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Abstract
Thermal management is an important challenge in modern electronics, avionics, automotive, and
energy storage systems. While passive thermal solutions (like heat sinks or heat spreaders) are often
used, actively modulating heat flow (e.g. via thermal switches or diodes) would offer additional
degrees of control over the management of thermal transients and system reliability. Here we
report the first thermal switch based on flexible, collapsible graphene membranes with low
operating voltage (∼2 V) and thermal switching ratio up to ∼1.3. We also employ active-mode
scanning thermal microscopy to measure the device behavior and switching in real time. A
compact analytical thermal model is developed for the general case of a thermal switch based on a
double-clamped suspended membrane, highlighting the thermal and electrical design challenges.
System-level modeling demonstrates the thermal trade-offs between modulating temperature
swing and average temperature as a function of switching ratio. These graphene-based thermal
switches present new opportunities for active control of fast (even nanosecond) thermal transients
in densely integrated systems.

1. Introduction
Advances in modern technology have been accompanied by a surge in energy consumption and a growing need to control energy dissipation of electronics,
from mobile devices to data centers [1]. Controlling
energy lost as waste heat is not only desirable for
increasing the energy efficiency of electronics but
also critical for improving device reliability and
lifetime [2]. Modern thermal management methods for electronics often include macroscale heat
exchangers, such as heat sinks, heat pipes, or phase
change approaches [3, 4]. These examples can be
understood as passive thermal components, similar
to thermal resistors and thermal capacitors. However, when compared to analogous electrical devices,
thermal management is limited by a lack of active
thermal devices, such as thermal transistors, switches,
© 2021 IOP Publishing Ltd

or diodes [5], that would be capable of manipulating
heat flow in a controlled manner, similar to the routing of electricity.
A fundamental difference between active electrical components and (the relative lack of) active
thermal components is that electrons obey Fermi–
Dirac statistics, meaning their Fermi level can be
manipulated by a gating voltage. However, heat in
electronic materials is typically carried by lattice
vibrations (phonons) which obey Bose–Einstein statistics, and cannot be ‘gated.’ Instead, phonons could
be manipulated by differences in temperature, density of states, mass density [6] or by geometrical and
mechanical methods such as spatial confinement and
physical switching.
Among active thermal devices, thermal switches
could offer the ability to regulate temperature transients and reduce thermal fatigue over concentrated
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regions. A thermal switch relies on non-thermal parameters such as electric field, electrochemical potential, or pressure, to alter the device thermal conductance [5]. Several technologies have been reported for
thermal switching, including liquid metal actuation
[7, 8], ion intercalation between layered materials [9],
externally biased phase change materials [10], and
micro-electro-mechanical systems (MEMS) [11–14].
However, these devices have typically low thermal
switching ratios or slow operation, which limits their
potential use.
In this work, we demonstrate the first active
thermal switches based on reversible, collapsible
graphene membranes. These novel devices operate at
low voltage (∼1–4 V with most close to ∼2 V) and
could be reduced to nanoscale dimensions, operating at lower power and higher frequency. In comparison, similar thermal switches have been made
with electrostatically collapsible metal membranes
[11–14], however their utility is limited by high operating voltages, from 12 V to 126 V, in part due to the
thickness of the metal membranes used. In contrast,
graphene is an electrically and thermally conductive two-dimensional (2D) layer of carbon atoms that
is ∼3.35 Å ‘thick,’ with the highest intrinsic tensile
strength, stiffness, and in-plane thermal conductivity (2000–4000 W m−1 K−1 when suspended) of any
material, comparable only to that of carbon nanotubes and diamond [15, 16]. Graphene has already
been demonstrated as a promising material in nanoscale electro-mechanical switches (NEMS) [17–19],
yet despite its high thermal conductivity, it has not
been previously explored as a thermally conductive
switching membrane.

onto 540 nm thick thermally grown SiO2 on highly
doped (n-type, 1–5 mΩ cm) Si substrates (supplementary section 1 (available online at stacks.iop.org/
2DM/8/035055/mmedia)). The active regions of the
graphene devices were defined using optical photolithography, a copper hard mask, and O2 plasma
etching leaving graphene channels free of photoresist
residue. Top electrodes consisting of a 3 nm Cr sticking layer and 40 nm Au were deposited by electron
beam evaporation which clamped the graphene to
the substrate. This served both as an etch mask for
the SiO2 and as a top electrode for the final device.
Approximately 500 or 540 nm of unmasked SiO2 was
removed with 20:1 buffered oxide etch (supplementary section 2), releasing the graphene membranes,
which were then dried using a critical point dryer.
The resulting graphene structures were thus suspended over SiO2 pillars without collapse. An additional
type of device was fabricated in which 3 nm thick Cr
lines in varying geometries were deposited over the
graphene, as will be shown below.
For electrical characterization, the underlying
oxide was fully removed so that the graphene could
electrically contact the underlying highly doped silicon, which served as a bottom electrode. For devices
characterized thermally, the remaining 40 nm of SiO2
were left to electrically insulate the scanning thermal
microscopy (SThM) probe and circuit from the in situ
electrical measurement setup (supplementary section
2). The graphene devices range in length from 12 to
24 µm, and their suspension was verified using tilted
scanning electron microscopy (SEM), as shown in
figure 1(b). Suspension and collapse of the electrically actuated membrane was also observed under an
optical microscope during switching.

2. Experimental work
Figure 1(a) shows an illustrated schematic of the
graphene thermal switch device. Graphene microribbons are suspended over thermally and electrically insulating pillars between top (metal) and bottom (silicon) electrodes. In this ‘off ’ state, the device
demonstrates limited heat flow in the cross-plane direction. The switch is turned ‘on’ by applying a voltage
V A between the top (Cr/Au) and bottom (Si) electrodes to electrostatically deflect the graphene until
it contacts the underlying silicon electrode. In the
‘on’ state, the deflected graphene membranes become
channels for additional cross-plane heat flow. When
the electrical bias is removed, the elastic restoring
force of graphene causes the membrane to suspend,
returning the device to the off state.
2.1. Device fabrication
Our devices were fabricated using high-quality
monolayer graphene grown by chemical vapor deposition (CVD) [20–22]. We sequentially transferred two
layers (2L) of CVD graphene (each ∼3.35 Å thick)
2

2.2. Thermal measurements
The design and dimensions of our graphene-based
devices present a unique thermal metrology challenge. Due to structures that are <5 µm in lateral
dimension, the spatial resolution of common optical
characterization techniques such as infrared microscopy or time domain thermoreflectance is insufficient. Confocal Raman thermometry has sub-micron
spatial resolution [23], however it cannot be applied
to the metal regions at our device contacts, which is
necessary to thermally characterize the heat flow in
both the off (suspended) and on (collapsed) states.
We therefore use SThM, with ∼100 nm spatial resolution, to evaluate heat flow in such NEMS devices
for the first time.
SThM is an atomic force microscope technique
that uses a V-shaped tip whose electrical resistance is
a function of temperature. This probe tip can act simultaneously as a heater for our measured device, and
as a temperature-dependent variable resistor within a
Wheatstone bridge circuit [24–27]. When the device
is switched, the increase of cross-plane heat flow
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Figure 1. (a) Schematic of the electrostatic thermal switch based on a graphene membrane. The arrows indicate parallel heat flow
paths, through the supporting pillar and through the graphene membrane, when this is collapsed. (Also see parallel thermal
resistors in figure 2(b)). (b) Tilted, colorized SEM images of the fabricated device in the off state when the graphene is suspended
and the on state when the graphene membrane is collapsed. Scale bar is 5 µm.

Figure 2. (a) Schematic and thermal resistance circuit of SThM measurement setup, as the graphene is suspended in the off state.
(b) Schematic and thermal resistance circuit of SThM thermal measurement setup, as the graphene is collapsed in the on state. The
red region illustrates the heat flow path from the SThM tip, through the graphene, into the substrate. (c) Measured voltage change
in SThM circuit vs time and applied actuation voltage vs time. SThM voltage change is observed as a result of change in thermal
conductance when the device is switched from off to on state. The anomaly at time ∼90 s likely corresponds to the SThM tip
temporarily losing contact with the metal. We note this device became stuck in the ‘on’ state after holding V A for 10 s of seconds.

through the collapsed graphene causes a corresponding temperature decrease and electrical resistance
change of the SThM probe tip, which is reflected in
the change of SThM circuit voltage, ∆V SThM . (Additional details of SThM are provided in supplementary
section 3).
As shown in the schematic of figure 2(a), we place
the SThM probe tip in contact with our top electrode
at a fixed location near the graphene-metal edge. We
employ active-mode SThM whereby the tip is electrically heated at a constant power, and we wait for
the tip to reach thermal steady state. When we ramp
the voltage up to 5 V between the top and bottom
electrodes of our thermal switch, the graphene membrane collapses as depicted in figure 2(b), inducing a
measurable voltage change of the SThM tip, as shown
in figure 2(c). This represents clear evidence of the
dynamically changing heat flow path from the SThM
3

tip, through the graphene membrane, and into the
substrate. Figures 2(a) and (b) display a schematic
of the thermal circuit in the off (suspended membrane) and on states (collapsed membrane). Because
we are measuring differences in tip voltage, ∆V SThM ,
these measurements automatically eliminate extrinsic
thermal effects (such as thermal convection, thermal
radiation, and thermal contact resistance) between
the off and on device states. We note the lateral resolution of the SThM is ∼100 nm and its voltage uncertainty ranges from 3.3 mV to 28.8 mV in the off
and on states in figure 2(c), respectively. (Additional
details in supplementary section 3).

3. Results and discussion
From the SThM voltage changes between the off
and on states of the graphene membrane device, we
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calculate the resultant thermal switching ratios as
follows:
(
)
1 Rprobe
∆T = Qin Rth =
−1
(1)
α
R0
where ∆T is the temperature rise of the SThM tip
above ambient, Qin is the electrical power heating
the SThM tip, Rth is the thermal resistance between
SThM tip and thermal ground (figure 2(c)), R0 is the
electrical resistance of the SThM probe at room temperature, and α is the temperature coefficient of resistance of the Pd tip [28]. Then, the off/on thermal
switching ratio (Rratio ) of the device is
Rratio =

Rth,off
∆Toff
=
=
Rth,on
∆Ton

Rprobe, off
R0
Rprobe, on
R0

−1
−1

(2)

where Rprobe is the measured electrical resistance of
the SThM tip.
We measured 27 devices made with 2L graphene
and found their mean thermal switching ratio was
1.08 ± 0.02. This did not appear to scale with the
length of the suspended membrane, suggesting that
strain-related changes to the graphene thermal conductivity [29] are negligible here, ostensibly due to
wrinkling apparent in our suspended devices (see, e.g.
figure 1(b)).
We placed the SThM probe tip within 1 µm accuracy at the edge of our top electrode immediately adjacent to the graphene switching membrane. We carried out finite element simulations to determine the
effect of SThM probe placement and collapse length
of the switching membrane on the thermal measurement (supplementary section 3). Our models considered the cases of the tip placement immediately at
the center of the 5 µm wide top electrode (2.5 µm
away from the graphene), and near the edge of the
graphene–electrode junction (200 nm away from the
graphene, corresponding to the diameter of the SThM
tip). Given that during measurements the SThM tip
was placed within 1 µm of the graphene–electrode
junction, it is estimated from the finite element model
(supplementary section 3) that the error from tip
placement in measuring the thermal switching ratio
is <0.02.
3.1. Compact analytical model
To gain physical insight for optimizing the thermal
switch design, we developed a compact analytical
model of the thermal switching ratio. The thermal
switching ratio is defined as the ratio of the off-state
thermal resistance to the on-state thermal resistance,
given by:
Rratio =

Rth,off
tstack
≈ 1+
Rth,on
kstack · Lcontact
(
) −1
Rth,boundary
Ltotal − Lcollapse
×
+
Lcollapse
kmembrane tmembrane
(3)
4

where t stack is the height of the insulating pillar and
kstack its thermal conductivity, while t membrane and
kmembrane refer to the thickness and thermal conductivity of the switching membrane, respectively, illustrated in figure 3(a). Lcontact is the length of the metal
contact clamping down the switching membrane and
Ltotal is the total length of the free-standing membrane in the off state. Lcollapse is the length of the collapsed region after the device is switched on, and is a
function of the applied voltage based on an electrostatic model (supplementary section 4). The thermal
boundary resistance of the collapsed graphene with
SiO2 is Rth,boundary ≈ 2 × 10−8 m2 K W−1 [6, 30].
We used our thermal model in conjunction with
a modified electrostatic model developed by Bao
et al [31] (supplementary section 4) to simulate the
expected thermal switching ratios as a function of
applied voltage. Figure 3(b) shows the abrupt change
in thermal switching ratio at the mechanical pull-in
condition. We note that while the measured thermal
switching ratio is comparable to the results of the
compact model, the measured switching voltage is
significantly lower than the predicted values. This
observed low voltage switching is most likely due to
a graphene membrane which was not initially taut,
whereas the model is based on a taut membrane
with no initial deflection. For example, during the
polymer-assisted transfer process wrinkles are introduced to the graphene on a flat substrate. Upon
suspension and release, the wrinkles unfold under
the strain of the now doubly clamped suspended
graphene membrane [32].
We derived our device design principle based on
the compact model, with consideration for electrical
and thermal parameters. From an electromechanical
perspective, we designed the suspended structure to
have low height-to-length aspect ratio, and a thin
(sub-nanometer) switching membrane in order to
minimize the actuation voltage. We fabricated membranes ranging from 12 to 24 µm in length (Ltotal ),
with an average actuation voltage of 2.2 V; these are
all much lower than ∼40 V in [31], which used ∼3 µm
long graphene membranes. However we observed no
trend of the actuation voltage vs membrane length
(see supplementary figure S6), ostensibly due to variations in wrinkling right after fabrication, as noted in
figure 1(b). On the other hand, from a thermal perspective, our model shows that it is critical to minimize off-state thermal leakage, either through materials selection or by increasing the height of the device
support pillars, and a thicker switching membrane to
maximize on-state thermal conductance.
Our compact model predicts that while a device
with a membrane consisting of multiple (∼10) layers
of graphene has an improved thermal switching ratio,
it is also predicted to have a significantly increased
switching voltage compared to a device with only two
graphene layers. To increase the switching membrane
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Figure 3. (a) Cross-section schematic of the device showing parameters of the compact model. (b) Calculated change in thermal
conductance vs applied voltage based on the compact analytical model, for three different scenarios: two layers (2L) of graphene,
ten layers (10L), and 2L with 20 nm thick Cr serpentine and low thermal conductivity aerogel under the metal contacts instead of
SiO2 . (c, d) Tilted SEM images of suspended graphene devices patterned with additional serpentine Cr lines in the off (suspended)
and on (collapsed) states. Scale bar is 5 µm. (e) Summary of measured thermal switching ratios across all our devices. For devices
with only 2L graphene, the average Rratio of 27 devices is shown, with error bars indicating standard deviation.

thickness and thermal conductance in a facile manner, we deposited additional lines of 3 nm thick chromium (Cr) over the graphene in various geometries
(supplementary section 5). We made devices with two
parallel line Cr beams over the graphene, and were
able to measure an improved thermal switching ratio
up to 1.13, as shown in figure 3(e).
We also patterned serpentine Cr structures over
the graphene as shown in figures 3(c) and (d),
which increased the coverage of metal on graphene
while remaining flexible enough to not significantly
increase the switching voltage of the device. These
devices reached thermal switching ratio up to 1.28
(see figure 3(e)) with an average actuation voltage
of V A ≈ 3.5 V. The graphene integration in such a
NEMS structure is critical, because the taut underlying graphene allows the flexible serpentine metal
to remain suspended. Figure 3(e) summarizes the
measured off/on ratio for all graphene-based thermal
switches measured in this work and supplementary
figure S6 summarizes all switching voltages. Based on
our thermal model described above, several improvements can yet be made to optimize the thermal performance of such a graphene switch. For example, if
SiO2 is replaced with low thermal conductivity dielectrics such as porous silica or alumina aerogels with
thermal conductivity of ∼0.1 W m−1 K−1 , and serpentine metal lines of 20 nm thick chromium are patterned over 50% of the graphene, a thermal switching
ratio Rratio > 2 could be achieved according to our calculations, as shown in figure 3(b).
3.2. System level simulations
There are several temperature-dependent failure
mechanisms in microelectronics, including packaging thermomechanical failure, metal diffusion,
5

and leakage currents which exponentially increase
with temperature [2]. One promising application of
thermal switches is thermal regulation, as discussed in
[5]. When deployed as a thermal regulator, a thermal
switch is able to reduce the temperature fluctuation of
a microelectronic component or system undergoing
time-varying heat loads, thus reducing its thermal
fatigue [5]. This section analyzes the thermal system
and periodic operating condition shown in figure 4(a)
to provide insight into the impacts of the thermal
switching ratio on temperature regulation. The system consists of a periodic heat source Q, which represents the heating of a CPU or power inverter, with
period P and duty-cycle D, where 0 < D < 1. This
heating source has a temperature T d and a thermal
capacitance Cd . The thermal switch with thermal resistance, Rth , is placed between the heat source and a
heat sink with constant temperature, T s . To achieve
thermal regulation, the thermal switch is operated
as shown in figure 4(b), such that it is ‘on’ during
the heat load, Rth = Rth,on , and ‘off ’ in between heat
loads, Rth = Rth,off . Thus, the thermal switch is capable of reducing the amplitude of the temperature
oscillations, T amp = T max − T min , when compared
to the case where the thermal switch is always on.
However, this reduction in amplitude comes at the
cost of increasing the average temperature of the system, T ave = 0.5 (T max + T min ). Thus, the goal is to
design a thermal switch that minimizes T amp without
significantly increasing T ave .
To determine the effects of the thermal switch
ratio, Rratio , on T amp and T ave , the differential
equation for the device temperature is given by
Cd

dTd
1
= Q−
(Td − Ts ) .
dt
Rth

(4)
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Figure 4. System-level impact of thermal switch. (a) Thermal circuit of thermal switch with heat load. (b) Schematic plot
demonstrating proposed switching with a variable heat load and resultant temperature swing. (c) Plot of temperature swing
amplitude and average temperature as a function of thermal switching ratio for a 1 × 1 cm system with 100 W heat operating at
kHz frequency.

Analyzing each of the two modes of operation it
is possible to derive the following analytical relationships for T amp and T ave :
(
Tamp = Rth,on Qon

)(
)
1 − e−θφ 1 − e−θ
1 − e−θ(1+φ)

(5)

(
)(
)
1 + e−θφ 1 − e−θ
1
Tave = Ts + Rth,on Qon
(6)
2
1 − e−θ(1+φ)
where θ = DP/ (Cd Rth,on ) and ϕ = (1/Rratio ) ∗
(1/D − 1). While these relationships are applicable to
any thermal switch design and operation, it is valuable
to consider a particular case to observe the benefit of
the thermal switch. For a 1 × 1 cm area representative of the periodically heated system, the parameters
can be approximated as Qon = 100 W, P = 10−3 s,
D = 0.1, Cd = 1.7 × 10−4 J K−1 , and T s = 20 ◦ C.
Assuming the thermal switch is designed to achieve
′
on-state resistivity Rth,on
= 10−4 m2 K W−1 (per
area), figure 4(c) shows the effect of Rratio on T amp
and T ave .
The results of this model demonstrate there is an
optimal switching ratio where the temperature swing
amplitude can be reduced at the cost of increasing the
average temperature. Figure 4(c) illustrates that with
no thermal switching (Rratio = 1) thermal spikes in
the form of temperature swing amplitude may exceed
40 ◦ C. As Rratio increases, the temperature swing
decreases while the average temperature increases.
However if Rratio is too high, the average temperature
of the system can increase to the point of inducing
failure (e.g. interconnect failure in microelectronics
6

[2]). Under the above state conditions, in this model
we find that Rratio > 10 would not be optimal from
a thermal budget perspective. The parameters also
highlight the significance of geometry, materials, and
switching speed on the system-level impact of thermal
switches (supplementary section 6). The equivalent
thermal resistance of the thermal switch is ideally low
in the on- and high in the off-state for a better switching ratio. However, if either state has high thermal
resistance, the average temperature of the system will
rise. Moreover, at higher switching speeds the thermal
switch becomes limited by its thermal time constant
and the thermal switching ratio has less impact on
the temperature swing amplitude. Both of these results highlight the need for high thermal conductivity
materials with low thermal boundary resistance interfaces in the design and implementation of thermal
switches.
3.3. Reversible cycling
Reversible cycling of the thermal switch was verified
by electrical measurements and thermal testing by
SThM. Voltage pulses of 1.5 V amplitude and 30 s
width were applied to the device and the cross-plane
current through the graphene to the Si substrate was
measured, as shown in figure 5(a). (The cross-plane
electrical measurement was enabled by extending the
liquid etch to remove all underlying SiO2 , allowing
the graphene to contact the underlying Si.) A gradual
decrease of on-state current is attributed to electrostatic attraction of ambient particles and possible
damage of the graphene at the edge contacts. However, we can verify the graphene is fully suspended in

2D Mater. 8 (2021) 035055

M E Chen et al

Figure 5. Repeatability of electrical and thermal switching. (a) Measured current between top electrode and Si substrate when the
graphene membrane is actuated by a train of voltage pulses. (b) Measured SThM voltage as a function of time as the graphene
membrane is repeatedly collapsed and released (suspended). The bottom (low) ∆V SThM values correspond to the collapsed state
of the graphene switch.

the off-state, as the off-state current reaches the noise
floor of the measurement (∼pA).
To directly measure thermal resistance switching,
we used the SThM probe tip to mechanically collapse
and suspend the graphene membrane, by pushing
on the graphene near the electrode edge. Figure 5(b)
displays this measurement, clearly demonstrating
repeatable thermal cycling, where the changes in
∆V SThM correspond to changes in the heat flow path
between the SThM tip and the Si substrate. These
measurements show a switching frequency of 0.8 Hz,
which is limited by the scanning rate of the SThM
tip. However, previous studies have shown NEMS resonators made with suspended graphene can reach
the MHz range [33], suggesting that such thermal
switches may be among the fastest achievable. Speed
of switching may not be limited by mechanical resonance alone; we must also consider the thermal time
constant of the device, or how quickly the device can
heat and cool. The thermal time constant is given by
τ ≈ ρcp VR where R is the thermal resistance, cp the
material specific heat, ρ the material density, and V
the volume of the body. Dollerman et al [34] have
measured 25–250 ns as the thermal time constant
for 2–5 µm wide suspended graphene membranes.
The thermal time constant will further increase when
factoring in the additional thermal boundary resistance of graphene as it makes contact with the underlying substrate.
One common concern with MEMS reliability
is the issue of stiction, or irreversible collapse of
the membrane [17]. Variables that may mitigate the
effects of stiction for our device include the surface
roughness of the underlying substrate and the number of graphene layers, both of which impact the
adhesion energy between graphene and the bottom
surface. This occurs because the bending modulus of
graphene increases with number of layers, which in
turn impacts its ability to conform to a nano-textured
surface [35, 36]. A circular switch structure could

7

minimize graphene tearing and reduce graphenesubstrate contact area for a more mechanically reliable switch [37]. However, these methods of reducing
stiction are likely to be accompanied by a trade-off
in thermal switching ratio, as diminished graphene
adhesion is expected to increase thermal contact resistance, and a circular switch geometry would introduce additional thermal leakage paths.

4. Conclusions
In conclusion, we designed and fabricated the first
graphene-based NEMS thermal switch and demonstrated multiple, reversible electrical and thermal
switching at low electrostatic actuation voltages
(∼2 V). We have also realized the first practical
demonstration of thermal metrology for a NEMS
device using active mode SThM. A compact analytical model shows the thermal performance of our
device can be improved by adding flexible metal
structures stacked on atomically thin membranes.
This is experimentally demonstrated using graphene
switches patterned with overlying serpentine Cr lines,
which reach close to ∼1.3 thermal switching ratio.
Additional modeling demonstrates the effect of active thermal switching on a system under varying
heat load, and illustrates the trade-off between reducing temperature swing and average temperature as
a function of thermal switching ratio. The results of
this work demonstrate the feasibility of implementing high thermal conductivity materials in nanoscale
thermal switches, and are essential for the future
design and implementation of active thermal management for densely integrated systems.
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2D Mater. 8 (2021) 035055

M E Chen et al

Acknowledgments
Fabrication and experiments were performed at the
Stanford Nanofabrication Facility (SNF) and Stanford Nano Shared Facilities (SNSF), funded under
National Science Foundation (NSF) Award ECCS1542152. This work was supported by the NSF Engineering Research Center for Power Optimization of
Electro Thermal Systems (POETS) with cooperative
Agreement EEC-1449548, and by ASCENT, one of
the six centers in JUMP, a Semiconductor Research
Corporation (SRC) program sponsored by DARPA.
M E C acknowledges support from the NSF Graduate Fellowship under Grant No. DGE-1656518. S M
B and E P acknowledge support from the Stanford
SystemX Alliance.

ORCID iDs
Michelle E Chen  https://orcid.org/0000-00016508-9163
Miguel Muñoz Rojo  https://orcid.org/0000-00019237-4584
Aditya Sood  https://orcid.org/0000-0002-4319666X
Stephanie M Bohaichuk  https://orcid.org/00000003-2705-4271
Christopher M Neumann  https://orcid.org/00000002-4705-9478
Andrew G Alleyne  https://orcid.org/0000-00021347-9669
Eric Pop  https://orcid.org/0000-0003-0436-8534

References
[1] Pop E 2010 Energy dissipation and transport in nanoscale
devices Nano Res. 3 147–69
[2] Wondrak W 1999 Physical limits and lifetime limitations of
semiconductor devices at high temperatures Microelectron.
Reliab. 39 1113–20
[3] Schelling P K, Shi L and Goodson K E 2005 Managing heat
for electronics Mater. Today 8 30–5
[4] Kandasamy R, Wang X Q and Mujunidar A S 2007
Application of phase change materials in thermal
management of electronics Appl. Therm. Eng.
27 2822–32
[5] Wehmeyer G, Yabuki T, Monachon C, Wu J Q and Dames C
2017 Thermal diodes, regulators, and switches: physical
mechanisms and potential applications Appl. Phys. Rev.
4 041304
[6] Vaziri S et al 2019 Ultrahigh thermal isolation across
heterogeneously layered two-dimensional materials Sci. Adv.
5 eaax1325
[7] Yang T Y, Kwon B, Weisensee P B, Kang J G, Li X J, Braun P,
Miljkovic N and King W P 2018 Millimeter-scale liquid
metal droplet thermal switch Appl. Phys. Lett.
112 063505
[8] Cho J, Wiser T, Richards C, Bahr D and Richards R 2007
Fabrication and characterization of a thermal switch Sensors
Actuators A 133 55–63
[9] Sood A et al 2018 An electrochemical thermal transistor Nat.
Commun. 9 4510
[10] Dahal K, Zhang Q, Wang Y M, Mishra I K and Ren Z F 2017
V–VO2 core–shell structure for potential thermal switching
RSC Adv. 7 33775–81

8

[11] Choe H S, Suh J, Ko C, Dong K C, Lee S, Park J, Lee Y,
Wang K and Wu J Q 2017 Enhancing modulation of thermal
conduction in vanadium dioxide thin film by
nanostructured nanogaps Sci. Rep. 7 7131
[12] Keum H, Seong M, Sinha S and Kim S 2012 Electrostatically
driven collapsible Au thin films assembled using transfer
printing for thermal switching Appl. Phys. Lett. 100 211904
[13] Beasley M A, Firebaugh S L, Edwards R L, Keeney A C and
Osiander R 2004 Microfabricated thermal switches for
emittance control AIP Conf. Proc. 699 119–25
[14] Supino R N and Talghader J J 2001 Electrostatic control of
microstructure thermal conductivity Appl. Phys. Lett.
78 1778–80
[15] Mann D, Pop E, Cao J, Wang Q, Goodson K and Dai H 2006
Thermally and molecularly stimulated relaxation of hot
phonons in suspended carbon nanotubes J. Phys. Chem. B
110 1502–5
[16] Pop E, Varshney V and Roy A K 2012 Thermal properties of
graphene: fundamentals and applications MRS Bull.
37 1273–81
[17] Milaninia K M, Baldo M A, Reina A and Kong J 2009 All
graphene electromechanical switch fabricated by chemical
vapor deposition Appl. Phys. Lett. 95 183105
[18] Kim S M, Song E B, Lee S, Seo S, Seo D H, Hwang Y,
Candler R and Wang K L 2011 Suspended few-layer
graphene beam electromechanical switch with abrupt on-off
characteristics and minimal leakage current Appl. Phys. Lett.
99 023103
[19] Nagase M, Hibino H, Kageshima H and Yamaguchi H 2013
Graphene-based nano-electro-mechanical switch with high
on/off ratio Appl. Phys. Express 6 055101
[20] Behnam A et al 2015 Nanoscale phase change memory with
graphene ribbon electrodes Appl. Phys. Lett. 107 123508
[21] Wang N C, Carrion E A, Tung M C and Pop E 2017 Reducing
graphene device variability with yttrium sacrificial layers
Appl. Phys. Lett. 110 223106
[22] Estrada D et al 2019 Thermal transport in layer-by-layer
assembled polycrystalline graphene films npj 2D Mater. Appl.
3 10
[23] Yalon E, Deshmukh S, Rojo M M, Lian F, Neumann C M,
Xiong F and Pop Eric 2017 Spatially Resolved Thermometry
of Resistive Memory Devices Sci. Rep. 7 15360
[24] Rojo M M, Calero O C, Lopeandia A F, Rodriguez-Viejo J
and Martin-Gonzalez M 2013 Review on measurement
techniques of transport properties of nanowires Nanoscale
5 11526–44
[25] Rojo M M, Grauby S, Rampnoux J M, Caballero-Calero O,
Martin-Gonzalez M and Dilhaire S 2013 Fabrication of
Bi2 Te3 nanowire arrays and thermal conductivity
measurement by 3 omega-scanning thermal microscopy
J. Appl. Phys. 113 054308
[26] Rojo M M, Martin J, Grauby S, Borca-Tasciuc T, Dilhaire S
and Martin-Gonzalez M 2014 Decrease in thermal
conductivity in polymeric P3HT nanowires by
size-reduction induced by crystal orientation: new
approaches towards thermal transport engineering of
organic materials Nanoscale 6 7858–65
[27] Deshmukh S, Yalon E, Lian F, Schauble K E, Xiong F,
Karpov I V and Pop E 2019 Temperature-dependent contact
resistance to nonvolatile memory materials IEEE Trans.
Electron Devices 66 3816–21
[28] Khan A I, Khakbaz P, Brenner K A, Smithe K K,
Mleczko M J, Esseni D and Pop E 2020 Large temperature
coefficient of resistance in atomically thin two-dimensional
semiconductors Appl. Phys. Lett. 116 203105
[29] Ma F, Zheng H B, Sun Y J, Yang D, Xu K W and Chu P K 2012
Strain effect on lattice vibration, heat capacity, and thermal
conductivity of graphene Appl. Phys. Lett. 101 111904
[30] Chen Z, Jang W, Bao W, Lau C and Dames C 2009 Thermal
contact resistance between graphene and silicon dioxide
Appl. Phys. Lett. 95 161910
[31] Bao W Z, Myhro K, Zhao Z, Chen Z, Jang W Y, Jing L,
Miao F, Zhang H, Dames C and Lau C N 2012 In situ

2D Mater. 8 (2021) 035055

M E Chen et al

observation of electrostatic and thermal manipulation of
suspended graphene membranes Nano Lett. 12 5470–4
[32] Deng S K and Berry V 2016 Wrinkled, rippled and crumpled
graphene: an overview of formation mechanism, electronic
properties, and applications Mater. Today 19 197–212
[33] Chen C Y, Rosenblatt S, Bolotin K I, Kalb W, Kim P,
Kymissis I, Stormer H L, Heinz T F and Hone J 2009
Performance of monolayer graphene nanomechanical
resonators with electrical readout Nat. Nanotechnol. 4 861–7
[34] Dolleman R J, Houri S, Davidovikj D, Cartamil-Bueno S J,
Blanter Y M, van der Zant H S J and Steeneken P G 2017

9

Optomechanics for thermal characterization of suspended
graphene Phys. Rev. B 96 165421
[35] Gao W and Huang R 2011 Effect of surface roughness on
adhesion of graphene membranes J. Phys. D: Appl. Phys.
44 452001
[36] Koenig S P, Boddeti N G, Dunn M L and Bunch J S 2011
Ultrastrong adhesion of graphene membranes Nat.
Nanotechnol. 6 543–6
[37] Liu X et al 2014 Large arrays and properties of 3-terminal
graphene nanoelectromechanical switches Adv. Mater.
26 1571–6

Supplementary Information
Graphene-Based Electromechanical Thermal Switches
Michelle E. Chen1, Miguel Muñoz Rojo2,3, Feifei Lian3, Justin Koeln4,5, Aditya Sood1, Stephanie
M. Bohaichuk3, Christopher M. Neumann3, Sarah G. Garrow4, Kenneth E. Goodson1,6, Andrew
G. Alleyne4, Eric Pop1,3
1

Dept. of Materials Science & Engineering, Stanford University, Stanford, CA 94305, U.S.A.

2

Dept. of Thermal &Fluid Engineering, University of Twente, Enschede, 7500 AE, Netherlands.

3

Dept. of Electrical Engineering, Stanford University, Stanford, CA 94305, U.S.A.

4

Dept. of Mechanical Sci. & Eng., University of Illinois at Urbana-Champaign, Urbana, IL 61801, U.S.A.

5

Dept. of Mechanical Engineering, University of Texas at Dallas, Richardson, TX 75080, U.S.A.

6

Dept. of Mechanical Engineering, Stanford University, Stanford, CA 94305, U.S.A.

*

Contact: epop@stanford.edu

1. Monolayer graphene growth and transfer
Monolayer graphene growth was carried out on high purity (99.9%) copper foils (JX Mining)
with preferentially uniform crystal orientation (100) and large grain size (>10 μm) in an Aixtron
Black Magic Pro Chemical Vapor Deposition (CVD) reactor [1]. The foil was first annealed at
1060°C for 22 minutes in forming gas (Ar/H2 500 sccm/30 sccm) to remove native surface oxide.
After the anneal step, CH4 was additionally flowed (10 sccm) for 15 minutes for the growth step.
The self-limiting CVD process yielded monolayer graphene across the foil substrate, which was
verified using Raman spectroscopy.
Poly (methyl methacrylate) (PMMA) 950 A4 was spin-coated over the graphene and copper foil,
with the PMMA serving as a polymer scaffold during the wet graphene transfer [2]. The foil substrate was etched away using FeCl3 and the remaining PMMA/graphene stack was rinsed in deionized (DI) water, then cleaned of ions and organic impurities in sequential baths of dilute
HCl/H2O2, DI water, and dilute NH4OH/H2O2. The PMMA/graphene stack was then transferred
to the final substrate: 540 nm thick thermally grown SiO2 on highly doped (n+ type, 1 to 5
mΩ·cm) silicon and dried. Finally, the PMMA was removed using acetone, leaving graphene on
the oxide (Figure S1(b)).

1

Figure S1. Schematic of graphene deposition, patterning, and suspension process with and without chromium patterned over the graphene.

2. Fabrication of suspended graphene devices
For the fabrication of suspended graphene thermal switches, two sequential polymer transfers of
monolayer graphene were carried out to create an artificial bilayer stack on a 540 nm SiO 2/Si
substrate (Figure S1(b)). The active region of the graphene devices were defined using optical
photolithography, over which 40 nm of copper was deposited. This copper served as a sacrificial
hard mask over the active device region (Figure S1(c)). O2 plasma etching was utilized to remove the excess graphene not masked by copper. Following the O 2 plasma etch, the copper hard
mask was removed using a commercial etchant (Transene Copper Etchant 49-1), leaving arrays
of graphene microribbons free of any photoresist residue (Figure S1(d)).
For some devices, an additional photolithography and e-beam evaporation step (3 nm Cr)
were used to pattern metal lines over the graphene channels. Cr/Au top electrodes and contact
pads (3 nm / 40 nm) were deposited by e-beam evaporation which clamped the graphene to the
substrate (Figure S1(e)). The metal electrodes immediately adjacent to the graphene were 5 or 10
μm wide and 70 μm long to minimize heat sinking to the contact pads during measurements. The
deposited electrodes and contact pads served as an etch mask for the SiO 2. Using 20:1 buffered
oxide etch, the regions of SiO2 not masked by the Cr/Au regions were removed, releasing the
graphene membranes (Figure S1(f)). By varying the etch duration we removed ~500 nm or 540
nm of the underlying oxide for devices that were either electrically insulating or electrically conductive cross-plane when switched. Finally the released graphene membranes were rinsed in
deionized (DI) water and isopropanol (IPA) before transfer into a critical point dryer. The resulting graphene structures clamped underneath Cr/Au electrodes were thus suspended over SiO 2
legs without collapse (Figure S1(f)).
2

3. SThM measurement and calibration
The thermal measurements were conducted in Asylum Research MFP-3D AFM system equipped
with a scanning thermal microscopy (SThM) module [3] from Anasys Instruments®. We employ
the SThM approach due to its sub-100 nm spatial resolution and because the temperature measurements are performed on a metal pad, which cannot be achieved with an alternative method
like Raman thermometry [4].
The V-shaped SThM tip (Figure 2) is equipped with a built-in palladium resistor on SiN (Anasys
GLA), whose electrical resistance changes with temperature. We utilize active mode SThM: the
tip is placed in contact with one electrode of the thermal switch and the Pd resistor electrically
heated with voltage Vin (Figure S3) to a constant temperature prior to a switching event. The constant steady state electrical resistance of the SThM tip is extracted from the voltage reading of an
external, balanced Wheatstone bridge circuit voltage reading, Vws,bal while the device is off (Figure S3). Figure S2 shows the calibration of electrical resistance of the SThM tip as it is electrically heated. We were careful to apply the same constant force set-point during all our measurements to account for effects of thermal boundary resistance. Under thermal steady state conditions, the electrical heating of the tip is counterbalanced by atmospheric convection, radiation,
and thermal boundary resistance of the tip on the device top electrode until a constant temperature is reached [3, 5]. Once this steady-state temperature condition is reached, the SThM tip undergoes no further thermoresistive change. The Wheatstone bridge was then balanced by adjusting the potentiometer within the Wheatstone bridge circuit until Vws,bal approached ~0 V.
The SThM tip senses the temperature change at the electrode as the graphene switches between
the off (suspended) and on (collapsed) states (Figure 2(a-b)); when the graphene switch is collapsed (switched on), the increase in cross-plane heat flow causes a corresponding temperature
decrease and electrical resistance change in the SThM probe tip. This correlates with a voltage
reading Vws taken relative to the initial, balanced Wheatstone bridge circuit voltage reading the
difference of which is VSThM = Vws – Vws,bal (Figure 2(c)). The final value ΔVSThM is measured
between the states in which the graphene is fully suspended and fully collapsed. Based on this
reading, we calculate the change in electrical resistance of the SThM tip, and hence the change in
temperature at the top contact of the thermal switch (Supplementary Equation 1). This measurement is proportional to the ratio of thermal resistance of the switch between the off and on state
(main text Equation 2). It is important to note that even if Vws, bal is not perfectly balanced at 0 V,
the measured thermal switching ratio of our switch is not affected. This is due to the fact that the
switching ratios are proportional to the temperature change ΔT measured by SThM, which in
turn is proportional to |ΔVSThM|; by taking the absolute difference in voltage between the device's
off and on state, we negate any initial voltage imbalance within the Wheatstone bridge for our
subsequent temperature change calculation.
The Wheatstone bridge equation is used to calculate the change in electrical resistance of the
SThM probe given the voltage reading across the Wheatstone bridge.
𝑉

=𝑉 ·

𝑅

=𝑅

·
,

+ Δ𝑅

3

(1)
(2)

where Rpot is the resistance of the potentiometer, R1 and R2 are 1 kΩ resistors on the Wheatstone
bridge, and Rprobe,0 is the probe resistance under balanced Wheatstone bridge conditions.

Figure S2. Resistance calibration of SThM tip as it is electrically heated.

Figure S3. Schematic of SThM measurement set up with Wheatstone bridge circuit.

A finite element model of the graphene thermal switch device was constructed to evaluate the
dependence of the measured on/off ratio on the SThM tip location. The model provides upper
and lower bounds for the possible on/off ratio of the switch, which is highest when the heat
source is located closest to the edge of the suspended graphene.
The simulated device dimensions are similar to experimental devices. In the off-state (suspended), the device consisted of 10 µm wide bilayer graphene suspended between two 540 nm tall
SiO2 pillars spaced 10 µm apart. The pillars were 15 µm long (extending 5 µm beyond the edge
of the graphene width on one side) and 5 µm wide. The graphene on the pillars was coated with
40 nm thick Au. The Si substrate was approximated as 25 µm x 30 µm, with 10 µm thickness.
4

To simulate the on-state (collapsed) of the device, an additional SiO2/Si pillar was added as support in the center of the graphene. Adding a raised pillar is easier to model than deforming the
graphene down to touch the substrate, but maintains the same heat transport. The raised pillar
spanned the full graphene width and consisted of 40 nm of SiO 2 on 500 nm of Si, with a length
of 8 µm. This left 1 µm of suspended graphene adjacent to each metal contact.
The model uses the heat transfer module in COMSOL Multiphysics, which solves Fourier’s law
of heat conduction in steady state, with the thermal conductivities listed in Table S1. A thermal
boundary resistance ℛth,boundary = 2 × 10-8 m2K/W was applied at all interfaces, which is typical for
graphene/metal, graphene/SiO2 [6], and SiO2/Si interfaces [7]. The SThM tip heat source was
modelled as a Gaussian spot with peak power 375 µW and a radius of 100 nm. Heat loss due to
air convection is included on the top surfaces with a coefficient of 10 W/(m 2·K), and an ambient
temperature of 300 K.
Table S1 – Model Parameters
k [W/(m·K)]
1200
5
1.4
140
100

Graphene: in-plane
cross-plane
SiO2
Si
Au

The peak temperature on the metal contact pad’s surface is higher the closer the SThM tip is
placed to the edge of the metal (nearest the graphene channel), as shown in Figure S4(a). Taking
the ratio of the maximum temperature rise between the off (suspended membrane) and on (collapsed membrane) states, we estimate the on/off ratio in Figure S4(b). The on/off ratio is maximized by placing the tip (or a hot microelectronic component) closest to the thermal switch. The
value is saturated below 200 nm, which is the approximate diameter of the SThM tip.

a

b

Off/On Ratio

Peak Metal Temperature (K)

Given that the SThM tip was not placed exactly at the electrode edge, but was within 1 µm from
it, the error in the measured on/off ratio is estimated to be <0.02.

off-state (suspended)

on-state (collapsed)

Distance from Metal/Graphene Edge (µm)

Distance from Metal/Graphene Edge (µm)

Figure S4. Finite element simulations of the graphene thermal switch. (a) The temperature of the metal
electrode directly underneath the SThM tip, as well as the temperature difference between the on and off
states, are highest if the tip is placed closer to the electrode edge. (b) The off/on ratio varies by ~0.02 with
SThM tip placement on the electrode.
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4. Electrostatic model
We calculate the pull-in voltage of the suspended graphene membrane based on the electrostatic
pull-in model from Bao et al. [8]. This is a force balance equation with three contributions: electrostatic force between the graphene and bottom electrode, offset by mechanical forces due to the
built-in strain of the graphene beam, and additional strain of the graphene beam upon deformation [9]. The electrostatic term (left side of Eq. 3) represents the force which pulls the graphene towards the bottom electrode. The two strain terms (right side of Eq. 3) represent mechanical restoring forces that return the graphene to the suspended state. Figure S5(a) depicts the geometric schematic of the device. The vertical deflection h0 at the center of a doubly clamped suspended graphene beam clamped at x = ±L/2 is calculated as
𝑉 𝐿 = 8𝑇 𝑡ℎ +

(

)

ℎ

(3)

where ε0 is the permittivity of free space, εr ~ 3.9 is the relative dielectric constant of SiO2, d1 ~
500 nm is the trench depth, d2 ~ 0 nm is the thickness of SiO2 at the bottom of the trench, V is the
applied voltage, L ~ 15 μm is the length of the suspended beam, T0 = [E/(1 − ν2 )](ΔL/L)] is the
stress in the membrane at equilibrium, ΔL ~ 0 μm is the relative elongation of the suspended
beam due to tension or slack, t ~ 0.68 nm is the thickness of 2 layers of graphene [8], ν ~ 0.165 is
the Poisson ratio of graphite in the basal plane [8], and E ~ 1 TPa is the Young's modulus of graphene [8]. The off state of the device is defined by the condition where vertical membrane deflection h0 < d1 the trench depth [Figure S5(a)]. We define the pull-in condition, or the point the
device is switched on, as the state where h0 = d1. That is, the pull-in voltage VPI is the value of V
which yields the solution h0 = d1 for Eq. 3 [Figure S5(b)]. We note that Eq. 3 above includes a
non-linear term with respect to deflection (~h03) which represents a strain stiffening effect: increased tensile strain on the beam due to increasing strain on the beam under deflection [10].
While residual stress of the beam dominates the restoring force at small deflections, the strain
stiffening effect dominates the restoring force at larger deflections.
At V > VPI, we approximate the length of graphene which is in contact with the bottom of the
trench as Lc. Lc is a parabola chord approximated from a parabolic profile of a membrane with
deflection h0 (Figure S5(c)). The parabolic profile given by Bao et al. is [8]:
(4)

𝑦 = 4ℎ

For the pull-in condition where h0 > d1, Lc is the chord corresponding to the solution of Eq. 4
setting y = d1. Using the boundary conditions of (L/2, h0) and (Lc/2, h0 - d1) to solve Eq. 3, we
approximate the length of graphene in contact with the substrate as:
(5)

𝐿 =𝐿· 1−
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Figure S5. Cross-section schematic of doubly clamped membrane with actuation voltage (a) below membrane pull-in voltage, V < VPI; (b) at membrane pull-in voltage, V = VPI; (c) above pull-in voltage, V > VPI.

5. Effect of adding Cr lines and their geometry
We integrate metal patterns on top of the graphene (Figure 3) to create a flexible metal-graphene
switching membrane with enhanced thermal conductivity while maintaining low actuation voltage. This approach utilizes the high Young's modulus and intrinsic strength of the underlying
graphene [8] to mechanically support the thin metal shape (3 nm Cr). This thickness of chromium approaches the fundamental limits of solid matter [11] which would otherwise not have the
mechanical integrity for free-standing suspension. We patterned 3 nm of Cr over the graphene
beam in different geometries and compared the average switching ratio of our 27 switches consisting only of 2 stacked graphene layers. Chromium is selected as the metal layer due to its good
adhesion to graphene, which is necessary for withstanding subsequent processing.
Two patterns are investigated: 2 parallel straight lines, and a serpentine line, as shown inset to
Figure 3(e) of the main text. The average thermal switching ratio of both is improved vs. the graphene-only switch, with the parallel line exhibiting an average switching ratio of 1.10, and serpentine line performing with the best switching ratio of 1.28, as summarized in Figure 3(e) of the
main text.
The summary of all switching voltages is shown below in figure S6.
Switching voltage (V)

5
4

Serpentine Cr line

3 Parallel Cr lines
2
1
0

2L graphene only

12 14 16 18 20 22 24
Membrane length (μm)

Figure S6. Measured switching voltages of 2L graphene-only devices (black), graphene patterned with 2
parallel Chromium lines (red) and serpentine Chromium line (green). Black horizontal lines indicate the
average switching voltage for 2L graphene-only devices of varying lengths. The overall average switching voltage of all 2L graphene-only devices is 2.2 ± 0.5 V.
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6. System level modeling
System level modeling of the benefits of a general thermal switch was carried out for heating
densities of 100 W/cm2 and 50 W/cm2 [Figures 4(c) and S7(a), respectively]. Figure S7(b) lists
the parameter values considered for a switch with a micron thick silicon heat sink (substrate).
The on-state thermal resistance of the thermal switch is set as constant, and the thermal switching
ratio is varied in reference to the on-state (i.e. the off-state thermal resistance is varied). If the
switching ratio is high, then the temperature swing amplitude decreases, highlighting the main
benefit of thermal switching over passive heat sinks. However, Figures 4(c) and S7 show that as
the thermal switching ratio increases, there is also significant and undesirable temperature rise as
a result of a higher thermal resistance. Thus, more critical than the thermal switching ratio, is
ensuring a low overall on-state thermal resistance of the thermal switch in order to maintain
practical operating temperatures of electronic devices and systems, thus avoiding temperatureinduced failure. This is in contrast to design considerations for an electrical switch, where minimal off-state electrical leakage is desirable. For thermal switches, minimizing the overall thermal
resistance in both the off- and on-state is critical and must be optimized by geometry or materials
selection.
(a)

(b)

Tave (°C)

Tswing (°C)

P

Parameter

Unit

Model Value

Period

s

10-3

Material

D

Duty cycle

Cp

Specific heat

J/kg/K

0.1
710

Silicon

ρ

Density

kg/m3

2329

Silicon

V

Volume

m3

10-10

Silicon

M

Mass

kg

ρ*V

Cd

Thermal capacitance

J/K

Cp*M

Ts

Sink temperature

C

20

Ron,boundary

Equivalent thermal boundary
resistance in ON state

m2K/W

10-4

Figure S7. (a) Calculated temperature swing amplitude and average temperature vs. thermal switching
ratio for a 1 × 1 cm system with 50 W heat operating at kHz frequency for (b) the listed parameters. The
system considered corresponds to the thermal circuit shown in Figure 4 of the main text.
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