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We report on temperature-dependent charge and magneto transport of chemically doped MoS2,

p-type molybdenum disulfide degenerately doped with niobium (MoS2:Nb). The temperature de-

pendence of the electrical resistivity is characterized by a power law, q(T)�T�0.25, which indicates

that the system resides within the critical regime of the metal-insulator (M-I) transition. By apply-

ing high magnetic field (�7 T), we observed a 20% increase in the resistivity at 2 K. The positive

magnetoresistance shows that charge transport in this system is governed by the Mott-like three-

dimensional variable range hopping (VRH) at low temperatures. According to relationship between

magnetic-field and temperature dependencies of VRH resistivity, we extracted a characteristic

localization length of 19.8 nm for MoS2:Nb on the insulating side of the M-I transition. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936571]

Layered transition metal dichalcogenides (LTMDs)

receive significant research attention due to their potential

applications in nanoelectronics and optoelectronics.1–6

Recent studies on monolayer molybdenum disulfide (MoS2),

a direct band gap two-dimensional semiconductor with

strong spin-orbit coupling,7 have presented not only interest-

ing physics such as valley Hall effect8 and superconductiv-

ity,9 but also promising electrical properties with high on/off

ration (of �108) and high effective mobility of electrons (up

to 500 cm2/V s).2

In order to realize MoS2 based complementary bipolar

devices, which are integral components for low-power, high-

performance complementary logic applications,10–12 both

types of conduction in the MoS2 should be realized. To fur-

ther understand MoS2’s potential for the device applications,

chemically doping in MoS2 is required similar to traditional

semiconductor technologies. p-type conduction of the MoS2

further enables the access to spin polarized valence band,

which is of much interest for emerging valleytronics.7

However, most of the pristine MoS2 devices are intrinsically

n-type semiconductors owing hypothetically to sulfur vacan-

cies and it has been hard to achieve in situ p-type doping of

MoS2 based devices until recently. A few groups have suc-

cessfully demonstrated that stable p-type conduction in

MoS2 using niobium (Nb) as a substitutional cation, as Nb

has indeed been theoretically suggested as an effective dop-

ant for p-type doping of MoS2.13,14

Earlier studies on native n-type mono- and few-layer

MoS2 fabricated by both mechanical exfoliation and CVD

growth methods, showed degraded effective mobility val-

ues.15–21 For the CVD grown MoS2 which usually shows

lower effective mobility compared to mechanically exfoli-

ated ones, intrinsic structural defects, including point defects,

dislocations, grain boundaries, and edges, are observed via

direct atomic resolution imaging, and a large amount of elec-

tronic trap states are observed from capacitance and AC con-

ductance measurements.21–23 In addition, charge and

magnetotransport properties are being studied currently, in

native few-layer MoS2.24

On the contrary, electrical transport mechanism for

chemically doped MoS2 based devices are rarely studied.

Although a report on p-type Nb doped MoS2 (MoS2:Nb) pol-

ycrystalline thin films grown by CVD demonstrated that the

mobility is mainly limited by ionized impurity scattering by

showing an increase in effective mobility with reduced dop-

ing densities,14 there is still no elaborate charge transport

data such as temperature dependent resistivity and magneto-

resistance (MR) measurements. In this work, we report a sig-

nificant insight into charge and magneto transport properties

of p-type MoS2:Nb. Based on the temperature-dependent re-

sistivity, we found that our MoS2:Nb systems are weakly dis-

ordered and remains in the critical regime of the metal-

insulator (M-I) transition.16,25,26

The MoS2:Nb single crystals were grown by the chemical

vapor transport (CVT) method.13 Figure 1(a) displays a high-

resolution transmission electron microscope (TEM) image of

MoS2:Nb, showing the clear lattice fringes and the single

a)Authors to whom correspondence should be addressed. Electronic

addresses: cujang@kist.re.kr and presto@kist.re.kr
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crystalline nature. The corresponding electron diffraction pat-

terns show that the lattice spacing of 1.6 and 2.7 Å correspond-

ing to the (110) and (100) planes, respectively, is consistent

with reported values,27 implying that Nb dopants are substitu-

tionally incorporated into MoS2 by replacing the Mo cations

in the host lattice.13 As-grown MoS2:Nb crystals are also eas-

ily exfoliated similar to other TMDs. To determine the charge

and magneto transport properties of chemically doped MoS2,

we fabricated Hall devices with MoS2:Nb (see Fig. 1(b)). The

thin flakes of the MoS2:Nb were prepared on a Si substrate

with a 300 nm-thick SiO2 layer using the mechanical exfolia-

tion. Then, a Hall bar configuration was defined using electron

beam lithography (EBL) and XeF2 gas etching. The multiple

electrodes were defined through the second EBL followed by

titanium/gold (5/100 nm) deposition and the lift-off process.

The I-V curves of a MoS2:Nb device at 300 K and 10 K are

almost linear as shown in the inset of Fig. 1(c), indicating that

good ohmic contacts between the metal electrodes and

MoS2:Nb have been obtained (supplementary Fig. S1).28 The

titanium/gold layer offers good ohmic contacts to the degener-

ated p-type MoS2:Nb due to the narrow depletion width driven

by heavily doping.13,29 The thin flakes of MoS2:Nb were

found to exhibit a p-type behavior and hole mobility values

are measured as �10 cm2/V s with a corresponding carrier

concentration of �1019 cm�3 at room temperature (see supple-

mentary Fig. S2).28

The electrical resistivity as a function of temperature

is shown in Fig. 1(c). The resistivity of p-type MoS2:Nb

increases with decreasing temperature, indicating that the

charge transport does not follow the traditional metallic

behaviour in spite of a high doping level (see supplemen-

tary Fig. S3).28 As shown in Fig. 1(c), a log-log plot of

the resistivity versus temperature is linear relation in a

relatively wide temperature range, from 2 to 100 K, with

a slope close to �0.25. The resistivity can be well defined

by a power-law temperature dependence particularly

below 100 K, q(T) / T�0:25. For a three-dimensional (3D)

conductor near the M-I transition, it is reported that the

resistivity obeys a power-law temperature dependence as

follows:30

q Tð Þ � e2pF

�h2

� �
kBT

EF

� ��1
g

/ T�b; (1)

where e is the electron charge, pF is the Fermi momentum,

�h is the reduced Planck constant, kB is the Boltzmann con-

stant, EF is the Fermi energy, and 1< g< 3. The similar

power-law temperature dependent behaviors have been

observed in a variety of materials, such as n-doped Ge,

doped single-wall carbon nanotube, camphor sulfonic acid

(CSA) doped polyaniline (PANI), and PF6 doped polypyr-

role (PPy).31–34

To explicitly describe the power-law temperature de-

pendence of the resistivity, we also defined the reduced acti-

vation energy, W

W ¼ �T
d ln q Tð Þ

dT
¼ � d ln q

d ln T
; (2)

which enables to determine which charge transport regime is

mostly dominant among metallic, insulating, and boundary

of the M-I transition.32,34 Figure 1(d) shows the reduced acti-

vation energy at various temperatures on a log scale. We

observed that W was approximately a constant value of 0.25

below 100 K. It clearly indicates that the charge conduction

of thin flakes of MoS2:Nb lies near the critical regime of the

M-I transition below 100 K.

It is known that disorders generated during synthesis

and doping process in heavily doped systems can provide the

localization of states.34 The larger magnitude of the disorder

potential than the bandwidth leads to the localization of elec-

tronic states near EF.35,36 Although there is a finite density of

states at EF in such a system, the M-I transition can be driven

by the disorder-induced localization.36 From the power-law

temperature dependence of resistivity and the constant value

FIG. 1. Structural and charge transport

of MoS2:Nb. (a) Lattice resolved high-

resolution TEM image of MoS2:Nb

(scale bar¼ 2 nm). The inset shows the

corresponding FFT. (b) A false-color

SEM image of a Hall-bar device on

60 nm thick-MoS2:Nb flake (scale

bar¼ 10 lm). (c) Log-log plot of the

resistivity as a function of temperature.

The solid line is a linear fit to the data

(2 K<T< 100 K), showing a power-

law divergence; q(T)�T�0.25. The

inset shows I-V characteristics of the

MoS2:Nb at 10 K and room tempera-

ture. (d) Log-log plot of the reduced

activation energy W¼�T(dlnq/dlnT)

at different temperatures. W is approxi-

mately constant below 100 K.

223107-2 Park et al. Appl. Phys. Lett. 107, 223107 (2015)
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of W below 100 K, we demonstrate that our chemically

doped MoS2, p-type MoS2:Nb system is weakly disordered

and lies near boundary of the M-I transition.32,33,36

In the critical regime of the M-I transition, the tempera-

ture dependence of MR can be strongly related to the disor-

der interactions in the system. It can provide a useful clue to

understand both the relevant scattering mechanism and the

corresponding length scale.33 We hence measured the Rxx
while applying external magnetic field perpendicular to the

surface of the Hall device. Figure 2(a) shows the MR at dif-

ferent temperatures (2–8 K). Below 8 K, p-type MoS2:Nb

exhibits the positive MR behaviour; i.e., Rxx increased with

the applied magnetic field. A magnitude of MR, defined by

Dq=q0 ¼ ½qðBÞ � qð0Þ�=qð0Þ, at 7 T is 0.193 at 2 K and

decreased to 0.023 at 8 K as shown in Fig. 2(a). For the

detailed analysis of the positive MR behaviour, we plotted

the differential MR (d(Dq=q0)/dB) as a function of the

applied magnetic field in Fig. 2(b). The positive MR was

quadratic at low B and interestingly non-saturating linear at

higher B marked in an arrow (see Fig. 2(a)). In the regular

metals, the positive MR would saturate at high magnetic

fields. The observed positive MR of the p-type MoS2:Nb

may be explained by the crossover from the critical regime

to the insulating regime of the M-I transition. As the mag-

netic length (LB) becomes comparable to the localization

length (LC) in the presence of applied magnetic field, the mo-

bility edge of valence band can be shifted.32,35 This shift of

mobility edge causes the crossover from the critical behav-

iors to the insulating behavior.32,35 The positive MR at low

temperature originated from the mobility edge shift is a typi-

cal property for many disordered material systems.32,35,37

According to the theory of variable range hopping

(VRH) mechanism proposed by Mott, the temperature de-

pendence of the resistivity can be expressed as38,39

q Tð Þ ¼ q0 exp
T0

T

� �� �p

; (3)

where q0 is a pre-factor, T0 is a characteristic temperature,

and the exponent p depends on the shape of the density of

the states at the Fermi level; p¼ 1/4, 1/3, or 1/2 for 3D, 2D,

and 1D systems, respectively. In Eq. (3), the exponent p is

precisely deduced by the slope of ln[�d(ln q)/d(ln T)] versus

lnT, where �d(ln q)/d(ln T)¼ p(T0/T)p;11,40,41 this analysis

has been used in the observation of the crossover phenom-

enon in a 3D system. We plotted [�d(ln q) /d(ln T)] as func-

tion of T on a log-scale at zero and high magnetic field

(B¼ 0 and 7 T), as shown in the inset of Fig. 3. The inset of

Fig. 3 shows a change of slope of ln[�d(ln q)/d(ln T)] versus

lnT at high magnetic field below 8 K. The exponent p about

1/4 derived from the slope of ln[�d(lnq)/d(lnT)] versus lnT
at 7 T below 8 K corresponds to 3D VRH conduction.

Therefore, we believe that the charge transport is dominated

by 3D VRH under an applied magnetic field at low tempera-

tures. The magnetic field induced VRH conduction is more

clearly presented in Fig. 3. The ln q(T) versus T�1/4 curves at

the zero magnetic field deviate from the linear plot, indicat-

ing the weaker temperature dependence. On the other hand,

the ln q(T) versus T�1/4 data follow a straight line at low tem-

peratures (below 8 K) and the high magnetic field (B¼ 7 T),

as shown in Fig. 3. It supports that the magnetic field induces

the crossover from power-law temperature dependent behav-

ior (q / T�0.25) expected in the critical regime without

FIG. 2. Temperature dependent magnetoresistance ratio (MR) of MoS2:Nb

in the critical regime. (a) Transverse MR (Dq/q0) of the MoS2:Nb measured

at I¼ 100 nA (213.7 Hz) with the four-terminal Rxx at low temperatures (2 K

� T � 8 K). (b) Differential MR (d(Dq/q0)/dB) of the MoS2:Nb as a function

of temperature.

FIG. 3. The Mott variable range hopping transport at zero and high magnetic

field of 7 T. The logarithmic plot of resistivity versus T�1/4 in zero magnetic

field (blue diamonds) and high magnetic field of 7 T (red circles). The solid

line is fitted to the Mott variable range hopping model with 3D system in

high magnetic fields (2 K<T< 20 K). The inset is the plot of ln[�d(lnq)/

d(lnT)] versus ln T, where a solid fitting line with high magnetic field of 7 T

is used to extract the p-factor in Eq. (3).

223107-3 Park et al. Appl. Phys. Lett. 107, 223107 (2015)
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magnetic field and exp(T0/T)1/4 behavior corresponding to

3D Mott VRH with magnetic field. We deduced a value of

T0¼ 17.4 K from the straight line fit at 7 T below 20 K in

Fig. 3. The small value of T0 suggests that the system is very

close to the M-I boundary and one can expect that VRH con-

duction is valid below the T0. In fact, the lnq(T) versus T�1/4

curves at the high magnetic field (B¼ 7 T) fell on a straight

line below 20 K, as shown in Fig. 3.

We now discuss the localization length LC of p-type

MoS2:Nb. The overlap of the localized state wave functions

can be shrunk when the magnetic field is applied, resulting

in an increase in the hopping length.35 In this regard, the re-

sistivity of the MoS2:Nb in the insulating regime (3D VRH

transport with T0¼ 17.4 K) is strongly related to the magni-

tude of the magnetic fields. The localization length can be

estimated from the expression for magnetic-field and temper-

ature dependence of the VRH resistivity as follows:32,35

ln
q Bð Þ
q 0ð Þ

" #
¼ C

LC

LB

� �� �4 T0

T

� �� �3
4

; (4)

where C¼ (5/2016), LB¼ (c�h/eB)1/2 is the magnetic length, c
is the velocity of light (� 9.5 nm at 7 T). We observed that

the variation of ln[q(7 T)/q(0 T)] with T�3/4 is a linear rela-

tionship at low temperatures as shown in Fig. 4. From the

slope of straight line shown in Fig. 4, we estimated the local-

ization length LC¼ 19.8 nm from T0 � 17.4 K and LB �
9.5 nm at 7 T. In 3D Mott VRH conduction, T0 is related to

LC and density of states at the Fermi level N(EF) as40

T0 ¼
18

kB
N EFð ÞLC

3: (5)

We estimated a N(EF)¼ 1.5 � 1021 states/eV�cm3 of p-type

MoS2:Nb by the inserting the values of T0 and LC into

Eq. (5).

In conclusion, our experimental results readily show

that chemically doped MoS2 exfoliated from single crystal of

MoS2:Nb lies at the M-I boundary. The resistivity of the

MoS2:Nb obeys a power-law temperature dependence, q(T)

/ T�0.25, indicating that the system is in the near critical re-

gime of M-I transition and weakly disordered. The positive

MR at low temperatures reveals that the magnetic field can

induce the crossover from the critical regime to the insulat-

ing regime. The hole transport under magnetic field can be

taken into account by the VRH trough Nb induced localiza-

tion states. The 3D VRH transport is supported by the tem-

perature and field dependencies of the resistivity as well as

the localization length estimated from the magnetic field de-

pendence of the VRH resistivity. Our study clarifies the im-

portant role of the substitutional dopants as a source of the

disorders in chemically doped MoS2.
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