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The lowest energy states in transition metal dichalcogenide (TMD) monolayers follow valley selection
rules, which have attracted vast interest due to the possibility of encoding and processing of quantum
information. However, these quantum states are strongly affected by temperature-dependent
intervalley scattering leading to complete valley depolarization, which hampers practical applications
at room temperature. Therefore, for achieving clear and robust valley polarization in TMDmonolayers
one needs to suppress parasitic depolarization processes, which is the central challenge in the
growing field of valleytronics.Here, in electron-doping experimentsonTMDmonolayers,we show that
strong doping levels beyond 1013 cm−2 can induce 61% and 37% valley contrast at room temperature
in tungsten diselenide and molybdenum diselenide monolayers, respectively. Our findings
demonstrate that charged excitons in TMD monolayers hold the potential for the development of
efficient valleytronic devices functional at 300 K.

The ultimate thickness of transition metal dichalcogenide (TMD) mono-
layers and the convenient access to valley degrees of freedom are inspiring
features for the next-generation electronic and optoelectronic devices1. Such
valleytronic devices utilize the possibility to create imbalanced carrier
populations in K and K0 energy extrema (valleys) of the Brillouin zone by
optical pumping2–4. However, valley depolarization processes may equili-
brate the desired carrier population imbalance between K and K0 valleys,
resulting in loss of intended functionality in a valleytronic device. Therefore,
the control of parasitic depolarizationprocesses is essential for unlocking the
full power of valleytronics.

Valley polarization inTMDmonolayers has been shown to be sensitive
to temperature, magnetic field, mechanical strain, charge doping, etc.3–8.
While cryogenic temperatures can suppress phonon-assisted valley depo-
larization processes3, such conditions are impractical for real-life applica-
tions at ambient conditions. Besides, cryogenic conditions are not a
comprehensive remedy against other valley depolarization mechanisms, as
in the case of molybdenum diselenide monolayers, which exhibit near-zero
valley contrast even at 4 K9. To induce a high degree of valley polarization

(DVP), the radiative relaxation processes with characteristic time τr should
be faster than the valley depolarization time τv, i.e., their ratio should be
minimal in the phenomenological expression2

DVP ¼ P0

1þ τr=τv
; ð1Þ

whereP0 ≤ 1 is the initial laser-induced degree of polarization depending on
the sample quality and environment. High valley polarization at room
temperature has been achieved throughmanipulation of τr (relative to τv) by
enhancing the emission rates with optical antennas10,11 or by introducing
nonradiative recombination pathways in graphene-TMD
heterostructures12. A complementary approach relies on the screening
effect of the electron-hole exchange interaction due to charge doping7,13,14,
which in chalcogenide-alloyed monolayer hybrids allowed for a very high
valley polarization of 50% at room temperature15. Similarly, direct
electrostatic and optical doping techniques were demonstrated to enhance
the valley polarization at low temperatures5,16. However, such doping
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techniques do not provide sufficient doping levels to enable practical valley
contrast at room temperature.

In this article, we demonstrate strong valley polarization of excitonic
emission in electrochemically–doped TMD monolayers at room tempera-
ture.We achieve 61%and37%valley contrast in tungsten diselenide (WSe2)
and molybdenum diselenide (MoSe2) monolayers at high electron doping
densities >1013 cm−2, respectively. We investigate the effect of electron
dopingon the characteristic emissionand intervalley scattering times,which
provides control over the valley depolarization dynamics. Our results pave
the way for designing of practical valleytronic devices operating at room
temperature.

Results
Samples and experimental setup
Wemechanically exfoliatedWSe2 andMoSe2 bulk crystals intomonolayers
—see details in Supplementary Methods and Supplementary Fig. 1. All
experiments presented here were performed at room temperature of ca.
293 K. Representative photoluminescence spectra of exfoliated monolayers
at low excitation power are shown in Fig. 1a, b. Here, we use the spectral
decomposition fitting with a three-peak Voigt function to distinguish
contributions of the neutral exciton X0 (orange) and negative trion XT

(purple) emission17. The third low-intensity peak XD (gray) is not of interest
here and possibly, originates from recombination through defect and
impurity states.We extract spectral parameters for X0 and XT peak energies
as well as their linewidth at half-intensity (Table 1).

We position the TMDmonolayers in contact with an indium tin oxide
(ITO) substrate (see the inset of Fig. 1c), which serves as aworking electrode
of our custom-made electrochemical cell (see details in Supplementary
Methods and Supplementary Fig. 2). Additionally, our monolayers are
covered with hexagonal boron nitride (hBN) crystals for protecting them
from direct Faradaic currents as well as the photochemical degradation due
to the chemically-active electrolyte environment17. For the polarization
measurements, the samples are tested with a right-handed circularly
polarized (σ+) laser at off- and near-resonance energies (1.58, 1.70, and
1.81 eV). Generated photoluminescence is analyzed with a polarization-
resolvingmicroscopy setup (Fig. 1c, see details in SupplementaryMethods),
which allows for simultaneous detection of co- (σ+/σ+) and cross-polarized
(σ+/σ−) emission on a charge-coupled device (CCD) camera of a

spectrometer. The application of voltage bias in the electrochemical cell
controls the position of the Fermi level EF in the TMD monolayer. At the
neutral voltage bias of 0 V, EF is within the bandgap as in the case of an
intrinsic monolayer (Fig. 1d), while a negative bias can raise EF above the
bottom of the conduction band, causing electron doping and filling of
available states in the K and K0 valleys of the Brillouin zone (Fig. 1e).

Optical doping
First, we present the response of valley polarization to exciton charging
using the optical doping technique (photocharging)5. High laser power
(pump fluency) facilitates the formation of charged excitons (trions),
increasing their contribution in the photoluminescence signal (see Sup-
plementary Fig. 3). Here, we use right circularly polarized lasers at non-
resonant energies of Eexc = 1.81 eV and 1.70 eV to excite the WSe2 and
MoSe2 monolayers, respectively.

Figure 2a, b presents polarization-resolved photoluminescence spectra
of WSe2 and MoSe2 monolayers measured at high excitation power of
>1 kW cm−2, where the green and blue lines represent the co- and cross-
polarized detection channels. We employ the spectra decomposition fit
(red), extracting X0 (orange) and XT (purple) peaks with respect to the
polarization (solid and dashed lines for the co- and cross-polarized spectra).
We observe a slight valley polarization in the emission of the WSe2
monolayer at high excitation power (Fig. 2a, c), while theMoSe2monolayer
exhibits no valley polarization regardless of excitationpower (Fig. 2b, d).We
quantify this in Fig. 2c, d (blue line) by the degree of circular polarization—
DOCP ¼ ðIσþ � Iσ� Þ=ðIσþ þ Iσ� Þ—using the spectra from Fig. 2a, b,
respectively. In comparison, the yellow line in Fig. 2c, d represents a DOCP
obtained at low excitation power. The increase of excitation power to
9.2 kW cm−2 results in a growth of DOCP around the trion spectral line up
to 9% in the WSe2 monolayer, which we attribute to the optical charge
doping. We repeat the experiment on a different WSe2 monolayer with a
higher trion contribution to the signal (Supplementary Fig. 3), however
obtaining similar low values of valley polarization contrast. This demon-
strates the limitations of the optical doping approach to achieve a high valley
polarization at room temperature, while a further increase of excitation
power may cause unwanted heating of the sample, parasitic defect and
substrate emission, flourishing nonlinear processes, as well as irreversible
photodegradation of a TMD monolayer.
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Fig. 1 | Charging excitons in an electrochemical cell. a, b Photoluminescence
spectra of WSe2 and MoSe2 monolayers at low laser power. The monolayers are
sandwiched between an ITO substrate and a multilayer hBN flake. The orange and
purple peaks represent the contribution of neutral exciton X0 and trion XT,
respectively, which are obtained by the spectral decomposition fit (red).
c Experimental setup for electron doping and polarization-sensitive detection of
valley photoluminescence (see Supplementary Methods for details). d Schematic
band structure of a TMD monolayer around K and K0 points of the Brillouin zone.

The red dashed line represents the Fermi level EF, which for an intrinsic monolayer,
lies within the bandgap. The wavy gray arrow represents the intervalley scattering
processes, and the green and blue arrows—radiative recombination generating
right- (σ+) or left-handed (σ−) circularly polarized photons, respectively.
e Application of a negative voltage bias in the electrochemical cell rises EF above the
bottom of the conduction band causing strong electron doping, which leads to the
suppression of intervalley scattering processes and parasitic cross-polarized
photoluminescence.
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We conclude here that the valley polarization in a WSe2 monolayer
(Fig. 2a, c)mainly originates from the trion emission, which is in agreement
with previous studies5,18,19. In contrast, aMoSe2monolayer exhibits no valley
polarization in the X0 and XT spectral regions at low and high excitation
powers, highlighting thematerial difference between the TMDmonolayers.
Wealso test our sampleswith a linearly polarized laserobserving anear-zero
degree of linear polarization (DOLP) in the XT spectral region (Supple-
mentaryFig. 4),which is also independentof the excitationpower.A linearly
polarized excitation can generate quantum coherent valley states of the
neutral exciton4. However, we note that the detection of trion quantum
coherence cannot be accessed in such an experiment and requires com-
plementary experimental techniques20.

Electrochemical doping
We now turn to discuss the manipulation of TMD monolayer photo-
luminescence via electrochemical doping. The evolution of photo-
luminescence intensities fromWSe2 andMoSe2monolayers during a linear
scan of voltage bias are shown in Supplementary Fig. 5, where at negative
bias, the photoluminescence experiences a substantial drop in intensity. To
characterize the change, we perform the spectral decomposition fitting,
extracting the intensity evolution of the neutral exciton X0 at negative bias
(Fig. 3a, b). The X0 intensity suppression dynamics follow the Fermi-Dirac
distribution f ðEÞ ¼ ½expð�E=kBTÞ þ 1��1 at room temperature as
I(EF) = I0 ⋅ [1− f(EF)] (red in Fig. 3a, b), which we demonstrated in our
previous work17. This model of exciton intensity dynamics allows us to
translate the applied voltage bias to the Fermi energy with respect to the
bottomof the conduction band, aswell as to the electrondoping density (see
details in Supplementary Methods). Here, [1− f] is the common Pauli
blocking factor describing the probability that the state is empty, allowing
for the possibility of an exciton being formed when an electron transitions

from the valence band. The decrease of photoluminescence intensity at
negative bias arises from the filling of the monolayer conduction band with
electrons,which redistributes the oscillator strengthbetweenneutral exciton
and trion excitations21. On one hand, this suppresses the neutral exciton
contribution in photoluminescence and favors trion formation, while, on
the other one, leaves fewer states for intervalley transitions preventing the
depolarization.

Figure 3c, d summarizes the spectral response to negative bias. The
insets of Fig. 3c, d shows photoluminescence spectra obtained at neutral and
negative bias, demonstrating a substantial change in the emission energy.
This is in linewith our previouswork17, wherewe showed that the change in
spectrum is due to the suppressionofneutral exciton andgenerationof trion
emission at large doping densities. Besides, the trion emission energies of
both WSe2 and MoSe2 start to redshift linearly once the Fermi level passes
thebottomof the conductionband.Wemeasure amaximal redshift inWSe2
and MoSe2 monolayers of 73meV and 104meV at −1.6 V and −0.8 V,
respectively,whichcorresponds to electrondopingdensity of 26 × 1012 cm−2

and 48 × 1012 cm−2.
The suppression of X0 intensity (Fig. 3a, b) and the redshift in emission

spectra (Fig. 3c, d) at negative bias are accompanied by a reduction of
experimental emission lifetime τr (Fig. 3e, f).We note here that the reported
experimental lifetimes do not represent the intrinsic exciton decay rate in
the TMD monolayers but instead are effective radiative lifetimes that
depend on a number of different factors22. The insets of Fig. 3e, f showdecay
histograms measured at neutral and negative bias, which we fit with a bi-
exponential decay function to extract values of the experimental lifetime
(Supplementary Fig. 6). We attribute the fast decay component to the pri-
mary excitonic recombination channel as it has a dominant weight in the fit
and plot its devolution with negative bias in Fig. 3e, f. The slow decay
component may originate from defect-assisted or phonon-mediated
recombination processes, while an accurate interpretation of experimen-
tally measured lifetimes poses a complex challenge, particularly at room
temperature22. Here, we observe a major enhancement of the radiative
recombination rate (the quantitative estimation is beyond the resolution of
our system of ca. 180 ps, gray-shaded region in Fig. 3e, f), when the Fermi
level crosses the bottom of the conduction band. Similar to the case of the
suppression of photoluminescence intensity in Fig. 3a, b, we model the
radiative lifetime dynamics at increasing electron doping with the Fermi-
Dirac distribution

τrðEFÞ ¼ τr;0 � ½1� f ðEFÞ�; ð2Þ

where τr,0 is the lifetime at 0 V bias (red curve in Fig. 3e, f). We note here
again the difference in the response of WSe2 and MoSe2 monolayers: while
the redshift in spectra and the lifetime reduction happens forWSe2 around
zero Fermi energy in Fig. 3c, e, the response of MoSe2 is shifted to higher
Fermi energies in Fig. 3d, f.

The reduction in experimental radiative lifetime τr mainly stems from
two processes: (i) formation of trions with faster recombination times τT,
and (ii) increasing probability of non-radiative Auger-related recombina-
tion characterized by τnr

18, that is τ�1
r ¼ τ�1

T þ τ�1
nr in the spirit of Mat-

thiessen’s rule. We speculate that the strong electron doping enhances the
radiative decay of excitonic emission, and if it is faster than the characteristic
time of intervalley scattering processes at room temperature—it can induce
the sought-after valley polarization contrast.

Valley-polarization at strong electron doping
Finally, we characterize valley polarization properties of WSe2 and MoSe2
monolayers at the negative bias voltages (laser power <1 kW cm−2), which
shift the Fermi level well above the bottom of the conduction band. Pho-
toluminescence of WSe2 and MoSe2 monolayers at neutral bias of 0 V are
characterized by a lowDOCP (black curves in Fig. 4c, d, Supplementary Fig.
7), which are similar to what has been observed in the optical doping
experiments (Fig. 2). In contrast, Fig. 4a, b present strongly polarized spectra
of WSe2 and MoSe2 monolayers obtained at high negative bias with

Table 1 | Photoluminescence of WSe2 and MoSe2 monolayers

EX0
(eV) δEX0

(meV) EXT
(eV) δEXT

(meV)

WSe2 1.670 35 1.622 64

MoSe2 1.570 41 1.543 118
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Fig. 2 | Valley-resolved photoluminescence in optically doped TMDmonolayers.
a, b At high laser power of >1 kW cm−2, the WSe2 monolayer exhibits slight valley
polarization of up to 9%, while the MoSe2 monolayer remains unpolarized. The
orange and purple peaks represent the neutral exciton X0 and trion XT contributions
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dominating trion emission. To quantify the trion valley polarization con-
trast,we employ the spectrumdecompositionfit, extractingXT intensities in
co- (ITσþ ) and cross-polarized (ITσ� ) spectra to calculate the experimental
DVP of XT via ðITσþ � ITσ� Þ=ðI

T
σþ

þ ITσ� Þ. The purple-shaded areas in Fig. 4a,
b present the extracted trion intensity contributions ITσþ and ITσ� to the
spectra with respect to the polarization, which we used to calculate the
experimental trion DVP of 48% and 36% forWSe2 andMoSe2 monolayers
at the given voltage bias and laser energy, respectively. Furthermore, we test
the polarization response to the excitation energy (Fig. 4c, d, Supplementary
Fig. 8), where theDOCP significantly increases for near-resonant excitation
of the TMD monolayers.

The dynamics of trion polarization at increasing negative bias are
presented in Fig. 4e, f. Here, we measure spectra in a wide range of negative
biases to extract the trion DVP as a function of bias (top scale) and Fermi
energy (bottom scale). Besides, the trion polarization dynamics follow a
similar trend at off- and near-resonant laser excitation, experiencing a
transition to strong valley polarization once the Fermi level is shifted above
the bottom of the conduction band (see also sample-to-sample variations in
Supplementary Fig. 9).Wefit the transition to high valley polarization using
Eq. (1) (red in Fig. 4e, f), where we introduce a dependency on the Fermi
energy for both characteristic lifetimes, i.e.,

DVPðEFÞ ¼
P0

1þ τrðEFÞ=τvðEFÞ
: ð3Þ

For the radiative lifetime τr dependency onEFweuseEq. (2), while the valley
depolarization time τv in the case of statically screened Coulomb potential
with finite Thomas–Fermi wave vector can be expressed as13–15

τvðEFÞ ¼ τv;0 � ½1� expð�EF=kBTÞ�2; ð4Þ

where τv,0 is the valley depolarization time at zero temperature, thus having
the τr,0/τv,0 ratio as the only fitting parameter. The fits of trion DVP in Fig.
4e, f (red) saturate in the strong-doping regime of EF > 100meV
(>1013 cm−2), and for the near-resonant excitation reach 61% and 37% for
WSe2 and MoSe2 monolayers, respectively. We note here that the sole
dependency of τv on EF in Eq. (3) is not sufficient to unambiguously fit our
experimental results in Fig. 4e, f (Supplementary Fig. 10), which highlights
the importance of developing a more accurate model for the emission
lifetime τr(EF) reduction accounting for many-body interactions at high
electron concentrations. Besides, our simple model does not take into
account the intervalley lifetime dependence on the temperature-dependent
excitonic linewidth14.We note that the lowerDVP in theMoSe2monolayer,
in comparison with that of the WSe2 one, is expected for the wider trion
linewidth (as reported in Table 1), which also indicates poorer coherence
times in MoSe2 monolayers. We suggest that strain engineering can be
employed for narrowing of linewidth8, which can improve coherence times
and further increase the DVP at room temperature.

Discussion
We compare our results with literature DVP at cryogenic and room tem-
perature conditions in Fig. 5. Here, we plot DVP values for a range of TMD
monolayers as well as their chalcogenide-alloyed hybrids. With values of
61% forWSe2 and37% forMoSe2,we observe thehighest valley polarization
contrast to date at room temperature, which emphasizes the importance of
the strong doping regime for achieving a high DVP at ambient conditions.
Our experiments reveal a difference between the DVP attainable in WSe2
and MoSe2 monolayers, which highlights the role of careful material
selection for the further improvement of valley contrast.

Implementing strong electron doping in TMD monolayers for prac-
tical use might face challenges. Replacing the liquid electrolyte with a solid-
state one could improve device robustness and versatility. Additionally,
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electrochemical cell design needs optimization to ensure doping stability
and uniformity while preventing Faradaic currents and electrolysis at high
voltages.Overdoping risks introducingdefects or altering the band structure
while also causing irreversible changes to the optoelectronic response of

TMDmonolayers. We also note that, at high doping levels, the interaction
between trions and the lattice could lead to a transitionwhere the trion state
evolves into a polaron state forming polaronic trions23 thereby introducing
an additional toolkit for controlling optoelectronic and valleytronic prop-
erties of TMD monolayers.

In summary, we investigated valley polarization in WSe2 and MoSe2
monolayers under strong electron doping at room temperature.We achieved
high trion DVP values of 61% and 37% in WSe2 and MoSe2 monolayers,
respectively, under doping concentrations of over 1013 cm−2. The strong-
doping regime allows for controlling the characteristic times of emission and
intervalley scattering processes, which prevents the intervalley scattering and
induces the high valley polarization even at room temperature. Our results
demonstrate the importance of developing robust charge doping techniques
to realize the strong-doping regime in TMD monolayers to enable the high
valleypolarization forpractical valleytronic applications at roomtemperature.

Data availability
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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