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Heat transfer at the nanoscale remains largely unexplored compared to that in bulk materials, par-
DOI: 00.00 00/XXXXXXXXXX . . . . .
ticularly phonon tunneling across extremely narrow nanogaps. The underlying mechanisms of this
phenomenon are not well understood due to experimental difficulties. As a novel approach for mea-
suring heat transfer in nanogaps, we have developed an on-chip adiabatic mechanically controllable
break junction system based on a suspended membrane device. The electrical and thermal con-
ductance were measured simultaneously across the gold nanogap, with the spacing controlled by a
built-in actuator. Our results indicate anomalous thermal conductance at gap distances of a few

nanometers, strongly suggesting phonon-mediated heat transfer in these extremely confined spaces.

1 Introduction

Nanomaterials exhibit remarkable characteristics in heat trans-
fer, characterized by phenomena such as ballistic transport and
quantized behavior. These unique characteristics arise from their
constrained spatial structure impeding carrier diffusion.”¢ In a
nanoscale vacuum gap devoid of carrier materials, heat transfer
occurs through electromagnetic waves within the infrared region.
When the gap distance becomes comparable to the wavelength,
the evanescent wave facilitates heat transfer, a phenomenon
known as near-field radiative heat transfer (NFRHT). This
anomalous heat transfer phenomenon has sparked considerable
interest, particularly for its applications across various fields in-
cluding scanning thermal microscopy,2 local cooling,™ micro-
fabrication through localized heating,1® and enhancing the per-
formance of solar cells. 18

Recent investigations utilizing scanning tunneling microscopes
with integrated thermometers have reported significant heat
transfer in gaps narrower than a few nanometers.2719 Intrigu-
ingly, this considerable heat transfer cannot be fully elucidated by
conventional NFRHT mechanisms. Theoretical models propose
alternative mechanisms for transferring heat through electrons
and phonons rather than solely electromagnetic waves.20-26
While electrons may be transported via tunneling, phonons can-
not exist in a vacuum, indicating that phonon transport across
the gap seems counterintuitive. However, when the gap dis-
tance is sufficiently small, mechanical interactions between the
electrodes, such as Coulomb and van der Waals forces, may
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cause vibrations of the atoms comprising the electrodes to propa-
gate between them.22426l This vibrational propagation constitutes
phonon transport, which transfers heat through the gaps. Since
the electron tunneling decays rapidly as an exponential function
of distance,2” whereas the mechanical interactions decay slowly
as a polynomial function, 222426 phonon transport may occur at
larger gap distances than electron transport. While such distance-
dependent heat transfer specific to the heat carrier is theoret-
ically expected, the correspondence between these theoretical
frameworks and experimental observations remains largely un-
explored, primarily due to the inherent challenges in precisely
measuring heat transfer at the nanoscale. Research endeavors
focused on bridging the gap between theoretical predictions and
experimental observations possess considerable potential for un-
covering novel insights into nanoscale heat transfer phenomena.

In the present work, we show a novel approach for quantifying
the distance-dependent thermal conductance between nanogaps
on a suspended membrane device. The suspended membrane de-
vice, initially pioneered by Kim et al.,28 has evolved into a funda-
mental tool for measuring the thermal conductance of nanowires,
as demonstrated by numerous studies.2936 We have engineered
a device in which the gap distance can be precisely controlled by
integrating an electro-thermal actuator into the suspended mem-
brane structure. Similar to the mechanically controllable break
junction method, 3789 the actuator allowed the electrodes to con-
tact and break repeatedly. This approach endowed the device
with both controllability and thermal isolation, facilitating precise
thermal conductance measurement across nanogaps while mod-
ulating the gap distance.
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2 Methods

2.1 Device preparation

The device was prepared on a silicon substrate coated with a 100
nm-thick silicon nitride film. Metallic electrodes were constructed
on the film using conventional electron beam lithographic tech-
niques, followed by partial etching of the underlying substrate to
form a suspended structure, as described in the ESLT Fig. [1| (a)
illustrates a schematic of the device, while Figs. [1| (b)-(d) show
scanning electron microscope (SEM) images. In the center, high-
lighted in yellow in Fig. 1| (a), a nano-scale gap was created be-
tween the electrodes. On both sides, bridge-like structures were
designed to accommodate a heater and a thermometer, shown in
blue. Additionally, diagonal beams, highlighted in red, were de-
vised to serve as electro-thermal actuators, enabling precise ad-
justment of the gap distance. When a voltage V, was applied
to the thin metal wires on the beams, they expanded, causing
the entire suspended structure to deform and, thus reducing the
gap distance. Conversely, decreasing the voltage V,. caused the
beams to retract, allowing the electrodes to move apart again.
The symmetric arrangement of the beams in an X-shaped pattern
prevented the device from deforming during the wet etching pro-
cess in its preparation by evenly distributing stresses. Due to the
difficulties in reproducibly creating well-aligned nanogaps using
lithographic techniques, we employed gold electroplating on sub-
microscale gap electrodes to increase their thickness and ensure
sufficient contact surfaces. Fig.[1|(d) shows an enlarged view of a
nanogap electrode prepared by electroplating. Further details on
the preparation of nanogaps are provided in the ESL*

2.2 Measurement of thermal conductance

To quantify the thermal conductance across the nanogap, we em-
ployed a method involving the application of an AC electrical cur-
rent to the heater, while simultaneously utilizing a lock-in tech-
nique to monitor temperature fluctuations. The AC current, with
an amplitude I, (= 150 pA) and an angular frequency o, was
applied to the heater-bridge, inducing a temperature wave os-
cillating at an angular frequency of 2w and an amplitude of ap-
proximately 2 K. Leveraging the dependence of the heater’s re-

(a)

Therma&

Il Thermal actuators (Au)
B Heater & thermometers (Au)

sistance on temperature, we obtained the heater’s temperature
by measuring the third harmonic component of the voltage Vs.
Concurrently, a portion of the heat 0, generated at the heater
propagated to the sensor-bridge, oscillating at the angular fre-
quency 2. The sensor’s temperature was determined by apply-
ing a DC current /4. (= 100 uA) to the sensor and measuring the
second harmonic component of the voltage V,,. Further details
on the measurement of harmonic voltage components and tem-
perature derivation are provided in the ESL." By measuring these
temperatures, the thermal conductance k of the nanogap can be
determined using the following equation, commonly utilized for
suspended membrane devices: 40743

AT

— s 1
ATy2 — AT2 1)

k=0
where Q is the heat generated solely at the heater, and AT;, and
ATy represent the amplitudes of the temperature oscillations of
the heater and sensor, respectively. Since thermal resistances in-
side the device and the heat generated at the leads of the heater
affect the actual measurements, a correction factor derived from
numerical simulations was integrated into eqn .
the compensation of x are provided in the ESL." Although the ac-
tuators produce static heat, it does not affect the calculation of
k. This is because the heat is symmetrically generated on both
bridges, and the lock-in measurement exclusively targets the os-
cillating heat flow. From the frequency response of the tempera-
ture oscillations, the thermal response time of the device (1) was
approximately 1.6 ms. We used a frequency ®/(2n) =5 Hz to
measure x in steady state, which is enough slow compared to
1/(277) ~ 100 Hz. To deal with the time delay inherent to lock-
in measurements with low-frequency signals, we used a custom-
built data acquisition system rather than a commercial lock-in am-
plifier. In the ESI," we have detailed the frequency characteristics
of the device and the compensation for the time delay. All mea-
surements were performed in a cryostat (Quantum Design, Inc.,
PPMS) at 300 K unless otherwise specified and under high vac-
uum (< 1073 Pa) to minimize heat transfer via convection from
residual gas molecules,

Details on

Nanogap electrodes (Au)
Membrane (SiN)

expansion Qaw
%
Pushing
force Nano-
gap Actuator

Fig. 1 (a) Schematic of the device and experimental setup, (b) SEM image of the device, (c) Enlarged view of thermal measuring part, and (d)

Nanogap electrodes prepared by electroplating.
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3 Results and discussion

3.1 Analysis of gap distance

Fig.[2| (a) shows the relationship between the applied power P to
the actuator and the corresponding thermal conductance x and
electrical conductance G across the gaps as a function of elapsed
time. The quantized conductance Gy (= 77.5 uS), representing
the conductance of a single atomic chain of gold,#54% acts as the
threshold for detecting electrode contact. Initially, P was gradu-
ally raised while a bias voltage V;, (= 10 mV) was applied across
the gaps. Once the electrodes approached each other closely, tun-
neling current began to flow. As G surpassed 1 Gy, there was a
sharp rise, indicating electrode contact. A rapid increase in x was
also observed when the electrodes made contact. P was then de-
creased to separate the electrodes. Plateaus of G in the contact
regime suggest plastic deformation of gold electrodes. Follow-
ing electrode breakage, increasing P facilitated re-contact, and
this process could be repeated more than 100 times. During the
breaking process, the contact electrodes were rapidly separated
due to plastic deformation and self-breaking, and thus, tunnel-
ing currents could not be observed in some cases. Therefore, all
measurements were performed during the approaching process of
the electrodes, allowing their position to be monitored and con-
trolled.

We evaluated the distance between the electrodes from the
Simmon’s formula.2Z The tunneling current Jy is described as fol-
lows when the bias voltage Vj, is sufficiently small.

3/2moS 2 4rd
S (] ]
@ 10"

K [NW/K]
SN

0 1000 2000 3000 4000
Time [s]
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Here m represents the effective mass of electron, ¢ the work func-
tion of electrode, S the cross-sectional area of the electrode, d the
distance between gaps, e the elementary charge, and / the Planck
constant. Assuming that the displacement of d is proportional to
the thermal expansion of the actuator, i.e. the power input to the
actuator, the following equation is derived.

d=0o(Pc—P) 3

where o represents the coefficient of thermal expansion concern-
ing the power consumption of the actuator, and P- denotes the
power applied when the gap contacts. This assumption is consis-
tent with the results of the numerical simulations as described in
the ESL." By combining eqns and , the electrical conduc-
tance G can be obtained using the following expression:

G exp [—aB(Pc — P)] “@

~ a(Pc—P)
where A and B are constants defined as A = 3¢%,/2m@S/(2h%) and
B = 47+/2m@ /h, respectively. Since A and B are known once the
values of ¢ and S are experimentally determined, the parameter
a can be obtained by fitting the values of G and P to eqn (@).
Fig.|2| (b) shows the fitting result in the regime where the tunnel-
ing current increases as the electrode approach each other. For
this fitting, ¢ was determined to be 3.9 €V by fitting eqn (2)) to
the relationship of Jr versus Vg when the gap distance was kept
constant, as shown in the inset graph of Fig. [2| (b). The surface
area S was determined to be 50 nm x 50 nm based on SEM ob-
servations, as shown in the inset SEM image of Fig.|2| (b). From

(b)
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Fig. 2 (a) Plots of thermal conductance k, electrical conductance G, and applied power to the actuator P as a function of time. Circular markers
represent data points, while the central lines denote the moving average of the data. (b) Estimation of the gap distance d by fitting the values of G
and P to eqn @]) The fitting was performed in the regime where P > 2.12 mW ensuring the tunneling current exceeded the noise floor. The fitting
result is shown as a black line. The inset plot shows the tunneling current Jy as a function of the bias voltage Vg with a constant gap distance where
the black dashed line represents the fit according to eqn . An inset SEM image depicts the nanogap electrode used for the measurement.
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these results, a was obtained to be (2.7+0.7) x 107> m/W. @ 402 10°

The upper scale shown in Fig. [2| (b) represents the estimated
d using the obtained o and eqn . Although the Simmon’s for- e 102
mula supposes planar electrodes and is not appropriate for elec- Ay o g-46
trodes with sharp geometries, the estimated d is on the scale of a _ 107 7% | o
few nanometers, and the contact surface of the electrode, which § 10 GO
is on the order of 1000 nm?, can be considered sufficiently large £ 8 Y 1 " 1 o
and flat. < 10° o8, SV 7, s LN 10

Note that the temperature around the gap electrodes increased -
by approximately 50 K due to the Joule heat generated at the 10
actuators, even though the substrate temperature was maintained » "
at 300 K. However, at the gap electrodes close to the nanoscale 105 1 5 3 4 510
discussed in this study, the actuator is almost fully expanded, and d [nm]
its temperature fluctuations are slight. In addition, the device was (b) 10" 10*
heated not only by the actuator but also by a heater for thermal
conductance measurement. Although the thermal expansion of <ee )
the heater and its leads might modulate the gap distance, the a 10
power dissipation of the heater was approximately AC 10 uW, X o
which is roughly two orders of magnitude smaller than that of % \\\ 110 —
the actuator. Furthermore, the lock-in measurement smoothed E M|« d 42 S
the thermal conductance values, making the slight fluctuations of X L \ JRLRBeR o s atsnSwBuad 107 ©
the electrodes negligible. 0 .

107 107

3.2 Distance dependence of thermal conductance .
Fig.[3|shows the changes in thermal conductance k and electrical 0 1 2 3 4 5 10
conductance G as a function of the gap distance d with the sub- d[nm]
strate temperature maintained at 300 K. x was measured while (c) 10" 10°
sweeping the gap distance at a rate of 0.003 ~ 0.01 nm/s, which
was slow enough compared to 7, enabling the observation of k < 2
against d with sub-nanometer resolution. When the gap distance AN [ 10
exceeded a certain threshold (d > 1.5 nm), x remained nearly _ \\ 0
constant, indicating a regime dominated by radiative heat trans- § . N\ o« 53 110 Go
fer. In the gold electrodes, since surface plasmon polaritons can- < 103 =
not be excited at near room temperatures,2° their contribution to x P — sy g F10°2 ©
heat transfer is negligible. Thus, the radiation contribution can be —
attributed solely to electromagnetic waves oscillating in the out- t107*
of-plane direction of the electrode, which converges to a constant
thermal conductance as the gap distance approaches the nanome- 107" 5 ; 3 3 " : 1078

ter scale.2% Our experimental results were consistent with these
theoretical predictions. On the other hand, a sharp increase in k¥
occurred within the extremely close vicinity (d < 1.5 nm). Since
the energy JrV; transferred by tunneling electrons was over two
orders of magnitude smaller than the heat flow measured in this
regime, the contribution of electrons to heat transfer was negligi-
ble. As the magnitude of the gap distance approached the regime
where phonon-mediated heat transfer was theoretically antici-
pated, thermal conductance induced by phonons was expected
to be proportional to d =27 ~ d—32 according to the theories.21H20
In our results, the rising edge of xk was approximately propor-
tional to 3. This deviation from theoretical predictions could
be attributed to the geometry and surface roughness introduced
during the preparation, while most theories assume atomically
flat electrodes. Note that the behavior of k was consistently re-
producible across nanogaps prepared using the same procedure.
However, we observed a different trend (x < d~%!) for a nanogap

4] Journal Name, [year], [vol.], 1@
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Fig. 3 Distance dependence of thermal conductance k (red, left axis)
and electrical conductance G (blue, right axis) for the electroplated gold
nanogaps. The labels (a)-(c) denote that the data were obtained from
different samples. The variation in the signal-to-noise ratio of k¥ among
the samples can be attributed to differences in the input range of the
lock-in measurement and the gap distance sweep rate.

without electroplating, as shown in the ESL." These results sug-
gested that phonon transport is strongly affected by the shape
and atomic configuration inherent to the electrode tip. In each
result, k showed an inflection point with respect to d, indicating
the involvement of multiple forces in phonon transport. For ex-
ample, when the gap electrodes were far apart, Coulomb and van
der Waals forces acted as attractive forces and enhanced each
other. In contrast, at extremely close distances, van der Waals

Page 4 of 7



Page 5 of 7

forces became repulsive, canceling the attractive Coulomb force
and potentially reducing phonon transport. After the electrodes
made contact, we observed an increase in k due to electron trans-
port, as shown in Fig.|2| (a). These experimental findings provide
evidence for the transition of primary heat carriers from radiation
to phonons and electrons, depending on the distance between the
nanogap.

3.3 Temperature dependence of thermal conductance

If phonons dominate heat transfer across the nanogap, a de-
crease in the temperature of the electrodes should reduce phonon
density and consequently decrease thermal conductance. Fig.
shows the distance dependence of thermal and electrical conduc-
tance across the nanogap when the device was cooled. The la-
bels (a) and (b) correspond to the measured results at substrate
temperatures of 100 K and 50 K, respectively. While anoma-
lous increases in k were observed even at low temperatures, the
slope of the rising part of k¥ was steeper than that at 300 K. The
heat transfer due to tunneling electrons was expected to show
d=102 ~ g—12:6 26 suggesting that the electron contribu-
tion became more dominant than that of phonons as the temper-
ature decreased. In addition, the rising edge of x approached
d =0 as the temperature decreased with the regime of increased

mannet,

(a) 10*
10> Sample-D, 100 K
F10°
1
< 10 110° —
= O
< 20
> W Sl S 10~
10°
107
—

-1 -6
900 0.5 1.0 15 200
d[nm]

(b) 10*
10" { <€~ Sample-D, 50 K
\\\ | 102
« g-148
.
< 10 110° —
= O
= b0
x \,‘\\’p-"\'r\ s un "4""5‘.«'».1- 10
10°
S T— F10°*
—
-1 -6
900 0.5 1.0 15 200

d [nm]

Fig. 4 Distance dependence of thermal conductance k (red, left axis)
and electrical conductance G (blue, right axis) at ambient temperatures
of (a) 100 K and (b) 50 K.
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k overlapping the tunneling conduction regime, indicating the
significant contribution of electrons to heat transport. These find-
ings provide further evidence for phonon transport across the
nanogaps around 300 K, as observed in Fig.

Conclusions

In summary, we have constructed a suspended membrane de-
vice equipped with a built-in actuator for measuring the thermal
conductance of gold nanogaps. Our measurements of thermal
conductance across a broad spectrum of gap distances have un-
veiled the distinct contributions of radiation, phonons, and elec-
trons to heat transfer. Notably, the anomalous thermal conduc-
tance observed in a few nanometer gaps strongly indicates the
presence of the near-field effects in heat transfer, facilitated by
phonon transport resulting from mechanical interactions between
the electrodes.
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