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Molecular Dopant-Dependent Charge Transport in
Surface-Charge-Transfer-Doped Tungsten Diselenide
Field Effect Transistors

Jae-Keun Kim, Kyungjune Cho, Juntae Jang, Kyeong-Yoon Baek, Jehyun Kim, Junseok Seo,
Minwoo Song, Jiwon Shin, Jaeyoung Kim, Stuart S. P. Parkin, Jung-Hoon Lee,*

Keehoon Kang,* and Takhee Lee*

The controllability of carrier density and major carrier type of transition metal
dichalcogenides(TMDCs) is critical for electronic and optoelectronic device
applications. To utilize doping in TMDC devices, it is important to understand
the role of dopants in charge transport properties of TMDCs. Here, the effects
of molecular doping on the charge transport properties of tungsten diselenide
(WSe;,) are investigated using three p-type molecular dopants, 2,3,5,6-tetra-
fluoro-7,7,8,8-tetracyanoquinodimethane (F,-TCNQ), tris(4-bromophenyl)
ammoniumyl hexachloroantimonate (magic blue), and molybdenum tris(1,2-
bis(trifluoromethyl)ethane-1,2-dithiolene) (Mo(tfd-COCFj;);). The temperature-
dependent transport measurements show that the dopant counterions on
WSe, surface can induce Coulomb scattering in WSe, channel and the degree
of scattering is significantly dependent on the dopant. Furthermore, the quan-
titative analysis revealed that the amount of charge transfer between WSe,
and dopants is related to not only doping density, but also the contribution of
each dopant ion toward Coulomb scattering. The first-principles density func-
tional theory calculations show that the amount of charge transfer is mainly
determined by intrinsic properties of the dopant molecules such as relative
frontier orbital positions and their spin configurations. The authors’ system-
atic investigation of the charge transport of doped TMDCs will be directly
relevant for pursuing molecular routes for efficient and controllable doping in
TMDC nanoelectronic devices.

1. Introduction

2D layered materials have attracted
remarkable attention due to their ultrathin
nature with thickness-dependent tun-
able electronic structure which make
them a promising candidate for the
next-generation electronic and optoelec-
tronicdevices.'"™Bl In particular, semicon-
ducting transition metal dichalcogenides
(TMDCs), such as molybdenum disulfide
(MoS,) and tungsten diselenide (WSe,),
have shown desirable field-effect transistor
(FET) properties such as the high on—off
ratio, high mobility, and low subthreshold
swing voltage.

To utilize TMDCs for various electronic
and optoelectronic device applications, the
ability to control conductivity and carrier
type is essential. In this manner, several
studies have been reported for control-
ling the electrical properties of TMDCs
by doping which allows tuning of free
carrier concentration and the majority car-
rier type.23 One of the approaches is
substitutional doping, which is replacing
transition metal elements (Mo, We) in
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TMDCs with other elements with a different number of valence
electrons (such as Nb, Re, or Zr).*1 Although substitutional
doping has an advantage in terms of the doping stability, the
controllability of doping level is comparatively difficult to
achieve via a direct synthesis.'>?¥ Another route for control-
ling the electrical characteristics of TMDCs is by surface charge
transfer doping (SCTD).”-2)l SCTD involves physisorption
of dopants on the surface of TMDCs, which induces a charge
transfer across the TMDC/dopant interface. A large surface
area to volume ratio of 2D layered TMDCs makes them highly
sensitive to the surface-attached dopants. In addition, com-
paring to substitutional doping, SCTD has an advantage that it
is a relatively non-destructive process. Particularly, for SCTD by
molecular reductants (oxidants) for n(p)-type doping, the poten-
tial range of material selection for dopants is diverse due to a
high degree of freedom in the molecular design.?”) For these
reasons, several studies have demonstrated the applicability of
molecular SCTD in TMDC electronic devices for reducing con-
tact resistance and controlling the carrier type for complemen-
tary logic applications.[19-21:26-28]

Considering that SCTD involves the creation of charged
dopants on the surface of the doped TMDCs, it is natural to
consider the Coulomb scattering induced by the dopants in the
proximity to the charge carriers in TMDC. In this regard, in
graphene, SCTD was shown to induce charged impurity scat-
tering which significantly affected the charge transport.l?%) Like-
wise, we can expect that SCTD will induce charged impurity
scattering in doped TMDCs. Ideally, molecular SCTD should
preserve the high carrier mobility of TMDCs by minimizing
the charged impurity scattering.3%3! Therefore, in order to fully
realize the potential of molecular doping, it is essential to under-
stand what fundamental properties of molecular dopants and
their interfacial properties with TMDCs determine the degree
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of charge transfer, as well as their effects on the overall charge
transport, both of which have been rarely studied. In particular,
a direct relationship between local charge transfer processes
of different molecular dopants and their effects on the charge
transport properties of TMDC devices is yet to be quantified.
Here, we systematically studied the electrical transport in doped
WSe, by SCTD using three p-type molecular dopants with dif-
ferent electron affinities. Considering that doping strength of
each molecular dopant is typically dependent on intrinsic mole-
cular properties such as their relative frontier orbital positions,
we investigated the doping effects on the charge transport of
WSe, FETs by measuring the temperature-dependent intrinsic
channel mobility values. Additionally, we performed first-prin-
ciple density functional theory (DFT) calculations to compute
and compare the degrees of charge transfer from WSe, to mole-
cular dopants, which could be related to a varying degree of
charged-impurity scattering induced by each dopant ion.

2. Results and Discussion

As the p-type molecular dopants for SCTD on WSe,, three
different molecules were used in this study; 2,3,5,6-tetra-
fluoro-7,7,8,8-tetracyanoquinodimethane  (F4-TCNQ), tris(4-
bromophenyl)ammoniumyl hexachloroantimonate  (magic
blue), molybdenum tris(1,2-bis(trifluoromethyl)ethane-1,2-dith-
iolene) (Mo(tfd-COCF3);). The molecular structure of each
dopant is shown in Figure 1la. The dopants with different
lowest unoccupied molecular orbital (LUMO) levels were
chosen for investigating different doping strengths according
to the LUMO level which correlates with the electron affinity.
Figure 1b shows the energy diagrams for the valence band
maximum (VBM) of WSe, and LUMO levels of the molecular
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Figure 1. a) The lattice structure of WSe, and the molecular structures of F,-TCNQ, magic blue, and Mo(tfd-COCF3); molecular dopants. b) Energy
diagram of WSe, and the LUMO levels of dopant molecules. CBM and VBM are the abbreviations of conduction band minimum and valence band
maximum, respectively. ¢) The schematic of four-point probe measurement with optical image of a WSe, FET.
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Figure 2. The representative transfer curves of pristine and p-doped WSe, FETs by a) F4-TCNQ, b) magic blue, and c) Mo(tfd-COCF;); with three
different dopant solution concentration. d) The carrier density generated by F,-TCNQ, magic blue, and Mo (tfd-COCF3); doping (Anyse,) with three
different dopant solution concentration. Error bars indicate the standard deviation from the mean value extracted from several devices.

dopants. Due to similar (F,-TCNQ) or deeper (magic blue and
Mo(tfd-COCF;);) LUMO levels of the dopants relative to the
VBM of WSe, (5.33 eV),?233] all three molecules are expected
to act as p-type dopants. Also, it is expected that magic blue
(LUMO level: 5.5 eV)2! and Mo(tfd-COCF;); (5.6 eV)B4 gen-
erate a higher carrier density in WSe, FETs than F,-TCNQ
(5.2 eV).? To measure the intrinsic channel mobility of WSe,
FETs, we employed a four-point probe measurement as sche-
matically shown in the optical image of a WSe, FET device
in Figure lc. In this measurement, the intrinsic conduct-
ance of WSe, channel (i.e., free from contact resistance) can
be obtained by measuring the voltage difference between the
two inner probes (P, P,) located in the channel while current
was flown between the contacts (S, D) by applying drain (Vp)
and gate voltages (Vgs). In device fabrication, we confirmed
that the effect of thickness of WSe, on doping was not domi-
nant in our devices (see details in Experimental Section and
Supporting Information).

Before we conducted the four-point probe measurement,
the effects of the molecular dopants were investigated through
conventional FET measurement with two-probe measure-
ments. Figure 2a—c shows representative transfer curves of
pristine WSe, FETs and p-doped WSe, FETs with F,-TCNQ,
magic blue, and Mo(tfd-COCF;); at different doping levels.
The pristine WSe, FETs exhibited typical ambipolar charac-
teristics.?%¥] As shown in Figure 2a, for F,-TCNQ molecular
solution the threshold voltage shifts to the positive gate voltage
direction, indicating the typical p-type doping behavior. As the
dopant solution concentration of Fi-TCNQ increases from 1
to 5 mm, the current level of the WSe, FET increases and the
threshold voltage shifts to the higher positive gate voltage. This
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result demonstrates the controllability of F,-TCNQ doping
via a sequential doping with the varying solution concentra-
tion. The same doping processes were performed for the other
two molecular dopants (magic blue and Mo(tfd-COCF;);) in
the same manner as F,-TCNQ. As shown in Figure 2b,c, the
overall results exhibit similar characteristics for the other two
dopants; the current level increases and the threshold voltage
shifts to positive gate voltage direction with increasing dopant
solution concentration. We can clearly see consistent results for
several devices (see Figure S2, Supporting Information). Fur-
thermore, we confirmed the p-type doping behavior by the shift
of work function of WSe, after doping using the Kelvin probe
force microscope measurement (see Figure S3, Supporting
Information).

To compare the doping strength and doping range achiev-
able with each molecular dopant, we have calculated the
amount of generated carrier density by doping (Anyse,) using
the following relation Anys., = C;AVy, where C; is the capaci-
tance per unit area of the bottom SiO, layer (C; = [g &]/d =
1.3 x 10* F m™2, where g, is the permittivity of vacuum
[8.85 x 1072 F m™], &, is dielectric constant of SiO, [3.9], and
d is thickness of SiO, [270 nm]) and AVy, is the shift in the
threshold voltage of the doped WSe, FETs relative to the pris-
tine devices. Anyse, for three molecular dopants cases are
summarized in Figure 2d. For this figure, several WSe, FETs
(typically four to six devices) were measured to obtain the
average AVy and standard deviation values shown as error
bars. For all the three molecular dopants, Anys., increases
with increasing the concentration of the dopant solutions,
as shown in Figure 2d. It is worth noting that the maximum
Ahyses for Fi-TCNQ (3.61 x 102 cm™2) was lower than that
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Figure 3. The representative gate-voltage dependent conductance curves of a) pristine and b) Mo (tfd-COCF3);-doped WSe, devices at various tem-
peratures. The representative temperature-dependent intrinsic mobility values extracted for the pristine and doped WSe, devices with c) F,-TCNQ,

d) magic blue, and e) Mo(tfd-COCFy3);.

for magic blue (703 x 102 cm™2) and Mo(tfd-COCF;); devices
(415 x 10 cm™2). Interestingly, although the LUMO levels
of magic blue and Mo(tfd-COCF;); are comparable, the max-
imum Anys., for magic blue is about 1.7 times larger than that
for Mo(tfd-COCF;);. This indicates that the relative LUMO
level of the dopant molecules with respect to the VBM of WSe,
is not the sole parameter that determines the doping strength.
In other words, we need to consider both extrinsic (e.g., cov-
erage of the dopant molecules on the surface of TMDCs[3839))
and intrinsic factors (e.g., relative frontier orbital position)
for doping. In this regards, we conducted X-ray photoelectron
spectroscopy (XPS) and atomic force microscope (AFM) for
investigating the surface coverage of dopant molecules (see
Section S4, Supporting Information). In the surface coverage
analysis with XPS and AFM, we confirmed that the dopants
are not distributed uniformly on the WSe, surface but instead
form grain-like structures. In addition, multilayer stacking of
dopant molecules was indicated by the AFM measurements
similarly to a previous report.*l The larger coverage of magic
blue dopant molecules compared to that of Mo(tfd-COCF;),
can explain the higher maximum Anys., when doped with
magic blue dopants (see Figure S4, Supporting Information).
Because both the channel resistance and contact resistance
are affected after doping (Figure S6, Supporting Information),
the doping effect to the channel resistance should be separated
from that to the contact resistance for investigating the effect
of doping to charge transport of WSe,. In this study, we focus
on the intrinsic mobility changes of the channel by eliminating
the contribution of the contact resistance toward the total resist-
ance of the device (see Figure 1c). Using four-point probe meas-
urement configuration, we conducted temperature-dependent
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electrical characterization. Figure 3a,b shows typical gate-voltage
dependent conductance curves of pristine and Mo(tfd-COCFy);-
doped WSe, devices, respectively, at different temperatures.
The temperature-dependent conductance curves of the doped
WSe, with the other dopants (F,-TCNQ and magic blue) are
provided in the Figure S7 of Supporting Information. The
channel mobility can be calculated from the conductance curve
by tppr = (dG/dVes) X (L/WC;), where C; = 1.3 x 107*F m~2 and
G, L, and W denote the conductance, the channel length, and
the channel width, respectively. Figure 3c—e shows the temper-
ature-dependent intrinsic mobility values for the pristine and
doped WSe, devices with 2.5 mwm solution. To investigate dif-
ferent scattering mechanisms in the doped WSe, devices, we
decompose the temperature dependence of the mobility by
using Matthienssen’s rule

1

where T, U, Upp, and o and B denote temperature, charged
impurity scattering-limited mobility at the zero temperature,
phonon-limited mobility at the zero temperature, and their
exponents, respectively. The contribution from each scat-
tering mechanism (i.e., charged impurity scattering [ucT%|
and phonon scattering [up,T7]) are shown in Figure 3c—e as
dashed lines. The values of these components are summa-
rized in Table S5 of Supporting Information. In this anal-
ysis, we assume that the scattering from intrinsic defects in
WSe, (e.g., Se vacanciesll) and other scattering sources near
the substrate were negligible in our multilayer WSe, FET
devices.*?l These are relevant since the charged impurity scat-
tering (i.e., a long-range scattering) and phonon scattering

frer (T) = (1/ucT +1/umT?)

© 2021 Wiley-VCH GmbH
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Figure 4. a) The carrier density dependent calculated WSe, mobility with different n;.,, (lines) and the experimentally measured intrinsic mobility of
pristine and doped WSe, (circles). b) The plot of 1y, generated in WSe, FETs by doping (An;n,) with F,-TCNQ, magic blue, and Mo (tfd-COCF;);

dopants versus generated carrier density by doping (Anyses)-

contributions are the most dominant mechanisms in the
charge transport of TMDCs.[304]

In the case of multilayer TMDCs, a homopolar phonon
mode can be dominant among the phonon modes to deter-
mine the intrinsic mobility of TMDCs.[?®l Rai et al. reported
that the homopolar phonon mode of MoS, can be suppressed
by depositing a high-k amorphous titanium suboxide on top
of the MoS,; surface, which was confirmed by decreasing of
B However, 8 value barely changed upon doping in WSe,
devices for all the dopants (see Figure 3c—e and Table S5,
Supporting Information). This suggests that the phonon
scattering contribution to the charge transport properties of
the WSe, is almost insensitive to the presence of the dopant
molecules. On the contrary, the charged impurity scattering-
limited mobilities of WSe, (ucT* in Figure 3c—e) were gen-
erally reduced after doping for all three dopants (i.e., the
charged impurity scattering increased upon doping). These
results indicate that the dopant counterions created on the
WSe, surface can act as charged impurity scattering centers
for the WSe, channel. The mobility reduction by the externally
introduced charged impurities has been well established for
various semiconductor materials (e.g., Si and GaAs).[* We
note that the magnitude of the reduction in the charged-impu-
rity-scattering-limited mobility (i.e., ucT? is different for each
dopant, indicating that the degree of scattering in the WSe,
channel varies with the dopant molecule.

To quantitatively analyze the degree of charged impurity
scattering, we have extracted the charged impurity density pre-
sent in the doped WSe, by relating to their transport proper-
ties. Ong et al. reported a theoretical model for calculating the
charged impurity-limited mobility (t4,,) of TMDCs.! Using
this model, we obtained the charged impurity of pristine and
doped WSe, from the intrinsic mobility value of WSe, at 10 K
where charged impurity scattering should be the most domi-
nant in the transport with a negligible phonon scattering. In
the model, the charged impurity-limited mobility of TMDCs is
determined by the scattering rate for the charged impurity scat-

tering potential ¢;" for a unit charge, e. The scattering rate for
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the single charged impurity (Iiy;) can then be given by the fol-
lowing equation:

2

rimp(Ek)=ﬁJ : x(1-cos6u )8 (Ex ~ By ) 2)

(ﬂk—k’
where 6 is the scattering angle between the k and k” states.

From [, the charged impurity-limited mobility (£y,p) is given
by

€

oo -1
mjo f(E)[l_f(E)](nimp—doped(pristine) Fimp(E)) EdE

G)

where f{E) is the Fermi-Dirac function, kg is the Boltzmann
constant, nys., is the carrier density, and Nimp.doped (pristine) 1S
the charged impurity density of doped (or pristine) channel.
More details about the theoretical model are explained in the
Supporting Information (Figure S8, Supporting Informa-
tion). Figure 4a shows the calculated iy, from the model
as a function of the carrier density in the WSe, channel,
Mwsez, for selected five different values of charged impurity
density (Mimp = 1, 2, 3, 4, and 6 x 102 cm‘z). To extract the
experimentally determined charged impurity density for each
device (Niyp), we compared the measured mobility values
(Uppr) (circles) obtained from each device to the calculated
Uimp values (blue lines) shown in Figure 4a. Representative
mobility and carrier density (nyse;) values of the pristine
(doped) WSe, devices obtained at Vg = —120 V are plotted as
open (filled) circles in Figure 4a. A set of pristine and doped
WSe, for each molecular dopant is denoted by different
colors. As shown in Figure 4a, the mobility reduction upon
doping for all three dopants, as indicated by the arrows, is
a direct evidence of the Coulomb scattering induced by the
dopant counterions in the doped WSe, devices. Therefore, we
can estimate the extra impurity density generated by doping,
ANimp (= Nimp-doped = Nimp-pristine) for each dopant from the
mobility curves for various njp, values as shown in Figure 4a,

Himp =

© 2021 Wiley-VCH GmbH
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Figure 5. Computed planar-averaged charge density difference profiles along the out-of-plane for a) magic blue-, b) Mo (tfd-COCF;)s-, and c) F,-TCNQ-
doped WSe,. Shaded red and blue correspond to the positions of WSe, layer and molecular dopants, respectively. Insets show isosurface plots of the
charge density difference for molecular dopant binding site in WSe,. Yellow and blue isosurfaces represent the excessive and deficient charge densities,
respectively. The isosurface level is equal to 0.002 e A=, Computed total and partial density of states (DOS) of d) magic blue-, e) Mo (tfd-COCF5)-, and
f) F,-TCNQ-doped WSe,. The LUMO and HOMO levels of three molecular dopants are labeled. Since the total DOS of magic blue, Mo (tfd-COCFy3);,
and F,-TCNQ are much smaller than that of the WSe, supercell, we plotted the total DOS of magic blue, Mo (tfd-COCF;)3, and F,-TCNQ fifteen times

larger than the actual values.

where Nimp.doped a1d Nimp.pristine are charged impurity density
in doped and pristine WSe, devices, respectively.

The degree of Coulomb scattering induced by the dopant
counterions will depend on the amount of charge transfer
between WSe, and the dopant molecule. In molecular scale,
the amount of charge transfer per dopant molecule (denoted
as AQ = ae, where « is a constant that determines the effec-
tive degree of charge transfer) is dependent on the intrinsic
molecular properties. In this case, the experimentally deter-
mined AN, values should not be treated as the actual charged
impurity density (i.e., ARimp = Mimp-doped — Mimp-pristines S€€ Equa-
tion (2)) generated by doping, but should be treated as an effec-
tive charged impurity density generated by doping since the
scattering potential of each dopant molecule can differ by a
factor of & from a unit charge (i.e., ANy, = Anyp,, when o = 1).
For comparing the ANj,, between dopants, we analyzed the
relation between ANy, and Anys,; to obtain the ¢ value of each
dopant corresponding to the transferred charge (more details
can be found in Section S8, Supporting Information). Consid-
ering the dopant concentration and the value of « in combi-
nation with the theoretical model, we obtain a simple relation,
ANipp = 0ANse;. In other words, the larger the value of ¢, the
larger the contribution of each dopant molecule toward Cou-
lomb scattering. Figure 4b shows the ANy, of each dopant as a
function of Anys.,, from which we found that ANy, for Mo(tfd-
COCF;); is the largest, followed by magic blue and F,-TCNQ
at the same doping level. That is, o value for Mo(tfd-COCF;),
(0r=0.64) is the largest, followed by magic blue (0.38) and F,-
TCNQ (0.20), which follows the trend of the LUMO level posi-
tion of dopant molecules (Mo(tfd-COCF;); (5.6 eV) = magic blue
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(5.5 eV) > F,-TCNQ (5.2 eV)). However, the significantly lower
o value of magic blue than that of Mo(tfd-COCF;); could not be
explained solely by their LUMO levels. This hints toward other
factors that need to be considered for predicting the o value of
a dopant molecule. In addition to the Coulomb scattering, the
electrical characteristics of the doped FET devices indicated the
role of the dopant ions as generating trap states which are also
related to the value of o (see Figure S10, Supporting Informa-
tion). Thus, reducing charged impurity scattering by using a
dopant with low ¢ is desired for controlling the carrier density
of WSe, while maintaining a low subthreshold swing value and
high mobility.

To understand the microscopic nature of charge transfer
process between WSe, and the dopant molecules, the experi-
mentally determined values of o for each dopant can be viewed
against in-depth van der Waals (vdW)-corrected DFT calcula-
tions (details on DFT calculations are provided in Supporting
Information). In principle, the charge transfer process at the
WSe,/molecule interface is a complex problem that depends on
multiple variables such as the relative frontier orbital levels, avail-
able density of states, and dielectric properties, all of which are
considered in our calculations. Although our GGA level of theory
is subject to slight limitations (i.e., the exact position of the fron-
tier orbital levels and dynamic dielectric properties),¥ % we can
expect qualitative trends to be meaningful as shown in previous
DFT studies®>**°52 and our approaches are still relevant. From
the vdW-corrected DFT calculations, we obtained the planar-
averaged charge density profiles of the charge density difference
AP = Puoped-wse, = (Pwse, + Paopars) along the c-axis for magic blue,
Mo(tfd-COCFj);, and F,-TCNQ as shown in Figure 5a—c. Using
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Table 1. Computed lowest unoccupied molecular orbitals (LUMOs) (in eV), the highest occupied molecular orbitals (HOMOs) (in eV), and the trans-
ferred charge per a dopant (in e) for WSe,, F,-TCNQ, magic blue, and Mo(tfd-COCF3); compared to the experiments. The reference is the vacuum

level (=0 eV).
LUMO HOMO Transferred charge
DFT Exp. DFT Exp. DFT Exp.
WSe, -39 — =51 — — —
F/-TCNQ -6.0 =52 -7.3 -8.3 0.38 0.20
Magic blue -5.9 -5.5 —-6.2 — 0.24 0.38
Mo (tfd-COCF3), -5.8 -5.6 =7.1 7.8 0.35 0.64

these profiles, we obtained the amount of charge transfer per
dopant (AQppy) for magic blue (0.24¢), Mo(tfd-COCF;); (0.35¢),
and F,TCNQ (0.38¢), respectively (details on the calculation
in Supporting Information). We also performed layer number
dependent AQppy calculations and confirmed that the AQpgr
values of each dopant tend to converge as the number of WSe,
layers increases (see Figure S11, Supporting Information). The
observed convergence could be correlated with the combined
effect of available density of states in WSe, (which increases as
the number of layers increases) and screening effect (which satu-
rates the doping effect above a certain layer thickness). In addi-
tion, in order to validate our DFT results, we conducted the thick-
ness dependent low-temperature measurements with different
doping concentrations of magic blue dopants as a representative
(see Figure S12, Supporting Information). We confirmed that
the trend of the extracted o value versus the number of layers is
similar to that predicted by the DFT calculations (see Figure S13,
Supporting Information). In overall, our DFT calculations show
an unambiguous p-type doping behavior for all the dopants and
the same trend in AQppy for magic blue and Mo(tfd-COCF;); as
expected from o values extracted from the experiments. The
origin of the deviation of AQpgr from e for F,-TCNQ is elabo-
rated in Section S15, Supporting Information.

We have then examined the electronic structures of three
molecular dopants and doped-WSe, systems to elucidate
the relation between the electronic structure and the charge
transfer. Figure 5d—f shows the computed density of states
(DOS) of WSe, (black line) with the dopant adsorptions
(shaded black) and the partial DOS of magic blue, Mo(tfd-
COCF;)3, and F,-TCNQ (each atomic contribution represented
in different colors). The computed DOS of the doped WSe,
show clear evidence for p-type doping for all the dopants as
shown from the downward shift in the Fermi level of WSe,
(see Figure S14, Supporting Information for separate DOS of
WSe, and the dopants) and partial filling of the DOS at LUMO
for all the dopant molecules. More specifically, for magic blue,
the DOS at LUMO level is mainly contributed by the atoms
composing the tri-bromophenyl cation (C, N, and Br) which
agrees well with the isosurface plot of the charge difference
as visualized in the inset of Figure 5a (yellow region). In our
DFT calculations, we found that the ground state of magic
blue is the doublet state (S = 1/2) while that of the other two
is the singlet state (S = 0). Thus, we plotted the DOS of magic
blue with spin up and down components separately as shown
in Figure 5d. It is worthy to note that AQpgy for magic blue
(0.24¢) is smaller than that of Mo(tfd-COCF;); (0.35¢) even
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though the LUMO level position and the dielectric constant
of magic blue are comparable to those of Mo(tfd-COCF;),
(see Table 1) which is similar to the trend in oe values (0.38¢
for magic blue and 0.64¢ for Mo(tfd-COCF;);). According to
our computed DOS (Figure 5d), the reduced spin degree of
freedom in charge-transfer>3 from WSe, to magic blue can
be the origin of the smaller value of AQpgr of magic blue.
Our computed DOS results clearly show the selective transfer
of spin-down electrons from WSe, to the LUMO of magic
blue. In overall, our DFT calculation implies that spin con-
figuration as well as the intrinsic frontier orbital positions
and dielectric constants of molecules play a significant role
in determining the amount of charge transfer between WSe,
and dopants, which broadens the scope of molecular prop-
erties that need to be considered for predicting the charge
transfer effect. In addition to the well-established energetic
role of frontier orbital position of dopants, we found that
the other factors, such as spin configuration and dielectric
constant of molecules, should also be considered to pre-
dict the charge transfer effect. Our study provides some key
insights toward understanding the microscopic doping phe-
nomenon and directly relating this to macroscopic device
studies.

3. Conclusion

In conclusion, we explored dopant dependent charge transport
of molecular-doped WSe, FETs for three different dopants via
experimental determination of the intrinsic mobility values
of the doped WSe, channels. The reduction in the intrinsic
mobility after doping could be interpreted as the creation of
charged impurities in the form of dopant counterions on the
WSe, surface. Comparison between the three dopants showed
that the larger the degree of charge transfer between WSe, and
dopants, the larger the carrier density generated in WSe,, but
also the larger the degree of Coulomb scattering induced by
each dopant counterion. An agreement with DFT calculations
corroborated the importance of considering the selective spin
transfer as well as the relative frontier orbital positions of the
dopant molecules. Our results will pave the way for controlling
the carrier density and conductivity levels of TMDC through
molecular doping and provide criteria for selecting appropriate
molecular dopants for doping applications in TMDC nano-
electronic devices such as carrier-type control of the active
channel and contact doping for low-power operation.

© 2021 Wiley-VCH GmbH
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4. Experimental Section

Fabrication and Electrical Characterization of Tungsten Diselenide Field-
Effect Transistor Devices: WSe, was mechanically exfoliated from a bulk
WSe, crystal and transferred to SiO,/p++ Si substrate. The suitable WSe,
flakes were founded using an optical microscope and the thickness of
the flakes was measured by an AFM system (NX 10 AFM, Park Systems).
After double electron resist layers, methyl methacrylate/poly(methyl
methacrylate), were spin-coated, the source-drain electrodes patterns
were made by using an electron-beam lithography system (JSM-6510,
JEOL). Subsequently, Ti (2 nm)/Pd (40 nm)/Au (20 nm) layers were
deposited by using an electron-beam evaporator (KVE-2004L, Korea
Vacuum Tech.). Here, Pd was used to enhance hole injection and
p-type conduction of WSe, FET due to its high work function (=5.6 eV).
And, Ti was used for the adhesive layer to SiO, and Au was used for
compatibility with wire bonding. The fabricated WSe, FET devices were
annealed at 200 °C for 1 h before the electrical measurement. The
electrical characteristics of the WSe, FETs were measured through a
semiconductor parameter analyzer (Keithley 4200-SCS) and a cryostat
system (CS204*|-FMX-12, Advanced Research Systems). In device
fabrication, WSe, flakes with a layer thickness from 6 to 15 nm were
used, confirmed by AFM. In this thickness range, the substrate effect
could be minimized due to a larger thickness relative to the expected
screening length of WSe,.[l Also, it was confirmed that the effect of the
thickness of WSe, on doping was not dominant in this thickness range
(see Figures S1and S9 and Table S5, Supporting Information).

Doping Treatment: To make a doping solution, F,-TCNQ and Mo (tdf-
COCF3); were dissolved in butyl acetate and magic blue was dissolved
in dichloromethane. About 20 pL of the molecular dopant solution was
used in a drop-casting process for each dopant.

Supporting Information

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