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ABSTRACT: Monolayer transition metal dichalcogenides
(TMDs) are direct gap semiconductors where the optical
properties are dominated by strongly interacting electron−
hole quasi-particles. Understanding the interactions among
these quasi-particles is crucial for advancing optoelectronic
applications. Here, we examine the electrical tunability of light
emission from the A and B excitons in monolayer MoS2 and
MoS2/graphene heterostructures and unravel the competition
between the A exciton to trion formation and charge transfer
processes. Our results show significant gate-tunable quenching
of the photoluminescence intensity from A excitons with notable
differences due to charge transfer in the heterostructure.
Furthermore, we observe a distinct superlinear correlation between the A exciton photoluminescence intensity and high
doping levels in MoS2, which continues until the density of photoexcited excitons exceeds and saturates the free carrier
density. This phenomenon ceases to occur in MoS2/graphene, where MoS2 remains almost undoped across all values of the
applied external voltage. In contrast, the B exciton photoluminescence is unaffected by doping in MoS2, while it decreases
analogously to that of the A excitons in the MoS2/graphene heterostructure, indicating the relevance of gate-tunable charge
transfer from hot electrons before any internal recombination.
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Monolayer transition metal dichalcogenides (TMDs)
are direct gap semiconductors in the ±K valleys,1−4

and their optical properties are dominated by
strongly bound electron−hole pairs (excitons).5 Furthermore,
in the presence of doping, excitons can couple to a free
electron (hole) to form negatively (positively) charged
excitons, also known as trions. Since trions are characterized
by ultrafast nonradiative recombination dynamics,6 the amount
of doping in a TMD monolayer strongly affects the excited
state lifetime and, as a consequence, the photoluminescence
(PL) quantum yield6 and the efficiency of nonlinear processes
such as exciton−exciton annihilation7−9 and harmonic
generation.10,11 This directly impacts the performance of
TMD-based optoelectronic devices, such as photodetectors
and light-emitting diodes.12,13 Therefore, the deterministic
control of doping in TMDs has both fundamental and
technological relevance. So far, the main approaches for tuning
doping in TMDs have been chemical,7,13−15 electrostatic
doping,16−18 and active filtering by charge transfer to

graphene.19 Recently, ultrafast all-optical trion dissociation
with THz pulses has also been demonstrated.20

In this work, we study and compare the effect of electrostatic
doping and excitation fluence on the optical properties of
pristine monolayer MoS2 and a MoS2/graphene heterostruc-
ture (HS). We focus on the gate and power dependence of the
PL in both samples for both the A and B excitons, and we
identify and discuss the fingerprints of trion saturation (in
pristine MoS2) and charge transfer (in the HS) based on the
following experimental observations: (1) In doped MoS2 (i.e.,
when the total free carrier density is nD ≫ 1011 cm−2), the PL
intensity scales superlinearly with the incident power21 until all
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the free electrons are saturated by the photoexcited excitons.20

This effect is absent in the HS, where the (static) charge
transfer keeps the doping required for the superlinear power
dependence relatively low (nD ≤ 1011 cm−2) at any value of the
gate voltage; (2) B excitons are much less affected by doping
compared to A excitons in MoS2 due to the ultrafast internal
recombination, which dominates over all other relaxation
pathways. In contrast, in the HS, the B excitons undergo a
gate-tunable modulation similar to that of the A excitons,
indicating that a fraction of the charge transfer in the HS
occurs from hot electrons (i.e., before internal recombination).
With these findings, our work provides new insights into the

photophysics of gate-tunable TMDs and related HSs and thus
offers a guide to design nanoscale optoelectronic devices such
as gate-tunable light-emitting diodes.22

RESULTS AND DISCUSSION
All of the optoelectronic measurements presented in this work
were performed on a single back-gated device based on
monolayer MoS2/graphene, encapsulated in two ∼10 nm-thick
hBN layers. This device allows one to perform optical
measurements on both the monolayer MoS2 region and the
MoS2/graphene HS (Figure 1). For the fabrication, we used
the method described in refs 23,24. Monolayer graphene,
monolayer MoS2, thin hBN, and graphite flakes (used for the
electrical contacts) were exfoliated from synthetic bulk crystals
using Scotch tape. Subsequently, the layers were picked up and
stacked using a thin stamp of polycarbonate (PC) and
eventually transferred to a silicon wafer coated with a ∼90
nm layer of thermally grown silicon dioxide (SiO2) with pre-
patterned Au/Cr contacts (see Methods Section for details).
The device effectively behaves as a graphene field-effect
transistor (FET), where a monolayer of MoS2 partially covers
the graphene channel (see Supporting Information S1 for

Figure 1. MoS2 and MoS2/graphene HS device. (a) Sketch of the gated HS. The device consists of a double hBN-encapsulated monolayer
MoS2/monolayer graphene connected to gold contacts via graphite flakes (black plates). VG and VSD represent the gate and source-drain
voltages, respectively. (b) Side view of the HS. Two regions of interest include MoS2 (light-blue rectangle) and the MoS2/graphene HS
(green rectangle). (c) Microscope optical image of the device consisting of graphene (light-blue dashed area), MoS2 (green dashed area),
and the related HS. The dashed black area corresponds to graphite flakes used as Ohmic contacts. The red arrows show the angle between
MoS2 and graphene edges, corresponding to the crystallographic zigzag directions. The device operates as a graphene field-effect transistor
where only the graphene layer is in direct contact with the source and drain electrodes.

Figure 2. Gate-dependent PL in MoS2 and HS. (a, c) Gate-dependent PL spectra in MoS2 at an incident power of ∼160 and ∼10 μW,
respectively. (b, d) Gate-dependent PL spectra in the HS at an incident power of ∼160 and ∼10 μW, respectively. (e, f) Normalized PL
spectra in MoS2 (red) and HS (blue) at incident power of ∼160 and ∼10 μW, respectively, and VG = 30 V.
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characterization details). Notably, only the graphene mono-
layer is directly in contact with the source and drain electrodes,
while the MoS2 flake is in contact only with graphene (see
panel c in Figure 1). For simplicity, throughout this article, we
refer to the regions of hBN/MoS2/hBN and hBN/MoS2/
graphene/hBN as MoS2 and HS, respectively.
Figure 2 shows exemplary PL spectra recorded on MoS2

(panels a and c) and the HS (panels b and d) for two gate
voltages (VG) of −30 and 30 V and fixed input powers of ∼10
and ∼160 μW (see Methods Section for experimental details).
Here, we can immediately appreciate some key results that will
be the focus of the following discussion: (i) At − 30 V, the PL
intensity of the A exciton in the HS is about 1 order of
magnitude lower compared to MoS2 (see black curves in
Figure 2 panels a vs b, and panels c vs d); (ii) the PL from the
B exciton is clearly visible in the HS (panels b and d), while it
is significantly smaller in MoS2 (panels a and c); (iii) in MoS2,
the trion peak is only visible at ∼10 μW of incident power
(panel c) when VG increases from − 30 to 30 V, while exciton
to trion conversion is negligible when tuning VG = −30 to 30 V
at ∼160 μW; (iv) a comparison of the normalized spectra of
MoS2 and HS at VG= 30 V and ∼10 μW (panel f) clearly
shows the conversion of trions to A excitons (blue-shift) with
the introduction of graphene (i.e., in the HS), while the
conversion of trions to A excitons is much weaker at ∼160 μW
(panel e).
From a qualitative viewpoint, some of these differences can

be rationalized by considering the physical processes
responsible for the PL tuning in MoS2 and in the HS. For
example, at −30 V, MoS2 is weakly doped (nD ≤ 1011 cm−2),
and its PL is dominated by a bright emission from the A
exciton. Increasing VG (and thus the electron doping) reduces
the overall PL intensity and red-shifts the emission wave-
length16 (Figure 2c). In contrast, in the HS, the presence of
graphene forces two additional effects: (1) steady-state charge
transfer from MoS2 to graphene removes the excess doping

and makes MoS2 relatively undoped at any value of the
external VG;

19,25 (2) ultrafast charge transfer from the bottom
of the conduction band reduces the PL intensity of the A
exciton by ∼1 order of magnitude.26 However, this explanation
does not account for some of our experimental observations.
For instance, in MoS2, efficient trion formation occurs only at
low values of the incident power (∼10 μW). Additionally,
there is a different response of A excitons and B excitons to
trion formation and incident power in both MoS2 and the HS.
Thus, in the following, we take advantage of both electrical
gating and charge transfer to graphene to further explore the
photophysics and interplay between neutral excitons and trions
in MoS2 and in the HS.
To gain a deeper understanding of the interplay between

neutral A and B excitons and trions, we performed excitation
power dependence measurements on both monolayer MoS2
and the HS (Figure 3). Specifically, we tune the incident power
in the range ∼10−200 μW for VG = −30, 0, and 30 V, and we
record the PL spectra from 600 to 750 nm to detect both A
and B excitons, isolated by Gaussian fitting.
The PL intensity in monolayer MoS2 can be controlled via

VG, which can be used to tune the doping and thus the gate-
induced free carrier density nG.

6,16,17 Note that nD is the sum of
nG and the unintentional doping density in MoS2. In addition,
the incident laser power can be used to control the neutral
exciton to trion conversion process.21 When MoS2 is weakly
doped (nD ≤ 1011 cm−2), the PL intensity scales linearly with
the incident power (Figure 3a). Instead, by increasing VG (and
accordingly nD), we observe a superlinear dependence of the A
exciton PL intensity as a function of the incident power (panels
b and c in Figure 3). This superlinear power dependence of the
PL intensity is present until the photoexcited A exciton density
(nA) is equal to or higher compared to nD, and after this
threshold value, the PL intensity goes back to a linear
dependence with respect to the input power.20,21 Conse-

Figure 3. Power-dependent PL in MoS2 and in the HS. (a−c) Power-dependent PL for VG = −30, 0, and 30 V in monolayer MoS2. (d−f)
Power-dependent PL for VG = −30, 0, and 30 V in the HS.
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quently, the interplay between nD and nA directly controls the
superlinear behavior of the A exciton PL intensity.21

Interestingly, the PL intensity from the HS (panels d−f in
Figure 3) scales linearly with the input power for any value of
VG. This clearly indicates the dual effect enabled by the
presence of graphene in the HS: efficient trion filtering19 and
screening of the electric field from the back gate.27 As a
consequence, MoS2 remains undoped for any value of the
external VG. This is in agreement with the observation in
Figure 2 that the PL spectra of the HS do not show any trion
footprint while tuning VG.

19

To further clarify the process of neutral A exciton → trion
conversion, we implement a model based on rate equations for
the A, B, and trion densities to fit the power-dependent PL
results21
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Equations 1, 2, and 3 describe the temporal evolution of the
exciton densities for the neutral A and B excitons (nA, nB) and
for trions (nA−). The variables η, p, Ein, S, nD, k, τA, τA−, τB, τdiss,
and τB→A describe the absorption efficiency, incident power,
input photon energy, laser spot size area, free carrier density,
trion formation coefficient, A exciton lifetime, trion lifetime, B
exciton lifetime, trion dissociation time, and B exciton to A
exciton internal recombination time, respectively. In eqs 1 and
3, we considered the absorption efficiency ηA, ηB as
independent of VG for pristine MoS2. While this assumption
would not hold true for absorption close to the A and B
exciton resonances,16,28 the absorption at 532 nm (2.33 eV) is

independent of VG, as reported for instance in ref 28. In
contrast, tuning VG from −30 to 30 V in the HS results in a
similar reduction by approximately a factor of 2 for both ηA
and ηB, as we discuss in detail in the following. We explain this
result as a gate-tunable hot-electron transfer from MoS2 to
graphene (see panel d in Figure 4), as discussed for instance in
ref 29.
The first term on the left-hand side in eqs 1 and 3 defines

the exciton photogeneration rate, while the other terms
describe the different types of radiative and nonradiative
recombination, which are mainly responsible for the total PL
emission and quantum yield of the A and B excitons. The
superlinear power dependence reported in Figure 3b,c can be
explained from the third term in eq 1, which defines the
conversion process from the A excitons to trions, depending on
nD. Furthermore, the last terms in eqs 1 and 3 represent the
fast internal recombination channel of B to A excitons. It is
worth noting that effects such as intervalley scattering30−32 are
not included in our model for two reasons: (i) intervalley
scattering only changes the relative exciton density between
the valleys, without affecting the total excited state density; (ii)
in our experiments, we use linearly polarized light, which
ideally gives a homogeneous distribution of the valley excitons.
By finding the steady-state solutions of differential eqs 1, 2, and
3 and optimizing solutions by k, τA, τA−, τdiss, τB, τB→A, ηA, ηB,
and nD values to fit the experimental data in Figure 3 (blue
dashed lines), we obtain for MoS2 nD ≤ 9 × 1010 cm−2, nD ∼
9.8 × 1011 cm−2, and nD ∼ 2.3 × 1012 cm−2 for VG = −30, 0,
and 30 V, respectively (see Supporting Information S2 for
details). We note that our fitting function returns nD ∼ 9 ×
1010 cm−2 as the upper limit of doping. Namely, in our
experiments, we are able to detect a linear PL power
dependence for any nD smaller than this threshold. In contrast,
by considering the absence of trions PL in the HS (panels b
and d in Figure 2) and looking at the first term in eq 2, we can
see that once nA− = 0, the interaction between trions and nD
disappears, and changing nD will not lead to any superlinear
behavior in the HS (panels d−f in Figure 3). This confirms

Figure 4. PL intensity ratios in MoS2 and HS. (a, d) Impact of VG on trion formation and charge transfer in monolayer MoS2 and HS. (b, e)
Power-dependent A/B exciton PL intensity ratio for VG = −30 and 30 V in monolayer MoS2 and HS. (c, f) Power-dependent

A

A
MoS2

HS
and

B

B
MoS2

HS

PL intensity ratio for VG = −30 and 30 V.
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that static charge transfer from MoS2 to graphene makes MoS2
undoped. The value of nD ∼ 2.3 × 1012 cm−2 at VG = 30 V in
MoS2 obtained from this fit is in good agreement with nD ∼ 1
× 1012 cm−2 to nD ∼ 1 × 1013 cm−2 reported in refs 6,16,33 for
similar devices. Finally, we note that the results presented in
Figure 3 involve several fitting parameters. Since the values
obtained from the fitting are not uniquely defined, one should
consider them more for a qualitative description of the physical
phenomena at play rather than for a precise quantification of
the observed effects. Still, we note that in MoS2 at VG = 30 V,
we obtain from the fitting a lifetime for the A exciton of τA =
30 ns, in good agreement with results reported in the
literature.6,34−38

The PL emission in MoS2 and HS is governed by two
dominant mechanisms: trion formation due to conversion
from neutral excitons (in MoS2) and charge transfer to
graphene (in the HS). While both effects have been widely
studied in relation to the A exciton PL intensity,19,21,33,39 their
impact on the B exciton has been less investigated. In our
experiments, the PL intensity from the B exciton displays a
linear power dependence for all of the investigated values of
input power and VG for both MoS2 and the HS (Figure 3).
This clearly points toward the fact that B excitons are almost
unaffected by electrostatic doping.
Next, we examine the A to B exciton PL intensity ratios in

MoS2 and in the HS at VG = −30 and 30 V at different values
of the input power (panels b and e in Figure 4). The A/B PL
intensity ratio has often been used as an indirect probe of the
defect density in monolayer TMDs40 due to the shorter
lifetime of B excitons, which minimizes the impact of
nonradiative decay pathways, leaving their PL intensity almost
independent of defect density. In contrast, the PL intensity of
the A excitons is strongly affected by the presence of defects.40

Here, we follow the same approach: B excitons undergo faster
decay dynamics, and they are thus less affected by other
relaxation mechanisms due to fast internal recombination to A
excitons, for instance, due to defects,36 charge trapping,41 and
exciton−exciton annihilation.8 In our experiment, the addi-
tional nonradiative decay channel is provided by ultrafast
charge transfer to graphene. We thus look at the ratio of PL
intensities to investigate the impact of charge transfer and trion
formation on the optoelectronic response of our device.
In MoS2 at VG = −30 V, the A/B PL intensity ratio is ∼60

for any value of the incident power (Figure 4b). This can be
understood considering that in MoS2, when nD ≤ 1011 cm−2,
both the A and B excitons have a linear dependence versus the
input power (Figure 3a); thus, their ratio remains constant. In
contrast, at VG = 30 V (nD ∼ 2.3 × 1012 cm−2), the A/B PL
intensity ratio increases and saturates between 14 and 57 for
incident power between ∼20 and ∼180 μW (Figure 4b).
Again, this is a consequence of the crossover from superlinear
to linear power dependence of the A exciton PL intensity
reported in Figure 3c. Here, we highlight that MoS2 shows a
low value (14) of the A/B PL intensity ratio only upon doping
(VG = 30 V) and for low values of the input power, namely
when the trion density is larger compared to the neutral A
exciton density. In this regard, trions play the same role as
defects in ref 40, namely they quench the neutral A exciton PL
emission while leaving the B exciton unaffected.
In contrast, the A/B intensity ratios in the HS are ∼6−7 and

independent of power for both VG = −30 V and VG = 30 V
(Figure 4e). From this, we can infer that the A/B PL intensity
ratio is always lower compared to that of the pristine MoS2

sample, regardless of VG and input power. This difference can
be ascribed to the efficient charge transfer from the bottom of
the conduction band of MoS2 to graphene,19,26 a process that
affects only the A exciton PL intensity and thus reduces the
overall A/B ratio. However, as we discuss in the following,
there is another mechanism at play. To study this, we focus on
the ratios of the PL intensities for the A and B excitons in
MoS2 versus the HS (panels c,f in Figure 4).
Panel c in Figure 4 shows the A exciton PL intensity ratios of

MoS2 to the HS at VG = −30 V (black squares) and 30 V (red
circles). The ratio is ∼10 and independent of power at VG =
−30 V, namely when nD ≤ 9 × 1010 cm−2. When nD ∼ 2.3 ×
1012 cm−2 (VG = 30 V), the ratio goes from ∼1 to ∼14
depending on the input power. This result implies fundamental
aspects connected to the internal recombination pathways in
MoS2 and the HS: (1) At nD ≤ 1011 cm−2, the charge transfer
from MoS2 to graphene accounts for a factor of ∼10 reduction
in the PL intensity, in agreement with previously reported
results.26 (2) In highly doped MoS2 (nD ≫ 1011 cm−2), the
quenching of the PL induced by the presence of trions is close
to that induced by charge transfer to graphene in the HS.
Namely, the PL emission from a doped MoS2 (at low power,
where trions dominate) is equal to that of the HS. This
underscores that nonradiative trion recombination and charge
transfer to graphene must occur on similar time scales as
reported, for instance, by refs 19,26.
The PL intensity ratios of MoS2 to the HS for the B exciton

reveal a completely different situation: the ratio remains
constant, close to ∼1 and ∼2 (Figure 4f), at VG = −30 V and
VG = 30 V, respectively. Considering that in TMDs the A and
B excitons arise from the spin−orbit splitting of the valence
band, the above observation can be attributed to one of the
two possible scenarios: (i) When graphene is n-doped (VG =
30 V), the holes can transfer from B excitons in MoS2 to
graphene. This efficient hole transfer should introduce different
quenching factors for the A and B excitons. This would
correspond, for instance, to a change in τB in eq 3. (ii) After
photoexcitation and before internal recombination, the photo-
excited hot electrons are transferred to graphene. In this case,
we would expect a similar modulation of the intensity for both
A and B excitons. This would correspond, for instance, to a
similar change to ηA and ηB as a function of VG in eqs 1 and 3.
In other words, this would account for a gate-tunable charge
transfer from MoS2 to graphene that is almost identical for the
A and B excitons.
By comparing panels b and d in Figure 2, it is evident that

both A and B excitons in the HS are quenched by a factor of
∼2 by increasing VG from − 30 to 30 V. The latter can also be
seen in panel e of Figure 4, where the A/B intensity ratio
remains constant over two extremes of VG. This highlights that
the ultrafast charge transfer in the HS will impact primarily the
A excitons, with a one order of magnitude reduction in their
PL intensity (Figure 2), with an additional gate-tunable hot-
electron transfer, which, at VG = 30 V, affects both A and B
excitons in the same way.
Finally, we highlight that other reports in the literature42

have discussed the importance of the twist angle for charge
transfer in MoS2/graphene heterostructures. To account for
this additional degree of freedom, we estimated the twist angle
in our HS by comparing the edges (corresponding to the
crystallographic zigzag direction) of MoS2 and graphene.43

From this, we find an angle of ≈11° (see Figure 1c), at which
we do not expect any exotic behavior arising from moire ́

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c17354
ACS Nano 2025, 19, 19027−19034

19031

www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c17354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


physics and/or alignment of the K bands. To support this
assumption, we performed a more detailed analysis of the
effect of local stacking domains on the electronic structure of
the HS using density functional theory (DFT) (see details in
Supporting Information S3). Specifically, we calculated the
band structure and density of states of the HS considering
different registries corresponding to varying twist angles
between MoS2 and graphene, and for all configurations, we
did not find any substantial differences (see Figure S2 in
Supporting Information). Since the excitonic properties and
the optical response of crystals are primarily dictated by their
electronic structure, we can assume that registry variations
between MoS2 and graphene do not significantly modify the
current interpretation of the experimental findings.

CONCLUSIONS
We studied gate-dependent and power-dependent PL emission
from A excitons, B excitons, and trions in a field-effect device
consisting of monolayer MoS2 and MoS2/graphene regions.
First, by tuning both electrical doping and charge transfer to
graphene, we observed a reduction of the A exciton PL
intensity in the HS compared to MoS2 by about 1 order of
magnitude. This is due to ultrafast charge transfer from the
bottom of the conduction band in MoS2 to graphene.26

Second, we reported a specific superlinear power dependence
of the A exciton PL intensity at large values of the doping in
MoS2, which persists until the density of photoexcited excitons
overcomes the free electron density (doping). This effect
disappears in the HS, where MoS2 remains almost undoped at
any value of VG due to the dual functionality of graphene,
namely its effective trion filtering capabilities19 and its ability to
screen the electric field from the back gate.27 Finally, our
analysis of the A/B exciton PL intensity ratios in MoS2 and HS
reveals key information about how the exciton dynamics are
influenced by charge transfer. In doped MoS2, the A/B exciton
ratio changes with both doping and incident power because the
A exciton is strongly affected by VG due to trion formation,
while the B exciton is insensitive to doping.40 In contrast, in
the HS, the A/B ratio is almost independent of both VG and
power, indicating the presence of hot-electron transfer. Finally,
our first-principles results do not indicate any substantial
modification of the electronic structure in the HS induced by
different local stacking domains. Together, these findings
underscore the complex interplay of doping, exciton
modulation, and charge transfer in gated layered materials
and related heterostructures. These findings are thus highly
relevant to designing the next generation of TMD-based
optoelectronic devices.

METHODS
Device Fabrication. The monolayer graphene flake was

mechanically exfoliated from bulk synthetic graphite (HQ-graphene)
by using Scotch tape (Minitron). The hBN layers and graphite
contacts were exfoliated on poly(dimethylsiloxane) (PDMS) and
subsequently transferred to the Si/SiO2 substrate. The thicknesses of
the hBN flakes were estimated by optical color contrast following the
approach described in ref 44. A thin stamp made of polycarbonate
(PC) on a glass slide was fabricated23,24 and then used to pick up the
hBN layers, graphite contacts, and graphene with the help of a
commercial transfer stage (HQ-graphene). Afterward, the layers were
transferred onto a silicon wafer (90 nm SiO2) with pre-patterned gold
contacts. After the PC was cleansed using a chloroform solution, the
electrical wires were connected.

Experimental Setup. The gate-dependent PL measurements
were performed at room temperature using a home-built microscope
with a 532 nm excitation wavelength continuous-wave laser (Cobolt
08-DPL). The PL spectra were recorded by using a spectrometer
consisting of a monochromator (Horiba iHR 550) and an electrically
cooled Si detector (Horiba Synapse EMCCD Camera). Electrical
gating was performed by connecting the device to a source meter unit
(2614B, Keithley).

ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.4c17354.

Electrical characterization; twist angle characterization;
and computational methods (PDF)

AUTHOR INFORMATION
Corresponding Author
Giancarlo Soavi − Institute of Solid State Physics, Friedrich
Schiller University Jena, Jena 07743, Germany; Abbe Center
of Photonics, Friedrich Schiller University Jena, Jena 07743,
Germany; orcid.org/0000-0003-2434-2251;
Email: giancarlo.soavi@uni-jena.de

Authors
Omid Ghaebi − Institute of Solid State Physics, Friedrich
Schiller University Jena, Jena 07743, Germany

Tarlan Hamzayev − Institute of Solid State Physics, Friedrich
Schiller University Jena, Jena 07743, Germany

Till Weickhardt − Institute of Solid State Physics, Friedrich
Schiller University Jena, Jena 07743, Germany

Muhammad Sufyan Ramzan − Institute of Physics, Carl von
Ossietzky Universität Oldenburg, Oldenburg 26129,
Germany; orcid.org/0000-0002-5017-8718

Takashi Taniguchi − Research Center for Materials
Nanoarchitectonics, National Institute for Materials Science,
Tsukuba 305-0044, Japan; orcid.org/0000-0002-1467-
3105

Kenji Watanabe − Research Center for Electronic and Optical
Materials, National Institute for Materials Science, Tsukuba
305-0044, Japan; orcid.org/0000-0003-3701-8119

Caterina Cocchi − Institute of Physics, Carl von Ossietzky
Universität Oldenburg, Oldenburg 26129, Germany; Center
for Nanoscale Dynamics (CeNaD), Carl von Ossietzky
Universität Oldenburg, Oldenburg 26129, Germany;
orcid.org/0000-0002-9243-9461

Domenico De Fazio − Department of Molecular Sciences and
Nanosystems, Ca’ Foscari University of Venice, 30172 Venice,
Italy; orcid.org/0000-0003-3327-078X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.4c17354

Author Contributions
○O.G. and T.H. contributed equally to this work.
Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS
K.W. and T.T. acknowledge support from the JSPS KAKENHI
(Grant Numbers 21H05233 and 23H02052) and the World
Premier International Research Center Initiative (WPI),
MEXT, Japan. G.S. acknowledges the German Research
Foundation DFG (CRC 1375 NOA), project number

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c17354
ACS Nano 2025, 19, 19027−19034

19032

https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c17354/suppl_file/nn4c17354_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c17354/suppl_file/nn4c17354_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c17354?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c17354/suppl_file/nn4c17354_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giancarlo+Soavi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2434-2251
mailto:giancarlo.soavi@uni-jena.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Omid+Ghaebi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tarlan+Hamzayev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Till+Weickhardt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Sufyan+Ramzan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5017-8718
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Taniguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1467-3105
https://orcid.org/0000-0002-1467-3105
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenji+Watanabe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3701-8119
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caterina+Cocchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9243-9461
https://orcid.org/0000-0002-9243-9461
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Domenico+De+Fazio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3327-078X
https://pubs.acs.org/doi/10.1021/acsnano.4c17354?ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c17354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


398816777 (subproject C4) and the International Research
Training Group (IRTG) 2675 “Meta-Active”, project number
437527638 (subproject A4). D.D.F. acknowledges funding by
by the PRIN PNRR 2022 project “Continuous THERmal
monitoring with wearable mid-InfraRed sensors (THERmIR)”
(code P2022AHXE5, CUP 53D23007320001), by the
INTERREG VI-A Italy−Croatia 2021−2027 project titled
“Civil Protection Plan Digitalization through Internet of
Things Decision Support System based Platform (DIGITAL
PLAN)” (code ITHR020043, CUP H75E23000200005), and
by the PRIMA 2023 project “Food value chain intelligence and
integrative design for the development and implementation of
innovative food packaging according to bioeconomic sustain-
ability criteria (QuiPack)” (CUP H73C23001270005).. M.S.R.
and C.C. appreciate financial support from the State of Lower
Saxony (Professorinnen für Niedersachsen, DyNano, and
ElLiKo) and by the German Federal Ministry of Education
and Research (Professorinnenprogramm III). Computational
resources were provided by the HPC cluster ROSA at the
University of Oldenburg, funded by the DFG (project number
INST 184/225-1 FUGG) and the Ministry of Science and
Culture of the State of Lower Saxony.

REFERENCES
(1) Splendiani, A.; Sun, L.; Zhang, Y.; Li, T.; Kim, J.; Chim, C.-Y.;
Galli, G.; Wang, F. Emerging photoluminescence in monolayer MoS2.
Nano Lett. 2010, 10, 1271−1275.
(2) Chernikov, A.; Berkelbach, T. C.; Hill, H. M.; Rigosi, A.; Li, Y.;
Aslan, B.; Reichman, D. R.; Hybertsen, M. S.; Heinz, T. F. Exciton
binding energy and nonhydrogenic Rydberg series in monolayer WS2.
Phys. Rev. Lett. 2014, 113, No. 076802.
(3) Mak, K. F.; Lee, C.; Hone, J.; Shan, J.; Heinz, T. F. Atomically
thin MoS2: a new direct-gap semiconductor. Phys. Rev. Lett. 2010,
105, No. 136805.
(4) Tonndorf, P.; Schmidt, R.; Böttger, P.; Zhang, X.; Börner, J.;
Liebig, A.; Albrecht, M.; Kloc, C.; Gordan, O.; Zahn, D. R.; de
Vasconcellos, S. M.; Bratschitsch, R. Photoluminescence emission and
Raman response of monolayer MoS2, MoSe2, and WSe2. Opt. Express
2013, 21, 4908−4916.
(5) Wang, G.; Chernikov, A.; Glazov, M. M.; Heinz, T. F.; Marie, X.;
Amand, T.; Urbaszek, B. Colloquium: Excitons in atomically thin
transition metal dichalcogenides. Rev. Mod. Phys. 2018, 90,
No. 021001.
(6) Lien, D.-H.; Uddin, S. Z.; Yeh, M.; Amani, M.; Kim, H.; Ager, J.
W., III; Yablonovitch, E.; Javey, A. Electrical suppression of all
nonradiative recombination pathways in monolayer semiconductors.
Science 2019, 364, 468−471.
(7) Kuechle, T.; Klimmer, S.; Lapteva, M.; Hamzayev, T.; George,
A.; Turchanin, A.; Fritz, T.; Ronning, C.; Gruenewald, M.; Soavi, G.
Tuning exciton recombination rates in doped transition metal
dichalcogenides. Opt. Mater.:X 2021, 12, No. 100097.
(8) Sun, D.; Rao, Y.; Reider, G. A.; Chen, G.; You, Y.; Brézin, L.;
Harutyunyan, A. R.; Heinz, T. F. Observation of rapid exciton−
exciton annihilation in monolayer molybdenum disulfide. Nano Lett.
2014, 14, 5625−5629.
(9) Yu, Y.; Yu, Y.; Xu, C.; Barrette, A.; Gundogdu, K.; Cao, L.
Fundamental limits of exciton-exciton annihilation for light emission
in transition metal dichalcogenide monolayers. Phys. Rev. B 2016, 93,
No. 201111.
(10) Seyler, K. L.; Schaibley, J. R.; Gong, P.; Rivera, P.; Jones, A. M.;
Wu, S.; Yan, J.; Mandrus, D. G.; Yao, W.; Xu, X. Electrical control of
second-harmonic generation in a WSe2 monolayer transistor. Nat.
Nanotechnol. 2015, 10, 407−411.
(11) Dogadov, O.; Trovatello, C.; Yao, B.; Soavi, G.; Cerullo, G.
Parametric nonlinear optics with layered materials and related
heterostructures. Laser Photonics Rev. 2022, 16, No. 2100726.

(12) Kim, H.; Uddin, S. Z.; Higashitarumizu, N.; Rabani, E.; Javey,
A. Inhibited nonradiative decay at all exciton densities in monolayer
semiconductors. Science 2021, 373, 448−452.
(13) Cadore, A. R.; Rosa, B. L. T.; Paradisanos, I.; et al. Monolayer
WS2 electro-and photo-luminescence enhancement by TFSI treat-
ment. 2D Mater. 2024, 11, No. 025017.
(14) Peimyoo, N.; Yang, W.; Shang, J.; Shen, X.; Wang, Y.; Yu, T.
Chemically driven tunable light emission of charged and neutral
excitons in monolayer WS2. ACS Nano 2014, 8, 11320−11329.
(15) Wang, Y.; Slassi, A.; Stoeckel, M.-A.; Bertolazzi, S.; Cornil, J.;
Beljonne, D.; Samorì, P. Doping of monolayer transition-metal
dichalcogenides via physisorption of aromatic solvent molecules. J.
Phys. Chem. Lett. 2019, 10, 540−547.
(16) Mak, K. F.; He, K.; Lee, C.; Lee, G. H.; Hone, J.; Heinz, T. F.;
Shan, J. Tightly bound trions in monolayer MoS2. Nat. Mater. 2013,
12, 207−211.
(17) Ross, J. S.; Wu, S.; Yu, H.; Ghimire, N. J.; Jones, A. M.;
Aivazian, G.; Yan, J.; Mandrus, D. G.; Xiao, D.; Yao, W.; Xu, X.
Electrical control of neutral and charged excitons in a monolayer
semiconductor. Nat. Commun. 2013, 4, No. 1474.
(18) Plechinger, G.; Nagler, P.; Kraus, J.; Paradiso, N.; Strunk, C.;
Schüller, C.; Korn, T. Identification of excitons, trions and biexcitons
in single-layer WS2. Phys. Status Solidi RRL 2015, 9, 457−461.
(19) Lorchat, E.; López, L. E. P.; Robert, C.; Lagarde, D.;
Froehlicher, G.; Taniguchi, T.; Watanabe, K.; Marie, X.; Berciaud,
S. Filtering the photoluminescence spectra of atomically thin
semiconductors with graphene. Nat. Nanotechnol. 2020, 15, 283−288.
(20) Venanzi, T.; Cuccu, M.; Perea-Causin, R.; Sun, X.; Brem, S.;
Erkensten, D.; Taniguchi, T.; Watanabe, K.; Malic, E.; Helm, M.;
Winnerl, S.; Chernikov, A. Ultrafast switching of trions in 2D
materials by terahertz photons. Nat. Photonics 2024, 18, 1344−1349.
(21) Wang, Z.; Sun, H.; Zhang, Q.; Zhang, J.; Xu, J.; Tang, J.; Ning,
C.-Z. Threshold-like Superlinear Accumulation of Excitons in a Gated
Monolayer Transition Metal Dichalcogenide. ACS Photonics 2023, 10,
412−420.
(22) Paur, M.; Molina-Mendoza, A. J.; Bratschitsch, R.; Watanabe,
K.; Taniguchi, T.; Mueller, T. Electroluminescence from multi-
particle exciton complexes in transition metal dichalcogenide
semiconductors. Nat. Commun. 2019, 10, No. 1709.
(23) Purdie, D. G.; Pugno, N.; Taniguchi, T.; Watanabe, K.; Ferrari,
A.; Lombardo, A. Cleaning interfaces in layered materials hetero-
structures. Nat. Commun. 2018, 9, No. 5387.
(24) Ghaebi, O.; Klimmer, S.; Tornow, N.; Buijssen, N.; Taniguchi,
T.; Watanabe, K.; Tomadin, A.; Rostami, H.; Soavi, G. Ultrafast
Opto-Electronic and Thermal Tuning of Third-Harmonic Generation
in a Graphene Field Effect Transistor. Adv. Sci. 2024, 11,
No. 2401840.
(25) Zhang, W.; Chuu, C.-P.; Huang, J.-K.; Chen, C.-H.; Tsai, M.-L.;
Chang, Y.-H.; Liang, C.-T.; Chen, Y.-Z.; Chueh, Y.-L.; He, J.-H.;
Chou, M.-Y.; Li, L.-J. Ultrahigh-gain photodetectors based on
atomically thin graphene-MoS2 heterostructures. Sci. Rep. 2014, 4,
No. 3826.
(26) Froehlicher, G.; Lorchat, E.; Berciaud, S. Charge versus energy
transfer in atomically thin graphene-transition metal dichalcogenide
van der Waals heterostructures. Phys. Rev. X 2018, 8, No. 011007.
(27) De Fazio, D.; Goykhman, I.; Yoon, D.; Bruna, M.; Eiden, A.;
Milana, S.; Sassi, U.; Barbone, M.; Dumcenco, D.; Marinov, K.; Kis,
A.; Ferrari, A. C. High responsivity, large-area graphene/MoS2 flexible
photodetectors. ACS Nano 2016, 10, 8252−8262.
(28) Newaz, A.; Prasai, D.; Ziegler, J. I.; Caudel, D.; Robinson, S.;
Haglund, R. F., Jr; Bolotin, K. I. Electrical control of optical properties
of monolayer MoS2. Solid State Commun. 2013, 155, 49−52.
(29) Wang, L.; Wang, Z.; Wang, H.-Y.; Grinblat, G.; Huang, Y.-L.;
Wang, D.; Ye, X.-H.; Li, X.-B.; Bao, Q.; Wee, A.-S.; Maier, S. A.;
Chen, Q.-D.; Zhong, M.-L.; Qiu, C.-W.; Sun, H.-B. Slow cooling and
efficient extraction of C-exciton hot carriers in MoS2 monolayer. Nat.
Commun. 2017, 8, No. 13906.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c17354
ACS Nano 2025, 19, 19027−19034

19033

https://doi.org/10.1021/nl903868w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.113.076802
https://doi.org/10.1103/PhysRevLett.113.076802
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1364/OE.21.004908
https://doi.org/10.1364/OE.21.004908
https://doi.org/10.1103/RevModPhys.90.021001
https://doi.org/10.1103/RevModPhys.90.021001
https://doi.org/10.1126/science.aaw8053
https://doi.org/10.1126/science.aaw8053
https://doi.org/10.1016/j.omx.2021.100097
https://doi.org/10.1016/j.omx.2021.100097
https://doi.org/10.1021/nl5021975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl5021975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.93.201111
https://doi.org/10.1103/PhysRevB.93.201111
https://doi.org/10.1038/nnano.2015.73
https://doi.org/10.1038/nnano.2015.73
https://doi.org/10.1002/lpor.202100726
https://doi.org/10.1002/lpor.202100726
https://doi.org/10.1126/science.abi9193
https://doi.org/10.1126/science.abi9193
https://doi.org/10.1088/2053-1583/ad1a6a
https://doi.org/10.1088/2053-1583/ad1a6a
https://doi.org/10.1088/2053-1583/ad1a6a
https://doi.org/10.1021/nn504196n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn504196n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b03697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b03697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat3505
https://doi.org/10.1038/ncomms2498
https://doi.org/10.1038/ncomms2498
https://doi.org/10.1002/pssr.201510224
https://doi.org/10.1002/pssr.201510224
https://doi.org/10.1038/s41565-020-0644-2
https://doi.org/10.1038/s41565-020-0644-2
https://doi.org/10.1038/s41566-024-01512-0
https://doi.org/10.1038/s41566-024-01512-0
https://doi.org/10.1021/acsphotonics.2c01435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.2c01435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-09781-y
https://doi.org/10.1038/s41467-019-09781-y
https://doi.org/10.1038/s41467-019-09781-y
https://doi.org/10.1038/s41467-018-07558-3
https://doi.org/10.1038/s41467-018-07558-3
https://doi.org/10.1002/advs.202401840
https://doi.org/10.1002/advs.202401840
https://doi.org/10.1002/advs.202401840
https://doi.org/10.1038/srep03826
https://doi.org/10.1038/srep03826
https://doi.org/10.1103/PhysRevX.8.011007
https://doi.org/10.1103/PhysRevX.8.011007
https://doi.org/10.1103/PhysRevX.8.011007
https://doi.org/10.1021/acsnano.6b05109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b05109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ssc.2012.11.010
https://doi.org/10.1016/j.ssc.2012.11.010
https://doi.org/10.1038/ncomms13906
https://doi.org/10.1038/ncomms13906
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c17354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(30) Kioseoglou, G.; Hanbicki, A.; Currie, M.; Friedman, A.;
Gunlycke, D.; Jonker, B. Valley polarization and intervalley scattering
in monolayer MoS2. Appl. Phys. Lett. 2012, 101, No. 221907.
(31) Lin, W.-H.; Li, C.-S.; Wu, C.-I.; Rossman, G. R.; Atwater, H. A.;
Yeh, N.-C. Dramatically Enhanced Valley-Polarized Emission by
Alloying and Electrical Tuning of Monolayer WTe2xS2(1−x) Alloys at
Room Temperature with 1T’-WTe2-Contact. Adv. Sci. 2024, 11,
No. 2304890.
(32) Gu, X.; Yang, R. Phonon transport in single-layer transition
metal dichalcogenides: A first-principles study. Appl. Phys. Lett. 2014,
105, No. 131903.
(33) Shih, C.-J.; Wang, Q. H.; Son, Y.; Jin, Z.; Blankschtein, D.;
Strano, M. S. Tuning on−off current ratio and field-effect mobility in
a MoS2−graphene heterostructure via Schottky barrier modulation.
ACS Nano 2014, 8, 5790−5798.
(34) Genco, A.; Trovatello, C.; Louca, C.; Watanabe, K.; Taniguchi,
T.; Tartakovskii, A. I.; Cerullo, G.; Dal Conte, S. Ultrafast Exciton and
Trion Dynamics in High-Quality Encapsulated MoS2 Monolayers.
Phys. Status Solidi B 2023, 260, No. 2200376.
(35) Korn, T.; Heydrich, S.; Hirmer, M.; Schmutzler, J.; Schüller, C.
Low-temperature photocarrier dynamics in monolayer MoS2. Appl.
Phys. Lett. 2011, 99, No. 102109.
(36) Amani, M.; Lien, D. H.; Kiriya, D.; et al. Near-unity
photoluminescence quantum yield in MoS2. Science 2015, 350,
1065−1068.
(37) Mohamed, N. B.; Lim, H. E.; Wang, F.; Koirala, S.; Mouri, S.;
Shinokita, K.; Miyauchi, Y.; Matsuda, K. Long radiative lifetimes of
excitons in monolayer transition-metal dichalcogenides MX2 (M =
Mo, W; X = S, Se). Appl. Phys. Express 2018, 11, No. 015201.
(38) Goodman, A. J.; Lien, D.-H.; Ahn, G.; Spiegel, L.; Amani, M.;
Willard, A.; Javey, A.; Tisdale, W. Substrate-dependent exciton
diffusion and annihilation in chemically treated MoS2 and WS2. J.
Phys. Chem. C 2020, 124, 12175−12184.
(39) Zhao, M.; Song, P.; Teng, J. Electrically and optically tunable
responses in graphene/transition-metal-dichalcogenide heterostruc-
tures. ACS Appl. Mater. Interfaces 2018, 10, 44102−44108.
(40) McCreary, K. M.; Hanbicki, A. T.; Sivaram, S. V.; Jonker, B. T.
A-and B-exciton photoluminescence intensity ratio as a measure of
sample quality for transition metal dichalcogenide monolayers. APL
Mater. 2018, 6, No. 111106.
(41) Cunningham, P. D.; McCreary, K. M.; Hanbicki, A. T.; Currie,
M.; Jonker, B. T.; Hayden, L. M. Charge trapping and exciton
dynamics in large-area CVD grown MoS2. J. Phys. Chem. C 2016, 120,
5819−5826.
(42) Luo, D.; Tang, J.; Shen, X.; Ji, F.; Yang, J.; Weathersby, S.;
Kozina, M. E.; Chen, Z.; Xiao, J.; Ye, Y.; Cao, T.; Zhang, G.; Wang,
X.; Lindenberg, A. M. Twist-angle-dependent ultrafast charge transfer
in MoS2-graphene van der Waals heterostructures. Nano Lett. 2021,
21, 8051−8057.
(43) Gao, Z.-d.; Jiang, Z.-h.-y.; Li, J.-d.; Li, B.-w.; Long, Y.-y.; Li, X.-
m.; Yin, J.; Guo, W.-l. Anisotropic mechanics of 2D materials. Adv.
Eng. Mater. 2022, 24, No. 2200519.
(44) Anzai, Y.; Yamamoto, M.; Genchi, S.; Watanabe, K.; Taniguchi,
T.; Ichikawa, S.; Fujiwara, Y.; Tanaka, H. Broad range thickness
identification of hexagonal boron nitride by colors. Appl. Phys. Express
2019, 12, No. 055007.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c17354
ACS Nano 2025, 19, 19027−19034

19034

https://doi.org/10.1063/1.4768299
https://doi.org/10.1063/1.4768299
https://doi.org/10.1002/advs.202304890
https://doi.org/10.1002/advs.202304890
https://doi.org/10.1002/advs.202304890
https://doi.org/10.1063/1.4896685
https://doi.org/10.1063/1.4896685
https://doi.org/10.1021/nn500676t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn500676t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pssb.202200376
https://doi.org/10.1002/pssb.202200376
https://doi.org/10.1063/1.3636402
https://doi.org/10.1126/science.aad2114
https://doi.org/10.1126/science.aad2114
https://doi.org/10.7567/APEX.11.015201
https://doi.org/10.7567/APEX.11.015201
https://doi.org/10.7567/APEX.11.015201
https://doi.org/10.1021/acs.jpcc.0c04000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c04000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b12588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b12588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b12588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5053699
https://doi.org/10.1063/1.5053699
https://doi.org/10.1021/acs.jpcc.6b00647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b00647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c02356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c02356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adem.202200519
https://doi.org/10.7567/1882-0786/ab0e45
https://doi.org/10.7567/1882-0786/ab0e45
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c17354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

