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Interlayer excitons in van der Waals

heterostructures: Binding energy,
Stark shift, and field-induced
dissociation

Hegni C. Kamban®?* & Thomas G. Pedersen’2

Photoexcited intralayer excitons in van der Waals heterostructures (vdWHs) with type-Il band
alignment have been observed to tunnel into interlayer excitons on ultrafast timescales. Such interlayer
excitons have sufficiently long lifetimes that inducing dissociation with external in-plane electric fields
becomes an attractive option of improving efficiency of photocurrent devices. In the present paper,

we calculate interlayer exciton binding energies, Stark shifts, and dissociation rates for six different
transition metal dichalcogenide (TMD) vdWHs using a numerical procedure based on exterior complex
scaling (ECS). We utilize an analytical bilayer Keldysh potential describing the interaction between

the electron-hole pair, and validate its accuracy by comparing to the full multilayer Poisson equation.
Based on this model, we obtain an analytical weak-field expression for the exciton dissociation rate.
The heterostructures analysed are MoS,/MoSe,, MoS,/WS,, MoS,/WSe,, MoSe,/WSe,, WS,/MoSe,,
and WS,/WSe, in various dielectric environments. For weak electric fields, we find that WS,/WSe,
supports the fastest dissociation rates among the six structures. We, furthermore, observe that exciton
dissociation rates in vdWHs are significantly larger than in their monolayer counterparts.

Naturally occurring layered materials held together by van-der-Waals-like forces have been intensely studied in
recent years. Peeling graphite layer-by-layer and forming graphene’, a task thought impossible, turned research-
ers on to two-dimensional materials. Realizing that these layers may be used as building blocks of artificially
layered materials, so-called van der Waals heterostructures, provides an endless array of possible combinations®”.
The extraordinary electronic and optical properties of TMDs*™!'! have made them one of the most interesting
classes of building blocks for vdWHs. Potential electro-optical applications of TMDs include photodetectors'?~'*,
light-emitting diodes'>"'7, and solar cells'®!®1°. It is well known that the optical properties of TMD monolayers are
dominated by excitons>**%2, as such two-dimensional excitons can have giant binding energies®®*'-2, Strongly
bound excitons, in turn, make generation of photocurrents difficult, as excitons must first be dissociated into free
electrons and holes. This is one of the challenges facing the use of monolayer TMDs in efficient photocurrent
devices. A further complication is the fast recombination rates of excitons in these monolayers**-2¢. Without
inducing dissociation in some way, excitons will typically recombine before they are dissociated. Applying an
in-plane electric field to the excitons, however, enhances generation of photocurrents for two reasons: (i) the
electric field counteracts recombination by pulling electrons and holes in opposite directions, and (ii) the electric
field assists dissociation of excitons®’ .

When two TMD monolayers are brought together with a type-II band alignment, the conduction band min-
imum and the valence band maximum reside in two different layers. Electrons and holes in the structure will
therefore prefer to reside in separate layers, provided that the loss in exciton binding energy is smaller than
the energy gained by band offsets. These spatially indirect electron-hole pairs can still form bound states with
large binding energies and they are referred to as interlayer excitons®-3. Experiments have shown that photoex-
cited intralayer excitons created in one of the sheets undergo ultrafast tunneling into interlayer excitons®*>. For
instance, in MoS,/WS, heterostructures, it was found that the hole transferred from the MoS, layer to the WS,
layer within 50 fs after optical excitation®!, and similar time scales were reported for WSe,/WS,*. After tunneling,
the interlayer excitons have a long lifetime due to the small overlap of electron and hole wave functions*»**-40.

!Department of Materials and Production, Aalborg University, DK-9220, Aalborg @st, Denmark. 2Center for
Nanostructured Graphene (CNG), DK-9220, Aalborg @st, Denmark. *email: hck@mp.aau.dk
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(a) Zero field (b) Weak field

Figure 1. Interlayer exciton in a bilayer van der Waals heterostructure with zero external field (a), a weak in-
plane field polarizing the exciton (b), and a strong in-plane field dissociating the exciton (c).

Thus, when a weak in-plane electric field is present, the photoexcited intralayer excitons will tunnel into interlayer
excitons with sufficiently long lifetimes for them to be dissociated by the electric field. We therefore expect to see
significantly larger photocurrents from this type of structure compared to TMD monolayers. This is corroborated
by the much larger dissociation rates found for interlayer excitons. As an example, we find that interlayer exci-
tons in freely suspended MoS,/WS, have a dissociation rate of I" & 1.7 x 10*s™! for a field strength of 10 V/pm,
whereas for excitons in monolayer MoS, itis only I' ~ 5.3 x 10738 s71,

The paper is organized as follows. In Sec. 1, we set up the Wannier equation and analyse the interaction
between electron-hole pairs in bilayer vdWHs. This is done by solving the multilayer Poisson equation, and sub-
sequently showing that the full solution is excellently approximated by an analytical bilayer Keldysh potential.
In Sec. 2, we then turn to computing binding energies as well as Stark shifts and dissociation rates for interlayer
excitons. Here, we also compare the numerically exact results to an analytical weak-field approximation, derived
by weak-field asymptotic theory. Finally, Sec. 3 concludes upon the results. The solution to the multilayer Poisson
equation is presented in App. A.

Interlayer excitons

A bilayer vdWH supports two distinct types of excitons. The electron and hole may either be localized within the
same layer, or they may reside in different layers. These two cases are referred to as intra- and interlayer excitons,
respectively. The vdWHs considered in the present paper are bilayers with type-II band alignment. We name the
structures TMD1/TMD2 so that the conduction band minimum and valence band maximum reside in the first
and second layer, respectively. For the structures considered, the energy won from band offsets by the electron
and hole residing in the first and second layer, respectively, is larger than the loss in exciton binding energy.
The many-body excitonic ground state is therefore an interlayer exciton. Intralayer excitons in either layer are
thus excited states, and will therefore tunnel into the ground state. Direct photoexcitation of interlayer excitons
by resonance photons is not as likely as for intralayer excitons due to the weak overlap of the electron and hole
wave functions. However, resonantly excited intralayer excitons in either layer quickly transition into interlayer
excitons® that, therefore, become very important for many properties of vdWHs. To describe excitonic effects
from first principles, one must turn to the many-body Bethe-Salpeter equation**2. Solving it is a computation-
ally demanding task even for simple structures. Fortunately, under well-defined approximations, the many-body
problem can be simplified to the Wannier equation*>*, essentially reducing it to a Schrédinger-type problem with
a hydrogenic Hamiltonian. The Wannier model has indeed been shown to yield a sufficiently accurate description
of many excitonic properties**>=*8, In terms of the relative coordinate r = r, — r,, of the electron-hole pair, it reads
(atomic units are used throughout)

L v 46 )= Eo,
24 (1

where i = m,m,/(m, + m,) is the reduced exciton mass, V is the screened Coulomb interaction between the
electron and hole, and & is the electric field. The electric field is taken to point along the x-axis throughout the
paper, i.e. & = e,. As the valence band maximum and conduction band minimum at the K point are primarily
composed of the d orbitals of the metal atoms**™, electrons and holes will, to a good approximation, reside in the
middle of their respective layers. We are therefore able to freeze their out-of-plane motion, which effectively
makes solving Eq. (1) a two dimensional problem. Figure 1 shows an illustration of an interlayer exciton in a
bilayer vdWH subjected to three different field strengths: zero (a), weak (b), and strong (c). When an electric field
is present, the electron and hole will be pulled in opposite directions. For weak electric fields, the probability of
dissociating the exciton is low. It will therefore become polarized, but most likely recombine rather than dissoci-
ate. In strong electric fields, however, field induced dissociation becomes likely, and dissociation rates may
become extremely large as the field strength increases.

To describe the interaction V between the electron-hole pair, we fix the electron and hole to the middle of their
respective sheets. The vertical separation between the electron and hole d = |z, — z,| is therefore dj,,, = 0 and
dinier = (dy + d,) /2 for intra- and interlayer excitons, respectively, where d, and d, are the thicknesses of the two
TMD sheets (see Fig. 1). The van der Waals heterostructure is then modeled as the four layer system in Fig. 2.
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Figure 2. Sketch of the layered geometry used to describe the interaction between an electron at position z, and
ahole at z,.

Here, the dielectric function e (z) is taken to be piecewise constant given by €,, €, €,, and €, in the superstrate,
upper TMD sheet, lower TMD sheet, and substrate, respectively. By Fourier decomposing V and solving the mul-
tilayer Poisson equation for the Fourier components (see App. A), one may obtain V expressed as an integral in
momentum space

_ 00 eidq]o(qr)
v = _fo Eetr (@) @ (2)

where J; is a Bessel function. The effective dielectric function e is, of course, different for intra- and interlayer
excitons. For g — 0, both cases tend to the average dielectric constant of the surrounding media (¢, + ¢,)/2, as
expected. For ¢ — oo, however, the dielectric function describing intralayer excitons tends to the dielectric con-
stant of the layer to which they are confined, i.e. to €, and ¢, for intralayer excitons in the first and second layer,
respectively. On the other hand, the function for interlayer excitons tends to the average dielectric constant of the
two layers (g, + ¢,)/2. The complete interlayer dielectric function is obtained in App. A and is given by Eq. (14).
Appendix A also explains how to obtain the intralayer function. The full potential may readily be obtained for real
r by using standard numerical integration techniques in Eq. (2). However, in the present paper, we seek to calcu-
late dissociation rates by using exterior complex scaling (ECS)>'->*. This implies rotating the radial coordinate into
the complex plane outside a radius R by an angle ¢, i.e.

r for r < R
r— .
R+ (r— R)e" forr>R. (3)

It is a simple task to show that the integrand in Eq. (2) will become an exponentially increasing oscillating func-
tion when r > d/sing + R by using the integral representation for the Bessel function®. This makes Eq. (2)
extremely difficult to handle while using ECS. Fortunately, the numerical solution is very accurately approximated
by a bilayer Keldysh (BLK) potential. The Keldysh potential has been used extensively to describe excitons in

56,57

monolayer TMDs. The monolayer Keldysh (MLK) interaction is given by

T L ( 4)
where H, is the zeroth order Struve function®, Y, is the zeroth order Bessel function of the second kind>>,
Kk = (g, + €,)/2 s the average dielectric constant of the surrounding media, and r, is the screening length pro-
portional to the polarizability of the sheet*”. This potential diverges logarithmically at the origin. On the other
hand, the potential describing interlayer excitons is finite at the origin due to the vertical separation between the
electron-hole pair.

To obtain the bilayer Keldysh potential, we substitute r — /7% + d* andr, — (" + r? into Eq. (4) which
yields

T
Wk (r) = ——
21,

>

wr + d

MBI

o s
- = 0
2 (ro(l) + ro(Z) )

Ny,

VBLK(") ] 1’0(1) + 1’0(2)

)
®

Here, r\") and r,? are the screening lengths of the first and second monolayer, respectively. The first substitution
accounts for the possible vertical separation between electrons and holes in bilayer structures. The second
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Figure 3. (a) Exciton Coulomb potential for freely suspended WS,/WSe,. The full and approximate potentials
are shown as the solid lines and circles, respectively. The black line and symbols show the interlayer exciton
potential while the red and green lines correspond to the potential of intralayer excitons in the WS, and WSe,
halves of the bilayer, respectively. (b) Binding energies for interlayer excitons in the six structures obtained with
the full potential vs. those obtained by the BLK potential.

substitution accounts for the increased thickness of the structure, as the total screening length is proportional to
it>*>7. It should be noted that making the first substitution without the second leads to a potential that is far too
strongly binding®®. Note, further, that to obtain the interaction for intralayer excitons in a bilayer structure, we use
the BLK potential with d = 0. The screening lengths used in the present paper are ab initio values from ref. 2!. In
Fig. 3, we compare the bilayer Keldysh potential to the full potential obtained by solving the multilayer Poisson
equation. Panel (a) shows the potential for the representative WS,/WSe, case. Evidently, a good agreement is
found. Both the intra- and interlayer potentials (exact and approximate) behave as —1/xr for r>> d, as the vertical
separation becomes negligible in this region. For small 7, on the other hand, the intralayer potential diverges
logarithmically, while the interlayer potential behaves as a + br?, where a and b are constants. The quadratic form
is readily understood by expanding the Bessel function in Eq. (2) to second order, i.e.

2
- qr 4

B =1~ [Z] + o0, ©
Integrating using the second order expansion shows that the integral diverges for d = 0. For d > 0, on the other
hand, the exponential function leads to converging integrals even for r = 0. The quadratic behaviour has inspired
the use of a harmonic oscillator model, obtained by expanding a potential similar to Eq. (5) to second order, to
analyse interlayer excitons®. It should be noted, however, that the binding energies predicted by a second order
expansion of Eq. (5) are in poor agreement with those obtained using the full potential. In contrast, the binding
energies obtained with the BLK potential are in good agreement with the full potential results, as seen in panel
(b) of Fig. 3. In fact, they never deviate more than 6% for the cases considered. The binding energies are, further-
more, in excellent agreement with those found in literature. As an example, the binding energy of 1s interlayer
excitons in WS,/WSe, on a diamond substrate (¢, = 1 and €, = 5) was measured recently to be 126 + 7 meV*,
and our model yields 125 meV. Furthermore, Ovesen ef al.® found the binding energy of interlayer excitons in
MoSe,/WSe, in free space to be 246 meV using a model similar to our full potential, where we find 260 meV
with the BLK model. It should be mentioned that the model used in the present paper predicts slightly lower
free-space binding energies than some of the ab initio methods®'-**. Interlayer exciton binding energies for the
six TMD bilayer combinations with type-II band alignment®*% are summarized in Table 1 for various dielectric
environments. The effective masses used are obtained from ref. °°, and the TMD widths have been taken as half
the vertical lattice constants found in ref. ¢".

Field induced dissociation

When the exciton is subjected to an electrostatic field, it may be dissociated. This is realized in the Wannier model
by the energy eigenvalue obtaining a non-vanishing imaginary part?’-2>%, The field induced dissociation rate is
then given by I' =— 2 ImE, where the imaginary part can be obtained efficiently by utilizing the ECS tech-
nique®->%. As mentioned briefly in the previous section, this technique consists of rotating the radial coordinate
into the complex plane outside a radius R (see Eq. (3)). The partitioning of the radial domain is efficiently dealt
with by resolving the radial part of the eigenstate in a finite element basis consisting of Legendre polynomials, and
the angular part in a cosine basis. We have previously used the same numerical procedure to calculate dissociation
rates for excitons in various monolayer TMDs*, and we refer the interested reader to that paper for the technical
details of the method. The field induced dissociation rates and Stark shifts for interlayer excitons in the six van der
Waals heterostructures are shown in Fig. 4. As is evident, the structures support excitons that behave very
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MoS,/MoSe, MoS,/WS, MoS,/WSe, MoSe,/WSe, 'WS,/MoSe, WS,/WSe,

1 =0.2636 1= 0.2039 1 =0.2039 7=0.2221 1 =0.1862 1 =0.1543
K [Eq| T, |Eq| T, [Eq| Ty Eq| T, |l I, [Eq| Ty
1 269 1.328 x 103 280 3.781 x 10720 266 5.616 x 1072 256 1.653 x 102 260 2.056 x 102 260 1.265 x 10718
2 183 1.089 x 10~ 186 7.200 x 1071 178 2.570 x 10713 173 3.925 x 1071 173 5.068 x 10713 170 4371 x 10712
3 139 1.027 x 101 139 1.864 x 10710 133 9.040 x 1071 131 2.445 x 1071 129 1.444 x 1071° 125 6.316 x 10710
4 111 3.037 x 1071 109 2.830 x 107° 105 1.609 x 10~° 104 5.849 x 1071 101 2.305 x 1077 97 7.091 x 10~°
5 92 2.226 x 107° 89 1372 x 1078 86 8.611 x 10~° 85 3.759 x 10~° 83 1.153 x 1078 78 2.847 x 1078

Table 1. Interlayer exciton binding energy |E | in meV and the field-independent material front factor Iy of the
dissociation rate in atomic units for the six vdWHs in various dielectric environments k = (¢, + ¢,)/2. The
reduced interlayer exciton mass £ is indicated for each heterostructure.

K=2 k=3 k=4 ——Kk=5
104
MoS;/MoSe; MoS,; /WS, MoS,/WSe, 100
= 107 [
[ =]
=t < < =
s =
LS —> —> —
[ 1079 o
Lﬂ 104 Q
5 g
A4 2
o MoSe;/WSe;, WS,/MoSe, WS/ WSe, 0o 3
= 10 2
0 8
A
107°
10—10
10 20 30 40 10 20 30 40

Field strength £ (V/pm)

Figure 4. Stark shift (left axis) and dissociation rate (right axis) of interlayer excitons in six different bilayer van
der Waals heterostructures in various dielectric environments «.

similarly in electrostatic fields. The exciton Stark shifts can be seen to vary approximately as & for weak electric
fields, in accordance with perturbation theory E ~ E, — ~a&?, where E, is the unperturbed energy and « the
in-plane polarizability. Calculating the polarizability using the Dalgarno-Lewis equation® and a
finite element basis®® reveals that the interlayer exciton polarizabilities are significantly larger than their
monolayer counterparts. For example, freely suspended MoS,/WSe, supports interlayer excitons with

al\fl';szzl,z,\,s% = 41 x 10 "®eV(m/V)?, whereas monolayer MoS, and WSe, support exciton polarizabilities of

around al\fl’(‘;;l) =4.6 x 10 eV(m/V)?and aVE,"é;” = 6.3 x 1078 eV(m/V)? respectively*®. Encapsulating
the materials in hBN (k = 4.9%) increases the polarizabilities to 041\/([’25:23%2/)&2 =116 x 10 '® eV(m/V)? whereas
ahg';;;“) =14.2 x 10 ¥ eV(m/V)? and avﬁ,’gz“‘g) =20.8 x 107'® eV(m/V)?**. The reason that these large
polarizabilities are observed for interlayer excitons in bilayer vdWHs is the increased screening and the vertical
separation of the electron and hole. Both reduce the binding energy and they are therefore much easier to
polarize.

Turning to the dissociation rates, it is clear that the encapsulating media significantly alter how quickly inter-
layer excitons are dissociated. The same behaviour was observed for their monolayer counterparts®, and one
therefore has a large degree of freedom in device design. For extremely weak fields, the dissociation rates are very
low, but they grow rapidly with an increasing field strength. As an example, the dissociation rate of interlayer
excitons in freely suspended MoS,/WS, is around I' &~ 1.7 x 10* s7! already at & = 10 V/um, and only
I'~53%x10% s and I' ~ 2.7 x 10~* s~! for monolayer Mo$S, and WS,, respectively™. It should be noted that
dissociation rates of intralayer excitons are only important if they are comparable to the rate at which intralayer
excitons tunnel over to interlayer excitons. In a recent experiment on MoS,/WS, structures, the holes of photoex-
cited excitons in the MoS, layer of this structure were observed to tunnel into the WS, layer within 50 fs*'.
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Figure 5. Stark shift (left axis) and dissociation rate (right axis) for interlayer excitons in a WS,/WSe, bilayer
that is either (i) freely suspended, (ii) placed on an hBN substrate, or (iii) encapsulated by hBN.

Comparing to the dissociation rates of intralayer excitons in the top and bottom layer of MoS,/WS, for
& =10 V/ipm, we find "'~ 2.1 X 103 s 'and I" ~ 2.9 x 10*s7}, respectively. The large difference between these
two rates can be traced back to the reduced masses, which are 1 = 0.2513 and p = 0.1543, respectively. The time
it takes to dissociate these excitons with the given field may be approximated as 7 = 1/I" ~ 476 s and
T~ 3.5 x 107° s, respectively. The intralayer excitons have therefore clearly transitioned to interlayer excitons
before they are dissociated by the field. Interlayer tunneling rates are likely affected by material parameters as well
as the surrounding media. Assuming, however, similar time scales as observed for MoS,/WS, I'jypne & 103 571,
interlayer dissociation rates are the limiting factor in field induced exciton dissociation for weak to moderate
fields. For the largest fields in Fig. 4, the competition between tunneling and dissociation will be important for an
accurate description. Due to the risk of dielectric break-down, such large fields are best avoided in devices, how-
ever. The high interlayer dissociation rates suggest that using carefully chosen bilayer TMDs in photocurrent
devices is much more attractive than their monolayer counterparts. Moreover, proper encapsulation will further
improve device performance. As hBN is a very common material used to encapsulate samples, we show the inter-
layer dissociation rates for WS,/WSe, that is either (i) freely suspended, (ii) placed on an hBN substrate, or (iii)
encapsulated by hBN in Fig. 5. Evidently, hBN surroundings increase the dissociation rates by several orders of
magnitude, and for weak fields in particular.

Recently an analytical weak-field approximation was obtained for exciton dissociation rates in monolayer
TMDs*. The derivation was made using weak-field asymptotic theory”, and the fact that the MLK potential has a
simple asymptotic form. As mentioned in the previous section, the BLK potential has exactly the same asymptotic
behaviour. The weak-field approximation for interlayer excitons therefore has exactly the same form, albeit with
a different field-independent front factor. We arrive at

>

3
I~ Fogllzfzﬁ/(nk) 6Xp[ 2./wk
36

™)

wherek = /2 |E | and I}, = T} (Ey, p, ro(l) + ro(z), d, k) is a field-independent material constant. The parame-
ters needed to use Eq. (7) are presented in Table 1, where I has been computed by the integral procedure in*.
Panel (a) of Fig. 6 shows the interlayer dissociation rates as functions of environment screening « for a field of
5 V/pum computed with the numerical procedure (dots) and the weak-field approximation (solid lines). Evidently
a good agreement is found for such a low field. Nevertheless, as the inset shows, the weak-field approximation
quickly begins to overestimate the dissociation rate for larger fields. This was also found for monolayer TMDs™*.
It is clear that WS,/WSe, supports excitons with the largest dissociation rates at & = 5 V/um, making it an inter-
esting choice in device design. Note that the fully numerical procedure breaks down if the dissociation rate
becomes extremely small, and, hence, we are unable to use it to obtain dissociation rates for MoS,/MoSe, and
MoS,/WS, in surroundings with (very) low screening for this field strength. It is therefore advantageous to have a
formula such as Eq. (7) when the fields become sufficiently weak.

In panel (b) of Fig. 6, we show the binding energies for the same excitons as functions of . They clearly follow
similar trends as the dissociation rates do, suggesting that binding energy has a significant impact on dissociation
rates. This is to be expected, as strongly bound excitons are harder to pull apart. It should, however, be noted that
the binding energy does not uniquely determine the dissociation rate. As an example, the interlayer excitons in
MoS,/MoSe, and MoS,/WS, have identical binding energies for surrounding media with x ~ 2.8. Nevertheless,
the dissociation rates are clearly different. In fact, several crossings are observed in the binding energies as a func-
tion of k whereas only one is found in the dissociation rates at 5 V/um. The origin is the different reduced exciton
masses. For no structure does ', nor .JIv/k contain any crossing forx € [1; 5]. However, JI k° crosses for MoS,/
WSe, and MoSe,/WSe,. This complicated behaviour suggests that, to obtain accurate estimates of interlayer exci-
ton dissociation rates, one must turn to either the weak-field approximation or make a full numerical
calculation.
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Figure 6. Dissociation rates (a) and binding energies (b) for interlayer excitons in six vd WHs as functions of
environment screening . In panel (a), the dots and solid lines represent the numerically exact and analytical
approximation Eq. (7), respectively. The inset shows the approximate and exact dissociation rates for interlayer
excitons in WS,/WSe, as a function of field strength.

Conclusion

In the present paper, we have studied binding energies, Stark shifts, and dissociation rates of interlayer excitons
in van der Waals heterostructures (vdWHs). The structures analysed are the six bilayer vdWHs with type-II band
alignment arising from combinations of MoS,, MoSe,, WS,, and WSe,. The bilayer excitons are described using
an analytical bilayer Keldysh potential, which we have verified for accuracy by comparing to the full solution
of the multilayer Poisson equation. Exciton binding energies, Stark shifts, and dissociation rates can therefore
readily be calculated using the analytical potential. We find interlayer exciton binding energies ranging from 256
to 280 meV for freely suspended structures and from 78 to 92 meV for heavily screened structures, making them
stable at room temperature. Furthermore, both the polarizabilities and dissociation rates found for these excitons
are much larger than their monolayer counterparts. For example, interlayer excitons in freely suspended MoS,/
WS, are found to dissociate at a rate of I & 1.7 x 10*s™! in a field strength of 10 V/um whereas monolayer MoS,
and WS, have I' & 5.3 x 1073 s and I ~ 2.7 x 10** 57!, respectively.

For moderate field strengths, intralayer exciton dissociation rates are significantly lower than the rate at which
such excitons tunnel into interlayer excitons. For this reason, interlayer exciton dissociation rates are the limiting
factor in generation of photocurrents at weak to moderate fields. Since optically excited excitons in one of the
layers tunnel to long-lived interlayer excitons on ultrafast timescales, bilayer vdWHs with favourable band offsets
may potentially serve as building blocks in efficient photocurrent devices. Finally, the numerically exact dissoci-
ation rates are compared to an analytical weak-field dissociation formula obtained from weak-field asymptotic
theory. A good agreement is found in the weak-field limit, and Eq. (7) therefore serves as a useful formula to
quickly estimate field induced dissociation rates of excitons in bilayer vdWHs for weak electric fields.

A Multilayer Poisson equation

We want to find the interaction between the two particles in the system represented by Fig. 2. For charges at z and
z with in-plane separation r, the interaction can be Fourier decomposed as

-V zz2) = % f ¢z, 25 g)et"d’q,
4m

(8)
where the Fourier components satisfy the Poisson equation
0 0
andz — 2) = |ge(z q) — —<(z 9)— oz, 25 q).
q q 0z q oz 12 q ©)
We take the dielectric function ¢ to be piecewise constant
g 2> d;
ep 0<z<d
ezg = | !
&, —d, <z<0
g 2< —d,, (10)

where d, and d, are the widths of the first and second layer, respectively. For z confined to the second layer, the
solution can be sought on the form
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A ¥
, 21 Aze—qz + Bzeqz
Yz 25 q) = — .
( ) q | Aye™® + Bye® + g, te 1|
B,e?, (11)
in the respective regions. The Fourier components can then be found analytically by solving the system of equa-
tions that arises from the boundary conditions. To describe charges confined to distinct layers, we fix the electron
and holetoz=d,/2andz = — d,/2, respectively. This leads to the interlayer exciton potential

woldy/2, — dy/2;5 q)

w(dy/2, —d,y/2;q) =

Eerr (4) ’ (12)
where
' 27 —|z—z1q
Po(2259) = —e
G20 (13)
is the bare interaction. The effective dielectric function is given by
A
(@) = ﬂ
B(q) (14)
with
Al = A=l +een) + U+ e (e’ + 620, (15)
B(@) = 201 — ¢ Mg, + (1 +e M) x [(1+ePe, + (1 e Mgy, (16)
where
fyi = (1% e72‘12q)g2 + 1 F eiZdzq)ab. (17)

This effective dielectric function tends to (¢, + ¢,)/2 for g — 0 and to (g, + &,)/2 for g — o0, as expected. The
dielectric function describing charges confined to the same layer may be obtained in a similar manner by placing

both charges at z = — d,/2. The interaction in real space can then be obtained as the inverse Fourier transform
oo g2l
vy = [k,
0 Eerr(9) (18)

For the dielectric constants, we have used the static in-plane dielectric constants calculated from first principles
inref. 7!,

Received: 1 February 2020; Accepted: 12 March 2020;
Published online: 26 March 2020

References
1. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306, 666669 (2004).
2. Wang, Q. H., Kalantar-Zadeh, K., Kis, A., Coleman, J. N. & Strano, M. S. Electronics and optoelectronics of two-dimensional
transition metal dichalcogenides. Nat. Nanotechnol 7, 699 (2012).
. Geim, A. K. & Grigorieva, I. V. Van der waals heterostructures. Nature 499, 419 (2013).
4. Mak, K. E, Lee, C., Hone, ], Shan, J. & Heinz, T. F. Atomically thin mos, : A new direct-gap semiconductor. Phys. Rev. Lett. 105,
136805 (2010).
5. Splendiani, A. et al. Emerging photoluminescence in monolayer mos2. Nano Lett. 10, 1271-1275 (2010).
6. Ramasubramaniam, A. Large excitonic effects in monolayers of molybdenum and tungsten dichalcogenides. Phys. Rev. B 86, 115409
(2012).
7. Tongay, S. et al. Defects activated photoluminescence in two-dimensional semiconductors: interplay between bound, charged, and
free excitons. Sci. Rep. 3,2657 (2013).
8. Qiu, D. Y, daJornada, F. H. & Louie, S. G. Optical spectrum of mos, : Many-body effects and diversity of exciton states. Phys. Rev.
Lett. 111, 216805 (2013).
9. Gutiérrez, H. R. et al. Extraordinary room-temperature photoluminescence in triangular ws2 monolayers. Nano Lett. 13, 3447-3454
(2013).
10. Mouri, S., Miyauchi, Y. & Matsuda, K. Tunable photoluminescence of monolayer mos2 via chemical doping. Nano Lett. 13,
5944-5948 (2013).
11. Scheuschner, N. et al. Photoluminescence of freestanding single- and few-layer mos,. Phys. Rev. B 89, 125406 (2014).
12. Wang, H., Zhang, C., Chan, W,, Tiwari, S. & Rana, E. Ultrafast response of monolayer molybdenum disulfide photodetectors. Nat.
Commun. 6, 8831 (2015).
13. Lopez-Sanchez, O., Lembke, D., Kayci, M., Radenovic, A. & Kis, A. Ultrasensitive photodetectors based on monolayer mos2. Nat.
Nanotechnol 8, 497 (2013).
14. Yin, Z. et al. Single-layer mos2 phototransistors. ACS Nano 6, 74 (2012).

w

SCIENTIFIC REPORTS |

(2020) 10:5537 | https://doi.org/10.1038/s41598-020-62431-y


https://doi.org/10.1038/s41598-020-62431-y

www.nature.com/scientificreports/

15.
16.
17.
18.
19.
20.
21.

22.
23.

24,

25.

26.

27.

28.

29.
30.

31

33.
34,

35.
36.

37.

45.
46.
47.

48.

54.
55.

56.
. Trolle, M. L., Pedersen, T. G. & Véniard, V. Model dielectric function for 2d semiconductors including substrate screening. Sci. Rep.

58.
59.

60.
61.

62.
63.

64.

Ross, J. S. et al. Electrically tunable excitonic light-emitting diodes based on monolayer wse2 p-n junctions. Nat. Nanotechnol 9, 268
(2014).

Pospischil, A., Furchi, M. M. & Mueller, T. Solar-energy conversion and light emission in an atomic monolayer p-n diode. Nat.
Nanotechnol 9, 257 (2014).

Withers, E et al. Light-emitting diodes by band-structure engineering in van der waals heterostructures. Nat. Mater. 14, 301 (2015).
Lopez-Sanchez, O. et al. Light generation and harvesting in a van der waals heterostructure. ACS Nano 8, 3042 (2014).

Bernardi, M., Palummo, M. & Grossman, J. C. Extraordinary sunlight absorption and one nanometer thick photovoltaics using two-
dimensional monolayer materials. Nano Lett. 13, 3664 (2013).

Trolle, M. L., Tsao, Y.-C., Pedersen, K. & Pedersen, T. G. Observation of excitonic resonances in the second harmonic spectrum of
mos,. Phys. Rev. B92, 161409 (2015).

Olsen, T., Latini, S., Rasmussen, F. & Thygesen, K. S. Simple screened hydrogen model of excitons in two-dimensional materials.
Phys. Rev. Lett. 116, 056401 (2016).

Chernikov, A. et al. Exciton binding energy and nonhydrogenic rydberg series in monolayer ws,. Phys. Rev. Lett. 113, 076802 (2014).
Hanbicki, A., Currie, M., Kioseoglou, G., Friedman, A. & Jonker, B. Measurement of high exciton binding energy in the monolayer
transition-metal dichalcogenides ws? and wse?. Solid State Commun 203, 16-20 (2015).

Palummo, M., Bernardi, M. & Grossman, J. C. Exciton radiative lifetimes in two-dimensional transition metal dichalcogenides.
Nano Lett. 15,2794 (2015).

Poellmann, C. ef al. Resonant internal quantum transitions and femtosecond radiative decay of excitons in monolayer wse2. Nat.
Mater. 14, 889 (2015).

Wang, H. et al. Radiative lifetimes of excitons and trions in monolayers of the metal dichalcogenide mos,. Phys. Rev. B 93, 045407
(2016).

Pedersen, T. G., Latini, S., Thygesen, K. S., Mera, H. & Nikoli¢, B. K. Exciton ionization in multilayer transition-metal
dichalcogenides. New J. Phys. 18, 073043 (2016).

Haastrup, S., Latini, S., Bolotin, K. & Thygesen, K. S. Stark shift and electric-field-induced dissociation of excitons in monolayer
mos, and hBN/mos, heterostructures. Phys. Rev. B 94, 041401 (2016).

Massicotte, M. et al. Dissociation of two-dimensional excitons in monolayer wse2. Nat. Commun. 9, 1633 (2018).

Kamban, H. C. & Pedersen, T. G. Field-induced dissociation of two-dimensional excitons in transition metal dichalcogenides. Phys.
Rev. B100, 045307 (2019).

. Hong, X. et al. Ultrafast charge transfer in atomically thin mos2/ws2 heterostructures. Nat. Nanotechnol 9, 682 (2014).
32.

Chen, H. et al. Ultrafast formation of interlayer hot excitons in atomically thin mos2/ws2 heterostructures. Nat. Commun. 7, 12512
(2016).

Miller, B. et al. Long-lived direct and indirect interlayer excitons in van der waals heterostructures. Nano Lett. 17, 5229-5237 (2017).
Kunstmann, J. et al. Momentum-space indirect interlayer excitons in transition-metal dichalcogenide van der waals heterostructures.
Nat. Phys 14, 801 (2018).

Merkl, P. et al. Ultrafast transition between exciton phases in van der waals heterostructures. Nat. Mater. 18, 691 (2019).

Fogler, M. M., Butov, L. V. & Novoselov, K. S. High-temperature superfluidity with indirect excitons in van der waals
heterostructures. Nat. Commun. 5, 4555 (2014).

Rivera, P. et al. Observation of long-lived interlayer excitons in monolayer mose2-wse2 heterostructures. Nat. Commun. 6, 6242
(2015).

. Rivera, P. et al. Valley-polarized exciton dynamics in a 2d semiconductor heterostructure. Science 351, 688-691 (2016).

. Nagler, P. et al. Interlayer exciton dynamics in a dichalcogenide monolayer heterostructure. 2D Mater 4, 025112 (2017).

. Jin, C. et al. Imaging of pure spin-valley diffusion current in ws2-wse2 heterostructures. Science 360, 893-896 (2018).

. Salpeter, E. E. & Bethe, H. A. A relativistic equation for bound-state problems. Phys. Rev. 84, 1232-1242 (1951).

. Onida, G., Reining, L. & Rubio, A. Electronic excitations: density-functional versus many-body green’s-function approaches. Rev.

Mod. Phys. 74, 601-659 (2002).

. Wannier, G. H. The structure of electronic excitation levels in insulating crystals. Phys. Rev. 52, 191-197 (1937).
. Lederman, F. L. & Dow, J. D. Theory of electroabsorption by anisotropic and layered semiconductors. i. two-dimensional excitons in

a uniform electric field. Phys. Rev. B 13, 1633-1642 (1976).

Latini, S., Olsen, T. & Thygesen, K. S. Excitons in van der waals heterostructures: The important role of dielectric screening. Phys.
Rev. B92,245123 (2015).

Cudazzo, P., Attaccalite, C., Tokatly, I. V. & Rubio, A. Strong charge-transfer excitonic effects and the bose-einstein exciton
condensate in graphane. Phys. Rev. Lett. 104, 226804 (2010).

Cudazzo, P, Tokatly, I. V. & Rubio, A. Dielectric screening in two-dimensional insulators: Implications for excitonic and impurity
states in graphane. Phys. Rev. B 84, 085406 (2011).

Pedersen, T. G. Exciton stark shift and electroabsorption in monolayer transition-metal dichalcogenides. Phys. Rev. B 94, 125424
(2016).

. Wang, E et al. Tuning coupling behavior of stacked heterostructures based on mos2, ws2, and wse2. Sci. Rep. 7, 44712 (2017).

. Kormanyos, A. et al. k-ptheory for two-dimensional transition metal dichalcogenide semiconductors. 2D Mater 2, 022001 (2015).

. Simon, B. The definition of molecular resonance curves by the method of exterior complex scaling. Phys. Lett. 71,211-214 (1979).
. McCurdy, C. W,, Stroud, C. K. & Wisinski, M. K. Solving the time-dependent schrodinger equation using complex-coordinate

contours. Phys. Rev. A 43, 5980-5990 (1991).

. Rescigno, T. N. & McCurdy, C. W. Numerical grid methods for quantum-mechanical scattering problems. Phys. Rev. A 62, 032706

(2000).

McCurdy, C. W., Baertschy, M. & Rescigno, T. N. Solving the three-body coulomb breakup problem using exterior complex scaling.
J. Phys. B 37, R137 (2004).

Abramowitz, M. & Stegun, 1. (eds.) Handbook of Mathematical Functions, With Formulas, Graphs, and Mathematical Tables (Dover,
New York, 1972).

Keldysh, L. Coulomb interaction in thin semiconductor and semimetal films. JETP Lett 29, 658 (1979).

7,39844 (2017).

Van der Donck, M. & Peeters, F. M. Interlayer excitons in transition metal dichalcogenide heterostructures. Phys. Rev. B 98, 115104
(2018).

Berman, O. L. & Kezerashvili, R. Y. Superfluidity of dipolar excitons in a transition metal dichalcogenide double layer. Phys. Rev. B
96, 094502 (2017).

Ovesen, S. et al. Interlayer exciton dynamics in van der waals heterostructures. Commun. Phys. 2,23 (2019).

Meckbach, L., Huttner, U., Bannow, L. C., Stroucken, T. & Koch, S. W. Interlayer excitons in transition-metal dichalcogenide
heterostructures with type-II band alignment. J. Phys. Condens. Matter 30, 374002 (2018).

Gillen, R. & Maultzsch, . Interlayer excitons in mose,/wse, heterostructures from first principles. Phys. Rev. B97, 165306 (2018).
Torun, E., Miranda, H. P. C., Molina-Sanchez, A. & Wirtz, L. Interlayer and intralayer excitons in mos,/ws, and mose,/wse,
heterobilayers. Phys. Rev. B 97, 245427 (2018).

Deilmann, T. & Thygesen, K. S. Interlayer trions in the mos2/ws2 van der waals heterostructure. Nano Lett. 18, 1460-1465 (2018).

SCIENTIFIC REPORTS |

(2020) 10:5537 | https://doi.org/10.1038/s41598-020-62431-y


https://doi.org/10.1038/s41598-020-62431-y

www.nature.com/scientificreports/

65. Gong, C. et al. Band alignment of two-dimensional transition metal dichalcogenides: Application in tunnel field effect transistors.
Appl. Phys. Lett. 103, 053513 (2013).

66. Komsa, H.-P. & Krasheninnikov, A. V. Electronic structures and optical properties of realistic transition metal dichalcogenide
heterostructures from first principles. Phys. Rev. B 88, 085318 (2013).

67. He, J., Hummer, K. & Franchini, C. Stacking effects on the electronic and optical properties of bilayer transition metal
dichalcogenides mos,, mose,, ws,, and wse,. Phys. Rev. B 89, 075409 (2014).

68. Pedersen, T. G., Mera, H. & Nikoli¢, B. K. Stark effect in low-dimensional hydrogen. Phys. Rev. A 93, 013409 (2016).

69. Dalgarno, A., Lewis, J. T. & Bates, D. R. The exact calculation of long-range forces between atoms by perturbation theory. Proc. R.
Soc. London, Ser. A 233,70-74 (1955).

70. Tolstikhin, O. I, Morishita, T. & Madsen, L. B. Theory of tunneling ionization of molecules: Weak-field asymptotics including dipole
effects. Phys. Rev. A 84, 053423 (2011).

71. Laturia, A., Van de Put, M. L. & Vandenberghe, W. G. Dielectric properties of hexagonal boron nitride and transition metal
dichalcogenides: from monolayer to bulk. NPJ 2D Mater. Appl. 2, 6 (2018).

Acknowledgements

The authors gratefully acknowledge financial support from the Center for Nanostructured Graphene (CNG),
which is sponsored by the Danish National Research Foundation, Project No. DNRF103. Additionally, T.G.P. is
supported by the QUSCOPE Center, sponsored by the Villum Foundation.

Author contributions
H.C.K. initiated the work, performed all calculations, and prepared the initial manuscript. T.G.P. assisted in
solving the Poisson equation. H.C.K. and T.G.P. analysed the results and prepared the final manuscript.

Competing interests
The authors declare no competing financial interest.

Additional information
Correspondence and requests for materials should be addressed to H.C.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:5537 | https://doi.org/10.1038/s41598-020-62431-y


https://doi.org/10.1038/s41598-020-62431-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

