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ABSTRACT: By virtue of their low mass and stiffness,
atomically thin mechanical resonators are attractive candidates
for use in optomechanics. Here, we demonstrate photothermal
back-action in a graphene mechanical resonator comprising
one end of a Fabry—Perot cavity. As a demonstration of the
utility of this effect, we show that a continuous wave laser can
be used to cool a graphene vibrational mode or to power a
graphene-based tunable frequency oscillator. Owing to
graphene’s high thermal conductivity and optical absorption,
photothermal optomechanics is efficient in graphene and could
ultimately enable laser cooling to the quantum ground state or
applications such as photonic signal processing.
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ptomechanics,”* which uses optical feedback and other
“back-action” forces to control mechanical elements, has
generated much interest since it was applied to micro- and
nanomechanical systems.” Research in optomechanics has
largely focused on using back-action to cool mechanical
modes of mesoscopic resonators toward their quantum ground
state, with progress first shown using photothermal forces in
metal-coated cantilevers® and later demonstrated using
radiation pressure forces on mirrors,””” membranes,® and
strings.” Many other potential applications for optomechanics
have also emerged, such as force sensing,10 nonvolatile
mechanical memory,"" and photonic signal processing.'>"?
For all of these applications, it is desirable to have a mechanical
resonator with low mass and therefore low stiffness K = mw® in
order to improve the sensitivity of the structure to the forces of
light. There are additional benefits associated with low stiffness,
e.g., it allows for cavity tuning of optical resonance for filters,
and it increases the amplitude of zero-point motion xzp = hw/
2K. As a result, the drive to reduce the size of the mechanical
elements has been an important enabling factor for recent
milestones, such as optical cooling of a resonator to the
quantum ground state.'* Ideally, the mechanical element would
be reduced to the limit of atomic thickness, but such a
resonator would need to have both good mechanical properties
and strong coupling to light, which is challenging for such a
small object.
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Graphene, a single layer of carbon atoms in a hexagonal
lattice, is uniquely poised to meet these challenges. Mechanical
resonators made from graphene'>™'® are simple to fabricate,"”
benefit from graphene’s high strength and Young’s modulus,*
and have demonstrated frequencies as high as 178 MHz,*" with
quality factors of up to 2400 at room temperature” and
100000 at 100 mK.** In addition, graphene’s optoelectronic
properties ensure a strong (7@ = 2.3%), constant absorption of
light across a wide range of wavelengths.** Studying
optomechanical coupling resulting from this absorptlon could
shed light on photothermal processes in graphene, % with
applications in, e.g, bolometry.”® Optomechanical back-action
cooling of graphene could also be useful, since the relatively
high zero-point motion and frequency of graphene resonators
make them ideal candidates®” for mechanical systems in the
quantum regime.'**®*® Despite graphene’s advantages, no
mechanism for optomechanical back-action coupling to these
membranes has yet been demonstrated.

We investigated the optomechanical behavior of a graphene
resonator forming one end of a low-finesse Fabry—Perot cavity.
We found strong photothermal coupling between the light and
the graphene, leading to optical back-action that can be used to
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Figure 1. Experimental setup. A laser at either visible or IR wavelengths reflects from the cavity formed between the graphene and the platinum
backplane; variations in the reflected laser light are monitored by a photodiode. A gate voltage V is applied between the graphene and the underlying
electrode; this voltage is sometimes modulated for measurements of driven motion. Inset: a false-color SEM of a typical graphene membrane

resonator.

cool the graphene (ie., reduce its thermal motion) or to
counter the mechanical damping of a resonant mode, inducing
self-oscillation. Our graphene optomechanical resonators have
fundamental flexural mode effective masses as small as m. 4 =
100 fg, comparable to that of the smallest optomechanical
systems demonstrated to date®® and nearly 2 orders of
magnitude lower than that of other electrically integrated
optomechanical systems.>" In contrast with other systems that
have demonstrated similar photothermal effects,>***** graphe-
ne’s low stiffness in combination with strong electrostatic
coupling enables tuning of the resonant frequency by more
than 100% over 15 V.'” Strong electrostatic mechanical
frequency tunability is a novel feature for optomechanical
systems and will be useful for applications in signal processing,
while the low stiffness of graphene at relatively high frequencies
makes graphene optomechanical systems relevant for the
pursuit of mechanical systems in the quantum regime.

The resonators used for this experiment are suspended
single-layer graphene clamped on all sides to a silicon dioxide
substrate with source, drain, and gate electrodes (Figure 1).
The resonators were batch-fabricated from chemical vapor
deposited (CVD) graphene'® following procedures detailed in
the Supporting Information. The gap between the graphene
and the metal gate acts as an optical cavity from which the
reflectivity R is dependent on the displacement z of the
graphene toward the backplane. To monitor mechanical
resonance, a continuous wave (CW) laser impinges on the
cavity, and reflected laser light is modulated by an amount
proportional to z(w)-dR/dz.>* The reflected light is monitored
by a fast photodiode connected to a network analyzer. Motion
is actuated capacitively by applying a modulated voltage V,
between the graphene and the gate. The graphene device is
placed inside of a vacuum chamber in which the pressure is less
than 107 Torr. We present results for two devices, a suspended
square of graphene (“Device 1”) and a suspended circle of
graphene (“Device 2”) (see Supporting Information).

We characterize the resonators by driving their motion
capacitively and optically monitoring their response at low laser
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powers, where optomechanical effects are minimized. Ampli-
tude of motion as a function of frequency and %ate voltage for
Device 1 is shown in Figure 2a. Previous work''® has shown
that the shape of the frequency as a function of gate voltage can
be used to extract the density of the resonator. For Device 1,
the areal density is p = S X pgphenes corresponding to a total
device mass of m = 700 fg (m.; ~ 200 fg assuming that the
contaminating mass' > is evenly distributed). For Device 2,
the same calculation gives p = 3 X Pyraphene and m = 200 fg (g
~ 100 fg). At a given gate voltage, amplitude versus frequency
curves (Figure 2b) fit well to a Lorentzian, allowing us to
extract the fundamental frequency @,, the full width at half-
maximum power (fwhm) I', and the quality factor Q = w/T.

As CW laser intensity is increased, we find that the damping
as measured by the fwhm depends on laser power. For laser
wavelength 4 = 568 nm, the effective damping I'¢ increases
linearly with power (Figure 2d), whereas at 4 = 633 nm, I
decreases linearly with power (Figure 2e). The dependence of
the effect on both power and wavelength demonstrates that the
damping is the result of an interaction with the optical cavity.
According to the theory for optomechanical coupling to a low-
finesse cavity, if there is a light-induced force F on the
membrane that acts with time delay 7, such as radiation
pressure or a 5photothermal force, the effective damping I

should follow®

%)
K (1)

where VF = dF/dz. The difference in the sign of the
optomechanically induced damping oy = I'Q(wz/(1 +
,°7*))(VF/K) between A = 568 and 633 nm is consistent with
an effect in which the force is proportional to the optical energy
flux absorbed by the graphene W,(z); calculations (Figure 2c)
show that dW,/dz has a different sign for 4 = 633 and 568 nm.
The frequency shifts over the same range are dominated by the
static change in membrane tension from laser heating (see
Supporting Information).
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Figure 2. (a) Amplitude of the reflected light as a function of
frequency and gate voltage for Device 1 at low laser power (300 yW).
(b) Amplitude as a function of frequency at Vg =5V from (a) is fit to
a Lorentzian, yielding @, = 27 X 3.46 MHz, I" = 2 X 6800 Hz, and Q
= 500. (c) Calculated cavity reflectivity R and graphene absorbed
energy flux W, normalized by the incident energy flux W] as a function
of detuning from the resonant cavity length L.. For the cavity length of
Device 1, (d — L.)/A = 045 for A = 568 nm and (d — L.)/A = 0.10 for
A = 633 nm; the change in sign of dW,/dz leads to opposite
optomechanical damping in (d,e). (d) Damping increases as a function
of CW laser power (A = 568 nm) for capacitively driven graphene
resonance. (e) Damping decreases with CW laser power (4 = 633 nm)
for capacitively driven graphene resonance. For (d,e), the data are
plotted on a semilogarithmic scale to clearly show a broad range of
powers; black lines are fits to a linear dependence of I'./I" on power.
Insets show amplitude versus frequency plots; red and green arrows
represent increasing powers.

The electrostatic gate voltage can be used to tune the optical
properties of the cavity, as shown in Figure 3 for Device 2. In
Figure 3a, the mechanical resonant frequency is usually visible
as it tunes with gate voltage. However, at V, & +4.3 V, the
signal vanishes because the membrane is at a maximum of
reflectance where dR/dz changes sign. Because dR/dz and
dW,/dz change sign simultaneously (Figure 2c), we expect that
the sign of ['oy should also differ depending on whether V| <
4.3 V. Indeed, we find that at V; = —10 V, I'oy is negative
(Figure 3c), while at V, = 2V, ['gy is positive (Figure 3d).
Therefore, at a fixed wavelength 4 = 532 nm, the sign of the
optomechanical damping can be controlled by electrical cavity
detuning.

The observed optomechanical effects can be understood
using a two-dimensional model for a circular drumhead
resonator. The feedback observed here requires that the
motion of the membrane induce a force that acts on the
resonator parallel to the velocity and with some time delay.
Candidates include photothermal forces and radiation pressure.
First, we calculate how such a force could arise from
photothermal effects, i.e., changes in tension of the membrane
due to laser-induced heating. In order to explain how tension
could provide a force in the z-direction, we consider the case in
which the center of the membrane is displaced by an initial
amount z,, leading to a contact angle @, between the plane of
the chip and the membrane.*® Such a displacement must arise,

4683

a
=8 N8
T T
= =
<7 <7
> >
o Q
5 5
=] 6 = 6
o o
o — o
ws ('
-10 - 0
Vg (V) Vg (V)
C
0.8 °
0.6}
5 oaf
5
= 0.2}
0.0} . . ]
0.2 0.3 0.4 0.5 1.0 1.5 2.0
P (mW) P (mW)

Figure 3. (a) Log-scale amplitude as a function of frequency /27 and
V, for Device 2 (1 = 532 nm, P = 500 4W). (b) The phase of the
signal relative to the electrical drive as a function of frequency and V.
The phase shift noticeable as a change in color at a given frequency at
+4.3 V indicates that dR/dz has changed sign. The sign of dW,/dz
changes simultaneously. (c) Measurements at Vg = —10 V show that
damping decreases with laser power (Igy is negative). (d)
Measurements at V, = 2 V show that damping increases with laser
power (I'gy is positive).

e.g., from a dc gate voltage. In this case, a component of the
photothermal force acts along the direction of motion z (see
Supporting Information), causing a photon-induced rigidity

2

VE,, = Ap?sm(eo)sm(%”(d - zo)) "
where a is the radius of the membrane, A is the laser
wavelength, P is the incident laser power, and d is the distance
of the membrane from the gate in the absence of gate voltage.
The proportionality constant A indicates how much the tension
in the membrane changes with incident laser power. We obtain
A empirically by using the frequency shift with increased laser
power near V, = 0 as a measure of laser-induced stress; we find
A = 15 N/(m'W), in reasonable agreement with the value
expected from thermal expansion. Estimating 7 and 6, we find
that the predictions of eqs 1 and 2 agree to within
approximately an order of magnitude with the results observed
in Figure 3c,d. We also consider the possibility of an
optomechanical effect from radiation pressure, but the force
is too weak to affect either the frequency or the damping of the
graphene resonators. Additionally, we study the dependence of
[om on both 4 and V; and find that it agrees with eq 2. Thus,
we conclude that the optomechanical back-action is caused by
photothermal forces (see Supporting Information).

When the damping from the light field I'gy is negative,
sufficiently high laser powers will cause regenerative self-
oscillation in the graphene membrane.>*® Figure 4a shows the
amplitude of oscillation of Device 1 as a function of CW laser
power with a dc gate voltage V, = —12 V applied. No time-
varying drive force is applied to the graphene. At low laser
powers, the graphene vibrates due to Brownian motion. As laser
power is increased, the amplitude of motion increases rapidly,
demonstrating regenerative self-oscillation. Like the driven
oscillation, the self-oscillation of the membrane can be tuned in
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Figure 4. Optomechanically induced self-oscillation and cooling for
Device 2 (b only) and Device 1 (all other figures). Data in (a—c) were
acquired by applying only a continuous wave laser and a dc gate
voltage to the devices. (a) Amplitude of oscillation as a function of
CW laser power, with V;, = —12 V, 4 = 633 nm. The reflectance
amplitude is calibrated to displacement using the thermal motion at
low powers."® Inset: Examples of log-scale amplitude of oscillation
versus frequency for two different laser powers: 1.9 mW (blue) and 2.6
mW (red). The dramatic increase in amplitude for the small increase
in laser power is evidence of self-oscillation. (b) Log-scale amplitude
versus frequency and gate voltage at 4 = 532 nm, P = 1.5 mW, showing
that the frequency can be tuned as the device is self-oscillating. (c)
Laser cooling of a graphene membrane at 4 = 718 nm. Brownian noise
spectra shown for laser powers of 1 mW (red) and 2 mW (blue) are
calibrated using the method from ref 15. At the higher laser power, the
area under the curve diminishes by a factor of 2, demonstrating that
the membrane has been cooled. (d) Width of the driven peak versus
laser power at 4 = 718 nm (black); measurements at specific powers
(orange) are used to estimate the effective temperature of the undriven

peaks in (c).

frequency. Figure 4b shows the self-oscillation of Device 2,
which can be tuned in frequency from 11 to 17 MHz as gate
voltage is changed from V, = —16 to —20 V. Tunable-frequency
self-oscillation of a graphene membrane is useful for
applications in photonics and signal processing.'> In Figure
4b, the graphene acts as a frequency-tunable modulator of light
requiring only a gate voltage to adjust its resonant frequency.
Of further interest is injection locking behavior,>” demonstrated
here using both electrical and optical pilot signals (see
Supporting Information). This behavior could be used to
synchronize two optomechanical resonators via electrical or
optical signals or for optomechanical amplification.

When I'gy is positive, the laser can be used to cool the
thermal motion of the membrane. At 1 = 718 nm, the area
under the Device 1 Brownian motion peak decreases by about a
factor of 2 when laser power increases from 1 to 2 mW (Figure
4c). We calculate the effective temperature T, by noting that
the width of the driven motion is also inversely proportional to
temperature:35

Lg _ T

T Ty

[9

©)

where T and I" are the temperature and damping at low laser
power, respectively. The width I'4 of the driven motion as a
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function of power is shown in Figure 4d. According to eq 3, the
temperature at P = 1 mW is 210 + 60 K, and the temperature at
P =2 mW is 100 + 40 K. These temperatures are consistent
with the change in area under the Brownian motion peaks. We
note that the laser-induced heating of the graphene at P = 2
mW is less than AT = 20 K at maximum possible absorption
(see Figure 2c and Supporting Information).

We consider the possibility of using graphene optomechan-
ical resonators for room temperature applications in force and
position sensing. The ability to resolve the thermal motion of
graphene indicates a position sensitivity of 600 fm/Hz"? for the
membrane laser-cooled to 100 K. This sensitivity is limited by
noise from the photodetector and corresponds to a force
sensitivity of 300 aN/Hz"/%, comparable to that of state-of-the-
art silicon cantilevers at room temperature® but achieved using
significantly smaller device dimensions. It could be further
improved by cryogenic cooling and taking advantage of
optomechanical effects®® or by incorporating the graphene
membrane into a high-finesse cavity.®

We also consider the application of graphene resonators to
future experiments in quantum mechanics. First, we evaluate
the minimum possible temperature that can be reached with
laser cooling via the photothermal effect:*®

Teff, min 1

T =1+Q/2

4)

which yields T, = 1 K when applied to Device 1 at T = 293
K. This is not sufficient to reach the quantum ground state of
the resonator at Tq = /iw/ky = 0.2 mK from room temperature.
However, the graphene resonator studied in ref 19 has a
resonant frequency of 75 MHz and Q = 9000 at 9 K, from
which optomechanical cooling to the quantum ground state is
possible according to eq 4. Although there is no fundamental
limitation that would prevent cooling to the ground state by a
photothermal effect,*”*" it is challenging because the cooling
effect must be strong enough to compensate for heating due to
absorbed laser power. We analyze these competing effects in
the Supporting Information and conclude that the strength of
the cooling effect observed here is large enough to cool the
aforementioned 75 MHz resonator from 9K to the quantum
ground state, assuming it could be engineered such that wy7 =
1. This result is attributable to the fact that the observed
photothermal effect is relatively large despite the low cavity
finesse. In Figure 3c we estimate VF = 0.01 N/m at 500 yW,
compared to VF = 0.001 N/m at 130 yW in ref 4. We note
that the optomechanical effect observed here is different in two
major ways from previously observed bimetallic expansion
effects in metal-coated cantilevers.* First, fully clamped
graphene membranes can utilize their intrinsic tension for
optomechanical feedback, whereas cantilevers have no such
tension. Second, graphene has unusually high thermal
conductivity,* which here enables feedback at nanosecond
time scales and could allow scaling of graphene optomechanics
into the GHz regime.

We have demonstrated photothermal back-action coupling to
a graphene membrane, with potential applications in photonic
signal processing and quantum electromechanical systems. The
ultimate limits of laser cooling by this technique require testing
at low base temperatures, where the quality factor will improve
and the thermal transport properties of graphene will differ. It is
also important to note that for other areas of optomechanics
that can benefit from low-mass membranes, such as coupling to
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clouds of laser-cooled atoms,* radiation pressure coupling
would be ideal. For this reason, investigation of alternate means
of optomechanical coupling to graphene and other two-
dimensional materials is needed. However, as a means of
achieving optomechanical coupling to graphene, the technique
described here has the advantage that the devices are simple to
fabricate and the effect is powerful without a high-finesse cavity,
obviating the need for further engineering. Compared to other
materials that have been used for photothermal optomechanics,
graphene resonators offer the advantages of strong mechanical
frequency tunability and an extremely low mass that enhances
their frequency-to-stiffness ratio. In general, graphene opto-
mechanical systems provide a way to strongly couple
mechanical, optical, and electrical degrees of freedom within a
single material, which will enable experimentation in mechan-
ical nonlinear dynamics.
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Further theoretical and experimental details demonstrating that
the optomechanical effect is generated by photothermal forces.
Description of devices and fabrication. Injection locking
behavior of graphene optomechanical systems and limits of
photothermal cooling. This material is available free of charge
via the Internet at http://pubs.acs.org.
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