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Abstract
We investigated the n-type doping effect of hydrazine on the electrical characteristics of a
molybdenum disulphide (MoS2)-based field-effect transistor (FET). The threshold voltage of the
MoS2 FET shifted towards more negative values (from −20 to −70 V) on treating with 100%
hydrazine solution with the channel current increasing from 0.5 to 25 μA at zero gate bias. The
inverse subthreshold slope decreased sharply on doping, while the ON/OFF ratio increased by a
factor of 100. Gate–channel coupling improved with doping, which facilitates the reduction of
channel length between the source and drain electrodes without compromising on the transistor
performance, making the MoS2-based FET easily scalable.
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1. Introduction

There has been recent interest in transition metal dichalco-
genide (TMDC)-based two-dimensional (2D) materials such
as molybdenum disulphide (MoS2) due to their excellent
electrical, chemical, thermal and mechanical properties [1–4].
Their non-zero band gap makes them attractive for fabricating
nanoscale transistors with a high ON/OFF ratio [5]. Another
exciting possibility MoS2 offers is the easy tunability of its
electrical and optical properties by varying its thickness and
adding dopants. Using MoS2 flakes of different thickness, the
energy band gap, phonon modes and optical absorption
spectrum can be easily engineered according to the device
requirements [6–9]. Considerable improvement in electron
transport properties, gas and optical absorption characteristics
and transistor characteristics were observed on doping the
MoS2 flakes [10–13]. More research is currently being done
to achieve stable dopant incorporation, since the 2D nature of
MoS2 favors doping only by surface adsorption, which is very
susceptible to degradation on exposure to ambient environ-
ment. Even though stability was achieved by substitutional

doping, it degraded the mobility due to the defects caused by
lattice distortion [14]. Therefore it is important to formulate a
stable doping technique without compromising on the
intrinsic properties of MoS2.

MoS2 is intrinsically n-type in its native form [15].
Several experimental and theoretical investigations provide
contradictory evidence about the role of impurities (rhenium)
and defects (sulphur vacancies) in the observed n-type con-
ductivity of MoS2 [16–18]. It is however clear from those
studies that donor sites lie close to the valence band max-
imum, and the n-type conductivity is due to the activation of
electrons from these shallow donor sites. At room temper-
ature, carrier activation from the donor sites is very poor and
conduction occurs mostly by the hopping mechanism [19].
Attempts to remove the MoS2 defects with a chemical reac-
tion showed improvement in the conductivity of MoS2 [20].
Another method to improve the conduction in MoS2 is to
activate carriers by using electrostatic gates. Although the
technique improved the conductivity of the channel, the
current density was still too small for practical application
[21]. There have been several attempts to overcome this
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bottleneck by doping MoS2 flakes with various donor species
such as benzyl viologen, potassium and nitrogen dioxide [22–
24]. All of these donor species except benzyl viologen were
found to be highly unstable on exposure to air. Air-stable
benzyl viologen showed great promise in controlling the
doping in MoS2 flakes but it requires a post-doping treatment
with toluene to control the hydrazine concentration. This
process is time-consuming and does not allow precise control
over transport parameters of MoS2 flakes, which is crucial for
any device application.

In this work, we report on a very stable doping technique
to tailor the transport properties of MoS2 flakes using
hydrazine. We show the stability of our doping technique by
exposing the doped MoS2 field-effect transistor (FET) to
ambient environment (temperature 293 K) for weeks and
examined the channel current in the device. Moreover, we
were able to vary the carrier density and mobility of the
material with ease by exposing MoS2 to different concentra-
tion levels of hydrazine. We also show that the doping
improved the performance and the ON/OFF ratio of the
MoS2-based FET.

2. Experimental details

The MoS2 sample used for this study was micromechanically
exfoliated using Scotch tape and transferred onto silicon
substrate (heavily n-doped) with 285-nm-thick silicon diox-
ide. On this layer, electrode patterns were fabricated by
photo-lithography, and using electron-beam evaporation 10-
nm-thick Ti and 60 nm thick Au were deposited for making
contacts with a low Schottky barrier. After lift-off using
acetone, the resulting structure is a three-terminal MoS2 FET,
a schematic diagram of which is shown in figure 1(a). To
determine the thickness of the exfoliated MoS2 layers, it was
first identified using an optical microscope and characterized
using Raman spectroscopy. Figure 1(b) shows the Raman
spectrum of the MoS2, which was taken at room temperature
using a 532 nm laser. From the observed difference of
24 cm−1 between the Raman peaks, which corresponds to in-
plane and out-of-plane vibrational modes (E2g

1 and A ,1g) the
thickness of the flakes can be approximated to be around 3–4
layers [7]. The device was then exposed to hydrazine solution
of varying concentrations (0.1% to 100%) for 30 s. This
hydrazine doping process has also been studied on various 2D
materials such as graphene [25] and WSe2 [26]. After treat-
ment, the intensity of the Raman peak was found to decrease
due to dopant incorporation. There is, however, no change in
the position of the Raman peak, an indication that there is no
distortion in the crystal lattice due to hydrazine treatment, and
all the inherent vibrational modes of MoS2 remain intact
[25, 27]. The concentration of hydrazine is represented in the
units of volume percentage. 100% corresponds to a pure
hydrazine solution and a 10% solution contains 3 ml hydra-
zine in 27 ml de-ionized water.

For studying transistor characteristics, the heavily
n-doped silicon substrate was used as a back-gate to modulate

the carrier density, the source contact was grounded, and the
drain contact was biased with a positive and negative voltage.
To study the effectiveness of hydrazine as a dopant, the MoS2
FET was treated with hydrazine solution of varying con-
centrations from 0.1% to 100%. All the doping trials were
carried out on a single MoS2 device to avoid the inherent
device-to-device variability. The transistor characteristics
were first studied in a MoS2 FET treated with 0.1% hydrazine
solution. It was then cleaned with de-ionized water (hydrazine
is readily soluble in water) and blow-dried using nitrogen gas.
After this cleaning process, the sample returned to its native
state. The cleaned sample was then repeatedly exposed to
hydrazine solution of varying concentrations and the same
cleaning procedure was followed after every exposure. The
transport properties were then studied after each exposure to
optimize the hydrazine concentration for better transistor
performance. We also investigated the doping efficiency of
100% hydrazine solution by varying the exposure time.

3. Results and discussion

Figure 2(a) shows the current–voltage characteristics (Id–Vd)
of MoS2 FET treated with hydrazine solution of different

Figure 1. (a) Schematic diagram showing the view of the MoS2 FET
structure. (b) Room temperature Raman spectra of MoS2 using
532 nm laser. The inset shows an optical microscope image of the
device.
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concentrations for a time period of 30 s. A back-gate voltage
of 60 V was applied to ensure sufficient carrier population in
the channel. It is very clear from figure 2(a) that hydrazine
treatment improved the channel conductance significantly.
Id–Vd characteristics bear the signature of n-type doping with
resistance dropping on increasing the concentration of
hydrazine used for treatment. Further confirmation of n-type
doping was determined from the field-effect studies of the
hydrazine-doped MoS2 transistors by changing the gate bias
from −60 to 0 V (figure 2(b)). Our device has a higher
operating voltage due to the large thickness of the gate di-
electric, which is around 300 nm. The operating voltage can
be decreased by fabricating a top-gated transistor using a high
k dielectric as reported recently by Changjian et al [28]. On
increasing the gate voltage the channel resistance decreased
considerably for pristine MoS2 and moderately for lightly
doped MoS2 (0.1 and 1%). In the case of highly doped MoS2
(10 and 100%) samples, the variation in channel resistance
with Vg is very small. In samples treated with a high con-
centration of hydrazine (100%), the electron density was so
high that it required a larger electric field for carrier mod-
ulation and the channel current practically remained constant
irrespective of the changes in the gate voltage (figure 2(b)).

The doping mechanism of hydrazine can be explained by
the dipole–dipole interaction between the MoS2 surface and
hydrazine molecule [28–30]. The dipole–dipole interaction
between the facile dopant and 2D semiconductor can be
explained on the basis of energy level offset between the
conduction band (CB) edge and reduction potential of
hydrazine [19]. Energy level offset between the CB of MoS2
and redox potential of hydrazine, as illustrated in the inset of
figure 2(b), results in a charge transfer (electron) from
hydrazine to MoS2 and consequently, the n-doped MoS2 layer
is achieved [31, 32]. As a result of n-doping in the MoS2
layer, there is a drastic improvement in the device char-
acteristics due to a decrease in the Schottky barrier height at
the interface of the MoS2/Ti metal contact [22, 33]. This
highly conducting MoS2 transistor function can be used in
digital circuits where external voltage needs to be applied to
turn off the device, and the channel is always ON for =V 0Vg

The doping effect was found to be stable even after long
exposure to ambient conditions (figure 2(c)). This indicates a
strong interaction between the hydrazine molecule and the
MoS2 surface. On examining the doping stability after 3
months, a slight decrease in the n-doping level was observed.
This may be due to the replacement of hydrazine molecules
with oxygen from the ambient environment and the slow
spontaneous desorption of hydrazine from the MoS2 surface.
Our doping technique can be combined with the recently
demonstrated p-doping technique on MoS2 by Suh et al for
fabricating TMD-based circuits for digital electronics [14].

One of the major disadvantages in using pristine MoS2
FETs is that the ON current is very small (0.5 μA) at zero gate
bias, which may lead to severe noise-related issues.
Figures 3(a) and (b) show the current in linear and logarithm

Figure 2. (a) Output characteristics of current–voltage with various
hydrazine doping concentrations and treatment times with back-gate
voltage of 60 V. (b) Resistance as a function of varying concentra-
tions for different gate voltages. Inset image shows energy band
diagram of MoS2 and hydrazine redox states. (c) Id–Vg character-
istics of hydrazine-doped MoS2 FET for different time intervals.
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scale as a function of gate bias, respectively. In doped sam-
ples at 100% concentration, the ON current at zero gate bias is
around 25 μA, which is two orders of magnitude greater than
the pristine sample. The enhanced current density in the ON

state is particularly attractive for high power applications. As
the hydrazine concentration is increased from 0% to 100%,
the threshold voltage (Vth) shifted from −20 to −70 V for 30 s
exposure time. No significant change in Vth and channel
current was observed on increasing the exposure time in
100% hydrazine-treated samples. It shows that the hydrazine
is a very efficient donor species and interacts quickly with
MoS2 layers. The ability to tune Vth by doping offers the
unique advantage of customizing the transistor performance
according to our requirements. For instance, in digital circuits
requiring high ON current, a MoS2 FET with high Vth (100%
hydrazine-treated sample) can be used, and low Vth samples
can be used in those circuits requiring lower ON current [34].

In samples with high Vth the inverse subthreshold slope
(equation (1)) shifted from 13 to 3 V/dec. The subthreshold
slope is significantly lower (sharp transition from OFF to ON
state) indicating that the gate has better control over the
channel current (figure 3(c)):

= ¶ ¶V IS log 1g d( ) ( )

This in turn improved the ON/OFF ratio by a factor of
100 and the magnitude did not change on varying the source–
drain bias. It shows that with doping, the electrostatic effects
of the source and drain electrodes on the channel decrease,
and the gate-to-channel coupling increases. This is very
important for the scalability of MoS2-based transistors, as the
gate electrode will be able to control the potential distribution
and flow of current in the channel even when the channel
length between the source and drain electrodes is decreased.

In our study the charge transfer doping technique
improves the mobility by increasing the carrier concentration
of the MoS2 layer and subsequently lowering the channel
resistance. Other physical parameters such as impurity scat-
tering, defect scattering and phonon scattering that affect the
mobility of the MoS2 layer remain largely unaffected by
hydrazine treatment. Figures 4(a) and (b) show the mobility
and carrier density as a function of hydrazine concentration.
In general, with the addition of dopant, the mobility increases
first and then decreases as the scattering due to impurities
dominates at high doping concentrations. In this case, both
the parameters increased monotonically with hydrazine con-
centration, confirming the n-type doping effect of hydrazine.
This is due to the effect of channel conductance dominating
over impurity scattering in the electron transport. Con-
ductance is directly proportional to the concentration of
electrons in the conduction band. It is a clear indication that
the increase in channel current with doping is mainly due to
the increment in carrier concentration.

Field-effect mobility (μ) is calculated using the formula

⎡
⎣⎢

⎤
⎦⎥

⎛
⎝⎜

⎞
⎠⎟m = ´

I

V

L

WC V

d

d
2d

g dOX
( )

where I Vd dd g is the slope of figure 3(b), /L W is the length to
width ratio of the channel, Cox is the capacitance of the oxide
layer and Vd is the source–drain bias. The effect of contact
resistance on the transport properties of the MoS2 FET is

Figure 3. (a) Transfer characteristics (Id–Vg) with various concen-
trations and treatment times of hydrazine solution with source–drain
voltage of 5 V (b) and the corresponding log scale plot. (c) ON/OFF
ratio (OFF state at −70 V and ON state at 0 V) and subthreshold
slope of the MoS2 FET with various concentrations of hydrazine.
The dotted line between 10 and 100% treatment indicates the
predicted ON/OFF ratio as the gate sweep in this case was restricted
by the dielectric breakdown limit.
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negligible as the metal–MoS2 junction has a low Schottky
barrier [35, 36]. So by a good approximation, we can exclude
the effect of contact resistance on the field-effect mobility of
the MoS2 FET. Enhancement in the field-effect mobility in
doped samples indicates that the conduction now occurs
mainly by drift rather than hopping, as in the case of the
pristine sample. As a result, the resistance of the channel
decreased considerably with doping and the mobility of the
device increased. From the calculated value of μ, the carrier
density (n) is determined using the formula

mr=n e1 3( )

where ρ is the resistivity of the channel and e is the charge of
the electron. The carrier density in MoS2 increased almost by
a factor of 6 from 107 to 1012 cm−2 on treating the pristine
sample with 100% hydrazine.

4. Conclusion

In conclusion, we investigated the effectiveness and stability
of hydrazine as an n-type dopant and its influence on the

transistor characteristics of MoS2-based FETs. Hydrazine
bonded very quickly (30 s) with MoS2 in ambient conditions.
Mobility increased substantially on doping, with the density
of carriers increasing almost by 106. Hydrazine doping
increased the ON current in MoS2 FETs and enhanced the
switching speed by reducing the inverse subthreshold slope.
The ON/OFF ratio increased by two orders of magnitude
with doping, while also enhancing the gate–channel coupling.
Therefore, hydrazine-doped MoS2 is an ideal candidate for
nanoscale digital electronics as it allows scaling of TMDC-
based transistors to smaller dimensions.
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