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Straining and Tuning Atomic Layer Nanoelectromechanical
Resonators via Comb-Drive MEMS Actuators

Yong Xie,* Jaesung Lee, Yanan Wang, and Philip X.-L. Feng*

Broad frequency tuning is an essential attribute desired in resonant nano/

microelectromechanical systems (NEMS/MEMS) and their many applications.

Endowed with ultrahigh intrinsic strain limits, combined with other uncon-
ventional properties, atomically thin 2D crystalline materials are excellent
candidates for building highly tunable resonant NEMS. Here a heterogeneous
integration approach is demonstrated to enable on-chip, continuous, and
broad frequency tuning in 2D NEMS resonators by directly controlling strain
via voltage-controlled silicon-on-insulator (SOI) comb-drive MEMS actuators.
By varying the comb-drive actuation voltage, resonance frequency of the 2D
NEMS can be tuned as large as 75% continuously with precise control. The
comb-drive actuation-enabled direct straining and tuning also yield quality
(Q) factor boost up to twofold. It is validated that this technique is readily
applicable to straining and tuning representative 2D NEMS in various leading
materials: graphene, molybdenum disulfide (MoS,), and hexagonal boron
nitride (h-BN). This study demonstrates that additively integrating 2D resona-
tors atop mainstream SOl MEMS enables a versatile platform, and opens new

insulator substrates, can reduce effective
mass of carriers hence boost mobility by
50%, and increase drive current by 80%
compared to silicon-on-insulator (SOI)
counterparts,? facilitating improvement
of high-frequency responses in field-effect
transistors (FETs). In optoelectronics,
tensile uniaxial strain up to 2% has been
employed to transform indirect bandgap
into direct bandgap in multilayer WSe,*>*
to enhance optoelectronic conversion and
quantum efficiency. Further, strain engi-
neering has also been proposed for tuning
and controlling solid-state spin qubits in
wide bandgap materials, toward emerging
quantum communication and computing
applications.!

Strain engineering in 2D materials (e.g.,
graphene and transition metal dichalco-
genides such as molybdenum disulfide

possibilities for voltage control and broad tuning of 2D NEMS on chip.

1. Introduction

Manipulating strain levels in semiconducting crystals allows
changing their band structures, providing opportunities for
tailoring and finely tuning their electrical, optical, mechanical,
and thermal properties. Strain engineering of mainstream
semiconductors has already been widely exploited in the semi-
conductor industry to achieve desired device performance. In
electronics, 0.55% tensile strain of Si channel, using SiGe-on-
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(MoS,)) is of special interest, also because
of their superior strain limits compared to
those of mainstream crystalline materials
(e.g., Si, SiC, GaAs): breaking strain limit of 2D materials is as
high as =25% for graphene and MoS,,*”l much higher than for
Si which breaks at strain level of 1.5%.8] The remarkable strain
resilience of 2D materials suggests exceptionally broad ranges
of tuning and manipulating materials properties, promising
new possibilities of building devices that have not only wide
tunability, but also unconventional effects and performance
that might emerge in the large strain regime.’!

Various techniques have been developed and employed
to introduce large strain in 2D materials. Among these tech-
niques, transferring 2D materials onto flexible substrates and
then bending and deforming bulk substrate has been com-
monly adopted to apply strain to substrate-supported 2D devices
due to its simplicity of integration between 2D materials and
flexible substrates.>* This technique is convenient and useful
for studying strain effects on material properties but largely
relies on bulky external equipment to deform the structures.
To control strain level in suspended 2D materials within the
device platform, heterogeneously integrating 2D materials onto
microelectromechanical systems (MEMS) have been attempted.
Both electrostatic and thermal SOI MEMS actuators have been
employed to attain high strain levels in 2D materials up to 10%
for graphene,l'% 1.3% for MoS,,™ and 2.5% for MoSe,,1?l and
effects of staining on fundamental material properties are char-
acterized using such MEMS platforms.

Among the diverse devices enabled by 2D materials, reso-
nant nanoelectromechanical systems (NEMS) greatly benefit
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from strain tuning and control. Mainstream NEMS and MEMS
resonators (based on Si and other mature structural materials)
are ubiquitous and pervasively employed in sensing, signal pro-
cessing, and communication applications.'¥l NEMS resonators
based on atomically thin 2D materials such as graphene and
MoS; have recently been demonstrated; and they exhibit new
features and excellent device performance such as dynamic
range up to =70-110 dB." Resonance characteristics of NEMS
devices with 2D materials strongly depend on built-in tension
or strain levels, thus strain engineering can offer a broad range
of tunability in their specifications and performance. In funda-
mental research, the ultralow mass density and the ultrahigh
strain limit of 2D NEMS resonators promise intriguing path-
ways toward reaching unprecedented frequencies and tuning
ranges. It is also highly attractive to cool these resonators to
explore new phenomena in quantum regime. Toward poten-
tial applications in ultralow-power resonant signal processing
and sensing, the exceptional tuning and voltage control capa-
bilities, ultrahigh responsivities, combined with improving
strain engineering and quality (Q) factor enhancement, also
present technologically compelling perspectives for systemati-
cally investigating 2D NEMS.[®! The strain level in as-fabricated
2D NEMS resonators can reach the range of 30-180ppm (wet
transfer),[®7] 340 ppm (dry transfer),® 40-900 ppm (exfoliated
2D materials on top of Si0,).'>-2! Based on the theoretical pre-
diction, if we achieve strain engineering up to 1%, it could give
rise to frequency tuning range, Af/fy = (f — fo) /fo, from 230% to
1700%, enabling highly tunable NEMS resonators with unprec-
edented tuning range. To date, frequency tuning of 2D NEMS
resonators is predominantly achieved by applying electrostatic
forces in the devices. The frequency tuning range attainable by
the electrostatic method, however, is limited by pull-in induced
failure, or capacitive softening or stiffening. Also, it deteriorates
the Q factor as a consequence of considerable energy dissipa-
tion (loaded Q effect). In contract, frequency tuning induced
by uniaxial straining using a MEMS actuator does not suffer
from electrostatic pull-in, capacitive softening, and loaded Q
effect, potentially provides much wider frequency tuning range
without compromising other important device characteristics.
Despite the successful demonstrations of applying large strain
up to 10% using MEMS actuators on 2D materials for probing
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strain effects on material properties, the reported frequency
tuning range in 2D NEMS resonators strained by MEMS actua-
tors is only Af/fy = 0.017% at low temperature,?? which is far
lower than expectations. Such discrepancy between the prom-
ises of strain engineering of 2D materials and the realistic spec-
ifications of the strained 2D NEMS devices is intriguing and
remains largely unexplored so far.

To close the technical gap, here we investigate frequency
tuning of 2D NEMS resonators at room temperature by inte-
grating 2D NEMS resonators onto SOI comb-drive MEMS
actuators, across several orders of magnitude in length scale.
We fabricate bi-layer to four-layer (2L to 4L) semiconducting
MoS,, as well as few-layer semimetal graphene and multilayer
insulating hexagonal boron nitride (h-BN) NEMS resonators,
and investigate their frequency tuning by carefully control-
ling in-plane uniaxial strain via comb-drive MEMS actuators.
We achieve frequency tuning as high as 75%, which is more
than three orders of magnitude higher than the reported values
using a similar method.??l In addition to frequency tuning, we
also find that our method can enhance Q factor of the resona-
tors by increasing strain thus resonance frequency, rendering a
new way to improving Qs of 2D NEMS resonators.

2. Results and Discussions

Figure 1a shows the schematic of a 2D MoS, NEMS resonator
integrated onto a comb-drive actuator. The comb-drive is actu-
ated by applying a direct current (dc) polarization voltage (Vy.),
and the electrostatic force introduces an in-plane uniaxial
strain to the suspended 2D crystal. As 2D crystals are thinned
down to few-layer thickness, with sufficient built-in tension,
the device characteristics fall into the membrane regime.?* In
the membrane regime, the resonance frequency of 2D NEMS
resonator is determined by the strain/tension rather than flex-
ural rigidity, hence the resonance frequency of 2D device can
be efficiently tuned by the external force from the comb-drive
actuator (Figure 1b). The device resonance is photothermally
excited and detected by a customized laser interferometry
system as shown in Figure 1c (see the Experimental Section for
more details).
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Figure 1. lllustration of a 2D NEMS resonator integrated onto a single-crystal SOl comb-drive MEMS actuator. a) Device configuration of the comb-
drive actuator with the suspended 2D crystal (e.g., MoS,). b) Frequency tuning (fversus V) curve in NEMS resonator via comb-drive actuator straining.
c) lllustration of optical interferometry system. NA, PD, LPF, BS, DM, and OL denote network analyzer, photodetector, longpass filter, beam splitter,
dichroic mirror, and objective lens, respectively. All measurements are performed in moderate vacuum (=20 mTorr) at room temperature.
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We first integrate a 2D NEMS resonator onto a specially
designed SOI comb-drive actuator (Figure 2). As shown in
Figures 1 and 2, a microtrench or gap (typical gap width of
=~1.5 to 3 pm) is designed between a convex edge on the sta-
tionary pad and a movable pad (with etching holes for release)
with comb-drive electrostatic actuation, where 2D crystals will
be additively integrated and suspended over the microtrench
to enable 2D resonators, via a precisely aligned transfer pro-
cess. The comb-drive actuator is fabricated using a conven-
tional SOI MEMS fabrication method. A SOI wafer, with
12 um thick silicon (Si) and 2 um thick SiO,, is employed as
the substrate. After the deep reactive ion etching (DRIE) of the
12 um thick top Si layer (Figure 2a), few-layer MoS,, graphene
or h-BN flakes are exfoliated and transferred onto the micro-
trench in the comb-drive actuator by an all-dry transfer process
(Figure 2b).1?4 Subsequently, we remove the 2 um thick buried
oxide (BOX) using buffered oxide etch (BOE) followed by crit-
ical point drying (CPD) to release the comb-drive actuator. The
MEMS fabrication procedure is compatible with the commer-
cially available SOI MUMPs process, which makes the design
appealing in scalable fabrication applications with small modi-
fications.l?’! To prevent any sliding between the 2D device and
the Si comb-drive during strain tuning, 2D device is clamped
by epoxy droplets on both ends of the flakes (Figure 2c). Details
of the process can be found in the Experimental Section and
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Figure S2 in the Supporting Information. The photolumines-
cence (PL) and Raman signatures of the transferred 2D mate-
rials on the comb-drive actuator are measured before and
after the comb-drive releasing process to confirm the crystal
quality and the number of layers of the suspended 2D crystals
(Figure S3, Supporting Information).

The builtin strain can strongly influence the frequency
tuning behavior (i.e., tuning range and lineshape) of 2D resona-
tors;1”26] hence we have examined the evolution of built-in ten-
sion of 2D resonators at each fabrication step. Figure 2e shows
the fundamental resonance frequency (f= 16.7 MHz) of a MoS,
resonator (Device A, with thickness t = 3.0 nm, length L =2 pm
and width w= 2.7 um) with Q = 67. After the release of the comb-
drive, the resonance frequency of the MoS, resonator decreases
as shown in Figure 2d. The spring constant (12 N m™) of the
comb-drive actuator is designed to be comparable or lower
compared to the in-plane stiffness of the 2D NEMS device,
kop = Bywt L7 (10200 N m™), where Fy is Young’s modulus [N m~2].
Accordingly, after the release of the comb-drive actuator, it
becomes movable, and the NEMS-MEMS forms a coupled
system, which assumes a new equilibrium condition based on
the balance of the stiffness of the comb-drive actuator and 2D
membrane, relaxing the tension in the MoS, resonator thus low-
ering its frequency. The fundamental-mode resonance frequency
of the MoS, resonator after the comb-drive MEMS release is
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Figure 2. Schematic of the device fabrication process and initial device characterization. a) SOl comb-drive actuator. b) Transferring MoS, onto the
comb-drive followed by buffered oxide etch (BOE) and critical point drying (CPD) to release the top Si device layer from the SOI wafer. c) Secure
clamping by applying epoxy droplets at both ends of the MoS, flake using a micropipette integrated with a micropositioner. a—c) Scale bars are
20 um. d) Resonant frequencies measured before and after CPD. e) Fundamental-mode resonance in (d) before CPD.
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measured to be fi =73 MHz, with Q; = 31, over two times lower
than measured before the comb-drive release. The resonance
frequency of the second mode is observed at f, = 10.0 MHz, with
Q, = 42. The resonance frequency of the third mode is observed
at f; =12.9 MHz, with Q; = 38. To further understand measured
multimode resonances, we have performed finite element sim-
ulation (FEM) (Section S4, Supporting Information). The fre-
quency ratios of the second and third mode to the first mode are
flfi=1.37, f/fi = 1.77, respectively, which prove the 2D resonator
is operating in the membrane regime and the resonant fre-
quency is dominated by built-in tension (Section S4, Supporting
Information). The fundamental-mode resonant frequency (f) of
the device can be calculated by

I Py
f_ZL\/; 2L\ p 0

where L, %, Ey, p, € denotes the length, 2D tension [N m,
Young’s modulus [N m~2, volume mass density [kg m~], and
strain of the 2D NEMS. When there is no external force, the
initial built-in tension ¥ [N m™] of the device is

_ Sfoz Lmef{
w

(2)

0

where fy, w, and mcy denote resonant frequency without
external force, width, and effective mass of 2D NEMS. For
the doubly clamped rectangular membrane, mg = 0.5m,
(mo= pLwtis the static mass of the 2D device) for the lowest mode
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(Section S5, Supporting Information).*”l From Equation (2), we
find that the built-in tension is reduced from 0.677 t0 0.129 N m™*
after comb-drive release. The Q factor of the MoS, resonator
is also decreased from 67 to 31 after comb-drive release, sug-
gesting that tension plays an important role in overcoming
damping and maintaining Q factor of the 2D resonator.

We then focus on using the fully released comb-drive actuator
to tune the frequency of the MoS, NEMS while measuring its
resonance characteristics. Figure 3a shows an optical microscope
image of a 3L MoS, device (Device B) with length L =2 pm and
width w = 4.3 um before applying epoxy anchoring patches for
secure clamping (the fabrication process of this device is shown
in Figure S5, Supporting Information). The PL spectrum of the
MoS, flake exhibits an indirect transition peak at =1.45 eV, veri-
fying it is 3L MoS,.?¥l The Raman spectrum shows a separation
wavenumber of 23 cm™! between E’ and A’ peaks (Figure 3c),
also confirming the 3L features of the MoS, flake.?”! The device
exhibits the tunable resonance upon varying the actuation
voltage of the comb-drive MEMS. For the 3L MoS, device (Device
B), the resonance frequency is symmetrically shifted up from 8.2
to 14.6 MHz as the actuation voltage is swept from 0 to 18 V (or
—19 V), showing frequency tuning range of Af/f, = 75%. We note
that this measured tuning range is =5000 times larger than the
reported value attained by comb-drive tuning.?? This large fre-
quency tuning range is attributed to the effective modification of
strain in 2D devices by using specially designed microtrenches
on the comb-drive actuators, where range of trench or gap width
(=1.5 to 3 pum) is chosen considering fabrication yield of atomi-
cally thin suspended devices.
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Figure 3. Resonance characterization and frequency tuning of 3L MoS, resonator. a) Optical microscope image of a 3L MoS, NEMS resonator on a SOI
comb-drive actuator. Scale bar: 10 um. b) PL and c) Raman spectra of the suspended MoS, membrane, respectively. d) Color (normalized amplitude)
map plot of measured frequency tuning of the MoS, resonator with varying comb-drive actuation voltage.
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Figure 4. Strain tuning of a 3L MoS, NEMS resonator. a) Frequency shift and b) evolution of quality (Q) factor versus comb-drive actuation voltage
Vy., respectively, measured from the device shown in Figure 3a (Device B). Orange, red, light green and dark green dashed lines in (a) show fitting
measured frequency tuning curves in =13V < V4 <0V, 0V < V4 <13V, -18 V< V4. <-13 Vand 13 V < V4. < 18 V to Equation (5), respectively. The
light pink and light green background colors in (a) represent different fitting regimes. Resonances of Device B under comb-drive actuation voltage of

) Vae=-1Vand d) Vg =18 V.

To comprehensively understand the frequency tuning
behavior and coupling mechanism between the 2D resona-
tors and comb-drive actuator, we pursue analytical modeling to
compare with experimental measurement. The evolution of f
and Q of the 3L MoS; device versus the comb-drive actuation
voltage (V) is shown in Figure 4. Considering additional ten-
sion induced by the comb-drive MEMS actuator upon applica-
tion of Vg, the resonance frequency becomes

f= 1 fM (3)
2 2Lme{f

where F(Vq) is the force induced by the comb-drive actuator
at V.. When V. is set to be 0 V, F(Vy) is zero, and the ini-
tial built-in tension could be calculated by Equation (2), then
we can determine the % from Device B as 0.1 N m™™. The force
generated by the comb-drive actuator can be expressed as

ch

F(Ve) =N Vi 4)

where N, €, h, d and 1 denotes the number of comb teeth,
vacuum permittivity, thickness (b = 12 um), and comb finger
gap (d = 3 um) of the SOI MEMS comb-drive actuator, and the
efficiency of the force applied to 2D materials. The different
n could be attributed to various factors including additional
device mass from fabrication residues and in-plane stiffness
of 2D materials. From Equations (3) and (4), we can derive the
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relationship between the comb-drive voltage V4. and the reso-
nant frequency (f) of 2D NEMS device as

’ Neh
f fo 8Lm.ad d ()

We fit the strain tuning curve shown in Figure 4a to
Equation (5). From the fitting (dash curves in Figure 4a), we
find two different regimes. In the lower |Vy| regime, the fit-
ting gives a force efficiency 1 of n = 0.23 for 13 V < V, <
0 V (orange dashed lines in Figure 4a) and n = 0.31 for 0 V
< Vg <13 V (red dashed lines in Figure 4a). With the higher
|Vad], we find 7= 0.55 for =18 V < V. <13 V (light green dashed
lines in Figure 4a), and 1 = 0.65 for 13 V < V. < 18 V (dark
green dashed lines in Figure 4a). In suspended 2D materials,
ripples are frequently observed3®3! and it could change elastic
properties of the 2D materials.?!! With an applied voltage, ten-
sile strain tends to modify structure of ripples in 2D materials,
accordingly, 77 is increased from 0.23 to 0.55 (negative Vg ) and
0.31 to 0.65 (positive Vy), showing the larger frequency tuning
rate in 13 V < |V <18 V. It is worth noting that the Q of MoS,
resonator is clearly improved beyond |V, [>15 V, where it shows
significant changes of 7 in the frequency tuning measure-
ments. Although the energy dissipation mechanisms in 2D
NEMS resonators are still largely unexplored, the observed Q
enhancement could be related to modification of the ripples
in the 2D material. Further, the observed Q enhancement by
tensile straining has also been reported earlier in conventional
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Figure 5. Strain tuning of multilayer graphene NEMS resonator. a) Optical image of Device C. Scale bar: 10 um. b) High-quality multilayer graphene
in (a) confirmed by Raman spectroscopy. c) Frequency tuning of the graphene resonator controlled by an SOI comb-drive actuator. d) Quality factor

tuning measured in the graphene resonator.

NEMS and MEMS resonators.’233 Previous experiments on
strained Si;N, strings reveal that increase of Q factor could be
attributed to either reduced internal material dampingB¥ or
increased elastic energy.**l Another possible reason is that here
the 2D resonators and comb-drive MEMS form coupled sys-
tems, for which the coupling rate might depend on the tensile
strain.[3%l More detailed explanations will deserve further inves-
tigations and future work.

An interesting phenomenon is that above certain actuation
voltage strength (|Vy| >18 V in Figure 4a,b), the resonant fre-
quency and the Q factor start to drop at the same time. This is
an indicator that the MoS, crystal starts to slide on top of the
SOI MEMS actuator. We believe the Q factor drop at high actua-
tion voltage is due to the slippage issue instead of deterioration.
According to earlier studies on in situ straining of multilayer
graphene, ¥ 38 the fracture strain could be above 20% for multi-
layer graphene. The maximum strain we have achieved here is
0.013% for 3L MoS; NEMS (Device B), which is still far from
the maximum strain that can be applied to such 2D materials.
This also explains the earlier observation that there is nearly no
Raman G peak split with the applied 10% strain using a MEMS
actuator,"” indicating sliding could happen in such systems
and under certain conditions. In Figure 4a, it is shown that
after the first voltage (V) sweep of frequency tuning measure-
ment (marked with the “first” arrow), the resonant frequency of
MoS, NEMS decreases slightly from 8.3 to 8.2 MHz (Figure 4b)
at Vg =0 V.

To validate the general applicability and flexibility of this on-
chip straining and tuning platform, we perform strain tuning
of multilayer graphene NEMS resonators on an SOI MEMS
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actuator, as demonstrated in Figure 5. Figure 5a shows an optical
microscope image of a 3 nm thick graphene device (Device C)
with length L = 1.4 um and width w =7 um. Raman spectroscopy
result shows the high quality of the exfoliated graphene on the
actuator (Figure 5Db). A similar trend of tuning is observed in
the multilayer graphene device shown in Figure 5c,d. The
frequency keeps increasing with increasing Vy. We employ
Equation (5) to fit the strain tuning curve, which matches the
data very well for Vy. <45 V. As the actuation voltage increases
to be above a threshold voltage, Vi > 45 V in Figure 5S¢, the
resonant frequency almost saturates first and then increases
again, albeit at a lower rate as Vg continues to increase. This
clear cross-over point at which the frequency tuning rate df/
dVy jumps is an indicator of sliding of graphene NEMS on the
SOI comb-drive. The same as earlier observed in atomically thin
MoS, resonators, the Q factor of the graphene resonator first
increases with increasing Vg (from 20 to 40 V in Figure 5d). At
Ve > 45V, the Q factor drops to one-third of the highest value.
Further, we extend this chip-scale strain engineering plat-
form to investigate 2D resonators built upon another very
important 2D material, hexagonal boron nitride (h-BN). As an
insulator, h-BN has no free carriers, and thus h-BN 2D resona-
tors are highly challenging to be tuned by using traditional elec-
trostatic gating methods.1*l Here, we demonstrate the universal
applicability of the present comb-drive MEMS tuning plat-
form as shown in Figure 6. Figure 6a shows an optical micro-
scope image of a 20 nm thick h-BN device (Device D) with
length L = 1.4 pm and width w = 7 um. Raman spectroscopy
shows the high quality of the exfoliated h-BN on the actuator
(Figure 6b). Beam theory can be invoked to model the h-BN
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Figure 6. Strain tuning of a multilayer h-BN NEMS resonator. a) Optical image of Device D. Scale bar: 10 um. b) High-quality multilayer h-BN in (a)
confirmed by Raman spectroscopy. c) Frequency tuning of h-BN resonator by SOI comb-drive actuator. d) Quality factor tuning of h-BN resonator.

nanomechanical devices.*! Equation (5) can still be used to fit
the voltage tuning results in Figure 6¢. With proper actuation
voltage (up to 60 V in Figure 6d), the Q factor increases from
33 to 55, which is still in consistence with the observations in
MoS, and graphene NEMS.

Our platform utilizes a practical strategy to control the ini-
tial strain variance, thus can be readily adopted for solving the
reproducibility of resonant frequency from device to device
or determine the tuning coefficient, which is strongly influ-
enced by initial strain.!l Toward future on-chip, low-voltage
integration, the actuation voltage can be further reduced, by
increasing the thickness of the SOI device layer (h) and the
comb-drive teeth number N, or reducing the comb finger gap
d. In addition, other schemes with special MEMS designs
could also be adopted to amplify the force generated by comb-
drive actuator to further reduce the actuation voltage to apply
the same force for stretching the 2D device. With further engi-
neering of the transfer of chemical vapor deposited (CVD)
graphene or MoS,,[*>* the concept of straining and tuning
can be extended to wafer scale. By integrating local gate,
vibrating channel transistors could be utilized for on-chip
integration. Further, by integrating graphene on h-BN to
provide excellent electronic transduction, it would be feasible
to realize electrical readout of h-BN NEMS.*! As the Q fac-
tors of 2D resonators could be improved dramatically at low
temperatures,*l the highly doped device layer of SOI also
help guarantees the improved device reliability and relevant
performance. In addition, our design of comb-drive MEMS
actuator is compatible with low temperature experiments,
which is readily useful to probe quantum phenomena at very
low temperatures.*]
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3. Conclusion

In conclusion, we have demonstrated wide frequency tuning
and Q enhancement of 2D resonators by precisely controlling
strain applied on 2D crystals using SOI comb-drive MEMS
actuators. Facilitated by an all-dry transfer method, vibrating 2D
NEMS are successfully integrated onto comb-drive MEMS actu-
ators, demonstrating additive heterogeneous integration across
several orders of magnitude in length scale. By controlling the
actuation voltage of the comb-drive MEMS, the frequency of
the 2D resonators has been tuned up as large as 75%. In addi-
tion, Q factors of the 2D resonators have also gained a boost
of two times. The demonstration in this work suggests the
comb-drive MEMS actuators can serve as a universal platform
for continuously straining 2D materials and NEMS. This has
rendered new findings and understating of 2D NEMS-MEMS
hybrid integration, revealing a viable approach to on-chip con-
trol and engineering of 2D materials and devices additively
manufactured onto mainstream technologies.

4. Experimental Section

Fabrication of Single-Crystal SOI Comb-Drive MEMS Actuators: The
comb-drive MEMS actuators were fabricated on a 4 in. SOl wafer with a
top Si device layer of 12 um and an underneath oxide layer (SiO,) with
thickness of 2 um. The structure of comb-drive actuator was defined
by lithographical patterning. The top Si layer without the protection of
photoresist was etched away by a Bosch process using DRIE. The wafer
was then diced into 5 mm x 5 mm chips.

Fabrication of Suspended 2D Materials onto Comb-Drive Actuator: 2D
materials were first exfoliated onto PDMS stamps. Then suitable 2D
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flakes (e.g., MoS, with length larger than 10 um, thinner than five layers)
were chosen and transferred, with precise alighment, onto the convex
edge region of the microtrenches. The SiO, layer underneath the comb-
drive actuator was then removed in BOE solution and then the chips
were released in a CPD to prevent stiction to the bottom Si handle layer.
To secure the clamping and prevent slipping of the 2D devices with
respect to the comb-drive actuator, microdroplets of epoxy were applied
on both ends of the 2D devices using a tapered quartz micropipette,
whose positions were controlled by an XYZ stage with sub-micrometer
resolution.

Interferometric Resonance Measurements: The resonance characteristics
of the 2D devices were measured by using an ultrasensitive optical
interferometry system. The resonance of the device was excited using
an amplitude modulated 405 nm blue laser, and was detected using a
633 nm red laser. The laser power was adjusted to be below 200 uW to
avoid laser heating. In addition, the blue laser spot was parked on the
supported region and kept at minimal power to minimize heating of the
2D NEMS. Before and during the tuning experiments, the laser power
was calibrated and the resonant frequency was monitored to make sure
the frequency tuning was only induced by the comb-drive actuator. The
typical laser spot size was =1 um for the 633 nm laser. The output signal
from the photodetector was recorded by a network analyzer. A Keithley
source measure unit (SMU) was employed to apply DC actuation voltage
(Vgc) to the MEMS actuator.

Raman Scattering and Photoluminescence Measurements: 2D NEMS
were preserved in a vacuum chamber and Raman and PL responses
were measured using a customized micro-Raman system. During the
measurement, a 532 nm laser was used, focusing upon the center of the
2D NEMS device. The spot size of laser was =1 um. Raman scattering
signal from the sample was collected in a backscattering geometry and
then guided to a spectrometer (Horiba iHR550). Raman signal was
recorded using a liquid-nitrogen-cooled CCD. PL spectra were recorded
using the same spectrometer and CCD. The typical integration time was
10 s for PL and 60 s for Raman measurements, respectively.
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Supporting Information is available from the Wiley Online Library or
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