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HIGHLIGHTS

® Structural and electronic properties of combined InSe/Ca(OH), heterostructures were investigated through DFT calculations.

® Combination of InSe and Ca(OH), tends to a significant decrease in the band gap of heterostructure.

® InSe/Ca(OH), heterostructure mediates by the weak vdW interactions and possesses a type-II semiconductor.

® Type-II band alignment of heterostructure can be engineered by applying electric field or vertical strains.

® Semiconductor-to-metal and direct-to-indirect transitions can be emerged, which make InSe/Ca(OH), heterostructure promising material.
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In this work, we investigate the structural and electronic properties of the combined InSe/Ca(OH), hetero-
structure through density functional theory. It suggests that a combination of InSe and Ca(OH), tends to a
significant decrease in the band gap of the heterostructure, which may result from the vacuum energy difference
of the monolayers. The InSe/Ca(OH), heterostructure mediates by the weak vdW interactions and possesses a
type-II semiconductor with a direct band gap of 0.55 eV, which can also be engineered by applying electric field

or vertical strains. The semiconductor-to-metal and direct-to-indirect transitions can also emerge, which make
InSe/Ca(OH), heterostructure promising material for electronic nanodevices.

1. Introduction

Following the successful synthesis of graphene in 2004 by Geim
et al. [1], various novel two-dimensional (2D) materials with desirable
physical and chemical properties for future high-performance applica-
tions have been successfully synthesized experimentally [2-9]. Owing
to their great properties, these 2D materials are highly desirable for use
in novel electronic and optoelectronic applications. Besides the great
above-mentioned properties, single layered 2D materials are still dis-
advantages, that may affect their applicability in high-frequency com-
ponents. For example, the absence of an electronic band gap in gra-
phene has hindered its application in logic nanodevices. Whereas, the

* Corresponding authors.

low intrinsic carrier mobility of MoS, monolayer of about 200 cm?/Vs
has limited its application in high-speed nanodevices. Recently, there
exist many strategies to control the electronic and transport properties
of 2D materials, such as strain engineering [10], doping [11-14],
functionalization, electric and magnetic fields [15-19]. Especially, a
new strategy in materials science has currently come on the scene that
relates to the vertical stacking of two or more different single-layered
2D materials on top of each other, namely, van der Waals hetero-
structures (vdW-HTSs). Such a combination can be used to increase the
application range of 2D materials towards electronic and optoelectronic
nanodevices.

To now, the combination of different 2D materials has achieved
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large achievements in both experiments and theories. First of all, it
should be emphasized that there have recently been many common
methods that can be used effectively to prepare the vdW-HTSs between
2D materials, such as mechanical exfoliation [20,21], liquid-based
techniques [22], and chemical vapor deposition (CVD) [23-25]. For
example, Gong and his group suggested a one-step growth approach to
preparing the vertical WS,/MoS, vdW-HTS [24]. In addition, such
group also reported a two-step CVD method to obtain the WSe,/MoSe,
HTS [25]. The successful synthesis of 2D materials and their HTSs make
them promising materials for the applications in optoelectronics and
nanoelectronics. Furthermore, 2D materials and their vdW-HTSs have
also attracted interest from theoretical research community [26-39].

More recently, a new type of the alkaline-earth-metal hydroxides
family, Portlandite Ca(OH),, can be obtained from its bulk form [40].
Whereas, a new type of 2D metal dichalcogenide materials, indium
selenides (InSe), has also been synthesized experimentally [41]. The
electronic and optical properties of both Ca(OH), and InSe monolayer
are known to be very sensitive to external conditions, including strains
and electric field [40,42], making them suitable for future applications
in optoelectronics and nanoelectronics. To date, there have been var-
ious theoretical and experimental reports on the InSe-based
[34,35,43-45] and Ca(OH),-based [46-49] vdW-HTSs. However, to the
best of our knowledge, currently, there is no work that focused on the
strain and electric field engineering of band alignment in InSe/Ca(OH),
vdW-HTS. This motivates us to consider whether InSe and Ca(OH),
monolayers can form a stable vdW-HTS, and what interesting electronic
or optical properties it can provide. Therefore, in this letter, we in-
vestigate the band alignment in the combined heterostructure between
InSe and Ca(OH), monolayers. The effects of strain and electric field on
the electronic properties of InSe/Ca(OH), vdW-HTS are also con-
sidered. Our results reveal that the InSe/Ca(OH), vdW-HTS could be a
promising material for nanoelectronic devices.

2. Computational methodology

This work was performed from first-principles calculations on the
framework of density function theory (DFT). The Quantum Espresso
package was selected to calculate all the calculations, including the
structural optimization and electronic characteristics calculations of
materials. Projector-augmented wave (PAW) method is applied to de-
scribe the electron-ion interactions. Whereas, the electron exchange
and correlation are treated by the Perdew-Burke-Enzerhof (PBE) func-
tional within the generalized gradient approximation (GGA) formalism.
In addition, the effects of vdW interactions, that may exist between two
layered materials were also considered by using the Grimme DFT-D2
scheme. A 410 eV of cut-off energy is used and a (9 X 9 X 1) k-point of
Brillouin zone (BZ) is represented. The atomic structure of the vdW-HTS
is fully relaxed with the force and total energy convergence of 10~ *eV/
A and 10~ %eV, respectively. A large vacuum layer thickness of 20 A
along the z direction of vdW-HTS is adopted to eliminate the interaction
between two adjacent periodic slabs. Additionally, the calculations
were performed using the hybrid HeydScuseriaErnzerhof (HSE) method
to check the validity of the results given by the PBE method.

The optical absorption coefficient a (w) can be calculated as follows:

a(@) = V2wl (@) + & (@) - a@)]'? @

where g (w) and g (w) are the real and imaginary parts of the dielectric
function, respectively.
For 2D systems, the carrier mobility can be calculated as follows:
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Here, e is electron charge. T = 273K is the temperature. E; is the de-
formation potential, which can be calculated by the shift of the band
edges under small strain. m* represent for the effective mass, that can be
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calculated by fitting to the band structures at the conduction band
minimum and valence band maximum as follows:

L _aoE
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C is the in-plane stiffness, which can be calculated as follows:
1 &°E

Cop= ——
4,082 )

Here, E is the total energy of the vdW-HTS. § is the applied uniaxial
strain. Ay is the area of the considered system.

3. Results and discussion

Before finding an effective way to combine the atomic structures of
the combined InSe/Ca(OH), vdW-HTS, the geometric structures of the
isolated InSe and Ca(OH), monolayers are examined. Our DFT calcu-
lated lattice parameters of isolated InSe and Ca(OH), monolayers, re-
spectively, are 4.06 A and 3.59 A, which are in consistent with previous
reports [40,50]. Meanwhile, the dynamical stability of InSe and Ca
(OH), monolayers are also checked by calculating their phonon dis-
persions. We find that there are no imaginary frequency in the phonon
spectrums, which are illustrated in Fig. S1(a-b) (ESI), indicating that
both InSe and Ca(OH), monolayers are stable. Thus, to make the InSe/
Ca(OH), vdW-HTS we combine a (+/3 X +/3) InSe supercell with a (2 x
2) Ca(OH), supercell, indicating an overall lattice mismatch of 1.65%.
It is noted in previous work that both the InSe and Ca(OH), monolayers
show good mechanical flexibility because of their layered puckered
structures [51,52]. Atomic structure of InSe/Ca(OH), vdW-HTS is dis-
played in Fig. 1. The interlayer distance (D) is obtained to be 2.38 A
when all the atomic positions in InSe/Ca(OH), vdW-HTS are fully op-
timized. In addition, the binding energy of the vdW-HTS is obtained
from E, = Eyqw—nts — Er — Ec, where Eyqw_nts, E; and E¢ are respec-
tively the total energies of considered vdW-HTS, isolated InSe and Ca
(OH), monolayers. The binding energy is calculated to be — 0.47 eV.
Both the equilibrium interlayer distance D and E, imply that such vdW-
HTS is energetic stability and is mediated by the weak vdW interac-
tions. Also, the dynamical stability of such InSe/Ca(OH), vdW-HTS are
checked by calculating its phonon dispersion, as illustrated in Fig. S1(c)
(ESD. We find that there is no imaginary frequency in its phonon
spectra, confirming the tdynamical stability of such vdW-HTS.

The band structures of isolated InSe and Ca(OH), monolayers is il-
lustrated in Fig. 2(a,b), which demonstrates their semiconducting
characters. The Ca(OH), monolayer displays a direct semiconductor,
whereas the InSe monolayer shows an indirect one. The highest occu-
pied energy state of the valence band (HO) and the lowest unoccupied
energy state of the conduction band (LU) of Ca(OH), monolayer di-
rectly locate at the G point, as shown in Fig. 2(a). While the HO of InSe
lies along the G-M path and its LU locates at G point. The obtained band
gap (E,) of the Ca(OH), and InSe monolayers are 3.68 eV and 1.56 eV,
respectively. These values are in good agreement with previous reports
[40,53]. Moreover, it should be noted that the PBE method always
underestimates the band gap of semiconductors. HSE method is widely
used to obtain more accurate band gap value. The band gaps of InSe and
Ca(OH), monolayers obtained from HSE method are xxx and yyy eV,
respectively, as displayed in Fig. S2(a,b) (ESI). Although the PBE
method underestimates the band gap, it is still able to predict the cor-
rect trend in band gap variation and to properly demonstrate the
physical mechanisms, therefore we believe that the results can still be
expected to be meaningful. Fig. 2(c) demonstrates the band structure of
InSe/Ca(OH), vdW-HTS at the equilibrium D. The HO of InSe/Ca(OH),
vdW-HTS comes from the InSe monolayer, whereas the LU originates
from the Ca(OH), monolayer. Thus, the InSe/Ca(OH), vdW-HTS dis-
plays a type-II behavior of heterojunction. It tends to form spatial in-
direct excitons. The band gap of InSe/Ca(OH), vdW-HTS is a direct and
its HO and LU locate at the G point. The direct band gap makes the
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Fig. 1. (a) Top, (b,c) side views of the relaxed atomic structures of the InSe/Ca(OH), vdW-HTS at the equilibrium interlayer distance D.

4 (a) 4 (b) combination of the InSe and Ca(OH), monolayers to form the vdW-HTS
tends to a significant decrease in the band gap, which may result from

3 \_& / 3 \/ the vacuum energy difference of the monolayers.
In the following, to examine the charge transfer between two
y monolayers, we calculate the charge density difference (CDD) of the
vdW-HTS along its z direction as follows: Ap = p4w_pts — P1 — Pcs
1 | where o 4w_prs, 0, and p. are the charge densities of considered vdW-
HTS, InSe and Ca(OH), monolayers, respectively. The CDD calculation
is presented in Fig. 2(d). It should be noted that the positive values
marked by the red color indicate charge accumulation while negative
values marked by the blue color demonstrate charge depletion. We
displays in Fig. 3 the optical absorption as a function of photon energies
of InSe and Ca(OH), monolayers as well as their InSe/Ca(OH), vdW-
HTS. One can observe from Fig. 3 that the optical absorption in the
visible-light region for the InSe/Ca(OH), vdW-HTS is enhanced as
compared with those of monolayers. Also, the InSe/Ca(OH), vdW-HTS

Energy, eV
Energy, eV

has a wide visible light adsorption region with an intensity of 10° cm®.
The enhancement of the optical adsorption in the visible-light region is
due to the smaller direct band gap of such vdW-HTS. This enhanced
>
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Fig. 2. Calculated band structures of (a) monolayer Ca(OH),, (b) monolayer o . '
InSe, (c) InSe/Ca(OH), vdW-HTS. (d) The CDD calculation of the InSe/Ca(OH), Q .
vdW-HTS along its z direction. The red and blue regions mean charge accu- 8 2 ,
mulation and depletion, respectively. (For interpretation of the references to g i
colour in this figure legend, the reader is referred to the web version of this :
article.) i
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InSe/Ca(OH), vdW-HTS suitable for applications in electronic nano-
devices [54]. At the equilibrium D, the band gap of InSe/Ca(OH)5 vdW- Photon energy, eV
HTS is calculated to be 0.55 eV. Such value is still smaller than that of

. . . Fig. 3. Th tical ab ti fficient f the InSe, H 1
the isolated Ca(OH), and InSe monolayers. It implies that the ig. 3. The optical absorption coefficient a(w) of the InSe, Ca(OH), monolayer

and their InSe/Ca(OH), vdW-HTS.
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Table 1

Calculated effective mass, deformation potential, in-plane stiffness, and carrier
mobility for electron (e) and hole (h) of the isolated InSe and Ca(OH), mono-
layers as well as the InSe/Ca(OH), vdW-HTS.

Carrier type Materials m*/mg E; [eV] Cyp [N/m] u [em?/Vs]
Electron InSe 0.210 5.14 54.24 1629
Ca(OH), 0.604 5.34 60.20 201
InSe/Ca(OH), 0.24 4.12 105.30 3760
Hole InSe 2.063 1.84 54.24 131
Ca(OH), 0.446 4.32 60.20 565
InSe/Ca(OH), 0.573 3.73 105.30 1146
T T T T T T T
1.2
" A
2184348 N\ A N
]
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Fig. 4. The variation of the total energy and band gap of the InSe/Ca(OH),
vdW-HTS as a function of electric field, applying along the z direction.

optical absorption of such vdW-HTS is more suitable for in photoelec-
tronic devices.
The carrier mobility of the InSe, Ca(OH), monolayers and their
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Fig. 6. The dependence of the total energy and band gap of the InSe/Ca(OH),
vdW-HTS as a function of the vertical strain €.

InSe/Ca(OH), vdW-HTS at room temperature is listed in Table 1. One
can observe that the carrier mobility in InSe/Ca(OH), vdW-HTS is in-
creased as compared with InSe and Ca(OH), monolayers, with electron
mobility increased to 3760 cm®/Vs and 1164 cm?/VS for hole. The
electron mobility of the InSe/Ca(OH), vdW-HTS nearly threefold in-
creased in comparison to that of InSe monolayer. Whereas, the hole
mobility of such vdW-HTS increases by two times in comparison with
that of Ca(OH), monolayer. Such increase shows its great potential
application in next-generation high-performance nanoelectronic de-
vices.

Now, an interesting phenomenon that should be considered is
whether the band gap of such InSe/Ca(OH), vdW-HTS can be modu-
lated by applying electric field (E,) or by changing the interlayer dis-
tance D? We apply the E, perpendicularly to the vdW-HTS surface, i.e.,
along its z direction. The variation of the total energy and the band gap
of the InSe/Ca(OH), vdW-HTS as a function of the E, is illustrated in

Negative Electric Field

<
(@ E =-3V/inm (b) E =-2 V/nm

(©E =-1V/nm

dE=0V/nm

g

Energy, eV

AN

M K
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<
<
~

Positive Electric Field

>

Fig. 5. Calculated band structures of the InSe/Ca(OH), vdW-HTS under negative E;: (a) L, = —3V/nm, (b) E, = —2V/nm, (¢) E, = —1V/nm, (d) E, = 0V/nm
and under positive Ej: (e) B, = 0V/nm, () E, = +1V/nm, (8) E, = +2V/nm, (h) E = +3V/nm.
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Fig. 7. Calculated band structures of the InSe/Ca(OH), vdW-HTS under different vertical strain €.

Fig. 4. We find that an applied E, results in a decrease in the total
energy of the vdW-HTS. It indicates that the system is much more en-
ergetic stable. When a negative E| is applied, we observe a linear in-
crease in the band gap of the InSe/Ca(OH), vdW-HTS. The value of the
band gap increases from 0.55eV to 0.75eV and to 1.12 eV when the
strength of an applied negative E, varied from 0 V/nm to — 1 V/nm and
then to — 3 V/nm, respectively. Quite the contrary, we can see that the
band gap of the vdW-HTS decreases with increasing the strength of an
applied positive E . It decreases from 0.55 eV at E; = 0 V/nm to nearly
zero eV at i, = +3V/nm. It indicates that the semiconductor to metal
transition can be achieved in the InSe/Ca(OH), vdW-HTS by applying a
large positive E; of +3V/nm.

Fig. 5 presents the band structures of the InSe/Ca(OH), vdW-HTS
under different strengths of applied negative and positive E, . We ob-
serve that an applied negative E leads to an increase in the band gap of
such vdW-HTS. It can be seen that by applying a negative E, both the
HO and LU of the vdW-HTS move away from the Fermi level, resulting
in a dramatic increase in its band gap. Whereas, by applying a positive
E, its HO and LU move towards the Fermi level, leading a decrease in a
gap size of vdW-HTS. The nature of the change in the band gap size of
such vdW-HTS may relate to the built-in electric field, that is occurred
between two monolayers due to their difference in work function. Our
calculated work function for InSe and Ca(OH), monolayers are 5.67 eV
and 4.79 eV, respectively. It also indicates that the charge transfer
points from the InSe layer to the Ca(OH), layer. Under a positive E; of
+3V/nm, both the HO and HU of the vdW-HTS cross the Fermi level.
In this case, the vdW-HTS has a metallic character, demonstrating a
transition from semiconductor to metal under a large applied positive
E, of +3V/nm.

Now we turn to consider the vertical strain engineering of the
electronic properties of the InSe/Ca(OH), vdW-HTS. This strain was
applied by decreasing and increasing the D between the two mono-
layers, as shown in Fig. 6. The vertical strain is defined as
¢ = (D' — D)/D, where D’ is the strained interlayer distance. The InSe/
Ca(OH), vdW-HTS has a lowest total energy at ¢ = 0%. The band gap of
the InSe/Ca(OH), vdW-HTS decrease with increasing the vertical strain
from —9% to +9%. It should be noted that the InSe/Ca(OH), vdW-HTS
is dynamical stable at the vertical strain of +9%, as displayed in Fig.

S3. With increasing the vertical strain from — 9% to + 9%, the band gap
of the vdW-HTS decreases from 1.30eV to 0.43 eV, respectively. To
clearly understand the change in the band gap values of the vdW-HTS
under the vertical strains, we further calculate its band structures under
different values of the vertical compressive and tensile strains, as shown
in Fig. 7. It can be observed that the vdW-HTS is a direct semiconductor
at the equilibrium state of D = 2.322 A. When the D is compressed from
0% down to — 3% and then to — 9%, the band gap of the vdW-HTS
increases from 0.55eV down to 0.70eV and then to 1.30 eV, respec-
tively. The reason for this reduction is related to the change in the
position of the LU and HO of the vdW-HTS. When the D is compressed,
the position of both the LU and HO of the vdW-HTS is moved away from
its Fermi level. It leads to an increase in the band gap of the vdW-HTS,
as discussed above. Moreover, under the compressive vertical strain of
— 9%, we find a transition from direct band gap to an indirect one, as
illustrated in Fig. 7(a). It should be noted that the indirect band gap
semiconductor of such vdW-HTS has low absorption coefficient, which
has limited its potential applications in optoelectronics devices [55,56].
The LU of the vdW-HTS locates at the G-point, whereas its HO moves
from the G-point to the G-M path. On the other hand, when increasing
the vertical strain from 0% to +9%, both the HO and LU of the vdW-
HTS move towards its Fermi level. It results in a decrease in the band
gap of the InSe/Ca(OH), vdW-HTS, as illustrated in Fig. 6. Thus, we can
conclude that the band gap of the InSe/Ca(OH), vdW-HTS can be en-
gineered by the vertical strains, therefore, it can be used as a compo-
nent of electronic nanodevices.

4. Conclusion

In summary, we have investigated the structural and electronic
properties of the combination between InSe and Ca(OH), to form the
InSe/Ca(OH), vdW-HTS using DFT calculations. The results indicate
that such vdW-HTS is energetic stability and is mediated by the weak
vdW interactions. The InSe/Ca(OH), vdW-HTS possesses a type-II
semiconductor with a direct band gap of 0.55 eV. Furthermore, it im-
plies that the combination of the InSe and Ca(OH), monolayers to form
the vdW-HTS tends to a significant decrease in the band gap, which may
result from the vacuum energy difference of the monolayers.
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Furthermore, the band gap and band alignment in the InSe/Ca(OH),
vdW-HTS can be also engineered by strain and electric field, it, there-
fore, can be used as a component of optoelectronic nanodevices. The
semiconductor-to-metal and direct-to-indirect transitions can also
emerge, which make InSe/Ca(OH), vdW-HTS promising material for
electronic nanodevices.
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