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Valley engineering electron-hole liquids in transition metal dichalcogenide monolayers
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Electron-hole liquids (EHLs), a correlated state of matter and a thermodynamic liquid, have recently been
found to exist at room temperature in suspended monolayers of MoS2. Appreciably higher rates of radiative
recombination inside the liquid as compared to free excitons hold promise for optoelectronic applications
such as broadband lasing. In this paper, we show that leveraging the valley physics in MoS2 may be a route
towards achieving tunability of specific characteristics of an EHL, such as emission wavelength, linewidth, and,
most importantly, the liquid density. The conditions under which EHLs form, in bulk semiconductors as well
as transition metal dichalcogenide (TMDC) monolayers are quite stringent, requiring high crystal purity and
cryogenic temperatures in bulk semiconductors, and suspension in monolayers. Using a simple yet powerful
model for describing free excitons and show that a phase transition into the EHL state may be feasible in
substrate-supported monolayer samples. More repeatable experimental realizations of EHLs may be essential
to answer questions regarding the nature of electron-hole correlations and how they may be used to generate
nontrivial states of light.
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I. INTRODUCTION

The characteristic broad luminescence spectra associated
with an electron-hole liquid (EHL) was first detected by
Haynes at the Bell Telephone Laboratories in 1966, in a
sample of silicon immersed in liquid helium, when the
pump intensity exceeded a certain threshold [1]. Subsequent
experiments in the late 1960s and early 1970s provided fur-
ther evidence for EHLs. Keldysh first provided a theoretical
foundation for a phase transition, a gas-liquid condensation
in semiconductors at sufficiently low temperatures, where
the interaction between electron and holes at large densi-
ties ( 1017 cm−3) would cause them to condense from an
insulating gas of free excitons and possibly multiexcitonic
complexes into macroscopic metallic droplets of delocalized
electrons and holes [2,3]. In Ge, experiments showing abrupt
increases in photoconductivity [4] with laser pump intensity
and collection of charge pulses in p-n junctions at high in-
cident intensities [5] further established the distinctness of a
metallic EHL from candidates like a dielectric H2-like exci-
tonic liquid or a Bose-Einstein condensate. Infrared scattering
experiments showed the state existing as a fog of smaller
droplets while large μm-sized droplets were found to form
under certain conditions [6]. Theory and experiments agreed
with each other, and, while open questions remained, the phe-
nomenon faded into obscurity until recently when EHLs were
realized at room temperatures in atomically thin semicon-
ductors. Room temperature realization of these macroscopic
quantum states has revived interest and relevance [7–11].
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Using a suspended CVD-grown monolayer of MoS2, kept
at room temperatures, a sharp transition in the photolumi-
nescence spectrum was recently observed [8]. The A-exciton
line disappears into a broad, redshifted peak at high power
densities, accompanied by a corresponding reduction in the
emission spot size. This transition was shown to be re-
versible, ruling out defect-generation as a cause for the
observation. Theoretical calculations for EHL formation in
two-dimensional TMDCs as well as thermodynamic analyses
that use the latest standards for quantifying carrier interactions
in TMDCs, with the use of the Keldysh potential, do show
the possibility of such a transition for temperatures above
500 K [9,11]. Further evidence for the formation of an EHL
has surfaced in graphene-encapsulated MoTe2 in the form of
abrupt changes in photocurrent across the monolayer at high
laser intensities [10].

In experiments, the use of a suspended monolayer is crucial
for two reasons. First, due to the reduced dielectric screening
compared to substrate-supported samples, Coulomb interac-
tions are stronger. Second, the lack of a constraining substrate
allows the monolayer to undergo isotropic expansion, af-
fecting a transition into an indirect band-gap semiconductor,
imparting larger lifetimes to charge carriers and allowing them
to reach a quasi-equilibrium state. This paper demonstrates
the possibility of leveraging the unique spin-valley physics of
TMDC monolayers to tune the EHL emission properties, the
binding energy, emission linewidth, and liquid density. Using
a simple model that captures the strength of electromagnetic
interactions in monolayers, we show that, even with dielectric
screening from a substrate, as long as the charge carriers stay
in the system long enough, with lifetimes exceeding quasi-
thermalization times [2], a phase transition into an EHL is
theoretically feasible.
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FIG. 1. (a) Band-energy diagram of monolayer MoS2, filled por-
tions indicate the amount of charge carriers in a particular valley,
(b) binding energy with carrier density–dashed and solid squares
designate regions of ionized plasma vs EHL–as illustrated in (c) and
(d) respectively.

II. VALLEY ENGINEERING AN EHL

A. Binding energy

The binding energy of an electron-hole pair in an EHL is
found from the minima of the binding energy for a correlated
plasma gas, consisting of electrons and holes, as the carrier
density is varied. The binding energy of such a system con-
sists of three parts, Eb = Ek + Eexc + Ecorr, as a sum of the
kinetic, exchange, and correlation energies. In keeping with
the current understanding that an EHL arises out of an indirect
band-gap transition for a monolayer of MoS2, the system
consists of 2 nearly spin-degenerate electron bands at the K
and K ′ points of the first Brillouin zone, and a spin-degenerate
hole band at �, as shown in Fig. 1(a). It has been shown that
the majority of holes reside at � at high carrier densities [12].
In the following, we calculate the binding energy in a manner
similar to Rustagi et al. [9].

The first contribution to the energy per electron-hole (e-h)
pair is the ground state, noninteracting kinetic energies of the
electrons and holes. For the case of our model, we have
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where keK , keK ′, and kh� are the Fermi wave vectors of the three
valleys. For equal valley contributions, keK = keK ′ = √

πNeh

and kh� = √
2πNeh, where Neh is the density of e-h pairs.

The exchange energy that comes out of the requirement for
antisymmetry in the many-body wave function is simply the
expectation value of the interaction potential in the ground

state of the system and is given as:
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where v(|q|) = 1
L2

e2

2ε0(ε1+ε2 )|q|(1+r|q|) with screening length
[13] r = 4πr0/(ε1 + ε2), where r0 is the polarizability
in TMDC monolayers [14]. The integrals are within the
respective Fermi surfaces of the three valleys. Analyti-
cally, each of the three terms in Eq. (2) can be repre-

sented as EkF = E1 + E2, where E1 = − 4k2F
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wave vector kF . The G function here is the Meijer G function.
The correlation energy is the perturbative correction that

arises from turning on the interaction between the fermions. It
is related to the random-phase approximation (RPA) dielectric
function, εRPA = 1 − a0(k, ω) − iσ0(k, ω) through [15]
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For a single spin-degenerate band, the polariz-
abilities σl and al can be calculated as al + iσl =
−2v(|k|)∑q

nk+q−np
h̄ω+E (q)−E (q+k) , explicit values of which

for isotropic 2D bands have been previously calculated
[16]. The total polarizabilities σ0 and a0 are simply
the sum of the respective terms for the 3 valleys. The
exchange-corrected values of the polarizabilities, which
arise out of the reduced correlation between electrons of the
same spin due to Pauli exclusion are obtained as [17]: σ =
(1 − he1(k))σ e1

0 + (1 − he2(k))σ e2
0 + (1 − hh(k))σ h

0 , where
h(k) = v(

√
k2 + f 2)/2v(k) is the correction term for a valley

with Fermi wave vector f . The real part of the corrected
polarizability a is given by, a = σ

σ0
a0.

We chose values of the conduction band-effective mass
from ab initio studies, me = 0.55 [14,18], and the effective
mass in the � Valley is taken to be mh = 2.0, in order to
obtain agreement with reported values of the linewidth, or the
energy-edge width, as we show next. This value of the mass
is consistent with a computational study of valley masses in
strained and unstrained monolayers [19].

The binding energy is shown in Fig. 1(b) as a function of
carrier density. The minima at around nehl = 6.5 × 1013 cm−2

imparts the plasma with the properties of a thermodynamic
liquid with a well-defined density and volume. We note that
the liquid density calculated here is higher than previous re-
ports [8], as we believe that experimentally-obtained values
of EHL density are underestimates, as EHL droplets exist
in equilibrium with surrounding plasma inside the emission
spot. The binding energy is estimated to be Eehl

b = −0.61 eV.
The energy-edge width, i.e., the difference between the high
and low energy tails of EHL emission, would be the total of
the Fermi energies in the CB and VB given by �E = EK f +
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FIG. 2. (a) Band diagram illustrating valley polarization with
unequal number of charge carriers in each valley, (b) binding energy
diagrams for η = 0.0 and η = 0.9, showing change with valley po-
larization, (c) EHL density with η, and (d) EHL binding energy and
emission linewidth with η.

E� f + 2 kB T = 0.27 eV, which is also consistent with the
values observed experimentally (we use T = 460K). We note
that these binding energies are orders of magnitude higher
than those reported in bulk semiconductors at cryogenic tem-
peratures owing to the strength of interactions in monolayers
[20]. Such high binding energies allow the EHL to be ob-
served experimentally at room temperatures. Figures 1(c) and
1(d) illustrate the qualitative features of charged species at a
lower density and as an EHL respectively.

B. Valley-induced EHL modulation

The selection rules in monolayer MoS2 allow the charge
carriers to have a net valley polarization depending on the
polarization of the excitation laser. Using elliptical or circu-
lar polarization, one can induce a valley polarization in the
population of charge carriers. This allows the possibility of
establishing a knob on the average kinetic energy of the total
carrier population. While both the exchange and correlation
energies are affected, the kinetic energy is the most sensitive to
valley polarizing carriers. We note that the optical transitions
are direct and still across the valleys at K and K ′, allowing a
valley polarization, even though most holes reside at � after
scattering at steady state.

Figure 2(a) illustrates the band diagram for a monolayer
with valley polarization. In Fig. 2(b), we see that, while the
EHL binding energy is mostly unaffected, the liquid density
changes by an appreciable amount. The valley polarization is
defined as

η = NehK − NehK ′

NehK + NehK ′
,

where Neh = NehK + NehK ′ and the Fermi wave vectors for

the two valleys are given as keK =
√
2π 1−η

2 Neh and keK ′ =

√
2π 1+η

2 Neh. We note that, while a value of η = 0.9 is unreal-
istic in monolayers even at cryogenic temperatures, there have
been studies indicating 100% polarization in MoS2 [21] with
resonant excitation.

Figure 2(c) shows that nehl is tunable over a wide range
of 6.5 × 1013 cm−2 to 4 × 1013 cm−2. As the valley polariza-
tion is increased, the average kinetic energy of the system
increases, causing the liquid to be more destabilized, and
decreasing its density. While the linewidth of emission, now
defined as�E = max(EK f ,EK ′ f ) + E� f , should increase con-
tinuously as the Fermi energy in one of the valleys keeps
increasing, we find that due to the lowering liquid den-
sity, the two effects nearly compensate each other and the
linewidth starts to decrease for η > 0.6 as shown in Fig. 2(d).
Hence, we can achieve around 10% increase in the emission
linewidth. The change in binding energy is not appreciable
within the studied range; however, due to band-gap renormal-
ization effects at different carrier densities, one may expect
the EHL emission to shift, or even become bimodal. This,
however, is outside the scope of this work.

III. FEASIBILITY OF AN EHL INMGO-CAPPED SAMPLES

Suspended monolayers are hard to fabricate owing to their
intrinsic fragility. Furthermore, there is the added complica-
tion of laser heating. At higher laser powers, of the order
of a few kW/cm2, the monolayer experiences isotropic strain
around ∼1.25% to become an indirect band-gap semicon-
ductor,which is essential for the charge carriers to remain in
the system long enough to reach a quasiequilibrium state.
Recently, using thermally deposited oxide films, it has been
demonstrated that high degrees of isotropic strain can be im-
parted to MoS2 monolayers [22]. We investigate the dielectric
feasibility of EHL formation in such kinds of samples, as
illustrated in Fig. 3(b), with compressive thin films of MgO
(IR dielectric constant, 2.6), where the monolayer is supported
on an hBN layer.

We start with a simple Wannier-Mott model of 2D excitons
in TMDC monolayers that allow us to accurately capture the
effect of dielectric screening and carrier-carrier interactions
(see Supplementary Material [23] for details). Figure 3(a)
shows the ranges of calculated binding energies for dif-
ferent monolayer-substrate combinations and corresponding
experimentally reported values [20,24–27]. Because the ex-
perimental values of carrier densities are inaccessible, we use
a constant and experimentally accessible carrier density range
of 1011 − 1012 cm−2. We see that the model offers excel-
lent qualitative agreement without the need for any fitting
parameters. IR values of the dielectric constants are used in
the calculation and are mentioned in the figure. Figure 3(c)
demonstrates how the tunability of an EHL changes with in-
creased environmental dielectric screening. We see that while
the EHL density decreases with substrate screening, the de-
gree of density modulation ∼40% remains mostly constant.

A transition from the excitonic response at low carrier
densities is required for an EHL to form. While a complete
thermodynamic analysis may be essential to ascertain whether
a phase transition is feasible in the presence of environmen-
tal dielectric screening in substrate-supported samples, our
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FIG. 3. (a) A comparison of calculated (shaded regions) and
reported binding energies (open circles) for excitons, (b) schematics
of capped monolayer MoS2 samples, (c) EHL density tuning for
different substrate superstrate configuration(IR values of dielectric
constants used are shown in the inset), and (d) exciton gas vs EHL
competition for suspended and MgO-capped samples.

results for the EHL and excitonic gas can be combined to
show that dielectric screening is not an impediment to the
realization of an EHL state in MgO-capped samples, as shown
in Fig. 3(d). The black arrow indicates the movement of the
EHL state to lower densities. The black rectangles identify the
regions of exciton-EHL crossover and illustrate no qualitative
change in the nature of competition between these two states.
We also note that the calculated binding energy of ∼0.2 eV
for an EHL guarantees stability at room temperature.

IV. DISCUSSION AND CONCLUDING REMARKS

As we have shown here, valley engineering opens up the
possibility of tuning the characteristics of EHL emission. The
tunable liquid density may find applications in generating
and detecting THz waves. Using a simple excitonic model,

we accurately capture the physics of dielectric screening and
carrier interactions and apply it to assert the possibility of
an EHL state forming in substrate-supported samples, even
in the presence of dielectric screening. Hence, we conclude
that as long as a monolayer strains into an indirect band gap,
allowing charge carriers enough time to thermalize, an EHL
state should be achievable.

We should note that EHLs in bulk semiconductors require
high crystal purity. As such, the presence of defects and
impurities in monolayers would hinder EHL formation by
providing faster nonradiative decay channels for the charge
carriers. Strain gradients in monolayers can serve as a way to
funnel and move EHL droplets throughout the flake, as has
been seen with bulk semiconductors. The effect of magnetic
fields on the EHL emission is also an interesting direction for
further studies [28,29].

High rates of radiative recombination inside a droplet
ensure better photoluminescence quantum yield without the
use of postprocessing techniques [30,31]. This holds promise
for harnessing such collective phenomena for optoelectronic
applications. Further broadening of the EHL emission may
be achieved at higher temperatures at the expense of den-
sity tunability owing to lower liquid densities [9]. Moreover,
other TMDC monolayers with different band gaps may be
used as emission sources in other regions of the IR-visible
spectrum. More accessible samples allowing highly repeat-
able realizations of EHLs are essential to answer some
pertinent questions. The nature of the quantum mechani-
cal electron-hole correlations present in the liquid–which,
through quantum statistical state injection [32,33], may be
transferred into the emitted photons–can allow perhaps, the
creation of nontrivial quantum states of light. Delocalized
holes and electrons across a droplet may give rise to spatially
coherent emission. Also present are interesting questions
about in-liquid mobility and resistance. Our results provide
fresh and fertile ground for further experimental exploration.
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