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The thickness dependence of linearly polarized light-induced momentum anisotropy and the inverse spin Hall effect
(PISHE) in topological insulator (TT) BioTes films has been investigated. A significant enhancement of the PISHE signal
is observed in the 12-quintuple-layer (QL) BiTes film compared with that of the 3- and 5-QL samples, whereas a minimal
value of photoinduced momentum anisotropy is found in the 12-QL sample. The photoinduced momentum anisotropy and
the PISHE in Bi,Tes films are more than three and two orders of magnitude larger than those in Bi;Ses films grown on
SrTiO3 substrates, respectively. The 3-QL sample exhibits a sinusoidal dependence of the PISHE current on the light spot
position, while the 5-QL and 12-QL samples show a W-shaped dependence, which arises from the different angles between
the coordinate axis x and the in-plane crystallographic axis of the Bi;Tes films. Our findings demonstrate the critical role
of film thickness in modulating both the photoinduced momentum anisotropy and the PISHE current, thereby suggesting a
thickness-engineering strategy for designing novel optoelectronic devices based on TIs.

Keywords: photoinduced inverse spin Hall effect, photoinduced momentum anisotropy, three-dimensional
topological insulator, Bi, Tes, thickness dependence
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1. Introduction

Three-dimensional (3D) topological insulators (TTs) have
shown great potential in advancing spintronics, optoelectron-
ics, and quantum computing, owing to their unique spin—
momentum-locked surface states and strong spin—orbit cou-
pling (SOC).!'* The photoinduced inverse spin Hall effect
(PISHE), which converts spin current into charge current, pro-
vides an electrical means to detect spin current.>~'!) Notably,
the PISHE offers a powerful approach to investigate the in-
verse spin Hall effect (ISHE) of topological insulators at room
temperature without external magnetic fields.!'?!

TIs such as BirSes, SbyTes, and BirTes are considered
ideal spintronic materials due to their spin—-momentum-locked
Dirac surface states. BipTes is a model 3D TI owing to its sin-
gle Dirac point with linear Dirac-type electronic bands, strong
SOC, and helical spin—-momentum locking in the surface

[13-151 pPrevious studies have investigated the PISHE in-

states.
duced by circularly polarized light in three-dimensional TIs
such as Bi;Se;, Sb,Tes, and BipTes, as well as the PISHE
induced by linearly polarized light in Bi>Se3.!'%!6-18 More-
over, momentum anisotropy induced by linearly polarized

light has been observed in AlIGaN/GaN heterostructures and
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in 3D TI BiySes films grown on SrTiOs substrates via the
anomalous linear photogalvanic effect (ALPGE).!'>!°1 How-
ever, the thickness dependence of the PISHE and the momen-
tum anisotropy induced by linearly polarized light remains un-
explored.

In this paper, the thickness dependence of photoinduced
momentum anisotropy and PISHE in 3D TI Bi,Tes; induced
by linearly polarized light is systematically investigated. It is
found that the 12-quintuple-layer (QL) Bi,Tes film exhibits a
maximum PISHE signal and a minimal photoinduced momen-
tum anisotropy compared with the 3-QL and 5-QL samples.
Furthermore, the photoinduced momentum anisotropy and the
PISHE current in Bi;Tes; films are more than three and two
orders of magnitude larger than those in BiySe; films grown
on SrTiO3 substrates, respectively. This phenomenon may be
attributed to the higher light absorption coefficient of Bi,Te;
films and the photo-generated carrier injection effect from the
Si substrate. The spatial distribution of the PISHE current also
varies with film thickness: the 3-QL sample exhibits a sinu-
soidal dependence of PISHE current on the light spot position,
whereas the 5-QL and 12-QL samples show a W-shaped de-
pendence. This behavior arises from the different angles be-
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tween the coordinate axis x and the in-plane crystallographic
axis of BiyTes films, as confirmed by fitting the light spot posi-
tion dependence of the PISHE current to the theoretical model.

2. Experimental details

Bi,Tes thin films with thicknesses of 3 QLs, 5 QLs, and
12 QLs were grown on insulating Si (111) substrates using
the molecular beam epitaxy (MBE) method in an ultra-high
vacuum chamber at a base pressure of 1 x 107! Pa. A pair
of Ti/Au electrodes with a radius of 0.3 mm and a spacing
of approximately 1.5 mm were deposited on the BirTes sur-
face through electron beam evaporation. The samples were
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mounted in an optical cryostat at 290 K, equipped with a 1 Pa
low-pressure chamber to prevent sample degradation.

A diode-pumped solid-state laser with a wavelength of
1064 nm and a power of 50 mW was used as the radiation
source. After passing through a chopper, a polarizer, and a
half-wave plate, the laser beam was normally incident on the
sample, forming a light spot with a diameter of 0.5 mm. The
light spot profile exhibited a Gaussian shape, which was char-
acterized using a pyroelectric camera. The signal was ex-
tracted using a preamplifier and a lock-in amplifier synchro-
nized with the chopper at a frequency of 229 Hz. The ge-
ometric schematic of the measurement setup is illustrated in
Fig. 1(a).
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Fig. 1. (a) Schematic diagram of the photocurrent measurement geometry. (b) Illustration of the relationship between the photocurrent and the
laser spot position. Points A, B, and C represent three specific positions along the perpendicular bisector of the line connecting the two electrodes.
(c) Dependence of the photocurrent on the half-wave plate angle 6 when the laser spot is normally incident at point C. (d) Spatial distributions of
the LPGE, L, L, and yg in the 3-QL Bi, Te3 sample under normal incidence measured at 290 K. The symbols represent the experimental data,
and the dashed lines are fitting curves obtained using Egs. (3) and (5), respectively.

3. Results and discussion

Photocurrent measurements on the BiyTe; samples were
performed at a temperature of 290 K. The photocurrents in-
duced by the anomalous linear photogalvanic effect (ALPGE)
and the photoinduced inverse spin Hall effect (PISHE) were
measured using the same method as described in Ref. [20].
The laser spot was moved along the perpendicular bisector
of the line connecting the two electrodes, as illustrated in
Fig. 1(b). The coordinates of these points were defined as

xA = —0.5 mm, xg = 0 mm, and xc = 0.5 mm, respectively.
The origin of the coordinate system was set at the midpoint B
between the two electrodes. The y-axis was oriented along the
line connecting the electrodes, and the x-axis was perpendic-
ular to this direction within the sample plane. When the laser
spot was normally incident at the midpoint B between the two
electrodes, only the LPGE current was present due to the Cs,
symmetry of the surface states in the sample. There were no
contributions from the ALPGE or the PISHE when the light
spot was illuminated at point B.[>!] Therefore, the correspond-
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ing photocurrent at point B can be described as
J:JLPGESin(4973(P)+y(). (D)

Here, Jipge denotes the LPGE current, and @ is the angle
between the x-axis and the in-plane crystallographic axis of
Bi,Tes. O represents the angle between the polarization direc-
tion of the incident light and the optical axis of the half-wave
plate. yq is the polarization-independent photocurrent, which
arises from the photovoltaic effect, thermoelectric effect, or
Dember effect.!??!

By fitting Eq. (1) to the photocurrent measured when the
light spot was located at the midpoint between the two elec-
trodes, the values of Jipge and the angle & were extracted.
The spatial distribution of the LPGE current was determined
from the spatial profile of yg, as shown in Fig. 1(d). After ob-
taining the spatial distribution curve of the LPGE current, the

photocurrent at different light spot positions can be expressed
[20]
as

J =Jrpgesin (40 —3®) + L sin (40) + Lycos (40) +yp. (2)

Here, L and L, represent the contributions from the ALPGE
and PISHE currents, respectively. Figure 1(c) shows the vari-
ation of the photocurrent as a function of the half-wave plate
angle when the laser spot was positioned at point C on a 3-QL
Bi,Tes sample. The blue, green, and purple dashed lines cor-
respond to the LPGE, L, and L, currents, respectively. The
dotted line indicates the polarization-independent photocur-
rent yo. The solid line represents the fitting curve using Eq. (2),
indicating excellent agreement between the experimental data
and the theoretical model.

By fitting the photocurrents measured at different laser
spot positions with Eq. (2), the spatial distribution profiles of
Ly and L, were obtained, as shown in Fig. 1(d). Both L; and L,
exhibited a sinusoidal dependence on the light spot position.
The L; current is induced by the inhomogeneous light intensity
distribution and the light momentum alignment effect.!!”! The
sinusoidal dependence of L; on the light spot position is con-
sistent with previous observations reported in Refs. [19,20].
However, the sinusoidal dependence of L, on the spot posi-
tion differs from that reported in Ref. [20], which exhibited a
W-shaped dependence on the light spot position x. This dif-
ference arises from the distinct angles between the coordinate
axis x and the in-plane crystallographic axis of Bi,Tes, com-
pared with Bi;Ses as reported in Ref. [20], as discussed below.

Figures 2(a)-2(c) show the dependence of the LPGE, L,
and L, currents on the half-wave plate angle 8 for the 3-QL
sample when the laser spot was illuminated at points A, B, and
C, respectively. It can be observed that as the laser spot tra-
versed the perpendicular bisector between the two electrodes,
the LPGE current maintained a constant phase, whereas both
L, and L; currents exhibited a 180° phase shift. When the laser

spot was located at the midpoint between the two electrodes,
both L; and L, currents were zero.
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Fig. 2. (a)—(c) LPGE, L, and L; currents as a function of the half-wave
plate angle 0 at points A, B, and C, respectively, obtained by fitting the
experimental data using the theoretical models described in Egs. (3) and
(5) for the 3-QL sample.

4. Determination of photoinduced momentum
anisotropy

Figures 3(a)-3(c) display the spatial dependence of the
L, current in the Bi,Tes thin films with thicknesses of 3 QLs,
5 QLs, and 12 QLs, respectively. In all three samples, the L;
current exhibits a sinusoidal dependence on the light spot po-
sition. The L; current originates from the optical momentum
alignment effect, which does not require the absence of in-
version symmetry.'!”! Therefore, both the topological surface
states (SSs) and the bulk states contribute to the L; current.
However, owing to the substantially higher electron mobility
in the SSs compared with that in the bulk states, the L; current
is predominantly generated by the SSs.
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Fig. 3. (a)—(c) Dependence of the L; current on the light spot position x
in Biy Tes films with thicknesses of 3 QLs, 5 QLs, and 12 QLs, measured
at 290 K. The solid circles represent the experimental data, and the solid
lines are the fitting results using Eq. (3). (d) Dependence of the photoin-
duced momentum anisotropy 3 on the film thickness.
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5. Determination of photoinduced momentum
anisotropy

Accounting for the Gaussian profile of the light spot, the
spatial distribution of the L; current can be represented as!!”!

4W Py, xL
1 =

TOR meXp(_xz/As)’ )
where W is the incident light power and R denotes the resis-
tance between the two electrodes. x represents the laser spot
position, and o is the conductivity. L is half of the distance
between the electrodes, and exp(—x?/A;) is a Gaussian decay
factor describing the spatial intensity distribution of the laser
spot. P represents the ALPGE tensor, whose off-diagonal ele-
ment is given by

2e(V.7)?

Py =0ap(0) o

“)
Here, « is the absorption coefficient, and v, denotes the elec-
tron velocity near the Fermi level. 7@ is the photon energy
of the excitation light, and 7 is the relaxation time, including
contributions from momentum and energy relaxation as well
as the carrier lifetime. B is the momentum anisotropy factor,
defined as B(0) = [g(0,6p)sinB cos 6 d6, where g(6, 6y) de-
scribes the conditional probability for photoexcited carriers to
acquire momentum orientation 6 under linearly polarized light
with polarization angle 6. The term sin 8 cos 0 acts as a pro-
jection factor quantifying the net asymmetry contributing to
the transverse photocurrent perpendicular to the incident light.

The photoinduced momentum anisotropy f3 is an essen-
tial quantity for quantifying the optical momentum alignment
effect, which contributes to the L; current. To determine S,
Eq. (3) is first used to fit the experimental data, yielding the
factor 4WP,,/(woR). The resulting fitting curves, shown as
solid lines in Figs. 3(a)-3(c), exhibit excellent agreement with
the experimental results. Using the obtained fitting parame-
ter and the following known quantities, 8 can be calculated.
The electron velocity v, is 8.77 x 10° m/s, as determined
by angle-resolved photoemission spectroscopy (ARPES), 0]
and the light power W is 50 mW from experiment. For the
3-QL, 5-QL, and 12-QL samples, the conductivities ¢ are

6.00 x 1075 S/m, 1.11 x 10~* S/m, and 5.57 x 107> S/m, re-
spectively, based on previous work.[?3] The absorption coeffi-
cients « are estimated as 0.011, 0.018, and 0.043 for the cor-
responding film thicknesses. [>*]

Given that the circular photogalvanic effect (CPGE) cur-
rent depends linearly on the momentum relaxation time, the
thickness-dependent momentum relaxation time in BiyTes
films can be estimated by comparing the CPGE current ampli-
tudes across different thicknesses under identical optical con-
ditions. The CPGE currents for the 3-QL, 5-QL, and 12-QL
BiyTes films are 23 nA, 25 nA, and 10 nA, respectively, un-
der 1064 nm, 50 mW illumination at a 30° incident angle (see
Fig. 6). Considering the typical value 7, = 0.25 ps for Bi>Te3
thin films, 2% the momentum relaxation times for the 3-QL, 5-
QL, and 12-QL films are estimated as 0.25 ps, 0.27 ps, and
0.11 ps, respectively. Consequently, the photoinduced mo-
mentum anisotropy f is calculated to be —1192.4, —612.6,
and —200.8 for the 3-QL, 5-QL, and 12-QL Bi,Te3 thin films,
respectively, as shown in Fig. 3(d).

It is evident that the photoinduced momentum anisotropy
B in BiyTes thin films grown on Si substrates is over three or-
ders of magnitude larger than that in BiySes films grown on
SrTiO; substrates.2%] This demonstrates that Bi,Tes exhibits
an excellent response to linearly polarized light, showing great
potential for applications in linear polarization detection. The
remarkable enhancement is attributed to the larger optical ab-
sorption coefficient of BipTes and the photoinduced carrier in-
jection from the Si substrate, as evidenced by the much greater
yo in Bi,Te3 compared with BipSez.!?!

As the thickness of the BiyTes film increases from 3 QL
to 12 QL, the extracted 3 value decreases significantly. This
observation reveals a strong dependence of the photoinduced
momentum anisotropy on film thickness, which may be at-
tributed to two main factors. Firstly, according to Ref. [25],
the Fermi level shifts toward the bulk bandgap of BiyTes as
the film thickness increases. Consequently, the photoexcited
carriers in thicker films possess smaller average momentum,
leading to a reduction in the L; current. Secondly, with in-
creasing film thickness, the hybridization between the top and
1,125 which further con-
tributes to the suppression of the L current.

bottom surface states becomes weake
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Fig. 4. (a) Dependence of the L; current on the light spot position x for the 5-QL Bi,Tes film under 1064 nm excitation at different
light powers, measured at 290 K. The solid lines represent the fitting curves using Eq. (3). (b) Dependence of the peak L; current values
obtained from the fits in panel (a) on the excitation light power. (c) Dependence of the L; current on the light spot position x for the

3-QL Bi, Tes film measured at 77 and 290 K.
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Figure 4(a) shows the dependence of the L; current on the
light spot position x for the 5-QL Bi,Tes film under 1064 nm
excitation with different optical powers, where the solid lines
represent the fitting curves obtained using Eq. (3). Figure 4(b)
displays the dependence of the peak values of the L; cur-
rent (from the fits) on the incident light power, with the solid
line showing a linear fit. It is clear that the L; current in-
creases nearly linearly with increasing light power. Figure 4(c)
presents the L current as a function of the light spot position
x for the 3-QL Bi,Tes film measured at 77 K and 290 K, re-
spectively. It can be seen that the L current increases as the
temperature decreases. This enhancement can be attributed to
the increase in the momentum relaxation time 7, at lower tem-
peratures.

5.1. PISHE induced by linearly polarized light

Figures 5(a)-5(c) show the spatial dependence of the L,
current for Bip Tes thin films with thicknesses of 3 QLs, 5 QLs,
and 12 QLs, respectively. In the 3 QL sample, the L, cur-
rent exhibits a sinusoidal dependence on light spot positions,
whereas in the 5 QL and 12 QL samples, the L, current shows
a W-shaped dependence on light spot positions.
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Fig. 5. (a)—(c) Dependence of the L, current on the light spot position for
BiyTes films with different thicknesses. Solid circles represent experi-
mental data, and solid lines are fitting results using Eq. (5). (d) Thickness
dependence of the spin transverse force fy/q for the 3-QL, 5-QL, and
12-QL samples.

The L, component is proportional to the strength of the
SOC and is primarily contributed by the SSs.!?%! Specifically,
under linearly polarized light illumination, electrons are ex-
cited from below the Fermi level to higher-energy states. Ac-
cording to optical transition selection rules, linearly polarized
light generates photoexcited carriers in the states |k,1) and
| — k,l). Although these carriers possess opposite momenta
and do not contribute to a net charge current, their opposite
spin polarizations produce a net spin current. Under the in-

verse spin Hall effect (ISHE), this spin current experiences a

transverse spin force fj, leading to a measurable photocurrent,
which corresponds to the L, current. This photocurrent is col-
lected by the two electrodes and can be described by?"!

2
Iy = %/Aexp(—;ﬁ)ws(aw—@»
X (cos2¢@+ 1)) rdrde. )

Here, ¢ is the electron charge, and D denotes the triangular
area defined by the center of the laser spot and the two elec-
trodes. fy represents the transverse spin force, and /; is a con-
stant.

According to Ref. [26], spatially localized topological
SSs in the sample give rise to a pronounced hexagonal warping
effect, resulting in a significant out-of-plane spin component
(OPSC) characterized by a cos(3¢ — /2) dependence. Here,
¢ denotes the azimuthal angle measured counterclockwise
from the I'-M direction, where I is the zone center and M
is the midpoint of a hexagonal Brillouin zone edge of Bi,Tes.
Considering that the x-axis and the in-plane crystallographic
axis of BiyTe; form an angle @, the OPSC induced by hexag-
onal warping can be written as cos(3¢ — 7/2 —3®). Denoting
® = 7/6+ P, the OPSC can be expressed as cos(3(¢p — 0)),
as used in Eq. (5). Therefore, ® reflects the angle between the
x-axis and the in-plane crystallographic axis of BiyTes.

It can be seen from Figs. 5(a)-5(c) that the spatial dis-
tribution of the L, current for the 3-QL sample differs from
those of the 5-QL and 12-QL samples. This difference may be
related to variations in the angle ® for samples with different
thicknesses. To investigate the influence of ®, we simulated
the spatial distribution of the L, current for different ® values,
as shown in Fig. 6(c). Evidently, varying © leads to distinct
shapes of the L, current spatial profiles.

We then fitted Eq. (5) to the experimental data in Fig. 5.
For the 3-QL sample, the best fit is obtained with ® = 15°,
where the L, current exhibits an antisymmetric sinusoidal de-
pendence on the light spot position. In contrast, for the 5-QL
and 12-QL samples, the optimal fit occurs at ® = —19.5°,
with the L, current showing a symmetric W-shaped depen-
dence. This distinct behavior highlights that the difference
between the 3-QL sample and the thicker 5-QL or 12-QL sam-
ples arises from @-angle variations correlated with film thick-
ness. For thicker samples, ® appears to converge to approxi-
mately —19.5°, but this inference requires further experimen-
tal verification. The angle © is closely related to the growth
conditions, particularly the substrate properties. The detailed
mechanisms underlying these effects remain unclear and war-
rant further theoretical and experimental investigation.

The L, current is induced by normally incident linearly
polarized light and represents the superposition of the PISHE
currents from the top and bottom surface states of the BiyTes
film. To analyze the thickness dependence of the PISHE cur-
rents, it is essential to determine whether the observed PISHE
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current originates predominantly from the top or bottom sur-
face states. Considering that the circular photogalvanic effect
(CPGE) is also proportional to the SOC strength of the surface
states, similar to the PISHE, we measured the CPGE current
under both front and back illuminations for all samples, fol-
lowing the method reported in Ref. [18].

Figure 7(a) shows a schematic of the setup for CPGE
measurement, using a diode-pumped solid-state laser with a
wavelength of 1064 nm as the radiation source. A polarizer
and a quarter-wave plate generate circularly polarized light.
The laser beam is incident at the midpoint of the interelec-
trode gap with a spot diameter of approximately 500 um and
an incident angle 1". Figure 7(a) also illustrates the experimen-
tal geometries for CPGE measurements under front and back
illuminations. The CPGE current is extracted by fitting the
polarization state-dependent photocurrent / with the following
equation: ('8!

I = Icpgesin(26y) + I pgr1 sin(46y)
+1 pgE2 cos(460) + Io. (6)

Here, Icpgg is the CPGE current induced by circularly po-
larized light, and Iy is the polarization-independent photocur-
rent. I1pge; and Iy pggy are the LPGE currents arising from
linearly polarized light excitation. The CPGE current can be
phenomenologically expressed as

2 . 1
IcpGe = VPcirc|EO| Ipls sinT”,

where Y and E\ are the material-symmetry-related tensor and
electric field amplitude of the light, respectively. 1, and s are
the transmission coefficients for p- and s-polarized light, re-
spectively. Peire = (Is+ —Is—)/(Is+ + I5_) is the light helic-
ity. The refraction angle 1" satisfies sinY’ = sinY /n, where n
is the refractive index of the material.

Figures 7(b)-7(d) show the dependence of the CPGE cur-
rent on the incident angle under front and back illuminations

—02 K,(A™Y)

A— 0.2
K, (A b

for 3-, 5-, and 12-QL Bi,Tes films, respectively. For the 3-QL
sample, the CPGE current exhibits opposite signs under front
and back illuminations, indicating that it originates primarily
from the top surface states under front illumination, with the
dominant contribution switching to the bottom surface states
under back illumination.!'8) In contrast, for the 5-QL and 12-
QL samples, the CPGE current exhibits the same sign under
both front and back illuminations, indicating that the current is
dominated by the same surface states in both cases. Given that
the CPGE of the 5-QL and 12-QL samples under front illu-
mination shows the same incident-angle dependence as the 3-
QL sample, it can be inferred that the CPGE current is mainly
contributed by the top surface states for all samples. Since
the PISHE depends similarly on the spin-momentum locking
mechanism of the topological surface states, we can conclude
that the L, current is dominated by the top surface states un-
der front illumination for the 3-QL, 5-QL, and 12-QL Bi,Tes
films.

By fitting the experimentally measured L, current with
Eq. (5), the spin transverse force fj/g experienced by elec-
trons in the samples can be extracted, yielding values of
—0.7812 N/C, —0.5937 N/C, and —3.5937 N/C for the 3-QL,
5-QL, and 12-QL samples, respectively. The fitting results are
shown by solid lines in Figs. 5(a)-5(c), and the extracted val-
ues of fp/q are summarized in Fig. 5(d).

As shown in Fig. 5, with increasing film thickness from
3 QL to 12 QL, the peak value of the PISHE (i.e., L,) current
first decreases and then increases. Different values of ® con-
tribute to variations in the peak PISHE current, as illustrated
in Fig. 6(c). To eliminate the influence of ®, we fit the ex-
perimental data using Eq. (5) and obtained the spin transverse
force fy/q shown in Fig. 5(d). It is evident that as the BiyTes
film thickness increases from 3 QL to 12 QL, the spin trans-
verse force fj/q decreases. This behavior may be attributed to
two main factors.

L, current (nA)

z (mm)

Fig. 6. (a) Schematic illustration of hexagonal warping in the electronic states based on ARPES measurements.!>>! This indicates a strong out-
of-plane spin polarization near the Fermi level, which decreases with increasing binding energy. The blue dashed line connecting the hexagon
vertex (K point) to its zone center (I" point) represents the I'—K direction, while the blue solid line connecting the side center point (M point) to
the center corresponds to the I'-M direction. (b) Schematic diagram of the laser spot and electrode configuration. Dashed circles indicate the
light spot, and dots A and B denote the two electrodes. (c) Calculated spatial distributions of the L, current for different @ values.
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Fig. 7. (a) Experimental setup for CPGE measurements under front and back illumination for BiyTes films grown on Si (111) substrates.
(b)—(d) Dependence of the CPGE current on the incident angle for 3-QL, 5-QL, and 12-QL Bi;Te3 samples under front and back illumination

with 1064 nm light at 50 mW.

Firstly, as the film thickness increases, the light inten-
sity reaching the bottom surface is attenuated, reducing the
spin transverse force experienced by the bottom surface states.
Since the spin transverse forces of the top and bottom surface
states have opposite signs, they partially cancel each other.[!%]
Because the net spin transverse force is dominated by the top
surface states, the reduction in the bottom surface contribution
enhances the net spin transverse force. For the 3-QL and 5-
QL samples, the thickness is small, resulting in minimal light
intensity difference between the top and bottom surfaces, and
hence a small net spin transverse force. In contrast, the 12-QL
sample has a greater thickness, producing a larger disparity in
light intensity between the top and bottom surfaces and a cor-
respondingly enhanced net spin transverse force compared to
the 3-QL and 5-QL samples.

Secondly, as the film thickness increases from 3 QLs to
12 QLs, the interface quality may change, which directly mod-

20

ulates the spin relaxation time of the topological surface states.
Due to the linear proportionality between the spin relaxation
time and the PISHE current, this effect further influences the
magnitude of the observed L, current.

Figure 8(a) shows the dependence of the L, current on the
light spot positions for the 5-QL BiyTes film under 1064 nm
excitation at different light powers. The solid lines represent
the fitting curves using Eq. (5). From these fits, the spin trans-
verse force fj/q under varying excitation powers is extracted,
as shown in Fig. 8(b). It is evident that the magnitude of fy/q
increases approximately linearly with light power.

Figure 8(c) presents the dependence of the L, current on
the light spot positions for the 3-QL Bi,Tes film measured
at 77 K and 290 K. The L, current shows negligible tem-
perature dependence, which may be attributed to the nearly
temperature-independent spin relaxation time of the Dirac sur-
face states.[?’]

2z (mm)

Power (mW)

020 mW —Fitting fol 30
. o/ 4
o —F ; _
10 o ricting 04 * Linear fitting
— m itting —~ 20
< . —05 <
= < 0.6 o
- —0. -
=} Z =}
o ~ 2 0
= > —0.7 =
G 3 g
o = 08 ~ 10
= = * 200 K
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Fig. 8. (a) Dependence of the L, current on the light spot position x for the 5-QL BiyTe; film under 1064 nm excitation at different powers
measured at 290 K. Solid lines represent the fitting curves using Eq. (5). (b) Dependence of the spin transverse force fy/q obtained from fitting
on the light power. (c¢) Dependence of the L, current on the light spot position x for the 3-QL Bi,; Te3 film measured at 77 K and 290 K.
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Notably, the PISHE current in the BiyTes; thin films
grown on Si substrates is more than two orders of magni-
tude larger than that in the 7-QL BiySes film grown on SrTiO3
substrates,!'?! indicating that the Bi>Te; films possess a very
high spin-to-charge conversion efficiency and are promising
for applications in data storage, magnetic sensors, commu-
nications, and biomedical devices. This significant enhance-
ment can be primarily attributed to two factors. Firstly, the
light absorption coefficient of Bi,Tes grown on Si is consid-
erably larger than that of BiySe; grown on SrTiOs3, as evi-
denced by the much larger y( current observed in the Bi, Tes/Si
sample (~ 900 nA) compared with the BixSe3/SrTiO3z sample
(~ 0.3 nA). Secondly, spin injection from the Si substrate fur-
ther enhances the PISHE current. In our previous work, [23]
we demonstrated that spin injection from the Si substrate un-
der 1064 nm circularly polarized light excitation significantly
enhances the CPGE current, which is dominated by the topo-
logical surface states of TIs. Since the PISHE and CPGE share
a similar dependence on the SOC strength of the surface states,
the PISHE current is likewise enhanced by spin injection from
the Si substrate. In contrast, SrTiO3 substrates cannot absorb
1064 nm light, and therefore no comparable spin injection oc-
curs in the BipSe3/SrTiO3 sample.

6. Conclusion

In summary, we have systematically investigated the
thickness dependence of photoinduced momentum anisotropy
and the PISHE induced by linearly polarized light in 3D TI
Bi,Tes films of 3 QLs, 5 QLs, and 12 QLs grown on Si (111)
substrates. Our results reveal that the photoinduced momen-
tum anisotropy and the PISHE current in Bi,Tes films are
more than three orders and two orders of magnitude larger,
respectively, than those in BiySes films grown on SrTiO3 sub-
strates. This enhancement can be attributed to the higher light
absorption coefficient of BiyTes and the photo-generated car-
rier injection from the Si substrate. The photoinduced mo-
mentum anisotropy reaches a minimum in the 12-QL sample,
while the PISHE current achieves a maximum in the same
sample. Furthermore, we found that BiyTes films of differ-
ent thicknesses exhibit distinct light spot position dependences
for the PISHE current, arising from variations in the angle be-
tween the x-axis and the in-plane crystallographic axis of the
films. These findings indicate that film thickness is a critical
parameter for tuning photoinduced momentum anisotropy and
PISHE current, providing a thickness-engineering strategy for
designing novel optoelectronic devices based on topological
insulators.
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