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ABSTRACT: Ultrathin two-dimensional (2D) transition metal
dichalcogenides (TMDs) exhibit unique band structures, allowing
promising thermoelectric properties. Achieving a high power factor
(PF) for thermoelectric generators (TEGs) requires optimizing
both the Seebeck coefficient (S) and electrical conductivity (σ).
Conventional surface charge-transfer doping can be a solution to
enhance σ by introducing additional electrons. However, residual
organic dopants act as charged impurities, degrading charge
transport and lowering PF due to the intensified trade-off between
carrier concentration and S. We propose a charged-impurity-free
diffusion doping method for CVD-grown molybdenum disulfide
(MoS2) to enhance PF. By depositing organic dopants on the
contact region and enabling electron diffusion into the channel via
carrier concentration gradients, σ is improved while maintaining high S. This approach achieves a record-high PF of 1698 μW/mK2

for CVD-grown TMDs. Our strategy offers a promising pathway to enhance thermoelectric performance, not limited by the
exacerbated trade-off relationship observed in conventional doping methods.
KEYWORDS: thermoelectric, 2D transition metal dichalcogenides, diffusion, charged-impurity-free doping, Seebeck coefficient

Atomically thin two-dimensional (2D) transition metal
dichalcogenides (TMDs) have attracted significant

attention for their promising electrical properties.1−7 Recently,
their unique quantum confinement effects, which result in a
sharp density of states, large effective mass, and high valley
degeneracy, have extended their potential to thermoelectric
generators (TEGs).8−10 TEG is one of the most promising
energy harvesters that convert waste heat into electricity when
there is a temperature difference across the thermoelectric
(TE) legs.11−17 To achieve high TE efficiency, it is crucial to
maximize both the Seebeck coefficient (S) and electrical
conductivity (σ), as the TE power factor (PF) is defined by the
relationship PF = S2σ, following the Mott formula.18,19 Because
these parameters are closely correlated, efforts have been
dedicated to optimizing both S and σ to enhance the PF by
carefully controlling charge transport properties, such as charge
carrier mobility (μ) and concentration (n).

Owing to the wide tunability of charge transport properties
associated with an inherently high S of up to 30 mV/K,
molybdenum disulfide (MoS2) has been intensively studied as
a TE leg for realizing high-performance TEGs.20−24 However,
their relatively poor σ attributed to grain boundaries and their
environmental instability are bottlenecks in the realization of
high-performance TEGs with lower PF values.25,26 To address
this, many doping strategies that introduce additional charge

carriers into the TE legs have been explored as effective
solutions.27−29 Among them, nondestructive surface charge-
transfer doping (SCTD) has emerged as a promising candidate
for enhancing the σ of 2D TMDs. This approach leverages the
ultrathin nature of MoS2, where charge carrier transfer from
organic dopants can modulate its electrical properties
effectively.30−32 However, SCTD has a critical limitation in
TE applications: in addition to the inevitable n-S trade-off,
remaining charged impurities on the atomically thin channels
impede charge transport, further intensifying the trade-off and
sharply lowering S. When an organic dopant donates electrons
to MoS2, it becomes positively charged and acts as a Coulomb
scattering center, leading to μ degradation. Because of the high
surface sensitivity of 2D materials, charged impurity scattering
can severely impact on charge carrier transport, ultimately
reducing both σ and S.33,34 To overcome these drawbacks,
various strategies have been proposed to minimize the
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detrimental effects of charged impurities and maintain efficient
charge transport.35−37

In this regard, we propose a diffusion-mediated modulation
doping approach (hereafter referred to as diffusion doping) to
significantly enhance the TE PF of large-area 2D MoS2.
Modulation doping spatially separates free carriers from their
parent dopant species, effectively mitigating impurity-induced
scattering and enabling high carrier mobility. Moreover, the
diffusion doping method could be achieved by selectively
depositing dopants onto the contact regions of large-area 2D
MoS2 films using inkjet printing, which allows high
reproducibility and significant potential as a scalable fabrication
process. It significantly improves σ while avoiding charged
impurity scattering in the TE legs. We characterized the
temperature-dependent electrical properties of the doped films,
demonstrating that this approach mitigates the undesirable
reduction in S after SCTD. By optimizing the doping
conditions and device architecture, we achieved the highest
reported PF of 1698 μW/mK2 for CVD-grown MoS2. This
strategy provides a scalable and effective pathway for realizing
high-performance thermoelectric devices based on 2D TMDs.

Figure 1a shows a schematic of the direct SCTD and
diffusion SCTD methods for large-area MoS2. Compared to
the conventional direct doping method, where organic
molecules are directly deposited onto the whole area of
MoS2 TE leg, the proposed diffusion doping method was
conducted through the selective deposition of highly
concentrated benzene viologen (BV) dopant only on the
contact region of MoS2 via inkjet printing (Figures S1 and S2).
Notably, we observed no significant impact of the surface

roughness of the inkjet-printed BV layers on the effectiveness
of diffusion doping in the underlying MoS2 film.38−40 This
doping reliability under surface roughness is attributed to the
local carrier redistribution within the BV-deposited contact
region of MoS2. BV is a well-known dopant for chemical
doping in TMDs, acting as an electron donor due to the energy
level difference between its reduction potential and the
conduction band edge of TMDs.41−44 Excessive electrons in
the contact region transferred from the selectively deposited
BV molecular dopants promote diffusion into the channel
region, increasing the electron concentration in the TE legs
gradually. In contrast, for direct SCTD, electrons are
transferred from the BV dopants into the TE leg, after which
the remaining dopants act as charged impurities, serving as
centers of Coulomb scattering once they have donated
electrons. This long-range scattering significantly limits carrier
transport in atomically thin 2D TMDs, where surface
interfacial properties play a crucial role. Consequently, most
experimentally reported mobilities are substantially lower than
the theoretically predicted values.45,46

As aforementioned, maximizing the power factor (PF = S2σ)
with optimized S and σ is essential for high-performance
TEGs. In the Mott relationship, S is expressed as follows:
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where μ is the carrier mobility, e is the carrier charge, T is the
absolute temperature, kB is the Boltzmann constant, and εF is
the Fermi energy.47 The σ can be defined as follows:

Figure 1. Enhanced TE properties of diffusion-doped MoS2 TEGs. (a) Doping mechanisms of the direct- and diffusion-doped MoS2 TEGs. (b)
Illustration of temperature-dependent mobility and Seebeck coefficient derived using different doping methods. (c) Improved power factor of
diffusion-doped MoS2 TEGs with optimized electrical conductivity and Seebeck coefficient.
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where n, τ, and, m* represent the carrier concentration,
relaxation time and effective mass, respectively. Given the
equations, we can assume that not only controlling the n but
also modulating μ is highly critical for enhancing the both S
and σ. By replacing 1/∂ε with 1/kB∂T in eq 1, it is noteworthy
that securing the gradient of μ with respect to T can lead to an
increase in the S value. In this regard, the additional charged
impurities from direct doping can enhance scattering, leading
to a suppressed gradient of μ as a function of T and
deteriorating S, as shown in Figure 1b. Therefore, reducing the
scattering of charged impurities is crucial for achieving high TE
performance. In this regard, the diffusion doping method is
advantageous for achieving high S values by controlling the n
and μ of large-area MoS2 TEGs, which leads to an
approximately 18.7% enhancement in PF compared to TEGs
employing conventional direct SCTD under equivalent dopant
conditions (Figure 1c).

Diffusion doping is accomplished by establishing a carrier
concentration gradient between the contact and channel
regions. By selectively depositing a high concentration of BV
molecules onto the contact regions of a large-area MoS2 film, a
3D (BV molecules)−2D (MoS2) multidimensional hetero-
structure is formed, creating a strong electron concentration
gradient that facilitates the diffusion of excess electrons into
the channel region. This mechanism is further supported by
previous research by Ferney A. Chaves et al., which
demonstrated the diffusion of charge carriers in 2D materials
across heterostructures.48 In addition, carrier diffusion into the
MoS2 channel could be significantly enhanced under an
applied VDS, as the built-in potential barriers - both between
BV molecules and MoS2 contact region, and between the
contact and channel - could be also reduced. Based on this, as
illustrated in Figure 2a, we assumed excess electrons could

travel relatively long distances without introducing charged
impurities on the MoS2 surface, as evidenced by the electrical
characteristics of diffusion-doped MoS2.

To evaluate the diffusion doping effects, we measured the
electrical characteristics of large-area MoS2 FETs with various
doping conditions and different channel lengths. Comprehen-
sive imaging analyses using SEM and OM were conducted to
confirm the absence of BV molecules on the channel area, as
shown in Figures S3 and S4. During this experiment, a minimal
gate leakage current in the range of several tens of picoamperes
was observed (Figure S5), and tens of MoS2 FETs with
different channel lengths were measured to ensure the accuracy
of the electrical characterization. While BV is deposited only at
the contact regions, with no dopants on the channel surface,
doping effect is observed, resulting in higher field-effect
mobility (μFET), on-state current (ION), and n, as shown in
Figure 2b, which is consistent with previous results.49 In
particular, effective doping concentration (Δndop) of diffusion-
doped MoS2 with BV concentration of 25 mg/mL (Diff 25-
MoS2) is similar to that of direct-doped MoS2 FETs with BV
concentration of 5 mg/mL (Direct 5-MoS2) (Figure S6). The
total resistance of diffusion-doped MoS2 (Diff-MoS2) FETs is
low and increases exponentially with channel length, compared
to pristine MoS2 (Pri-MoS2) FETs, which exhibit high total
resistance that increases linearly with channel length (Figure
S7). This result is attributed to the exponentially decreasing n
across the channel length of the diffusion-doped FETs as the
distance from the direct-doped contact region increases,
whereas the n remains constant in Pri-MoS2 FETs. Notably,
this carrier density gradient becomes negligible with increasing
levels of electrostatic doping (Figure S8). In this regard, the
Diff-MoS2 FETs show an exponential decrease in σ with
increasing channel length, whereas Pri-MoS2 maintains
consistent regardless of channel length, confirming the quality
and uniformity of the MoS2 film (Figure 2c, d).

Figure 2. Electrical properties of pristine and diffusion-doped MoS2 FETs. a) Illustration of band structure and carrier concentration for diffusion
doping. (b) IDS−VGS curves of Pri-MoS2 and Diff 25-MoS2 FETs as a function of back-gate voltage. (c, d) Electrical conductivities of (top) Pri-
MoS2 and (bottom) Diff 25-MoS2 FETs as a function of channel length. (e) XPS spectra of the Diff-MoS2 FET as a function of distance from the
BV inkjet-printed contact region.
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To accurately compare the contact resistance (RC) between
Pri-MoS2 and Diff-MoS2 devices, we modified the conventional
transmission line method (TLM) approach, referred to here as
the “modified TLM.” Under this model, the total resistance is
given by

R R R L R R L e2 ( ) (1 )total c Direct ch pristine Direct N
L L/ch N= + +

Here, RC is the contact resistance, while RPristine and RDirect
denote the resistance per unit length of the pristine and direct-
doped channel regions, respectively. LCh is the total channel
length, and LN is the characteristic diffusion length (refer to
Supporting Information for details). As shown in Figure S9,
diffusion doping significantly lowers RC compared to the Pri-
MoS2, confirming a substantial reduction in RC.

When BV molecules donate additional electrons to MoS2,
the characteristic X-ray photoelectron spectroscopy (XPS)
peaks of MoS2 shift toward higher binding energies, indicating
that the Fermi level moves closer to the conduction band
edge.50 As the distance from the contact region increases, the
Mo 3d3/2 and Mo 3d5/2 peaks of the Diff-MoS2 FETs shift
toward lower binding energies, with a corresponding decrease
in n (Figure 2e). Additionally, the absence of N-peaks in the
diffusion-doped channel (Figure S10) confirms no BV
molecules on the MoS2 surface. Despite this, a strong doping
effect is observed, leading to enhanced μ and n in Diff-MoS2
FETs.

Figure 3a shows a schematic of the diffusion-doped TEGs
fabricated by selective inkjet printing. Energy-filtered trans-
mission electron microscopy (EFTEM) images (Figure 3b)
confirm the absence of significant damage to the BV layers
during the Ag ink printing for the contact deposition. The
MoS2 TEGs have four contacts for gated four-point probe
measurements, ensuring reliable TE and electrical character-
ization while minimizing contact resistance in 2D devices
(Figures S11 and S12).51 The σ of both direct-doped and

diffusion-doped TEGs increased dramatically compared to that
of pristine TEGs, as displayed in Figure 3c. Pri-MoS2 TEGs
exhibited the S values from −500 to −400 μV/K, similar to
CVD-grown MoS2 films reported in previous works.52,53 As n
increased following electrostatic doping or a higher dopant
concentration, the S value of doped MoS2 TEGs decreased due
to the conventional trade-off relationship between n and S.54,55

For the Direct-MoS2, S is further suppressed up to
approximately −250 μV/K (Figure 3d). Notably, the Diff-
MoS2 TEGs exhibit a considerably lower S reduction (−350
μV/K) than that of the Direct-MoS2, despite a similar range of
n. These results strongly suggest that S is not solely determined
by the n of 2D TE materials. Instead, charge-carrier transport
properties should also be carefully considered to achieve high S
values.

As depicted in Figure 3e, PF, attributed to the squared
influence of the S, is higher for doped MoS2 TEGs than that of
Pri-MoS2 TEGs due to the enhanced σ. Specifically, Diff 25-
MoS2 achieve an average PF of 1698 μW/mK2, an 18.7 %
improvement over direct-doped TEGs, achieving the highest
reported value. Although direct-doped MoS2 with the BV
concentration of 25 mg/mL (Direct 25-MoS2) TEGs
demonstrate the highest σ and Δndop, their PF is lower than
that of diffusion-doped ones due to their significantly reduced
S, as further supported by the DFT analysis in Figures S13−
S15. Moreover, while σ value of Direct 25-MoS2 surpasses
those of direct-doped TEGs with lower dopant concentrations,
their PF values are similar. This suggests that the conventional
direct SCTD strategy with increased n faces intensified trade-
off between enhanced σ and reduced S, limiting PF values.
Consequently, maximizing TE efficiency requires optimizing S,
as well as maximizing σ, by systematically considering charge
carrier transport properties affected by unwanted charged
impurities.

Figure 3. TE properties of large-area MoS2 TEGs. (a) Schematic of the diffusion-doped MoS2 TEG structure. (b) Cross-sectional EFTEM images
(scale bar: 50 nm). (c−e) Electrical conductivity, Seebeck coefficient, and power factor as functions of carrier concentration under different doping
conditions. Diffusion doping achieves a power factor of approximately 1698 μW/mK2, with a suppressed Seebeck coefficient reduction from about
−250 to −350 μV/K.
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Based on Mott’s equation, not only the value of μ itself but
also distinctly different mobilities at the TE leg ends under a
temperature gradient, a large positive value of temperature-
dependent mobility (dμ/dT), can result in high S.56 Since
charged impurity is one of the most predominant factor
determining the μ of 2D materials, we examined its impact on
dμ/dT, focusing on the charged impurity scattering-limited
mobility (μimp) using the screened charged impurity scattering
model. According to Hwang et al., this model has been studied
both theoretically and experimentally to understand the
competition between charge-carrier screening and charged-
impurity scattering in 2D materials.57 The screening effect
enhances μ by reducing the Coulomb potential of charged
impurities through charge carriers, while impurity scattering
lowers μ due to the pronounced influence of charged
impurities on the channel surface.58,59 Moreover, there is a
critical temperature dependence of S beyond the Mott formula,
arising from temperature-dependent screening and scattering
effects. As the temperature increases, screening strengthens
due to thermally excited carriers, while scattering intensifies
with additional kinetic energy from the thermal energy. The
dominant contribution in this competition governs μ changes
with temperature and depends on the charged impurity
concentration. From this observation, we can assume that a
high charged impurity concentration enhances scattering,
reducing dμ/dT, whereas minimizing impurities allows screen-
ing to dominate, increasing dμ/dT. Therefore, we explored
temperature-dependent field-effect mobility (dμFE/dT) in
MoS2 TEGs under three conditions�Diff 25-MoS2, Direct
5-MoS2, and Direct 25-MoS2 by varying effective doping
concentration (Δndop) and charged impurity concentration
(Δnimp).

As described in the left panel in Figure 4a, field-effect
mobility (μFE) of the Diff 25-MoS2 TEGs increases with
temperature, indicating a positive dμFE/dT. This trend is
expected due to a dominant screening effect resulting from

thermally generated charge carriers with no additional charged
impurities introduced during doping. For direct doping, the
rate of increase in μ versus temperature is suppressed. As
discussed, despite similar doping effects at 300 K of Direct 5-
MoS2 and Diff 25-MoS2, Direct 5-MoS2 shows smaller dμFE/
dT, likely due to stronger scattering from charged impurities
on the channel. In the case of Direct 25-MoS2 TEGs, the
highest μFE, indicative of strong screening effect from high
Δndop, decreases with temperature, (right panel of Figure 4a),
suggesting extremely high Δnimp can induce strong charged
impurity scattering and negative dμFE/dT. Furthermore, due to
the strong screening effect from the high Δndop region, the
increase in μ caused by the screening effect from thermally
excited charge carriers appears relatively less effective. From
these observations, we can infer that S reduction strongly
depends on doping methods (Figure 3), which can be
attributed to the values of dμ/dT with the different Δnimp.
Diff-MoS2 TEGs, with positive dμ/dT, exhibit the highest S,
whereas Direct 25-MoS2 TEGs, with negative dμ/dT, lead to
the lowest S. Despite similar screening efficiency by Δndop,
Direct 5-MoS2 TEGs exhibit lower S than Diff 25-MoS2 TEGs
due to increased charged impurity scattering reducing dμ/dT.
This is further supported by the theoretical calculations in
Figure 4b. In this theoretical model, the temperature-
dependence of charged impurity scattering-limited mobility
(dμimp/dT) is calculated by controlling Δnimp and Δndop, based
on screened charge impurity scattering model. For a fair
comparison, all cases use the same pristine carrier density
(nint), representing the n of MoS2 before doping. Additional
details on the theoretical model are provided in Section 6 of
Supporting Information.

As expected from the experimental data, for similar Δndop, a
lower Δnimp leads to a higher dμimp/dT. Conversely, extremely
high Δndop and Δnimp reduce dμimp/dT to a negative value,
aligning with our experimental results. Consequently, it implies
that the optimization of dμ/dT through minimizing Δnimp

Figure 4. Characterization of temperature-dependent mobility and theoretical calculations. (a) Temperature-dependent mobility of (left) Diff 25-
MoS2, (middle) Direct 5-MoS2, and (right) Direct 25-MoS2 TEGs with schematic images of MoS2 channel. (b) Theoretical calculations of charged
impurity limited mobility as a function of temperature.
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through diffusion doping can be a key pathway for enhancing
TE performance. These findings indicate that conventional
direct doping, while effective in improving σ of large-area 2D
TMDs, has a critical limitation in enhancing the TE
performance owing to the significant reduction in S.

We analyzed PF as a function of dopant concentration for
the direct and diffusion doping methods (Figure 5a). To
investigate the effects of charged impurities on PF, the
evaluation must be conducted under similar screening
condition. As shown, both methods enhance σ through
charge-carrier injection from the deposited BV dopants,
exhibiting an increase in PF compared with the Pri-MoS2
TEGs. However, in Direct-MoS2 TEGs, the PF remains nearly
constant with increasing dopant concentration due to a
significant reduction in S caused by increase in Δnimp and
the resulting gradual decline in dμ/dT caused. In contrast,
diffusion doping improves PF with dopant concentration
increasing σ without further degrading S due to positive dμ/
dT. This trend is consistent even under lower n range and
various gating voltages (Figure S16−17). Consequently, we
achieve a PF of approximately 1698 μW/mK2 for large-area 2D
MoS2 TEGs after diffusion doping. This is the highest value
recorded for large-area 2D TEGs compared to previous
studies,60−66 as shown in Figure 5b and Table S1, which
explored various doping techniques and device structures to
enhance the TE performance of CVD-grown 2D TMDs. To
further evaluate the environmental stability of MoS2 TEGs
with diffusion doping, we examined their long-term operational
reliability. Under prolonged operation over 5 days, we could
not observe significant degradation of thermoelectric perform-
ance, maintaining the Seebeck coefficient. (Figure S18).

In this study, we achieved a high PF in large-area MoS2
TEGs via diffusion doping. Using selective inkjet printing, the
BV dopants were deposited only on the contact regions, and
the donated electrons could then diffuse from the contact
regions into the TE legs. The proposed diffusion doping
significantly improved σ of the MoS2 TE legs without resultant
charged impurities onto the channel. Since S in 2D TMDs was
highly influenced by dμ/dT as well as change in n, diffusion
doping preserved high S by maximizing positive dμ/dT, which
is associated with minimizing charged impurity scattering. This
observation was demonstrated by temperature-dependent
electrical characterization, which showed that diffusion doping
can eliminate the contribution of charge−impurity scattering,
thereby mitigating the reduction of the S, as supported by
theoretical calculations of doped MoS2 TEGs. Consequently,
the Diff-MoS2 TEGs exhibited an optimized PF by enhancing
the σ while maintaining high S. This strategy addressed the
limitations of conventional direct doping, achieving the highest

PF with an average value of 1698 μW/mK2 for large-area 2D
MoS2. Our study provides insights into the effects of charge
transport on the TE performance of 2D TMDs, emphasizing
the significant impact of charged impurities in large-area 2D
TMDs for TE applications.
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