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Large excitonic effect on van der Waals interaction
between two-dimensional semiconductors

Jiabao Yang, Xiaofei Liu @ * and Wanlin Guo @

An exceptionally large excitonic effect on the van der Waals (vdW) interaction between two-dimensional

semiconductors is unraveled using the Lifshitz theory in conjunction with the ab initio GW plus Bethe-

Salpeter equation formalism. Upon consideration of the electron—hole interaction, the vdW energy

between two atomistic layers separated by 10 000 angstroms can be larger by a ratio of ~30%, which is
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All entities in the vacuum are coupled by the zero-point energy
of quantum fluctuations of an electromagnetic field, even if
they are electrically neutral. The force felt by the entities, often
called the Casimir force or van der Waals (vdW) force, relies
on materials’ electric and magnetic properties. The dispersion
energy per area between parallel semi-infinite surfaces (or
finite-thickness plates) of an ideal metal was derived by
Casimir to be a power function of distance, U(d) = —(x*hc)/
720d°," where h and c are the Planck constant and velocity of
light, respectively. For semi-infinite surfaces of a realistic
material, the energy-distance relation first given by Lifshitz>
has one additional scaling constant depending on the
material’s dielectric and magnetic properties. Another impor-
tant factor enters into the dispersion interaction is the geome-
try of the coupled entities. As has long been cognized, the dis-
persion energies between semi-infinite surfaces, spheres, and
cylinders are related to the distance by power functions with
different exponents.®

The dispersion interaction is particularly important for two-
dimensional (2D) materials free from interlayer covalent
bonding,"® crucially dominating many of the fundamental
processes of 2D materials, including crystallization from ato-
mistic layers into bulk counterparts, fabrication of vdwW
hetero-structures, dispersion of flakes in solutions, and
mechanical coupling with an underlying substrate.®™?
Generally, 2D materials can be seen as finite-thickness dielec-
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an order of magnitude greater than that seen for semi-infinite silicon surfaces. The large influence of the
short-range electron—hole interaction on the long-range effect of quantum fluctuations is rooted in the
ultra-thin nature of two-dimensional semiconductors which results in not only large exciton binding
energy but also amplified roles of low-frequency dielectric responses.

tric plates and a plate-like dispersion interaction between
them can be anticipated from the Lifshitz theory.”'*'
However, unlike macroscopic plates, the geometry and dielec-
tric response of 2D materials are non-trivial. With a thickness
of only one atom (e.g. graphene and 4-BN monoatomic layers)
or a few atoms (e.g. transition-metal dichalcogenide mono-
layers), they are the thinnest crystalline materials in nature.
With the dielectric responses being confined to a 2D or quasi-
2D plane,"® they exhibit novel physical properties associated
with electron-electron and electron-phonon interactions.'®"”

The exceptionally strong Coulomb interaction of electron-
hole (e-h) pairs is arguably one of the most remarkable charac-
teristics of 2D materials."® 2 As illustrated in Fig. 1a, the elec-
tric field lines of monopoles can be extended to the vacuum
outside a 2D material, making the Coulomb interaction of e-h
pairs less effectively screened.’® As such, the exciton binding
energy in 2D semiconductors (or insulators) can be up to a
quarter of the bandgap value,'*° being far greater than those
in typical three-dimensional semiconductors.>® An ensuing
consequence of the strong e-h interaction is the shrinkage of
the optical gap relative to the quasiparticle gap and a consider-
able modulation of the optical absorption spectrum.** Since
the dispersion interaction is largely determined by materials
geometry and dielectric response, several intriguing questions
arise: could the long-range dispersion interaction between 2D
semiconductors be influenced by the short-range Coulomb
interaction of e-h pairs usually with a radius of a few ang-
stroms? If so, to what extent could the dispersion interaction
be affected by the excitonic effect? Should the excitonic effect
for 2D semiconductors be similar to that for bulk
semiconductors?

To answer the questions, we systematically study the exci-
tonic effect on the dispersion interactions of representative 2D
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Fig. 1 (a) Schematic illustration of parallel h-BN monolayers separated
by the vacuum and the e-h interaction in the monolayers. (b) vdW
energy per area as a function of inverse distance for the h-BN-h-BN
and h-BN-bulk Si systems, calculated with the optical absorption
spectra taking into account the e—h interaction. The insets show the
models used in calculations. d' is equal to d + t and d + 0.5t for the
h-BN-h-BN and h-BN-bulk Si systems, respectively. The E — 1/d’ curves
in the distance range from 50 to 10 000 A are fitted by the power func-
tions with an exponent of 3.8 and 2.9, respectively. The Chi-square tol-
erance for the fitting is set to 1 x 107°. The fitted results are visualized
with the red dashed curves.

semiconductors, including hexagonal graphene-like monoa-
tomic layers,>*>* transition-metal dichalcogenide monolayers
of 2H phase,”?® and functionalized graphene-like
materials.””*® Qur attention is focused on the excitonic effect
for parallel 2D semiconductors with an interlayer spacing
much shorter than the vdW limit, for which the retardation
effect can be neglected and the dispersion interaction is
simply the vdW interaction.”® 1t is found that the excitonic
effect for 2D semiconductors is exceptionally large compared
with that for semi-infinite silicon surfaces. Moreover, the
modulation of vdW energy between 2D semiconductors by the
e-h interaction is distance-dependent, in contrast to the dis-
tance-independent effect for semi-infinite surfaces. The
mechanisms for both the large excitonic effect and the dis-
tance-dependence are rationalized by analyzing the vdwW
energy contributions from individual Matsubara terms. We
also investigate a more experimentally relevant system consist-
ing of an A-BN monolayer and a semi-infinite silicon surface,
where the excitonic effect is significantly weakened but still
much stronger than that for the bulk. Finally, a correlation
between the excitonic effect on the long-range vdW energy and
that on the static dielectric function is revealed.
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In the pioneering work by Hopkins et al., the excitonic
effect on the vdW interaction of amorphous silica was studied
via the Lifshitz theory,® with the variation of dielectric
response due to the e-h interaction being modeled by an
addition of an exciton peak in the one-electron optical spec-
trum. For a deeper understanding of the excitonic effect on the
vdW interaction between 2D semiconductors, we resort to a
different strategy, namely the Lifshitz theory in conjunction
with the ab initio GW plus Bethe-Salpeter equation (BSE) form-
alism.*' As will be discussed below, the application of first-
principles optical absorption spectra results in distinctive exci-
tonic effects that cannot be captured by the manual addition
of an exciton peak. It should also be noted that wave-function-
based methods such as the coupled-cluster theory®* can take
into account the excitonic effect on the correlation energy in a
fully ab initio manner but the computational costs of these
methods are unaffordable for the long-range vdW interaction.

The frequency-dependent dielectric functions were calcu-
lated using the many-body perturbation theory. First, the
mean-filed orbitals and energies were calculated by using
density functional theory with local density approximation and
norm-conserving pseudopotentials, as implemented in
QUANTUM ESPRESSO0.**** Second, the quasi-particle energies
were computed with the one-shot GOWO approach using
BERKELEYGW.?® Lastly, the optical absorption spectra taking
into account the e-h interaction were calculated by solving the
Bethe-Salpeter equation (BSE).*® To calculate the inverse
dielectric matrices, a large number of bands were applied with
a specific numbers depending on the material. For example,
656 and 896 bands were used for the A-BN and 2H-MoS,
monolayers, respectively. The applied large band numbers are
crucial to the convergence of calculations, since 2D materials
are challenging systems for the GW-BSE.?” With respect to the
moment space sampling, coarse and fine grids were adopted
for the calculation of inverse dielectric matrices and optical
absorption spectra, respectively (e.g. 15 x 15 x 1 and 30 x 30 x
1 for A-BN). In all calculations, a periodic cell with a thickness
of 25 A was used to avoid any fictitious interaction between
neighboring images. Since the output optical absorptance is
an average for the monolayer and the surrounding vacuum,?®
the imaginary part of the dielectric function was rescaled by a
multiplication coefficient L/¢, where L is the thickness of the
vacuum slab and ¢ is the effective thickness of the monolayer.
In this work, ¢ was set to be the sum of the distance between
the top and bottom atomic planes and the diameters of surfi-
cial atoms (all assumed to be 1 A to avoid artifacts varying
among materials). We note that the electron-phonon inter-
action that can broaden the absorption edge®® and the intrin-
sic defects of the material that can modify the absorption
spectra’®*? were not considered here owing to the large com-
putational cost.

The Lifshitz formula as introduced in the textbook of
Parsegian® is applied to evaluate the vdW energies between
parallel 2D semiconductors, between an #-BN monolayer and a
semi-infinite silicon surface, and between parallel semi-infi-
nite silicon surfaces. As illustrated in Fig. 1b, the 2D semi-
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conductors are considered as uniform dielectric plates with an
effective thickness defined above. The dielectric function
along the imaginary frequency axis is obtained from the
optical absorption spectrum via the Kramers-Kronig (KK)
transform,

) 2 e rr(
e)=1+—-| ————
(g =1+7[

where ¢” is the imaginary part of the dielectric function along
the real frequency axis. Taking parallel homogeneous 2D semi-
conductors separated by a distance of d as an example, the
vdW energy per unit area can be expressed as

kT

(@) = o > | nl— e 0B (e, e

N=0

Here, kg is the Boltzmann constant, x is the modulus of the
wave vector in the in-plane direction, the temperature 7T is set

2d. /e
to 298 K, the lower limit of the integral ry is %Hm
2nkg TN

&y, and

the Matsubara frequencies &y can be with N being

non-negative integers. The prime on the summation sign
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means that the contribution from the zero-frequency term is
multiplied by 1/2. The reflection coefficient on the plate-
vacuum interface in the above equation reads

—eff 1 — e—Xilt/d)

A = By
zm() Zml—Z?me*xf(t/d)

2
X2 = xm? + (Zdﬁ) (i —

c

=4, B,

where one has Aj, :w,
Xmé&i + Xi€m
em) and x;, = x.

Fig. 2a-c show the optical absorption spectra of the #-BN,
MoS, monolayers, and bulk silicon, respectively. Apparently,
the e-h interaction induces red-shifts of the lowest absorp-
tion peaks in all the materials. For the 2-BN and MoS, mono-
layers, the absorption edges are shifted from 7.38 to 5.32 eV
and from 2.85 to 1.93 eV, respectively, in good accordance
with previous reports.’”*** In the case of silicon, the absorp-
tion edge is red-shifted to a much smaller extent of 0.11 eV.
These results verify again that the e-h interaction in 2D semi-
conductors is much stronger than that in typical bulk semi-
conductors. The repetitious details of the optical absorption
spectra for other 2D semiconductors are provided in Fig. S1
of ESIf and will not be discussed, as the large exciton
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Fig. 2

(a—c) Optical absorption spectra of the h-BN, 2H-MoS, monolayers, and bulk silicon, calculated both with and without the e—h interaction.

(d—f) Dielectric functions as a function of the imaginary Matsubara frequency for the corresponding materials.

This journal is © The Royal Society of Chemistry 2020
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binding energy in 2D materials has been a subject of
immense research.

Fig. 2e and f present the dielectric function along the
imaginary frequency axis that directly enters into the
Lifshitz formula. Interestingly, the e-h interaction exerts
qualitatively similar effects on the dielectric functions of
the A-BN, MoS, monolayers, and bulk silicon, regardless of
the different dimensionalities. As one might expect, the
dielectric functions at zero and low frequencies are
enhanced by the e-h interaction. Specifically, the ratio of
the static dielectric function with the e-h interaction to that
without, &g en/€0 noeh, 1S 1.39 and 1.21 for the #-BN and
MoS, monolayers, respectively. For silicon, the e-h inter-
action also induces an appreciable effect with €y en/€p_noen =
1.09, even though the exciton binding energy in silicon is
an order of magnitude smaller than that in 2D semi-
conductors. This is not surprising if one notices that the
first absorption peak of silicon is not only moderately red-
shifted but also significantly enhanced in amplitude. The
enhancement of the static dielectric function can be well
rationalized by the KK transformation. At zero or low fre-
quencies, the KK relationship can be approximated as

2 J°° e"(wr)
0

e(if) = 1 o dog. Then, a red-shift of the absorp-

WR
tion peak without change of the profile will certainly
increase the dielectric function.

The excitonic effect on the dielectric function turns from
positive to negative at higher imaginary frequencies. For brief-
ness of discussion, the critical Matsubara number at which the
dielectric function remains unchanged is denoted as N.. The
observed frequency-dependent excitonic effect on the dielectric
function can also be rationalized by the KK transformation.
With a frequency far exceeding the energy window of optical
absorption, the KK relationship can be reduced to

o 2 [* wre"(wr)
8(15) ~1 +EJO T
tric function upon a red-shift of the absorption peak without
change of the profile. Thus, the increase and decrease of
dielectric function at low and high frequencies due to the e-h
interaction are a consequence of the causality. It should be
mentioned that the addition of an exciton peak in the optical
spectrum by Hopkins et al. predicted enhanced dielectric
responses in the whole imaginary frequency range,*® deviating
from the first-principles results.

We first look into the vdW energy-distance relations in the
2D, 2D-bulk hybrid, and bulk systems. As shown in Fig. 1b, the
E — 1/d’ curve for parallel 2-BN monolayers with a distance
ranging from 50 to 10 000 A can be well fitted by a power func-
tion, though with a non-integer exponent of 3.8. The slight
deviation from the fourth power function of ideal 2D semi-
conductors (or insulators)** could be associated with the finite
thickness of realistic materials. For the 2D-bulk hybrid system
consisting of #-BN and silicon, the fitted power function of the
E — 1/d' curve has a non-integer exponent of 2.9, deviating
from the third power function of an ideal 2D-bulk hybrid
system. On the other hand, the fitted E — 1/d curve for parallel

dwg, indicating a decrease of dielec-
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Fig. 3 Effect of the e—h interaction on the vdW interactions between
parallel h-BN monolayers, between an h-BN monolayer and a semi-
infinite silicon surface, and between parallel semi-infinite silicon
surfaces.

semi-infinite silicon surfaces rigorously obeys a power function
with an exponent of 2 (see Fig. S2 of ESIY).

We proceed to examine the excitonic effect on the vdwW
energy by comparing the ratios (Een, — Enoen)/Een in Fig. 3,
where E., and E,.., are calculated from the dielectric func-
tions with and without the e-h interaction, respectively. For
parallel 2-BN monolayers, E., is always larger in magnitude
than E,..n in the whole considered distance range. At a dis-
tance shorter than the near-equilibrium spacing (d = 1.7 A),
(Eeh — Enoen)/Een is rather small (2.7%), which could be irrele-
vant to experimental measurements. The excitonic effect sig-
nificantly enhances with distance, with (Ecp, — Enoen)/Een being
increased up to 19.2% at d = 50 A. In the distance range from
50 to 10000 A, (Eeh — Enoen)/Een increases much moderately,
approaching 24.0% at d = 10 000 A. These results are in good
agreement with a previous work by Hobbie et al., where the
experimentally measured excitonic peaks are responsible for a
5% enhancement of vdW interaction between semiconducting
single-walled carbon nanotubes (SWNTs).*> Remarkably, the
excitonic effect on the long-range vdW interaction between 2D
semiconductors is more pronounced than that reported for
the SWNTs.

To elucidate the mechanism of the distance-dependent
excitonic effect, we depict in Fig. 4a the relative contributions
from individual Matsubara terms to the total vdW energy,
En en/Een, as a function of Matsubara frequency. The relative
contribution is the highest at the first non-zero Matsubara fre-
quency and then decreases with N. Although the contributions
from varying frequencies are uneven, all the Matsubara terms
are non-negligible relative to the total vdW energy. For
instance, Ey en/Een and Esg en/Een at d = 4.7 A are 1.8% and
0.75%, respectively. Notably, the relative contributions vary
with distance. As d is increased to 40.7 or 4000.7 A, E; en/Een is
increased to 2.4% or 2.7%, respectively, but Esq en/Een iS
decreased instead. In brief, the role of low-frequency
Matsubara terms is amplified in the long-range vdW inter-
action between 2D semiconductors. A more direct explanation

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a, b) Relative contributions from individual Matsubara terms to the total vdW energy for the h-BN-h-BN, bulk Si-bulk Si, and h-BN-bulk Si
systems with varying distances. (c, d) Ratios of the vdW energy differences at individual Matsubara frequencies to the total vdW energy difference.

for the distance-dependence can be obtained by plotting the
contribution of the energy difference by individual Matsubara
terms to the total vdW energy difference, (Ex_en — En_noen)/|
Eeh — Enoen|. On the ground of intuition, an increased dielec-
tric function will lead to an increased vdW energy and vice
versa. Indeed, as illustrated in Fig. 4c, the excitonic effects by
the Matsubara terms on the two sides of the critical frequency
N. (51 for h-BN) are positive and negative, respectively. Since
the negative effects from the high-frequency terms diminish
with distance, the overall positive effect is enhanced.

The vdW interaction between two silicon semi-infinite sur-
faces can also be affected by the e-h interaction but to a much
smaller extent. As shown in Fig. 3a, (Ecp, — Enoen)/Een for silicon
is distance-independent and estimated to be —2.5%, which is
an order of magnitude smaller than that for the long-range
interaction between parallel 2-BN monolayers. Considering the
enhanced static dielectric response of silicon due to the e-h
interaction, the negative excitonic effect is peculiar. This coun-
terintuitive observation can be understood from the negative
effects of Matsubara frequencies higher than the critical fre-
quency (N. = 28 for silicon). Different from the A-BN case
where the absolute values of the vdW energy differences Ex_cp
— Ex_noen at the lowest frequencies are much larger than those
at frequencies higher than N, the negative Egqo_ e — Es0_noch
for silicon is comparable in magnitude to the positive E; ., —
E1 noen (Fig. 4d). It should be underscored that neither the
overall negative excitonic effect for silicon nor the negative
effects of the high-frequency terms for 2D semiconductors
could be captured by the manual addition of an exciton peak.

The large excitonic effect for 2-BN monolayers in compari-
son with the weak effect for semi-infinite silicon surfaces can

This journal is © The Royal Society of Chemistry 2020

be rationalized from two aspects. First, the large exciton
binding energy in the 2D semiconductors results in a greater
enhancement of low-frequency dielectric response (in terms of
percentage). Resultantly, (Ex_cn — En_noeh)/(Eeh — Enoen) Of low-
frequency terms for parallel 2D semiconductors, even with a
short distance (e.g. 4.7 A), is higher than that for silicon
(Fig. 4c and d). Second, because of the ultra-thin nature of 2D
semiconductors, the positive contributions from the low-fre-
quency terms are amplified in the long range, whereas those
for silicon are distance-independent.

To see whether the large excitonic effect is universal, we cal-
culate (Ecp Enoen)/Eenn for 24 representative 2D semi-
conductors and 4 hetero-bilayers. Despite the distinctive
crystal structures, different electronic properties, and varying
chemical compositions, the excitonic effect is pronounced in
all the 2D materials and five features can be outlined from
Fig. 5a-f and Fig. S3 of ESL.{ First, the effect is pronounced for
the long-range vdW interactions; especially, (Ee, — Enoen)/Eeh
for SiC and CrO, monolayers can be up to 30% at d = 10 000 A.
Second, the effect in short ranges can be negative for some 2D
semiconductors (SiC, GeC, CrO,, SiF, and SiH). Third, the
effect is always positive at larger distances (e.g. d > 100 A).
Fourth, the relative modulation of the vdW energy by the e-h
interaction can be non-monotonic, e.g. for GaS, GaSe and most
MX,. Lastly, hetero-bilayers of 2D semiconductors exhibit
similar excitonic effects. The versatility of the excitonic effect is
a joint result of all the Matsubara terms, rooted in the non-
local connection of the dielectric response with the vdW
interaction.>®

A more experimentally relevant system considered in this
study consists of an #-BN monolayer suspended above a semi-

Nanoscale, 2020, 12, 12639-12646 | 12643
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infinite silicon substrate, which is in close relation to mechani-
cal resonators of 2D materials."®"” The excitonic effect is sig-
nificantly weakened in the 2D-bulk hybrid system, with (E., —
Enoen)/Een of 5.6% at d = 10 000 A (Fig. 3). Based on the above
analysis, it can be concluded that the weakened effect is due to
the interplay between the positive effect of 2-BN and negative

effect of silicon. Nevertheless, the excitonic effect for the
hybrid system is still more pronounced than that for the bulk.
Finally, we seek the correlation between the excitonic effect
on the long-range vdW interaction and the fundamental pro-
perties of 2D semiconductors. A rather good linear correlation
between Ecn/Encen and &g en/€o_noenh can be figured out from
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Fig. 6 (a) Correlation of Een/Encen at d = 10 000 A with £5_en/€0_noen in the representative 2D semiconductors. ¢, denotes the static dielectric con-
stant and the sub-label tells whether the e—h interaction is considered. (b) Correlation of ¢g_en/€0_noen With the ratio of absorption edge energies,
Egap_en/Egap_noen. Egap is the energy level of the absorption edge. (c) Correlation of Een/Enoen at d = 10 000 A with Egap_en/Egap_noeh-
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Fig. 6a. Namely, a larger excitonic effect on the static dielectric
function is usually associated with a larger effect on the vdW
energy. This correlation is straightforward since the low-fre-
quency Matsubara terms are dominant in the long-range vdW
interaction. A correlation between &y en/€y noen and the ratio of
absorption edge energies Egap ch/Egap_noeh €an also be observed
(Fig. 6b), which is consequential as the polarizability of 2D
semiconductors is inversely proportional to the bandgap.*°
The &y _ch/€0_noeh — Egap_eh/Egap_noeh Ielation, however, is much
looser, perhaps due to the distinctive crystal structures of con-
sidered materials. Despite the two apparent correlations, we
cannot figure out a robust link between Eep/Enoen and Egap en/
Egap_noen from Fig. 6c¢.

Whereas the importance of vdW interaction in 2D materials
with near-equilibrium interlayer distances has been extensively
studied and well recognized,*®*° the practical meaning of the
vdW interaction in 2D materials with large distances is largely
overlooked. To clarify this point, we evaluate the vdW pressure
exerted on the A-BN monolayer in the 42-BN-A-BN and /-BN-
bulk Si systems, both with a distance of 50 A. The vdw
pressure in the A-BN-A-BN system is estimated to be 0.17
times the barometric pressure (atm), while that in the 4-BN-
bulk Si system is 1.1 atm. Thus, the long-range vdW interaction
and the revealed excitonic effect indeed have an influence on
the physical and mechanical performances of these systems.
For instance, the mechanical deformation of a 2D monolayer
should be determined jointly by the vdW pressure and the gas
pressure when it is supported by a perforated substrate and
used as a molecule sieve.’*>?

In conclusion, we have systematically investigated the exci-
tonic effect on the van der Waals interaction between 2D semi-
conductors by using the Lifshitz theory in conjunction with
the GW plus Bethe-Salpeter equation formalism. The excitonic
effect for 2D semiconductors is found to be exceptionally
large, being an order of magnitude greater than that for bulk
silicon, owing to the ultra-thin nature that leads to not only
large exciton binding energy but also amplified roles of low-
frequency dielectric responses. These findings shed new light
on the coupling between the short-range electron-hole inter-
action and long range-effect of quantum fluctuations and
should be instrumental in the design of low-dimensional
electro-mechanical devices.
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