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Heterogeneous stacks of two-dimensional transition-metal dichalcogenides can be arranged so as
to have a type-II band alignment, where the valence band maximum and the conduction band min-
imum are located on different layers. These structures can host long-living inter-layer excitons with
inhibited charge recombination and enhanced charge-carrier separation. Inter-layer excitons appear
as photoluminescence peaks below the band gap, but not in absorption experiments, indicating that
they may form after and not during absorption. In order to quantify the inter-layer component of
the absorption spectra of such heterostructures, we perform first-principles calculations of the layer-
decomposed dielectric function of the HfS; /PtS2 hetero-bilayer. This has a type-II band alignment
and a relatively small inter-layer distance, which should facilitate the formation of inter-layer exci-
tons. We find that the inter-layer component is always only a small fraction of the total dielectric
function, owing to the large spatial separation between the electron and the hole. However, the
inter-layer contribution is greatly enhanced upon reducing the interlayer distance. Compression of
the layers produces a split-off band at the top of the valence bands. This remains localised on PtSs
so that the heterostructure preserves the type-II character. At the same time the type-II bandgap is
reduced, moving the inter-layer absorption peak to a lower energy and to a position well separated

from the rest of the absorption spectrum.

I. INTRODUCTION

Two-dimensional transitional metal dichalcogenides
(2D TMDs) are a very suitable materials class for
photovoltaic (PV) applications, because of their well-
developed production techniques and generally attractive
electronic properties [1, 2]. Many of the known 2D TMDs
have a semiconductor bandstructure and possess simi-
lar bandgaps in the visible to near infrared range, high
carrier mobility, strong photoluminescence and exciton
binding energies that can be tuned with the number of
layers that are stacked on top of each other. These are
all features that make them strong candidates for various
optoelectronic devices such as solar cells, photo-detectors
and light-emitting diodes [3]. In general, 2D materi-
als are layered compounds characterised by a crystalline
planar structure held together by strong in-plane cova-
lent bonds and weak out-of-plane van der Waals (vdW)
forces [4]. This peculiar configuration allows them to be
exfoliated into thin planes or monolayers (MLs) by either
mechanical or chemical means, and to be re-assembled on
top of each other to build a multitude of different vdW
heterostructures. Such heterostructures can be designed
layer by layer without being constrained by the lattice
mismatch [3, 5, 6], a manufacturing flexibility that en-
ables the practical realization of novel properties other-
wise difficult to obtain.

For instance one can engineer heterogeneous bilay-
ers (HBLs) having the so-called type-II band alignment,
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where the conduction band minimum (CBM) resides on
one layer type, while the valence band maximum (VBM)
is on the other (see Fig. 1). In this case spatial separation
of the electron-hole pairs (excitons) is possible, such that
the ground state of the exciton (the thermalised exciton)
ends up having the charge carriers of different polarity
located on the two different layer types. Such inter-layer
excitons may form either already during the light ab-
sorption, or afterwards as the product of scattering. If
they form during absorption, some inter-layer transitions
might appear as additional features in the absorption
spectra, overall increasing the absorption efficiency. In
type-11 HBLs, inter-layer transitions could occur at an
energy below the absorption or emission edges of the in-
dividual layers (intra-layer transitions). This is the most
favourable situation for detection as no other transitions
are available in that spectral range. Inter-layer excitons
recombine more slowly compared to intra-layer ones, a
feature that can be detected experimentally. Such long-
living inter-layer excitons have indeed been previously
identified in TMDs HBLs in photoluminescence experi-
ments [7-10].

The formation process of inter-layer excitons in vdW
materials is still debated. Some studies point to the exis-
tence of inter-layer excitations in the absorption spectra.
For instance in Ref. [1] Bernardi et al. state that the
absorption onset of the MoSs /WS, bilayer, as calculated
with highly-accurate many-body perturbation theory, is
shifted to a lower energy as compared to that of mono-
layers. This feature is taken as a signature of an inter-
layer charge-transfer excitation. In contrast, other works
report the absence of inter-layer effects in the HBLs ab-
sorption spectra [9, 11, 12].

Andersen et al. [13] proposed a model for comput-
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FIG. 1. (Colour online) Type-II band alignment. The dif-
ferently coloured blocks represent the valence and conduction
bands of the two monolayers making up the bilayer. The bi-
layer bandgap, AFE, is between the valence band maximum
of one layer type and the conduction band minimum of the
other. The conduction and valence band offsets between the
individual layers are denoted as AF. and AFE,, respectively.

ing the dielectric function of multi-layer systems based
on ab initio calculations for monolayers combined with a
classical electrostatic model for dielectric screening. In-
terlayer hybridization is not included in the model, which
nonetheless yields a remarkably good agreement with full
ab initio calculations of the dielectric function. This con-
firms that interlayer coupling is largely a screening ef-
fect and that electronic inter-layer transitions are only
weak. Komsa et al. performed first-principles calcula-
tions of the dielectric function of MoS; /WS, heterostruc-
tures with many-body perturbation theory in order to ac-
curately capture excitonic effects. They found that elec-
tronic interlayer excitations are very weak, and that the
absorption spectrum of the HBL resembles a superposi-
tion of those of the constituent MLs [14].

In general, screening effects are hard to distinguish
from inter-layer excitons in absorption spectra of type 11
heterostructures. This is because they can both lead to a
bandgap reduction and hence to a red-shift in the absorp-
tion spectra. In this work, in order to separate screen-
ing effects from interlayer transitions, we decompose the
dielectric function, as calculated with ab initio density
functional theory (DFT), into inter-layer and intra-layer
components. Our heterostructure of choice is HfSs /PtSs,
a decision motivated by two main reasons. On the one
hand, GW calculations for the constituent monolayers
exist [15] and suggest that the HBL is indeed of type II.
On the other hand HfS; and PtS; have an almost iden-
tical in-plane lattice parameter so that a commensurate
bi-layer unit cell can be constructed without the need for
large supercells.

The remainder of the paper is organised as follows.
In section IT we describe the methods and computational

details of our calculations. Then, in section IIT we present
and discuss our results for the bandstructures and the
layer-resolved dielectric function of the HfS; /PtS; HBL,
of the constituent MLs and of the homogeneous HfS,
and PtS, bilayers. Here we analyse the effects of the
layer spacing and of the light polarization direction on
the strength of the inter-layer transitions. The paper
closes with a summary and an outlook.

II. METHODS AND COMPUTATIONAL
DETAILS

All the calculations have been performed with
DFT [16, 17]. We have chosen the specific numerical
DFT implementation contained in the FHI-AIMS all-
electron package [18, 19] that adopts a numerically tab-
ulated atom-centered orbitals basis set [20]. In order to
ensure sufficient accuracy we have used the “tight” basis
set constructed using the first tier numerical orbitals for
the metal atoms and a modified version of the first tier for
the sulphur atoms. Geometry relaxations have been per-
formed with an all-electron potential and the generalised
gradient approximation (GGA) of the exchange and cor-
relation energy, as parametrised by Purdew, Burke and
Ernzerhof (PBE) [21]. An energy convergence thresh-
old of 1076 eV for the Kohn-Sham self-consistency cycle.
The van der Waals interaction between layers has been
taken into account by using the Tkatchenko-Scheffler van
der Waals correction scheme [22]. A force convergence
threshold of 1075 eV/A and a 10x10x1 k-mesh have
been used for the structural optimization of the HfSs and
PtS, MLs.

Ground-state bandstructure calculations have been
carried out with PBE and also with the hybrid Heyd-
Scuseria-Ernzerhof (HSE06) [23] exchange-correlation
functional. Since the absorption spectrum is highly sen-
sitive to the size of the direct bandgap, we have also em-
ployed HSE06 for the calculation of the dielectric func-
tion. In fact, HSEQ6 typically corrects for the bandgap
underestimation produced by semilocal functionals such
as PBE. We have obtained the layer-projected bandstruc-
ture of the HfS; /PtS; HBL with VASP, the Vienna Ab
initio Simulation Package [24]. VASP uses pseudopoten-
tials and it is based on the projector augmented wave
method. In this case the number of valence electrons
for each distinct species is as follows: 12 for hafnium,
16 for platinum and 6 for sulphur. We have employed a
10x10x1 Monkhorst-pack mesh and a plane-wave cutoff
energy of 400 eV.

Since the in-plane lattice parameters of the relaxed
HfS; and PtS, monolayer are not identical (angZZ 3.64
A and aOPtS2 = 3.57 A), constructing the primitive cell
for the HfS;/PtSs HBL imposes a small strain on the
two layers. We have computed the HBL in-plane lattice
parameters as follows. Firstly, the total energy of the two
MLs, HfS; and PtS,, has been calculated as a function
of the in-plane strain, and fitted to a quadratic equation.
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FIG. 2. (Colour online) Total energy as a function of com-
pressive/tensile strain for monolayers of HfSy (blue) and PtS2
(vellow). The optimal lattice constant, aHsz/ PiS2
ing the total strain energy is shown by an arrow.

, minimiz-

We have then minimised the sum of such quadratic func-
tions in order to find the optimal in-plane lattice con-
stant of the HBL. This is the one that minimises the
total strain emergy and it is found to be q fSQ/ P2 —
3.60 A (see arrow in Fig. 2). Throughout thls work, in
the case of the homogeneous (HfSs /HfSo and PtSs/PtSs)
and heterogeneous (HfS;/PtSz) bilayers, we have shifted
the second layer relative to the first one by a distance d
equal to the average of the relaxed bulk HfSs; and PtSs
out-of-plane lattice parameter, namely d=5.24 A. All the
fractional in-plane atomic coordinates of the MLs, ho-
mogeneous bilayers (BLs) and of the HBL are kept fixed,
namely they are identical to the in-plane coordinates of

the relaxed MLs relative to the HfSs /PtSo HBL lattice

HfS, /PtS .. .
constant a 2/P%S2 Thig is done in order to compare re-

sults for the homogeneous ML and BL systems to those
for the HBL, and to single out electronic effects from
those arising from structural relaxation.

For monolayers and bilayers calculations choosing an
appropriate out-of-plane lattice parameter, ¢, is equiva-
lent to choosing the size of the vacuum gap between the
periodic replicas of the cell. This needs to be optimised
carefully in order to obtain the correct 2D limit of the
various quantities to calculate. In our case we have used
the imaginary part of the dielectric function, Im (g), as
the control quantity and set ¢ so that Im (g) converges
with an error smaller than 1%. The resulting ¢ was found
to be 22.62 A. Note that the absolute scale of the dielec-
tric function depends on the volume of the unit cell used
for the calculation [see Eq. (1)]. As such our calculated
dielectric functions are not directly comparable with ex-
periments. However, since for all the structures investi-

gated we have maintained the same in-plane and out-of-

plane lattice parameters, respectively aHtS2/ P52 and c,

they can be compared directly with each other. A k-grid
of 30x30x1 points was found to converge the dielectric
function reasonably well. The converged k-grid was es-
tablished once the maximum value of the difference be-

tween two spectra of different k-grids was less than 10%.
A Lorentzian function of width 0.1 eV was employed to
construct smooth dielectric function spectra.

Throughout this work the Cartesian components, €;;,
of the dielectric function have been calculated by using
the random-phase approximation (RPA) [25], which re-
turns us an expression

4me? af
€ij (w) = 517' - chei Z <_66> pi,n,7L,kp;'<,n,7L,k+
n,k
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where Vo is the unit-cell volume, e is the electron
charge, m is the electron mass, f is the Fermi function, w
is the photon energy and p; ,,/ » 1 are the momentum ma-
trix elements between the Kohn-Sham eigenstates |¢nx)
for band n and wave vector k with energy €, x. These
read

In Eq. (1) “¢” and “v” denote the conduction and valence
band, respectively.

In order to single out quantitatively the contributions
to the dielectric function originating from the intra- and
inter-layer transitions we have applied the following pro-
cedure. We denote with a and 8 two distinct subsets
of the basis functions placed respectively on the o and
B layer, namely we partition the Kohn-Sham wave func-
tions as

pj,n’,n,k = <"/}n/k|

i) = 935 + [05) - (3)

The momentum matrix elements, Eq. (2), can be then
decomposed as
B
Pjn'nk = p?,?:’,n,k + p?,ﬁ’;n,k + pf,(:lﬂn,k + pf,n’;n,k ’ (4)
with pzi,’n’k = (%, | —ihV; [¢2,). This allows us to
separate the dielectric function of Eq. (1) into three dis-
tinct components

i) = BT (W) + W) + B4 W), (5)

where the inter-layer component, 5mter(w), is restricted

to products of inter-layer matrlx elements of the

form pf‘g nkpii*nk and p“‘i nkpffl*nk, the intra-

layer component, sm“a(w), contains only products be-
tween the 1ntra—layer matrix elements of the form
PEe it e and pfﬁ,’n,kpf,if%k, and the “mixed”
component, E”J“"ed(w), is made up of all the remaining

products between 1ntra—1ayer and inter—layer matrix ele-

ments, pox ok
pzn’nkpjn nk’ptn nkpjn n,k’ pln nkpj,n n, k>

&O{*

and pz n’,n, kp n.k
Note that the three contributions to the dielectric func-

tion introduced by our procedure do not correspond, as



those of any other partition, to any physical observables.
However, they enable us to single out transitions between
conduction and valence states localised on the different
layers and to study how these contributions evolve when
changing the structure, or the interaction between the
layers. As such, the quantities introduced in Eq. (5) have
to be considered in the same spirit as the orbital popula-
tions in the Mulliken analysis [26]. The mixed component
of the dielectric function may be thought as analogue to
the overlap Mulliken population and it does not possess
a transparent physical interpretation.

III. RESULTS AND DISCUSSION
A. Bandstructure

We begin by discussing the calculated bandstructures
of the fully relaxed MLs and of their corresponding BLs.
These are presented in Fig. 3, where we report results for
HIfS, [panel (a)] and PtSs [panel (b)], computed at both
the PBE and HSE level.

HfS; ML crystallises in the 1T form (its bulk struc-
ture belongs to the trigonal system, space group P3m1,
No. 164) and it is an indirect gap semiconductor with
the VBM at the I' point and the CBM at M. The only
substantial difference between the PBE and HSE re-
sults is the increased bandgap obtained with HSE, while
the band curvatures (effective masses) remain essentially
identical for the two functionals. The HSE-calculated
bandgap is 1 eV smaller than that computed with GoWj
starting from a local-density-approximation bandstruc-
ture (GoWo@LDA) as reported in Ref. [15] (see Table I
for a detailed comparison of the various bandgap ener-
gies). The bandgap of HfS; has been measured in the
past with a combination of angle-resolved photoemis-
sion and inverse photoemission. Bulk HfSs shows the
significant indirect gap of 2.85 eV between the I" and
the M points [27]. Unfortunately the same measurement
is not available for the ML form. In contrast a direct
bandgap has been measured at ' for both bulk [27] and
for few-layer HfS, [28] to be around 3.6 eV and rather
independent of the number of layers. Such value, which
can be extrapolated to the ML, lies in between our com-
puted HSE result of 2.97 eV and the GoWy@QLDA one of
3.97 eV reported in [15]. This gives us confidence that our
HSE description of the material is quantitatively sound.
When forming the bilayer there is a small reduction of
the bandgap (in the region of 200/300 meV). This is due
partially to the dielectric screening by the other layer,
and partially to the small interlayer interaction, which
splits the bands. Notably, the VBM now moves slightly
away from the I' point to locate along the I'-M symmetry
line (for both HSE and PBE).

PtSo ML also crystallises in the 1T form and presents
a semiconducting bandstructure with the CBM sitting
along the I'-M line, a feature common to both PBE and
HSE. The VBM is also along the I'-M line, but the pre-

AES"o  ABFoWo  ARISE ApHSE
HIS; ML 3.97 (I') 2.98 (I-M) 2.97 (I) 1.98 (I-M)
HfS; BL - - 2.67 () 1.77 (3-M)
PtS; ML 3.14 (T) 2.95 (Z-%) 2.61 () 2.49 (2-X)
PtS; BL - - 2.08 () 1.69 (T-%)
HfS,/PtS; HBL - - 2.22 () 1.41 (3-M)

TABLE 1. Direct, AEq4, and indirect, AF;, bandgaps (in eV)
of HfS, and PtS; MLs and BLs as well as of the HfS2/PtS»
HBL. Results are presented for the HSE functional. We also
report the results of reference [15] obtained with GoWo@QLDA
for the MLs. In that case the calculations were carried out
at the relaxed geometry. In brackets we report the position
in k-space for the direct bandgap and the position of both
the VBM and CBM for the indirect ones. Note that here
¥/%’ denotes a generic point along the T-M line and not the
high-symmetry point at midway between I' and M.

cise location is different for PBE and HSE. Notably, the
VBM is almost degenerate, since there is another point
along the I'-K direction, which is extremely close to the
valence top. Such bandstructure returns us PtSo ML as
an indirect gap semiconductor, where the CBM and VBM
are quite close in k-space. Furthermore, the direct gap is
only about 150 meV larger than the indirect one, mean-
ing that PtSo ML is almost a direct bandgap semicon-
ductor. The same situation is found also in GoWy@QLDA
calculations [15], and now the HSE gap (either direct
or indirect) is only about 0.5 eV smaller than that from
GoWyQLDA. We are not aware of any photoemission and
inverse-photoemission experiment for PtSs, so an exper-
imental determination of the quasi-particle gap is not
available. However, the optical absorption edge of ML
PtS; has been measured [29] in the region of 1.6 eV and
found to be very sensitive to the number of layers. This is
broadly consistent with our data, which returns a quasi-
particle gap larger than such value, but does not provide
the opportunity of establishing a full quantitative com-
parison.

When PtS, is taken in its BL form a few significant
differences appear with respect to the ML case. The
most striking one is a drastic reduction of the bandgap
(by more than 0.5 eV) arising from substantial band-
splitting. This is consistent with the strong absorption
edge reduction as a function of the number of layers found
in experiments [29], and points to an interlayer inter-
action much stronger than in the HfS; case. Such in-
teraction produces large distortions of the valence band,
which now presents two clear quasi-degenerate VBM near
I" along the I'-M and I'-K directions. In fact a closer in-
spection reveals that the VBM is formed by a set of k-
points arranged arranged along a hexagon at the edge of
the 2D Brillouin zone, a fact already observed before [30].

Next we move to the bandstructure of the HfS; /PtSs
HBL, which is presented in Fig. 4. Since the electronic in-
teraction across the van der Waals gap is typically weak,
one expects the wave-functions to be rather localised on
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FIG. 3. (Colour online) Bandstructure for (a) HfS; and (b) PtS2 in their monolayer (left-hand side panels) and bilayer (right-
hand panels) form. The red and black bands correspond to results obtained with the GGA and HSE functionals, respectively.
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FIG. 4. (Colour online) Bandstructure of the HfS, /PtS; HBL
calculated with HSE. The band colour encodes the quantity
f =DOSuss, /(DOSuss, +DOSpys, ), namely the projection of
a particular eigenstate on the different layers. Blue bands are
localised on the HfS, layer, orange ones on the PtSy layer.

the individual layers. As such it is useful to attribute
to each energy point, €,x, in the bandstructure a layer
character. This is obtained by computing the follow-
ing quantity, f =DOSnuss,/(DOSnuss, +DOSpys, ), where
DOSx is the density of states projected on layer X of
the eigenfunction, |¢,x). Thus, for f = 1 the state is
entirely localised on the HfS; monolayer, while for f = 0
it is entirely localised on the PtSs layer. Such informa-
tion is translated into a colour code in Fig. 4. Clearly the
HfSs/PtSes HBL presents a type-1I band alignment since

the CBM is almost completely localised on HfSs, while
the entire valence band is mostly on PtSs. It is interest-
ing to observe that, while the conduction band resembles
closely that of the HfSs monolayer, the valence one is
much more similar to that of the PtSs bilayer, with the
k-degeneracy discussed before. This suggests that the in-
terlayer interaction affects the two constituent materials
differently, meaning that the two constituent monolay-
ers have different susceptibility. The resulting hetero-
bilayer is also an indirect semiconductor with an HSE
bandgap of 1.41 eV between the M point (CBM) and a
point along the I'M line (VBM). This is smaller than
the indirect gaps of all the other structures investigated.
In contrast, the direct gap is computed with HSE to be
2.22 eV, namely it is smaller than the corresponding one
for HfSy; BLs, but larger than that of the PtS,; BLs. This
means that the three bilayer structures investigated have
all a different absorption edge.

B. Dielectric function

We now proceed to analyse the dielectric function and
in particular its imaginary part, which is proportional to
the absorption coefficient. In our discussion we separate
the in-plane, €|, and out-of-plane, ¢, components and
consider a spectral range comprised between 0.3 eV and
4.3 eV, namely within the solar spectrum range as stan-
dardised by the American Society for Testing and Mate-
rials [31]. Our HSE results are presented in Fig. 5, where
panels (a) and (b) show the total dielectric functions for
all the structures investigated, while panels (¢) and (d)
focus on the decomposition of the dielectric function of
the HfS;/PtSo HBL into the inter-layer, intra-layer and
mixed contributions.

Let us look first at ¢ for the MLs and the homoge-
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FIG. 5. (Colour online) Imaginary part of the dielectric function for all the structures investigated. (a) in-plane and (b) out-of-
plane components of the total dielectric function. Note that in the case of MLs we have scaled € by a factor two for comparison.
Panels (c) and (d) show the decomposition of the in-plane and out-of-plane dielectric function into intra-layer (“intra”), inter-
layer (“inter”) and “mixed” components for the HfS;/PtS; HBL (see Methods section for details). For comparison we also
present the sum of the dielectric functions of the HfSe and PtS2 MLs.

neous BLs [Fig. 5(a)]. In all cases the absorption edge,
as expected, corresponds to the direct HSE bandgap (see
Table I). For HfS; there is little difference in the dielectric
function when going from the ML to the BL, despite the
change in direct bandgap by about 300 meV. In contrast,
there is a significant red-shift in the case of PtSs. Inter-
estingly, while for HfS; the in-plane component of Im (¢)
of the BL is essentially twice that of the ML (note that
in Fig. 5 the ML plots have been rescaled by a factor
2), this is not the case for PtSs, where the two func-
tions are rather different. Such feature simply reflects
the significant band distortion in PtS, introduced by the
inter-layer interaction and it is in agreement with exper-
imental evidence [29]. The situation for the out-of-plane
component, € , is somewhat different [Fig. 5(b)], mostly
because now also HfSs displays an absorption-edge red-
shift when going from ML to BL, as expected from the
corresponding reduction of the direct bandgap. Overall
all perpendicular components of the dielectric function
of the MLs are different from those of the corresponding
BLs.

The dielectric function of the HfS;/PtSy HBL, as ex-
pected, is different from all the others. Most importantly
its absorption edge is always in between that of the ho-
mogeneous HfS, and PtS, bilayers, although it is lower

than that of all the MLs (in particular for the perpendic-
ular component). This reflects the relative magnitude of
the direct gaps of the various structures. A distribution
of absorption edges as the one described here, unfortu-
nately, prevents the unique identification of HfSs/PtSs
HBLs in a mixture containing stacks with different num-
bers of layers, as those produced by liquid-phase exfoli-
ation [32]. In fact, the most high-throughput means of
producing 2D hetero-structures is by re-aggregating 2D
materials previously exfoliated. In the process, however,
one retains little control of the number of layers mak-
ing the various structures, so that together with hetero-
bilayers one will find in the mixture homo-bilayers, mono-
layers and a multitude of other structures comprising
more than two layers [32-34]. As the lower part of the ab-
sorption is always dominated by structures consisting of
PtS2, the absorption edge of HfS;/PtSe HBLs will never
be spectrally separated, hence such structure will not be
detectable by a single optical measurement.

The absorption edge of the HfS,/PtSy; HBL is just
above 2 eV, where we find the first direct, inter-layer,
transition. However, close to the two VBM there are sev-
eral intra-layer transitions within PtS, available. These
have an energy just above that of the direct gap (inter-
layer), so that they can contribute close to the absorption



edge. In order to identify the different types of transi-
tion, in panel (¢) and (d) of Fig. 5 we decompose the
dielectric function of HfS;/PtSe HBL into its inter-layer,
intra-layer and mixed contributions and these are com-
pared with the sum of the dielectric functions of the in-
dividual isolated monolayers. Interestingly, while the in-
plane component ¢ of the HBL is essentially the sum of
those of the two monolayers (except for a small shoulder
just below 2.5 eV), the out-of-plane part is significantly
different, since its absorption edge is redshifted by about
0.5 eV with respect to the sum of the monolayers. This
is a similar behaviour to that found when going from
monolayers to homogeneous bilayers.

When looking at the different layer-resolved compo-
nents the most striking feature concerns their relative
amplitude. In fact the spectrum is dominated by the
intra-layer component with the inter-layer one account-
ing for only about 1% of the total spectrum (note that
the inter-layer € has been multiplied by a factor 100 in
Fig. 5). The mixed component instead contributes to
about 10% and can also take negative values. This essen-
tially means that inter-layer excitons indeed are available
but they produce an absorption signal about 100 times
smaller than their intra-layer counterparts. This is the
same order of magnitude as the factor 200 found in res-
onant photocurrent measurements of the MoSes/WSes
HBL [35]. It has to be said that the spectra calculated
here do not take into account the exciton binding energy.
In bilayers both intra- and inter-layer excitons can have
binding energies that are some fraction of an eV. How-
ever, the latter energy is generally significantly smaller
than the former [36-38]. Thus, the actual relative posi-
tions of the excitations can be different from those calcu-
lated here, with the PtSs intra-layer excitations being at
a lower energy than the inter-layer excitations. The main
reason for such a small amplitude of inter-layer transi-
tions has to be associated with the large spatial separa-
tion of the electron and hole wave-functions, which reside
on different layers and make the dipole matrix elements
small.

In order to enhance the amplitude of the interlayer
transition, we explore the effect of compressing the stack.
This is obtained by incrementally decreasing the inter-
layer distance of the HBL from the equilibrium value
of d = 52A tod = 4.0A. The corresponding spectra
are depicted in Fig. 6. There are two clear features ap-
pearing as the inter-layer distance is reduced, common
to both the in-plane and out-of-plane component of the
dielectric function. On the one hand, there is a continu-
ous red-shift of the absorption edge, which is sharper for
the in-plane component than for that out of plane. This
is as large as 1 eV for an inter-layer distance reduction
of 1 A. On the other hand, we can observe the formation
of a well-isolated absorption peak just at the absorption
edge, in particular for small interlayer distances. Thus,
we observe that reducing d has profound effects on the
dielectric function, which is significantly modified. Such
modifications are more pronounced for the out-of-plane

component, for which the formation of the new peak at
the absorption edge is counterbalanced by a significant
increase in amplitude in the spectral region E >3 eV.

These new features of the dielectric function can be
understood by looking at the evolution of the bandstruc-
ture upon compression, presented in Fig. 7. We observe
that, while the conduction bands are little affected by the
change in interlayer distance, the valence bands are sig-
nificantly altered. In particular at small d the top of the
valence band splits from the rest of the manifold and al-
ready for d > 4.8 A there is the formation of an impurity
band. This contributes to closing the bandgap, which re-
mains indirect but it is reduced by approximately 0.5 eV.
Interestingly, despite the formation of the impurity band,
the dispersion around the VBM is not significantly mod-
ified and the VBM degeneracy is preserved. Even more
interesting is the fact that the VBM and CBM are lo-
calised on the PtS, and HfS, layer, respectively, thus the
HBL has still a type-II bandstructure. This is in contrast
with the rest of the valence bands, which are now formed
by hybrid states with almost equal contributions of the
two layers.

Thus, we can clearly attribute the peak in the dielec-
tric function at the absorption edge to transitions be-
tween the impurity valence band and the lowest conduc-
tion band. These are inter-layer in nature, and in fact
we observe a significant increase of the inter-layer ab-
sorption with compression [see Fig. 6(a) and Fig. 6(e)].
Such features suggest an overall enhanced charge sepa-
ration, which is promoted both by the presence of layer-
separated excitons and by the fact that these form at
transitions across an indirect band-gap. For the small-
est interlayer distance investigated, 4.0 A, the intra-layer,
inter-layer and mixed component of the dielectric func-
tion have comparable magnitudes at the absorption edge,
while for energies larger than 3 eV the intra-layer com-
ponent dominates again. This is because in such high en-
ergy range the available transitions now involve the lower
part of the valence manifold. As a final observation we
remark that in all cases the out-of-plane component of
the inter-layer dielectric function is significantly larger
than the in-plane component.

In order to estimate the pressure needed to yield the
layer distances investigated, and hence to monitor the
evolution of the inter-layer dielectric function, we com-
pute the pressure, p, as a function of the layer distance,
d. This is simply given by

p:_W7 (6)

where F is the total energy and V is the cell volume,
given by the in-plane cell area times the interlayer dis-
tance d. Our results are plotted in Fig. 8, where we can
observe that one needs a pressure of ~ 38 GPa to com-
press the HfSs/PtSy HBL to an interlayer distance of
d = 4.4 A. Although this is a rather significant pressure,
which exceeds what is possible in standard experimen-
tal investigations, it is still lower than the metallisation
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pressure predicted for other 2D systems, e.g. 68 GPa for
MOSQ [39]

IV. SUMMARY AND OUTLOOK

Our rationale behind vertically stacking TMDs in a
LEGO fashion was to explore whether one could find
unique and experimentally distinguishable peaks in the
dielectric function, which could be unequivocally at-
tributed to inter-layer transitions. Ideally these should be
present at energies where no other transitions are avail-
able so that they can be uniquely identified, a condition
met by heterostructures with type-II band alignment.
Furthermore, ideally one wishes to find these features at
an energy where other homogeneous structures (multi-
layers of the same TMD) have no absorption. This situ-
ation may enable one to identify inter-layer transitions in
heterostructure mixtures produced by liquid-phase pro-
cessing. Based on these criteria we have used previously
published GW data to identify HfSs /PtSs hetero-bilayer
as a possible candidate.

We have then quantitatively studied the in-plane and
out-of-plane components of the dielectric function for
HfS; and PtS; mono-layers and bilayers, and for a
HfSo/PtSs hetero-bilayer. In particular we have decom-
posed the dielectric function into intra-layer, inter-layer
and mixed components, so that the specific nature of the
transitions can be distinguished. This is obtained by pro-
jecting the dipole matrix elements on the relevant layers.
We find that the intra-layer component of the dielectric
function exceeds the inter-layer component by a factor
100. Furthermore, the mixed component, which does not
bare a transparent physical interpretation, is also larger
than the inter-layer component and may be negative.
Thus, it appears that, although inter-layer transitions
are located predominantly at the absorption edge, they
cannot be unequivocally separated from the intra-layer
transitions. In addition we find that, although the ab-
sorption edge of the HfS;/PtSs hetero-bilayer is at lower
energy than that of the homogeneous HfSs bilayers, it is
at higher energy than that of the PtSs bilayers. This is
because the PtSy bandstructure is very sensitive to the
layer interaction and hence to the number of layers in the
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FIG. 8. (Colour online): Energy curve as a function of volume interestingly, the type-II band alignment is maintained
for each interlayer distance d (squares) and its derivative cor- even under severe compression, so that the split-off peak
responding to the pressure (circles). The energy was shifted at the absorption edge is mostly composed of inter-layer
by Eo, the total energy at the equilibrium distance d = 5.2 A. transitions.

The lines (splines) are a guide for the eye.
(sp ) & Y In conclusion, we have shown that TMD hetero-

structures under severe compression present bandstruc-
tures and dielectric properties different from those of the



constituent layers and different from those expected from
simple electrostatic models. Here we have discussed one
example in which the type-II band alignment can be pre-
served under pressure and where pressure can be used to
uniquely isolate the inter-layer excitations from the rest
of the spectrum.
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