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We have fabricated and characterized suspended single-layer MoS2 devices to investigate the

substrate effect on the electrical properties of MoS2. The MoS2 devices were fabricated on Si/SiO2

first by using e-beam lithography and were suspended by etching away half of the SiO2 layer with

buffered oxide etchant and drying them with critical point dryer. Compared with SiO2

substrate-supported devices, the suspended devices show 2-10 times of mobility and on/off ratio

improvement. While measuring the electronic properties, we observed that the suspended devices

were annealed by joule heating and showed the performance improvement, whereas the supported

devices did not. Our observations reveal that MoS2 devices are substrate-sensitive in their electrical

properties and that proper substrates and cleaning is necessary for the optimal device performance.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4827477]

Among atomically thin 2-dimensional (2D) materials,

graphene has been receiving tremendous attentions and stud-

ied for various applications due to its excellent electrical

properties.1–3 However, the absence of bandgap makes gra-

phene difficult to replace conventional semiconductor mate-

rials, such as silicon, which possesses a bandgap wide

enough to be used for digital logic devices and solar cells.

Among other 2D materials, semiconducting transition-metal

dichalcogenides (TMDs) monolayer is considered as a prom-

ising alternative to graphene for those applications because

of their bandgap structures. In particular, naturally occurring

molybdenum disulfide (MoS2) is one the most widely studied

TMDs,4,5 and the weak van der Waals interaction between

layers makes it easy to be exfoliated into monolayer.6,7

Using MoS2, researchers have demonstrated the possibilities

of thin-film transistors (TFTs) for high-mobility display

applications or optoelectronic devices by engineering

bandgap with thickness and strain control.8–12 Despite vari-

ety of possibilities of mono- and few-layer MoS2 and other

TMDs, the reliability and performance of such layered crys-

tals are easily affected by the substrates and surrounding

materials. For instance, TFTs using the single/few-layer

MoS2 with high-k dielectric material encapsulation that is

assumed to reduce the Coulomb scattering within the thin

film was reported to improve the field-effect mobility and

on-off ratio by several orders, which is comparable to

poly-crystalline silicon.13,14 In contrast, the mobility of

monolayer and few-layer MoS2 field effect transistors

(FETs) fabricated on Si/SiO2 substrate are graded down to

the range of 0.1–10 cm2 V�1 s�1.4,14,15 There also have been

many efforts to improve the quality of the substrate-active

layer interfaces. Lin et al. fabricated single-layer MoS2 devi-

ces by using a thin layer of polymer electrolyte PEO and

LiClO4 as both a contact-barrier reducer and channel mobil-

ity booster on top of the devices.14 On the other hand, Bao

et al. reported that the PMMA could give MoS2 a strong

dielectric effects that may imply a dominance of long range

disorder avoiding chemical bonding or surface roughness at

the SiO2 interface.16

These interface studies imply that the interface control

is critical for the performance of MoS2 TFTs on SiO2.

Especially, single-layer MoS2 on standard SiO2 substrate

seems highly disordered topographically and chemically as

in graphene on SiO2.17 The SiO2 substrate may harbor all

kinds of atmospheric gases, chemical adsorbates, unknown

functional groups, and charges along with corrugations.

Adding another material on top of a substrate or MoS2 can-

not give us a clear answer to the question of how substrates,

especially SiO2, influence the adjacent MoS2 layers.

Therefore, our objective is to investigate the effect of the

substrate on the performance and properties of single-layer

MoS2, which in nature has significantly high surface to vol-

ume ratio compared to its bulk material.

In this study, both SiO2 substrate-supported and sus-

pended MoS2 devices were fabricated by using e-beam li-

thography and an insulator etching technique and

characterized to observe how the SiO2 substrate influences

the electrical properties and what needs to be controlled to

improve the performance of MoS2 devices.

In order to fabricate MoS2 FET devices, single-layer

MoS2 samples were prepared using the scotch tape method

of repeated splitting of single-crystal MoS2 on a sticky tape

subsequently transferring on n-doped silicon substrates cov-

ered with a 300 nm-thick SiO2 layer. To identify the flakes,

an optical microscope was used and these samples were
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further characterized by atomic force microscopy (AFM)

and Raman spectroscopy.18 Then, PMMA was coated on

substrate using spin coating followed by electron beam

lithography for patterning the metal contacts to the sample.

Contact metals (3 nm Cr / 50 nm of Au) were deposited by

an electron beam evaporator. Electrical measurements were

performed with these SiO2-supported devices before suspen-

sion. After the electrical characterization, the devices went

through etching process of the insulator (Fig. 1). We pre-

pared 6:1 buffered oxide etch (BOE) solution and let the

devices dip into the solution for 90 s to etch away 150 nm of

SiO2. In order to prevent collapse of the MoS2 film by the

surface tension during drying process, the devices were

transferred to methanol and dried in a critical point drier

(CPD). The production yield of completely suspended MoS2

was about 25% in our process. When a device was not sus-

pended, the MoS2 film adhered to the etched SiO2 surface.

The failed case can be identified with an optical microscope

(Fig. S1).19 The current level is much lower than completely

suspended devices or supported devices, which seems to be

due to trapped gases from the etching.

The optical microscopy image of a completely sus-

pended MoS2 FET is shown in Fig. 2(a). Fig. 2(b) shows the

Scanning Electron Microscopy (SEM) image of a suspended

MoS2 device. Figs. 2(c) and 2(d) show the AFM images of

the suspended MoS2 monolayer on SiO2 substrate with metal

electrodes. We have etched only the device area by passivat-

ing the other region with PMMA to easily measure the

etched thickness of SiO2. Since the color of the wafer

changes with the thickness of oxide layer, the etching condi-

tion can be simply identified by an optical microscope. The

SEM image (Fig. 2(b)) also clearly confirms that MoS2 is

suspended from the insulator.

Electrical properties of the devices are measured in a

vacuum condition (�1� 10�4 Torr) at room temperature,

and the gate voltage is applied through Si substrate. The

measurement is conducted both before etching and after

etching.

The saturation mobility is calculated with the simple

formula

ln ¼
L

CW
� DIds

DVgs
� 1

Vds
;

where C is the insulator capacitance in FET device, L is

the channel length, W is the channel width, DIds is the

source-drain current change, DVgs is the gate-source voltage

change, and Vds is the applied source-drain voltage. For sup-

ported devices, the capacitance consists of single insulating

layer, which is 300 nm of SiO2. For suspended devices, the

capacitance is composed of two insulating layers, 150 nm of

SiO2 and 150 nm of vacuum gap, which are connected in

series. The simple capacitance models for the supported and

FIG. 1. MoS2 device fabrication process. First, supported device is produced

by e-beam lithography and metal deposition. It is dipped into 6:1 BOE, and

then the device is transferred from BOE to ethanol and dried in a critical-

point-dryer to avoid the surface-tension induced collapse of the suspended

MoS2 sheet. The completed device is suspended about 150 nm above the

surface.

FIG. 2. Images of a suspended MoS2

device taken by (a) optical microscope

(b) SEM (c) AFM. (d) A line profile of

the AFM image showing the distance

between MoS2 and the substrate.
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suspended devices with the assumption of two infinite paral-

lel electrodes are written as below

C ¼ eox

tox
¼ e0 � er;ox

t0x
ðsupportedÞ;

C ¼ er;ox � er;vac � e0

t0x;rem � tvac

� ��
er;ox

tox;rem
þ er;vac

tvac

� �
ðsuspendedÞ;

where tox,rem is the thickness of the remaining oxide layer, tvac

is the gap between MoS2 and the bottom, er,ox is the relative

permittivity of the oxide, er,vac is the relative permittivity of

vacuum, and e0¼ 8.854187817� 10�12 F/m is the vacuum

permittivity. The resulting capacitances of the supported and

suspended devices are 11.5 nF/cm2 and 4.69 6 0.4 nF/cm2

(error range for 20 nm variation of etching depth), respectively.

Since the geometry of the insulator in the suspended

MoS2 device is not simple as the supported devices, the elec-

tric field in the insulating area is not uniform. Hence, we

have calculated the capacitance of the suspended device

using a commercial code (FEMLAB) for the given geometry

(Fig. S2).19 The calculated capacitance value had the differ-

ence of only around 2% from the above analytical model.

Compared with other error sources, this difference is quite

small or negligible. Hence, we used the capacitance value

from the analytical model for the calculation of the mobility.

The mobility of unetched MoS2 FETs is extracted to be

around 0.1 cm2 V�1 s�1 and the on/off ratio is �10,4 which

are consistent with the reported values.4 After the substrate

etching, an increase in mobility could be observed in every

fabricated sample. Fig. 3(a) shows the Vgs-Ids measurement

of a MoS2 device before etching (black line) and after the

substrate etching (red line). Fig. 3(b) shows the same data

presented by log scale. During the measurement, the voltage

between drain and source leads is kept at 10 mV. The sus-

pended structure shows increase of the saturation mobility

from 0.1 cm2 V�1 s�1 to 0.9 cm2 V�1 s�1 and an order of

magnitude increase in the on/off ratio (105). Similar trend is

observed in other devices with 2–10 times improvement in

both the mobility and the on/off ratio (Fig. S3).19 Since the

off state current is kept almost the same regardless of sub-

strate condition, the increased on/off ratio and mobility are

due to the increase of current level in on state. Inset in Fig.

3(b) shows the Vds-Ids curve of the supported device. The

measurement is performed by varying the gate voltage from

0 V to 5 V. Vds-Ids values are linear, which suggests that the

electrode-channel contact is ohmic.20

Now we find that the improvement in charge mobility is in

the similar level as in graphene devices previously reported.15

This commonness should come from their 2-dimensionality.21

Atomically, thin 2D materials should be susceptible to the

environment and substrate intrinsically because all the atoms

in the material interact with the outer molecules and charges.22

One distinction of MoS2 results is that its on/off ratio in FET

devices is improved. Since graphene does not have a bandgap,

suspension structure will not make a difference in on/off ratio

that much. However, the suspended MoS2 devices showed dif-

ference in this property along with the mobility. On/off ratio is

an important property for many digital electronic devices

because high ratio can reduce electricity consumption and

increase operation accuracy.23 Therefore, suspended structure

of MoS2 can give benefits in applications which requires both

high mobility and on/off ratio.

Since the suspended MoS2 has a membrane structure, it

can be strained upon the application of the electrostatic

force. By using the simple model,15 the maximum strain in

the membrane is calculated to be about 1% at the high gate

voltage of 70 V. With this level of strain, the capacitance or

mobility can change roughly 10% at the highest gate voltage

application. Although this number is not completely negligi-

ble, in lower voltage region, the strain does not affect the

electrical performance that much, and the calculated mobil-

ity change by this strain will be less than a few percent.

While measuring the charge transport, we observed

annealing effect by joule heating in devices as shown in

Fig. 4(a). As we measure the current change for gate voltage

repeatedly with the suspended device, the current level

increased gradually and saturated. However, in the supported

device, the current level did not change for repeated meas-

urements (Fig. 4(b)). We could judge that the increase of cur-

rent was due to the annealing effect, which was also

observed in suspended graphene devices.15 While current

flows in the channel material, heat is supposed to be gener-

ated by the joule heating. The overly generated heat some-

times can burn the device. However, certain amount of heat

can clean the surface of devices.24 For the suspended device,

the heat should have removed the organic residues and

adsorbed gases on both sides of the surface of the device.

However, for the supported devices, the expected annealing

effect did not happen.

This fact suggests that the SiO2/Si surface affects the

electrical properties of single-layer MoS2 significantly. Due to

the joule heating, the top surface of the MoS2 device can be

FIG. 3. Electronic transport measure-

ments before and after suspension of a

device. (a) Linear scale. (b) Log scale

Vgs-Ids curves. The inset in (b) is the

Vds-Ids curves for different gate voltages.
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cleaned for the SiO2-supported sample. However, the bottom

surface may not be cleaned. Functional groups, gases, or other

molecules should be trapped on the bottom surface and they

can be the cause of charge scattering influencing the electrical

properties of MoS2 negatively. We also notice that the MoS2

devices on h-BN substrate, which has atomically flat and

extremely clean surface, outperform those on SiO2 substrate

by the similar level of improvement as our experiments

through a recent study.25 This again supports our results that

the MoS2 device is highly sensitive to surface condition.

Here, we need to notice the gradual increase of current

level in Fig. 4(a). In the measurement, the first measured cur-

rent level of the suspended device was almost the same as

that of the supported device. This means that right after the

suspension of MoS2, the surface contaminants on the bottom

side still remains as long as it is not annealed. However, they

are gradually removed by the electrical annealing. Therefore,

we can conclude that the molecules or functional groups on

the bottomside, which was trapped between MoS2 and

SiO2/Si substrate before etching, rather than those on the top-

side should be the main origin of contamination that

degrades the properties of MoS2 device.

In conclusion, we compared supported and suspended

devices of single-layer MoS2 and found that the substrate

influenced its electrical performance significantly. The sus-

pended MoS2 devices showed about 2–10 times improve-

ment both in mobility and on/off ratio. We also show that the

current level in the suspended devices increase by repetitive

annealing, which is not observed in the supported devices.

This reveals that the substrate prohibits them from being

cleaned and that the contaminants on the bottomside of the

MoS2 device should be the main cause that degrades the

electrical properties of MoS2. Our observations reveal that

an extremely clean substrate or removal of substrate will

enable single-layer MoS2 to exhibit its full potential as a

channel material for electronic devices. Also the suspended

structure itself can be exploited to measurement of various

other intrinsic properties of MoS2 such as thermal conductiv-

ity and photocurrent conductivity.
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