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Impact of Contact Resistance on the fr and f,.«
of Graphene Versus MoS, Transistors
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Shahriar Rizwan, Diego Kienle, and Mani Vaidyanathan, Member, IEEE

Abstract—A Key challenge in making 2-D materials viable for
electronics is reducing the contact resistance pc of the source and
drain, which can otherwise severely curtail performance. We con-
sider the impact of contact resistance on the performance of transis-
tors made with single-layer graphene and MoS., two of the most
popular 2-D materials presently under consideration for radio-
frequency (RF) applications. While our focus is on the impact of
pc, we include the impact of all the device parasitics. We consider
a device structure based on the 7-nm node of the ITRS and use
the unity-current-gain and unity-power-gain frequencies (fr and
fmax) found from quantum-mechanical simulations, ballistic for
graphene and with scattering for MoS., as indicators of RF per-
formance. We quantify our results in terms of the values of pc
needed to reach specific values of fr and f,,.x. In terms of peak
performance (over all bias conditions), we show that graphene re-
tains a significant edge over MoS., despite graphene’s poor output
conductance, with MoS. only being able to bridge the gap if con-
siderably better contact resistances can be realized. However, with
the bias current restricted to a technologically relevant value, we
show that graphene loses much of its advantage, primarily due to
a reduction in its transconductance g,,,, and we show that MoS,
can then meet or exceed the performance of graphene via the real-
ization of contact resistances already achieved in multilayer struc-
tures. Our values of fr for short-channel devices (around the 7-nm
ITRS node) are shown to be consistent with experimental data for
present-day long-channel devices, supporting our approach and
conclusions.

Index Terms—Contact resistance, field-effect transistor (FET),
graphene, gate resistance, high-frequency behavior, MoS,,
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radio-frequency (RF) behavior, two-dimensional transistors,
unity-current-gain frequency, unity-power-gain frequency.

I. INTRODUCTION

HE high-speed electronic properties of graphene, includ-
T ing a linear band dispersion with high band-structure ve-
locity [1], record mobility [2], and record current density [3],
have all contributed to the intense interest toward its use as
a channel material for field-effect transistors (FETs) [4], [5].
At the same time, graphene has no electronic bandgap, which
leads to the undesirable outcome that graphene FETs (GFETs)
cannot be turned off, and hence that digital circuits cannot be
created from graphene, except through modified forms having
induced bandgaps, such as ribbons [6], bilayers [7], and antidot
lattices [8].

In order to exploit the high-speed properties of graphene,
the focus of research on single-layer GFETs' has thus leaned
toward their use in analog radio-frequency? (RF) applica-
tions [9]. The measured values of the unity-current-gain (cutoff)
frequency (fr) have reached over 400 GHz [10], comparable
to the fastest high-electron-mobility transistors (HEMTs) with
similar gate lengths [11]. The observed values of the unity-
power-gain frequency (f.x) have been somewhat lower, due
to the stronger influence of a lack of a bandgap, and hence low
output conductance, on power gain vs. current gain [12], but
they still hold promise, especially considering the relative im-
maturity of GFET technology, with a record value of around
70 GHz [13].

Although the mobility and high band-structure velocity of
graphene have been repeatedly suggested [10], [14], [15] as
being the main reason for its consideration for electronics, far
more important is the ideal electrostatic environment inherent in
two-dimensional materials [4]. Two-dimensional materials can
be considered the ultimate form of the ultra-thin-body, silicon-
on-insulator (UTB-SOI) transistor, a structure that allows for
better electrostatic gate control than bulk materials, and hence
more efficient downscaling while avoiding short-channel ef-
fects. Many two-dimensional materials have also been demon-
strated to exhibit a high degree of mechanical strength and

!In this paper, we consider GFETs made only with graphene in its single-layer
form; hence, “graphene” always means “single-layer graphene,” even when not
explicitly stated.

’In this paper, we use the terms “radio-frequency” and “high-frequency”
interchangeably.
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flexibility [16]-[18]. Such properties naturally lead to an in-
terest not only in incorporating two-dimensional materials in
traditional integrated circuit design, but also in the exciting area
of flexible electronics [19].

Single-layer molybdenum disulphide (SL MoS») has been
suggested as an alternative two-dimensional material to
graphene, mostly because it exhibits a substantial bandgap of
1.8 eV [20], while still demonstrating the inherent electrostatic
benefits of a two-dimensional material. On-off current ratios
(Lon / I,g) of more than 107 have been demonstrated [21], much
better than the values of 10°~10% demonstrated for graphene [4].
An additional benefit of SL MoSs is that the existence of a
bandgap may allow for improved RF performance in compar-
ison to graphene transistors, through a reduction in the output
conductance. However, to date, the experimentally observed val-
ues of fr and f,.« for SL MoS; transistors have been limited
to 6.7 GHz and 5.3 GHz, respectively [22], while multi-layer
MoS, (ML MoS,) transistors have achieved fr and f,.x val-
ues of 42 GHz and 50 GHz [23], respectively. It has also been
suggested that MoS, transistors will not be able to operate at
high frequencies [24], and that graphene will hence remain the
superior choice from this perspective.

A major limitation on the performance of single-layer ma-
terials for radio-frequency (RF) applications arises from the
high values of contact resistance pc determining the source
and drain parasitic resistances. In graphene, for which prelim-
inary work has been done to examine the impact of the con-
tact resistance on RF metrics [12], [25], [26], the minimum
achieved contact resistance has been around 100 €2 - um, as evi-
denced by multiple experiments [27]-[29]. In SL MoS,, creating
high-quality, low-resistance ohmic contacts is a greater prob-
lem, due to the large bandgap combined with Fermi-level pin-
ning [30]. Scandium [30], molybdenum [31], and graphene [32]
have all been suggested as possibilities for the contact material.
However, for each possibility, the contact resistance is above
1 k- pm [33], an order of magnitude worse than what has
been observed in graphene. Significantly lower (improved) con-
tact resistances have been realized in ML MoSs ; chloride-doped
devices have reached values below 500 €2 - um [34], devices
with nickel-etched graphene electrodes have reached values of
200 €2 - um [27], and devices using the metallic phase of MoS,
for contacts have reached values of less than 100 €2 - pm [21].

Given the attractive properties of SL MoS, for digital ap-
plications, an open question is whether or not its analog RF
performance could match or even exceed that of graphene.
If so, the idea of using SL MoS, in mixed-signal flexible
electronics would become extremely attractive.

Work has already been done in comparing noise in the two
materials. Currently, graphene has better 1/f [35] noise com-
pared to SL MoS. [36], though an improvement in the 1/f
noise in SL. MoS, is expected with encapsulation of the chan-
nel and optimizations in processing to reduce trap density. The
larger contact resistance in SL MoS, also degrades its 1/f
noise [36], [37].

While noise is an important consideration, in this work, we
focus on comparing the RF performance of SL MoS, with that
of graphene by examining the achievable fr and fi,., address-
ing the fundamental question of whether the fr and fi,. of

SL MoS, could meet or even exceed that of graphene, and if
so, under exactly what conditions. We begin with a summary
of the performance parameters that are determined by transport
through the core of the transistor; these are the transconductance
gm » internal gate capacitance Cy,, and output conductance g,,.
We use this as a basis to examine the overall RF performance,
including parasitics, via a comparison of the f7 and fy, .. First,
we demonstrate that SL MoS, lags graphene in terms of peak
performance, i.e., the best performance attainable over all bias
conditions, as measured by the peak values of f; and f, .. We
show that this lag stems largely from the poorer values of p¢
presently attainable with SL MoSs, and we specify the values
of pc that SL MoS, would need to achieve to match graphene’s
peak capabilities. Second, we point out that under conditions of
constrained bias current, SL. MoS, looks far more competitive.
We use the technologically relevant value of 1.65 mA/um [38]
and show that graphene loses much of its advantage due to a re-
duction of its g,,, once the current is constrained. With the bias
current constrained, we show that SL MoSs can meet or ex-
ceed graphene’s performance by achieving contact resistances
already attained in ML MoS,. Overall, our work hence spec-
ifies exactly how the fr and fy,. of graphene and SL. MoS,
compare, with detailed discussion to support the conclusions.

This paper is organized as follows. Section II briefly describes
our approach, which is based on a quantum-mechanical simula-
tion of a common device structure differing only in the channel
material; a quantum-mechanical simulation is essential for small
gate lengths as well as for gapless materials. Section II also dis-
cusses the inclusion of all the parasitic resistances and capaci-
tances, which are required for a realistic assessment. Section III
examines the RF parameters determined by transport through
the critical part of the common device structure; we consider
the g,,,, Cyy, and g,. Sections IV and V consider the peak (over
all bias conditions) values of fp and f.x, With an emphasis
on the impact of pc, and Section VI reexamines the situation
under the constraint of a fixed bias current. Finally, Section VII
shows the validity of our approach through a comparison of
our simulation results with experimental data available in the
literature. The conclusions of our study are summarized in
Section VIII.

II. APPROACH
A. Comparison Methodology

In order to make a fair and direct comparison of the RF
performance between SL MoS, and graphene transistors, we
simulate the same device structure for both materials, includ-
ing the dimensions of the metal contacts, the thickness of the
gate-oxide layer, and the type and thickness of the substrate;
the only difference is the channel material itself. The common
structure is shown schematically in Fig. 1. Key physical param-
eters are summarized in Tables I and II, and they are derived
from the ITRS 7-nm node [38]. We assume the channel re-
gion is surrounded by degenerately n-doped source and drain
reservoirs with an abrupt or step-like doping profile, and that
the device is “MOSFET-like,” where the source and drain con-
tacts are ohmic and the gate modulates the source-to-channel
barrier. These simplifications allow us to comparatively assess
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Fig. 1. Common device structure used in this study. The dimensions are given
in Tables I and II. The dotted lines show a cross-section of the intrinsic portion
of the device, defined as the core of the structure excluding parasitics. This core
contains the 10.2-nm intrinsic channel along with 6-nm-long portions of the
degenerately n-doped source and drain reservoirs. The source and drain contact
geometries are symmetric with respect to the gate. The positions = = 0 and
x = 22.2 nm, which delimit the intrinsic region, are labeled for later reference.

TABLE I
STRUCTURE PARAMETERS

Parameter Description Value
Lg Physical Gate Length 12.7 nm
Ly Effective Channel Length 10.2 nm
Vbp Power Supply Voltage 0.78 V
Koy Gate Dielectric Constant 15.0
tox Physical Oxide Thickness 2.46 nm
tsub Substrate Thickness 50 nm
Kgup Substrate Dielectric Constant 39
TABLE II

EXTERNAL STRUCTURE PARAMETERS

Parameter Description Range [nm]
Heg Gate Height 10-50
He S/D Contact Height 10-50
L¢ S/D Contact Length 100-1000
Lc e S/D Extension Length 10-30

the best-case performance of each channel material, consistent
with the aim of this study. In this regard, it is worth mentioning
that while it is common in experiments to utilize electrostatic
doping with a back gate, promising techniques exist to dope
graphene and MoS, [39], [40], and that while it is more common
to realize Schottky-barrier transistors in experiments, progress
toward “MOSFET-like” devices with ohmic contacts have been
demonstrated for both graphene and ML MoS, [41], [42].

B. Analysis of Transport

1) Overview: The transport is modeled with a quantum-
mechanical device simulator that solves the Poisson equation
(along = and z) self-consistently with the non-equilibrium
Green’s function (NEGF) formalism [43] (along x). The tool
simulates electron transport within the dotted region of Fig. 1,
the critical active region of the transistor, which we call the
“intrinsic region,” to extract the bias-dependent circuit elements
for use in the dashed portion of the small-signal equivalent cir-
cuit of Fig. 2. For the purposes of this study, the simulations
were carried out under ballistic conditions for graphene and
with phonon scattering for SL MoS,. This approach is justified

IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 16, NO. 1, JANUARY 2017

G/ Rg C;{gld Rd D/
,,,,,,,, A
| C |
St "
| l SmVas |
Coo ! CgST 83 | —=C
St~ 1S
s SR, o

Fig. 2. Equivalent circuit used in this study, with the intrinsic portion boxed.
Thelabels S, D, and G refer to the source, drain, and gate terminals, respectively,
of the intrinsic device, while their primed counterparts S’, D', and G’ refer to
the corresponding extrinsic device terminals.

by the effective channel length of 10.2 nm in our structures.
Graphene has been shown to exhibit ballistic transport on the
micrometer scale [44], while the mean-free path for SL MoS,
is over 14 nm [45] for low-field conditions, but can be as low as
7.5 nm under higher electric fields [46]. Both elastic (transverse
and longitudinal acoustic) and inelastic (longitudinal optical,
homopolar, and Frohlich interaction) scattering are modeled in
SL MoS; [45], [47].

2) Poisson Solver: The Poisson equation, discretized with
finite differences, is used in the electrostatic simulation of both
devices. We assume that the device is wide and that the potential
along the width of the channel (along y) does not vary, meaning
that the simulation does not account for the effects of the edges.
A two-dimensional computational domain, in the -z plane, is
hence used to capture electrostatic effects in the relevant regions,
similar to the standard analysis of CMOS devices.

3) NEGF Solver: For SL MoS, devices, the NEGF solver
utilizes a discretized effective-mass Hamiltonian with an effec-
tive mass of m* = 0.55m,, [48], where m, = 9.11 x 103! kg
is the free-electron rest mass. We verified that under all bias
conditions, and for energies relevant to transport, the conduc-
tion band follows a parabolic dispersion, hence justifying this
approach. The NEGF equations are solved in one dimension
(along x), with the contribution of transverse modes (along y)
being taken into account by using the Fermi-Dirac integral of
order —1/2, as in [49]. The contact self-energies are computed
analytically because of the simple form of the one-dimensional
Hamiltonian [43].

A nearest-neighbor, tight-binding Hamiltonian with a p,-
orbital basis is used in the graphene simulation [50], an approach
that natively captures the effect of Klein tunneling. Bloch bound-
ary conditions are imposed in the transverse direction (along ¥),
giving a series of orthogonal one-dimensional transport modes
(along x). The contact self-energies are computed numerically
with the Sancho-Rubio iterative method [51].

In both materials, the NEGF equations are solved using the
recursive Green’s function technique [52].

C. Inclusion of Parasitics

1) Our Approach: We used parasitic capacitances and re-
sistances, extracted or calculated as described further below, in
conjunction with the values of the transport-dependent param-
eters gm, go, and Clyg, to find the RF figures of merit fr and
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fmax for the overall transistor by simulation of the transistor
equivalent circuit (Fig. 2).

In order to quantify the effects of contact resistance, we ex-
tract the extrinsic figures of merit fr and f,.x from the transis-
tor equivalent circuit as a function of realized contact resistance
pc: fr(pc) and fiax(pc). This is accomplished by assum-
ing the device width (into the page) in Fig. 1 is W = 1 um, as
we have already mentioned, and hence setting Ry = R; = R¢,
with Ro = pe /1 pm, in the circuit. It is important to note that
the use of W = 1 um to extract fr(pc) and f,.x(pc) incurs
no loss of generality, since all the parameters in the circuit, from
which the figures of merit are obtained, scale with 1 in such a
way so as to leave fr (po ) and fiax (pc ) unaffected by the value
of W. We explicitly verified this to be the case, but it can also
be seen, for example, by inspection of (1) and (2) further below;
all terms in the numerator and denominator can be shown to
scale proportionally or inversely with W, such that the final re-
sult is unaffected. Hence, in what follows, we consider fr (p¢)
and fuax(pc) as general measures of the RF performance that
could be achieved for realized values of pc, with all parasitic
capacitances and resistances corresponding to W = 1 ym, and
we focus on how graphene and SL MoS, compare as a function
of pc.

2) Capacitances: The parasitic capacitances Céd, Cé,s’ and
C!, in the circuit of Fig. 2 are found by simulating an open
structure; the open structure includes the entire device in Fig. 1,
with the exclusion of the channel material. The capacitances
are measured using COMSOL Multiphysics [53] by applying a
small voltage to one contact and measuring the induced charge
on the other contacts, one at a time. Since we are using iden-
tical structures for each channel material, the values for the
parasitic capacitances with SL MoS, and graphene will be the
same. In addition to the assumed device width of 1 pum, a few
other parameters needed for the extraction are specified by the
ITRS [38] for the 7-nm node, as provided in Table I. Beyond
these specified parameters, those remaining are the length and
height of the source and drain contacts (L and H¢ ), the height
of the gate contact (H;), and the length of the metal exten-
sion regions (L¢ ). Unfortunately, the exact values of these
dimensions for the 7-nm node are uncertain. Due to this uncer-
tainty, we have simulated different combinations of H¢, H,
L¢.e, and L ; the range of simulated values can be found in
Table II. We found that these figures of merit deviated by no
more than five percent about their average values as a function
of the capacitances, holding the other parameters fixed and as
the capacitances varied over the range of dimensions specified
in Table I1.3 Given the small deviation of +5%, there is hence no
loss of generality in using the average values over capacitance
as representative of the RF performance, and these are therefore
the values presented in the following sections.

3) Contact Resistance: The parasitic resistances R, Ry, and
R, of the source, drain, and gate, respectively, are included in
the circuit of Fig. 2. The considerable impact of these resistances
on high-frequency operation motivates us to treat them as key

3The capacitances themselves varied as follows: C!, varied from 35 to
65 aF/um, and Cés and Céd varied from 99 to 124 aF/um.

parameters in our study. Appropriate values can be computed
by knowing contact resistance and the device geometry.

The values of realized contact resistance pc are typically
quoted in the literature in the units of €2 - um; the correspond-
ing resistance values R, and R; determining RF performance
would be po divided by the device width (into the page) of
W = 1pm in Fig. 1. This method of calculating R, and Ry
is justified since current crowding is consistently observed in
single-layer devices; the current transfers over a characteristic
length Ly [54]-[56], and contacts longer than Ly exhibit sim-
ilar contact resistances that depend only on width [57]. Ly is
estimated to be 200-520 nm for graphene [54] and 74-630 nm
for SL MoS, [58], [59]. The results in this paper hence strictly
apply to structures having Lo > Ly, although this is not a lim-
itation, since Lo > Ly would be required to keep the contact
resistance low to optimize RF performance.

4) Gate Resistance R,: The gate resistance is strongly de-
pendent on the physical layout of the device, and it can be
minimized by the use of multiple gate fingers in parallel. In this
way, the value of gate resistance can be reduced to the order
of a few ohms. Due to the flexibility in achieving desired gate
resistance via appropriate layout, we treat the gate resistance as
a parameter, with values ranging from 0.1 Q to 1 kQ. We will
return to this point in Section V-B.

III. SUMMARY OF TRANSPORT-DEPENDENT RF PERFORMANCE

The first step in comparing the overall potential of the two ma-
terials is to investigate the RF parameters arising from transport
within the critical (intrinsic) operating region of the common
device structure, i.e., within the dotted portion of Fig. 1. These
parameters are the transconductance g,,, the internal gate ca-
pacitance Cy, = Cys + Cyq, and the output conductance g, , and
the corresponding circuit elements are those within the dashed
portion of Fig. 2. We will keep the discussion in this section
very brief; those familiar with the results can skip to Section I'V.

A. Terminal Characteristics

For reference, we begin with the simulated terminal charac-
teristics of the intrinsic device for the two channel materials,
as shown in Fig. 3(a). A few features are immediately visi-
ble. First, for biasing determined by the same voltages, e.g.,
(Vis, Vos) = (Vbp/2, Vpp/2), where Vpp = 0.78 V [38], as
circled on the curves, graphene yields much higher current den-
sities. Second, the lack of a bandgap in graphene causes the
characteristics never to fully saturate, whereas the curves for
SL MoS, do saturate, a fact that is well known, but which we
point out for completeness. The inset to the figure illustrates the
reduction in current with phonon scattering vs. ideal ballistic
transport in SL MoS,.

B. Transconductance and Gate Capacitance

Fig. 3(b) shows g,,, and Cy,, for both materials as a function
of Vs, with Vg held at Vpp /2. The g,, is significantly higher
in graphene, with the small equivalent oxide thickness (EOT) of
0.64 nm specified for the 7-nm node mitigating any reduction in
transconductance that could arise due to short-channel effects
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Fig. 3.

Summary of transport-dependent RF performance metrics. (a) Current-voltage relationships for graphene and SL MoS» found from a transport simulation

of the dotted portion of Fig. 1, shown for gate voltages ranging from Vgg = 0.078 to Vgg = Vpp = 0.78 V [38] in increments of 0.078 V. The circles on each
set of curves indicate the locations of a representative bias point corresponding to applied voltages Vos = Vps = Vpp /2. The inset to the figure shows the
current including phonon scattering vs. ballistic transport for SL MoS; . (b) Transconductance g,,, and gate capacitance Cy vs. gate voltage Vg for graphene and
SL MoSs . The drain voltage is held at Vps = Vpp /2, where Vpp = 0.78 V [38]. (¢) Output conductance g, vs. gate voltage Vg for graphene and SL MoS;.
The drain voltage is held at Vpg = Vpp /2, where Vpp = 0.78 V [38]. The inset to the figure is the available voltage gain A, = gy, /g, vs. Vg for both

materials, under the same value of Vpg.

caused by Klein tunnneling [38], [60]. On the other hand, C,, is
similar in magnitude for the two materials. The similarity in Cyq
is a direct outcome of employing identical gate structures for
both channel materials in Fig. 1, leading to identical gate-oxide
capacitance values. For both materials, the gate-oxide capaci-
tance dominates Cl,, with the quantum capacitance having only
a secondary impact.

C. Output Conductance

It is well-known that the lack of a bandgap in graphene leads
to poor output conductance [12]. The results in Fig. 3(c) con-
firm the expectation, showing that g, in graphene is substan-
tially worse than in SL. MoSs. The inset to the figure shows
one immediate impact, which is to severely limit the avail-
able voltage gain A, = g,, /g, in graphene, despite its higher
gm - The poor g, of graphene has even further ramifications
in determining its overall RF performance vs. SL MoS,, once
the impacts of parasitics are considered, as we will discuss in
Section IV.

IV. PEAK UNITY-CURRENT-GAIN FREQUENCY fr
A. Definition

The fr is found by extrapolating the magnitude of the
common-source, small-signal current gain to unity. While we
found fr exactly, by simulation of the circuit in Fig. 2, a useful
approximation is [61]

fr 1 Im
g 2m ng,tot + [gocgg,tot + 9m ng,tot} (Rs + Rd)
where Cyg 1ot = Cyg + Cys + C’éd is the total gate capacitance
and Cyq tot = Cea + Céd is the total gate-drain capacitance.
This expression serves to illustrate how the transport-dependent
circuit elements g,, , go, and Cy, discussed in Section Ill interact
with the parasitics to degrade the high-frequency performance

ey

of the transistor, and we will refer to it as needed in the remainder
of this paper.

In this section, we will focus on the peak value of fr, where
“peak” means “absolute maximum” over all gate and drain bias
voltages, 0 < Vs < Vpp and 0 < Vps < Vpp, with Vg and
Vpgs referring to the biases used across the internal transistor
(within the dotted portion of Fig. 1) to determine the inter-
nal transistor components (within the dashed lines of Fig. 2).
Later, in Section VI, we will consider the value of f under the
condition of a fixed bias current.

B. General Behavior vs. pc

Fig. 4 shows a plot of the peak fr(pc) vs. the contact resis-
tance pc determining R and 12, in the two materials. We have
indicated several important pieces of information on the plot.

1) Solid curves are used to show the peak fr(pc) with no
simplifications.

2) Dotted curves are used to show the value of the peak
fr(pc) when neglecting the effect of the output conduc-
tance g,, in order to assess the role of the bandgap in each
material.

3) Short-dashed vertical lines are used to indicate the best
contact resistances realized to date in graphene and
SL MoSy of 100 Q- pm [27] and 1 k- pm [33],
respectively.

4) A long-dashed vertical line is used to indicate 30 € - um,
the theoretical minimum contact resistance in
graphene [28]. We add that 30 - pum represents a
lower bound on the contact resistance for both materials,
as it is unlikely that contacts to SL. MoS, could ever
achieve the same efficiency as contacts to graphene.

5) Horizontal lines are used to indicate the peak intrin-
sic (neglecting all parasitics) cutoff frequency, given by
frint = gm /27 C,y, for each material.
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Fig. 4. Plot of the peak (absolute maximum) unity-current-gain frequency
fr (pc) for SL MoS» and graphene vs. the contact resistance pc determining
the drain and source resistances R and R, (solid curves). The values of peak
fr (pc) are found assuming a device width of 1 um, as discussed in the text
of Section II-C. The dotted curves show the values when neglecting the effect
of the output conductance g,. The best contact resistances achieved to date in
the two materials are represented by the short-dashed vertical lines, and the
resistance for perfect graphene contacts are indicated by a long-dashed vertical
line. The peak intrinsic cutoff frequency frine = gm /27Clg, i.e., the peak
cutoff frequency neglecting all parasitics, is indicated for each device with a
horizontal line at the top of the figure.

Since Fig. 4 embeds several pieces of information, it will be
most convenient to discuss the various aspects one at a time,
and then to gather together the most important outcomes.

C. Performance Ceiling

The values of the peak intrinsic cutoff frequency frin =
gm /2mCy, indicated by the horizontal lines in Fig. 4 can be
considered as measures of the “raw speed” of each material, as
determined by transport effects in the transistor channel, and ex-
cluding the detrimental effects of the output conductance g, and
parasitics. From Fig. 3(b), since the internal gate capacitance
C,, is similar for both materials, the raw speeds are determined
primarily by the peak values of g,,. The higher peak g,, in
graphene gives it a higher performance ceiling.

D. Behavior for Low and High Contact Resistance

A severereduction in the peak fr (p¢ ) with increasing contact
resistance p¢ is observed in Fig. 4 for both materials, as shown
by the monotonically decreasing (moving to the right) solid
curves, highlighting the need to keep pc as low as possible. It
is worth noting that achieving zero contact resistance does not
mean the fr(pc) will equal the performance ceiling indicated
by the intrinsic limit fr,; the presence of parasitic capacitances
will by themselves cause the peak fr(pc) to fall short of the
intrinsic limit friy, even when pc — 0, as illustrated by the
behavior of the solid curves on the far left side of Fig. 4. We

found that the parasitic capacitances C’és, C’éd, and C!, cause a

uniform degradation of the curves in Fig. 4 for both graphene and
SL MoS; (from where they would otherwise be) by about 30%.

E. Effect of g,

For graphene, a substantial reduction in peak f7(p¢) is ob-
served when accounting for the effect of g,, as evidenced by
the large gap between the solid and dotted graphene curves
in Fig. 4. For example, at today’s best contact resistance of
pc = 1008 - um, the reduction in peak fr(pc) in graphene
due to g, is around 700 GHz, from 1.6 THz to 900 MHz, repre-
senting a degradation of 40%. This g,-driven reduction is more
severe than we have previously calculated for longer channel
devices [12], suggesting that single-layer GFETs may not scale
well to lower technology nodes. The reduction can be viewed
as arising from the g,(Rs + Rq) term in the denominator of
(1), where Ry = Rq = pc /1 pm; only when po — 0 can the
reduction be neglected, as shown by the merging of the solid
and dotted graphene curves for low p¢ in Fig. 4.

For SL MoS,, the impact of g, on peak fr(pc) is negligi-
ble, as evidenced by the strong overlap between the solid and
dotted SL MoS» curves in Fig. 4. As might be expected, the
large bandgap in SL MoS, keeps g, sufficiently low to have a
negligible impact, even in the presence of phonon scattering,
which we have included for SL MoS,.

FE. Comparison with Identical Contact Resistance

The peak fr(pc) of SL MoS, is higher than in graphene for
any fixed and identical contact resistance greater than 60 (2 - um,
as shown by the relative positions of the solid curves in Fig. 4 for
pc > 60 Q2 - pm. For contact resistances less than 60 2 - pum,
a crossover is observed, and graphene’s peak fr (p¢ ) is higher.
The crossover is due to different trends in the behavior of the
peak fr(pc) in the two materials. In graphene, a larger peak
fr(pc) is observed for low po due to a large g, , followed by
a rapid decline in the peak fr(pc) with po due to a large g,
(interacting with R, and R, resulting from p¢). In SL MoS,,
a lower peak fr(pc) due to a smaller g,, is observed for low
pc, followed by a shallower decline in peak fr(pc) with pe
due to a small value of g,. The crossover value of 60 €2 - um
is only slightly larger than the theoretical minimum contact
resistance of graphene [28], meaning that for fixed and realizable
(above the theoretical minimum) common values of pc in the
two materials, we can say that the peak fr(pc) in SL MoSs
will typically be higher than, and at least roughly equal to, that
of graphene.

G. Comparison with Present-Day Contact Resistance

The greater performance potential for SL MoS, at common
values of p¢, indicated by the relative positions of the solid
curves in Fig. 4 for pc > 602 - um, is difficult to realize, be-
cause the processing steps are not yet available to make similar
quality contacts for both materials in their single-layer forms.
As discussed in Section I, contact resistance in single-layer
graphene is currently a factor of ten lower than in SL. MoSs. Us-
ing the best achieved contact resistance to date for each single-
layer material, Fig. 4 indicates a peak fr(p¢) of 930 GHz for
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graphene at pc = 1002 - pm and 210 GHz for SL MoS, at
pc = 1kQ - pm.

In order for S MoS, to achieve graphene’s value of
930 GHz, the contact resistance would have to be lowered below
130 2 - pm. Unfortunately, 130 €2 - m is far better than the best
achieved to date for SL MoS; transistors; fortunately, it is also
worse than the best achieved value of 100 2 - ym in ML MoS,,
suggesting ML MoS; as a potential path forward to get the peak
performance of MoS, devices closer to what can presently be
achieved with graphene.

H. Possibility of THz fr

The possibility of achieving a peak unity-current-gain fre-
quency of at least 1 THz is an important technological barrier.
Even with the large reduction in peak fr(pc) due to the poor
output conductance in graphene, a value of 1 THz is achiev-
able if po could be made below 90 €2 - pm, which represents an
incremental improvement over current graphene contact resis-
tances. On the other hand, for SL. MoS,, the contact resistance
would need to be made below 100 €2 - um, a considerably more
daunting task, but possible for ML MoS,.

1. Outcomes

Based on the detailed points above, Fig. 4 points to the

following important outcomes.

1) For any common value of contact resistance greater
than po = 60 - um, SL. MoSs would exhibit a higher
peak unity-current-gain frequency, with graphene suf-
fering from the deleterious effects of its poor output
conductance.

2) However, at present, SL. MoS, suffers from much poorer
contact resistances. As a result, the peak performance of
graphene remains superior if one compares the perfor-
mance using the best pc values achieved to date. The
contact resistance of SL MoS, would have to be lowered
considerably to match graphene.

3) For devices corresponding to the 7-nm technology
node [38], peak values of fr of 1 THz or above can
be achieved in both materials, but this barrier is more eas-
ily reached with graphene, requiring only an incremental
improvement in contact resistance from what has been
achieved to date.

V. PEAK UNITY-POWER-GAIN FREQUENCY fy.x
A. Definition

The fuax is calculated by extrapolating Mason’s unilateral
gain (U) [62] to unity. While we found f,., exactly through
simulation of the circuit in Fig. 2, a useful approximation is [61]

Froe & fr
( V490 + 87 f1 Cyd tot) Ry + [0ar 87 fr Cod tot] Ra
2
where
Cod to C’
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Fig. 5. Peak (absolute maximum over all bias voltages) unity-power-gain
frequency fuax(Ry) vs. gate resistance R, for graphene and MoSs. Sepa-
rate curves are shown for values of contact resistance pc equal to 30 €2 - m,
1002 - pm, and 1 kQ - pm.

Alone factor of fr is found in the numerator of (2), meaning that
the two terms in the denominator, one depending on 7, and the
other on Ry = pc /1 pum, can be conceptualized as modifying
the f7 to arrive ata value of f,,,. We will refer to this expression
as needed in the remainder of this paper.

In this section, we will consider the peak fy.x, where
“peak” means “absolute maximum” over all gate and drain
bias voltages, 0 < Vg < Vpp and 0 < Vpg < Vpp. Later, in
Section VI, we will consider the fy,.x under the constraint of a
fixed bias current.

B. Effect of Gate Resistance

In contrast to the negligible impact the gate resistance R,
has on fr, it is an important quantity when considering fi,.x-
Fig. 5 shows a plot of peak fp,,x Vvs. gate resistance R,, which
we denote as fmaX(R_,]) vs. I2,. Results are shown for various
assumed values of contact resistance pc, where po determines
R, and R;. Three sets of curves are marked, representing the
best contact resistances realized to date in SL MoSs (1 k€2 - um)
and graphene (100 €2 - pm) and the theoretical minimum contact
resistance achievable in graphene (30 €2 - ym).

Itis well-known that the gate resistance can be reduced by ap-
propriate layout techniques. Fig. 5 shows that as R, is reduced,
fmax (Ry) saturates to a maximum value, with the value of R,
needed for the saturation determined by the value of p-. Higher
values of po cause the saturation to occur at higher values of
RR,. Such behavior is expected from (2), as reducing 2, in the
denominator becomes less important when the term involving
Ry = pc /1 pmis larger.

Note that for every value of pc used in Fig. 5, the correspond-
ing curve can be taken to be saturated for values of R, = 1 {2 or



HOLLAND et al.: IMPACT OF CONTACT RESISTANCE ON THE fr AND f,,.x OF GRAPHENE VERSUS MoS; TRANSISTORS 101

o o Graphene (g, =0) + MoS2 (go = 0)
e Graphene —— MoS;
i T |||||||| T ||||||I T |||||||| T ||||||-
’:E - -. ° . I |
O, 10000 & =~ . =
> - l | ]
O C ]
z C -~ | ]
S Perfect ¢
8 Graphene — |
& 1000 3 Contacts |
Z - |
< C Best $
i Graphene —
w Contacts
2 100 &
o =
a . Best
i B MOS2
= | Contacts
=)
10 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII L1 1t
1 10 100 1000 10000

CONTACT RESISTANCE [©2- zzm]

Fig. 6. Peak unity-power-gain frequency fi,ax (pc ) vs. the contact resistance
pc determining the source and drain resistances s and Ry, with R, held at
1 Q, as discussed in the text.

lower. Given that values of gate resistance as low as B, = 32
have already been achieved for 7-um-wide graphene devices
with two gate fingers [13], and since we are interested in best
performance, it is hence convenient for the remainder of this
discussion to use R, = 1.

C. General Behavior vs. pc

Fig. 6 shows a plot of the peak fuax(pc) vs. contact re-
sistance pc, found with a gate resistance R, = 12, and where
R, = Ry = pc /1 pm. As with Fig. 4 discussed earlier, we have
included dotted curves to show the values of peak fu,.x(pc)
when neglecting the output conductance ¢,, short-dashed ver-
tical lines to indicate the best contact resistances realized to
date, and a long-dashed vertical line to indicate the theoretical
minimum contact resistance achievable in graphene.

As with the peak fr(pc) in Fig. 4, Fig. 6 shows a severe re-
duction of the peak fi,.x (pc ) with increasing contact resistance
pc, again highlighting the need to keep pc as low as possible.

Fig. 6 points to a number of other important features regard-
ing the peak fy,.x(pc ), which we examine individually before
summarizing the main outcome.

D. Effect of g,

For graphene, the output conductance significantly reduces
the peak fiax(pc ), as seen by comparing the solid and dotted
graphene curves in Fig. 6; for example, at pc = 1002 - um,
it drops from 2.6 THz to 1.1 THz. Fig. 6 also shows that the
effect of g, on fi,ax(pc) for graphene cannot be eliminated by
minimizing the contact resistance, contrasting what we observed
in Fig. 4 for the peak fr(pc¢); specifically, the graphene curves
in Fig. 6 with and without g, do not converge at low values of

contact resistance. This behavior can be attributed to the g, R,
product in the denominator of (2), which does not vanish even
when pc — 0.

For SL MoS», the curves in Fig. 6 show that the reduction in
peak fiax(pc) due to g, is small; a reduction of around 10%
is observed for the range of contact resistances considered. As
expected, the bandgap in SL MoS, keeps g, sufficiently small
for it to have a minimum impact, even in the presence of phonon
scattering, which we have included for SL. MoS,.

E. Comparison with Identical Contact Resistance

For all identical values of p¢, the fiax(pc) in SL MoSs
is higher than in graphene, as shown by the solid curves in
Fig. 6. It is also worth noting that unlike what we observed
with the fr (pc ) in Fig. 4, there is no crossover of the graphene
and SL MoS; performance curves at sufficiently low values
of pc. The lack of a crossover can be attributed to the g, R,
product in the denominator of (2), which persists in degrading
the peak fiax(pc) of graphene even when po — 0, due to a
pronounced g,.

F. Comparison with Present-Day Contact Resistance

Current technology limits p¢ to 100 €2 - ym in graphene and
1 k€ - pm in SL MoS,. With these different values of contact
resistance, we find the peak f,.x(pc) values to be 1.1 THz for
graphene (at pc = 100 €2 - pm) and 240 GHz for SL MoS; (at
po = 1kQ - pm).

Based on current contact technology, SL MoS, hence cannot
match graphene. To reach graphene’s value of 1.1 THz, MoS,
would require a contact resistance below 160 €2 - pm, which has
only been achieved with ML MoS,.

G. Possibility of THZ fiax

Finally, both graphene and SL MoS, should be able to achieve
a peak unity-power-gain frequency of 1 THz.

Graphene can achieve f,.x(pc) = 1 THz operation with a
contact resistance around 110 €2 - ym, which has already been
achieved. However, reductions in the gate length and optimiza-
tion in the gate layout will be needed; the current record of
70 GHz [13] was obtained with a gate length of 100 nm, an
order of magnitude larger than the ITRS specifications for the
7-nm node [38] used as guidance for the work in this paper.

An fi,.x of 1 THz can be achieved in SL MoS, with contact
resistances of approximately 170 €2 - um, a value that has been
achieved in multi-layer devices.

H. Outcome

The outcome from Fig. 6 regarding the peak fy,.x (pc ) largely
mirrors what we saw in Section IV for the peak fr(p¢ ). Sup-
ported by the detailed discussion in this section, we can say
that at identical contact resistances, SL MoS, would outper-
form graphene in terms of the peak fu,.x(pc ), but that MoSs
contact technology simply lags that of graphene, such that
with today’s values of pc, graphene retains the performance
edge. Similarly, while THz operation should be possible in both
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Fig. 7. Plot of the unity-current-gain frequency fr (pc ) for SL MoSy and
graphene vs. the contact resistance po determining the source and drain resis-
tances Ry and R, (solid curves), found under the constraint of a bias current
of 1.65 mA/pm. The values of fr(pc) are found assuming a device width
of 1 m, as discussed in the text of Section II-C. The best contact resistances
achieved to date for the two materials are represented by the short-dashed vertical
lines, and the resistance for perfect graphene contacts are indicated by a long-
dashed vertical line. The peak intrinsic cutoff frequency frini = gm /27C,s,
i.e., the peak cutoff frequency neglecting all parasitics, is indicated for each
device with a horizontal line at the top of the figure.

materials, SL MoSs would require a substantial improvement
in its contact resistance.

VI. COMPARISON WITH EQUAL B1AS CURRENTS
A. Motivation

Until this point, we have emphasized the comparison of
peak performance (over all bias conditions) for graphene and
SL MoS,. However, the minimization of dc bias current is an
important consideration (e.g., to minimize the power drawn
from the supply Vpp). For the 7-nm technology node, the mini-
mum on current for a transistor is specified to be approximately
1.65 mA/um [38]. We will now compare the fr and f,.x un-
der the constraint that the devices each carry this bias current,
although our results are independent of the exact value chosen.

We will consider the most important aspects of the fr and
fmax separately, and then state the main outcome.

B. Unity-Current-Gain Frequency fr(pc)

Fig. 7 shows a plot of the unity-current-gain frequency
fr(pc) vs. contact resistance pc , under the constraint of equal
bias currents, set to 1.65 mA/u m in both materials. The fol-
lowing observations can be made and should be contrasted with
the results from Fig. 4, which showed the peak fr (pc) (over all
bias conditions).

1) Performance Ceiling: Fig. 8 depicts the transconductance
gm Vs. the bias current Ip. In contrast to Fig. 3(b) for equal
voltages, under the constraint of equal bias currents, the g,
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Fig. 8. Transconductance g,, vs. bias current I for graphene and SL MoS»
transistors. The drain and gate voltages were adjusted to provide the largest
possible value of g,,, at each value of Ip .

in MoS, will become larger than that in graphene. While the
underlying physical details are outside the scope of the present
paper, this reversal can be attributed to the presence of a bandgap
and high density of states in SL MoSs. The higher g,,, in MoS,
causes it to achieve a higher value of frin = gy, /27Cy, than
graphene. The higher fr;, is reflected in the horizontal lines in
Fig. 7, which hence show a reversal in the trend we saw in Fig. 4
when considering peak performance over all bias conditions.

2) Comparison with Present-Day Contact Resistance: With
a bias current of 1.65 mA/um, and for the best achieved con-
tact resistance pc = 100 - um in graphene, the fr(pc) in
graphene drops nearly 50%, from its peak value of 930 GHz in
Fig. 4 to a current-constrained value of 475 GHz in Fig. 7. On the
other hand, for SL MoS5, at the best-achieved contact resistance
of pc = 1kQ - um, the f7(pc) in Figs. 4 and 7 are roughly the
same at fr(pc) = 210 GHz. The drop in graphene is driven
by the large reduction in g,,, from a peak of 14.9 mS/um
to a current-constrained 4.5 mS/pm, while the invariance in
SL MoS5 is due to a much smaller reduction in g,,, , from a peak
of 9 mS/pm to a current-constrained 6.9 mS/pm.

These results suggest that, when considering performance
under the constraint of equal bias currents, as opposed to peak
performance over all possible bias conditions, the gap in per-
formance between graphene and SL MoS,, for present-day
contact technology, is not as severe as originally suggested in
Section IV. In fact, with equal bias currents, a contact resistance
of 375 2 - pmrealized in SL MoS;, would be sufficient to bridge
the gap to the value of unity-current-gain frequency currently
possible in graphene.

3) THz Operation: For the bias current considered in this
study, graphene cannot achieve an fr(pc) of 1 THz; in fact,
even with perfect graphene contacts, Fig. 7 shows that only
fr(pc) =800 GHz can be reached. On the other hand, for
SL MoSs, operation at 1 THz can be reached with a contact
resistance of 80 - um, which is very nearly achieved with
ML MoS,.

4) Outlook with Perfect Contacts: Under equal bias currents,
Fig. 7 shows that the 800-GHz value of f7 (p¢ ) achievable with
perfect graphene contacts can be matched by SL MoS, with
220 ) - um contacts.
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Fig. 9.  Unity-power-gain frequency fuax (pc ) vs. the contact resistance p¢:
determining the source and drain contact resistances 25 and R4, with R, held
at 1 €2, and with the bias current constrained to 1.65 mA/pm.

C. Unity-Power-Gain Frequency fuax(pc)

Fig. 9 shows a plot of the unity-power-gain frequency
fmax(pc ) vs. contact resistance p¢ , found with a gate resistance
R, = 1, and with the current constrained to 1.65 mA /um for
both materials. The following observations can be made and
should be contrasted with the results from Fig. 6, which showed
the peak fu.x(pc) (over all bias conditions).

1) Comparison with Present-Day Contact Resistance: For
graphene, at the present-day contact resistance of po = 100 €2 -
um, the fi.x(pco) is reduced from a peak value of 1.1 THz
in Fig. 6 to a current-constrained value of 600 GHz in Fig. 9.
On the other hand, for SL MoS,, at the present-day contact
resistance of pc = 1k{2 - um, the value of 240 GHz from Fig. 6
remains nearly unaffected, reappearing in Fig. 9. As with the
fr(pc), a contact resistance of 375 Q - um in SL MoS, should
be sufficient to match the 600-GHz value of fi,.x (pc ) possible
in graphene.

2) THz Operation: With layout optimization to achieve min-
imum gate resistance, consistent with our assumption that
R, = 1Q, both materials should be able to achieve an f,ax (pc)
of 1 THz under a constrained bias current, although neither can
do so using currently achieved monolayer contact resistances. In
graphene, po must be reduced to 50 ) - um (approaching per-
fect graphene contacts), and in SL MoS,, pc must be reduced
to 170 €2 - um (achieved so far only in ML MoS5).

3) Outlook with Perfect Contacts: For graphene devices
with perfect contacts (pc = 30€2 - um), adrop is observed from
the peak fi,.x(pc) = 3 THz in Fig. 6 to the current-constrained
value of fi.x(pc) = 1.5 THz in Fig. 9. Section V concluded
that the peak value of 3 THz would be impossible to reach using
SL MoS, due to the small contact resistance required; however,
the current-constrained fy,.x(pc ) of 1.5 THz in graphene could

be reached by achieving pc = 1102 - um in SL MoS,, which
has already been done with multi-layer structures.

D. Outcome

The most important outcome from Figs. 7 and 9 and the de-
tailed discussion above is that MoSs becomes far more com-
petitive under the condition of equal-current biasing. While
graphene still retains its edge if the performance is compared
using present-day contact resistances, the gap is substantially
reduced, owing largely to the reduction in g,, that occurs in
graphene once the current is constrained; SL MoS, can meet or
exceed graphene’s current-constrained benchmarks with con-
tact resistances that have already been realized in multi-layer
structures, including the possibility of operation at THz frequen-
cies. We have illustrated this outcome using the technologically
relevant current value of 1.65 mA /um [38].

VII. COMPARISON WITH EXPERIMENT

While in general there have been many experimental stud-
ies of graphene and MoS;, devices, the literature available with
measured fr and fi, . is limited. For the purposes of compar-
ison to experiment, we restrict our attention to the fr, where
sufficient experimental data is available to establish trends, and
since fr is far less sensitive to device layout in comparison
to f max-

The current experiments on graphene and MoS, do not show
the high values of f; we discussed in Section IV for a device
consistent with the 7-nm node, simply because the size of ex-
perimental structures has yet to shrink to the size of leading Si
technology. Fig. 10 shows a summary of available experimental
results of peak fr vs. L for MoS, and graphene devices;
for the purposes of the present comparison, where only trends
are of interest, we need not distinguish between experimental
values found from single- vs. multi-layer structures. We have
superimposed our own single-layer simulation results on this
graph.

Consider first the results for graphene. Since the majority of
the graphene experimental fr values have been achieved with a
contact resistance on the order of 100 to 200 €2 - pm [10], [13],
[63], we have added our simulated graphene f7 for a 7-nm node
device, having a gate length of 12.7 nm, with an assumed contact
resistance of 100 €2 - um. Our simulation result shows good
agreement with the trend line found from a linear regression
against the graphene data, lending support to our approach and
conclusions for graphene.

There is far less data available on the f7 for MoS,, making
it difficult to reliably extract a scaling trend. A starting point
is a study [23] that included an examination of fr vs. gate
length; this work, in which po = 2.5 k2 - um, showed a strong
1/L¢ scaling behavior for MoS, devices. The 1/L¢ scaling
behavior can be combined with the best experimental f7- values
at a number of gate lengths, extracted from [22], [23], [64], to
draw a trend line for MoS; in Fig. 10. The line is anchored at
a point specified by an average of the experimental data, and
it provides an idea of where the fr values for MoS, devices
should lie at shorter gate lengths, provided pc ~ 2.5 k2 - um,
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graphene devices, with our simulation results superimposed. Experimental data
for graphene is from [5], [9], [10], [13], [63], [65]-[69], and experimental
data for MoSy is from [22], [23], [64]. The trend line for graphene applies
for a contact resistance pc ~ 100 Q- um and that for MoSy applies for
pc ~ 2.5k - um, as discussed in the text.

the value used in all but one of the experiments; in that one
experiment, p¢ is slightly higher at 3.1 k{2 - yum, a detail that
can be overlooked for the purpose of our comparison. We have
additionally superimposed our simulation data for the fp of
MoS, devices at shorter gate lengths; in doing so, we chose
pc = 2.5 k) - um to be consistent with the experiments, and
in addition to showing the result for L; = 12.7 nm, applicable
to the 7-nm ITRS node, we have added simulation data for the
peak fr attwice and three times this gate length. The simulation
results are consistent with the experimental trend line, lending
support to our approach and conclusions for MoS,.

VIII. CONCLUSIONS

The following conclusions can be drawn from this compari-
son of the RF potential of graphene and SL MoS, transistors,
using a device structure corresponding to the 7-nm technology
node [38], with a focus on the impacts of the transconductance
g and contact resistance p¢c in determining the fr and f, ..

1) For equal bias voltages, graphene will always exhibit a

higher g,,,, which leads to a higher value of intrinsic fr .
For equal bias currents, the trend reverses, and SL MoS,
gains the edge in g, .

2) In terms of peak performance (over all bias conditions),

SL MoS, lags graphene due to the relatively poor qual-
ity of SL MoS, contacts; for example, with current
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contact technology (pc = 1002 - um in graphene and
pc = 1kQ - pmin SL MoS,), we observe fr = 930 GHz
and funa.x = 1.1 THz in graphene, but only fr =
230 GHz and f;.,x = 260 GHz in SL. MoS,. Considerable
improvement in SL MoS; contacts is required for
SL MoS, to bridge the gap, as we detailed in Sections IV
and V.

3) In terms of the performance under the constraint of equal
bias currents, set to the technologically relevant value of
1.65 mA/um dictated by the ITRS [38], SL MoS, looks
far more competitive, and SL. MoS, can meet or exceed
graphene’s benchmarks by achieving contact resistances
exhibited in experimental ML. MoS,, structures, as detailed
in Section VI. SL MoS, gains ground on graphene when
the current is constrained because its g,, remains less
sensitive to bias conditions, whereas graphene requires
large currents to sustain a large g,,, .

4) The results are consistent with the trends established by
experimental data for present-day devices, supporting the
approach and conclusions.

Overall, our work shows that the peak performance edge will
likely remain with graphene, due to lagging contact technology
with SL MoSs, but that SL. MoS, can meet or exceed graphene
in any application that constrains the bias current, provided only
that SL MoS, can achieve contact resistances already realized
in multi-layer structures. This result makes SL. MoS» a highly
attractive alternative to graphene for any application where the
bias current is constrained (e.g., to minimize power consump-
tion), especially given that SL. MoSs can also be used for digital
logic, whereas graphene cannot.
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