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Ferroelectric group-IV monochalcogenides MX (M = Sn/Ge and X = S/Se) are of particular importance for
the new-generation photovoltaic devices due to their special in-plane spontaneous polarization resulting in a
bulk photovoltaic effect. However, the spontaneous polarization and its related dynamical photoresponse under
an ultrafast laser excitation are rarely studied via a noncontact all-optical method. Herein, the vertically grown
SnS nanosheets have been synthesized by a physical vapor deposition (PVD) method and the corresponding
spontaneous polarization is characterized via the terahertz (THz) emission spectroscopy. The primary THz
emission mechanism is ascribed to the shift current, which is proved by the THz wave dependences on the pump
light polarization angle and pump fluence. Interestingly, the shift current depends on the spontaneous polarization
along the SnS nanosheet grown direction, according to the reversed polarity of the THz wave under opposite
directional excitations. Furthermore, the amplitude and phase of the THz wave are modulated by the pump
light polarization angle, resulting in the elliptical THz wave emission with tunable ellipticity and orientation
angle. Our study has shed light on the shift current of ferroelectrics and controllable polarized THz wave
generation, which provides application prospects for ferroelectric-based photovoltaics, nonlinear photonics, and

THz polarized devices.
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I. INTRODUCTION

Shift current has attracted extensive interest as the pri-
mary physical origin of the bulk photovoltaic effect, due to
its unique potential to surpass the Shockley-Queisser limit
in photovoltaic applications [1,2]. Unlike the traditional pho-
tocurrent generation in p-n junctions, shift current is generated
by the coherent evolution of electron and hole wave functions
in noncentrosymmetric materials under light illumination
[3,4]. Intriguingly, the ferroelectrics have inherent inversion
asymmetry [5], switchable polarization direction [6], and
large carrier mobility [7-9], which make them more suitable
for photovoltaic applications than some traditional bulk semi-
conductors. In particular, the ferroelectricity-induced internal
in-plane electric field can accelerate the separation of the
photogenerated carriers to form a robust shift current [10].
Therefore, these intrinsic properties enable ferroelectrics to be
promising material selections for photovoltaic applications.

Among the ferroelectrics, the orthorhombic group-IV
monochalcogenide materials MX (M = Sn/Ge and X =
S/Se) [6,10-12] exhibit intriguing potentials in optoelectronic
devices such as memory devices [10] and solar cells [13]
due to the strongly coupled ferroelectricity and ferroelasticity
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at room temperature. As a typical MX, SnS is expected to
be an ideal candidate for photovoltaic devices from three
aspects. First, SnS has better chemical stability than GeX
[14], and the Curie temperature of ferroelectric phase tran-
sition in SnS (1200 K) is much higher than that of SnSe
(326 K) [6], indicating the ferroelectric stability of SnS. Sec-
ond, SnS has a wide band gap (0.3-1.8 eV according to
the material phase) [15-17], high carrier mobility (tens of
thousands of cm? V~! s=!) [18], and strong optical absorption
(>10* cm™1) [18], suggesting the ability of highly efficient
light to current conversion. Last but not least, the large
in-plane spontaneous polarization (~2.62 x 107! C/m) of
SnS [6,11,14,19] is introduced by the puckered structures of
atomic arrangements [12], which is well correlated to the shift
current generation. As expected, the first-principles calcula-
tions indicate that SnS has a significant shift current, up to
100 A /V? [7]. However, the experimental evidence of the
shift current induced by spontaneous polarization from SnS
is still insufficient up to now, which calls for an efficient and
sensitive way to study the shift current in ferroelectrics.
Previously, the photovoltaic response in ferroelectrics was
experimentally detected by the photocurrent measurement
with the requirement of external electrode fabrication onto
the sample [20,21]. However, this method may cause parasite
effects from the impurities and interface contact, which un-
fortunately reduces the light to current conversion efficiency
and slows down the photoresponse [1]. Therefore, all-optical
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FIG. 1. (a)—(c) The photograph, the top-view, and side-view SEM images of VG SnS. (d) The atomic structure of SnS from the top and

side views. (e) The spontaneous polarization Pg within the SnS film.

(f) Raman spectrum of the VG SnS, of which the vibrational A, modes

are depicted in the inset. (g) XRD spectrum of the VG SnS. (h) UV-Vis spectrum of the VG SnS.

spectroscopy becomes a better approach because of the ef-
ficient excitation and collection of the photocurrent [1,22].
Terahertz (THz) emission spectroscopy is a reliable method
with high sensitivity and nondestructive detection, which
establishes a link between macroscopic information and mi-
croscopic physical origins. When ferroelectrics are impinged
by the femtosecond (fs) laser, the microscopic optical physics
such as optical transition, electron density of states, spin-orbit
coupling, and electron-hole separation determine the carrier
distribution, built-in electric field, nonlinear optical process
[23-25], and so forth. These physical properties can be re-
vealed via the macroscopic amplitude, phase, polarity, and
polarization information of the generated THz wave [26,27],
such as various surface states-involved optical transitions in
Bi,Se; [28] and the asymmetric distribution of densities of
states and charge displacement in GaTe [29]. Besides, Kushnir
et al. have observed the shift current that is determined by
the spontaneous polarization in ferroelectric semiconductors
GeSe [30] and GeS [31] from their THz emission. However,
the shift current vanishes along mirror symmetric directions
in monolayer MXs [7,22], which may restrict its photovoltaic
response along some certain directions. In addition, there have
been few reports of the THz wave emission and the shift cur-
rent induced by spontaneous polarization from SnS. How to
generate, manipulate, and probe the spontaneous polarization-
induced shift current via the THz emission spectroscopy is an
important issue for photovoltaic applications.

In this work, in order to address these critical issues,
we have prepared the vertically grown SnS (VG SnS) to
enhance the light-matter interaction due to the arrays of
SnS nanosheets and increased absorption of incident photons
compared with the single-layer SnS. Then the THz wave is
generated from the VG SnS under the femtosecond (fs) exci-
tation, which is dominated by the shift current according to the
THz wave dependences on the pump light polarization angle
and the pump fluence. In particular, the THz wave polarity
depends directly on the incident plane direction, indicating
the dominant role of the net spontaneous polarization along
the SnS grown direction. These results elucidate the physics
between microscopic spontaneous polarization and macro-
scopic THz emission properties, which supplements the study
of ferroelectric-based shift current in the THz regime.

II. CHARACTERIZATION AND EXPERIMENTAL SETUP

The VG SnS thin film with a size of ~1 x 1 cm? was syn-
thesized on a sapphire substrate by a physical vapor deposition
(PVD) method [32] as presented in the inset of Fig. 1(a).
The disordered SnS nanosheets with vimineous structures
grow vertically with respect to the substrate [Figs. 1(a)-1(c)],
which is characterized by SEM (scanning electron micro-
scope, Thermo Scientific, Apreo S., U.S.A.). The thickness of
VG SnS film is ~100 nm according to the scale of the side-
view SEM image [Fig. 1(c)]. As the 100 nm thick SnS film
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FIG. 2. (a) The schematic of the experimental setup of the THz emission spectroscopy in a transmission configuration. (b) The THz wave is
generated by the transient photocurrent J within VG SnS nanosheets. The laboratory coordinate is represented by (XY Z), while the crystalline
coordinate of VG SnS is represented via (xyz). The a, b, and c axes represent the crystalline axes of the SnS. The incident angle 6 is defined as
the angle between the normal direction of the substrate and the incident light. The polarization angle and the azimuthal angle are labeled by ¢

and y, respectively.

is very densely populated (with numerous SnS nanosheets), it
can emit a stronger THz wave than that from a single-layer
SnS (0.58 nm thick) [14]. As shown in Fig. 1(d), the atomic
structure of SnS is analogous to black phosphorus [33,34]. Sn
and S atoms are connected by covalent bonds, which exhibit
an orthorhombic array within the b-c plane from the top view
[35]. The side view possessing a single-layer structure shows
a zigzag arrangement within the a-b plane and an armchair
arrangement within the a-c plane [36], where the individual
layers are maintained together by the van der Waals interac-
tion [15]. Interestingly, the first-principles calculations have
proved the tilting angles (6; and 6,) between Sn and S atoms
determine the amplitude and polarity of spontaneous electric
polarization (Ps) and ferroelectricity [6,12]. As illustrated in
Fig. 1(e), the tilting angles are positive (negative) when the
S (Sn) atom is anterior to the Sn (S) atom. The spontaneous
polarization only appears when the tilting angles are nonzero,
and the polarization direction is reversed from Ps to —Ps
after reversing the tilting angles [19]. Therefore, the spon-
taneous polarization amplitude increases proportionally with
the tilting angle [6,7], which further determines the integral
shift current tensor and could also influence the THz emis-
sion spectroscopy. The vibration modes and the orthorhombic
phase of SnS are characterized by the SmartRaman confocal-
micro-Raman module (Institute of Semiconductors, Chinese
Academy of Science) with a 532 nm laser excitation, as shown
in Fig. 1(f). The peaks at 92.4 and 221 cm™! originate from
the A, mode with the “waving” type longitudinal vibration
and the “NaCl” type transverse vibration [37,38], respectively.
According to the surface and cross-sectional morphology fea-
tures, the Raman peaks are directly related to the orientation
angle (the angle between the vertically grown SnS layer and
substrate) of the SnS layer [39]. With the increase of the ori-
entation angle, the Raman peaks are weakened in the range of
150-210 cm~!. When the orientation angle is ~90°, there are
two obvious A, modes in the Raman spectrum, which are in
accord with our results in Fig. 1(f). The lattice structure is also
confirmed by x-ray diffraction (XRD) (Bruker, D§ Advance)
as depicted in Fig. 1(g), where the XRD peaks at 15.1°, 20.6°,
and 31.8° correspond to the (002), (010), and (111) lattice
planes (JCPDS #53-0526) [39]. In order to further investigate
the optical properties of the VG SnS film, the absorption

spectrum is carried out via UV-Vis spectroscopy (R1, Ideaop-
tics). Figure 1(h) shows that the absorption increases with the
photon energy from 1.0 to 2.5 eV. In addiiton, the band gap
energy of the VG SnS is estimated as 1.53 eV based on the
absorption spectrum of the Tauc plot by the formula (ahv)* =
A(hv — E;), where A is a proportionality constant, A is
Planck’s constant, v is the frequency of excitation light, E, is
the optical band gap, and « is the absorption coefficient [40].

The THz emission spectroscopy with transmission config-
uration is employed to characterize the VG SnS as shown in
Fig. 2(a). A Ti:sapphire regenerative amplifier (Spitfire Ace,
Spectra-Physics) is utilized to pump the VG SnS with an
800 nm central wavelength. Then the pump light with ~3 mm
diameter impinges on the sample to emit THz waves, and
the probe beam detects the generated THz signal in the time
domain [41]. Along the pump light path, a half-wave plate
(HWP) and a polyethylene plate are placed before and behind
the sample to vary the polarization state of the incident laser
and filter out the transmitted infrared light, respectively. The
emitted THz wave is collected by the off-axis parabolic mir-
rors and overlaps with the probe light on the detection ZnTe
crystal.

In order to study the optical response of the VG SnS
under the fs illumination, the Cartesian coordinate system is
supposed to be established considering the crystallographic
system of the VG SnS [42]. As presented in Fig. 2(b), the crys-
talline coordinate of VG SnS nanosheets is defined as (xyz).
The z axis is chosen along the normal direction of the VG SnS
nanosheets, while the x and y axes are within the nanosheet
plane. Herein, the SnS nanosheets are grown vertically on the
substrate. In order to set the z direction perpendicular to the
basal plane of the SnS, the z axis is set parallel to the substrate
as shown in Fig. 2(b). In the laboratory coordinate (XY Z),
the incident light is tuned between p- (Ep) and s-polarization
(Ey) states after rotating the polarization angle ¢ by the HWP.
The azimuthal angle y, as a manifestation of the sample
orientation, is introduced to represent the angle between the
laboratory and crystalline coordinates. This angle is varied via
rotating the VG SnS plane with respect to the normal direction
of the substrate (Z axis). Finally, the horizontal (Etg,p) and
vertical (Ety,.s) components of the generated THz pulses are
detected via wire-grid polarizers (WGPs) [43]. In general, the
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FIG. 3. (a) Ety,p and (b) Ery,.s components of generated THz electric field from VG SnS with the pump light polarization angle of 0°
(Ep), 40°, 90° (Es), and 130°. The arrows represent the polarization states of the pump light. THz peak to valley amplitude of the (c) Ety, p
and (d) Ery,.s with respect to the pump light polarization angle in polar coordinates. The solid lines represent the fitting results from Eq. (3).
THz peak to valley amplitude of the () Ep-Ery,.p and (f) Ep-Ety,.s with various azimuthal angles in polar diagrams.

generated THz radiation is induced by the transient photocur-
rent J or nonlinear polarization P as Ety, aP2/3t> + dJ /0t
[24]. The nonlinear polarization P can be excluded since the
real carriers are generated under the above band gap excitation
(800 nm @ 1.55 eV), which results in the transient photocur-
rent response rather than nonresonant nonlinear polarization
[44]. Therefore, we consider the photocurrent J contribution
to the THz radiation of the VG SnS only. Based on the co-
ordinates in Fig. 7 (in Appendix A), the THz electric field
components are written as Ery,.p & — cos Oy, (dJx /0t) +
sin Oy, (0J7/0t) and Ety,.s o dJy /0t according to the dipole
radiation theory [45], and the 6ry, represents the refraction
angle of the emitted THz wave inside VG SnS.

III. RESULTS AND DISCUSSION

A. Angular dependence of the emitted THz wave

When the 800 nm fs laser impinges on the VG SnS with
a 45° incident angle and 0.71 mJ/cm? pump fluence, the
Ety,p and Ety,s components of the generated THz wave
under different polarization state illuminations are depicted
in Figs. 3(a) and 3(b), respectively. Both the Etyg,p and
Ety,.s components of the time-domain THz signals present
an approximate 3 ps time duration and directly depend on the
incident polarization state. For the Ety, p component, the THz
waveform polarities are opposite when the VG SnS is excited
under Ep(p = 0°) and Es(¢ = 90°) fs laser excitations, and
the maximum THz amplitude appears at Ep excitation. Un-
like the Ety, p component, the Ety,.s component presents an
amplitude maximum when ¢ = 130°, and the THz radiation is
almost vanishing under the Es illumination. In order to further
investigate the differences between the THz components, the
peak to valley values of Ety, p and Etg, s components with
respect to the pump light polarization angle ¢ are portrayed in

Figs. 3(c) and 3(d). Herein, the black dots with positive values
indicate the THz valley-peak-valley waveforms (such as the
Eth,.s component under the excitation of ¢ = 130°), while
the red or blue dots with negative values represent the THz
peak-valley-peak waveforms (such as the Ety, p component
under the E, excitation). It can be seen that both the Ery,.p
and Ety, s components exhibit twofold rotational symmetry
with the pump light polarization angle ¢ in the polar plots.
However, the petal sizes of two THz components have distinct
differences. The blue petal is slightly smaller than the black
petal for the Ety,.s component [Fig. 3(d)], while the red petal
is much larger than the black petal for the Ety, p component
[Fig. 3(c)], which indicates a significant offset of the THz
amplitude towards the negative direction in the Ety, p com-
ponent. This difference mainly comes from the photocurrent
distributions as Jx and Jz concurrently contribute to the Ety,.p
component, and only Jy contributes to the Ery,.s component
based on the coordinates in Fig. 2(b). Due to the VG SnS
nanosheets, the photocurrent J; plays an important role in
the Etp, p component, which exhibits a distinguishing THz
radiation property from the Ety, § component.

Aside from the extrinsic polarization state, the intrinsic
surface homogeneity of the VG SnS nanosheets can also
influence the carrier drift, diffusion, and charge center shift,
which further determine the photocurrent response as well as
the THz emission spectroscopy. This is studied by the Ety, p
and Ety,.s components’ evolution as the azimuthal angle y of
the VG SnS at the fixed E, excitation is rotated. As shown in
Figs. 3(e) and 3(f), the peak to valley values of both THz com-
ponents present circular dependences on the azimuthal angle
y in polar diagrams, which suggests the VG SnS nanosheets
exhibit an isotropic photocurrent response within the VG SnS
plane (parallel to the substrate plane). This is different from
the azimuthal angle sensitive THz radiation that generally
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occurs on three kinds of materials. The first one is the natural
crystal with explicit surface rotational symmetry such as InAs
[46], MoS, [43], and SnS; [25], of which the azimuthal angle
is directly related to the nonlinear susceptibility and influences
the THz radiation properties. The second one is induced by
the asymmetric built-in field such as the thermoelectric field
that is associated with the thermal diffusion current (Seebeck
effect) in thermoelectric materials [47], electric potentials be-
cause of breaking conduction paths in graphite [48], and the
acceleration field of carriers along a preferred direction due to
the stacking faults in aligned carbon nanotubes [49]. The third
one is the material with in-plane anisotropy such as WSe,
[27] and PdSe, [50], which generate the asymmetric THz
radiation along a preferred photocurrent direction or puckered
direction of atomic bonds. As for the prepared sample, the
VG SnS nanosheets are grown randomly on the substrate
[Fig. 1(b)], which minimizes the preferred orientation of the
photocurrent and results in the isotropic THz radiation with
respect to the azimuthal angle y . This isotropic distribution of
the THz radiation has been observed in the vertically grown
graphene with a random arrangement of nanosheets as well
[23]. Moreover, the uniformity of THz wave generation at
different areas of the VG SnS sample is satisfactory. We have
measured the THz emission after moving the sample along
transversal and longitudinal directions with a step of 0.25 mm.
The amplitude, phase, and polarity of the emitted THz waves
are almost identical at different areas of the sample.

B. Pump fluence dependence of the emitted THz wave

The dependences of Ety,.p and Etp,.s components on the
pump fluence are presented in Fig. 4. Herein, the positive and
negative THz amplitude values represent opposite THz wave-
form polarities, and the incident light is fixed at the Ep state.
With the pump fluence ranging from 0.28 to 0.99 mJ/cm?, the
THz amplitude of both Ety, p and Ety, § components increase
continuously as shown in Figs. 4(a) and 4(b), respectively. It
is noteworthy that the peak to valley values of the emitted
THz wave with respect to the pump fluence are well fitted by
linear functions for both components, as shown in Figs. 4(c)
and 4(d). This indicates that the THz emission from VG SnS
is dominated by the second-order nonlinear effect [S1] due
to the linear relationship between the pump fluence and THz
amplitude as Er, o< x P |E|? oc I [43,52], where I is the
intensity of pump light.

The second-order nonlinear effect that generates transient
photocurrent includes the linear photogalvanic effect (LPGE)
[53], circular photogalvanic effect (CPGE) [54], linear pho-
ton drag effect (LPDE) [23], and circular photon drag effect
(CPDE) [55]. In this work, the pump light is linearly po-
larized, which excludes the CPGE and CPDE as they are
generally induced under circularly polarized excitation. The
LPGE is also cognized as the shift current, which arises from
a spatial displacement of electron density along the atomic
bonds or emerges as a result of asymmetric relaxation of
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excited electrons or holes [28,53]. To obtain a net current
in the direction of the bonds, the LPGE can only occur in
the materials with broken inversion symmetry [22,53]. On the
contrary, the LPDE is not limited by the inversion symmetry
of materials since it comes from the momentum transfer from
incident photons to carriers. This momentum transfer process
is supported by lattice vibration and electron-phonon coupling
[56], and then the photon drag current is generated during
the momentum relaxation time. The photon drag current is
sensitive to the photon wave vector k due to the momentum
transfer [53], which will reverse the photocurrent direction as
well as the generated THz waveform polarity after tuning k
into —k.

C. Incident plane dependence of the emitted THz wave

In order to clarify the THz emission mechanism between
the LPGE and LPDE, we compare the THz wave excited
from the sample side (sam-Ery,.p and sam-Ety,s) and the
substrate side (sub-Etp,p and sub-Ery,.s), which is equiv-
alent to reversing the incident wave vector k. As shown in
Figs. 5(a) and 5(b), the THz amplitude under the sample-side
excitation is larger than that under the substrate-side excitation
for both Ety, p and Ety, s components. However, the THz
waveforms of the Ery,.p component have opposite polarities
under opposite incident planes, while the Ery, g component

has identical THz waveform polarities under opposite inci-
dent planes. Obviously, the wave-vector dependence does not
occur in the Ery,s component, which does not satisfy the
essential property of the LPDE [23]. Therefore, the contribu-
tion of LPDE is not involved and the LPGE is the primary
mechanism for the THz emission in the VG SnS.

The different wave-vector dependences of the THz com-
ponents are directly related to the photocurrent components
according to the coordinates in Fig. 2(b). The Erg,p
component is determined by the Jy and J; as Erty,p X
— cos Oz (0Jx /0t) + sin Ory,(3Jz/0t), and the Etg,s com-
ponent is influenced by the Jy only. After reversing the
incident plane, the Ety, s component keeps the same direc-
tion, while the Etp, p component is changed to Ery,p X
— co8 Oy, (0Jx /9t) — sin Oy, (0Jz/0t). This is caused by the
reversed J; from opposite excitation sides in the VG SnS
as shown in Fig. 5(c). According to the atomic structure of
SnS, the spontaneous polarization Py is formed along the S-Sn
bonds as shown in Fig. 1(e). Due to the lone pair electrons in
the Sn atoms and large electronic coupling between adjacent
layers [14,57,58], the VG SnS nanosheets were synthesized
on the substrate starting from the Sn atoms, which further
introduce the preferred AA stacking order. Then the identical
ferroelectricity and a net polarization P# are induced along
the Z axis. Under the action of the spontaneous polarization
PZ, the separation and acceleration of electrons and holes
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within the VG SnS are enhanced to form a large shift current
after being excited by the fs laser [7,10,31]. The electric field
induced by the shift current is also parallel to the atomic
layer, which satisfies the definition of the in-plane electric
field; then the VG SnS do not influence the dimensionality
of the ferroelectric-induced electric field [59]. Thus, the shift
current directly depends on the spontaneous polarization ori-
entation. PZ changes to —P? after reversing the incident plane,
resulting in the photocurrent reversal of J; [60-62], while
Jx and Jy have identical directions excited from opposite
incident planes. Therefore, only the Ety, p component con-
taining the J; contribution presents polarity reversal under the
opposite directional excitations. In this scenario, the internal
manipulation of spontaneous polarization is realized without

J

an external bias voltage, indicating the potential of VG SnS as
a candidate for next-generation photovoltaic devices.

D. Physical description of the shift current
As proof of LPGE for the THz emission, the phenomenal
description of the LPGE-induced shift current is given by [63]

E,E} + E,E*
B =0, =", )

where a)( v is the third-rank tensor of the nonlinear conduc-

tivity and E,, , represents the incident electric field. According
to the coordinate systems of VG SnS nanosheets as shown in
Fig. 2(b), the shift current components are given as follows
(see detailed calculation in Appendix B):

1 1 1 1 2
Jx = (oyy, + oyzy)CE2<ZCcos2(p - ECsinz(p>I - ECEzachoschI — azyyCEz(Encos2g0 + msin?p + %C sin 2(p>1

1 2
— GZZZCE2 <§7rcosz<p + msin®p — %C sin 2<p>1,

1 1 1 1 2
Jy = (0yy; + oyzy)CE2<ZCcos2(p — ECsianJ)I + ECEzomcosz(pI + ozyyCEz(Encosz(p + msin®p + %C sin 2(p>1

1 2
+ O'ZZZCE2<§7TCOS2(,0 + msin?p — %C sin 2<p>1,

1 2
J7 = (Opp + GW)E2<ECCOSZ¢ — \/T_C sin 2g0>1.

@)

Herein, the shift current components Jx and Jy are parallel to the substrate (XY -plane direction) according to Fig. 2(b). The in-
cident angle is 45° and the azimuthal angle y is integrated from 0 to 27t due to the random arrangement of the VG SnS nanosheets.
The coefficient C represents the integral result. Then the THz electric field components of the VG SnS are described as

EtHyp X AXCOS2(,0 + Bxsin2(p + Cx sin2¢+Sx,

The constant terms Sy and Sy represent polarization-
independent background current [64]. The fitting coefficients
are related to the nonlinear conductivity tensor elements of the
VG SnS shown as follows:

1 1
Ay = —ZCZ(Uyyz + 0y;y) cos Oy, + ECUZXX cos Ory,

1 1
+ ErmzyyC coS Oty + ETL'UZZZC cos 1y,

1
+ EC sin QTHZ(O'xzx + Oxxz)s

V2

BX = TCZO.ZW Cos QTHZ

J2

- TC(zex + Gxxz) sin 0THZ7

2 2
- TC 0222 €OS Oz

1
Cx = cos GTHZCI:E(Uyyz + Uyzy)C + ﬂ(azy}v + Uzzz):| ,

1 1 1
Ay = Z(Uyyz + oyzy)CZ + ECUZM + EnC((rzyy + 0,22),

Ethys AyCOSZ(p + Bysin2(p + Cy sin2¢ + Sy. 3)

(

V2
BY = TCZ(UZ}W

— 0z22)5

1
Cy = _ECZ(UWZ + 0yey) + C Oy + 02z2)- @)

The experimental results in Figs. 3(c) and 3(d) are in great
agreement with Eq. (3). This further proves that the primary
THz emission mechanism of VG SnS is shift current.

In microscopic view, the shift current is caused by the
charge center “shift” when the carriers are excited from the
valence band to the conduction band after absorbing incident
photons. Such shift is driven by the coherent evolution of
the electron and hole wave functions. Thus, the shift current
not only requires broken inversion symmetry but also relates
to the degree of asymmetry of the delocalized electronic
states along the current direction [7,65]. The microscopic shift
current response is given by J4.. (w) = 0“”E,E,, where the
second-order response function % under the linearly polar-
ized excitation is described as [66]

/ 87T3 Zﬁlm Zm nm X S(wmn - (1)).

&)

O,abc‘(w) — _
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FIG. 6. The polarization ellipse of the THz emission with the pump light polarization angle ¢ at (a) 0°-80° and (b) 90°-180°. (c) The
ellipticity x and (d) orientation angle AR of the THz polarization ellipses, as well as (e) the amplitude ratio A,.;, and (f) phase difference AP
of Ery,.p and Ery, s components with respect to the pump light polarization angle ¢. (g)—(j) The THz polarization ellipses at ¢ = 10°, 120°,

230°, and 340°, respectively.

Herein, f,,, = f, — fm represents Fermi-Dirac distribution,
b

r,,, are velocity matrix elements that correlate the linear ab-
sorption coefficient and the shift current, and R{, is a shift
vector representing the position change of an electron when it
absorbs a photon. Therefore, large velocity matrix elements
2 and shift vector R?  are essential factors that induce a
robust shift current response in this microscopic frame. In-
terestingly, SnS and other monochalcogenides have a large
shift vector and linear absorption in the visible range from
the first-principles calculations [7]. Based on the theoretical
model, various design strategies are expected to enhance the
velocity matrix elements and shift vector [3,67], such as the
internal manipulation including atom substitution, doping,
and vacancy introduction as well as the external manipulation

such as strain engineering and external electric field.

E. Polarization state of the emitted THz wave

The shift current induced THz wave emission strongly
depends on the polarization angle ¢ of the excitation light
according to Eq. (3) and Figs. 3(a) and 3(b). Can the trajectory
of the THz polarization state also be modulated by the pump
light polarization angle? To address this interesting question,
we have portrayed the reconstructed Ety,.p and Ety,.s compo-
nents based on E(t) = Etu,-p(t)éx + Etnz-s(t)e, [27] at fixed

0.95 THz. As shown in Figs. 6(a) and 6(b), as the pump
light polarization angle ¢ is increased from 0° to 180°, the
reconstructed ellipses of the THz waveforms exhibit different
magnitudes and the major axis of the ellipse (dashed line in
the ellipse) also rotates counterclockwise. Due to the weak
Etnz.s component at ¢ = 90°, a sudden change appears in the
major axis of the THz polarization ellipse, but it still follows
the overall trend of the counterclockwise rotation. In order to
quantitatively analyze the polarization state of the THz radia-
tion, we have extracted the ellipticity and orientation angle of
the ellipses with respect to the pump light polarization angle,
as shown in Figs. 6(c) and 6(d). The ellipticity x is expressed
as x = b/a, where a and b are the major and minor axis
of the reconstructed polarization ellipses, respectively. The
orientation angle AR is defined as the angle between the x axis
and the major axis of the ellipse. The minimum yx presents
near the s polarization (¢ = 90° and 270°), which approaches
a linear polarization state, while the maximum x of 0.46 lo-
cates at ¢ = 340° near the p polarization, corresponding to an
elliptical polarization state. As such, the ellipticity x presents
twofold rotational symmetry with respect to the pump light
polarization angle. This twofold rotational symmetry also oc-
curs on the orientation angle AR when ¢ increases from 0° to
360°, as shown in Fig. 6(d). On the contrary, the THz polariza-
tion ellipses are consistent at different azimuthal angles of VG
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SnS (Appendix C), as the shift current response is independent
of the azimuthal angle [Figs. 3(e) and 3(f)].

Since the THz polarization ellipses are composed of the
Ety,.p and Ery,s components, the x and AR directly de-
pend on the amplitude and phase of the THz components.
Herein, the amplitude ratio of the THz components Ay, =
A(Eth,p)/A(ETH,s) and the phase difference between the
two components AP = &(Ery,.p) — P (Erh,.s) are shown in
Figs. 6(e) and 6(f), respectively. Both the amplitude ratio
Aratio and the phase difference A® present twofold rotational
symmetry with respect to the pump light polarization angle
¢, which are in accordance with the ellipticity x and the
orientation angle AR. In particular, when the phase difference
A® is in the region of [0, 7/2] and [r/2, 7], the major axis
of the THz polarization ellipse locates at the I-III quadrant
and the II-IV quadrant, respectively. In a certain quadrant,
taking the ellipses at ¢ = 10° and ¢ = 120° as examples, the
phase difference A® at ¢ = 10° is close to that at ¢ = 120°,
but the orientation angle AR has different values. As shown
in Figs. 6(g) and 6(h), when the amplitude ratio Ay, has a
maximum value of 7.58 at ¢ = 10°, the major axis of the
ellipse approaches a horizontal direction, corresponding to the
AR minimum of 0.01z. On the contrary, when the ampli-
tude of Ety,.p is much smaller than that of Ety,.s (with the
minimum Ay, of 0.19) at ¢ = 120°, the major axis of the
ellipse approaches a vertical direction, then the AR value is
close to /2. Therefore, the orientation angle value is mainly
determined by the THz amplitude ratio A, in a certain
quadrant. As for the ellipticity y, the phase difference A® is
the key factor. As presented in Figs. 6(i) and 6(j), although the
amplitude ratio Ao has similar values at ¢ = 230° and ¢ =
340°, the corresponding phase differences of A®,;, = 0.01x
and A® = 0.68x result in ellipticity minimum x,;, ~ 0.02
and maximum xpax ~ 0.46, respectively. Thus, when A®
approaches 0 or 7, the THz wave emission is approximately
linearly polarized, and x approaches zero. When A ® is in the
range of (0, i), the THz polarization state is elliptical and the
ellipticity x is determined simultaneously by the amplitude
ratio Ar,o and the phase difference A®.

Considering the morphology of the VG SnS nanosheets,
the amplitude ratio A and phase difference A® between the
Ety,.p and Ety, s components are primarily caused by the
shift current component Jz. Due to the spontaneous polariza-
tion PZ, the photogenerated carriers are accelerated, and the
shift current is improved along the J; direction, which leads
to a faster photocurrent response than Jy and Jy. According to
the coordinates in Fig. 2(b), Jz only contributes to the Ety, p
component, thereby resulting in amplitude differences and
phase differences between the Ety, p and Ety, s components.
For instance, J; has a large value at ¢ = 0°, which results
in a phase difference between Ery,.p and Ery,.s and the re-
constructed THz polarization is elliptically polarized, while
Jz is approximately zero at ¢ = 230°; thus the reconstructed
THz polarization is linearly polarized. In particular, since
the shift current components have strong dependences on the
pump light polarization angle from Eq. (2), the ellipticity
x and orientation angle AR of the THz polarization ellipse
realize a large modulation depth of xmp = 89.7% [xmp =
(Xmax - Xmin)/(Xmax + Xmin)] and ARmp = 98.5% [ARMD =
(ARmax — ARnin)/(ARnax + ARpin)] via tuning the pump

light polarization angle. Such significant modulation depths
enable the ferroelectric SnS as an enlightening candidate with
tunability and designability for polarized THz devices, which
are building blocks for polarized THz spectroscopy and hold
promising potential in biomolecule identification and chiral
sensing applications.

IV. CONCLUSION

In summary, we have observed tunable polarized THz wave
emission from the vertically grown SnS. The THz emission
mechanism is ascribed to the shift current according to the
time-domain THz signals with respect to the pump light po-
larization angle, sample azimuthal angle, and pump fluence.
Interestingly, due to the spontaneous polarization along the
armchair direction of the SnS nanosheets, the carrier move-
ments and the shift current are enhanced in this direction,
which is reflected by the reversed polarity of the THz wave
from opposite pump directions. Since the shift current in VG
SnS is sensitive to the pump light polarization angle, the
ellipticity and the orientation angle of the elliptical THz wave
realize a modulation depth of 89.7% and 98.5%, respectively.
Our work offers an alternative way to generate, probe, and
manipulate the shift current of ferroelectric SnS, which not
only unveils the physics between the spontaneous polarization
and the shift current, but also presents the intriguing potential
of SnS for polarized THz devices.
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APPENDIX A: INCIDENT fs LASER AND EMITTED
THz WAVE WITHIN THE VG SnS

The Ety,.p (ETH,-s) component lies in (is perpendicular to)
the incident laser plane and parallel to the Ep (Es). Herein,

ETHZiS
ETHZ-P 971[:
VG-SnS c' Y
O\ E
Eq
AR Ep

FIG. 7. Top view of the THz emission schematic under the fs
laser excitation.
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Ety;.p is determined by Jx and Jz, and Ety,.s is determined
by Jy. Both Ety,.p and Ety,.s components are obtained by the
following angle relationship, as shown in Fig. 7.

APPENDIX B: THz ELECTRIC FIELD DEPENDENCE
ON THE PUMP LIGHT POLARIZATION ANGLE

The point group of SnS is C,, [7], and the nonlinear tensor
element is shown as

0 0 0 0 0 xzx xxz O

0 0 0 yyz yzy O 0 o

vy zzz 0O 0 0 0 0

S O O

XX
(BI)

J

Ex
Ey
E;

cos 90° 0
0 1
—sin90° O

=Rx(y)

sin 90°

0

co0s 90° 0 0 1

In the laboratory coordinate, concerning the pump po-
larization angle ¢ and incident angle 6, the electric field
components of the pump light are given by

Ex = Epcosf = —E cosgcosf,
Ey = Eg = Esing,

E; = Epsinf = E cos ¢ sinf. (B2)

These electric field components can be transformed into
the crystalline coordinate through a rotation matrix Rx (y) as
shown in formula (B3).

cos y siny 0\ /—Ecosgcosf

—siny cosy O Esing

E cos@sin6

E cos¢siné

E cos ¢ cosf sin y + E sin ¢ cos y

(B3)

E cos¢cosf cosy — E sin g sin y

Based on Egs. (1) and (B3), the current density in the crystalline coordinate can be calculated by

EE!+EE? E.EX + EE}
- 5 GXXZ - 5
2 2
E.E! + E,E} E,E} + E,E}
BT

Jy = Oxx 1,

J, =0

Ozzz

E,E* + E.E}

E.E} + E,E?
y = Oyyz 2 —

fo ,
e 2

5 (B4)

Substituting Eq. (B3) into Eq. (B4), the current density in the crystalline coordinate system is described as

Jy = (Ohz + oxxz)(%E2 sin 20 cos ycosz(p — %Ez sin 6 sin y sin 2(p)I,

Jy = (0yy; + Oyzy) (3 Ec0s?0 sin 2y cos’p — LE* cos Osin®y sin2¢ + 1E? cos fcos®y sin2¢ — LE? sin 2ysin?g)I,

J. = 0, E*sin?*0cos’ ol + Ozyy (Ezcoszesinzycosz(p + E%cos’ysin’g + %Ez cos 0 sin2y sin Z(p)l

+ o0, (EZCOSZGCOSZJ/COSz(p + Ezsinzysinztp — %Ez sin 2y cos 6 sin 2<p)1.

(BS)

The current density in the laboratory coordinate system can be obtained via rotating the azimuthal angle y as

Jx =Jysiny — J cosy,

Jy =Jycosy +J;siny,

Jz = ;. (B6)

Then we can obtain the current density in the laboratory coordinate as shown in Eq. (2) or (B7).

1 1 1 1 2
Jx = (oyy + oyzy)CE2<—Ccos2<p — ECsinzgo)I — ECEzcrmcoszgol - ozyyCE2<§ncosz(p + msin’p + %C sin 2(p>[

4

1 2
— UZZZCE2<§7TC032¢ + msin’g — %_C sin 2(p>1,

1 1 1 1 2
Jy = (oyy: + oyzy)CE2<ZCcosz<p — ECsinzgz))I + ECEzawcoszpr + crzyyCE2<§ncosz(p + msin’p + %C sin 2g0>1

1 2
+ OZZZCEz(Encoszgo + msin’g — %_C sin 2¢)>1,

1 2
J7 = (O + GM)E2 (ECcos2<p — \/T_C sin 2(/))1.

Finally, the dependence between THz electric field Ety,
and pump light polarization angle ¢ is obtained uti-

(B7)

(

lizing Etp,—p X — cos Oy, (dJx /0t) + sin Ory,(dJz/0t) and
Eth,—s o dJy/dt, as shown in Egs. (3) and (4).
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FIG. 8. The polarization ellipses of the THz wave emission with the azimuthal angle y at (a) 0°~180° and (b) 200°-360°. (c) The ellipticity
x and (d) orientation angle AR of the THz polarization ellipses, as well as (e) the amplitude ratio A,,;, and (f) phase difference A® of Ery, p
and Ery, s components with respect to the azimuthal angle y. (g)—(j) The THz polarization ellipses at y = 240°, 260°, 280°, and 360°,

respectively.

APPENDIX C: POLARIZATION STATE OF THE EMITTED
THz WAVE WITH DIFFERENT AZIMUTHAL ANGLES

In contrast to the THz polarization ellipse dependence on
the pump light polarization angle, the THz polarization el-
lipses are almost identical with the azimuthal angle changing
from 0° to 360°. As given in Figs. 8(a) and 8(b), this group
of elliptical trajectories exhibits the approximate ellipticity x
and similar orientation angle AR. It can be seen from the re-
constructed trajectory that the emitted THz polarization state
is elliptical regardless of the azimuthal angle value. Mean-
while, the ellipticity x, orientation angle AR, amplitude ratio

Aratio» and phase difference A® with respect to the azimuthal
angle are shown in Figs. 8(c)-8(f), which verify that the el-
lipticity x and orientation angle AR are determined by the
phase difference A® and amplitude ratio A.,;,, respectively.
The THz polarization ellipse at y = 360° has the minimum
ellipticity x, which is caused by the minimum phase differ-
ence A® as shown in Fig. 8(g). The orientation angle AR at
y = 240°, 260°, and 280° (approaching 7) are much larger
than that at other azimuthal angles (approaching zero) since
the major axis of the ellipse locates at the II-IV quadrant
[Figs. 8(h) and 8(i)].
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