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LATTICES OF ISLANDS
OF ELECTRON-HOLE LIQUID
IN DICHALCOGENIDES UNDER OPTICAL PUMPING

The formation of islands of the electron-hole liquid in the case of uniform light irradiation of
transition metal dichalcogenides such as MoS2 and MoTes has been simulated numerically. The
kinetics of exciton capture by the islands has been considered, and the distribution of the
exciton density around the islands has been calculated accounting for the correlation of islands’
positions in the exciton gas and the boundary conditions under various uniform pumping
shapes. The size of the electron-hole liquid islands has been estimated. The optimal spatial
arrangement of the electron-hole liquid islands and the dependence of the formed structure on
the system’s parameters have been found.
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1. Introduction

The formation of structures in a nonuniform den-
sity distribution of the electron-hole liquid (EHL) in
dichalcogenides is a challenging topic in solid-state
physics and materials science. To date, substantial
experimental data on the EHL properties in vari-
ous crystals and under different conditions have been
accumulated (see reviews [1-4]). The theory of the
EHL droplet formation in bulk Ge and Si materi-
als has been studied in works [5-7]. The development
of nanophysics brought about the discovery of the
EHL in several semiconductor structures with quan-
tum wells, in particular, in the Si/Si;_,Ge, /Si sys-
tem [8, 9], the SiO2/Si/SiO4 system of various thick-
nesses [10], and double quantum wells in SiGe/Si [11]
and GaAs/AlGaAs [12-14] heterostructures.

In recent years, the EHL was discovered in new
van der Waals heterostructures, namely, transition
metal dichalcogenides (TMDs) [15, 16]. In these ma-
terials, electron-hole liquids, which are a result of
the electron or hole excess, can be formed. Single-
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layer dichalcogenides have a layered structure, where
atoms in a layer are bound via strong covalent bonds,
whereas weaker van der Waals forces act between
the layers. This circumstance allows the easy sep-
aration of the layers to be performed, thus creat-
ing new possibilities for manipulating the electronic
structure. A TMD is a thin monolayer semiconduc-
tor consisting of a transition metal and a chalco-
gen. One layer of metal atoms is sandwiched between
two layers of chalcogen atoms, which is expressed
by the formula MXs, where M stands for the metal,
and X for the chalcogen. The family of semiconduc-
tor TMDs is a particularly promising platform for
a fundamental research of two-dimensional (2D) sys-
tems with their potential applications in optoelec-
tronics, because they have a direct band gap within
a monolayer and a highly efficient “light-matter” cou-
pling. Their crystal lattice with the broken inversion
symmetry together with strong spin-orbit interac-
tion leads to a unique combination of spin and val-
ley degrees of freedom. Furthermore, the 2D char-
acter of the monolayers and weak dielectric screen-
ing from the environment lead to a considerable en-
hancement of the Coulomb interaction. The resulting
formation of bound electron-hole (e-h) pairs, or ex-
citons, dominates over the optical and spin proper-
ties. Thus, atomically thin TMDs — such as MoSs,
WS, and others — possess unique electronic prop-
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erties, which can be important for a wide range of
applications [17].

In bulk semiconductors, if the excitation intensity
is not very high, the EHL consists of individual EHL
droplets. In 2D systems, the EHL is formed as sep-
arate islands located in the quantum well plane. As
a result of the carrier recombination processes, every
island has a finite radius, whose dimensions are deter-
mined by the recombination rate and the irradiation
intensity. Important are the issues concerning the size
of EHL islands and their mutual arrangement driven
by the interaction between individual islands. The
lattice in the islands can arise as a result of the in-
teraction between electrons and holes, which leads to
their organization into spatial structures similar to
crystal lattices. Such structures can have topological
properties, which opens new possibilities for informa-
tion storage and processing. In particular, the emer-
gence of topological phases in systems with the EHL,
which can affect the electronic properties of dichalco-
genides, was discussed in work [13]. A possibility to
control the EHL by changing the synthesis conditions
such as the temperature or the pressure, which can
substantially affect their properties, was pointed out
in work [18].

Currently, there is almost no information in the lit-
erature concerning EHL droplets in TMDs, and the
interaction between the islands has not been consid-
ered so far. The task of studying the EHL in low-
dimensional structures remains challenging, because
spatial structures created and controlled making use
of light in 2D systems are promising for optoelectron-
ics and spintronics as fast-switching models or energy-
efficient memory elements. The EHL can demonstrate
new collective phenomena, which opens new horizons
for applications in quantum electronics [9]. Impor-
tant are interdisciplinary studies in this area includ-
ing physics, chemistry, and materials science [16]. The
EHL capability in spintronics and quantum comput-
ers was discussed in work [17], where the importance
of such research for future technologies was empha-
sized. The authors of the research article [19] showed
how the EHL can be used in new sensors and ele-
ments based on single-layer dichalcogenides. Also in-
teresting is the study of the nuclear irradiation effect
on the TMD surface structure, which is of interest for
radiation physics [20, 21].

In general, the problem of EHL formation in single-
layer dichalcogenides is challenging, but promising for
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Fig. 1. Schematic diagram for the formation of EHL islands
from the exciton gas

research and potential applications, which opens up
new opportunities in materials science and promises
both new discoveries in materials physics and appli-
cations in various technologies [22].

2. Problem Formulation
and Applied Consideration Method

Light irradiation excites excitons in a dichalcogenide
monolayer. We consider the case where the light flux
differs from zero only on some part of the dichalco-
genide 2D surface, being uniformly distributed over
it. The illuminated section can have the shape of a
square, disk, stripe, and so forth. It is a region, where
excitons are excited. Since the energy of the “elect-
ron-hole” pair in the EHL is higher than the exciton
binding energy, the EHL is formed in the system. In
the considered 2D system, the EHL has the form of
islands (Fig. 1).

Excitons are captured by the islands, whereas the
e-h pairs can leave the latter. So, there is an exchange
between the islands and the environment. The task is
to find the island sizes, the mutual island arrange-
ment, and the distribution of exciton density outside
the islands. It was solved for the islands of exciton
condensate [23], applied to the EHL [24], and the re-
sults are used in this work to calculate the param-
eters of the EHL islands in dichalcogenides. In this
approach, we will estimate the probabilities for the
structure itself and its specific configuration to ap-
pear making use of a distribution function.

It is assumed that the islands have a circular shape,
the distribution of e-h pairs in the islands is uniform,
and the sizes of the islands are much smaller than the
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Fig. 2. Critical radius of EHL island

distance between them. In works [23, 24], a common
solution was found and used:

1) for the kinetic equation describing the distribu-
tion function of the condensed exciton phase islands
over their size, relative position, and so on;

2) for the equation describing the distribution of
exciton density ¢ (r) outside the islands,

DxAc— < = -G (r), (1)
X

where Dx and 7x are the diffusion coefficient and life-

time, respectively, of excitons, and G is the pumping

intensity.

Boundary conditions to Eq. (1) are imposed at the
surface of every island. The value of the exciton den-
sity at the surface of a particular island depends on
the positions of other islands, which determines the
connection between the islands. The interaction be-
tween the islands, which can lead to a redistribution
in the gas density and the formation of structures
with an increased density, occurs through the diffu-
sion fields of free excitons, which are created by an
external source and form the islands. A neighboring
island reduces the concentration of excitons near a
considered island and slows down its growth. Thus,
it is beneficial for two islands to move away from
each other. But, at a certain distance between them,
due to the constant pumping, there appears a region
where the exciton concentration exceeds a critical
value, and conditions for the appearance of a new is-
land are formed. Therefore, there is an optimal (most
probable) spatial arrangement of the islands.

The calculations were performed in Mathematica
and using parameter values taken from experimen-

120

tal data [15, 25-31]. For some parameters, the liter-
ature data are either different or not established, so
they were estimated. For a monolayer MoS,, the crit-
ical density, and the binding energy per one e-h pair
of the EHL are ¢ = 3.8 x 10! cm™2 and Eggr, =
= 380 meV, respectively; the diffusion coefficient and
the binding energy of excitons are Dx = 2.1 cm?/s
and Ex = 240 meV, respectively, the EHL (exci-
ton) lifetime is 7 = 4 x 1077 s (7x = 9.5 x 1077 s),
and the exciton diffusion length is Ip = Dx7x =
= 0.14 mm. For a MoTe; monolayer, ¢ = 5 X
x 102 cm™2, Fggr, = 150 meV, Dx = 5+8 cm? /s, and
Ex = (250+400) meV. The temperature T' = 20 K
was assumed in all calculations.

3. Study of the EHL
Structure at Various Pumping Forms

Before studying the interaction and arrangement of
EHL islands, we will firstly solve the problem of how
a single island is formed from the exciton gas. Then
we will consider the 2D problem concerning the ar-
rangement of EHL islands in TMDs in the case where
the irradiation is performed by pumping in the form
of an infinitely long uniform stripe of finite thickness.

The plots in the Figures below correspond to the
most probable values of relevant physical quantities
described by the distribution functions: the radii of
the islands, the distances between them, and so forth.

3.1. Formation of a single island

The distribution function of a single EHL island de-
termines the most probable value of its radius R for
a given pumping intensity G. It is used to determine
the threshold pumping intensity value G, required
for the formation of a single island. In dimensionless
units, the distribution function of a single island has
the form

f(R) = foe®T), (2)

where the quantity S (R) accounts for the probability
that an exciton will be captured by the island, as well
as the probability of e-h pair emission by the island.
The corresponding procedure was described in detail
in work [24].

The maximum of the distribution function (2) cor-
responds to the most probable value of the island ra-
dius at a given pumping intensity (Fig. 2). Hereafter,
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the pumping value is given in G¢.7/c¢; units. Nu-
merical calculations showed that the critical radius
R of the EHL islands equals 28 ym in MoS, dichalco-
genide and increases with the growth of pumping
intensity. At the same time, for MoTes, the critical
radius equals R = 26 pm. The pumping intensity
threshold becomes lower as the exciton lifetime or the
temperature decreases.

3.2. Narrow-stripe pumping mode

After determining the critical island radius, we can
find the optimal distance between the islands; it cor-
responds to the maximum in the common distribution
function of the nearest islands. Let us consider the
formation of EHL islands in a TMD under uniform
irradiation of the dichalcogenide layer by its pumping
in the form of an infinite horizontal stripe, the verti-
cal size of which is such that the formation of islands
is possible only along the stripe line, i.e., horizontally
(Fig. 3). The vertical size of the stripe will be called
the stripe thickness. Let the stripe thickness equal 2h.
Let us find the exciton density distribution in the
absence of other islands. In the system under consid-
eration (irradiation in the form of an infinite narrow
stripe), we can obtain the exact solution of Eq. (1),

h
| —exp (—ZD) gl <

ly| h
_ g1 -
exp < ] Shl ,

Now, we should determine the maximum of the dis-
tribution function (2) for a chain of islands, where ¢
enters as a parameter, and account for the boundary
conditions. In this case, we can consider the interac-
tion of only closely located islands.

The periodic arrangement of islands is assumed to
be the most probable. To assess the probability of
system deviations from the periodic arrangement, the
following analysis was performed. Let only one island
shift from its equilibrium position, without chang-
ing the positions of the other islands. The relevant
calculations show that a sharp peak in the proba-
bility density takes place exactly in the section corre-
sponding to the periodic arrangement of islands along
the stripe, whereas the positions after the island dis-
placement are less probable. Furthermore, the rela-
tive shift of the island position in the stripe (this is the
root-mean-square deviation of the shift of one island

(3)

Co(I‘) = Go7x
ly| > h.
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Fig. 3. Formation of EHL droplets from the exciton gas in
the case of uniform irradiation of TMD in the narrow-stripe
pumping mode
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Fig. 4. Distance between EHL islands in a dichalcogenide

monolayer in the case of uniform irradiation of TMD in the
narrow-stripe pumping mode

divided by the distance between the islands) decreases
substantially as the pumping intensity grows. This
fact means that the system has attributes of period-
icity, so that the system can be considered as ordered
at high pumping intensity values.

According to calculations, in a system of equidis-
tant EHL islands, the most probable distance d be-
tween the islands in MoSy dichalcogenide is about
200 pm and decreases with the irradiation intensity
growth (Fig. 4). Accordingly, for a MoTe, single crys-
tal, d =~ 150 pm.

3.3. Wide-stripe pumping mode

Let us consider the problem of EHL formation un-
der a uniform pumping of the dichalcogenide layer,
as its thickness 2h increases. Owing to diffusion pro-
cesses, it becomes possible to arrange several islands
in the vertical direction (the OY-axis). In this case,
the interaction between the nearest islands should be
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Fig. 6. Dependence of the number of EHL island rows in the
stripe on the stripe thickness at fixed uniform stripe pumping
(a); dependence of the distance between islands in a row on
the pumping intensity (b)
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taken into account not only in the horizontal direc-
tion, but also in the vertical one. Assuming that the
most probable distance d between the islands in a row
has already been established and using the distribu-
tion function for the nearest islands in neighboring
rows, it was found that the most optimal arrange-
ment of rows with equidistant EHL islands is reached,
if the islands in a new row are located in the middle
between the islands in the neighboring row, i.e., in
the checkerboard pattern (Fig. 5). The distances be-
tween the islands in a row decrease, as the irradiation
intensity increases.

Using numerical calculations, it was found that
the most optimal for a MoS; monolayer is the fol-
lowing arrangement of three rows of EHL islands
with the radius R = 36 um at the pumping in-
tensity Go = 81 x 1073 and the stripe thickness
2h = 620 ym: d = 162 pm, l; = 183 pm, and
hy = 127 pm. For a MoTe; monolayer with the is-
lands of radius R = 30 um and at the pumping inten-
sity Gy = 52 x 1073, the following parameter values
are optimal: 2h = 500 pum, d = 132 pm, I; = 156 pm,
hy =94 pm.

The number of rows of the EHL islands as a func-
tion of the irradiated stripe thickness H = 2h was an-
alyzed separately. This dependence is “stepwise”, i.e.,
the number of rows increases abruptly as the thick-
ness H grows, with the distances I; between separate
rows being somewhat smaller than the distance d be-
tween islands in a row. The corresponding result for
MoTe, is presented in Fig. 6.

4. Conclusions

The formation of the EHL spatial structure in mono-
layers of dichalcogenides MoS; and MoTes under light
irradiation has been considered in the framework
of stochastic approach. The sizes of EHL islands in
those dichalcogenides equal tens of microns, and the
distance between them equals hundreds of microns,
which is substantially larger than the corresponding
EHL sizes in semiconductor structures with quantum
wells (silicon and germanium). Structures with such
scales, which are close to macroscopic, have not been
observed yet in the experiment, because specimens of
TMD monolayers with rather large sizes should be
used for this purpose.

The formation of EHL islands in TMD was studied
in the case of a uniform pumping of a dichalcogenide
monolayer in the shape of a stripe. The stripe thick-
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ness was varied from a value at which the formation of
islands was possible only along the stripe line to those
at which the formation of several rows of EHL islands
was possible. In the case of narrow stripe irradiation,
the most probable was the equidistant arrangement
of round islands. In the case of wide stripe irradia-
tion, the most optimal was the equidistant arrange-
ment of the islands in a checkerboard pattern, with
the distances between the islands in a row decreasing,
as the irradiation intensity grew. The number of is-
land rows increased with the growth of the irradiated
stripe width.

The calculations were performed for the MoS, and
MoTe; parameters and can be repeated for other
TMDs and other pumping geometries.

The formation of EHL islands in TMDs is a phase
separation in a heterosystem under non-equilibrium
conditions. The ordered arrangement of EHL islands
in the dichalcogenide layer is an example of a new
type of macroscopic lattice in 2D structures.

The author expresses his gratitude to V.I. Sugakov
for a productive discussion of the results of this work.
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T'PATKU OCTPIBIIIB
EJIEKTPOHHO-IPKOBOI PIIUHU
B JUXAJIBKOT'EHIIAX

ITPU OIITUYHOMY HAKAYYBAHHI

Bukonano 4dncesbHe MojeoBaHHsi (POPMYBaHHS €JIEKTPOHHO-
IiPKOBOI PiAMHU y BHUIAJIKY OJHOPIJHOIO CBITJIOBOTO OIIPOMi-
HEHHsI JUXaJIbKOTEHIJIB mepexiguux mertasiB tumy MoSa Ta
MoTesz. [ociimKeHo KiHETHKY 3aXOIJIEHHsI €KCUTOHIB OCTPiB-
MU Ta OOYMCIIEHO PO3IOJiJI I'yCTUHH €KCHUTOHIB HAaBKOJIO
OCTpiBLiB, BPaxXOBYIOYU KOPEJIAIIO B IIOJIO?KEHHAX OCTPIBIIB
y rasi eKCUTOHIB Ta MEXKOBI yMOBHU HIpH Pi3Hill dopMmi omHOPI-
nHOoro HakadyBaHHsI. OIiHEHO PO3MipH OCTPIBIB €IEKTPOHHO-
IipKOBOI piguHu. BcTaHOBIEHO ONITUMAJIBHE TIPOCTOPOBE PO3Mi-
IIEeHHSI OCTPIBIiB €JIEKTPOHHO-IIPKOBOI PiIMHN Ta 3aJI€KHICTH
YTBOPEHOI CTPYKTYPH BiJi MIapaMeTpiB CHUCTEMU.

Katwwoei cnaoea: IUXAIbKOTEHI N, eKCUTOHHUI a3, eJIEKT-
POHHO-IPpKOBa pigWHa, JTBOBUMIPHI I'DATKH.
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