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Abstract
Developing processes to controllably dope transition-metal dichalcogenides (TMDs) is critical

to achieving commercially viability for optical and electrical applications. In this study,
molecular reductants and oxidants are introduced onto a series of monolayer TMDs, specifically
MoS,, WS,, MoSe», and WSez. Doping was achieved by exposing the TMD surface to solutions
of pentamethylrhodocene dimer as the molecular reductant (n-dopant) and “Magic Blue,”
[N(CeHa-p-Br)3]ShCls, as the molecular oxidant (p-dopant). Current-voltage characteristics of
TMD-based field-effect transistors show that, regardless of their initial transport behavior, all
four TMDs can be used in either p- or n-channel devices when appropriately doped. The extent
of doping can be conveniently controlled by varying the concentration of dopant solutions and

treatment time, and, in some cases, both non-degenerate and degenerate regimes are accessible.
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Photoluminescence (PL) properties of the doped monolayer TMDs were measured; for all four
materials the PL intensity is enhanced with p-doping but reduced with n-doping. Raman and X-
ray photoelectron spectroscopies (XPS) also provide insight into the underlying physical
mechanism by which the molecular reductants and oxidants react with the monolayer. Estimates
of changes of carrier density from electrical, PL, and XPS results were compared. Overall a

simple and effective route to tailor the electrical and optical properties of TMDs is demonstrated.

Layered transition-metal dichalcogenides (TMDs) are an emerging class of two-dimensional
materials with unique thickness-dependent optical and electrical properties.l*! Analogous to
graphene, but with a wide range of band gaps, mono- and few-layer TMDs are both
fundamentally and technologically intriguing, and have been considered as promising
candidates for next-generation electronic and optoelectronic devices. Molybdenum and
tungsten dichalcogenides, MXz (M = Mo or W, X = S or Se), in particular, have tunable
bandgaps and strong absorption of incident solar illumination at atomic thickness, which make
them very attractive for optoelectronics applications.” For low-power, high-performance
complementary logic applications, both n- and p-type field effect transistors (FETs) must be
developed. The ultrathin nature and large surface area of 2D materials make them quite sensitive
to their surrounding environments, which enables charge transport to be tuned through post-
modification. Many studies have focused on modulating the carrier type and density in a
controllable manner.®) Adapting ideas from Si-based semiconductor technology, several
approaches have been reported, including synthesis of mixed-chalcogen TMD alloys,™
substitutional doping with other elements that contribute a different number of valence electrons
(e.g., replacing Mo by Re, Nb, or Zr),! thermal diffusion or implantation of foreign atoms,®!
and plasma etching.[’l However, unwanted side-effects may generate defects in the crystalline
lattice of the sub-nanometer thick films.®l The physi- or chemisorption of gases has also been

reported. NOx, H20, and O are found to be p-doping species because of their oxidizing
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characteristics.[®! The physisorbed gas molecules can be easily desorbed in ambient conditions
after a short time, while the chemisorbed gases perturb the original band structure of TMDs and
alter the semiconducting transport to metallic.!®l An alternate route to modulate the electronic
properties of TMDs is to use surface modification with partial or full electron charge transfer.
Organic modifiers have been used to induce partial charge transfer and/or surface dipoles on
the host material. For example, Lewis basic organics, such as NHz-containing species, have
been used as n-dopants,’® while acids, halogens, and metal halides have been widely used as p-
dopants.™@ Another approach is the use of redox-active molecules that can undergo integral
electron-transfer reactions with the TMD,!J and potentially produce stronger and

nondestructive doping effects compared with the previously mentioned methods.

Recently, we demonstrated effective doping of trilayer wafer-scale MoS; and WSe;, 110 11c]
using molecular reductants and oxidants. The molecular reductants and oxidants are introduced
onto the surface of 2D materials from solution. Effective modulation of the carrier concentration
and significant shifts of the work-function were observed. However, neither p-type transport
behavior of MoS; nor n-type behavior of WSe, could be observed, even at high dopant
concentration and longer treatment time; this may be attributable to the large number of defect
states of the as-grown TMD layers and/or to the effects of Fermi level pinning at the metal—
TMD interface. In this study, we successfully expand the application of electron-transfer doping
using molecular reductants and oxidants to monolayer TMDs — specifically to monolayer MoSy,
MoSez, WS;, and WSe; — transferred through gold-mediated exfoliation['? to ensure relatively
high-quality and low-defect density films. We demonstrate a wide-range of controllable n- and
p-doping by choice of molecular reductant or oxidant for all four MX, materials. Both n- and
p-type transport properties are observed in all four monolayer-TMDs through doping, and the
degree of doping is controllable through the choice of dopants, treatment time, and the

concentration of doping solution. The ability to achieve both n- and p-type transport on the
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same material can facilitate the fabrication of inverters and junctions, e.g., p-n junctions for
diodes and p-n-p junctions for FETs. The doping process is investigated in detail through
electrical measurements, photoluminescence (PL), Raman, and X-ray photoelectron

spectroscopic (XPS) measurements.

The four TMD monolayers were transferred according to the gold-mediated exfoliation method
reported by Desai et al.[*?l onto a Si/SiO2 substrate with a 300 nm oxide layer. Monolayer TMDs
were regularly obtained with average areas between 50 um? and 100 pm? (Figure S1-S2). Here,
pentamethylrhodocene dimer, (RhCp*Cp)2,1** was used as the molecular reductant (n-dopant)
and tris(4-bromophenyl)ammoniumyl hexachloroantimonate (“Magic Blue,” MB, [N(CsHas-p-
Br)s]SbCls),[*4! as the molecular oxidant (p-dopant), and their chemical structures are shown in
Figure la. Figure 1b shows the valence band maxima (Ev) and conduction band minima (Ec)
obtained from previously reported density functional theory (DFT) calculations for monolayer
TMDs.[*®] Both valence and conduction band energies increase (i.e., move towards the vacuum
level) in the order MoS; < WS, < MoSe; < WSe,. Figure 1b also shows estimates of relevant
energy levels for the dopants used. MB is a strong p-dopant, the cation of which is reduced at
a potential of +0.70 V vs. ferrocene (FeCp2)*?,®! from which an electron affinity (EA) of ca.
5.5 eV can be estimated. The n-dopant used in this study, (RhCp*Cp)a, reacts via coupled
bond-cleavage/electron-transfer pathways to form two monomeric cations, RhCp*Cp* (Figure
1c), and releases two electrons. The effective RhCp*Cp* /0.5(RhCp*Cp). redox potential is
estimated to be ca. —2.0 V vs. (FeCp2)™°,*® corresponding to an effective ionization energy
(IEes) of 2.8 eV.[*"l The energy-level diagram should be treated wth caution when comparing
experimentally determined and DFT- derived quantities, given the uncertainties in estimating
IE and EA from electrochemical potentials.[!’l However, the energy diagram suggests

(RhCp*Cp)2 can easily contribute electrons to the conduction bands of all four TMDs, whereas



WILEY-VCH

electron transfer from the valence bands, especially those of the two disulfides, to the MB cation
is of more marginal energetic feasibility.

We first demonstrate the effectiveness of the molecular dopants on atomically thin TMDs using
electrical characterization of FETs. The characteristics of MoS2, MoSe2, WS,, and WSe, FETs
were measured before and after the molecular doping treatment. For the molecular doping
treatment, FET devices were immersed in the dopant solutions of varied concentrations for
various treatment times, rinsed with neat solvent several times followed by blow drying to
remove any physisorbed unreacted dopants, while leaving dopant ions resulting from electron-
transfer reactions in place. Electrical measurements were performed on top-contact, back-gated
FETs made from monolayer MX; transferred onto a Si/SiO> substrate. Tens of devices were
measured for each doping treatment (i.e., dopant concentration and treatment time). Figure 1(d-
e) shows the schematics and optical microscopy image of a top-contact back-gated monolayer
MXz FET. Figure 2a shows representative transport characteristics of a MoS, FET (with 10
nm Ti and 100 nm Au as the contact) before and after cumulative n-doping with (RhCp*Cp)..
The pristine MoS, FET displays n-type transport characteristics (Figure 2a, in black squares),
as is often observed in the literature and which is attributable to sulfur vacancies.l**! A short 5
s dip into a dilute solution (0.25 mmol L) clearly shifts the threshold voltage (Vi) of the
transistor to a more negative gate voltage, which indicates n-doping. Also, both the on- and off-
current increase by an order of magnitude. Then, the same sample was re-treated with a
concentrated solution (2.5 mmol L), and the current increased further, varying by less than
one order of magnitude within the range of back-gate voltage (Vng) examined (x 100 V); i.e., it
exhibited a minimal on/off ratio, suggesting a high-level doping concentration (degenerate), in
which the MoS; behaves as a near-metallic material. With an additional 10 min soaking in the
2.5 mmol L n-dopant solution, the current did not significantly change for these values of Vpg,
further supporting the likelihood of a degenerately n-doped MoS> channel. In contrast,

degenerate n-doping of wafer-scale synthesized trilayer MoS; was not observed after prolonged
5
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doping treatment in our previous studies,[**”! possibly due to different band structures and/or
the quality of the MoS; films. To help demonstrate the effectiveness of MB as a p-dopant, a
high work function metal Pd (10 nm) and Au 100 nm were used as the contacts. The p-doping
treatments on MoS: devices with MB shifted the transfer curve to a more positive gate bias
after a 10 s treatment with a solution of 5 mmol L™ concentration (Figure 2b, blue circles).l?"
After an additional 10 min and 1 h p-doping treatments on the same device, the Vi shifts to
positive Vg Values, and an increase of about 2 orders of magnitude (compared to the pristine)
in the hole current at negative gate voltage was observed. In this Vig range, the MoS: device
appears to be ambipolar with hole transport favored. p-Doped MoS; with low work-function
metal (Ti/Au) electrodes has also been tested; however, a significant p-type (hole-transport)
behavior of MoS> devices was not observed (Figure S3), presumably due to Fermi-level pinning
of the Ti/Au contact metal close to the conduction band of MoS,.[?Y1 MoS; devices in the
literature are mostly reported to show stubborn n-type behavior, even with high work-function
metal contacts (e.g., Pd and Au) because of Fermi-level pinning at the interface,*% 22 whereas
other MX2, such as WSe;, have the Fermi level in the middle of the bandgap and no pinning

occurs, making the modulation of polarity relatively easy.

As shown in Figures 2c-e, similar trends are observed for the other three M Xz devices with n-
and p-dopant treatments. In each case, two representative transport curves are shown in red for
n-doping treatments, for dilute (0.25 mmol L™?) and concentrated (2.5 mmol L) solution
treatments. Similarly, the p-doping treatments at higher concentration and longer time are
shown as blue triangles. Both MoSez and WS; appear to be degenerately n-doped after the
second treatment (2.5 mmol L2, 1's), but WSe, became degenerately doped only after the fourth
10 min treatment (overnight treatment was also tested, but with no obvious additional change
observed). On the other hand, the transfer curves for WSe> exhibited stronger p-doping effects

than those of the other three materials. Notably, degenerate doping was obtained after 1 h
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treatment for this TMD, but was not observed for p-doped MoS», MoSe2, and WS,. Shifts in

threshold voltage (AVw) relative to the pristine sample (i.e.,. AVin, prisine = 0 V) are summarized
in Figure 2f; tens of transistors were measured in each case to obtain the average AV and
standard deviation represented by the error bars. At a high doping level, Vi became
unmeasurable or out-of-range as indicated by a bar filling the entire range of Vi shifts of the
relevant sign. For both the n- and p-doping side, the dark bars show the shorter treatment time
(or lower concentration), and as the colors lighten, longer treatment time was performed.
Overall, the extent of n-doping effects under a given set of conditions (|AVin, Mosz| > |AVin, ws:|
> |AVih, Moses] > |AVin, wses|) IS consistent with the positions of the DFT-calculated conduction
band minima, and, thus, the ease of reduction of the four TMDs, and extent of p-doping (JAV,
Mosz| < |AVin, ws)| < |AVih, Mose| < |AVin, wsed|), iS consistent with the trends in valence-band
maxima and, therefore, the ease of oxidation. The charge density, n, in MX; after doping was

estimated based on the Vi, shifts according to:

n = CbgAVth (1)
e

where e = 1.6x107°, C is the electron charge, and Cpg~ 1.1x10® F cm™ is the back-gate
capacitance estimated based on the parallel-plate capacitor model of 300 nm thick SiO2. The 5
s dipping in 0.25 mmol L n-dopant corresponds to increases of the electron density in the
monolayer of (2.4x10%2, 1.7x10%2, 2.1x10*, and 1.1x10?) cm for MoS,, MoSez, WS, and
WSe», respectively. The hole densities changes upon p-doping for 1 h are estimated to be
6.9x10'2 cm?, 9.6x10'? cm™, and 7.5x10%? cm for MoSz, MoSez, and WS, respectively (no
threshold voltage is observed at this doping level for WSe2). The doping densities are
comparable to previous reports.[!*?1 To summarize the electrical measurements, the
degenerate doping levels of all four materials (MoSz2, MoSez, WS>, and WSe;) have been
achieved on the n-doping side, while only WSe; can be degenerately p-doped. This is consistent

with their DFT-calculated band energies relative to the EA and IE levels of dopants shown in
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Figure 1(b). The transport behavior of monolayer TMDs can be effectively controlled through

the choice of dopant, solution concentration, and treatment time.

The PL properties of the four doped MX> monolayer samples were also characterized. Figure
3a shows the PL spectra of monolayer MoS; before (in black) and after n-doping (in red) or p-
doping (in blue). Compared to the pristine MoSz, PL intensity increases by a factor of two upon
p-doping but decreases by a factor of three upon n-doping. Spatially resolved PL intensity maps
of the MoS: flake show that the PL intensities are uniform across the 20 um by 20 pm sized
flake (Figure S4). Figure 3b shows the normalized MoS; PL spectra relative to the Si Raman
peak at 521 cm™ with peak fitting. The PL peak can be deconvoluted into two components
attributed to the negatively charged trion (X") peak at ca. 1.85 eV and the neutral exciton (X)
peak at ca. 1.89 eV.1% Upon p-doping, the PL spectra are dominated by the exciton peak X; the
trion weight of MoS,, defined as Ix/lwta, decreases gradually from 0.56 to 0.34 (Figure 3d) and
the emission is overall blue-shifted. This is consistent with the decreasing number of the
negative carriers, and therefore the formation of fewer trions trions as seen in the literature
reports for MoS; films p-doped using FsTCNQ.[?! n-Doping, however, suppresses the PL
intensity for MoS.. As shown in Figure 3(a-b), the exciton peak intensity decreases dramatically
upon n-doping as the trion peak increases, as gauged by an increase in the trion weight from
0.56 to 0.67. Similar phenomena have been observed in the literature for gate-dependent MoS;
PL spectra: at negative Vig (p-doping), the overall PL intensity increases and the exciton peak
becomes dominant; at positive Vig (n-doping), the PL intensity decreases and the trion weight
becomes a larger portion of the total intensity.[** Following the work by Mouri et al. 2% we
use the mass action law to relate the trion weight (Ix-/ltota) to the number of free carriers (see
Supporting Information S4). The electron density for pristine monolayer MoS: is estimated to
be 3.3x10% cm™, decreases to 1.2x10% cm after 1 h p-doping, and increases to 5.1x10* cm™

after 1 h n-doping. The difference of electron density before and after 1 h p- and n-doping
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treatment are evaluated as ANp.dope = 2.1x10% cm? and Ann-gope = 1.8x10™ cm?, respectively.
This value is about 3 times higher than the carrier density change calculated based on AVt (n =
6.9x10'? cm?) for p-doped Mo0S..[?! This may be because the carrier density determined from
PL depends on electrons populating excited states initiated by photoexcitation, which could be
different from the contribution of free charge carriers to the drain current. The same trends were
observed for all of the other three MX> materials: the PL intensity was enhanced upon p-doping
and quenched upon n-doping. The PL spectra for all four MXz materials consists of both a
dominant exciton peak at higher energy and a smaller trion peak at lower energy with a
separation of approximately 0.03 eV to 0.04 eV, consistent with other reportsi?l. The trion
spectral weight (Ix/lwta) decreases upon p-doping and increases upon n-doping. Here, we
demonstrate that the PL for all the four MX> materials can be tuned effectively upon doping,

but further experimental and theoretical studies are needed to fully understand this effect.

Raman spectroscopy was also performed to explore the doping effects on the phonons of the
host MXz. Figures 4a and 4b summarize the Raman spectra of monolayer MoS; before and
after doping treatment, with the other three materials shown in the Figure S7. There are two
important modes in the Raman spectra: the E*»g phonon mode is an in-plane vibration of both
the metal and chalcogen atoms, while the Aig peak is the out-of-plane vibration of just the
chalcogen atoms. The peak positions as a function of doping for these two vibrational modes
of MoS; are plotted in Figure 4b. For MoS, and for the other three MX> materials (Figure S7),
n-doping leads to the red-shifting (to lower energy) for both vibrational modes, whereas p-
doping leads to the blue-shift (to higher energy) for both modes.?1 This is consistent with
previous studies, which observed that higher electron concentration in the n-doped film
increases electron-phonon scattering,[?®! whereas p-doping reduces the electron-phonon
scattering with previously reported effects of doping for MoS; and WSe..[®d As shown in Figure

4b, the higher sensitvitiy of the Ayg is due to the fact that the mode couples much more strongly
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with electrons than the Eoq mode does.!?” 2% The Raman shift of A1g mode on the n- doping side
is larger than the p-doping side. This also confirmed that p-doping is less efficient than the n-
doping for MoS; evidenced by their relative band energy levels. As compared with the Raman
shifts observed in the literature,?”] we estimate the changes of carrier density are on the order
of 10 cm for both n- and p-doped MoS;, which is consistent with the charge sheet density

calculated based on AVin.

XPS was also performed to investigate the impact of doping on the MX> chemical structure and
energy levels, specifically to characterize the 2.5 mmol L 10 min n-doped MX: flakes and 5
mmol L 1 h p-doped MX; flakes. Figure 4c shows the XPS core-levels of the main Mo 3d and
S 2p for MoS: flakes. The spectral shape of the Mo and S photoemission lines after n- (in red)
and p-doping (in blue) are nearly identical to that of the pristine material (in black), which
indicates that the doping treatment does not significantly chemically alter the MoS; host.
However, upon p-doping treatment, the core levels associated with the MX; shift to lower
binding energy consistent with the Fermi level moving closer to the valence band maximum
(i.e., occupied density of states), as expected. For all four MX, materials, p-doping leads to
about 0.2 eV shifts to lower binding energy; i.e., Er shifts closer to the Ev by ca. 0.2 eV. On the
contrary, n-doping for MX> materials leads to the core-level peaks shifting toward higher
binding energy by 0.2 eV to 0.3 eV, as the Fermi level is shifted away from the occupied density
of states (i.e., valence band). The effect of molecular doping on the electronic structure of MX>
is illustrated in Figure 4d: upon n-doping, the valence band maximum shifts away from the
Fermi energy, and the X~ dominates the PL before finally being quenched. Conversely, when
exposed to the p-dopant MB, the TMD valence band shifts closer to the Fermi energy, the X

dominates the PL, and the PL intensity increases.

The coverage of absorbed doping product (cation or anion) was also estimated from the XPS

data. In the case of p-doping, relatively strong Sb 3d and CI 2p ionizations were observed,
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consistent with the presence of SbCls™ ions, while no detectable Br 3d features were seen
(Figure S9), consistent with expectations that the neutral N(CgHas-p-Br)s molecules formed
during the electron transfer from the MX,would be washed away in the rinsing step. Meanwhile,
Rh 3d was detected on the n-doped films, the peak position being consistent with Rh(l11) from
the monomeric [RhCp*Cp]*, as observed in a previous study.''l The dopant:MX; ratio is
estimated by comparing the peak intensity ratio of elements from the doping product to host
MX_ film and, given the MX; unit cell area (ca. 0.0843 nm? for single-layer MoS, and WS;; ca.
0.0932 nm? for MoSe, and WSe,) can be converted to a number of dopant ions and, therefore,
number of electrons or holes contributed, per unit area. Furthermore, assuming the unit cell of
a close-packed array of SbCls™ ions has an area of 60.2 A2, and an array of close-packed
[RhCp*Cp]* ions orientated with their five-fold axes perpendicular to the surface would have
a unit-cell area of 73 A?[*¥ the coverage can also be expressed as a percentage of an ideal
dopant-ion monolayer, as described in previous reports.[*'? 11 For MoS,, a coverage of 42 %
of a molecular monolayer was obtained after 1 h p-doping, and the change of hole sheet density
induced by p-doping was estimated as 7.0 x 10 cm; the 10 min n-doping led to a higher
desnsity, estimated as 8.9 x 10'® cm. The change in carrier sheet density estimated from the
XPS is three times the carrier density calculated based on the trion spectral weight from PL and
10 times higher than the charge sheet density calculated based on AVin.*% The fact that transport,
PL, and XPS measurements agree within an order of magnitude is quite remarkable considering
each has inherent assumptions and probes a different aspect of the doping interaction. In
principle the XPS discrepancy arises if not all the dopants present on the surface had fully
reacted and the charge-transfer efficiency was less than 100 %. Previous studies on graphene
doping showed that the doping efficiency for this rhodium-based dimer can be as low as 50 %;
however, the unreacted Rh(l) dimer could clearly distinguished from the Rh(lll) cation in XPS
spectra.l!*@ Similarly, as noted above, only the SbCls™ anions are detected in XPS of p-doped

samples, also suggesting each dopant-derived ion does reflect contribution of a integral charge
11
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tot he MX> layer. An alternative explanation is that some of the charge carriers transferred from
the dopant may be trapped, for example by impurities and defects, or by strong electrostatic
interactions with dopant ions, and therefore may not contribute to the PL change and drain
current. The same methods were used to estimate the percentage monolayers and the numbers
of charges transferred to the other doped films and, as summarized in Table S1, similar orders

of magnitude were obtained.

In summary, we demonstrate a readily controllable, electron-transfer doping methodology for
a series of monolayer group 6 disulfides and diselenides with a wide range of energy levels and
of electrical and optical properties. Strong n- and p-doping effects were confirmed by transistor
measurements, and by PL, Raman, and XPS spectroscopy. The transport behavior of all four
TMDs can be controlled over a large range, including both non-degenerate and degenerate
regimes through the choice of dopant, solution concentration, and treatment time. Surprisingly,
even MoS, a strong n-type semiconductor, can be tuned to yield high-performance, p-channel
behavior. The magnitude of the n- and p-doping effects achievable on the four MXz is consistent
with DFT-calculated band energies. We also demonstrated tunable PL properties of these four
monolayer materials. The PL intensity is enhanced through p-doping and quenched upon n-
doping, and the spectral weight of trion vs. exciton contributions decreases from n-doped to p-
doped samples, consistent with the expected change in the carrier density. Characterization by
Raman and XPS also provides insight on the underlying physical mechanism of the molecular
reductants and oxidants on the monolayer TMDs materials. This electron-transfer doping
approach provides a simple and effective route to tailor the electrical and optical properties of

TMDs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. (a) Chemical structures of the molecular dopants used in this study. (b) Calculated
band alignment of MoS2, MoSe, WSz, and WSe; from the literaturel*> along with effective IE
of the n-dopant and EA of the p-dopant estimated from electrochemistry. (c) Schematics of
charge-transfer process for n- and p-doping. Monomeric RhCp*Cp is the expected product of
n-doping. Treatment with MB is expected to form neutral tris(4-bromophenyl)amine and leave
SbCls™ anions on the surface. (d) Schematics of a top-contact back-gate monolayer MX>
transistor. (e) Optical image of the MX> transistor.
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Figure 2. (a) Representative transfer characteristics of a pristine MoS, FET before any
treatment and after continuously n-doping with (RhCp*Cp)> with three different
concentrations/exposure times. (b) Representative transfer characteristics of a pristine MoS;
FET and after p-doping with MB for increasing exposure times with Pd/Au contact. (c-e)
Representative transfer characteristics of the remaining three MX; FETs (MoSez, WS,, and
WSe») before and after doping with n- and p-dopants. Treating the transistor with n-dopant (red
curve) shifts the threshold voltage Vi, to more negative values, indicating n-doping (arrow). (f)
Effects of different n- and p-dopant on the threshold voltage V. Threshold voltage shifts Vin
shift are shown relative to the pristine sample (i.e., Vin, pristine = 0 V). Dark bars show the average
Vin shift values after a short dip, whereas light bars represent longer treatment. Error bars
indicate the standard deviation from averaging the results obtained with different devices.
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Figure 3. (a) PL spectra of MoS; after n- and p-doping treatment. (b) Analysis of the normalized
MoS; PL spectra with the peak deconvolution. (c) The peak intensity of the two components
and the sum of the MoS> PL spectra. (d) PL intensity weight of trion (Ix/lwtar) as a function of
the dopants treatment. Error bars indicate the standard deviation from averaging the results
obtained with different spots.
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Figure 4. (a) Raman spectra of monolayer MoS; before and after different treatments with MB
and (RhCp*Cp)2. (b) Ez¢' and Aiq peak position shifts upon doping with different dopants. (c)
XPS core-level Mo 3d and S 2p spectra for MoS; flake before and after dopant treatment. (d)
Effects of molecular doping on the electronic structure of MXa. Fermi levels are aligned. Error
bars indicate the standard deviation from averaging the results obtained with different spots.
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1. General details

Bulk crystals of the four transition-metal dichalcogenides (TMDs) were purchased from HQ
Graphene.l! The monolayers were transferred according to the literature-reported gold-
mediated exfoliation method.[?! All the MX: layers were transferred onto 300 nm thermally
grown SiO2 on a low-resistivity silicon wafer. The optical images, Raman and PL spectra were
used to identify the number of layers. In this study, all the experiments were carried out on the
monolayer MXz, unless stated otherwise. The field effect transistors (FETSs) were fabricated on
the as-transferred monolayer MX: using the standard e-beam or photolithography method.
Ti/Au or Pd/Au source-drain contacts were deposited through the e-beam evaporation followed
by the lift-off process. The active area of the channel was patterned though a Unaxis 790
reactive ion etcher (RIE) using a mixture gas of SFs (45 sccm) and O (5 sccm) at 100 W RF
power for 20 s. Both the doping treatment and electrical measurements were carried out inside
a Unilab MBraun glovebox under an atmosphere of nitrogen or argon with both water and
oxygen level <0.5 ppm. The n-dopant, (RhCp*Cp). was synthesized according to the
literature,®! and p-dopant, tris(4-bromophenyl)ammoniumyl hexachloroantimonate (“Magic
Blue,” MB), was purchased from Sigma-Aldrich and used as received. (RhCp*Cp). was
dissolved in anhydrous toluene to make a 2.5 mmol L? solution, and MB was dissolved in
anhydrous DCM to make a 5 mmol L solution. The concentration of p-dopant is twice the n-
dopant, because each (RhCp*Cp). molecule is capable of supplying two electrons to the MX,
while MB can only accept a single electron. All the transferred MX, samples were immersed
in the dopant solutions for various treatment times and were then rinsed with fresh solvent three
to five times to remove physisorbed dopants. The electrical characterization of the fabricated
devices was collected using an Agilent 4155C Semiconductor Parameter Analyzer at room
temperature inside an inert-atmosphere glovebox. A bottom-gate configuration was used with
a 300 nm SiO; dielectric. The back-gate voltage Vg is applied to the highly doped Si wafer
(resistivity: 0.001 Q cm to 0.01 Q cm).

PL and Raman spectroscopy were acquired in a Renishaw InVia microscope spectrometer with
laser excitation at 514 nm and 633 nm, and collected in backscattering configuration using a

50x objective. For all of the PL Raman measurements, the samples were transferred from the
2



glovebox using a sealed microscope stage to avoid air exposure during transfer and
measurements steps. All PL and Raman peaks were calibrated based on the Si peak and fitted
with Gaussian-Lorentzian line shapes to determine the peak position, the linewidth, and the
intensity of different components. XPS Spectra were acquired on a Kratos Axis UltraDLD
XPS/UPS system, under a base pressure of 10~° Torr (10~ Pa), using the monochromatic Al Ka

line.
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Figure S2. AFM images for the exfoliated monolayer MoS; (a) and MoSe; (b) as examples.

2. Additional FET results for MoS:
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Figure S3. (a) Transfer characteristics of ten MoS, FETS after 5 sec treatment in 0.25 mmol
L solution showing the repeatability of the doping effect. (b) Representative transfer
characteristics of a pristine MoS, FET after continuously p-doping with MB, using Ti/Au
contacts.

3. Additional PL data

0

p-doped
5 10 15 20 25
X (um) X (um)

Figure S4. Spatially resolved PL intensity maps of the MoS: flake upon n- and p-doping. A
strong PL signature at 1.86 eV is observed in the monolayer region of pristine MoSz (middle),

while it is significantly quenched after n-doping (left) and the PL intensity is increased upon

p-doping (right).

% Py X



(b)

—— prisfine pristine (©) =—— pristine
—— p-doped MoSe, |—— p-doped WS, —— p-doped WSe,
——n-doped MoSe n-doped WS, ——n-doped WSe,
St 2 3
© = S
- o S
2 2z =
2] @ b
3 5 s
= E E
5 = :
—__‘—’_’I/I‘\I\ ; I l I : I
180 PhotghSIgnergy (l'\e/;? 1.90 195 200 205 2.10 1.60 1.65 1.70
(d) ) Photon Energy (eV) . Photon Energy (eV)
[ p-doped MoSe, + ongnal p-doped WS, | ) N p-doped WSe,
e cOMbined — cOMbined
exciton (X) exciton (X)|
S| [—tionpx) ~ | [==ronx)
= a1 3
S > s
- g g
) g 2
3 = 2
= g £
g % g
s ; g
2 £ 3

1.5

1.55 1.6
Photon Energy (eV)

2 205
Photon Energy (eV)

1.55

1.6
Photon Energy (eV)

1.65 1.7 1.75

Figure S5. PL spectra of MoSez (a), WS: (b) and WSe (c) after n- and p-doping treatment. (b)

Analysis of the normalized MoSez(d), WS: (e) and WSe: (f) PL spectra with the peak

deconvolution.
(a) (b)
; 06+ _',Dﬂoped - "pnstme
] —_— -1
S"‘.BB F S n-doped ~ 'pristine
o 204
- y— 0
c o C
51.86 1 g
= S £02
2] -—
o] E |
Oqgal S0
0184 5% 00
@ —&— Total Peak 7] g
& | —e—Trion (x) =
182" _a Exciton (X) £2-02
o
| = . |
180 p-doping ! : 18 9
Lo 0 [ . .
:gj:&gé§ SIS FPES Photon Energy (eV)
SIS
t? Q:». '\OQQJ Q QQ’ G'J\ QJN. pOQ
ISy Fesc
Q Q < < .QP



Figure S6. (a) The peak position shift for the two components and the sum of the MoS; PL
spectra. (b) Subtraction of the normalized peak intensity for lp-doped— lpristine (black curve) and
In-doped— lpristine (red curve). Error bars indicate the standard deviation from averaging the

results obtained with twenty different spots.
4. Estimation of the carrier density through mass action model

Following the work by Mouri et al. [, we use the mass action law to relate the trion weight (Ix-

/ltotal) to the number of free carriers. The trion weight (Ix/liotar) can be expressed as:

I)(_—:(QNL)/(1+&NL)~M (1)

Itotal Yex Nx Yex Nx 1+ 4x107Mny

where yirand vy are the radiative decay rates of trions and excitons, and Nx and Nx ™ are the

population of excitons and trions.[4 Replacing AIIVL_ with the relation from the mass action law
X

and using the exciton and trion radiative decay rates Mouri et al. extracted from fits to their

data, we can write the trion weight as a function of the carrier density.

5. Additional Raman data for different MX2
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Figure S7. Raman spectra, and the Ezq' and A1q peak position shifts upon doping with different
dopants for monolayer MoSe:> (a-b), WS (c-d), and WSe> (e-f). Error bars indicate the standard
deviation from averaging the results obtained with twenty different spots.

6. Additional XPS data for different MXz and calculations of surface coverage
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Figure S8. (a) The core-level Mo 3d and Se 3d spectra for MoSe; flake before and after dopant
treatment. (b) XPS core-level W 4f and S 2p spectra for WS, flake before and after dopant
treatment. (c) XPS core-level W 4f and Se 3d spectra for WSe; flake before and after dopant
treatment.
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Figure S9. XPS core-level Sb 3d (a) and CI 2p (b) from the anion of p-dopant MB, and Br 3d
region (c), showing the absence of the cation of MB and of the corresponding neutral amine, on
the p-doped MX: film. (d) Rh 3d from the n-doped film, attributable to the (RhCp*Cp)* cation.

Table S1. Estimates of coverage (% of the close-packed monolayer) and the number of dopant

ions on the surface of the monolayer MX..

Host Materials MoS; MoSe; WS, WSe;
p- Elements Sb 3d/Mo3d  Sh 3d/Mo 3d Sb 3d/W 4f Sb 3d/W 4f
doping Atomic Ratio 0.059+0.013 0.074+0.007 0.069+0.006 0.087 +0.010
% of close-packed ML 42 + 8 48 £ 5 49 +4 56 + 8
No. of absorbed
(SbClg)~ anizons /1013 70+1.5 8.0+0.8 8.2+0.7 93+1.3
cm
n- Elements Rh 3d/Mo 3d Rh 3d/Mo 3d Rh 3d/W 4f Rh 3d/W 4f
doping Atomic Ratio 0.075+0.008 0.070+0.003 0.069 +0.005 0.057 +0.003
% of close-packed ML 65+7 55+2 60+8 45+3
No. of absorbed
(RhCp*Cp)* 8.9+1.2 7.5+0.5 8.2+1.1 6.2 + 0.4

cations/10"3 cm™

7. Electrical and PL Measurements of M X, Treated with Solvent
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Figure S10. Transfer characteristics of a pristine MoS, FET before and after dipping into

dichloromethane (DCM) (a) and toluene (b) for 1 h.
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Figure S11. PL spectra of monolayer MoSe; before and after immersion in toluene and

dichloromethane (DCM) for 1 h.

8. Air Stability Test of the Dopants
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Figure S11. Stability test for the representative Is¢-Vq curves of n-doped MoSe; and p-doped
WSey.
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