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The capabilities of light-emitting diodes (LEDs) based on two-dimensional
materials are restricted by efficiency roll-off, whichis induced by
exciton-exciton annihilation, at high current densities. Dielectric or
strain engineering can be used to reduce exciton-exciton annihilation
rates in monolayer transition metal dichalcogenides, but achieving
electroluminescence in two-dimensional LEDs without efficiency roll-off is
challenging. Here we describe pulsed LEDs that are based on intercalated
transition metal dichalcogenides and offer suppressed exciton-exciton

annihilation at high exciton generation rates. We intercalate oxygen plasma
into few-layer molybdenum disulfide (MoS,) and tungsten disulfide (WS,)
to create LEDs with a suppressed efficiency roll-off in both photo-excitation
and electro-injection luminescence at all exciton densities up to around
10%° cm™s™'. We attribute this suppression to a reduced exciton Bohr radius

and exciton diffusion coefficient, as extracted from optical spectroscopy
measurements. LEDs based onintercalated MoS, and WS, operate at
maximum external quantum efficiencies of 0.02% and 0.78%, respectively,
atagenerationrate of around10*° cm™s™.,

Efficiency roll-offlimits the performance of light-emitting diodes (LEDs)
athigh current densities". For devices based on two-dimensional (2D)
materials, strong quantum confinement and reduced dielectric screen-
ingin the active materials’ result in exciton interactions—particularly
exciton-exciton annihilation (EEA)—at high generation rates (G)*?,
which leads to efficiency roll-off. EEA is an Auger-like recombination
processtypically observed in excitonic semiconductors at high exciton
densities, such that one exciton ionizes another while transferring

its energy non-radiatively*®. Density-dependent EEA has also been
observed inintrinsic 2D excitonic materials, such as defect-free mon-
olayer transition metal dichalcogenides (1L TMDs), and it leads to a
sharp decrease in the quantum yield (QY) at high G (ref. 7).

Efforts have been madeto alleviate EEA and the consequent drop
in QY at high exciton densities®’. Dielectric engineering can limit
non-radiative EEA in excitonic materials, such as through hexagonal
boron nitride (hBN) encapsulation® and the use of high-x substrates'.
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Modifying the interactions between excitons and their dielectric sur-
roundings canreduce the number of localized non-radiative recombi-
nation centres" , thereby mitigating efficiency roll-off. In addition,
as-exfoliated 1L TMDs have been shown to exhibit exacerbated EEA
when the van Hove singularity resonance coincides with twice the
exciton transition energy'". In this case, the suppression of EEAin 1L
TMDs can also be achieved by applying a tensile strain'®, which shifts
the final states of dissociated carriers from the van Hove singulari-
ties due to a divergence of the density of states. However, applying a
strain causes undesirable changes to the electroluminescence (EL),
such as linewidth broadening and intensity unevenness, which are
detrimental to both optical communication and display applications.
A near-unity photoluminescence quantum yield (PLQY) for Gup to
around10*° cm™s™ can bereached by using dielectric engineering or
strain to reduce EEA rates in 1L TMDs. However, achieving EL without
efficiency roll-offin 2D LEDs remains a challenge.

In this Article, we describe a roll-off-free 2D LED based on
plasma-intercalated few-layer TMDs. We fabricated quantum-well-like
superlattices using one-step oxygen-plasma intercalation, which
delaminated the tightly bound layers and resulted in the stacking
of a few quasi-monolayers. This stacking into a hybrid superlattice
alters the electronic structure and enhances the photoluminescence
(PL). Theintercalated few-layer TMDs exhibit a suppressed EEAand a
brighter luminescence without efficiency roll-off compared to their
pristine monolayer counterparts. The intercalated few-layer TMDs
show weakened exciton-exciton interactions with a reduced exciton
Bohr radius and exciton diffusion coefficient. We fabricated LEDs based
on intercalated trilayer (3L) MoS, and WS, that work under transient
excitations and have a better tolerance to EEA compared to previous
devices"” 2. Our intercalated MoS,and WS, LEDs operate with an exter-
nal quantum efficiency (EQE) of up to 0.02% and 0.78%, respectively,

atGofaround10?° cm?s™

Oxygen-plasma-intercalated TMDs

Figure 1ais a schematic of oxygen-plasma intercalation for few-layer
TMDs. The TMD flakes were intercalated and decoupled by the radial
movement of oxygen plasma excited inaninductively coupled plasma
instrument working in capacitive discharge mode (Supplementary
Fig.1and Supplementary Note 1)*. Figure 1b displays topography
images captured by atomic force microscopy (AFM) of MoS, flakes
taken before and after oxygen-plasma intercalation. We observed
anincrease in flake thickness. Along the white dashed lines in Fig. 1b,
the height of 3L (bilayer, 2L) MoS, increased from 2.34 nm (1.68 nm)
to 4.61 nm (3.52 nm) due to oxygen-plasma intercalation between
adjacentlayers. Compared with pristine few-layer MoS,, the thickness
of the intercalated MoS, had nearly doubled. This is consistent with
previous reports on TMD superlattices fabricated by intercalating
0,"ions into the interlayer space”. The increase in flake thickness
is supported by cross-sectional transmission electron microscopy
(TEM) measurements (Supplementary Fig. 2). However, the thickness
of the 1L region did not increase after oxygen-plasma intercalation
(Supplementary Fig. 3), indicating that the change in thicknessin the
few-layer regions did not result from oxidation of the topmost atomic
layer, whichis also supported by the absence of vibrational modes of
MoO, inthe Ramanspectrum (Supplementary Fig. 4)** and negligible
Mo*®* peak in the X-ray photoelectron spectroscopy (XPS) spectrum
(Supplementary Fig.5)*. Moreover, the O 1s peak in the XPS spectrum
suggests that the intercalated species could be oxygen molecules?,
which is consistent with our density functional theory calculations
(Supplementary Fig. 6). Moreover, scanning electron microscopy
(SEM) characterization (Supplementary Fig. 7) shows that, unlike the
atomically flat pristine few-layer MoS, flakes, the few-layer region
became swollen after plasma intercalation, which is consistent with
the AFM and cross-sectional TEM results that show anincrease in the
interlayer distance.

PLQY versus generationrate

The interlayer coupling strength of the few layers can be tuned by
an interlayer spacer after oxygen-plasma intercalation®. Tightly
coupled layers were decoupled into stacks of quasi-monolayers, which
was accompanied by a notable enhancement in the PL intensity. The
PL mapping (Fig. 1c) shows that there was uniform PL enhancement
across the intercalated few-layer region. At a consistent pump excita-
tion of 1.51 x 10? W cm 2 (G = 1.67 x 10" cm™s™), Fig. 1d shows that the
PL emission of the intercalated 3L MoS, was enhanced after plasma
intercalation, up to 54-fold compared to the pristine 1L MoS,, whereas
theintercalated 2L MoS, had atenfold enhancement compared to the
pristine 1L MoS,. The PL fromthe intercalated few-layer MoS, increased
with the number of layers due to the increase in the number of decou-
pled active layers (Supplementary Fig. 8a), similar as conventional
quantum wells, for which encapsulating more emission monolayers
increases the luminescence®. Note that the PL emissionincreasedina
superlinear manner with thickness. This could be linked to the emission
layers of a thicker flake being less influenced by the SiO,/Si substrate,
which usually diminishes the PL, thus modifying the exciton recombi-
nation dynamics. Moreover, 3L intercalated MoS, has a lower defect
concentration thanthe 2L counterpart (Supplementary Figs.11and12),
which may also contribute to the enhanced PL emission. Furthermore,
Fig.1d shows that the PL peaks exhibited aredshiftaround 30 meV asthe
number of layersincreased, which could be aresult of enhanced dielec-
tric screening and tensile strain”. Additionally, the indirect bandgap
emission almost disappeared, whereas the direct bandgap emission was
greatly enhanced after intercalation (Supplementary Fig. 8b), which
is consistent with the formation of quasi-monolayer structures due to
theintercalation and decoupling between adjacent layers?.

The enhancement of PL fromintercalated MoS, flakes is also sup-
ported by studies of representative back-gated field-effect transistors
(FETs) (Fig. 1e). The transfer characteristics of the FET devices as well
as the hysteresis (Supplementary Fig. 9a) were analysed during the
staged treatment, which revealed adoping shift from the native n-type
(stage 1) to amore n-type state (stage 2), followed by a shift towards a
p-typestate (stage 3), ultimately achieving a neutral state with greatly
enhanced PL (stage 4). The corresponding PL spectraat different stages
are shown in Supplementary Fig. 9b. Kelvin probe force microscopy
(KPFM) was used to characterize the surface potential of pristine
and intercalated samples, which confirmed the doping transition
(Supplementary Fig.10).

To gain a deeper understanding of the intercalation process and
doping shift, scanning transmission electron microscopy (STEM)
measurements were performed on 3L MoS, samples at the four stages
(Fig. 1e). The atomic defect density increased from 2.6 x 10" cm™ to
3.5x10? cm2during theintercalation. The dominant defect typewas a
single sulfur vacancy, which can cause n-type doping (Supplementary
Fig.11).Similar behaviour was also observed in 2L MoS, samples (Sup-
plementaryFig.12). As oxygen-plasmaintercalation eventually enables
p-typedopinginintrinsically n-doped MoS,, theintercalation process
couldbe doneintwosteps. First, the plasmawas used to remove surface
adsorbates and pollutants. This caused minor damage to the topmost
layer although the underlying MoS, was still intact. This is evidenced by
the shiftin the transfer curve together with the reduced transconduct-
ance near the onset, which corresponds to the transport behaviour of
thetopmost MoS, layer with a higher n-doping level (stage 2 in Fig. 1e).
Second, asthe oxygen plasma gradually intercalated into the interlayer
gap and expanded the interlayer space, p-doping became dominant
by modifying, filling and passivating the sulfur vacancy defects**.
Finally, theintercalation process concluded, and tightly bound layers
were delaminated into few quasi-monolayers separated by intercalated
oxygen molecules as spacers. The hybrid superlatticesbehave as aneu-
tral doping material with notable PL enhancement. The oxygen-plasma
doping shifted the Fermi level to the middle of the bandgap, and the
luminescence came more from neutral exciton recombination.
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Fig.1| Oxygen-plasmaintercalation. a, Schematic illustration of oxygen-
plasmaintercalationinto few-layer MoS, flakes. The red, yellow and purple atoms
represent oxygen, sulfur and transition metal atoms, respectively. b, AFM
topography images of MoS, flakes taken before and after the oxygen-plasma
intercalation. Along the dashed white lines, the left region is 3L MoS, whereas the
right counterpartis 2L MoS,. Insets, corresponding optical images. ¢, PL maps of
few-layer MoS, flakes before and after the oxygen-plasmaintercalation. Insets,
corresponding optical micrographs. d, PL spectra of pristine 1L MoS, (multiplied
by 10) and intercalated 2L and 3L MoS, flakes measured at anincident power
of1.51 x 102 W cm2 (G =1.67 x 10" cm™s™). e, Transfer characteristics of a
back-gated FET during staged plasma treatment. The current /, is plotted as a
function of gate voltage V,, onalogarithmic scale at a fixed bias voltage of

Photon energy (eV)

Generation rate (cm™2s™)

Viias = 0.1 V. Inset, corresponding optical image. f,g, Contour maps of the
power-dependent PL spectraas a function of excitation power, which was varied
from1to 2,000 pW in pristine 1L MoS, (f) and intercalated 3L MoS, (g). The white
dashed lines represent the PL spectra of the corresponding samples at an
incident power of 1.51 x 10° W cm™ X° represents a neutral exciton, X" a charged
exciton and X®a B exciton from a higher-lying excitonic transition. h,i, PLQY of
MosS, flakes (h) and WS, flakes (i) versus G for excitons. The error bars for
6PLQY are standard deviations based on the differences between samples:

n 2
SPLQY = Wﬂ ,where PLQY and nare the average PLQY of the
samples and the number of samples, respectively. int., intensity; max., maximum;
min., minimum; norm., normalized. Scale bars, 1 um (b), 5 pm (c).

Power dependency of the PL was analysed to explore the perfor-
mance of the plasma-intercalated MoS, flakes, especially at high G.
In contrast with the observed peak broadening (full-width at half-
maximum, FWHM, around 101 meV) of pristine 1L MoS, (Fig. 1f), the
intercalated 2L and 3L MoS, retained a single neutral exciton peak
(X°) with asmaller linewidth (around 52 meV) as the excitation power
wasvaried from1to2,000 pW (Fig. 1g and Supplementary Fig.13). The
absence of a charged exciton peak (trion, X)) and a higher-energy exci-
tonictransition (B exciton, X®) for the intercalated MoS, also suggests

thatthe hybrid superlattice formed by intercalation had abetter sample
quality with fewer defects and trap centres and had a negligible number
ofredundantelectronicstatesin the bandgap, whichis consistent with
theresults forthe FETs (Fig. 1e). For corresponding results of WS,, see
Supplementary Fig. 14.

Athigh G, the PLQY of pristine 1L MoS, rolled off due to EEA (Fig. 1h),
but the PLQY drop-offin pristine few-layer MoS, was mitigated due to
the weakened quantum confinement and strengthened dielectric
screening, which benefited from the adjacent layers (Supplementary
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Fig.2|Mechanism for EEA suppression. a, EEA rates calculated from optical
pump-probe measurements. yN, is shown as a function of Ny. The slope y was
obtained for pristine 1L and intercalated 3L MoS, flakes. N, is theinitially injected
excitondensity at ¢ =0, and y is the EEA rate constant. The red dashed lines are
linear fits to the data. b, TRPL decay of pristine 1L MoS, and intercalated 3L MoS,
at G=2.08 x10¥ cm™s7, as well as the instrument response function (IRF). Inset,
TRPL curves over ashort period of time. ¢, Real and imaginary parts of the relative
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permittivity of few-layer MoS, flakes taken before and after the plasma
intercalation. d, Spatial images of PL signals for pristine 1L MoS, and intercalated
3L MoS, at various G values. Images in the same row were captured under the
same pump power, and those in the same column were for the same sample.

e, Radialintensity profiles of the exciton diffusion images at G =8.34 x 10" cm™s™,
revealing narrowed broadening for intercalated 3L MoS,. Scale bar, 800 nm.

Fig.15a,b). No PLQY drop-off was observed in intercalated 3L MoS, at
allGupto6.67 x10* cm™2s™ (Fig. 1h). For the intercalated 2L MoS,, the
PLQY droop did notemerge until Greached1.67 x 10* cm™2s™. Notably,
by applyingatensile strain'*, the PLQY drop-offin1L TMDs was inhibited
at Gbelow10?° cm™s™. Thus, the few-layer TMDs prepared by plasma
intercalation were moreresistant to efficiency roll-off than the strained
monolayers. Because there was no decrease in the PLQY at high G,
the PLQY of the intercalated 3L MoS, was much higher, by two orders
of magnitude, than that of the pristine 1L MoS,. As for intercalated
few-layer MoS,, the absence of a PLQY roll-off was also observed in
plasma-intercalated WS, flakes (Fig. 1i). Instead of the sharp downward
trend observed in pristine 1L WS,, the PLQY of intercalated few-layer
WS, increased with Gfrom 10" to10* cm™s™, which canbe understood
asthe depletion of redundant carriers (Supplementary Fig.15¢,d). As
the excitation power was increased, the trion concentration reached
saturation with the total charge concentration, beyond which exci-
tons lacked excess background carriers to form trion and trigger
non-radiative recombination (Supplementary Fig. 16). The neutral

exciton recombination pathway then dominated, which increased
the QY until EEA became dominant. An analogous QY upswing has also
been observed in pristine 1L WS, and electrostatically doped 1L WSe,
(refs. 30,31). A benchmark of PLQY as a function of generation rate is
also providedin Supplementary Fig.17.

Mechanism for suppressing EEA

In excitonic semiconductors, EEA is primarily responsible for the
PLQY roll-off**. Therefore, we surveyed the PLQY without roll-off for
intercalated layers from the perspective of EEA. To clarify the dynam-
ics of EEAin the intercalated layers, we performed optical pump-
probe measurements on both as-exfoliated and plasma-intercalated
TMD flakes. Differential reflection signals as a function of injected
carrier density measured from regions of MoS, and WS, flakes
are shown in Supplementary Fig. 18. The exciton density at high G
evolves as®>*;

No/N; —1=yNyt (4]
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Fig. 3| Transient 2D LEDs based on intercalated 3L TMDs. a, Schematic
illustration of the transient 2D LEDs based on intercalated 3L TMD. b, Optical
microscope image of a typical 2D LED based on intercalated 3L MoS,. Intercalated
3L MoS,, top hBN (t-hBN), back hBN (b-hBN), graphite (Gr) and Au/Ti electrodes
are denoted by orange, blue, dark blue, dark yellow and yellow, respectively.

c,d, EL spectraof 2D LEDs based onintercalated 3L MoS, (c) and intercalated

3L WS, (d) working under 4 MHz excitation with V,=14 Vand 12 V, respectively.

EL signals were captured at the proximity of the graphite contact. e, Band
diagram of transient EL. Pulsed EL was created at phases 2 and 4 only when

the voltage shifted up or down. In the centre inset, the applied square wave V,,
(gate voltage) is a function of time and the denoted 1, 2, 3 and 4 correspond to
the different phases. £ and hv stand for the Fermilevel and the photon energy,
respectively. Scale bar, 15 um.

where N, is the exciton density, N is the initially injected exciton
density at ¢ = 0 and y is the annihilation rate constant. A series of
yN, values were extracted (Supplementary Fig. 18) and then plotted
as afunction of N in Fig. 2a. The EEA rate of the intercalated 3L MoS,
(0.02+0.001cm?s™) is one order of magnitude lower than that of the
pristine 1L MoS, (0.55 + 0.030 cm?s™), which further demonstrates
the weaker effect of EEA in the oxygen-plasma-intercalated layers.

The time-resolved photoluminescence (TRPL) was also measured to
investigate the dynamics of carrier recombination (Fig. 2b and
Supplementary Fig.19). The annihilation rate was determined from
theluminescence decay curves (Supplementary Fig.20). Intercalated
3L MoS; had an overall longer lifetime than that of pristine 1L MoS,,
which also indicates the reduced EEA®. The EEA rate of WS, is shown
inSupplementary Fig. 21.
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Fig. 4 | ELEQE of transient 2D LEDs based onintercalated 3L MoS, and WS,.

a, Normalized EL integrated intensity of 2D LEDs based on intercalated 3L MoS,
(green), intercalated 3L WS, (orange), pristine 1L WSe, (grey), pristine (blue) and
counterdoped 1L WS, (purple) as a function of V, at a fixed modulation frequency.
Theintegrated intensities of the latter three devices were extracted from
previous reports”. The error bar is based on the measurement uncertainties.

b, ELEQE of 2D LEDs based onintercalated 3L MoS, (green) and intercalated

3L WS, (orange) as a function of V,under 4 MHz excitation. The error bar is

247

Generation rate (cm™ s

based on the measurement uncertainties. c,d, Contour maps of EL intensity as a
function of modulation frequency for intercalated 3L MoS, (c) and intercalated
3L WS, (d). Both sets of EL values are dominated by neutral exciton X° emission.
e, Benchmark of the EL EQE of 2D LEDs as a function of G. Devices based on
intercalated few-layer TMDs show evident edges at high exciton densities
compared to other devices, including p—njunctions’'*?>*°, metal-insulator-
semiconductors (MIS)?°, semiconductor-insulator-semiconductors (SIS)* and
other transient 2D LEDs"*", FL, few layer.

Generally, the larger the exciton Bohr radius is, the larger the
exciton diffusion coefficientis, and the greater the probability of one
excitonionizinganother exciton willbe™**, We performed in situ optical
reflection and transmission measurements on few-layer MoS, and WS,
samples before and after plasma intercalation and modelled their
corresponding dielectric functions (Supplementary Fig. 22). As shown
in Fig. 2¢, the permittivity in the visible range for intercalated layers
was smaller than that of before intercalation. It was also smaller
thanthe previously reported permittivity of 1L MoS, and WS, (ref. 35).
Under strong quantum confinement, such asin 2D materials, the exci-
ton Bohr radius r. is positively correlated with the dielectric value®®:

()

where € is the dielectric constant, # is the reduced Planck constant,
eis the electron charge, and m, and m,, are the effective masses of
electronsand holes, respectively. According to equation (2), asmaller
dielectric value corresponds to a smaller exciton Bohr radius. More-
over, the exciton diffusion properties of pristine 1L and intercalated
3L MoS, wereinvestigated by spatialimaging (using acharge-coupled
device, CCD) of PL signals taken at various G values (Fig. 2d). These
images show that exciton propagation driven by EEA in intercalated
3L MoS, (FWHM =442 nm; Fig. 2e) was suppressed in contrast to pris-
tine 1L MoS, (FWHM =768 nm). Usually, the annihilation of an exciton
increases the kinetic energy of a nearby exciton, which allows it to
propagate further, resulting in a large diffusion pattern®*. However,
oxygen-plasma-intercalated 3L MoS, has a shorter diffusion length
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@
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and fewer charged excitons accumulate in the patterns, which is con-
sistent with the results in Fig. 1f,g**. The exciton diffusion length [ is
defined as the mean radius of the diffusion map deconvolved by the
excitation laser spot size. We obtained the exciton diffusion coefficient
Dfrom! = \/D_T (refs.10,34). tis the exciton lifetime.

In contrast to pristine 1L MoS,, the intercalated 3L MoS, had an
elongated recombination lifetime (Fig. 2b and Supplementary Fig.19)
as well as areduced exciton diffusion length (Fig. 2e). These factors
contributed to the notable decrease in the exciton diffusion coefficient.
When Greached 8.34 x 10" cm s, the diffusion coefficient (for the cal-
culationdetails, see Supplementary Fig. 23 and Supplementary Note 4)
of intercalated 3L MoS, (0.02 cm?s™) was one order of magnitude lower
thanthatofthe pristine 1L MoS, (0.51 cm?s™), consistent with previous
reports®, whichindicates the weakened EEA in the intercalated layers.
Note that the intercalation resulted in lattice strain, as evidenced by
the cross-sectional TEM and SEM results, and this may also contri-
bute to the suppression of EEA™. Unlike the prominent exciton inter-
actionsin pristine monolayers, the many-body excitonicinteractions
in intercalated layers were much weaker, which was synergistically
corroborated by the smaller exciton Bohr radius and exciton diffusion
coefficient, as well as possible contributions from the lattice strain,
which thereby effectively suppressed EEA.

Intercalated few-layer TMD LEDs

Based on the suppressed EEA at high exciton densities and to dem-
onstrate the potential of the intercalated few-layer MoS, and WS,
in light-emitting applications, transient 2D LEDs working under
square-wave modulation were fabricated using the intercalated 3L
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MoS, and WS, as active layers because of their higher PLQY compared
to their 2L counterparts. A schematic and optical image are shown in
Fig.3a,b, respectively. To slow down degradation of the active materials
underambient conditions, the devices were encapsulated by hBN flakes
after oxygen-plasmaintercalation. Few-layer graphene was selected as
the source contacton the active layer because of its van der Waals-type
electrical contactand lower contact resistance”. Bothintercalated 3L
MoS,and WS, demonstrated prominent EL near the graphene contact
region (Fig. 3¢,d)”*°. Their EL mainly originated from the respective
neutral exciton X° emissions located at around 1.86 eV (MoS,) and
around 1.98 eV (WS,), similar to their PL spectra.

Figure 3e shows a cycle of the square wave applied to the devices.
Four typical phases are denoted. When +V, was applied between the
source and gate electrodes (phase 1in Fig. 3e), the Fermi level of gra-
phene was lifted above its Dirac point, which resulted in electrons
accumulating in the active material. The entire system was in a steady
state. When +V instantaneously shifted to -V, (phase 2 in Fig. 3e),
electrons immediately drifted off from the active material whereas
holes tunnelled into it because of the sharp band bending near the
contact region. Therefore, pulsed EL was observed near the contact
region where electrons and holes encountered each other to form
excitons and recombine radiatively”. Due to their relatively lower PLQY,
pristine and moderately intercalated 3L MoS, exhibited no observ-
able EL in our experiments. However, a transition from an indirect
exciton-dominant state to a direct neutral-exciton-dominant state
(Supplementary Fig. 24a) was observed for 3L WS,, which implies the
continuous weakening of interlayer coupling andimprovement of PLQY
by oxygen-plasmaintercalation.

Toexamine the EEA-related events at high G, the V,-dependent EL
features of our intercalated samples were analysed. As charge carriers
wereinjected and retracted during the voltage transition withina dura-
tionraround 6 ns (square-wave transition delay), the average genera-
tion rate G per transition was approximated by:

no + po C0x+hBN(2Vg - Eg/q)/q

6= 2 2t 3

where ng + po, Coxshen, Eg and g correspond to the number of
injected carriers per cycle, the areal capacitance of the device, the
electronic bandgap of the active material and the elementary charge,
respectively'”*®, Saturation of both EL intensity and EQE will emerge
intransient 2D LEDsif they are driven by a sufficiently high V,because
of EEA events"**. Figure 4a,b shows the V,-dependent EL integrated
intensity and EQE of our intercalated 3L samples and intrinsic 1L sam-
ples at a fixed modulation frequency (4 MHz). The EL of fully inter-
calated 3L MoS,and WS, was observed for V;higherthan11Vand5V,
respectively. The substantial difference in the threshold voltages of
intercalated MoS, and WS, resulted from the much lower EL EQE of
MoS,, which required a higher excitation level for the spectrometer
to perceive the EL signals. Because of the increasingly enhanced EEA
at higher V,, a continuous decrease in the slope of the semilogarith-
mic integrated intensity versus V, diagram was observed in interca-
lated 3LWS, (ref.39). The EL intensity and EQE saturated at V, =12V,
which corresponded to an average generation rate G of around
8 x10*° cm™s™. For theintercalated 3L MoS,, neither the EL intensity
nor EQE weresaturated at V, =14 Vand G of around 1.25 x 10 cm™s™.
However, further tests were limited by the stability and durability of
the active material and oxide at high V,. In comparison with previous
reports” (Fig. 4a), the EL of both intrinsic and counterdoped 1L WS,
saturated ata V, of around 5.5V and G of around 3.50 x10*° cm™s™.
Our intercalated samples demonstrated reduced EEA rates at high
carrier generation regimes because of the screened exciton interac-
tions. Additionally, in contrast to pristine 3L WS,, the EQE of the
intercalated 3L WS, was enhanced by more than two orders of mag-
nitude under V,=12V due to the oxygen-plasma intercalation

(Supplementary Fig.24b), which conformed with the enhancement
of the PLQY.

Furthermore, we explored the frequency dependence of EL and
EQEatafixed V, (14 Vand12 Vfor MoS,and WS,, respectively) toinves-
tigate the performance of our devices. In transient 2D LEDs, changesin
the modulation frequency (f) when it was below 50 MHz typically had
anegligibleimpact onthe ELEQE due to the nature of the square-wave
excitation”. Each cycle of carrier injection and pulse emission can, to
somedegree, be treated independently because the durationbetween
V, transitions was much longer than the pulsed EL lifetime (less than
10 ns)"**. The EL from the intercalated 3L MoS, and WS, became observ-
able at around 32 kHz and 8 kHz, respectively. The intensity continu-
ouslyincreased with modulation frequency (Fig. 4c,d). Aredshiftinthe
EL from intercalated WS, was observed as fwas increased, which was
attributed to thermal accumulation. Figure 4e displays a benchmark
of EL EQE of typical 2D LEDs based on TMDs as a function of G, which
inour case is given by G =f(n, + p,) (ref. 17). For intercalated 3L MoS,,
theincreaseinmodulation frequency resultedinahigherintegrated EL
intensity butaslight decrease in EQE from 0.05 % to 0.02%, which was
probably due to the RC delay*°. The EQE of our 3L intercalated MoS, is
oneofthe highest ELEQEs reported for transient MoS, devices to date.
The EQEiscomparableto that of a previously reported transient device
based on pristine 1L WSe, at a G of approximately mid-107 cm™s™ (ref.
15). Atahigher injection rate of approximately mid-10" cm2s™, the EL
EQE of the 3L intercalated MoS, was almost two orders of magnitude
higher than that of 1L WSe, (ref. 15). Unlike the intercalated 3L MoS,, a
peculiar rise of the EL EQE from 0.20% to 0.78% as the frequency was
increased from1to4 MHz was observed during stage 3 for 3L WS,. This
isone of the highest EQEs ever achieved for transient devices based on
2D semiconductors. It probably was the result of carrier redistribution
from lower-energy dark exciton states to higher-energy bright exci-
ton states in tungsten-based active materials due to heat accumula-
tion during device operation, which is elusive in MoS, because of the
opposite alignment of bright and dark exciton states in the K and K’
valleys*"*?, Additionally, the intercalated 3L WS, also had acomparable
EQE, even at a G more than five orders of magnitude higher than that
of metal-insulator-semiconductor devices based on 1L WS, (ref. 20).
Our results clearly indicate that due to the high PLQY and immunity to
EEA, intercalated 3L MoS, and WS, have huge potential in the fabrica-
tion of next-generation highly luminescent micro-LEDs. Additionally,
as our devices can endure a modulation frequency of up to 8 MHz in
ambient conditions, they may have promising prospects for ultrafast
internal modulated LEDs for on-chip optical interconnect applications,
if carefully encapsulated in vacuum.

Conclusions

We have described LEDs based on oxygen-plasma-intercalated few-layer
TMDs. The EEAin 3L intercalated MoS, was suppressed and exhibited
bright luminescence with finite non-radiative recombination cen-
tres. Note that the many-body excitonic interactions in a few-layer
sample can be tuned by oxygen-plasmaintercalation, asillustrated by
the decreasing exciton Bohr radius and exciton diffusion coefficient.
Photo-excitation and electro-injection luminescence without an effi-
ciency roll-off was achieved ata high G of around 10*° cm™?s™, leading
toan EQE of up to 0.02% for transient MoS, LEDs.

Methods

Oxygen-plasma intercalation

Few-layer MoS, and WS, flakes were mechanically exfoliated onto a
300 nm SiO,/Si substrate from corresponding bulk crystals (HQ Gra-
phene). The flakes were intercalated by oxygen plasmainahome-built
planar low-frequency (0.5 MHz) inductively coupled plasma instru-
ment. A sample was placed around 10 cm away from aradio-frequency
antenna, and the input radio-frequency power was kept at 80 W. The
ambient pressure in the cavity was kept at 18 Pa by introducing O, as
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a precursor gas with a flow rate of 5 sccm. During the oxygen-plasma
intercalation process, we rotated the sample stage to ensure uniform
intercalation. For more details, see Supplementary Note 1.

Structural characterization

The AFM topography measurements were carried out with a Bruker
Dimension ICON system in tapping mode. SEM topography was meas-
ured by an FEIINSPECT F50 system with 20 kV accelerating voltage.
Cross-sectional TEM slices of samples were obtained with a Thermo
Scientific Helios 5 CX FIB system. Specifically, before bombardment by
the ion beam, a100 pm protective layer of Au was transferred onto an
intercalated few-layer sample and a1 um protective layer of platinum
was deposited onto the target region. Then the target region was cut
intothickslicesby agallium-ionbeam (0.23-9.3 nA, 30 kV accelerating
voltage). Afterwards, the thick slice was transferred onto a half-grid
using a micro-manipulator and thinned down to <50 nm using a
gallium-ion beam (41-790 pA, 2-8 kV accelerating voltage) to form an
ultra-thinslice for the STEM and TEM observations. The TEM observa-
tions were performed by an FEI Titan 80-300 system (300 kV accele-
ration voltage). To identify surface atomic defects, a few-layer sample
was transferred directly onto a TEM grid (silicon nitride, 5 um hole)
using polydimethylsiloxane (PDMS). STEM images were then captured
by aThermo Scientific Themis Z system (60 kV accelerating voltage).

Spectroscopic characterization

Opticalimages were captured by an optical microscope (Leica4000M).
XPS spectrawere acquired using a custom-built PREVAC XPS-2 system
(photon energy, 1,486.8 eV and pass energy of the analyser, 200 eV).
KPFM measurements were made by aMFP-3D Origin (Oxford) in ambi-
ent conditions immediately after a sample was prepared. Freshly
cleaved, highly oriented pyrolytic graphite was used as a reference.
The PL was measured by a Horiba HR320 system with an excitation
wavelength of 532 nm and power of 30 uW. The TRPL was measured
using a femtosecond laser pulsed at an 80 MHz repetition rate as the
photo-excitation source (Coherent, Chameleon Ultra Ti:Sapphire
laser). The time-correlated single-photon counting system employed
was PicoHarp 300. Transient differential reflection spectra were
measured by a home-built optical system with an 80 MHz and 100 fs
Ti:sapphire oscillator (the one used for the TRPL measurements), an
optical parametric oscillator (Thorlabs), a supercontinuum genera-
tor (Thorlabs) and a second-harmonic generator (Thorlabs). For the
measurements, two outputs of 400 nm and 615-680 nm were used
as the pump and probe pulses, respectively. All measurements were
carried out at room temperature under ambient conditions. Details
of the PLQY, EEA rate and exciton diffusion imaging measurements
are provided in Supplementary Notes 2,4 and 5.

Theoretical calculations

The permittivity of layered MoS, and WS, reported here was fitted
using an in-house code. First, a modified Lorentz-Drude model was
employedto represent the dispersive property of the material, inwhich
theresonance frequency, oscillator strength and damping coefficient
of the oscillators were not fixed. Then, the permittivity was fed into a
transfer-matrix algorithm, where the sample configuration was set to
bethe sameasinthe experiments. The calculated absorption, reflection
and transmission spectra were compared with the measured spectra
tofacilitate the determination of the parametersinthe Lorentz-Drude
model. After several optimization iterations, the difference between
the calculated and measured spectrawas minimized. The parameters
for the permittivity were thenfixed, and the corresponding permittivity
and refractive index were obtained.

The density functional theory calculations were performed with
the VASP code**** using the projector-augmented plane wave approach
and akinetic energy cutoff of 520 eV. The generalized gradient approxi-
mation with the Perdew-Burke-Ernzerhof exchange-correlation

functional*was employed inall calculations. Grimme’s D3 correction*®
was used to consider the van der Waals interactions. Three layers of
MoS, with avacuum thickness larger than 15 A were used to model the
intercalation of O, molecules and O atoms (Supplementary Fig. 6a).
Self-consistent field energy and force convergence criteria were set
as107°eVand 0.005 eV. Monkhorst-Pack k-grid sampling of 12 x 12 x 1
and 6 x 6 x 1 were used to optimize the1x1x1and 2 x 2 x1supercell
geometries.

FET characterization

Fabrication of aback-gated FET started with the sequential dry transfer
of the graphene gate electrode, hBN dielectric and multilayer TMDs
with aPDMS-assisted transfer technique®. A three-terminal electrode
covered with poly(methyl methacrylate) that had been prefabricated
ontoasilicon substrate was picked up with PDMS, transferred onto the
graphene/hBN/TMD stack and then annealed at 180 °C for 10 min to
enhance the interactions between the electrodes and 2D layers. The
entire device was then immersed in acetone and isopropyl alcohol
to remove the poly(methyl methacrylate) on top. Bonding pads were
connected to the pins in a chip carrier by a wire bonder. Electrical
characterization was carried out under ambient conditions using a
semiconductor parameter analyser (4200A-SCS, Keithley).

Transient EL device characterization

Au/Ti (25 nm/25 nm) contacts were prepatterned onto heavily p-doped
50 nmSiO,/Sisubstrates. Bulk crystals of graphite and TMDs were pur-
chased fromHQ Graphene. High-quality hBN crystals were provided by
Takashi Taniguchi and Kenji Watanabe. Graphite, hBN and multilayer
TMDs were mechanically exfoliated with Scotch tape and transferred
onto PDMS tape. The number of layers in multilayer TMDs was identi-
fied by optical contrast and PL spectra. B-hBN, multilayer TMDs and
graphite were sequentially transferred onto the target positions by
dry transfer*®*°, Graphite was used to bridge the Au pad and active
materials and was chosen to be neither too thick (low drift mobility)
nor too thin (high resistance at the edge of Au pads). Then, the device
was brought into the chamber for the oxygen-plasma intercalation
treatment. After that, the device was post-baked in a nitrogen-filled
glovebox at180 °Cfor1 htoenhancethe contactbetween layers. After
fabrication, the devices were attached to chip carriers by conductive
adhesive, and a wire bonder was used to bridge the Au pads and pins.
Square-wave signals were applied by aRIGOL function generator. Two
channels of square-wave signals with the same ground with V,, = V,and
1t phase difference were applied to both the Au pad and Si, which was
equivalent to a square wave with V,,, =2V, applied to the Si gate while
the Aupad was grounded. This was used to overcome the voltage limit
ofthefunctiongenerator. The EL from the transient LEDs was collected
in a home-built EL collection system. For details of the EL EQE, see
Supplementary Note 3.

Data availability

Source data are provided with this paper. Other data that support the
findings of this study are available from the corresponding author
uponreasonable request.
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