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ABSTRACT We fabricated large arrays of suspended, single-layer graphene membrane resonators using chemical vapor deposition
(CVD) growth followed by patterning and transfer. We measure the resonators using both optical and electrical actuation and detection
techniques. We find that the resonators can be modeled as flat membranes under tension, and that clamping the membranes on all
sides improves agreement with our model and reduces the variation in frequency between identical resonators. The resonance
frequency is tunable with both electrostatic gate voltage and temperature, and quality factors improve dramatically with cooling,
reaching values up to 9000 at 10 K. These measurements show that it is possible to produce large arrays of CVD-grown graphene
resonators with reproducible properties and the same excellent electrical and mechanical properties previously reported for exfoliated
graphene.
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raphene, a single layer of carbon atoms bonded in a the variation in resonance frequency and makes the behav-
hexagonal lattice, is the prototypical two-dimen- ior more predictable.
sional membrane. Its unparalleled strength, small We started by using chemical vapor deposition to grow
mass per unit area, ultrahigh aspect ratio, and unusual graphene on copper foil.” The graphene was verified to be
electronic properties make it an ideal candidate for nano- predominantly single-layer (>90%) with low disorder by
electro-mechanical systems (NEMS).'™> Previously, sus- Raman microscopy and scanning electron microscopy (see
pended graphene membranes could only be made in small Supporting Information).'® We fabricated three different
batches using mechanical exfoliation,'**~" growth on sili- device geometries shown in Figures 1a, 3a, and 4a using
con carbide substrates,® or as graphene oxide.” These variations on the graphene transfer technique developed by
techniques are all extremely limiting, as they produce either refs 9, 11, and 12. Type A membranes (Figure 1a—c) consist
very small numbers of devices, multilayer graphene on of graphene strips suspended over trenches and clamped at
conducting substrates, or resistive functionalized graphene. both ends (doubly clamped) by the van der Waals adhesion
The ideal solution should produce large numbers of single- of the graphene to the substrate. We fabricated Type A
layer graphene membranes while maintaining exfoliated membranes by patterning the graphene into strips on the
graphene’s excellent electronic and mechanical properties. copper foil with photolithography and oxygen plasma then
In this letter, we demonstrate new methods to produce large transferring the patterned graphene onto trenches on a 285
arrays of suspended, single-layer graphene membrane reso- nm silicon oxide substrate. Type B membranes (Figure 3a)
nators on arbitrary substrates using graphene grown by are square graphene membranes clamped on all sides. We
chemical vapor deposition (CVD). Having many membranes fabricated these membranes by transferring unpatterned
allows us to systematically study the mechanical resonance graphene onto a suspended silicon nitride membrane with
properties of single-layer graphene resonators as a function square holes. Type C membranes (Figure 4a) are electrically
of size, clamping geometry, temperature, and electrostatic contacted membranes suspended between two gold elec-
tuning. We find that the CVD graphene produces tensioned, trodes fabricated by transferring unpatterned graphene to
electrically conducting, highly tunable resonators with prop- a 285 nm silicon oxide substrate, patterning the graphene
erties equivalent to exfoliated graphene. In addition, we find into small bars, depositing gold electrodes on top, and
that clamping the graphene membrane on all sides reduces suspending the graphene by wet etching the oxide out from
underneath. Detailed fabrication procedures for all geom-
etries are available in the Supporting Information.
*To whom correspondence should be addressed. E-mail: (A.M.v.d.Z.) amv28@ With all approaches, we pI‘OdUCG hundreds to hundreds
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FIGURE 1. (a) Angled scanning electron microscopy (SEM) image of Type A suspended graphene membranes over trenches in silicon oxide.
(b) Angled SEM of an array of graphene membranes. (c) Optical image of a large array of graphene membranes. Cross-section inset. Dashed
rectangles indicate sizes of the regions in previous images, but the regions do not correspond exactly with each other.

we get yields of >80 % for membranes with L <3 um and W
< 5 um. For type B devices, we get yields of >90% for
membranes up to 5 um on a side with lower yields for
membranes up to 30 um on a side.

The suspended graphene membranes show complicated
conformational structure, including small-scale (~10 nm in
amplitude) ripples such as those seen in Figure la, and
larger-scale (~100 nm in amplitude) buckling of the mem-
brane along the length and width. Ripples and buckling have
also been observed in both exfoliated®'> and epitaxial®
graphene membranes due to in-plane tension, shear, or
compression. The amount of rippling and buckling in our
devices varies between neighboring membranes produced
on a single chip, indicating that the tension/shear/compres-
sion in the graphene membranes is variable. The degree to
which this variability influences the resonator properties is
addressed below. Finally, in larger membranes, occasional
tears occur at mechanically weak grain boundaries between
crystals in the CVD grown graphene.'*'?

To actuate and detect the mechanical resonance of the
graphene membranes, we first used a resonance-modulated
optical reflectance measurement.''® The membrane is actu-
ated with a radio frequency (RF) modulated 405 nm CW
laser, and the mechanical motion is detected using interfer-
ometry of the reflected light of a 633 nm helium—neon laser.
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All optical measurements were performed at room temper-
ature in vacuum with p <5 x 107> Torr.

Figure 2a is a plot of the fundamental mode for a Type A
membrane of length L = 2 um and width W = 3 um. The
resonance frequency is f1 = 9.77 MHz and the quality factor
is Q = 52. Figure 2b—d shows the frequency and quality
factor of the fundamental mode for 38 identically patterned
membranes measured along a single trench. Figure 2b,c are
histograms of the resonance frequencies and quality factors.
There is a clear peak in the histogram at f; ~ 15 MHz with a
spread of 8 MHz. The quality factors range from 25—250
with a peak at 70. Figure 2d shows that higher frequency is
correlated with higher quality factor. These resonators are
nominally identical so the variation is due to either differ-
ences in adsorbed mass or the strain and conformational
structure of the membranes.

Figure 2e shows f; versus L for Type A doubly clamped
membranes with L between 1 and 6 um and W between 2.5
and 5 um, plotted on a log—log scale. The resonance
frequencies decrease with length and show no discernible
dependence on the width. For reference, the dashed line
shows an L™! dependence. The black dots represent graphene
membranes without tears, while the squares represent
partially torn membranes. Interestingly, the torn mem-
branes show similar behavior to the untorn membranes.
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FIGURE 2. (a) Optical interferometry measurement of a fundamental
mode for Type A graphene resonator like those shown in Figure 1a.
L =2 pum, W= 3 um. Histogram of the frequency (b), and quality
factor (c) of fundamental modes for 38 identical Type A resonators
along a single trench L =2 ym, W = 3 um. (d) Quality factor versus
resonance frequency for the same devices as panels b,c. (e) Funda-
mental mode frequency versus length for membranes with widths
W between 2.5 and 5 um. Solid dots are continuous, damage-free
membranes, open circles are membranes with partial tears in them.
Dashed line shows data scales as 1/L. (f) Histogram of all measured
higher modes divided by the fundamental mode for same devices
as Figure 2b—d. Typical resonance spectrum inset.

The simplest model of a doubly clamped graphene mem-
brane resonator is as a sheet under tension'**57

n [ves

S= 30 oot (M

where Yt = 340 N/m and po = 7.4 x 1077 kg/m? are the in-
plane stiffness and density of single-layer graphene, n =1,
2, 3... is the mode number, s is the in-plane strain, and a =
Pl Po i the adsorbed mass coefficient. Previous results*>”
have shown the ratio of the contamination mass to the
membrane mass can be large, typically varying between 1
and 10. This model predicts a L™' scaling of the resonance
frequencies with length, consistent with the data. From a
best fit to the data in Figure 2e, we extract the average strain
per absorbed mass ratio on the resonators of s/o. ~ 107>
This value is comparable to previously measured strains on
exfoliated graphene membranes.*>” The strain likely results
from the self-tensioning of the graphene as the van der
Waals attraction adheres the membrane to the walls of the
trench, as shown schematically in the Figure 1 inset.”'"'®

The tensioned membrane model predicts a second har-
monic at twice the frequency of the first. Figure 2f shows all
measured higher resonant modes of the identical devices,
normalized by the fundamental mode frequency with one
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FIGURE 3. (a) SEM of a Type B, side-length D = 30 um square
graphene membrane on a suspended silicon nitride membrane.
Without a substrate behind the graphene to adjust the contrast, the
absorbed mass contamination is clearly visible on the graphene. (b)
Typical spectrum for a Type B, D = 6 um square membrane. (c)
Histogram of all measured higher modes divided by the fundamental
mode for square membranes. Higher modes occur at predictable
intervals for square membranes. (d) Fundamental mode frequency
versus side length D for square membranes. Dashed line shows data
scales as 1/D.

example spectrum in the inset. Instead of a peak at 2f;, there
is a broad distribution in frequencies with peaks around
Sa~1.3 fiand 1.6 f;. These peaks correspond with the second
and third measured modes. These most likely correspond
to transverse modes or edge modes in the resonator due to
nonuniform strain in the resonator. Previous experiments®
have shown that local modes can exist at the edges exist in
exfoliated graphene resonators and the frequencies of these
modes are difficult to estimate without a detailed knowledge
of the structure in the transverse direction.

To test the hypothesis that the transverse properties are
important, we fabricated and measured the resonance in the
Type B membranes shown in Figure 3a, where the mem-
brane is clamped on all sides and the transverse modes are
identical to the longitudinal ones. Figure 3b,c shows that we
observe higher resonant modes at frequencies approxi-
mately 1.5 and 2 times the fundamental. This is in good
agreement with the expected values of f,; = 1.58 f;, and
foo = 2f1, predicted for a square membrane of uniform
tension clamped on all sides

\n® + m? Yes

Jom =31 oy )

With the fully clamped membranes, the reproducibility
is also improved with frequencies of 16.5, 18.8, 19.4, and
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FIGURE 4. (a) Angled SEM image of electrically isolated suspended
graphene clamped to gold electrodes with a degenerately doped
silicon backgate. Schematic of cross-section inset. (b) Electrical
mixing measurement of mechanical resonance of membrane shown
in panel a versus frequency, measured using AM (blue) and FM
(green) mixing techniques for Vpg = 3 V, Vs = 7 mV. (c) FM mixing
signal (colorscale = —100 to 100 pA) versus gate voltage and drive
frequency at room temperature. The resonance frequency is tuned
by the electrostatic gate voltage. Red line indicates cut taken to get
FM data shown in panel b. (d—f) The evolution of the tuning for the
same resonator at T = 200, 150, and 100 K, respectively.

19.8 MHz measured for four nominally identical devices, a
spread of less than 15%. The frequency also scales as
approximately the inverse of the membrane dimension, as
shown in Figure 3d. The quality factors are also higher, Q >
200; noise prevents a more accurate determination. Full
clamping clearly improves the device reproducibility and
quality factors over those observed in doubly clamped
membranes, likely by eliminating soft degrees of freedom
associated with the free edges.

Some of the most exciting properties of exfoliated
graphene resonators are their ability to be actuated and
detected electrically,* their large voltage-tunable frequency
range and their high quality factor at low temperature (Q ~
10 000 for exfoliated graphene at 4 K*). We explored these
aspects of CVD graphene resonators by fabricating the Type
C, electrically contacted resonators shown in Figure 4a.
Transport measurements (see Supporting Information) show
these devices have mobilities of 1000—4000 cm?/V -s, simi-
lar to previous results on CVD graphene.”'? Using the
electromechanical mixing measurement reported by Chen
et al.,* we actuated the resonators electrostatically and
measured the motion using amplitude modulation (AM)*?%!
or frequency modulation (FM)***> mixing (details in the
Supporting Information). Figure 4b shows the electrical
mixing response versus drive frequency for AM (blue) and
FM (green) mixing techniques with back gate voltage Vg =
3V, and drive Vgs = 7 mV. Both techniques yield a resonator
frequency f; = 19.2 MHz and quality factor of Q = 44 at this
gate voltage.
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FIGURE 5. Inverse quality factor versus temperature at a Vg =3 V;
red and magenta lines show data scales as T'” and T2, respectively.
Frequency versus temperature inset.
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Figure 4c shows the FM mixing current as a function of
the drive frequency and electrostatic gate voltage at room
temperature. The resonance frequency increases by more
than a factor of 2 for large V¢ and is symmetric around a
minimum close to Vg = 0, very similar to the behavior
previously reported for exfoliated graphene.*®

Figure 4(d—f) shows the tuning of the same resonance
at T= 1200, 150, and 100 K. As the temperature is decreased
the frequency of the resonator at Vpg = O rises, while the
dependence of the resonance frequency on Vg becomes
weaker, and even reverses sign at 100 K. The change of
frequency tunability with temperature is due to changes in
the tension of the graphene as it is cooled and is similar to
that seen in exfoliated graphene resonators.*” Figure 5
shows the inverse quality factor of a resonator versus
temperature for a fixed V,g = 3 V. The inset shows the
frequency versus temperature over the same temperature
range. As the temperature is decreased, the quality factor
rises dramatically from 150 at room temperature to 9000
at 9 K. This is comparable to the highest quality factors
reported for graphene resonators at that temperature.®

From Figure 5, the inverse quality factor scales ap-
proximately as T* where oo = 0.35 4 0.05 from 9 up to 40
K, and as 7% where 8 = 2.3 & 0.1 from 40 K to room
temperature. The temperature scaling is similar to what is
found for exfoliated graphene resonators.* Similar temper-
ature dependence is also seen in carbon nanotube res-
onators.?"** While there are many theories examining
dissipation in these systems®>~® the observed behavior is
still not understood.

The techniques described here provide a step toward practi-
cal graphene-based devices. This work shows that it is possible
to fabricate large arrays of low mass, high aspect ratio, CVD-
grown single-layer graphene membranes while maintaining the
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remarkable electronic and mechanical properties previously
observed for exfoliated graphene. This is an important conclu-
sion, demonstrating that the benefit of wafer-scale processing
allowed by CVD graphene comes at little or no cost in mechan-
ical resonator performance. We further show that clamping the
membrane on all sides improves resonator performance and
reproducibility. The wafer-scale production of low-mass, high-
frequency, and highly tunable nanomechanical membrane
resonators opens the way for applications in areas from sensing
to signal processing.
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