Si cantilever was used, while a
0.2 N m−1 conductive tip coated with Cr/Pt was used for c-AFM and PFM.
For the Raman spectroscopy measurements, the SnS samples were sealed
in a cryostat chamber and cooled to 4 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 1.0 μm and an incident laser power of 1 mW after passing
through an objective lens (x100). The SHG analysis was conducted with a
custom-built optical system under ambient conditions.[59] A mode-locked
femtosecond laser with a wavelength of 800 nm was applied as the inci-
dent light source with a focused spot size of 1 μm and an incident laser
power of 15–45 μW just before the samples. First-principles calculations
based on density functional theory were performed for the polar plot of
SHG using the OpenMX code.[71] 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
by a JEM-ARM200F (JEOL) electron microscope at an accelerating voltage
of 200 kV.

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