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The authors study the electrical transport properties of atomically thin individual crystalline grains

of MoS2 with four-probe scanning tunneling microscopy. The monolayer MoS2 domains are syn-

thesized by chemical vapor deposition on SiO2/Si substrate. Temperature dependent measurements

on conductance and mobility show that transport is dominated by an electron charge trapping and

thermal release process with very low carrier density and mobility. The effects of electronic irradia-

tion are examined by exposing the film to electron beam in the scanning electron microscope in an

ultrahigh vacuum environment. The irradiation process is found to significantly affect the mobility

and the carrier density of the material, with the conductance showing a peculiar time-dependent

relaxation behavior. It is suggested that the presence of defects in active MoS2 layer and dielectric

layer create charge trapping sites, and a multiple trapping and thermal release process dictates the

transport and mobility characteristics. The electron beam irradiation promotes the formation

of defects and impact the electrical properties of MoS2. Our study reveals the important roles of

defects and the electron beam irradiation effects in the electronic properties of atomic layers of

MoS2. VC 2015 American Vacuum Society. [http://dx.doi.org/10.1116/1.4906331]

I. INTRODUCTION

Transition metal dichalcogenides such as molybdenum

disulfide (MoS2) have attracted great interest as candidates

to fill the need of two dimensional semiconductor materials.

By controlling the thickness, the bandgap of MoS2 thin films

can be tuned from 1.2 eV (bulk material, indirect bandgap)

to 1.8 eV (monolayer film, direct bandgap).1 Recently, large

scale MoS2 monolayers have been grown by chemical vapor

deposition (CVD) on silicon dioxide (SiO2) substrate,2–4

showing the possibility of low cost scalable device fabrica-

tion. However, measurements on CVD grown MoS2 mono-

layers2–4 reveal mobility values that are usually orders of

magnitude lower than those (exceeding 200 cm2 V�1 s�1)

reported on exfoliated MoS2 monolayers.5 The physical ori-

gin of the difference between CVD and exfoliated MoS2 is

not clear at present; however, structural defects6 such as

vacancies, dislocations,7 grain boundaries,4 as well as

charged interfacial states due to the dielectrics in contact8

can be responsible for the degradation in mobility. Although

this problem has presented a major hurdle to the realization

of wafer-scale MoS2 electronics and photonics, systematic

studies of defects’ role in individual crystal domains are still

lacking.

Furthermore, it is known that the use of high-energy parti-

cle irradiation on semiconductor nanostructures can drasti-

cally modify their electronic properties. Durand et al.9 have

shown that InAs nanowires exhibiting n-type semiconduct-

ing behavior turn metallic under electronic irradiation. On

MoS2, long range magnetic ordering in bulk crystal10 has

been demonstrated after irradiation with a 2 MeV proton

beam. At higher beam energy (10 MeV), a time dependent

transport behavior has been observed in MoS2 field effect

transistors11 and related to the formation of charge traps in

dielectric material and its interface with the MoS2 (few

layers) channel. In the case of electronic irradiation, Komsa

et al.12 have reported that an electron beam energy about

90 keV is necessary to create sulfur vacancies in MoS2 by

knock-on mechanism. Such defect engineering presents a lot

of attractive possibilities to tune the properties of this mate-

rial and also to create new kinds of nanostructure, like

Mo5S4 nanoribbons.13,14 Recently, Zhou et al.6 suggest that

vacancies can form even in the energy range provided by

scanning electron microscope (SEM, 30 keV) under electron

beam exposure. Although electron beam techniques are

widely used in microscopic imaging and nanofabrication

processes, the effect of electron beam irradiation on the

transport properties of MoS2 atomic layer has not been eval-

uated, especially at low beam energy regime.

Here, we study the transport properties of CVD-grown

monolayer on SiO2/Si substrate by directly measuring the re-

sistivity and the mobility of the material with a field-effect

transistor configuration with the use of a cryogenic four-

probe scanning tunneling microscope (STM).15,16 The com-

bination of the STM scanners and a SEM enables us to con-

nect the STM tips on individual MoS2 domains. The

temperature dependent resistivity and mobility show a defect

dominated transport process. Furthermore, the effects of

electronic irradiation are examined by exposing the film toa)Electronic mail: apli@ornl.gov
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electron beam in the SEM in an ultrahigh vacuum environ-

ment, and it is found that a clear change of transport behav-

ior of the material after electronic irradiation with SEM at

low energy (5 keV). It is suggested that the presence of

defects create charge trapping states and leads to the low

mobility, consistent with recent theoretical calculations17,18

where vacancies and antisites defects are shown to create

localized gap states.

II. EXPERIMENT

The synthesis of monolayer MoS2 domains by CVD pro-

cess has been described by Najmaei et al.2 Briefly, MoO3

nanoribbons and sublimated sulfur are used as precursors.

The MoO3 nanoribbons are dispersed on silicon substrates

and placed close to a bare Si/SiO2 substrate designated for

the growth of MoS2 at the center of a quartz tube (furnace)

under a constant N2 flow of 200 sccm. And 0.8–1.2 g of sub-

limated sulfur is placed in a container at the opening of the

furnace where the maximum temperature approximately

reaches 600 �C. At a rate of approximately 20 �C/min, the

center of the furnace is gradually heated from room tempera-

ture to 550 �C in 30 min. The sulfur slowly evaporates when

the temperature reaches approximately 550 �C. Then, at the

slower ramping rate of �5 �C/min, the chamber is heated to

850 �C. This temperature is maintained for 10–15 min and

then the system is naturally cooled back to room

temperature.

The as-grown sample is studied with a four-probe scan-

ning tunneling microscope (4P-STM), a characterization

platform combining four STM and a SEM operating in ultra-

high vacuum (UHV)15 (base pressure< 5� 10�10 Torr). The

4P-STM enables the positioning of four STM electrochemi-

cally etched tungsten tips in an arbitrary arrangement under

SEM view. This tool provides the capability of establishing

contacts on surfaces and nanostructures with the resolution

offered by the STM scanners.19

STM tips can act as electrodes and provide good contacts

on metals and some doped semiconductors.16 Here, our

study focuses on single MoS2 monolayers lying on a 300 nm

thick SiO2 substrate, a subnanometer thick semiconductor

with a bandgap of around 1.8 eV on an insulator. Unlike

measurements on graphene,20 it turns out very challenging to

establish reliable electrical contacts between the STM tips

and the MoS2 by gentle contacts without damaging the

monolayer. In order to ensure reliable electrical contacts,

platinum pads have been deposited by using electron beam

induced deposition (EBID)21 at several locations on MoS2

domains [Fig. 1(a)]. As reported by Das et al.,22 Sc and Ti

would be better choices than Pt due to their lower work func-

tion values, which can facilitate the carrier injection process

to the MoS2. Here, we choose Pt because of the availability

of the sources in our EBID technique. However, as will be

shown later, we still obtain an ohmic contact and the contact

resistance has been taken into account in our analysis.

The EBID experiments were conducted in an FEI Nova

600 dual ion/electron microscope. A focused beam of elec-

trons (5 keV, 1.6 nA, and diameter �300 nm) was used to

partially dissociate substrate absorbed, organometallic pre-

cursor molecules, resulting in a condensed deposit.

Notably, secondary electrons, created during inelastic pri-

mary electron–substrate interactions, ultimately lead to pre-

cursor dissociation at the sample surface during EBID. The

precursor molecule was a platinum based, organometallic

compound trimethyl(methylcyclopentadienyl)platinum(IV)
[C5H4CH3Pt(CH3)3]. The precursor was delivered to the

MoS2 covered surface by an injection nozzle located

100 lm above the sample surface. The nozzle makes it pos-

sible to achieve a relatively high local pressure of precursor

(�10 mTorr) without compromising the high vacuum

requirement in the electron optics column. The injection

nozzle was 500 lm diameter. The resulting deposit con-

tained a mixture of Pt nanoparticles embedded in an amor-

phous carbon matrix. The composition of the deposit

following EBID was �PtC5 according to qualitative energy

dispersive spectroscopy measurements. Deposit composi-

tion was not quantified because the sample heating cycle,

following EBID and required for sample preparation prior

to conducting electrical measurements, was certain to

remove additional carbon from the deposit, which is a well-

documented phenomenon that occurs when heating EBID

deposits.21,23 Direct write experiments were initiated when

the sample chamber was evacuated to a base pressure on

the order of �7.5 � 10�6 Torr. A deposit with typical lat-

eral dimensions of �4 lm� 4 lm was deposited by multi-

ple raster scans of the electron beam. Care was taken to

minimize electron exposure outside the deposition zone by

avoiding electron beam imaging following deposition; only

after flushing the chamber with N2, up to atmospheric pres-

sure, was electron imaging conducted for characterization

purposes. The deposition zone direct-write pattern was a

square array of pixels with a pixel spacing of 73.3 nm. The

electron beam dwell time per pixel was 100 ls. Multiple

beam passes (200) are used in order to avoid precursor sur-

face depletion in the growth zone that can occur for rela-

tively long beam dwell times or high beam current

densities. This looping tactic effectively minimizes the

dose of electrons, thereby minimizing MoS2 electron expo-

sure. A final deposit height of �250 nm resulted.

FIG. 1. (Color online) (a) SEM image of single MoS2 grain grown on a SiO2

substrate with three Pt pads deposited. Two STM tips are connected on the

upper and left pads. Scale bar 10 lm. Inset: SEM image of single grains

without Pt pad. Scale bar: 20 lm. (b) Schematics view of the measurement

setup.
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The sample is annealed at 135 �C for 8 h in the load–lock

of the UHV system (base pressure lower than 5� 10�8 Torr)

before being transferred onto the STM platform. Recent

studies24,25 suggested a higher annealing temperature (above

250 �C) of MoS2. Here, we anneal the sample at lower tem-

perature for a longer time in order to minimize the effect of

metal diffusion, a process not being well examined on mono-

layer CVD MoS2. The SEM image in the inset of Fig. 1(a)

shows MoS2 monolayer islands grown on a SiO2 layer.

Those domains have a triangular shape with a size ranging

from a few micrometers to few tens of micrometers. The

main SEM image shows a single domain on which Pt pads

have been deposited at each corner of the triangle (bright

squares). The STM probes are directly connected onto the Pt

pads.

III. RESULTS AND DISCUSSION

The transport measurements are realized with the configu-

ration depicted in Fig. 1(b). The source–drain current Ids ver-

sus the voltage Vds is measured by the two probes in contact

with the MoS2 domain whereas the back gate voltage Vg is

applied to the heavily doped p-type Si substrate, with the

thermally grown SiO2 serving as gate dielectric material.

At room temperature, the Ids(Vds) curves is linear (Fig. 2)

up to 20 V (not shown here) even with a gate voltage Vg

ranging from �200 to þ200 V, indicating that the Pt pads

provide Ohmic contacts to the MoS2. The Ids(Vg) curve (Fig.

2) has typical characteristics for a n-type field effect transis-

tor, as previously observed for MoS2 films grown with this

method.2 In the linear region of the transfer characteristic

Ids(Vg), the source–drain current Ids is given by26,27

Ids ffi
W

L
� C� lFE � Vg � VTð ÞVds �

V2
ds

2

� �
; (1)

where VT is a threshold voltage that can be deduced from the

linear extrapolation of the Ids(Vg) characteristic, and we

assume that the mobility is only slowly varying with Vg in

the linear region of the Ids(Vg) characteristics. The square

term of Vds can be neglected under the condition Vg � Vds.

The field effect mobility (lFE) is extracted from the trans-

conductance gm ¼ dIds=dVg using5,26–28

lFE ¼
L

CW
� 1

Vds

� gm; (2)

where L and W are the length and the width of the channel,

respectively, and C is the normalized gate capacitance per

unit area. The measured mobility is 0.029 cm2 V�1 s�1, a

low value compared to previous reports on large MoS2

films.2,3 The temperature dependent transport behaviors are

measured from 140 to 315 K. Figure 3(a) shows the evolu-

tion of the mobility as a function of the temperature at

Vg¼ 200 V. The measured lFE (solid squares) increases with

the temperature, as expected for a semiconductor.

The mobility can also be calculated from the channel con-

ductance using26

gd ¼
dIds

dVds

¼ W

L
� lFE � C� Vg � VTð Þ: (3)

However, the two terminal configurations we use implies

that our measurements are affected by the contact resistances

RC as compared to mobility measurements with a multiter-

minal configuration.29,30 Following Horowitz et al.,27 we

introduce the contact resistances RC in the expression of the

source–drain current Ids (the square term of Vds being

neglected) by changing Vds to Vds � Ids � RC. Then, the

expression for the channel conductance Eq. (3) becomes

gd ¼
W=Lð ÞCleff Vg � VTð Þ

1þ W=Lð ÞCleffRC Vg � VTð Þ
; (4)

leff being the “effective mobility.” As suggested by

Horowitz et al.,27 the mobility can be assumed to follow an

empirical law of the form

leff ¼ aðVg � VTÞb: (5)

Performing a least squares fit of the data gives us an esti-

mation of the contact resistances RC. The contact resistances

(not shown) is found to decrease with the increasing tempera-

ture and account for 10% to 40% of the total resistance in our

temperature range and Vg from 100 to 200 V. Once we have

estimated the contact resistances, we recalculate the effective

mobility leff from the channel conductance using Eq. (4). The

values at Vg¼ 200 V are shown in Fig. 3(a), represented by

the empty squares. One can see that leff is higher by a factor

2–3 than lFE, which means that the contact resistances do

play a role in our system. Moreover, the mobility changes

slightly with the applied gate bias after considering the contact

resistance even for Vg � Vds as shown in Fig. 3(b).

Above analysis indicates that the mobility in MoS2 has a

strong temperature dependence as well as a weak gate volt-

age dependence. This is consistent with a multiple trapping

and release (MTR) model described by Horowitz et al.27

The MTR model requires that most of the charge carriers are

FIG. 2. (Color online) Room-temperature Ids(Vg) transfer characteristic for a

single MoS2 domain with the field-effect transistor configuration described

in the main text with 5 V applied bias voltage Vds. Inset: Ids(Vds) characteris-

tics at different gate voltage Vg.
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trapped in localized states. The amount of released charge

carriers to an extended-state that contributes to transport

depends on the energy level of the localized states, the tem-

perature, and the gate voltage, leading to a thermally acti-

vated mobility. In such a trap-limited transport model,

transport occurs only in delocalized bands. This is in sharp

contrast to the mechanism of variable range hopping, which

is often invoked as the transport mechanism in MoS2, where

all trap levels participate in hopping conduction and contri-

bution from delocalized carriers is absent.

Figure 4 shows the effective mobility leff at several dif-

ferent Vg as a function of the inverse of the temperature, RC

being subtracted. Indeed, leff can be modeled with thermally

activated transport:

leff � exp � Ea

kBT

� �
; (6)

where Ea is the activation energy and kB the Boltzmann con-

stant. With Vg increasing, the activation energy Ea decreases

slightly (from 150 for 144 meV when Vg increases from 140

to 200 V), in agreement with the MTR model and previously

reported behaviors of MoS2.17,29,30 Note, we have tried to fit

the temperature dependence of l and of the resistivity q with

the variable-range hopping equation for 2D materials

leff � exp � T0

T

� �1
3

" #
(7)

and

q � exp
T0

T

� �1
3

" #
(8)

and obtained a fitting parameter T0¼ 2.8� 106 K that is orders

of magnitude higher than observed for exfoliated MoS2.8,17,31

The mobility values presented above are very low com-

pared to the intrinsic limit reported for MoS2 monolayers

(410 cm2 V�1 s�1).32 TEM studies on CVD grown MoS2

islands similar to what we used in this work2 showed the good

quality of the monolayer islands, and also revealed the pres-

ence of different structural defects like sulfur vacancies.6 In

addition to the trap states at the interface between the dielec-

tric and the channel,8 these structural defect can lead to local-

ized electronic states.6,17 In their recent studies, Zhu et al.30

demonstrated that the presence of a large amount of localized

traps leads to the smearing of the band edge and the formation

of band tail states in the MoS2 energy gap. The mobility edge

forms a boundary in the band tail, which separates extended

states with band transport and localized states that conduct via

thermally assisted mechanisms. Based on the subthreshold

swing (SS) extracted from Ids(Vg) curves, we can estimate the

value of trap density Dit with the formula26

SS ffi ln10� kT

q
1þ CD þ Cit

C

� �

¼ ln10� kT

q
1þ CD þ qDit

C

� �
; (9)

FIG. 3. (a) Field-effect lFE mobility (solid squares) as a function of temperature extracted at Vg¼ 200 V from the transconductance gm as a function of the tem-

perature [Eq. (2)]. The empty squares represent the effective mobility leff (same Vg) calculated with the channel conductance Eqs. (4) and (5). (b) The effective

mobility as a function of gate bias voltage at 300 K after considering the contact resistances [Eqs. (4) and (5)].

FIG. 4. (Color online) Effective mobility as a function of the inverse of the

temperature at different gate voltage. Arrhenius plots give activation energy

in the range of 144–150 meV.
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where CD and Cit are the capacitance associated to the

depletion-layer and the traps, respectively, and q the elemen-

tary charge. For this device, SS is very large, in the range of

225–275 V/dec, compared to other reports on CVD MoS2

monolayers (200 mV/dec for Ref. 30, 13 V/dec in Ref. 3). In

that case, we assume Cit � CD and find a density of trap

state in the 1014 eV�1 cm�2 range. Such a high value of Dit

corroborates the MTR model.

To further examine the role of defects in the transport of

MoS2, we now study the impact of the electronic irradiation.

Figure 5(a) shows the conductance measured at room temper-

ature and Vg¼ 100 V as a function of time with several irradi-

ation events with a 5 kV electron beam. Since the connection

of the STM tips onto the Pt requires real time SEM imaging,

the first measurement (black star and black curve in the inset)

has been performed around 30 min after electron beam irradi-

ation (first irradiation). During transport measurements, the

electron beam is turned off. After one additional SEM imag-

ing scan (�2 min for the whole frame, second irradiation

event indicated in red arrow), the conductance is multiplied

by a factor 2, as shown by the first red square in Fig. 5(a) and

upper red Ids(Vds) curves in the inset. The conductance

becomes time dependent with a slow relaxation process.

Another factor 2 of increase of conductance is observed after

the third irradiation event [Fig. 5(a), upper arrow], which then

starts to relax and reaches its original value after 6� 104 s

[Fig. 5(a), blue squares]. Figure 5(b) shows the time depend-

ence of the current on another MoS2 domain at Vds¼ 5 V,

Vg¼ 0 V and room temperature. The measurement starts sev-

eral seconds after an irradiation event and shows that the cur-

rent decreases by about 20% after 15� 103 s. The mobility

[Fig. 5(b), inset] drops noticeably after the second irradiation

event (marked by the black arrow) and then gradually recov-

ers its initial value. Thus, the rise in the conductivity after irra-

diation [Fig. 5(a)] is due to an increase of the carrier

concentration. Unlike the InAs nanowires which turn metal-

lic,9 monolayer MoS2 keeps semiconducting. Moreover, the

irradiation effect has not been observed at T� 140 K for

MoS2, and the current recovers its original value instantane-

ously without decaying process.

The subthreshold swing of the device that is irradiated

with an electron beam becomes worse, as shown in Fig. 6(a).

Such degradation of the subthreshold swing after irradiation

is similar to that observed on MoS2 irradiated by proton

beams11 and can be attributed to the irradiation-induced trap

states at the interface of MoS2 and SiO2. Based on the sub-

threshold swing extracted from Ids(Vg) curves, we can esti-

mate the value of trap density Dit after the irradiation event

as plotted in Fig. 6(b) (solid squares), which are even higher

than observed before irradiation. Moreover, as shown in Fig.

6(b) (empty squares, right axis), the threshold voltage Vth

shifts toward negative value after irradiation (event 1 in red),

indicating an increase of the carrier concentration, in agree-

ment with the observation on conductance change.

The interface trap states induced by irradiation process

affect the Fermi level position of the conduction channel and

thus the carrier concentration, which is consistent with our

observed shift of the threshold voltage and those reported by

Kim et al.11 Moreover, we find that the interface trap states

and the carrier density vary over a different time scale.

Figure 6(b) shows that the interface trap density increase

from 1.42� 1014 cm�2 eV�1 (event 0, not shown on the

graph) to 1.67� 1014 cm�2 eV�1 after irradiation (event 1,

red filled square) and then, following exponential decay with

a time constant �600 s. On the other side, the carrier con-

centration, related to the threshold voltage shift DVth [Fig.

6(b), empty squares], varies with a much higher the time

constant of �2600 s. Thus, the interface trap states density

alone cannot account for the change of carrier concentration

in the conduction channel. Interestingly, the conductance

change after irradiation also shows a two component decay

behavior [as shown with the fitting curve in Fig. 5(b)] and

one component has almost the same time constant as the

interface trap density. All these observations show that both

the defects created in active MoS2 layer and trap states at the

interface of MoS2/SiO2 are responsible for the peculiar con-

ductance relaxation process. We would like to mention that

we have studied the influence of the electron beam energy

on the I(V) characteristics of MoS2 by varying the

FIG. 5. (Color online) (a) Time dependence of the conductance measured at

Vg¼þ100 V after three irradiation events. Inset: Ids(Vds) curves after first

and second irradiation events, corresponding to the black star and the solid

squares of the main graph, respectively. (b) Ids vs time measured at

Vds¼ 5 V and Vg¼ 0 V after irradiation [MoS2 domain different from (a)].

The dashed curve is fitted with y ¼ y0 þ A1e�ðx�x0Þ=t1 þ A2e�ðx�x0Þ=t2 , where

the times constants t1¼600 s and t2¼7100 s. Inset: Mobility values of the

same domain before and after second irradiation event (arrow) measured at

different time as indicated.
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acceleration voltage of the SEM in the range of 0.5–11 kV

and have not observed any significant change of the transport

behavior in this range.

As mentioned previously, it has been demonstrated that

electron irradiation creates sulfur vacancies in MoS2.12

While the electron beam energy used in our experiment

(5 keV) may be too low to create defects by electron-beam

sputtering process,33 beam damage through inelastic scatter-

ing process still occurs even at low energy through, e.g., a ra-

diolysis effect33 and can create defects in MoS2 under

SEM.6 Moreover, as reported by Egerton et al.,33 radiolysis

is temperature dependent and can be reduced by cooling the

sample, and this is consistent with fact that our sample is

less subjected to the electronic irradiation damage at low

temperature T¼ 140 K although a charging effect is still no-

ticeable at low temperatures.

It is noted that a transition from a bandlike electronic

transport to transport via thermally activated mechanism, a

metal to insulator transition, has been observed in MoS2 by

tuning the carrier density or suppressing the interface charge

effect. For example, Radisavljevic and Kis have demon-

strated the use of the high-k dielectric HfO2 as a top gate sig-

nificantly improved the screening of the Coulomb

interactions induced by the backgate MoS2/SiO2 interface.29

Consequently, a metallic transport with much improved mo-

bility has been achieved.29 Similarly, in our case, high den-

sity of charge trap states can be created by the electron

irradiation at the MoS2/SiO2 interface. The charge trap states

may strongly screen the electric field of the backgate, lead-

ing to a constant insulating regime over the wide range of

gate voltage and preventing a transition to the metallic re-

gime. This observation highlights the important effect of

electron beam, commonly used in imaging and fabrication

techniques, on the device performance.

IV. SUMMARY

We have studied temperature-dependent electrical trans-

port in individual domains of monolayer MoS2 grown by

CVD onto Si/SiO2 substrates. We find that the electrons are

mostly localized well up to room temperature and display

multiple charge trapping and release behavior. We show

electron irradiations can significantly affect the transport by

increasing the carrier density and reducing the mobility.

These effects are likely to arise from scattering by the intrin-

sic defects in MoS2 and the Coulomb potential of randomly

distributed charges at the MoS2/SiO2 interface induced by

electronic irradiation. Highly improved device performance

should consider reducing defects in the active MoS2 layer,

avoid electron beam irradiations, or suppressing the screen-

ing effect of the interface charges by appropriate device

engineering.
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