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Abstract

Within the framework of 2D materials, we present four theoretical models of a vertical field-effect
transistor (FET) composed of simple alternate graphene and MoS, layers. The electronic transport
properties at a specific graphene/MoS, interface in each configuration are investigated by
focusing in particular on the current as a function of the gate voltage. The gate voltage, simulated
with a shift of the bands of a specific layer, allows us to tune the current at the interface and the
charge transfer between the planes. This analysis of the charge transfer as a function of the gate
voltage reveals a strong connection with the transport characteristics as the slope of the current
curve. The analysis of physical phenomena at the graphene/MoS, interface can further improve
the 2D vertical FET performance and contribute to the development of new 2D nanotechnology.

Keywords: graphene and 2D materials, density functional theory, electronic transport, transistor
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1. Introduction

The field-effect transistor (FET) is an electronic device
representing the basic building block of modern technology
based on semiconductor electronics. It consists of an elec-
tronical device used to amplify or switch the current, com-
posed of a semiconductor channel connected with two
metallic contacts, where the flowing current can be tuned by
applying an electric field. Generally speaking, the progress of
information and communication technology comes from the
effort in improving the performances of this electronic
component [1]. Traditionally, FETs are based on bulk or 3D
semiconductor channels composed of silicon, and GaAs and
GaN semiconductors. Following Moore’s law, which in 1965
predicted that the density of transistors in a chip will double
every two years [2-5], the 3D materials have been scaled
down to nanoscale dimension over the past five decades. Of
course, there is a limit to the size reduction of 3D FETs
related to short-channel [6, 7] and surface effects, due to
dangling bonds, which cause the deterioration of transistor
performance. After the discovery of graphene [8, 9], many
other graphene-like materials such as germanene, silicene and
transition metal dichalcogenides started to be included in
electronic devices to overcome some of the previously cited
undesired effects.
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Many 2D FETs, mostly based on graphene due to its
extraordinary properties, have been built or theoretically
modeled in recent years. However, graphene does not present
any gap, which is strictly necessary in electronics. One way to
overcome this problem is to combine graphene with a 2D
semiconductor such as MoS, in a van der Waals (vdW)
heterostructure, a vertical stacking of different 2D materials
able to keep the main characteristics of each material [10]. In
an FET architecture, the 2D materials can play the role of an
in-plane channel [11, 12] or barrier [13—16]. In principle, for a
tunneling transistor such as that proposed by Britnell et al,
graphene is used because of the low density of states (DOS),
responsible for the greater increase of Ep with respect to
conventional 2D gas with parabolic dispersion, as a gate
voltage is applied [17-21]. However, the absence of a band
gap in graphene affects the performance of the transistor, due
to the low ON/OFF ratio. Recently, an FET fully composed
of 2D materials was built with graphene contacts, hBN di-
electric and MoS; channel, exhibiting good performance [22].

In this work, we present a very simple model for FET
bases on the interface graphene-MoS, monolayer, where the
two monolayers are used as the source-drain electrodes. The
MoS, monolayer is included because of its band gap, used to
switch ON/OFF the device. By means of density functional
theory (DFT) and non-equilibrium Green’s function formal-
ism, we are able to simulate the effect of the gate voltage and
calculate the transverse current between the graphene and

© 2018 IOP Publishing Ltd  Printed in the UK
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MoS,. Despite the used approximations and its simplicity,
this model is able to reproduce the transistor operations,
allowing the complete investigation of the electronic transport
at the graphene-MoS, interface. In particular, we focus on the
modification of the transport current, modulated by the gate
voltage, between the electrodes when additional alternate
layers of graphene and MoS, are stacked on top of them.

Then, a mixed heterostructure (hBN/graphene/MoS,)
and the interface graphene/hBN are also presented to
demonstrate the independence of the interfaces and the role of
the band edge shape in the transport parameters. We believe
that this kind of study is necessary to define the possible role
of the vertical vdW heterostructures in the new FET
generation.

2. Method of calculation

All the results we present in this work have been obtained
within DFT methodology. Both the self-consistency and
transport calculations are performed within the Fireball code,
a very efficient DFT-localized orbital method [23, 24]. This
code uses a self-consistent version of the Harris—Foulkes local
density approximation (LDA) functional [25, 26] and the self-
consistency is achieved over the occupation numbers. The
unit cell optimization and inclusion of the vdW interaction
using the LCAO-S? + vdW approach are presented in detail
in appendix A.

Then, using the Hamiltonian calculated within the Fire-
ball methodology, the electronic current can be estimated
following the non-equilibrium Green’s function technique
developed by Keldysh [27]. The complete system can be
virtually separated for the current calculation into two sub-
systems (even though the whole system is fully diagonalized
in Fireball) given by the different layers and labeled T and S.
These two parts are joined in the current equation through a
mutual interaction (T7g and Tgy, which correspond to the
hopping integrals calculated in the Fireball code).

_ 4re?
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where p7r and pgg are the density matrices of the two
subsystem, respectively; D = (I — Tsr ()] Trsggs(w)}*l
and Dgg = (I - YA"STgAT’T (w) Trs ggs(w)}—l matrices are related
to the multiple scattering effect produced by potential elec-
tronic reflections that could occur when the two subsystems
are close to each other. The two terms gAS’S/}lTT are the Green’s
function for the non-interacting case. The final equation is
obtained at 0 K temperature and a bias voltage V. A complete
description of the methodology can be found in [28].

To simulate the gate voltage and effect of the band
shifting, we used a scissor operator [29, 30] described in
appendix B, able to move each band ¢,(k) a value A, (k).

In this work, we consider four different stacking con-
figurations based on MoS, and graphene planes. Since

graphene and MoS, have different lattice parameters, it is
necessary to build a supercell commensurate with both MoS,
and graphene. In particular, our bricks to build the four
supercells are composed of four MoS, and seven graphene
unit cells mutually rotated by 15 degrees. Due to the periodic
boundary conditions and the mismatch of the lattice para-
meters, a strain on graphene is present, since we keep the
MoS, in its optimized configuration. In fact, the strain on
graphene does not affect the electronic and transport proper-
ties, unlike what happens in strained MoS,. As we demon-
strated in a previous work [31], the orientation between the
layers in a heterostructure where the interlayer force is the
weak vdW interaction, does not affect the global electronic
properties. This suggests that any oriented supercell is
equivalent from the global transport point of view. Hence, we
will use the smallest possible unit cell in order to reduce the
calculation time, since we know that the orientation between
the layers does not affect the electronic transport properties of
the interface.

3. Results

In this model, the main idea is to combine the gap of MoS,
with the graphene characteristics, using these two 2D crystals
as electrodes. The transverse current between graphene and
the MoS, electrodes, Isp, is allowed by the voltage applied
between the two layers, called the source-drain voltage Vgp,
and it can be tuned or switched by means of a second voltage
Vg, able to modify the band alignment between the two
planes. The gate voltage V; is responsible for the shift of the
bands of graphene with respect to the gap of MoS,, simulated
by applying the scissor operator on it, which represents the
effective gate potential felt by graphene (normally reduced by
~100 times with respect to the real applied gate potential
when a dielectric of 300 nm of SiO, is placed between the
gate and the electrode).

The transverse current Isp occurs only if there are
accessible states on both electrodes. In graphene, there are
always available electrons (except at the Dirac point) for the
current, whereas in MoS,, due to the gap, the current is
possible only if we fall into the conductance band (CB) or
valence band (VB). For a specific range of Vg corresponding
to the gap value, the band alignment is such that the Fermi
level falls in the gap of MoS,; and the current is forbidden; out
of this range, the Fermi level approaches the CB (or VB) and
the device switches to the ON state. The Fermi level on the
VB and CB leads to a charge transfer (Q) between graphene
and MoS,, or in other words to a charge redistribution
between the planes, that is found to be at the basis of the
device operation.

In the following, we will first analyze the characteristics
of the simple graphene/MoS, heterostructure as a transistor
and then we stack additional layers forming further systems as
graphene/MoS,/graphene with Vi applied on the first gra-
phene and on both, and graphene/MoS,/graphene/MoS..



Nanotechnology 29 (2018) 505708

D Di Felice and Y J Dappe

b)

V>0V

graphene MoS2

CB

V', >V,

graphene MoS>2

VB

V.=0V

graphene MoS»>2

d)

-

graphene MoS>

CB

V<0V

2K —
7\
[ve

lVG

€)
V', <Vg

MoS>2

graphene

VB

lVG

Figure 1. Band diagrams: alignment of graphene and MoS, Fermi electronic levels for positive and negative Vs, where the Dirac cone falls in
the MoS, gap (panel b and c¢) and for larger absolute values where the the Dirac cone falls in the CB and VB, in panel d) and e), respectively.

3.1. Band alignment in graphene/MoS, heterostructure

We start by describing the effects of the band alignment in the
graphene/MoS, interface shown in figure 1. Starting from the
initial position, namely for Vs = 0V, the Dirac point falls in
the MoS,; gap (at —0.6 V from the CB), and moves towards
the CB as the voltage positively increases, or towards the VB
when V;; is negative. For positive gate voltages, the graphene
bands shift to higher values; the Fermi level defined by gra-
phene moving towards the CB, as can be seen in figure 1(b).
For more positive voltages, the Fermi level moves on the CB
and a migration of electrons from graphene to MoS, occurs
(see figure 1(c)), providing the accessible states for the
current.

In the case of negative Vs, we have an opposite shift and
the migration of electrons from MoS, to graphene occurs
when the Fermi level falls on the VB (compare figures 1(c)
and (e)). In the following sections, we will refer to this
migration of electrons from graphene to MoS, as the charge
transfer Q on MoS, and vice versa.

In order to understand the mechanism of our transistor, it
is necessary to take a look at the band shift, by means of the
DOS alignment for different V. First of all, we observe that
the shift of the graphene DOS with respect to the MoS, DOS
as a function of Vg is not linear, but depends on the position
of the Fermi level (falling almost in correspondence with the

Dirac point), with respect to the MoS, gap, to the CB and VB.
Hence, when the Fermi level falls in the MoS, gap, an
increase of the gate voltage of 1 V (from 0 to +1.0 V in
figures 2(b) and (c)) yields a shift of the band structure of
almost 0.7eV. On the other hand, when the Fermi level
approaches the CB (or VB), the same V; increased by 1 V,
which causes a reduced shift of the DOS, since a charge
transfer from graphene to MoS, (or from MoS, to graphene)
occurs, oppositely to the applied gate. This reaction of the
system to the applied band shift on graphene is discussed in
appendix B.

This means that, in order to reach the first electronic states
in CB (VB) of MoS,, and consequently the current saturation,
we need an effective Vg, which is larger than the value of the
gap. This is the reason we need to calculate the electric current
for a range of Vs from —5 to +5 V (larger that the gap of
MoS,). Note that when the Dirac point is in the gap, it defines
the Fermi level, whereas when it is close to CB (VB), the
charge transfer from graphene to MoS, (from MoS, to gra-
phene) results in an electronic doping of graphene causing a
displacement of the Fermi level from the Dirac point.

3.2. Graphene/MoS, electronic transport properties

We now move to the quantitative evaluation of the charge
transfer for graphene/MoS, by plotting the Q(Vy) curve
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Figure 2. DOS and the relative band alignment for different values of V. Red (black) line corresponds to graphene (MoS,) DOS. Graphene
DOS has been multiplied by five, in order to directly compare the two DOS.

(see figure 3(a) for the structure). As previously mentioned,
the approach of the Fermi level to CB or VB leads to a charge
transfer Q between the layers. In figure 3(c), we plot Q at the
interface as a function of V. This curve shows three regions
characterized by linear behavior with two different slopes.
The plateau-like part (with smaller slope) coincides with the
Fermi level moving in the MoS, gap, namely for a range of
Vg of ~2 V, corresponding to the OFF state of the transistor
(here we can still find finite Q = 0.18 el/unit cell, even for
Ve = 0V, coming from the interaction between the layers).
Then, right out of the OFF range of Vs, we found the very
important part, we call the switch region, defined as the range
of Vs where the Q curve changes its slope from the OFF to
the ON linear parts, occupying around 1 V in this case; the
change of slope does not suddenly occur. For larger Vg, we
recover the two second linear regions, for positive and
negative voltages. We note that even in the OFF region, we
have a charge transfer Q that leads to a non-zero electronic
density in the gap of MoS,.

In figure 3(b), we show the behavior of Is(Vsp) calcu-
lated for a range of Vgp between —0.5 and 40.5 V and for
different V. For gate voltage Vs = —1.0 V, corresponding to
the OFF state of the transistor, the current is very low.

However, when the Dirac cone approaches the VB (CB), for
Vg < —1.7V (Vg > +0.3 V), we observe an increase of the
positive (negative) branch of the current curve for positive
(negative) Vgp; this corresponds to the ON state.

In figure 3(d), the current Isp(Vs) for Vsp = —0.1 V is
shown for a V; range between —5 and 46 V, corresponding
to the range where the ON/OFF switch occurs. Again, in the
OFF region around —1.5 and +0.5 V, we found very low
current corresponding to the plateau in Q(Vs), whereas in
the ON region we can find two important parts: one is the
increase of Isp(V), related to the change of Q slope, and the
other one is the saturation of the current, for V5 > 2.0 V and
Ve < —3.0V, corresponding to the second linear region of Q.
The main parameters we want to modify by stacking an
additional layer is the slope of Isp(V) and the ratio between
the higher and lower current, called the ON/OFF ratio, which
defines how good the performance of the transistor is.

In this work, the slope of Isp(Vg) is defined as the
increase of the current curve in the Vg range from 0 to +2 V,
whereas the ON/OFF ratio is the ratio between the current at
Vs =5 V and the current at Vg = 0 V. In this first config-
uration, we found a slope of ~2 X 10% and an ON /OFF ratio
of ~2.4 x 10%
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Figure 3. Graphic representation of the transistor model composed of graphene/MoS, heterostructure is illustrated in (a), the current Isp(Vsp)
for different Vi in (b). Charge transfer with a zoom on the switch region and the current as a function of the gate voltage Isp(V) for
Vsp = —0.1 V are shown in (c) and (d), respectively.
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Figure 4. Graphic representation of the transistor model composed of graphene(1)/MoS,/graphene(2) heterostructure in (a), charge transfer
Q on graphene(1), graphene(2) and MoS, in black, red and green, respectively, are plotted in (b). In (c), Isp(V) for Vsp = —0.1 V is shown

together with the current obtained in the first case, in a solid and dashed line, respectively.

3.3. Graphene/MoSJ/graphene heterostructure

Starting from graphene/MoS, heterostructure, we now stack an
additional graphene, obtaining graphene(1)/MoS,/graphene(2)
where, as previously, graphene(1) and MoS, are the source and

drain electrodes (see figure 4(a)).

As is known from the previous work [31], the presence of

the second graphene does not affect the electronic properties
of the component layers. However, its presence modifies the
band alignment, strictly connected to the charge transfer Q,

and then to the current. In figure 4(b), we plot Q for each



Nanotechnology 29 (2018) 505708

D Di Felice and Y J Dappe

N

a) b

1e-05 g7 T T 13
VG 0al ET T T TS
0.2 1e-06 =
~ 0 ~ E ;
@ graphené(l) ) < B 7
| TV = 02 A le07F -
MoS o -0,4 — E E
=p . ’
\ -0,6 1e-08 —=
graphene(2) " m-mgraphene(l) = 3
\ 0.8 o-@Mos, C ]
I | I T I
R B T B le-
M¢ 2o 2 O 0 2 4
V() V()

Figure 5. Graphic representation of the transistor model composed of graphene(1)/MoS,/graphene(2) with Vg applied on both graphenes in
(a) and charge transfer Q on graphene and MoS, (black and red line, respectively) is shown in (b). In (c), Isp(V) for Vsp = —0.1 V is shown
together with the current obtained in the first case, in a solid and dashed line, respectively.

layer, in black, red and green lines for graphene(1), MoS, and
graphene(2), respectively. The dashed lines correspond to the
charge transfer on graphene in the original graphene/MoS,
heterostructure. We found that the charge transfer for all three
layers is very different from what we had before. The first
difference is that Q varies less with respect to Vi than in the
previous graphene/MoS, device, due to the presence of the
second graphene layer. Furthermore, here, we do not have
the three linear regions as before and Q on graphene(1) has
almost the same slope for the whole V range. Looking at Q
on MoS,, however, we can recognize two regions from —5 to
+0.5 V and from +0.5 to +5.0 V, characterized by small and
very smooth change of slope.

The transverse current calculated at the graphene(1)-MoS,
interface, Isp(V), is represented in figure 4(c). The change of
Q is reflected in the current behavior: the OFF region seems to
be larger, according to the absence of the third linear region in
Q for negative Vg, and also for positive values, the increase of
Isp is slower than in the previous transistor, as Q increases
slowly. The absence of the change of the switch region for
negative Vg is reflected in the low current.

In this configuration, the presence of the second graphene
layer reduces the effect of Vi in the switching of the charge
transfer curve from the OFF to the ON region. In fact, the
switch region increases and, consequently, the current shows
a smoother increase with respect to graphene/MoS,, clearly
visible since here it is necessary to apply a larger value of Vs
of 1 V to recover the same current as in the previous
graphene/MoS, system. This results in a worsening of the
transistor parameter given by the slope of Isp (~1.4 x 10%).
However, the ratio between the larger and the lower current
appears to be larger than in the previous case, being almost
10°. The idea is to try to increase the velocity of the band

shift, which can be analyzed by looking at the Q shape, in
particular at the switch between the linear regions, which
should be as small as possible to lead to a faster increase of
Isp. In other words, we want the Fermi level to move as fast
as possible towards the CB or VB edges of MoS,. We will try
to achieve this by using the heterostructure and by applying
the gate voltage on the two graphene layers.

3.4. Double gate on the two graphene layers

By considering the same heterostructure graphene(1)/MoS,/
graphene(2) (figure 5), it is possible to make something different;
we apply the same gate voltage in both graphene layers in order
to also use the second graphene as an active component, by also
shifting its band. This is a symmetric system from the point of
view of the band shift, composed by two distinct and equivalent
interfaces: graphene(1)-MoS, and MoS,-graphene(2), being
the first interface where the Vgp is applied and the current
calculated.

The symmetric configuration ensures that both graphene
layers present the same alignment. The analysis of the charge
transfer and the transport characteristics have been repeated in
this new configuration and the results are presented in
figure 5.

First of all, we take a look at the charge transfer.
Obviously, we find the same Q curve on both graphene lay-
ers, as we expected from the symmetry of the system. Then,
we note that the Q curve corresponds to the one found on
graphene in the first configuration (compare the black con-
tinuous and dashed lines in figure 5(b)), revealing a kind of
independence between the two graphene(1)/MoS, and
MoS,/graphene(2) interfaces.

Here, the same Vg brings about doubled charge transfer
on the MoS, electrode with respect to the original
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Figure 6. Graphic representation of the transistor model composed of MoS,(1)/graphene(1)/MoS,(2)/graphene(2) is shown in (a); the
charge transfer Q on graphene(1) and MoS,(2) (black and red line, respectively) is compared with the charge transfer obtained in the
graphene /MoS, case (dashed lines) with the scissor on graphene in (b). In (¢), Isp(V) for Vsp = —0.1 V is shown together with the current

obtained in the first case, in the solid and dashed line, respectively.

graphene/MoS, interface, in both ON and OFF zones.
However, the switch region is not thinner than in the previous
case, which means that the same range of V; as in
MoS,/graphene is necessary to move from the OFF to the
ON part. The consequence is that the increase of the current
does not occur faster than before. Consequently, we do not
expect a significant improvement of I, with respect to the
graphene/MoS, interface, as can be observed when com-
paring the continuous and dashed lines in figure 5(c). We also
note that, as a consequence of the Q doubling on the OFF and
ON region, the ratio between the two slopes of the O curve
calculated on MoS, characterizing the ON and OFF regions
does not change.

3.5. MoS2/graphene/MoS2/graphene heterostructure

Considering the results of the previous cases, we now move
to the last configuration: MoS(1)/graphene(1)/MoS»(2)/
graphene(2) heterostructure with gate voltage applied on two
graphene planes (figure 6(a)). The electrodes are graphene(1)
and MoS;(2).

Following our idea, we expect to find twice the amount
of charge transfer Q on both electrodes, as can be seen in
figure 6(b), where Q on graphene (black line) and Q on the
MoS, electrodes are shown and compared to the charge
transfer in the simple graphene/MoS, configuration (dashed
line). We confirm that the charge transfer between the layers
can be evaluated by considering each interface independently
from the others.

Also, in this latter case, we can relate the charge transfer
(figure 6(b)) and I (figure 6(c)). We found that the slope of

the current is not improved with the additional MoS, and
graphene layers, whereas we can find a larger ON/OFF ratio.

3.6. hBN/graphene, the charge transfer depends on the DOS

At this point, after a complete description of the role of the
additional layers in the electronic transport characteristics, we
want to focus on the intrinsic parameters affecting the slope of
Isp(V). We show here that the fundamental role is played by
the shape of the DOS in the CB and VB edges. The way the
DOS increases, since we do not have a perfect sharp band
edge, is reflected on the charge transfer curve, in the switch
region and then in the current slope. In the end, the slope ratio
between the OFF and ON Q region is a consequence of the
DOS shape at the gap edges.

A simple test is performed on the hBN/graphene het-
erostructure shown in figure 7(a). The hBN is not suitable as
an electrode because of its very large band gap. However, it
provides a very clear example to demonstrate how the shape
of the CB and VB edges affects the increase of the current.

The switch of the charge transfer from the OFF to the ON
linear region of hBN/graphene and graphene/MoS, (blue
and red lines in figure 7(b), respectively) is stressed by the
arrows in the zoom on the right. In hBN/graphene the change
of slope from the OFF to the ON region occurs at ~5 V,
whereas for MoS,/graphene it occurs at less than 2 V; this
provides a larger switch region for hBN/graphene. Thus, we
expect a smoother increase of the I, curve compared to the
current in graphene/MoS,, as shown by the blue and the red
lines, respectively, in figure 7(c).

The very slow increase of the charge and, consequently,
of the current with respect to the graphene/MoS, case, is
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Figure 7. Graphic representation of the graphene /hBN interface is shown in (a). In (b) the charge transfer Q calculated on the graphene layer
for hBN/graphene (blue line) is compared to the one calculated on graphene in graphene/MoS, (red line); the arrows in the zoom on the
right indicate the size of the switch region. In (c) the current calculated at the graphene/hBN interface as a function of Vj; is indicated by the
blue line, whereas the red line is the current corresponding to graphene/MoS,, already shown in previous sections. In (d) the comparison is
shown between the partial DOS of MoS, (red solid and dashed lines) and that of hBN (blue line). CB edges have a different shape, smoother

in hBN than in MoS,, as shown in the inset.

related to smoother CB edges of hBN (blue line in figure 7(d)
around 1 and 2 eV) with respect to the one of MoS,.

4. Independence of the interfaces in vdW
heterostructures

In this brief section, we would like to show the possibility to
predict the shape of the charge transfer Q on the intermediate
layer in a mixed heterostructure, by considering separately the
single interfaces and the charge transfer O between them.
Here, we consider the MoS,/hBN/graphene heterostructure,
which can be decomposed in two different interfaces,
MoS,/hBN and hBN/graphene, represented in figure 3(a).

Here, we just compare the sum of the charge transfer Q on
graphene calculated in the separate interfaces, 2) + 3), 2) and
3) in figure 8(b) (the light and dark green for hBN-graphene
and graphene-MoS,, respectively), with O on graphene cal-
culated directly in the hBN/graphene/MoS, heterostructure
(labeled 1) in figure 8(b).

Comparing the sum of Q from the separate interfaces and
that calculated in the hBN/graphene/MoS, heterostructure,
2) 4+ 3) and 1) in figure 8(b), we find a good agreement in the
shape of the curve, whereas we have a vertical shift of
approximately 0.1 electrons. However, as we illustrated in the
main text, the shape of Q, in particular, the switch region and
the ratio between the slopes in the ON and OFF linear region,
are the most important parameters to characterize the current
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Figure 8. In (a) the hBN/graphene/MoS, heterostructure labeled 1). 2) and 3) are the graphic representations of the single interfaces of hBN/
graphene and graphene/MoS,. In (b) we plot the charge transfer Q on graphene, calculated directly in 1) (red line) and as a sum of the Q
calculated on graphene in the 2) and 3) interfaces (light and dark line, respectively). Dashed red line is Q calculated as a sum of the charge

transfer in the single interfaces 2) and 3).

a)

+Q -2Q +2Q 2Q +2Q +2Q +Q

Vg

b)
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Figure 9. In (a) a sequence of alternate graphene-MoS, interfaces is represented, with graphene layers connected to a gate voltage; the charge
transfer between the layers is given by a succession of +2Q and —2Q. This demonstrates that the charge transfer on the layers in the middle is
affected just by the closer plane and the presence of the farther layers is negligible. In (b) a scheme of the smallest heterostructure
(MoS,/graphene /MoS,/graphene) that can be used to avoid the effect of the undesired charge transfer given by external layers (the red
objects) on the electrodes is given, in this representation, by the graphene and MoS, in the middle.

at the interface. From a computational point of view, the
possibility to succeed in this kind of prevision separating the
single interfaces, is important because it avoids the problem
related to the building of the supercell considering the mis-
match between three or more different 2D crystals.

Furthermore, another interesting application of the inde-
pendence of the interfaces is illustrated in this last part. Here,
we report a simple scheme of a heterostructure composed of
alternate graphene and MoS, planes beyond graphene/
MoS,/graphene/MoS,. We found that the presence of the
further planes does not change the charge transfer on the
graphene-MoS, interface in the middle (see figure 9(a)).

This kind of independence found in the vdW heterostructure
interfaces when the alternate graphene layers are connected to
the gate, can be useful if one wants to avoid the charge disper-
sion on the electrodes. One possible structure is represented
in figure 9(b): if we add extra vdW layers on the top and bottom

of MoS,/graphene/MoS,/graphene, as the capper in the tran-
sistor, for instance, the charge transfer necessarily present at the
external interfaces does not affect the charge transfer and con-
sequently the electronic transport between the electrodes.

5. Conclusions

In conclusion, in this work we have studied the mechanism at
the basis of the graphene/MoS, transistor performance by
observing and comparing the results coming from three het-
erostructures of alternate graphene and MoS, layers. In all
these systems, we have chosen the graphene and MoS,
electrodes where the electronic transport calculations were
performed, and we have studied the influence of the addi-
tional layers on the performance of the transistors. We have
focused our attention on the current modulation as a function
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of the gate voltage, namely Isp(V), relating its behavior to
the charge transfer Q (and, consequently, to the band shift).
We found that the width of the switch region is strictly related
to the slope of Isp(Vi). The faster the change of slope of the
charge transfer from the OFF to ON region occurs, namely for
small Vg range, the more I5p(V) will rapidly increase.

By stacking additional layers, it is possible to tune the
effect of the gate voltage on the band shift and, consequently,
on the charge transfer. We have seen that one is able to reduce
the effect of V; on the charge transfer and on the current just
by adding an extra graphene layer non-connected to the gate as
in the first graphene/MoS,/graphene, worsening the perfor-
mance of the transistor. On the other hand, we can improve the
V¢ effect on the charge transfer on the electrodes, connecting
also the second graphene to the gate potential. However, even
if Q is doubled on the electrodes, the current does not switch
faster, since neither the velocity of the Q curve moving from
the OFF to the ON region, nor the increased ratio of Q, namely
the ratio between the ON and OFF region slope, change. By
stacking additional layers, the current can at least show an
increase in the ON/OFF ratio, probably due to more charges
at the Fermi level, determining the current.

We found that the heterostructures composed of alternate
layers beyond the electrodes do not represent the way to really
improve the transistor performance. Moreover, further addi-
tional planes beyond MoS,/graphene/MoS,/graphene do not
affect even the charge transfer on the electrodes, as a con-
sequence of the interface independence. However, this kind of
independence found in the vdW heterostructure interfaces
when the alternate graphene layers are connected to the gate,
can be useful if we want to avoid the charge dispersion on the
electrodes. If an extra vdW layers is on the top and bottom of
the MoS,/graphene/MoS,/graphene, as the capper in the
transistor, for instance, the necessary charge transfer present at
the external interfaces does not affect the charge transfer and
consequently the electronic transport between the electrodes.

Moreover, the independence of the interfaces can also be
used to study the heterostructures composed of more than two
different crystals such as, for example, hBN /graphene /MoS,.
The possibility to separate the two interfaces allows us to avoid
the computational problem of the lattice mismatch between
three crystals and to build and analyze even different super-
cells with a different size for each interface. For example, it is
possible to study, within the framework of DFT, transistors
with a more complex structure, made by vertical stacking of
2D crystals, just by considering separately each interface.

We can conclude by saying that the mixed vertical het-
erostructures composed of more than two different crystals
are not useful to improve the performance of the transistor,
whereas the choice of the semiconductor with a sharp band
edge is more important to increase the current slope for a fast
switching device.
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Figure A1. Representation of the basic graphene/MoS, cell used in
our calculations.

Appendix A. Unit cell optimization

The unit cell we used to build the four configurations is
composed of graphene/MoS, mutually rotated 15 degrees,
see figure Al. All the other configurations are built by
adding one graphene layer, one MoS, or both in a vertical
stacking.

Following the Fireball formalism based on the self-con-
sistent Harris—Foulkes LDA functional, the structural optim-
ization is performed until the forces were below 0.1 eV/A.
Optimized numerical basis sets have been used for molyb-
denum (Mo), sulfur (S) and carbon (C) with respective cutoff
radii in atomic units of s = 3.9, p =4.5, d =5.0 for S,
s=5.0,p=45,d=48forMoands = 4.5,p = 4.5 for C.
The choice of the supercells is a well-known problem in DFT
codes as already dealt with in our previous article [31] with
respect to the effect of the rotation angle on the electronic
properties of graphene/MoS, heterostructure. Hence, due to
the lattice vector mismatch and rotation angle, a perfect match
is very difficult to obtain. Consequently, it is necessary to
adapt the lattice vector parameter of graphene and MoS, by
applying an artificial strain on the two layers that can affect
the electronic properties. In our previous article, we found a
way to treat this problem by studying the effect of the strain
on the electronic properties of graphene and MoS,. We found
that the MoS, electronic gap is very sensitive to the strain,
whereas on graphene electronic structure the effect of the
strain is negligible. Consequently, we chose to keep the MoS,
layer in the optimized structure, while graphene presents a
small strain. Furthermore, while LDA functional is a good
approximation for covalent bonds characterizing the in-plane
interactions, the out-of-plane vdW interactions are not well
dealt with in DFT. This well-known limit of DFT in dealing
with the vdW interaction, is overcome by using the LCAO-S*
-+ vdW approach [32], based on the dipolar approximation for
vdW interaction. This approach has proved to give good
results in agreement with experiments [33-35]. The structural
optimization is thus performed in two steps: a preliminary
equilibrium configuration is obtained by using LDA func-
tional, and then the LCAO-S* + vdW approach is used to
calculate the equilibrium interlayer distance, found to be
~3.1 A, as reported in [31].



Nanotechnology 29 (2018) 505708

D Di Felice and Y J Dappe

Appendix B. The scissor operator

The scissor operator consists of an extra potential added to the
sub-Hamiltonian written in the localized orbital basis set of a
system, in order to shift the electronic levels of the corresp-
onding subsystem with respect to the rest of the system. It can
be seen as an extra electric field applied to one subsystem. In
the present case, we shift the electronic levels of the graphene
monolayer with respect to the levels of MoS,, in order to
reproduce the effect of an electrostatic gate applied to the
system. Since this operator is part of the Hamiltonian, the
electronic density is correctly recalculated through the usual
self-consistent process, and the charge transfer is correctly
taken into account. This approximation works very well here
due to the weak coupling between the 2D materials through
vdW interaction. This method has been developed first for
metal/organic interfaces to correct the electronic level mis-
alignment [36]. It has then been generalized to extended
interfaces in our previous work [31].

The scissor operator, in the most general case, is able to
move each band ¢,(k) a value A, (k). Taking advantage of
the properties of projectors, it can be written as:

0% = Y Au®)a®) (a k)],

a,k

)

where |« (k)) is the eigenorbital with energy ¢,(k). We will
calculate the matrix elements of the scissor operator in the
Fireball basis set for periodic systems:

\/_ Z ezk(R+r)|¢/l l>

where |, ;) is the numeric atomic orbital of the orbital ;& of
atom i (at r;). If we expand |«(Kk)) in this basis set:

lak)) = b (R)[By(K)),
A\l

|B,..i(K)) = 3
“

the scissor operator matrix element (B#,,-(k)IOS |B, ;(k)) takes
the form:

(BLi(K)|05IB,,;(K) = > Aa(K) (B,i(K)]|
X (Z b5 (R) |B)\,l(k)>] X (%)
Al
[Z b (R) (B am(k)l]lBl/,j(k)> =, (6)
Yo A R)bR) (Bi(K) By (k)
a,l,m,\,o Syt (K)
X (Bym(K)|By;(K)) , (7

Sn.m; v,j (k)

where S, ;. ;(K) is the overlap matrix element between the
orbital p of atom i and the orbital A\ of atom /.

In our calculations, the scissor operator has been applied
only on graphene, by selecting the eigenorbitals |« (k))
corresponding to carbon atoms. The initial shift given by
A, (K) is applied on the selected eigenorbitals (all the carbon

11

orbitals), which build the graphene sub-Hamiltonian. This
sub-Hamiltonian is part of the whole Hamiltonian over which
the self-consistency is performed. Thus, the whole system
reacts to the scissor and the whole electronic density is
recalculated. In our specific case, when the self-consistency is
reached, the energy shift of the graphene eigenvalues with
respect to MoS, is always lower than the applied A, (k), as a
consequence of the response of the system. In this work, we
refer to the gate voltage as the value of A(k) applied on the
graphene eigenorbitals. Thus, Vs and A, (k) have the same
value. Moreover, the value of A,(K) is the same for all the
eigenorbitals where it is applied.
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