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ABSTRACT: The emerging field of valleytronics has sparked significant interest in controlling valley pseudospin in monolayer
transition metal dichalcogenides (ML-TMDs). However, maintaining valley polarization (VP) is challenging at high temperatures
and during off-resonance excitation. In this study, we introduce an electrostatically tunable single-contact device based on ML-WSe,,
which demonstrates enhanced photoluminescence intensity and VP modulation under off-resonance conditions compared to
conventional back-gate methods. Our findings could be illustrated by an electrostatic doping model, which suggests stronger and
more uniform doping at the device center. Furthermore, a clear controllability of trion VP switching is also demonstrated over a wide
temperature range. The efficient VP control in ML-TMD via the single-contact design enables future applications in valleytronics
and optoelectronics.

KEYWORDS: valleytronics, valley polarization, trion modulation, electrostatic doping, single-contact device, monolayer WSe,,
transition metal dichalcogenides

B INTRODUCTION Despite the potential of exciton and trion VP, intervalley
Valleytronics has garnered significant interest for utilizing scattering, governed E’OY phonon-assisted processes'”~"” and
valley indices as additional spin-like quantum numbers in exchange interactions,” influences VP and poses challenges for
momentum space.l With inversion symmetry breaking, 1H valleytronic devices under ambient conditions. While ap-
monolayer transition metal dichalcogenides (ML-TMDs) proaches such as breaking time-reversal symmetry”' ™ and
(0.6—0.75 nm™’), such as MoS,, MoSe,, WSe,, and WS,, inversion symmetry in bilayer systems>* have been explored to
feature conduction- and valence-band valleys with opposite modify intervalley scattering, these methods typically require
valley indices at the K and K’ points, leading to valley- large fields or extreme conditions, making them less suitable
dependent optical selection rules.”” The presence of strong for continuous switching applications. Recent studies have
spin—orbit coupling (SOC) in ML-TMDs further results in highlighted electrostatic doping as an alternative for VP control
spin splitting and spin-valley locking and allows for spin- by modulating long-range electron—hole (e-h) screening

selective excitation of specific valleys using circularly polarized
light. These properties enable optical control over both the
spin and the valley degree of freedom. Furthermore, strong
Coulomb interactions in two-dimensional (2D) materials
facilitate the formation of excitons and trions.® Unlike neutral
excitons,” trions possess extra charges that enhance exchange
interactions, influencing valley relaxation time.'® This makes
them highly stable in preserving valley polarization (VP),

which can be quantitatively analyzed via photoluminescence
(PL) 4,11—14

effects in ML-TMDs.””"*’ Adjusting carrier concentration
through electrostatic doping influences Coulomb interactions
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Figure 1. (a) Optical image of a representative exfoliated ML-WSe, sample on SiO, (300 nm)/Si with a single-contact electrode. (b) Profile of the
device showing the single-contact geometry. (c) Circuit diagram illustrating the modulation of drain-source voltage (V). (d) Circuit diagram

illustrating the modulation of gate voltage (V).

governing exciton and trion formation, allowing control over
the e-h screening effect, which affect valley relaxation
dynamics. However, electrostatic doping via back-gate
configurations is limited by Fermi level pinning (FLP) and
Schottky barrier height (SBH) at contact, resulting in
inefficient charge induction in the channel.”® These effects
arise from interface states at the metal/semiconductor contact,
along with potential barriers and an extended depletion zone,
which reduce carrier concentration in the channel. Addressing
these challenges requires innovative device architectures
capable of providing enhanced electrostatic doping effects.

In this work, we present a single-contact device architecture,
designed to locally enhance electrostatic doping in ML-WSe,.
This structure demonstrates significantly improved electro-
static doping eficiency, enabling stable and effective VP
modulation. Compared to conventional back-gate modulation
at 8 K, the single-contact configuration demonstrates better
controllability of trion VP, ranging from 3 to 16% within the
applied voltage range. We present a model illustrating the
electrostatic doping mechanism in the single-contact device,
involving efficient charge induction in the central area of ML-
TMDs. The VP controllability independent of varied contact
conditions is also verified under off-resonance excitation,
attributed to higher electrostatic doping efficiency in the Vy,
circuit. By demonstrating trion VP switching over a broad
temperature range under off-resonance excitation, our
approach provides a more effective pathway for trion VP
modulation, with significant potential for valleytronic and
optoelectronic devices using optical and electrical methods to
manipulate quantum states in ML-TMD materials.

B EXPERIMENTAL SECTION

Sample Preparation and Device Fabrication. Sample of
monolayer WSe, were mechanically exfoliated from synthetic WSe,
crystals (2D Semiconductor Ltd.) using PDMS. Samples with a
proper lateral size, larger than 8 ym, were chosen and dry-transferred
onto heavily doped silicon (<5 X 107> Q-m) covered by a 300 nm
layer of SiO, substrate. The electrodes were then defined using the
standard e-beam lithography technique with PMMA photoresist. To
form the electrodes, metals such as Cr (1 nm)/Au (50 nm) or Pt (50
nm) were deposited by thermal evaporation at a deposition rate of 0.5
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A/s under a vacuum <2 X 107® mbar. The electrode pattern of the
single-contact design includes one electrode directly contacting the
WSe, sample, which can be either monolayer or multilayer at the
contact region, while the measured region remains monolayer. The
other electrode is placed directly on the SiO, substrate, approximately
1 pm away from the ML-WSe,.

Measurement. The low-temperature valley polarization measure-
ments were conducted using a home-built system integrated with a
circularly polarized excitation and detection module, as well as the
high-vacuum 4-probe station (Lake Shore-CRX-EM-HF). For the
circularly polarized excitation, a 514 nm laser (photon energy ~2.41
eV, power of 100 W) was initially linearly polarized using a polarizer.
Subsequently, a quarter-wave plate was employed to generate ¢* and
o~ polarizations to selectively excite the K or K’ valleys. The spot size
was focused on the sample to approximately ~6 ym using a X10 long
working-distance objective (NA = 0.25). The PL measurements
primarily reflect the averaged effect over the illuminated area, so the
spot sizes do not diminish the validity of our comparisons between
different modulation methods.

In the detection process, the emitted photoluminescence from the
monolayer WSe, sample was analyzed to distinguish between the ¢*
and 6~ components. Initially, the emitted light was collected using the
same objective lens, and an achromatic quarter-wave plate converted
it into two orthogonally linearly polarized lights. These polarized
lights were then analyzed using a linear polarizer. Finally, the ¢* and
o~ components were detected with a cooled charge-coupled device
(CCD). To eliminate the influence of reflected laser light, a long-pass
filter was placed in front of the optical fiber connected to the CCD.

For electrical modulation, the Keithley 2636B was utilized to apply
either the source-drain voltage (V) or the back-gate voltage (Vgs).
The electrical connection of the device was established using the
feedthrough installed on the 4-probe station and then probed with a
tungsten tip. For temperature control, the sample could be cooled
down to 8 K using a closed-cycle refrigerator with a helium
compressor (F-70L) at a pressure level of 1 X 107° mbar.
Temperature control was achieved through proportional—integral—
derivative (PID) control of heaters with an accuracy of 0.01 K.

B RESULTS AND DISCUSSION

To enhance the doping effect for VP modulation, we designed
a special structure with only one electrode contacting the
material, while the other electrode was positioned roughly 1
pum away from ML-WSe,. This setup is referred to as the
single-contact structure in this article. The representative
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Figure 2. PL response at 8 K with various magnitudes of voltage in V4, and V,, modulation circuits. (a) V4 modulation circuit. (b)
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circuit. (c),(d) Zoomed-in view of the PL response in the wavelength range of 1.68 to 1.77 eV corresponding to (a),(b), respectively.

device and its profile are shown in Figure 1(a),(b). We utilized
a home-built circularly polarized photoluminescence (CPPL)
spectroscopy system, combined with a 4-probe station, to
study the valley properties of the ML-WSe, devices with
electrical modulation over a wide temperature range. The
devices were initially studied at a temperature of 8 K with a
2.41 eV excitation energy. As illustrated in Figure 1(c),(d), two
types of circuits, the Vy circuit and the Vi circuit, were
separately used to apply voltage, modulating the doping level
of the material in the same device. In the Vy, circuit, voltage
was applied only between the contact electrode and the
noncontact electrode. In contrast, in the Vi circuit, only the
contact electrode and the back-gate were connected to the
source meter, while the noncontact electrode remained
unconnected and did not influence the measurement. There-
fore, our measurement approach inherently provides a direct
comparison between configurations with and without the
noncontact electrode within the same device, ensuring an
identical 300 nm SiO, dielectric and enabling an independent
evaluation while minimizing variations due to fabrication
differences.

In Figure 2, the ML-WSe, is excited by right-hand circularly
polarized (¢*) light, and both 6" and ¢~ detections are
performed to measure the emission from the K and K’ valleys.
At a temperature of 8 K, two well-defined optical states were
identified in our experiments. One is the neutral exciton (X°),
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observed at around 1.753 eV, and the other is the trion (X),
observed at around 1.715 eV with zero voltage. These states
are highlighted in the yellow areas in Figure 2(a),(b), with
zoom-in views in (c)-(d), respectively. Due to its 2D nature,
the strong Coulomb interaction tightly binds the excited
electrons and holes together, forming an exciton state with a
very large binding energy of a few hundred meV.*'”*’
Additionally, the trion is a three-particle system formed by
an exciton with an extra negative or positive carrier in the
material,”** emitting lower PL energy. Typically, the binding
energy of a trion can be directly determined from the energy
difference between the neutral exciton and the trion, which was
calculated to be 38 meV in our case. This value is in agreement
with the literature, which reports a range of 30—40 meV.”’
The zoomed-in spectra ranging from 1.68 to 1.77 eV in
Figure 2(c),(d) exhibit a PL intensity difference between the
6" and ¢~ detections at the exciton and trion states, providing
evidence of valley polarization. Moreover, with different
magnitudes of Vy or Vi, the PL intensity difference between
o~ and 6" detections varies for the X° and X~ states, indicating
that the value of valley polarization is modulated by both Vy
and Vi, circuits. Additionally, the increasing (decreasing) trend
of PL intensities is opposite with the Vg and V,, modulation,
which is due to the opposite carrier charging type, and will be
discussed in detail later. Apart from this, spectral features lower
than 1.69 eV likely originate from localized states.”***® Not
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Figure 3. (a) Intensities extraction of X° and X~ states under Vy, and Vi, modulation at 8 K. Higher voltage is necessary in Vi, (~80 V) to reach the
same level of intensity as in Vy, (~35 V) circuit. (b) Voltage-dependent VP measurements with V4, and V,, modulation at 8 K. Shadow colors of
caramel and bright blue correspond to different circularly polarized light excitations, demonstrating time-reversal symmetry in the ML-WSe,
system. (c) Temperature-dependent VP measurements with V, modulation at selected voltages.

consistently found in different devices and not stable and well-
controlled by electrical modulation, these features are not
discussed in this article. However, to mitigate concerns about
potential contributions from localized states, we provide CPPL
spectra at 60 K (Supporting Information, Figure S1), where
localized state emission is reduced due to thermal activation.
This suggests that the observed effect primarily arises from
electrical modulation rather than localized state involvement.
More details of V4 and V, voltage sweeping were also
conducted at 8 K, and the corresponding X° and X~ peak
intensities are extracted and plotted in Figure 3(a). Note that,
for comparison, the polarity of V, is directly reversed to have
the same charging carrier type as Vy modulation. In addition
to the voltage-modulated X° and X~ PL intensities in both ¢*
and ¢~ detections, a smaller voltage is required for the same
level of PL enhancement in V4, compared to V,, modulations,
as marked by the red and blue guide lines in Figure 3(a). This
suggests that electrical modulation has a stronger influence in
the Vj, case than in the V, case.

To quantify the circularity of PL emission, the degree of
valley polarization is calculated with an equation®”

_I(c") - I(c7)

=7 % 100%
I(c™) + I(c7)

(1)

where I(6") and I(c”) denote the PL peak intensities of
right and left circularly polarized components, respectively. In
this article, we focus on the modulation effect on the trion
state, as it is more directly affected by electrostatic doping due
to its charging property. Although we can observe the valley
polarization of the exciton (~10%), the electrically induced
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change in PL intensity is at the same level as the noise, causing
large uncertainties in the VP calculation. To illustrate the
impact of electrostatic doping on trion valley polarization,
Figure 3(b) shows the comparison of Vy and Vi modulation
on the trion VP. Notably, in the V,;, modulation case (blue data
points), a higher VP of P ~ 16% is achieved as WSe, is
subjected to negative voltage, while a lower VP (~3%) is tuned
with positive voltage. In contrast, in the V,, modulation case
(red data points), although it shows slightly higher/lower
values under negative/positive voltage, the trend is not obvious
in controlling VP. Consequently, electrical modulation is more
apparent in Vg tuning with a single-contact configuration,
enabling control over both PL intensity and valley polarization.
Our results demonstrate a clear on/off operation in the devices
(Supporting Information, S2), yielding average VP of (16.4 +
3.4)% in the ON state and of (2.2 + 1.9)% in the OFF state.
This consistency is crucial for the development of valleytronic
and optoelectronic devices. Additionally, the CPPL measure-
ments performed with both 6" and ¢~ excitations confirm the
time-reversal symmetry of the valley, as observed in Figure
3(b).

To further verify the trion VP on/off operation and
controllability using Vy, circuits, Figure 3(c) presents detailed
temperature-dependent VP measurements at selected voltages.
Across a wider temperature range, up to 225 K, the trion VP is
well modulated and clearly distinguished by the polarity of Vy,
suggesting that phonon-induced intervalley scattering is
effectively modified, **%3° thereby demonstrating effective
manipulation of the valley degree of freedom. However, the
VP values still decrease with increasing temperature as higher
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thermal energy dissociates trion states by overcoming their
binding energy, resulting in a decrease in trion PL intensity.
Additionally, stronger phonon-assisted scattering becomes
more prominent as the temperature increases, directly causing
a reduction in VP. These factors together lead to larger error
bars in the VP calculation at higher temperatures.

As demonstrated, the single-contact configuration can
exhibit intensity and VP-modulated effects, even surpassing
the conventional back-gate method. Our results suggest that
the noncontact electrode modifies the local electric field
distribution in the measured region, leading to more localized
and efficient electrostatic doping. To further explain the
electrical tuning effect in the single-contact configuration, we
propose a model, as shown in Figure 4. First, we consider an
effective circuit consisting of two metal—insulator—metal
(MIM) structures and one metal—insulator-semiconductor
(MIS) structure. One of the former capacitors, named the
contact capacitor (Cc), originates from the contact side metal
and the highly doped silicon underneath, acting as a metallic
layer. The other capacitor, named the noncontact capacitor
(Cy), results from the noncontact side metal and the highly
doped silicon underneath. The charge distribution in the
highly doped silicon is thus attributed to electrostatic
induction, and C¢ and Cy can stabilize and make the charge
distribution underneath the middle region of ML-WSe, more
uniform. In the middle area of the device, marked by a red
dashed line in Figure 4(a), an MIS structure is formed by ML-
WSe, and highly doped silicon, with 300 nm silicon oxide in
between. We assume that the middle ML-WSe, region has a
potential comparable to the contact side electrode due to the
influence of the Cy capacitor. This creates a potential
difference between the TMDs and the highly doped silicon,
leading to a more localized and enhanced electrostatic doping
effect in the middle region. Compared to the conventional
back-gate circuit, which is a more global gating method and
may be limited by the FLP effect, making electrostatic doping
less efficient, the single-contact circuit provides a stronger local
depletion region in the middle of the ML-WSe,. Additionally,
we neglect the capacitance between the right edge of ML-WSe,
and the noncontact electrode (vacuum gap, € ,cqum ~ 1, d
~ 1 um), as a simple parallel plate capacitor approximation
suggests that the induced carrier concentration would be
approximately an order of magnitude smaller (~1000/300 X
3.9) than that of the SiO, layer (€50, ~ 3.9, dso, ~ 300 nm).

Since most of the voltage drop occurs across the vacuum gap,
the resulting lateral electric field within the material, which
could lead to lateral depletion and nonuniform charge
distribution, should also be negligible.

To illustrate the charge distribution under -electrostatic
doping using a single-contact circuit, consider a negative V,
voltage as an example. When negative voltage is applied
between the contact and noncontact electrodes, the equili-
brium charge distribution, as shown in Figure 4(a), results in
negative charge doping in the measured region. Figure 4(b)
presents a schematic band diagram of the MIS region, where
excitation and emission processes occur, consisting of ML-
WSe,/SiO,/heavily doped silicon under thermal equilibrium
conditions. In this diagram, ¢, represents the work function of
heavily doped silicon, y, denotes the electron affinity of
Si0,,"" and y, corresponds to the electron affinity of
monolayer WSe,.*” Similar diagrams have been employed in
previous studies to conceptualize potential modulation in 2D

‘vacuum
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Figure 4. (a) Illustration of charge distribution under the Vy < 0
condition. Cc and Cy refer to the coupled capacitors at the contact
and noncontact sides, respectively. Schematic band diagram near the
interface of ML-WSe,/SiO,/heavily doped silicon. (b) At thermal
equilibrium, where ¢,, is the work function of heavily doped Si;* y; is
the electron affinity of SiOy;*" y, is the electron affinity of a monolayer
WSe,,* and d is the thickness of the SiO, dielectric layer. (c)
Accumulation case: when Vg, > 0 is applied, hole carriers accumulate
at the semiconductor surface. (d) Depletion case: with a proper small
V4 < 0 applied, hole carriers decrease while electron carriers increase.
(e) Inversion case: when a larger Vy, < 0 is applied, the electron
carriers increase rapidly.

materials under gating configurations.”*~*® To describe the
electrostatic doping effect, in the following discussion, Vy, is
considered positive (V > 0) when a monolayer WSe, is
positively biased with respect to the noncontact electrode. For
simplicity, we assume that interfacial trap states at the ML-
WSe,/SiO, interface do not play a dominant role and that no
carrier transport occurs in any region between the defined
electrodes when Vy is applied. While charge trapping may still
exist,” both configurations experience the same interface
conditions. The stronger VP modulation in the Vj circuit
suggests that electrostatic doping is the dominant mechanism,
so interfacial states are not considered in our schematic.
Moreover, since electrostatic modulation primarily occurs
through the MIS structure, with negligible capacitance formed
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by vacuum, the band diagrams for Vg, and V,, would appear
similar due to the dominance of the vertical electric field.
However, the Vy, circuit induces stronger band bending with
smaller Vg, voltages, as supported by carrier concentration
estimates (Supporting Information, Figure S3), leading to
significantly enhanced electrostatic doping efficiency. Thus,
three possible band diagrams of the MIS region, with different
V, voltages applied, are illustrated in Figure 4(c)—(e),
depicting the redistribution of carriers and the electrostatic
doping mechanisms enabled by the single-contact config-
uration.

In Figure 4(c), when a positive Vy, is applied (Vy > 0) to a
monolayer WSe,, the valence-band edge, E,, will bend upward
near the monolayer WSe, surface, approaching the Fermi level.
Importantly, since the carrier density is exponentially related to
the energy difference (Ex — E,) according to the Fermi—Dirac
distribution, we can expect that the majority carrier (holes) will
accumulate near the monolayer WSe, surface due to band
bending. This is known as the accumulation case when a
monolayer WSe, is positively biased. Figure 4(d) illustrates the
depletion case when a small negative bias (Vy < 0) is applied.
The band near the monolayer WSe, gradually bends
downward, inducing more minority carriers (electrons).
When the negative bias increases further, the band inclines
even more downward, as shown in Figure 4(e). In other words,
the polarity of the charge carriers changes from majority
(holes) to minority (electrons), representing the inversion
case, which corresponds to the charge distribution shown in
Figure 4(a). As discussed above, when Vy, < 0 (Vy > 0), the
electron (hole) carriers are induced, respectively. This
contrasts with the conventional definition in back-gate devices,
where, for Vi, > 0 (Vgs < 0), the electron (hole) carriers get
charged in the material. Therefore, the polarity of V,, in Figure
3(a),(b) is reversed for comparisons under the same charging
type. As a result, we attribute the V, electrostatic doping effect
to enhanced band bending in the middle of ML-WSe,,
facilitated by the coupling of the C. and Cy capacitors.

In Figure 3(b), it is shown that the trion VP exhibits a
pronounced switching effect using the Vg, circuit. This is likely
due to the depletion region in the middle, which contributes to
more effective electrostatic doping locally and results in a
significant on/off operation. This contrasts with the Vi, circuit
case, where the depletion region is weaker in the middle due to
global gating and is further limited by contact conditions. In
general, the modulation of valley polarization using electro-
static doping can result from the suppression of intervalley
scattering, which is related to the screening effect of long-range
e-h interactions. This mechanism originates from the Maialle—
Silva—Sham mechanism, describin§ the depolarization process
of exciton spin in semiconductors.”®*” It has also been shown
that electron—hole interactions dominate as the primary
relaxation mechanism of the valley pseudospin of bright
excitons.”” Theoretically, the valley polarization of excitons and
trions can be derived from a rate equation, and under the
steady state, the equation is given by' """’

0
VPyo = —2— X 100%
+

Txo

yo (2)

VPyo
VPy- = ——— X 100%
1+ =

Ty~ (3)

where VP, is the initial polarization of the exciton, VPy* and
VP~ are the valley polarization of the exciton and trion,
respectively; 7y and 7y~ denote the recombination time of the
exciton and trion; and 7y, and 7y, _ represent the intervalley

relaxation time of the exciton and trion. Therefore, the valley
polarization of the trion VPy- is determined by several factors
such as VP, the ratio of 7yo/7y ,, and the ratio of 7y-/7y, _.

Additionally, VP, is mainly affected by excitation energy.'’
When discussing the origin of trion valley polarization, one can
consider VP, as a fixed value. Consequently, the valley
polarization of the trion is influenced by the exciton and trion
recombination time, along with their valley relaxation
mechanism, which determines the ratios of 7xo/7y , as well

as Ty-/7y, _. The exciton valley relaxation time 7, is correlated

with the Thomas-Fermi wave vector krp(T,Eg) = krpo[l —
exp(—Eg/ksT)] for 2D electron gas.”® kygy = ggmec*/ (4meh?)
denotes a zero-temperature Thomas wave vector, in which g,
and g, are the degeneracy for spin and valley indexes,
respectively, m* is the effective mass of electron or hole, € is
the dielectric constant, # = h/2x is Planck’s constant, kg is
Boltzmann’s constant, and T is temperature. Eg is related to the
doped electron (hole) density, n. = gg,m.Eg/(27h>).
Importantly, the inverse of kpp can be used to describe the
screening length due to long-range e-h interaction in the
electrostatic doping system, which is expressed by,
2

L= %rhk%,zg’zg where A = 9a°M?*/47*h* is a material-
dependent parameter, in which a is the lattice constant, and M
is the exciton mass, I, is the homogeneous line width of
excitons, and ] is the strength of the exchange interaction.
Under this theoretical framework, when the carrier density is
increased by electrostatic doping, the Fermi energy is elevated,
resulting in an increase of krp. This indicates the screening
length will decrease as carrier density increases, suppressing the
intervalley scattering, and thus the valley relaxation time
increases. Consequently, the valley polarization can be
enhanced or reduced by the modulation of valley relaxation
time using electrostatic doping. In the previous report,”
Shinokita et al. has shown that the exciton recombination time
is V,-independent, but longer valley relaxation time is
observed as doped by V,, modulation, leading to higher valley
polarization.

Although long-range e-h interactions can directly influence
the exciton dynamics, their impact on trions is relatively
indirect, making it challenging to predict trion dynamics within
this theoretical framework. However, this framework suggests
that understanding the competition between 7y, 7y ,, 7y, and

Tv

Ty, is crucial for describing the trion VP. In our opinion, the
trion VP is primarily influenced by the ratio of 7x-/7y, _ as the
carrier density rapidly decreases. This effect arises from a
decrease in 7y, _, likely due to more available states potentially
being filled in the opposite valley, a consequence of the
reduced screening effect. Therefore, an increase in the ratio
Tx-/ Ty, leads to a reduction in the trion VP. In contrast, as the
carrier density increases, the ratio TX—/TVX, could approach
zero, causing VP to be predominantly governed by VPye. This
suggests that the reduction/enhancement of 7y, _, caused by
lower/higher carrier density, plays a significant role in the off/
on state of the trion VP.
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Figure S. Voltage-dependent VP measurements in (a) Vg~ and (b) Vgemodulated circuits with different contact conditions.

Furthermore, compared to the 2D back-gate device, the Vg,
electrical modulation effect focuses on the electrostatic doping
in the middle area of ML-TMDs, which provides a more
uniform and larger effective modulation region. In contrast, in
a 2D back-gate device, not only is the electrostatic doping
globally weaker, but one must also consider the properties of
the contact side, such as the presence of numerous interfacial
states or metal-induced gap states at the metal/TMD interface,
which cause the FLP effect.””~>* These factors limit the Ves
modulation efficiency in the middle area of the sample,
resulting in less effective electrical modulation. On the other
hand, when Vy; is applied in a single-contact configuration, a
similar situation can occur in the contact region, as in the Vi,
modulation case. While this may reduce the efficiency of
electrical modulation, the noncontact electrode enables a more
localized and stronger electric field in the MIS region,
enhancing electrostatic doping in ML-WSe, and facilitating
effective VP modulation, as shown in Figure 3(c).

To further discuss the difference between Vy, and Vi
modulation efficiencies, we estimated the carrier concentration
at higher temperatures using the mass action law,”>**™>" as
shown in Figure S3 (Supporting Information). The results
reveal that the Vg, circuit achieves carrier concentrations nearly
an order of magnitude higher than the Vi, circuit, even with
lower Vg4 voltages. This aligns with our observations of
enhanced PL intensity and VP modulation in the Vy
configuration. Therefore, while both Vy, and V, circuits may
be affected by the FLP effect near the contact area, the Vy,
circuit provides a stronger modulation area in the middle,
enhancing overall efficiency. Consequently, the modulation
effects on PL and VP using the Vy circuit primarily originate
from the stronger electrostatic doping effect in the middle of
ML-WSe,, suggesting a negligible contribution from contact
properties.

To validate our speculation, we altered the contact
conditions by fabricating three types of devices: (1) Cr/Au
contact on ML-WSe,, (2) Cr/Au contact on the multilayer
region of WSe,, "™ and (3) Pt contact on ML-WSe,,*"**
while ensuring that the measured region remained monolayer
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in all cases. This aimed to change the work function to a lower
SBH and partially mitigate FLP effect. However, Figure 5(a)
demonstrates that the trends in VP modulation are not
significantly different across the series with the Vy, circuit, and
all of them show a clear on/off switching effect. Therefore,
despite differences in contact conditions across devices, valley
polarization modulation follows the same trend, suggesting
that, in the Vg circuit, the observed effect is primarily driven by
stronger electrostatic doping in the middle of ML-WSe, rather
than by specific contact properties. The results agree with our
speculation that the contact conditions do not dominate the
electrostatic doping effect. While the single-contact circuit does
not fully solve inherent contact issues, the incorporation of C¢
and Cy coupling may generate a more localized and stronger
electric field, leading to charge redistribution and enhanced
electrostatic doping in regions away from the contact side.
Additionally, under the same excitation condition (detuning
energy ~ 700 meV), Figure S(b) shows no clear modulation
trend across the series due to lower electrostatic doping using
the Vi circuit, where lower doping levels are less effective due
to increased phonon activity enhancing intervalley scattering,'”
even with changes in the contact conditions. Thus, the single-
contact circuit not only facilitates a more feasible device design
but also alleviates concerns of contact fabrication issues while
concurrently maintaining a high level of efficiency in electrical
modulation.

It is noted that using a thinner dielectric layer can also lead
to improvements with the Vi, circuit. However, the contact
issues originating from FLP and SBH still remain, limiting the
metal material selection and charging efficiency. Additionally,
using a thinner oxide substrate increases the risk of device
breakdown due to the higher electric field around the contact
region. In our study, we adopted a 300 nm SiO, dielectric layer
with the V circuit, which not only enhances the PL and VP
modulation but also reduces the risk of device breakdown,
further indicating the advantage of the single-contact
configuration. Moreover, in reality, there might be some
interfacial states at the TMD and SiO, interface,”*” which
may significantly affect the modulation efficiency. Our results
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demonstrate explicit on/off switching operation, suggesting
that higher electrostatic doping with a single-contact circuit
may mitigate this issue. This enhancement arises as a higher
doping level initially saturates most interfacial states, reducing
their impact, and subsequently adjusts the Fermi level in the
MIS region, thereby enhancing PL and VP modulation
efficiency.

While our study employs a SiO, dielectric for back-gate
control, previous studies’’~** have shown that using hBN as a
gate dielectric can enhance electrostatic doping efficiency due
to its cleaner interface with 2D materials and reduced charge
trapping.°>®” This improved interface quality enables more
effective electrostatic control and allows for the use of a thinner
hBN gate layer, leading to higher carrier concentration under a
lower applied voltage and facilitating the investigation of
excitonic and valleytronic phenomena.”® Moreover, the single-
contact method is compatible with previous device architec-
tures such as hBN/Graphene heterostructure,”® potentially
further enhancing doping efficiency.

Beyond dielectric effects, VP values reported in previous
studies also vary due to differences in materials,” excitonic
states,”® and detuning energies,17 making direct comparisons of
absolute values less meaningful. For instance, our study was
conducted at a larger detuning energy (~700 meV), where
phonon-assisted intervalley scattering suppresses initial VP,
inherently leading to lower absolute VP values.'” Instead of
comparing absolute VP, we evaluate the modulation efliciency
through the on/off ratio. In Figure 3(b), we find that the Vj
circuit achieves a better on/off ratio of 16.3/2.9 ~ 5.6 at 8 K,
compared to 6.1/3.3 ~ 1.8 in the Vj, case. Furthermore, Figure
3(c) suggests that the on/off ratio could be further enhanced
at higher applied voltages, where the off-state approaches zero,
indicating the potential for an even greater VP contrast. These
results highlight the effectiveness of the single-contact
approach in electrostatic doping control.

Overall, our results clearly demonstrate that, even though
the excitation energy (~2.41 eV) is far from the optical band
gap energy (trion ~1.71 eV at 8 K), where ~700 meV
detuning energy is present, the modulation effect is still
significant. Importantly, distinguishable states of valley polar-
ization can still be observed up to 225 K, marking progress in
controllable valley polarization using a single-contact config-
uration under off-resonance excitation. This approach requires
only ML-WSe, on a standard SiO, dielectric, which already
exhibits a stronger electrostatic doping effect, facilitating
integration into large-scale 2D heterostructures. Additionally,
it is adaptable to existing device architectures, making it
valuable for exploring phenomena at higher doping levels.
Beyond demonstrating effective electrostatic doping and valley
polarization modulation, this work establishes the single-
contact method as a promising approach for TMD-based
valleytronic and optoelectronic applications, offering a practical
and scalable strategy for device development.

B CONCLUSIONS

In summary, we have developed a single-contact device to
effectively manipulate the valley degree of freedom in
monolayer WSe, using electrostatic doping. Our proposed
model, based on an MIS-like mechanism, illustrates how this
configuration achieves more uniform charge distribution in the
middle of the device, leading to better control of both PL
intensity and VP. Compared to the conventional back-gate
circuit, the single-contact device demonstrates notable
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performance, achieving clear on/off switching of trion VP
(ranging from ~3 to 16% at 8 K) under off-resonance
excitation (~2.41 €V) with a large detuning energy (~700
meV). This effective switching remains stable across a wide
temperature range (8 to 225 K), attributed to the modulation
of the long-range e-h screening effect, which reduces phonon-
induced intervalley scattering. Moreover, our findings using
single-contact method suggest that contact conditions have
minimal impact on PL and VP modulation, thereby reducing
concerns related to SBH and FLP, presenting an alternative
method for effective electrical modulation. These results
validate the stability and efficiency of the single-contact device
in manipulating valley polarization through -electrostatic
doping and demonstrate its capability for enhanced VP
modulation and trion switching across a broad temperature
range. This establishes the single-contact method as a
promising strategy for valleytronic applications, enabling
effective VP modulation in ML-TMD materials and opening
new avenues for advanced valleytronic and optoelectronic
device design.
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