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T
he preparation of ultrathin graphene
layers throughmechanical exfoliation
techniques has inspired extensive

studies of other two-dimensional (2D) ma-
terials with a variety of electrical properties,
including semiconducting molybdenum
disulfide (MoS2) and insulating hexagonal
boron nitride (h-BN).1�3 In particular, the
semiconducting 2D material MoS2 is poten-
tially useful in post-silicon digital electronics
due to its extreme thinness and also in
highly efficient optoelectronics due to its
tunable band gap and photocurrent. These
2D materials may be used to form the
vertical heterostructures that are useful in
a diverse range of functional devices, such
as tunneling field effect transistors (FETs),4,5

optoelectronics,6,7 complementary inverters,8

and memory devices.9,10 These 2D materials
couldpotentially replace Si-baseddevices and
facilitate the development of next-generation
flexible transparent electronics.5,7,11 This

potentialmaybe realized through the devel-
opment of appropriate doping processes
because most useful devices include a variety
of junctions (e.g., p�n for diodes, p�n�p for
MOSFETs, and p�i�n for tunnel transistors).
Thep�ndiodes areparticularly useful for opto-
electronicsbecause thebuilt-inpotential in the
depletion region readily separates and drives
the photogenerated e�h pairs that migrate
toward the cathode and anode contacts and
eventually generate a high photocurrent at a
zero bias to enable efficient energy conver-
sion. Therefore, high performances could be
achieved in versatile Si-compatible electronics
through the development of suitable doping
methods forMoS2. Several studies have exam-
ined surface charge transfer doping methods
for MoS2; however, it is unclear whether these
methods can be applied toward the fabrica-
tion of practical junction devices because
the electrical properties and contact resis-
tance are only marginally modulated.12�17
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ABSTRACT This paper demonstrates a technique to form a

lateral homogeneous 2D MoS2 p�n junction by partially stacking 2D

h-BN as a mask to p-dope MoS2. The fabricated lateral MoS2 p�n

junction with asymmetric electrodes of Pd and Cr/Au displayed a

highly efficient photoresponse (maximum external quantum effi-

ciency of∼7000%, specific detectivity of∼5� 1010 Jones, and light

switching ratio of∼103) and ideal rectifying behavior. The enhanced

photoresponse and generation of open-circuit voltage (VOC) and

short-circuit current (ISC) were understood to originate from the

formation of a p�n junction after chemical doping. Due to the high

photoresponse at low VD and VG attributed to its built-in potential, our MoS2 p�n diode made progress toward the realization of low-power operating

photodevices. Thus, this study suggests an effective way to form a lateral p�n junction by the h-BN hard masking technique and to improve the

photoresponse of MoS2 by the chemical doping process.

KEYWORDS: molybdenum disulfide . two-dimensional materials . chemical doping . lateral junction . homogeneous p�n junction .
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On the other hand, studies of the MoS2 photo-
response have suggested new routes to the develop-
ment of highly efficient optoelectronics. MoS2 exhibits
strong light absorption properties associated with Van
Hove singularities in the density of state, and the visible
range band gap can be as large as 1.9 eV for monolayer
and 1.2 eV for multilayer MoS2.

7,18 Phototransistors
prepared using MoS2 and heterostructured devices
combined with graphene or carbon nanotubes have
provided exceptionally high efficiencies and photo-
responsivities.6,7,19�24 By contrast, graphene photo-
transistors display a poor external quantum efficiency
(EQE) of ∼1% and a photoresponsivity of ∼1 mA/W
because the light absorption profile is weak and
electron�hole recombination is rapid due to the zero
band gap and fast carrier transfer.25�28

Here, we demonstrated the chemical preparation of
p-type MoS2 using a AuCl3 solution and the use of this
material in a lateral homogeneous p�n diode to yield
a strong photoresponse. The fabricated p�n diode
showed a high EQE, photoresponsivity, specific detec-
tivity (D*), and light switching ratio (Ilight/Idark) and
an ideal rectifying behavior. Indeed, this p�n diode
displayed unique properties, such as an open-circuit
voltage (VOC) and short-circuit current (ISC) of typical
of p�n diodes. These results suggest a new route to
the application of MoS2 toward numerous electronics
using p�n junctions, such as rectifiers, Zener diodes,
tunnel diodes, light-emitting diodes (LEDs), photo-
detectors, and solar cells.

RESULTS AND DISCUSSION

Formation of h-BN-Masked MoS2 p�n Junction. The pro-
cesses used to fabricate a representative MoS2 p�n
diode are described in Figure 1 (see the Experimental
Methods for details). Mechanical exfoliation by adhe-
sive tape produced multilayer MoS2, which was then
placed on a highly p-doped Si substrate covered by
a thermally oxidized 280 nm SiO2 layer. A portion of
the MoS2 surface area was p-doped by AuCl3, and the
remaining area was capped by h-BN using a transfer
technique as reported previously.3,29 The cross-
sectional diagram and optical microscopy (OM) image
of the MoS2 p�n diode fabricated by spin-coating
the AuCl3 solution onto a partially stacked MoS2/h-BN
heterostructure are shown in Figure 1a and b. AuCl3
can act as an effective electron acceptor due to its large
positive reduction potential; thus, it is commonly used
in studies of graphene doping.30,31 It is known that
the Au nanoaggregates formed through the reduction
of AuCl4

� ions from solution. During this reaction,
ions receive electrons from the MoS2 layer, thereby
leading to a significant p-doping of the MoS2 through
surface charge transfer. This formation of Au aggre-
gates on the MoS2 surface could be more clearly
visualized using atomic force microscopy (AFM) (see
the Supporting Information Figure S1).

Graphene is strongly impermeable, even with sin-
gle atomic thickness, due to its dense honeycomb
crystal lattice structure with very short C�C bond
lengths.32 As with the similar crystal structure of gra-
phene, a several 10 nm thick h-BN layer completely
blocks the large gold chloride ions from permeating;
thus, the only exposed MoS2 region appears to be
p-doped by AuCl3 and the remainder maintains its
intrinsic n-type properties. The presence of different
doped regions of the MoS2 layer formed a lateral
homogeneous p�n junction diode. By comparison
with the conventional photoresist process, the use of
h-BN as hard mask gives rise to some benefits: (i)
superior impermeability with nanoscale thickness; (ii)
facility to form an abrupt junction due to its thinness;
(iii) simplified experimental process and reliability due
to an unnecessary mask removal. Although the only
surface region of MoS2 is doped by surface charge
transfer, it is expected that the p�n junction charac-
teristics might be observed because the main current
should flow along the upper side of multilayer MoS2.

33

Thus, we investigated the electrical and optical proper-
ties of various thickness MoS2 p�n diodes to find the
layer dependence of chemical doping and optimal
thickness. Three-dimensional schematic and circuit
diagrams of the fabricated MoS2 p�n diode are pre-
sented in Figure 1c. The Fermi energy (EF) of MoS2
could be tuned by applying a global back-gate bias to
the Si substrate.

Rectification by Using Asymmetric Electrodes. Prior to the
fabrication of the lateral MoS2 p�n diode, we investi-
gated the electrical properties and chemical doping
effects of MoS2 transistors with the electrodes of Ti/Au,

Figure 1. Fabrication of the MoS2 p�n diode. (a) Cross-
sectional diagram and (b) OM image of MoS2 p�n diode
with heteroelectrodes. The scale bar indicates 10 μm. (c)
Three-dimensional schematic and circuit diagrams of the
fabricated MoS2 p�n diodes under light illumination.
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Cr/Au, and Pd as shown in Supporting Information
Figures S2 and S3. The benzyl viologen (BV) and AuCl3
showed effective n- and p-doping effects resulting in
a degenerate n-type property and a p-type semicon-
ducting property, respectively. In particular, with the
large work-function Pd electrode, a MoS2 transistor
showed the obvious p-type semiconducting property
after AuCl3 doping. The on/off ratio and field effect
mobility were comparable to those obtained prior
to doping, and the VT shift toward a negative gate
bias was large (see Table S1). The low ID and electron
concentration at zero VG provide clear evidence for the
strong p-doping of AuCl3.

With this experimental observation, we fabricated
the various thickness MoS2 transistors with a hetero-
electrode (Pd�Cr/Au) to facilitate the flow of hole
carriers from the p-doped region as described in the
inset of Figure 2a. As shown in Figure 2, the electrical
properties were changed depending on the thickness
of MoS2. For the thicker MoS2 (30 and 60 nm), ID�VD

showed a symmetric behavior even though different
electrodes were contacted (Figure 2a and Supporting
Information Figure S5a). This observation is quite
different from Fontana et al.'s previous report.23 They
demonstrated the asymmetric ID�VD by just contact-
ing different metals (Au�Pd) for S/D electrodes of
50 nm thick MoS2. The different observations probably
arose from the different fabrication processes, e.g.,
different deposition methods. By contrast with thicker
MoS2, the thinner (2 and 7 nm) MoS2 showed asym-
metric ID�VD behaviors and lower current due to the
induced Schottky barrier between the MoS2 and Pd
contact, as shown in Figure 2c ande. As reported in ref 23,
in our case, the only thin MoS2 below 7 nm showed
asymmetric ID�VD by just contacting different metals.
It seems that this effect becamemore significant as the
thickness decreases. The ID�VG curves in Figure 2b, d,
and f showed a significant threshold voltage (VT) shift
toward positive VG direction from �30 to þ10 V as the
thickness decreases. The shift is attributed to the

Figure 2. Electrical properties ofMoS2 transistorswith aheteroelectrode. (a) ID�VD and (b) ID�VG curves of a 60nm thickMoS2
transistor. The inset in (a) shows a schematic diagram of the device. (c) ID�VD and (d) ID�VG curves of a 7 nm thick MoS2
transistor. (e) ID�VD and (f) ID�VG curves of a 2 nm thick MoS2 transistor. The insets in (b), (d), and (f) are OM images of each
device, and the scale bars indicate 20 μm.
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p-doping of MoS2 with a Pd contact, and this effect
also becamemore sensitive with thinner MoS2 because
the only contacted surface area with Pd probably is
p-doped. However, all the transistors showed similar
n-type semiconducting properties and a weak rectify-
ing behavior such as low Iforward/Ireverse ratio (∼10)
even for 2 nm thick MoS2. Thus, it is required to
develop a new method to fabricate an ideal and high-
performance p�n diode.

Electrical Properties of MoS2 p�n Diodes. Here, we de-
vised a lateral and homogeneous MoS2 p�n diode
as described in Figure 3a and b by stacking h-BN on
a part of MoS2 and depositing AuCl3. When the elec-
trical properties of MoS2 p�n diodes were investigated
with different doping concentrations (3, 20, and
30 mM), it was observed that the higher concentra-
tion of AuCl3 can induce higher rectification (see
Supporting Information Figure S7). Thus, it appears
to be possible to optimize the diode performances
by controlling doping concentration and generate
tunneling current, which can be induced by a signifi-
cant band-bending, by depositing a very high doping
concentration of AuCl3. For this experiment, we
used 20 mM AuCl3 dopant to form the p�n junction

because this showed good rectifying and photonic
behaviors.

Figure 3c and d show the ID�VD for the fabricated
60 and 7 nm thick MoS2 p�n diodes (denoted as
PN-M60 and PN-M07, in which the numbers indicate
the thicknesses of MoS2), respectively. By comparing
with ID�VD before doping (Figure 2a and c), the
rectifying behavior became more obvious after dop-
ing. The obtained Iforward/Ireverse ratio is enhanced from
1.5 to 30 for 60 nm and from 4.2 to 67 for 7 nm thick
MoS2. From the log-plotted ID�VD, the doping effect
for a rectification can be clearly seen, as shown in
Supporting Information Figures S4a and S5a. Despite
the enhanced rectification, the reason for a high
reverse current of thicker MoS2 at high �VG can be
explained by the large drift current with applying high
�VG, which moves the EF toward valence band and
facilitates the hole carrier transport. Thus, the reverse
current can be decreased with increasing VG, as shown
in Supporting Information Figure S4b. Despite this high
reverse current, we could obtain an ideal diode char-
acteristic. The ID�VD curves at VG = �40 V for PN-M60
and PN-M30 exhibit an ideality factor of ∼1, which
indicates an ideal diode from the following Shockley

Figure 3. Electrical and diode performances of lateral MoS2 p�n diodes. OM images for (a) 60 nm (PN-M60) and (b) 7 nm
(PN-M07) thick MoS2 p�n diodes. The scale bars indicate 20 μm. ID�VD curves of (c) PN-M60 and (d) PN-M07 after AuCl3
doping. (e) Log-scale ID�VD curves of (e) PN-M60 and (f) PN-M07 at VG = �40 V to calculate the ideality factors.
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diode equation:

I ¼ IS(e
VD=nVT � 1)

where I is the diode current, IS is the reverse bias
saturation current, VD is the voltage across the diode,
n is the ideality factor, andVT is the thermal voltage (see
Figure 3e and Supporting Information Figure S5b). This
ideal diode characteristic probably is attributed to the
homogeneous diode structure using the samematerial
excluding the interface traps or unintended interface
resistance, which can result in significant degradation
of diode performances.

Furthermore, we analyzed the PN-M07 to obtain an
ideality factor, as shown in Figure 3f. Despite its high
Iforward/Ireverse ratio, the ideality factor is higher than
those of PN-M60 and PN-M30. It is known that the
defects or interface traps that drive the recombination
process would cause the ideality factor to be around 2.
Thus, it seems that the thinner MoS2 is strongly af-
fected by the chemical solution or damaged during
surface chemical reaction. The formation of Au aggre-
gates also can prevent carrier transport, and this influ-
ence should be more dominant for the thinner MoS2.
In the case of PN-M02, ID was significantly suppressed
after AuCl3 doping, and we observed that it could be
recovered after rinsing in acetone for 1 day to remove
the chemical solution (Supporting Information Figure S6).
However, the recovered ID was little lower than that
of the pristine state. This observationdemonstrates that
the chemical solutionor Au aggregates can significantly
suppress the electrical conduction of thin MoS2 below
7 nm and the defects can be generated during the

chemical doping process. In a previous report, similar
thinning-induced suppression of electrical conduction
against the environmental condition was demon-
strated.34 In addition, the Schottky barrier formed at a
thin MoS2/Pd contact as mentioned in Figure 2 should
induce the unintended contact resistance. Thus, the
rectifying behavior should be attributed to both the
p�n junction and Schottky barrier. We think that this
contact resistance also can give rise to the higher
ideality factor, compared with that of thick MoS2. As a
result, the influences of Au nanoaggregates, defects,
and contact resistance at the Schottky barrier hamper
the formation of an ideal p�n junction for the thin
MoS2. It is required to find the optimized thickness and
proper chemical doping process for thin-layer MoS2 in
further studies. For detailed information and a summary
of fabricated MoS2 p�n diodes, see the Supporting
Information Table S2.

Photoresponses of MoS2 p�n Diodes. An important ap-
plication of p�n diodes is the fabrication of photo-
devices. We measured the photocurrent at different
VG generated upon monochromatic light illumination
(wavelength ranging from 300 to 700 nm) for a PN-
M60, which showed an ideal diode characteristic,
as shown in Figure 4. Before doping, ID�VD showed
different on-and-off states as shown in Figure 4a and b,
respectively. This indicates a typical n-type semicon-
ducting property. At on-state, it is very difficult to
distinguish the dark current (Idark) and light current
(Ilight) since a lot of accumulated carriers at high þVG
considerably contribute to the total channel current.
Thus, it is not suitable for use as a photodetector at this

Figure 4. Photoresponse of PN-M60. (a, b) ID�VD before and (c, d) after AuCl3 doping at differentVG. The insets showenlarged
graphs to visualize the unique properties of the p�n diode such as open-circuit voltage and short-circuit current with
exposure to 600 nm wavelength light.
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state. In contrast, at off-state we could clearly observe
the Ilight due to the very low Idark. Interestingly, the
unique properties of a p�n diode such as VOC and ISC
were observed at this state, as shown in the inset of
Figure 4b. We believe that the different electrodes (Pd
and Cr/Au) for S/D contacts resulted in these proper-
ties. However, the VOC and ISC were just 0.08 V and
20.4 nA without the AuCl3 doping process. Meanwhile,
we also measured Ilight after AuCl3 doping, as shown
in Figure 4c and d. By comparison with that before
doping, Ilight was more visible at both negative and
positive VG. The VOC and ISC were also enhanced to 0.2 V
and 31.2 nA at VG = þ40 V and 0.5 V and 46.7 nA at
VG = �40 V after doping (see the insets). The same
structured PN-M30 also showed similar electrical and
photonic properties, as shown in Supporting Informa-
tion Figure S5c. This manifests the clear advantage of a
p�n junction photodevice over just an intrinsic photo-
device as presented in many studies.19�21 Further-
more, this possibly alludes to applicability for photo-
voltaic cells. Further experiments with an AM1.5G solar
measurement system will be studied.

Figure 5a and b indicate the ID�VG curves of
PN-M60 before and after AuCl3 doping, respectively.
We applied low VD = 0.1 V to investigate the VG effect
by excluding the huge drift or tunneling current in-
duced by large VD. Before doping, it showed a typical
n-type semiconducting property and slight increase of
current with light exposure. As described by the ID�VD
in Figure 4, Ilight is distinguishable at only negative VG
(see inset of Figure 5a), while it is difficult at positive VG.
Although it is distinguishable, the light switching ratio
(Ilight/Idark) was just ∼33 at VG = �40 V. It is noted that
the generated photocurrent is always positive at all
tested VG regions before doping. These behaviors are

very similar to a previous study on a multilayer MoS2
phototransitor.21 In contrast, the MoS2 p�n diode
showed a quite different photoresponse after doping.
First, we could divide the VG regions in two: one is hole-
(þID at �VG) and the other is electron-dominated
(�ID at þVG). It is known that VG can be used to
effectively control EF in 2D materials. The applied
positive VG upshifts EF in MoS2, whereas a negative
VG downshifts EF as shown in Figure 5c. The upshifted
(downshifted) EF at positive VG (negative VG) leads to
additional electron (hole) accumulation and reduction
of the barrier height between the conduction (valence)
band edge of MoS2 and the S/D contacts. As a result,
the different applied VG resulted in the different signs
of Iph. The reason for a shifted transition point (�Ilight
to þIlight) at VG = �18 V is probably dependent
on the initial and AuCl3-doped states of MoS2. Second,
we could obtain a very high light switching ratio
compared to the intrinsic MoS2. Especially, the ∼103

light switching ratio (Idark is 3 � 10�11 A and Ilight at
500 nm is 2 � 10�8 A) can be observed even at zero
VG with small VD = 0.1 V (intrinsic MoS2 showed just
a 1.15 light switching ratio at zero VG and same VD).
It is understood that the high photoresponse at low
voltage is attributed to the built-in potential, which
readily separates and drives the photogenerated e�h
pairs, induced by the formation of a p�n junction.
Thus, our p�n diode is very useful for low-power
operating photodetectors using a high switching ratio.

We evaluated the optical performances of PN-M60
by calculating the EQE and D*, the following key
parameters for photodevices:

EQE (%) ¼ hc

e

Iph
P

� 100

Figure 5. ID�VG of PN-M60 (a) before and (b) after AuCl3 dopingwith light exposure. Thewavelength of exposed light ranges
from 300 to 700 nm. (c) Band diagramof aMoS2 p�n diodewith applying different VG. (d) Calculated EQE andD* with respect
to the wavelength of light at VD = þ1.5 V and VG = 0, (40 V.
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R (A=W) ¼ Iph
P

and

D� (Jones) ¼ RA1=2

(2eIdark)
1=2

where h is Planck's constant, c is the speed of light, Iph
is the photocurrent (|Ilight � Idark|) flowing through
the effective device area, P is the power intensity per
unit area, λ is the wavelength of the light, e is the unit
charge, R is the photoresponsivity, and A is the area of
the device.21 The Iph is extracted from the ID�VD curves
in Figure 4. Our MoS2 p�n diode yielded very high EQE
values, as shown in Figure 5d. The calculated EQE value
showed its maximum value, ∼ 7000%, at VD = 1.5 V,
VG =�40 V, and 350 nm. Although it tends to decrease
with increasing wavelength, nearly 1000% is obtained
under all tested VG (notably even at zero VG) and
wavelengths. It should be noted that this high EQE at
low VD and zero VG is remarkable. The D* is a figure of
merit for photodetectors, which indicates the measure
of detector sensitivity. We could obtain a comparable
D*, ranging from 109 to 1011 Jones at all tested wave-
lengths and VG, with a previous study on multilayer
intrinsic MoS2 phototransistors.

21 Thus, the sensitivity
of our photodiode is independent of the AuCl3 doping
and stacking processes.

In order to achieve high EQE or photoresponsivity,
the previous studies on MoS2 phototransistors were
investigated under very high VG and VD so as to induce
the additional thermionic and tunneling charges and
strongly drive photogenerated carriers.19�21 However,
our p�n diode offers exceptional benefits due to its
innate built-in potential in a p�n junction, which help
to separate and collect photocarriers at small VD and
zero VG. On the other hand, it is known that the
formation of Au nanoparticles also can enhance photo-
absorption properties due to the plasmonic nano-
structures.7,35 We also tested the photonic effect of
Au nanoaggregates formed after AuCl3 doping; how-
ever, there is no significant enhancement of photore-
sponse in our experimental conditions (see the detailed
experiment in Supporting Information Figure S8).
This manifests that the enhanced photoresponse and

low-power operation are attributed to the formation of
a p�n junction.

To verify the benefits of a p�n junction, we eval-
uated the photonic parameters at low bias and reverse
bias regimes. From the ID�VG curve (VD = 0.1 V) in
Figure 5b, the calculated EQE and light switching ratio
are ∼15% and ∼103 at zero VG, respectively. With
applying a small VD = 0.3 V and zero VG, the extracted
EQE and D* reach ∼100% and 5 � 1010 Jones at all
tested wavelengths; thus this showed the possibility of
low-power operating photodevices (see Supporting
Information Figure S9a). In general, photodevices need
to be operated at a reverse bias regime. At VD =�1.5 V
(reverse bias), the EQE and D* showed ∼80% and
∼2 � 1010 Jones, as shown in Supporting Information
Figure S9b. These values are relatively higher than those
reported for 2D heterostructures6,7,22,24 and conven-
tional ZnO/Si photodiodes.36�38 Note that the lateral
homogeneous p�n diode has distinct advantages over
the vertical heterostructures, which inevitably involve
junction resistance between the two stacked materials.
When the time-resolved photoresponsewasmeasured,
a reasonable response time (100�200 ms) could be
observed both before and after AuCl3 doping, as shown
in Supporting Information Figure S10. These values
are similar to the intrinsic MoS2 (50 ms).19 The lower
response time than conventional ZnO/Si photodiodes
(35 ns) is probably due to its lower carrier mobility
(normally MoS2 shows several 10 cm2/(V s)). Thus, it
is required to achieve high speed p�n diodes using
high-mobility 2Dmaterials, proper contacts, and high-k
dielectrics in further studies. The summarized photonic
parameters (EQE, R, D*, and response time) and
comparison with intrinsic MoS2 phototransistors and
conventional ZnO/Si photodiodes are shown in Table 1.
Consequently, the superior efficiency of our MoS2
p�n diode offers clear advantages with respect to
the chemical doping method used to obtain high-
performance MoS2 optoelectronic devices.

CONCLUSION

The use of partially stacked h-BN on MoS2 in combi-
nation with AuCl3 doping successfully yielded lateral
homogeneous MoS2 p�n diodes. The fabricated
devices showed an ideal rectifying behavior and a

TABLE 1. PerformanceComparisonofOurMoS2 p�nDiodewith IntrinsicMoS2 Phototransistors andConventional ZnO/Si

Photodiodes

device measurement condition (wavelength, bias) EQE (%) photoresponsivity (A/W) specific detectivity (Jones) response time (ms)

our MoS2 p�n diode 500 nm, VD = þ1.5 V, VG = 0 V (forward) 1200 5.07 3 � 1010 100�200
VD = �1.5 V, VG = 0 V (reverse) 81 0.33 1.6 � 1010

intrinsic MoS2 phototransistor
19,21 530 nm, VD = þ1 V, VG = �3 V 11.7 0.05 2 � 1010

550 nm, VD = þ1 V <0.01 50
conventional ZnO/Si photodiode36�38 530 nm, VD = �1 V (reverse) 47.33 0.204

365 nm, VD = �2 V (reverse) 25 0.075 6.44 � 1011

670 nm, VD = þ5 V (reverse) 53 0.288 35 � 10�6
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strong photoresponse induced by the formation of
a p�n junction. The obtained high EQE, R, D*, and
light switching ratio at zero VG and low VD demon-
strated the possibility for use of low-power operating
photodevices. In addition, the MoS2 p�n junction
displayed unique properties, such as open-circuit

voltage and short-circuit current, suggesting that
the diodes can provide applicability for photovoltaic
cells. This study provides a promising approach to
using chemically doped MoS2 as a 2D material in
post-silicon electronic and optoelectronic device
applications.

EXPERIMENTAL METHODS

Synthesis of the Chemical Dopants of MoS2. The BV dopant was
prepared by dissolving 0.0164 g (20 mM) of 1,10-dibenzyl-4,40-
bipyridinium dichloride (benzyl viologen, Sigma-Aldrich) pow-
der in 5 mL of DI water. Then, 5 mL of toluene was added to
create a biphasic phase. Sodium borohydride (NaBH4, 200 mM)
was also added as a reducing agent. The BV2þ ions were
reduced and transferred from the water to the toluene phase.
This toluene phase was extracted from the solution after 1 day.
The synthesized BV dopant was spin-coated onto a MoS2 layer
at 2500 rpm for 1 min, followed by annealing at 100 �C for
10 min to obtain uniform coverage. The AuCl3 dopant was
prepared by dissolving 0.034 g (20 mM) of gold chloride (AuCl3,
Strem Chemicals) powder in 5 mL of nitromethane. For this
dopant, the solution was sonicated and filtered to avoid the
formation of unwanted large Au aggregates and to ensure dis-
solution. The post-annealing used for the BV dopant was also
applied after AuCl3 doping. The synthetic procedures have been
described previously.30

Device Fabrication and Measurements. The MoS2 flakes were
prepared using the mechanical exfoliation method. The doped
Si substrate beneath the 280 nm SiO2 layer was used as a global
back-gate. The p�n diode was fabricated by partially transfer-
ring h-BN onto the MoS2 layer using a polydimethylsiloxane
stamp. The metal electrodes (5/50 nm Ti/Au and Cr/Au, and
50 nm Pd) were formed using electron beam lithography and
evaporation. The AuCl3 chemical dopant was spin-coated onto
the partially stacked h-BN/MoS2 heterostructure, and post-
treatments were applied to ensure uniform doping. The thick-
nesses and surface states of the MoS2 and h-BN layers were
verified by AFM. All electrical measurements were conducted
using a semiconductor parameter analyzer (Agilent, 4155C)
under ambient conditions except the low-temperature mea-
surement for extraction of barrier height. The photocurrent
was measured using a monochromatic light with various
wavelengths ranging from 300 to 700 nm and an illumination
diameter of 60 μm. The power of light was measured by an
optical power meter. The details of the photoresponse mea-
surement system are described in ref 39.
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