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1. Introduction

Over the past decades, 2D-layered mate-
rials have been used for a wide array of 
electronic and optoelectronic applications 
due to their atomically thin nature and the 
weak van der Waals interaction between 
the neighboring layers, which confer these 
materials a variety of novel nanoscale 
properties.[1,2] In particular, transition 
metal dichalcogenides (TMDCs) have been 
studied extensively due to the tunability of 
their electronic structures from semicon-
ducting (n-type, p-type, and ambipolar) to 
metallic by varying their chemical compo-
sitions and layer thicknesses. Additionally, 
their excellent electronic properties, such 
as high mobility, make them promising as 
materials for nanoelectronic devices.

Among the different novel device 
functionalities, TMDCs exhibit excel-
lent thermoelectric properties due to 
their high figures of merit (ZT), which 

are >1  for few-layer MoS2 and WSe2, predicted through theo-
retical calculations.[3,4] Through experimental investigations 
on the gate-field-induced active channels, semiconducting 
WSe2, MoS2, and black phosphorus bilayers exhibited compa-
rable thermoelectric power factors to that of commercialized 
Bi2Te3.[5,6] However, the measured thermopower values over 
the entire gate-voltage range were still lower than those of 
bulk materials.[7,8] To improve the thermoelectric power factor, 
some novel approaches, such as band engineering of platinum 
diselenide (PtSe2) by tuning the layer thickness to induce 
semimetal-to-semiconductor (SMSC) transition, band and car-
rier density modulation in oxyselenides, and vacancy-induced 
Kondo hybridization in MoS2/hexagonal boron nitride hetero-
structures, have recently been demonstrated.[5,9,10] Although 
these studies reported substantial scientific breakthroughs, 
employing the gate field effect in thermoelectric applications, 
which are geared toward generating or harvesting electrical 
energy from heat without additional power requirements, is 
relatively impractical. In this respect, doping (i.e., the ability 
to control the electrical properties by carrier density modula-
tion) is at the heart of optimizing thermoelectric properties of 
materials, which has already been well established for various 
materials.[11–13]

2D transition metal dichalcogenides (TMDCs) have revealed great promise for 
realizing electronics at the nanoscale. Despite significant interests that have 
emerged for their thermoelectric applications due to their predicted high ther-
moelectric figure of merit, suitable doping methods to improve and optimize 
the thermoelectric power factor of TMDCs have not been studied extensively. In 
this respect, molecular charge-transfer doping is utilized effectively in TMDC-
based nanoelectronic devices due to its facile and controllable nature owing 
to a diverse range of molecular designs available for modulating the degree of 
charge transfer. In this study, the power of molecular charge-transfer doping is 
demonstrated in controlling the carrier-type (n- and p-type) and thermoelectric 
power factor in platinum diselenide (PtSe2) nanosheets. This, combined with 
the tunability in the band overlap by changing the thickness of the nanosheets, 
allows a significant increase in the thermoelectric power factor of the n- and 
p-doped PtSe2 nanosheets to values as high as 160 and 250 µW mK−2, respec-
tively. The methodology employed in this study provides a simple and effective 
route for the molecular doping of TMDCs that can be used for the design and 
development of highly efficient thermoelectric energy conversion systems.
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Surface charge-transfer doping (SCTD) is one of the most 
effective doping methods to alter the carrier concentrations in 
TMDCs.[14–21] This method proceeds through the charge transfer 
between the host semiconductor and dopants unlike substitu-
tional doping, which involves the replacement of constituent 
transition metal elements in the structure with those with a dif-
ferent number of valence electrons. Therefore, SCTD is relatively 
nondestructive because the dopants can be deposited on the host 
semiconductor surface through postsynthesis treatments. In par-
ticular, molecular SCTD is a facile solution phase doping route, 
which allows the design of a diverse range of molecular struc-
tures with highly tunable carrier types (both n- and p-type dop-
ings) and doping strengths, thereby achieving a wide range of 
doping levels in various materials, including TMDCs.[14,16,17,19,21] 
However, despite the immense potential of this modification 
strategy, the effect of doping on the thermoelectric properties of 
TMDCs has not been studied extensively in literature.[22–24]

Here, n- and p-type-doped TMDC nanosheets from the same 
parental PtSe2 crystal were synthesized through the SCTD 
approach. To achieve the n- and p-type doping behaviors, strong 
molecular reductant (benzyl viologen (BV)) and oxidant (tris(4-
bromophenyl)ammoniumyl hexachloroantimonate, magic blue 
(MB)) were deposited on the surface of the PtSe2 nanosheets 
with different layer thicknesses, respectively. Herein, mole-
cular SCTD and thickness-dependent band engineering were 
employed simultaneously to modulate the electrical conductivity 
and, in turn, improve the thermoelectric power factor. The per-
formance of the doped TMDC nanosheets for thermoelectric 
applications was evaluated. Additionally, the obtained thermoe-
lectric power factor values of the n- and p-type-doped PtSe2 were 

compared to those of electrostatically doped nanosheets.[5] This 
study proves that molecular SCTD is a facile doping approach 
and an effective route for the fabrication of 2D TMDC materials 
for highly efficient thermoelectric energy conversion devices.

2. Molecular Charge-Transfer Doping  
of PtSe2 Nanosheets
The n- and p-type molecular dopants for the PtSe2 nanosheets 
were selected according to the energy requirements of the 
charge-transfer doping process. The highest occupied mole-
cular orbital levels of the electron-donating n-type dopants 
must be shallower than the conduction band of PtSe2 to 
favorably transfer the electrons from the dopant to the host 
semiconductor (Figure 1a). In previous reports, BV molecules 
have been used to dope 2D materials, such as graphene and 
TMDCs.[16,25,26] Among different n-type molecular dopants, BV 
has one of the lowest reduction potentials, which can facilitate 
the introduction of the electrons to the PtSe2 structure. The 
n-type doping process is a two-electron transfer mechanism 
involving three oxidation states of BV molecules, which are BV0, 
BV+, and BV2+. For the electron donation to the PtSe2 acceptors, 
the reduction potentials of the BV0/BV+ and BV+/BV2+ cou-
ples lie at energetically favorable positions (Figure 1a). On the 
other hand, MB molecules were used to prepare p-type-doped 
PtSe2 nanosheets due to their strong electron affinity, which 
is confirmed by its deep lowest unoccupied molecular orbital 
level at −5.6  eV (Figure  1b). The transfer of electrons from 
the PtSe2 host to the MB dopant molecules was also favorable  
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Figure 1.  Energy considerations of the n- and p-type charge-transfer doping of PtSe2 nanosheets. a) Schematic of the electron donation process of 
benzyl violegen (BV) to PtSe2. The electron donation from the valence band minimum (VBM) of BV to the conduction band minimum (CBM) of PtSe2 
is energetically favorable considering the first and second reduction potentials of the BV molecules. b) Schematic of the p-type doping of PtSe2 using 
magic blue (MB). The high electron affinity of MB allows the energetically favorable p-type doping of PtSe2.
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considering the valence band maxima of the PtSe2 monolayer 
and bilayer at −5.5 and −4.7 eV, respectively.

High-resolution scanning transmission electron microscopy 
(HR-STEM) was performed to study the structural properties of 
the synthesized materials. The top-view (Figure 2a) and side-
view (Figure  2b) HR-STEM images of the PtSe2 nanosheets 
reveal the single crystallinity of the mechanically exfoliated 
material.[5] The observed lattice spacings equal to 0.323 and 
0.508  nm correspond to the (100) and (001) planes of PtSe2, 
respectively, which agree well with previous reports (Figure S1, 
Supporting Information).[5,27] Additionally, the bright Pt atoms 
were surrounded with six dark Se atoms in both the top- and 
side-view images (overlaid colored schematic of the PtSe2 
structure in Figure 2a,b), which confirms the formation of the 
PtSe2-layered structure in the 1T phase. The scanning electron 
microscopy (SEM) image in Figure 2c further confirms the lay-
ered structure of the PtSe2 nanosheets.

The n- and p-type doping of PtSe2 by BV and MB dopants can 
be characterized through Raman and X-ray photoelectron spec-
troscopy (XPS) measurements of bulk nanosheets (>20 nm). 
From the Raman spectroscopy data shown in Figure 2d, the two 
apparent peaks at 178 and 206 cm–1 correspond to the active E2g 
and A1g modes due to lateral and vertical vibration modes of 

PtSe2, respectively.[5] The A1g Raman peak of the BV- (MB-)doped 
PtSe2 sample shifted toward higher (lower) binding energies, 
which reflects the softening (hardening) of the electronic struc-
ture due to the increased (decreased) electron concentration; the 
shifting of this peak can attribute to the stronger (weaker) elec-
tron–phonon coupling after the n- (p-)doping.[28] These results 
correspond well to those of previously reported studies on the 
molecular and electrostatic n- and p-doping of other TMDCs, 
such as 1T-MoS2.[16,21,28] Figure  2e,f shows the Se 3d and Pt 4f 
core–level regions of the XPS spectra of the pristine and doped 
PtSe2 nanosheets. The n-type doping of the nanosheets was fur-
ther confirmed by the shifting of both these peaks toward higher 
binding energies. Conversely, the shifting of these peaks toward 
lower energies after the introduction of MB molecules affirms 
the formation of the p-type-doped PtSe2. These results also indi-
cate the movement of the Fermi level of the PtSe2 nanosheets 
closer to the conduction band minimum (CBM) and valence 
band minimum (VBM) after n- and p-doping, respectively. Cor-
respondingly, the shifts also reveal the increased electron car-
rier and hole densities in the nanosheets. The line shape of the 
XPS profiles remained almost the same, which implies that the 
intrinsic bonding nature in the PtSe2 host was not considerably 
affected by the introduction of the molecular dopants.

Small 2022, 18, 2200818

Figure 2.  Structural properties and surface chemistries of the PtSe2 nanosheets. a) HR-STEM and b) cross-sectional images of the exfoliated PtSe2 
nanosheets. The green and orange circles represent the Pt and Se atoms, respectively. c) Top-view SEM images of the layered PtSe2 nanosheets.  
d) Raman spectra, and e) Pt 4f and f) Se 3d core–level regions of the XPS spectra of the pristine, and MB- and BV-doped PtSe2 nanosheets.
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3. n-Type Doping of the PtSe2 Nanosheets Using 
BV Molecules

The n-type doping of the PtSe2 host using BV molecules and 
the corresponding optimal thickness of the nanosheets for the 

surface doping process were determined using nanosheets with 
different thicknesses and distinct band structures. Figure 3a  
shows the height profiles of the nanosheets transferred on the 
substrates with thicknesses of 9.5, 4.1, and 1.5 nm, which exhibit 
metal-like, semimetallic, and semiconducting band structures,  
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Figure 3.  n-type modulation in BV-doped PtSe2 nanosheets. a) Atomic force microscopy (AFM) height profiles of the PtSe2 nanosheets used in the 
SCTD process with BV dopants. The top and bottom insets show the optical images of the nanosheet devices with thicknesses of 9.5 and 4.1 nm, 
respectively. Optical images of the 1.5 nm thick nanosheet device b) before and c) after the drop-casting of the BV dopants. Effect of BV doping on 
the gate-dependent electrical conductivities of the d) 9.5, e) 4.1, and f) 1.5 nm thick nanosheets. Unfilled green and filled orange circles represent 
the pristine and BV-doped nanosheets, respectively. The insets of panels (e) and (f) show the gate dependence of the undoped nanosheets. Gate-
modulated Seebeck coefficients of the pristine and BV-doped nanosheets with thicknesses of g) 9.5, h) 4.1, and i) 1.5 nm. The inset in panel (i) shows 
the magnified view of the gate modulation of the 1.5 nm thick BV-doped nanosheet. The error bars reported were obtained from ten measurements. 
Bars smaller than the symbol size are not shown.
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respectively (see Figure  S2 in the Supporting Informa-
tion).[5,29,30] The nanosheets were metallized to measure their 
transport properties (Figure  3a,b, insets); measurements were 
also recorded after the drop casting of the BV molecules to mon-
itor the changes in the properties of the nanosheets after the 
doping. Figure 3c reveals that the dopant molecules covered the 
entire nanosheet surface. To ensure homogeneous doping levels 
on the entire surface, the uniformity of the nanosheet thick-
ness was confirmed prior to the metallization step (Figure S3,  
Supporting Information).

The changes in the values of the electrical conductivity (σ) 
and the observed different gating behaviors clearly indicate 
that the BV dopant worked as an electron donor for the PtSe2 
nanosheets with thicknesses lower than 10  nm (Figure  3d–f). 
In the pristine nanosheets, the gated electrical conductivi-
ties showed a good agreement with the previous results of 
the nanosheets obtained from the same PtSe2 crystals.[5,30] 
Although PtSe2 has semimetal properties and an indirect band 
overlap, the nanosheets with a thickness of 9.5 nm, which cor-
responds to 19 layers of the material, exhibited metal-like char-
acteristics. This is due to its sufficient electron density of states 
at the Fermi level, which possibly originated from the band 
overlap caused by the strong interlayer hybridization of the Se 
orbitals (Figure S2a, Supporting Information).[5,29] As expected, 
the electrical conductivity increased marginally from 222 × 
103 to 228 × 103 S m−1 after the introduction of the additional 
electrons from the BV dopants. Furthermore, the weak n-type 
gating behavior of the pristine PtSe2 sample was maintained 
even after the n-doping (Figure 3d). The degree of band overlap 
in the pristine sample with a thickness of 4.1 nm, which corre-
sponds to ≈10 PtSe2 layers, was noticeably reduced (Figure S2b,  
Supporting Information). This result is further confirmed by 
the significantly lower electrical conductivity of the 4.1 nm thick 
PtSe2 nanosheets relative to that of the 9.1  nm thick sample 
and its ambipolar characteristics,[5,30,31] which reveal the n- 
and p-type gate dependences of the electrical conductivity for 
the positive and negative gate voltages, respectively (Figure 3e, 
inset). On the other hand, the electrical conductivity of the pris-
tine nanosheets with a thickness of 1.5 nm was low due to the 
drastic reduction of its carrier density (Figure  3f, inset). Con-
sequently, this implies the opening of the bandgap due to the 
weak interlayer hybridization (Figure S2d, Supporting Informa-
tion).[5,30] In these thin nanosheets with low intrinsic carrier 
densities, the electrons transferred from the BV molecules after 
the doping become the major carriers, which can be seen in 
the monotonic n-type gate dependence of the channel conduct-
ance and the significant increase in electrical conductivity at 
different gate voltages (Figure 3e,f).

The extracted Seebeck coefficients (S) also confirm the n-type 
modification of the PtSe2 nanosheets after the introduction 
of the BV molecules (Figure  3g–i). Since the contributions of 
electrons and holes carry opposite signs toward the thermo-
electric voltage, the sign and magnitude of the Seebeck coef-
ficient reflect the variations in the charge carriers in the doped 
nanosheets and the changes in the band structure and carrier 
density.[32] The weak n-type gating behavior of the pristine 
PtSe2 sample (thickness = 9.5  nm) with a high intrinsic elec-
tron density was further confirmed from the Seebeck coeffi-
cients. Moreover, the additional electrons generated from the 

BV doping possibly increased the magnitude of the Seebeck 
coefficient (Figure 3g). Conversely, a typical ambipolar behavior 
was observed on the Seebeck coefficients of the 4.1  nm thick 
undoped nanosheets with a shallow band overlap (Figure 3h).[5] 
Considering the electrical conductivity measurements, the 
transferred electrons became the major carriers after the n-type 
doping. Regardless of the gate voltage, the extracted Seebeck 
coefficient was negative. Furthermore, the magnitude of the 
Seebeck coefficient of the 4.1  nm thick nanosheets was larger 
than that of the 9.5 nm thick sample after the introduction of 
the BV dopants. This can be attributed to the reduction of the 
opposing contribution of the holes due to the weaker band 
overlap in the thinner nanosheet.[5,33] In a previous work, the 
Seebeck coefficient of a gate-modulated bilayer PtSe2 semicon-
ducting nanosheet had an order of magnitude in mV K−1.[5] 
Similarly, the 1.5 nm thick pristine sample exhibited semicon-
ducting features, such as discontinuous Seebeck coefficients 
at Fermi levels within the bandgap (Figure  3i). The bandgap 
of this semiconducting nanosheet severely limits the contribu-
tion of the hole transport. Therefore, the highest Seebeck coef-
ficients were obtained after the BV doping of these 1.5 nm thick 
PtSe2 nanosheets. This is despite the predicted lower magni-
tude of the Seebeck coefficient at higher carrier densities using 
a single-band model (inset of Figure 3i).[22]

The experimental changes in the values and gate depend-
ence of the electrical conductivities and Seebeck coefficients of 
the PtSe2 nanosheets before and after the introduction of the 
BV dopants were consistent with the estimation of the trans-
port properties from the energy obtained by solving the Boltz-
mann transport equation (BTE) through density functional 
theory (DFT) calculations (Figure S4, Supporting Informa-
tion). Regardless of the band structure, the additional electrons 
from the BV dopants increased the electrical conductivity of 
the nanosheets. On the other hand, the Seebeck coefficients 
changed with the band structure. In the two-band energy region 
where minor carriers (hole) also exist, the increase in the major 
carrier (electron) concentration increased the absolute value of 
the Seebeck coefficient. In contrast, this lowered the magnitude 
of Seebeck coefficient in the one-band region (Figure S4a,b,d, 
Supporting Information).

4. p-Type Doping of the PtSe2 Nanosheets Using 
MB Molecules
The dependence of the properties of the p-type-doped PtSe2 
host on the thickness of the nanosheets was studied using 15.3, 
3.4, and 2.8 nm thick samples. Figure 4a shows the height pro-
files and optical images of the nanosheets after their metalliza-
tion on the substrates. Similar to the BV dopants, the MB layer 
deposited through drop casting covered the entire nanosheet 
surface (Figure  4b,c). The transport properties of the PtSe2 
nanosheets before and after the introduction of the MB dopants 
were measured to study the p-type modulation of the samples.

The electrical conductivity of the 3.4 and 2.8  nm thick 
PtSe2 nanosheets increased after MB doping (Figure 4e,f). On 
the other hand, the conductivity of the 15.3  nm thick sample, 
which has a large band overlap comparable to that of bulk 
PtSe2 crystals (Figure S2a, Supporting Information), decreased 

Small 2022, 18, 2200818
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slightly (Figure  4d).[5,30] The type of the charge carriers gener-
ated in the thickest sample can be hardly determined using the 
observed variations in its electrical conductivity alone. As MB 
dopants are expected to transfer holes to the PtSe2 nanosheets, 
the gate modulation of the channel conductance reflects the 

changes in the charge carriers of the doped nanosheets. The 
sample with a thickness of 15.3  nm, corresponding to ≈30 
layers of PtSe2, exhibited metallic characteristics; no consider-
able gate modulation in the channel conductance was observed 
before and after the MB doping. On the other hand, ambipolar  

Small 2022, 18, 2200818

Figure 4.  p-type modulation in the MB-doped PtSe2 nanosheets. a) Atomic force microscopy (AFM) height profiles of the PtSe2 nanosheets used in 
the SCTD process with MB dopants. The top and bottom insets show the optical images of the nanosheet devices with thicknesses of 3.4 and 2.8 nm, 
respectively. Optical images of the 15.3 nm thick nanosheet device b) before and c) after the drop-casting of the MB dopants. Effect of MB doping on 
the gate-voltage-dependent electrical conductivities of the d) 15.3, e) 3.4, and f) 2.8 nm thick nanosheets. Unfilled green and filled blue circles represent 
the pristine and MB-doped nanosheets, respectively. The insets of panels (e) and (f) show the magnified view of the gate modulation of the undoped 
nanosheets. Gate-modulated Seebeck coefficients of the pristine and BV-doped nanosheets with thicknesses of g) 15.3, h) 3.4, and i) 2.8 nm. The 
inset in panel (h) shows the gate-field dependence of the MB-doped nanosheet. The error bars reported were obtained from ten measurements. Bars 
smaller than the symbol size are not shown.
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characteristics were observed on the nanosheet with less than 
ten PtSe2 layers (Figure  4e, inset) due to the reduction of the 
band overlap energy (Figure S2b, Supporting Information).[31] 
The introduction of the MB dopants changed the gating 
behavior of the 3.4  nm thick nanosheets to a monotonic vari-
ation. Furthermore, p-type dependence was observed, wherein 
the conductivity increased as the gate voltage was scanned from 
positive to negative values. Similarly, the ambipolar characteris-
tics of the thinnest nanosheet (thickness = 2.8 nm) also showed 
an apparent p-type modulation with substantially increased 
electrical conductivity values after MB doping (Figure 4f, inset).

The effect of doping on the extracted Seebeck coefficients 
reveals the different underlying electronic structures obtained 
due to the different degrees of band overlap in the PtSe2 
nanosheets with different thicknesses. The absolute value of 
Seebeck coefficient in the thickest nanosheet, which exhib-
ited metallic characteristics and negligible gate modulation, 
decreased slightly after MB doping (Figure 4g). This result cor-
responds well to the observed marginal decrease in the elec-
trical conductivity in Figure  4d. Furthermore, this reveals a 
bipolar transport mechanism in the 15.3  nm thick nanosheet 
because of its low degree of doping due to the surface-limited 
nature of SCTD. This effect corresponds well to that achieved 
after BV doping, wherein the low degree of n-modulation mar-
ginally increased the conductivity and absolute value of See-
beck coefficient in the 9.5 nm thick PtSe2 sample in the bipolar 
transport regime (Figure  3d,g).  Considering the signs of the 
Seebeck coefficients, hole transport became dominant after 
MB doping except in the thickest nanosheets (Figure 4g–i). The 
ambipolar gate-voltage dependence of the Seebeck coefficients 
of the 3.4  nm thick semimetallic nanosheets became positive 
after the introduction of the MB molecules (Figure  4h). Fur-
thermore, the slight decrease in the coefficient during the field-
induced hole accumulation below 0  V indicates that the con-
tribution of the electron transport in the doped nanosheet was 
negligible (Figure 4h, inset).[5,34] On the other hand, the 2.8 nm 
thick nanosheet cannot be considered as a fully semiconducting 
material due to the thermal excitation of its carriers despite the 
complete opening of its bandgap (Figure S2c, Supporting Infor-
mation). However, the considerably large magnitudes of the 
Seebeck coefficients measured at both ends of the gate-voltage 
sweep (Figure 4i) imply the substantial reduction of the charge 
carrier density. For this sample, the gated Seebeck coefficient 
could only be measured at 0 V owing to electrostatic discharge 
problems. Nevertheless, the positive sign and large magnitude 
(above 150 µV K−1) of the Seebeck coefficient due to the reduced 
contribution of the minor charge carriers (electrons) confirm 
the effective p-type doping of the PtSe2 nanosheets using MB 
molecules.

The changes in the electrical conductivity and Seebeck coef-
ficient of the PtSe2 nanosheets before and after the introduc-
tion of the MB dopants agree well with the estimated transport 
properties obtained through BTE calculations (Figure S4, Sup-
porting Information). In the energy region where electrons 
are the major charge carriers, the generation of minor carriers 
(holes) through MB doping decreased the electrical conduc-
tivity and absolute value of the Seebeck coefficient (Figure S4a, 
Supporting Information). In contrast, in the one-band energy 
region, increasing the density of the major charge carriers 

(holes) slightly reduced the Seebeck coefficient and significantly 
improved the electrical conductivity of the PtSe2 nanosheets 
(Figure S4b,c, Supporting Information).

5. Modulation of the Thermoelectric Power Factor 
through BV and MB Doping
The changes in the thermoelectric properties of the doped PtSe2 
nanosheets demonstrate the strong n- and p-type modulations 
of the samples, which were accelerated by the decreasing band 
overlap, using BV and MB molecules, respectively. Although 
the gate-voltage dependence of the thermoelectric properties 
is crucial in understanding the doping effects on the PtSe2 
nanosheets, the thermoelectric transport properties extracted at 
0 V, i.e., those recorded without the application of an external 
voltage bias, are critical to evaluate the practical relevance of 
the observed doping-enhanced properties. Figure 5a shows the 
summary of the conductivities and Seebeck coefficients of the 

Small 2022, 18, 2200818

Figure 5.  Thermoelectric performance of the PtSe2 nanosheet-based 
devices. a) Electrical conductivity and Seebeck coefficients of the pris-
tine (unfilled green symbols), and BV-doped (filled orange symbols) and 
MB-doped (filled blue symbols) PtSe2 nanosheets with different thick-
nesses. Error bars smaller than the symbols are not shown. b) Ther-
moelectric power factor of the nanodevices based on gate-modulated 
pristine (unfilled green symbols) and molecular-doped (filled symbols, 
BV: orange, MB: blue) PtSe2 nanosheets with respect to the electrical 
conductivity. Error bars with sizes similar to those of the symbols are 
omitted for readability.
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pristine and doped PtSe2 nanosheets with different thicknesses 
at a gate voltage bias of 0  V. As seen from Figures  3 and  4, 
markedly improved conductivity values are seen for the thinner 
PtSe2 nanosheets (up to 3.4 nm), which reflects the role of the 
decreasing band overlap, and thereby reducing the intrinsic 
carrier concentration. The largest increase in the conductivity 
(>5 orders of magnitude) was observed on the semiconducting 
nanosheet sample with a thickness of 1.5  nm. On the other 
hand, the effect of doping on the metallic samples with more 
than 20 layers of PtSe2 (thickness = 9.5 and 15.3 nm) was not 
very apparent due to their large band overlaps and intrinsic car-
rier densities. Considering the negative signs of their extracted 
Seebeck coefficients, the pristine nanosheets exhibited n-type 
characteristics. On the other hand, the semimetallic nanosheets 
(thickness = 2.8 and 3.4 nm) exhibited p-type modulation after 
the MB doping.

To assess the thermoelectric performance of the doped PtSe2 
nanosheets, the thermoelectric power factors (σ·S2) at dif-
ferent doping levels were estimated based on the experimental 
results.[32] In doing so, the optimal band structures of the PtSe2 
nanosheets doped with BV and MB molecules through SCTD 
can also be determined.[5] Figure  5b shows the values of the 
conductivity-dependent power factors of the pristine and doped 
nanosheets. The maximum values of the power factors of the 
pristine samples were all below 50 µW mK−2, which agrees 
well with those on previously reported studies. Furthermore, 
the observed trend of the values of the conductivity-dependent 
power factors is also consistent with those obtained in previous 
works.[5] On the other hand, the values of the power factors 
of the doped PtSe2 nanosheets with thicknesses ranging from 
1.5 to 4.1 nm considerably increased beyond 100 µW mK−2. In 
particular, the 3.4  nm thick MB-doped nanosheets registered 
the maximum value of the power factors (255.7 µW mK−2), 
which is higher than that of a previously reported PtSe2 bilayer  
(≈140 µW mK−2).[5] The maximum value of the power factors 
reported on the doped PtSe2 nanosheets prepared in this study 
through SCTD compares favorably to those reported for other 2D 
TMDC devices based on different materials fabricated through 
various doping methods (Table S1, Supporting Information). 
The drastic increase on the power factor of the 3.4  nm thick 
nanosheets up to five times of its initial value (48.2 µW mK−2)  
can be attributed to the large increase in the doping level 
attained after the SCTD using MB molecules; this is as con-
firmed by the higher conductivity of the MB-doped sample  
(>80 × 103 S m−1) compared to that of the pristine PtSe3 
nanosheets (≈2 × 103 S m−1). In the case of BV doping, the 
maximum power factor of 165.9 µW mK−2 obtained from the 
4.1 nm nanosheet was also higher than the gate-field-enhanced 
value (≈50 µW mK−2). The detailed gate-field-dependent power 
factor values of pristine and doped nanosheets are presented in 
Figure S5 (Supporting Information).

The thickness dependence of the doping effects on the 
thermoelectric power factors can be justified by the following 
considerations. To improve the power factor, the electrical con-
ductivity and Seebeck coefficient should be increased simulta-
neously. However, these two properties exhibit a trade-off rela-
tionship depending on the carrier density based on the typical 
single-band model.[13] Moreover, for semimetals depicted using 
the two-band model, the precise control of the band overlap 

energy and carrier density is necessary to reduce the minor 
carrier effect, which decreases the total Seebeck coefficient of 
materials.[33] Considering these principles and the results on 
the modulation of the power factor, the shallow band overlap 
of the nanosheets with less than ten PtSe2 layers was optimal 
for the introduction of the BV and MB dopants. The power 
factors of the semimetallic nanosheets with thicknesses of 4.1 
and 3.4 nm at 0 V increased by 30 and 50 times after BV and 
MB charge-transfer doping, respectively. However, despite the 
efforts to increase the power factor, a practical ZT value is still 
difficult to achieve. Based on BTE and DFT calculations and 
temperature-dependent Raman measurements, 2D TMDCs 
exhibit higher intrinsic thermal conductivity than typical ther-
moelectric materials.[35–37] Therefore, it is necessary to develop 
material design strategies for reducing the thermal conductivity 
via suppressing the phonon propagation in these low-dimen-
sional materials to achieve a practical ZT value.[38–42]

6. Conclusion

In summary, we demonstrate that n-type and p-type molecular 
doping effects in PtSe2 nanosheets were synthesized through a 
facile solution phase charge-transfer doping process. Consider-
able improvements in the conductivity of the PtSe2 nanosheets 
were observed. The thermoelectric properties of the pristine 
and doped PtSe2 samples with respect to the gate voltage and 
layer thickness were evaluated to show that the carrier concen-
tration can be precisely controlled through the employed mole-
cular doping. Furthermore, the different band overlaps achieved 
after doping conferred metallic, semimetallic, and semicon-
ducting characteristics to the PtSe2 nanosheets. Our molecular 
surface-charge-transfer-doping approach for enhancing thermo-
electric properties is not only limited only to PtSe2 nanosheets 
but can be expanded to various other TMDCs in addition to 
other 2D materials. The synergetic effects of the tuning of the 
band overlap by controlling the thickness of the TMDCs and 
the introduction of dopants to the materials through molecular 
SCTD provide beneficial insights for the development of facile 
routes for the design of highly efficient thermoelectric energy 
conversion systems based on 2D nanomaterials.

7. Experimental Section
Materials and Device Fabrication: PtSe2 nanosheets were prepared 

through the mechanical exfoliation of the PtSe2 bulk crystals (HQ 
Graphene). The exfoliated nanosheets were transferred on SiO2 
(thickness = 300 nm)/Si substrates (Figure S1, Supporting Information). 
Field emission scanning electron microscopy (FE-SEM, JEOL-6701F), 
transmission electron microscopy (TEM, JEM-ARM 200F, Jeol), dual 
beam focused ion beam (FIB-SEM, Crossbeam 540, ZEISS), atomic 
force microscopy (AFM, XE-150, Park Systems) were performed to study 
the structural properties of the PtSe2 nanosheets.[43] The patterned 
PtSe2 nanosheet electrodes on the SiO2/Si substrates were produced 
through electron beam lithography (VEGA3, Tescan and NPGS, JC Nabity 
Lithography Systems). Then, these were exposed to inductively coupled Ar 
plasma for 20 s. To improve the contact between the PtSe2 nanosheet and 
electrodes, metallization (Cr (10 nm)/Au (150 nm)) was performed using 
a custom-built etching and sputtering system. Figure S6 (Supporting 
Information) shows the detailed device fabrication procedure.
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Transport Property Measurements: PtSe2 microdevices were 
fabricated using a heater electrode, and near (near-TM) and far (far-
TM) thermometers. The electrical conductivity of the microdevice was 
measured using V–I and I–V measurement systems (2182 nanovoltmeter 
and 236 source meter, Keithley) under high vacuum conditions. For the 
calculation of the Seebeck coefficient, the voltage difference between the 
near-TM and far-TM was measured using a nanovoltmeter. On the other 
hand, the temperature difference was determined from the temperature 
coefficient of the resistance of each thermometer obtained using a 
lock-in amplifier (SR850, Stanford Research Systems). All measurements 
were conducted in a closed cycle cryostat (X-1AL, Advanced Research 
Systems) under high vacuum conduction (<5 × 10–6  Torr) to prevent 
thermal fluctuations.

Surface Charge-Transfer Doping Using the Synthesized BV and MB 
Dopants: For the n-type SCTD, the BV dopants were prepared using 
1,1′-dibenzyl-4,4′-bipyridinium dichloride (Sigma–Aldrich, 97%). 
BV dichloride was dissolved in deionized water. Then, toluene was 
added, which produced a toluene–water bilayer. To reduce the BV2+ 
ions in BV dichloride to BV0, NaBH4 (Sigma–Aldrich) was added to 
the solution. After ≈12 h, the resulting BV solution in the top toluene 
layer (10  × 10−3 m) was extracted using a micropipette. More detailed 
descriptions of the procedure can be found in previously reported 
studied.[16,25] On the other hand, for the p-type doping, MB solutions 
(5  × 10−3 m) were synthesized by dissolving tris(4-bromophenyl)
ammoniumyl hexachloroantimonate (Sigma–Aldrich) in anhydrous 
dichloromethane.[21] To achieve the molecular doping, BV or MB 
dopants were drop-casted to the patterned PtSe2 microdevices. Then, 
these devices were dried under ambient conditions to remove the 
solvent molecules. The degree of doping of the doped PtSe2 nanosheets 
was characterized through X-ray photoelectron spectroscopy (K-alpha, 
Thermo Fisher Scientific, Inc.) and Raman spectroscopy (LabRam 
ARAMIS, Horiba Scientific).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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