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ABSTRACT: Layered transition metal dichalcogenides (TMDs)
draw much attention as the key semiconducting material for two-
dimensional electrical, optoelectronic, and spintronic devices. For
most of these applications, both #- and p-type materials are needed
to form junctions and support bipolar carrier conduction.
However, typically only one type of doping is stable for a
particular TMD. For example, molybdenum disulfide (MoS,) is
natively an n-type presumably due to omnipresent electron-
donating sulfur vacancies, and stable/controllable p-type doping
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has not been achieved. The lack of p-type doping hampers the development of charge-splitting p—n junctions of MoS,, as well as
limits carrier conduction to spin-degenerate conduction bands instead of the more interesting, spin-polarized valence bands.
Traditionally, extrinsic p-type doping in TMDs has been approached with surface adsorption or intercalation of electron-
accepting molecules. However, practically stable doping requires substitution of host atoms with dopants where the doping is

secured by covalent bonding. In this work, we demonstrate stable

p-type conduction in MoS, by substitutional niobium (Nb)

doping, leading to a degenerate hole density of ~3 X 10" cm™. Structural and X-ray techniques reveal that the Nb atoms are
indeed substitutionally incorporated into MoS, by replacing the Mo cations in the host lattice. van der Waals p—n homojunctions

based on vertically stacked MoS, layers are fabricated, which

enable gate-tunable current rectification. A wide range of

microelectronic, optoelectronic, and spintronic devices can be envisioned from the demonstrated substitutional bipolar doping of
MoS,. From the miscibility of dopants with the host, it is also expected that the synthesis technique demonstrated here can be
generally extended to other TMDs for doping against their native unipolar propensity.

KEYWORDS: transition-metal dichalcogenides, molybdenum disulfide, substitutional doping, p-type MoS,, p—n junction

n layered transition metal dichalcogenides (TMDs), each

layer is weakly bonded to its neighbors by van der Waals
forces, thereby allowing physical or chemical isolation into
atomically thin semiconducting layers, as well as assembly of
junctions free of lattice mismatch issues. A wide variety of
TMDs have been used as the active material to fabricate
atomically thin field-effect transistors (FETs),"” integrated
circuits,”* and optoelectronic devices® such as light-emitting
diodes, solar cells, and photodiodes.

Similar to traditional semiconductor technologies, stable n-
and p-type conduction in the TMDs is indispensable for all
these applications. Yet in contrast, a bipolar doping strategy of
the TMDs is currently lacking. Wisdom can be learned from
studies of conventional semiconductors, where a native,
unipolar doping propensity is usually found. For example, in
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semiconductors such as CdO and InAs whose conduction band
minimum (CBM) and valence band maximum (VBM) lie low
with respect to the vacuum level, native n-type conduction and
difficulty in p-type doping are observed; the opposite is true for
semiconductors such as Ge and diamond whose CBM and
VBM lie high. This is attributed to the amphoteric doping
behavior of electrically active native point defects,® such as
vacancies, interstitials, and defect complexes, which naturally
occur in the materials in thermodynamic equilibrium.
Extending this understanding to TMDs,” it would be natural
to predict a native n-type (p-type) behavior of not intentionally
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Figure 1. Structural and chemical analyses of Nb-doped MoS, (MoS,:Nb). (a) Band-edge (CBM and VBM) alignment of representative
conventional semiconductors and TMDs, referenced to the vacuum level. (b) Cross-section illustration of van der Waals coupled MoS,:Nb layers
where Nb dopants replace the Mo host atoms in a substitutional manner. A digital photograph inset shows a synthesized MoS,:Nb crystal with a
scale bar of 3 mm. (c) HRTEM image of the MoS,:Nb with the corresponding FFT in the inset. (d) Cs (spherical aberration)-corrected HRTEM
image with subangstrom resolution acquired from the monolayer part. (e) Transmitted electron intensity along the vertical direction of
corresponding blue box denoted in panel d. (f) EFTEM-SI maps of elastic (0 eV), Mo M, 5, Nb M,, and S L, ; measured from the same region of the
MoS,:Nb sample. Scale bars are 100 nm. (g) XPS scans of the Nb 3d (top), the Mo 3d, and S 2s (both in bottom) core-levels measured from the

Nb-doped and undoped MoS,.

doped MoS, (WSe,), given the low (high)-lying CBM and
VBM in MoS, (WSe,) as seen in Figure la.

Currently, modulation of carrier type and density in these
layered TMDs is achieved by means of electrostatic FET
gating,7’10 metal work-function engineering,n’12 surface func-
tionalization,"*** or charge transfer from physic-sorbed volatile
molecules.'® However, to dope TMDs against their natural
doping propensity, such as p-type in MoS, (n-type in WS,)
with very low VBM (high CBM), it is challenging to find
molecules capable of donating holes (electrons) effectively to
these low (high) - lying band edges. Moreover, practical
applications require substitution of host atoms with dopants as
practiced in traditional semiconductors, where the doping is
secured and stabilized by covalent bonding inside the lattice.
Heterojunctions integrating different materials, such as n-type
MoS, with p-type WSe,,' 1617 have been fabricated as an
alternative to homojunctions, but these heterostructures usually
suffer from their type-II band offset. For example, it leads to
lower photovoltages because the band offset curtails the
maximum splitting of Fermi levels, as well as red-shifted light
emission due to recombination across the spatially indirect
band edges.'®"”

Indeed, for MoS,, consistent vnth the prediction above,
recent electrlcal1 ~41917 and optical®® investigations confirm its
native n-doping, owing hypothetically to sulfur vacancies.”"**
The lack of p-type doping strictly limits carrier conduction in
MoS, to its conduction bands, despite the suggestion that p-
type operation is more desirable for MoS,-based FET devices,"’
and much more interest lies in its spin-polarized valence bands
for the recently developed valleytronics.”>** Niobium (Nb),
which has one less valence electron than Mo, is theoretically
suggested as the most suitable substitutional acceptor by
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density-functional energetics/formation energies calculations.

Moreover, MoS, and NbS, share the identical 2H crystal
structure, with similar lattice parameters, a = 3.16 and 3.32 A
and ¢ = 12.29 and 11.94 A for MoS, and NbS,, respectively.26
The covalent radius (Mo = 130 pm and Nb = 134 pm)*’ and
oxidation states of Mo and Nb in the 2H-polytype lattice are
nearly identical. Indeed, fullerene-like Mo,Nb,_.S, nano-
particles”® and polycrystalline thin-films* have been reported,
but unambiguous p-type conduction and direct evidence of the
substitutionality of doping have not been demonstrated in
single-crystal MoS,. In this work, we report stable p-type
conduction in MoS, single crystals and ultrathin layers via
substitutional Nb doping. The substitutionality of the Nb
dopants in the MoS, crystals is confirmed by structural and
chemical analysis techniques, and the degenerate p-type
conduction is evaluated by Hall-effect and gated transport
studies. Prototypical p—n homojunctions built from vertically
stacked MoS, layers show current rectification tunable by a gate
voltage.

Results and Discussions. The Nb-doped MoS,
(MoS,:Nb) single crystals were grown by a chemical vapor
transport (CVT) method using iodine as the transport agent,
an approach that has been employed to prepare other layered
compounds with high quality.>**" A horizontal three-zone
farnace was utilized where the high (low) temperature zone
was used as the reaction (growth) zone, as seen in Supporting
Information Figure S1. Prior to the crystal growth, a quartz
tube containing the transport agent and the elements required
for the doped crystals was evacuated to below 107 Torr and
securely sealed. The purity of the source materials was Mo
99.99%, S 99.99%, and Nb 99.99%, with a molar ratio of
Mo:S:Nb equal to 1:2:0.005 for a nominal 0.5% Nb doping.
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The sealed quartz tube was then inserted into the three-zone
furnace. In the beginning, the temperature of the growth zone
was set to 1000 °C for 12 h to remove any possible residues.
The process of the CVT was initiated with a temperature
gradient varying from 1050 °C in the reaction zone to 935 °C
in the growth zone over a distance of ~30 cm, and the system
was held in this condition over 500 h in order to provide
sufficient diffusion and equilibration for the single-crystal
synthesis. The CVT growth yielded large, thin, and shiny
MoS,:Nb crystals that are typically a few millimeters in lateral
size with high crystallinity (Figure 1b). Similar to other TMDs,
these as-synthesized MoS,:Nb crystals are exfoliation-ready,
and the number of exfoliated layers can be determined by
Raman spectroscopy and atomic force microscopy (Supporting
Information Figure S2).

To determine the crystal structure and evaluate the
crystallinity of the MoS,:Nb, we deployed extensive high-
resolution transmission electron microscopy (HRTEM)
measurements over a wide area on multiple samples. The as-
synthesized MoS,:Nb is single crystalline, exhibiting a
hexagonal lattice as seen from the fast-Fourier transform
(FFT) pattern displayed in the inset of Figure lc (see also
selected area electron diffraction pattern in Supporting
Information Figure S3a). The estimated lattice spacing of 1.6
and 2.7 A, corresponding to the (110) and (100) planes,
respectively, is consistent with reported values.** Cross-
sectional HRTEM images also show highly parallel layer
stacking with an interlayer separation of approximately 6.15 A
(Supporting Information Figure S3b). The Cs (spherical
aberration)-corrected atomic HRTEM image in Figure 1d
clearly reveals hexagonal rings formed by the S atoms (dimmer
sites) together with the transition metal atoms, the Mo atoms
or Nb dopants (brighter sites) supported by the corresponding
intensity profiles presented in Figure le. It is noted that
structural imperfections such as grain boundaries, dislocations,
and atomic defects were not observed from the HRTEM.
Energy-filtered electron transmission microscopy spectrum
imaging (EFTEM-SI) was subsequently used to probe the
chemical composition of the MoS,:Nb with nanoscale spatial
resolution, in particular, the incorporation of Nb dopants into
the lattice. As seen in Figure 1f, the Nb signal was well resolved
through its M, peak (~378 eV) and is indeed uniformly
dispersed in the MoS, matrix with no evidence of clustering
(also see the corresponding electron energy loss spectrum in
Supporting Information Figure S3c).

The Nb dopants in the MoS, crystals were further analyzed
with X-ray photoelectron spectroscopy (XPS). Distinct binding
energy peaks associated with the Nb 3d core levels at 203.6 and
206.1 eV were detected only in the MoS,:Nb samples (Figure
1g), and they well match previously observed XPS features
from fullerene-like Mo,_,Nb,S, nanoparticles.”® In addition,
the core-level peaks of Mo and S in the MoS,:Nb show a
uniform shift toward lower binding energies compared to those
of the undoped MoS,. This shift is attributed to lowering of the
Fermi level (Eg) upon the p-type doping, as similarly observed
in previous studies.”®** The amount of Eg downshift, ~ 0.7 eV,
is found to be consistent with the MoS, band gap of 1.2 éV>*
and the degenerate p-doping.

Recent reports have suggested many possible, nonsubstitu-
tional atomic configurations for dopants in MoS,, for example,
adatom™® or intercalation.’® Therefore, it is important to
evaluate the substitutionality of Nb in the MoS, lattice. Because
Nb and Mo atoms are adjacent to each other on the periodic
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table, it is rather difficult to distinguish them in the HRTEM,
and more chemically sensitive characterization techniques are
required to determine the location of Nb dopants. Extended X-
ray absorption fine structure (EXAFS) analysis is ideally suited
for this purpose, allowing for determination of local environ-
ment around the X-ray absorbing atoms. By analyzing
oscillations in the normalized X-ray absorption data,*’"® critical
information can be extracted, such as local coordination
number (N), interatomic distance to neighboring atoms (r),
and the Debye—Waller disorder parameter (6*). Despite their
adjacent atomic numbers, the K edge energies of Nb and Mo
are widely separated by ~1 keV (Nb = 18.99 keV and Mo =
20.01 keV), and this provides sufficient energy span to fully
resolve their EXAFS oscillations in the postabsorption spectral
region. Figure 2a shows the normalized absorption data for the
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Figure 2. EXAFS analysis on Nb-doped MoS,: Evidence for
substitutional doping. (a) Raw X-ray absorption data for the Nb and
Mo K edges normalized by peak intensity. (b) EXAFS oscillations
extracted from the absorption data weighted by k* (c) Radial
distribution of Fourier-transformed EXAFS signal. Points are raw
experimental data while red and green lines are best fits for the Nb and
Mo K edge, respectively.

Nb and Mo K edges, collected in the fluorescence and
transmission mode, respectively. Figure 2b shows the extracted
EXAFS oscillations, k*-weighted y(k), along with the result of
best fitting to the data. The fitting was determined by Fourier
transforming the y(k) across a k-range up to 15 A™" considering
the first two coordination shells for both the Nb and Mo K
edges (see detailed fitting parameters in the Supporting
Information).

The results show nearly identical N and r, and thus local
atomic bonding environment for the Nb and Mo atoms, clearly
indicating the substitutional nature of Nb atoms. The Fourier
transformed k*>-weighted EXAFS is plotted in Figure 2c
showing two distinct peaks at two radial distances. The first
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Figure 3. Hall-effect measurement of MoS,:Nb microdevices. (a) Optical microscopy image of a Hall-bar device based on a multilayer (61 nm thick,
determined by atomic force microscopy) MoS,:Nb flake (Scale bar =10 ym). (b) Hall resistance, R,, as a function of magnetic field at three
representative temperatures (10, 200, and 300 K). Blank circles and colored lines are the measured data and linear fits, respectively. (c) Calculated
hole sheet concentration (red) and Hall-effect mobility (blue) as a function of temperature from 10 to 300 K. (d) Longitudinal resistance R, of the

Hall-bar device as a function of temperature.

peak corresponds to atomic bonds with S atoms, the nearest
neighbor of the transition metal atoms, and the second peak is
associated with intralayer cation (transition metal) neighbors.
These bond lengths agree quantitatively with those measured in
MoS, single crystals.”” Here, though scattering from the first
and second nearest neighbors of the X-ray absorbing cation
atoms is evident, the existence of the interlayer van der Waals
gap may damp contributions from neighbors at greater
distances. We also note that ¢* is quite narrow, despite that
the data was collected in ambient air at 300 K, which further
confirms the high crystal quality in agreement with the
HRTEM measurements.

We measured the p-type electrical conduction in a thin flake
mechanically exfoliated from the MoS,:Nb crystals using
variable-temperature Hall effect. The multilayer MoS,:Nb
Hall device was fabricated on a 300 nm SiO,/Si substrate,
and standard e-beam lithography (EBL) was used to define the
flake into a Hall bar configuration as seen in Figure 3a. After
etching the unwanted area with XeF, gas, a second EBL was
performed to pattern the voltage leads and current injection
electrodes, followed by deposition of Ti/Au (5/100 nm) metal
contacts (see experimental details in the Supporting Informa-
tion). As shown in Supporting Information Figure S4, two-
probe I-V curves displayed linear characteristics, suggesting
ohmic contacts, despite the Schottky barrier expected between
the MoS, valence band and Ti (surface potential-energy barrier
@y ~ 1.0 eV, estimated from the Ti work function 4.33 eV and
the VBM of MoS, (ref 9)). This is attributed to the degenerate
p-type doping resulting in very narrow depletion width of a few
nanometers, thereby allowing significant tunneling current to
ﬂow40a4s1 typically occurring in heavily doped semiconduc-
tors. ™
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The measured Hall resistance, R, is plotted as a function of
the magnetic field (B) in Figure 3b. The magnetic field was
varied up to 4 T, and both current injection directions were
used in order to remove influence of possible misalignment of
voltage electrodes from the longitudinal resistance R,,; that is,
the treatment is equivalent to R,(B) = (V,,(+B) — V,,(=B))/
21I,..** The results confirm the p-type conduction of MoS,:Nb,
as well as reveal a constancy of the Hall coefficient Ry(= R,,/B
= —1/p,pe) over a wide range of temperature. Linear fitting in
Figure 3b yields a high sheet hole concentration (p,;) of 1.8 X
10" cm™2, corresponding to a bulk concentration of 3.0 X 10"
cm™, far exceeding the critical hole concentration for
degenerate p-type doping in MoS, (see Supporting Informa-
tion). The absence of carrier freeze-out (Figure 3c) indicates a
degenerate level of doping, and such a dense hole concentration
in the degenerate limit is indeed in good agreement with the
nominal doping concentration of Nb as analyzed below,
suggesting the tunability of the doping level with varying the
dopant concentration. Using the assumption that each of the
Nb atoms acts as a single acceptor,27 pZD“(’mi“a1 is estimated from
the 0.5% Nb doping to be ~2.8 X 10" cm™, showing good
consistency with the measured p,; considering the unknown
degree of charge compensation by the donor-like sulfur
vacancies. We also note that a nearly identical hole density is
observed from another Hall device. Combined with the four-
terminal R,, data presented in Figure 3d and geometrical
factors of the Hall device, the Hall mobility (1) was extracted,
which shows a monotonic increase with temperature. This is a
further signature of degenerately doped semiconductors,*
where ionized impurity scattering dominates over phonon
scattering even at room temperature. This is the opposite to the
behavior of intrinsic MoS, crystals, where acoustic phonon

dx.doi.org/10.1021/nl503251h | Nano Lett. 2014, 14, 6976—6982
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scattering plays a much greater role in limiting g at room
temperature.

To demonstrate a proof-of-concept device application of the
substitutionally doped MoS,, we fabricated a p—n homo-
junction. First, back-gated FETs using Nb-doped and undoped
MoS, flakes were separately fabricated, and typical electrical
transport characteristics are presented in Figure 4a. The
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Figure 4. Gate-tunable rectification across a van der Waals MoS, p—n
junction. (a) Gate voltage (Vg) dependence of channel current of
multilayer MoS,:Nb and undoped MoS, devices at a bias voltage (V)
of 1 V. Ti/Au was used for the source (s) and drain (d) contacts. (b)
I-V characteristic at variable back-gate voltages measured across the
van der Waals p—n junction assembled with MoS,:Nb (60 nm) and
undoped MoS, (4 nm). Inset is a false-color scanning electron
microscopy image along with a scale bar of 10 gm.

undoped, few-layer FET shows a strong, n-type gate voltage
(V,) dependence in the source-drain current (I4). In contrast,
the MoS,:Nb device exhibits a drastically different behavior
with a p-type conduction, a much weaker Ve dependence, and
much higher on-current. The weak V, dependence of the
MoS,:Nb device is similar to recent observations from
degenerately n-type doped MoS, crystals,** further confirming
the degeneracy of our Nb doping level.

Next, a vertically stacked p—n junction was formed by
overlaying a multilayer MoS,:Nb flake onto a few-layer,
undoped MoS,, as shown in the inset of Figure 4b. The
sample was then mildly annealed to enhance the interlayer
coupling® between the van der Waals p—n interface. Ti/Au
layers were deposited again for achieving ohmic contacts with
both the MoS,:Nb and undoped MoS,. Such vertically stacked
device architecture has been recently shown to be able to
support high current densities and offer superior tunability of
the junction current.*® The resultant p—n homojunction
exhibits excellent rectification characteristics as shown in Figure
4b. Remarkably, the degree of rectification is tunable by
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modulating the density of free carriers in the bottom n-type
layer with electrostatic field from the back gate. In such
asymmetric p*—n junction devices, the rectification properties
are predominantly governed by the lightly doped n-side in
which the depletion layer extends. While the heavily p-doped
MoS,:Nb is relatively insensitive to V,, the density of electrons
in the undoped n-side rapidly increases upon more positive V,,
leading to much enhanced current flow (see a qualitative band
diagram in the Supporting Information). This unique, tunable
rectification of current is fully reversible with respect to
variation of V,, indicating the operation stability and durability.

Notably, the fabricated Hall devices and p—n junctions are
stable in ambient air even without additional treatment such as
capping layer protection, with only minimal changes in the R,
and [-V characteristics over time (Supporting Information
Figure S6). This is in stark contrast to the existing approach of
using molecular doping,"*'**** which usually suffers from
volatility and reactivity with air or water molecules. This
superior stability is due to the covalently bonded, substitutional
dopants, similar to those previously observed in graphene® (for
example, long-term operational stability of nitrogen-doped
graphene as an electrode in fuel cells*®). Our results also show
that, thanks to the degeneracy and bipolarity of doping, one can
achieve a wide tunability of current rectification as compared to
the recently reported p—n diodes built from type-II
heterojunctions.'®'” Moreover, distinct metals with particular
work functions are not needed in making contact with the
MoS, homojunction devices, thus simplifying the device
fabrication process.

As the VBM of MoS, is located at ~5.4 eV, well below the
vacuum level, it is challenging to find proper metals and
surface-adsorbed molecules with high reduction potentials to
donate holes to the VBM. Therefore, only the atomic
substitution method demonstrated in this work can stabilize
effective, high-density of hole doping in MoS,. On the other
hand, ab initio computations have predicted that both Nb (for
p-type) and Re (for n-type) dopants are thermodynamically
miscible on the cation site in MoX, and WX, at high
temperatures, where X represents the chalcogen anion.*
Therefore, it is expected that the CVT synthesis technique
demonstrated in this work can be readily extended to doping
other TMDs. To this end, a general cation substitution strategy
can be developed to dope all TMDs against their native
unipolar doping propensity, so as to achieve bipolar doping in
these TMDs.

In summary, we demonstrate a substitutional cation doping
strategy in which degenerately high concentrations of free
carriers are introduced in the host TMDs with covalently
bonded dopants. The strategy is superior in terms of versatility
and stability over other doping methods based on adsorption or
intercalation of volatile species. Given the native n-type
conduction in MoS,, the stable p-type doping is of great
importance for device applications and also provides a materials
platform to explore and exploit the spin-polarized valence
bands of MoS,.
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Experimental details including HRTEM, EFTEM-SI, XPS, and
EXAFS measurements, device fabrication, and electrical trans-
port characterization. Raman spectra and additional HRTEM
analysis of the MoS,:Nb crystals. Details of EXAFS fitting
parameters. Band diagrams and stability studies of the
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fabricated devices. This material is available free of charge via
the Internet at http://pubs.acs.org.
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Experimental and Analysis Details.

HRTEM & EFTEM-SI characterization. After mechanical exfoliation onto a Si0,/Si substrate,
Nb-doped MoS; micro-flakes were transferred to Quantifoil holey carbon-coated Au TEM grids
using a polymer-free transfer technique.' Cs (spherical aberration)-corrected HRTEM with sub-
A resolution was taken using FEI Titan 80-300 environmental TEM with 80 kV accelerating
voltage and a negative spherical aberration coefficient (-20 um). EFTEM-SI (spectrum image)
using JEOL ARM 200cF with GIF Quantum® 965 EELS spectrometer was conducted under
these conditions; energy range/slit width/step size: 120-550 eV/10 eV/1 eV and exposure time of
a step: 2 sec. Elemental maps of Mo, Nb and S from EFTEM-SI were achieved by energy-
filtering at 227 eV (Mo Mys), 378 eV (Nb M>), and 165 eV (S L, 3), respectively.

XPS measurements. XPS was performed on both undoped and Nb-doped MoS; utilizing a Mg
Ka X-ray source (1253.6 eV) from an anode operated at 300 W and a hemispherical NanoSAM
electron energy analyzer in a ultra-high vacuum chamber (base pressure ~ 10™'° mbar). The
samples were directly grounded through metal holders to the system, and the pass energy was
kept constant at 10 eV during the scans.

EXAFS measurements and analysis. EXAFS measurements at the Nb K edge and Mo K edge
were carried out at the Stanford Synchrotron Radiation Laboratory on beamline 7-3 using a Si
(220) monochromator at phi=0°, considering its glitch database in the measured energy range. A
Rh-coated Si collimating mirror was used to reject the significant fraction of the higher harmonic
signal. Before the measurements, reference Nb and Mo metal foils were also measured for
calibration of energy absorption shift. Due to the small amount of Nb dopants, EXAFS data for
Nb K edge was acquired in a fluorescence geometry using 30-element germanium detector
(Canberra). On the contrary, EXAFS of Mo K edge was collected in transmission mode where
X-ray intensity was measured after passing through the sample using an ionization chamber.
Long data collection times (> 8 hrs per measurement) were employed in order to obtain more
precise EXAFS signals, and they were averaged in the software package Sixpack after
background subtraction. Further data reduction of the EXAFS spectra was processed with
Athena, and curve fitting was performed with the Artemis and IFEFFIT software.

Device fabrication and electrical transport measurements. All MoS, flakes were prepared on
300 nm SiO,/Si substrates using mechanical exfoliation. For p-n junction devices fabrication,
multilayer Nb-doped MoS; was directly exfoliated onto a methyl methacrylate (MMA) polymer
and transferred to pre-exfoliated undoped MoS; sitting on a SiO,/Si (p*) wafer.” Standard
electron beam lithography was performed twice for patterning the etch mask and the electrodes.
XeF, etching was used to pattern the Hall-bar configuration, using 4 cycles consisting of 15 sec
etch. Ti/Au (5/100 nm) metal contacts were evaporated followed by lift-off. All the electrical
transport measurements, excluding the FETs demonstration (Fig. 4a), were performed under
vacuum (~ 10” Torr) using a physical property measurement system (PPMS, Quantum Design,
Inc.).

The critical hole concentration (Er ~ Ev + 3kT) for degenerate p-type MoS; is estimated by using
a parabolic valence-band model and the corresponding analytical formula,



* 3/2
m kT
p= 2{#} e B EORT Tt was found to be approximately 7 x 10'7 cm™ using a hole effective
T

mass m,* of 0.68 m,.’ Therefore, our measured hole density far exceeds this value and justifies
our explanation assuming a degenerate doping.

The ideality factor of the p-n junction presented in Fig. 4 is calculated by employing the curve

fitting to the Shockley ideal diode equation, |/, |=|/

N

eV
[e""”T - IJ . For Vg > +40 V where a

significant rectification has been observed, the diode ideality factor (») is found to be 2 ~ 3 with
#* > 99%. This presumably implies the existence of charge trap states and disorder either within
charge depletion region or at their interfaces.
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Figure S1. Schematics of the three-zone furnace setup used for the Nb-doped MoS; crystal
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Figure S2. (a) Optical image of the as-exfoliated atomic terrace structure consisting of
monolayer (1L), trilayer (3L), and bulk MoS,:Nb. Scale bar is 10 pm. (b) Zoom-in AFM image
of the corresponding monolayer part. (c) Raman spectra, normalized by peak height, of 1L-, 3L-,
and bulk MoS,:Nb acquired at room temperature. The frequency difference (Aw) between in-
plane (Elzg) and out-of-plane (A;g) phonon modes at I" point decreases with the number of layers,
and is reduced to ~ 18.6 cm™ in 1L MoS,:Nb from the bulk value of 25.1 cm™. (d) Comparison
of normalized Raman spectra between Nb-doped and undoped monolayer MoS,. We note that
the Raman spectral shape slight changes upon Nb doping (hence greater carrier density); the
linewidth of the A, mode broadens and slightly softens. In contrast, the Elzg mode is insensitive
to the Nb doping. This suggests a stronger electron-phonon coupling of the A, mode, which is
similar to the change in Raman spectrum induced by FET gating.’ In this regard, Raman
spectroscopy can be quite useful for probing the level of doping in 1L-MoS, as that is employed
in graphene devices.*’
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Figure S3. (a,b) Additional HRTEM images of a MoS,:Nb flake with the selected area electron
diffraction pattern acquired and the measured lattice spacing, respectively. Scale bars are 5 nm.
Inset in Fig. S3b shows a HRTEM image taken from the MoS,:Nb flake with its basal planes
oriented in parallel to the electron beam. Estimated inter-plane distance from the image is ~ 6.15
A, matching well reported value.® (c) Extracted electron energy loss spectrum (EELS) from the
EFTEM-SI showing the Nb M, peak at ~ 378 eV.
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Table S1. EXAFS fitting parameters for Nb-doped MoS,.

1% Peak 2" Peak
(Nb-S) (Nb—Mo/Nb)
N, r (A) o’ (AY) N, r (A) 0,” (AY)
Nb 6 2.4489 0.00169 6 3.1653 0.00197
1% Peak 2" peak
(Mo-S) (Mo—Mo/Nb)
N, r (A) o’ (AY) N, r (A) 0,” (A?)
Mo 6 2.4042 0.00151 6 3.1394 0.00186
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