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disulfide (WS2),[6] and to harness elec-
troluminescence from multi-particle 
exciton complexes in WSe2 and WS2,[7] 
and other TMD-based LEDs with unique 
properties.[8]

TMD monolayers are of particular 
interest,[9] because their strong 2D 
quantum confinement provides stable neu-
tral and charged excitons (trions) with large 
binding energies,[10] which exceed those 
of semiconductor 2D nanoplatelets.[11,12] 
The neutral exciton in TMD monolayers 
is a bound electron-hole state resulting 
from the attractive Coulomb interaction, 
while electron transfer to the conduction 
band facilitates the formation of nega-
tively charged excitons with tunable emis-
sion characteristics.[13–15] In contrast to 
the charge-neutral exciton, the negatively 

charged exciton preserves the valley polarization and coherence 
at room temperature,[16–18] which makes them promising candi-
dates for valleytronic-based devices for encryption and processing 
of quantum information.

Common strategies to inject electrons into the conduction band 
of TMD materials include chemical, optical, mechanical, and 
electrostatic doping, for which electron doping levels reach up to  
n  ≈ 10 − 15 × 1012  cm−2. As they achieve the doping through 
different physical mechanisms, each approach presents a dif-
ferent level of experimental challenge, and have accordingly 
been used to study a variety of effects. For example, optical 
doping is a relatively simple technique, but provides only 
low tunability and requires high excitation powers of about 
1  mW, which leads to the formation of bi-excitons as a side-
effect.[19,20] With a conceptually similar level of simplicity, elec-
trostatic doping is characterized by high tunability and revers-
ibility, but in practice requires complex micro-fabrication and 
high voltages up to 100  V to reach doping densities of n  ≈ 10 
× 1012  cm−2.[13] Mechanical tuning effectively creates a local 
potential-energy well in the band structure by deforming the 
lattice, which facilitates the formation of charged excitons. The 
challenge in this technique lies in the required nano-scale pre-
cision when bending a monolayer membrane with the tip of 
an atomic force microscope (AFM).[21] Chemical doping has 
been used to achieve photo-brightening of TMD monolayers via 
retrieving the neutral exciton emission,[22] while adsorption of 
n-type dopands cause effective emission of negative trions.[23] 
Finally, the electrochemical doping approach provides great 
reversibility and high doping densities of n ≈ 1014  cm−2 at low 
voltages of 1–2 V, as it has been demonstrated in experiments 
on WSe2 and molybdenum disulfide (MoS2) monolayers using 

Charge doping of materials with 2D and 3D quantum confinement is a 
flexible tool to tailor their excitonic emission. Here, using electron doping 
experiments on transition metal dichalcogenide (TMD) monolayers, revers-
ible tuning of charged exciton emission within a redshift of up to 75 meV is 
demonstrated by applying very modest voltages (corresponding roughly to 
the band gap of TMDs), while also controlling the radiative lifetime and inten-
sity. It is found that the neutral exciton ionization dynamics at increasing elec-
tron doping follows the Fermi–Dirac distribution, which allows to determine 
the size of the band gap as well as to extract experimental values for effective 
masses of electrons and holes at room temperature. The tunable excitonic 
emission, preserving coherence at room temperature, holds great promise 
for quantum technologies requiring deterministic coupling with integrated 
photonic and plasmonic devices.
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1. Introduction

Manipulation of excitons via charge injection enables numerous 
optoelectronic functionalities, including sub-exciton lasing in 
quantum dots,[1] single-photon generation from light-emitting 
diodes (LEDs),[2] control of photoluminescence blinking,[3] 
and tuning photon emission lifetimes.[4] Similar doping tech-
niques have been applied to control the charge state in atomi-
cally thin materials; in particular, to tune the zero-phonon line 
in hexagonal boron nitride (hBN),[5] to electrically drive single-
photon emission in tungsten diselenide (WSe2) and tungsten 

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.
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graphene electrodes and ionic liquids at room temperature.[24,25] 
The ionic liquid-gated field-effect transistors based on TMD  
monolayers have also enabled the quantitative study of their 
electronic properties.[26,27]

Electrical control of quantum emission is especially interesting  
for applications that require coupling of excitonic materials 
with photonic and plasmonic integrated devices. For example, 
the neutral exciton emission of quantum dots in micro pillars 
can be tuned within the cavity mode realizing ultrabright 
single-photon sources.[28] The electrical gating of exciton reso-
nances in WS2 has been shown to control the linear optical 
response of switchable atomically thin lenses and mirrors.[29] 
Using high electric fields the Stark effect supports energetic 
tuning of inter-layer excitons up to 120 meV in MoS2 bilayers, 
bringing intra and inter-layer excitons into resonance.[30] 
Tuning the carrier density in 2D materials can be used to tailor 
the coupling between excitonic near fields and plasmon polari-
tons. In this way, it is possible to detect and characterize the 
spin-forbidden optical transitions of the dark excitons of WSe2 
and molybdenum diselenide (MoSe2) in the far field.[31] The 
charged exciton in TMD monolayers has tunable emission 
energy as well,[13,14] which allows for deterministic coupling 
with antennas, cavities, resonators and waveguides.

In this letter, we employ spectroelectrochemical methods to 
study the photoluminescence response of TMD monolayers to 
electron injection and the formation of charged excitons. We 
report reversible tuning of charged exciton emission in TMD 
monolayers through the application of voltage bias in a lithog-
raphy-free electrochemical cell. The bias controls the Fermi 
level and electron doping density in TMD monolayers, facili-
tating manipulation of the charged exciton emission spectrum 
and radiation-decay dynamics, including both lifetime and 
intensity. We observe quenching of the neutral exciton photo-
luminescence emission when the Fermi level is moved outside 
the bandgap, the dynamics of which follows the Fermi–Dirac 
distribution, allowing us to extract the experimental relative 
effective electron and hole masses in WSe2 and WS2 mono-
layers, respectively. The electro-chemical approach provides 

high doping concentrations up to 35 × 1012  cm−2 at modestly 
low voltage bias of −1.4 V, amid high tunability in the charged 
exciton emission spectrum of up to 75 meV.

2. Results

We isolated WSe2 and WS2 monolayers using mechanical exfo-
liation (see Experimental Section and Figure  S1, Supporting 
Information), and transferred them to a transparent indium tin 
oxide (ITO)-covered coverslip serving as a working electrode of 
a custom-made three-electrode electrochemical cell. The mon-
olayers were covered with a multilayer hBN flake (Figure  1a), 
which both protects them from the electrolyte environment 
and serves as an insulating layer preventing direct Faradaic cur-
rents to pass through the TMD monolayers, which could lead 
to photo-chemical degradation. WSe2 and WS2 monolayers  
exhibited their photoluminescence maxima at 1.653 and 
1.999  eV with full-width-at-half-maximum (FWHM) of 44 and 
41  meV, respectively. These values are typical for room-tem-
perature experiments, indicating good quality of our exfoliated 
monolayers.[32]

Figure  1b schematically shows the TMD-hBN heterostruc-
ture in the electrochemical cell, which was mounted on a con-
focal microscope to excite the TMD monolayers and monitor 
their photoluminescence response to electron doping. The 
voltage bias between the working and counter electrodes 
causes the formation of an electrical double layer around the  
TMD-hBN heterostructure allowing for manipulation of the 
TMD Fermi level. In intrinsic TMD monolayers, the Fermi 
level lies below the conduction band. Under these conditions, 
the optical excitation causes the formation of neutral excitons 
which dominate the photoluminescence emission at room  
temperature (Figure 1c). As the Fermi level is raised above the 
conduction band edge, the electrons injected into the TMD 
monolayer suppress neutral exciton emission and instead  
promote the formation of negatively charged excitons (trions) 
with redshifted emission energies (Figure 1d).

Adv. Optical Mater. 2021, 2101305

Figure 1. Electron doping of TMD monolayers in electrochemical cell. a) Dark-field view of TMD–hBN heterostructures, where the contours of WSe2, 
WS2, and hBN flakes are highlighted by white dashed lines. b) The experimental setup consisted of a three-electrode electrochemical cell mounted 
on a confocal microscope; TMD monolayers were subjected to a voltage bias between the transparent ITO working electrode (WE) and the platinum 
counter electrode (CE). The voltage bias was measured with respect to a platinum quasi-reference electrode (RE) and controlled by a potentiostat. A 
high numerical aperture (NA) objective focused laser excitation on a TMD monolayer and extracted generated photoluminescence (PL). c) The Fermi 
level can be tuned by application of voltage bias in the electrochemical cell. The emission of neutral exciton X0 dominates at 0 V applied bias, when 
the Fermi level is below the TMD conduction band. d) The application of a negative bias brings the Fermi level above the conduction band, facilitating 
the formation of a negative exciton X−.
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We excited TMD monolayers in the blue by a 404  nm 
(3.07 eV) laser with a pulse-repetition rate of 10 MHz, using a 
low power of <1 μW in all experiments, which was in the linear 
response regime to minimize optical charge doping (Figure S2, 
Supporting Information). First, we applied a voltage bias with 
a square waveform of 20  s period modulating the Fermi level 
between the intrinsic and doped cases. The collected photolu-
minescence was sent to an avalanche photodiode to record the 
dependence of the photoluminescence intensity and lifetime 
on the applied bias. Figure 2a,b present the first six cycles of 
longer intensity time traces recorded from WSe2 and WS2, 
which demonstrate the high reversibility of the optical response 
under electro-chemical doping (see the full traces over 15 min 
in Figure S3, Supporting Information). The photoluminescence 
intensity exhibited a drop at negative bias followed by its full 
recovery at 0  V. The decrease of photoluminescence intensity 
at negative bias was caused by the formation of charged exci-
tons instead of neutral ones, and is associated with the lower 
quantum yield of charged excitons at room temperature.[14,33] 
Immediately after application of 0  V bias the photolumines-
cence intensity of WSe2 and WS2 under- or overshot the ini-
tial intensity levels, respectively, but converged to the initial 
values within 10  s (Figure  2a,b). We attribute this behavior to 
a different set of trap and defect states for the measured WSe2 
and WS2, where the negative bias was used to electron dope 
or deplete the conduction bands, thus recovering or quenching 
their intrinsic emission, respectively.

Besides the change in the photoluminescence intensity, we 
observed an increase of the emission rate at negative bias. To 
demonstrate this, we acquired lifetime decay histograms at 0 V 

bias for WSe2 and WS2 (see Experimental Section). The decays 
did not follow mono-exponential dynamics (green triangles in 
Figure  2c,d), thus we used a bi-exponential function for fit-
ting after deconvolution with the instrument response func-
tion (IRF). We extracted short decay components for the bright 
neutral excitons of 0.52 ns for WSe2 and 0.44 ns for WS2, while 
the long components of 1.95 ns for WSe2 and 3.45 ns for WS2 
are typically associated with dark excitons.[34] Since we used a 
high numerical aperture objective (NA = 1.49), we were able 
to capture the dark exciton emission, though its amplitude 
was about two orders lower than that of the bright one. The 
decay histograms at negative bias are multi-exponential as well, 
though with much shorter radiative lifetimes (maroon circles 
in Figure  2c,d). There is a slow decay component besides the 
fast decay components at the negative bias, which we attribute 
to the background emission of ITO and hBN, defect and trap 
states due to its very weak amplitude. Similarly to the neutral 
exciton, the bright negative exciton is characterized by much 
shorter radiative lifetime than that of the dark one.[35] An 
accurate measurement of the increase in emission rate under 
negative bias is beyond the time resolution of our experimental 
setup, and we can only report that the emission lifetime of the 
bright charged exciton is shorter than 0.2  ns, while the dark 
charged exciton exhibited lifetimes of 0.36 and 0.30 ns for WSe2 
and WS2, respectively.

The high reversibility of the optical response allowed us to 
study the emission spectra evolution, while scanning the bias 
in a low voltage range from 0 to −1.4 V. Figure 3a,b show pho-
toluminescence maps constructed from normalized-by-max-
imum spectra at increasing negative bias that are characterized 
by a kink around −1.05  V for WSe2 and −0.75  V for WS2 (see 
non-normalized spectra in Figure S4, Supporting Information). 
Beyond these bias levels the neutral exciton was suppressed 
and the redshifted charged exciton dominated the emission 
spectra. The increase of negative bias caused similar quenching 
dynamics in the spectrally integrated photoluminescence inten-
sity of both WSe2 and WS2 (Figure  3c,d). In the transition 
region around the kink, the spectral FWHM was broadened 
by about three times, indicating the emission of neutral and 
charged excitons of comparable spectral weight but different 
emission energy (Figure  3e,f). The spectral width of WSe2 
after the transition region shown in Figure 3e exhibited a peak, 
which we attribute to the remaining emission of neutral exciton 
and poor signal-to-noise ratio in spectra at the high negative 
bias (see Figure S4c, Supporting Information).
Figure  4a,c show typical photoluminescence spectra of 

intrinsic WSe2 and WS2, which we acquired at 0  V bias 
during 20 s. The spectra have a non-Lorentzian shape caused 
by multiple broadening mechanisms at room temperature, 
which we decomposed in order to extract the contributions 
of the neutral and charged excitons to the overall photolumi-
nescence signal.[22] We fitted the spectra using a three-peak 
Voigt function. These peaks represent the neutral (green) and 
charged (maroon) excitons, as well as a low intensity peak 
(gray), which we attribute to emission from dark excitonic and 
defect and trap states. We repeated this fitting procedure for 
all measured spectra at each different negative voltage bias 
level. Figure 4b,d present an example of measured spectra in 
the transition region around the kink, where the two spectral 

Adv. Optical Mater. 2021, 2101305

Figure 2. Reversible tuning of TMD monolayer photoluminescence in 
electrochemical cell. a,b)  Photoluminescence intensity time traces of 
WSE2 and WS2 measured at the same excitation power of 72 nW while 
modulating the voltage bias in the electrochemical cell between 0 V and 
the negative bias. The negative bias caused quenching of photolumines-
cence intensity, while the application of 0 V bias restored it. c,d) Photo-
luminescence decay histograms of WSE2 and WS2 acquired at 0 V (green 
triangles) and −1 V (maroon circles) and excitation power of 12 nW dem-
onstrate the enhancement of emission rate at the negative bias, which 
indicates the change of emission state from neutral to charged exciton. 
The decay histograms were fit using a bi-exponential function (red) by 
deconvolution with the instrument response function (IRF) to extract 
radiative lifetimes.
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peaks can be clearly distinguished. Finally, we calculated spec-
tral weights of neutral and charged excitons by integrating 
the area under the decomposed peaks to extract their abso-
lute intensity contribution to photoluminescence signal 
(Figure 4e,f ).

The increase of the Fermi energy above the conduction band 
edge of the TMD monolayer leads to suppression of the neutral 
exciton, which manifests as a reduction of the respective pho-
toluminescence contribution at increased voltage bias (green 
triangles in Figure  4e,f). Since we attribute this suppression 
to Pauli-blocking of electronic states near the conduction band 
edge, we fitted the observed bias-dependence of the neutral 
exciton photoluminescence to the Fermi–Dirac distribution at 
room temperature. In this way, we translated the applied voltage 
bias to the Fermi energy relative to the bottom of the conduction 
band. The resulting fits are shown by red curves in Figure 4e,f, 
which define the voltage bias offsets for WSe2 and WS2 at  
0.82 ± 0.01  V and 0.52 ± 0.01  V, respectively, corresponding to 
the position of conduction band bottom EF  = 0  meV (dashed 
vertical line in Figure  4e,f). The bias offset for WS2 is lower 
than that for WSe2, reflecting the relative position of the con-
duction band bottoms; the observed difference of 0.3  V agrees 
well with the theoretically calculated offset in the positions of 
conduction band minima between these TMD monolayers.[36] 

Moreover, the known capacitance of the electrochemical cell 
provided us with the carrier concentration at each bias level. 
Together with the associated Fermi level, this allowed us to 
extract the density of electronic states, which can be expressed 
in terms of the effective electron mass e

*m . In terms of the bare 
electron mass m0, we find values / 0.28 0.02e 0m m = ±∗  and 
0.32 ± 0.03 in WSe2 and WS2, respectively, agreeing well with 
theoretically calculated values in the range 0.27–0.53.[37–39] We 
note that the photoluminescence intensity of charged excitons  
(maroon circles in Figure  4e,f) exhibits a similar decrease, but 
does not follow a Fermi–Dirac distribution. The observed devia-
tion might be due to additional quenching processes taking place 
at high doping densities, such as non-radiative Auger recom-
bination and charge screening by the ITO electrode and the  
electrolyte.[40] Eventually, the charged exciton dominated in the 
photoluminescence signal after the Fermi level was increased 
above the bottom of conduction band for both WSe2 and WS2.

For completeness, we also studied the spectral response of 
WSe2 and WS2 to positive bias voltages, and observed similar 
quenching behavior once the Fermi level was brought below the 
top of valence band. We also observed a redshift of the emission 
energy at +0.85 ± 0.02 V offset in the WSe2, resulting in the total 
bandgap of 1.67 ± 0.02 V also agreeing well with the emission 
energy of the neutral exciton of 1.654 ± 0.002 eV extracted from 

Adv. Optical Mater. 2021, 2101305

Figure 3. Photoluminescence spectrum evolution at increasing negative bias. a,b) Photoluminescence spectral maps of WSe2 and WS2 obtained at 
voltage bias in range from 0 to −1.4 V. WSe2 and WS2 spectra were measured at excitation power of 650 and 390 nW, respectively. Each spectrum was 
normalized by its maximum. The spectral maps are characterized by kinks at the negative bias around −1.05 and −0.75 V for WSe2 and WS2, respectively. 
After the kink the emission of neutral exciton X0 was quenched and the redshifted charged exciton X− emission dominated in the photoluminescence 
signal. c,d) The increase of negative bias was suppressing the spectrally integrated intensity of both WSe2 and WS2, e,f) while increasing their emis-
sion spectral width.
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the spectral decomposition fitting (see Figure  S5, Supporting 
Information). The redshift was accompanied by the quenching 
of neutral exciton emission, which allowed us to extract the 
valence band effective hole mass / 0.33 0.04h 0m m = ±∗  in WSe2. 
In contrast, WS2 required relatively high positive bias voltages 
that were dangerously close to the onset of degradation of the 
ITO working electrode. As a result, we could not observe the 
expected redshift in WS2, while we did observe quenching of 
the neutral exciton at a bias offset of +1.52 ±0.03 V, resulting in 
a total bandgap of 2.04 ± 0.03 V that also agrees well with the 
emission energy of the neutral exciton at 2.001 ± 0.002 eV. We 
extracted the effective hole mass / 0.26 0.11h 0m m = ±∗  in WS2, 
where the relatively large uncertainty is due to the bias limits 
imposed by electrode degradation and as a result - limited 
statistics for the dynamics of the neutral exciton quenching. 
The obtained values for the TMD bandgaps from the neutral 
exciton quenching dynamics are larger than those of the corre-
sponding photoluminescence emission energies, which reflects 
the neutral exciton binding energy.

Using the spectral decomposition fitting we analyze the 
shift of emission energy presented in Figure  3a,b. We extract 
positions of the spectral maxima associated with the neutral 
and charged excitons in WSe2 and WS2 for different bias levels, 
and plot them in Figure 5a,b versus the relative Fermi energy. 
Voltage bias levels below the offset voltages correspond to a 
Fermi level within the TMD bandgap. Thus, they do not lead to 
electron injection in the conduction band and leave the photo-
luminescence response unchanged. From these measurements 
we extract the charged exciton binding energies of 28 ± 1  and 
22 ± 1 meV for WSe2 and WS2, respectively, which agree well 
with previously reported values.[15,33]

Once the Fermi level passes the conduction band edge, the 
neutral exciton experiences a minor blueshift reaching 2 ± 1 
and 4 ± 1  meV for WSe2 and WS2, respectively. The greatest 
shifts we observed for the neutral exciton were at electron 
doping densities around 10 × 1012  cm−2, while further elec-
tron injection caused its complete ionization (green triangles 
in Figure  5a,b). The neutral exciton binding energy in TMD 
materials is expected to blueshift by over 100  meV due to the 
electron doping, however it is compensated by the bandgap 
renormalization.[41] In contrast, the charged exciton emission 
maximum shifts monotonically to lower energies by 58 ±2 and 
74 ±2 meV at −1.4 V bias, corresponding to high electron doping 
concentrations of around 25 × 1012 cm−2 and 35 × 1012 cm−2 in 
WSe2 and WS2, respectively. Since the charged exciton binding 
energies are expected to increase linearly with the relative Fermi 
energy,[11,13] we fit the observed redshift behavior with a linear 
function extracting the slope of the charged exciton tuning and 
find 0.29 ±0.01 and 0.26 ±0.02 for WSe2 and WS2, respectively. 
We obtain lower slope values than those previously observed 
in the range 0.66–1.2 using hBN-isolated WS2 and MoS2 mon-
olayers doped in a field effect transistor geometry,[13,15] which is 
possibly due to the screening by the ITO electrode in our device. 
Finally, the intercept of the linear regression also provides 
the charged exciton binding energies, which are in excellent 
agreement with the values we extracted at the voltages below 
the voltage offsets. The mechanism of tuning of the charged 
exciton emission energy in highly doped TMD monolayers is 
summarized in Figure 5c. The ionization of the neutral exciton 
causes its photoluminescence quenching and leads to a mono-
tonic redshift of the charged exciton emission energy. Electrons 
added to the conduction band serve as a first requirement for 

Adv. Optical Mater. 2021, 2101305

Figure 4. Emission of neutral and charged excitons at increasing negative bias. a,c) Normalized spectra of WSe2 and WS2 at 0 V bias were acquired 
during 20 s and at excitation power of 650 and 390 nW, respectively. The spectra are fitted by a three-peak Voigt function (red) to quantify contribu-
tions of the neutral X0 (green) and charged X− (maroon) excitons, while the minor gray peak XD we attribute to dark excitonic, defect or trap emission 
states. b,d) Normalized spectra of WSe2 and WS2 at negative bias (shown in insets) demonstrate the domination of the charged exciton emission in 
contrast to the neutral exciton emission in panels (a,c). e,f) Evolution of spectral contributions of neutral X0 (green triangles) and charged X− (maroon 
circles) excitons at increasing voltage bias. We fitted the neutral exciton evolution with the Fermi–Dirac distribution at room temperature (red) to 
define the relative position of the conduction band bottom (dashed vertical line). The fit allowed us to convert the applied voltage bias to the relative 
Fermi energy scale (top axis).
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charged excitons to form, but as the density of added electrons 
increases, they in turn also affect binding energies,[42,43] causing 
a redshift in the emission from the charged exciton.[15] This 
enables the low-voltage tuning of excitonic emission of TMD 
monolayers using the electrical double layer formed at the 
working electrode of an electrochemical cell.

3. Discussion and Outlook

The presented electro-chemical approach to controlling the 
position of the Fermi level allows for its scanning across the 
whole TMD bandgap, while the application of voltages of only 
−1 V moves the Fermi level above the TMD conduction band. 
This leads to deterministic tuning of charged exciton emis-
sion energy and dynamics in TMD monolayers, which can 
be exploited for active coupling of the quantum emission to 
integrated photonic devices. The dim emission of charged 
excitons with valley coherence can be enhanced and directed by 
photonic and plasmonic antennas, while preserving the chiral 
emission properties. The reversible modulation of photolumi-
nescence intensity and radiation rates has potential applica-
tions in electro-optical signal processing. The electrochemical 
technique can be adopted for various TMD monolayers, while 
gel and solid-state electrolytes can be used for compact and 
simple design of emitting cells.

The fabricated TMD–hBN heterostructures occasionally 
suffered from the bubbling typically observed in 2D material  
stacking. This naturally challenged the spatial homoge-
neity of photoluminescence response across a TMD mono-
layer (Figure  S1, Supporting Information), which could be 
improved by heterostructure brooming with an AFM tip in 
contact mode.[44,45] Higher electron and hole doping densities 
can be achieved by careful choice of the working electrode 
of electrochemical cell, while the application of voltage bias 

over ±2  V caused degradation of ITO working electrode in 
our experiments.

4. Conclusion

In conclusion, we explored an electro-chemical approach to 
tune excitonic emission in TMD monolayers via charge doping 
at room temperature. We achieved high electron doping con-
centrations up to 35 × 1012 cm−2 which allowed for the forma-
tion of stable negatively charged excitons with tunable emission 
energies of up to 75 meV, while low-voltage switching between 
the neutral and charged excitons provides control over the 
photoluminescence lifetime and intensity. We studied the 
charge-neutral exciton dynamics under the electron and hole 
doping and observed its complete ionization when the Fermi 
level was moved into the TMD conduction and valence bands. 
Ionization dynamics was governed by the Fermi–Dirac distri-
bution at room temperature, allowing direct measurement 
of the TMD energy bandgaps, as well as effective masses of 
electrons and holes, in good agreement with theoretically  
predicted values. Our results pave the way for low-voltage revers-
ible manipulation of TMD monolayer emission properties,  
and further enable the use of charged exciton emission with 
high valley polarization at room temperature for determin-
istic coupling with integrated photonic and plasmonic circuits  
toward practical valleytronic devices for encrypting and  
processing of quantum information.

5. Experimental Section
Sample Fabrication: TMD monolayers of WSe2 and WS2 and the 

hBN multilayer flake were mechanically exfoliated from commercially 
available bulk crystals (≥99.99%; Sigma-Aldrich) to a gel-film stamp 
(WF-60-x4; Gel-Pak) using a residual-free adhesive tape (SPV224; Nitto). 

Adv. Optical Mater. 2021, 2101305

Figure 5. Electrical tuning of the charged exciton emission energy in highly doped TMD monolayers. a,b) Emission energy of neutral X0 (green triangles) 
and charged (maroon circles) excitons is determined by the position of the Fermi energy with respect to the conduction band edge. The increase of 
Fermi level EF above the bottom of conduction band completely suppresses the neutral exciton around doping concentration of 10 × 1012 cm−2, while 
allowing for monotonic shifting of the emission of charged exciton to lower energies with a slope of 0.29 ± 0.02 and 0.26 ± 0.02 for WSe2 and WS2 (red 
line), respectively. The exciton–trion binding energy for data obtained at EF < 0 is indicated by vertical red lines appearing in both panels, while the 
horizontal dashed line indicates the effective position of conduction band bottom. c) Simplified direct band structure of electron doped TMD monolayer 
shows schematically the redshift of charged exciton emission.
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TMD monolayers on gel-film stamps were identified and located using 
a widefield photoluminescence imaging setup based on an inverted 
microscope (Axio Observer; Zeiss). The localized TMD monolayers were 
deterministically transferred from gel-film stamps to same ITO substrate 
using a 2D material transfer setup (TSC1; HQ Graphene), and covered 
with the multilayer hBN flake.

Photoluminescence Spectroscopy: TMD monolayers were excited using 
a custom-built confocal microscope setup through a high NA=1.49 
objective (CFI Apochromat 100X; Nikon) with a laser at 404  nm 
(LHD-P-C-405; PicoQuant). The same objective collected generated 
photoluminescence and sent it through a long-pass filter cutting at 
450  nm (FELH0450; Thorlabs) to either an avalanche photodiode  
(SPCM-AQRH-15; Excelitas), or to a spectrometer (Kymera 193i; 
Andor) through a 100 μm slit. Photoluminescence intensity time traces 
were recorded with a data acquisition card (Time Tagger 20; Swabian 
Instruments). Lifetime histograms were acquired using a time-correlated 
single-photon counting module (PicoHarp 300; PicoQuant).

Electrochemical Cell: TMD monolayers were placed at an ITO substrate 
(70 to 100 ohms per square; Diamond Coatings), which was the working 
electrode of the custom-made three-electrode electrochemical cell. A 
coiled platinum wire served as a counter electrode (99.95%; ACE ≈ 3 cm2; 
BASi), while applied voltages were measured with respect to a quasi-
reference platinum electrode using a potentiostat (Epsilon EClipse; BASi). 
The distance between the working and counter electrodes was around 
4 mm and the area of working ITO electrode was AWE = 0.27 ± 0.02 cm2. 
The electrolyte was 0.1  m tetrabutylammonium hexafluorophosphate 
(≥99.0%; Sigma-Aldrich) in propylene carbonate (99%; Sigma-Aldrich). 
All voltage bias were reported as measured, that is, without iR drop 
correction and versus the platinum quasi-reference electrode.

Conversion of Applied Voltage Bias to the Electron Doping Density 
and Relative Fermi Energy: The neutral exciton X0 spectral contribution 
originates from the decay process of electron–hole pairs, involving 
the common (1 − f) Pauli blocking factor for electron states at the 
conduction band edge, where f is the Fermi–Dirac distribution function. 
The evolution in Figure 4e,f was consequently fitted with I(EF) = I0 (1 − f) 
= I0 (1 − 1/[exp (− EF/kBT) + 1]), where I(EF) is the X0 photoluminescence 
intensity with I0 being the intensity at 0  V bias. The Fermi energy EF 
was measured relative to the bottom of the conduction band. Finally, 
kB is the Boltzmann constant, while T = 293 K is the room temperature. 
The Fermi energy was connected via the electron doping density n of 
2D electron gas as �E n g m e2 /F

2
V eπ= ∗ , where ℏ is the reduced Planck 

constant, gV = 2 is the valley degeneracy factor, me
∗ is the effective electron 

mass, and e is the elementary charge. The geometry of the custom-
built electrochemical cell allowed us to calculate the electron doping 
density knowing the specific capacitance C of the electronic double 
layer via ne = C (V − Voffset), where V is applied bias and Voffset is the bias 
corresponding to the Fermi level at the bottom of conduction band. The 
specific capacitance was measured to be C = 6.36 ± 0.02 μF cm−2 using 
the cyclic voltammetry methods[46] via C = ΔI/(2AWE dV/dt), where ΔI is 
the current offset between the direct and reverse bias scans, AWE is the 
area of ITO working electrode, dV/dt is the bias scanning speed (see the 
cyclic voltammogram in Figure S6, Supporting Information).
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Supporting Information is available from the Wiley Online Library or 
from the author.
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