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M. R. Molas,l’z’* A.O. Slobodeniuk,1 K. Nogajewski,l’2 M. Banos,l’3 L. Bala,l’2 A. Babir’lski,2 K. Watanabe,4

T. Taniguchi,® C. Faugeras,' and M. Potemski'*"
'Laboratoire National des Champs Magnétiques Intenses, CNRS-UGA-UPS-INSA-EMFL,
25 avenue des Martyrs, 38042 Grenoble, France
*Institute of Experimental Physics, Faculty of Physics, University of Warsaw, ul. Pasteura 5, 02-093 Warszawa, Poland
3Central European Institute of Technology, Brno University of Technology, Purkynova 656/123, 61200 Brno, Czech Republic
*National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan

® (Received 11 February 2019; published 23 September 2019)

We demonstrate that, in monolayers (MLs) of semiconducting transition metal dichalcogenides, the

s-type Rydberg series of excitonic states follows a simple energy ladder: ¢, = —Ry*/(n + §)?,
n=1,2,..., in which Ry* is very close to the Rydberg energy scaled by the dielectric constant of the
medium surrounding the ML and by the reduced effective electron-hole mass, whereas the ML
polarizability is accounted for only by o. This is justified by the analysis of experimental data on
excitonic resonances, as extracted from magneto-optical measurements of a high-quality WSe, ML
encapsulated in hexagonal boron nitride (hBN), and well reproduced with an analytically solvable
Schrodinger equation when approximating the electron-hole potential in the form of a modified Kratzer
potential. Applying our convention to other MoSe,, WS,, MoS, MLs encapsulated in hBN, we estimate an
apparent magnitude of § for each of the studied structures. Intriguingly, ¢ is found to be close to zero for
WSe, as well as for MoS, monolayers, what implies that the energy ladder of excitonic states in these two-
dimensional structures resembles that of Rydberg states of a three-dimensional hydrogen atom.

DOI: 10.1103/PhysRevLett.123.136801

Coulomb interaction in a nonuniform dielectric medium
[1,2] is one of the central points in investigations of large
classes of nanoscale materials, such as graphene [3,4],
colloidal nanoplatelets [5], two-dimensional (2D) perov-
skites [6,7], and other atomically thin crystals including
their heterostructures [8]. This problem has been largely
discussed in reference to investigations of excitons in
monolayers (MLs) of semiconducting transition metal
dichalcogenides (S-TMDs) [9-13]. Surprisingly, at first
sight, the Rydberg series of s-type excitonic states in these
2D semiconductors does not follow the model system of a
2D hydrogen atom [14—16], with its characteristic energy
sequence, ~1/(n — 1/2)?, of states with a principal quan-
tum number n. The main reason for that is a dielectric
inhomogeneity of the 2D S-TMD structures, i.e., MLs
surrounded by alien dielectrics. At large electron-hole (e-h)
distances, the Coulomb interaction scales with the dielec-
tric response of the surrounding medium, whereas it
appears to be significantly weakened at short e-/ distances
by the usually stronger dielectric screening in the 2D plane.
A common approach to account for the excitonic spectra of
S-TMD MLs refers to the numerical solutions of the
Schrodinger equation, in which the e-h attraction is
approximated by the Rytova-Keldysh (RK) potential
[1,2]. However, it is only solvable numerically. A more
phenomenological and intuitive approach, presented below,
might be an optional solution to this problem.
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In this Letter, we demonstrate that the energy spectrum,
€, (n=1,2,...), of Rydberg series of s-type excitonic
states in S-TMD MLs may follow an energy ladder:
€, = —Ry*/(n +6)>. From magneto-optical investiga-
tions, we accurately establish that Ry* = 140.5 meV and
0 = —0.083 for a WSe, ML encapsulated in hexagonal
boron nitride (hBN). The ¢, = —Ry*/(n + §)* ansatz is
well reproduced with an analytical approach in which the
e-h potential is assumed to have the form of a modified
Kratzer potential [17]. Here Ry* = Ry(u/e’my) is the
effective Rydberg energy, scaled by the dielectric constant
e of the surrounding hBN medium and the reduced e-h
mass p, where Ry = 13.6 eV and my, is the free electron
mass. Dispersion of the Ry* and § parameters in different
studied samples, WSe,, MoSe,, MoS,, and WS, MLs
encapsulated in hBN, is discussed, and the reduced e-h
masses in these ML structures are estimated.

To accurately determine the characteristic ladder of
s-type excitonic resonances in the experiment, we profited
from a particularly suitable for this purpose method of
magneto-optical spectroscopy [18,19]. The active part of
the structure used for these experiments was a WSe, ML
embedded between hBN layers. More details on the
samples preparation and the experimental techniques can
be found in the Supplemental Material (SM) [20]. We
measured the (circular) polarization resolved magneto-
photoluminescence (magneto-PL) at low temperatures
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(a) Helicity-resolved (6%) PL spectra of WSe, ML at selected magnetic fields. The separate parts of the spectra are normalized

to the intensity of the 1s, 2s, and 3s lines. (b) False-color map of the corresponding PL spectra from 0 to 14 T. (c) Obtained excitonic
energies for 6 components as a function of the magnetic field. Mean energies of the 6* components of excitonic resonances measured
on WSe, ML as a function of (d) B and (e) B2. The black lines are obtained by fitting the presented data with (d) Es;(B) = A + 9/2Aw;

(A is a fitting parameter) and (e) E,,;(B) = E,(B = 0) + ¢B.

(4.2 K) and in magnetic fields up to 14 T, applied in the
direction perpendicular to the monolayer plane. Here we
focus on the magneto-PL spectra of our WSe, ML,
observed in the spectral range from ~1.7 to ~1.9 eV. As
shown in Figs. 1(a) and 1(b), these spectra are composed of
up to five PL peaks, which are clearly resolved in the range
of high magnetic fields. Following a number of previous
investigations [24,38—41] on similar structures, the
observed PL peaks are identified with a series of excitonic
resonances forming the 1s,2s, ..., 55 Rydberg series of the
so-called A exciton [11,12]. Each ns PL peak demonstrates
the Zeeman effect. This is illustrated in Fig. 1(c), in which
the energies of the 6 -polarized PL peaks are plotted as a
function of the magnetic field. In accordance with previous
reports, we extract g = —4.1 for the g factor of the 1s
resonance but read a significantly stronger Zeeman effect
for all excited states (g ~ —4.8). The later observation is
intriguing and should be investigated in more detail, which
is, however, beyond the scope of this Letter. We have also
carried out magneto-PL experiments on MoS, and WS,
monolayers encapsulated in hBN, but only the 1s and 2s
resonances could be observed in these structures in the
range of magnetic fields applied (see the SM for details).

The magnetic field evolution of the mean energies of 6=
PL peaks is illustrated in Figs. 1(d) and 1(e). These energies,
E,,, are plotted as functions of the magnetic field B in
Fig. 1(d), and its square B2 in Fig. 1(e), which illustrate the
characteristic behavior of ns states in the low- and high-field
regime [14,19]. The high-field limit for a given ns resonance
appears when Iy < r,, E}’ < hw;/2. Here r,; and E}*
denote the root-mean-square radius and the binding energy
E} = E,— E, ofagivennsstate at B = 0, hw = heB/y,

lp = \/h/eB is the magnetic length, and other symbols
have their conventional meaning. In the high-field limit, the
energies of E,; resonances approach a linear dependence
upon B, with aslope given by (n — 1/2)Aw}. In the low-field
limit (I > r,,, E}* > hw/2), the ns resonances display
the diamagnetic shifts: E,,(B) = E,;(B = 0) + ¢B?, with
the diamagnetic coefficients ¢ = (er,)?/8u. The 1s and 2s
resonances follow the low-field regime in the entire range of
the magnetic fields investigated due to their small exciton’s
radii and/or large binding energies; see Fig. 1(e). The high-
field regime is approached for the 5s resonances with an
approximate linear dependence of E5; with B, in the range
above ~8 T. This dependence, marked with a solid line in
Fig. 1(d), displays a slope of 2.1 meV/T, which, if com-
pared to (9/2)hw}: dependence, provides an estimate of 0.25
m for the reduced mass in the WSe, ML. However, one may
also argue that working with magnetic fields up to 14 Tonly,
the high-field limit is still barely developed even for the
S5s state. In this context, our estimation of the reduced
effective mass should be seen as its upper bound and, in the
following we assume u = 0.2 m, for the WSe, ML,
following the results of experiments performed in fields
up to 60 T [24].

In the following, we focus on the energy sequence E,,; of
Is,2s,...,5s excitonic resonances as they appear in the
absence of a magnetic field. As shown in Fig. 1(e), the E,;
values are determined with linear extrapolations of E,;
versus B2 dependences to B = 0. Next, we assume that the
sequence E,, obeys the rule

E,q :Eg_Ry*/(n+5)27 (1)
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FIG. 2. Experimentally obtained transition energies for the
exciton states as a function 1/(n + 8)? for § = —0.083. The black
line shows a fit of the data to the model described by Eq. (1). The
gray lines denote the band gap (E,) and excitonic binding (E},)
energies.

where, at this point, E,, Ry*, and & are regarded as
adjustable parameters. To test the above formula against
the experimental data, we note that Eq. (1) implies that
the ratio (E3, — E|,)/(E,s — E,) depends only on &, and,
reading it from the experiment, we extract § = —0.083.
With this value, we find (see Fig. 2) that our experimental
E, series perfectly matches Eq. (1) together with E, =
1.873 eV and Ry* = 140.5 meV (or exciton binding
energy E, = E,— E|; = 167 meV). The above E, and
E, values are in very good agreement with those already
reported in the literature [24]. Relevant for our further
analysis is the observation that the derived value for Ry*
coincides well with the effective Rydberg energy
Ry* = 13.6 eV x u/(e’my) = 134.3 meV, scaled by the
dielectric constant of the surrounding hBN material & =
ey = 4.5 [27] and the reduced effective mass y = 0.2m,
[24] of the WSe, ML. Intriguingly, the extracted &
parameter is close to zero, which implies that the ¢, =
E,; — E, Rydberg series found in a 2D system resembles
that of a 3D hydrogen atom (e, ~ —1/n?).

On the theoretical ground, the problem of excitonic
spectrum in S-TMD MLs is commonly solved by invoking
the Rytova-Keldysh potential [1,2] Ugg(r) (the purple
curve in Fig. 3) to account for a specific character of the e-h
attraction in these systems. At large e-h distances r, Ugg(7)
coincides with a usual Coulomb potential Ugg(r) ~
—e?/er (the blue curve in Fig. 3), which scales with the
dielectric constant ¢ of the material surrounding the
monolayer. On the other hand, Ugy (r) ~ log(re/ry) when
r is small, which accounts for the effective dielectric
screening length rq = 2zy,p in the system, where y,p is
the 2D polarizability of the S-TMD ML. Distinctly, the
apparent excitonic spectra and the related exciton binding
energies critically depend on the efficiency of dielectric

0.0 |

o 051 7

~

S

=10 1
-1.5F 1

0.5 1.0 1.5 2.0 2.5 3.0
r/Tg
FIG. 3. Rytova-Keldysh (purple curve), Coulomb (blue curve),

and Kratzer potential with ¢ = 0.21 (red curve), as a function of
dimensionless parameter r/r;. The energy scale is measured in
units of Uy = e?/ry. The gray rectangular depicts the region of
distances smaller than the lattice constant a = 3.28 A of WSe,
MLs encapsulated in hBN (r; = 10 A).

screening of the electron-hole attraction in the medium
surrounding the monolayer.

Whereas previous efforts have been largely focused on
the numerical study of such a problem, we show that our
model provides the analytical solution, which is in good
agreement with the experimental results discussed above.
We propose replacing Ugk () with the approximate poten-
tial U,y,(r), taken in the form of piecewise function.
Namely, the subfunction U, (r) defines U,,,(r) at small
distances r (the core domain), while the external potential
Uexi(r) corresponds to Uy, (r) in the region outside of
the core.

We choose the external potential in the form of the
modified Kratzer potential [17] (given in cgs units)

62 7 92},.*2
Uext(r) = __<_0_ 20 )v (2)

ro r r

where rj; = r(/¢ is the reduced screening length and g is a
tunable parameter. For the case of ¢> = 0.21, U.(r) fits
Ugrk(r) in the region r > ry;, = 0.46r, with the relative
deviation less than 5%. For the WSe, ML encapsulated in
hBN, the distance r,,;, = 4.6 A is comparable with the
lattice constant a = 3.28 A [42] of WSe, (see Fig. 3 for a
comparison).

The Schrodinger equation with the Kratzer potential (2)
provides the excitonic spectrum of the s-type states (see the
SM for details)

€, = —Ry*/(n+ gk —1/2)?, (3)

in which k*=2r}/a} and ay=h’e/ue’ is the effective
Bohr radius. The effective Rydberg constant Ry* =e?/2¢ea;
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sets the energy scale in the system, while § = gk — 1/2
defines the relative positions of the energy levels in the
spectrum. Note that Eq. (3) is analogous to our exper-
imentally found relation given by Eq. (1).

In the following, we introduce U, (r), which replaces
the Kratzer potential at small distances r, comparable to the
lattice constant of WSe,. We choose the constant attractive
potential U.(r) = V,. Below we demonstrate that it does
not change the o« (n + &)~2 behavior of the spectrum and
modifies only the § parameter.

We consider the Kratzer and constant potentials as
external and core ones, respectively. We choose the
parameter ¢ = 0.21 and the region of validity of the
Kratzer potential up to its minimum &, = 2¢?, where
& = r/r;. The parameter V|, of the core potential is chosen
as an average value of Urk (&) in the domain & € [0, &y):

Vo = 2&2 foé" dEEURk (€). Finally the approximate poten-
tial is

(@ =-Uo{ [ |ote-)+ e . @

where 0(x) is the step function and vy = 1.71134. Note
that the truncated Kratzer potential is applicable only if the
radius of the core potential 7, is less than or comparable to
the lattice constant a. We estimate that this requirement is
well satisfied for all monolayers encapsulated in hBN, and
in particular for our WSe, structure. Considering the s-type
excitonic states in this later system, we derive the following
formula (a detailed description is given in the SM):

€, = —134 meV/(n —0.099). (5)

Both found values, 134 meV and —0.099, match their
experimentally obtained counterparts [with the aid of
Eq. (1)] Ry* = 140.5 meV and 6 = —0.083.

The applicability range of the formula given by Eq. (1)
can also be considered from a different angle, i.e., when it is
directly compared or fitted to numerical solutions obtained
within the Rytova-Keldysh formalism. As demonstrated in
the SM, the validity range of Eq. (1) can be defined with
respect to a single, dimensionless parameter of a monolayer
structure, b = aj/r;;, and we find that our simple approach
is valid when b > 0.3 and estimate that this condition is
well satisfied for all monolayers encapsulated in hBN.
Nevertheless, even if b is as small as b ~ 0.1, which may
correspond to the case of a monolayer deposited on a
Si/SiO, substrate, the spectrum given by Eq. (1) coincides
with that derived with the Rytova-Keldysh potential within
an accuracy of 5%.

The model proposed above accounts well for the
experimental results obtained for the WSe, monolayer,
and it would be interesting to test this model for other
S-TMD materials. Unfortunately, the observation of the
rich Rydberg spectrum of excitonic states in S-TMD MLs

35

2710} 1s WSezl MoS,
Z by, or
- 8 v 25}
w)
> g 200
R 15+
& 4f
=]
2 | w0 10¢
2 25 !
,_1
| < : 0 DR

1.61 1.65 1.69 185 1.89 1 208 2.12 2.16
A B T
Z 4l ! LU !
. I \
mm a4l 2s 50 “ H %S
S | 401 H f
% 3t ‘ |
@ x12 w10t 307 ‘ Hxl} )n\‘f L w7 100
g 2 200 \W
8 1+ \‘\ \‘\ | T\
q vitor 1| 1sg)
= AWA Sp iy

ol ‘ ‘ ‘ (] S ‘

196 200 205 220224 1.60 164 180 1.84 188

Energy (eV) Energy (eV)

FIG. 4. Low temperature PL spectra of S-TMD MLs at
T =5 K. The pink vertical arrows denote the estimated band-
gap energies E,. The chosen spectral regions are scaled for
clarity. Typically for S-TMDs monolayers, the most pronounced
emission feature seen in our spectra is due to the ls excitonic
resonance accompanied by low energy peaks commonly assigned
to different excitonic complexes [33,40,43-53].

seems to be, so far, uniquely reserved for WSe, MLs.
Nevertheless, for all other S-TMD MLs studied, i.e., MoS,,
WS,, and MoSe, MLs encapsulated in hBN, we observe
the 2s in addition to the 1s excitonic resonance; see Fig. 4
and Fig. S7 in the SM. The energy positions, E;, and E,,,
of the 1s and 2s resonances (of the A exciton) are directly
read from Fig. 4. Of interest is the energy difference
(Eyy — Erg) = AES",, listed in Table I for all four MLs
investigated.

As shown in Fig. 4, the PL peaks associated with the
excited excitonic states are followed by noticeable PL tails
developed at higher energies. We believe that these tails
penetrate above the band-gap energies, which are, however,
not spectacularly marked in the spectra. We note that in the
case of our WSe, ML, the PL intensity at the band-gap
energy (accurately estimated from magneto-PL data and
marked with a pink arrow in Fig. 4) consists of 5% of the
intensity of the 2s exciton PL peak. Applying the same
convention to all spectra presented in Fig. 4, we estimate
the band gaps in the three other MLs, as illustrated with
pink arrows in the figure. Most critical is an estimation of
the band gap in MoSe, ML (see the SM for details). With
the estimation of the band gap and reading the energies of
ls excitonic resonances directly from the spectra (see
Fig. 4), we extract exciton binding energies E; @ =
(E,— E,) and show their values in Table 1. Having

estimated the AES? | and E} ¥ parameters, and following
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TABLE I Series of parameters (E; ', AE;Y . &%, uP)
obtained from the analysis of PL spectra shown in Fig. 4
compared with results of density-functional theory (DFT) cal-
culations (uPFT) [42].

E*  AED, uP Pt
Monolayer (meV) (meV) O%*P (mg) (mg)
WSe, 167 130 —0.083 0.21 0.16
MoSe, 216 153 0.174 0.44 0.27
\WA 174 141 -0.229 0.15 0.15
MoS, 217 168 —0.095 0.26 0.24

our predictions that E,,=E,—Ry*/(n+6)?, where Ry* =
Ry X u/(elgnmo), we derive the 6P and p®*P parameters
for all MLs studied; see Table I. We found very good
agreement between our estimations and the results of DFT
calculations [42] for the reduced masses in WS, and MoS,
MLs, while we note an apparent discrepancy for WSe, and
MoSe, MLs. We also applied our model to estimate values
of band gaps and binding energies to the experimental data
available in the literature [9,37], which is discussed in
the SM.

Concluding, we have demonstrated that the ns Rydberg
series of excitonic states in S-TMD monolayers encapsu-
lated in hBN follows a simple energy ladder: ¢, =
—Ry*/(n+ 8)%. Ry* = Ry x u/(¢’my), where Ry is the
Rydberg energy, 4 denotes the reduced e-h mass, and € is
the dielectric constant of the surrounding material. The
dielectric polarizability y,p of a monolayer is encoded only
in 6. Strikingly, 6 is found to be close to zero for a WSe,
(and MoS,) ML whose €, spectrum resembles that of a 3D
hydrogen atom. The proposed model may be applicable
to other Coulomb bound states (e.g., donor and/or
acceptor states), and also to other systems, such as colloidal
platelets [5] and 2D perovskites [6]. Interestingly, the €, =
—Ry*/(n + §)* formula coincides with that expected for a
hypothetical hydrogen atom in fractional dimension N,
(N = 26 + 3), which was indeed speculated [16] to mimic
the spectrum of Coulomb bound states in low-dimensional
semiconductor structures.
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