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Given the immense attraction of using two-dimensional materials for high-frequency applications, there
is a critical need for computational models that aid the production of high-frequency performance projec-
tions based on their material properties. In this work, we use the atomistic nonequilibrium Green’s function
approach to predict the performance of ballistic radio-frequency transistors based on a broad range of two-
dimensional semiconducting materials, including MoS,, WS,, WSe,, and phosphorene. Self-consistent
ballistic quantum-transport simulations are performed on monolayer transistors with a 15-nm gate length
and an effective gate-oxide thickness of 0.44 nm. We show that rather than the bandgap, the effective mass
and the dielectric constant significantly influence the unity current gain cutoff frequency (f;), the max-
imum oscillation frequency (fmax), and the intrinsic gain (Gin). Phosphorene with a low effective mass
and high dielectric constant is found to be the most promising material with f; >~ 10 THz, fp.x >~ 6 THz,
and Gy, >~ 100 U/0. Results are further corroborated analytically using the Wentzel-Kramers-Brillouin
approximation and also benchmarked with previous reports. Furthermore, the effect of extrinsic param-
eters, such as Schottky barrier height and strain on f; and fi.x, is discussed. This study can thus be
used as a comprehensive, physics-based search guide of two-dimensional materials for radio-frequency

applications.
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I. INTRODUCTION

Low contact resistance, output current saturation, high
mobility, and compatibility with CMOS processes are
some of the most desirable properties for potential radio-
frequency (rf) devices [1]. Silicon-on-insulator (SOI) FETs
are promising for rf applications because of their easy man-
ufacture using mainstream Si technology and improved
short-channel effects [2—5]. However, the low mobility of
silicon and performance degradation due to the increased
role of surface roughness in the ultra-thin limit has deterred
further improvements with transistor scaling [6]. At the
same time, increasing bandwidths in communication sys-
tems and sensor applications [7] need devices with oper-
ating frequencies deep in the terahertz regime. Graphene
with high mobility and saturation velocity has emerged as
a prospective material for radio-frequency applications [8—
11]. However, the lack of a bandgap limits its maximum
oscillation frequency fmax (approximately 200 GHz for a
gate length of 60 nm) due to high output conductance [12].

Two-dimensional (2D) layered semiconducting materi-
als with their sizeable bandgap and remarkable electronic

*slodha@ee.iitb.ac.in

2331-7019/18/10(1)/014022(11)

014022-1

properties have seen significant research interest for radio-
frequency applications [13,14]. Further, the potential to
integrate 2D materials on low-cost flexible substrates is an
additional advantage over high-cost SOI and III-V semi-
conductors [15,16]. The ultra-thin nature and the absence
of dangling bonds in 2D materials make it possible to scale
the FETs down to gate lengths as low as 1 nm [17]. Previ-
ous reports on 2D material-based rf devices using MoS,
[18,19] and black phosphorus [20] have demonstrated
unity current gain cutoff frequency (f;) and fn.x values
in the deep GHz regime. In a recent simulation study,
Yin et al. [21] predicted the intrinsic performance limit
of phosphorene transistors by varying physical parameters
such as channel length, effective oxide thickness (EOT)
and contact resistance. However, a comprehensive study
of the dependence of the two important rf figures of merit
(FOM), i.e., f; and fnax, on channel material properties
and hence the rf performance projections for different 2D
materials is lacking in the current literature.

In this work, a physics-based atomistic simulation
platform is developed to make high-frequency perfor-
mance projections based on channel material properties
such as effective mass, dielectric constant, and bandgap.
These simulations are performed on a Schottky barrier
metal-oxide-semiconductor FET (SB MOSFET) structure
with a 15-nm gate length. The nonequilibrium Green’s
function (NEGF) formalism within the effective mass
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approach self-consistently coupled to Poisson’s equation
is employed in order to extract the important FOMs for
rf applications. Transfer and output characteristics of the
simulated devices are compared with previous reports to
validate the simulations [22,23]. Further, the variations in
fi, fmax and the intrinsic gain (Gjy) with effective mass
(m*) and dielectric constant (¢,) are studied to develop a
qualitative understanding of the dependence of the rf per-
formance on material properties. Among the various 2D
materials analyzed in this work covering a broad range of
m* and €,, including MoS,, WS,, WSe,, and phosphorene,
we find that phosphorene with a low m* and high ¢, is the
most promising 2D channel material with the highest f; and
fmax- Further, the results are analytically validated using
the Wentzel-Kramers-Brillouin (WKB) approximation and
also benchmarked with previous work [22,23].

This paper begins by describing the methodology and
equations used in developing the atomistic simulator. Next,
the transistor characteristics are benchmarked to vali-
date the simulation framework used in this work. Then,
the important FOMs for various 2D channel materials
are extracted and examined in detail. Finally, the paper
concludes by summarizing the important results and dis-
cussing future scope.

II. METHODS

A schematic overview of the simulation framework is
shown in Fig. 1. Various crucial parameters for rf perfor-
mance such as bandgap, m*, ¢,, thickness of the 2D channel
material and the source and drain Schottky barrier heights
(SBH) are given as inputs to the quantum ballistic simu-
lator (QBS), as shown in Fig. 1(a). Bandgap, m*, and ¢,
values for different materials considered in this study are
available in the Supplemental Material [24-26]. A Schot-
tky barrier SOI transistor structure with 15-nm gate length
[Fig. 1(b)] is simulated using the QBS for different chan-
nel materials. A monolayer of 2D material is sandwiched
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FIG. 1.

between the bottom (8-nm SiO,) and the top oxide
(2.8-nm HfO,). These particular device dimensions are
chosen to validate the QBS with a previous report [22].
Most metals form Schottky contacts when interfaced with
the 2D materials studied in this work. However, large
variation is seen in published reports of SBH values for
the same metal on a particular 2D material as well as
across various 2D materials. Because of this reason, and
to ensure that the focus of this work is on evaluating rf
performance for variations in intrinsic material properties
(bandgap, m*, €,), constant SBH values of 0.1 eV [22] are
assumed at the source and drain contacts for all the materi-
als analyzed in this work. However, we do show the depen-
dence of f; and f,,x on SBH for specific bandgap, m*, and
€, values later in the paper (f;) and also in the Supplemen-
tal Material (fax) [26]. Figure 1(c) depicts the schematic
QBS output of the simulated devices, i.e., transfer (Ip-V¢)
and output (/p-Vp) characteristics at fixed drain bias (Vp)
and gate bias (Vg), respectively. Three important figures
of merit for rf devices (f;, fmax, and Giy) are extracted from
the output and transfer characteristics. The quantities f; and
Jfmax are calculated using the following equations:

_ _&n
ﬁ B 27‘[CG’

(1)

fi
2\/24(Ry + RgW) + 21f,CpR W

fmax = (2)

Here, the transconductance (g,,), the gate capacitance
(C), the output conductance (gy), and the gate-to-drain
capacitance (Cgp) are extracted from the Ip-V; and
Ip-Vp characteristics at fixed Vp =09V, Vg = 0.6 V for
a channel width of W =1 um. Typical values of width-
normalized source contact resistance (Rg = 500 2 pum)
and gate resistance-width product (R,W = 500 €2 pum)
are used to calculate fn.x [23]. The QBS solves the

> f;’ fmax

g
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v, 2\/ga (Rs + RgW) + 21f,CepRW

Schematic overview of the QBS framework. (a) Database of various 2D materials taken as an input to the QBS. (b) Schematic

of the Schottky barrier MOSFET simulated using the QBS. (c) Output conductance (g;) and transconductance (g,,) extracted from
Ip-Vp and Ip-V characteristics, ultimately used in calculating the f; and fiax-
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one-dimensional [along the x direction, see Fig. 1(b)]
NEGF equations within the effective mass Hamiltonian
framework. It is important to note that electron wave
functions are assumed not to extend into the bottom and
top oxides due to the large barrier between the chan-
nel material and the oxides. Transport equations based
on the NEGF formalism are solved self-consistently with
Poisson’s equation to extract the transfer and output char-
acteristics. The transverse direction [y axis along the width
of the channel in Fig. 1(b)] is taken into account by sum-
ming over transverse momentum modes (Fig. 1), such that,
the drain to source current (/p) is calculated using [22]

mykgT 1 — Ey
,/ dE. F_ x
73 / ke 1/2( i T )

—F_ip (T)} Tsp(El,),

where F_;/, is the Fermi-Dirac integral of order —1/2
and the transmission coefficient (7sp) is calculated from
NEGF, 141 and i, are the source and drain electrochemical
potentials, A, m;, e, kg, T, and E}, are the reduced Planck
constant, transverse effective mass, elementary charge,
Boltzmann’s constant, temperature, and longitudinal
energy, respectively. Gate leakage current is not consid-
ered in these simulations as it is negligible compared to the
drain current at large gate and drain voltages [12]. Dirichlet

)

boundary conditions are used at the contacts, and Neumann
boundary conditions are applied at all material-air inter-
faces [12]. The source terminal is assumed to be grounded.

ITI. RESULTS AND DISCUSSION

To validate the QBS, the simulated /-V curves of a
top gate MoS; transistor with a gate length of 15 nm
and EOT of 0.44 nm are compared with a previous report
[22]. Figures 2(a) and 2(b) show the output and trans-
fer characteristics extracted from QBS and the previous
work, respectively [22]. The results are in good agree-
ment at small gate and drain voltages. A slight deviation in
the output and transfer characteristics for larger gate volt-
ages could possibly be from differences in device details
such as the Fermi energy of the metal, the number of
valleys considered, and the metal work function, which
were not mentioned in the previous report [22]. In addi-
tion to the QBS validation, f; for MoS, at fixed drain
(0.4V) and gate (0.4 V) voltages is calculated using Eq.
(1). Results are further compared and validated with the
analytical expression for f; calculated using the & - p model
which includes band-to-band tunneling (BTBT), as shown
in Fig. 3(b) [23]. A decrease in the channel length leads
to a shorter source-to-drain transit time, thereby increas-
ing f;. The slight overestimation in f; extracted using QBS
compared to the k- p model [23] is due to the absence
of a BTBT model in QBS. The BTBT-assisted current
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reduces the transconductance and thus f;. Various parasitics
involved in f; and fp.x extraction are shown in Fig. 3(a).
Besides MoS, we also simulate DC characteristics and rf
performance for BP transistors using QBS and find the
results to be in close agreement with recently published
work [27]. This reinforces the credibility in QBS to be able
to accurately predict the rf performance for a large variety
of 2D materials.

We now extract f;, fmax, and Gjy for various 2D mate-
rials, namely, TiS,, silicane, ZrS,, HfS;, PtS;, NiS,,
SiC, MoS,, WS,, WSe,, and phosphorene, as shown in
Figs. 4(a)4(c), respectively. The thickness of the channel
material and the electron barrier height are kept con-
stant, whereas the bandgap, m* and ¢, are varied. A
table for the material properties is given in the Sup-
plemental Material. The highest f;, fmax, and Gy values
for phosphorene among the 2D materials considered here
stems from its low m* and high €,. Moreover, the f; val-
ues are benchmarked with previous studies as shown in
Table I. Almost a tenfold improvement in f; in this work
as compared to previous work [19,28,29] results from the
lack of scattering in the channel. The presence of scattering
in previous experimental and theoretical studies for long

TABLE 1. Unity current gain cutoff frequencies for
monolayer transistors with different channel materials reported
previously and in this work.

Channel material Previous work This work
f (THz) at f: (THz) at
Vsat (cM/S) 15 nm 15 nm
MoS, 4.8 x 100 [28] 0.51 4.15
1.1 x 10°[19] 0.12
1.8 x 10° [29] 0.2
WS, 5.1 x 10° [28] 0.54 54
WSe, 4 % 10° [28] 0.42 5.1
Phosphorene 9.6 x 10° [20] 1 9.7
2.5 x 107 [21] 5 9.7
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Important FOMs for rf performance. (a) Cutoff frequency, (b) maximum oscillation frequency, and (c) intrinsic gain for

channel length transistors (>250 nm) limits the intrinsic
f:. Therefore, for the previous reports, we extrapolate the f;
for 15-nm gate length using vy = Lo /T = 27w Lgf; [19] and
compare it with f; reported in this work. Hence, f; reported
in this work can be considered as the intrinsic ballistic limit
for a 15-nm gate length transistor. The higher f; for pho-
spherene reported in this work compared to Yin et al. [21],
can be attributed to the reduced EOT (0.44 vs 1.3 nm).

Further, f; and f,,,x with varying m* and €, are extracted
to understand their trends for different channel materi-
als (Fig. 4). Variations in f;, fmax, and Gy with m* and
¢, for a constant energy bandgap (1.5 eV) are shown
in Figs. 5(a)-5(c), respectively. Solid yellow spheres in
Fig. 5 represent various materials considering their spe-
cific bandgaps in the QBS. Almost all spheres lie on the
same trend that houses the f; and f;,,x variations for a con-
stant bandgap. The fact that this trend is not dependent of
the actual bandgap suggests a negligible effect of bandgap
on f, fmax, and Giy. A small electronic barrier (0.1 eV)
gives rise to a dominant electronic current through the con-
duction band and a negligible hole current for sizeable
bandgap due to a large hole barrier. Reduction in bandgap
lowers the hole barrier and below a critical value that
depends on m* and ¢,, the hole current increases and affects
fr and fmax. However, most of the monolayer 2D materials
considered in this study have a bandgap above their respec-
tive critical bandgaps. Therefore, no considerable effect of
bandgap on f; and fi.x 1S observed. A detailed analysis on
the effect of bandgap on f; and fi.x is provided in the Sup-
plemental Material [26]. Figures 5(a) and 5(b) show that
lower m* and higher ¢, lead to higher f; and fy,«. In these
simulations, €, is varied from 1 to 15 and m™* /mg from 0.13
to 6 spanning a wide range of relevant 2D materials. Vari-
ations in f; and fy,.x are attributed to the modulation of the
source-channel barrier width and the DOS with m™* and «,.
Detailed explanations of the effect of m* and €, on f; and
fmax are presented in the following sections.

To understand the variation in f; for different channel
materials, we study the g, and Cg trends for varying m*
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FIG. 5.
various channel materials with their respective bandgaps.

and ¢,, since f; depends on these two crucial parameters.
Figure 6(a) depicts a significant variation in f; with m*, but

only a small variation with ¢,. First, consider the effect of

€, on f; for constant m*. f; varies with ¢, only for small
m* and remains nearly constant for larger values of m*.
Therefore, normalized f; along the «-o’ curve shown in
Fig. 6(a) is plotted for small and constant m* (m*/my =
0.13) in Fig. 6(b). Figure 6(b) shows f; increasing mono-
tonically for increasing €,. We further look at the variation

BP
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(a) f1, (b) fmax> and, (¢) Gins With varying m*/mg and €, for a constant energy bandgap of 1.5 eV. Yellow spheres represent the

of g,, and Cg with €, for constant m* /my = 0.13. Both g,,
and Cg increase up to a certain €, and then start decreasing
for higher ¢,, as shown in Fig. 6(c). However, since their
ratio continues increasing monotonically with ¢,, f; also
increases monotonically with €, [Fig. 6(b)]. The initial
increase in both g, and Cg is attributed to the improved
effective gate control of the source-channel barrier for e,
increasing up to a value of approximately 5 [30]. How-
ever, a further increase in ¢, reduces both g,, and Cg due
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FIG. 6. (a) 3D f; phase diagram for varying m*/m and ¢,. (b) Normalized f; vs €, at constant m* /m = 0.13. Initially f; increases fast

with €, due to increased gate-to-channel coupling. A further increase in €, > 5 leads to enhanced drain control over the source-channel
barrier that dominates over the gate-to-channel coupling. (¢) Normalized Cg and g, for varying ¢,. (d) Energy band diagrams along
the channel for different €, = 1, 5, 15 and gate voltages (0.55 and 6 V) show the bands shifting downwards (thinner barrier) for ¢,
increasing from 1 to 5 but pulled up by the drain (thicker barrier) for €, > 5. (¢) Conduction band profiles near the source end. Change
in total charge (dQ) for a 50 mV change in the gate voltage and for different ¢, is shown in the inset.
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to more dominant drain coupling to the source-channel
barrier [31]. Figures 6(d) and 6(e) show the barrier width
modulation at the source-channel interface for various ¢,
values at different drain voltages. Device performance at
high drain voltage is largely dependent on the source-
channel barrier due to negligible contribution to /p from
the drain contact. The conduction band profiles of Fig. 6(d)
are magnified near the source-channel interface to under-
stand barrier width variation with Vs and €., as shown
in Fig. 6(e). The change in conduction band profiles for
Vs varying from 0.55 to 0.6 V determines the change in
channel charge [inset of Fig. 6(e)]. This change in charge
represents Cg (= dQOcn/dV,) and is consistent with the Cg
trend depicted in Fig. 6(c). Further, the variation in con-
duction band profiles is also consistent with the g,, trend
in Fig. 6(c) and explained in detail via Fig. 7. Figure 7(a)
depicts the electric field lines emanating from the gate and
drain for three different €, values (1, 5, and 15). The field
strength from the gate to the source increases for an ini-
tial increase in €, (higher density of gate field lines) from
1 to 5 resulting in improved gate control, a thinner source-
channel barrier and thus a higher g,,. With further increase
in €, > 5, the field lines from the drain start affecting the
source-channel barrier, resulting in the barrier becoming
wider and hence reducing g,, [31]. Figure 7(b) shows the
conduction band profiles for these three €, conditions. An
initial increase in €, shifts the bands down [from the pink
to the brown profile in Fig. 7(b)] due to a high gate field
effect and a further increase in ¢, pulls the bands in the
channel towards the drain (brown to black) due to a strong
drain field. These results are also validated using the WKB
analytic approximation, [32] using a factor F'g proportional

to g, as plotted in the inset of Fig. 7(c). The factor F; is
given by

N ) AW @

2
Fo=—I|—=— e
< <W3+ c | ave

where C is a constant independent of channel material
parameters, Wp is the width of the barrier at source
Fermi level as obtained from simulations, dWp is the
change in Wp for the dVs voltage bias change, and / is
the drain-to-source current. The above calculation results
from the WKB approximation assuming that the current
is being controlled by a triangular source-channel bar-
rier. An increase in F for an initial increase in €, (1
to 5) can be attributed to reduction in Wy and increased
dWpg/dVs [inset of Fig. 7(c)]. A further increase in e,
(5 to 15) increases Wy and reduces dWp/dVs, thereby
reducing Fs. The variation in Fg is in complete agree-
ment with the g,, vs €, trend shown in Fig. 6(c). Detailed
information about Fg is given in the Supplemental Mate-
rial [26]. The variation in f; with m* is more pronounced,
as shown in Fig. 8. For a constant ¢,, f; along the B-
B’ curve of Fig. 8(a) decreases monotonically with an
increase in m* [Fig. 8(b)]. Figure 8(c) shows the change
in g, and Cg with m* with an equivalent gate capacitance
model in the inset. As detailed in [33], this capacitance
model represents the intrinsic behavior of any semicon-
ductor material including the quantum capacitance (Cp).
An increase in the normalized Cg; with m* results from
increasing Cy due to an increased DOS for large m*. How-
ever, g, decreases due to reduced gate-assisted tunneling
at the source-channel barrier resulting from degrading gate

FIG. 7. (a) Electric field lines for
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varying €, of the channel mate-
rial. An increase in ¢, from 1
to 5 allows electric field lines to
travel deeper inside the channel,
thereby improving the gate con-
trol of the source-channel barrier.
A further increase in €, deteriorates
the gate control due to an increase
in the drain field at the source.
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in drain-to-source coupling. Factor
T Fg (in the inset) shows the same
variation as g,.
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FIG. 8.

(a) 3D f; phase diagram for varying m*/mg and €,. (b) Normalized f; vs m*/my at constant €, = 5. We note that f; decreases

monotonically with increasing m* due to an increase in the DOS leading to a reduction in the gate capacitance. (c¢) Normalized C and
gm Vs m*/my showing a decrease in the gate capacitance with increasing m* as the gate capacitance can be modeled [33] using oxide
capacitance in series with a parallel combination of the material capacitance and the quantum capacitance (Cgp) shown in the inset. The
quantum capacitance is directly proportional to the DOS and, C),, the material capacitance is directly proportional to €,. (d) Energy
band diagrams from source to drain for different V' (0.55 and 0.6 V) and m* /m (0.13, 0.46, 6). (¢) Magnified conduction band profile
near the source end shows that the bands shift upward with m* leading to a reduction in g,,. In the inset, the analytical WKB factor F,

which is proportional to g, reveals the same trend as shown by g,,,.

control of the source-channel barrier with increasing m*
[34]. Energy band profiles for different m* (0.13, 0.46,
and 6) and for different V; are shown in Fig. 8(d). Figure
8(e) shows the enlarged conduction band profiles near the
source, where besides widening of the source-channel bar-
rier, the gate-assisted change in the conduction band profile
decreases with increasing m* leading to a reduction in g,.
Further, the analytical WKB factor Fs plotted for differ-
ent m* is in agreement with the g, trend, as shown in
the inset of Fig. 8(e). The decrease in Fg with m* can
be attributed to reduction in dWg/dVg, 1/Wg, and I for
increasing m*.

Another important FOM for rf applications is the max-
imum oscillation frequency f.x. Variations in fp,, with
m*/my and €, are depicted in Fig. 9. We notice that similar
to f7, fmax 18 also a strong function of m™*. First, we look at
the change in f,,x by varying €, for a constant m*/my =
0.13. The normalized fn.x and f; along the a-o’ curve in
Fig. 9(a) with varying €, are shown in Fig. 9(b). Unlike f;,
which is monotonically increasing, f.x initially decreases
with €, and then increases for higher values of €, > 5. As
shown in Eq. (2), besides f;, fmax also depends on g4, Cgp,

etc. which in turn depend on ¢,. Figure 9(c) shows that g,
increases initially with €, and then decreases for €, > 5.
Similar to gz, Cgp and f;Cgp also follow a similar trend,
i.e., both initially increase and then decrease for larger val-
ues of ¢,, as seen in Fig. 9(d). A factor F)p proportional
to g4 is plotted for three different €, and is shown in the
inset of Fig. 9(c). The factor Fp, also derived from WKB
approximation, is given by,

Jm* ) AWy )

2
Fp=—1|—= s
b (WB+ c | av,

where dWp/dVp is the change in Wy for dVp. The vari-
ation in Fp, similar to Fg, can be explained by an initial
increase in 1/Wp and dWp/dVp for €, increasing from 1 to
5 due to improved gate-channel coupling and reduction in
1/Wpg and dWg/dVp for €, increasing from 5 to 15 due to
increased drain-to-channel coupling. The variations in gg,
Cep, and f;Cgp with €, can be explained by barrier width
modulation at the source-channel interface, as shown in
Figs. 6(e) and 9(e). An initial increase in €, strengthens the
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gate control due to an increasing density of field lines from
the gate to the source-channel barrier; hence resulting in an
increase in gy, gate to drain capacitance (Cgp), and f;Cgp.
A further increase in ¢, reduces the gate control, as the
field lines from the drain are more strongly coupled to the
source-channel barrier resulting in a wider barrier width
and a reduction in g4, Cgp, and f;Cgp [Fig. 9(d)]. Figure
9(e) shows the variation in the conduction band profiles
from source to drain as €, and Vp are varied. An increase
in the barrier width due to the conduction band floating up
for very large ¢, results in a reduction in g;. The inset in
Fig. 9(e) shows the variation of charge integrated from the
drain contact to the middle of the channel, which corre-
sponds to the Cgp variation shown in Fig. 9(d). The Cgp
is extracted by assuming that the left half of the channel is
controlled by the source whereas the right halfis controlled
by the drain (o = 0.5). Here, « is defined as the ratio of
length of the source-controlled channel to the total channel
length. Figure 4 in the Supplemental Material [26] shows
that even a large change in « from 0.1 to 0.5 does not affect
Jmax for phosphorene significantly.

The variation in fy,,x With m* is shown in Fig. 10. Sim-
ilar to f;, fmax decreases monotonically with an increase

in m* along the B-B’ curve shown in Fig. 10(a) for a
constant €, = 5. Figure 10(b) shows the normalized f; and
Jfmax for varying m* at a constant ¢,. As discussed earlier,
Jfmax depends strongly on g, and Cgp. Figure 10(c) shows
that g, initially increases for low m* and then decreases for
high m*. A very low m* makes the source-channel barrier
almost transparent to carriers and the significant tunneling
implies reduced drain control and low g;. However, with
increasing m* the current becomes more sensitive to the
drain voltage due to reduced tunneling, thereby increas-
ing g4. A further increase in m*/my (>0.46) leads to a
larger DOS, along with which the conduction band also
floats up as shown in Fig. 10(e) (increasing the differ-
ence between Er and E¢ near the source). This increase
in barrier width due to the conduction band floating up
in turn reduces the drain control over the source-channel
barrier and leads to a reduction in g;. Unlike F{;, the fac-
tor Fp [inset of Fig. 10(c)] initially increases due to an
increase in +/m*/C and then decreases due to a decrease
in 1/Wg and dWp/dVp resulting from the increased DOS.
The trend depicted by factor Fp is in complete agreement
with the g; vs m* trend in Fig. 10(c). Figure 10(d) shows
that Cgp increases with m* /mg due to the increase in DOS
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FIG. 9. (a) Phase diagram showing the change in fi,.x With m*/my and €,. (b) Normalized fi,.x and f; vs €, at constant m* /mg = 0.13.

(c) gu vs €, shows that initially g, increases and then decreases with ¢,. In the inset, the analytical WKB factor Fp proportional to g4
shows a similar variation as g, at different ¢,. (d) Plot of ;Csp and Cgp Vs €,. (¢) Conduction band diagrams showing the variation
with ¢, for different V. In the inset, Op-€, variations are shown for a 50 mV change in the drain voltage bias that are consistent with

the Cgp trends in (d).
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(a) 3D fmax phase diagram for varying m*/mg and €,. (b) Normalized fi,.x and f; vs m*/mg at constant €, = 5. (c) gz Vs

m* /my shows initially g, increases and then decreases with m* /my. Inset shows analytical WKB factor F), showing similar variation
as g4. (d) Variation of Cgp and f;Cgp for varying m* /my. () Energy band diagrams for different m™* /m and at different drain voltages.
Inset shows Qp variation with m™* /mg for 50 mV change in drain voltage.

for high values of m* /my. However, f,Cgp decreases with
an increase in m*/mg due to a strong dependence of f; on
m*. Figure 10(e) shows the conduction band energy pro-
files for various m*/my at different drain voltages and the
inset shows corresponding Qp variation consistent with the
Cep trend in Fig. 10(d).

IV. EFFECT OF SCHOTTKY BARRIER HEIGHT
AND STRAIN ON f;

In this section, we briefly discuss the effects of varia-
tion in extrinsic parameters such as SBH and strain. The

effective SBH for MoS; can be controlled either by interfa-
cial engineering or chemical doping [35,36]. This analysis
is performed for the best performing material (phospho-
rene), but similar arguments can be made for other 2D
materials as well.

Figure 11(a) shows the trends in g,, Cg, and f; with
varying electron SBH (¢3) for phosphorene. f; decreases
monotonically with increasing SBH due to a reduction in
g resulting from the increasing contact resistance. In addi-
tion, the effect of strain on rf performance is also of interest
from the viewpoint of flexible electronics. Figure 11(b)
shows the change in f; for phosphorene under different

(a) (b) FIG. 11. (a) Variation in
100 < P 10 54+ 2m,Cs, and f; with SBH for
. ——1 ° Effect of .
‘\\ N —— . 126 - ° Strain on phosphorene. (b) Effect gf strain
95 . \ e —A—C, 5.2 & 2%) Phosphorene on f; for phosphorene with SBH
8 = —
= \l\. ‘\ g 3 ~ of 0.1 eV.
T ~ Stes I .,
£ 90 LNy 7 "E’ g bk 271 [source drain|
N L} ~ [C) Y
6 of L °
g5l  Effectof b4 90 48] £ (2%) o
SBH on ‘A 5 x &, (2%)
Phosphorene u i
4 Top view of the channel
8.0 7 46
0.0 0.1 0.2 03 0.4 Pristine s'y Elx s'u
(DB (eV) (y-dir) (x-dir)  (bidirectional)
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strain conditions with a fixed SBH of 0.1 eV. Values for
the bandgap and directional electron and hole effective
masses for phosphorene under strain are obtained from
[37] and available in the Supplemental Material [26]. The
inset in Fig. 11(b) shows the top view of the simulated
device with indicated directions for strain. The effective
mass in y direction is used as the transport effective mass
whereas effective mass in x direction is used to calculate
the transverse modes available for current transport, and
hence both affect the f; performance. Pristine phosphorene
gives the best f; performance and the effect of effective
mass in x direction on f; is found to be more significant
when compared to the effective mass in the y direction.
Similar analysis for f,.x is available in the Supplemental
Material [26].

V. CONCLUSIONS

This work reports a comprehensive study of the rf
performance of 2D materials and identifies the contribu-
tions of different intrinsic material properties to standard
rf FOMs, namely, f; and fp.x. Unlike conventional bulk
semiconductors, 2D materials offer the benefit of control-
lably scaling channel thickness. Superior electrostatics in
sub—1-nm 2D monolayers can enable gate-length scaling
for enhanced rf performance. Reduced scattering due to
the absence of dangling bonds in pristine 2D materials
can also benefit rf performance in comparison to con-
ventional rf semiconductors. In addition, high mechanical
stability under strain and optical transparency make 2D
materials suitable for flexible and wearable rf electron-
ics [38]. By analyzing the variation in m* and ¢, and
their effect on f, fmax, and Giy, we demonstrate that a
lower m* and higher €, provide the best combination for
rf applications. We demonstrate that this is due to the
high degree of gate control over the source-channel bar-
rier. An increase in the DOS for larger effective masses
m* reduces the modulation of the potential in the chan-
nel resulting in a poorer gate control. In the chosen set
of materials, phosphorene emerges as the best material for
rf applications due to its low m* and high ¢,. Although
not comprehensive, the list of 2D materials studied in
this work covers a broad range of m* and ¢, to enable
performance predictions for other, known and yet to be
discovered, 2D materials covered by it. Hence, this study
could work as a guide for choosing specific materials for
rf applications. To establish the credibility of our analy-
sis, we also repeated the simulations for parameter (m*,
bandgap) values obtained by the GW method (see the
Supplemental Material) [26]. It is important to note that
the rf performance predicted in these simulations requires
significant experimental improvements in (i) scaling gate
dielectric thickness [25-nm Al,O3; (EOT approximately 10
nm) in [38] vs 2.8-nm HfO, (EOT approximately 0.44
nm) in this work], as well as (ii) scaling gate length from

100s of nm in recent experimental rf reports to 15 nm in
this work. Another critical challenge is to develop tech-
niques for improving the air stability of 2D materials,
phosphorene in particular [39,40], since material degra-
dation in ambient air can lead to loss of rf performance.
Although the simulations account for contact resistance
of the Schottky source and drain contacts, reduction in
contact resistance through source and drain doping and/or
metal work-function engineering can also help improve rf
performance. From a simulation perspective, as a future
extension of this work, the effect of scattering on f; can
be studied via the use of the incoherent NEGF formalism
and the impact of extrinsic parameters related to device
processing on rf performance, such as the Schottky barrier
height, strain, and the substrate, can be looked at in more
detail.
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