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ABSTRACT In this letter, a compact model for charge and drain current in molybdenum disulfide (MoS5;)
field-effect transistors (FETs) is developed, which is valid from ballistic to quasi-ballistic to drift-diffusion
electronic transport regimes. Considering the influence of trap charges in MoS; transistors, a physical-based
and analytical charge model is derived. Based on the virtual source model which applies to both ballistic
and quasi-ballistic transports, the carrier number density and current expressions are combined to yield
the current-voltage (/-V) characteristics. Furthermore, the presented model is validated by experimental
data as well as recently reported simulations for MoS,; FETs with different gate lengths. It shows that
our model is accurate, straight-forward, scalable and compatible for short- and long-channel devices.

INDEX TERMS Molybdenum disulfide (MoS;), charge model, current-voltage (I-V) characteristics.

I. INTRODUCTION

Recently, considerable attention has been paid to 2-D layered
transition metal dichalcogenide (TMD), for example, the
single-atomic-layer molybdenum disulfide (MoS;) because
of its excellent intrinsic carrier transport properties [1] and
transistor scalability [2]. Over the past five years, extremely
scaled MoS; field-effect transistors (FETs) with gate lengths
of 1 nm [3] and 7.5 nm [4] have been experimentally
realized. In addition, relevant simulation devices at the
scale of sub-5-nm gate length were assessed by solving
nonequilibrium Green’s function (NEGF) transport equa-
tion self-consistently with Poisson’s equation [5]. To project
the ultimate scaling limit of monolayer MoS; transistors,
ballistic quantum transport simulations solving by NEGF
were performed [1]. The previous researches show that
ballistic transport needs to be modeled for MoS; tran-
sistor if its channel length (L) is smaller than the mean
free path (X), i.e., L < A. Besides, some complex digital
logic and high-frequency ac applications on MoS, FETs
such as static random access memories and five-stage ring
oscillators have been observed experimentally [6]. Thus,

better understanding and modeling of the operation of a 2-D
FET are required at the new circuit-level applications.

Several physical-based analytical models [7]-[9] have
been proposed for current-voltage (/-V) characteristics
of TMD FETs based on the drift-diffusion picture,
without applicability to the ballistic and quasi-ballistic
regimes [10]-[12]. To perform the ballistic transport effect,
some compact models for short-channel devices [10], [11]
were proposed but only for the subthreshold region.
Furthermore, the work of [12] used an improved method
of traditional virtual source (VS) model [13] and made
the long-channel device models continue to work well
at the nanoscale. However, the charge expression in this
model was given by a conventional device equation Q) =
Cox(Vgs — V7) where Vr is the threshold voltage, and used
a smoothing function to connect different regions. Therefore,
it provides a lower physical description.

To this end, in this paper, a physical-based charge expres-
sion of MoS; FETs is deduced by taking the trap effect into
account. Combining with the charge formulation and con-
cerning MoS;’s characteristics, an I-V model is presented
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FIGURE 1. The plot of charge density as a function of Vgs at the source,
where V7 is calculated by the condition Qe = Qtrap-

which can be applied from drift-diffusion to ballistic carrier
transport regimes. Furthermore, the calculated drain current
is compared with available simulations and measurements
at different channel lengths (1.5 um, 50 nm and 1 nm) to
ensure the model’s accuracy and scalability.

Il. CHARGE MODEL
For MoS, FETs, the density of states (DOS) is represented
as a function of the energy E [9]:

Dy above Ec
DOS>p(E) = NTexp(Ek;fOC) band tail below E¢ M

where Ec¢ is the conduction band energy level; N7
[cm~2eV~!] denotes the total concentration of trap states;
kp is the Boltzmann constant; T is the disorder magnitude
parameter; and Do [cm~2eV~!] is the constant DOS. Based
on (1) and Fermi-Dirac distribution, after integration, the
total carrier number density is given by the sum of the trap
(M4rap) and free (nf.) carrier number densities:

Niotal = Nirap + Nfree = N1, CXP(((/’s + ¢f0 - V)/El)
+ DokgT exp((¢s + ¢po — V) /bum) 2

where 6, = mwkpT/sin(nT/To); E1 = kgTo/q; ¢s is the
surface potential; ¢y, is the thermal voltage; V is the quasi-
Fermi potential; and ¢y is the potential gap between Ec
and the neutral Fermi level. Furthermore, using the prop-
erty of Gauss’s law [14], the charge density (Qyoqr) can be
calculated by the implicit relation between the applied gate
voltage (V) and surface potential:

Qtotal = (3)

where Vgr = Voo — V3 Vi is the flat-band voltage; and Cox
is the unit-area gate oxide capacitance. To obtain Qyy, an
explicit approximation of ¢, is needed. Consequently, the
regional approach is adopted here to derive the asymptotic
solutions.

COX(ng - 905) = Q(ntrap + nfree)

286

TABLE 1. Parameters used for simulations in Fig. 1.

Parameter Value Parameter Value
T[K] 300 Cox [F/em?] 2.2x10°
Vi [V] —0.05 Do [cm?eV'] 1x10™
oo [V] -04 Nr[cm?ZeV!] 6.3x10"?
To[K] 700

In the subthreshold region, 74, dominates and ny.. can be
ignored, and therefore, the surface potential only accounting
for the trap states (js») can be derived via the Lambert W
function (Wy) [15]:

)

where Ag is (gN16;/Cox) - exp((¢r0 — V)/E1).

In the above-threshold regime, opposite to the subthresh-
old region, 1y is negligible and ny., becomes the dominant
term. Only considering the contribution of free charge in
Gauss’s law, we obtain the explicit solution of the surface

potential in the above-threshold region (j,) as
Aq
®ab = P In| Wo| — exp

ool ()]

where Ay is (gpmDo/Cox) - exp((Pro — V) /o).

Generally, the formula is required to be completely uni-
form, continuous and smooth across all regions. In order to
do that, a following smooth function [16] can be used to
obtain @s.

“4)

®)

Dsub

+ Pab
1+ exp(mi (Vgs — Vr))

T exp(mi (V7 — Vi)
(6)

Ps0 =

where m is a fitting parameter.

With the explicit solution of ¢, charge calculation in (3)
can be obtained. Figure 1 with parameters summarized in
Table 1 shows that the values of Qy, are much larger than
Ofree below Vr, and trap density incorporated in the model
also can better capture the real device behavior. On the other
hand, QOf. is dominated above V7. The solution of QO
using (3) and (6) is consistent with the numerical results,
which also verifies the feasibility of the new charge model.

1Il. DRAIN CURRENT MODEL DESCRIPTION
For aggressively scaled MoS, FETs, to gain a better under-
standing of this futuristic device and offer early evaluation
studies, the improved VS model [12] is employed. Under
a small drain-to-source voltage (Vy), the drain current in
linear region (/4 jin) can be demonstrated by:

w
Lys_tin = (Z)Qtup/«’«appvds (7

Mapp = (MEI + Ne;j})_l (®)

where W and L are channel width and length, respectively.
The inversion charge (Q,p) at the top of the barrier
between the source and drain can be solved by (3) with
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V =0, due to the point at the top of barrier is near or at
the source edge of channel [17]. It should be noted that,
compared to the traditional charge expression in VS model,
Ouop as a function of surface potential is single-piece with-
out using smoothing functions. As shown in Fig. 1, the
charge density is accurately described, which is exponentially
dependent on Vg in the subthreshold region and varies lin-
early with V in the above-threshold regime. It is clear that
this charge model is more straightforward and physics-based.

In Eq. (8), fapp is the apparent mobility [18] whose defini-
tion is based on the ballistic transistor theory. w4 and wp are
traditional and ballistic mobilities respectively, yielding [19]

wp = veL/(2pm) €))

where vp (i.e., vg = /2kgT/mm*) is the thermal velocity,
and m* is the effective mass of MoS,.

For long-channel MoS, FETs, conduction mechanism is
variable-range hopping, and therefore, similar to [9], the
effective mobility e is written as

Ps — Ost — (Etr/Q)> (10)
o

where ¢ is the channel mobility in the subthreshold region,
Ihop 18 the hopping mobility, and Ej, is the effective transport
energy most visited by charge carrier via localized states [9].
Herein, ¢y is the surface potential in (3) corresponding to
Vgs = Vr. As a result, we can obtain:

Heff = 10 + Mthop exP(

DokpT e
T—T,
ok ) 0 (11

Qst = —¢p0 + P In ( Nob,

It is not difficult to find that below Vr, o dominates
and above Vr, the exponential term in (10) becomes the
dominant term.

According to (8), ftapp is the smaller part of w4 and wp.
Since pp is proportional to the channel length, (14, is close
to ey at long-channel devices and approaches up at short-
channel devices.

Under a high Vyq, the drain current in saturation (Iyg sar)
becomes:

Lis_sar = WQlapVinj (12)

-1
. (Dy\"!
Vinj =\ VB T

where v;,; is the injection velocity which is defined as the
mean velocity of carriers at the bottleneck point [17]. D,
(i.e., Dy = pefdm) and [ are the diffusion coefficient and
critical length where an electron scattering in this regime
has a chance to return to the source. According to [20], [ is
semi-empirically given by

I'=LA—-f)+ELfH

Vis/(Obm
f2 _ d/( Dn) (15)

[1+ (Vas/Opm))?]"”

13)

(14)
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where & is the ratio of [/ in saturation and L, which is
a fitting parameter from calibration with experimental data.
Parameters 6 and § are universally fitted which describe the
sharpness of the transition of / from L (linear region) to £L
(saturation region).

Similarly, Eq. (13) shows the injection velocity is the
smaller part of the velocity at which electrons diffuse across
the critical region (D,,/I) and the velocity vp at which elec-
trons are thermionically emitted across the barrier into the
channel. When the critical length is extremely short, the
injection velocity reaches vp.

To acquire the full range of I-V characteristics, an empir-
ical function Fy, (Vys) is presented like VS model, so the
new -V model can be expressed as

Liso = WQtop Vinstat (16)

Vds/ Vdsat
1
(1 + (Vas/Vasa)?)?

where Vysu = aLviyj/app; and a is a saturation-transition-
region fitting parameter.

Although the new I-V model is similar to the VS model
in form, the detailed physical meanings contained in figpp
and v;,; are the major improvements.

The drain induced barrier lowering effect (DIBL) can sig-
nificantly affect the subthreshold characteristics. To reflect
this effect, in surface potential calculation, we replace Vs
by an effect gate voltage (Vgr-0 V) [16], where s is a fitting
parameter dependent on channel length.

Furthermore, considering the influence of non-saturation
characteristics [21], the drain current becomes Ij; = (1 +
MVger)laso, where M is a fitting parameter, and Vyep =
Vas — (0sa — ¢ss) With g and ¢gq as the surface potentials
in the source and drain ends, respectively.

Meantime, for MoS; transistors, due to the forma-
tion of interfacial Schottky barriers at metal/semiconductor
interfaces, the efficient carrier transfer is blocked [22].
Therefore, contact resistance is an inevitable problem in the
I-V modelling of MoS, FETs. In our work, similar to [23],
the expression for the contact resistances of Schottky barriers
which is Vg dependent, can be empirically modelled:

Fsar = )

Reontact = Rm + Ro CXP(—L (Al Vgx)) (18)

kT
where Ry and R, are the contact resistances under low
and high voltage biases, respectively. A; is voltage cou-
pling coefficient used as a fitting parameter here. Therefore,
to account for the voltage drop on contact resistance, we
replace Vg, and Vyy with Vg and Vi in the I-V model
where Vg = Vg — %IdsRcontact and Vg5 = Vag — lasReontact-
The value of corrected current can be obtained in the
iterative way.

All in all, the above I-V model applies to single-gate tran-
sistors. If the devices are symmetric double-gate transistors,
we can get a similar equation like single-gate transistors by
rewriting the relation between surface potential and Gauss’s
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Pt/Ti

Si0,/Si

FIGURE 2. Schematic representation of the PZT gated MoS, transistor
with a 1.5um channel length and 20.m nominal channel width.

law [8] as:

Qioral = Cox (Vg — Vi — @) + Crox (Vg — Vi — @5)
= COX(Vgeﬂ - \ijs)

-V
= Q|:NT9[ exp<m>
E;
+ -V
+ DokBTexp<m>] (19)
G
where
¢ C
Veefp = Vig + pox Vg — Vio, and ¥ =1 + Box
Cox Cox

In (19), Vio = Vi + (Cox/Cox) Vs Vip,e are the front-
and back-gate voltages; Vy/pp are the flat-band voltages
corresponding to the front/back gate; Cox and Cpox are
the front- and back-gate-oxide capacitances, respectively.
Therefore, the charge/current model of single-gate transis-
tors can be used in symmetric double-gate transistors after
Vgr is changed into Vg and @; in RHS of (3) into ag;.

IV. RESULT AND DISCUSSION

To obtain experimental data, PZT (pb(Zro s52Tig.48)O3) gated
MoS, transistors were fabricated [24]. As shown in Fig. 2,
on a 300nm SiO,/Si wafer, a layer of Pt/Ti (100nm/10nm)
was sputtered as the bottom gate material and also the seed
layer for PZT deposition. Afterwards by a radio frequency
sputtering method using a ceramic target, the ultra high-
k gate dielectric PZT was prepared (the PZT dielectric is
calculated to be in the range of 250-350). The source and
the drain locate the top side and channel material is a CVD
synthesized MoS, atomic layer.

The proposed I-V model comparison with the experiment
data for the long channel device (L = 1.5 pum) is shown in
Fig. 3. The values of Dy and N; come from the reported
literature for experimental MoS, transistors [25], [26].
Compared with mean free path A of MoS; (~15 nm), the
transport of this device belongs to the drift-diffusion model.
In addition, the values of (D,/l) and .z are respectively
obtained as 1.6 x 103 cm/s and ~1 cm?/(V-s) in satura-
tion, which are much lower than pp and vg from (9).
Consequently, (Dp/l) and ey dominate v and pgpp
respectively, which also prove that the transport model is
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FIGURE 3. Comparisons of (a) transfer and (b) output characteristics for
the device with L = 1.5um.
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10°

@

Symbol:Simulation Data [5]
f Line:Model

()

Symbol:Simulation Data [5]
ol Line:Model

© V=005V
© V05V

Igs (nA/pm)

00 DIZ D‘k
Vs (V)

Vs (V)

FIGURE 5. Comparisons of (a) transfer and (b) output characteristics for
a symmetric double-gate device with L = Tnm.

drift-diffusion. Based on the experiments in [23] and [27],
it is found that Ry varies from 10°Qum to 10°Qum, and
R,, changes from 10°Qum to 10*Qum for Ti/Au contact
MoS,; devices. In the sample of Fig. 3 which also uses Ti/Au
contact, Rg = 1 x 10° Qum and R,, = 1 x 10> Qum are
used. Good agreements of model and experiment data show
that our improved model based on VS model can work well
at the microscale.

Moreover, MoS; transistors in Figs. 4 and 5 are nano
devices with Lg of 50 and 1 nm, of which the I-V charac-
teristics are assessed by Monte Carlo simulation and NEGF
transport equation self-consistently with the Poisson’s equa-
tion, respectively. Since the channel lengths are close to or
even smaller than A of MoS;, quasi-ballistic/ballistic trans-
port should be taken into account. Similar to the previous
discussion, we find that vp and wp gradually become the
dominant components of v;;; and ptqpp. The transport form
is shifted from drift-diffusion to quasi-ballistic/ballistic trans-
port. Because simulation data in Figs. 4 and 5 was computed
from Monte Carlo or NEGF, the contact resistance is not
considered in our model.

All parameters are given in Table 2 for three groups of I-V
data. Corresponding to the 1.5 um, 50 nm, 1 nm devices
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TABLE 2. Parameters used for simulations in Figs. 3-5.

Symbol (unit)  Value in Value in Value in
Fig.3 Fig4 Fig.5

Cox (F/cm?) 2.2x10°6 1.75x10°¢ 1.18x10°¢
dn (V) -0.4 -0.4 —0.47

Do (cm?eV) 1101 1101 1x101

Nr(cm?ZeV) 6.3x10'2 1x10%3 1x10%3
T (K) 700 350 450
Vi (V) —0.05 —0.1 —0.15
a(-) 1.2 4 2
£() 1/10 1/15 1/15
L) 2 2.5 2.5

in Figs. 3-5, the values of injection velocity are obtained

as

1.6 x 103, 5.9 x 10° and 7.1 x 10° cm/s, respectively.

As the channel length decreases, the trend that the injection
velocity reaches its ballistic limit vp clearly exits. Although
this new /-V model is similar to the VS model, the physical
meanings of (g, and v;,; are explained clearly.

V. CONCLUSION

In

this paper, the solution of @y, uses a more physical

scheme instead of the original semi-empirical method in VS
model. Based on this charge expression including the trap
effect, a compact model perfectly depicts the I-V character-
istics of MoS, FETs from drift-diffusion to ballistic carrier
transport regimes. The good results in Figs. 3-5 show that
our works is expected to be useful for MoS; devices where
extreme scalability is required.

REFERENCES

(1]

(2]

(3]

(4]

(5]

(6]

(71

Y. Yoon, K. Ganapathi, and S. Salahuddin, “How good can monolayer
MoS; transistors be?” Nano Lett., vol. 11, no. 9, pp. 3768-3773,
Jul. 2011, doi: 10.1021/n12018178.

S. Das, H.-Y. Chen, A. V. Penumatcha, and J. Appenzeller,
“High performance multilayer MoS, transistors with scandium
contacts,” Nano Lett., vol. 13, no. 1, pp. 100-105, Jan. 2013,
doi: 10.1021/n1303583v.

S. B. Desai et al, “MoS, transistors with l-nanometer gate
lengths,” Science, vol. 354, no. 6308, pp. 99-102, Oct. 2016,
doi: 10.1126/science.aah4698.

A. Nourbakhsh er al, “MoS, field-effect transistor with sub-
10nm channel length,” Nano Lett., vol. 16, no. 12, pp. 7798-7806,
Dec. 2016, doi: 10.1021/acs.nanolett.6b03999.

Z. Dong and J. Guo, “Assessment of 2-D transition metal
dichalcogenide FETs at sub-5-nm gate length scale,” IEEE Trans.
Electron Devices, vol. 64, mno. 2, pp.622-628, Feb. 2017,
doi: 10.1109/TED.2016.2644719.

H. Wang et al., “Integrated circuits based on bilayer MoS; tran-
sistors,” Nano Lett., vol. 12, no. 9, pp. 4674-4680, Sep. 2012,
doi: 10.1021/n1302015v.

D. Jiménez, “Drift-diffusion model for single layer transition metal
dichalcogenide field-effect transistors,” Appl. Phys. Lett., vol. 101,
no. 24, Dec. 2012, Art. no. 243501, doi: 10.1063/1.4770313.

VOLUME 8, 2020

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

(22]

[23]

[24]

[25]

C. Yadav, A. Agarwal, and Y. S. Chauhan, “Compact modeling
of transition metal dichalcogenide based thin body transistors and
circuit validation,” IEEE Trans. Electron Devices, vol. 64, no. 3,
pp. 1261-1268, May 2017, doi: 10.1109/TED.2016.2643698.

L. Wang, Y. Li, X. Gong, A. V.-Y. Thean, and G. Liang, “A physics-
based compact model for transition-metal dichalcogenides transistors
with the band-tail effect,” IEEE Electron Device Lett., vol. 39, no. 5,
pp. 761-764, May 2018, doi: 10.1109/LED.2018.2820142.

W.-X. You and P. Su, “A compact subthreshold model for short-
channel monolayer transition metal dichalcogenide field-effect tran-
sistors,” IEEE Trans. Electron Devices, vol. 63, no. 7, pp. 2971-2974,
Jul. 2016, doi: 10.1109/TED.2016.2564424.

M. Gholipour, “A compact short-channel model for symmet-
ric double-gate  TMDFET in subthreshold region,” IEEE Trans.
Electron Devices, vol. 64, no. 8, pp.3466-3469, Aug. 2017,
doi: 10.1109/TED.2017.2716951.

T. Wu, X. Cao, and J. Guo, “Compact model of carrier trans-
port in monolayer transition metal dichalcogenide transistors,” IEEE
Trans. Electron Devices, vol. 66, no. 1, pp. 177-183, Jan. 2019,
doi: 10.1109/TED.2018.2866095.

A. Khakifirooz, O. M. Nayfeh, and D. Antoniadis, “A simple semiem-
pirical short-channel MOSFET current-voltage model continuous
across all regions of operation and employing only physical param-
eters,” IEEE Trans. Electron Devices, vol. 56, no. 8, pp. 1674-1680,
Aug. 2009, doi: 10.1109/TED.2009.2024022.

Y. Liu, R-H. Yao, B. Li, and W.-L. Deng, “An analytical
model based on surface potential for a-Si:H thin-film transis-
tors,” J. Display Technol., vol. 4, no. 2, pp. 180-187, Jun. 2008,
doi: 10.1109/JDT.2007.907122.

F. Yu, C. Xu, G. Huang, W. Lin, and T.-C. Liang, “A closed-form
trapped-charge-included drain current compact model for amor-
phous oxide semiconductor thin-film transistors,” Microelectron. Rel.,
vol. 91, pp. 307-312, Dec. 2018.

W. Deng, J. Huang, and X. Li, “Surface-potential-based drain current
model of polysilicon TFTs with Gaussian and exponential DOS dis-
tribution,” IEEE Trans. Electron Devices, vol. 59, no. 1, pp. 94-100,
Jan. 2012, doi: 10.1109/TED.2011.2172686.

K. Natori, “Ballistic/quasi-ballistic transport in nanoscale transis-
tor,” Appl. Surface Sci., vol. 254, no. 19, pp. 6194-6198, Jul. 2008,
doi: 10.1016/j.apsusc.2008.02.150.

M. S. Lundstrom and D. A. Antoniadis, “Compact models and the
physics of nanoscale FETs,” IEEE Trans. Electron Devices, vol. 61,
no. 2, pp. 225-233, Feb. 2014, doi: 10.1109/ted.2013.2283253.

M. S. Shur, “Low ballistic mobility in submicron HEMTSs,” [EEE
Electron Device Lett., vol. 23, no. 9, pp. 511-513, Sep. 2002,
doi: 10.1109/LED.2002.802679.

S. Rakheja, M. S. Lundstrom, and D. A. Antoniadis, “An improved
virtual-source-based transport model for quasi-ballistic transistors—
Part I: Capturing effects of carrier degeneracy, drain-bias dependence
of gate capacitance, and nonlinear channel-access resistance,” IEEE
Trans. Electron Devices, vol. 62, no. 9, pp. 2786-2793, Sep. 2015,
doi: 10.1109/TED.2015.2457781.

K. Abe et al, “Simple analytical model of on operation
of amorphous In-Ga-Zn-O thin-film transistors,” [EEE Trans.
Electron Devices, vol. 58, no. 10, pp. 3463-3471, Oct. 2011,
doi: 10.1109/TED.2011.2160981.

S.-L. Li, K. Tsukagoshi, E. Orgiu, and P. Somari, “Charge transport
and mobility engineering in two-dimensional transition metal chalco-
genide semiconductors,” Chem. Soc. Rev., vol. 45, no. 1, pp. 118-151,
Jan. 2016, doi: 10.1039/c5¢s00517e.

H.-Y. Chang, W. Zhu, and D. Akinwande, “On the mobility and contact
resistance evaluation for transistors based on MoS; or two-dimensional
semiconducting atomic crystals,” Appl. Phys. Lett., vol. 104, no. 11,
Mar. 2014, Art. no. 113504, doi: 10.1063/1.4868536.

C. Zhou et al., “Low voltage and high ON/OFF ratio field-effect
transistors based on CVD MoS, and ultra high-k gate dielec-
tric PZT)” Nanoscale, vol. 7, no. 19, pp. 8695-8700, May 2015,
doi: 10.1039/c5nr01072a.

W. Cao, J. Kang, W. Liu, and K. Banerjee, “A compact current-voltage
model for 2D semiconductor based field-effect transistors consid-
ering interface traps, mobility degradation, and inefficient doping
effect,” IEEE Trans. Electron Devices, vol. 61, no. 12, pp. 4282-4290,
Dec. 2014, doi: 10.1109/TED.2014.2365028.

289


http://dx.doi.org/10.1021/nl2018178
http://dx.doi.org/10.1021/nl303583v
http://dx.doi.org/10.1126/science.aah4698
http://dx.doi.org/10.1021/acs.nanolett.6b03999
http://dx.doi.org/10.1109/TED.2016.2644719
http://dx.doi.org/10.1021/nl302015v
http://dx.doi.org/10.1063/1.4770313
http://dx.doi.org/10.1109/TED.2016.2643698
http://dx.doi.org/10.1109/LED.2018.2820142
http://dx.doi.org/10.1109/TED.2016.2564424
http://dx.doi.org/10.1109/TED.2017.2716951
http://dx.doi.org/10.1109/TED.2018.2866095
http://dx.doi.org/10.1109/TED.2009.2024022
http://dx.doi.org/10.1109/JDT.2007.907122
http://dx.doi.org/10.1109/TED.2011.2172686
http://dx.doi.org/10.1016/j.apsusc.2008.02.150
http://dx.doi.org/10.1109/ted.2013.2283253
http://dx.doi.org/10.1109/LED.2002.802679
http://dx.doi.org/10.1109/TED.2015.2457781
http://dx.doi.org/10.1109/TED.2011.2160981
http://dx.doi.org/10.1039/c5cs00517e
http://dx.doi.org/10.1063/1.4868536
http://dx.doi.org/10.1039/c5nr01072a
http://dx.doi.org/10.1109/TED.2014.2365028

ELECTRON DEVICES SOCIETY

ZENG et al.: COMPACT MODEL OF MoS, FETs FROM DRIFT-DIFFUSION TO BALLISTIC CARRIER TRANSPORT REGIMES

[26] J. Cao et al., “A new velocity saturation model of MoS, field effect

transistors,” IEEE Electron Device Lett., vol. 39, no. 6, pp. 893-896,
Jun. 2018, doi: 10.1109/LED.2018.2830400.

[27] H. Liu et al., “Switching mechanism in single-layer molybdenum

290

disulfide transistors: An insight into current flow across schot-
tky barriers,” Acs Nano, vol. 8, no. 1, pp. 1031-1038, Jan. 2014,
doi: 10.1021/nn405916t.

JIAWEI ZENG received the B.S. degree from the
Jiangxi University of Science and Technology,
Ganzhou, China, in 2018. He is currently pur-
suing the M.S. degree with Jinan University,
Guangzhou.

His current research interest includes the
modeling of the MoS, transistors.

WANLING DENG received the B.S. and Ph.D.
degrees in electrical engineering from the South
China University of Technology, Guangzhou,
China, in 2003 and 2008, respectively.

Since 2008, she has been an Associate Professor
with the Department of ElectronicEngineering,
Jinan University, Guangzhou. Her current research
interests include thin-film transistor (TFT) devices
and physics, particularly poly-Si TFT and AOS
TFT modeling.

CHANGIJIAN ZHOU received the B.S. degree
from Xidian University in 2007, and the Ph.D.
degree from Tsinghua University in 2012.

He is currently an Associate Professor with
the South China University of Technology.
His research interests span across electron
devices integrating functional materials and low-
dimensional materials, piezoelectronics, micro/
nano-electro-mechanical systems, and nanocarbon
interconnects.

JIE PENG received the B.S. degree in physics
from South China Normal University in 2002, and
the Ph.D. degree in theorectical physics from Sun
Yat-sen University in 2007.

She is currently working as a Lecturer with
the Electronic Engineering Department, Jinan
University. Her current research interests include
electronic transport, photoluminescent of carbon,
and semiconductor quantum dots.

JUNKAI HUANG received the B.S. degree
in applied physics and the M.S. degree in
semiconductor device from Jinan University,
Guangzhou, China, in 1985 and 1990, respec-
tively, and the Ph.D. degree from the Institute
of Microelectronics, South China University of
Technology, Guangzhou, in 2011.

He is currently a Professor with Jinan
University. His current research interests include
thin-film transistors’ modeling, simulation, and
integrated circuit design.

VOLUME 8, 2020


http://dx.doi.org/10.1109/LED.2018.2830400
http://dx.doi.org/10.1021/nn405916t


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


