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Optomechanics for thermal characterization of suspended graphene
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Yaroslav M. Blanter, Herre S. J. van der Zant, and Peter G. Steeneken
Kavli Institute of Nanoscience, Delft University of Technology, Lorentzweg 1, 2628 CJ, Delft, The Netherlands
(Received 15 February 2017; revised manuscript received 25 July 2017; published 13 October 2017)

The thermal response of graphene is expected to be extremely fast due to its low heat capacity and high thermal
conductivity. In this work, the thermal response of suspended single-layer graphene membranes is investigated
by characterization of their mechanical motion in response to a high-frequency modulated laser. A characteristic
delay time t between the optical intensity and mechanical motion is observed, which is attributed to the time
required to raise the temperature of the membrane. We find, however, that the measured time constants are
significantly larger than the predicted ones based on values of the specific heat and thermal conductivity. In
order to explain the discrepancy between measured and modeled 7, a model is proposed that takes a thermal
boundary resistance at the edge of the graphene drum into account. The measurements provide a noninvasive
way to characterize thermal properties of suspended atomically thin membranes, providing information that can

be hard to obtain by other means.

DOI: 10.1103/PhysRevB.96.165421

I. INTRODUCTION

Graphene is a two-dimensional material with a honeycomb
lattice consisting of carbon atoms [1]. Amongst its many
unusual properties, its thermal conductance has attracted major
attention [2,3]. Extremely high thermal conductivities have
been demonstrated up to 5000 W/(m K), well exceeding the
thermal conductivity of graphite [4,5]. These measurements
were performed by Raman spectroscopy, that uses the temper-
ature dependence of the phonon frequency [6]. By measuring
the thermal resistance R, which is the local temperature in-
crease AT per unit of heat flux A O, one can employ analytical
models of the heat transport to extract the thermal conductivity
of graphene k. This method allowed demonstration that the
thermal conductivity decreases when the number of graphene
layers is increased from 2 to 4 [7]. The method has been
subsequently improved, for example by better calibration of
absorbed laser power [8] or removing parallel conduction
paths through the air [9]. Also the amplitude ratio between
Stokes and anti-Stokes signals has been exploited [10] as an
alternative to the shift in phonon frequency. As an alternative
to Raman measurements, electrical heaters [11], pump probe
methods [12,13], scanning thermal microscopy [14], and
temperature sensors [ 15] have been used to study heat transport
in graphene, demonstrating length dependence of the thermal
conductivity [11] and a reduced thermal conductivity when
graphene is supported on silicon dioxide rather than freely
suspended [15]. Different groups have demonstrated a large
variety in thermal conductivity of pristine graphene between
2000 and 5000 W /(m K) experimentally [4,5,8—11,16-23] and
between 100 and 8000 W /(m K) theoretically [22], making the
thermal conductance of graphene a debated subject.

Besides these steady-state studies of the thermal properties
of graphene, it is of interest to study its time-dependent
thermal properties. The thermal response time of graphene
is expected to be one of the fastest known, due to its low
heat capacitance and high thermal conductivity. To obtain
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this response time, one needs to measure small temperature
fluctuations in suspended graphene at frequencies in the MHz
range. However, since suspended integration of temperature
sensors poses problems and optical techniques for temperature
measurement in suspended graphene like Raman do not
offer the temperature resolution and frequency bandwidth,
direct high-frequency temperature measurement in suspended
graphene is difficult.

In this work, it is therefore proposed to use the thermo-
mechanical response of suspended graphene to characterize
its thermal properties at MHz frequencies. This method was
previously used by Metzger et al. [24] to determine the thermal
time constant t of silicon cantilevers. Similarly, it is found that
the mechanical motion of suspended graphene is delayed by
a characteristic thermal time constant t with respect to the
intensity modulation of the laser that optothermally actuates
the membrane. This is attributed to the time necessary for
heat to diffuse through the system. The optomechanics thus
provides a tool for studying the dynamic thermal properties of
2D materials. Interestingly, it is found that the measured values
of 7 are much higher than those expected based on literature
values for the thermal conductivity k, specific heat c,, and
density p of graphene. Models and measurements of drums of
different diameters and on different substrates are analyzed in
order to account for the large value of 7. It is found that the
long characteristic time can be explained by a large thermal
boundary resistance at the edge of the drum.

II. EXPERIMENTAL METHODS

Single-layer graphene resonators are fabricated on top
of 300-nm-deep dumbbell-shaped cavities (see Fig. 1). Two
substrates are used, one with the cavities etched in a layer
of silicon dioxide and the graphene directly transferred on
top. The second substrate is coated with a layer of 5 nm
chromium and 40 nm gold before graphene is transferred. This
is done to help determine whether the thermal properties of the
substrate influence the measured characteristic thermal time.
Single layer graphene grown by chemical vapor deposition is
transferred over both chips covered with a protective polymer.

©2017 American Physical Society
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FIG. 1. Sample fabrication (a) Fabrication starts with a silicon die
with 280 nm thermally grown silicon dioxide. (b) Dumbbell-shaped
cavities were etched in the oxide layer. (c) Single layer graphene
grown by chemical vapor deposition is transferred on both chips with
a protective polymer. (d) The polymer is dissolved and the sample
is dried using critical point drying. This breaks the graphene on one
half of the dumbbell, creating a resonator with a venting channel
on the other half. (e) Image from a scanning electron microscope
(SEM) showing a successful device (3 um diameter) with the top
part broken and the bottom part whole. (f) Successful device (5 um
diameter) with the bottom part broken and the top part whole.

This polymer is dissolved and the sample is dried using
critical point drying (CPD) with liquid carbon dioxide. The
fluid forces in this process break one half of the dumbbell,
creating a resonator on the other half with a venting channel
that lets gas below the membrane escape when the vacuum
chamber containing the sample is purged. The graphene is
further characterized by Raman spectroscopy and atomic
force microscopy (AFM) to confirm it is single layer and
contamination levels are low (see Supplemental Material S1
[25]).

The interferometric setup shown in Fig. 2 is used to actuate
the membrane and detect the motion [34-38]. In this setup the
samples are mounted in a vacuum chamber with optical access.
Graphene’s motion is detected by cavity optomechanics using
a red He-Ne laser, where the suspended membrane acts as a
moving mirror and the bottom of the cavity as a fixed back-
mirror in a low-finesse Fabry-Perot cavity. The intensity of the
blue laser is modulated and heats up the membrane, which will
deflect due to thermal expansion. A vector network analyzer
(VNA) measures the transmission between the modulation
and the signal on the photodetector in a homodyne detection
scheme. Frequencies between 100 kHz and 100 MHz can
be measured in this setup. All measurements are performed
at pressures lower than 0.02 ubar, reducing gas damping
and heat transport through the gas. The red laser power was
1.2 mW incident on the sample and the blue laser power was
at 0.36 mW with a large power modulation of 67% in all
experiments.
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FIG. 2. Interferometry setup used to actuate and detect the motion
of the resonators.

III. THERMAL TIME CONSTANT

Here we identify the potential source for time delay between
the modulation of the blue laser and the mechanical response
in the measurement setup. The block diagram in Fig. 3(a)
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FIG. 3. Measurement method to determine the characteristic
thermal time of suspended graphene resonators. (a) Block diagram
showing how the deflection signal is transduced using optothermal
actuation. (b) The optical power of the blue laser causes a heat flux
in the graphene membrane. (c) This heat flux causes a temperature
profile in the sample that depends on position and time. (d) The
increased temperature in the drum causes the membrane to shrink,
since graphene has a negative expansion coefficient. This results in
the deflection of the graphene. (e) The deflection is detected by
interference with the red laser, in which the silicon substrate acts
as the fixed mirror and graphene as the moving mirror.
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identifies the elements and processes that play a role in
actuation and detection of the membrane’s motion. The mod-
ulated intensity of the blue laser is absorbed in the graphene,
generating a virtually instantaneous heating power [Fig. 3(b)]
since photoexcited carriers in graphene lose their energy
to phonons on time scales of a few picoseconds [39]. The
generated heat will increase the temperature of the membrane
and flow toward the substrate, resulting in a time-dependent
temperature increase of the membrane, where the temperature
is delayed with respect to the heating power [Fig. 3(c)]. The
temperature increase causes thermal-expansion forces that
deflect the membrane [Fig. 3(d)]. At frequencies far below
the resonance frequency the motion will be in phase with the
thermal-expansion force, especially since the quality factor
of the resonanator is typically higher than 100. The intensity
modulation of the red laser due to the interference effect that
is used to detect the motion [Fig. 3(e)] can be regarded as
instantaneous and will not cause a delay. The measurements are
corrected for other delays, related to delays in the instruments
(VNA, photodiode) and light path delays, using a calibration
procedure discussed in Supplemental Material S3.

It is thus concluded that in the frequency range below the
mechanical resonance, the delay between optical actuation
and deflection in Fig. 3 is nearly completely due to the delay
between heating power and temperature. A thermal system
with a single time constant 7, driven by an ac heating power
P,.e'", can be described by the heat equation

dAT 10 Pac 0
2= L2 = 4ot
dt T C

where AT is the temperature difference with respect to the
steady-state temperature, C is the thermal capacitance, and
T = RC is the thermal RC product. At frequencies signifi-
cantly below the mechanical resonance frequency, the thermal-
expansion induced amplitude z = ¢ AT is proportional to
temperature by an effective thermal-expansion coefficient .
Solution of the heat equation gives
iwt
20€'® = aRP,,

iwt +1° @
In Sec. S6 of the Supplemental Material a full derivation of the
complex amplitude z,,, including the mechanical damping and
inertia effects, is given based on derivations by Metzger et al.
[24,40,41]. This equation will be used to fit the experimental
data, with the parameters B = ¢« RP,. and t.

IV. EXPERIMENTAL RESULTS

An example of the measured magnitude and phase of the
deflection for a resonator with a diameter of 5 um on a cavity
in silicon dioxide is shown in Figs. 4(a) and 4(b) respectively.
In the 0.1-10-MHz range, the response is frequency dependent
with a decrease in magnitude as the frequency increases. Also
a phase delay is observed that increases as a function of
frequency. Note that the measured phase at low frequencies
is not O, but 180°. This is attributed to the small offset
in the deflection that the graphene membrane has; in some
membranes this was reversed in sign (indicated by a 0° phase
at low frequencies) as shown in the Supplemental Material S2.
Figure 4(c) shows a measurement result which is split into a
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FIG. 4. Typical measured frequency response function. (a) Mag-
nitude and (b) phase of the VNA signal after calibration, showing a
decrease in magnitude and a phase shift well before the resonance
frequency at 22 MHz. (c) Real and imaginary parts of the signal, with
a fit from Eq. (2) to the imaginary part. The expected real part from
this model is also shown in this plot.

real and an imaginary part. The imaginary part of the amplitude
Z» can be fit by Eq. (2), resulting in a value of characteristic
delay time of t = 159 ns, with a clearly observable maximum
at radial frequency w = 1/7. The real part of Eq. (2), with the
same B and 7, is shown in Fig. 4(c) showing a small offset
with respect to the data. The offset is attributed to optical
cross talk from the modulated blue laser, which can reach the
photodetector despite the optical isolation. The same effect
causes the difference between the model and the magnitude
and phase of the amplitude response [see Figs. 4(a) and 4(b)].

Values of t as a function of diameter for both the silicon
dioxide and the gold coated substrate are plotted in Figs. 5(a)
and 5(b), respectively. Each point in the graph indicates a
different drum resonator. A trend is observed where t increases
as a function of diameter. Furthermore, it is observed in Fig. 5
that there is a large variation in the value of t for drums
with the same radius. Repeated measurements of 7 on the
same device yield an estimated error of 8% and the scatter
observed here is therefore due to device-to-device variations.
Possible causes of the scatter will be discussed further
below.
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FIG. 5. Measured characteristic times compared for different
diameters. Dashed lines are fits to the data in order to examine the
scaling behavior of t. (a) t for single layer graphene suspended
on a silicon dioxide substrate, showing that both t and the spread
in T increase with diameter. (b) t for single layer graphene drums
suspended on a gold coated substrate.

V. MODELLING THE THERMAL TIME CONSTANT

The measured time constants in this work are significantly
larger than expected based on the intrinsic properties of
graphene. For example, Barton et al. [42] use an expression
that estimates the time constant based on the thermal properties
of graphene:

a’pc,

T ©)
where a is the membrane radius, p is the density of graphene,
¢, is the specific heat, and k is the thermal conductivity.
Using approximate values ¢, = 600 J/(kgK) (calculated in
the Supplemental Material S7), k = 2500 W/(mK), and
o = 2300 kg/m*® we obtain T = 0.3 ns for a 2-um drum
and T =2 ns for a 5-um drum. The observed values of 7
range between 25 and 250 ns, which is one to two orders of
magnitude larger than those predicted by Eq. (3). Even if the
most extreme values for ¢, and k are used, Eq. (3) gives a
lower t than measured. The theoretical limit for ¢, is given
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by the Petit-Dulong law (¢, = 2100 J/kg/K), and the lowest
experimental literature value for k is 600 W /(m K) [10]. Indeed
aquadratic fit to the values of 7 in Fig. 5 gives k = 36 W/(m K)
for graphene on silicon dioxide and £ = 66 W/(mK) on
gold. It thus appears that Eq. (3) cannot account for the
experimental 7.

We first consider the possibility that the thermal conduction
is limited by the substrate that supports the graphene resonator.
In order to investigate this, we compare the results obtained
on gold-coated and uncoated substrates. It is found that the
7 on the different substrates are similar [Figs. 5(a) and 5(b)],
despite the much higher thermal conductivity of the gold-
coated substrate. It is thus concluded that substrate effects are
not responsible for the observed value of t. This conclusion
is consistent with finite-element simulations (Supplemental
Material S5) of the system.

It is well known that a thermal resistance can be present
at the interface between two solids [43-48]. This effect
is called interfacial thermal (or Kapitza) resistance and is
caused by differences in the phonon velocities, which leads
to scattering that limits the phonon transport across the
interface. Several works have predicted interfacial resistances
in graphene using molecular-dynamics simulations [49,50].
Between suspended and supported graphene a value of the
boundary conductance of 2 x 10'© W/(Km?) was reported
[50]. Also, grain boundaries in graphene have been shown to
cause an interfacial thermal resistance [51]. Below we argue
that an interfacial thermal resistance between supported and
suspended graphene could account for the unexpectedly long
thermal delay times we measured.

The boundary resistance will cause the formation of a
temperature discontinuity at the interface between suspended
and supported graphene that can be modeled by Fourier’s law
[44]:

Tsus - Tsup
Rp

where Qp is the boundary heat flux, 7y is the temperature in
the suspended part of the graphene, and T, is the temperature
of the supported part. Rp is the thermal boundary resistance
and Gp is the thermal boundary conductance. In order to
estimate G g we use a thermal RC model, where the thermal
time 7 is given by the product of the heat capacity of suspended
graphene C and the thermal resistance R. It is assumed that
R is dominated by the interfacial thermal resistance Rp, such
that T becomes independent of k of graphene:

Op = = Gp(Tsus — Tsup)s (€]

C = c,phyma?, ®)

R = (Gph2ma)™", (6)

where h, is the thickness of single layer graphene. Combining
both expressions yields for the thermal time t
¢ =Pl
2Gp
This model thus predicts a linear dependence between t and a,
which is clearly different from Eq. (3). A linear fit to the data
yields good agreement for graphene on gold [Fig. 5(b)]. In
the case of graphene on silicon dioxide [Fig. 5(a)], a weighted
linear fit to the lower values of t produces better results, due

@)
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FIG. 6. Properties of the thermal boundary extracted from the measurements. (a) Thermal boundary conductance G 5 extracted using Eq. (7)
as function of diameter for the oxide sample and (b) for the sample covered with gold. (c) Histogram comparing all measured conductances
showing the similar distributions between both the oxide and gold datasets. (d) Transmission probability from the supported to the suspended
part of graphene for the oxide and (e) for the gold sample. (f) Histogram showing all obtained transmission probabilities.

to the large scatter in the 4- and 5-pum-diameter drums. The
slopes of the weighted fit on silicon dioxide and the fit on
gold yields nearly identical slopes within 5% of each other.
Furthermore, the linear fits all fall within the error determined
by the spread in 7, while the quadratic fit predicts too low
values of 7 for small diameters. From the slope of the linear
fits, we estimate that the boundary conductance lies near G g =
24 MW/(m? K).

To obtain a more accurate values of G g, we use Eq. (7) and
derive the thermal boundary conductance (Gp = pc,a/27)
from the measurements of t for each individual device as
shown in Figs. 6(a)-6(c). This shows that the value of the
thermal boundary conductance lies around 30 MW /(m? K).
For the purpose of extracting Gp the derived value ¢, =
600 J/(kgK) is used and a density of p = 2300 kg/m?.
Equation (7) has been verified using finite-element simulations
that include a thermal boundary conductance, confirming the
validity of neglecting the heat conductance k (Supplemental
Material S5).

In order to relate the derived value of G to the phonon
transmission probability across the interface, the following
expression is derived in Supplemental Material S7:

S IS U 7 R
pepa _az v g T seanm ®)
©2Gp 28wy By g mRlgo

L) Auck T?

Here cy; is the velocity of the jth phonon mode, j = z for
the flexural (ZA), j =1 for longitudinal (LA) and j =1t
for the transverse (TA) modes. The number 1 corresponds

to the suspended material. w;; is the integrated transmission
probability (the sum over each possible angle of incidence) of
phonons over the interface, kp is the Boltzmann constant, T is
the temperature, 7 is the reduced Planck’s constant, and A,
is the area of the unit cell of graphene.

By using Eq. (8), an average phonon transmission prob-
ability w is plotted in Figs. 6(d)-6(f) corresponding to the
boundary conductances in Figs. 6(a)-6(c). The average phonon
transmission probability is found to be w = 0.3 £0.2%.
Potential mechanisms that limit w are discussed below.

VI. DISCUSSION

It is worth discussing whether the model proposed in
Eq. (8) can account for the considerable scatter in the value
of 7 observed in the measurements in Fig. 5. Equation (8)
shows that potential causes are differences in the phonon
velocity c¢j; or in the transmission probability w;;. Tem-
perature variations only affect the flexural phonons and are
therefore expected to give too small a contribution to account
for the observed scatter. Device to device variations in the
transmission probability w;; due to boundary roughness [52]
and kinks [53] in the graphene due to sidewall adhesion [54]
might play a role. In addition mechanisms that can cause
phonon velocity variations between devices, like wrinkling
[23], contamination [55], and the presence of grain boundaries
[56] are potentially of influence. Since these mechanisms
might also affect the tension in the membranes, the cor-
relation between 7 and the resonance frequency is studied
(see Supplemental Material S4), however no significant
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correlation is found. It is thus not possible to identify the
microscopic mechanism that causes the scatter in v from these
measurements.

The tendency of the scatter in T to increase with diameter
is in accordance with Eq. (8), since 7 is linearly proportional
to the radius a. A notable exception to this trend is the 7-um
drums, which show significantly lower spread. Possibly this
is due to a selective mechanism, due to which large wrinkled
drums are eliminated by collapse on the cavity bottom [57]. In
order to reduce the scatter in t, further work on fabrication
methods (e.g., transfer, growth) is needed to improve the
uniformity of suspended chemical vapor deposition (CVD)
graphene drums. Once the scatter is reduced, variations in
device geometry can be used to further investigate the scaling
laws that govern thermal time constants in graphene. This can
also shed light on the role of interfacial thermal resistance and
its relation to microscopic thermal mechanisms.

VII. CONCLUSIONS

To summarize, a dynamic optomechanical method to
measure transient heat transport in suspended graphene is
demonstrated. The method does not require electrical contacts,
which allows high-throughput characterization of arrays of
devices. The method is used to characterize the thermal
time t of many graphene membranes. It is found that t is
a function of diameter and its value is much larger than

PHYSICAL REVIEW B 96, 165421 (2017)

expected based on existing models. Measurements on gold-
coated and uncoated silicon dioxide samples show similar
results, showing that T cannot be attributed to the substrate.
A potential cause for the large values of t is the presence of
an interfacial thermal resistance between the suspended and
supported graphene. From the measurements we determine
that a thermal boundary conductance with values of 30 +
20 MW/(m?K) can account for the measurements, corre-
sponding to alow phonon transmission probability on the order
of 0.3%.
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