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Study of excitonic excited states in heterostructures

with MoSe, monolayers
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Heterostructures based on MoSe, monolayers were studied using the method of optical reflection spectroscopy,
and the excited states of excitons were studied. It is shown that the shape of the reflection spectrum of the
ground and excited states is determined by the thickness of the hexagonal boron nitride used in the heterostructure.
Numerical modeling using the calculation of the reflectance of a heterostructure via the transfer matrix method gives
a good agreement between the experimental line shape and the theoretical one, which confirms the universality
of this method and makes it convenient for further research of van der Waals structures with other materials and

parameters.
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1. Introduction

The monolayers of transition metals dichalcogenides
(TMD) — are the direct-band-gap semiconductors with
unique properties due to the band structure specifics and
having such a band gap width that contributes to powerful
light absorption in the visible spectral range. Powerful
optical absorption is caused by excitons (correlated electron-
hole pairs). Due to the low effective dielectric permit-
tivity and large effective mass, the exciton bond energy
reaches several hundreds meV, which makes it possible
to observe exciton effects at temperatures up to room
temperature [1]. This makes TMD monolayers promising
objects both from the point of view of fundamental research
and in terms of implementation of associated optoelectronic
devices.

Encapsulation of TMD monolayers with hexagonal boron
nitride (hBN) is a generally common in fabrication of
such structures, since it leads to a significant narrowing
of exciton lines due to a decrease in inhomogeneous
broadening associated with the substrate, and in addition,
such structures turn out to be much more resistant to the
environment and repeated thermal cycling.

Various TMD structures with encapsulated monolayers
have been studied in both, photoluminescence and re-
flection spectra. Apart from the main exciton resonance
of A-exciton, a line of the B-exciton split off from the
A-exciton through spin-orbital interaction in the valence
band is also observed in the reflection spectrum [1]. Of
great interest to researchers are excited exciton states, which
are observed in the reflection spectra and allow estimating
the bond energy of the exciton. In many studies the excited
states are murky and they cane be qualitatively identified
more often not in the initial spectrum, but only by means of
averaging, smoothing and in 1-st derivative spectrum [4].

222

This paper outlines the findings of studying the exciton
resonances in the reflection spectra of hBN-ML MoSe,-hBN
structures with a step-like bottom layer hBN. Due to high
quality of these structures in the initial spectra the lines of
A- and B-exciton, as well as excited states of A-exciton are
clearly observed.

2. Experimental method

The studied heterostructures hBN-ML MoSe,-hBN, fab-
ricated by method of mechanical exfoliation, represent
themselves the encapsulated monolayers MoSe,, placed
on the substrate SiO,/Si 285nm. According to method
described in [2], the bottom layer hBN is placed on
the substrate first, after that monolayer MoSe; is placed
which is further covered with upper layer hBN. The
main specifics of the studied structures is that the bottom
layer was deliberately taken as a ,step-like“ structure
(see Figure 1), ie. thickness of bottom layer hBN was
controllably varied within the range of thicknesses from 20
to 260 nm. The upper layer hBN was taken homogeneous
and relatively thin (7—10nm) for all samples. Thus, it
appeared that a slew of structures of various thicknesshBN
was assembled in similar conditions to minimize uncon-
trollable effects on the assembly process. Figure 1,5
illustrates a photo of sample with denoted layers, where
different color ,steps® A, B, C, D, are clearly observed
corresponding, respectively, to different thickness of the
bottom layer hBN.

Thickness of layers hBN was defined by profilometer and
atomic-force microscope (AFM). Measurements were made
in helium filling cryostat for optical measurements with
temperature stabilization system in the range of 2—295K.
The reflection spectra were measured using a halogen
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Bottom hBN

Figure 1. @ — scheme of heterostructure hBN-MoSe»-hBN with thickness gradient (with a step-like structure) of the bottom layer hBN.
b — photo of a step-like structure sample on SiO,/Si substrate with silicon oxide 285 nm thick. Blue line defines the boundary of upper
hBN layer. Areas of sample with different thickness of bottom layer hBN are distinctly separated by colors. On photo the denoted areas of
bottom hBN layer have the following thicknesses,nm: A — 130, B — 115, C — 100, D — 90. (A color version of the figure is provided

in the online version of the paper).

lamp, the light from which was passed through a crossed
slit and focused on the surface of the structure through
Mitutoyo lens (x50) into a spot with a size of 2—3 um.
The reflection signal was focused on the input slit of the
monochromator and detected by a cooled charge-coupled
device (CCD camera). Position of the reflection lines of
the ground and excited exciton states in the spectrum can
vary significantly depending on the sample position. This
occurs because of the structure inhomogeneities, first of all
because of formation of ,bubbles on the interfaces [2,6],
therefore, for each ,step” (area of the sample with thickness
homogeneous bottom layer hBN) one position on the
sample was selected optimal in terms of signal intensity,
line width. The required condition for the observation
of excited states was a ,fine“ focusing of the light beam
(in spot no more than 3um in size). The appropriate
»background” signal was recorded for each spectra for
the selected point on the sample from the monolayer-free
position with the same thicknesses of layers hBN (see
insert in Figure 2). The temperature stabilization system
and presence of precision piezoelectric movements make
it possible to control the position on the sample with
an accuracy of lum and observe excited states in the
temperature range 2—110K.

3. Experimental findings and discussion

The lines of exciton resonances have good resolution
in the reflection spectra as shown in Figures 2—4. For
most of the structures in spectra at helium temperatures
an intensive line is observed corresponding to the ground
exciton state A:1s with energy of ~ 1.64eV. Also in
the spectra we may see transitions with much higher
energies related to excited exciton states [8]. The line
with energy of ~ 1.85eV corresponds to the ground
B-exciton state (B:1s). Other lines are related to the
excited states of A-exciton (A:2s and A:3s). Splitting be-
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tween A:2s—A:1s and A:3s—A:2s makes 150 £ 1 meV
and 34 £+ 1 meV, respectively. With the temperature growth,
the resonances become wider and shift towards lower
energies (Figure 3). At temperature of 77 K it is impossible
to resolve A:3s against wide B:1s, however, splitting
of up to 110K A:2s—A:1s remains the same as with
low temperature. From this it follows that the exciton bond
energy changes slightly with the growth of temperature,
and the main contribution to the shift of the exciton
line is determined by a temperature decrease in the band
gap [2].

For positions on a sample with different thicknesses of
the bottom layer hBN, a significant variation in the shape
of exciton resonances in spectra is observed. Figure 4
shows that for position Ne 1 (160 nm) exciton resonances are
manifested by more than an order more distinctly, compared
to position Ne 2 (122nm), and with variation of thickness
from position Ne 2 (122 nm) to position Ne 3 (100 nm) the
shape of line A:2s changes from a ,dip“ to ,peak®. The
shape of line of B-exciton ground state also significantly
changes. This is because the reflection spectrum from the
layered van der Waals structure is formed not only by the
TMD monolayer itself, but also by the layers hBN and the
permeability substrate.

Analysis of the differential reflectance shown in Figure 2
and 4, were performed by numerical modeling of the
layered structure reflectance using formalism of the transfer
matrix method [3,7]. At normal light incidence, the transfer
matrices of the individual layers of the structure look as
follows:

for homogeneous layers —

X ek 0
Thom = 0 e—ikL s (1)

k= an — wave number, N — refractive index, L — layer
thickness;
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Figure 2. Differential reflectanceAR/Rqy, for encapsulated

monolayers MoSe,. The points designate experimental results
obtained at T = 2K. Low-energy peak corresponds to the ground
exciton resonance A:1s. Singularities with higher energies are
related to the first two excited states of A-exciton (A:2s and
A:3s) and ground state of B-exciton. Red line denotes the
differential reflectance numerically modelled with the use of layers
thicknesses (thickness of upper layer hBN — 10 nm, thickness of
lower layer hBN — 130 nm, thickness of SiO, — 285nm), close
to the values defined with the use of AFM. Parameters of exciton
resonances ya:s = 3meV, yoai1s = 0.7meV, poazs = 0.06 meV,
0.a3s = 0.03 meV, ypis = 0.9meV, popis =22meV. The in-
sert shows the sample reflection spectra for position with mono-
layer (green line) and without monolayer (orange line). Refractive
indices NN = 2.2; Nsjo, = 1.46 and ng; = 3.5.
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Figure 3. Differential reflectance for heterostructure with

monolayer MoSe;, recorded at two different temperatures T = 2K
(blue color) and 77K (green color). Ground state A : 1s multiplied
by appropriate coefficients.

for interlayer boundary —
1 n+n m-mn
an < ) @
1 \Mm—nN Mm+mn
when light is passing from the layer with refractive index n;

into the layer with refractive index ny;
for TMD monolayer —

_ 1 (t2=r% r
T = — , 3
TMD t < _r 1) ( )

where t and r — absorption coefficient and reflectance,
t =14 r. The amplitude reflectance of TMD monolayers
includes individual contributions of A- and B-excitons series,
which are well separated.

Tn1—>n2 =

3
I - %0,A5s
r(hw) = -
(heo) = hoajs — ho — 1 “(ro,ajs +va)
i - Y0.Bis
+ - , 4
hwp1s — hw — i - (yo,B1s + ¥B) @
wa.js and wp1s — resonance frequencies, o andy —

radiation-induced and non-radiative decay of excitons.
The transfer matrix for a heterostructure with a TMD
monolayer is written as

~ Tll T12 ~ ~ ~
Tiot = = Tsi0,—si - Tsio, - ThBN—si0,
T T

X Thott hBN - TTMD - Tiop hBN * Tair—hBN- (5)

In paper [3] the final transfer matrix additionally includes
matrices Toir—npN and Then_air around the monolayer. How-
ever, these factors do not significantly affect the reflectance.
It is also assumed that the thickness of the Si layer is greater
than the absorption depth, so the reflection at the boundary
of Si and air is not taken into account. The reflectance from

a heterostructure is determined as
2

Riot = . (6)

T

To calculate the differential reflectance, it is required
to calculate the reflectance from a structure without a
monolayer Ryy,. The transfer matrix in this case is written
as

Ttot = TSiO;—»Si 'TSiOZ 'ThBN—>Si02 'Tbott hBN 'Ttop hBN 'Tair—>hBN-
(7)
The reflectance for a monolayer-free structure is calculated
similarly (6). The resultant differential reflectance is written

as
ﬁ _ Rtot - Rsub

By (8)

R Rsub
In calculations the radiation-induced and non-radiative de-
cays of the ground and excited states of excitons ppaiis, VA,

Semiconductors, 2024, Vol. 58, No. 5



XXVIII International Symposium ,Nanophysics and Nanoelectronics* 225

#1

AR/R

x0.06

1.0 168 176 1.84 192 2.00
Energy, eV

Figure 4. Differential reflectance of encapsulated monolayers
MoSe,, which have different thickness of bottom layer hBN.
Conditions 1s, 2s of A-exciton and 1S B-exciton are indicated
by arrows. Red lines — results of approximation of spectrum
obtained by means of model described in the text. Thickness
of layer SiO, — 285nm, thickness of upper layerhBN — 7nm,
thickness of bottom layer hBN was an adjustable parameter along
with parameter p characterizing the reflection lines width. The
thickness of layers hBN, found in this way, are illustrated in
Figure for each spectrum.

vy were used as adjustable parameters, where s = 1, 2, 3,
and defined the line of exciton resonance width in the
differential reflectance; thickness of bottom layer hBN dppn,
included in Thom, as well as energies of exciton resonances
Ores. Thickness of upper layerhBN was found using AFM
and was taken equal 7—10nm. Optimal shape of the
approximation line was found by least-square method. The
values of thickness of the bottom layer hBN found in this
way turned out to be consistent with the values measured
using AFM.
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The results of numerical modeling describe well not
only the shape of the ground state of A- and B-excitons
(Figure 4), but also the shape of the excited states, which,
with an increase in thickness from 100 nm to 122nm,
changes from ,peak® to ,dip“, which corresponds to the
experimental results shown in Figure 4 for positions Ne 3
and 2, respectively. It should be expected that this model is
quite versatile and will work well for other TMD materials,
and other types and thicknesses of substrates.

The observed excited states are all indicative of high
quality of the fabricated structures. This is also indicated
by the line widths in the spectra approaching the radiation
width [5].

4. Conclusion

Studies of the reflection spectra of structures containing
monolayers MoSe, made it possible to observe the basic
states of A- and B-excitons, in the initial reflection spectrum,
as well as identify the reflection lines of 2s, 3s A-excitons.
It is found that the bond energy of exciton excited states
is practically independent of temperature in the range
2—-110K.

The reflection spectra of multilayer structures are well
approximated using a model based on the transfer matrix
method. The findings of theoretical modeling carried out
for various thicknesses of hBN, showing how the depth
and shape of exciton resonances depend on the thickness
of individual layers [3], is confirmed experimentally in this
study. It was demonstrated that selection of appropriate
thicknesses of hBN and SiO, layers in structures fabrication
allows obtaining the enhancement or inhibition of the
exciton resonances. The study findings provide high
potential for further investigation of the reflection spectra
of TMD structures with the use of other materials and
parameters.
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