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We report on a simple, controllable chemical doping method to fabricate a lateral homogeneous MoS2

tunnel diode. MoS2 was doped to degenerate n- (1.6� 1013 cm�2) and p-type (1.1� 1013 cm�2) by

benzyl viologen and AuCl3, respectively. The n- and p-doping can be patterned on the same MoS2

flake, and the high doping concentration can be maintained by Al2O3 masking together with vacuum

annealing. A forward rectifying p-n diode and a band-to-band tunneling induced backward rectifying

diode were realized by modulating the doping concentration of both the n- and p-sides. Our approach

is a universal stratagem to fabricate diverse 2D homogeneous diodes with various functions.

Published by AIP Publishing. https://doi.org/10.1063/1.5023695

A tunnel diode (Esaki diode) is a very fast semiconduc-

tor diode that can operate well into the microwave radio fre-

quency region.1 The tunnel diode differs from other forms of

semiconductor diodes in that it operates using quantum

mechanical band-to-band tunneling (BTBT).2 This provides

the tunnel diode with a negative differential resistance

(NDR) region in its I-V characteristic curve, which enables

its use as an oscillator and amplifier.3 The development of

two dimensional (2D) semiconductors4 makes it possible to

fabricate an ultrathin tunnel diode for future integrated cir-

cuits. However, a lateral homogeneous tunnel diode using

thin 2D semiconductor flakes has not been achieved due to

limitations in the doping technique for 2D materials. So far,

tunnel diodes that are realized with naturally n- and p-doped

materials, such as MoS2 and SnSe2 for n-doped and black

phosphorus (BP) and WSe2 for p-doped samples, have

adopted their bulk form or dual-gating with a thin high-k
dielectric to achieve a sufficiently high carrier density.5,6

The dimension of the device was thus enlarged, and its oper-

ation became complicated. Employing heterojunctions some-

times introduces an interlayer amorphous layer, which can

inevitably give rise to the interface resistance and degrade or

deviate the device performance.5 We have achieved a homo-

geneous, thin MoS2 p-n junction both vertically and laterally

using chemical doping, but the doping concentration was not

controlled well for further realization of a tunnel diode.7,8

In this study, we fabricated a MoS2 lateral tunnel diode

through controllable chemical doping. Gold chloride (AuCl3)

and benzyl viologen (BV) were used for degenerate p- and n-

type doping of the MoS2 flake, respectively, while a masking

technique using an Al2O3 dielectric layer was used to separate

the nþ and pþ regions. The sources of BV and AuCl3 powder

and the detailed preparation of the corresponding dopants can

be found in our previous work (Ref. 8). NDR was observed

without applying an additional gate bias. The forward rectify-

ing p-n diode with a rectification ratio over 104 and the back-

ward rectifying pþ-n diode with a high BTBT current at a

reverse bias can also be achieved by tuning the doping

concentration.

The details of the device and dopant preparations are

described in supplementary material, S1. The realization of

the lateral MoS2 tunnel diode starts from the MoS2 transistor

with asymmetric metal contacts described in supplementary

material, S1 and follows the processes shown in Figs.

1(a)–1(c). (a) After MoS2 transistor fabrication, the BV

dopant was coated on it and annealed to form an nþ region.

(b) Prior to AuCl3 doping to form the pþ region, an 8 nm

Al2O3 layer was deposited via thermal atomic layer deposi-

tion (ALD) on the whole wafer [the Al2O3 deposition was

carried out over a range of ALD cycle numbers using a tri-

methylaluminum (TMA)/water precursor at 200 �C in a

custom-built thermal ALD system9] and the half channel

was exposed via e-beam lithography and wet etching (1%

HF solution). It took about 7 s to totally expose the MoS2

flake under Al2O3. After etching, a 5 min DI (deionized)

water rinsing and another 5 min DI water soaking were per-

formed. To remove the PMMA residues and BV dopant

remaining on the exposed region of the MoS2, the device

was then soaked in acetone for 1 day and annealed at 300 �C
for 2 h in a RTA (rapid thermal annealing system) vacuum

chamber flowing Ar/H2 forming gas. (c) Finally, AuCl3 dop-

ing was performed for the exposed region. The optical

microscopy image of the final device structure is shown in

Fig. 1(d).

BV is known to be an electron-donor organic molecule

with ultra-low reduction potential, while the metal ions (Au3þ)

in the AuCl3 solvent readily take electrons from other materials

due to their high reduction potentials. Standard reduction poten-

tials of BV and AuCl3 and the energy band diagram of multi-

layer MoS2 are shown in Fig. 1(e).10,11 The conduction band

minimum (CBM) of multilayer MoS2 locates near 0.3 V vs the
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standard hydrogen electrode (SHE), and its valence band maxi-

mum (VBM) is around 1.5 V.12 The reduction potentials of the

BV molecule are �0.79 V (BV0/BVþ) and�0.33 V (BVþ/

BV2þ), which are much lower than the CBM of multilayer

MoS2. Therefore, the BV0 molecule can easily transfer elec-

trons to MoS2 as indicated by the green arrow in Fig. 1(e). In

contrast, Au3þ in the p-dopant has a high reduction potential of

1.51 V (Au3þ/Au0), which is near the VBM of multilayer

MoS2. Thus, electrons in MoS2 readily transfer to Au3þ follow-

ing: 2MoS2þ 2AuCl3! 2MoS2
þþAuCl2

�(Au I)þAuCl4
�

(Au III), 3AuCl2
�! 2Au0þAuCl4

�(Au III)þ 2Cl�, and

AuCl4
�þ 3MoS2! 3MoS2

þþAu0þ 4Cl�.13 Both BV and

AuCl3 are surface charge transfer dopants, and they can

induce a high doping concentration in the MoS2 surface with-

out interrupting its lattice order. The fabricated lateral tunnel

diode was expected to have an abrupt junction without an

interfacial amorphous layer, as was found in the vertically

stacked tunnel diode. Moreover, chemical doping could adjust

the doping concentration of the 2D materials, which is com-

patible with Si-based electronics and useful to optimize the

device performance.

To verify the doping effects for each process, we fabri-

cated a specially designed transistor with three electrodes, as

shown in Fig. 2(a). Using this device, the electrical proper-

ties for each fabrication step could be measured separately.

As shown in Fig. 2(b), pristine MoS2 showed normal n-type

transfer characteristics with an �106 on/off ratio before dop-

ing, and it became degenerate n- and p-type after 10 mM BV

and AuCl3 doping, respectively. All transfer curves in Fig. 2

were measured at a drain bias of 0.5 V (�0.5 V for the p-type

device). The electron and hole concentrations can be

extracted from n ¼ IDL
qWVDl, where n is the 2D sheet doping

concentration, L and W are the channel length and width, and

l is the field effect mobility. The carrier mobility was calcu-

lated as l¼ gmL/(VDCoxW), where Cox¼ 1.2� 10�8 F/cm2 is

the gate oxide capacitance of the 285 nm SiO2 wafer and

gm¼ dID/dVG is the transconductance. The electron and hole

mobilities after BV and AuCl3 doping were extracted to be

30 cm2 V�1 s�1 and 33 cm2 V�1 s�1. The corresponding elec-

tron and hole sheet densities were 1.6� 1013 and 1.1� 1013

cm�2, respectively, which are typical values for degenerate

doped thin MoS2 flakes.14

Our MoS2 transistor remained n-degenerate after Al2O3

deposition at a relatively elevated temperature (200 �C), as

FIG. 1. (a)–(c) Fabrication of a lateral MoS2 tunnel diode. (d) Optical microscopy image of the fabricated homogeneous MoS2 tunnel diode. (e) Standard

reduction potentials of BV and AuCl3 and the energy band diagram of multilayer MoS2. The charge transfer paths between BV-MoS2 and AuCl3-MoS2 are

indicated.

FIG. 2. (a) The schematic of the 3-electrode device used for the doping test.

(b) Transfer curves of MoS2 transistors of the pristine state, after 10 mM BV

and AuCl3 doping. The pristine transfer curve was collected from the left

device. For the measurements of n-type and p-type devices after doping, the

middle Cr/Au electrode was always grounded as the source. (c) The transfer

characteristics of the n-doped region under each fabrication process. The BV

n-doping became very weak after final AuCl3 p-doping. (d) The transfer

characteristics of the n-doped region under each fabrication process. The BV

n-doping was maintained after final AuCl3 p-doping with the help of vacuum

annealing prior to AuCl3 doping. All transfer curves were measured at

VD¼ 0.5 V (VD¼�0.5 V for the p-type device).
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shown by the red curve in Fig. 2(c). Before the etching pro-

cess, it should be required to rinse with a solution such

as acetone and isopropyl alcohol for PMMA patterning.

The doping effect has been reported to disappear after 1-day

acetone soaking.8 The conduction current of our device

decreased slightly after the Al2O3 etching process. To con-

firm the passivation of the Al2O3 against acetone, we placed

the etched device in acetone for 2 days. The current level

remained high despite the long soaking time, as proven by

the blue curve in Fig. 2(c). When we pþ-doped the exposed

region by AuCl3 and annealed it on a hot-plate at 100 �C for

10 min, the electrical properties of the masked region unfor-

tunately recovered to nearly its pristine state, even though it

was still covered by Al2O3. The AuCl3 dopant is thought to

leak to the nþ-doped region and to tend to complement the

n-doping effect with the help of hot-plate annealing. Since

AuCl3 doping is the last process, the exposed region can

always be highly p-doped, as we designed.

To maintain the degenerate n-doped state of the masked

region, we conducted vacuum annealing (VA) using RTA at

300 �C for 2 h with a flow of Ar/H2 (9:1) forming gas before

the final AuCl3 doping. The electrical properties of the

n-side MoS2 transistor with VA prior to AuCl3 doping are

shown in Fig. 2(d). The degenerate doped state after BV was

recovered to its pristine state without VA, as previously men-

tioned, while it could be retained with VA [blue line in Fig.

2(d)]. Compared to the red curve (after BV doping and

Al2O3 deposition), the final current level of the n-side after

VA and AuCl3 doping only slightly decreased. The electrical

properties shown in Fig. 2 were collected from 3 different

devices with 3 electrodes. The optical microscopy images of

the tested devices are listed in supplementary material, S2.

There are two possible reasons for this strongly pre-

served doping effect: one is the increased negative fixed

charge density and the other is the improved interface prop-

erties. Annealing is known to influence the crystallinity,

defect density, fixed charge density, and interface properties

of Al2O3.15–17 Specifically, at the post-VA temperature of

300 �C, neutral BV molecules are more willing to transfer

electrons to MoS2, and a higher n-doping concentration can

be achieved. The increased negative charge density in Al2O3

after post-VA would bind the doping resultant positively

charged BV2þ or BVþ ions, maintaining the high doping

concentration. The negative charges in the Al2O3 also tend

to bind the few Au3þ and Auþ ions leaked to the nþ-side

after AuCl3 doping, preventing them taking electrons from

the nþ-side. The improved crystallinity of the Al2O3 and the

interface properties between the nþ-doped MoS2 and Al2O3

are also responsible for retaining n-doping (reduced trap den-

sity) and the effective passivation against the AuCl3 dopant

(tighter encapsulation of BV by Al2O3). Those processes are

illustrated in Fig. 3. The post-VA provided a proper way to

further fabricate the tunnel diodes without a vanishing of the

doping effect. Thus, this method can be generalized for other

2D material-based electronics.

The doping concentration of BV and AuCl3 can be eas-

ily modulated by the dopant concentration and the annealing

conditions as we demonstrated in our previous work.18,19

When we maintained the pristine state of the masked region

and doped the exposed regions to non-degenerate p-type, a

forward rectifying p–n junction device with a high rectifica-

tion ratio over 104 can be achieved, as displayed in Fig. 4(a)

(the drain bias was always applied on the p-side, and the cor-

responding band diagram is shown in the inset). The reverse

current was maintained as low as 10�11 with an increase in

the reverse bias, which is significantly reduced compared to

our previous lateral MoS2 p-n junction masked by h-BN.8

The red dotted line in Fig. 4(a) is a guide line to the extrac-

tion of ideality factor of this diode. The ideality factor can be

extracted from I¼ IS (eVD/nVT�1), where I is the diode cur-

rent, IS is the reverse bias saturation current, n is the ideality

factor, and VT is the thermal voltage.8 There was no region

of constant ideality factor in our p-n diode, which indicated

that the doping was non-uniform along the width of the

device and further process refinements are possible to

improve the result. A backward rectifying diode with a high

BTBT current under a reverse bias was obtained when we

slightly doped the n-region and degenerately doped the p-

region [in the case of Fig. 2(c)]. The band diagram explain-

ing the BTBT process is illustrated in the inset. Finally, a

FIG. 3. Charge transfer at the MoS2-Al2O3 interface for the masked n-region under different doping and annealing conditions. (a) Pristine. (b) After BV dop-

ing. (c) After AuCl3 doping without prior vacuum annealing. (d) After AuCl3 doping with prior vacuum annealing.
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tunnel diode with an NDR trend [Fig. 4(c)] can be realized

when both nþ and pþ states were maintained after all doping

processes. The optical microscopy images of devices tested

in Fig. 4 are listed in supplementary material, S3. It is found

that the contribution of contact resistance to the rectifying

characteristics of the various diodes shown above is greatly

reduced from that each diode showed linear and symmetric

output curves at VG¼ 0, which indicated Ohmic like contact

of the device. (See supplementary material, S4–S6.)

The band diagrams and the carrier transport paths for

the tunnel diode at each specific drain bias are depicted in

Fig. 4(d). In general, tunneling takes place at a small positive

drain bias. When the drain bias increases to point II, the

energy state overlap between the conduction band of the n-

side and the valence band of the p-side was maximized, and

the overlap diminished afterwards. Therefore, a peak current

was obtained at that point. The thermionic emission current

over the junction barrier will be activated with a further

increase in the drain bias, as shown in the last frame of Fig.

4(d), and thus, a current valley can be observed between II

and IV. The peak to valley ratio of our device is not suffi-

ciently high since the intersection of the n- and p-sides some-

how weakened the doping effect of each other. More careful

and precise control of the doping concentration should be

carried out to optimize the device performance. All the

diodes were operated at VG¼ 0, indicating that our devices

realized through a controllable chemical doping method are

simple and energy efficient. We notice that the peak voltage

of the NDR trend in our device was much higher than

expected. A detailed discussion of the peak voltage shift can

be found in supplementary material, S7. On all accounts, fur-

ther studies are needed to figure out the origin of the high

peak voltage and to show that the NDR characteristic does

not depend substantially on the slew rate, slew rate direction,

or temperature.

The BV doping of MoS2 was known to be air-stable;14

the p-type dopant used in our experiment however was quite

sensitive to the air exposure. Although we have tried to carry

out every doping process in the glovebox and all the electri-

cal measurements in the vacuum probe station, it is difficult

to maintain the performance of the degenerate p-type device

and the lateral tunnel diodes consisted of the degenerate

p-type device. Our lateral tunnel diode degraded quickly dur-

ing the electrical characterization. The non-degenerately

doped devices were relatively stable in the vacuum probe

station for 1 day. We have fabricated a bunch of devices to

realize the homogeneous lateral junctions. The results shown

in the manuscript were not only obtained from a single

device. Effective encapsulation to maintain the device stabil-

ity can be another topic to be studied in the future. See sup-

plementary material, S8 for more working devices.

In summary, degenerate n-type doping using a BV

chemical dopant can be patterned and maintained by Al2O3

masking together with vacuum annealing. By combining it

with degenerate p-type doping using AuCl3, a homogeneous

MoS2 tunnel diode was realized. NDR was observed from

the homogeneous MoS2 tunnel diode without an additional

application of a gate bias. The doping concentration of both

the n- and p-sides was varied to achieve a high-performance

forward rectifying p-n junction, and a backward rectifying

pþ-n diode with a high reverse BTBT current was also

achieved. We demonstrated a straightforward way to fabri-

cate ultrathin MoS2 tunnel diodes, and this approach can be

generalized for other 2D semiconductors.

FIG. 4. (a)–(c) Output curves of the MoS2 p-n junction, backward diode, and tunnel diode, respectively. The corresponding band diagrams of the p-n junction

and backward diode are shown in the inset of (a) and (b). The specific points from the output curve of a tunnel diode are marked. All those curves were

obtained at VG¼ 0. (d) Band diagrams and carrier transport paths for the MoS2 tunnel diode at each specific drain bias corresponding to Fig. 4(c).
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See supplementary material for detailed experimental

methods (S1), optical microscopy images of the 3-electrode

devices tested in Fig. 2 (S2) and the 2-electrode devices

tested in Fig. 4 (S3), electrical performances of Al2O3

capped pristine n-type MoS2 with Cr/Au contacts (S4) and

non-degenerately doped p-type MoS2 with Cr/Au and Pd/Au

contacts (S5), output curves of degenerately doped n-type

and p-type MoS2 transistors (S6), discussion on the peak

voltage shift of the NDR trend (S7), and reproducibility of

the doping method (S8).
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