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ABSTRACT: Graphene’s unparalleled strength, stiffness, and
low mass per unit area make it an ideal material for nanome-
chanical resonators, but its relatively low quality factor is an
important drawback that has been difficult to overcome. Here,
we use a simple procedure to fabricate circular mechanical
resonators of various diameters from graphene grown by
chemical vapor deposition. In addition to highly reproducible
resonance frequencies and mode shapes, we observe a striking
improvement of the membrane quality factor with increasing
size. At room temperature, we observe quality factors as high as
2400 = 300 for a resonator 22.5 um in diameter, about an

10 pm
I

1.0 —Experimental ]
I Predicted
0.8}

0.6
0.4}

T

1

.

1

1

|
0.2} \ I
o.of ———J;JJ——LA_L_

\

1

[
5 i
| | | T
1 1

1 1 4
1 1

1 1 y
1 1 |
1 1 [
1

Amplitude (a.u.)

2 4 6 8 10 12
Frequency (MHz)

order of magnitude greater than previously observed quality factors for monolayer graphene. Measurements of quality factor as a
function of modal frequency reveal little dependence of Q on frequency. These measurements shed light on the mechanisms behind
dissipation in monolayer graphene resonators and demonstrate that the quality factor of graphene resonators relative to their
thickness is among the highest of any mechanical resonator demonstrated to date.
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he impressive precision of nanomechanical resonators as

sensors of mass," force,” and position” relies on their having
both small cross-sectional dimensions and a high quality factor.
For example, the minimum mass detectable with a resonant
sensor against a background of white noise is*

At = 2(meff) 107 PR/20 (1)
Q

where m.g is the effective mass of the resonator, Q is the
mechanical quality factor of the resonator, and DR is the dynamic
range in dB. Unfortunately, while it is possible to improve the
sensitivity of resonators by reducing their cross-sectional dimen-
sions, the gains are generally offset by decreases in Q because for
small dimensions, Q decreases from surface effects.’ More
quantitatively, studies of NEMS show that Q is inversely propor-
tional to surface area to volume ratio R, so the magnitude of a
resonator’s RQ product is a good indicator of its performance at
small sizes.® For conventional nanomechanical materials such as
single crystal silicon, RQ products are on the order of 1000 nm ™"
or less. Interestingly, it appears that the problems associated with
surface effects can be overcome by new materials; for example,
stoichiometric silicon nitride under high tensile strain’ has
demonstrated RQ ~ 30000 nm™ ' as a doubly clamped beam®
and RQ ~ 100000 nm ™' as a membrane.” However, silicon
nitride also has drawbacks as a nanomechanical material; most
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importantly, it is not electrically conductive and therefore
requires modification to enable electrical readout.'® The ideal
nanomechanical material would have high Q, low mass, and good
signal-to-noise with integrated readout.

Low-dimensional carbon allotropes offer a unique alternative
to traditional CMOS materials as bulldm% blocks for resonators
with small cross sectional dimensions,""'* In particular, resona-
tors made of graphene, which were first manufactured in 2007,"
show much promise. In addltlon to having extraordinarily low
mass, graphene is strong, stiff,'* and electrically conductive, which
prov1des a route to high signal-to-noise with electrical integra-
tion."® Furthermore, graphene’s planar geometry is amenable to
standard fabrication techniques. However, the quality factor of
graphene resonators has been among the lowest of nanoelec-
tromechanical systems made to date. Until now, the highest
quality factor observed in monolayer graphene resonators at
room temperature'>'*~'® was on the order of several hundred.
Even relative to graphene’s small thickness, this Q is unimpres-
sive. Assuming a thickness of 0.335 nm,"? graphene resonators
demonstrated to date have RQ products less than 2000 nm ™ .
Thicker variants of graphene, like graphene oxide*® (Q ~ 4000)
and multilayer epitaxially grown graphene®' (Q ~ 1000) have
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Figure 1. (a) SEM image of a suspended circular graphene membrane
30 um in diameter. (b—d) Schematic of the fabrication procedure used
to make the membrane in (a). Graphene on PMMA is transferred to a
nitride membrane, the PMMA is decomposed, and the nitride is pressed
flush against a polished silicon wafer. (e) Diagram of the interferometric
apparatus used to detect resonator motion.

demonstrated higher quality factors but not higher RQ products.
Despite the many advantages of graphene as a nanomechanical
material, dissipation in graphene resonators is poorly understood
and there has been little progress in overcoming it.

Here, we demonstrate that the low quality factors observed in
graphene resonators can be substantially improved using modern
fabrication techniques. We find that for circular graphene drum
resonators fabricated by recently published chemical vapor
deposition (CVD) methods, the quality factor is linearly depen-
dent on the diameter of the resonator. We use this effect to
produce resonators with Q as high as 2400 & 300 at room
temperature. These resonators have RQ products as high as
14000 nm ', which rivals that of the best membrane resonators
available today. Measurements of quality factor for different
resonant modes suggest that Q is only weakly dependent on
modal frequency and is determined predominantly by the size of
the membrane. Together, these observations offer new insights
into the dissipation mechanisms underlying graphene resonator
performance.

Membranes such as the one shown in Figure la were fabri-
cated following the procedure described in ref 17. Graphene was
grown on copper foil by CVD.** After a 30—50 nm thick layer of
poly(methyl methacrylate) (PMMA) was spin-coated on the
graphene to mediate transfer, the copper was dissolved in a ferric
chloride-based etch (CE-200, Transene) and the graphene was
rinsed in DI H,O. Separately, a Si substrate coated with ~300 nm
thick Si-rich silicon nitride was back-etched using KOH to
suspend a 2 mm X 2 mm square nitride membrane. Then, using
photolithography, circular holes were patterned in the nitride
membrane with diameter 2—30 um (Figure 1b). Following ref
22, the graphene was transferred to the backside of this substrate
from the H,O bath (Figure 1c). The graphene conformed to the
substrate and adhered directly to the nitride membrane, covering
many of the holes. After the graphene was allowed to dry in air,
the PMMA was removed by decomposition at 350 °C in air.”?
This procedure resulted in suspended graphene drums with
yields greater than 90% for holes 2 um in diameter and as high

as 25% for holes 30 ym in diameter. An example is shown in
Figure 1a. We point out that localized contamination is visible on
the surface of the graphene sheet. Transmission electron micro-
scopy studies of graphene membranes prepared in an identical
manner in ref 24 found that the bulk of the visible contamination
was iron, oxygen, and carbon. However, the structural element of
these resonators is monolayer graphene, as is evident from
Raman spectroscopy (Supporting Information).

Finally, we allowed the front side of the nitride wafer to
adhere to a blank piece of silicon. This step left graphene
membranes up to 30 um in diameter suspended on silicon
nitride 300 nm above a silicon surface (see Figure 1d,e). Fixing
the nitride membrane against the substrate was the crucial step
that enabled us to measure quality factor in this work but not in
the similar membranes of ref 17. Surprisingly, we found no
membranes that stuck to the silicon backplane as a result of this
step.

To detect the resonance of the graphene drums, we used an
interferometric method described previously.'**>*® Resonator
motion is monitored by a HeNe laser reflecting from the res-
onator and the silicon backplane; the interference between these
two reflections changes when the resonator moves and thereby
changes the total reflected light intensity. These changes are
monitored by a fast photodiode connected to a spectrum
analyzer. Resonator motion is actuated using a 405 nm ampli-
tude-modulated diode laser (Picoquant, Berlin, Germany) that
excites motion through photothermal expansion and contraction
of the graphene membrane. All resonance measurements were
performed in a vacuum chamber evacuated to pressures less than
6 x 10 ° Torr, where viscous damping was found to be insig-
nificant.

We investigated both the spectra and fundamental modes of
membranes of various sizes. As reported previously,'” we found
that clamping the membranes on all sides made the distribution
of higher resonance modes relative to the fundamental modes
predictable. A spectrum from one membrane that falls particu-
larly close to a predicted spectrum is shown in Figure 2a. The
dotted red lines show the predicted frequencies of all modes
given the fundamental mode of the membrane (modes are
expected at 1.59, 2.14, 2.30, 2.65, and 2.92 times the fundamental
frequency).”” Multiple peaks often cluster around the predicted
frequency of a given mode, as for the second and third modes in
Figure 2a. We attribute these peaks to theoretically degenerate
modes whose degeneracy has been lifted by asymmetries in
either the surface contamination or stress profile of the mem-
branes. Figure 2b shows a histogram of the number of modes ata
given multiple of the fundamental frequency for a set of 29
devices of various sizes; again, the peaks agree fairly well with
theory. Measurements of the mode shapes of these circular mem-
branes, obtained by measuring response amplitude as a function
of laser position, confirm that the shapes of at least the first few
modes are as predicted by the theory for circular membranes.
Mode shape data for one membrane is presented in Figure 2c.
This behavior should be contrasted with previous measurements
of doubly clamped beam resonators made from exfoliated graph-
ene, which frequently displayed complicated, unpredictable mode
shapes.”®

In addition to the well-behaved spectra of these devices, we
found that the fundamental frequency as a function of device size
was well described by a tensioned membrane model. In Figure 3a,
we plot the fundamental frequency as a function of diameter
for the set of 29 devices examined in Figure 2b. For circular
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Figure 2. (a) Mechanical resonance spectrum for a circular graphene membrane (black) against the predicted location of all modes relative to the
fundamental (red). (b) Histogram of the frequencies of all high order modes divided by the fundamental mode frequency for a set of 29 devices of various
sizes. Black dotted lines show the expected frequency ratios for a circular membrane. (c) Amplitude of the resonance peak as a function of spatial position
for the first two modes of a circular graphene membrane 22.5 um in diameter. On gray circles, expected nodes for these modes are shown.
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Figure 3. (a) Fundamental frequency f as a function of diameter D for the same set of devices studied in Figure 2b. The red line is a fit to the data
revealing f ~ D~ ****!, (b) Quality factor of these graphene membranes as a function of diameter. The error bars represent the standard deviation in

Q among six separate measurements of the width of the peak. The red line is a fit to the data revealing Q ~ D

101 Tnget, the highest quality factor peak

observed with a Lorentzian fit revealing Q = 2400 = 300. (c) Quality factor as a function of frequency for the same devices plotted in (a) and (b).

membranes under tension, the fundamental frequency should

follow*’
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where D is the diameter, Yt is the in-plane Young’s modulus, p is
the in-plane density of graphene, ¢ is the strain, and o is a density
multiplier used to quantify the amount of mass contaminating
the device (pa is defined to be the in-plane density of the
resonator including both graphene and any additional mass). A
fit of the data in Figure 3a shows that frequency is roughly pro-
portional to inverse diameter as predicted by this equation. If
we assume the known values for graphene, Yt = 340 N/m and
p=74x10"° g um %, we find that £/0t ~ 10 °. Since the
density of the resonator is at least that of graphene (ot > 1), the
minimum possible strain in the graphene is 10~ >, which is com-
parable to the strain in previously fabricated graphene resona-
tors."> The tension is thought to be caused by the adherence of
the graphene to the sidewalls of the nitride by van der Waals
forces, a model supported by the consistency of the strain across
many devices.

The quality factor of each device can be extracted from the full
width half-maximum of each Lorentzian resonance peak. A plot
of the quality factor of fundamental modes as a function of
diameter is shown in Figure 3b. There is a clear dependence of
quality factor on resonator diameter, and fitting this data to Q ~
D/ yields B = 1.1 & 0.1. The highest quality factor observed was
2400 =+ 300 for a device with 22.5 um diameter (Figure 3b,
inset). We note that there was one 30 #m device measured in this

data set, but it is not shown in these plots because it contained a
significant rip. The quality factor of this ripped device was mea-
sured to be 1030 % 150.

As a result of the dependence of both Q and frequency on
diameter, Q must also be related to frequency, as shown in
Figure 3c. To disentangle the effects of diameter and frequency
on quality factor, we measure the quality factor of higher order
modes of many membranes. Figure 4 shows the results of these
measurements. With the possible exception of the smallest
membranes, quality factor is not highly dependent on modal
frequency. Certainly, the variation of dissipation with frequency
between modes is less than linear for all but the smallest
membrane. We therefore surmise that size, rather than frequency,
is the essential factor determining the Q of the membrane.

To compare the dissipation in graphene to that in other me-
chanical resonators, we return to our discussion of RQ product.
Liu et al.® introduced this figure of merit to account for the
decrease in quality factor with decreasing volume to surface area,
and it is a relevant measure of the performance of NEMS against
the common problem of surface-related losses. Taking the
thickness of graphene to be 0.335 nm," the highest RQ product
of a graphene resonator measured here is roughly 14000 nm ™.
In contrast, single crystal silicon nanomechanical devices® achieve
at most RQ in the range 200—3000 nm .. High stress silicon
nitride resonators, which were recently discovered to have
exceptionally high RQ products, have achieved RQ products of
at most 100000 nm ™' for a 0.5 mm X 0.5 mm X 50 nm square
membrane.” Like graphene quality factors, however, silicon
nitride quality factors also depend on the size of the resonator.
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Figure 4. Quality factor as a function of modal frequency for resonators
of different diameters. The dependence of dissipation on frequency is
sublinear for all but the smallest resonator.

Thus, it is also relevant to compare our results to those of high
stress nitride membranes of similar size, like the 15 ym diameter,
110 nm thick drumhead resonators reported in ref 29 (Q =
15000; RQ = 270 nm ™ ‘). That is, in drum resonators of com-
parable diameters, graphene has a quality factor to thickness ratio
higher than that of high stress silicon nitride.

The origin of the dissipation in graphene resonators is cur-
rently unknown; however, the observations in this Letter provide
some insight. We first discuss why we see high Q from the devices
in this work and not for previously fabricated monolayer graph-
ene doubly clamped beams, which have been studied as a func-
tion of length up to 6 m with no reported dependence on size."”
Although the fabrication methods used here are less invasive
than those used to fabricate doubly clamped beams from CVD
graphene (the graphene here is exposed only to PMMA, copper
etchant, and water), we do not believe that better treatment is
responsible for the improved quality factor, since monolayer
graphene resonators made by exfoliation, the cleanest Fossible
method, also had low Q (~80) at room temperature. > More
likely, the improvement in quality factor is due to fixing the
membranes on all sides, which, according to simulations, im-
proves Q by eliminating “spurious edge modes.”*® The repro-
ducible spectra of our membranes compared to those of doubly
clamped membranes'” lends further credence to this theory.

Even if fixing all sides of the membrane eliminates dissipation
due to edge modes, we are confronting another source of dissi-
pation that is dependent on size and not strongly dependent on
modal frequency. We consider several candidate sources®" of this
dissipation in light of these observations. We find that the con-
tribution from thermoelastic damping, which we calculate by
treating the graphene as a clamped circular plate,>” is too small to
be important for our resonators. The dependence of the dissipa-
tion on size, or, equivalently, perimeter to area ratio, suggests that
anchor losses may play a role in graphene. However, a recent
model*® of losses from phonon tunneling into the substrate gives
dissipation estimates that are orders of magnitude too low, and it
predicts a complicated behavior of quality factor as a function of
mode that we do not observe here. A more probable candidate is
surface-related effects, which seem likely to play a role for these
ultrathin resonators given the increase in dissipation of most
NEMS with increased surface to volume ratio. We note that both
the size dependence and the modal frequency dependence of
circular graphene membranes are qualitatively similar to the

dissipation in doubly clamped silicon nitride beams,” which was
found to be related to local strain in the resonators and possibly
to coupling of the strain with surface defects.*® Further modeling
is required to examine these dissipation mechanisms. Measure-
ments of the dissipation as a function of temperature should also
prove revealing.

The high RQ products observed here demonstrate that large
graphene resonators have the potential to be very sensitive to
mass per unit area. A commercial quartz crystal microbalance can
resolve approximately 400 pg cm~ >,** while based on eq 1 and a
study of the dynamic range achieved with our readout technique
(see Supporting Information), a graphene resonator 12 #m in
diameter could resolve 3 pg cm > (4 ag total mass). Further
progress in biological functionalization® should enable specific
detection with this sensitivity, which would be useful for biome-
dical sensing. Also, the limit of force sensitivity for these
resonators is dF = (4k.g ks T/wQ)"/?, where kg is the effective
spring constant, kg is the Boltzmann constant, T is temperature,
and  is frequency.*® For our highest quality factor resonator, this
limit is dF ~ 200 aN/Hz"/?, which is high for room temperature
operation. Additionally, because k.g ~ Meg” is independent of
diameter, and because we find empirically that @Q is indepen-
dent of diameter, this limit of force sensitivity is independent of
the resonator area. Therefore, large-area graphene membrane
resonators should enable very sensitive measurements of force
per unit area.

This study provides information about dissipation in mono-
layer graphene resonators that was not accessible before the
recent advances in graphene fabrication. We show that quality
factor in tensile graphene drums is proportional to the diameter
of the membrane. For our largest resonators, we observe RQ
products as high as 14 000 nm ™, which is better than that of even
high stress silicon nitride resonators of comparable sizes. It there-
fore appears that relative to its low mass, graphene offers an
excellent quality factor in addition to its high frequency and high
electrical conductivity, making it an ideal material for NEMS.
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© Supporting Information. Raman spectrum and study of
the dynamic range of a circular graphene resonator. This material
is available free of charge via the Internet at http://pubs.acs.org.
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