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ABSTRACT: We report here the first degenerate n-doping of
few-layer MoS, and WSe, semiconductors by surface charge
transfer using potassium. High-electron sheet densities of ~1.0
X 10" cm™ and 2.5 X 10" cm™ for MoS, and WSe, are
obtained, respectively. In addition, top-gated WSe, and MoS,
n-FETs with selective K doping at the metal source/drain
contacts are fabricated and shown to exhibit low contact
resistances. Uniquely, WSe, n-FETs are reported for the first
time, exhibiting an electron mobility of ~110 cm?®/Vs, which
is comparable to the hole mobility of previously reported p-
FETs using the same material. Ab initio simulations were
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performed to understand K doping of MoS, and WSe, in comparison with graphene. The results here demonstrate the need of
degenerate doping of few-layer chalcogenides to improve the contact resistances and further realize high performance and

complementary channel electronics.
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he desire for enhanced computation power has been the
driving force for the aggressive scaling of electronic
devices over the past several decades. However, at the extreme
channel length miniaturization, poor gate control impairs the
scaling benefits of conventional transistors.”” In this regard,
various new classes of materials and device structures have been
proposed to continue the scaling trend.*”'* Recently, two-
dimensional (2D) layered transition metal dichalcogenides
(TMDCs), for example, MoS, and WSe,, have gained
tremendous interest due to their body thickness scalability
down to a monolayer (ML) without surface dangling bonds or
native oxides and with promising carrier transport proper-
ties.>'* Field-effect transistors (FETs) fabricated from ex-
foliated TMDC crystals exhibit outstanding device perform-
ances such as an ideal subthreshold swing of ~60 mV/dec, Ion/
Iope ratio of 10% and high field effect mobility for both
electrons and holes.* "' Transistors fabricated on 5 nm thick
MoS, flakes show no short channel effects down to a channel
length of ~100 nm without aggressive gate oxide scaling.12
Shortly after the first successful demonstration of MoS,
monolayer FETs,® building blocks of digital circuits such as
logic gates, static random access memory devices, and ring
oscillators have been realized.">'*
Controlled doping of few-layer TMDCs, which is of
fundamental material and device importance, has not yet
been well explored in the community. This is particularly
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important given that TMDC FETs reported so far are often
limited by Schottky barriers (SBs) at the metal/semiconductor
interfaces.'”'>'% Therefore electrical properties are hindered
by the contact resistances rather than intrinsic material
properties. To be able to push TMDC FETs to their
performance limits and also reveal their intrinsic electronic
transport properties, recently we reported the use of NO,
molecules as effective p-dopants for monolayer and few-layer
WSe,.'? In this doping scheme, NO, molecules are absorbed on
the surface of WSe,, resulting in surface electron transfer from
WSe, to NO, given the strong oxidizing nature of NO,
molecules. Building on this concept, here we report the first
degenerate n-doping of MoS, and WSe,. Specifically, we use
potassium as an efficient surface n-dopant and achieve a high
electron sheet density of ~1.0 X 10" cm™ in MoS, and 2.5 X
10" cm™2 for WSe,. We also for the first time demonstrate few-
layer WSe, n-FETs with electron mobility of ~110 cm*/V.s by
selectively n-doping the metal contact regions with K.
Electron doping by K vapor has been previously applied to
carbon nanotubes and graphene.'’™'” Because of the small
electron affinity of K, it is a strong electron donor to most
surfaces. Here, to study the doping effects of K on the transport
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properties of TMDCs, back-gated devices made of few-layer
MoS, and WSe, with channel lengths of 0.5—10 ym were first
fabricated and systematically studied as a function of doping.
The fabrication process starts with the transfer of MoS, or
WSe, layers on a Si/SiO, substrate (oxide thickness, t,, = 270
nm) using an adhesive tape,® followed by an acetone wash for 1
h to remove the tape residues. Subsequently source/drain (S/
D) metal contacts were formed by lithography, metal
evaporation, and lift-off processes. The contacts were annealed
at 200 °C for 5 min in Ar. The K doping of few-layer
chalcogenides was carried out in a sealed chamber, where the
samples/devices were placed ~2—3 cm in distance under the K
dispenser (SAES Getters, U.S.A.). The chamber was then
pumped and maintained at ~3.5 X 107 Torr by a turbo pump
and a current of 5 A was applied to the K dispenser to initiate
the doping process. The dose was controlled by monitoring the
device performance in situ as a function of exposure time to the
K vapor. For MoS,, Ni and Au metal contacts were found to
give good n-type conduction, which is consistent with
literature."> Here we choose Ni for simplicity. Figure lac
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Figure 1. “Blanked” (i.e., unpatterned) n-doping of few-layer MoS,
and WSe, by K. (a,c) The schematic of K doping of the entire channel
for MoS, and WSe, devices, respectively, with (b,d) showing the
corresponding transfer characteristics before (black symbols) and after
(red symbols) doping.

shows the device schematics of few-layer MoS, and WSe, back
gated FET's blank-doped with K. Figure 1b shows the transfer
characteristics of a 3-monolayer MoS, back gated device before
and after K doping, measured in vacuum. The as-made device
exhibits a typical switching behavior with large Ion/Iops (>10°).
After doping by exposing the entire channel to K vapor, the
current Ig becomes weakly dependent on the gate voltage,
which clearly indicates that MoS$, is heavily n-doped (current at
positive bias side still slight higher than negative side). The
current level also increases with doping mainly due to two
effects: (1) higher tunneling probability through SBs due to
barrier thinning by strong doping and (2) higher channel
conductance arising from the higher electron concentration.
The first effect results in a lower contact resistance and is a
more prominent factor given that for as-made devices; the
current nearly saturates at very high gate fields (Figure 1b),
suggesting that the current is limited by the injection of carriers
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from the source contact. For few-layer WSe,, here we use Au as
the contact metal since it results in higher electron conductance
(i.e., lower SB height to the conduction band) as compared to
the other metal contacts that we explored, including Pd and Ni.
Specifically ambipolar device characteristics with both electron
(positive Vig) and hole (negative Vs) conduction (Figure 1d)
due to the midgap SBs are observed for Au contacted WSe,
FETs. This is in contrast to Pd contacted FETs which exhibit
only p-channel conduction due to lower SBs for holes as
compared to electrons.'” After K doping, WSe, FETs also
exhibit weak gate dependence in I, which coincides with the
result from MoS,, indicating a high electron doping level.

To approximate the sheet electron concentration after K
doping, here we assume that K doping results in SB width
thinning such that the tunneling probability is near unity.
Therefore, the contact resistance after doping can be ignored.
The 2D sheet doping concentration (n,p) is then extracted
from n,p, = (IpgL)/(qWVpgpt), where q is the electron charge,
W and L are the width and length of channel, respectively, I is
the source/drain current at zero gate voltage, Vg is the source/
drain voltage, and yu is the field-effect mobility. The mobility
was extracted from the Ipg—Vgg transfer characteristic after
doping using parallel plate capacitor model (C,, = €00/ Toy is
the gate oxide capacitance per unit area, where &, ~3.9 is the
dielectric constant of SiO,, &, is the vacuum permittivity, and
T,= 270 nm is the SiO, thickness) to estimate the channel
charge modulation. We extract an electron concentration
~1.0 X 10" cm™ for K-doped MoS, and 2.5 X 10" cm™ for
WSe,. The difference in the extracted electron concentrations
could arise from difference in the K surface coverage for the
two samples.

Patterned n-doping of few-layer TMDCs was explored next
by fabrication of top-gated few-ML TMDC FETs with self-
aligned, K-doped S/D contacts. Specifically, a 3 ML WSe, top-
gated FET with L ~ 6.2 ym is shown here as a proof of
concept. Au (40 nm) was used as the S/D contacts. ZrO,/Ni
(17.5/30 nm) gate stack (underlapping the S/D metal contacts
by a distance of 300—500 nm) was formed by electron beam
lithography, metal deposition and lift-off. To be able to lift off
the gate stack, ZrO, was deposited by atomic layer deposition
(ALD) at a low temperature of ~120 °C. Figure 2a depicts the
3 ML WSe, top-gated FET after K doping of the exposed S/D.
The exposed (underlapped) regions are n-doped heavily, while
the gated region remains near intrinsic due to the protection of
the active channel by the gate stack. The resulting structure is n
+/i/n+, similar to the conventional n-MOSFETs. Figure 2b
shows the transfer characteristics of the device in vacuum with
increasing doping time. Here the back-gate voltage is fixed at 40
V to electrostatically dope the underlapped regions. As a result,
the difference in the Ing—Vg characteristics mainly arises from
the change of the metal-WSe, contact resistance, rather than
the resistance of the underlapped regions. The device before
doping shows a low current of <10 pA/um at Vg = 0.05 V.
The electron conduction at the positive gate voltage increases
drastically by orders of magnitude after K vapor exposure,
which clearly depicts the lowering of the contact resistance.
Specifically, the current value after 120 min of doping using the
specified condition is ~10° X higher than the device with
undoped contacts. Note that a small threshold voltage shift
toward the more negative voltage is observed with K doping.
This is attributed to the diffusion of a small fraction of the K
atoms through the top-gate stack, especially given the small size
of K ions.
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Figure 2. Top-gated few-layer WSe, n-FETs with chemically doped
contacts. (a) Schematic of a top-gated few-layer WSe, n-FET, with
chemically n-doped S/D contacts by K exposure. (b) Transfer
characteristics of a 3-layer WSe, device (L ~ 6.2 um) as a function of
K exposure time. The black curve is before doping, while the other
curves from bottom to top are after 1, 20, 40, 70, and 120 min doping.
(c) Transfer characteristics of the device in (b) after 120 min doping.
Inset shows extracted effective electron mobility as a function of the
gate overdrive of the device at Vg = 0.05 V. (d) Output characteristics
of the same device shown in (b).

Figure 2c shows the transfer characteristics of a top-gated
WSe, FET after 120 min of K doping at both high (Vpg=1V)
and low (Vpg = 0.05 V) fields. The device exhibits >10* of Iy/
Iopr, and over 110 cm?/V.s peak effective electron mobility,
which was extracted from the I-V characteristics by using the
relation prg = [(0Ipg)/(0Vps)[L/(Cox(Vgs = Vi — 0.5Vpg))]-
Here, V. = —0.46 V is the threshold voltage, Vs is the gate bias
and C,, = €,&,/T,, is the top gate oxide capacitance per unit
area (&,, ~ 12.5 is the dielectric constant of ZrO,, &, is the
vacuum permittivity, and T,, = 17.5 nm is the ZrO, thickness).
The Ips—Vpg output characteristic of this device is shown in
Figure 2d. The I-V behavior at low Vg region clearly depicts
the ohmic contacts, while at high Vpg the current saturates by
pinch-off, similar to the conventional long-channel MOSFETs.

A similar top-gate device structure was explored for few-layer
MoS, (Figure 3a). Figure 3b,c shows the Ing—Vpg output
characteristics of a 3 ML MoS, top-gated FET with L ~ 1 um
at two difference back gate bias Vg, 0 and 40 V respectively.
The Ins—Vpg curves reflect a clear Schottky contact behavior at
low Vpg regime, even with a back-gate voltage of Vg = 40 V
where the underlapped regions are electrostatically doped by
the back gate. After K surface charge transfer doping of the
underlapped regions, the current goes up by more than 1 order
of magnitude at the same Vg (0 V) and top gate bias Vig.
Moreover, the Schottky behavior disappears and the low-field
regime exhibits an ohmic behavior. The peak eftective mobility
of this device after K doping of the contacts was extracted to be
~25 cm?/V-s. Note that this mobility value is lower than the
highest values previously reported in literature, which may be
due to the fact that the top gate dielectric layer was deposited at
a low temperature to enable the lift-off process with PMMA
resist.

To shed light on the charge transfer between K and TMDCs,
X-ray photoelectron spectroscopy (XPS) surface analysis was
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Figure 3. Top-gated few-layer MoS, n-FETs with chemically doped
contacts. (a) Schematic of a top-gated few-layer MoS, n-FET with
chemically n-doped S/D contacts by K exposure. (b,c) Output
characteristics of a device (thickness of three layers, L ~ 1 ym) before
K doping at a back gate voltage of 0 and 40 V, respectively. (d) Output
characteristics of the same device shown in (b,c) after 120 min of K
doping and with 40 V back gate bias.

performed. Figure 4a,b shows the Mo 3d and S 2p peaks, before
and after sample exposure to K. After K exposure, the Mo 3d
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Figure 4. XPS surface analysis of MoS, and WSe, before and after K
doping with binding energy peaks of (a) Mo 3d;/, and 3d;,,, (b) S
2p,, and 2p;), (c) W 4f;), and 4f,),, and (d) Se 3d;,, and 3d;,,
electrons. The binding energies at each XPS peak maximum before
doping are indicated by the yellow dash lines.

and S 2p peaks broaden while the positions of their maxima
shift toward higher values. Specifically, Mo 3d;,, shifts from
232.0 to 232.7 €V, Mo 3ds,, shifts from 228.8 to 229.5 eV, S
2p,, shifts from 162.7 to 163.3 eV, and S 2p;, shifts from
161.6 to 162.2 eV. The upshift of the peaks is directly attributed
to the n-doping process, since it causes a Fermi level shift
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Figure S. Ab initio simulation of MoS, and WSe, with binding of K atoms, compared to graphene. (a) Top view and (b) side view schematics of the
K-doped MoS, and graphene with a doping coverage of 1/4 K atom per unit cell. The distances between K atoms and S or C planes are denoted.
The K-doped WSe, has a similar structure to that of MoS, but with different bond lengths as explained in the text. (c) Binding energy comparison of
K— MoS,, WSe, and graphene, with a dopant coverage of 1/4 and 1/9 K atom per unit cell. (d) The change of elemental valence electron
distribution of ML MoS, (top) and WSe, (bottom) after K doping with a coverage of 1/4 K atom per unit cell comparing to before doping.

toward the conduction band edge and the Fermi level is where
the zero energy lies. This upshift is also consistent with
previous studies of doped graphite and molecular films.***"
Similarly, the peaks of W 4f;,, and 4f,,, as well as Se 3d;,, and
Se 3ds/, upshift (by ~0.4 eV) after K exposure, as depicted in
Figure 4c,d. The blue shift of the elemental electron binding
energy is a direct indication of the surface charge transfer
doping.

Ab initio simulations were performed to further understand
the charge transfer and doping mechanism. The simulation was
conducted by density-functional theory (DFT) with Vienna ab
initio simulation package (VASP) codes,”” and Bader
analysis>>>° was used calculate the charge contribution from
the potassium dopant.*® Figure Sa,b depicts the top and side
view schematics of K-doped MoS, and graphene monolayers,
respectively, with one-side covered with K at a density of 1/4 K
atom per unit cell (i.e, one K atom per 4 unit cells). Similar to
graphene, the K dopant is located above the centers of the
hexagons in MoS,. Despite of S being a larger atom than C, the
distance between the K dopant and the S plane in MoS, (2.60
A) is shorter than that of K and C plane in graphene (2.89 A).
The bond length of K—S is 3.06 A in MoS,, compared to the
K—C bond length of 3.24 A in graphene. The shorter bond
length indicates a stronger binding of K to MoS,, which is
consistent with a larger binding energy in K-doped MoS, and
more stable doping as shown in Figure 5c. The simulation
results indicate that the bond length decreases and the binding
energy increases as the doping density decreases, but the
qualitative difference between K-doped MoS, and K-doped
graphene remains unchanged (Figure Sc). We also performed
similar simulations of K—WSe, The distance between the K
dopant and the Se plane is 2.76 A and the K—Se bond length is
3.36 A. Because WSe, have larger atoms than MoS,, the bond
length is larger and the binding energy is smaller, but the K—
WSe, binding energy is still larger than that of K—graphene. To
examine charge transfer between the K dopant and ML 2D
materials, we performed Bader analysis of charge transfer as
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shown in Figure 5d with a K concentration of one atom per
four MoS, unit cells (as one super cell). After placing one K
atom in the center of the super cell, there is 0.52e of charge
transferred from the K atom to MoS, with the top S atoms
sharing the charge, while in ML WSe,, 0.5 of the K charge is
transferred, slightly lower than that of the K—MoS§, charge. The
extracted K doping concentration difference between MoS, and
WSe, from the experimental results in Figure 1b,d is ~4X,
larger than the simulation result here. This may be attributed to
a number of factors, including difference in the number of K
atoms binding to the surfaces for the two materials. Also, it
should be noted that the transferred electrons in bonds can be
different from the mobile charge carriers due to doping, and the
Bader analysis has an uncertainty in determining charge
associated with each atom. We also estimated doping density
from the simulated density-of-states (DOS) and Fermi energy
level. The amount of transferred charge is determined to be
0.55e for K—MoS, with a density of 1/4 K per unit cell from
the DOS approach, which is consistent with the Bader analysis.

In conclusion, we have studied the surface charge transfer n-
doping of few-layer chalcogenides by K. Degenerate doping
levels in few-layer MoS, and WSe, have been achieved and
reflected by electrical measurements and surface XPS analysis,
and further understood by ab initio calculations. The results
here demonstrate the need of degenerate doping of few-layer
chalcogenides to improve the contact resistances, and further
realize high-performance TMDC channel electronics. Specifi-
cally, the work shows that n-type WSe, FETs can be obtained
with high mobilities that complement those obtained for
previously reported p-type WSe, FETs'® by simply doping the
contacts accordingly. This finding may enable the development
of layered semiconductor CMOS devices in the future. While K
is used as a model surface charge transfer dopant in this work,
in the future exploration of air-stable dopants is needed.
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