PHYSICAL REVIEW B 110, 115414 (2024)

Understanding electron transport mechanisms in monolayer MoS, transistors:
Impact of lattice phonon scattering and localized charge traps
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Monolayer molybdenum disulfide (MoS,) is a prominent two-dimensional semiconductor material known
for its high theoretical intrinsic mobility. However, when implemented in transistors, the mobility significantly
decreases. To investigate the mechanisms behind this reduction, several theoretical models have been developed
to correlate device mobility with temperature. Despite these efforts, the accuracy of existing models remains
limited due to the simplified calculation for lattice phonon scattering limited mobility (upn) and lack of
appropriate temperature consideration for the localized charge trap (LCT) effect. In this paper, we present a
theoretical model to address the mobility degradation in monolayer MoS, transistors by thoroughly reevaluating
tph and the LCT effect. The temperature and electron concentration dependence of w,, was calculated with full
ab initio scattering rates in the Boltzmann transport equation framework. Additionally, the temperature-
dependent parameters (energy range and density of LCT) were proposed to evaluate the LCT effect rationally.
Our model accurately fits various electron transport mechanisms for monolayer MoS, transistors, particularly
those dominated by lattice phonon scattering or dominated by LCT effects. The validation and broad applicability
of the model offer a robust approach for quantitatively analyzing the electron transport mechanisms of monolayer

MoS, transistors.
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I. INTRODUCTION

In the postsilicon era, mobility degradation is a major
challenge in bulk semiconductors, due to limited channel
thickness [1]. Monolayer transition metal dichalcogenides
(TMDs) comprise a category of two-dimensional (2D)
semiconductor materials, which is one of the promising
candidates to address the issue [2-5]. Monolayer molyb-
denum disulfide (MoS;), as a representative of TMDs,
exhibits dangling-bond-free surfaces, alternative band gaps,
and robust designability [6-8], which could be applied in
transistors [4,9,10], optical devices [11,12], memristive de-
vices [13-15], and sensors [16,17], etc. In an early study, it
was shown that monolayer MoS; has a high theoretical in-
trinsic mobility of 410 cm? V~! s~! at room temperature [18].
However, when implemented in semiconductor transistors,
the typical mobilities of monolayer MoS, transistors are only
5—30cm? V~!s~1 [19-22]. Strategies that involve improving
material quality and/or interfacial environment could raise
the mobility to 60—148 cm? V~! s~! [23-26]. To resolve the
mobility discrepancy, theoretically understanding the elec-
tron transport mechanisms of monolayer MoS, transistors is
essential.

In recent years, researchers have conducted several stud-
ies, attributing the mobility degradation of monolayer MoS;
primarily to lattice defects, interfacial Coulomb impurities
(ClIs), surface optical (SO) phonons, and physical or chemi-
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cal adsorbates, etc. [20,22,24,27,28]. Theoretical models have
also been developed based on Matthiessen’s rule to bridge
device mobility-temperature relationships with these obsta-
cles [23,29]. Ma et al. [30] studied individual scattering
mechanisms and concluded that the most important external
limitation is CI scattering. Yu et al. [23,24] comprehensively
analyzed the effect of the improved quality of monolayer
MoS; and increased dielectric constant on electron transport
mechanisms. While the reported models are operational in the
majority of cases, there are still some situations that need to
be addressed. For instance, the hexagonal BN (h-BN) encap-
sulated monolayer MoS, transistor exhibits high temperature-
dependent mobility, but there are some deviations in the fitting
results [20,27]. The mobility of some exfoliated and CVD-
grown MoS; monolayers showed an increasing and subse-
quently decreasing trend with increasing temperature, which
needs to be explained by better fitting results [23,31,32]. We
then conducted some surveys of existing models.

The lattice phonon scattering limited mobility (upy) is cal-
culated as a part of the total device mobility in the model.
The reported models estimated jp, of monolayer MoS; to
be ~410cm? V~!s~! at room temperature [20,23,24,33-35].
However, the calculation method is limited and simplified,
primarily in three aspects: (1) A simple basis set was applied
[linear combination of atomic orbitals (LCAO)], which is
commonly used to describe nonperiodic systems [35,36]. (2)
The frozen-phonon (FP) method (also called constant defor-
mation potential) was utilized to ignore the anisotropy of
electron-phonon (e-ph) matrix elements in monolayer MoS;
crystal [35-37]. (3) The scattering processes and e-ph matrix
elements involve only a few states. This approach can lead to
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deviated results or even failure to converge [35-39]. In recent
years, these issues have been recognized and progressively
addressed [40—46]. For instance, Zhou et al. [45] developed
a postprocessing program (PERTURBO code), in conjunction
with QUANTUM ESPRESSO (QE) codes, to consider the above
issues and calculated the mobility of monolayer MoS, as
168 cm? V! s~! at room temperature. The initial calculation
results for upy reported by Kaasbjerg et al. [35] were >2
times the values reported by Zhou et al. [45]. According to
Matthiessen’s rule, the overestimation of pp, directly results
in the underestimation of the other components. The over-
estimation of upy, may be one reason the theoretical values
do not align well with the experimental results. However,
the improved calculation method for pp, has not yet been
integrated into the model to analyze the experimental mobility
of monolayer MoS, transistors.

Another important aspect is to rationally evaluate the lo-
calized charge trap (LCT) effect. In practice, both structural
defects in materials and physical or chemical adsorption dur-
ing the fabrication process introduce LCT states in the band
gap of monolayer MoS, [23,31,47,48]. In general, the concept
of mobility edge in the conduction band tail was proposed
in previous studies to introduce the LCT effect [23,31]. The
states above the mobility edge are called extended states
with band transport. The remaining localized states transport
through the thermally assisted mode. If the LCT effect is not
considered in the theoretical model, it would lead to an under-
estimation of scattering limited mobilities. Additionally, the
LCT density varies with temperature, which is needed to be
reflected in the modeling. Recently, Joo et al. [32,49] revealed
that the interfacial trap density of monolayer MoS, transis-
tors decreases noticeably with temperature. Park et al. [50]
experimentally observed a thermally activated trap density
with temperature increasing from 10 to 300 K in a multi-
layer MoS, field-effect transistor. This experimental evidence
implies that the variation of LCT-related parameters with tem-
perature should be considered in the theoretical model.

In this paper, we developed a theoretical model to decou-
ple experimental mobilities of monolayer MoS, transistors,
which in turn provides insights into the electron transport
mechanisms in different systems. We adopt the PERTURBO
calculation method for reevaluating wp, and further integrate
the term into our model. The LCT effect was considered dur-
ing the all-fitting process. Moreover, temperature-dependent
parameters (energy range and density of LCT) were pro-
posed and implemented in our case studies. The reevaluation
of lattice phonon scattering and the LCT effect is expected
to provide more accurate fitting results and enhace our un-
derstanding of the mobility discrepancy between monolayer
MoS, and corresponding transistors.

II. METHODS

Electron transport of monolayer MoS, transistors can be
theoretically decoupled on the basis of Matthiessen’s rule and
the LCT effect [27,29,30]. The effective mobility (u.s) is
given as
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where (o is the mobility of free electrons; 3’?;“ is defined
to quantify the magnitude of the LCT effect that is caused
by structural defects, physical or chemical adsorbates, etc.; n
is the total electron concentration; np,,q 1S the electron con-
centration of extended states; and pipn, (cr, and pso are the
mobilities limited by lattice phonon scattering, CI scattering,
and SO phonon scattering, respectively.

Next, we briefly introduce the main features of each part.
The calculation details can be found in the Supplemental Ma-
terial [51] (including Refs. [3,8,22-25,30,31,35,45,47,48,52—
67]).

A. Calculation of lattice phonon scattering limited
mobility (p,;)

QE codes were utilized to compute the electronic and
phononic structure as well as electron-phonon interactions of
monolayer MoS; [54-56]. The generalized gradient approx-
imation (GGA) [61] was used for the exchange-correlation
potential. The kinetic energy cutoff was 80 Ry, and the con-
vergence threshold on total energy and forces were 10*
and 10~% a.u., respectively. The spin-orbit coupling (SOC)
effects [8] and the truncation of the Coulomb interaction in
the z direction [63,64] were also considered in all calculations.
The WANNIERI0 (W90) code [57,58,62,65] was employed to
obtain localized Wannier functions. Subsequently, the elec-
tronic structure and phonon dispersion were interpolated by
the PERTURBO code [45]. Here, jip,-T relationships at different
carrier concentrations of monolayer MoS, were then derived
by solving the Boltzmann transport equation with the relax-
ation time approximation in the PERTURBO code.

B. Calculation of CI and SO scattering limited mobilities
(pcr and pgo)

Regarding 1tcy and pso, the calculation process is similar.
First, the scattering rate was calculated based on Fermi’s
golden rule, and then the mobility was solved using the
Boltzmann transport equation within the relaxation-time
approximation [60].

The scattering rate of CI scattering can be written as fol-
lows [30,53]:

Timp(Er) = % SR |$ )7 (1 = cos 6 )8 (Ex — Ex),
@)

where njy, is the concentration of CI, <I>f]°r is the screened CI
potential, E; and E; are the energies corresponding to the
momentum wave vectors before and after CI scattering, and
Orr 1s the scattering angle.

As for the scattering rate of SO phonons, The expression
can be shown as follows [24]:
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where + and — represent SO phonon emission and adsorption,
wso 18 the frequency of SO phonons, m. is the effective elec-
tron mass, Ny, is Bose-Einstein distribution of SO phonons,
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TABLE I. Summarized mobility values of monolayer MoS, devices from previous studies and this paper. The calculation methods for
electronic structure and e-ph matrix elements are also shown in this table. Abbreviations not already defined in text: Perdew-Burke-Ernzerhof
(PBE), optimized norm-conserving Vanderbilt (ONCV), linear interpolation (LI), Wannier interpolation (WI).

Mobility (cm? V~'s™1) Electronic e-ph matrix Vacuum spacing
Year published Intrinsic n=2x10%cm™? structure elements A Ref.
2012 410 3874 LCAO, LDA FP 10 [35]
2016 380 368 LCAO, PBE FP (9 x9) 30 [36]
2022 274 264 PW, PBE FP (9 x 9) 20 [37]
2013 320 - PW, LDA DFPT - [38]
2014 225 - PW, PBE DFPT - [39]
2015 150 - PW, PBE DFPT+LI — [40]
2018 47 45¢ PW, ONCV-LDA DFPT+WI 15 [41]
2019 97 - ONCV-PBE DFPT+WI 14 [42]
2019 101 - ONCV-PBE DFPT+WI 14 [43]
2021 145 - PW, DFPT+WI - [44]
ONCV-PBE+SOC
2021 - 168 PW, ONCV- DFPT+WI 174+ Coulomb [45]
PBE+SOC+ 2D truncation
polar corrections
2022 158 - ONCV-PBE DFPT+WI 20 [46]
- 182 175 PW, ONCV- DFPT+WI 16+ Coulomb This paper
PBE+SOC+2D truncation

polar corrections

“Extracted values from papers.

Eror.s0 and 8&’ so are the optical and static dielectric response
of the interface, and &¢(q) is the electronic part of the gener-
alized static dielectric function.

C. Calculation of LCT effect

Due to the presence of LCTs, the electron concentration ()
is divided into two parts [23,67]:

+00 0 Ntr
I / Dof (EYIE + / DN EViE,
0

—AE tr
4)
where np,ng and nyee are the concentrations of the extended
states and the localized states, Dy is the density of states in
the conduction band, f(E) is equilibrium Fermi-Dirac distri-
bution function, and AE, and N, are the energy range and
density of the LCT effect.

III. RESULTS AND DISCUSSION

Here, ppn reflects the intrinsic transport behavior of
monolayer MoS, crystal. As described in the Introduction
section, the initial calculations overestimated wp, due to the
method limitations. With the improved calculation meth-
ods, the calculated wp, is close to the experimental results
(148cm?>V~'s™!) for structural and interfacial optimiza-
tion [24]. As shown in Table I, the development of pip, at
room temperature involves three main stages: (1) Gaddemane
et al. [44] employed a plane-wave (PW) basis set instead of
the originally applied LCAO basis set (380 cm? V~!s~! [36]),
and calculated the mobility of 274cm? V~!'s~! [37]. The
improvement of the stage is to enable the basis set more com-
patible with the periodic system. (2) Li et al. [38] and Restrepo

et al. [39] utilized density functional perturbation theory
(DFPT) to calculate full e-ph matrix elements instead of the
FP method, which provides a more realistic consideration of
the anisotropy of e-ph matrix elements in monolayer MoS;
crystal. The calculated mobilities were 320 cm? V~! s~! with
local density approximation (LDA) and 225 cm? V™! s~! with
GGA. (3) In recent years, the QE code combined with the
postprocessor method has been developed to achieve inter-
polation of the Wannier function on fine grids instead of a
coarse grid, which effectively avoids the situations of deviated
results or even failure to converge. Li et al. [40] and Gad-
demane et al. [44] calculated the mobility using the Monte
Carlo program method to be 150 and 147 cm? V™! s~ respec-
tively. Song et al. [46] calculated a comparable mobility value
(158 cm? V~! s7!) using the Electron-phonon Wannier (EPW)
method, which is comparable with experimental results. In ad-
dition, we note some significantly lower values calculated by
the QE+EPW method. For example, the mobility calculated
by Zhao et al. [41] is only 47 cm? V~!s~!. We assume that
this may be related to the adopted LDA exchange-correlation
function [44]. The mobilities calculated by Guo et al. [42,43]
(97 and 101 cm? V~!s7!, respectively) were also inappropri-
ate and obviously lower than those of Song et al. [46], where a
similar method was utilized. This result is close to the mobility
of bulk MoS; (97.1cm?V~!s~! [46]). One possible reason
is that a smaller vacuum distance in the z-axis direction has
been adopted, which affects charge transport via Coulombic
interactions [63]. Recently, Zhou et al. [45] developed the
PERTURBO code that supports SOC, polar corrections, and
Coulombic truncation for 2D materials, which allows mono-
layer MoS, to obtain a mobility value of 168 cm? V~!s~! at
n=2x 10" cm™2. In comparison with the references uti-
lizing the EPW method, the authors utilizing the PERTURBO
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FIG. 1. Calculated (a) electronic and (b) phononic structures of monolayer MoS,. (c) Mode-resolved e-ph scattering rates at room
temperature. The energy zero represents the energy corresponding to the conduction band minimum of monolayer MoS,. (d) Temperature
dependence of ji,;, with 1 ranging from 1 x 10" to 2 x 10'* cm~2 at temperatures of 20, 50, 100, 200, and 300 K.

method simultaneously considered the SOC effects, the e-ph
polar corrections for 2D materials, and the Coulomb interac-
tion truncation in the z direction, which made the calculated
mobilities of monolayer MoS; more reasonable.

Figures 1(a) and 1(b) show the calculated electronic and
phononic structure of monolayer MoS,. To compute the elec-
tron energy and band velocity more efficiently, we used the
W90 code [57,58,62,65] to obtain localized Wannier functions
of monolayer MoS, on the same k-point grid [red dotted lines
in Fig. 1(a)]. In addition, we resolved the scattering rates of
different phonon modes by utilizing the PERTURBO code. As
shown in Fig. 1(c), the longitudinal acoustic (LA) phonon
mode dominates the lattice phonon scattering of monolayer
MoS; at room temperature. Figure 1(d) illustrates the pyn-
T relationships (T = 20, 50, 100, 200, and 300 K) with n
varing from 1 x 10'? to 2 x 10" cm~2. Generally, u,, de-
creases with increasing 7 due to the more intense phonon
number in MoS;, at elevated T [22]. At a given temper-
ature, upn decreases with increasing n due to the higher
probability of collision, which hinders electron transport. In
addition, the value of w,, exhibits a weaker n dependence
as T increases. For instance, at T = 20 K, upn ranges from
10411 to 2963 cm? V~!s~! as n increases from 1 x 10'? to
2 x 10" cm™2, which is a notably larger range than that of
300 K, where it varies from 179 to 141 cm2 V~!s1,

As ey is calculated based on a predefined device struc-
ture and parameters, for the sake of discussion, we designate
the monolayer MoS,; transistors as a top-gate structure. The

substrate is silicon oxide with infinite thickness. A dielec-
tric layer is aluminum oxide (Al,O3) with a thickness of
30 nm. Here, ncy is assumed to be 1 x 102 ¢cm~2. CI cen-
ters have Coulomb interactions with electrons, consequently
impeding the transport process. In the meantime, dielectric
materials and free electrons screen the CI centers, facilitating
the electron transport process. The interaction potential can

: scr _ _ @ ,0) eZGq(O,O)
be described as P (z = 0) = @D = T=G,00GTE)

where QDZ“ is the screened CI potential; ®,(0) and e>p(g, T)

are CI scattering potential and generalized static dielectric
. . _ 1 . .

function; G,4(0,0) = T coh @l is the Fourier transform

of the Green’s function solution of the Poisson equation; 8,0
and 82 are the static permittivity of the top and bottom dielec-
tric layers; d is the thickness of the top dielectric layer; and e,
q, T, and Ef are the electric charge, wave vector, temperature,
and chemical potential, respectively [53,59,60]. For a device
with a specified nci, the magnitude of @y is closely related
to the dielectric materials and electron concentration. When
dielectric constant (&) and n increase, the screening of the CI
potential becomes more effective, resulting in an increased
ucr. In Fig. 2(a), pcr-T relationships with different n are
depicted. At a specified n, ucr decreases with increasing 7'
due to the weakening of charge polarity at higher 7, leading to
reduced screening. The decrease in ficr is more pronounced
at higher temperatures [24,30]. In addition, pcy shows a de-
creasing trend as n decreases due to weakened screening.
Figure 2(b) reveals pcy as a function of the top dielectric
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FIG. 2. (a) puei-T relationships at ncy = 1 x 10'2 em™2. (b) jucr-610p relationships at 7= 300 K. n ranges from 1 x 10" to 2 x 10" em~2.

constant (&p), similarly demonstrating stronger CI screening
with increased & and 7.

The excited SO phonons at the interface similarly impede
electron transport in the monolayer MoS, transistors. To in-
vestigate the impact of SO phonon scattering, we applied
Al,O3 dielectric layer as an example. Figure 3 exhibits pgo-
T relationships with different n. At low temperatures, ©so
possesses a very high value, which has negligible impact on
et according to Matthiessen’s rule. For instance, atn = 1 x
102 cm2and T = 100 K, Uso reaches 47 605 cm?V-lg 1l
which is 46 times higher than pp, (1034.255cm? V=!s™h).
However, at room temperatures, SO phonon scattering be-
comes comparable with lattice phonon scattering (with uso =
168cm?V~'s~! and tph = 179 cm? V~!'s71) due to the in-
creased coupling between SO phonons and electrons (refer to
Egs. (S8)—(S11) in the Supplemental Material [51]). In addi-
tion, Ko increases with increasing n at a given temperature,
suggesting a similar electron screening effect as observed in
Mcr-

To analyze the LCT effect on electron transport, we as-
sume that electrons in monolayer MoS, are solely influenced
by lattice phonon scattering, excluding CI scattering and SO

E
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FIG. 3. uso-T relationships with Al,O; as the dielectric layer
with n ranging from 1 x 10'? to 2 x 10'* cm~2. The inset shows the
change of pso with T range from 100 to 300 K.

(b)
——n=1x10"2 cm?? 1x10" cm2
103k 2x10"2 cm™® 2x10" cm™2
5x10'2 ¢cm?
"o
> 107
o
€
o
=l
£10
100 L
1 10
Etop

2

phonon scattering (fLo; = fph a’g’;‘l“d ). Figure 4(a) demonstrates
Wi as a function of N, with various n values at room temper-
ature. It is observed that, when Ny > n, i, decreases rapidly,
indicating that electron transport is increasingly dominated by

the LCT effect. Moreover, a'g’—;‘l“d can be used to define to quan-

tify the magnitude of the LCT effect. Also, 3’3’—2"‘1 = 1 indicates

that electron transport is not influenced by the LCT effect,

while % ~ 0 suggests that electrons are predominately

confined by the signiﬁacant hopping barriers. To examine the
Ty,

relationships between and T and n, we utilized mean values

of Ny and AE; (Ny =5 x 102 cm=2 and AE, = 50 meV)
derived from the fitted parameters summarized in previous
studies [27]. As shown in Fig. 4(b), d'g’a“d as a function of T

n

exhibits two distinct trends. When N, is greater than n, 3’3"—;’“‘
increases with T. For T < 100 K, the value of "’3’—;"“ < 0.1. For
T > 100 K, the growth rate accelerates. The result indicates
that the electron transport in this situation occurs mainly in
a hopping manner [23,31]. When N, < n, 3’5";"“ decreases
with increasing 7, indicating that electron transport mainly
proceeds in a band manner. It is noteworthy that the transition
occurs approximately at n = Nj;.

Having  elucidated  temperature- and  electron
concentration-dependent phenomena of ppn, (et Msos
and 3’3’—;‘;‘“ individually, Matthiessen’s rule and the LCT effect
were considered to integrate them and obtain p.g. Herein,
the same MoS, device structure that introduced ey was
utilized. Also, pef-T relationships for different n values
are depicted in Fig. 5(a). For n < Ny, peg-T presents an
insulating behavior dominated by the LCT effect [23,31,68].
However, for n > Ny, the LCT effect diminishes, which
results in a scattering-limited band behavior. CI scattering
is the dominant limited mechanism for p.g at low 7. The
relationships between . and ncy are presented in Fig. 5(b).
Meanwhile, the lower the n, the more pronounced the
decrease in fifr. Figure 5(c) illustrates piefr-£10p relationships
at T =300 K with different n values. Here, uei shows
an increasing trend with increasing &, and n. This is
mainly because increasing &op and n can improve pcr
due to the enhanced screening of the CI potential, which
in turn improves s according to Matthiessen’s rule.
Figure 5(d) represents -V, relationships at 7 = 300 K
with different n values. Differently introduced in Fig. 5, both
CI and SO scattering were considered. Here, . decreases
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FIG. 4. p1/;-Nj relationships at ne; = 1 x 102 cm™2 and 7 = 300 K when only ph scattering is considered. ZME—Z’“-T relationships at N, =
5 x 102 cm™2 and AE, = 50 meV at temperatures of 20, 50, 100, 200, and 300 K.

monotonically as N, increases. Specifically, when Ny, > n,
the LCT effect becomes the major constraint, with e
decreasing rapidly as N, increases.

To verify the applicability of our developed model, sev-
eral published experimental data were referred, and their
difference in electron transport mechanisms was analyzed.
The fitted monolayer MoS,; transistors include (1) mobility
variation with both 7 and n, (2) improvement of material
quality, and (3) modulation of interfacial environment. It is
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noted that the mobilities of selected cases were extracted from
four-probe measurements, which is expected to avoid contact
resistance as much as possible. The monolayer MoS; in the
experimental cases originated from mechanical exfoliation.
The first experimental case involves mobility variation
with both T and n reported by Radisavljevic et al. [3]. As
shown in Fig. 6(a), the experimental data were plotted and
fitted with our model, showing great consistency. The micro-
scopic parameters (N, and ncy) were extracted and shown
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in Fig. 6(b). We found that ncy varies little regardless of
T, whereas the other two parameters (N, and AE\) exhibit
strong temperature dependency. For instance, when T changes
from 20 to 143 K, n¢y varies in the range of 2.6 x 10" to
2.2 x 10?2 cm™2. However, Ny (AEy) changes from 7.0 x
102 ecm=2 (65 meV) to 3.2 x 102 ecm™2 (200 meV). Since
CI centers mainly originate from sulfur vacancies and charge
centers at interfaces, it is reasonable that the fitted nc exhibits
a small temperature dependence. The variation of N, and
AE,; (for details, refer to Table II) with temperature is mainly
due to the situation that more electrons are thermally excited
to the extended state as the temperature increases, which in
turn shows a decrease of the trap density of states. Recently,
Joo et al. [32,49] revealed that the interfacial trap density
of a monolayer MoS, transistor changes with temperature,
which provides experimental evidence for the variations of
the microscopic parameters. Figure 6(c) presents the ptex-T
relationships (symbols) and the fitting results (solid lines)
with different n’s derived from Fig. 6(a). Figure 6(d) shows
the experimental pex-T relationship (red symbols) and fitted
curves (red solid line) at n = 7.6 x 10'>cm™2. Scattering-
limited mobilities and the LCT effect with T (pink dotted
line: ucr-T , yellow dotted line: pupn-T', light green dotted line:
a'g’—;;""-T) are also documented. The wso-T curve is located
out of the presented w scope (Fig. S2 in the Supplemental
Material [51]), and it is not shown here for clarity. It can be

seen that pcy is closest to the experimental data. According to
Matthiessen’s rule, the result suggests that CI scattering is the
dominant limited mechanism in the entire temperature range.
Lattice phonon scattering acts as a secondary limited mech-
anism. Additionally, a'g’—;l“d ~ 1 along with raising 7, which
indicates the diminishing trap confinement for electrons at
higher 7. The study of this case has allowed the recogni-
tion that the microscope parameters in the LCT effect are
temperature dependent, which is essential for analyzing the
LCT-dominated limited mechanism.

It is essential to note that the synergistic effect of temper-
ature and electron concentration on mobility was not usually
considered in prior studies. As a result, we are unable to ex-
tract the temperature-dependent parameters of the LCT effect.
Therefore, we proposed a simplified modeling strategy for
different temperature regions by changing only the fitted N,
and AE, (without varying ncy). In addition, 100 K was cho-
sen as the empirical boundary between the high-temperature
(HT) and low-temperature (LT) regions. It follows the facts
that the conventional pex-7 relationship shows two-stage
phenomena [22,23,27]. In the LT region, wex gradually sat-
urates with decreasing T due to the CI scattering limitation. In
the HT region, u.x decreases almost linearly with increasing
T due to lattice phonon scattering limitation. It needs to be
pointed out that there is no clear physical meaning of this
boundary. Table II details the device parameters and extracted
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TABLE II. Device parameters [electron concentration (n), temperature (7), dielectric constant (¢)] and fitted parameters [CI concentration
(ncr), energy range and density of trap states (AE, and N,)] of the experimental cases referenced in this paper. LT and HT represent low
temperature and high temperature in which 7= 100 K was chosen as the empirical boundary.

Bottom

Sample Top dielectric  dielectric
description n (10"? cm™2) T (K) (Etop) (Ebowom)  7ct (102 ecm™2) N, (10”%ecm™2)  AE, (meV) Ref.
Top gate, exfoliated 7.6 20 19 3.9 2.6 7.0 65 [3]

30 2.6 6.7 75

41 2.5 6.4 84

51 2.5 5.9 95

82 2.4 53 129

103 2.3 4.5 180

143 2.2 32 200
Back gate, 7.1 LT region - 39 0.90 10.5 13 [23]
exfoliated HT region 0.90 10.2 45
Back gate, LT region 0.88 7.4 30
exfoliated, TS HT region 0.88 6.2 50
treated
Back gate, LT region 0.23 7.4 40
exfoliated, DS HT region 0.23 6.6 50
treated
Al,O3-encapsulated 10 LT region 12 12 1.9 10.2 85 [34]
double gate, HT region 1.9 9.8 100
exfoliated
HfO,-encapsulated 7.0 LT region 22 22 7.6 5.6 110 [20]
double gate, HT region 7.6 6.8 110
exfoliated
BN-encapsulated 7.0 LT region 3.8 3.8 0.17 4.2 80 [25]
double gate, HT region 0.17 6.0 110
exfoliated

fitted parameters of the experimental cases referenced in this
paper.

Materials quality is known to influence device mobility.
The sulfur vacancy is one of the prevalent defects in mono-
layer MoS,. Experimentally repairing sulfur vacancies to
improve mobility has been widely studied [23,69]. As stated
in Figs. 7(a)-7(c), thiol chemistry was applied to repair sulfur
vacancies, and a relationship between material quality and
device mobility was built up [23]. The symbols in Fig. 7(a)
represent mobility data of an as-exfoliated monolayer MoS;
transistor. Figures 7(b) and 7(c) represent mobility data of
top-side (TS) treated and double-side (DS) treated transistors
by self-assembled monolayer (SAM). The mobilities of the
three transistors are extracted at n = 7.1 x 102 cm™2.

For the as-exfoliated transistor, Figs. 7(a) and 7(d) exhibit
the fitted curves and the extracted microscopic parame-
ters. The value of N, (1.05 x 10 cm™2 in the LT region,
1.02 x 10 cm~2 in the HT region) is much higher than
n, suggesting that the electron transport of the as-exfoliated
transistor is dominantly limited by the LCT effect. In the
LT region, the LCT effect plays a dominant role because
both pcr and pp, are high. Mobility, therefore, increases
with 7. In the HT region, the mobility shows a decreasing
trend due to the increased scattering (ticr, (ph, and pso de-
crease with 7), while the LCT effect is gradually reducing.
It should be noted that % < 0.5 over the entire range
of temperature, which implies that the electron transport

of the as-exfoliated transistor is the LCT-dominated limited
mechanism.

The fitted results and extracted parameters of the TS-
treated transistor are shown in Figs. 7(b) and 7(e). Compared
with the as-exfoliated transistor, the decoupled results of the
TS-treated transistor show that the CI scattering limited mo-
bility has a small increment, but the LCT effect is apparently
weakened. Specifically, a'g’;‘l“" > 0.5 at 7>80 K, indicating the
CI scattering-dominated limited mechanism. A similar trend
can be observed for the extracted parameters. Here, ncy of
the TS-treated transistor changes minimally (from 9 x 10'!
to 8.8 x 10'! cm~?), but N, decreased markedly compared
with the as-exfoliated transistor (7.4 x 10> cm~2 at the LT
region and 6.2 x 10'?> cm™2 at the HT region). In addition, a
discontinuous increase of % occurs at the transition tem-
perature of 7= 100 K, indicating a reduction in the LCT effect
at elevated temperatures. The fitting results indicate that the
top surface treatment by SAM effectively reduces N, but has
a smaller effect on ncy.

Figures 7(c) and 7(f) present the fitted results and extracted
parameters of the DS-treated transistor. The mobility of the
DS-treated transistor was further enhanced compared with the
TS-treated transistor, which is mainly due to the overall higher
mobility of wcr. Both the surface and the interface treatment
can further reduce ncy compared with the TS-treated transis-
tor (from 8.8 x 10" to 2.3 x 10" cm~2). Remarkably, s
crosses over pucr at T ~ 150 K, revealing that lattice phonon
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FIG. 7. The pex-T relationship (red symbols) [23], the fitted results (red solid lines), and the extracted microscopic parameters (N, and
ney) of (a) and (d) the as-exfoliated, (b) and (e) the top-side (TS)-exfoliated, and (c) and (f) the double-side (DS)-exfoliated monolayer MoS,
transistors in the low-temperature (LT) and high-temperature (HT) regions, respectively, atn = 7.1 x 10'2 cm™2. The fitted Mphs Mci, Mso, and
the localized charge trap (LCT) effect are also shown in (a)—(c) (yellow, pink, violet, and light green dotted lines), respectively.

scattering becomes the dominant limited mechanism after this
temperature.

In general, as the thiol repairing strategy progresses, in this
paper, we show that thiol chemistry can change the electron
transport mechanism. The system gradually transitions from
a LCT- to a CI scattering-dominated limited mechanism. Fur-
thermore, the DS-treated transistor exhibits a lattice phonon
scattering-dominated limited mechanism at 7 > 150 K.

The case referenced in Figs. 8(a)-8(c) introduces the
impact of the interfacial environment on electron trans-
port properties [20,25,34]. Specifically, monolayer MoS, was
separately encapsulated in Al,O3, HfO,, and hBN. The mo-
bilities are extracted atn = 1.0 x 1013, 7.0 x 10'2, and 7.0 x
10'2 cm~2, respectively.

The effects of the interfacial environment on the electron
transport of 2D semiconductor materials are complicated.
Generally speaking, increasing the dielectric constant of di-
electric materials enhances the screening effect of CI centers,
which then improves electron transport properties. However,
the negative effects of interfaces also possibly arise mainly
from CI scattering, SO scattering, and charge trapping at-
tributed to interfacial charge centers, dangling bonds, and
adsorbates, respectively. Authors of numerous previous stud-
ies have reported the effect of interfaces on electron transport
properties from a qualitative perspective [3,25,49,70,71]. For
instance, hBN has been a highly promising interface material
with the advantages of the well-formed 2D lattice structure,
the absence of dangling bonds at the surface, and the negli-
gible surface phonon scattering. In comparison, the common
dielectric layers as Al,O3 and HfO,, lattice defects, unsat-
urated bonds at the interface, and Coulomb impurities or
adsorbates, which result in higher ncy and N, than hBN.

For the Al,O3-encapsulated transistor, as shown in
Fig. 8(a), the values of 3’3’;"‘1 vary between 0.4 and 0.6. At
the same time, the value of N, hangs around n [Fig. 8(d)],
suggesting a nonnegligible effect of LCTs. Here, % > 0.5
at T > 40 K, suggesting CI scattering becomes a dominant
limited mechanism among these scattering events. The value
of Ny hangs around n [Fig. 8(d)], suggesting a nonnegligible
effect of LCT.

For the fitted results of the HfO,-encapsulated transistor
[Figs. 8(b) and 8(e)], the decoupling results show that CI scat-
tering is the noticeable feature in this system. Lattice phonon
scattering and SO scattering only act as secondary scattering
mechanisms at the HT region and are essentially negligible
at the LT region. In addition, the LCT effect is gradually
stronger as the temperature increases, which is consistent with
the investigated experimental results in the multilayer MoS;
field-effect transistor [50]. The hypothesized origin is possible
since the interface traps were activated as the temperature
rose. The extracted parameters show that the values of N
increase from 5.6 x 102 to 6.8 x 10'? cm™2.

Figures 8(c) and 8(f) show the fitted curves and the ex-
tracted parameters of the hBN-encapsulated transistor. In
comparison with the aforementioned two cases, an overall
mobility improvement is observed. This is because hBN has
a clean interface and absence of dangling bonds for wrapping
MoS,. The low level of ncy (1.7 x 10" em~2) in hBN does not
cause the reduction of picy. It is noteworthy that lattice phonon
scattering has replaced CI scattering as the dominant limited
mechanism at temperature >50 K. Although we did not con-
sider SO scattering of hBN due to its rigid SO phonons [20],
our model fits the experimental results well. In addition, the
LCT effect showed a similar decreasing trend to that of the
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HfO;-encapsulated transistor, which may also be related to
the thermal activation of interfacial traps.

Theoretically, higher dielectric constants are better for de-
vice mobility (iex), but a variety of aspects affect pex. If one
wants to study the dielectric constant effect alone, an ideal
device system with better device parameters control needs to
be established.

IV. CONCLUSIONS

In summary, we have developed a theoretical model by
reevaluating up, and the LCT effect. The model can the-
oretically decouple the mobility-temperature relationships
and study the electron transport mechanisms of monolayer
MoS, transistors. The theoretical model exhibits two note-
worthy features: (1) The improved calculation method for ppn
was integrated, thereby avoiding the overestimation of other
scattering and the LCT effect. (2) Temperature-dependent

parameters of the LCT effect were proposed. In the an-
alyzed cases for the improvement of material quality and
modulation of interfacial environment, the developed model
achieved well-fitted results for both the LCT- and the differ-
ent scattering-dominated limited mechanisms. The systematic
theoretical analysis contributes deep insights for compre-
hending electron transport mechanisms and guiding device
performance improvement in monolayer MoS, transistors.
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