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We present here a theory of excitonic complexes in gated WSe, quantum dots (QDs). The QD gate potential
causes type-1I band alignment, i.e., electrostatically confines holes and repels electrons, or vice versa. Hence,
the confinement of excitons involves a delicate balance of the repulsion of electrons by the gate potential with
the attraction by the Coulomb potential of the hole localized in the QD. We present a theory of neutral excitonic
complexes within a gated WSe, QD, considering spin, valley, electronic orbitals, and many-body interactions.
We analyze how the electron-hole attraction depends on a range of parameters, such as screened Coulomb
interaction, strength of confinement of holes, and repulsion of electrons. Using an atomistic tight-binding model,
we compute valence and conduction band states within a computational box comprising over 1 million atoms
with applied gate potential. The gate potential is split into a fictitious type-I potential which attracts both the
electron and hole and a correction repelling the electron only. The atomistic wave functions are then used to
calculate direct and exchange Coulomb matrix elements for a fictitious type-I QD and to obtain a spectrum of
interacting electron-hole pairs. Next, the effect of repulsive potential, pulling away the electron from the valence
hole, is included in the excitonic basis. This allows us to determine whether electron-hole pairs are sufficiently
attracted to overcome electron repulsion by the confinement potential. Finally, we compute the dipole transition

between hole and electron states to obtain the absorption spectrum.

DOLI: 10.1103/PhysRevB.110.235404

I. INTRODUCTION

In a semiconductor, absorption of a single photon gen-
erates a single exciton, composed of a single electron-hole
pair. Hence, detecting an exciton is equivalent to detecting
a single photon. Gated quantum dots (QDs) enable precise
manipulation and control of the number of either electrons
or holes [1]. However, counting the number of excitons in
gated QDs presents a nontrivial challenge, as the electron is
repelled by the gate potential which confines the hole in the
dot. Should a single exciton be confined in a gated QD, its
presence could be detected in transport. The confinement of
excitons in GaAs gated QDs has been investigated by Fujita
etal. [2], Pioda et al. [3], and Schinner ef al. [4]. In this paper,
we provide a theory of strongly bound excitonic complexes
in gated QDs within a single layer of two-dimensional (2D)
materials, such as WSe,. Such a theory is needed as gated QDs
in WSe, are being developed [5,6] with potential application
as polarization-resolved single photon detectors.

Transition metal dichalcogenides (TMDCs) such as WSe,
have attracted interest due to their intriguing electronic,
optical, and magnetic properties. These arise from strong
electron-electron interactions and dimensionality lowering
in a single atomic layer. Recent advancements in TMDC:s,
fabricated at the few-atomic-layer scale, have expanded our
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understanding of low-dimensional physics [5-18]. Unlike
monolayer graphene, TMDCs possess a band gap, enabling
optoelectronic devices [9,18-20].

TMDCs consist of transition metal atoms bonded to
chalcogenide dimers. Their electronic and optical proper-
ties predominantly stem from the d orbitals of metal atoms
[21-24]. The strong localization of these orbitals, combined
with reduced screening in 2D, gives rise to pronounced corre-
lation effects, ultimately leading to the formation of excitons
with large binding energies [25-32].

The spin-orbit coupling (SOC) in TMDCs gives rise to
distinct spin-dependent phenomena. Notably, WSe, stands
out due to its substantial spin-orbit splitting (~500 meV) in
the valence band (VB), distinguishing it from other TMDC
materials [33,34]. Additionally, it is worth noting that, while
the bottom of the conduction band (CB) in valleys K and —K
is predominantly composed of m,; = 0 orbitals, the top of the
VB in valleys K and —K primarily comprises my; = —2 and
my = 2 orbitals, respectively, indicating orbital asymmetry
between the valleys [23].

Recent progress in graphene and TMDC materials, com-
bined with lateral gating techniques [1], has enabled the
fabrication of lateral finite size gated QDs [5,35-47]. By
applying lateral metallic gates, electrons or holes can be
laterally electrostatically confined, resulting in the creation
of QD states [5,22,23,43-45,48-55] and strongly interact-
ing many-particle complexes [24,56,57]. Excitons in gate-
defined QDs in semiconductor quantum wells have been

©2024 American Physical Society
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successfully detected experimentally [2—4]. More recently, ex-
citon confinement has also been demonstrated in MoSe; using
one-dimensional [31] and zero-dimensional [32] electrostatic
confinement techniques. In these systems, the electron-hole
Coulomb attraction plays a critical role in offsetting the gate-
induced repulsion of one of the charge carriers, facilitating
exciton confinement.

Given these experimental developments, we present here
a theory of excitons [25,58] in gated WSe, QDs [22,24] and
predict a set of parameters involving spin, valley, topology,
and many-body interactions for which an exciton can be cre-
ated and confined in a type-II gated QD [5,40,47-49,51,59].
We describe our QD within a computational box containing
>1 million atoms, employing a tight-binding microscopic
Hamiltonian [27]. The gated QD is defined by applying lateral
gates that result in a confining potential, which is attractive for
holes and repulsive for electrons. By expanding the QD wave
function in bulk band states, we obtain QD energy levels and
wave functions, capturing the effects of confinement potential,
size, valley, and spin [6,24].

To investigate excitonic states, we first construct the basis
of electron-hole pairs and expand the exciton wave function
in terms of these pairs. Using atomistic wave functions, we
calculate the Coulomb matrix elements, which are crucial for
determining whether electrons are sufficiently attracted by
holes to overcome the repulsive gate potential acting on the
electron. Instead of immediately solving for the real QD—
which confines holes but repels electrons that reside outside
a QD—we first determine exciton levels in an auxiliary QD,
which confines both electrons and holes. We then introduce
the electron-repelling potential and expand it in the basis of
the exciton states of the auxiliary QD. This approach allows
us to capture the delicate balance between the repulsive gate
potential and the attractive Coulomb interaction between the
electron and hole localized in the QD. Finally, we determine
the confining potential and strength/screening of electron-
electron interactions for which exciton is confined in a QD
and can be detected in transport experiments.

The paper is organized as follows. In Sec. II, we describe
the single-particle states in the gated WSe, QD, along with
an overview of the formulation of the many-body problem
and the computation of the dipole matrix elements. The phase
diagram describing stable exciton as a function of confin-
ing potential strength and Coulomb interactions and resulting
excitonic absorption spectrum are presented in Sec. III. The
paper concludes with a summary and key findings in Sec. IV.

II. MODEL
A. Tight-binding model

We follow here our earlier work on holes in gated WSe,
QD [6,21,24]. We start with our computational box consisting
of W and Se atoms arranged in a rthombus [see Fig. 1(a)].
By applying periodic boundary conditions, we obtain a set
of allowed wave vectors k. The wave functions of the com-
putational rhombus at each wave vector k are constructed
as a linear combination of Bloch functions on the tungsten
and selenium atoms sublattices. We consider six such Bloch
functions indexed by orbitals [ (I =1, ..., 6) corresponding

Energy (meV)

FIG. 1. (a) Schematic representation of the system showing a
rhomboidal computational box with a quantum dot (QD) in the
center. The yellow arrow represents the incident light to be absorbed
by creating an electron-hole pair. (b) Highest-energy valence bands
(VBs) and lowest-energy conduction bands (CBs) as a function of
wave vector k over the path —K — I' — +K. For the VB, the states
in the +K valley are composed mainly of m,; = —2 orbitals, while
states in the —K valley are composed primarily of m,; = +2 orbitals.
On the other hand, the states in the CB +K valley are composed
primarily of m; = 0 and m, = +1 orbitals, while states in the —K
valley are composed primarily of m,; = 0 and m, = —1 orbitals. The
+K and —K points represent the global valley maxima (minima) of
the valence (conduction) band.

to 3 my and 3 m,, orbitals:

6
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where |x,) represents the spinor part of the wave function,
and

Nuc

e Z exp(ik - RS " F — R),  (2)

Ri=1

g =

are Bloch functions constructed with orbitals ¢;**", which
are even with respect to the metal plane. Here, Nyc denotes
the number of unit cells, and I?l defines the position of or-
bitals in the computational box. By diagonalizing the 6 x 6
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bulk Hamiltonian [27], we obtain the even bulk energy bands
E} and wave functions |¢I§G), where p is the band index.

Figure 1(b) shows the energy E} of the highest even VB and
lowest even CB along the path —K — I"' — K. Itis important
to note that the spin splitting Agoc is opposite in these valleys,
with a magnitude of ~470 meV [33] for the VB and 50 meV
for the CB. While the bottom of the CB in valleys K and —K
is mainly composed of m; = 0 orbitals, the top of the VB in
valleys K and —K consists primarily of my; = —2 and my; = 2
orbitals, respectively.

B. Gate-defined quantum dot

In Ref. [24], it was shown that, by applying a con-
fining Gaussian potential due to lateral gates Vop(7¥) =
Vo exp(—rz/RéD), where Vp > 0, to a single layer of WSe,, a
QD with confined hole states can be created, with Rop denot-
ing the QD radius. The single-particle Hamiltonian describing
a particle in a WSe; QD can be expressed as the sum of the
bulk computational box Hamiltonian Hrg and the confining
potential Vop [22]. The wave function |®*), associated with
the state s, can be determined by solving the Schrodinger
equation:

[Hrs + Voo (M]|®*) = E*[9°). 3

We expand QD wave function |®®) in terms of bulk states
of the computational box, given by Eq. (1):

@9 =222 ) Bleg,) @
kP

where p runs over the highest-energy even VB and the lowest-
energy even CB. Since we focus on the highest VB and
lowest CB states, we apply a cutoff to the k points near
K and —K valleys by selecting vectors k that satisfy the
condition |I_€ + K| < n|K|. This approach helps us focus on
the relevant region of the reciprocal space. In this paper,
we have maintained a fixed value of n = 0.1 throughout our
calculations [24].

Then expanding the QD Hamiltonian in terms of the band
states, we have

H HTB + ZCVBT VB< v VQD ¢¢‘i/cf)
kqa
+ Z CB CB ‘(73;3)
chr

+ Z e (R Voplgsr) + He. (9
kg

Here, the first term, diagonal, corresponds to the CB and
VB energies of the tight-binding computational box Hamil-
tonian. The second and third terms denote the interaction
between the QD-confining potential and the VB and CB
states, respectively. The final term represents the coupling
between CB and VB states induced by the confining potential.

Figure 2 schematically illustrates the effect of the confin-
ing potential. We can deplete some confined VB states by
appropriately tuning the chemical potential or equivalently
creating confined hole QD states. While the confined hole

(a) mvo (b)
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FIG. 2. (a) Schematic representation of the confinement in the
quantum dot (QD) created by a gate potential. Confined states in the
valence band are pushed into the gap, while states in the conduction
band are pushed away from the gap. (b) Schematic representation
of the auxiliary QD. The auxiliary potential confines both hole and
electron states.

states are pushed into the band gap, the low-energy CB states
are pushed away from the center of the QD and delocalized.
As a consequence, the type-II-like electron-hole pairs are the
most energetically favorable, with the hole confined within the
QD and the electron outside of it. However, when Coulomb
interaction is included, this picture changes due to the strong
electron-hole attraction, which binds the electron to the hole
in a type-I exciton state. This exciton is also strongly coupled
to light because both electron and hole states are confined
inside the QD. Therefore, we will focus on determining the
parameters of the QD, the strength of the potential repelling
an electron vs the strength of attraction by the hole in the
formation of the type-I exciton bound in a QD.

To artificially select CB states localized in the
QD [see Fig. 2(b)], we subtract and add the term
Yido CB' CB (¢>CB|VQD|¢>CB) in the Hamiltonian [Eq. (5)]

conﬁnmg and repellmg electrons from the QD:

O— HTB+Z VBT VB |V

bia )

kqa
e oo o )
/Z,q,a
+ Z VB CB UB’VQD ¢q(,)+H.C.,
k,q,tr
$2 [Van|95)- (©)

CB CB
+2ZCkU (1‘7
kg

The first three lines of this Hamiltonian describe an auxiliary
QD that confines both electrons and holes. while the last line is
the correction (perturbation), which pulls only the electrons in
the CB away from the QD. We first obtain the single-particle
states for an auxiliary QD confining both holes and electrons
and then compute confined exciton states by diagonalizing
the many-body Hamiltonian in Sec. III B. This allows us to
determine whether the repulsive electron potential can pull the
electron from the bound exciton state:

~

I:j = Haux + Vcorr- (7)
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Here,

aux — HTB + Z VBT VB f|VQD|¢(‘7/f>
kqa

— CISJ?: C ((7:’]?7 ( | QD

kg.o

+ Z VB CB UB}VQD
k

)

5 ) + He. (8)

is the Hamiltonian for the auxiliary QD which confines elec-
trons and holes, and

CB' CB
corr—2 E Cko' qo‘
k

qo ) C))

is a correction that pulls the electron in CB away from the hole
in a QD. In Sec. IIT A, we will determine the spectrum of this
auxiliary QD as the first step toward the understanding of the
original QD.

In numerical calculations, we employ a computational box
containing N1 X N, = 633 x 633 unit cells, corresponding to
3. N; x N, = 1202067 atoms. Periodic boundary conditions
are enforced on the computational box, resulting in a discrete
set of k points in reciprocal space.

C. Interactions

The optical properties of QDs are governed by excitonic
complexes. We start here by computing excitons in the auxil-
iary QD, which requires the diagonalization of the many-body
Hamiltonian in the space of electron-hole excitations:

1 -
H = ZE clei+ > Z (ij|V|kl)cj.cJ‘.ckcl

i,j.k,1

=" > (imlVimj)cfe;. (10)

i,j meoccup

Here, E represents the energies of the auxiliary QD single-
particle states, obtained by diagonalization of the Hamiltonian
given by Eq. (8). The operator cj (c;) creates (annihilates)
a particle in the auxiliary QD state i. The Coulomb matrix
elements, denoted as (ij|V |kl), are expressed in terms of the
auxiliary QD single-particle orbitals as

IV Ikl = / a7, / A1, & (7)) I (7)Y (7 — 1)
x ®K (7))L (7)), (11)

where ®/(F) = (#|®), and V¢ is the Coulomb potential Ve =
e /4meey|F) — 7|, with e being the electron charge, €y being
the vacuum dielectric permittivity, and € being the dielectric
constant. The last term in Eq. (10) represents the interaction
of the electron with the compensating background.

We approximate the ground state of the auxiliary QD as a
single Slater determinant with all VB states occupied, denoted
as |GS) =11 pevBc;;|O). Subsequently, we construct the many-
body excitations by generating all possible configurations of

electron-hole pairs excited from the ground state with S, = 0:

Z Al clcy|GS). (12)

PEVB,qeCB,o,=0,

| dux) -

Here, the index p enumerates the excitonic states, and Ag’ 4
represents the expansion coefficients of the corresponding
eigenvector.

D. Exciton in a QD

We now have a basis of excitonic states in an auxiliary QD
and perturbation Veorr, Which pulls the electron in the CB away
from the hole in a QD. The exciton spectrum |X“) of a gated
QD can now be expanded in the basis of exciton states | X/ i)
of the auxiliary QD:

1X%) = ZD“ X2 (13)

Then the QD exciton states satisfy the equation:

ED + 3 (XN [Veore| X[ D2, = E,D2. (14)
w

Here, E2™* are auxiliary exciton energies, and (XJUX|\QOW|X;3;)
is the effect of the repulsive potential acting on electrons in
the CB only, pulling electrons away from the exciton levels
localized in the QD, with a hole attracting the electron.

E. Absorption spectrum of auxiliary QD

To understand which excitonic states are optically active
and contribute to true exciton spectrum, we compute the ab-
sorption spectrum of an auxiliary QD, A(w), as a function of
the photon energy w. Here, A(w) is computed using Fermi’s
golden rule as

A(w) =Y _|(X"|P|GS)*8(w — E, + Egs),  (15)

m

where Egs is the energy of the initial state, and E, is the
energy of the final excitonic state. The polarization operator
Pf = Zp,q 85,.0,€0 * 'Dq,,'cj;c,, creates a single pair excitat'ion,
o denotes the polarization vector of the circularly polarized
light, and the dipole elements D, are given by

Dy, = (qIFIp)

= 8ap,aq Z

R] I R2 17<¢;V,e?1| | eveZ), (16)

RiRs Iyl
s _ N"L AP S.p TR
where CR,; =7 Alza,z il exp(ik - R;), and
even even dFCven* D
((pRl 11| | Rz 12> / Rl I ( — R - ‘Cl‘)

X (p;ve;l (}’ — R2 — ?12). (17)

III. DISCUSSION

A. Excitons in auxiliary QD
We obtain the energy levels and wave functions of the
auxiliary QD by solving Eq. (8). In Fig. 3(a), we illustrate
the one-particle levels for the auxilliary QD that confines
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FIG. 3. Auxiliary quantum dot (QD) energy levels for Rop = 20nm and Vy = 100meV. (a) The auxiliary QD energy levels. (b) The
highest valence QD states and the conduction QD states with spin-up, localized in the —K valley. The arrows represent the primary allowed
transitions between different valence and conduction levels of the QD; the numbers represent the values of the dipole matrix elements of the

transitions. The horizontal dashed line represents the Fermi level.

both electrons and holes. Each color represents different
valley and spin combinations. The plot shows that the
energy levels exhibit a distinctive grouping into shells, re-
sembling the spectrum of a harmonic oscillator. Due to the
significant SOC in the VB of WSe,, the QD VB states
exhibit spin locking, with spin-up states localized in the
—K valley and spin-down states in the +K valley. Con-
versely, the SOC for the CB is relatively small, allowing
for all spin and valley combinations within energy windows
of 60 meV.

A consequence of the spin locking is that the lowest tran-
sitions in the QD are dark since the closest states in the CB
are in opposite valleys or with opposite spin. The possible
optically active transitions are to spin-up states localized in the
—K valley and spin-down states in the +K valley. Figure 3(b)
shows the highest valence QD states and the conduction QD
state sharing the same spin for valley —K. The arrows in
Fig. 3(a) represent the primary allowed transitions between
the QD valence and conduction levels. The largest transitions
occur between states with the same shell structure, such as s to
s or p to p, while dipole transitions between states in different
shells are ~1 order of magnitude smaller. In Fig. 4, we depict
the absorption spectrum as a function of photon energy for
the auxiliary QD that confines both electrons and holes. The
vertical black lines correspond to energies of excitonic states,
while the red line represents the absorption strength for the
optically active states.

The upper panel illustrates the noninteracting exciton spec-
trum, which can be understood with the help of Fig. 3. The
lowest exciton state is dark, involving transitions between
valence and conduction states in the s shells. We observe
four peaks with increasing heights, representing transitions
from valence states within equivalent shells to conduction
states. The peak heights increase for higher-energy transitions
due to the increased degeneracy of the shells. Smaller peaks
represent inter-shell transitions with smaller dipole elements.

Moving to the center panels, we incorporate the electron-
hole interaction effect, without considering scattering between
different excitonic configurations. The peaks shift to higher
energies due to the exchange self-energy compensated par-
tially by electron-hole attraction.

The lower panel in Fig. 4 displays the exciton absorption
spectrum, including all terms in the electron-electron inter-
action matrix elements. Here, we observe a more significant
redistribution of peak heights, given by correlations between
different excitonic configurations. Additionally, the brightest
peak experiences a redshift. The lowest-energy peak corre-
sponds to a correlated state, wherein the bright transition
between the s-shells contributes ~30%.

B. QD excitonic spectrum

Now we will discuss the original QD with a confining
potential that confines holes but repels electrons. Using the
auxiliary QD excitonic states, we will solve Eq. (14). By doing
this, we are including the correction represented by Eq. (9).
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FIG. 4. Low-energy absorption spectrum for the auxiliary quan-
tum dot (QD) with Rgp = 20nm, Vy = 100meV, and € = 3.9.
(a) shows the single-particle picture, (b) includes self-energy and
vertex corrections on top of it, and (c) also allows for the scattering
of configurations. The broadening has been added by hand.

235404-5



DANIEL MIRAVET et al.

PHYSICAL REVIEW B 110, 235404 (2024)

10%{ @

10!

=
o o
N O

10!

100

Oscillator strength

102 (©

10!

100 /\A /LAA_/\_A
1350 1400 1450 1500 1550 1600
Energy (meV)

1650

FIG. 5. Low-energy absorption spectrum for a quantum dot
(QD) with Rgp = 20nm, Vy = 100meV, and € = 3.9. (a) shows
the single-particle picture, (b) includes self-energy and vertex cor-
rections on top of it, and (c) also allows for the scattering of
configurations. The broadening has been added by hand.

Figure 5 shows the absorption spectrum of the QD as a
function of the photon frequency. The red line represents the
absorption strength for the active transitions, while the vertical
black lines correspond to all excitonic energies.

The upper panel shows the noninteracting excitation spec-
trum. In this situation, there are more peaks than for the
auxiliary QD since the potential correction created mixing
between different shells of the auxiliary QD.

In the center panel, we include the effect of electron-
hole interaction, without yet considering scattering between
different excitonic configurations. Note that the Coulomb in-
teraction produced a blueshift in the energy in the same way
as in the auxiliary QD.

The lower panel in Fig. 5 displays the absorption spectrum
of the exciton, including all terms in the electron-electron
interaction matrix elements. Here, we again observe a redistri-
bution of peak heights, given by correlations between different
excitonic configurations. Additionally, the brightest peak ex-
periences a redshift after including the correlation between
different exciton configurations.

As discussed previously and illustrated schematically in
Fig. 2, the energy of bound electron-hole pairs can be lower
than those of localized holes and delocalized electrons, de-
pending on the competition between the electron repelling
potential and the electron-hole attraction. One can estimate
the energy of the type-II excitation, in which the hole is inside
the QD and the electron is outside, by considering the energy
required to remove one electron from the highest VB states
and place it in the lowest CB state that is delocalized. This
transition energy is given by

1
* _ — E
ECX B Eg E-r+ € keVB V_l,k,—l,k(stllqﬂk‘ (18)

Here, E, represents the material gap energy, £_; denotes the
energy of the highest-energy hole state, measured from the top

600

500

6 10
£

FIG. 6. Color map showing in purple the regions in the parameter
space Vj vs € where the transition to a localized electron state has
lower energy than the transition to a delocalized one.

of the VB, and the last term accounts for the self-energy of
this state, which includes interactions with the positive back-
ground and exchange interactions with the filled VB states.
Figure 6 shows in the parameter space Vj vs €, the region,
represented by purple color, in which the energy of the lowest
bright transition is lower than the energy of transition from a
localized hole state to a bulk CB state. Note that the optimal
situation, i.e., exciton is confined, when the interaction is
strong (small €) and the confinement is weak (small V). For
Vo = 100 meV, the situation studied previously, the transition
to a localized excitation has lower energy than the delocal-
ized one for dielectric constants € < 7. A similar qualitative
dependency was observed for a type-II self-assembled QD in
Ref. [60], in which changing the barrier potential for holes
resulted in competition between lowest-energy type-I and II
excitons obtained using effective mass approximation.

IV. CONCLUSIONS

We have presented a theory of excitons confined in gated
WSe; QDs. In this paper, we address the nontrivial challenge
of confining excitons in gated QDs, where holes are attracted
but the gate potential repels electrons. For an exciton to exist
in a quantum dot, the repulsion of electrons by the gate po-
tential must be balanced with the attraction by the Coulomb
potential of a hole localized within the dot. Excitons can
be successfully confined within the QD through a delicate
interplay of these forces, enabling their detection via transport
experiments.

We described our WSe, QD using a computational box
containing >1 million atoms and employing a tight-binding
microscopic Hamiltonian. By applying gates to create a
confining potential, attractive for holes and repulsive for elec-
trons, we obtained QD energy levels and wave functions by
expanding the QD wave function in bulk band states.

Subsequently, we split our Hamiltonian into an auxiliary
Hamiltonian and a perturbation. The auxiliary Hamiltonian
confined both electrons and holes. We obtained the excitonic
states of the auxiliary QD and expanded the excitonic states of
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the true QD in this auxiliary basis. In this basis, the repulsive
potential of the gate pulled only the electron in the CB away
from the QD but localized the VB hole. This approach enabled
us to predict a set of parameters for which excitons are trapped
in gated QDs in 2D materials and can be detected using
transport.
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