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Abstract

Atomic force microscopy pulsed force mode verifies that molybdenum disulfide (MoS,) has a
smaller surface adhesion energy than graphene. MEMS switches based on MoS; may have less
stiction problems. Suspended MoS, two-end fixed beams were fabricated, and their
mechanical properties including Young’s modulus were characterized by atomic force
microscope (AFM) indentation. MoS, dc contact MEMS (micro-electro-mechanical systems)
switches were demonstrated with a pull-in voltage of less than 10 V.

Online supplementary data available from stacks.iop.org/IMM/23/045026/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

A switch is an important MEMS device. Compared with a
field effect transistor, the ‘off-state’ current of MEMS dc
switches is 0 [1-3], and MEMS RF switches have better
isolation [4—6]. Although some of the MEMS switches have
been commercialized, there are still challenges for broader
applications [7, 8]. Many researchers focus on using new
materials, including two-dimensional materials, to fabricate
MEMS switches for better performance. To date the most
widely investigated 2D material is graphene [9, 10] because it
has high carrier mobility [11] and Young’s modulus [12-14].
However, a graphene membrane has a very strong adhesion
force [15—-19]. Therefore, MEMS switches based on graphene
may encounter stiction problems [2, 20-22]. An MoS; crystal
is composed of vertically stacked layers bonded together by
the van der Waals force. Single layer MoS; is only 0.65 nm
thick, and can be obtained by mechanical exfoliation [23]
and chemical vapor deposition [24]. Radisavljevic et al took
advantage of the unique electrical properties of MoS,, and
fabricated the first MoS, transistor with an on/off ratio over
1 x 10% [25]. Single/few-layer MoS, also has excellent
mechanical properties. Its Young’s modulus is about 200-
300 GPa [26-28]. In this paper we investigate the mechanical
properties of MoS,, and demonstrate the first MEMS switch
based on MoS,.

0960-1317/13/045026+06$33.00

2. Experiment, results and discussion

2.1. Comparison of MoS, and graphene

A few-layer sample of MoS, was exfoliated from
MoS, crystals using a mechanical exfoliation
method (see supplementary information (available at
stacks.iop.org/JMM/23/045026/mmedia)). The adhesion
energy of the material can be measured by AFM in-
dentation [29-31]. Using an AFM pulsed force mode
(PFM) (see supplementary information (available at
stacks.iop.org/JMM/23/045026/mmedia)), we compared
MoS; and graphene flakes transferred onto a Si/SiO, sub-
strate. In the MEMS region, the adhesion energy between
Si (SiO,) and the target material has a large influence on
the performance of the devices. Therefore, we chose the Si
AFM tip coated by a layer of SiO,. Figures 1(a) and (c)
are AFM topographical images, and figures 1(b) and (d)
are corresponding adhesion force images (they are 1024 x
1024 pixels derived from the same AFM tip, and the brighter
color indicates a stronger adhesion force between the AFM
tip and the sample surface). To diminish the impact of the
capillary force, we purged the chamber with nitrogen during
the experiment, keeping the humidity value between 2% and
5%. Figure 1(d) demonstrates that the colors of the MoS,; and
SiO, substrate do not have obvious differences (they have

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Comparison of the adhesion force of graphene and MoS,. (@) AFM topographical image of graphene on a SiO, substrate.
(b) Corresponding AFM adhesion force image of graphene on a SiO, substrate. (¢) Topographical image of MoS, on a SiO, substrate.

(d) Corresponding adhesion force image of MoS; on a SiO, substrate.

a similar adhesion force). According to the Maugis model
[32], the adhesion force is in proportion to the adhesion
energy per unit of area between two materials. Therefore, the
MoS,/Si0; (tip) adhesion energy is similar to the SiO,/SiO,
(tip) adhesion energy. In figure 1(b) the colors of the graphene
and SiO; substrate have obvious differences, indicating that
the graphene/SiO, adhesion energy is larger than that of
Si0,/Si0,. By comparing figures 1(b) and (d), we know that
graphene’s surface is much ‘stickier’ than MoS,. Compared
with graphene, when the MoS, switch is set to a down
position, it has less chance to encounter a stiction problem.

2.2. Fabrication of a suspended MoS, beam

The fabrication process of suspended beam structures,
as shown in figure 2, starts with depositing Cr/Au/Ti
(10 nm/100 nm/10 nm) by electron-beam evaporation on top
of a Si substrate. Cr and Ti work as the bottom and top adhesion
layers, respectively. Ti can be removed together with S;O, by
a wet etching process using buffered oxide etchant (BOE).
Therefore, MoS, beams can be electrically in contact with the
Au layer with a good conductivity. Sequentially, SiO, 300 nm
thick was deposited on top of metal layers by plasma enhanced
chemical vapor deposition as an isolation layer. Next, we used
a mechanical exfoliation method to transfer MoS; on top of
the SiO,. The sequential fabrication of electrodes involves
photolithography, Cr/Au electron-beam evaporation and metal

(&) Si0z\ coauti O Mos;
(¢) / Au/Cr (d)
N |

Figure 2. Fabrication process of suspended MoS; structures.

(a) Deposit Cr/Au/Ti on top of a Si substrate. PECVD is used to
grow SiO; 300 nm thick on top of metal layers. (b) Transfer
mechanically exfoliated a few-layer MoS, flakes onto a SiO,/Si
substrate. (¢) Photolithography and image reversal technique were
used to define the electrodes. Electrodes were fabricated by
Cr/A, (10 nm/100 nm) deposition and lift-off process. (d) BOE
was used to etch SiO, and Ti beneath MoS,, followed by critical
point drying.

lift-off. The samples were rinsed in BOE for 4 min to etch the
SiO; and Ti layers beneath the MoS,, followed by a critical
point drying which can keep the structures suspended during
wet etching. The success rate of MoS, devices fabrication is
over 90%. The failure usually happened during the BOE wet
etching and the critical point drying process. Figure 3(a) shows
the SEM image of a free-standing MoS, beam which is clearly
wrinkled because of the pretension of the fabrication.
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Figure 3. Mechanical properties of a few-layer MoS, characterized by AFM indentation. (a) SEM image of a suspended MoS, beam.

(b) AFM topographical image of a suspended MoS;. () Zic,o Versus Zg, curve of 4 spots indicated in figure 3(b). (d) Force versus
displacement curve of a MoS, beam. The red line indicates the force curve is in proportion to Z%y., in large deflection region. (e) A plot of
the spring constant of the MoS, sheets, versus w(t/L)? for seven different samples. The Young’s modulus and pretension could be extracted

from the linear fit.

Graphene can be etched by O, plasma quickly [33].
Therefore, graphene devices cannot be exposed to O, plasma
to completely remove the residues. They have to be annealed
instead. Nevertheless, not all of the device can stand such high
temperatures. We treated the MoS; and graphene samples with
O, plasma dry etching to completely remove the photoresist
residuals and other contaminants after fabrication. After 1 min
dry etching the MoS, layer had no obvious change, while
the graphene layers were etched away completely. Therefore,
MoS;-based devices can be easily cleaned by O, plasma.

2.3. Investigation of the mechanical properties of an
MoS, beam

Mechanical properties of few-layer MoS, beams were
investigated by an AFM. We calibrated the AFM cantilever
before imaging. The spring constant of the cantilever, Z,
was 1.2 N m~' (see supplementary information (available
at stacks.iop.org/IMM/23/045026/mmedia)). A multimodal
AFM was used to acquire topographic images of a free-
standing MoS, beam (figure 3(b)), and to collect force-
Z curves (see supplementary information (available at
stacks.iop.org/JMM/23/045026/mmedia)) in a location of



J. Micromech. Microeng. 23 (2013) 045026

PLietal

Height image

0 20 40 60 80 100 120

Zpiezo (Nm)

Figure 4. Mechanical properties of thick MoS, characterized by AFM indentation. (¢) SEM image of two suspended thick MoS, beams.
(b) AFM topographical image of a thick MoS, beam. (¢) AFM force volume image of the same suspended beam. (d) Zyc,, versus Z, curve

of three spots indicated in figure 4(c).

64 x 64 grids (also called the ‘force volume’) for mechanical
assessment. During indentation, the MoS, beam was bent,
and the force against the sheet also caused the AFM
cantilever to deflect. The relationship among the MoS, beam’s
displacement, Ze,m, the piezo stage movement beneath the
sample, Zic,o, and the AFM cantilever deflection, Z, is:

Zheam = Zpiezo - Ztip- (D
The force, F, applied to the MoS; beam can be derived by:
F = I(tipZtip- ()

The force-Z data cube provides a 2D mapping of local
stiffness. It provides us with sufficient information about
the stiffness distribution. The force curves in figure 3(c) are
derived from the four different spots indicated in figure 3(b).
They do not only demonstrate the distribution of the stiffness
on the beam, but also imply that a few-layer MoS, beam
(2.5 nm in thickness) is a nonlinear system. The double
clamped beam model [2, 13, 14, 34, 35] can provide a good
approximation for our case. In a pure bending regime, the
relationship between force and center displacement of a double
clamped beam under a concentrated force is given by [34, 36]:

3
F= kbendingaeam + kstressteam + kstretchingaeam

Ewrn* (1)’ won? [t
= 6 Z Zbeam + T Z Zbeam

Ewn®* [t
+ T (1_3) deam 3)

where E is the MoS, Young’s modulus, o is the initial stress
in the beam, and /, w and 7 are the length, width and thickness
of the beam, respectively. For a few-layer MoS, beam with
a large deformation, the stretching term is in dominant, and
the red line in figure 3(d) demonstrates that F is proportional
t0 Zpeam in the large deflection region. In the limit of a small
deformation, the spring constant of the beam is:

aF Ewr* (t\} won? [t
k= ~ () 2 (5). @
8Zbeam 6 [ 2 )

For all the beams we measured, the w(?/ I)® term is
expected to vary much more than the o w(t/[) term. Therefore,
the o w(t/]) term is considered a constant offset to a linear fit of
k versus w(t/ 3. Figure 3(e) is the plot of the spring constant
of the MoS; sheets versus w(t/L)? for seven different samples.
The slope of the linear fit line suggests an E of 185 GPa. Using
the offset of the linear fit, a pretension of 0.1 GPa was obtained.
Besides this, all the seven measurements are bounded between
E =185 &+ 50GPaand 0 = 0.1 £ 0.02 GPa.

We also investigated the thick MoS, beams. Figure 4(d)
shows the indentation curve derived from three different spots
on one beam whose thickness is about 45 nm, and the force
curves demonstrate that for a thick MoS, beam the bending
and stress terms in equation (4) are in dominant, so the
beam is almost a linear system. The Young’s modulus of
about 170 GPa was deduced from the force curve of thick
MoS, beams.
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Figure 5. /I-V measurement of two different MoS, switches. The
pull-in voltages of the first switch are 4.5, 4.8, 4.6 V, respectively,
and the pull-in voltages of the second switch are 8.4, 8.9, 8.2V,
respectively.

2.4. Investigation of the electrical properties of a
MoS, MEMS switch

MoS, dc shunt MEMS switches are demonstrated. Once the
applied dc bias is larger than the pull-in voltage of the switch,
the top few-layer MoS; film is pulled down to be electrically
in contact with the substrate, and a sharp increase in current
is observed. The contact is broken by an elastic force after
the bias is removed. The pull-in voltage of a MEMS switch

is [37]:
| 8keiigy
Vpr = 5
PI YTeA )

where gy is the air gap between the suspended beam and
substrate, ¢ is the vacuum permittivity, kg is the effective
stiffness which includes the influence of pretension, and
Ac is the effective area. In our experiments the currents were
measured as a function of dc bias voltage.

Figure 5 shows the measured I-V curves of two
different few-layer MoS, switches (5 and 8 nm in thickness,
respectively). The pull-in voltages of the first switch are 4.5,
4.8, 4.6 V, respectively, and the pull-in voltages of the second
switch are 8.4, 8.9, 8.2 V, respectively, much smaller than the
pull-in voltages of regular silicon MEMS switches [38, 39].
The three measured pull-in voltage values of each switch are
very close, so they have good repeatability within the first few
circles. We propose that the differences of Vp; for each switch
are caused by two factors. First, the contact area/point and
the air-gap height are not identical among switching. Second,
the Joule heating during the switching can cause ambient
molecular species to adsorb/desorb onto MoS, and modify
the mechanical and surface properties of the MoS, beam.

3. Conclusion

In summary, we used an AFM pulsed force mode to
compare the adhesion energy between MoS; and graphene,

and observed that the adhesion energy of MoS, is smaller
than graphene. Thus, in principle MEMS switches based
on MoS; may have less stiction problems. Additionally, we
observed that MoS, can be cleaned by O, plasma while etching
graphene away rapidly. We fabricated suspended MoS; beam
structures, and used an AFM to test the Young’s modulus of
the material. The Young’s modulus of a few-layer MoS, is
185 GPa, and the Young’s modulus of thick MoS, is 170 GPa.
These are close to the values reported in [26, 27, 28]. We
also characterized the suspended MoS, beams as MEMS
switches. They have good repeatability within the first few
cycles and their pull-in voltages are smaller than 10 V. The
results presented here suggest that MoS, is a good candidate
for MEMS switches.
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