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ABSTRACT: Trions, quasiparticles composed of an electron— 100 Hi -

. ~ igh purity L
hole pair bound to a second electron and/or hole, are many-body R 80| MoSe, o
states with potential applications in optoelectronics. Trions in o -
monolayer transition metal dichalcogenide (TMD) semiconduc- .g 60 X+ .
tors have attracted recent interest due to their valley/spin ¢ \\
polarization, strong binding energy, and tunability through 3 4° X N
external gate control. However, low materials quality (i.e., high & 2
defect density) has hindered efforts to understand the intrinsic 8 T.q ~ 290 ps
properties of trions. The low photoluminescence (PL) quantum 0 rod
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yield (QY) and short lifetime of trions have prevented harnessing Lifetime (ps)

them in device applications. Here, we study the behavior of trions

in a series of MoSe, monolayers, with atomic defect density varying by over 2 orders of magnitude. The QY increases with
decreasing defect density and approaches unity in the cleanest material. Simultaneous measurement of the PL lifetime yields

both the intrinsic radiative lifetime and the defect-dependent nonradiative lifetime. The long lifetime of ~230 ps of trions

allows direct observation of their diffusion.
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INTRODUCTION

As atomically thin direct-gap semiconductors,’ monolayer
TMDs are promising for a broad range of optical and
optoelectronic applications. In monolayer TMDs, strong
electron—hole interaction due to quantum confinement and
reduced dielectric screening” produces strongly bound
composite quasiparticles, including excitons, trions,™" biexci-
tons,”~"" and charged biexcitons.””’~"" The trion with valley
and spin polarization is of particular interest for applications in
valleytronics, spintronics, light emitters, and photodetectors.
Trions can be manipulated by external electric fields,'* which
can potentially be used to achieve eflicient energy transfer and
realize a trion-valley Hall effect."’

In spite of this considerable interest, many fundamental
properties of trion such as the radiative and nonradiative
lifetimes and diffusivity have not been well established. More
broadly, there is disagreement in the theoretical literature as to
the nature of the trion. The trion has been interpreted as a
three-body charge—exciton bound state.””'* However, recent
theoretical work has suggested that trion is a charge neutral
bosonic particle described by an exciton polaron in a Fermi
sea,">™"” a superposition of an exciton state and a four-body
state consisting of an exciton bound to a conduction band
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(CB) electron and a CB hole'® or bound-states from electron—
exciton scattering.19 Moreover, recent work has proposed that
defect-bound excitons may be responsible for the low energy
PL features assigned as free trions at low doping density.”’
The models above predict very different radiative lifetimes
and diffusivity, but the quantities have not been determined
experimentally. In this regard, materials quality has been the
major obstacle to progress; most studies have utilized TMDs
with high (10'2=10" cm™2) defect density, in which the QY is
low"?'™*° (see Supporting Information, Table S1). In such
materials, the experimentally determined lifetime is only in the
tens of ps range at cryogenic temperatures.%f28 Higher-purity
materials are required for measurement of an intrinsic radiative
lifetime and to determine whether trions are freely diffusing
species. For instance, the long lifetime (above 100 ps) of trions
in GaAs quantum wells (QWs) allows for the observation of
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Figure 1. Characterization of defects and gate-dependent quantum yield of CVT and flux-grown MoSe,. (a) STM topographic images of
CVT-grown MoSe, and (b—e) flux-grown MoSe, with different growth parameters (F1, F2, F3, and F4). The STM measurements were
performed with V= 1.0 V, I = 150 pA. The scale bar in the STM topographic images represents 50 nm. PL color plot as a function of the gate
bias of (f) CVT-grown MoSe,, and (g—j) flux-grown MoSe, with different defect densities. For the PL color map, the samples were excited
using a continuous-wave (CW) laser with an excitation wavelength of 532 nm at 4K. The intensity of gate-dependent color plot for CVT-
grown MoSe, was multiplied by 10 for clarity. Thicknesss of the bottom h-BN used for CVT, F1, F2, F3, and F4 samples are 29, 23, 36, 33,
and 35 nm, respectively. The gate-dependent quantum yield for (k) CVT, (1) F1, (m) F2, (n) F3, and (o) F4 samples. Dashed lines and solid

lines represent quantum yield for trion and exciton, repectively.

trion diffusion up to ~1 um at 4K, firmly establishing that
trions in QWs are mobile species.”” To date, the only diffusion
measurements of trions in monolayer TMDs have been
performed in WS, and WSe,,’>*" where dark states can act
as a long-lived reservoir for energy. In MoSe,, the lowest-
energy states are bright, making it a more appropriate material
in which to directly determine the nature and behavior of
trions in TMDs.

In this work, we study low-temperature PL of monolayer
MoSe, derived from crystals with defect densities ranging from
5 X 102 ecm™® to 8 X 10 ecm™2, which have been
independently measured by scanning tunneling microscopy
(STM). In these samples, we measure the quantum yield and
lifetime of the trion state, focusing on the low doping density
regime. The trion QY increases dramatically with decreasing
defect density, reaching values near unity. Time-resolved
measurements provide the measurement of both the intrinsic
radiative lifetime of ~290 ps and the defect-dependent
nonradiative lifetime, which exceeds that of the exciton by
2—3 orders of magnitude. This long lifetime allows observation
of trion diffusion, conclusively establishing that trions are
mobile species. This work shows that nonradiative recombi-
nation of trions at defects is inefficient compared to that of
excitons.
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RESULTS AND DISCUSSION

Parts a—e of Figure 1 show STM images of MoSe, crystals
cleaved in vacuo. In these images, single-atom point defects
acting as acceptor and donor states are seen as dark and bright
spots, respectively. The effect of these defects on the local
density of states extends over many lattice sites, allowing for
large-scale imaging and accurate estimation of the defect
density.”> Figure la shows an image of MoSe, grown by
chemical vapor transport (CVT), the most commonly utilized
method for single-crystal TMD synthesis. Consistent with
previous studies,”> > the density of donor/acceptor defects in
CVT-grown MoSe, is high, approximately (5 + 3 X 10"
cm™?). Parts b—e of Figure 1 show STM images of MoSe,
crystals grown by a self-flux technique. These crystals (labeled
F1, F2, F3, and F4) were each grown with slightly different
parameters and have defect densities of (6 + 2 X 10" cm™),
(5+1x10"em™), (3 +1x 10" cm™), and (8 + 5 x 10"
cm™?), respectively (see Methods for details of crystal growth
and STM imaging).

For optical studies, monolayers are extracted from these
crystals by mechanical exfoliation and encapsulated with
hexagonal boron nitride (h-BN) to minimize external
disorder.”>*® Because the optical response depends strongly
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Figure 2. Intrinsic lifetime and quantum yield of trions in MoSe,. (a) Time-resolved PL of flux-grown monolayer MoSe, with different defect
densities. The time-resolved PL was performed for trions at the electron density of 3 + 2 X 10" cm™2 for F1, F2, F3, and F4. For the time-
resolved PL, the samples were excited using a pulsed laser with a repetition frequency of 78 MHz and an excitation wavelength of 700 nm at
4 K (see Methods). The trion decays (circles) were fitted with a convolution (lines) of a Gaussian and an exponential decay (see Methods).
IRF denotes the instrument response function. (b) quantum yield vs lifetimes of flux-grown MoSe,. Red and blue markers with error bars
represent quantum yield and lifetime data of the positive trion and the negative trion at low doping density (<1 X 10'> cm™?) (Methods).
The quantum yield and lifetime data can be seen in Figure 1 and Supporting Information, Table S2.

on the charge state, the samples are contacted with graphite
electrodes and placed on a thick gold back-gate to allow
electrostatic control of carrier density. The gold also acts as a
back reflector for direct measurement of the quantum yield
(QY), where a diluted R6G dye is used as in refs 1, 21, and 24
(see Supporting Information, section 1).

Parts f—j of Figure 1 show the low-temperature (4 K) gate-
dependent PL response of MoSe, monolayers derived from the
crystals in Figure la—e (with bottom h-BN thickness ranging
from 20 to 30 nm as noted). The observed behavior is
consistent with previous studies: ™ the neutral exciton PL at
1.64 eV appears in a finite range of negative gate voltages,
indicated by the dashed lines. We take this as the range over
which the chemical potential is inside the gap of the MoSe,. In
these samples, the width of the gap is strongly dependent on
contact resistance (see Supporting Information, Figures S12
and S13). Outside of the gap, PL from the trion states appears,
with a binding energy of ~26 + 1 meV relative to the exciton.
Although the nature of trion is still an ongoing controversy,
here we use the conventional notation of X" and X~ to label
the trion states that appear when the Fermi level is in the
valence and conduction bands, respectively. For simplicity, we
refer to the trion states as “trions” below. As in previous
studies, the trion peaks down-shift with increasing electron or
hole doping.””*® The electrostatic doping density was
estimated using a parallel plate capacitor model (see
Supporting Information, section 2). This red-shift with doping
density has been attributed to band gap renormalization®” and
also has been explained by the exciton—polaron'® and
exciton—trion superposition models.'*'" In previous studies
of monolayer MoSe, on SiO,, a broad emission peak ~65 meV
below the exciton was observed within the gap regime.’ This
feature is not present in the h-BN-encapsulated monolayers,
implying that the low energy emission originates from excitons
bound to charged defects in the substrate. Here, we instead
observe emission within the gap regime at energy similar to
that of the trions outside the gap. This in-gap state (IGS) may
be due to the presence of excitons bound to charged defects in
the MoSe, rather than the substrate (see Supporting
Information, section 6) but may also be a phonon replica of
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the exciton state. Further study is needed to understand the
nature of this state.

Whereas the energy and gate-tunability of the PL spectra are
roughly similar for all five samples, the intensity of all of the
features dramatically increases with decreasing defect density.
Parts k—o of Figure 1 show the integrated QY as a function of
gate voltage for the exciton and trion states in these five
samples. In all samples, the trion QY exceeds that of the
exciton. For the CVT-grown sample, the peak trion quantum
yield is ~3.6% (see Figure 1k), consistent with previous
reports.”*” This low QY indicates that nonradiative
recombination is dominant. The peak quantum yields of the
X" trion are 16%, 22%, 52%, and 67% for samples F1, F2, F3,
and F4, respectively (see Figure 11—0). The F4 sample shows
even higher peak quantum yield (70%) for the X~ trion. High
trion QY is rare in any material, with colloidal quantum dots
showing the highest reported value of 46 %, while the highest
value for TMDs has been 3.2% (see Supporting Information,
Table S1). The trion PL intensity shows linear power-
dependence for laser irradiance ranging from 1 X 107> to 4
X 10" W/cm?, such that the QY is nearly constant (see
Supporting Information, Figure S7).

We next examine how reducing the defect density affects the
trion lifetime. We measure lifetime just outside of the gap
regime at low doping density, where the trion QY is highest
and where the coupling strength in the exciton—trion
superposition model is predicted to be weakest.">*’ Figure
2a shows time-resolved photoluminescence (TRPL) spectra of
negative trions (1 ~ 3 + 2 X 10'" cm™) measured by time-
correlated single photon counting (TCSPC), for samples F1,
F2, F3, and F4. The measured lifetime (zrpp; ) was extracted by
fitting the trace with a convolution of exponential decay and a
Gaussian function representing the detector time-response (see
Methods). With decreasing defect density, Trgpy increases,
reaching ~230 ps for F4. The measured lifetime for the CVT-
grown monolayer is within the system resolution limit (~49
ps; see Methods), consistent with the previously reported
lifetime of ~15 ps.”**' The observed PL linewidth of ~1.7
meV is more than 2 orders of magnitude greater than the
linewidth limited by the TRPL lifetime (see Supporting
Information, section 7). This implies that the linewidth may be
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limited by pure dephasing time (T,) rather than the population
decay time (T). The extracted lower bound of pure dephasing
time is ~0.78 ps, consistent with previous studies.””** As
shown in Figure 2b, the measured trion QY increases with
Trpp, for the four flux-grown samples. From the measured
lifetime and quantum yield, it is straightforward to determine
both the radiative lifetime 7, and the nonradiative lifetime 7,
according to

-1 -1

— Tl‘ — Tr
Q= -1 -1 -1
T + Tar TTRPL (1)

The solid lines show best-fit lines, corresponding to radiative
lifetimes of 7, = (325 + 40 ps) for X~ and (255 + 40 ps) for
X*. The validity of these parameters across four different
samples, as well as the high measured QY, provides strong
evidence that the derived radiative lifetimes are intrinsic and
independent of material quality. The observed intrinsic
lifetimes are in agreement with theoretical predictions of the
three-body trion model.** More recent analysis predicts
strongly momentum-dependent radiation, with fast (~ps)
recombination inside the light cone and slower (a few hundred
ps) recombination outside.*” Comparison of these predictions
to the values measured here will require further analysis to
understand the effects of ensemble averaging. We also note
that TRPL measurements with ps-level time resolution should
be able to observe the predicted fast recombination directly.
Interestingly, the measured lifetime is 2 orders of magnitude
larzger~ than the radiative lifetime of the neutral exciton (~2
ps ”**) as observed by TRPL. Thus, the observed higher
quantum yield for trions compared to excitons implies that the
nonradiative lifetime of trions is much longer than that of
excitons (with the important caveat that measurements are
taken with the sample at different charge densities). In fact, 7,
is comparable to 7, for sample F3 and reaches ~770 ps for
sample F4. We revisit this issue in Figure 4 below.

The open question of whether trions in 2D TMDs are free
or defect-bound species can be directly addressed by
measuring trion diffusion.”” Critically, such measurements
require trion lifetimes long enough to allow for diffusion away
from the laser spot, a challenge that has hindered previous
efforts but can be overcome using the higher purity, lower
defect density MoSe, studied here. We observe trion diffusion
in sample F4, which has the lowest defect density by mapping
spatial PL profiles under continuous illumination (see
Supporting Information, Figure S8). For the diffusion
measurement, low fluence of ~43 W/cm® was used to
minimize heating. This laser fluence produces a low trion
density of ~4 X 10° cm™?, so that electrostatic repulsion and
other many-body effects can be neglected (see Supporting
Information, section 4). Parts a—c of Figure 3 show PL maps
of the IGS, X~ and X" trions. The IGS state shows spot size
indistinguishable from that of the reflected laser, indicating that
it can be an immobile defect-bound state (see Supporting
Information, section 6). Therefore, we use the IGS profile to
characterize the instrument response function. The PL maps of
the X~ and X" show clear spreading compared to the IGS. To
more quantitatively determine the distribution, we radially
average the data and plot the intensity vs radial distance r
(Figure 3d) and fit the data to a 2D Gaussian distribution I = I,
exp(—r*/r3). The extracted values of r, for X~ (1.12 + 0.04
um) and X* (1.08 + 0.05 pm) are larger than that of the IGS
(0.86 + 0.0S pm), which provides a lower bound on the
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Figure 3. Spatial diffusion of trions. (a) Normalized spatial map of
the IGS PL emission (b) the X~ PL emission at the electron
density of 1X 10" cm™ (c) and X* PL emission at the hole density
of —3 X 10" cm™ in F4 sample. (d) Intensity vs radial distance
profiles of IGS (black dots). X~ (blue dots) and X" (red dots) are
extracted from the spatial maps. The intensities (dots) and errors
(error bars) are the average and standard deviation of data from
the spatial maps with the same radial distance from the center of
illumination.

diffusion length of ~240 nm. Thus, unlike the IGS, the X" and
X" species in the doped regime show clear evidence of
diffusion. A second flux-grown sample (FS) with higher defect
density (see Supporting Information, Figures S9 and S$10)
exhibits a shorter diffusion length (~150 nm), highlighting the
need for low defect density and long lifetime to observe trion
diffusion.

In the low-density limit and steady-state condition, trion
diffusion can be modeled using a simple two-dimensional
diffusion equation:*’

nr)_
. 0 )

where D is the diffusion coefficient (cm?/s), n(r) is the trion
density (cm™2), G(r) is the density of trions generated per unit
time (cm™*s™"), and 7 is the trion lifetime (s). The resulting PL
profiles are well described by this model (Figure 3d), which
yields diffusion coefficients of (4.5 + 0.6 cm”/s) for X~ and
(5.7 + 1.2 ecm?/s) for X* (see Supporting Information, section
4). The diffusion length and extracted diffusion constants are
within a factor of 6 of those trions in GaAs quantum wells at
cryogenic temperatures (~1 gm and 30 cm?/s, respectively).29
Thus, we can conclude that the positive and negative trions are
free particles rather than defect-bound excitons. Further
experimental studies (e.g., transport measurements or Shubni-
knov de Haas measurements’®) are required to discriminate
between the trion and the Fermi polaron (or the exciton—trion
superposition) models.

Nonradiative decay of trions in TMDs has not yet been
addressed in theory or experiment. The results described in
Figure 2 above establish that the trion quantum yield increases
with decreasing defect density and can approach unity. These
observations imply that the nonradiative trion lifetime is

DV*u(r) + G(r) —
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limited by defects and can exceed the radiative lifetime in
sufficiently clean samples. Figure 4 plots 7, vs defect density
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Figure 4. Defect-dependent nonradiative lifetime of exciton and
trion in MoSe,. Nonradiative lifetime vs defect density for CVT,
F1, F2, F3, and F4 samples. The horizontal error bars represent
the standard deviation of defect density of each sample. The
nonradiative lifetimes were fitted with a diffusion model with f
values of 0.11 + 0.05 (red shaded area) and 1.28 + 0.32 (gray
shaded area) for trions and excitons, respectively (see Supporting
Information, section 5). Upper and lower bounds of f are
indicated by dashed lines.

for the five samples shown in Figure 1. Fixed hole (5 = 2 X
10" cm™?) and electron (3 + 2 X 10" cm™) doping densities
are chosen for the positive and negative trions, where the trion
intensities are near their maximum values. For excitons,
maximum exciton QY in the gap regime is used. We note that
although we cannot directly measure the trion lifetime 7rgp
for the CVT-grown sample, its nonradiative lifetime can be
estimated from the quantum yield and the measured intrinsic
7, obtained in Figure 2. Likewise, the nonradiative lifetime of
the neutral exciton can be estimated from the measured QY
and the theoretically predicted radiative lifetime.*”

For both trions and excitons, 7, increases with decreasing
defect density (Figure 4). This is direct evidence of
nonradiative recombination at defects for both species. For
negative trions, 7, varies from ~2 ps for the CVT-grown
sample to ~280 ps for sample F3, reaching 770 ps in sample F4
(Figure 4), a change of 2 orders of magnitude from the
extrinsic limit (z,, < 7,) and into the intrinsic limit (7, > 7,).
The observed power-independent QY indicates similarly
constant 7,. This implies that the defect-dependent non-
radiative decay of trions may be dominated by defect-mediated
Auger recombination (see Supporting Information, section 3).
A similar increase of 7, with decreasing defect density is seen
for the neutral exctions. Notably, however, the exciton
nonradiative lifetime is 2—3 orders of magnitude smaller
than that of the trions for the same defect density. Having
established above that trions are free particles like excitons, we
connect lifetime to quantum yield using a simple diffusion
model. In this model, a fitting parameter 3 represents the ratio
of mean defect spacing to diffusion length and reflects the
probability of nonradiative decay at a given defect (see
Supporting Information, section S). This model can be broadly
applied to defect-dependent nonradiative recombination (e.g,
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defect-mediated Auger recombination) of freely diffusing
species (e.g., excitons and trions) in two dimensions. For
both excitons and trions, the data across the five samples fit
this model well. The extracted value of f is near unity for
excitons, while f for trions is around 0.1, indicating much less
efficient recombination at defects. Slower recombination is
expected when the sample is charged (and trions are present)
due to filling of trap states and screening by free carriers, but
more detailed theoretical analysis is needed for a quantitative
understanding of this difference.

CONCLUSIONS

This work experimentally demonstrates that trions in the
doped regime in MoSe, are free particles with long radiative
lifetime. The resistance of trions to nonradiative decay allows
trions to achieve quantum yield near unity in samples with
sufficiently low defect density and to diffuse for distances much
longer than the average defect spacing. This high quantum
yield is fundamentally distinct from the near-unity exciton
quantum yield achieved at room temperature through chemical
treatment of TMDs,”* which arises due to thermal excitation of
excitons out of long-lived dark states.** The high-quality
MoSe, used in the current study provides a platform to explore
a wealth of trion physics requiring long lifetime, including
trion-valley Hall effect, confinement within Moire potentials,
and steering of trions with applied electric fields. The high
quantum yield and suppressed electron—hole recombination
observed here will enhance the performance of many 4proposed
optoelectronic devices, including light emitters*”>" and
photodetectors.””

METHODS

Crystal Growth. Flux-grown MoSe, single crystals were prepared
by combining Mo powder (Alfa Aesar, 99.999%) and Se shot (Alfa
Aesar, 99.999+%) in a ratio of 1:50 (F1) and 1:100 (F2, F3, F4, and
FS) at the bottom of a quartz ampule. A wad of quartz wool was
placed in the middle of the quartz ampules for F1, F2, F3, and F5. No
quartz wool was used for F4. The ampules were subsequently purged
with Ar gas and sealed under vacuum (~3 X 107 Torr). The quartz
ampules with the reagents were placed vertically in a box furnace. For
F1, the reagents were heated with a ramp rate of 40 °C/h to 1080 °C
and held at 1080 °C for 366 h before cooling to 350 °C at a rate of 2.2
°C/h. For F2, the reagents were heated at 40 °C/h to 1080 °C, held
at 1080 °C for 672 h, and cooled to 350 °C at 2.2 °C/h. For F3, the
reagents were heated at 40 °C/h to 1000 °C, held at 1000 °C for 168,
cooled to 600 °C at 1 °C/h, and then cooled to 380 °C at 4.6 °C/h.
For F4, the reagents were heated with a ramp rate of 20 °C/h to 1000
°C held at 1000 °C for 168 h, then cooled to 600 °C at 1 °C/h, and
then to 100 °C at 5 °C/h. For ES, the reagents were heated at 40 °C/
h to 1000 °C held at 1000 °C for 336 h, then cooled to 600 °C at 1
°C/h and to 350 °C at 5.2 °C/h. After synthesis, F1, F2, F3, and F5
were taken out from the furnace, and the Se-flux in the ampules was
decanted through the wad of quartz wool in a centrifuge. F4 crystals
were taken out with excess Se and sealed in a new ampule with a wad
of quartz wool at the center. The new ampule with F4 crystals with
excess Se was heated to 350 °C, and then molten Se was decanted
through the quartz wool in a centrifuge. The subsequently obtained
2H-MoSe, crystals (F1, F2, F3, F4, and FS) were placed at an end of a
new quartz ampule sealed under vacuum (§ X 1076 Torr). 2H-MoSe,
crystals are positioned at a hot zone (250 °C) and the other side of
the ampule is placed at a cold zone (50 °C) of a tube furnace for 48 h
to remove any residual selenium. Commercially available CVT-grown
MoSe, (HQ graphene) was used for the STM and optical
characterization.

Scanning Tunneling Microscopy. STM measurements were
performed using a Scienta Omicron STM system at room temperature
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under an ultrahigh vacuum (base pressure <2.0 X 107'° Torr). MoSe,
bulk single crystals were mounted onto a metallic sample holder with
silver epoxy and then cleaved in vacuo in the UHV STM chamber to
obtain a clean surface. The tungsten tip was cleaned on a gold surface
and calibrated on a graphite surface. For the defect density of MoSe,
samples, we counted the number of defects and divided it by the scan
area. For reliable estimation of defect density, we obtained S (25 X 25
nm?), 29 (50 X 50 nm?), 16 (50 X 50 nm?), 21 (50 X 50 nm?*), and
20 (50 x 50 nm?*) STM topographic images from CVT, F1, F2, F3,
and F4 samples, respectively. The average and standard deviation
values of defect densities from the topographic images are provided in
the main text.

Stacking and Fabrication of Heterostructures. Monolayer
MoSe, (CVT crystals from HQ_ graphene and home-grown flux
crystals), graphite, and h-BN were exfoliated onto SiO,/Si substrates.
Top h-BN was picked up with a polydimethylsiloxane (PDMS) stamp
coated with a polycaprolactone (PCL) polymer.*”* The top h-BN on
the polymer stamp was then used to pick up graphite top contact,
monolayer MoSe,, and bottom h-BN. Once the h-BN/graphite/
MoSe,/h-BN stack on the polymer was transferred onto a bottom
gold back-gate electrode by melting the PCL, the stack was rinsed
with acetone. The graphite edge-contact technique®® was used for
ground electrodes because the edge contacts provide the most
straightforward way to make contact to encapsulated materials with
high yield. The graphite edge-contact and large metal electrodes were
fabricated using conventional electron-beam lithography followed by
CHF;/0, reactive ion etching to expose the edges of the graphite.
Cr/Pd/Au were then deposited by electron-beam metal deposition to
make edge contact to the top graphite.

Optical Characterization under Continuous lllumination. A
CW laser with a wavelength of 532 nm was used for excitation to
measure the gate-tunable PL (Figure 1f—j and Supporting
Information, Figures S11 and S12), QY (y-axis in Figure lk—o and
2b), spatial PL profile (Figure 3 and Supporting Information, Figure
S10), absorbance (Supporting Information, Figures S1, S2, and SS),
and power-dependent PL (Supporting Information, Figures S7 and
S11).

Time-resolved Photoluminescence on Monolayer MoSe,.
Time-resolved photoluminescence (TRPL) was performed inside a
closed-cycle cryogen-free cryostat (attodry1100 from attocube) with a
base temperature of 4 K. The MoSe, samples were excited by a
supercontinuum laser (NKT photonics) with a repetition frequency
of 78 MHz and 7 ps pulse width. The wavelength of the laser is
filtered by a 10 nm bandpass filter centered at 700 nm. TRPL was
carried out with a TCSPC with a time bin resolution of 27 ps and a
fast avalanche photodiode (APD) with a timing resolution of 40 ps
(ID100 from IDQuantique). A system resolution limit is determined

by error propagation formula (e = \/(7 ps)2 + (27 ps)2 + (40 ps)2
~ 49 ps). The instrument response function (IRF) was acquired by
measuring the reflected laser from the gold substrate. The IRF is well
fitted with the Gaussian function with a full width at half-maximum of
110 ps. Each experimental TRPL data for Figure 2 were fitted with a
convolution of the Gaussian function and the exponential decay (
t . ) .
k= exp(—;)). 7 for the best fitting at each gate voltage are listed in
Supporting Information, Table S2. The values in Supporting
Information, Table S2, were used for Figure 2b with uncertainties
of the Gaussian-exponential fitting, represented by error bars.
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