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Resonant mechanics of high quality factor (Q) graphene coated silicon nitride devices have been
explored using optical and electrical transduction schemes. With the addition of the graphene layer,
we retain the desirable mechanical properties of silicon nitride but utilize the electrical and optical
properties of graphene to transduce and tune the resonant motion by both optical and electrical
means. By positioning the graphene-on-silicon-nitride drums in a tunable optical cavity, we
observe position dependent damping and resonant frequency control of the devices due to optical
absorption by graphene. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4823457]

Resonant electromechanical systems' and optomechan-
ical systems® with high quality factors have been studied for
applications such as ultrasensitive force measurements and
displacement sensing at the quantum limit.> They have also
found use in accelerometers and gyroscopes® and show prom-
ise for resonant sensing applications.> Silicon nitride has de-
sirable mechanical properties for microelectromechanical
devices (MEMS) and is relatively simple to fabricate. Ultra-
thin mechanical resonators made from silicon nitride have
been explored for optomechanics,” mass sensing,” and force
sensing® because of their high mechanical quality factors®™"!
(Q>10%, low masses, and low spring constants.
Recently, it has been shown that membrane Q can be
enhanced by the right choice of tensile stress, resonator size,
mode shape, and optimized fabrication techniques;”'%'?
quality factors of up to 4.4 x 10° can thus be achieved for a
15 nm thick silicon nitride membrane.” Such large area,
ultra-thin tensioned membranes are useful as optomechanical
elements™? whose mechanical degrees of freedom can be
easily controlled using light.>'""'* However, because of the
insulating nature of silicon nitride, some of the most desirable
characteristics of these high-Q resonators can only be trans-
duced optically. Electrical integration of these devices can be
achieved through deposition of a thin conducting layer on the
resonator surface. For metals, however, the thickness
required to form a continuous layer results in significantly
degraded Q and increased mass.'*"'® Metallization also adds
complexity in terms of stresses associated with thermal
expansion mismatch, causing the freestanding structures to
bend or buckle.

Graphene has been widely studied because of its unique
electronic,'” optical,'® and mechanical properties.'” Its light
mass and strong optical absorption make it an ideal candidate
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for achieving optomechanical coupling.'? Mechanical reso-
nant devices have been constructed of monolayer
graphene,”*>* but the mechanical quality factor, fabrication
yield, and durability of these structures are limited. Hybrid
silicon nitride-graphene (SiNG) devices that combine the
properties of both materials would greatly expand the range
of possible device applications, combining the desirable me-
chanical properties of silicon nitride with the electrical and
optical properties of graphene. In this article, we demonstrate
the electrical actuation of high stress silicon nitride mem-
branes using monolayer graphene in a tunable Fabry-Perot
cavity. We also present simultaneous detection of its resonant
motion using both optical and electrical means enabling the
comparison of the two detection schemes. Strong optical
absorption in the atomic monolayer graphene'® enables pho-
tothermal interaction with the high-Q silicon nitride mem-
brane, with associated frequency and damping tunability due
to tension modulation in the nitride. The electrical detection
of this optical interaction over the entire cavity detuning (z/1)
range is useful to understand the photothermal processes'” in
these heterostructures; it enables us to decouple the resonant
motion modulation due to optical absorption from the
position-sensitive optical detection scheme. These frequency-
tunable optically and electrically coupled systems have appli-
cations including oscillators, filters, and sensors.>> %7
Electrical integration of these high Q devices also enables us
to understand mechanical nonlinearities®®>" and provide
greater scope for quantum control and cooling.”'

Silicon nitride-graphene square drums of side length
100 um-400 pum were fabricated using potassium hydroxide
(KOH) etching of the backside of a silicon wafer. Chemical
vapor deposition (CVD) grown graphene was transferred on
top of a wafer containing suspended drums and patterned
using optical lithography. Electrical contacts to these
resonators were defined by patterning metal leads.>” These
graphene on silicon nitride devices are placed in close

© 2013 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4823457
http://dx.doi.org/10.1063/1.4823457
http://dx.doi.org/10.1063/1.4823457
mailto:vpa8@cornell.edu
mailto:hgc1@cornell.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4823457&domain=pdf&date_stamp=2013-09-30

143103-2 Adiga et al.

vacuum chamber
P < 10% Torr beam
splitter

Au contact single-layer Graphene
laser /
[. s 4= ~65nm Si;N,
L —— 920 nm SiO,
Si wafer
Ag mirror \y amplifier
on piezo stack )
P photodiode
electrical optical
detection detection
network
analyzer
e
.
V . ac drive \_ )

Appl. Phys. Lett. 103, 143103 (2013)

FIG. 1. Schematic of the experimental setup. Variation in the reflected light from a Fabry-Perot cavity formed between a graphene on silicon nitride membrane
and a piezo-controlled metallic mirror is monitored by a fast photo diode. A gate voltage, V,, is applied between the graphene and the metallic mirror to actuate
the resonator; this voltage has a DC component for tuning and an AC component at the drive frequency. Measuring the capacitively coupled current provides a
second means to readout mechanical motion. Inset: Combined scanning electron microscope (SEM) and optical micrograph of a typical SiING membrane reso-

nator showing the device layout. Scale bar indicates the suspended region.

proximity to a piezo-controlled metallic mirror that forms a
tunable optical cavity.’> Optical detection involves detecting
the change in the reflected laser light as the membrane moves
in the low finesse (F ~ [.2) optical cavity formed by the mem-
brane and mirror as shown in Figure 1. The metallic mirror
used in this cavity also acts as a conductive electrode which is
placed in close proximity to the resonator (<60 um), where
we apply a bias voltage to actuate and tune the resonance of
the SING membranes electrostatically under high vacuum
conditions (<2 X 10°° Torr). A fast photodiode and a net-
work analyzer are used to measure the time-varying compo-
nent of our reflected optical signal. This detected signal is
proportional to both the amplitude of the membrane’s motion
(Z(w)) and the change in cavity reflectance (R(z)) with respect
to membrane position (dR/dz).>* The amplitude of the capaci-
tively driven membrane motion is given by

1 Cy - 1

FH(w) = ——— 8V, ,
: f 0} — 0 +iwyw/Q

1
megy d 6 M

where C,=¢pA/d is the membrane-mirror capacitance, m.;

is the membrane’s effective mass, and A is the membrane
area. V,, Vg are the DC gate voltage and AC drive voltage,
respectively. my=2nfy and @ =2xf are the membrane reso-
nant frequency and the drive frequency, respectively. Our
electrical detection scheme involves the capacitive detection
of membrane motion,*? and the observed signal (/) is given
by [ = ia)C,(,,Vg — iwL;“)Cng. The first term here corre-
sponds to the total capacitive background (C,,), due to the
device (~1.5 pf) and all parasitic capacitance (~5 pf). The
second term is sensitive to membrane motion.

Figure 2 shows the typical gate tuning of the resonant
frequency, where the composite membrane only shows
capacitive softening®* in the applied DC gate voltage range.
At a given gate voltage, both optical and electrical resonant
responses show a Lorentzian behavior (Figures 2(d) and
2(e)), allowing us to extract the fundamental frequency
(fo=2.8 MHz), the full width at half maximum I', and the

quality factor (Q =f,/T") of the device. Electrically and opti-
cally detected signals give identical Q and resonant frequency
measurements (within fitting errors). For the fundamental
mode of a tensioned square drum, the resonant frequency is

given by fy zi zip, where g, p, L are stress, density, and

side length of the resonator, respectively. This yields a tensile
stress of 475 MPa in our 100 um membrane. As such, quality
factors of thin tensioned membranes scale approximately lin-
early with the aspect ratio (side length/thickness).” We have
measured quality factors of up to ~70000 for a 100 um? gra-
phene-on-silicon-nitride drum for the fundamental mode. A
similar 300 pum membrane yields Q~ 250000. Graphene
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FIG. 2. (a) Gate tuning resonant frequency of the 100 pum membrane,
detected using electrical means with zero laser power. Amplitude is in color
scale. The resonator shows capacitive softening in the measured voltage
range. Gate tuning detected using both electrical (b) and optical (c) means at
100 uW laser power. (d) Sample of raw electrical readout data with fit. Gray
data points show the same data with the parasitic capacitance contribution
subtracted, illustrating the Lorentzian signal as it appears in the color of (a)
and (b). (e) Sample of optical readout data with fit. Fits give f;, =2.8 MHz
and Q = 17 000.
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FIG. 3. (a) Electrical and optical detection of resonant frequency as a func-
tion of detuning of the cavity. Color scale indicates the amplitude of motion
in log scale. While the electrical signal is continuous (capacitive background
is subtracted from the data), there are positions in the cavity where optical
signal disappears (dR/dz vanishes). (b) Overlaid resonance frequencies from
fits of the electrical and optical readout data shown in (a). (c) Calculated re-
flectance of the optical cavity (purple) and absorption (green) by graphene
as a function of detuning of the cavity.

contributes marginally to the observed mechanical damping
of these structures.’

Figure 3 shows the optically and electrically detected res-
onant frequency response as the optical cavity is detuned by
stepping the piezo controlled mirror toward the membrane at
a fixed incident laser power (0.2 mW). The disappearance of
the optical readout signal corresponds to the positions in the
cavity where dR/dz vanishes. We see a corresponding phase
change in the optically detected signal.>’ The electrically
detected signal is continuous and shows an overall increase in
signal as the mirror approaches the membrane.*” The optical
detection scheme results in a better signal to noise ratio except
near the points where the cavity reflectivity is close to its turn-
ing point. However, optical detection also is responsible for
the associated photothermal interaction resulting in periodic
variations in the resonant frequency. We model this interac-
tion by calculating the cavity reflectance R(z) and graphene
absorption A(z) (Figure 3(c)) in the cavity using a standard
transfer matrix approach.32 A(2) in these calculations exceeds
the well known value of 7o~ 2.3% due to the cavity effect,
and the asymmetric cavity response is caused by reflections
within the nitride layer. The slight offset of the nodes (corre-
sponding to dR/dz = 0) in the optically detected signal relative
to the frequency extremes is indicative of additional losses in
the cavity—attributed here to absorption by the Ag mirror.
Figure 4(a) shows the electrically obtained resonant frequency
as a function of mirror position for several values of the inci-
dent laser power, with corresponding fits based on the calcu-
lated optical absorption of graphene in our system (Figure
3(c)). Nodal positions in the optical data were used to deter-
mine several cavity parameters in these fits based on dR/dz.
We observe that the magnitude of the frequency variation
(defined as the peak-to-peak frequency shift) scales linearly
with incident laser power (shown in Figure 4(b)).

Both optically and electrically obtained data suggest
that the mechanism responsible for resonant frequency shifts
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FIG. 4. (a) Resonant frequency of the membrane as a function of incident
optical power and cavity detuning measured using electrical detection.
Oscillations in the frequency are associated with optical absorption by the
graphene and its effect on the tensile stress of the bilayer membrane. (b)
Maximum frequency variation of the device as a function of incident laser
power, with a linear fit. (¢) Measured damping shifts at 195 uW laser power,
in part due to the photothermal feedback on the membrane.

in our devices is local heating in the membrane resulting
from optical absorption by the graphene. Such heating leads
to a lowering of the membrane’s tensile stress through ther-
mal expansion of the silicon nitride. In the low optical
power limit, this results in a frequency shift that varies with

A EsivasivAT
temperature as IR 20

, where Eg;y and og,;y are the

Young’s modulus and thermal expansion coefficient of
nitride, and AT is the temperature shift due to optical heat-
ing. The numerator in this expression is the change in tension
caused by expansion of the nitride and ignores contributions
from graphene contraction since the graphene thickness is
small compared to silicon nitride and has minimal affect on
the overall mechanics. To lowest order, the temperature rise
can be approximated by assuming a circular membrane and
solving for the equilibrium heat flow radially outward from
the laser spot. Including heat dissipation through both the
graphene and the nitride, the steady state temperature differ-
ence between the membrane edge and the laser spot is

In(L/D
AT = fSiNk.Sf/:}Zi‘kaG ( / )
power and D is the laser spot diameter. tg;y, f; are the thick-
nesses of the two materials, and kg;y, kg are the thermal con-
ductivities (30 W/m K for nitride and 5 x 10* W/m K for
graphene). With a laser spot diameter of ~8 um, graphene
absorption of 5% inside the cavity (see Figure 3(c)), and
incident power of 195 uW, we thus expect a temperature rise
of ~1.3 K. This results in a maximum frequency variation of
Af=—2.7 kHz, which is an overestimate (in magnitude)
since we have taken the mean membrane temperature to
be that directly at the laser spot. This is, however, in excel-
lent agreement with the measured frequency variation of
—2.2kHz (Figure 4(b)).

While the optical signal strength exhibits variations pri-
marily due to its dependence on dR/dz, the electrical signal
amplitude shows periodic variations™? mainly due to changes
in the effective damping of the resonator (Figure 4(c)). In the
absence of the incident optical illumination, no such

Here, P, is the absorbed optical
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variations are observed. Such damping variations resulting
from photothermal forces have been observed in bilayer
materials*®?’ and tensioned graphene drums.'? Similar
effects are possible in our system, with local bimetallic
expansion of the membrane breaking the system symmetry
and applying a feedback force in the direction of motion.
Such a force would be time delayed by the membrane ther-
mal relaxation time and would affect both device frequency
and damping. Estimates of this time constant®® (w1 ~ 2000)
indicate that this effect would play a significant role in
damping variations but would have a negligible effect on the
frequency.*” This model predicts an effective damping?®>’
of Iepp =T(14 05 S %), where K is the membrane
spring constant and VF is the gradient in the bilayer force
(w.r.t. mirror position) experienced by the membrane. The
expected damping shift should thus vary as dA(z)/dz.
However, such a model was found to have systematic devia-
tions from our measured damping shifts.** Thus, this is likely
not the only mechanism influencing the damping of our devi-
ces, and further studies, including influence of nonlinear-
ities,”" are required to understand the feedback forces in
these heterostructures.

We have demonstrated the electrical actuation and
detection of high Q silicon nitride membranes using a gra-
phene coating to provide a conductive layer for electrical
readout in a tunable Fabry-perot cavity. Optical absorption
by graphene in the cavity results in position-dependent mod-
ulation of the tension in the silicon nitride, leading to dis-
cernible resonant frequency shifts due to the high Q of the
silicon nitride/graphene resonator. Damping in silicon
nitride/graphene membranes strongly depends on their posi-
tion in the cavity, indicating a photothermal force on the
membrane. The resonant motion of this system can thus be
effectively enhanced or dampened at will and is coupled
with resonant frequency control. Resonant frequencies of
these high-Q systems can also separately be tuned in situ via
DC gate voltage. Graphene on silicon nitride heterostructure
systems thus provide for independently varying the mechani-
cal, optical, and electrical degrees of freedom of low-mass,
high-Q devices. Integrating the device with a smaller gate
distance should enable utilization of the transconductance
properties of graphene. Furthermore, improving the quality
factor and adjusting 7 via device dimensions will further
enhance the photothermal interactions, potentially leading to
photothermal self-oscillation of these systems which can be
both detected and controlled using electrical means.
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