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ABSTRACT

We investigate the channel length dependence of the electrical characteristics of chemical vapor transport (CVT)-grown MoS2 nanoribbon
(NR) Schottky barrier field-effect transistors to provide insights into the transport properties of such nanostructures. The MoS2 NRs form
spontaneously during the CVT growth, without the application of etching. Back gated transmission line measurement FETs were fabricated
on a 45 μm-long NR with channel lengths ranging between 200 nm and 3 μm. Contact and sheet resistances were extracted from the electri-
cal measurements and their back-gate bias dependence was analyzed. Numerical modeling based on a virtual probe approach combined
with the Landauer formalism shows excellent agreement with the measurements. The model enables a quantitative extraction of the intrinsic
FET properties, e.g., mean-free-path and electron mobility, and their dependence on carrier density and investigation of plausible trap
distributions. A record electron mobility for a MoS2 NR channel of �81 cm2=V s was achieved.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5127769

I. INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenides
(TMDs), such as MoS2, have been widely explored for electronic
applications as potential Si channel material replacement in
field-effect transistors (FETs).1,2 Ultra thin body thickness with
atomic-layer control and the absence of surface dangling bonds are
key enablers to preserve electrostatic gate control at ultrashort
channel lengths, and the relatively larger electron effective mass
along the transport direction with respect to Si allows for a
reduction of direct source-to-drain leakage currents in the FET’s
OFF-state and, thus, a diminished drain-induced barrier lowering
effect.3–7

While big strides have been accomplished in the synthesis and
wafer-level processing of TMD-based planar sheets,8 TMD materi-
als such as MoS2, and WS2 have also been grown in nanoribbon
(NR) and nanotube (NT) forms.9–13 These TMD nanostructures
have been predominantly achieved by either sulfurization of tung-
sten or molybdenum films,9,10 or by chemical vapor transport

(CVT) techniques.11–14 Synthesized NRs and NTs are intriguing
from a transistor point of view since no etching step is required to
define the channel area, thus preserving the transport properties of
the pristine films, in contrast to FETs built using top-down
approaches.15–21 Density functional theory simulations predict a
strain-induced reduction of the MoS2 NT energy gap when diame-
ters are reduced to �10 nm,22 which makes NTs attractive for
tunnel FET applications. It has also been shown theoretically that
lateral confinement, at the limits of width scaling, in MoS2 NRs
results in the appearance of localized edge states within the MoS2
gap,23,24 which could enable a new class of cold source steep-slope
devices.25

Only a few reports have been published investigating carrier
transport in synthesized TMD NRs26–29 or NTs.28–35 Best pub-
lished MoS2 NR FET results indicate electron mobility, μn, as high
as 36 cm2=V s, with an ION=IOFF ratio . 103 (NR width,
W ¼ 321 nm, and thickness, t ¼ 12 nm).28 For comparisons,
Kotekar-Patil20 et al. reported ION=IOFF ratios � 105, μn up to
50 cm2=V s, and ION � 38 μA=μm (VDS ¼ 2V) for a
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lithographically-defined 50 nm-wide, 500 nm-long monolayer
MoS2 NR FET. With the aid of an ion doping technique,
contact resistance as low as 0:75 kΩ=μm and ON-currents,
ION � 230 μA=μm (VDS ¼ 1:2V) were obtained,26 as well as recon-
figurable unipolar n- and p-type, and simultaneous pn doping for
the same MoS2 NR channel (W ¼ 700 nm and t ¼ 13 nm).27

In this paper, through the analysis of FETs of variable channel
lengths fabricated on a single MoS2 NR, we demonstrate in Sec. II
record electron mobilities equal to 81 cm2=V s and improved ION at
comparable drain bias with respect to best prior reports. An analyt-
ical FET model able to couple Schottky barrier (SB)-limited carrier
injection at the semiconductor/metal interface together with
scattering-limited transport across the 2D channel is presented in
Sec. III, and applied to fit experimental data in Sec. IV. We con-
sider for the first time whether it is possible to quantitatively
describe the measured transport properties of MoS2 FETs from
subthreshold to saturation.

II. DEVICE FABRICATION AND ELECTRICAL
CHARACTERIZATIONS

MoS2 NRs were grown by CVT inside an evacuated silica
ampoule, starting from an MoS2 powder using an iodine transport
agent.36 The ampoule was sealed at a pressure �7� 10�4 Pa and
placed in a two-zone furnace where the hot and cold sides of the
oven were kept at 1133 and 1010 K, respectively, with a temperature
gradient of �6:2K=cm. CVT growth lasted 21 days after which the

silica ampoule was slowly cooled to room temperature at a con-
trolled rate of 60 �C=h. The slow growth rate from the vapor phase
during lasting chemical transport reactions results in the simultane-
ous growth of different types of MoS2 nanostructures, such as NRs,
NTs, as well as thin flakes. Low defect density MoS2 NRs with
thickness in the range of �10 nm, length up to several hundreds of
micrometers and homogenous width is typically found. However,
precise size-control using the described CVT growth methods
cannot be achieved due to the nature of their nucleation process. In
fact, NR growth starts from the collapse of a NT when it meets an
obstacle in the growth process. When collapsed, such a tube contin-
ues to grow in length. Due to the chirality of the NTs, strain in the
lattice of the NRs causes twisting along the longitudinal axis.
Synthesis, material characterization, and nucleation processes have
been previously discussed by Remškar.12,13

A NR with a total length of 45 μm was chosen for device fabri-
cation. A false-colored scanning electron micrograph (SEM) image
of the transmission line measurement (TLM) structure character-
ized in this study is shown Fig. 1(a), and a zoomed in SEM image
of the NR top part is presented in Fig. 1(b). The complete process
flow consisted of electron beam evaporation, in order, of Ti/Au
(5 nm/100 nm) for the back-gate (BG) contact on the back of a pþ

Si wafer, atomic-layer deposition of 27 nm of Al2O3, and tape
transfer of the MoS2 NR. A TLM structure was patterned using
electron beam lithography, followed by electron beam evaporation
of Ti/Au (5 nm/100 nm) metal contacts. The schematic cross
section of the fabricated devices with complete annotations of the

FIG. 1. (a) False-colored SEM top view of the fabricated TLM devices. The Al2O3 BG is colored in green, the MoS2 NR is in blue, and the Ti/Au metal leads are in
orange. Contact length is 1 μm, and the NR measures �45 μm. (b) Zoom-in of the NR top part. Dashed white lines follow the NR edges. (c) Schematic cross section of
the TLM structure. Nine FETs were fabricated from a single NR. Channel lengths range from 200 nm up to 3 μm. (d) High magnification TEM cross section. (e) Low magni-
fication TEM cross section.
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different FET channel lengths, ranging from 3 μm down to 200 nm
is shown in Fig. 1(c). Transmission electron micrograph (TEM)
cross sections were taken following the electrical measurements to
establish the channel geometry. The NR has a thickness of
�9:6 nm, corresponding to 14 MoS2 layers, Fig. 1(d), and measures
360 nm in width, Fig. 1(e).

Drain current vs BG voltage, ID–VBG, transfer characteristics
for a drain bias VDS ¼ 0:5V of five selected FETs are shown in
Fig. 2(a). For L ¼ 200 nm, ION=IOFF . 2� 104, ION ¼ 18:7 μA=μm
at VBG ¼ 3V, with minimum subthreshold swing SS ¼ 0:46V=dec.
The ON-state drain current reduces to 12:9 μA=μm at L ¼ 2 μm,
and SS ¼ 0:47V=dec. The less than proportional drain current
reduction as a function of channel length is a consequence of both
the variations of threshold voltage, VT , among the different devices,
i.e., different overdrive voltages at VBG ¼ 3V, and the influence
of the Schottky contacts. The same characterization is plotted in
Fig. 2(b) in a linear scale to enhance the VT differences. The
threshold voltage is obtained with a linear extrapolation for each
channel length as indicated by the dotted lines in Fig. 2(b);

VT ranges between 0:375V and �0:152V for L ¼ 200 nm and
L ¼ 2 μm, respectively, which is attributed to different impurity/
oxide charge distributions at the FETs’ TMD/BG interfaces.

To account for the VT variations, the total resistance,
RTOT ¼ VDS=ID, vs L is plotted in Fig. 2(c), for various sheet elec-
tron densities, n. Assuming a linear dependence of n with respect
to the BG voltage above threshold, n � COX VBG � VTð Þ=q, where
COX ¼ 0:26 μF=cm2 is the BG oxide capacitance density for a
27 nm-thick Al2O3, and q is the electron charge. The dashed lines
in Fig. 2(c) represent a simple linear scaling of RTOT with respect to
L, which indicates a good agreement with the experimental results
upon the corrections for the VT shifts. This represents an indirect
evidence of uniform transport properties and charge injection
through the contacts at the same carrier density. The ordinate
intercept yields the total contact resistance per unit width, RC , and
its dependence with respect to the carrier density is plotted in the
inset of Fig. 2(c). Contact resistance decreases from 99 to
23 kΩ=μm for n ranging from 1� 1012 to 4� 1012 cm�2, respec-
tively, as the BG modulates the injection through the SB at the con-
tacts. For a Schottky FET, RC is dominated by the source contact at
low VDS. In Fig. 2(c), the slope of the least-square fitting corre-
sponds to the sheet resistance, RSH , in units of kΩ=, which is
related to the effective mobility, μEF ¼ qnRSHð Þ�1. For a carrier
concentration n ¼ 2� 1012 cm�2, μEF ¼ 81 cm2=V s. The TLM
analysis permits an accurate estimate of μEF since it allows decou-
pling the contributions of RSH and RC due to the Schottky contacts
from RTOT . Table I summarizes measurements on MoS2 NR FETs.
Compared to previously published synthesized28 as well as
top-down defined20 MoS2 NR best results, this measurement shows
significantly higher electron mobility than the 50 cm2=V s reported
by Kotekar-Patil, Table I.

III. 2D FET WITH GATED SB CONTACTS

A semianalytical model based on the virtual probe
approach37–39 is employed to describe 2D FETs with SB contacts.
A sketch of the equivalent circuit used to model the 2D channel
FET with Schottky contacts is shown in Fig. 3. The potential at the
center of the ballistic SB FETs and the TMD FET sandwiched in
between is imposed by the vertical electrostatics, with the gate ter-
minal of each transistor tied together. The head and tail SB FETs
are connected to the source (S) and drain (D) reservoirs through
SB contacts, while the inner TMD FET is connected to two, fully
thermalizing Büttiker probes, with Fermi potential μ1 ¼ �qV1, and
μ2 ¼ �qV2. The voltages V1 and V2 are obtained by imposing
current continuity across the three series transistors. The directions
of the diode symbols in Fig. 3 indicate that the S (D) SB are in
reverse (forward) bias if a positive VDS is applied at the terminals.
Our model assumes for simplicity an ideal 2D channel. This
approximation is reasonable when the channel thickness is smaller
than the depletion width.

A. Intrinsic 2D FET in linear region

In the case of near-equilibrium transport in the channel, an
average Fermi potential EF ¼ (EFS þ EFD)=2, is defined with EFS
and EFD representing the source and drain Fermi potentials,

FIG. 2. (a) Semilogarithmic plot of the transfer characteristics, ID vs VBG, for
five FETs with channel lengths ranging from 200 nm to 3 μm. (b) ID–VBG curves
in a linear scale. Dashed lines indicate a linear fit of the characteristics above
the threshold for VGS � VT . VDS. The threshold voltage, VT is estimated from
the abscissa intercept. (c) RTOT (red squares) as a function of channel length,
L, calculated for different electron densities, n. Linear scaling with respect to L
is indicated by blue dashed lines. Inset: contact resistance, RC , as a function of
carrier density.
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respectively. Thus, the 2D electron sheet carrier density, n is
equal to

n ¼ kBTD0 ln 1þ e EF�ECð Þ=kBT
h i

, (1)

where kB is Boltzmann constant, T is temperature,
D0 ¼ gSgVm*=2π�h2 is the 2D density of state, gS and gV are the
spin and valley degeneracies, respectively, �h is the reduced Planck
constant, and EC is the conduction band edge. To account for noni-
dealities in the vertical electrostatics, we consider acceptorlike traps,
i.e., negatively charged when ionized,40 each represented by a delta
function in energy, characterized by an effective trap density DIT ,
and located at an energy EIT below the conduction band,41 such
that the total density of ionized traps, NIT , can be expressed as

NIT ¼
X
i

DIT ,i

1þ exp EC � EF þ EIT ,ið Þ=kBT½ � : (2)

The sum of the total mobile charges, interface traps, and constant
donor impurities, ND, must be equal to the charge induced by the
electrostatic coupling to the gate,

q2
nþ NIT � NDð Þ

COX
þ (EF � EC) ¼ q(VBG � VFB), (3)

where VFB is the flatband voltage. Equation (3) can be solved itera-
tively to map EC as a function of EF and VBG.

The drain current, ID, is computed using the Landauer–
Büttiker formalism,42,43

ID ¼ 2q
h

ð1
EC

M(E)T(E)[f (EFS)� f (EFD)]dE: (4)

In Eq. (4), M(E) ¼ 2gVW
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m*(E � EC)

p
=h is the number of

modes, h is Planck’s constant, m* is the electron effective mass,
T(E) is the channel transmission, f (EFS) and f (EFD) are the source
and drain Fermi-Dirac distributions, respectively. We define the
channel transmission,44

T(E) ¼ λ(E)
λ(E)þ L

, (5)

where λ(E) is the energy-dependent mean-free-path (MFP) for
backscattering and L is the channel length. We assume power-law
relationships between energy and MFP, and consider
charged-impurity (CI) and phonon (PH) scattering as the domi-
nant scattering mechanisms,45

λCI(E) ¼ λCI0
NIT

E � EC
kBT

� �3=2

, (6)

λPH(E) ¼ λPH0
E � EC
kBT

� �1=2

, (7)

where λCI0 and λPH0 are fitting parameters associated with the cor-
responding scattering processes. The two energy-dependent MFPs

TABLE I. MoS2 nanoribbon FETs prior reports.

μn ION ION/IOFF W tNR Oxide MoS2
(cm2/V s) (μA/μm) (nm) (nm)

21.8a 16.4 >104 60 6 SiO2 Bulk
36–50b 40 >105 50 1ML SiO2 Bulk
36 0.8 >103 140 7 Al2O3 CVT
81 18.7 >2 × 104 360 9.6 Al2O3 CVT

LCH (nm) tOX (nm) VDS (V) VGS (V) Author Reference

1000 300 2 50 Liu 16
500 300 1 60 Kotekar-Patil 20
3000 26 0.3 1 Fathipour 28
200 27 0.5 3 This work

aW = 2 μm.
bVDS = 0.1–0.6 V.

FIG. 3. Equivalent circuit of the 2D FET with Schottky contacts. The S and D
transistors are modeled as ballistic SB FETs with a Schottky contact connected
to the external reservoirs, VS and VD, respectively, and an ohmic contact con-
nected to an internal virtual probe. The intrinsic TMD FET is fully connected by
the two Büttiker probes, V1 and V2. All the transistor gates are tied to the same
gate voltage, VG .
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are then combined together using Matthiessen’s rule,

1
λ(E)

¼ 1
λCI(E)

þ 1
λPH(E)

: (8)

B. Channel FET in far-from-equilibrium operation

In far-from-equilibrium conditions, the Fermi level can
no longer be assumed constant along the channel, therefore a
position-dependent quasi-Fermi level EFn(x) is defined.
Equations (1) and (2) need to be rewritten by substituting EF ! EFn,
while in Eq. (3) qVBG is replaced with qVBG,CH ¼ qVBG þ EFn � EFS.

46

The charge balance equation in its nonequilibrium form reads

q2
nþNIT �NDð Þ

COX
þ (EFn�EC)¼ q(VBG �VFB)þEFn�EFS: (9)

The drain current is written from the Pao–Sah formulation,47

ID ¼ qWμ

L

ðVD

VS

ndV : (10)

Following the derivation of Marin et al.,46 an expression of
(EFn�EC) in terms of n is obtained from Eq. (1),

EFn �EC ¼ kBT ln en=NC � 1
� �

, (11)

where NC ¼ kBTD0 is the conduction band effective density of states,
and substituted back in Eqs. (2) and (3) to obtain

q2

COX
nþ

X
i

DIT ,i en=NC � 1
� �

en=NC � 1þ eEIT ,i=kBT

" #
þ kBT ln en=NC � 1

� �

¼ q VBG �VFBþ qND

COX

� �
þEFn�EFS: (12)

Differentiating Eq. (12) with respect to n makes possible the change of
variable dV ¼�dEFn=q! dn in Eq. (10),

ID ¼ q2Wμ

L

ðnS
nD

[
1

COX
þ
X
i

DIT ,i eEIT,i=kBTen=NC

COXNC en=NC � 1þ eEIT ,i=kBTð Þ2

þ kBTen=NC

q2NC en=NC � 1ð Þ ]ndn: (13)

Equation (13) is analytically integrable and its closed form can be
written as

ID ¼ q2Wμ

L
n2

2COX
þ kBT

q2
(NCLi2(e

n=NC )þn ln (en=NC � 1))

	

þ 1
COX

X
i

DIT ,i

1� e�EIT ,i=kBTð Þ
n

en=NC � 1þ eEIT ,i=kBT




�NC ln en=NC � 1þ eEIT ,i=kBT
� ���nS

nD

, (14)

where Li2 denotes the polylogarithm function of second order, and

the limits of the integrals are the electron densities nS (nD) at the
source (drain) ends, calculated from Eq. (12) by posing
EFn ¼ EFS(EFD).

C. Ballistic SB FET

Transport in a SB FET is given by the sum of thermionic
carrier injection over the thermal barrier with tunneling of charge
carriers through the SB. To provide an analytical expression of the
tunneling through the SB, we consider a triangular potential barrier
of width Λ,

Λ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εS,x
εOX

tS tOX

r
, (15)

where εS,x is the in-plane semiconductor dielectric constant, εOX is
the BG oxide dielectric constant, tS is the semiconductor body
thickness, and tOX is the BG oxide thickness. Considering only the
lowest lying subband within the effective mass approximation, the
transmission coefficient is obtained via the Wentzel–Kramers–
Brilluoin (WKB) approximation,

TWKB(E)¼
1, E�ΦN

exp � 8π
3h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m* ΦN �Eð Þ3

q
Λ

ΦN�EC

� �
, E,ΦN :

8<
: (16)

In the above equation, ΦN is the effective thermal barrier for elec-
trons, and EC is controlled by both the BG voltage and charge injec-
tion across the SB. Given a SB height for electrons, ΦSB, we can
define a flatband voltage at which EC ¼ ΦSB. Two different cases
need to be considered. For VBG � VFB, only thermionic injection
takes places above a thermal barrier of height, ΦN ¼ EC . Above flat-
band, EC , ΦSB, ΦN ¼ ΦSB and the tunneling component is added.

As shown in Fig. 3, the ballistic SB FET at the S end presents
a SB contact at its relative source side, and ohmic contact at the
drain side (and vice versa for the ballistic SB FET at the D end).
The SB is modeled as a mesoscopic scatterer for carriers entering
the channel;37,48 hence, the overall mobile charge, n, is given by the
sum of forward- and backward-going fluxes,

n ¼
ð1
EC

D0

2
[TWKBf (EFS)þ (2� TWKB)f (EFD)]dE: (17)

Consistent with the ballistic approach, the trap occupation proba-
bility in Eq. (2) is computed by defining an equivalent Fermi level,
EFeq, given by49

exp
�EFeq
kBT

� �
¼ nS

n
exp

�EFS
kBT

� �
þ nD

n
exp

�EFD
kBT

� �
, (18)

where n is the total electron density, and nS (nD) is the the electron
density injected from the source (drain) computed in Eq. (17). The
drain current is obtained from the Landauer–Büttiker equation,

ID ¼ 2q
h

ð1
EC

M(E)TWKB(E)[f (EFS)� f (EFD)]dE: (19)
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IV. RESULTS AND DISCUSSION

To properly capture the device electrostatics, a double
Gaussian DIT distribution is utilized as shown in Fig. 4(a). This dis-
tribution is qualitatively similar to the energetic trap distribution
extracted by Takenaka et al.50 from multifrequency C-V measure-
ments of MoS2 MOS capacitors. Takenaka postulated that these
defect traps might originate from sulfur vacancies. From an electro-
statics point-of-view, these localized states are equivalent to an
additional capacitance in parallel to the semiconductor capaci-
tance.40 Other physical parameters used in the simulations are the
electron SB, ΦSB ¼ 0:2 eV, m*=m0 ¼ 0:5, with m0 being the elec-
tron rest mass, gS ¼ 2 and gV ¼ 6. The effective mass of 0.5 is a
reasonable estimate for the multilayer MoS2 based on the tight-
binding simulations of Zahid et al.51 The device characteristic
length Λ ¼ 19:7 nm, hence for simplicity the TMD FET channel
length is approximated with LCH ¼ L� 2Λ.

At low VDS, we assume that the channel FET is in near-
equilibrium conditions in order to reveal the intrinsic transport
properties of the NR channels. Figure 4(b) shows the position of
the Fermi level with respect to the CB edge as a function of VBG.
Due to the presence of a DIT distribution centered at �370mV
below EC, EF is pinned for a negative VBG, while for a large positive
VBG degenerate conditions are met. For VBG ¼ 3V, the electron
density reads n ¼ 3:5� 1012 cm�2 [Fig. 4(c)]. The ionized trap
density vs. VBG is reported in Fig. 4(d) indicating an increased
in NIT from 2:0� 1012 to 8:2� 1012 cm�2, by sweeping VBG from

�2 to 3V, respectively. The interplay between charged interface
traps and mobile carriers in the vertical electrostatics is summa-
rized in Fig. 4(e); when the Fermi level is deep into the bandgap,
i.e., in the subthreshold regime, the interface trap capacitance, CIT ,
dominates the quantum capacitance, CQ. However, for a large VBG,
EF approaches EC , and CQ 	 CIT . The interface trap capacitance is
estimated from the SS of the measured FETs using the relationship
SS ¼ kBT=qð Þ ln (10)[1þ CIT=COX]. Combined with Fig. 4(a)
which maps VBG onto EF , it is possible to compare the results of
the extraction, open circles in Fig. 4(e), with the modeled results,
showing excellent agreement. Closer to the band edge, the extracted
CIT follows the trend imposed by CQ as expected. Since the total
channel capacitance, given by the sum of CIT and CQ, is voltage
dependent, this results in a voltage drop partition between the
semiconductor channel, VCH , and the oxide insulator, VOX , as a
function of n, as shown in Fig. 4(f ).

The simulated transfer characteristics are plotted in Fig. 4(g)
for all the fabricated FETs. The only free parameter allowed for the
fitting is a relative threshold voltage shift to be consistent with
Figs. 1(a) and 1(b). To be able to see all the transfer curves and the
model fits within the same graph, a spacing of 1 V is set between
each of the ID–VBG characteristics. The modeling results are in
excellent agreement with experiments, from deep subthreshold to
accumulation. The greatest deviation is found for the 200 nm-long
FET. For this case, the ON-state current is still in reasonable agree-
ment with the measurements, suggesting uniform SB height and

FIG. 4. (a) Distribution of interface acceptor traps, DIT , employed in the simulations consisting of a train of δ functions following double Gaussian distributions. Simulation
results [(b)–(f )] for the intrinsic 2D FET with L ¼ 3 μm. (b) Fermi level, EF , (c) sheet electron density n, and (d) ionized trap density, NIT , vs back-gate voltage, VBG. (e)
Capacitance densities vs EF : interface trap, CIT , channel quantum, CQ, and oxide, COX . Open circles represent CIT as extracted from the measured FET subthreshold
slope. (f ) Proportion of VOX and VCH to the applied VBG as a function of n. (g) Measured vs simulated transfer characteristics for all the TLM FETs. Each trace is shifted
by m V to allow comparison, where from left to right, m ¼ 0, 1, 2, . . . , 8.
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channel scattering. Refinement in the DIT distribution could
improve the agreement for this particular FET, but DIT shown in
Fig. 4(a) provides a good accounting of the measured characteristics
over the full set of devices.

With this understanding, a quantitative analysis of the NR
transport properties is enabled by the Landauer formalism.44 For a
small VDS, Eq. (4) can be rewritten in the following form:

ID ¼ 2q2

h

ð
T(E)M(E) � @f0

@E

� �
dE


 �
V , (20)

where the term enclosed by square brackets is the channel conduc-
tance, G ¼ σ2DW=L, and σ2D is the 2D conductivity. Under diffu-
sive transport conditions, T(E) � λ(E)=L, and by indicating the
number of modes per channel width as M2D(E) ¼ M(E)=W, we
obtain an equation for σ2D independent of the device geometry,

σ2D ¼ 2q2

h

ð
λ(E)M2D(E) � @f0

@E

� �
dE: (21)

Following the treatment of Lundstrom and Jeong,44 the number of
modes in the Fermi window, hM2D(E)i, and the average
mean-free-path for backscattering, hhλ(E)ii, are equal to

hM2D(E)i ¼
ð
M2D(E) � @f0

@E

� �
dE

hhλ(E)ii ¼

ð
λ(E) M2D(E) � @f0

@E

� �
dEð

M2D(E) � @f0
@E

� �
dE

:

(22)

Substituting the above results back into Eq. (21), σ2D becomes

σ2D ¼ 2q2

h
hhλ(E)ii hM2D(E)i ¼ qμnn: (23)

From Eq. (23), the scattering-limited mobility written in the
Landauer form is equal to

μn ¼
2q
nh

ð
λ(E)M2D(E) � @f0

@E

� �
dE, (24)

which is valid in the diffusive limit.
The average MFP vs electron density is plotted in Fig. 5. The

MFP tops at 5:5 nm, for n ¼ 2� 107 cm�2, and then degrades at a
larger n due to an increased density of ionized acceptorlike traps
increasing charged impurity scattering. The minimum MFP reads
4:5 nm, for n ¼ 1:9� 1012 cm�2. The fitting parameters used in
the power-law relationships of Eqs. (6) and (7) are equal to
λCI0 ¼ 0:65 nm�1, and λPH0 ¼ 10 nm. Figure 5 shows also the
computed μn using Eq. (24). The electron mobility is 102 cm2=V s
at low carrier densities and reaches 83 cm2=V s for
n ¼ 2� 1012 cm�2, which is in good agreement with the TLM
extraction. A plot of the 2D conductivity vs (EF � EC) is shown in
the inset.

FIG. 5. Transport parameters extracted from the Landauer formalism. Average
MFP, hhλ(E)ii, and electron mobility, μn, vs carrier density n. Inset: 2D conduc-
tivity, σ2D, as a function of the normalized energy difference, (EF � EC)=kBT .

FIG. 6. Measured vs simulated ID–VBG characteristics taken at different VDS.
FET channel lengths are (a) 3 μm, (b) 2 μm, (c) 1 μm, and (d) 0:6 μm,
respectively.
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While the near-equilibrium picture provides physical insights
regarding the main scattering mechanisms in play and is able to
derive transport properties such as MFP and carrier mobility as a
function of carrier density, it is applicable when the voltage drop
across the channel FET is on the order of kBT=q. The drift-
diffusion model can then be utilized to capture the drain voltage
dispersion by employing the mobility results stemming from the
Landauer analysis. With the same set of physical parameters, the
ID–VBG measurements are fitted substituting with the drift-
diffusion FET model described in Sec. III B, using a constant
carrier mobility, μn ¼ 85 cm2=V s. Since mobility is a function of
carrier density, we consider an averaged value obtained within the
carrier density range, 1010 � n � 5� 1012 cm�2, which covers the
near and superthreshold regime of interest. The results of the com-
putation are shown in Fig. 6 for four devices of channel lengths
equal to (a) 3 μm, (b) 2 μm, (c) 1 μm, and (d) 0:6 μm, respectively.

The comparison with the measured transfer characteristics
indicates a good agreement from weak subthreshold to accumula-
tion in the ON-state, for all the applied drain-to-source biases.
Deep in the OFF-state, the differences between the simulations and
the experiments are more accentuated as a consequence of
device-to-device variations in the trap distributions. As already
mentioned in Fig. 4(e), in deep subthreshold the electrostatic cou-
pling of the channel potential with the gate is dictated by the series
combination of COX with CIT (	 CQ), therefore a variation in the
DIT greatly impacts the slope of the ID–VBG characteristics. The
model agreement with experiments from subthreshold to saturation
is notable despite the use of a field-independent mobility.

V. CONCLUSION

Electrical measurements of MoS2 FETs with variation in
channel length were used to validate numerical large-signal models
of the FET transport. Our semianalytical model based on the
virtual probe approach was shown to be in excellent agreement
with measurements from subthreshold to saturation and was uti-
lized to extract intrinsic transport properties. The dominant scatter-
ing mechanisms were identified, as well as the dependence on
carrier densities of MFP and electron mobility. A drift-diffusion
model was also derived that captures the VDS dependence of the
BG transfer characteristics. The electron mobility of 81 cm2=V s
was obtained, for which MoS2 NRs is the highest reported.
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