Downloaded via UNIV OF TEXAS AT AUSTIN on May 10, 2023 at 02:42:15 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEJAPPLIED
ELECTRONIC MATERIALS

pubs.acs.org/acsaelm

All-Electrical Control and Temperature Dependence of the Spin and
Valley Hall Effect in Monolayer WSe, Transistors

Xintong Li, Zhida Liu, Yihan Liu, Suyogya Karki, Xiaogin Li, Deji Akinwande,
and Jean Anne C. Incorvia™

Cite This: ACS Appl. Electron. Mater. 2022, 4, 3930-3937 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information
ABSTRACT: Heavy metal-based two-dimensional van der Waals _ 280
materials have a large, coupled spin and valley Hall effect (SVHE) 250
that has potential use in spintronics and valleytronics. Optical
measurements of the SVHE have largely been performed below 30 K, g220
and understanding of the SVHE-induced spin/valley polarizations that g0
can be electrically generated is limited. Here, we study the SVHE in 160
monolayer p-type tungsten diselenide (WSe,). Kerr rotation (KR) §130
measurements show the spatial distribution of the SVHE at different F 100
temperatures, its persistence up to 160 K, and that it can be electrically
modulated via gate and drain bias. A spin/valley drift and diffusion 7
40

model together with a reflection measurement and a four-port electrical
measurement is used to interpret the KR data. A lower-bound spin/
valley lifetime is predicted to be of 40 ns and a mean free path of 240 nm
below 90 K, 2 orders of magnitude higher than a previous work that uses similar methods. The spin/valley polarization on the edge
is calculated to be ~4% at 45 K. These results are important steps toward practical use of the SVHE.
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H INTRODUCTION Previous work has demonstrated, via spatial Kerr rotation
(KR) measurements, the observation of the SVHE in n-type
bilayer”® and monolayer” MoS, and in p-type monolayer
WSe, FETs> at temperatures from 20 to 30 K. However, little
work has shown electrical control of the SVHE, and detailed
interpretation of the SVHE-induced KR data and the study of
the temperature and carrier density dependence of SVHE

orbit coupling, which leads to a coupled spin and valley Hall parameters are sorfely lackmg.. Al§o, in a previous report that
effect (SVHE) that makes the electrical generation and caleulated the spin/valley lifetime, mean free path, and
manipulation of spin and valley polarizations convenient.*~"° polarization, the high contact resistance of the device hindered
Monolayer tungsten diselenide (WSe,) features a significant t};iafzzgltégn and resulted in a very low estimation of these
valence band spin-splitting (0.46 eV)'" and a p-type behavior P '

in field effect transistors (FETs), making it an ideal platform m(i:z’ ::iNSSt:dEE?; aipc;ig'zlre(rilltstzgm:r)iu(rfs t‘fliz sS\a[tIi_;IleII;
for electro-optical modulation of the spin and valley degrees of Y 2 P P

measurements and show its persisten to 160 K. We show

freedom.'> The intervalley scattering of holes in WSe, must easurements and sho S.p sistence up to 16 es 0.
. ) e ) that the SVHE can be electrically modulated by gate and drain

also flip spin, resulting in a prolonged spin and valley . .
e 3 g ) . bias. By measuring the reflectance spectra versus temperature,
lifetime. > While all-electrical measurements of the spin or ; Lo

voltage, and probing laser energy, a conversion is developed
valley Hall effect have been performed at room temper-

ature,M_16 it is a challenge to distinguish the SVHE non-local
electrical signal from other potential sources, including a Received: May S, 2022
variety of unclear effects that are unrelated to spin and valley, Accepted:  July 20, 2022
similar to those reported in previous works on graphene.'”~"” Published: August 9, 2022
Optical measurements of electrically generated SVHE, on the

other hand, can directly image the spatial distribution of the

polarization and can be used to extract more parameters.

The spin and valley degrees of freedom in two-dimensional
(2D) van der Waals materials and heterostructures provide
platforms for novel physics and potential applications in
spintronics and valleytronics.'~” Compared with graphene,
transition-metal dichalcogenide monolayers possess an intrinsi-
cally broken inversion symmetry, together with strong spin—
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between the measured KR signal and spin/valley imbalance
density. A four-port electrical measurement is conducted to
exclude the effect of the contact resistance, and a more
accurate four-port mobility and channel electric field is
calculated. We then develop a spin/valley drift diffusion
model to interpret the data and calculate the lower-bound of
spin/valley lifetime and mean free path as well as estimate the
spin/valley polarization on the edge of the channel. A more
detailed comparison between this work and other work on the
SVHE can be found in Supporting Information S1 to show the
critical advancements made in the present work.

In the WSe, transistor, a hole current flows through the
WSe, channel when applying a drain bias and a negative gate
bias to the transistor, and a spin/valley current is generated in
the transverse direction by the SVHE, which causes spin/valley
accumulation on the two edges that can be optically observed
using linearly polarized light. The SVHE is illustrated in Figure
la. Magneto-optical Kerr effect (MOKE) measurement is
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Figure 1. (a) Ilustration of the device structure and SVHE. A
source—drain voltage Vp, is applied on the source and drain contacts
(yellow), with source grounded, and a negative gate voltage Vj; is
applied to tune the doping level. A spin/valley current J, is generated
by the SVHE, which is perpendicular to the charge current J.. (b)
Schematic of the spin and valley dependence of the optical selection
rule for right- (0,) and left- (¢_) handed polarized lights. Arrows with
colors mark the spin-split conduction band minima and valance band
maxima at K and K’ valleys. (c) Optical image of a typical WSe, FET
device. The yellow dashed line marks the monolayer WSe, channel.
The orange arrow marks the direction of the optical line scans. Drain
(D) and source (S) contacts are marked. Other contacts are for four-
port voltage measurements and are fabricated after the optical
measurements. The black scale bar is 10 ym. (d) Typical spatial line
scan of the KR measuring the SVHE with data (blue crosses) and the
fitting curve (red line) that accounts for the width of the Gaussian
laser beam.

conducted to measure the spin/valley polarization distribution
along a transverse line, without applying external magnetic
fields. Figure 1b shows the schematic of the spin—split
conduction band minima and valence band maxima near the K
and K’ valleys. The optical selection rule demands the
absorption of circularly polarized light to be spin- and valley-
dependent.””’ With incident linearly polarized light, a KR will
occur in the reflected light if there is a local spin and valley
imbalance in monolayer WSe, since the left- and right-
circularly polarized components experience a different
dielectric environment. Thus, the magnitude of the KR signal
indicates spin/valley polarization, and the KR sign should be
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opposite for the two valleys due to the opposite sign of the
Berry curvature around K and K’ valleys.

Figure lc shows an optical image of one of the monolayer
WSe, transistors. Images of more devices can be found in
Supporting Information S2. Note that although the SiO,
substrate and lack of encapsulation lower the sample quality,
the presented structure is used since it provides a flat, bubble-
free surface and it requires a lower laser power in the KR
measurements than hexagonal boron nitride (hBN)-encapsu-
lated samples, although the latter structure provides a better
sample quality and mobility. We also fabricated devices with
monolayer WSe, on hBN but found that the spatial KR
measurement had additional noise most likely due to the
random air bubbles between WSe, and hBN. These bubbles
create local strain on the WSe, layer and non-uniform gating
that disturbs the charge current and induces additional signals
of KR angles locally. One of the typical spatial line scans of KR
at 45 K is shown in Figure 1d with the line scan direction
across the WSe, channel shown by the arrow in Figure lc.
Opposite-sign peaks in KR are observed on opposite edges of
the WSe, channel, showing the SVHE. The red line is a fitting
curve that will be described below.

B EXPERIMENTAL SECTION

The devices are fabricated by the following process. Si wafers with 125
nm SiO, are cleaned by piranha solution and an ozone ultraviolet
(UV) cleaner. Monolayer WSe, is obtained by mechanical exfoliation
from a bulk WSe, to a PDMS stamp. The flake is then transferred to
the Si/SiO, wafer right after the UV clean following a high vacuum
annealed at 200 °C for 6 h. E-beam lithography (EBL) is conducted
to define the contact area for the source and drain. Then, Pd (40 nm)
is deposited in a high-vacuum e-beam evaporation tool with a base
pressure of 2.5 X 107 Torr. Then, another EBL and metal deposition
step is used to fabricate the S nm Cr/75 nm Au metal pads for
following wire bonding. Additional EBL and thermal plasma etching
steps are applied on some samples to define a better shape for the
monolayer channel and to detach the device from WSe, multilayers.
After the optical measurements, additional contacts are fabricated
near the edge of the channel for four-port electrical measurements.
The reason why these contacts are fabricated afterward is that they
will disturb the optical measurements when the laser spot is close to
the metal.

The reflection spectra are measured with an energy ranging from
660 nm (1.879 eV) to 780 nm (1.590 V) using a white light source.
The source and drain are grounded, and a VG up to +26 V is applied.
The spectra are measured with a spectrometer. The same spot of
WSe, is used for the measurement, and the spectra on SiO, are also
measured. During the measurement, no difference is observed when
we move the laser spot to the middle or near the edges of the sample.

A spatial KR measurement of the SVHE-induced spin/valley
polarization is conducted in a monolayer WSe, transistor. A DC Vg
and an AC V}, are applied to the wire-bonded WSe, transistor in a
cryostat, with an AC frequency of 520 Hz. This frequency ensures
that the change of Vp is slow compared with the spin/valley lifetime,
which is in the range of nanoseconds to microseconds, and it is also
much larger than the resistor and capacitor time constant. A frequency
ranging from 100 to 1500 Hz is used in the test, and no change in the
KR is observed. Then, 520 Hz is used for better noise rejection. A
linearly polarized continuous wave laser with a wavelength of 700.0
nm (1.7714 eV) is used to detect the KR. The laser is focused by an
objective and impinges on the sample under normal incidence. The
laser power is kept as low as 1.5 pW: it was found on additional
devices that a larger laser power degraded the contacts and shifted the
threshold gate voltage. The full width at half-maximum (fwhm) of the
Gaussian laser beam was measured to be 1.57 um by a line scan of the
reflection across a metal edge on the sample and fitted with an error
function. A half-wave plate and a Wollaston prism split the reflected
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beam, and the split beams are detected by balanced photodetectors.
The output voltage signal, which is proportional to the KR, is
magnified and read by a lock-in amplifier that is locked to the
frequency of Vp,. This voltage is denoted as V... The voltage signal

Vierr is then converted to the KR angle by 0 v
ehopper
V.

chopper Tepresents the voltage reading using a lock-in amplifier when
using a chopper to measure the total light intensity in one of the

detectors in the balanced photodetector (the other detector is
blocked).

Vierr
err = , where

B RESULTS AND DISCUSSION

Two-Port and Four-Port Electrical Test. Two-port DC
electrical characterization of monolayer WSe, FETs is
conducted at different temperatures, and four-port electrical
measurements are conducted at room temperature (RT) after
the optical measurements. Four-port and two-port source—
drain conductance versus V; characteristics, measured in an
ambient environment at RT, are presented in Figure 2a, for Vp

(a) 10°]

N 1
—4-port |
—2-port |

lD (uApm)

Figure 2. (a) Monolayer WSe, FET four-port and two-port
conductance G vs V; transfer characteristics measured in an ambient
environment at RT. The four-port conductance is ~10 times larger
than the two-port conductance since the large contact resistance is
excluded in the four-port measurement. A four-port mobility of y =
7.3 em?/(V s) is extracted. (b) I, vs Vj characteristic measured at RT
with Vg = —15, —18, —21, —24, and —27 V after intense KR
measurements. The inset shows an I,—Vp, curve measured at 45 K
with Vg = =22 V. The shape of the curve at a low temperature
indicates the existence of a Schottky barrier.

=2 V. A four-port field-effect hole mobility of u = 7.3 cm*/(V
s) is extracted from the curve at Vg = —22 V. This value is
consistent with previous reports on similar samples and is
smaller than the phonon-scattering limited mobility at RT.***
Almost no n-type behavior is detected under a Vg up to +20 V.
More electrical test results can be found in Supporting
Information S3. Figure 2b shows the I, versus Vy, characteristic
of the same device at RT with various V{; after intense KR
measurement. The inset shows an Iy—Vp, curve measured at 45
K. The shape of the curve at a low temperature indicates the
existence of a Schottky barrier. Since the channel moblhty
should increase at lower temperatures in this range,”® Rc
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becomes more dominant over the series resistance when
cooling.

Gate Voltage- and Temperature-Dependent Reflec-
tion Spectra Measurement and Modeling. Gate voltage-
dependent reflection spectra were measured on the monolayer
WSe, transistor at selected temperatures with a white light
source. Figure 3a shows a grayscale plot of the measured
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Figure 3. (a) Measured 2D grayscale plot of the differential reflection
spectra AR/R vs V; at 45 K. The peak at ~1.74S eV under a small Vg
bias shows the neutral A exciton (X°). With increasing (decreasing)
Vg, the X° peak gets weaker, while the X~ (X*) peak with a smaller
energy appears. (b) Measured differential reflection spectra AR/R as a
function of temperature with Vi = 0 V. The X° peak red-shifts from
1.745 eV at 45 K to 1.681 eV at 290 K. (c) Modeled expected KR
angle with an assumed spin/valley density imbalance of 1 X 10'® cm™
as a function of photon energy at 35, 85, and 130 K. (d) Modeled
expected KR plotted against temperature for a photon energy of 1.745
eV and an assumed spin/valley density imbalance of 1 X 10’ cm™2.

differential reflection spectra AR/R versus V; at 45 K, where
AR/R = (Rys., — Rso,)/Rs0, is the relative change of

reflection of monolayer WSe, (Rys,,) with respect to the
reflection of the Si/SiO, background (Rgp,). The peak at

~1.745 eV under a small V bias represents the absorption of
neutral A exciton (X°). When increasing (decreasing) Vg, a
higher density of electrons (holes) is induced in the WSe,
channel. X° tends to capture an additional electron (hole) and
forms a negatively (positively) charged trion X~ (X*) that has a
smaller peak energy, shown by the reflection spectra peaks that
appear at higher V; magnitudes. The trion peaks are recently
described in many body pictures as attractive polarons, but in
here we still denote them as X~ and X*. With increasing carrier
density, the oscillator strength of X° decreases while that of the
trions increases. A broadening of the line width of X°
absorption is also observed with increasing carrier density.
More data can be found in Supporting Information S4. We use
a similar method from previous works*>”” to fit these data and
extrapolate the relation between the complex reflectivity and
the carrier density of monolayer WSe,. The complex dielectric
function dispersion €(E) = &,(E) + i&,(E) is modeled as a
superposition of Lorentzian oscillators

£
B =1+ 5 F——
¢ ZEk—E—lE}/k (1)
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Here, f,, E;, and y, are the oscillator strength, resonant energy,
and linewidth of the kth oscillator. In this treatment, instead of
having E; run over the entire spectra, we only fit the oscillators
corresponding to X° and X~ (X*) and write the rest of the
terms as a constant &, Using the standard transfer matrix
analysis on thin-film stacks,”® the first derivative of the AR/R
spectra is fit with the modeled function under measured Vg
and temperature. The WSe, monolayer is treated as a
homogeneous medium with a thickness of 6.49 A. Details of
the modeling can be found in Supporting Information SS.
Since the total hole density p can be calculated from V; by p =
Cs(Vg — Vi), where Cg is the gate oxide capacitance per unit
area and V7 is the gate voltage at the charge neutral point, we
obtained a relationship between &(E) and the total hole density
p at different temperatures.

The &(E) versus p relationship is used to predict how much
KR angle (fg..) can be generated from a given spin/valley
sheet density imbalance Ap,, when a linearly polarized light
impinges on the WSe, sample under normal incidence. Details
can be found in Supporting Information S6. For example, it is
% = 7.3 X 10" cm™?/urad for small Ap,, under
a Vg of =22 V at 45 K, when probing with a 700 nm (1.771
eV) laser, which is close to the higher-energy side of X°. This
means that for a laser focused on an infinitesimal area of WSe,,
each prad of measured KR corresponds to a spin/valley sheet
density imbalance of 7.3 X 107 cm™? at that area. This value is

A
B value

found that

consistent with previous work.”” We argue that the

Kerr

is carrier density-dependent (and therefore V;-dependent) and
should not be ignored in KR analysis. Figure S6 in the
Supporting Information shows this modeled dependence by
plotting the predicted KR angle with a spin/valley density
imbalance of 1 X 10" cm™ as a function of Vg, when probing
with a 700 nm laser. This number 1 X 10" cm™ is chosen as a
typical value that yields a KR that is close to the measured
value.

The measured AR/R spectra as a function of temperature
are shown in Figure 3b with Vg = 0 V. The X° peak red-shifts
gradually from 1.745 eV at 45 K to 1.681 eV at 290 K as the
absorption peak gets broadened. The same modeling, as above,
is conducted for every temperature measured. In Figure 3c, the
modeled expected KR angle with a spin/valley density
imbalance of 1 X 10" cm™ at Vi = —22 V is plotted as a
function of photon energy for a range of temperatures. Figure
3d shows the expected KR probed by a 700 nm laser versus
temperature. Due to the red shift and broadening of the
absorption peaks, the expected KR decreases with increasing
temperature if a laser with a wavelength of 700 nm is used.
This effect must be carefully calibrated in temperature-
dependent spin/valley polarization calculations. More details
will be discussed in the following section.

Low-Temperature KR Measurement and Modeling
Shows Electrical Modulation of SVHE. KR measurement of
the SVHE-induced spin/valley polarization is performed in the
monolayer WSe, transistor shown in Figure 1c. No meaningful
KR was detected on the SiO, background. Figure 4a,b shows
the KR scanned along a line across the WSe, channel
(direction depicted in Figure 1c) as a function of Vj, and
Vi, with fixed V; and Vi, respectively. The width of the WSe,
channel is 16 ym along this line. The marks are experimental
data, and the curves are fits considering the finite fwhm of the
Gaussian laser beam (details described below). The maximum
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Figure 4. (a) Measured KR angle scanned along a transverse line on
the WSe, channel as a function of V, at 100 K. The V}, peak voltages
are chosen to be 0.5, 0.8, 1.1, 1.4, 1.6, 1.8, and 2.0 V, while Vy; is held
constant at —22 V. (b) KR angle scanned across the WSe, channel as
a function of Vg at 45 K. Vg = —14 to —22 V with an interval of =2V
and Vp, is held to a constant AC amplitude of 2 V. For (A,B), the
markers represent measured data, and the lines are fitted curves
considering the fwhm of the laser. (c) Integrated spin/valley
imbalance per unit length along the edge P, converted from the
measured KR at the fixed spot on the edge where the KR is maximum,
as a function of peak Vp,. (d) P as a function of V. Note that the KR
appears at Vg = —15 V.

of Vi and peak V}, are limited to —22 V and 2 V,,, respectively,
to protect the device during measurement. We observe clear
KR only on the WSe, edges, with opposite signs at opposite
edges. Note that a small overall negative KR offset across the
sample is subtracted from the data. Examples of original data
can be found in Supporting Information S7. The offset is due
to the magnetoelectric effect induced by the strain in the
channel”' and the drain voltage modulation of the carrier
density in the channel, where an overall reflection modulation
that is not fully canceled at the balanced photodetectors brings
a finite KR reading. Offsets from these origins are expected to
be uniform in the transverse direction and are much smaller
than the measured peak-to-peak KR at the two edges. Also, the
carrier density imbalance induced by these sources is negligible
compared with the gate-induced total carrier density. Thus, we
conclude that the subtraction of the offset is reasonable. The
consistency of the measured data and the fitted profile of the
Gaussian laser beam indicate that the spin/valley accumulation
at the edges spans only a small distance toward the middle.
This shows that the SVHE can be controlled purely electrically
for device applications.

We then use a spin/valley drift-diffusion model and recall
the analysis in previous reflection measurements to interpret
the measured KR at 45 K. In the steady state, the spin/valley
Hall current density J, in the transverse direction is balanced
by the spin/valley relaxation at the edges

3 epold

sV

TSV

)

where e is the elementary charge, p, is the spin/valley density
imbalance at the edges, I; is the diffusion length, and 7, is the
spin/valley lifetime. Note that in the case of hole doping, we
did not treat the spin Hall and valley Hall effects differently like
what has been done in a previous work, where the spin Hall
effects for electrons in n-doped MoS, are neglected due to the
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Figure 5. (a) KR spatial line scan as a function of temperature. Color represents magnitude of KR in yrad. The KR peaks become undetectable
above 160 K because the spin/valley polarization drops drastically, and the KR is buried in noise. (b) Measured average KR of the two peaks (blue
circles) and corresponding calculated spin/valley imbalance per unit length P (red triangles) vs temperature.

small spin splitting in the conduction band.”’ In p-doped
WSe,, due to its large spin-splitting in the valence band, both
the spin Hall and valley Hall effects contribute greatly to the
effective magnetization that generates the KR. Therefore, in
the following treatment, we consider the spin and valley
coupled (“spin/valley”). The spin/valley sheet density
distribution along the transverse (y) direction can be modeled

by

_y
psv(y) = po(e Iy — e}’—W/ld) (3)

Here, w is the channel width. In the measurements shown in
Figure 4a,b, we see that the KR is due to the spin/valley
imbalance that is highly concentrated near the edge and Iy
cannot be detected directly by the spatial scan with finite laser
fwhm, which suggests that l; << fwhm. We can use eq 3 and the
Gaussian distribution of the light intensity to convert the
measured peak KR at the edges to P = pyl;, which is the
integral of p,,(y) along the y direction for either edge. Recall
that in Figures S6 and 3d, we provided a way to calculate the
spin/valley sheet density imbalance Ap,, from the measured
KR O, and plotted the Vi and temperature dependence of
Lh Then, the integral P can be calculated by

Kerr

A
x fwhm pSV gKerr
V4In2 Aby.., *)

under the condition of l; < fwhm, where 6., is the KR angle
A,

measured directly in the MOKE test, while is the
Kerr
multiplier calculated from the reflection test.
Combining the definition of P = pyly with eq 2
7'-sv] 7405
P — SV — SV SVE
e e (%)

Here, oy, is the spin/valley conductivity and E, is the electric
field in the charge current direction (x). The actual E, of the
WSe, channel can be estimated by E, = V;,/L, where Vg, is the
voltage drop of the channel and L is the channel length. Due to
the large contact resistance, two-port measurements highly
overestimate V, and E,. Our four-port measurements, on the
other hand, can measure V4 more accurately, without the
effect of contact resistance. Since the four-port measurement is
conducted only at RT, V4, and E, at low temperatures are still
slightly overestimated because it is known that the channel
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conductance decreases due to the increase of mobility when
lowering the temperature, while the contact resistance
increases. P converted from measured KR at a fixed spot on
the edge as a function of peak Vp, and Vg, measured at 45 K, is
shown in Figure 4c,d.

For the plot of P versus Vp at 45 K shown in Figure 4,
ideally there should be a linear relationship since 7, and o,
depend little on Vp, bias, and E, is proportional to V}, as shown
in a previous work.”" The Schottky barrier, however, should
break the linear relationship between E, and V7, especially at a
small bias, and make the P—V} curve more like the I,—Vp
curve shown in the Figure 2b inset. The observed near-linear
P—Vp at a small bias curve may arise from the low signal-to-
noise ratio of the KR at a low bias. We found that P = 109
um™'at Vp =2 Vand Vg = =22 V.

The linearity between P and V}, can be used to estimate the
lower bound of the spin (valley) lifetime 7,,. The o,, is
predicted to be proportional to the hole density in the valence
band when the doping level is small. Here, we use the number
from a first principle study’” of the intrinsic spin Hall
conductivity, 6,, = 2.2 X 107* X 10%/% for the carrier density in
the device. There are extrinsic contributions to the Hall
conductivity as well, including skew scattering and side-jump.
In our experiment, skew scattering is negligible since it only
dominates in the ultra-clean limit. Although the side-jump Hall
conductivity cannot be easily distinguished from the intrinsic
spin Hall conductivity, a previous work®” shows that they have
opposite signs and are similar in magnitude in WSe,. Thus, it is
reasonable to use the intrinsic spin Hall conductivity to
estimate the lifetime. With these parameters, the lower bound
of the spin/valley lifetime is estimated to be 34 ns at 45 K. This
value agrees very well with previous time-resolved KR
measurements'>*"** on similar WSe, samples, indicating that
the calculation above is reasonable. Since the spin/valley mean
free path Iy cannot be directly measured due to the limitation
of the spatial resolution of the laser scan, I3 = /D7, can be

used to estimate it. The diffusion coefficient D can be
calculated from the mobility calculated during the low-
temperature electrical measurement. /3 & 150 nm is calculated
at 45 K, which agrees well with a previous work;'® then, po =
P/l is used to estimate the spin/valley density imbalance at
the edge to be 7.3 X 10'° cm™. Gate voltage Vj; at the charge
neutral point is estimated to be equal to the charge current
threshold voltage Vi = 10 & 3 V; then, the total hole density p
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= Co(Vg — Vi) = (1.73 + 0.52) X 10'2 cm™2 Thus, the spin/
valley polarization on the edge is approximately 4%.

The Vi dependence of P at Vi, = 2 V,, shown in Figure 4d is
more complicated to interpret quantitatively. The linear
relationship between o, and hole density is the dominant
effect, which also explains the fact that the V; at which KR
starts to turn on is close to V5. The non-linearity between P
and Vg is mainly due to the effect of 7, where 7, was reported
to be negatively correlated to the carrier density, but the
dependence is relatively weak.”’

Temperature Dependence of the SVHE. We now study
the evolution of the SVHE KR signal with increasing
temperature. Figure Sa shows the KR spatial line scan as a
function of temperature, probed by a 700 nm laser. The KR
peaks shows opposite signs at opposite edges at all temper-
atures below 160 K. To our knowledge, this is the highest
temperature to date that the electrically induced SVHE has
been measured optically, which shows a clear evidence of spin/
valley accumulation at the edge.

In the left axis of Figure 5b, the average KR of the two peaks
is plotted as a function of temperature, while on the right, the
measured KR is converted to the excess spin/valley number
per unit length, P, accounting for the extraneous effects
described throughout the text. We fully accounted for the X°
peak red shift and broadening when increasing the temper-
ature. We found that during cooling, P appears at 160 K and
grows fast until 90 K, where it starts to level and then decrease.
For relatively high temperatures, 7,, is dominated by phonon-
assisted intervalley scattering’' and drops fast with increasing
temperature, while o, is reported to have a relatively weak
temperature dependence,’® resulting in a fast decrease of P
from 90 to 160 K. For a temperature below 90 K, we attribute
the degradation of P when lowering the temperature to the
weaker temperature dependence of 7, combined with
decreasing channel E,. It was shown in previous works that
the intervalley scattering at low temperatures is no longer
dominated by phonon-assisted scattering but is probably from
scatter@n% at grain boundaries and atomically sharp deforma-
tions,”>”° resulting in a weaker temperature dependence of .
The temperature dependence of E, is explained in Supporting
Information S8. For temperatures higher than 160 K, z,, and P
drop to a small value, and the resulting KR is buried in noise.
We then roughly estimate 7, as a function of temperature by
neglecting the weak temperature dependence of o, and using
the same method as that of the 45 K data, and the maximum
T, & 40 ns is found at 90 K and a 7, ® 2 ns at 160 K is
estimated. The mean free path [; is calculated to be 240 nm at
90 K, and the corresponding polarization is 3%. The slightly
higher 7, and 3 at 90 K than at 45 K is because these numbers
at 45 K are more underestimated. Note that the condition I3 <«
fwhm of the laser spot is met at all temperatures, consistent
with the profile of the spatial KR scan. Also, we argue that it is
possible to directly measure the spin/valley mean free path on
p-doped WSe, with high mobility and lifetime using the spatial
KR measurement since Iy can reach a few microns in these
samples. To observe the SVHE at higher temperatures above
160 K, higher signal to noise is required.

B CONCLUSIONS

We investigated the SVHE in monolayer WSe, transistors by
measuring the spatial distribution of the KR induced by the
spin and valley imbalance. The KR data were converted to the
excess spin and valley per unit length along the edge, P, by

carefully fitting the reflection spectra at different temperatures
and doping levels with a sum of the Lorentzian oscillator of X°
and X*. It was found that P depends near-linearly on V, or Vg
bias and decreases with increasing temperature above 90 K.
These results are explained using a spin/valley drift and
diffusion model and a four-port electrical test to exclude the
effect of the contact resistance. For example, at 45 K, P = 109
um~" was measured, and a polarization of 4% on the edge was
calculated. The spin/valley lifetime of 40 ns is found at 90 K,
and the corresponding mean free path is 240 nm, and the
polarization on the edge is 3%. This lifetime and mean free
path are 2 orders of magnitude higher than those of previous
reports on the SVHE of WSe,, and the lifetime is in good
agreement with a previous time-resolved KR work, indicating
that our modeling is reasonable. We conclude that the
manipulation of spin and valley degrees of freedom by the
SVHE at a higher temperature is possible. Our findings
demonstrate the potential of monolayer WSe, devices as a
platform for electrically generated spin and valley polarization
at different temperatures.
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