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Multiscale Simulations of 2-D Material Ink-Based
Printed Network Devices

Prabhat Kumar Dubey™, Damiano Marian

Abstract— We present a simulation study of printed tran-
sistors composed of networks of two-dimensional materials
flakes based on a multiscale approach. Printed devices are
modeled by generating flake distribution using a Monte
Carlo method, performing ab initio density functional theory
(DFT) and nonequilibrium Green’s function (NEGF) calcu-
lations to obtain flake-to-flake mobility and finally comput-
ing transport in a three-dimensional drift-diffusion scheme
coupled with the electrostatics by means of the Poisson
equation. The method has been applied to MoS»>-based
devices while investigating the impact of trap charges on
the device performances as well as the mixing of MoS,with
graphene, a technological option currently experimentally
investigated in the literature. We will show that the presence
of traps is detrimental to the ofr current, which could be the
main reason for the reduced current modulation observed
in experiments. Mixing MoS,with graphene can instead be
considered as an option to optimize the on and ofF current
of the device.

Index Terms— 2-D materials, multiscale simulation, net-
work devices, printed transistors.

I. INTRODUCTION

HE demand for low-power flexible electronics is growing
due to the emergence of modern technologies such as the
Internet of Things [1], flexible, and smart electronics [2], [3],
where printable electronics could play its role as enabling tech-
nology. Traditionally, organic polymers have been the leading
semiconductor material for printing of devices such as light-
emitting diodes (LEDs), photodetectors, and transistors [4],
[5], [6], [ 7], [8], [9], but they are encountering some limitations
regarding the achievable mobility, the stability, and the cost
[10]. The 2-D materials represent an alternative option due to
their unique features demonstrated so far, such as their high
mobility, good ON—OFF ratio, atomic thickness, transparency,
and flexibility [11]. Many experimental demonstrations of 2-D
material-based printed devices have been recently reported

[12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22].
While in recent years, a lot of efforts have been performed
in order to demonstrate the potential of this technology from
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an experimental point of view, a theoretical investigation of the
main physical mechanisms at play in 2DM-printed devices has
been so far scarcely addressed. A multiscale method has been
recently presented in [23] by some of the authors in order
to simulate transport in printed network based on the same
type of 2-D material flakes, which has been validated against
experimental results.

In the present work, we are further extending the model
considering also the impact of nonidealities such as the
presence of trap states and including the possibility of having
mix of different inks, with a focus on the device electrical
behavior and the physical effects affecting the performance
of fabricated devices. Trap states have been indeed argued to
be a dominating factor for carrier transport in MoS, network
devices [12] and MoS,—graphene composite ink has been
used to optimize the performances of the printed devices,
as demonstrated experimentally in [20] and [24].

Here, we will show that trap states severely affect printed
device performances, and in particular, they degrade the
ON/OFF current ratio of the device while reducing the capa-
bility of the gate to modulate the source-to-drain current
(Ips): this observation is consistent with the experimental
results reported in [12]. While analyzing the impact of mixing
graphene with MoS, ink, in order to optimize the device
performance, we observe that below the percolation threshold
of graphene network (i.e., transport is through both MoS, and
graphene), the drain current depends on the Schottky barrier
(SB) height at the MoS,—graphene junction. We also notice
that the addition of graphene ink increases the OFF current and
reduces the ON/OFF ratio of the device. These observations are
in line with the experimental observations presented in [22].

This article is organized into five sections. In Section II,
we present the adopted modeling and simulation approach.
The performance of MoS, network-based devices and the
impact of trap states are reported in Section III. In Section IV,
we investigate the mixed MoS,—graphene ink-based transistor
performance. Finally, we draw the conclusion in Section V.

Il. DEVICE STRUCTURE AND SIMULATION APPROACH

The device structure considered in this work is presented
schematically in Fig. 1. It consists of a channel composed
of a randomly generated network of two-dimensional MoS,
flakes separated from the metal back gate by an oxide with
a dielectric constant equal to three (a typical value for hBN
[25]) and a thickness (#,x) of 10 nm. The channel length (L)
and width (W) are kept fixed at 3 and 1 um, respectively
[see Fig. 1(a)], while the thickness is 50 nm. In the generated
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Fig. 1. (a) Sketch of MoS, printed network device, with indicated the
main geometrical parameters. (b) Top view of a typical simulated network
of MoS; flakes for FF = 0.7 showing a cross section of the distribution of
two adjacent planes of flakes with an average dimension of 150 nm [21].

networks, we have considered flakes of lateral dimension of
150 nm on average as reported experimentally in [21]. The
current flows between source and drain metal contacts through
the MoS; network-based channel region.

The device structure is simulated using the multiscale simu-
lation approach reported in [23], which consists of three main
ingredients: 1) generation of a random distribution of flakes;
2) definition of the out-of-plane mobility; and 3) solution of
transport through a drift-diffusion approximation. The first
ingredient consists in generating a random distribution of
flakes, with the possibility of arbitrarily setting the orientation,
dimension, and overlap between flakes, using a Monte Carlo
method [see Fig. 1(b)]. The second ingredient is aiming at
connecting the diffusive (in-plane) transport along the flake
with the ballistic (out-of-plane) vertical transport between
the flakes. For this, we model the out-of-plane-to-in-plane
conductance ratio by means of density functional theory
(DFT) calculations, as presented in Figs. 2 and 3, and the
Wannierization of the structure [26], which is used to perform
transmission calculations within the nonequilibrium Green’s
function (NEGF) formalism implemented in the NanoTCAD
VIiDES software [23], [27]. This procedure is used to define
the out-of-plane mobility, which is finally exploited, as the
last ingredient, to solve the 3-D drift-diffusion equation self-
consistently with the Poisson equation to calculate the current
through the device (more details on the general framework of
the method used can be found in [23]).

The impact of ink properties has been considered by a
synthetic factor, which we refer as the filling factor (FF)
parameter, defined as the ratio of the volume occupied by the
flakes to the total volume of the channel [23]. This parameter,
which aims at mimicking the compactness of the network
structure, depends on the ink concentration, viscosity, and
the number of print passes as well as on the post-annealing
process.

The impact of trap states is taken into account considering a
uniform distribution on the MoS,; flakes along the channel. The
traps are included while solving the Poisson and continuity
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Fig. 2. (a) Schematic of the in-plane (top) and out-of-plane (bottom)
transport. (b) Top and lateral views of MoS,—graphene supercell structure
for DFT calculations. (c) Charge density difference a partially overlapped
structures of MoS,—graphene. (d) In-plane conductance of graphene and
MoS:; flakes and average value of the out-of-plane conductance for three
different values of the overlapping region (7.7, 10.2, and 12.8 nm) as a
function of Fermi energy.
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Fig. 3. Empirical curve fitting of DFT simulation results for conductance
ratio. (a) Graphene-to-MoS, out-of-plane/graphene-in-plane conduc-
tance. (b) MoS,-to-graphene out-of-plane/MoS;-in-plane conductance.

equations self-consistently, considering a Gaussian distribution
in the bandgap of MoS,

2
—(E — Ey) ) )

D(E) = Dnexp( ¥
k

where Dj is the concentration of trap states, Eg = 0.5 eV is
the center, and E; = 8 kT is the variance of the Gaussian
distribution. The values of Ey and E; have been calculated
using DFT results that are consistent with [28], [29]. We have
simulated a set of 20 devices, each with a different random
flake distribution, and two different values of FF, i.e., 0.4 and
0.7, to understand both the role of FF and trap states. The
two values for the FF have been considered as the reference
values corresponding to the case of not annealed and annealed
networks since the annealing process provides more compact
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networks in the channel region that increases the FF from
0.4 to a value of 0.7 [23].

The effect of mixing MoS, ink with graphene ink is mod-
eled by extending and generalizing the procedure developed
for the homo-material junctions in [23]. In particular, the
in-plane and out-of-plane mobility, i.e., the transport within
a flake (that can be either MoS, or graphene) or between
two partially overlapped flakes can significantly differ [see
Fig. 2(a)]. In order to consider this anisotropy, we perform
the following multiscale procedure. First, we define a bilayer
heterostructure of graphene and MoS,, consisting of four ele-
mentary cells of MoS; and five elementary cells of graphene,
in order to commensurate the two materials [see Fig. 2(b)].
We then perform DFT calculations of the structure exploiting
the Quantum Espresso suite [30] and extract the Wannier
Hamiltonian through the Wannier90 code [26]. Furthermore,
we construct an extended Hamiltonian, which allows comput-
ing the in-plane transmission, i.e., isolated graphene or MoS,
flake (see Fig. 2(a) top), and the out-of-plane transmission,
i.e., from one material to the other (see Fig. 2(a) bottom),
varying the overlapping region from 7.7 to 12.8 nm, in
NanoTCAD VIDES [27] (see [31] for more details on how the
extended Hamiltonian is constructed from the bilayer Wannier
Hamiltonian). It is worth observing that the transmission
between the flakes, in the out-of-plane case, occurs mainly
at the edges of the flakes, being almost independent of the
specific overlapping region [31]. To confirm this, in Fig. 2(c),
we report the charge density difference for the heterostructure,
calculated as Ap = pheero — PMoS, — Pgr» WhETE pPhetero 1 the
charge of the heterostructure and ppos, and py, are the charges
of the MoS; and the graphene flakes alone, respectively. The
charge density difference illustrates the distribution of the
charges of the heterostructure with respect to the single flake
case: we can observe that the main difference is localized at the
edges of the flakes and tends to vanish far from the overlapping
region [30].

From the in-plane and out-of-plane transmissions, we
compute the in-plane conductance of graphene [G (EF)]
and MoS; [Gwmos,(EFr)] and the out-of-plane conductance
[Gout-of-plane (EF)], considering the average transmission for
the different overlapping regions considered [see Fig. 2(d)].
Finally, we obtain the conductance ratio (out-of-plane/in-
plane), which we assume to be directly proportional to the
mobility ratio, for both graphene (gor(Er) = Gout-of-planc /Gor)
and MoS, (gMOSZ (EF) = Gout—of—plane/GMOSz) as a function of
the Fermi energy. We did empirical curve fitting to find the
energy-dependent expression for the conductance ratio for a
carrier from graphene-to-MoS; (g,) in Fig. 3(a) and from
MoS,-to-graphene (gmos,) in Fig. 3(b).

In Appendix A, we report the details of the curve fitting
shown in Fig. 3(a) and (b). These expressions are then used
to model the energy-dependent mobility for interflake transport
regions extending the procedure reported in [23] as follows.
We have considered a fixed in-plane mobility for MoS, and
graphene, respectively, pug = 200 cm?/Vs and fmos, =
2 cm?/Vs, while the energy-dependent out-of-plane mobility
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Fig. 4. Transfer characteristics of MoS, ink-based printed network device
on (a) linear scale and (b) semilog scale for different Vpg’s.

at the interface between graphene and MoS, is taken as

1
ﬂoul—of—plane(EF) = z[ggr(EF) “Ugr + gMoSZ(EF) : ,UMOSZ]
(2)

i.e., defined as the weighted average of the in-plane mobili-
ties on the conductance ratios for graphene and MoS,. The
MoS,-to-MoS, and graphene-to-graphene out-of-plane mobil-
ity is modeled according to [23].

It is worth underlining that the carrier concentration and the
in-plane and out-of-plane transport are solved self-consistently
considering the potential and the quasi-Fermi level at each iter-
ative solution. Indeed, both the charge in the MoS, (graphene)
flakes and the out-of-plane mobility depend on the potential
and the quasi-Fermi level, thus properly coupling the 3-D
electrostatics and the interflake transport. The model and
the parameters used in the simulations have been validated
in [23] showing very good agreement with experimental
results [19], [32].

[1l. RESULT AND DISCUSSION

The transfer characteristics of the MoS, network device
(as in Fig. 1) in the ideal case (i.e., without defects) are
presented in Fig. 4. In the absence of trap states, the device
characteristics show a large Ion/Iopr ratio and a subthreshold
swing (SS) of 60 mV/decade. In order to appreciate the
complexity of transport in printed devices in Fig. 5, we report
the cross section of the in-plane, source-to-drain (a), and the
out-of-plane, bottom-to-top (b), current components. It can be
observed that in-plane transport is unidirectional from source
to drain, and on the other hand, the out-of-plane current has
both positive, from bottom to top, and negative, from top to
bottom, components.

It has been observed experimentally that the drain current
in MoS; ink-based printed network devices hardly modulates
with the gate voltage (Vgs) [12]. The reason behind this
effect could be the large number of defects present in printed
2-D material-based devices (either at the edges or within
the flakes). To get insight on this phenomenon, we have
investigated the impact of defects on the performance of the
device, considering the distribution reported in (1). Consider-
ing the randomness of flake distribution and their arrangement,
we have generated 20 different networks for each value of Dj
and FF. In Fig. 6(a), the computed transfer characteristics are
shown for an FF of 0.4 and for different trap densities (D).
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Fig. 5. Cross section of the current in MoS, network device for FF =
0.7 at Vgs = 1 V: (a) in-plane (x-direction) source-to-drain current and
(b) out-of-plane (z-direction) bottom-to-top current.
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Fig. 6. Impact of trap density (Dj) on the transfer characteristics of

MoS;-based network devices for (a) FF = 0.4 and (b) FF = 0.7 and

Vos = 0.3 V.
It can be observed that the OFF current increases with the trap
density (Dj). This results in a very low ON/OFF ratio for the
studied device, which is in line with the experimental result
observed in [12], where a weak current modulation with Vgg
has been observed. The impact of trap charges on transfer
characteristics corresponding to an FF of 0.7 is presented in
Fig. 6(b). It can be observed that like Fig. 6(a), the OFF current
and subthreshold slope of the device increase while increasing
the trap density, thus reducing the ON/OFF current ratio of
the devices. Furthermore, we observe that the conductivity
of the channel increases with the FF due to the increasing
number of conducting paths. The observations suggest that
postprocessing annealing is not improving the performance in
terms of current modulation (assuming that post-annealing is
not healing the channel from defects).

IV. MOS,—GRAPHENE COMPOSITE INK-BASED FETS

The MoS,-based network devices suffer by reduced mobil-
ity due to interflake transmissions. On the other hand,
graphene inks show metallic conductivity due to higher elec-
tron mobility. This property of graphene can be exploited
to enhance the mobility of MoS, network devices by mix-
ing the MoS, ink with graphene ink as suggested in [22].
In this section, we investigate the MoS,—graphene composite
ink-based printed network devices [see Fig. 7(a)]. In the
simulations, we have generated random MoS, and graphene
flakes of average length 150 nm in a Monte Carlo fash-
ion, as schematically shown in Fig. 7(b). Next, we define

(a) Graphene flake MoS, flake

Source

~ Back Gate

ST FAT TN

Graphene flake MoS, flake

x (um)
Fig. 7. (a) Schematic of MoS,—graphene composite network randomly
generated using the Monte Carlo scheme and (b) top view of the
cross section of two adjacent planes of a typical simulated network of

graphene—MoS, composite ink for FF = 0.7 with 10% graphene and
average flake dimension of 150 nm [21].
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Fig. 8. Transfer characteristics of MoS,—graphene composite ink-based
printed device for SB of 0.5 eV. (a) FF = 0.4. (b) FF = 0.7.

the mobility in both graphene and MoS, flakes along with
interflake mobility as detailed in Section II. Also, for these
simulations, we have considered 20 different networks for each
value of FF and graphene percentage.

Fig. 8 shows the transfer characteristics of MoS, network
devices with different percentages of graphene for two FFs
(0.4 and 0.7). It can be observed from Fig. 8 that the device
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Fig. 9. Transfer characteristics of MoS,—graphene composite ink-based
printed transistor with MoS,—graphene SB height of 0.25 eV. (a) FF =
0.4. (b) FF =0.7.

ON current (and the conductance) reduces as the graphene per-
centage increases from 0% to 10%, which is counterintuitive
and in disagreement with [22]. The reason for the observed
effect can be related to the presence of a Schottky junction
between MoS, and graphene flake, whose barrier height has
been set to 0.5 eV as from our DFT simulation results (see
Fig. 2(d) and [30]). However, while a Schottky junction may
indeed be present at the flake interface, the exact value of the
barrier may be difficult to be determined, due to the presence
of nonidealities (e.g., defects) that may lead to a different
picture as that drawn by DFT calculations. To understand, how
sensitive are the results with respect to the assumed barrier
height, we have considered two different values for the SB
between MoS; and graphene flakes and, in particular, equal
to 0.25 eV (see Fig. 9) and 0 eV (see Fig. 10). It can be
observed that indeed, the conductivity of the MoS,—graphene
composite ink improves as the SB height is reduced. From
Figs. 8 and 9, it is also clear that the increase of graphene
percentage is leading to a degradation of the OFF current,
due to the increasing number of conducting graphene paths
between the reservoirs, which cannot completely switched OFF
by the external electric field: a tradeoff between improved
conductivity and preservation of OFF current and SS has then
to be found when mixing MoS, with graphene.
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Fig. 10. Transfer characteristics of MoS;—graphene composite
ink-based printed transistor with MoS,—graphene SB height of 0.0 eV.
(a) FF =0.4. (b) FF = 0.7.

V. CONCLUSION

A multiscale simulation approach has been presented to
investigate the performance of 2-D material ink-based (specif-
ically MoS,; and MoS,;—graphene composite ink) printed
devices. The approach is general and can be used to investigate
2-D-printed devices with different materials. The results show
that by adding graphene ink in MoS,, the ON current can
be improved at the cost of degrading the ON/OFF ratio. The
developed model can also consider the impact of trap states on
the device performance, which may explain the experimentally
reported weak modulation of drain current on gate voltage of
MoS, ink-based network FETS.

APPENDIX A
The curve in Fig. 3(a) is fit as in the following, with a
piecewise function:

Ga-mos2 = 1 x 107%, for —2 < Ep <04
GgrfMOSZ = (11)66 + b])CS + C])C4 + d1x3 + 61)62

(AL)

+ fix+g for, 04<Er<0.6 (A2
Gy_Mos2 = arx® + byx® + cox* + dox® + erx?

+ foax + g for, 0.6 <Ep <1.1 (A3)
Ggr—MoSZ = a3x6 + b3x5 + C3x4 + d3x3 + e3x2

+ faix+g3 for 1.1 < Ep <15 (A4)
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TABLE |
FITTING PARAMETERS FOR GRAPHENE-TO-M0OS, CONDUCTANCE
Parame Value Parame Value Para Value
ter ter mete
iy
a, 7.63 eV a; -1644.71 eV* as 5340.61
eV
b, -5761.74 b, 7977.88 eV b; -41970.25
CV‘S ev-i
¢ 7329.59 ¢ -15972.32 eV" c; 136983.74
ev-A 4 ev-A
d, -4914.98 d, 16889.49 ¢V d; -237702.19
C\/’3 ev-S
e 1834.42 e -9945.36 eV e; 231321.39
eV eV?
fi -361.70eV"! £ 3091.69 V! f -119716.69
eV!
g 29.46 o -396.41 g3 25745.66
TABLE Il
FITTING PARAMETERS FOR M0OS5-TO-GRAPHENE CONDUCTANCE
Parameter Value Parameter Value
a -768.40 eV’ a, 42591 eV7
B 3957.73 eV° B2 -2952.32
eV
Y1 -8578.45 eV-? Y2 7735.30 eV-
5
61 10139.54 eV+* 8, -8275.10
eV+*
€1 -7056.87 eV-3 €, -549.13 eV-
3
0, 2892.14 eV 0, 9382.78 eV~
2
0 -646.46 eV'! ¢ -7973.08
eV!
iR 60.84 1, 2206.25

where a, b, ¢, d, e, f, and g are the fitting parameters with the
values presented in Table I hereafter.
The curve in Fig. 3(b) is fit as

Gmos2—gr = 0.014, for, -2 < Ep <0.45 (AS5)
GMOSZ—gr = a1X7 +ﬁ1x6 + Vl-xs + 51.x4 + E]X3 + 61)62
+ x4+ for, 045 <Ep <1.1 (A6)

Gmosa—gr = 02X + Pox® + p2x” + dox* + e2x? + 0ox? + (ox

+n, for, 1.1 < Ep <15 (A7)

where, f, v, d, €, 0, ¢, and 7 are fitting parameters with the
values presented in Table II hereafter.
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