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ARTICLE INFO ABSTRACT

Keywords: In this work, we propose an ultrathin graphene/Ca(OH), van der Waals heterostructure (vdWH)
Graphene and investigate its structural stability, electronic structures and Schottky contact types modu-
Calcium hydroxide lation by ab initio calculations. Our results show the preservation of graphene and Ca(OH),

DFT calculations intrinsic electronic properties in graphene/Ca(OH), vdWH, which is mainly characterized by

the physicoadsorption interaction with the binding energy of -33.37 meV per carbon atom.
Ca(OH), monolayer stacking on graphene to form the vdWH forms the p-type Schottky contact
and opens a valuable graphene’s band gap of 9.7 meV, suggesting its promising application in
high speed nanoelectronic devices. Furthermore, electric field and vertical strain can be used
to modulate the Schottky contact from the p-type to the n-type one and to Ohmic contact.
These predictions demonstrate the potential candidate of the G/Ca(OH), vdWH for future
nanoelectronic applications.

Schottky and Ohmic contacts

1. Introduction

Today, searching for new materials with appropriate physical properties for high-performance electronic and optoelectronic
devices is gaining great attention from the research community. Graphene (G) [1] is recently considered as a promising material
for wide range of applications, such as field-effects transistors (FETs) [2,3], photodetectors [4]. However, in its semi-metallic form,
the G has limited functionality in the electronic devices and semiconductor technology [5]. Currently, the formation of the vdWHs
by placing G above on top of other two-dimensional (2D) semiconducting materials is one of the commonly used strategies to break
this limitation of the G. Over the past decade, using this strategy, series G-based vdWHs have been synthesized experimentally and
investigated theoretically, such as G/h-BN [6-9], G/GaSe [10-13], G/PtSe, [14-16], G/WSe, [17-19], G/phosphorene [20-22],
G/MXene [23-25], G/GeC [26] and so on. Aziza and his co-workers [11,12] demonstrated the preservation of the graphene’s linear
dispersion in G/GaSe vdWH. Sun et al. [17] investigated the structural and electronic properties of the G/WSe, vdWH without and
with the presence of external conditions. Whereas, Wang et al. [26] constructed a p-type Schottky contact of the G/GeC vdWH
and demonstrated that controlling the interlayer distance and applying a perpendicular electric field are two promising methods for
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Fig. 1. (a) The top view and (b, c) the side view of the G/Ca(OH), vdWH after relaxation.

tuning its electronic properties. All these findings indicate that the G-based vdWHs can potentially be used in future high performance
optoelectronic devices.

Recently, a new type of the alkaline-earth-metal hydroxides family, namely Portlandite Ca(OH), has been synthesized experi-
mentally from its bulk form [27]. Its structural, electronic, and vibrational properties have also investigated theoretically using DFT
method. They predicted that the Ca(OH), monolayer is dynamically stable even at high temperatures. It forms a direct band gap
semiconductor, which is insensitive to thickness [28]. However, its band gap can be controlled under external conditions, including
strain and electric field, that makes Ca(OH), material suitable for future electronic application. To date, various vdWHs between
Ca(OH), monolayer and other 2D materials have been proposed and investigated [29-32]. Torun et al. [32] predicted a type-II
staggered gap in GaS/Ca(OH), vdWH, whereas, a type-I straddling gap was observed in arsenene/Ca(OH), vdWH [29]. All these
above findings indicate that the Ca(OH), is a promising material, that can be used commonly to combine with other 2D materials.
Therefore, in the present work, we first propose an ultrathin vdWH between graphene and Ca(OH), monolayer and then consider
the electronic structures and Schottky contact type modulation in the formed vdWH using density functional theory (DFT).

2. Computational methods

Our calculated results are performed in the framework of density functional theory (DFT) and the open-source Quantum Espresso
package [33]. We opted to choose the generalized gradient approximation (GGA) [34] and the Perdew-Burke-Ernzerhof (PBE) [35]
parametrization for describing the exchange and correlation energies. In order to calculate the effect of the physicoadsorption
interaction, occurring in layered systems, including graphene-based vdWHs, we used DFT-D2 method [36]. We have previously
used this approach to describe successfully the weak vdW interactions in layered graphene-based vdWHs [37,38]. Also, DFT method
underestimates the band gaps of semiconductors, but it is good at predicting correct trends and physical mechanisms. Thus, the
hybrid Heyd-Scuseria—Ernzerhof (HSE06) functional [39] is also used to obtain the more accurate band gap in some cases. In order
to calculate the charge transfers in such G/Ca(OH), vdWH, we use a Baders charge analysis [40-43]. The cut-off energy for plane
wave is set to be 400 eV and the 9 x 9 x 1 k-point meshes are used. The atomic structures of the G/Ca(OH), vdWH are fully relaxed
within the convergence of forces and energy of 10~3 eV/A and 106 eV, respectively. Furthermore, to break the interactions between
the neighboring layers we applied a large vacuum thickness of 25 A along the z direction.

3. Results and discussion

The lattice parameters of the isolated graphene and Ca(OH), monolayer are firstly checked and listed in Table 1. It is clear
that these values are consistent with previous experimental measurements and theoretical calculations [27]. Therefore, to form the
G/Ca(OH), vdWH, we opt to use a large supercell of the heterostructure, consisting of (2 x 2) Ca(OH), supercell and (3 x 3)
graphene’s supercell. The lattice mismatch of the vdWH is smaller than 3%, which affects insignificantly the main electronic
properties of considered here heterostructure. The relaxed geometric structure of the G/Ca(OH), vdWH illustrates in Fig. 1. The
vertical interlayer distance between graphene layer and the hydrogen, oxygen and calcium layers in the G/Ca(OH), vdWH are
defined by D;, D, and D3, which respectively are 2.380 10\, 3.352 [o\, and 4.490 [o\, as listed in Table 1. To check the stability of such
vdWH, we further explore its binding energy, which can be calculated as follows: Ey, = [Ey - Eg - Ec,1/S, where Ey, Eg, and E¢,,
respectively, are the total energies of the vdWH, isolated graphene and Ca(OH),. S is the surface area of considered vdWH. Our
calculated E, at the equilibrium state is —11.65 meV/A, as listed in Table 1. Also, such G/Ca(OH), vdWH is energetically stable
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Table 1
Calculated lattice parameters a (in A), vertical interlayer distances (in A), band gap (in eV), binding energy (meV/A), the nSC-type
and pSC-type and the work function (in eV) of all considered here materials.

a D, D, D, E, E, . @y, w
Graphene 2.46 - - - 0 - - - 4.25
Ca(OH), 3.59 - - - 3.680 - - - 4.78
G/Ca(OH), 7.18 2.380 3.352 4.490 9.7 x 1073 -11.65 2.904 0.780 4.54
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Fig. 2. Projected band structures of (a) (3 x 3) graphene, (b) (2 x 2) Ca(OH), and (c) G/Ca(OH), vdWH. Contributions from the graphene and Ca(OH), layers
are highlighted in red and blue lines, respectively.

due to the obtained negative value of E. In addition, we find that this value of Ej, is comparable with that in other graphene-based
vdWHs [22,44-46].

It is clear from Fig. 2(a) that the isolated (3 x 3) graphene shows a gap-less semiconductor with the linear dispersion relation
at the Dirac I', which is in agreement with other calculations [26,37]. It should be noted here that the linear dispersion relation is
shifted from Dirac K point in graphene’s unit cell to the I” point in the (3 x 3) graphene’s supercell due to the band folding effect. This
trend has also been observed in other graphene-based heterostructures. The band structure of the Ca(OH), with a (2 x 2) supercell
is shown in Fig. 2(b). It is shown a direct band gap semiconductor. This direct band gap obtained from PBE/HSE calculation is
3.680 eV/5.18 eV which is in close agreement with previous reports [27,29]. Both the topmost valence band (VBM) and the bottom
conduction band (CBM) of the Ca(OH), are located at the I" point. In order to have a better understanding the electronic properties
of G/Ca(OH), vdWH, we present its projected band structure in Fig. 2(c). We find that the band structure of G/Ca(OH), vdWH
seems to be simple sum of each component. It indicates that the band structures of graphene and Ca(OH), are well preserved in
vdWH. Thus, their key intrinsic properties can be maintained in such vdWH. More interestingly, when we find that the formation
of the G/Ca(OH), vdWH tends to open a tiny band gap of 9.7 meV around the Fermi level of graphene, making it acceptable for
high speed electronic devices.

Now a question is whether a high carrier mobility of perfect graphene can be maintained in the G/Ca(OH), vdWH. Thus, we
further calculate the effective masses for electrons (my) and for holes (m;) of the G/Ca(OH), vdWH. It is clear that the effective
masses m and m;‘l of the G/Ca(OH), vdWH are closely related to its carrier mobility, which can be calculates as follows: y = er/m*.
The m and m; of the G/Ca(OH), vdWH are calculated by fitting parabolic functions to the CBM and VBM of the G/Ca(OH), vdWH
around the Fermi level at the Dirac I" point, that is:

1 10%E(k)
m*  h QK2

(€Y

where % and k, respectively, are the wave vector and the Planck’s constant. Our calculated effective masses m; and my are calculated
to be 2.43 x 1073 m; and 1.32 x 1073 my, respectively, which are comparable with those in perfect graphene. It demonstrates the
G/Ca(OH), vdWH has a high carrier mobility and thus becomes a suitable material for designing high speed field effect transistors.

Furthermore, when placing graphene on the Ca(OH), monolayer to form G/Ca(OH), vdWH, it represents a metal/semiconductor
contact, in which two different types of Schottky contact type(SC-type) or Ohmic contact type (OC-type) can be formed. It is obvious
from Fig. 2(c) that the Fermi level lies between the VBM and CBM of the Ca(OH), semiconductor. Thus, the SC-type is formed in
such G/Ca(OH), vdWH. The n-type and p-type Schottky barriers (SB) can be calculated according to the Schottky—Mott rule [47],
that is @, = Ecgy — Ep and @g, = Ep — Eygy, where Ecpy, Ep and Eypy, respectively, are the CBM at I point, the Fermi level,
and the VBM at I point. Our calculated @5, and @5 , are 2.904 eV and 0.780 eV, respectively, as listed in Table 1. It suggests that
the Fermi level is closer to the VBM than to the CBM of the Ca(OH),, indicating that the G/Ca(OH), vdWH forms the pSC-type with
a small SB of @, = 0.78 eV.
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Fig. 3. (a) Top view and (b) side view of the charge density difference in the G/Ca(OH), vdWH. (¢) The schematic model of the band alignment in the
G/Ca(OH), vdWH.
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Fig. 4. (a) Schematic model of an applied electric field perpendicular to the heterostructure surface along the z direction of the G/Ca(OH), vdWH. The electric
field, pointing from the graphene to the Ca(OH), layer is defined as the positive direction. (b) The variation of the nSC-type and pSC-type of G/Ca(OH), vdWH
under electric field. The magenta, green and orange regions represent the Ohmic contact, the nSC-type and the pSC-type, respectively.

To clearly understand the weak interactions and the charge transfer in the G/Ca(OH), vdWH, we further calculate the charge
density difference (CDD) as: 4p = py—pg—pPca> Where py, pg, and pc,, respectively, are the charge densities of such vdWH, the isolated
graphene and Ca(OH), monolayer. The CDD in such vdWH is plotted in Fig. 3(a,b), which demonstrates the charge transference from
the graphene layer to the Ca(OH), layer. The green and orange regions represent electrons depletion and accumulation, respectively.
It can be seen that there is a tiny charge accumulation around the Ca(OH), layer, whereas the charge depletion around the graphene
layer. By Bader charge transfer analysis, we find that at the equilibrium state, only 0.004 electrons are transferred from graphene to
the Ca(OH), layer in such vdWH. Although this charge transfer is weak, it creates an interface dipole and an accompanying potential
step (4V), as shown in Fig. 3(c). The interface potential step 4V can be defined as AV = Wy — W, where Wy; and W, are the work
functions of the graphene and its vdWH, respectively. The work functions of the G/Ca(OH), vdWH and the isolated graphene are
4.54 eV and 4.25 eV, respectively, as listed in Table 1. When an interface dipole is considered, the nSC-type and pSC-type Schottky
barriers can be rewritten as follows:

n=Wo+dAV — g @
and
Py, =1—-Wg—4aV 3

where y and I are the electron affinity and the ionization potential of the Ca(OH), semiconductor, respectively.

When using G/Ca(OH), vdWH as a component for high-performance nanodevices, it always subjected to electric field (E,),
which can lead to change in electronic characteristics of vdWH. Thus, it is important to study the effect of E;, on the electronic
properties of the G/Ca(OH), vdWH. The E,, pointing from the graphene layer to the Ca(OH), layer is defined as the positive
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Fig. 5. Projected electronic band structures of the G/Ca(OH), vdWH by applying (a) negative E, ranging from —0.2 V/A to —0.15 V/A to —0.1 V/A and
—0.05 V/A and (b) positive E, ranging from +0.05 V/A, +0.1 V/A, +0.15 V/A and +0.2 V/A.
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Fig. 6. (a) Schematic model of the vertical (out-of plane) strain by decreasing (green arrows) and increasing (purple arrows) the interlayer distance D, of the
G/Ca(OH), vdWH. (b) The variation of the &g, and @5, of the G/Ca(OH), vdWH as a function of the interlayer distance D;.

direction, as illustrated in Fig. 4(a). The variation of the Schottky barriers as a function of the E,, applying along the z direction
of the G/Ca(OH), vdWH is displayed in Fig. 4(b). When a negative E, is applied, we find that the both the @5, and &, linearly
decrease with decreasing the strength of the negative E, . It can be seen that the @y ,, is more sensitive to the negative E, than the
Dp . Th?s, when the negative E, is applied to the vdWH, the @ is reduces faster than the @y ,. When the applied negative E, =
—0.3 V/A, the &g, reduces to 0.22 eV, which is smaller than the @5 , = 0.23 eV. It indicates a transition from the pSC-type to the
nSC-type. When the applied E, is larger than —0.3 V/A, the @ ;, decreases and becomes a negative value, indicating a transformation
from the nSC-type to the OC-type. The band structures of the G/Ca(OH), vdWH under different strengths of the applied negative
E, are plotted in Fig. 5(a-d). It can be seen that the VBM of the Ca(OH), part of the G/Ca(OH), vdWH shifts upwards to the Fermi
level with increasing the strength of the negative E,, whereas its CBM moves downwards to the Fermi level. It suggests that both
the @y, and @y, reduce with increasing the negative E,. When an applied negative E, is larger than 0.3 V/A, the VBM of the
Ca(OH), part moves upwards and crosses the Fermi level, indicating a transformation from the Schottky to the Ohmic contact in
the G/Ca(OH), vdWH.

When a positive E, is subjected to the G/Ca(OH), vdWH, from Fig. 4(b) the gradual decrease in the @y, with increasing the
strength of the positive E, from 0 V/A t0 0.4 V/A. Quite the contrary, the @y, linearly increases with increasing the positive electric

5
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Fig. 7. Projected electronic band structures of the G/Ca(OH), vdWH under different interlayer distances D,, ranging from (a) D, = 1.88 A, (b) D, = 2.08 A,
(¢) D, = 2.38 A, (d) D, = 2.68 A, (e) D, = 2.98 AA, and D, = 3.28 A, respectively.

field. The @g , is known to be more sensitive to the positive £, thus it decreases faster than the @ ,. Under the E, = +0.35 V/A, the
@y, continuously reduces and becomes smaller than the @, indicating a transformation from the pSC-type to the nSC-type. Thus,
it can be conclude that the positive E; can be used to modulate the Schottky barriers of the G/Ca(OH), vdWH from the pSC-type
to the nSC-type. The projected electronic band structures of the G/Ca(OH), vdWH under positive E, are illustrated in Fig. 5(e-h). It
is obvious that when the positive E, is introduced, there occurs the shift of the Fermi level of the G/Ca(OH), vdWH from the VBM
to the CBM of the semiconducting Ca(OH), part. The @, therefore, decreases gradually, whereas the @y , increases accordingly to
the enlargement of the positive E, from 0 V/A to +0.4 V/A. When the positive E, > +0.35 VA, there occurs a transition from the
pSC-type to the nSC-type of the G/Ca(OH), vdWH. Therefore, these above results demonstrate that both the Schottky barriers and
Schottky contact type of the G/Ca(OH), vdWH can be turned effectively by applying electric field. Moreover, it should be noted
that the electric field of E, = 0.4 V/A can be realized in experiments by using the pulsed ac field technology [48]. Owing to these
above promising properties, the G/Ca(OH), vdWH is desirable material for designing high-performance Schottky devices.
Furthermore, the strain engineering is known to be an effective approach that widely used to modulate effectively the electronic
properties of graphene-based vdWHs, such as G/SnS [49], G/MoSe, [50], G/GaN [44]. For instance, Xiong et al. [49] demonstrated
that the electronic properties and the Schottky contact of the G/SnS vdWH are very sensitive to the strain engineering, which can
be used to tune a transformation from the Schottky to the Ohmic contact. Sun et al. [44] showed a transition from the nSC-type to
the pSC-type in the G/GaN vdWH by decreasing the interlayer coupling. In addition, the interlayer coupling D, in the vdWHs can
be controlled experimentally by nanomechanical pressure [51] or by insertion of the dielectric layers [52]. Therefore, we further
examine the influence of the strain engineering on the electronic properties and Schottky barrier of the G/Ca(OH), vdWH. The
strain engineering is applied to the G/Ca(OH), vdWH along the z direction by changing the interlayer distance D,, as shown in
Fig. 6(a). We find that the @y, of the G/Ca(OH), vdWH linearly decreases with increasing D,, while the @y, linearly increases,
as clearly shown in Fig. 6(b). When the D, increases from 1.88 A to 2.38 A and to 3.28 A, the @y, decreases from 3.03 eV to
2.90 eV and to 2.66 eV, respectively, whereas the @y, increases from 0.70 eV to 0.78 eV and to 0.89 eV, respectively. However,
the @y, is still larger than the @, in the case of the enlargement of the D,. Thus, the pSC-type is maintained in the G/Ca(OH),
vdWH. The projected electronic band structures of the G/Ca(OH), vdWH illustrated in Fig. 7 show the influences of the strain
engineering. When the D, is decreased from 2.38 A down to 1.88 A, the position of the Fermi level downshifts from the CBM to
the VBM of the Ca(OH), semiconductor. It leads to the gradual decrease (increase) in the Dy, (@ ). Quite the contrary, when the
D, is increased the Fermi level moves upwards from the VBM to the CBM of the semiconductor Ca(OH),, leading to the gradual
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increase (decrease) in the Dy, (®p p)- The influences of the interlayer distance D, on the Schottky barriers of the G/Ca(OH), vdWH
can be explained as follows. As is well known that a potential step AV depends strongly on the strength of the charge transfer
in the G/Ca(OH), vdWH. When the charge transfer is enhanced, the potential step AV also becomes larger. Thus, when the D, is
decreased, the charge transfer between the graphene and Ca(OH), layer enhances, leading to an increase in the AV. Accordingly
to the Eqgs. (2) and (3), one can observe that the gradual increase in the AV results in the decrease/increase in the ®p /@ ;. On
the contrary, when the D, is increased, the charge transfer in the G/Ca(OH), is weakened and the AV is reduced, leading to the
increase/decrease in the @ ,/®Py . Our results from Bader analysis demonstrate that when D was decreased from 3.28 Ato1.88A,
more electrons 0.0024, 0.004, 0.012 ¢ for D = 3.28, D = 2.38 A and D = 1.88 A, respectively are transferred from graphene to
Ca(OH), layer.

4. Conclusion

In conclusion, in the framework of first principles calculations, we first proposed an ultrathin G/Ca(OH), vdWH and then
investigated comprehensively its electronic structures at the equilibrium state. The G/Ca(OH), vdWH is mainly characterized by the
physicoadsorption interaction with the interlayer distance of 2.38 A and the binding energy of —33.37 meV/C atom. Interestingly,
we found the formation of a small band gap of 9.7 meV opening at the Dirac point of G/Ca(OH), vdWH, making it suitable for high
speed electronic devices. The small carrier effective mass also reveals that the G/Ca(OH), vdWH will exhibit high carrier mobility.
Moreover, at the equilibrium state, such vdWH represents the pSC-type with small D, =0.78 eV, which can be tuned by strain
engineering and electric field. The pSC-type is found to transformed to the nSC-type and then to OC-type when a negative electric
field is larger than —0.3 V/A. Our results demonstrate a useful of the G/Ca(OH), vdWH towards electronic and optoelectronic
applications and a route to improve these devices performance based on such heterostructure, such as Schottky devices.
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