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Bulk photovoltaic effect and high mobility in the polar

2D semiconductor SnP,Seq
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The growth of layered 2D compounds is a key ingredient in finding new phenomena in quantum materials, opto-
electronics, and energy conversion. Here, we report SnP,Seg, a van der Waals chiral (R3 space group) semiconduc-
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tor with an indirect bandgap of 1.36 to 1.41 electron volts. Exfoliated SnP,Se; flakes are integrated into
high-performance field-effect transistors with electron mobilities >100 cm?/Vs and on/off ratios >10° at room
temperature. Upon excitation at a wavelength of 515.6 nanometer, SnP,Ses phototransistors show high gain
(>4 x 10% at low intensity (~107° W/cm?) and fast photoresponse (< 5 microsecond) with concurrent gain of
~52.9 at high intensity (~56.6 mW/cm?) at a gate voltage of 60 V across 300-nm-thick SiO, dielectric layer. The
combination of high carrier mobility and the non-centrosymmetric crystal structure results in a strong intrinsic
bulk photovoltaic effect; under local excitation at normal incidence at 532 nm, short circuit currents exceed 8 mA/

cm? at 20.6 W/cm?.

INTRODUCTION

The growing library of two-dimensional (2D) van der Waals (vdW)
materials has played a central role in developing scalable and tun-
able electronics, optoelectronics, and nonlinear photonics. Mono-
elemental 2D materials are relatively rare, most of which are either
semimetallic or unstable in ambient conditions (I, 2). Binary 2D
compounds, such as transition metal dichalcogenides (TMDCs),
represent a substantially larger class of vdW materials with a wide
range of electronic and photonic properties (1, 3) that have used in
a broad range of applications such as field-effect transistors (FETs),
memtransistors, photodetectors, quantum technologies, and 2D
magnetic switches (1, 2, 4, 5). Emerging electro-optical applications
can exploit properties that arise from particular lattice symmetries,
such as the bulk photovoltaic effect (BPVE) in non-centrosymmetric
materials that produces photocurrent and photovoltage in the ab-
sence of a heterojunction or other geometrical asymmetries (Fig. 1,
A and B) (6-8). Unlike the photoconductive effect, BPVE photo-
current does not require an external electric field, and unlike the
photovoltaic effect, the BPVE photovoltage is not limited by the
bandgap of the semiconductor. Although binary TMDCs can form
non-centrosymmetric unit cells, the intrinsic polarity is weak (9,
10). Beyond TMDCs, layered ternary and quaternary compounds
involving transition or posttransition metals provide greater varia-
tion in unit cell compositions and layer stacking permutations, which
are expected to substantially broaden the technologically rele-
vant scope for this class of materials (11, 12). Recently, researchers
have observed unique electrical and optical properties in layered
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thiophosphate and selenophosphate crystals (13-15). Specifically,
vdW crystals of metal chalcophosphates (e.g., thiophosphates and
selenophosphates) can be exfoliated in few-layer sheets (16, 17) and
are promising for electronic applications and high-energy radiation
detection (18, 19). The chalcophosphates have at least three differ-
ent elements with the stoichiometry of M,P,Qs (M = divalent met-
al, Q =S, Se) and AMP,Qg (A = monovalent metals, M = trivalent
metal) (20, 21). Thus, their great degree of functionality and tun-
ability comes from distinct elements lending themselves to straight-
forward chemical manipulation. This family of vdW materials includes
ferroelectric, magnetic, and half-metal materials; Mott insulators;
nonlinear optical crystals; and semiconductors, with selenides hav-
ing narrower bandgaps than sulfides (15-17, 21-28).

Here, we report the synthesis of a new layered chalcophosphate,
SnP,Ses, using chemical vapor transport (CVT) and a P,Ses-based
flux method. SnP,Ses melts incongruently into Sn,P,Ses and a P/Se
glass at ~408°C. SnP,Seg adopts the chiral space group R3 [with lat-
tice parameters a = b = 6.3213(9) A and ¢ = 19.962(4) A] and is the
first lamellar selenophosphate with a 4+ cation (29). Optical second-
harmonic generation polarimetry revealed the non-centrosymmetric
nature of SnP,Seg; and optical absorbance, photoluminescence, and
photocurrent spectroscopy revealed an indirect bandgap in the range
of 1.32 to 1.44 eV. Mechanically exfoliated SnP,Se¢ flakes integrated
into FETs showed n-type behavior with an electron field-effect mo-
bility in the range of 55 to 113 cm*/V's and an on/off ratio of ~10° at
room temperature. SnP,Ses phototransistors show a fast response
time of less than 5 ps with responsivity exceeding 10> A/W and de-
tectivity exceeding 10" Jones, making it the highest gain vdW pho-
totransistor operating at this speed. We report BPVE originating
from the non-centrosymmetric crystal structure of layered SnP,Ses;
the spatially and angle-resolved photocurrent agrees qualitatively
with a phenomenological shift current model. Local optical irradia-
tion (wavelength of 532 nm) in the channel, away from the contacts,
yields a large short-circuit current (Isc) density of 8 mA/cm? that
exceeds the intrinsic Isc of ferroelectric insulators by one to three
orders of magnitude (7-10, 30, 31).
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RESULTS

Single-crystal x-ray diffraction (XRD) measurements were per-
formed on the SnP,Seg crystals synthesized by the CVT reaction.
The compound crystallizes in the chiral space group R3 with lattice
parameters a = b = 6.3213(9) A and c = 19.962(4) A. The refinement
details, atomic coordinates, anisotropic displacement parameters,
bond lengths, and bond angles are provided in tables S1 to S5. The
layers are stacked in an ABCABC repeat sequence separated by vdW
gaps (Fig. 1C), with the individual layers exhibiting the CdI, struc-
ture, in which Se occupies the I site, and Sn occupies the P, dumb-
bell, and a vacancy occupying the Cd sites (Fig. 1D). The coordination
environment around the Sn** cation is a slightly distorted octahe-
dron coordinated by Se, an environment similar to that of Sn** in
SnSe,.2° The Sn-Se distances range from 2.710(3) to 2.717(3) A in
SnP,Seg and are larger than those of octahedral Sn** centers in SnSe;,
[2.681(1) A]. The P-P bond length is comparable to that of other
layered selenophosphates (21). In addition, a residual electron den-
sity appears to be present in the empty octahedral site in the layer
and the center of the P-P dimers, suggesting stacking faults.

Energy (eV)

Fig. 1. Schematic of the BPVE mechanism, SnP,Seg crystal structure, and band
structure. (A) Schematic of photocurrent generation mechanism (top) and result-
ing current-voltage (/-V) characteristics (bottom) in a photoconductor. (B) Sche-
matic of photocurrent generation from the BPVE (top) and resulting -V characteristics
(bottom) in a polar semiconductor. (C and D) Crystal structure of SnP,Seg as viewed
down the ab axis and the c axis, respectively. (E) Calculated band structure and
(F) density of states (DOS) of SnP,Seg with spin-orbit coupling calculated using the
GGA approximation.
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Density functional theory (DFT) band structure calculations
suggest that SnP,Seg is an indirect bandgap semiconductor with a
conduction band minimum (CBM) at the I" position and a valence
band maximum (VBM) at a point along the L-B1 direction (Fig. 1E).
The calculated indirect bandgap is approximately 0.55 eV, which is
smaller than the experimental observations (1.32 to 1.44 eV) from
three different measurements. The calculated bandgap is commonly
underestimated because of an insufficient description of the elec-
tronic states when using the generalized gradient approximation
(GGA). The spin-orbit coupling effect also plays a role in splitting
the bands into double bands. The projected density of states in
Fig. 1F shows that the VBM is dominated by the Se 4p states, shown
as a green peak around —0.1 eV, and the CBM mainly originates
from the Sn 5s state, as the red peak around 0.5 eV shows. The di-
mensional reduction from the bulk phase to monolayer thickness
induces a symmetry change, and thus the Brillouin zones changed
from rhombohedral for the bulk to hexagonal for the monolayer
(fig. S4). The monolayer also exhibited an indirect bandgap with the
VBM at the K point and CBM at the I point. In this case, the band-
gap is enlarged to 0.84 eV compared to 0.55 eV for the bulk, albeit
substantially smaller than the calculated bandgap of 2.23 eV for an
SnP,S¢ monolayer (28, 32, 33). The contributions to the VBM and
CBM, as seen from the projected density of states for the monolayer,
were similar to the bulk phase. In other words, the VBM and CBM
consist mainly of Se 4p and Sn 5s orbitals, respectively.

Using DFT calculations, the density of states effective masses for
electrons m.* and holes my, * were evaluated from ma* = (g M My
mkz)ll 3 resulting in values of 0.18 mg and 0.55 my, respectively. For
the electron, my, and my, were symmetrically equivalent at 0.09 rm,,
while m, was larger at 0.69 my, corresponding to the crystal c direc-
tion. For the hole, the effective masses for mix and myy were ap-
proximately 0.37 myg, while my, was approximately 1.21 my. Notably,
the ratio of these effective masses in the in-plane and out-of-plane
directions is larger than that of MoS,, whereas the absolute value of
the in-plane electron mass was lower than that of MoS; (0.47 my) (34).

Differential thermal analysis (DTA) measurements were per-
formed on single crystals from the SnBr, CVT reaction as this reac-
tion produces a single-phase material. Figure 2A shows the heat
transfer as a function of temperature. During the first heating cycle,
the onset of an endothermic event began at 408°C and peaked at
430°C. The remaining cooling and heating cycles did not show ther-
mal events, indicating that SnP,Ses did not reform on cooling.
PXRD after the DTA experiment showed that Sn,P,Ses was the only
crystalline phase (fig. S5). Therefore, SnP,Ses melted incongruently
at #408°C, decomposing into Sn,P,Ses and P/Se glass. This relative-
ly low melting point may explain why this compound has remained
elusive because chalcophosphates are typically synthesized between
500° and 750°C.

Optical absorption spectroscopy performed on the SnP,Seg crys-
tals yielded an indirect optical bandgap of 1.32 eV (Fig. 2B). Diftfuse
reflectance measurements were also collected on lightly ground
SnP,Ses powder, which gave a similar optical bandgap of 1.36 eV
(fig. S6), markedly redshifted compared to the sulfide analog (2.3 eV)
(28, 35). Raman spectra confirmed the crystalline quality of the
flakes that showed P,Ses-like peaks at 217 and 447 cm™Y, in agree-
ment with our previous report on °LilnP,Se; the peaks at 120 and
155 cm™! likely arise from Sn-Se bonds (Fig. 2C) (18). The room-
temperature PL spectra (Fig. 2C inset) also showed a prominent
peak at 836.3 nm (x1.48 eV) that is accompanied by two side peaks
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Fig. 2. Physical and optical properties of non-centrosymmetric SnP,Seg bulk
and exfoliated crystals. (A) Heat transfer versus temperature from a DTA experi-
ment on a SnP,Seg crystal grown by CVT. (B) Tauc plot to extract the indirect optical
bandgap (1.36 eV) in a SnP,Se¢ crystal. The optical transmission and photoemis-
sion yield spectra are shown in fig. S7. (C) Raman spectra from a SnP,Seg flake using
a 532-nm excitation. The inset shows photoluminescence spectra at the same exci-
tation showing fits to three Voigt functions (see table S6 for fit parameters). (D) High-
resolution transmission electron microscopy (HRTEM) image of a SnP,Seg crystal
showing a lattice spacing of 1.82 A between (3300) and (3030) planes. Inset:
Selected-area electron diffraction (SAED) showing the expected six-fold symmetry
of a hexagonal system along the [0001]-zone axis (calculated SAED pattern is
shown in fig. S9). (E) Experimental setup (top) and second harmonic generation
(SHG) polar plots (bottom) of a SnP,Seg crystal where the blue and red circles cor-
respond to the SHG response collected along the lab X and lab Y directions, respec-
tively. The black curves are the theoretical fits. a.u., arbitrary units.

at 1.39 and 1.59 eV (fig. S6C). Multiple photoluminescence peaks in
indirect bandgap semiconductors could arise from shallow trap
states, phonon-assisted processes, and multiple valleys in the band
structure, as observed in indirect bandgap few-layer TMDC (36, 37).
As discussed later, photocurrent spectroscopy further confirms
the bandgap of SnP,Ses flakes (thickness > 100 nm) mechanically
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exfoliated from bulk crystals. Overall, the bandgap is found to be
smaller than the bandgap of ultrathin SnP,Seg flakes (2 to 16 layers)
grown on mica by epitaxial growth (x1.6 to 2 eV), likely due to
quantum confinement and strain effects in the latter (38). Here,
mechanical exfoliation was ineffective in obtaining ultrathin flakes
approaching monolayer thicknesses. Last, the work function of
SnP,Ses was measured to be 5.72 eV based on the photoemission
yield spectra (fig. S7B).

Transmission electron microscopy (TEM) bright-field images
revealed the strain contrast in a representative flake due to the
exfoliation process (fig. S8A). The selected-area electron diffraction
(SAED) pattern taken perpendicular to the ab plane/along the c axis
of SnP,Ses showed nearly perfect sets of rotational symmetry pat-
terns of a hexagonal crystal, indicating that the flake was highly
single crystalline (inset of Fig. 2D). The ¢ axis was parallel to the
[0001]-zone axis, and a simulated SAED pattern of SnP,Ses along
the [0001]-zone axis (fig. S9) was in excellent agreement with the
experimental SAED pattern. The high-resolution TEM (HRTEM)
image in Fig. 2D shows the (3300)and (3030) lattice planes, and the
corresponding larger view and a high-angle annular dark-field
(HAADF) image of the same flake are shown in fig. S8 (A and B).
The homogeneity of the local stoichiometry and chemical unifor-
mity of the SnP,Seq flakes were confirmed using energy dispersive
x-ray spectroscopy (EDS) (fig. S8C). The stoichiometry of SnP,Seq
reasonably matched the expected value of 1:2:6 for Sn:P:Se, as shown
in table S6, which, together with the SAED pattern, confirmed the
formation of uniformly crystalline SnP,Se.

To confirm that SnP,Seg belonged to the polar space group R3 as
opposed to R3, we performed optical second harmonic generation
(SHG) polarimetry. SHG is a second-order nonlinear optical pro-
cess that is only exhibited in materials without inversion centers.
The measurement combines two photons of frequency w (wave-
length = 800 nm) with a photon of frequency 2 (wavelength = 400 nm).
The experiment was conducted in reflection geometry at three dif-
ferent incident angles, a (Fig. 2E). The SHG intensities along the
[2110] //1ab X and [0110] // lab Y directions were collected as func-
tions of the polarization angle y with respect to lab X. The six sets of
polar plots were fitted to an analytical model (39) based on point
group 3, as described in Methods. The excellent agreement between
the theoretical fitand experiments confirmsits non-centrosymmetric
structure and point group 3 (Fig. 2E).

FETs were fabricated on mechanically exfoliated SnP,Ses nano-
flakes on 300-nm-thick SiO,/Si substrates using a dry process in-
side an inert N glove box (Fig. 3A insets and figs. S10 to S12). The
output characteristics of a typical FET measured in vacuum exhib-
ited linear behavior at low biases, suggesting ohmic or quasi-
ohmic contact with the Au electrodes (Fig. 3A). The transfer
characteristics showed n-type semiconducting behavior with an
electron field-effect mobility of 113 cm?/Vs (the range of 55 to
113 cm?/ Vs is for 10 devices) and a switching ratio of 10° (Fig. 3B).
The FETs achieve an oft-current of <1 nA [at drain voltage (Vp) of
5 V] with small values of threshold voltage Vi, (<5 V), even at a
channel thickness of 100 nm, suggesting weak intrinsic doping.
The gate voltage (V) bias hysteresis is attributed to interfacial
charge trapping. It should be noted that recent first-principles cal-
culations of SnP,Seq at room temperature predicted intrinsic elec-
tron and hole mobilities of 320 and 20 cm?/Vs, respectively,
suggesting room for further mobility improvement by minimizing
extrinsic disorder (33).
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Fig. 3. Device characteristics of exfoliated SnP,Ses FETs and phototransistors.
(A) Output (Ip — Vp) characteristics of the SnP,Seg FET in the dark at varying gate volt-
age biases (V) from 60 to —60 V at steps of 20V, as shown by the arrow. The top and
bottom insets show a schematic and an optical image of the FET, respectively. (B) Trans-
fer (Ip - I) characteristics of a SnP,Seg FET at Vp =5V in linear (right y axis) and log (left
y axis) scales. Ip was measured in the dark (Igan) and under illumination (fighy) at A =515.6
nm and P = 56.6 mW/cm? to obtain Ipc = liight — ldark. Black arrows show the direction of
the hysteresis loop. Linear transfer plots are also shown in fig. S13. (C) Responsivity
(R = Ipc/P, where Ipc is photocurrent and P is net illumination intensity) of a SnP,Ses
phototransistor at Vo = —1Vand V; =0V as a function of wavelength. The red line shows
a linear fitintersecting the x axis at 880 nm (1.41 eV). (D) R versus P for Vg = 60 and —60 V
(corresponding lpc versus Pis shown in fig. S14). (E) Time-resolved lpc while the illumina-
tion is turned on (rise) and off (fall) at a frequency of 500 Hz at Vo =60V, Vp =2V, and
P = 56.6 mW/cm?. (F) Transient lpc near illumination turn on and off is fit to multi-
exponential functions with two and one characteristic time constants for rise (., and
T12) and fall (t1) shown in left and right zoomed-in plots, respectively. See figs. S15 to
S17 for full exponential fits as a function of frequency. Red dashed lines show 80 and
20% levels of the photocurrent in the left and right plots, respectively. The black dashed
line shows 50% level of the photocurrent.

The spectrally resolved photocurrent in the SnP,Ses phototrans-
istor reveals a bandgap of 1.41 eV (Fig. 3C), in agreement with the
optical absorbance and PL spectra (Fig. 2, B and C). Transfer char-
acteristics under illumination (wavelength = 515.6 nm; intensity,
P = 56.6 mW/cm?) show that photogenerated excess carriers in-
creased the net current (Ijigh;) by more than 1000-fold in depletion
(Vg = =60 V) but only by 20% in accumulation (Vg = 60 V), as
expected by trap filling in accumulation (Fig. 3B) (40). The photocur-
rent (Ipc = Diight — Idark, Where Iga is dark current) and photorespon-
sivity (R = Ipc/P) show power-law behaviors of Ipc ~ pt-m (fig. S14)

Sangwan et al., Sci. Adv. 10, eado8272 (2024) 31 July 2024

and R ~ P", respectively, with the exponent m changing with Vg
(41). For example, R varies as ~P%% and ~P% for gate bias values
of Vg =60 and —60 V, respectively (Fig. 3D). The power-law expo-
nent of 0.5 in depletion and deviations from it in accumulation is
evidence of bimolecular recombination as expected in phototran-
sistors (40, 42). The photoresponsivity approaches 10° A/W
(gain >4.2 X 10%) at low intensities (<1 pW/cmz) at Vg =60V,
comparable to the highest reported values for layered semiconduc-
tors (Fig. 3D) (41, 42). Detectivity (D) is estimated by D = R(A)* /i
where A is area and iy is dark noise current. Assuming shot noise
lie., in = (2eljar)™] being dominant at Vg = —60 V, we obtain
D=17x10" Jones.

The temporal response of photocurrent was recorded in an oscillo-
scope while modulating the light at different frequencies (f) ranging
from 100 Hz to 5 kHz (Fig. 3E and fig. S15) At low-frequency f < 2 kHz,
transient Ipc at the onset of illumination was fit to a multi-exponential
function with three characteristics rise times (T, Tr2, and T,3),
Ic=A—-B.exp [_(t_to)/‘rrl] —C.exp [_(t_to)/rrz] —D.exp [_(t_to)/‘rrs]
to obtain T,y & 2.7 ps, Try & 60.8 ps, and 7,3 & 532 ps (Fig. 3, Fand G,
and fig. S16). At high-frequency f> 2 kHz, transient Ipc rise can fit to
a biexponential function with t,; and 1y, since t,3 approaches 1/f. For
practical purposes, the response time of photodetectors is typically
defined in two ways: the time required to change the photocurrent by
80% and by 50% (42). Here, Ipc rises by 50% in 9.5 ps and by 80% in
105 ps. On the other hand, decrease in Ipc in dark can fit to a biexpo-
nential function, I =E+F. exp [—(t—to)/rﬂ] +G. exp [—<f—fo)/rf2] to ob-
tain characteristic fall times tf; & 2.2 ps and t & 50.6 ps (Fig. 3, F
and H, and fig. S17). Transient Ipc decays by 50% in 2.5 ps and by
80% in 5.2 ps. The 3-dB bandwidth of the photodetectors, defined by
the modulation frequency to achieve 50% of the dc photocurrent
(19 pA at Vp =2 V), is limited by rise photocurrent, giving a value
of %105 kHz (~400 kHz for the decay). Note that both t;; and t¢
remain relatively unchanged at all frequencies in the range of 100 Hz
to 5 kHz (figs. S16 and S17) and approach the instrumentation reso-
lution of &3 ps. We emphasize the importance of concurrent mea-
surements of gain and speed, and at these conditions (Vg =60V,
Vp=2V,and P = 56.6 mW/cm®), we get a gain of 212, resulting in
a gain bandwidth product of ~#22.3 MHz. The photocurrent power
and gate voltage dependencies suggest a trap-assisted internal gain
mechanism with gain ~ *t/x,, where T, is transit time and T is
effective lifetime of photocarriers obtained from t.; = 7,(%/x, )
using recombination time (t,), detrapping time (tq), and trapping
time (t¢) (40). We obtain 1y, = 2.1 ns from t,, = 1*/(s.v,) where L and
p are channel length and electron mobility, respectively (40). Using
a gain of 212 (or 3-dB gain of 106) at Vp = 2 V, we get Tg ~ 444 ns
(= 222 ns), which is roughly 5 to 10 times smaller than measured
time constants Ty, and tg (Fig. 3F), suggesting a faster intrinsic re-
sponse that is below the instrumentation resolution. Different rise
and fall times are common in semiconductors due to the asymmet-
ric kinetics of trapping and detrapping processes (40). Overall, the
combination of metrics, gain, detectivity, and speed of SnP,Ses pho-
totransistors compare favorably with the state of the art in 2D mate-
rials (41) and outperform metrics from a recent report on SnP,Seq
by at least two orders of magnitude (38).

SnP,Ses exhibits an open-circuit voltage (Voc) and a short-circuit
photocurrent whose spatial and polarization dependence indicates the
presence of a BPVE (Fig. 4). Photogating was eliminated as a source of
photocurrent by fabricating devices on quartz substrates, with the
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Fig. 4. Photocurrent measurements of intrinsic BPVE in two-probe exfoliated SnP,Se; devices. (A) Top: Side-view schematic of a bottom-contacted SnP,Ses device
on a quartz substrate under photoexcitation. Bottom: Top-view schematic of the SnP,Ses device where 1 and 2 denote the axes aligned with the low-index axis and the
channel, respectively. 6 is the angle between the linear polarized light direction and axis 2 that is aligned parallel to the channel direction (perpendicular to electrode
edges). ais the angle between axis 2 and the channel direction in an arbitrary device. Symmetry axes (g, b, and ¢) and color scheme of atoms are the same as Fig. 1 (Cand
D). (B) Top: An optical micrograph of a typical device. Blue dashed lines denote the electrode edges; blue arrows show the equivalent direction “a” in a threefold crystal
symmetry, as determined by EBSD. Bottom: Spatially resolved zero-voltage photocurrent (/sc) map of the device from the area indicated by the white rectangle in the top
image. An excitation wavelength of 532 nm was used at an intensity of 2.8 W/cm?. Scale bars, 5 pm (top) 3 pm (bottom). (C) Line profiles of /sc along the green line in the
photocurrent map in (B). The dashed lines denote the contact edges. (D and E) Angle-resolved /s¢ for two devices using an intensity of 12.2 and 2.8 W/cm?, respectively.

Error bars are shown in fig. S20. Red lines are fits to a phenomenological model for BPVE discussed in the text.

source electrode grounded and the short circuit current Isc measured at
the drain electrode; the current preamplifier acts as a virtual ground
(Fig. 4A and see also Methods). Note that SnP,Ses was found to react
with common solvents used in photolithography; thus, these devices
were fabricated by mechanically exfoliating SnP,Seg flakes directly on
prepatterned electrodes on quartz to avoid exposure to any chemicals.
The crystal orientation was determined by electron backscatter diffrac-
tion (EBSD) (fig. S18) following electrical measurements. Two features
of the short-circuit photocurrent observed in multiple devices are con-
sistent with a BPVE in SnP,Ses. First, the spatially resolved Isc with
above-gap excitation (wavelength of 532 nm, spot diameter ~1.3 pm)
exhibits a maximum near the center of the channel (Fig. 4, B and C).
Second, Isc depends on the polarization of the incident light, as shown
in Fig. 4 (D and E), with 0° corresponding to polarization along axis 2,
parallel to the channel (Fig. 4A). The symmetry of the polarization-
dependent photocurrent is analyzed below after first considering alter-
natives to the BPVE.

The absence of spatially localized photocurrent at the contacts
(Fig. 4, B and C) rules out the dominance of a Schottky barrier pho-
tovoltaic effect (9, 10, 43) and photothermoelectric currents arising
from the differences in the temperature and Seebeck coefficients of
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the semiconductor and metal contacts (44). BPVE from ferroelec-
tric domains is not expected from R3 space group, and indeed,
piezo-force microscopy (PFM) conducted in two different systems
(see Methods) shows no hysteretic response within a voltage range
of —2 to 2 V (figs. S24 to S27). Spatially resolved SHG of similar
SnP,Ses devices on Si wafers revealed a single polar domain
throughout the whole flake, thus ruling out stacking faults, edge-
embedded vdW heterostructures, and flexophotovoltaic effect from
residual strain (figs. S19 and S28 to S34) (45, 46). Last, the Shockley-
Ramo effect is not expected to contribute due to weak Coulomb
interactions between carriers and the high intrinsic resistivity in
comparison to materials in which it has been observed (47).

The expected angle dependence of the Isc arising from a BPVE
can be derived from a phenomenological model based on the piezo-
electric coeflicients dy; and da;, as described in the Supplementary
Materials (48). Briefly, the polarization angle-dependent photocur-
rent (J;) can be calculated using

J; = ody E;Ey (1)
where o is the electrical conductivity, dyj is the converse piezoelec-
tric coefficient, and Ej and Ey denote orthogonal components of the
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electric field. For simplicity, we assume that o is isotropic in the 2D
plane because effective masses 7 and my are nearly identical. We
designate axes 1 and 2 as parallel and perpendicular to contact edges,
respectively (Fig. 4A); only J, contributes to the photocurrent col-
lected by the contacts. For the crystal orientation shown in Fig. 4A,
the photocurrent varies with the angle of polarization 6 as ~(d;; cos
20 — d; sin 20). For a device in which the crystal is rotated by an
angle o with respect to edges of electrodes, the expression becomes

J;(0) = const. [d22c05(29 + 3a) — dy;sin(20 + 30:)] +C (2

where C is a polarization-independent background current. The ex-
pected angle (0) dependence of photocurrent is shown in fig. S35 for
the case of a = 0 and selected values of di; and d»,. Because o was
determined by EBSD, the experimental data in Fig. 4 (D and E) can
be fit using Eq. 2 with d;; and dy; as fitting parameters that deter-
mine the polarization dependence. The devices in Fig. 4 (D and E)
show similar d},/d;; ratios of 4.1 and 5.7, respectively. For compari-
son, SnP,Se, which belongs to the same crystal symmetry, shows
d11/d22 > 10 (28)

Last, we attribute the angle-independent background Isc (C) to
the asymmetric diffusion of photogenerated carriers due to the
Dember effect (8, 10, 49). The Dember effect may arise from asym-
metric optical illumination or intrinsic inhomogeneities in a mate-
rial, such as thickness variations in SnP,Se¢ flakes, resulting in
spatially separated electrons and holes that increase the recombina-
tion lifetime and improve collection efficiency (50). We do not ex-
pect asymmetric carrier diffusion to correlate with underlying
crystal symmetry because DFT calculations, discussed above, sug-
gest equal in-plane effective electron masses (i, and myy) in x and
y directions. Thus, we also do not expect in-plane anisotropy in
charge carrier mobility. Subtraction of C from the net photocurrent
shows a reversal of the sign of Voc and Isc in all measured devices
(fig. S21).

Overall, SnP,Ses shows a maximum photocurrent density of
8.87 mA/cm” at 20.6 W/cm® that is one to three orders of mag-
nitude larger (at the same intensity) than single-domain non-
centrosymmetric materials with intrinsic BPVE such as Pb[Zr,Ti]
03, BaTiO3, BiFeO3, and [CH3NH3]PbI3, etc. (30, 51, 52) Similar ISC
values were also measured on SnP,Ses phototransistors on Si (figs. S22
and S23). A comprehensive comparison plot in fig. S36 shows that
the BPVE Is¢ density at different illumination intensities for SnP,Seg
is higher or comparable to that of layered ferroelectric a-In,Ses; and
vertical graphene/CulnP,S¢/graphene devices (53, 54). Note that a
larger BPVE photocurrent density has previously been observed in
ferroelectric materials with multiple domain walls that are engineered
to achieve large Isc and V¢ (52). A non-polar, non-centrosymmetric
crystal can also produce BPVE when the polarization aligns with
high-symmetry axes (6), but resulting photocurrent is expected to
increase in systems with inherent polarization within the unit cell in
Dirac-like materials (8) and in engineered systems with additional
symmetry breaking such as nanotubes (6, 9, 10). However, the pho-
tocurrent density is one to two orders of magnitude smaller than
materials with engineered polar symmetry such as WS, nanotubes
and WSe;-black phosphorus heterojunction, and similar strategies
can be potentially applied to SnP,Seg to further enhance BPVE (9,
10). For practical applications, global uniform illumination could
also be used to enhance net Isc and V¢ by using symmetric and
ohmic contacts.
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DISCUSSION

Semiconducting SnP,Ses crystals has been grown in a layered, chiral
structure with high crystallinity and nanoscale homogeneity and an
indirect bandgap of 1.36 eV. SnP,Ses nanoflake (photo)transistors
showed high room-temperature electron mobilities (>100 cm?/Vs),
switching ratios (> 10%), a fast photoresponse (~3 ps), large detectiv-
ity (>10™ Jones), and responsivities (~10° A/W) that are expected
to improve further in scaled devices. The combination of high mo-
bility and spontaneous polarization yields a strong intrinsic BPVE
with photocurrent density (8 mA/cm” at 20.6 W/cm?) outperform-
ing single-domain ferroelectric insulators. Thus, this work lays the
groundwork for further exploring ternary selenophosphates for
high-performance electronic and optoelectronics.

METHODS

SnP,Seg synthesis

The following reagents were used as received: tin shot (99.999%;
American Elements), phosphorus chunk (99.999%; Puratronic), se-
lenium shot (99.999%; Puratronic), tin (IV) bromide (99%; Sigma-
Aldrich), and iodine (99.999%; Sigma-Aldrich). Phosphorus (1.3563 g,
43.8 mmol) and selenium (8.6437 g, 109.5 mmol) were loaded into
a fused silica tube with inner and outer diameters (i.d. and o.d.) of
10.5 and 12.7 mm, respectively, and then sealed to a pressure of
3 X 107 mbar with an oxy/natural gas torch. The tube was loaded
into a computer-controlled furnace and then set to the following
heating profile: heated to 500°C for 24 hours, soaked for 96 hours,
and cooled down to room temperature for 12 hours.

For flux synthesis method 1, tin (0.0305 g, 0.257 mmol) and
P,Ses (0.4695 g, 1.03 mmol) were loaded into a 12.7-mm-o.d. and
10.5-mm-i.d. fused silica tube and then sealed to a pressure of
3 x 10~ mbar with an oxy/natural gas torch. The tube was placed in
a computer-controlled furnace and subjected to the following pro-
file: heated to 500°C for 24 hours, soaked for 36 hours, cooled to
250°C for 50 hours, and then cooled down to room temperature.

For flux synthesis method 2, tin (0.5750 g, 4.84 mmol) and P,Ses
(4.4250 g, 9.69 mmol) were loaded into a 12.7-mm-o.d, and 10.5-mm-i.d.
fused silica tube and then sealed to a pressure of 3 x 10~ mbar with
an oxy/natural gas torch. The tube was placed in a computer-
controlled furnace and subjected to the following profile: heated to
375°C for 6 hours, soaked for 6 days, and then cooled to room tem-
perature for 6 hours.

For CVT synthesis, tin (0.3628 g, 3.06 mmol), phosphorus
(0.1893 g, 6.11 mmol), selenium (1.4479 g, 18.3 mmol), and SnBry
(0.020 g, 0.046 mmol) were loaded into an 18-mm-o.d, and 16-mm-i.d.
fused silica tube and then sealed to a pressure of 3 x 10~ mbar with
an oxy/natural gas torch. The tube was placed in a two-zone computer-
controlled tube furnace and subjected to the following heating pro-
file: source side: heated to 450°C for 24 hours, soaked for 144 hours,
and then cooled down to room temperature for 10 hours and sink
side: heated to 325°C for 24 hours, soaked for 144 hours, and cooled
down to room temperature for 10 hours. The source and sink sides
were where the reagents were placed, and the SnP,Seg crystals were
deposited, respectively.

X-ray diffraction

Powder XRD (PXRD) patterns were collected on lightly ground
samples using a Miniflex 600 powder x-ray diffractometer with a Cu
x-ray source and graphite monochromator (fig. S1). The sample
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holder was a zero-background silicon holder. The calculated powder
patterns were obtained using the Mercury software from reference.
cif files (55). The single-crystal XRD pattern was collected on a
CVT-grown SnP,Ses crystal using a STADI VARI diffractometer
equipped with an Ag source and a CdTe detector. The temperature
was maintained at 293 K using an Oxford cryosystem low-temperature
device. Data reduction was achieved using the x-area software suite,
X-Area (STOE & Cie, Darmstadt, Germany, 2002). The structure
solution was obtained using olex2.solve with charge flipping (56).
The graphical user interface was olex2 (56). ShelXL (57) was used to
refine the model using least-squares minimization.

Device fabrication and electrical and

photocurrent measurements

SnP,Ses transistors were fabricated by evaporating 70-nm-thick Au
electrodes through TEM grid masks (holes, 30 pm by 30 pm by
7 pm) in an inert N, glove box. Only well-defined rectangular or
trapezoidal SnP,Ses flakes on 300-nm-SiO,/Si wafers were selected
for electrical and photocurrent measurements. For BPVE, bottom
contact SnP,Ses devices were fabricated on quartz substrate by first
patterning source/drain electrodes (50-nm Au on 3-nm Cr) by pho-
tolithography, followed by mechanically exfoliating SnP,Se flakes.
All electrical measurements of the SnP,Seg transistors were con-
ducted using a Keithley Source Meter 2400 unit and a cryoprobe
station (Lakeshore CRX-4 K) at a base pressure of 5 X 107" torr us-
ing protocols described earlier (41).

Photocurrent measurements

Voltage bias-dependent, intensity-dependent, and time-resolved
photocurrent measurements (Fig. 3) of SnP,Ses phototransistors
were conducted in the probe station (Lakeshore CRX-4 K) using a
fiber-coupled laser diode (LP520MF100) at 515.6 nm while modu-
lating the output optical power using a Thor Labs TEC controller
(ITC4001) using the setup described previously in (41). Time-
resolved measurements were done by converting the drain current
to a voltage by a preamplifier (DL Instruments, Ithaco 1211) while
modulating the light output (ITC4001) in square waves using an ex-
ternal waveform generator (Agilent 33500B), and resulting time
traces were captured by an oscilloscope (Tek MDO4000C).

The spectrally resolved and angle-resolved zero-bias BPVE pho-
tocurrent was measured using a confocal microscope (WiTec Sys-
tem) coupled with a tunable coherent white light source (NKT
Photonics). The photocurrent was converted into voltage using a
current preamplifier (DL Instruments, Ithaco 1211) and recorded
using a lock-in amplifier (Signal Recovery Model 7265), while the
light was modulated at a frequency of 2137 Hz. For spectrally re-
solved photocurrent, the whole device channel was illuminated by
using a 20X objective. For spatially resolved photocurrent, the laser
was focused on a spot (diameter = 1.3 pm) using a long working
distance 50X objective (numerical aperture = 0.5) to produce 2D
photocurrent maps. The device electrodes were contacted with two
microprobes resting on a piezo stage. For Isc measurements, the
drain and source electrodes were connected to the ground and the
virtual ground of the preamplifier, respectively. Voc was extracted
from current-voltage characteristics obtained by the lock-in ampli-
fier. The current noise floor of the measurement setup was estimated
to be ~500 fA. Lock-in measurements of the device with lifted
probes revealed a built-in voltage of less than 1 mV. The measured
angle-resolved photocurrent was normalized by the power measured
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at the sample plane while rotating the polarizer to account for varia-
tions in the reflectivity of the beam splitter (fig. S19). The polariza-
tion angle dependence of the short circuit photocurrent is described
by a phenomenological model of the BPVE in the Supplementary
Materials.

Electron backscatter diffraction

EBSD data were collected using an FEI Quanta 650 with Oxford In-
struments aZtec EBSD system at an accelerating voltage of 10 kV. The
collected patterns were indexed using the Oxford Instruments AZ-
tec commercial software associated with the instrument. A cus-
tom structure file containing the atomic positions and symmetry
was used to generate the simulated Kikuchi patterns for indexing.

Piezo-force microscopy

PFM was conducted on a commercial SPM system (Bruker Dimen-
sion Icon) with Pt/Ir-coated AFM tips (Nanosensors, PPP-EFM)
under ambient conditions. PFM images were measured with a drive
frequency of ~360 kHz, which is near the contact resonance fre-
quency (CRF) of the flexural mode, and a drive amplitude of 1.5 V. For
out-of-plane dc bias sweeps, PFM responses were measured at dis-
crete points on the sample at the same drive frequency and ampli-
tude at dc bias offsets ranging from —2 to 2 V.

PFM measurements were also repeated on an Asylum Cypher
AFM system using Pt/Ir-coated tips (Nanosensors, PPP-EFM) that
produced a PFM signal with a larger signal-to-noise ratio than the
Bruker system. Dual ac resonance tracking-PFM measurements
were performed to obtain image scans of the piezoresponse. Switch-
ing spectroscopy-PFM was used to perform dc bias sweeps. For
out-of-plane PFM measurements, the tip was driven at a drive fre-
quency of ~320 kHz near the CRF of the flexural mode with a drive
amplitude of 1.25 V. For in-plane PFM measurements, the tip was
driven at a drive frequency of ~650 kHz near the CRF of the tor-
sional mode with a drive amplitude of 2 V.

Optical SHG polarimetry

Optical SHG polarimetry was performed in the reflection geometry
at 800 nm at three incident angles: @ = 15°, 30°, and 45°, as shown in
Fig. 2E. The incident beam was generated using a Ti:sapphire femto-
second laser system (100 fs, 1 kHz). The crystal was oriented such
that [2110] // lab X, [0110] // lab Y, and [0001] // lab Z. During the
measurement, the incident beam was linearly polarized and rotated
by an angle y with respect to the lab X direction. The SHG intensi-
ties were decomposed into lab X and lab Y directions using an ana-
lyzer and collected by a photomultiplier tube detector. The polar
plots were fitted simultaneously using an analytical model (39)
based on point group 3, whose nonlinear polarization can be
written as

[ (E®)
2 - (E‘y*’)2
10}
P? dy —dy 0 dy ds —dy (E®)2
2 —
wa = _d22 d22 0 d15 —d14 _dll ZE:E(U (3)
po dy dy dy 0 0 0 -
. 31 31733 - ZE)‘:’E;J
| 2EYE® |
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7 of 9

$207 ‘LT 3990300 UO AJSIOATU() UIDISOMYMON I8 310°00USI0s MMM //:SANY WOoLf popeo[umo(]



SCIENCE ADVANCES | RESEARCH ARTICLE

The SHG intensity, I « |[P*|%, can be expressed as

L, x o |cos(a) [ cos(x)>cos(y)* — dyscos () sin(20)

—d,,cos(y)sin(2y) — d,,sin(a)sin(2y) — d, sin(y)?]

—sin(a)[d5, cos(a)?cos(y)? + dys cos(y)?sin(a)? + ds, sin(y)?] |2

Ly | — dzzcos(oc)zcos(\p)2 + d14cos(1|1)2sin(2(x)

—d,;cos(a)sin(2y) —d,ssin(a)sin(2y) + d,,sin(y)? |2
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Figs. S1to S36
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