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Two-dimensional (2D) materials demonstrate fascinating thickness-dependent optical properties due to their
van der Waals interaction and quantum confinement in the linear optical regime. However, the thickness-
dependent nonlinear optical response is more complicated as virtual carriers (dipoles) and real carriers can be
generated by below- and above-band-gap excitation, which calls for a more comprehensive understanding of
these carriers in 2D materials. Herein, a direct band gap Bi,S; is utilized to investigate the thickness-dependent
nonlinear optical response by a terahertz (THz) emission spectroscopy. The results suggest that the THz emission
intensity decreases with the increase of band gap energy under an 800-nm femtosecond laser excitation, which
can be described by an empirical exponential equation. Under below-band-gap excitation, the optical rectification
effect induced by instantaneous polarization (virtual carriers) dominates the THz emission mechanism in thin
Bi,S; films. In contrast, under above-band-gap excitation, real carriers are controlled by both resonant optical
rectification and surface depletion electric field effects, resulting in shift and drift currents in thick Bi,S; films.
The contribution ratio of the shift and drift currents is ~1 : 1 at 45° oblique incidence. This competition between
shift and drift currents results in the elliptically polarized THz wave generation, and the major axis orientation
and ellipticity of the ellipse could be manipulated by changing the polarization of the pump light. In this paper,
we imply the potential for designing tunable on-chip THz sources and nonlinear optoelectronic devices based on

thickness-dependent 2D materials.
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I. INTRODUCTION

Thickness is crucial for the fundamental investigation of
intrinsic photon responses and optoelectronic properties
of two-dimensional (2D) materials [1,2] in the linear
optical regime. These excellent thickness-dependent optical
properties of 2D materials are dominated by bound electron-
hole pairs or excitons due to van der Waals interaction and
quantum confinement [3], resulting in broad applications in
active photonic and optoelectronic nanodevices [4]. Usually,
the linear optical property of 2D materials is related to the
optical band gap determined by the thickness of 2D materials.
A typical example is a thickness-dependent transition from the
direct to indirect band gap in MoS,, which has the potential
for next-generation tunable photonic devices [5]. Even
for the semimetals such as graphene, the surface terahertz
(THz) conductivity is also thickness dependent, which can be
utilized for designing broadband THz antireflection layers [6].
However, the thickness-dependent nonlinear optical response
becomes more complicated, attributing to the generation of
intricate and dynamic photocarriers under below-band-gap
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(nonresonant) and above-band-gap (resonant) excitation.
Some efforts have been made to advance the understanding
of the thickness-dependent nonlinear optical response,
such as revealing the transition of third-order nonlinear
absorption induced by the tunable band gap [7] and the
variable intensity of second-harmonic generation ascribing
to the inversion symmetry broken [8]. Nonetheless, the
evolution of photocarriers in thickness-dependent nonlinear
optical processes is relatively less explored but significant
for deepening the understanding of fundamental physics and
boosting the development of compact optoelectronic devices
based on 2D materials.

As a V-VI group transition metal chalcogenide, Bi,S3
possesses a tunable direct band gap from 1.3 to 1.8 eV [9], de-
termined by the number of layers [10,11], which is attributed
to the quantum confinement effect [12] and crystal size effect
[13]. Although there is a tunable band gap with thickness in
MoS,, MoSe,, CsPb,Brs, and WSe,, these 2D semiconductor
materials show a distinctive transition from an indirect band
gap to a direct band gap [14-17]. This distinctive transition
behavior complicates the physical process and hinders the
exploration of nonlinear optical responses in 2D materials.
Therefore, Bi,S; with the thickness-dependent direct band
gap becomes a more appropriate candidate for exploring the
evolution of transient photocarriers in the nonlinear optical
response.

©2023 American Physical Society
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FIG. 1. Characterization of Bi,S; films on sapphire substrates. (a) Raman spectroscopy with the excitation of 532 nm laser. (b) X-ray
diffraction (XRD) spectrum of the Bi,S; film. (c) and (d) Atomic force microscope (AFM) images of Bi,S; films with different thicknesses.
(e) Tauc plots of Bi,S; films with different thicknesses measured by ultraviolet (UV)-visible absorption spectrum. The band gap energies are

marked by the intersection of dotted lines and abscissa.

Unlike the common nonlinear optical research techniques
such as Z-scan and second-harmonic generation, THz surface
emission spectroscopy is a nondestructive tool to study the
ultrafast nonlinear optical response in 2D semiconductor ma-
terials with both amplitude and phase information [18-20].
We have reported THz emission from bulk and monolayer
MoSe,, demonstrating the influence of limited thickness on
a surface depletion electric field, which originates from real
photocarriers under above-band-gap excitation [21]. However,
the photocarrier evolution mechanism in thickness-dependent
THz emission is still obscure. Moreover, THz surface emis-
sion spectroscopy has been verified to be an optical method
to research the transverse and vertical components of the THz
electric field, which can clarify the complex nonlinear optical
responses and reconstruct the elliptically polarized THz wave
in WSe, [22], CrSiTe; [23], PdSe; [24], and TaAs [25].

Herein, we investigate the THz emission properties of
band-gap-tunable Bi,S; films prepared by chemical vapor
deposition (CVD) on sapphire substrates. The physical mech-
anisms of THz radiation from the thin (16 nm) and thick
(66 nm) Bi,S;3 films are found to be different by changing
the azimuthal angle, polarization angle, power fluence, and
incident angle of pump light. The THz radiation from the thin
Bi,S; film only results from the optical rectification effect.
The THz radiation from the thick Bi,S; film is induced by
shift currents attributing to the resonant optical rectification
effect and drift currents originating from the surface electric
field (SEF) effect. Additionally, we can manipulate the ellipti-
cally polarized THz wave by tuning the polarization of pump
light in the thick Bi,S; film. In this paper, we suggest that
the thickness-dependent Bi,Ss3 is an excellent candidate for
designing tunable integrated THz emitters and optoelectronic
devices.

II. EXPERIMENT

The Bi,S; films with different thicknesses were prepared
on sapphire (Al,O3) substrates via the CVD method. The
detailed preparation process is described in the Supplemental
Material [26] (see also Refs. [27-32] therein). The charac-
terization of BiyS3 films on sapphire substrates is shown
in Fig. 1. Raman spectroscopy (Smart Raman confocal-
micro-Raman module, Institute of semiconductors, Chinese
Academy of Sciences) is utilized to analyze the vibration
modes of crystal lattice under a 532-nm laser excitation.
Figure 1(a) demonstrates two Raman vibration peaks at
189.09 and 235.49 cm™', which correspond to the A, and
Bz modes of Bi,S3 [33], respectively. These phonon vibra-
tion modes are correlated to the transverse vibration and
longitudinal vibration of sulfur atoms, respectively [34]. X-
ray diffraction (XRD) spectroscopy (Bruker, D8 Advance),
as shown in Fig. 1(b), is applied to verify the crystallo-
graphic structure of Bi,S; films. There are seven distinct
diffraction peaks corresponding to (200), (120), (220), (130),
(310), (211), (300), and (240) crystal planes, suggesting
that Bi,S3 is polycrystal [35]. The intensity of the diffrac-
tion peak located at the (130) crystal plane is the strongest,
which manifests that the main crystal plane of Bi,S; film
is along the (130) direction. The XRD peaks also confirm
the orthorhombic structure (D, point group) of Bi,S3 film
without any impurity. The thicknesses of these Bi,S; films are
measured by an atomic force microscope (AFM, Bruker, Di-
mension Icon). Figures 1(c) and 1(d) show two samples with
16- and 66-nm thicknesses, respectively. Moreover, samples
with thicknesses of 8, 11, 24, and 30 nm have also been
prepared. Because the thickness of monolayer Bi,Ss film is
~1.117 nm [7], the layer numbers of the six samples are 7L,
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FIG. 2. (a) Schematic of THz emission spectroscopy with a
transmission system. (b) Schematic diagram of the THz generation
process from Bi,Ss/sapphire sample excited by an 800 nm femtosec-
ond laser.

10L, 14L, 22L, 27L, and 59L, respectively. The band gap
energies (E,) of these samples are given in Fig. 1(e). With
the increase in the thickness, the band gap of Bi,S3 decreases
from 1.86 to 1.38 eV. In addition, the absorption spectra
of these samples are given in Fig. S1 in the Supplemental
Material [26].

The THz signals emitted from Bi,S; films are measured
by THz surface emission spectroscopy [21], which is pre-
sented in Fig. 2(a). The femtosecond laser pulses are emitted
from a Ti : sapphire laser, which possesses an 800-nm central
wavelength, a pulse duration of 35 fs, and a 1-kHz repetition
frequency. The pump beam excites the Bi,S; film with an
incident angle of 45°. The probe beam is used to detect the
THz radiation by electric-optic sampling [36]. The half-wave
plate (HWP) is applied to change the polarization direction of
the linearly polarized light. The THz emission generated from
the sample is gathered by two off-axis parabolic mirrors. Then
it collinearly focuses onto a nonlinear crystal (110) ZnTe with
the probe light together. The E&; and EY,; components of
the THz electrical field can be detected by a single wire grid
polarizer [37]. As shown in Fig. 2(b), XY Z is the laboratory
coordinate system, and X'Y’Z’ presents the crystalline coor-
dinate system. The «, 8, and y represent the polarized angle
of the pump light, the incidence angle of the pump light, and
the azimuthal angle of the sample, respectively. The transverse
and vertical components of the pump light are defined as Ex
(corresponding to p polarization) and Ey (corresponding to
s polarization), respectively. The EZ,; and E}};, components
correspond to the transverse and vertical components of the
THz electric field.
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FIG. 3. (a) Time-domain signals of the Bi,S; films with different
thicknesses under p polarization light excitation. (b) Thickness-
dependent band gap energies of Bi,S; films. (c) Ey-E,-dependent
(THz) peak-to-valley amplitude. The band gap energies of the repre-
sentative thick and thin Bi,S; films are 1.38 and 1.86 eV, respectively.

III. RESULTS AND DISCUSSIONS

Under a p-polarized light excitation with a pump fluence of
0.56 mJ/cm?, the total time-domain signals generated from
Bi,S; films with thicknesses increased from 8 to 66 nm are
presented in Fig. 3(a). The amplitude of the THz electric
field generated from Bi,S; films enhances significantly with
the increase of its thickness. This trend is different from
the reported thickness-independent THz emission of Bi,Tes,
which originates from the influence of a narrow band gap
(~0.5 eV) and topological surface states [38]. In addition, a
tiny peak shift may result from the phase change due to the
different thicknesses. The corresponding thickness-dependent
frequency spectra are depicted in Fig. S2 (Supplemental
Material [26]). With the increase of the material thicknesses,
the bandwidths of frequency spectra keep almost the same. To
explore the physical mechanism of the thickness-dependent
THz emission from Bi,S; films, the thickness-dependent band
gap values are shown in Fig. 3(b). The experimental data can
be well fitted by E, = E,(c0) + D;/d [39], where E, is the
band gap of different thicknesses, E,(c0) is the band gap of
bulk materials, D; is the fitting parameter, and d is the film
thickness. Furthermore, the THz peak-to-valley amplitude as
a function of the band gap of the sample is presented in
Fig. 3(c). It is obvious that the THz amplitudes present a
reducing tendency with the increase of band gap, which can
be described by an empirical exponential equation E§& o
Apt+A exp[—%]. Here, EX$! represents the integral THz
amplitude, Ay is the fitting parameters, A represents a pre-
exponential factor, Ey — E, represents the difference between
the photon energy (Eo) and the material band gap (E,), k is the
Boltzmann constant, and 7 is the room temperature. Note that
the thickness-dependent increasing tendency of THz emis-
sion differs from the reported decreased tendency of reduced
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FIG. 4. (a) Time-domain signals of EY;, component from the thin Bi,S; film (16 nm) with excitation polarization angles of 0°, 50°, 90°,
and 130°. Time-domain signals of (b) EX; and (c) EY,;, components from the thick Bi,S film (66 nm) with excitation polarization angles of

0°, 50°, 90°, and 130°.

graphene [40], indicating completely different mechanisms.
Moreover, this empirical fitting reveals that the THz emission
from Bi,;S; films is largely related to the energy difference
between the excitation light and the band gap, which may be
in connection with the conversion efficiency of virtual and real
carriers. In addition, our femtosecond laser with the photon
energy Ey (1.55 eV) cuts across the band gaps of thin and thick
Bi,S; films, which affords an excellent platform to explore the
evolution of photocarriers under below- and above-band-gap
excitation. Therefore, we would like to investigate the THz
emission mechanisms of two typical samples: the thin (E, =
1.66 eV, 16 nm) and thick (E; = 1.38 eV, 66 nm) Bi,S;
films.

Under below-band-gap excitation, only the EZ; com-
ponent (without the EX,;, component) of THz emission is
detected in the thin Bi,S; film (as shown in Fig. S3 in the
Supplemental Material [26]). According to the dipole radi-
ation theory [32], this result suggests that the direction of
the THz electric field is determined by the distribution of
virtual carriers along the transverse orientation (Fig. 2). The
corresponding time-domain signals of the EF; component
are presented in Fig. 4(a) with the excitation of polarized
light. Under 0° polarized light excitation (corresponding to
p-polarized light), the THz amplitude of the E3Y;, component
is the largest, which is twice that of 130° polarized light
excitation. The amplitude change suggests that THz emission
is possibly governed by nonlinear optical effects due to their
strong polarization direction dependence [41].

In comparison, under above-band-gap excitation, both
EX, and EY, components could be detected in the thick
Bi,S; film (66 nm), which suggests that the spatial distribution
of real photocarriers is more intricate according to the dipole
radiation theory. The corresponding time-domain signals of
the Ef,, and EY,; components are shown in Figs. 4(b) and
4(c) under different polarization states of light excitation. Un-
der the excitation of p-polarized light, the THz amplitude of
the Ef%;, component is maximal, which is twice as large as that
under 50° and 130° polarized light and eight times larger than
that under 90° (corresponding to s polarized) polarized light
excitation, as presented in Fig. 4(b). Compared with the E3;,
component, the maximal amplitude of the EY;, component
is presented at 50° polarized light excitation, which is about
five times larger than that under the excitation of p- and
s-polarized light, as shown in Fig. 4(c). These results indicate

that complicated and dynamic real photocarriers could result
in different THz radiation mechanisms in the thick Bi;S; film.
Moreover, the huge THz amplitude difference and opposite
polarity of the EYy;, component also suggest the existence of a
nonlinear optical response dominating the THz radiation [42].
Furthermore, the results are like the reported phenomenon in
WS, with THz radiation induced by a strong surface built-
in field effect under above-band-gap excitation [43]. These
results suggest that at least two physical mechanisms are
responsible for the Ef;, and EY,;, components in the thick
BizS3 film.

To clarify the physical mechanisms in the thin (16 nm)
and thick (66 nm) Bi,S3 films, the pump fluence, azimuthal
angle, and polarization angle dependencies on the THz ampli-
tude are investigated. First, under below-band-gap excitation,
the THz amplitude of the Ef;, component in the thin BiS;
film exhibits a linear dependence of pump fluence under the
p-polarized pump beam with an incidence angle of 45°, as
presented in Fig. 5(a). This suggests that THz emission in the
thin Bi,S; film is mainly ascribed to second-order nonlinear
optical effects induced by virtual photocarriers [44]. It can
be well fitted with EX;, o x P|E()|* o Lpump [21], where
x® is the second-order nonlinear susceptibility, E(¢) is the
electric field of pump light, and Iy, is the pump intensity.
Note that second-order nonlinear optical effects are forbidden
in centrosymmetric crystals; however, inversion symmetry
breaking usually happens at the surface of transition metal
chalcogenides due to structure reconstruction or lattice defects
[28,29]. In comparison, under above-band-gap excitation, the
THz amplitude of the EX; component dependence on pump
fluence shows a saturation trend from the thick Bi,S; film,
as shown in Fig. 5(b). This trend mainly results from the
photon-generated real carriers accelerated by the SEF, which
could screen the THz wave when the pump fluence rises
[45]. This result can be fitted well with Ef,;, o« D3F /(F +
Fia) [46], as shown in Fig. 5(b). Here, D3 is a constant
factor, and Fg, is saturation pump fluence (0.85 mJ /em?).
On the other hand, as shown in Fig. 5(c), the THz ampli-
tude of the EY,;, component presents a linear dependence
of pump fluence in the thick Bi,S3 film. It suggests that
the EJy;, component mainly originates from the second-order
nonlinear effects induced by real photocarriers. The THz am-
plitude dependent on pump fluence under below- and above-
band-gap excitation shows distinctive physical mechanisms
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of the thick Bi,S; film.

dominating the THz radiation due to dynamic virtual and real
photocarriers.

We further investigate the azimuthal angle-dependent THz
amplitude, which is isotropic in both the thin (16 nm) and
thick (66 nm) Bi,S;3 films, as illustrated in Figs. 5(d)-5(f).
It suggests that the THz radiation induced by virtual and real
photocarriers is averaged along each crystal direction in our
Bi,S; films. These experimental results are consistent with
the polycrystal structure, as demonstrated in Fig. 1(b). The
THz radiation dependent on the azimuthal angle isotropic
is also reported in WS,, which originates from nonlinear
optical coefficients without obvious azimuthal dependence
[41]. In contrast, this isotropic dependence is different from
THz emission from thermoelectric semimetal Gd;As,, which
is relevant to the anisotropic in-plane Seebeck current [47].
The azimuthal-angle-insensitive property of polycrystal Bi,S3
films is beneficial to develop advanced THz emitters and op-
toelectronic devices.

Moreover, the polarization angle dependence of the THz
amplitude is investigated by tuning the HWP from 0° to 360°
with a fixed azimuthal angle. Under below-band-gap excita-
tion, the Ex;, component of the THz electric field from the
thin (16 nm) Bi,S;3 film presents a periodic change combined
with an upward offset, as shown in Fig. 5(g). This result

further proves the contribution of the second-order nonlinear
effect induced by virtual carriers. Under above-band-gap exci-
tation, the THz amplitudes of the EF;, and EY,;, components
from the thick (66 nm) Bi, S5 film exhibit a twofold rotational
symmetry dependent on the polarization angle, as shown in
Figs. 5(h) and 5(i). For the E%(HZ component, there is a large
upward offset from the average THz amplitude, as shown in
Fig. 5(h). This offset may result from a background current
motivated by real carriers [42]. Unlike the EX; component, a
tiny downward offset of the EX,;, component is presented in
Fig. 5(i), which suggests that the background current almost
vanishes.

In the following part, theoretical deduction and analysis
are performed for a deep understanding of the thickness-
dependent nonlinear optical processes. The THz electric field
excited by the femtosecond laser originates from the transient
dielectric polarization or photocurrents in nonmagnetic mate-
rials, which can be expressed as Eff;, ";275 + ';—{ [48]. Here,
P is the instantaneous nonlinear dielectric polarization, and
J is the transient photocurrent density. Under below-band-
gap excitation, due to the linear pump fluence dependence,
THz emission from the thin Bi,S; film (16 nm) is attributed
to the optical rectification effect originating from instanta-
neous nonlinear polarization of dipoles [49], which can be
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described as

PP = %30, 0, —)E;(@)E} (o), e
where Xi(jzk) is the second-order nonlinear susceptibility, rep-
resenting the rectification components and reflecting the
displacement of virtual carriers. Due to the inversion symme-
try breaking, the point group of Bi,S; at the surface could
be transformed from D, to C,,, whose second-order nonlin-
ear susceptibility is given as Eq. (S1) in the Supplemental
Material [26]. The projection of electrical vectors in crys-
talline coordinate X'Y’Z’ [Fig. 2(a)] can be expressed by the
Jones matrix in Eq. (S2) in the Supplemental Material [26].
Then based on dipole radiation [31], the optical-rectification-
effect-induced THz emission of the EZ; component can be
expressed as

Ey,_or & —Pz cos Oy, + Py sin Opp, 2)

where 6ry, is the refraction angle of the THz waves that
can be obtained by ny sin 8y, = nry, sinfry,. Hence, the
polarization-angle-dependent EZ;, or component can be cal-
culated by

EL,, or < Ajcos’ (o) + Bysin®(«) + Cy, 3)

where A, By, and C) are constants relating to the second-order
nonlinear susceptibility tensors, which can be described as

A1 = EZ[ x5 sin (20)cos(bru,)

— X5y €08*(0) sin (Bri,) — Xyrysin®(0) sin (Bru,)],

Bi = —EJ x5y sin (6ru,),
Cr = x{2), sin (Bruy) — x5y cos (Bruy). 4)

The experimental data in Fig. 5(g) can be well fitted with
Eq. (3). The upward offset in Fig. 5(g) is related to the
constant term of second-order nonlinear susceptibility tensors
rather than background currents induced by real photocarri-
ers [43]. The result reveals that the THz radiation from the
thin Bi,S; film (16 nm) under below-band-gap excitation is
dominated by the optical rectification effect driven by instan-
taneous polarization (virtual carriers).

However, under above-band-gap excitation, the physical
mechanisms of THz emission from the thick Bi,S; film
(66 nm) are complicated because real photocarriers can give
rise to dynamic transient photocurrents in various ways. Gen-
erally, the transient photocurrents excited by linear polarized
light can be divided by

Jreal = Jdrift +J diffusion + J, shift + J; photondrag s (5)

where Jyrif, Jditfusion» Jshift> a0d Jphotondrag are drift, diffusion,
shift, and photon-drag currents, respectively. The saturation
trend in Fig. 5(b) suggests the possible existence of diffu-
sion current (Jgiffusion) driven from the photo-Dember effect
and the drift current (Jgir) resulting from the surface de-
pletion electric field effect [50]. The photo-Dember effect
originates from the huge difference in mobilities between
electrons and holes [46], such as in the narrow band gap
semiconductor InAs (33000 cm? V~! S~! for electrons and
460 cm? V! S~! for holes) [51]. Here, the mobility of elec-
trons (1100 cm? V~! S71) is five times larger than that of

holes (200 cm? V~! S7!) in Bi,S; films [52], so the possible
weak photo-Dember effect can be neglected in the thick Bi,S3
film. Therefore, the Jgi resulting from the surface deple-
tion electric field effect makes a significant contribution to
the E%;, component of THz emission. As the second-order
nonlinear optical process, the resonant optical rectification
and the photon-drag effect could generate transient nonlinear
photocurrents of the shift current (Jshir) [53] and the photon-
drag current (Jphotondrag)> respectively. Here, the photon-drag
effect has been reported in graphene [54] and heavy metal-
doped semiconductors [55] with large carrier densities and
high carrier mobilities [56]. Moreover, when the photon-drag
effect governs the THz generation process, the polarity re-
versal of the THz wave could be found by reversing the
incident direction [54]. In our experiment, this reversal polar-
ity phenomenon has not been observed in the thick Bi, S5 film,
as illustrated in Figs. S4(a) and S4(b) in the Supplemental
Material [26]. Hence, the photon-drag effect could be ex-
cluded in the thick (66 nm) Bi,S; film. As a result, the
resonant optical rectification effect should contribute to the
EZF,, component, which is consistent with the polarization-
sensitive THz amplitude in Fig. 5(h) [57]. Based on the above
discussions, it is unambiguous that both Jyig induced by
the surface depletion electric field effect and Jgife resulting
from the resonant optical rectification effect dominate the
EZ,;, component of THz emission under above-band-gap ex-
citation. Additionally, according to the linear pump fluence
dependence in Fig. 5(c) and the tiny downward offset in
Fig. 5(i), we confirm that only Jgif; resulting from the resonant
optical rectification effect makes a significant contribution to
the EY,;, component under above-band-gap excitation.

To further explore the effect of transient nonlinear pho-
tocurrents on THz emission of EfY;, and EX,;, components in
the thick Bi,S5 film, the instantaneous second-order nonlinear
photocurrent Jg,s is expressed as [58,59]

E,E* + E,E*
J, = g/\(i)v%, ©6)

where o®

wuv 18 the second-order nonlinear conductivity,
which can be expressed as Eq. (S6) in the Supplemental
Material [26]. The a;i)v term arises from the spatial shift of
the center of photogenerated charges and leads to the shift cur-
rent under above-band-gap excitation. With a dipole radiation
model [31], the resonant optical-rectification-effect-induced
THz components in the laboratory coordinate [as shown in

Fig. 2(b)] can be expressed as

A% 05
Efy, ror tp< a‘;‘ ft cos Oy, + é?f‘ sin GTHZ), @)

aJr
E'I}‘/HZ—ROR X fs%v (3)

where 7, and f; are transmission Fresnel coefficients at
the air-sample interface for p and s polarization, re-
spectively. Therefore, the THz emission components vary-
ing with the polarization angle of pump light can be
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deduced by
E%‘HZ_ROR l0'd Azcos2 (a) + stinz(a) + G, 9)

EX, ror X Az sin a), (10)

where A,, By, C,, and Aj are related to the second-order
nonlinear photoconductivity coefficients, which are given as
the following:

Ay = EZ[o)x sin (20) cos (Bru,) — 05yycos>(8) sin (fru, )

— o5y sin? (@) sin (B,

2 .
B, = —Egoz(y)y sin (Ori,),
Cr — 0@ sin (Gri) — 0@ o
2 = Oyyz sin (Ornz) — 0,7y €08 (Ormz),
2 .
As = EZo}3), sin (ru,). an

The experimental data in Figs. 5(h) and 5(i) can be well
fitted with Egs. (9) and (10). It is worth noting that Egs. (3)
and (9) have the same functional form, while they are the-
oretically different considering the microscopic meanings of
A1—Cy in Eq. (4) and A>—C; in Eq. (11). However, from an
experimental viewpoint, the optical rectification and resonant
optical rectification effects cannot be distinguished only from
the polarization-angle-dependent twofold rational symmetry
of Ef,,. Here, these two mechanisms can be confirmed by
the different excitation conditions, in which the excitation
photon energy (1.55 eV) is below and above band gap for the
thin (1.66 eV) and thick (1.38 eV) Bi,S3 films, respectively.
Moreover, the different microscopic processes dominated by
instantaneous polarization and transient photocurrent can also
be supported by the linear and saturable dependence of the
pump fluence [Figs. 5(a) and 5(b)] because the saturation of
the THz amplitude is induced by real carriers that can screen
the THz wave at the high pump fluence region.

The large offset in Fig. 5(h) mainly results from the back-
ground current induced by the surface depletion electric field
and the constant term relating to the second-order nonlinear
conductivity tensors [42]. The upward offset in Fig. 5(g)
is smaller than that in Fig. 5(h), which is attributed to the
nonexistent real photocarriers in the thin Bi,S; film under
below-band-gap excitation. Note that the polarity reversal of
the Ef,;, component is not observed at different polariza-
tion angles, which can be attributed to the large influence
of the polarization-insensitive background current Jgif on
the polarization-sensitive nonlinear current Jg,;s;. Additionally,
the contribution proportion of Jr in the E%‘HZ component
is ~44%, calculated by (Epnax — Emin)/2Emax, so the ratio of
Jarife t0 Janife 18 close to 1:1 with an incidence angle of 45°.
Unlike the E¥;, component, the downward offset of the EX,;,
component is slight, and the polarity reversal of the THz
waveform occurs by varying the polarization angle of pump
light periodicity, as shown in Fig. 5(i). This phenomenon
implies that the EY,;, component is primarily dominated by
the resonant optical rectification effect. The contribution of
Jahite 18 ~88% for the EX,;  component.

Further, we summarize the photocarrier evolution mecha-
nisms in thickness-dependent nonlinear optical processes for
the THz radiation from Bi,S; films. Under below-band-gap
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FIG. 6. (a) Schematic of the optical rectification effect under
below-band-gap excitation in thin Bi,S; films. Schematic of (b) the
resonant optical rectification effect and (c) the surface depletion
electric field effect under above-band-gap excitation in thick Bi,S;
films.

excitation, the optical rectification effect dominates the THz
radiation from the thin Bi,S3; film (16 nm), as shown in
Fig. 6(a). Under the excitation of an 800-nm femtosecond
laser, the electric field oscillation of the electromagnetic wave
induces oscillating dipoles (virtual electron-hole pairs), of
which the position variations result in time-dependent nonlin-
ear polarization AP and further generate THz emission [60].
Under above-band-gap excitation, real photocarriers are gen-
erated and form transient photocurrents, including Jpire and
Jasie in the thick Bi;S3 film (66 nm). The Jypir, induced by the
resonant optical rectification effect in thick Bi,S3 film is pre-
sented in Fig. 6(b). Since the conduction band (CB) minimum
is dominated by Bi 6p states and the valence band (VB) max-
imum is occupied by S 3p states [61], the photocarriers will
shift from S atoms to Bi atoms after the resonant excitation.
Such spatial charge center movements from the VB to the CB
would result in an instantaneous nonlinear photocurrent Jyus
and give rise to the THz wave output [62]. Meanwhile, the
schematic of the Jgie induced by the surface depletion field
is presented in Fig. 6(c). Under above-band-gap excitation,
the Fermi level difference between the surface and bulk states
induces energy band bending, which forms a surface depletion
field. In this built-in electric field, photogenerated electrons
and holes are separated and induce Jy;is, which will gener-
ate THz waves. Here, the SEF can be calculated by Esgr =
eNply/eoe, [63], where the vacuum permittivity gy is 8.85 x
10712 F/m, ¢, = 2.214 is the relative dielectric constant of
BiyS;5 [64], Np = 3.51 x 107 cm™3 is the carrier concentra-
tion [65], and /; is the width of the surface depletion layer.
The I; can be expressed as Iy = «/(2epe,/eNp)[Vp — (kT /e)],
where the built-in potential Vp is 0.39 V [66], and kT /e =
0.026 is the thermal energy. As a result, /; is calculated to be
~156 nm, and Esgp is ~4.64 x 10* V/m. The width of the
surface depletion layer /; is larger than the thickness of the
thick Bi,S; film (66 nm). Additionally, the carrier concentra-
tion Np and built-in potential V) increase with the increase
in thickness of the Bi,S; film [67]. Therefore, within the
penetration depth, we infer that the surface depletion electric
field Esgr would be enhanced with the increase of Bi,S; film
thickness.

According to the THz emission mechanism under above-
band-gap excitation, the competition between Jyiife and Jypife
in the thick Bi,S; film (66 nm) results in the differ-
ences in amplitude and phase between the Ef, and EY
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FIG. 7. The reconstruction of (THz) polarization ellipse based
on E%(HZ and E{HZ components of the thick (66 nm) Bi,S; film at
(a) 0°-90° and (b) 90°-180° polarization angles at the 0.47 THz
central frequency. (c) Polar plot of the Ef,, and E},, amplitude of
the thick Bi,S; film as changing the polarization angle from 0° to
180° (black circular dots) and 190° to 360° (blue square dots). The
solid red line constitutes an ellipse, which represents the two round
rotation trajectories of the shift current. (d) The polarization angle
dependence of the THz polarization ellipticity at 0.47 THz.

components at different polarization angles of pump light. In
turn, it is possible to reconstruct elliptically polarized THz
waves from the thick Bi,S3 film using the interplay of Jgpif
and Jyise. Herein, we have reconstructed the THz polarization
ellipses by E(w) = EXy,8, + ELy,@, at the central frequency
of 0.47 THz, as shown in Figs. 7(a) and 7(b). The ellipti-
cally polarized THz wave is periodically tuned by varying
the polarization angle. Furthermore, the principal axis of the
THz polarized ellipse has a clockwise rotation by chang-
ing the polarization angle from 0° to 180°. This is mainly
due to the different contribution ratios of Jg,;r and Jyir, for
E¥,, and EY, components at different polarization angles
since Jyrif; 1S independent of the polarization angle. As shown
in Fig. 7(c), the polar plot of the amplitude of Ef,, and E¥;,,
components [data from Figs. 5(h) and 5(i)] represents the
shift current flowing at different polarization angles. Taking
the HWP of 50° and 130° as examples, EX,; presents oppo-
site THz waveforms embodied by the positive and negative
values, as indicated by the purple and orange dashed lines,

respectively. This result suggests that the Jy: component of
the Jyire flows along opposite directions at « = 50° and 130°.
After rotating o from 0° to 180°, Jgire also has a clockwise
rotation and repeats the same rotation as ¢« increasing from
180° to 360°, which verifies the Jg,ix dominance on the prin-
cipal axis rotation of the THz polarization ellipse. Based on
the EX, and EY,; components, we can obtain the ellipticity

of the THz wave by x = % exp(i|8, — 8;|) [68], as shown in
TH:

Fig. 7(d). When changing o from 0° to 180°, the ellipticity x
of the elliptically polarized THz waves is tuned from O to 0.2.
This result clarifies the interplay mechanism between the pho-
tocurrents in thick Bi,S3 film and provides a promising way
to control the polarized THz emission, which is promising for
designing advanced THz components.

IV. CONCLUSIONS

The thickness-dependent THz radiation from Bi, S5 films is
investigated by THz surface emission spectroscopy. With the
Bi,S; film thickness increasing from 16 to 66 nm, its band gap
energy decreases from 1.86 to 1.38 eV, presenting a thickness-
dependent nonlinear optical response. Under below-band-gap
excitation, the optical rectification effect induced by instan-
taneous polarization (virtual carriers) significantly dominates
THz emission from the thin Bi,S3 film (16 nm). Under above-
band-gap excitation, the Ej;, component of THz radiation
from the thick Bi,S3 film (66 nm) is demonstrated to re-
sult from the shift current driven by the resonant optical
rectification effect with a contribution of 44% and the drift
current resulting from the surface depletion electric field ef-
fect. In comparison, the EY,;, component mainly originates
from the shift current motivated by the resonant optical rec-
tification, which has ~88% contribution to the THz radiation.
Furthermore, the competition between the shift and drift cur-
rents induces a tunable elliptically polarized THz wave under
above-band-gap excitation. These results reveal the evolution
mechanisms of nonresonant and resonant nonlinear optical
processes in BiySs films with different thicknesses and pave
the way forward to develop tunable THz devices based on 2D
materials.
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