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STEM Degrees: STEM Participants:

Major Goals: Objective: Our main objective in this research to investigate the room temperature electron hole
liquid state in 2D TMDC materials.

Optical excitations in semiconductors result in electron- hole pairs. The Coulomb interaction among these pairs of
charges leads to neutral bond states called excitons. While at low densities excitons behave like a non-interacting
gas, at high densities they undergo a phase transition into a liquid state, i.e, electron-hole liquid (EHL). This phase
transition of quasiparticles in semiconductors resembles the gas to liquid condensation, which occurs in real
ambient matter. EHL is a condensed state and incompressible. As a result, in this state of matter the excited
electrons and holes achieve the limit of the highest possible density in a material.

1- Cryogenic limitations: EHL is an exotic electronic phase that is unique to certain semiconductors at cryogenic
conditions. It is generally observed in semiconductors with multivalley band structure. The critical temperature for
liquid formation scales with one tenth of exciton binding energy.

2- Room Temperature EHL: Our group discovered EHL formation in atomically thin MoS2 at room temperature.
The formation of EHL is evident in the progression of the photoluminescence spectra (Figure 2). Mainly the
excitation shifts to lower energies as a result of first heating then bandgap renormalization at high density.
Eventually the PL intensity increased about 5 folds with only 10% increase in the excitation fluence. Further
increase in excitation fluence only increased the PL spot to enlarge spatially but peak intensity and the spectral
width did not change, suggesting formation of a constant density EHL phase observed from both in spectral and
spatial profiles.

In this work, we will investigate certain properties of the 2D materials that enable creation of a long-lived EHL state.
The results of these studies will be essential for

developing new optoelectronic applications based on 2D semiconductors sustaining high excitation density at and
beyond room temperature. The research objectives for the proposed nine-month study are:

1- Detailed characterization of EHL formation process
2- Heat management and thermal relaxation during EHL state

Accomplishments: A- Major Activities:

Experimental Achievements
1- Building an Raman microscopy setup for measurement of evolution of temperature and material changes lattice
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during the EHL phase transition.
2- Time resolved photon counting for measurement of evolution of the excited population

B- Specific Objectives and Major Findings:

1-One of our objective was to use these experiments to study evolution of the heat and understanding its role in the
EHL formation process. We performed Raman experiments at different excitation fluences as the material is driven
to EHL phase. We found that material reaches to a certain heat (~480K) due to laser exposure. As a result it
expands. The Raman modes report the temperature and the strain build up very clearly.

2- Material band structure evolution: We collaborated with Lex Kemper in NC State Physics Department. Kemper
group calculated the band energy levels at different strain magnitudes. It turns out that before the EHL process, the
bands become indirect with K band in the valance band having a higher energy compared to G (gamma) band.

3- Evolution of the excited state population and the measurement of the EHL lifetime: We further performed time
resolved photoluminescence (PL) experiments. Our results showed that while the lifetime of the EHL phase is
longer than 100s ns, the PL emission from EHL phase ceases in 2 ns after the excitation is stopped. These results
confirm that most carriers leading to EHL state are in indirect gaps. Moreover these results also indicate that, the
increased emission of PL while the pump laser is on the sample, is due to increased radiative recombination
efficiency of the small density of carriers in the direct gap.

Both the increased PL efficiency and the lifetime of the EHL state are very interesting observations. It is clear that
materials electronic and optical properties evolve significantly during the EHL phase. The lifetime increases more
than 2 orders of magnitude, and the radiative recombination increases significantly for carriers in the direct gap.

4- Excitation density: We measured the excitation density using multiple experimental observables. Our results
suggests the material reaches 4x10%13 cm?-2 carriers during EHL phase. This excitation density can sustained
during under laser exposure.

5- Achievement of EHL phase excitation using below gap photons. We succeeded to excite EHL phase using
below gap photons. Our understanding of the role of strain and heating in EHL formation helped us to use this in a
new approach to create EHL phase in 2D MoS2, which can't be used for other bulk materials. Since we can heat
the material and shift the band gap by exciting the material at the band edge, we achieved first heating of the
material then creating an EHL phase using photons that are below the gap. Under normal conditions below gap
excitation does not create more than 10710 cm”-2 carriers, but in this case it lead to excitation of dense EHL.

C- Key Outcomes:

We now know the critical conditions for forming and maintaining EHL phase in 2D MoS2. Unlike bulk conventional
semiconductors our results show that EHL phase requires strain related material changes. This finding is important
for further study of EHL formation and dissipation kinetics in 2D materials and its utilization for Army needs.

Training Opportunities: The funding from ARO was extremely useful for building 2 advanced optical
characterization setups.

One research scientist, three graduate students, and one undergrad student is involved in learning the
experiments, the details of EHL phase transition in semiconductors.

Although the funding is ended, the setups are functional and playing a vital role in material characterization.

The skills that are acquired involve,
Experimental design, optics, computer programming, advanced knowledge in condensed matter physics.
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Results Dissemination: Manuscripts:

1- Dense Electron-Hole Plasma Formation and Ultra-Long Charge Lifetime in Monolayer MoS2 via Material Tuning
AW Bataller, R Younts, A Rustagi, Y Yu, H Ardekani, A Kemper, L Cao, K. Gundogdu Nano letters 2019, 19 (2), pp
1104-1111

2- Below Bandgap Excitation Leads to Catastrophic lonization and Electron-Hole Liquid in Room-Temperature
Monolayer MoS2 - under review

Conference presentations:

1- "Electron-Hole Liquid Formation in Monolayer Semiconductors at Room Temperature" A Bataller, R Younts, K
Gundogdu, APS march meeting 2019

2- "Catastrophic lonization in Monolayer Transition Metal Dichalcogenides”

R Younts, A Bataller, H Ardekani, K Gundogdu

3- "Carrier dynamics in optically excited Fermi degenerate states in atomically thin TMDC semiconductors" K
Gundogdu

Physical Chemistry of Semiconductor Materials and Interfaces XVII 10724, 1072411

4- Optically Excited Fermi Degenerate States in 2D TMDCs K. Gundogdu, SEUF 2018
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Abstract: Many-body interactions in photoexcited semiconductors can bring about strongly interacting electronic
states, culminating in the fully ionized matter of electron?hole plasma (EHP) and electron?hole liquid (EHL).
These exotic phases exhibit unique electronic properties, such as metallic conductivity and metastable high
photoexcitation density, which can be the basis for future transformative applications. However, the cryogenic
condition required for its formation has limited the study of dense plasma phases to a purely academic pursuit in a
restricted parameter space. This paradigm can potentially change with the recent experimental observation of
these phases in atomically thin MoS2 and MoTe2 at room temperature. A fundamental understanding of EHP and
EHL dynamics is critical for developing novel applications on this versatile layered platform. In this work, we
studied the formation and dissipation of EHP in monolayer MoS2.
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Abstract: Atomically thin materials exhibit exotic electronic and optical properties. Strong many-body interactions
from the reduced dielectric environment lead to electronic phases that drastically change conductivity and optical
response. These many-body interactions can give rise to the formation of collective states such as Mott metal
insulator transitions, electron-hole liquids and plasmas, and excitonic condensates, which typically occur at
cryogenic temperatures and high excitation densities. Here we demonstrate in monolayer MoS2 at room
temperature, a low-density (1010 cm-2) excitonic gas is formed with continuous wave (CW) below-gap optical
excitation. A slight increase in the excitation fluence triggers a nanosecond phase transition into a dense electron-
hole plasma state with three orders of magnitude higher carrier density. We show that while the material is in
equilibrium with the CW excitation slight excitation increase leads to sudden formation of a dense EHL phase.
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Dense Electron—Hole Plasma Formation and Ultralong Charge
Lifetime in Monolayer MoS, via Material Tuning
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ABSTRACT: Many-body interactions in photoexcited semi-
conductors can bring about strongly interacting electronic states,
culminating in the fully ionized matter of electron—hole plasma
(EHP) and electron—hole liquid (EHL). These exotic phases

exhibit unique electronic properties, such as metallic conductivity

and metastable high photoexcitation density, which can be the
basis for future transformative applications. However, the
cryogenic condition required for its formation has limited the
study of dense plasma phases to a purely academic pursuit in a
restricted parameter space. This paradigm can potentially change
with the recent experimental observation of these phases in
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atomically thin MoS, and MoTe, at room temperature. A fundamental understanding of EHP and EHL dynamics is critical for
developing novel applications on this versatile layered platform. In this work, we studied the formation and dissipation of EHP
in monolayer MoS,. Unlike previous results in bulk semiconductors, our results reveal that electromechanical material changes
in monolayer MoS, during photoexcitation play a significant role in dense EHP formation. Within the free-standing geometry,
photoexcitation is accompanied by an unconstrained thermal expansion, resulting in a direct-to-indirect gap electronic transition
at a critical lattice spacing and fluence. This dramatic altering of the material’s energetic landscape extends carrier lifetimes by 2
orders of magnitude and allows the density required for EHP formation. The result is a stable dense plasma state that is
sustained with modest optical photoexcitation. Our findings pave the way for novel applications based on dense plasma states in

two-dimensional semiconductors.

KEYWORDS: Two-dimensional materials, MoS,, transition metal dichalcogenides, dense electron—hole plasma,

bandgap renormalization, direct to indirect bandgap transition

he reduced dimensionality and dielectric screening for
monolayer and few-layer transition metal dichalcogenides
(TMDs) results in strong charge coupling and bound
electron—hole pairs (excitons). For example, the binding
energy between charge pairs is so strong (~0.5 eV) that
excitons can exist well above room temperature.' ™ As a result,
these materials provide a new test bed for studying many-body
Coulomb systems. An exciting manifestation of this is the
recent discovery of Fermi liquid condensation at room
temperature.” ® Although its existence has been known for
nearly 50 years, the practical utilization of electron—hole
plasma (EHP) and electron—hole liquid (EHL) has been
hindered, due primarily to the cryogenic requirements for bulk
semiconductors.” Freed from this restrictive condition, atomi-
cally thin TMDs offer the potential of EHP-based applications.
Here we report the electronic, optical, and mechanical
changes during formation and dissipation of dense EHP in
monolayer MoS,. We utilized time-resolved photolumines-
cence and transmission to study the evolution of optical
excitations between excitonic and dense plasma states and the
photoexcited carrier lifetime. In addition, we used Raman

v ACS Publications  © xxxx American Chemical Society

spectroscopy combined with electronic band structure theory
to study changes in the electronic band structure during the
phase transition. Our studies reveal that the plasma phase
transition in monolayer MoS, is a very intriguing process that
involves changes in electronic band structure, recombination
kinetics, and carrier lifetime. As illustrated in panels a and b of
Figure 1, laser heating leads to material expansion accom-
panied by a direct-to-indirect gap transition. Optically excited
carriers survive in the indirect gap for hundreds of nano-
seconds, which promotes a high charge density and subsequent
EHP formation (Figure 1c). While it is expected that the
indirect gap formation should reduce the photoluminescence
(PL) efficiency, we found that a small fraction of carriers that
exist in the direct gap valleys radiatively recombine with a very
high efficiency leading to observation of an unusual increase in
the PL intensity in the EHP phase.
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Figure 1. (a) Electronic band alignment for K and I valleys in MoS,. (b) Under high photoexcitation, thermal expansion from material heating
leads to an indirect bandgap formation with the conduction band minimum in the K valley and valence band maximum in the I" valley. The long-
lived (>100 ns) indirect charges allow the formation of (c) a highly ionized electron—hole plasma at room temperature.

Figure 2a shows PL spatial images under continuous-wave
(CW) photoexcitation at various fluences. In this experiment, a

= = =
B, By, g AT - T =1
a B e ) e A : VT eihii e reiigi e
2.50 kW cm® 2.75kW em? 3.00kW em™® 350 KW em? 375KWem?
10F T T T T T T T T T T
F T T T T 1
L - .,..v"‘-
—~ 8 o o« H
) F o
S F i 11
> 6 i 1 1 My
B F 010 015 020 ,0.25 J
= + Photoexcitation (kW cm™) 4
e 4 -
= E ]
- F ]
a 2 4
off L .
b 15 1.6 1.7 1.8 1.9 2.0
Energy (eV)
6F T T T T T T T T 9
2 _f — Pulsed 3
Z 5 F Photoexcitation E
e F 3
£ 4r 1.84 eV 3
& E 1.77 eV F
3F E
E E — 1.71 eV ]
S, E — 1.65 eV E
s E XY
£ E Ve 0020
= E
o 1F =
S
ok L L 1 L
C 0 100 200 300 400 500 600 700 800
Time (ns)

Figure 2. (a) Photoluminescence images of suspended monolayer
MoS, under spatially uniform, steady-state photoexcitation at
intensities below and above EHP formation. (b) Photoluminescence
spectra measured from a 2 um? area in the center of the suspended
material with increasing photoexcitation. The inset shows the
integrated PL vs photoexcitation at low fluence. (c) Time-resolved
photoluminescence measured at different energy channels with 500 ns
square-wave photoexcitation (637 nm). The photoexcitation intensity
was 50% above the EHP threshold. All energy channels are
normalized to the steady-state EHP intensity averaged between 300
and 500 ns. The instrument response function measured at 637 nm
shows a 2 ns photoexcitation rise/fall (black curve).

CW laser is focused onto monolayer MoS, suspended over a 6
um cavity (see Methods for sample preparation), and the
resulting PL is collected using a microscope objective. As
photoexcitation is increased, the PL intensity rapidly under-
goes a transition from relatively weak excitonic emission to a
bright, broadband, and dense EHP phase.“’g_10 When the
photoexcitation density reaches a critical value, an 18%

increase in laser power results in a 540% stronger PL. Figure
2b shows the PL spectral evolution with increased photo-
excitation as the phase transition takes place with high
excitation fluence. At low fluence (inset of Figure 2b), the
system is purely excitonic as evidenced by the linear
relationship between the integrated PL and the photoexcitation
(see Figure S1 for low-power spectra). As the carrier density
increases, bandgap renormalization (BGR) induces a large
spectral red-shift."' As detailed in earlier work," the transition
occurring at ~3 kW cm™ is ascribed to the formation of a
dense plasma state at 450 K with a carrier density of ~4 X 10"
cm™? (see the Supporting Information). All spectral features
(width, location, and intensity) are unchanging beyond the
critical intensity, indicating a constant carrier density, which
could be evidence of dense plasma condensation, i.e,, EHL.
The dramatic increases in PL intensity and carrier density
with only a slight (18%) increase in photoexcitation suggest a
phase transition accompanied by a much longer carrier
lifetime. First, the increase in PL indicates a reduction in
nonradiative recombination. Second, carrier recombination
and photogeneration rates are balanced under steady-state
excitation, i.e., dynamic equilibrium. In the limit of slow carrier

diffusion, as is the case for monolayer MoS,,"” the dynamic

Tl ces . al n
equilibrium condition can be written to first order as =7

where a is the absorption coefficient, I is the laser intensity, E is
the photon energy, n is the carrier density, and 7 is the carrier
lifetime. To satisfy this equality under threshold conditions (I
=3kWem™> a=5%,E=233¢eV,and n =4 X 10"3 cm™), the
carrier lifetime must be around 100 ns. Given the reported
exciton lifetime in MoS, (~1 ns),">"* this remarkable finding
suggests a massive change in carrier behavior exemplified by a
lifetime that is 2 orders of magnitude longer.

To study EHP formation, we first characterized the carrier
lifetime using time-resolved PL experiments (trPL) via time-
correlated single-photon counting. Figure 2c¢ shows PL
evolution at four different photon energies when the material
is excited using 500 ns square-wave laser pulses at 637 nm with
an intensity 50% above the EHP threshold for CW conditions
(3 mW). Upon photoexcitation, fast-rising emission associated
with exciton recombination (1.84 eV in Figure 2c) dominates
the spectrum. The excitonic emission then transfers spectral
weight to the broadband EHP state (1.6S eV in Figure 2c) in
~100 ns. The PL reaches a steady-state condition at ~300 ns;
i.e, the spectrum is unchanging. Surprisingly, once photo-
excitation ceases at 500 ns, the PL is extinguished within the
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experimental resolution (<2 ns) for all measured photon
energies. The immediate disappearance of the PL appears to
contradict the spectrally derived carrier density due to the
apparent short PL lifetime. In other words, either the carrier
density is grossly overestimated or long-lived carriers cease to
radiatively recombine after photoexcitation stops.

To investigate the potential reasons behind the sudden
disappearance of the emission during the trPL experiment, we
studied changes in the material’s electronic band structure
using a combination of experimental Raman spectroscopy and
theoretical electronic band structure calculations. Raman
spectroscopy measures strain and temperature due to lattice
expansion and laser heating, respectively. For monolayer MoS,,
the in-plane E’ and out-of-plane A; Raman modes are sensitive
to lattice spacing, where the former is primarily used to infer
strain.">'® These modes are shown in panels a and b of Figure
3 for both anti-Stokes and Stokes scattering as a function of
photoexcitation. Two important trends are observed with
increasing photoexcitation: (1) a spectral red-shifting and (2) a
relative increase in the anti-Stokes intensity. A Lorentzian
profile is fit to the E’ mode whose peak position is plotted
versus laser intensity in Figure 3c. Using the calibrated results
of Lloyd et al,'” the peak position is converted to a lattice
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Figure 3. Raman spectrum for (a) anti-Stokes and (b) Stokes
scattering as a function of 637 nm photoexcitation. (c) Power
dependence of the lattice temperature (right axis) and expansion (left
axes) determined by Raman anti-Stokes to Stokes ratio and E’ peak
position analysis, respectively. (d) Calculated electronic band
structure from density functional theory calculations for different
lattice expansion values. (e) Calculated bandgap energy for direct
(K—K, blue curve) and indirect (I'—K, red curve) valleys.

expansion. The material is found to have a positive prestrain
with no photoexcitation, which is likely a result of the transfer
process. The material temperature is obtained by comparing
the Stokes and anti-Stokes intensity ratio through a Boltzmann
factor (see the Supporting Information) and is plotted in
Figure 3c. The shaded regions in Figure 3c represent the
exciton and EHP phases as determined by the PL spectrum.
Raman analysis at the EHP threshold indicates a material
temperature of ~425 K accompanied by a lattice expansion of
~1.25% from photothermal expansion. We note that the
measured lattice temperature using this Raman method
matches our earlier result obtained using PL analysis.*
Experiments and density functional theory (DFT) calcu-
lations show strain, or in our case thermal expansion, has a
significant impact on the material’s electronic band structure,
including a direct-to-indirect transition.'*™*° Figure 3d shows
the evolution of the calculated electronic band structure as a
function of biaxial lattice expansion. As the lattice ions move
farther apart, the energy of the indirect I' valley increases
relative to that of the direct K valley. Via comparisonn of the
K-K and I'=K energy gaps plotted in Figure 3e, a direct-to-
indirect transition is expected for an expansion of 1.25%, thus
showing a strong correlation with the onset of EHP formation
(see Figure 3c). Fully formed EHP (~1.75% expansion) shows
a sizable indirectness as the I'=K energy gap is ~70 meV lower
than the K—K energy gap. Therefore, the EHP state in
monolayer MoS, is found in a material with an indirect
bandgap. Carrier recombination for an indirect gap semi-
conductor is mostly nonradiative and thus absent in the trPL
for times after photoexcitation. The situation during
continuous photoexcitation is similar, except carriers are
created within the direct bandgap and can contribute to the
PL prior to scattering into the lower-energy indirect valleys.
Because the material becomes an indirect gap semi-
conductor, the PL experiments are not effective in measuring
the carrier population that is potentially surviving in the
indirect bands. We measured the population of these “dark”
carriers and their dynamics using differential transmission
spectroscopy. This experiment measures the change in
broadband optical transmission (“probe”) due to sample
photoexcitation (“pump”). The pump pulse excites the sample
and drives the system from excitonic to dense plasma states.
The relative transmission of the probe pulse changes with
respect to the unexcited sample. Because transmission depends
on the availability of states, this experiment is sensitive to
carrier populations regardless of whether they can radiatively
recombine. Figure 4a shows the differential transmission’s
spectral evolution for MoS, driven to EHP. Spectral line-outs
shown in panels b and ¢ of Figure 4 reveal four distinct features
and are attributed to bound and unbounded (“free”) charge
states. The two features at 1.90 and 2.04 eV are the A and B
excitons, respectively.u_23 These excitonic transitions are
situated entirely within the K valley and are energy-separated
by spin—orbit coupling.”* Because excitonic transitions are
photobleached at a high carrier density, the intensity of the
differential transmission signal increases at these spectral
positions.”” The negative transmission signal below 1.85 eV
and above 2.15 eV arises from the conduction band red-shift
due to the hi§h density of free charges, i.e, bandgap
renormalization.”> >’ In other words, closing of the electronic
bandgap due to BGR opens more absorption pathways at
lower energies relative to the unexcited material, which results
in a transmission decrease below 1.85 eV. The same effect
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EHP intensity averaged between 300 and 500 ns.

causes increased absorption above 2.15 eV due to the
monotonically increasing absorption with respect to energy.

Figure 4d shows the temporal evolution corresponding to
each of the excited species. To visualize the contrast between
time evolutions of each species, we plot the absolute value of
AT/T. All spectral features grow with the onset of laser
excitation until a saturation is reached at ~200 ns. Likewise,
signal decay begins once photoexcitation ceases at 500 ns, after
which all signals eventually relax back to zero. All curves are
normalized to the average EHP-state value (300—500 ns). The
temporal line-outs in Figure 4d show a significant difference in
the growth and decay time scales between excitonic and free
charge states, the former rising nearly as fast as the
photoexcitation (<10 ns) and the latter in >100 ns. Because
most exciton recombination and other microscopic processes
in monolayer MoS, occur on subnanosecond time scales, we
consider changes in lattice temperature as the primary cause
for the slow rise and fall in the free charge states. This
conclusion is further supported by comparing temperature
dynamics calculated from a simplified heat diffusion model
with the free charge dynamics in Figure 4d (see the Supporting
Information). Therefore, the growth of dense plasma coincides
with photothermal expansion and the transition to an indirect
bandgap. More importantly, charge carriers remain in the
material long after photoexcitation has ceased and much longer
than the direct valley exciton lifetime (<10 ns)."”

Both the differential transmission and the Raman experi-
ments indicate that electrons and holes mostly occupy an
indirect gap when EHP is reached. Generally, radiative
recombination is suppressed for an indirect gap semi-
conductor. Thus, our experiments should show a decrease in
PL emission when the direct-to-indirect transition occurs.

However, the steady-state PL measurement in panels a and b
of Figure 2 shows the PL emission intensity increasing >5-fold
at the EHP threshold. It appears that while most of the carriers
occupy an indirect valley, the carriers that radiatively
recombine in the direct valley do so with a surprisingly high
efficiency. In the CW PL measurements (Figure 2ab), a
fraction of the carriers will always occupy the direct gap
because the (continuous) photoexcitation originates in the
direct K—K band.

To further reveal the long-lived “dark” carriers, we
performed an additional trPL experiment. We photoexcite
the system to the EHP phase in the same manner described
previously (cf. Figure 2c), but an additional CW “probe” laser
at 532 nm is added to this experiment and focused to the same
spatial location as the photoexcitation laser. The sole function
of the probe laser is to add a continuous “trickle” of charges
into the direct bandgap. Although many of these additional
carriers will scatter into the indirect gap, some will radiatively
recombine in the direct gap, thereby revealing the spectral
evolution of the system’s energy levels. The probe power was
10-fold lower than the pulsed photoexcitation to prevent any
significant perturbation to the EHP formation and decay
process. Indeed, the PL dynamics with the added CW laser
(Figure Sa) have very similar formation dynamics for the case
of no CW excitation (Figure 2c). Unlike Figure 2c, there are
significant deviations in the trPL signal after photoexcitation
(>500 ns), which supports the long-lived charge carrier
observation in the transmission experiment.

Figure Sb reveals the PL time evolution at different spectral
positions after the pump pulse has ceased. The low energy
emission that we associate with EHP (1.6S eV) persists for
>150 ns after pump extinction without photoexcitation.
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are normalized to the steady-state EHP intensity averaged between
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photoexcitation rise/fall (black curve). Once excited to EHP, the
overall exciton energy channel (blue) is offset by a factor of ~2 (black
dashed). (b) Photoluminescence after pulsed photoexcitation
showing EHP decay dynamics and long-lived charge lifetime.

Coinciding with the EHP decay, the excitonic emission (1.84
eV) increases for 150 ns, which is consistent with thermal

contraction and reduced BGR. At 650 ns, the spectral shift
ends and the PL emission is dominated by exciton
recombination, which eventually decays in >300 ns. Remark-
ably, the brightness of the exciton emission at 650 ns is double
the long time, no photoexcitation value (black dashed vs blue
curve in Figure Sb). If the only carriers in the material are
created by the CW probe laser, then the PL emission should
not rise above the equilibrium value and should decrease due
to the elevated temperature and strain.”®*® Therefore, this
observation must be linked to the presence of long-lived
indirect carriers.

It should be noted that the excitonic PL is higher for t < 0
compared to CW-only (blue and green curves in Figure Sa)
excitation. Therefore, driving the system to EHP has a long-
term effect (>200 us given the S kHz repetition rate) on the
material in the form of a higher PL efficiency. A possible
mechanism is through the temporary p-doping of sulfur
vacancies made available from the free charge states at high
excitation. Although previous studies have shown similar
photodoping effects,’>”" the question of whether it is present
in this system remains open.

The optical diagnostics employed in this study not only
paint a picture of the changing energetic landscape when
monolayer MoS, is driven to EHP formation, they also indicate
that the observed changes are unlikely due to defect states.
First, the results are reproducible across numerous samples and
with multiple power sweeps on the same material. If the PL
transition was due to defect formation at high photoexcitation,
we should not observe a threshold behavior in the second or
later power sweeps. Instead, we observe a consistent threshold
behavior for every power sweep across all measured suspended
monolayers. Second, the Raman and low-power PL spectrum
undergoes almost no change after photoexcitation.* Further-
more, none of the reported defects in the scientific literature
fully match the PL trends reported in this work in spectrum,
temperature, and photoexcitation. Commonly reported defect
states in MoS, originate from sulfur vacancies,””*® oxygen
treatment,”* bright edge states,”*° and laser cleaning.37
However, we can generally exclude these defects as a cause
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for the anomalous PL increase due to the phenomenon’s
reversibility and negligible material change. Specifically, sulfur
vacancy emission is most prominent at low temperature, which
is unlike the dramatic PL increase at elevated temperature in
this system. Monolayer MoS, treated with oxygen plasma
shows PL quenching with an increased level of exposure and
little change in the spectral line shape.”* Although bright edge
states formed by oxygen annealing show a large PL
enhancement, it is only observed at the exciton peak (1.85
eV) with no significant spectral broadening.’>*® Lastly, the
process of laser cleaning at elevated photoexcitation requires
treatment for minutes and produces a narrow excitonic PL,*’
rather than the broadband and near-instantaneous spectrum
reported here.

The diagram presented in Figure 6b illustrates the changes
in the material's band structure and charge population
dynamics, separated into five distinct steps. The material
begins its journey (¢ < 0) in the electronic ground state (no
free charges), at room temperature (293 K), and has a direct
bandgap (K—K). Laser excitation beginning at t = 0 provokes
an immediate growth in exciton density (K—K), which is
accompanied by BGR. The dynamic equilibrium of the
excitons is soon established (10—20 ns), where charge creation
and annihilation are in balance. The majority of absorbed light
is converted into heat, as nonradiative recombination
dominates monolayer MoS, under these conditions."” The
resulting temperature increase causes the material to undergo
thermal expansion (0 ns < t < 200 ns) and lifts the valence I'
band above the K band. As the direct-to-indirect transition
continues, charges are transferred into the I'" valley whose
extended lifetime precipitates the high charge density and
stability required for EHP formation. The system maintains
EHP for as long as photoexcitation and laser heating are
supplied (500 ns in our case). The cessation of photoexcitation
at t = 500 ns begins the system’s relaxation phase that is
defined by material cooling, lattice contraction, and charge
recombination. The fact that EHP persists for >50 ns without
photoexcitation and shows no trace of radiative recombination
suggests it resides entirely within the I" valley. The excitation
cycle ends with a slow decay phase (~1 us) defined by indirect
exciton recombination occurring after EHP has died off and
the material has cooled back to room temperature (~700 ns).

The surprising observation of enhanced photoluminescence
accompanying a direct-to-indirect bandgap transition high-
lights a long-standing topic within the field of dense
semiconductor plasma. Nonradiative pathways, ie., Auger
recombination, should be enhanced at a higher charge density
and lead to shorter lifetimes; thus, contrary to our results, one
would expect a reduced PL. However, earlier studies of carrier
recombination dynamics show that in optically excited Fermi
degenerate indirect bandgap semiconductors, normal Auger
recombination is highly suppressed due to energy and
momentum conservation.’® As a result, a dense plasma state
can exhibit both an increased lifetime and a high carrier
density, both of which are observed in our experiments. The
EHP in our study does indeed satisfy the Fermi degenerate
condition, Tp/T = nah*/mkT =~ 6 > 1, where a factor of 2 for
spin has been included. We believe our results will help
stimulate further theoretical and experimental efforts in the
investigation of photoexcitation dynamics under degenerate
conditions in two-dimensional materials.

The energetic roller coaster driving room-temperature EHP
points toward a rich, dynamic system whose material

properties can be tuned and reset at MHz frequencies. It
remains to be seen just how long EHP can persist in monolayer
TMDs after photoexcitation has ended, using the appropriate
lattice conditions, material combination, and photoexcitation
scheme. The understanding of dynamic electronic structure
and its effects on charge excitation will guide future efforts in
generating and manipulating high-carrier density electronic
states using ultrafast photoexcitation, and will help in
engineering favorable geometries for high-power optoelec-
tronic devices.

Methods. Sample Preparation. Complete details of the
growth and transfer process can be found in ref 4. Briefly,
CVD-grown monolayer MoS, was transferred onto a chemi-
cally etched quartz substrate. The quartz substrate was
patterned with an array of 6 um diameter cavities using
photolithography and dry etching. The transfer process
entailed dissolving polystyrene in toluene, followed by spin-
coating on the as-grown monolayer, followed by baking for 1 h
at 80—90 °C. A water droplet was placed on the polystyrene—
monolayer assembly for substrate delamination, after which the
monolayer was transferred to the quartz substrate. This was
followed by another a 1 h bake and removal of the polystyrene
with a toluene rinse. All measurements were performed under
vacuum conditions (30 mTorr).

CW Photoluminescence. CW photoluminescence was
performed using a2 $32 nm TEMOO diode laser (Verdi,
Coherent) focused 45° relative to the sample’s surface. The
measured spot size at the sample’s surface was 35 um [full
width at half-maximum (fwhm)], thus providing a near-
uniform intensity profile across the 6 pm suspension.
Photoluminescence was collected by a 50X microscope
objective and sent through a 570 nm long-pass filter. The
photoluminescence was imaged onto the entrance slit of a
spectrometer (Acton) using a 2X tube lens for a total of 100X
magnification. Spatial—spatial (Figure 1a) and spatial—spectral
images were recorded using a deep-cooled CCD instrument
(PIXIS, Princeton Instruments). Spectra in Figure 1b were
extracted from the spatial—spectral images in a 2 um® area
located at the center of the suspended region. See Figure S6 for
the experimental diagram.

Time-Resolved Photoluminescence. Time-resolved photo-
luminescence (trPL) was photoexcited using a 637 nm TEMO00
diode laser (OBIS, Coherent) focused through a 50X
microscope objective to a 1.6 um spot size (fwhm) in the
center of the suspended region. The laser was triggered on and
off using TTL pulses from a delay generator (DGS53S, Stanford
Research Systems). The resulting laser pulse was a square wave
with a 2 ns rise, a 500 ns on time, and a 2 ns fall and was
repeated at SO kHz (2.5% duty cycle). Photoluminescence was
collected by the same 50X microscope objective and passed
through a 638 nm notch filter. The photoluminescence
wavelength was selected using a monochromator (S nm
bandwidth) and then detected using a PMT instrument
(H10721-20, Hamamatsu). The temporal resolution was
obtained by sending timing signals from the delay generator
(“start”) and PMT instrument (“stop”) to a custom-built time-
correlated single-photon counting (TCSPC) system. Although
the TCSPC resolution was 200 ps, the experimental timing was
ultimately limited to 2 ns determined by the laser rise/fall time.
See Figure S7 for the experimental diagram.

Raman Spectroscopy. Raman spectroscopy was performed
using the same photoexcitation laser (637 nm) as the trPL,
although operated in CW mode. The 532 nm Raman laser
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(Verdi, Coherent) was focused by a S0X microscope objective
to a 1.6 um spot size (fwhm) using a colinear geometry. The
Raman signal was collected by the same imaging system as the
CW photoluminescence experiment. A 533 nm notch filter
(Thorlabs) with a 17 nm bandwidth was used to filter the
fundamental laser frequency and obtain both Stokes and anti-
Stokes peaks; 0.3 mW of Raman laser power for 120 s of
exposure was used for all Raman versus photoexcitation
measurements.

Electronic Band Structure Theory. The electronic structure
and phonon calculations were performed using DFT as
implemented in the open source code Quantum ESPRESSO.*
We used plane-wave, fully relativistic pseudopotentials with
nonlinear core correction. The exchange-correlation energy
was described by the generalized gradient approximation
(GGA), in the scheme proposed by Perdew, Burke, and
Ernzerhof intended for solid-state and surface systems
(PBEsol).*” The cutoff energy used was 70 Ry. The Brillouin
zone (BZ) was sampled for integrations according to the
scheme proposed by Monkhorst and Pack*' with a grid of 14 x
14 X 1 k-points. The out-of-plane lattice constant ¢ was set at
25 A in a slab geometry to consider the monolayer system. The
in-plane lattice parameter was determined by minimization of
the total energy for the monolayers and was found to be
3.1492 A. A biaxial tensile strain was introduced by varying the
in-plane lattice constant a. For each strain/lattice expansion,
the z coordinates of the chalcogen atoms were optimized and
subsequently the electronic structure was calculated. The
phonon frequencies were evaluated for each strain/lattice
expansion at the I' point. The variation of the Raman-active in-
plane E’ and out-of-plane A, modes was evaluated for
comparison to the Raman spectroscopy measurements.

Time-Resolved Differential Transmission. Time-resolved
differential transmission was performed using the same
photoexcitation laser (637 nm) and pulse width (500 ns)
that were used in the trPL experiment. White light from an
optical parametric amplifier (OPA 9400, Coherent) pumped
by an amplified femtosecond laser (RegA 9000, Coherent) was
used as the transmission (“probe”) signal. The probe light (200
fs pulses at a 10 kHz repetition rate) was focused by a 50X
microscope objective to a 1.6 um spot size (fwhm) using a
colinear geometry with respect to the photoexcitation laser.
After passing through the sample and exiting the vacuum
chamber, the probe light was collected by a 50X microscope
objective and imaged onto the entrance slit of an integrated
CCD spectrometer (Fergie, Princeton Instruments). Operating
in kinetics spectroscopy mode, the Fergie was electronically
triggered by the 10 kHz RegA source, thus acquiring each
probe pulse. Externally triggered by the RegA source, a DG535
triggered the photoexcitation laser at S kHz with an adjustable
time delay relative to the probe light. The output from this
configuration was a 10 kHz probe (white light, 200 fs) with a §
kHz photoexcitation (637 nm, 500 ns) with phase adjustability
provided by the DGS3S instrument. For each time step,
alternating probe and pump+probe spectra from the Fergie
were recorded and then processed to give AT/T. Time
sweeping was provided by the DGS35 instrument by adjusting
the relative time between the pump and probe. Every time step
in Figure 3a is averaged over ~750 AT/T spectra. Although
the timing system was capable of 20 ps resolution, the
experimental timing was limited by the laser rise/fall time (2
ns). See Figure S8 for the experimental diagram.
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