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Using density functional theory-based first-principles calculations, we investigate the stacking order depen-
dence of the electronic and vibrational properties of HfS,-Ca(OH), heterobilayer structures. It is shown that
while the different stacking types exhibit similar electronic and optical properties, they are distinguishable from
each other in terms of their vibrational properties. Our findings on the vibrational properties are the following:
(i) from the interlayer shear (SM) and layer breathing (LBM) modes we are able to deduce the AB stacking
order, (ii) in addition, the AB’ stacking type can also be identified via the phonon softening of E; and Ai,“ modes
which harden in the other two stacking types, and (iii) importantly, the ultrahigh frequency regime possesses
distinctive properties from which we can distinguish between all stacking types. Moreover, the differences in
optical and vibrational properties of various stacking types are driven by two physical effects, induced biaxial
strain on the layers and the layer-layer interaction. Our results reveal that with both the phonon frequencies and
corresponding activities, the Raman spectrum possesses distinctive properties for monitoring the stacking type
in novel vertical heterostructures constructed by alkaline-earth-metal hydroxides.
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I. INTRODUCTION

Interest in two-dimensional (2D) ultrathin materials has
grown exponentially across materials science thanks to the
successful isolation of graphene [1,2]. Beyond graphene,
other novel 2D monolayer materials, such as monoatomic
crystals of silicon and germanium [3-7], transition-metal
dichalcogenides (TMDs) [8—11], and alkaline-earth-metal hy-
droxides (AEMHs) [12—15] have been added to the library of
2D materials.

Among 2D ultrathin materials, TMDs are an emerging
class of materials with electronic properties ranging from
metallic to semiconducting and even to superconducting
which offer a wide range of opportunities for various appli-
cations [11,16]. As a member of group IVB TMDs, hatnium
disulfide (HfS,) has been predicted to possess higher carrier
mobility and higher tunneling current density than those of
Mo- and W-dichalcogenides [17,18]. The successful fabri-
cation of few-layer HfS, field effect transistors (FETs) and
observation of the high drain current and mobility have been
recently reported [19,20]. Very recently, Fu et al. reported the
synthesis of high-quality atomic layered HfS, crystals exhibit-
ing ultrahigh responsivity (9 orders of magnitude higher than
that of MoS,) which is useful for ultrasensitive near-infrared
phototransistors [21]. On the other hand, the bulk form of
AEMHs is reported to be structurally and electronically sen-
sitive to external physical effects such as temperature and
pressure [22-28]. Aierken et al. investigated the thickness-
dependent electronic and vibrational properties of Ca(OH),
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and reported its robust direct band gap insulating charac-
ter with changing thickness [12]. We also investigated the
optical properties of a heterobilayer structure of monolayer
Ca(OH), combined with GaS layer and reported that their
heterostructure can be used as a separator for photoinduced
charge carriers which are located at different layers [15].
Thanks to the weak van der Waals interaction between
constituent layers, construction of the vertical heterostructures
of ultrathin materials have received considerable attention
[29-39]. Jin et al. reported that interlayer electron-phonon
interaction in WSe,-ABN heterostructure plays a crucial role
in engineering the electrons and phonons for possible device
applications [40]. Very recently, Chen et al. reported that
electron-phonon interaction can be controlled by the sym-
metry of the various 2D materials used in a heterostructure
constructed on top of SiO; [41]. Similarly, interlayer electron-
phonon coupling has been investigated in twisted bilayer
graphene and MoS; systems and its significance on the obser-
vation of Moire phonons was reported [42,43]. It was pointed
out that different stacking types result in totally different
properties in both layered systems and vdW heterostructures.
Previous studies have revealed that different types of lay-
ered materials possess relatively lower (i.e., ReS,) or higher
(MoS,, graphene, h-BN, etc. ) energy barriers between dif-
ferent stacking types. We reported for bilayer ReS, that the
energy barrier between different stacking orders is negligibly
small (~8 meV) as compared to that of bilayer MoS, (~240
meV) [44]. The relatively low energy barrier indicates that
in experimental conditions the existence of different stacking
types is possible and thus, Raman spectrum is crucial to
distinguish between them [45]. On the other hand, although
graphene and monolayer A-BN possess similar structural
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properties and stacking types in their few-layer structures,
the response of different stacking types to Raman spectrum
have been reported to be very different [46—48]. Notably,
similar arguments hold for vdW heterostructures because of
the various 2D building blocks used as constituents of the
heterostructure. Therefore, as a common methodology Raman
spectroscopy is crucial for the determination of the stacking
type in heterostructures.

In this study we investigate the response of different stack-
ing types to the Raman spectrum in order to distinguish them
from each other in HfS,-Ca(OH), heterostructure. Particu-
larly, HfS, can be a promising candidate for 2D-based elec-
tronic and optoelectronic applications owing to its ultrahigh
on/off ratio, high carrier mobility, and high tunneling current
density as an alternative to other semiconducting TMDs.
On the other hand, Ca(OH), is known to be an efficient
adsorbent for CO, capturing in energy technologies and also
has been reported to be a robust insulator upon changing
thickness. As an alternative to well-known 2D insulator #ABN,
monolayer Ca(OH), can be used as encapsulating layer to
improve the properties of the 2D materials. Moreover, strong
surface polarizations induced by (OH)~ groups may lead to
the enhancement of the semiconducting nature of the con-
stituent layer. Overall, the construction of a heterostructure
composed of HfS,-Ca(OH), layers offers a wide range of
opportunities for its application in optoelectronic devices. In
this study, we aim to show how different stacking types can
be monitored via a basic Raman measurement. We propose
that strong O-H bond stretching displays unusual features
that help researchers to clearly monitor the stacking type in
HfS,-Ca(OH), heterostructure.

II. COMPUTATIONAL METHODOLOGY

To investigate the structural, electronic, and vibrational
properties of monolayers of HfS,, Ca(OH),, and their het-
erobilayer structures, density functional theory (DFT) based
first-principle calculations were performed as implemented
in the Vienna ab initio simulation package (VASP) [49].
The Perdew-Burke-Ernzerhof (PBE) [50] form of general-
ized gradient approximation (GGA) was adopted to describe
the electron exchange and correlation. The van der Waals
(vdW) correction to the GGA functional was included by
using the DFT-D2 method of Grimme [51]. For the elec-
tronic band structure calculations, spin-orbit coupling (SOC)
was included with the GGA and Heyd-Scuseria-Ernzerhof
(HSEO06) [52] screened-nonlocal-exchange functional of the
generalized Kohn-Sham scheme, respectively, for more accu-
rate band gap calculations. The charge transfer between the
individual atoms in the system was determined by the Bader
technique [53].

The kinetic energy cutoff for plane-wave expansion was set
to 500 eV and the energy was minimized until its variation in
the following steps became 108 eV. The Gaussian smearing
method was employed for the total energy calculations. The
width of the smearing was chosen to be 0.05 eV. Total
Hellmann-Feynman forces was taken to be 107 eV/A for
the structural optimization. 24 x 24 x 1 I' centered k-point
samplings were used in the primitive unit cells. To avoid
interaction between the neighboring layers, a vacuum space

of 25 A was implemented in the calculations. For XRD
simulations of the crystal structures, the wavelength of copper
K-a (1.5406 A) was considered which is commonly used in
XRD experiments.

The dielectric function of the heterobilayer was calculated
by using the HSEO6 functional on top of SOC. Using the
dielectric function, the reflectivity (R) was calculated with the
following formula:
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The phonon frequencies and the corresponding off-
resonant Raman activities were calculated at the I' point of
the Brillouin zone (BZ) using the small displacement method.
Each atom in the primitive unit cell was initially distorted
by 0.01 A and the corresponding dynamical matrix was
constructed. Then, the vibrational modes were determined by
a direct diagonalization of the dynamical matrix. The corre-
sponding Raman activity of each phonon mode was obtained
from the derivative of the macroscopic dielectric tensor by
using the finite-difference method. The kinetic energy cutoff
for plane-wave expansion was increased up to 800 eV with a
k-point set of 24 x 24 x 1 in the case of Raman calculations.

III. STRUCTURAL, ELECTRONIC, AND PHONONIC
PROPERTIES OF MONOLAYERS HfS, AND Ca(OH),

In contrast to monolayers of Mo- and W-dichalcogenides
which crystallize in 1H phase, monolayer HfS, crystallizes
in 17 phase in its ground state. In addition, the monolayer
of Ca(OH), possesses also a 17 crystal structure including
hydroxyl groups (OH)~ located symmetrically with respect to
the Ca atom [see Fig. 1(a)]. In the case of monolayer HfS,, Hf
atoms are sandwiched between two layers of S atoms which
corresponds to the space group P3m2 and D, point group.
The optimized in-plane lattice parameters are a = b = 3.63 A
anda = b = 3.59 A for HfS; and Ca(OH),, respectively. The
Hf-S atomic bond length is 2.55 A while that of Ca-O is
2.37 A. In addition, the O-H bond length in (OH)~ group
is 0.97 A. Moreover, the Bader charge analysis shows that
in monolayer HfS,, a Hf atom donates ~1.0 e~ to a S atom
while in Ca(OH), each H atom donates 0.6 e~ to an O atom
in the hydroxyl group and each O atom also receives 0.8 e~
from a Ca atom. In addition, the thermionic work function (®)
of each monolayer, which is the amount of energy required
to remove a charge carrier located at the Fermi energy to
vacuum, are calculated to be 6.19 and 4.82 eV for HfS, and
Ca(OH),, respectively (see Table I).

The electronic properties of each monolayer crystal are in-
vestigated in terms of their electronic band structures through
the whole BZ. As shown in Fig. 1(b), unlike many 1H-TMDs,
1T-HfS; possesses an indirect semiconducting character with
a band gap of 1.98 eV. The valence band maximum (VBM)
and the conduction band minimum (CBM) are located at the
I" and the M high symmetry points, respectively. Moreover,
due to the d orbitals of the Hf atom, the spin-orbit splitting
is found to be ~136 meV at the VBM which is relatively
smaller than other TMDs (~180 meV in MoS; and ~400 meV
in WS,) [54]. The symmetry-independent spin-orbit splitting
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TABLE I. For the monolayer crystals HfS, and Ca(OH),, the optimized lattice constants a = b, atomic bond lengths in the crystal dx_y,
energy band gaps calculated within SOC on top of GGA ESS*, HSE on top of GGA4-SOC EgoAF, Tocation of VBM and CBM edges in

gap

the BZ, the thermionic work function ®, in-plane and out-of-plane dielectric constants ¢,, and €., and frequencies of Raman active phonon

modes.
a=h dy_y EGSA  EGGATHSE  VBM/CBM @ €. € E, A, E,OH) A, (OH)
&) A) (eV) (eV) (eV) (em™) (em™)  (em™)  (em™)
HfS, 3.63 2.55 1.19 1.98 /M 6.19 3.090 123 2553 3264 - -
Ca(OH), 3.59 234 (Ca-O) 3.65 5.16 r/r 482 133 115 3607 3453 2346  3836.1
0.97 (O-H)

occurs on top few valence bands which are composed of the p,
and p, orbitals of a S atom. In contrast, 17-Ca(OH), is found
to be a direct gap insulator with a band gap of 5.16 eV whose
VBM and CBM reside at the I point in the BZ [see right
panel of Fig. 1(b)]. The valence bands in monolayer Ca(OH),
are mainly composed of the O-p orbitals while Ca-d orbitals
mostly contribute to the conduction bands. A very small spin-
orbit splitting energy of 32 meV occurs at the VBM.

For the first-order off-resonant Raman spectrum, the fre-
quencies of phonon modes are calculated at the I' point
of the BZ [see Fig. 1(c)]. Using the vibrational character
of each phonon mode, the change of dielectric constants
are used in order to calculate the Raman activity of each
mode. Monolayer HfS, exhibits nine phonon branches three
of which are acoustical phonons. The remaining six optical
branches consist of two nondegenerate out-of-plane phonons,
Ajg and Ay, at frequencies 326.4 and 320.0 cm ™!, respectively,
and four in-plane doubly degenerate phonon modes, E, and
E, having frequencies 255.3 and 141.0 cm™!, respectively
[see Fig. 1(d)]. In contrast to 1H-TMDs, the Raman activity
of A mode is larger than that of E, even in monolayer
HfS;. Monolayer Ca(OH), exhibits twelve optical phonon
branches two of which have very high frequencies, 3836.1
and 3837.7 cm~!, arising from O-H bond stretching. As
shown in Fig. 1(d), the Raman active optical mode with
frequency 3836.1 cm~! is attributed to the opposite out-of-
plane stretching of O and H atoms in an (OH)™ group while
the Ca atom remains stationary. In the Raman inactive optical
mode having frequency 3837.7 cm™!, similarly the O and H
atoms vibrate in opposite out-of-plane directions while each
(OH)~ group vibrates in-phase leading to the infrared activity
of the phonon mode. Apart from these two high-frequency
optical modes, another ten optical branches are found to have
frequencies between ~235-435 cm~!' which are the usual
phonon modes arising from the 17" nature of the structure.
The phonon mode having frequency 360.7 cm™! is a doubly
degenerate Raman active mode which is attributed to the
opposite in-plane vibration of (OH)™ groups against each
other. The other doubly degenerate Raman active mode is
calculated to have frequency 234.6 cm~' which originates
from the opposite in-plane vibration of O and H atoms in
a (OH)™ group. In addition to the in-plane Raman active
modes, there is only one nondegenerate Raman active mode
with frequency 345.3 cm ™! and it is attributed to the opposite
out-of-plane vibration of each (OH)™ group. It is pointed
out that the Raman activities of these three phonon modes
are much smaller as compared to the high frequency optical
mode.

IV. Ca(OH),-HfS, HETEROBILAYER

For the heterostructure consisting of two layers, three
different stacking orders (i.e., the most symmetric stacking
orders) are considered and the corresponding layer-layer bind-
ing energies are calculated. Taking the Hf atom as a reference,
three stacking types can be defined; the AA stacking (Hf atom
resides on top of Ca atom), AB (Hf on top of upper (OH)™),
and the AB’ [Hf on top of lower (OH)~] stacking orders (see
Fig. 2). Structural optimizations reveal that all three stacking
orders have the same lattice parameters of a = b = 3.62 A
which shows the same amount of induced biaxial strain. As
the heterobilayer structure is constructed, monolayer HfS,
experiences a compressive biaxial strain of 0.28% while
the monolayer Ca(OH), exhibits a tensile strain of 0.84%.
Therefore, the changing electronic and phononic properties of
individual layers in the heterostructure is attributed not only
to the layer-layer interaction arising from different stacking
orders but also to the induced biaxial strains on each layer.
As listed in Table II, the layer-layer binding energies per
primitive cell are calculated to be 172, 178, and 117 meV
for AA, AB, and AB’ stacking orders, respectively. Although
the AB stacking is the ground state, the binding energies of
the three stacking orders are very close to each other. It is
important to analyze the electronic and phononic properties of
these three stacking orders in order to understand the physical
mechanisms driving the differences between them.

The x-ray diffraction patterns of AA, AB, and AB’ stacking
orders are calculated and the distinctive parts are presented
in Fig. 2(d) which allow us to identify the type of stacking.
In the low-angle regime (between 20 7° and 14°), the XRD
patterns of all stacking exhibit three peaks whose relative
intensities are different. It is seen that the intensity of the

TABLE II. For the HfS,-Ca(OH), heterobilayer structures; the
stacking configuration, the optimized lattice constants a = b, op-
timized out-of-plane layer-layer distance d;;, layer-layer binding
energy per primitive unit cell Epyq, energy band gaps calculated
within SOC on top of GGA Egg’A, HSE on top of GGA+SOC
EgIAHSE and location of VBM and CBM edges in the BZ.

a=b dyu  Ewa Egt EgiAtSE VBM/CBM
A A (meV) (V) (eV)
AA 3.62 1.88 172 0.14 1.36 r'/m
AB 3.62 1.89 178 0.20 1.32 r'/m
AB’ 3.62 2.55 117 0.03 0.95 r'/m
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FIG. 1. For the monolayers of HfS, (left panel) and Ca(OH),
(right panel), (a) top and side views of the crystal structure (the
blue parallelograms show the primitive unit cell of each structure)
and (b) electronic band dispersions. In the electronic band dis-
persions, the insets display the spin-orbit splitting at the valence
band maximum. The Fermi level is set to zero. (c) The calculated
Raman spectra and (d) vibrational characteristic of each Raman
active phonon mode.
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FIG. 2. Top and side views of (a) AB’, (b) AA, and (c) AB
stacking configurations. (d) The calculated x-ray diffractograms of
the three stacking configurations. Only the distinctive regime of the
diffractograms are shown. (e) The variation of the total energy per
unit cell of heterobilayer structure with respect to the sliding of HfS,
layer on top of Ca(OH), along three main directions. The inset shows
the sliding directions.

peak around 10.5° is maximum for AB’ stacking. Moreover,
between the 26° and 37° there are many peaks which are key
to determine the stacking type. The intensity of the peak at
26 35.6° is the maximum for AB stacking order while the
intensities of the peaks at 32.6° and 34° are maximum for
AA stacking order. Furthermore, the peak at 26 31.5° has
approximately the same intensity for AA and AB’ stacking
while it is minimum for AB stacking. It appears that XRD
patterns provide an effective way to distinguish the stacking
type of HfS,-Ca(OH); heterobilayer.

In addition, we also analyze the energy barrier which is
seen by HfS, layer as it slides on top of the Ca(OH), layer.
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FIG. 3. (a) The band alignment between monolayers HfS, and
Ca(OH),. (b) The electronic band dispersions of the ground state
stacking in heterobilayer structure. The Fermi level is set to zero.
For the three different stacking configurations: (c) the imaginary
part of dielectric function and (d) reflectivity. Visible light region is
presented in the inset.

In order to calculate such an energy barrier, we consider three
main directions as shown in the inset of Fig. 2(e). When the
HfS; layer slides along the direction denoted by the red curve,
all three stacking orders are recovered. For the considered
directions, the maximum energy barrier is calculated to be
61 meV which is much smaller than that of in bilayer TMDs
(~240 meV for MoS,) [44]. Such a smaller energy barrier was
also reported for bilayer 17 phase of TMDs [55]. Notice that
the energy barrier between AA and AB stacking (~20 meV)
is smaller than the thermal energy at room temperature
(25.7 meV). In addition, the transition to AB’ stacking can
also be achieved by external effects such as increasing the
temperature. Since our results reveal that different stacking
orders can be formed during the experimental procedure, iden-
tification of electronic, optical, and vibrational characteristics
of different stackings of HfS,-Ca(OH), heterobilayer is of
importance.

V. MONITORING THE STACKING VIA ELECTRONIC
AND OPTICAL PROPERTIES

The band alignment of the two monolayer crystals is
figured out by setting the vacuum energy of each monolayer
to 0 eV. It is found that the two monolayers form a type-II
(staggered type) heterostructure in which the two band edges
originate from different individual layers and consequently
the excited electrons and holes are confined in different layers
[see Fig. 3(a)], which form interlayer excitons due to the
Coulomb attraction. Such a spatial separation of electrons
and holes in interlayer excitons leads to longer lifetimes
(in the nanosecond range) [56] than intralayer excitons (a
few picoseconds) [57] that have potential for applications in
optoelectronics and photovoltaics.

As shown in Fig. 3(b), for the ground state stacking order,
AB stacking, the GGA+HSE calculated indirect band gap is
found to be 1.32 eV whose VBM resides at the I point while

the CBM is located at the M point. Due to weak vdW in-
teraction between individual layers, there is no hybridization
between the layers and therefore, the main contribution to the
VBM comes from the Ca(OH), layer while the states in the
vicinity of CBM are from the HfS, layer. As listed in Table I,
while the band gap of AA stacking order is very similar to
that of AB stacking, the calculated band gap of AB’ stacking
is lower since the direct interaction between the layers occur
through the lower S atom and upper (OH)~ which contribute
to the CBM or VBM.

As presented in Figs. 3(c) and 3(d), the optical properties
of the AA, AB, and AB’ stacking orders are investigated in
terms of the imaginary dielectric function and reflectivity,
respectively. It is seen that the overall trend for the three
stacking configurations are very similar with only small
differences. The first peak in the imaginary dielectric function
of AA, AB, and AB’ stackings occurs between 2.0 and 2.5 eV,
whereas their main peaks reside in the vicinity of 2.8 eV.
In order to see visible region optical activity, we plot the
reflectivity of the heterobilayer [see Fig. 3(d)]. It is seen
that the optical reflectivity values are very similar in the
visible range. Although it exhibits moderate reflectivity in the
300—400 nm range, the overall reflectivity in the visible region
is low. Therefore, the identification of the stacking type in
HfS,-Ca(OH), heterobilayer structure is almost impossible
from an analysis of the electronic and optical properties.

VI. MONITORING THE STACKING VIA
RAMAN SPECTRUM

Different stacking orders in a layered material or in a
vertical heterostructure may exhibit distinctive properties in
the Raman spectrum. In a Raman experiment, it is possible
to distinguish different stacking orders via both the frequency
shift of the phonon modes and the change in the corresponding
Raman activities. In this section, we present our results on
the first-order off-resonant Raman spectrum for three stacking
orders

As shown at the bottom panel of Fig. 4, in addition to four
characteristic Raman active modes (labeled from I to IV), one
nondegenerate out-of-plane and doubly degenerate in-plane
phonon modes occur in the low-frequency regime. The SM
and layer breathing modes LBM are attributed to the rigid
in-plane and out-of-plane vibrations of HfS, and Ca(OH),
layers against each other. Previously it was reported by us that
the SM and LBM phonon modes are important to understand
the layer-layer interaction and thus the stacking type in a
layered material [58]. For the AB’ stacking configuration, the
frequencies of SM and LBM are calculated to be the smallest
(8.5 and 36.2 cm™!, respectively) which are consequence
of the low binding energy of the layers in the AB’ stacking.
However, in AA and AB stacking orders the SM and LBM
modes are found to be at higher frequencies (26.0-46.5 cm™!
and 26.7-49.2 cm~! for AA and AB stacking orders,
respectively). Therefore, the AB’ stacking type can be
monitored via the peak frequencies of SM and LBM modes.
Moreover, distinguishing between AA and AB stacking
types seems to be feasible through LBM modes with the
frequency difference of 2.7 cm~' which is sufficiently large
to be detected experimentally. Notably, the peak intensities
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FIG. 4. Raman spectrum (top figure) and Raman active modes
(bottom figure) of AB’, AA, and AB stackings.

of the low-frequency modes are too small as compared to
other prominent peaks. Therefore, peak intensities are not
considered to be distinctive parameters for distinguishing
the stacking type even in experiments due to the dominant
Rayleigh scattering intensity at zero frequency shift.

Apart from the SM and LBM modes, there are four main
Raman peaks found in between ~250-400 cm~! as shown
in Fig. 4. We label the in-plane phonon modes as E,, E,"

and the out-of-plane modes as A?, Al,“. The Eé', mode arises
from HfS, layer and it displays a phonon hardening in AA
and AB stacking orders (256.6 cm~! in each stacking type)
while it displays a phonon softening in AB’ stacking type
(251.0 cm™!). It is clear that AB’ stacking can be monitored
via the frequency of the Eé phonon mode. In contrast to AA
and AB stacking types, in AB’ stacking the frequency shift
of the Eg} mode is dominated by the layer-layer interaction
over the induced strain. Another in-plane Raman active mode
E ;v arises from the opposite vibrations of (OH)™ against each
other. It is originally the E, mode of monolayer Ca(OH), and
it is coupled with that of the HfS, layer in the heterobilayer
structure. The frequency of the E;¥ mode is calculated to be
380.4, 384.9, and 388.9 cm~' in AA, AB, and AB’ stacking
types, respectively. It is seen that the frequency differences
between the three stacking types are considerable and are

sufficiently large in order to be used to monitor the type of
stacking.
The other two Raman active modes, labeled as A? and

Agl, are attributed to the out-of-plane vibration of the atoms

from different layers. The Ay mode is a coupled out-of-plane
mode in which the main contribution arises from the HfS,
layer. Contrarily, in the A" mode the main contribution to
the vibration arises from the Ca(OH), layer. The frequen-
cies of the Ag mode are calculated to be 328.4, 328.7, and

329.1 cm~!in AA, AB, and AB’ stacking types, respectively.
It is obvious that the Ag mode displays phonon hardening
in all stacking types as compared to monolayer HfS,. Due
to the same frequency shift behavior and small frequency
differences, monitoring of the stacking type via the Ay mode

is not feasible. However, the A?I mode exhibits phonon

hardening in AA and AB stacking (345.6 and 346.9 cm™!,
respectively) and it displays phonon softening in AB’ stacking
(344.4 cm™') as compared to its frequency in Ca(OH), layer
(345.3 cm™!). Although there are small frequency differences
of AJ' mode between various stackings, its phonon softening
in AB’ stacking can be used to distinguish the stacking order.

There are two Raman active modes having high frequen-
cies that arise from the O-H bond stretching. In addition, an
additional Raman active phonon mode appears in the hetero-
bilayer structure that is attributed to the opposite out-of-plane
vibration of O-H atoms in a (OH)~ group while each (OH)~
also vibrates out-of-phase. Both of the O-H stretching modes
display phonon softening as compared to their frequencies in
monolayer Ca(OH),. As shown in the top panel of Fig. 4, the
relative frequencies of the two phonon modes can be used
to monitor the type of stacking order. Frequency difference
of the two modes are found to be 3.3, 11.3, and 38.6 cm™!
for AB, AA, and AB’ stacking configurations, respectively.
It is obvious that AB stacking order can be distinguished
due to the smallest frequency difference while the AB’ stack-
ing can be monitored with its largest frequency difference.
Moreover, the AB stacking can be also distinguished via
the Raman activity ratio of the two modes that is calculated
to be approximately 100 times greater than those for AA
and AB’ stacking types. Furthermore, the AB stacking can
also be identified due to the largest Raman activity of the
phonon mode having frequency 3829.1 cm™' (approximately
one order of magnitude larger). The reason for such rela-
tively large activity is the dominant contribution of in-plane
dielectric constants to the Raman tensor. The general form
of Raman tensor for out-of-plane vibrations in 2D materials
is known to be totally diagonal [58]. Calculated in-plane
components of the dielectric tensor are found to be slightly
larger for AB stacking (2.90 for AB stacking, 2.86 and 2.80
for AA and AB’ stacking types, respectively). The variation
of the in-plane dielectric constant with respect to O-H bond
stretching is larger in AB stacking type. Our results reveal
that the ultrahigh frequency regime of the Raman spectrum
can be used to monitor the type of stacking in HfS,-Ca(OH),
heterobilayer structure in terms of both peak frequencies and
Raman activities. Moreover, our findings show that particu-
larly the O-H bond stretchings in layered AEHMs can be used
as important keys for identification of stacking type in vdW
heterostructures composed of any 2D material and monolayer
AEHMs.
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VII. CONCLUSIONS

In this study we investigated the stacking order dependence
of the electronic and vibrational properties of HfS,-Ca(OH),
heterobilayer structures by means of the electronic band dis-
persions and the Raman spectra. Electronic band dispersions
and optical spectrum revealed that the band gap varies very
little between the different stacking types. Analysis of Raman
spectra showed that different stacking types possess distinct
coupling phenomena which can be used to identify the type of
the stacking. Our findings on the phononic properties are the
following: (i) the SM and LBM modes are able to monitor the
AB’ stacking order, (ii) in addition, the AB’ stacking can be
identified via the phonon softening of the EgI and A" modes
which harden in the other two stackings, and (iii) importantly,
the ultrahigh frequency regime displays distinctive properties
which can be used to distinguish between all stacking types.
Moreover, the differences in optical and vibrational properties
of various stacking types were found to be driven by two

physical effects, induced biaxial strain on the layers and the
layer-layer interaction. Our results reveal that from both the
phonon frequencies and the corresponding Raman activities
it is possible to distinguish between the different stacking
types in these novel vertical heterostructures constructed by
alkaline-earth-metal hydroxides.
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