Published on 25 April 2016. Downloaded by CASE WESTERN RESERVE UNIVERSITY on 19/05/2016 14:28:19.

Nanoscale

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: Nanoscale, 2016, 8, 10677

Received 7th February 2016,
Accepted 22nd April 2016

DOI: 10.1039/c6nr01118g

Large-scale arrays of single- and few-layer MoS,
nanomechanical resonators

Hao Jia,® Rui Yang,® Ariana E. Nguyen,® Sahar Naghibi Alvillar,” Thomas Empante,®
Ludwig Bartels® and Philip X.-L. Feng*?

We report the fabrication of large-scale arrays of suspended molybdenum disulfide (MoS;) atomic layers,
as two-dimensional (2D) MoS, nanomechanical resonators. We employ a water-assisted lift-off process
to release chemical vapor deposited (CVD) MoS, atomic layers from a donor substrate, followed by an all-
dry transfer onto microtrench arrays. The resultant large arrays of suspended single- and few-layer MoS,
drumhead resonators (0.5-2 pm in diameter) offer fundamental resonances (fp) in the very high fre-
quency (VHF) band (up to ~120 MHz) and excellent figures-of-merit up to fo x Q ~ 3 x 10*° Hz
A stretched circular diaphragm model allows us to estimate low pre-tension levels of typically ~15 mN
m~tin these devices. Compared to previous approaches, our transfer process features high yield and uni-
formity with minimal liquid and chemical exposure (only involving DI water), resulting in high-quality
MoS; crystals and exceptional device performance and homogeneity; and our process is readily appli-

Www.rsc.org/nanoscale cable to other 2D materials.

Introduction

Two-dimensional (2D) materials, derived from van der Waals
crystals, such as graphene and atomic layers of transition
metal dichalcogenides (TMDCs), have attracted tremendous
attention due to their atomically-thin structures and distinct
electronic, optical, and mechanical properties that lead to
novel devices."” Suspended 2D nanostructures can play
important roles, not only in characterizing physical properties
(e.g., elastic modulus and thermal conductivity, etc.) of these
ultrathin crystals,®** but also in enhancing nanoelectronic
device performance through decoupling from adverse sub-
strate effects.”*"® As such they enable novel nanomechanical
systems"®>* for promising sensor and actuator applications.
Since the successful isolation of graphene from graphite by
micromechanical exfoliation,>”*® prototypical 2D nanomecha-
nical devices have been fabricated mostly by exfoliation of
small pieces of the layered bulk onto pre-patterned
microtrenches.®'®'$2%27732 [ order to integrate electrical
signal transduction (e.g., for suspended field effect transistors,
FETs, and resonators with electrical excitation/readout), 2D
electronic devices are often released from a substrate after elec-
tron-beam lithography (EBL) followed by a sequence of metalli-
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zation, wet lift-off, wet oxide (SiO,) etch (e.g., buffered oxide
etch, BOE) and critical point drying (CPD).'*'7?3333% Alter-
natively, polymer-assisted transfer techniques (e.g., utilizing
polymethyl methacrylate, PMMA,’*>° or polydimethylsiloxane,
PDMS™?12437:38) haye been used to transfer exfoliated 2D
flakes onto grooved substrates and across microtrenches (with/
without pre-fabricated electrodes). However, the chemical pro-
cesses involved in most of these methods have the potential of
contaminating or degrading the 2D materials.

While micromechanical exfoliation faces challenges in fab-
ricating large-scale arrays of suspended 2D crystals because of
the limited flake size (typically tens of microns), this method
has yielded some of the best quality and cleanest devices to
date. Our approach, in contrast, utilizes CVD grown films that
can be homogeneous across much larger area while, as we will
describe below, exhibiting material properties competitive to,
or even exceeding, that of the exfoliated films. Guided by the
experience obtained on exfoliation samples, our work shows
progress towards scalable fabrication of arrays of suspended 2D
crystalline devices in a manner that incorporates: (i) improved
yield by utilizing large area 2D materials, such as those obtained
via CVD growth of atomic layers;**** (ii) avoidance of material
contamination, degradation and destruction associated with
lithographic processing, chemical etching, polymer dissolution
or decomposition, heating, etc.; (iii) compatibility with a wide
set of substrate trench geometries; (iv) rapid and facile turn-
around by minimal facility requirements, alignment efforts, etc.

Large-scale fabrication of suspended devices from CVD gra-
phene has been reported eatlier.**"**> CVD graphene is usually
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Fig. 1 Fabrication of large-scale suspended MoS, nanomechanical structures by employing water-assisted lift-off and dry-transfer techniques.
Schematic illustrations and actual images showing (a) a large-scale CVD MoS; film grown on a SiO,/Si substrate (blue area is MoS, thin film, in the
violet A—A’ stripe the CVD MoS; has been removed). (b) Lift-off of MoS, film from growth substrate onto PDMS stamp mounted on a glass slide. DI
water is injected for wetting of the SiO,/MoS,/PDMS interface in assistance of MoS, detachment. (c) MoS, film picked up by the PDMS stamp. The
film is dried with N, gas. The color contrast and A—A’ stripe in (a) and (c) indicate the successful transfer of the entire CVD MoS; film onto the PDMS
stamp. (d) Dry transfer of the MoS, film onto a substrate featuring pre-patterned circular microtrench arrays. The PDMS is lifted up along the direc-
tion marked by the arrow, and the MoS, materials remain on the substrate due to stronger van der Waals adhesion to the substrate compared to the
PDMS stamp. (e) A fraction of the suspended circular MoS, drumheads (of varying diameters) resulting from a single transfer cycle.

released by wet etching from its growth substrate (e.g., Cu)**™*°

followed by polymer-assisted wet- or dry-transfer.*>***® These
processes inevitably involve chemical etching of the growth sub-
strates due to strong substrate interactions of the CVD films (as
compared to exfoliated flakes). In addition, removal of the carrier
polymer requires processing such as chemical dissolution and
baking which can further contaminate and/or degrade the 2D
materials of interest. In addition, solution trapping can occur,
which is detrimental to device integrity and performance.*”

To address these limitations, here we describe how to
quickly fabricate arrays of suspended 2D-semiconductor-on-
insulator structures, by combing a water-assisted lift-off
process with PDMS-based all-dry transfer. We find that by
simply wetting the interface between a hydrophobic PDMS
stamp and a hydrophilic SiO,/Si growth substrate with droplets
of deionized (DI) water, 2D thin films covering the entire sub-
centimeter-scale growth substrate can be released and transferred
onto the PDMS stamp (prepared on a glass slide) with no
additional chemical exposure. Because of the large crystal area, no
alignment is required in the subsequent all-dry transfer process
from the PDMS stamp to the target substrate, further accelerating
the fabrication cycle and avoiding the chance for any solution
trapping. The facile nature of our process renders it feasible
under almost any common lab conditions and suggests applica-
bility to other 2D crystals that are chemically inert to DI water.

Fabrication process

We fabricate large-scale arrays of suspended MoS, nanomecha-
nical resonators by employing water-assisted lift-off and
PDMS-based all-dry transfer. Following CVD growth of MoS,
from sulfur and MoO; precursors on 290 nm SiO,/Si (see
Methods), the growth substrate is diced into small sub-centi-
meter pieces with homogenous coverage of MoS,. The sub-
strate in Fig. 1a has a portion of the MoS, layer removed (violet
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stripe highlighted by A-A’) prior to taking the image to show-
case the color contrast between the bare substrate (violet
stripe) and MoS,-covered surface. Transfer starts by gently
pressing the substrate piece onto a PDMS stamp (supported
from a glass slide) and locking it in place by means of Scotch
tape. Subsequently, DI water droplets are injected at the per-
imeter of the chip (Fig. 1b). It is critical to allow water to pene-
trate into the SiO,/MoS,/PDMS interfaces while preventing the
chip from sliding during lift-off: if the growth substrate and
PDMS film are pressed together so firmly that water cannot
wet the interface, the MoS, film remains on the growth sub-
strate. Detaching the growth substrate after 1-2 min releases
the MoS, material reliably and over a large area onto the PDMS
stamp. Fig. 1c shows that the whole MoS, film is removed and
only the violet color of the virgin substrate remains; the trans-
ferred MoS, film can be discerned on the PDMS stamp and
the A-A’ stripe is clearly visible. Subsequent transfer onto the
substrate patterned with microtrench arrays (290 nm in depth,
0.5-2 pm in diameter) proceeds without the need for any
liquid solvent (Fig. 1d). Drying of the PDMS stamp with nitro-
gen gas prior to the final transfer step ensures that no solution
trapping (suffered by some of the previously described
methods) can occur and minimizes the risk of 2D crystal
degradation and damage. Fig. 1e shows a fraction of the result-
ing array of suspended MoS, drumhead resonators, among the
thousands obtained. The whole process is facile, rapid, and
potentially applicable to a wide range of water-impervious 2D
materials.

Results and discussion

We fabricate two types of suspended arrays by utilizing: (i) sub-
centimeter size few-layer MoS, film and (ii) single-layer flakes

This journal is © The Royal Society of Chemistry 2016
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(~10 pm size). In each case, we have obtained extended arrays
of functional nanomechanical resonators.

Fig. 2a shows an array of few-layer MoS, drumheads (with
diameters of 0.5-2 um), which only represents a small fraction
of the yield of a single transfer process. We note that the few-
layer thin film (in Fig. 1c), which is orders of magnitude larger
than exfoliated flakes, tore during dry transfer, forming a
series of discontinuous regions of film suspended across
extended arrays of substrate trenches. We attribute the tearing
to mechanical deformation of the PDMS and assume that it
can be avoided by further engineering of details of the transfer
process. Given the large number of covered trenches (thou-
sands) achieved in a single cycle of the current process, tearing
of the MoS, film is no obstacle to success of this experiment.

We have examined the quality of the few-layer CVD MoS,
film before and after fabrication using Raman spectroscopy
(Fig. 2¢):***14%4% in both cases we find two sharp peaks near
380 cm™' and 400 cm™' corresponding to the 2 dominant
phonon modes of the MoS, crystal, ie., Ey' and A, The
absence of any change in linewidth of the modes in the course
of the transfer process ascertains the benign nature of our
procedure.

For statistical evaluation of the homogeneity of the MoS,
few-layer film suspended across the microtrenches, we measure
Raman characteristics on 47 drumheads (d = 1.68 pm) as
shown in Fig. 2d-g. The E,,' and A, positions and linewidths
are extracted by Lorentzian fitting from each spectrum (Fig. 2d
and f) and their variations are fitted to normal distributions
(Fig. 2e and g). We obtain E,,' and A, position distributions
of 384.3 = 0.3 cm™" and 406.7 + 0.1 cm™ " as well as linewidth
distributions of 6.4 + 0.7 cm " and 5.5 + 0.3 cm ™"

. The separ-
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ation of E,,' and A, peaks,’”*"* together with the AFM
height profile (inset in Fig. 2b) and optical contrast between
MoS, and growth substrate®®*° (in Fig. 2b) indicates a trilayer
film. The standard deviations are smaller than the nominal
resolution of the Raman system of ~1 ecm™'. They confirm
high uniformity of CVD MoS, film across the entire device
regions after fabrication.

As shown in Fig. 3d, our growth substrate contains a sparse
distribution of single-layer MoS, islands only (AFM height
profile also determines single layer'®). Our transfer technique
is capable of picking up these islands quantitatively, as evi-
denced by the similar MoS, island densities on the growth
substrate and the PDMS stamp shown in Fig. 3d and e. Dry-
transfer onto circular microtrench arrays produces large
amount of suspended single-layer MoS, drumheads (Fig. 3a),
with single-layer flakes covering individual or multiple
trenches (Fig. 3b and c). The overall yield of this process is
determined by the density of single-layer islands on the growth
substrate, not by the transfer process. We examine the quality
of the transferred single-layer MoS, flakes using both Raman
and photoluminescence (PL) spectroscopy.””*****® The sharp
E,;' and A;, peaks in the Raman spectra (Fig. 3f) and the
strong A and B exciton peaks in the PL spectra (Fig. 3g)
measured before and after the transfer process indicate well-
preserved crystal quality. Proceeding in the same fashion as
for the few-layer films (Fig. 2), we calculate E,,' and A, posi-
tion and linewidth distributions of 385.8 + 0.3 cm™, 405.6 =+
0.5 cm™', as well as 2.9 + 0.8 cm ™', 4.4 + 0.6 cm ™", respectively,
for 22 single-layer (d = 0.92 pm) drumheads. These measure-
ments confirm the high and uniform quality of our single-
layer devices.
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Fig. 2 Few-layer MoS, nanomechanical resonator arrays. (a) Micrograph of a region containing a large number of few-layer MoS, nanoresonators
on circular microtrenches. (b) Micrograph showing a fraction of sub-centimeter as-grown few-layer MoS, film. Inset: AFM step height profile
showing the thickness of a 3-layer (3L) MoS, film (measured ~2.7 nm-thick, measurement position marked by red line). (c) Comparison of Raman
spectra of few-layer MoS, crystals on the growth substrates and suspended across microtrenches (Ezg1 and Ayq sharp peaks are clearly observed).
(d)—(g) Statistics of Raman characteristics (peak positions and linewidths) of 47 few-layer MoS, drumheads (d = 1.68 pm).

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Single-layer MoS, nanomechanical resonator arrays. (a) Micrograph of region containing many MoS, nanoresonators on circular micro-
trenches. (b) and (c) SEM images of single-layer flakes covering single and multiple circular microtrenches, respectively. (d) and (e) sparse distribution
of single-layer CVD MoS; flakes on the growth substrate and quantitative transfer onto the PDMS stamp. Inset: AFM step height profile showing the
thickness of a single-layer MoS; flake (measured ~0.9 nm-thick, measurement position marked by red line). (f) Raman and (g) photoluminescence
(PL) spectra of single-layer MoS, crystals on the growth substrates and suspended over microtrenches (Ezg1 and Ayg peaks are clearly observed in (f),
and A and B peaks are observed in (g)). (h)—(k) Statistics of Raman characteristics (peak positions and linewidths) of 22 (d = 0.92 pm) single-layer

MoS, drumheads.

Depending on the morphology of the MoS, films on the
growth substrate, thousands of few-layer nanoresonators and
hundreds of single-layer ones are prepared in a single fabrica-
tion cycle. This can still be enhanced by optimizing micro-
trench  density and synthesizing/transferring larger,
continuous single-layer films.

In the following, we validate that our MoS, drumheads can
readily function as resonators, and further analyze their res-
onant performance statistically. We characterize their funda-
mental-mode nanomechanical resonances using a custom-
built optical interferometry system, in which an amplitude-
modulated 405 nm diode laser is employed to opto-thermally
excite the out-of-plane vibrations of the suspended MoS, reso-
nators, while a 633 nm He-Ne laser is focused on the devices
to read out their mechanical vibrations. This optical interfero-
metry system can achieve displacement sensitivities down to
fm/ \/Hz levels for nanomechanical resonators constructed out
of various crystalline materials."®>*

We characterize a total of 93 few-layer devices (35, 18, 16,
and 24 each for diameters of 1.68, 1.16, 0.92 and 0.64 pm,
respectively, as shown in Fig. 4a) and 24 single-layer devices
(3, 5, 10, and 6 each for diameters of 1.68, 1.16, 0.92 and

10680 | Nanoscale, 2016, 8, 10677-10685

0.64 pm, respectively, as shown in Fig. 4b). All these devices
are fully-covered drumheads in few- or single-layer films. The
resonance spectra are fitted to a damped simple harmonic
resonator model so as to extract the resonance frequency (f;)
and quality (Q) factor for each device. The f, vs. Q scatter plots
are shown in the upper panels in Fig. 4a and 4b, and the stat-
istics of fy and Q are plotted in the lower panels. We observe
an increase of the resonance frequency f; as the drumhead dia-
meter d decreases. For few-layer devices the values are f, =
61.99 + 14.87 MHz for d = 1.68 pm, 70.64 + 11.11 MHz for d =
1.16 pm, 86.04 + 32.05 MHz for d = 0.92 pm, 94.31 +
15.53 MHz for d = 0.64 pm. For single-layer devices the values
are f, = 21.35 + 5.19 MHz, 36.75 + 15.78 MHz, 69.88 *
14.61 MHz, 81.37 + 16.78 MHz, respectively, for the same
sequence of drumhead diameters. The fundamental-mode
resonances of our >100 measured few- and single-layer resona-
tors reach up to ~120 MHz, i.e., into the very high frequency
(VHF) band. The device with the highest figure-of-merit is
marked by a green symbol in each of the graphs of Fig. 4; the
highest figure-of-merit f, x Q obtained is 3 x 10'° Hz, on par or
better than previously reported values for individually-
prepared MoS, drumheads from mechanical exfoliation.'®2°

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Statistics of fundamental-mode resonance characteristics. (a) and (b) depict data for few- and single-layer MoS, nanomechanical resonator
arrays, respectively. Within (a) and (b), the upper panels show scatter plots of the fundamental-mode resonance frequency (fo) vs. the quality (Q)
factor for devices with 4 different diameters (d = 1.68, 1.16, 0.92, 0.64 pm). Green symbols highlight the devices with the highest figures-of-merit
fo X Q in each graph. The insets show the resonance spectra corresponding to the green symbols as fitted to the finite-Q simple harmonic resonator
model (red dashed lines). The lower panels show statistics on the distributions of fo and Q, respectively.

We now discuss the dispersion of the fundamental-mode
resonances in Fig. 4. Fig. 5 compares the measured f, and Q
dispersions of our dataset (magenta and red) to previously
reported values of exfoliated MoS, resonators (violet and
blue)'® and CVD graphene resonator arrays (green).** We nor-
malize the data points X; by plotting their variations from the
mean X as a fraction of the mean value, ie., (X; — X)/X. Dashed
lines indicate Gaussian distributions fitted to the datasets.

Herein, the box symbols illustrate the dispersions, with the top
and bottom of the boxes showing the dispersion percentages
(i.e., t6(X)/X), and the whiskers representing the data ranges.
We observe the improved f, dispersion, as low as 20.9% and
15.7% for single- and few-layer CVD MoS, resonators, in com-
parison to 34.1% and 22.7%, respectively, for exfoliated MoS,
devices'® and 35.8% for CVD graphene devices.”> As for Q,
even though we measure slightly larger dispersion in our few-
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Fig. 5 Comparison of (a) fundamental-mode resonance frequency (f) and (b) quality (Q) factor dispersions with published work.}*4* The CVD
MoS; nanoresonator arrays in this work are shown in magenta for single-layer and red for few-layer devices; previously reported exfoliated MoS,
resonators are shown in violet for single-layer and in blue for multilayer;'® large-scale CVD graphene resonator arrays are shown in green.** Both
our data and the reference data are normalized as described in the text.
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Fig. 6 Analysis of pre-tension level and the elastic modulus of few- and

single-layer MoS, drumhead arrays. (a) Grey curves illustrates the depen-

dence of f, on the device diameter (d) under different pre-tension levels for single-layer devices by employing a mixed-elasticity model for
stretched circular diaphragms. Blue symbols and whiskers highlight the mean (f;) and standard deviation (6(fo)) of the fundamental-mode reson-
ances of single-layer device families in Fig. 4. The red dashed line indicates a best overall fit with y ~ 15 mN m™ for the single-layer devices. (b)
Elastic transition between the ‘disk’ and ‘membrane’ limits (gray dashed lines). The single-layer devices of d ~ 0.5-2 pm (e.g., d = 0.64 pm in (b)) are
in the ‘'membrane’ regime, while few-layer devices with the same diameters are more ‘disk’-like.

layer CVD MoS, devices than in the exfoliated ones, our single-
layer CVD drumheads feature an unprecedented low dis-
persion down to 44.3% in contrast to the 79.2% for the exfo-
liated MoS, devices and 57.9% for the CVD graphene devices.
We attribute the improved statistical metrics of our devices to
the facile and clean transfer process that maintains high and
uniform crystal quality.

We also note that because nanomechanical resonances are
much more sensitive (than, for instance, Raman spectra) to
variations in the stiffness and effective mass of the suspended
devices (e.g., very small variations in the pre-tension levels that
are invisible in Raman measurement can affect the resonance
frequency f, quite pronouncedly), there are noticeable disper-
sions in f; and Q values (in Fig. 4), while there is no appreciable
non-uniform Raman peak position and FWHM (in Fig. 2 and 3).

Information on the pre-tension levels of our 2D MoS, drum-
heads can be obtained by fitting the data to a resonance fre-
quency model of a fully-clamped stretched circular diaphragm:>*

=

where p is the areal mass density of MoS,, y the pre-tension
level (N m™), D the bending rigidity D = Eyt*/[12(1 — 1%)], with
Ey, v and t being the Young’s modulus, Poisson’s ratio and

thickness of MoS,. Here the mode parameter is determined by
2

sin(x d
(kd/2)* = a + (B — a)l ™) with x:Z—D, a = 57832, ff =

10.215, = 0.1148 and & = 0.4868, respectively.”" Fig. 6a shows
the behavior of eqn (1) for different pre-tension levels. This
model explicitly incorporates contributions from both flexural
rigidity (the first term, with D) and pre-tension (the second
term, with y)."® It asymptotically simplifies into a ‘disk’ or a

10682 | Nanoscale, 2016, 8, 10677-10685

‘membrane’ model, when the D term or the y term dominates,
respectively. When neither term is dominating over the other,
the device is in the transition regime (as quantitatively
depicted in Fig. 6b).

Fitting the experimental results of the f; spread of single-
layer drumheads in Fig. 4 (symbols and whiskers highlighting
the mean and standard deviation) to eqn (1), we obtain a best
overall fit for y ~ 15 mN m™'; the entire spread of the f;, distri-
bution corresponds to a pre-tension range of y ~ 3-36 mN m ™"
(Fig. 6a). Assuming that our transfer method introduces
similar pre-tension levels y to both single- and few-layer drum-
heads of the same diameter, we estimate y and Ey variances.
Fig. 6b shows the results for the d = 0.64 pm device family. The
fitting leads to an averaged pre-tension level 7 ~ 13 mN m™*
and Young’s modulus Ey =~ 0.34 TPa (solid dark blue line in
Fig. 6b). The f, dispersions are consistent with y in a range of
7-25 mN m™" and Ey in a range of 0.28-0.40 TPa (violet and
blue dashed lines) in our samples. The extracted Ey values are
in good agreement with those in previous work.*”** Interest-
ingly, from the modeling we obtain much lower pre-tension
levels than those reported in exfoliated/CVD MoS,/graphene
resonators.® '%*>* Lower pre-tension levels may be desirable
in certain situations where excellent homogeneity and wide
tuning ranges are required. This may be interpreted as another
advantage of the water-assisted release and the dry transfer
method employed in the present work.

Conclusion

We have demonstrated fabrication of large arrays of suspended
MoS, nanomechanical resonators by means of a combination
of water-assisted lift-off and all-dry transfer. Our clean and
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efficient process releases large areas of 2D crystals from their
growth substrate while only requiring DI water. This avoids the
need for chemical treatment of the 2D materials and mitigates
their degradation. Results from more than 100 single- and
few-layer MoS, drumhead nanoresonators show fundamental
resonances in the VHF band with figure-of-merit as high as
fo X Q ~ 3 x 10" Hz. We observe higher uniformity of the fre-
quency and quality factor, as well as lower pre-tension levels,
compared to previous results. The facile nature and the
absence of any solvents but DI water in our transfer technique
holds promises for enabling suspended 2D devices and arrays
using other 2D materials and their heterostructures, and it is
applicable to substrates with other geometries of micro-
trenches and electrodes.

Methods
CVD MosS, synthesis

The MoS, material was synthesized via CVD utilizing elemen-
tal sulfur and MoO; powder as precursors. The process is
described in ref. 55 and the resultant material compares well
with exfoliated material.>® In brief, film growth proceeds by
placing alumina boats containing the precursors at different
positions in a quartz process tube. The growth substrate is
placed directly atop the boat containing the MoO; powder.
Initially, the quartz tube is inserted into a tube furnace so that
the MoO; boat comes to rest at the furnace’s center. The
furnace is gradually heated up to 680 °C while a continuous
flow of N, gas transports the sulfur vapor to the growth sub-
strate. After the furnace has reached the growth temperature,
the temperature is held for a few minutes and then the
furnace is cooled gradually to room temperature while the N,
gas flow is maintained. This procedure results in a few-layer
MosS, film where the growth substrate covers the MoO; boat;
where the growth substrate overhangs the MoO; boat on the
side, single-layer film and isolated single-layer flake islands are
obtained. The MoS, crystals were characterized optically via
Raman and photoluminescence (PL) spectroscopy before
being shipped from UC Riverside to Case Western Reserve Uni-
versity for further Raman and PL measurements, transfer, and
the following characterization of the drumheads and arrays.

Fabrication of microtrenches

Large arrays of microtrenches are lithographically defined and
fabricated on 290 nm-SiO,-on-Si substrate. The SiO, layer is
patterned with microtrenches using photolithography, and
then etched by reactive ion etching (RIE). The depth of result-
ing SiO, microtrenches is 290 nm in this experiment, and the
nominal values for the diameters in the design are 1.5, 1, 0.75
and 0.5 pm (corresponding to 1.68, 1.16, 0.92, 0.64 pm after
the fabrication process).

Interferometric resonance measurement

Fundamental resonances of the resulted suspended MoS,
drumhead resonators are characterized using optical excitation

This journal is © The Royal Society of Chemistry 2016
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and detection techniques. An amplitude-modulated 405 nm
blue laser is employed to opto-thermally excite the flexural
vibrations of the suspended MoS, nanoresonator, while a
633 nm He-Ne laser is focused on the device surface for detec-
tion of the motion-modulated interference between multiple
reflections from the flake-vacuum, vacuum-SiO, and SiO,-Si
interfaces, which is read out by a low-noise photodetector.
A network analyzer is used to modulate the blue laser as well
as measure the response from the photodetector. We apply a
blue laser power of ~39 yW and red laser power of ~1.23 mW
to the devices which are preserved under moderate vacuum
conditions (~90 mTorr) to ensure reasonable signal-to-noise
ratio while avoiding laser degradation and overheating.

Scanning electron microscopy (SEM), atomic force microscopy
(AFM), and Raman/photoluminescence (PL) spectroscopy

SEM images are taken inside an FEI Nova NanoLab 200 field-
emission SEM, using an acceleration voltage of 10 kV. AFM
measurements are conducted with a Park NX10 AFM using
tapping mode. Raman and PL spectra are taken by employing
a Horiba iHR550 system using gratings with groove densities
of 2400 g mm™" and 1200 g mm ™" and integration times of 30
s and 10 s, respectively.
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