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Abstract:

Two-dimensional (2D) semiconductors could potentially replace silicon in future electronic devices.
However, the low carrier mobility in 2D semiconductors at room temperature, caused by strong
phonon scattering, remains a critical challenge. Here we show that lattice distortions can reduce
electron-phonon scattering in 2D materials and thus improve charge carrier mobility. We introduce
lattice distortions into 2D molybdenum disulfide (MoS:;) using bulged substrates, which create ripples
in the 2D material leading to an enhancement in its dielectric constant. Consequently, a two orders
of magnitude enhancement in room-temperature mobility is observed in the rippled-MoS; reaching
~900 cm? V-1 s, far exceeding the phonon-limited mobility of ~410 cm? V-1 s~ in flat-MoS,.
We show that our approach can be used to create high-performance room-temperature field-effect

transistors and thermoelectric devices.

Due to their atomically-thin nature, two-dimensional (2D) semiconductors such as transition metal
dichalcogenides (TMDs) can potentially minimize the short channel effects that remain a key issue in
advanced silicon-based transistors">. However, the use of 2D materials in electronics hinges on the
development of large-scale, high quality growth methods, effective doping, high-k dielectric integration,
ultralow contact resistance and high charge carrier mobility materials. Important advancements have been
made in the growth of TMDs layers with chemical vapour deposition (CVD) methods®™, and recent
breakthroughs show that contact resistance can be reduced using specialized integration processes or semi-
metals®’. However, the low room-temperature carrier mobility (x) of 2D semiconductors remains a
challenge toward applications for 2D electronics.

The underlying reason for the low carrier mobility in 2D semiconductors is strong phonon scattering.
Several strategies have been developed to improve the carrier mobility of 2D semiconductors, including

10,11

increasing dielectric screening using surrounding dielectrics'™"', reducing scattering from impurities, traps,

and defects by 4-BN encapsulation'*!*, and reducing carrier effective mass by strain engineering'*!5,

Nevertheless, the phonon-limited transport at room-temperature in most stable 2D semiconductors still



limits mobility with values ranging between 10 and 100 cm?V-'s!, which are much smaller than
conventional semiconductors such as silicon (u~1400 cm? V' s7') and gallium arsenide (u~8500 cm? V! s°
1617,

Recently, enhancement beyond phonon-limited mobility was demonstrated in locally strained
monolayer TMDs on substrates with high surface roughness'®, although the fundamental mechanism
remains unclear. Strained 2D materials can also lead to unexpected phenomena such as flexoelectricity ',
suggesting unconventional pathways — lattice engineering, for instance — towards improved nanoelectronics.
Theoretical analysis has suggested that the dielectric constant (¢) of materials could be an important
parameter for identifying materials with high carrier mobility®. ¢ is an intrinsic material property
characterizing the polarizability of the electron cloud to screen surrounding charges, which is a key factor
determining charge mobility in the absence of phonon-limited scattering?'. However, the value of & depends
on the periodic lattice potential of pristine materials, which has yet to be fully exploited to tailor intrinsic
carrier mobility.

In this article, we show that charge carrier mobility in 2D MoS: can be enhanced by using substrates
with bulged morphologies that induce ripples and thus lattice distortions in the MoS; layers. The lattice
distortions create a larger electric polarization that can enhance intrinsic ¢ (ref. '®!”??) and renormalize the
frequency of phonons. Consequently, the renormalized phonon frequency quenches the effective density of
electron-phonon (E-P) scattering, which normally limits charge carrier mobility in conventional MoS;
devices fabricated on flat substrates**2*. The enhanced intrinsic ¢ can then effectively screen polarized E-P
interactions, whereas conventional dielectric screening by the surrounding media is only limited to small
phonon momenta?. This way, the main carrier scattering mechanism shifts from E-P in flat MoS; (f-MoS>)
to charged-impurity (C-I) in rippled MoS: (r-MoS:). Using our approach, we show that the room
temperature carrier mobility of bilayer r-MoS; can be increased by two orders of magnitude, reaching values
of ~900 cm?V~1s~1, We also show that the high mobility in r-MoS; can be used to create high-performance

in field-effect transistors (FET) and thermoelectric (TE) devices.



Rippled film formation and characterization

2D semiconductors easily conform to the local surface morphology owing to their flexibility (Figure
1a). Our MoS:; flakes were mechanically exfoliated and transferred onto SiN,/Si substrates with a bulged
morphology (surface roughness 6z, = 2 nm, Figure 1b) to obtain r-MoS, samples with the lattice
distortion (highlighted in Figure 1a). The conformation between MoS; and the bulged substrate is shown
in cross-section TEM image (Figure 1c¢) and large-area AFM images (Supplementary Fig. 1). Figure 1d
shows the optical images of the transferred MoS, with monolayer, bilayer and trilayer thickness. The lattice
distortion in r-MoS, can be observed in the red shift of the peak photoluminescence (PL) signal of
monolayer r-MoS; (Figure 1e), consistent with earlier works?®. However, it is worth noting that, this red
shift by about 30 meV only represents an average strain induced in r-MoS, within the laser spot size
(~ 1 pm). In fact, the local strain induced should be much larger depending on the height and width of the
bulges as well as MoS; thickness, ranging between 0.1 % to 6 % (Supplementary Fig. 13). The effects of
lattice distortion on the crystal structure and optical bandgap in r-MoS; (1-3 layers) are also probed using
Raman spectroscopy. The comparison of Raman spectra between f-MoS; (SiO,) and r-MoS, (SiNy) (Figure
1f) shows that the E'5, (A1) mode due to in-plane (out-of-plane) vibration of Mo and S atoms at around
384 cm! (405 cm™) (ref. 272%), without Raman frequency shift, indicating the absence of global tensile and
compressive strain. However, the intensity of both modes is quenched by about ten times in r-MoS; than
that in f-MoS; regardless of the number of layers of MoS,. These suggest weakened phonon vibrations due
to the conformation between the MoS; flakes and the substrate, in which the induced strain field contributes

lattice distortion and the quenching of phonon modes***

, as substantiated in our electronic transport
measurement to be presented later. The quenching of phonon modes is also corroborated in our calculated
phonon DOS (Figure 1g). For monolayer r-MoS; (under a curvature height of 1 A, Supplementary Fig.
2), phonons have been renormalized due to lattice distortion induced by the bulged substrate. An increase

in the frequency of acoustic phonons (inset of Figure 1g) and a renormalization of optical phonons were

observed. This renormalization of optical phonons across a wider range of frequency weakens its intensity



due to the breaking of degeneracy induced by lattice distortion. The effect of renormalized phonons on
mobility was revealed through the calculated effective density of scattering!'”. The renormalized phonons
dramatically decrease the effective density of scattering in MoS; by one order of magnitude (Figure 1h),
thus resulting in the strongly suppressed E-P scattering, especially for longitudinal acoustic (LA) due to
strength of LA-electron scattering almost unchanging on substrate®®. Although lattice distortion can affect
the electronic structure of MoS,, we found the slight change in electronic structure near the conduction
band edge (such intra- and inter- valleys scattering) is not the dominating factor responsible for quenching

electron-phonon scattering (Supplementary Fig. 3c).

Enhanced dielectric constant and FET performance

With quenched effective density of E-P scattering due to lattice distortion observed, we now discuss
another fundamental property, i.e. the intrinsic & of r-MoS,, to fully understand the surprising electronic
transport therein (Figure 2a). We perform first-principles calculation to obtain the static € of monolayer
and bilayer MoS; (Figure 2b, Supplementary Fig. 4-6). In this simulation, four idealized models are
employed to study the effects of varied curvature on & with curvature heights ranging from 0 to 4 A. The
calculated € clearly shows that both the in-plane (&) and out-of-plane (&, ) components significantly
increases with curvature (and hence larger lattice distortion). This is attributed to the breaking of lattice
symmetry that enables an enhanced electric polarization and thus a larger € within r-MoS,, which also
agrees with our experimental € measurement (Supplementary Fig. 7-9). We now discuss how the
enhanced intrinsic € could lead to large mobility in r-MoS,. Typically, the increased electric polarization
also increases scattering from polar-optical-phonons (Fréhlich interactions) at the working temperature of
most electronic devices (near room temperature or above)*'**, thus exacerbating carrier mobility instead.
However, when phonons are heavily suppressed at the condition of, for example, low temperature?'-*!, larger
intrinsic € actually guarantees the enhancement of mobility. In r-MoS, with lattice distortion, the

renormalized phonon density and suppressed E-P scattering can be sustained (Figure 2a), therefore



allowing the boosted mobility at room temperature as a result of larger intrinsic €. Specifically, the
enhanced intrinsic € is expected to screen Frohlich interactions more effectively in r-MoS, at finite
momenta, in contrast to external dielectric environment which only screens Frohlich interactions in the limit
of small phonon momenta®. Furthermore, considering both Frohlich interactions and parabolic band
structure at the band edge, the intrinsic carrier mobility is proportional to ~&£2 in the isotropic electron-
phonon coupling approximation®. Thus, such high intrinsic & simultaneously enables stronger dielectric
screening and significantly enhances the intrinsic mobility ceilings of semiconductors!'®°.

We now experimentally showcase the impact of enhanced € on charge transport via the two-probe
transfer characteristics of monolayer r-MoS; on substrates with different surface roughness (Figure 2c,
Supplementary Figure 10), where conductance and field effect carrier mobility (u) exhibit rapid increase
with increasing surface roughness (8z,.,,5). Irrespective of the flake thickness and device geometry, high
values of u are consistently achieved in r-MoS, across more than 120 devices with channel lengths ranging
from 10 um down to 200 nm (Figure 2d & Supplementary Figure 14). Our device exhibits two-probe
FET mobility up to 646 cm? V™1 s71 in bilayer MoS,. From drain characteristics, a linear relationship
across a wide range of source-drain current and voltage (Igq — Vs4) indicates ohmic contacts (Figure 2e).
As larger V4 is applied, the I, then saturates and plateaus, attaining an excellent saturation current density
of ~300 pA um~1. These observations are counter-intuitive since roughness and surface defects are
believed to intensify carrier scattering, thus degrading u (ref. '>!%). The u values in r-MoS2 are even higher
than its intrinsic phonon-limited mobility*® as well as other studies (Supplementary Table 1 &
Supplementary Fig. 25), thus suggesting that the improvement in u is due to the enhanced ¢ of the material,

as will be discussed later in details.

Electrical transport and scattering mechanism

Such observation is also agreeable with four-probe characterizations, in which case contact resistance

effects are eliminated as a possible origin of the boosted u (Figure 3a, Supplementary Fig. 15-16). Figure



3b shows room-temperature transfer characteristics of a bilayer r-MoS; device, which exhibited the highest
u among all our devices (Supplementary Fig. 17). We identify two regimes in the gate-dependent
electrical conductivity o: linear regime immediately above the threshold where the mobility peaks (blue-
shaded region) and; sublinear regime where the mobility decreases gradually (red-shaded region). In the
linear regime, p reaches~900 cm? V™1s™1 up to two orders of magnitude larger than the typical bilayer
MoS:; on flat substrates (Figure 3d).

We now further examine the scattering mechanisms in r-MoS2 to better understand the effect of
enhanced €. Considering Drude model u = qt/m* where q is the elementary charge, T is the carrier
scattering time and m” is the carrier effective mass, the large enhancement in p cannot be attributed to m”*,
since its reduction would be quite limited, as consistent with our thermoelectric characterization in the later
section. In general, several scattering processes should be considered where each affects the p in different
ways, such as E-P scattering (tg_p « £9), C-I scattering (to_; « £2) and carrier-carrier (C-C) scattering
(tc—¢ o €). For non-phonon (N-P) scattering, 7 is strongly dependent on &, which can be approximately
described using Matthiessen's rule as 1/T;prq; = 1/Tn_p = 1/Tc—; + 1/7¢_c. However, C-C scattering is
only prominent in samples with high carrier concentration or exceptionally low defect/impurity density?*?.
Thus, transport in 2D semiconductors is usually dominated by phonons at high temperatures and by charged
impurities at low temperatures. In this regard, C-C scattering plays a negligible role in r-MoS,. Next, we
measured the out-of-plane € of r-MoS, (Supplementary Fig. 8), which is estimated to be £, ~100, more
than an order of magnitude larger than that of f-MoS, (Figure 3c).

To determine the major scattering mechanisms in our r-MoS; devices, temperature dependence of
the peak values of u is investigated (Figure 3d). Here, the overall trend is vastly different for r-MoS, and
f-MoS:. In f-MoS,, 1 increases with decreasing temperatures with power exponent y ~1.4, which is typical
for phonon-limited transport'®'**, However, for r-MoS,, ¢ mainly decreases with decreasing temperatures
with y ~ —0.49, which suggests the C-I dominated transport behavior in 2D systems?!. At high

temperatures (T > 200 K), the temperature exponent changes sign to y ~ 0.59 for r-MoS,, which is



unexpected for phonon-limited mobilities, thus implying the strongly suppressed E-P scattering at room
temperature. This observation is consistent with the observed quenched Raman intensity as well as our
calculations (Figure 1d,f,g). Unlike E-P scattering where u is independent of ¢, the scattering time 7,_; in
C-I transport is quadratically proportional to &, i.e. Tc_; o €2 (ref. 32). Given that the substrate-induced
lattice distortion results in an order of magnitude enhancement in ¢ (Figure 3c¢), the ensuing dielectric
screening towards long-range C-I scattering is successively enhanced. Thus, the C-I dominated u in r-MoS»
is expected to be up by two orders of magnitude, corroborated by our experimental observation. Therefore,
for =6 < V; < 4 V (blue-shaded region), C-I scattering is dominated by long-range Coulomb interactions
where p scales with 2. At higher gate regimes V; =4V (red-shaded region), as more carriers are
electrostatically injected, their electron cloud provides additional screening of the long-range Coulomb
interactions. However, this instead amplifies short-range Coulomb scattering arising from the ripples which
led to the decrease in u (Supplementary Figure), consistent with our experimental observation (Figure
3b)***. Such a change in scattering mechanisms of r-MoS; can therefore explain the origin of the drastic
two order of magnitude improvement in u, consistent with the large increase in the € of r-MoS, compared
to f-MoS,.

Nevertheless, changes to carrier concentration within r-MoS; may be one possibility that results in

the observed enhancement in ¢. To rule out such possibility, we measured transverse Hall resistance (Ry)

of r-MoS; as a function of magnetic field (B) at room temperature (Figure 3e). The change in carrier
concentration (An,p) as a function of V; then directly gives the gate capacitance, Cyay = 25 nF cm™!
(Figure 3f). This value agrees with capacitance extracted from field effect Cpgr with Cyap/Crgr = 1.13.
Thus the o enhancement is unlikely contributed by the carrier concentration. Therefore, the ultrahigh p in

r-MoS; is attributed to dominant C-I scattering, as evidenced by both the temperature dependence (y) and

dielectric constant dependence (&) of .

Thermoelectric performance




With the origin of the anomalously high room-temperature mobility revealed, we next demonstrate
their critical role for enhanced thermoelectric (TE) performance. The cornerstone to TE performance has
always been the counter-balanced relationship between TE parameters: electrical conductivity (o) and
Seebeck coefficient (S). Mobility enhancement is commonly achieved to improve o by either lowering m*
or increasing carrier concentration (7n), which inevitably results in a compromised S, limiting the
enhancement of TE power factor (PF = S20) (ref. 3°). Here, we achieved high u enhancement without
changing n, such that the interdependency of TE parameters is significantly weakened. Figure 4 shows the
change of , 0, S, and PF as a function of electrostatically induced n in mono-, bi-, and trilayer r-MoS; and
f-MoS; devices. The blue/red-shaded region is consistent with the two regimes in Figure 3b. At low carrier
densities n = 7 x 1018 cm™3, enhancement in p leads to two orders of magnitude increase in o for r-MoS,.
On the other hand, the corresponding reduction in S for r-MoS:; is only ~30 %, which arises from strain
with lowering m* (ref. '°) (Figure 4c¢). Since S is linearly proportional to m*, the corresponding reduction
in m*is not expected to be the main contribution of the anomalously high u (ref. *%). Bi- and tri-layer r-
MoS; exhibit higher S over the monolayer due to higher valley degeneracy and larger m* (ref. 3637),
Therefore, the resulting enhancement in PF is therefore not comprised by the reduced S (Figure 4d). The
most distinct feature in r-MoS; is that such high y enhancement is achieved without increasing n, which
has not been reported so far. Hence, a high room temperature PF (= 1mW m~! K~2) can be achieved at

018 cm™3), more than an order of magnitude higher than f-MoS,. Such high

low doping levels (n~3 x 1
PF at low n in r-MoS; also represents the highest values ever reported compared to other bulk and 2D

systems (Supplementary Fig. 18-20).

Conclusion
We have shown that the intrinsic mobility limit of room-temperature charge transport in 2D
semiconductors can be overcome by introducing ripples into the lattice structure of the material. Our simple

and cost-effective approach can be used to create MoS, FET and TE devices with competitive room-



temperature performance and could potentially be used to create high mobility devices in a wide rangeo f
2D materials. processing. This work opens up a new frontier in designing ultra-high mobility devices in a
wide range of 2D materials. The approach also harnesses the potential to be used in a broad range of
electronic and optoelectronic devices, and the use of high-k dielectrics could further enhance device

performance

Methods

Bulge SiN,/Si substrates. Bulged SiN,/Si substrates were purchased from Micro-Nano Research Materials
Co., Ltd., which were grown by standard low pressure chemical vapor deposition (LPCVD) technique
reported previously**3°. The density and height of bulges are tunable with pressure and reactant gas flow
(SiHs) during the LPCVD growth process, leading to the manipulation of granularity as well as surface
roughness***2. The as-grown SiN/Si bulged substrates are intrinsically and microscopically rough with
6zgpus of around 2 nm (Supplementary Figure 10) with a SiNy layer thickness of about 300 nm
(Supplementary Figure 11-12). Smaller §zg s can then be obtained by employing a wet polishing method
(85 % phosphoric acid, 170 °C) to smoothen the bulges as shown in Supplementary Figure 10b,c,d,e. The
relationship between §zpys and device mobility is shown in Figure 2¢ in the main manuscript. The
chemical composition, purity, and uniformity of the SiN layer are confirmed using X-ray photoelectron

spectroscopy (XPS) and ellipsometry measurements (Supplementary Figure 11-12).

Device Fabrication. 1L/2L/3L. MoS, (HQ Graphene) were mechanically exfoliated onto
polydimethylsiloxane (PDMS) and transferred onto 300 nm SiNy/Si substrate. Other standard
characterization tools include dimension FastScan Bruker atomic force microscopy to investigate the
morphology and thickness of the samples. Electrodes were patterned by standard electron-beam lithography
(FEI nanoSEM 230) process, followed by electron beam evaporation (AJA ATC-Orion-8E-UHV) of

titanium/gold (Ti/Au) of 5/65 nm for large electrodes and gold (Au) of 50 nm for small electrodes. A total



of 126 r-MoS; devices and 3 f-MoS; devices of different thicknesses are measured in this work. Device
channel lengths: 200 nm to 10 pwm; channel width: 500 nm to 2 um. Electrical characterizations shown in
Figure 2 and Supplementary Fig. 14 arc based on the selected representative morphologies of the

substrates.

Transport Measurements. 4-probe measurements were employed to eliminate contact resistance and

extract a precise electrical conductivity of the --MoS; flakes for different gate voltages (Supplementary Fig.

dlgq 1
avy Vsa

16). The temperature-dependent mobility was extracted from transfer characteristics, via y =

. %, where C,, = 22 nF cm™2 is the capacitance for 300 nm thick SiNx. The electrical conductivity

COJC

L

(=5

- G) was calculated from G by considering the device geometry: length (L), width (W), thickness

(t) and conductance (G). To measure Seebeck coefficient S = X—;, a temperature gradient along the sample

was realized Joule heating by applying a DC current bias (I') through a metal microheater using a source-
meter (Keithley 6221). The temperature gradient generates the thermoelectric open-circuit voltage (V;),
which was measured by a voltmeter (Keithley 6430). As a series of DC current bias is applied to the
microheater, their corresponding V; were recorded. The temperature gradient is calibrated using the 4-probe

resistance of thermometers (Supplementary Fig. 22-24).

First-principles calculations. All the first-principles calculations were performed by using density-
functional theory based Vienna Ab initio Simulation Package (VASP.6.2.0) (ref. *), in which the Perdew—
Burke-Ermzerhof (PBE) (ref. *) form of the generalized gradient approximation (GGA) were used for the
exchange-correlation functionals and projector augmented-wave (PAW) (ref. 4°) method was applied for
the interaction between valence electrons and ion cores. For all the calculations, the cut-off energy for the

plane wave expansion was set to 500 eV. In this study, we have considered four idealized model structures

based on monolayer and bilayer MoS;: the flat MoS, (3v/3 x 1) supercell, and the MoS; (43 X 1)



supercells with a curvature height of 2 A, 3 A and 4 A, respectively, in which the curvatures were induced
by bending the monolayer and bilayer MoS, supercells with the sine function distribution along the
armchair direction. In these models, the thickness of vacuum layer was set to 30 A and normal to MoS,
basal plane. The /-centred 15%15%1 and 3x15%1 k-point meshes were used for bilayer MoS; unit cell and
supercells. The energy and force on each atom were converged to be less than 1 x 1078 eV and
1 x 1078 eV/A, respectively. Van der Waals correction in the bilayer MoS; was included using the method
of Grimme (DFT-D3) (ref. *). The frequency dependent dielectric matrix was calculated using the
independent-particle approximation*’, in which more than 60 empty bands per atom were included. We also
employed the finite displacement method to calculate the phonon density of states for both monolayer r-

MoS; and f-MoS; supercells using Phonopy code*®. The effective density of electron-phonon scattering at

i k) = g9
each K point was calculated by D (ik) = Zj'i, ) O C ik

” which is defined by Cheng et al. (ref. ). The
ik to i k" and jqinitial electronic state, the final electronic state, and the absorbed or emitted phonon,

respectively. The (25 is area of the Brillouin zone, which is set to 1 due to same cell in our calculation.

and C ik jq is the number of phonons that can scatter the electronic state from ik to i k (energy and

momentum conservation should be considered). The dense /-centred 50x200x1 k-point and 50x200%x1 ¢-

point meshes were used to calculate the electronic and phonon structures.

Data availability

All data generated or analyzed during this study are included in the published article and its Supplementary

Information. Source data are provided with this paper.
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Fig. 1 | Material characterization and phonon DOS in f-MoS: and r-MoS:. a, Illustration of monolayer r-MoS:, where the
conformation between MoS: and the bulged substrate is shown in the inset. b, AFM image of the bulged substrate with a root-
mean-square (rms) surface roughness of z,,,s = 2 nm. ¢, Cross-section TEM image showing excellent conformation between
MoS> and the bulged substrate. d, Optical microscope image of r-MoS: with thicknesses outlined: monolayer (red), bilayer (yellow),
trilayer (blue). e, Normalized photoluminescence spectra of monolayer f-MoS: and r-MoS2, averaged within a laser spot size of 1
pm. f, Raman spectra comparing f-MoS> and r-MoS: show quenched in-plane (Ezg) and out-of-plane (Aig) vibration modes. g,
Calculated phonon DOS in f-MoS: and in r-MoS: (under curvature height of 1 &), with frequencies of acoustic (optical) phonons

shaded in blue (yellow) background. h, Effective density of electron-phonon scattering as a function of electronic energy.
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Fig. 2 | Transport mechanism and enhanced dielectric constant and FET performance in r-MoS:. a, Illustration of f-MoS:
and r-MoS;. The substrate-induced lattice distortion in r-MoS: results in an increased electric polarization which enhances intrinsic
dielectric constant (€) to improve dielectric screening and concurrently quenches E-P scattering. This leads to drastically boosted
carrier mobility. Electric field lines between positive and negative charges depict the strength of dielectric screening. Red solid
lines represent phonon vibrations. Pink and yellow spheres represent Mo and S atoms, respectively. The change in electric
polarization within f-MoS2 and r-MoS: is also depicted. b, Illustration of monolayer MoS> with four varying curvatures employed
for first-principles calculations, and the calculated static dielectric constants (in-plane, g, and out-of-plane, £, ) for different
curvature heights. ¢, Two-probe FET transfer characteristics of monolayer r-MoS: with increasing rms surface roughness (6z,s),
labelled with their respective carrier mobility. The increase in 6z, results in larger lattice distortion hence higher ¢ leading to
enhanced mobility. Vs = 50 mV. d, Two-probe FET mobility of mono-, bi-, and tri-layer r-MoS: as a function of gate voltage. e,

Drain characteristics of monolayer r-MoS: for different gate voltages (V).
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Fig. 3 | Transport measurements of bilayer r-MoS:. a, [llustration of r-MoS: device structure which allows four-probe and Hall
characterization. b, Four-probe FET mobility and electrical conductivity of r-MoS: as a function of backgate voltage at 300K.
Charge scattering in r-MoSz can be mainly described as 1/7¢o¢q; = 1/7T¢c—; + 1/7c—¢ owing to the enhanced dielectric screening
and suppression of E-P scattering. Blue-shaded region represents the linear regime immediately above the threshold where mobility
peaks and exhibits a quadratic dependence due to dominant C-I scattering (1 < 7,_; o £2), while the red-shaded region represents
the sublinear regime where mobility decreases gradually due to higher carrier density (4 X To_¢ & €). Inset: Comparison of
mobility as a function gating between r-MoS: and f-MoS:) ¢, Out-of-plane dielectric constant (&,) of r-MoS: and f-MoS: as a
function of frequency, extracted from € measurements (Supplementary Fig. 5 and 6). d, Peak values of FET mobility as a function
of temperature fitted with the power law z ~ 77 where dominant C-I (E-P) scattering transport are observed in -MoS: (f-MoSz>). e,
Transverse Hall resistance (Rx) of r-MoS: as a function of magnetic field (B) at different Vg at 300 K. f, Comparison of the change
in carrier concentrations between Hall and FET measurement. The extracted capacitance from Hall measurement is consistent with

the substrate capacitance.
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Fig. 4 | Thermoelectric properties of 1L/2L/3L r-MoS: (blue) and f-MoS: (red) as a function of carrier concentration (r) at
300 K. a, Mobility; b, Electrical conductivity; ¢, Seebeck coefficient; and d, Power factor. The blue-shaded region represents
dominant C-I scattering regime, highlighting the drastic enhancement in mobility that leads to a significantly enhanced o. With
increasing carrier concentration, mobility gradually reduces as more carriers are electrostatically injected, indicated by the red-
shaded region. This trend is similarly reflected in PF. The small reduction in S is attributed to the reduction of carrier effective
mass (m") originating from substrate-induced lattice distortion. Inset in ¢ illustrates the measurement of the Seebeck open-circuit
voltage. Collectively, the manifestation of ultra-high mobility effectively decouples the interdependencies between o and S thus

leading to large enhancement in PF in all measured carrier concentration range.



