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1. Introduction

Calorimeters, used to measure a small package of energy, have been in-
tensively studied in the last few decades [1]. Their working principle
is to translate the energy deposited on the absorber of calorimeter to a
detectable response. In 1935, Simon pointed out that the sensitivity of
calorimeter would be dramatically improved when it is operated at low
temperatures (cryogenic calorimeter) [2]. Since then, much progress has
been achieved in cryogenic calorimetry [3, 4]. These devices have wide
applications in various fields, for instance, photon and particle detection
[5–9], measurement of ionization [10, 11], mass spectrometry [12, 13], and
molecular fragment detection [14, 15]. Also, several types of detectors
with different working principles have been developed. The thermistor
utilizes the strong temperature dependence of resistance for detection
[16]. Transition Edge Sensor (TES) consists of a superconducting film
kept below and close to its critical temperature, detection benefits from its
abrupt resistance change when the superconducting film undergoes phase
transition [8, 17, 18]. TES arrays are shown to have high energy resolution
and high collection efficiency for radiation detection [17, 19] and have been
widely used in astronomy [9, 19]. Kinetic Inductance Detector (KID) uses
the excess quasiparticle for detection. Energy absorbed by a superconduc-
tor absorber induces breaking of Cooper pair(s) into quasiparticles, thus
resulting in the changes of the kinetic inductance. When embedding the
lumped-element KID in a superconducting LC circuit, one can detect the
energy absorption by measuring the resonance frequency shift [20–22].

The hot-electron calorimeter is one of the several types of the detector
being actively investigated. The concept of the hot-electron calorimeter
was first proposed in 1993 by M. Nahum et al. [23]. They proposed to
use normal metal film to absorb the incoming energy package, as the
electrons in the normal metal are naturally thermally decoupled from
its phonons [24], and the absorbed energy will heat the film electrons
above its phonons. The induced temperature changes are detected by
a fast and sensitive thermometer. The performance of the hot-electron
calorimeter has been greatly improved in recent years [25–31] and it has
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Introduction

been proposed to couple the hot-electron calorimeter to a two-level system,
for instance, superconducting qubit, to measure the energy released from
the system when it undergoes transition from the excited state to the
ground state [32, 33]. Other systems, for instance, carbon nanotube [34,
35], and graphene [36–41] have also been studied as the absorber of the
detector. Certainly, the high-performance nano-calorimeter will expand
the variety of phenomena that can be explored in a mesoscopic system.

The figure of merit of the calorimeter is its energy resolution, which
depends on the performance of the thermometer and the thermal properties
of the absorber, for instance, the heat capacity of the absorber and its
thermal conductance to the environment. To enhance the performance of a
hot-electron calorimeter, it is important to know how heat is transported
in the device. Usually, the normal-metal based hybrid structure is deposit
on a dielectric substrate. To predict the thermal behavior of a calorimeter,
one needs to know the thermal transport mechanism from film electrons to
the substrate and be able to quantify the corresponding thermal properties.
In addition, electrons in the normal metal absorber are coupled to the
environment, after energy absorption, one needs to know how long it takes
for the film electrons to relax its energy to the substrate. In order to
detect the incoming energy, one has to be able to measure the induced
temperature changes before reaching the equilibrium again. All these
questions are what we will talk about in this dissertation.

First, we give an introduction of the thermal properties which will be
experimentally explored in the dissertation. The hot electrons in normal
metals originate from the weak electron-phonon (e-ph) thermal coupling at
low temperatures. We discuss the current understanding of e-ph coupling
in normal metals, as well as the impact of film disorder and the dimension
of film phonons on e-p coupling. Thermal coupling between phonons in
the film and the substrate are discussed and we show two thermal models
in predicting the coupling strength. In addition, we show the predicted
thermal transport by photon emission. After absorbing an incoming energy
package, film electrons start to relax toward the environment temperature.
we present the calculated thermal relaxation time in different regimes as
the thermal relaxation mechanism varies.

In the experiments, we use the proximity Josephson junction as the
thermometer to measure electron temperature in metal films. We briefly
describe the device fabrication methods and detail the measurement tech-
niques reported in Publication I. Next, we present the experimental results
on thermal transport in the steady-state. Thermal conductance between
film electrons and substrate are determined from the experiments. We
observe the crossover of thermal relaxation mechanism as varying film
thickness and temperature, corresponding results are summarized in Pub-
lication II. From experiments carried out on a suspended device, we inves-
tigate the impact of reduced phonon dimension on e-ph coupling, reported
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in Publication III. Finally, we present experiments on the dynamic thermal
relaxation of Cu film. We find, contrary to the theoretical prediction, that
the relaxation process exhibits several time constants. Based on our pro-
posed thermal model, we discuss the possible origin of that. Experiments
on dynamic thermal relaxation are summarized in Publication IV.
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2. Theoretical background

2.1 Introduction to calorimeter

Calorimeter (or bolometer) consists of an absorber (T, Ce) to absorb the
incoming energy, and a thermometer used to detect absorber temperature,
as shown in Fig. 2.1 (a). The absorber is coupled to the environment at
temperature Tb, which is usually considered to constitute the heat bath
for the calorimeter. Thermal conductance G th characterizes the thermal
coupling between the absorber and the bath. Considering a constant
heating power PH and an instantaneous energy package ∆Eδ(t− t0) are
applied to the absorber, the corresponding temperature response of the
absorber is shown in Fig. 2.1 (b). Both formats of heating elevate absorber
temperature above Tb, and the corresponding temperature response of the
absorber shows difference.

For the constant heating PH , it elevates absorber temperature to a con-
stant temperature of T0. The magnitude of the temperature rise is

T0 −Tb =
PH

G th
, (2.1)

which depends on the constant heating power PH and the thermal coupling
strength between the absorber and the bath G th. Devices used to measure
constant heating are called bolometers and it works in the steady-state
where the temperature of the system does not change with time. In con-
trary to the bolometric response induced by PH, the instantaneous heat
∆Eδ(t− t0) induces a temperature peak, shown in Fig. 2.1 (b). Upon ab-
sorbing the energy package, absorber temperature increases abruptly and
the amplitude of the temperature rise depends on the heat capacity of the
absorber and the energy as

∆T =∆E/Ce. (2.2)

This is what we call the calorimetric response of the device. As the
absorber is thermally coupled to the environent, the energy will dissipate to
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the bath with a time constant τ. Different from the bolometer, a calorimeter
works in the dynamic regime where the electron temperature is changing
with time.

The figure of merit for calorimeter is the energy resolution δE, which
determines how small the energy package it can detect. δE is defined as

δE = NET
√︁

CeG th. (2.3)

Here, NET is the noise equivalent temperature used to characterize the
performance of the thermometer.

Figure 2.1. (a) The cartoon shows the working principle of a calorimeter and bolometer.
Absorber with temperature T and heat capacity Ce is heated by constant
heating PH and instantaneous heat ∆Eδ(t− t0). The absorber is thermally
coupled to the bath at Tb with thermal conductance G th. (b) The temperature
of the absorber in response to external heats.

To enhance the energy resolution of the calorimeter, from the measure-
ment technique point of view, one can increase the performance of the
thermometer. A good thermometer needs to have fast readout speed and
large bandwidth. Furthermore, the thermometer should be noninvasive so
that temperature measurement introduces negligible heating to the sys-
tem. In the last decade, much progress has been achieved in improving the
performance of low temperature thermometers for calorimetric application
[26, 28, 29, 31, 42, 43].

From the absorber point of view, firstly, it needs to thermalize well itself,
meaning that the absorbed energy can be distributed quickly within the
absorber. The heat capacity of the absorber is expected to be small so as
to induce a large temperature peak after energy absorption. In addition,
the thermal conductance between absorber and bath should be small so
that absorbed energy is detected before relaxation. While a smaller heat
conductance can also result in a larger relaxation time τ, then a longer time
is needed for the calorimeter to initialize after detection, which slows the
detection speed. Normal metals are widely used as absorber because they
have been well characterized in mesoscopic physics at low temperatures
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and the natural decoupling of the electrons from its phonons provides
thermal isolation for electrons. Also, the high electron (e) density and
strong e-e scattering make the energy distribute quickly in metals, the
equilibrium state with well-defined temperature is reached at fast speed.
In this dissertation, we focus on the thermal properties of metal films,
more specifically, on Cu films at low temperatures.

2.2 Thermal conductance

A thin normal metal film (N) evaporated on a dielectric substrate con-
sists of two subsystems, electrons and phonons (lattice vibrations), where
phonons can be subdivided into metal film phonons and substrate phonons.
As external heating is applied to the films, temperature differences are
produced between these subsystems. Figure 2.2 depicts the correspond-
ing thermal model. We consider the steady-state, where each subsystem
reaches its thermal equilibrium and its temperature does not change with
time. Electrons in the films are heated directly by external heating PH.
Here, P0 refers to the environment background heating, the impact of P0

is negligible for experiments with good shielding of the sample from the
electromagnetic environment, as will be shown later in experiments. Elec-
trons can dissipate their energy by coupling to phonons, the corresponding
thermal flow from electrons to phonons is Pe−ph and the electron-phonon (e-
ph) thermal conductance is Ge−ph. Besides, electrons can always dissipate
their energy by emitting photons to the environment, with the emission
power Pp, the photonic thermal conductance to the environment is Gp. Pns

and Gns describe the heat leak through the galvanic contacts to the film.
For film electrons, we have the thermal balance equation as

P +P0 = Pe−ph +Pp +Pns. (2.4)

Here, PH = I2R is the intentionally applied Joule heating by current-
biasing a heater with resistance R. For film phonons in steady-state,

Figure 2.2. Thermal model for an evaporated Cu film on dielectric substrate.
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we have Pe−ph = Pph−ph, where Pph−ph is heat flow from film phonons to
substrate phonons. The phononic thermal conductance in-between is de-
scribed as Gph−ph. Its inverse, Rph−ph = 1/Gph−ph, is the thermal boundary
resistance, also known as Kapitza resistance when describing the thermal
resistance between solids and liquid helium. Substrate phonons tempera-
ture is usually considered to be equal to the bath temperature Tb due to
the relatively large volume of substrate compared to metal film and due
to the large contact area to the substrate. Tb refers to the environment
temperature provided by low temperature apparatus.

2.2.1 Electron-Phonon coupling

For metal films with its linear dimension larger than the electron mean free
path l, electrons undergo scattering with defects, boundaries, phonons, and
other electrons. For a pure normal metal, the dominant inelastic scattering
processes are e-e scattering and e-ph scattering. E-e scattering helps to
thermalize electrons within the normal metal [44], and energy dissipation
as a whole is achieved by e-ph scattering. At high temperatures, e-ph
coupling in normal metal is strong, with moderate Joule heating applied on
normal metal, the temperature difference between electrons and phonons
is negligible. At low temperatures, the e-ph coupling becomes weak, and
a small external applied heating can elevate electron temperature above
the phonons, resulting in the hot-electron effect. Though e-ph coupling has
been studied for a long time [45], the hot electron effect did not cause much
concern until the 1960s when dilution refrigerators became available and
researchers realized that increasing the contact area between a normal
metal and dielectric does not help to increase the thermal conductance.
Experiments show at sub-kelvin temperatures that thermal transport
is limited by Ge−ph, rather than Gph−ph [46]. Theoretical description of
the effect was done later [47] and the effect was subsequently studied by
Roukes et al. in thin Cu films [48]. In their experiments, a dc SQUID
is used to detect the heating of electrons induced by an external electric
field. Experiments verify the power from electrons to phonons as Pe−ph ∼
(T5

e −T5
p).

Theoretical understanding of e-ph coupling in normal metals is based
on the inelastic e-ph scattering rate 1/τe−ph [45, 49, 50]. The widely used
equation in describing energy flow rate from electrons to phonons in normal
metals was derived by Wellstood et al. in 1994 [24]. To simplify the
calculations, they considered a three-dimensional (3D) normal metal with
a spherical Fermi surface, and only longitudinal phonons are coupled to
electrons in a thin film. At temperature well below the Debye temperature
TD , the energy flow rate is expressed as

Pe−ph =ΣV (Tn
e −Tn

p), (2.5)
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In the case of small temperature difference Te −Tp ≪ (Te +Tp)/2, we can
define the thermal conductance from electrons to phonons as

Ge−ph ≡ dPe−ph = nΣV Tn−1. (2.6)

Here the thermal conductance Ge−ph refers to the differential thermal
conductance, in comparison to the linear thermal conductance G l

e−ph =
PH /(Te −Tp). The constant n = 5 for a clean 3D normal metal, V is the
metal volume, the e-ph coupling constant Σ is obtained to be

Σ= 8ζ(5)k5
Bϵ2

F Nel(ϵF )
3π~4ρυFυ4

l
. (2.7)

Here, ζ(n) is the Riemann zeta function, and ζ(5)≈ 1.037, kB is Boltzmann
constant, ϵF is the Fermi energy, Nel is the electronic density of states
(DOS) per unit volume, ~ is the reduced Planck constant, ρ is the mass
density, and υl is the longitudinal speed of sound. The calculated value for
Cu is ΣCu ≈ 108 Wm−3K−5, which is lower by one order of magnitude with
respect to that measured in experiments [24, 48]. The deviation is mostly
due to the neglect of the transverse phonon modes and the assumption of
spherical Fermi surface. As we know the Fermi surface of a normal metal
is periodically spherical in k space, connected by necks, and e-ph scattering
rate shows anisotropy near the neck region [49, 51]. By considering the
modification of electron density with reduced phonon dimension and the
changes of Fermi velocity around the necks, the predicted ΣCu is about
two times larger than that predicted by Eq. 2.7 [52], but still lower than
the experimentally measured value, suggesting other mechanisms to be
responsible in explaining the observed strong e-ph coupling.

There are mainly two measurement methods used to characterize e-ph
coupling in normal metals. One is utilizing the weak localization (WL)
effect and measuring the low temperature magnetoresistance [53–55]. The
derived inelastic lifetime from WL experiments is a combination of e-e
and e-ph inelastic process 1/τφ = 1/τee +1/τi

e−ph: e-e scattering shows linear
temperature dependence at low temperatures 1/τee ∼ T [56]. For metals
in 3D clean-limit, the inelastic lifetime 1/τi

e−ph ∼ T3 [57]. This method is
used to measure e-ph coupling at relatively high temperatures, usually
above 1 K. Because at low temperatures, τφ is found to be dominated
by e-e scattering [58, 59] and it gives only a little information about the
e-ph inelastic process. Another widely used measurement technique is
to directly heat the film electrons and measure the electron temperature
increases compared to Tp. The latter method is applicable for measuring
e-ph coupling in low temperature range when Gep <Gph−ph, in this case,
Tp can be considered to be close to Tb.

Impact of disorder on e-ph coupling Equation 2.5 describes the e-ph
coupling strength in normal metals in 3D clean limit with ql ≫ 1, where

9



Theoretical background

q = kBT/~υ is the wave vector of the dominant thermal phonons. Therein υ

is the velocity of sound , and l is the electron mean free path. In the case
of dirty-limit ql ≪ 1, experiments with varied results have been shown and
the exponent n varies from 4 to 6 [48, 54, 55, 60–63]. Theory predicted that
in disorder metals, n depends on the type of disorder [64]. For scattering
potential related to vibrating impurities, defects and boundaries, exponent
attain the value n = 6. For static electron-scattering potentials, n = 4. But
this hypothesis is still not fully verified as experiments show that even
for samples in the dirty limit, n = 5 is observed [48, 54, 65, 66]. Bezuglyj
et al. explains that the observed n = 5 in dirty-limit metals is due to their
two-dimensional (2D) phonon system [67], experiments on sample with
varied l are needed to verify the correctness of this interpretation.

Impact of phonon dimensionality on e-ph coupling Derivation of
Eq. 2.5 involves integration over electron and phonon states. For metal
film with thickness t smaller than dominant thermal phonon wavelength
λph ∼ hυ/kBT, where h is the Planck constant and υ is the speed of sound of
the dominant phonons, the phonon distribution becomes two-dimensional
and the corresponding phonon density of states changes, which results
in changes in the e-ph scattering rate and steady-state e-ph coupling
strength Pe−ph. Theory predicts for one-dimensional phonons system (1D),
exponent n = 3 [68]. For a quasi-2D system, temperature dependence of
1/τe−ph mimics a T2 dependence, which gives exponent n = 4 [58]. While
experiments with normal metal films on bulk substrate show that even
t <λph is satisfied, experimental results still suggest a 3D phonon system
for the film [24]. Kanskar et al. explains that this is due to the strong
coupling between film phonons and substrate phonons [69]. For a self-
supporting film, phonons are spatially quantized into subbands in the
direction perpendicular to the contact surface. For a film on substate, the
strong coupling will broaden the subband structure and results in losses of
the 2D character. Complexities of the interface between metal films and
substrate make the prediction of coupling strength difficult and can only
be checked by experiments [69, 70].

Recently, Underwood et al. [71] reported experiments on e-ph coupling
with different substrate properties. They claimed a 3D phonon system for
the films on a substrate, even when t < λe−ph. A puzzling problem arises
as they found the e-ph coupling not to depend on substrate properties
[71]. From Eq. 2.7 we know that Σ depends on the velocity of sound.
For metal films on a bulk substrate, if the coupling between film phonos
and substrate phonons is strong, it is perhaps better to characterize the
properties of 3D phonons with substrate parameters. Experiment shows,
however, that measured Σ on substrate with different speed of sound
are similar. Further investigations are needed to quantify the phonon
coupling strength between film and substrate and its impact on the phonon
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dimensionality of film.
Experiments on suspended films are helpful to understand the e-ph

coupling in metals films because as long as the total thickness of film and
membrane is smaller than λph, the combined system can be considered
to have 2D phonons [72]. Studies on suspended films are rarely reported
and the existing investigations are inconclusive. Early experiments show
that e-ph coupling is insensitive to the dimensionality of phonons [61, 73].
Recent experiments reported a reduced exponent n ∼ 4.5 for suspended
films [72], The results are explained theoretically by Anghel et al. who
predicted n ranging between 4.5 to 5 for a suspended film [74].

2.2.2 Thermal boundary conductance

Thermal boundary conductance Gph−ph, often discussed in the literature
in its inverse form as thermal boundary resistance Rph−ph = 1/Gph−ph, was
first investigated by Kapitza in 1941 in studying the temperature drops
between helium and a metal [75]. A theoretical understanding of the
thermal boundary resistance was established later by introducing the
acoustic mismatch model (AMM). A review by Swartz et al. summarizes
the improvement in understanding of Kapitza thermal resistance between
helium and solids [76]. In this dissertation, we focus on thermal boundary
resistance between two solids, which was first theoretically explored by
Little in 1959 [77], where he showed that the energy flow rate between
two solids is proportional to the difference of the fourth powers of the two
temperatures and is expressed as

Pph−ph = kA(T4
p −T4

b). (2.8)

Where k is interface-material-dependent constant and A is the contact
area. For a small temperature difference, we have the thermal boundary
conductance as

Gph−ph = 4kAT3. (2.9)

At the early stage, results on thermal boundary conductance experiments
varied a lot. It was then realized that it is due to the sensitivity of Gph−ph

to the quality of the physical contact between the two solids [78, 79]. For
carefully designed experiments with good physical contact, results agree
well with the prediction of AMM at low temperatures (∼40 K), while at
high temperatures, deviations from theoretical predictions are observed
[80, 81].

In order to explain the deviation, Swartz et al. introduced the diffuse
mismatch model (DMM) by considering the effect of diffuse scattering at
the interface [76]. Next, I will briefly introduce the two theories.

Acoustic mismatch model In the theory of AMM, the interface and
phonons are treated as a plane and plane waves, respectively. Consider
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Figure 2.3. Snell’s law.

phonons incident from solid 1 to the interface with incident angle θ1, as
shown in Fig. 2.3. In analogy to Snell’s law for the electromagnetic waves,
only the phonons with incident angles below the critical angle (θcri) have
the chance to be transmitted through the interface. Transmission angle θ2

is calculated as
sinθ2 = C1

C2
sinθ1. (2.10)

Here C1 and C2 are the speed of sound of solids 1 and 2. Each contains
one longitudinal (L)and two transverse (T) phonon modes. For the solid-
helium interface, θcri is about 5° due to the large difference in speed of
sound between helium and solids. For solid-solid interface with similar
acoustic property, θcri is much larger. Theoretical calculations show that
the interface-material-dependent constant k can be expressed as [76, 77]

kAMM = π2k4
B

60~3 (
Γ1,L

C2
1,L

+ 2Γ1T

C2
1,T

). (2.11)

Where C1,L and C1,T are longitudinal and transverse speed of sound in solid
1. Γ1, j =

∫︁ π/2
0 α1(θ1, i)sinθ1 cosθ1dθ1 is the averaged transmission coefficient.

Therein α1(θ1, j) is the transmission probability for longitudinal ( j = L) and
transverse phonons ( j = T). The parameter α1(θ1, j) is calculated as

αAMM
1 (θ1, j)=αAMM

2 (θ2, j)=
4ρ2C2, j
ρ1C1, j

cosθ2
cosθ1

(ρ2C2 j
ρ1C1 j

+ cosθ2
cosθ1

)2
, (2.12)

where ρ1 and ρ2 are the densities of the two solids and θ1 and θ2 obey
Eq. 2.10.

Diffuse mismatch model As introduced before, the DMM was first
presented by Swartz in 1987 to explain the derivation of thermal boundary
resistance at high temperature [81]. An important assumption for DMM is
that all electrons are diffusely scattered at the interface. Phonons incident
from solid 1 are scattered and emitted into solid 2 with a probability
proportional to the phonon density of states in solid 2. Then the only
difference between DMM and AMM is the expression of transmission
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coefficients. For DMM, the transmission coefficient is expressed as

αDMM
i =

1
C2

3−i,L
+ 2

C2
3−i,T

1
C2

1,L
+ 2

C2
1,T

+ 1
C2

2,L
+ 2

C2
2,T

, (2.13)

where αDMM
i = 1−αDMM

3−i with i = 1 (2), providing that the probability of
reflection from solid 1 (2) equal the probability of transmission from solid 2
(1). The interface-material-dependent constant predicted by DMM is given
by

kDMM = π2

120
k4

B
~3

( 1
c2

1,L
+ 2

c2
1,T

)( 1
c2

2,L
+ 2

c2
2,T

)

1
c2

1,L
+ 2

c2
1,T

+ 1
c2

2,L
+ 2

c2
2,T

, (2.14)

The difference between AMM and DMM can also be qualitatively under-
stood by comparing kAMM and kDMM in two extremes. For a large acoustic
mismatch between two materials, for instance, Cu and helium, according
to AMM, phonons have a high probability to be reflected. While for DMM,
as the phonon density of states in helium is about 104 times higher than in
most solids [76], phonon would almost certainly be transmitted across the
interface. So kAMM and kDMM differ a lot from each other when there is a
large acoustic mismatch between the two materials. For another extreme
when the two materials are identical, according to AMM, phonon will
certainly transmit through the contact according to Eq. 2.12. For DMM,
Eq. 2.13 predicts a transmission of 0.5, then kAMM = 2kDMM. For most
solid-solid interface, the acoustic properties differ a little, the transmission
probability predicted by AMM and DMM are almost the same and close
to 0.5. From Eq. 2.11 and Eq. 2.14 we estimate for Cu-SiO2 interface,
kAMM

Cu−SiO2
= 253 W/K4m2 and kDMM

Cu−SiO2
= 312 W/K4m2. Parameters used in

the calculations are shown in Table 2.1. Note that mass density does not
appear in DMM.

The above prediction with AMM and DMM assumes the perfect physical
contact between the two materials. Experimentally, the contact is never
perfect, especially for solid-solid interfaces. Furthermore, experimentally
measured quantity is kA, where the effective contact area may differ from
the interface area. Recent experiments have shown this deviation and
the measured k between Cu and Si is about 2-3 times smaller than that
predicted by theory [82, 83].

2.2.3 Photonic thermal conductance

The photonic thermal conductance we consider here is originated from the
electronic noise of the metal films on the substrate and the environment,
and it has been well studied both theoretically and experimentally [27, 84–
88]. At low temperature, for metal films with maximum linear dimension
much smaller than the thermal photon wavelength λphoton = hc/kBT, the
films can be simply treated as a lumped element with resistor Re. Here
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Table 2.1. Material parameters of Cu and SiO2. Mass density ρ, longitudinal and trans-
verse speed of sound cL and cT , respectively.

ρ (g/cm3) cL (m/s) cT (m/s)

Cu 8.96 4769 2325

SiO2 2.65 5832 3712

c is the speed of light. Similarly, the environment is represented by Renv.
Energy flow rate from electron gas to the environment is written as

Pe−env =
∫︂ ∞

0
αhωn(ω)dω. (2.15)

Here α= 4ReRenv
(Re+Renv)2 is the transmission coefficient, and n(ω) = 1

exp( ~ω
kBTe

)−1
is

the Bose-Einstein distribution of the photons. Equation of energy flow rate
from environment to electron gas is similar as Eq. 2.15 with Te changed to
Tb in n(ω). The net power flowing from the electrons to the environment is
expressed as

Pp =α

∫︂ ∞

0
hω(

1
exp( ~ω

kBTe
)−1

− 1
exp( ~ω

kBTb
)−1

)dω. (2.16)

For a matched resistance Re = Renv, the transmission coefficient α= 1 and
Eq. 2.16 is reduced to

Pp = πk2
B

12~
(T2

e −T2
b). (2.17)

Thus, thermal conductance is equal to the quantum of thermal conductacne
GQ = πk2

BT
6~ [85, 89–93] for a small temperature differences.

For comparison, we plot the relevant thermal conductance as a function
of temperature in Fig. 2.4. Here, photonic thermal conductance is taken
as GQ, in the case of matched resistance. In our experiments with the
poor matching of circuits, Gp is about two to three orders of magnitude
lower than GQ [86]. Though taken Gp = GQ, thermal conducted by pho-
tons is few orders of magnitude smaller than Ge−ph and Gph−ph due to the
large volume of the Cu films. Here, Ge−ph is estimated by e-ph thermal
coupling conductance with ΣCu = 2 nWµm−3K−5 [24, 48, 94]. Film volume
V = 120 µm3 is the typical value for Cu films used in our experiments.
Film thickness t = 300 nm. Gph−ph,AMM and Gph−ph,DMM is the estimated
thermal boundary conductance from AMM and DMM, respectively. Theory
predicted for a perfect interface, Gph−ph is much larger than Ge−ph in the
temperature range explored in our experiment for a Cu film of 300 nm.
Experimentally, the observed thermal boundary conductance is always
reduced with respect to the idea contact due to imperfect physical con-
tact. Details about the thermal conductance measurements are shown in
Chapter IV.
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Figure 2.4. Comparison of relevant thermal conductance for a typical Cu films explored
in experiments. Film volume is V =120 µm3. Film thickness t = 300 nm.
ΣCu = 2 nWµm−3K−5. Gph−ph,AMM and Gph−ph,DMM are predicted thermal
boundary conductance by AMM and DMM with k calculated from Eq. 2.11
and Eq. 2.14, respectively. Ge−ph is calculated with Eq. 2.6. Gp is set to its
maximum value of GQ .

2.3 Dynamic thermal relaxation

Previously we have discussed the thermal conductance describing the
steady-state heat transport properties in the system. At steady-state, the
temperature of the system does not change with time. Characterization of
thermal conductance helps to understand the bolometric response of de-
vices because a bolometer is used to measure the constant heating applied
on devices. In contrast, for calorimeter, absorption of incoming energy
package is an instantaneous process, in order to register the incoming en-
ergy package, one has to be able to measure the induced thermal response
before the energy relaxes to the bath. Investigation of this dynamic energy
relaxation is crucial for improving the performance of calorimeter and also
in studying thermal transport in mesoscopic systems. In this section, we
will present the dynamic thermal relaxation of the system under different
conditions.

2.3.1 Thermal relaxation when Ge−ph ≪Gph−ph

We have shown earlier that at low temperatures the dominant two thermal
conductances are Ge−ph and Gph−ph. It has been predicted that for thin
metal films, Ge−ph limits the thermal transport from film electrons to
the environment. In the case when Ge−ph ≪ Gph−ph, we can write down
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thermal equation for film electrons as

ceV
dTe

dt
=−ΣV (T5

e −T5
p)+PH . (2.18)

Where ce = γT is the electronic specific heat of Cu films, and γ= mkF k2
B

3~2 is
the Sommerfeld constant for the free electron model. Heat capacity of the
Cu film is Ce = γV Te. Within the temperature explored in our experiments
(below 250 mK), heat flow through galvanic contacts is negligible because
of the good thermal isolation of superconducting Al [95].

We now assume that the heating pulse is weak and the induced electron
temperature increases are small, δTe ≪ Te. Eq. 2.18 reduces to

ceV
d∆Te

dt
=−Ge−ph∆Te +PH , (2.19)

where ∆Te = Te −Tp. If external heating PH is removed at t = 0, we have
the time dependence of electron temperature as

∆Te(t)=∆Te(0)e−t/τe−ph . (2.20)

For relaxation starts from steady state, ∆Te(0)= PH
Ge−ph

. The e-ph coupling
limited thermal relaxation time τe−ph is given by

τe−ph = Ce

Ge−ph
. (2.21)

One can estimated τe−ph using the experimentally measured parameters
for Cu by using ΣCu = 2 nWµm−3K−5, γ = 98 JK−2m−3. Note that the
experimentally measured γ for Cu is always about 40% higher than that
predicted with free electron model γtheory = 71 JK−2m−3 [96]. With these
parameters and of T = 0.1 K, τe−ph ∼ 10µs.

2.3.2 Thermal relaxation when Ge−ph ≈Gph−ph

Theory predicts that for a perfect interface between Cu and SiO2, at the
temperature of 0.2 K, Gph−ph is much larger than Ge−ph for a film with
thickness below 500 nm. While experimentally measured Gph−ph at low
temperatures is few times smaller than that predicted for evaporated metal
films [82, 83], which results in comparable of Ge−ph and Gph−ph. In this
case, one needs to consider the dynamic thermal relaxation process due to
the decreased thermal conductance from film phonons to the environment.
The thermal balance equation for film phonons is given by

cpV
dTp

dt
=ΣV (T5

e −T5
p)−kA(T4

p −T4
b). (2.22)

In the case of weak heating and small temperature rise, together with
Eq. 2.18, we have

ceV
d∆Te

dt
=−Ge−ph(∆Te −∆Tp)+PH . (2.23)
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cpV
d∆Tp

dt
=Ge−ph(∆Te −∆Tp)−Gph−ph∆Tp. (2.24)

Here cp is specific heat of film phonons. For a 3D phonon system at
temperature well below Debye temperature ΘD , we have cp ≈ 12π4

5 NkB( T
ΘD

)3

[96]. In the temperature range explored in our experiments cp is 100 -
1000 times smaller than ce. Solving Eq. 2.23 and Eq. 2.24, we then get

∆Te = ae−t/τt +be−t/τp . (2.25)

Where a and b are constants. The two time constants τt and τp are

τt ≈ Ce

Ge−ph
+ Ce

Gph−ph
. (2.26)

τp ≈ Cp

Ge−ph +Gph−ph
. (2.27)

As τp ≪ τt, we have temperature dependence of electron temperature
increases as

∆Te(t)=∆Te(0)e−t/τt . (2.28)

The time constant τt = τe−ph + τph−ph, where τph−ph is expressed as

τph−ph = Ce/Gph−ph. (2.29)

2.3.3 Impact of additional thermal reservoir coupling

The above calculations show that for Ge−ph ≪ Gph−ph, a single exponent
relaxation process is expected. In the case of Ge−ph ≈Gph−ph, the relaxation
process shows two stages, but the thermal relaxation time of the fast pro-
cess τp is 2-3 orders of magnitude smaller than τt, so the relaxation process
exhibits essentially a single exponent behavior. Direct measurement of
thermal relaxation time is rarely reported, mainly due to the difficulty
of determining electron temperatures at fast speed. In 2016, Pinsolle
et al. utilized the Johnson noise thermometer to directly measured the
thermal relaxation in Al and Ag films. They found the thermal relaxation
process does follow well with the theory prediction. A recent experiment by
Viisanen et al, who used a fast thermometer to directly measure the film
temperature, convinced the fact that thermal relaxation of Ag films at low
temperatures is consistent with theory [97]. Yet for Cu films, experiments
show deviations compared to theory. Two time constants are observed in
the thermal relaxation process, and even the shortest relaxation time is
about one order of magnitude higher than that predicted with Eq. 2.21
[29, 97]. The long thermal relaxation time is also observed in AuPd films
[30] where they suspect an additional system with heat capacity C′ is cou-
pled strongly to film electrons, but weakly to the bath. Here, we consider a
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model of an additional thermal reservoir with heat capacity Cd coupled to
film electrons. The thermal coupling between additional system and film
electrons is described as

Pe−d =Σd(Tα
e −Tα

d ), (2.30)

where the exponent α and constant Σd are to be determined from exper-
iments. Similarly, for small temperature difference, we have thermal
equation

Cs
d∆Td

dt
=Gd(∆Te −∆Ts). (2.31)

ceV
d∆Te

dt
=−Ge−ph(∆Te −∆Tp)−Gd(∆Te −∆Td)+PH . (2.32)

cpV
d∆Tp

dt
=Ge−ph(∆Te −∆Tp)−Gph−ph∆Tp. (2.33)

Here the thermal conductance between film electrons and the additional
thermal reservoir is defined as

Gd =αΣdTα−1. (2.34)

After switching off PH , all the temperatures relax exponentially with three
relaxation times, ∆Ti =

∑︁3
j=1 a j e−t/τ j . The expressions for τ j contains τt, τp

and τd. Here τd is expressed as

τd = CeCd

Gd(Ce +Cd)
. (2.35)

Assuming τp ≪ τt,τd, one finds

δTe/δTe(0)= ae−t/τL + (1−a)e−t/τS . (2.36)

where the long (τL) and short (τS) relaxation times are defined as

1
τL

= 1
2

(
1
τd

+ 1
τt

)−
√︄

1
4

(
1
τt

− 1
τd

)2 + Cd

Ce +Cd

1
τtτd

. (2.37)

1
τS

= 1
2

(
1
τd

+ 1
τt

)+
√︄

1
4

(
1
τt

− 1
τd

)2 + Cd

Ce +Cd

1
τtτd

. (2.38)

and the prefactor a < 1 reads

a =
( 1
τd

− 1
τL

)τd

( 1
τS

− 1
τL

)τS
. (2.39)

The heat capacity of the thermal reservoir Cd and the thermal conduc-
tance Gd are expressed as

Cd = [(τL −τS)2/τLτS]α(1−α)Ce, (2.40)

Gd = [CdCe/(Cd +Ce)]
(︁
τ−1

L +τ−1
S −τ−1

t
)︁

. (2.41)

More discussions on thermal relaxation of Cu films are shown in details in
Chapter V.
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2.4 Proximity Josephson junction

To investigate heat transport in a system, one needs to be able to determine
the temperature of the system accurately and fast. Here in this disser-
tation, we develop the proximity Josephson junction (PJJ) thermometer,
where the temperature dependence of the switching current Isw is utilized
as the temperature probe. Josephson junctions (JJ) have been widely
studied for a long time and a systematical description of the JJ is beyond
the scope of the dissertation. Here in this section, we briefly introduce the
properties of JJ and PJJ which is relevant to our experiments.

2.4.1 Dynamics of Josephson junction

In 1962, Josephson predicted that for two superconductors interrupted with
a thin layer of insulator, a supercurrent Is can pass through the junction
without dissipation [98]. The amplitude of the supercurrent depends on
the difference of the phases ϕ of the superconductor order parameters [99].
The rate of change of the phase difference is proportional to the voltage
across the junction

Is = Ic sinϕ (2.42)

dϕ

dt
= 2eV

~
. (2.43)

Equations 2.42 and 2.43 are called the Josephson equations. Critical cur-
rent Ic is the maximum current the junction can support. Later, it was
shown that this effect maintains when replacing the insulator with any
"weak link", for instance, normal metal, semiconductor, or a superconduct-
ing constriction [100]. Dynamics of the Josephson Junction (JJ) can be
understood with the well-known Resistively and Capacitively Shunted
Junction (RCSJ) model [101, 102], as shown in the inset of Fig. 2.5. The
junction with critical current Ic is shunted with a self-capacitance C and
linear resistance R. When biased with a constant current I, the junction
can be treated as a phase particle with mass m = ~2/8Ec moving in a tilted
washboard potential U(ϕ)=−EJ[cosϕ+ (I/Ic)ϕ]. Therein EJ = ~Ic/2e is the
Josephson energy. The titled potential has an averaged slope proportional
to −I/Ic, shown in Fig. 2.5. The position of the phase particle corresponds
to the phase difference across the junction. For I < Ic, potential well has a
local minimum, particle oscillates around the local minimum at plasma
frequency ωp =

√︁
8EJEC q0)/~, where q0 = p

2(1− I/Ic) and Ec = e2/2C is
the charging energy. Phase particle can escape from the potential well
through macroscopic quantum tunneling (MQT) or thermal activation (TA)
[103, 104].

One can define the quality factor Q =ωpRC as the ratio of stored energy
to the dissipated energy in one oscillation. For ωp < 1, the junction is said
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Figure 2.5. Dynamics of a Josephson junction. Inset shows the RCSJ model for a biased
Josephson junction

to be in the overdamped regime. After escaping from potential, the phase
particle will be retrapped in the local minimum of next well due to the
large damping. According to the RCSJ model, there is no clear switch from
the superconducting state to the normal state and also no hysteresis of
the IV curve [99, 105]. On the contrary, for an underdamped JJ with Q > 1,
damping is small and the energy gain for a particle moving from one well
to another is larger than the loss due to damping. Then the phase will roll
down the potential well, resulting in switching from zero-resistance state
to normal state.

The escape rate of the phase from potential well consists of two main
contributions, MQT and TA, and is expressed as Γ= ΓMQT +ΓT A. Where
ΓT A is given by the Kramers formula as ΓT A = ωp

2π e−∆U /kBT [106, 107] and

ΓMQT can be approximated as ΓMQT = 12
p

6πωp
2π

√︁
∆U /~ωpe

−36∆U
5~ωp [108]. The

barrier height relates to bias current as ∆U =∆U(0)q3
0. Above the critical

temperature Tcr = ~Ωp
2πkB

, escape is dominated by TA. And below Tcr, MQT
dominate. Experimental investigation of escape has been done long ago
[103, 109] and experiments show the quantum behavior of the Josephson
junction with quantized energy levels in the potential well at low tem-
peratures [104, 109]. Recently, experiments in the intermediate regime
with moderately damped JJ have been carried out in superconductor-
insulator-superconductor (SIS) junction and supercondcutor-normal metal
- superconductor (SNS) junction [110, 111] and an underdamped phase dif-
fusion regime has been proposed [112], as well as the impact of noise on the
switching process of the hysteretic JJ have been investigated [113, 114].

One way to characterize JJ is to measure its switching current Isw. In
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the case of DC measurement, one can ramp up the biasing current through
the junction and monitor the voltage across it. Isw is defined as the current
when JJ switches from zero-resistance state to the normal state. Due to
the stochastic character of the switching process, Isw fluctuates around
the average value. Another popular used way to measure the switching
current is with current pulses [43, 115–118]. For a given escape rate Γ of
the junction, the probability of the particle do not escape from the potential
well in time dt is given by 1−Γdt. For a probing pulse with pulse width Tw,
the probability of no escape is (1−Γdt)Tw/dt = exp(−ΓTw), thus the switching
probability of the junction when probed with pulse of width Tw is [117]

P = 1− eΓTw . (2.44)

To measure the distribution of Isw, one can send a pulse train (with
N pulses) to the JJ at a fixed biasing current and record the number of
switches n by monitoring the voltage across the JJ. Switching probabil-
ity at the corresponding biasing current is given by P = n/N. Repeating
the measurement with varied biasing current, one obtains the switching
distribution.

2.4.2 Proximity Josephson junction and temperature
dependence of Isw

PJJ consists of a normal metal in direct contact with two superconductor
electrodes. Investigation of PJJ dates back to the study of the NS contact
in the early 1960s [119]. It has been shown that when a normal metal N is
in contact with a superconductor S, the superconducting properties of S
propagate through the transparent interface to the N-metal and induce
superconducting-like properties. The proximity effect is mediated by the
Andreev reflection (AR) process [120, 121], where an electron (hole) in
normal metal with energy much smaller than the energy gap of the super-
conductor is Andreev reflected at the interface as a hole (electron), thus
transferring a Cooper pair to the superconductor. Electronic and transport
properties of NS interface are already well studied [122–125]. For an
SNS structure JJ with two NS interfaces, AR results in a non-dissipative
supercurrent flow through the normal mental and it was first observed
in Pb-Cu-Pb sandwiches [126, 127]. Since then, lots of measurements
have been done on SNS junctions to understand their transport properties.
Experimental results are interpreted with the use of the Usadel equations
in the high temperature regime [128–133].

In 1995, Courtois et al. found that for a long PJJ, the measured tempera-
ture dependence of critical current deviates from what has been predicted
by early theory [134]. The experiment inspired the theoretical investiga-
tion of the temperature dependence of Isw in the long diffusive junction
[135–137]. The long junction limit refers to the regime where the junction
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length L is much larger than
p
~D/∆, which is equivalent to the condition

∆≫ E th. Here ∆ is the superconducting gap, E th = ~D/L2 is the Thouless
energy, and D = υF l/3 is the diffusion constant of the normal metal, υF and
l are the Fermi velocity and the mean free path of electrons in the normal
metal.

The theory made predictions for PJJ with a fully transparent NS in-
terface in the high temperature regime kBT ≫ E th, ( this is equivalent
to L ≫ LT , where LT = p

~D/2πkBT is the decay length of the proximity
induced pair amplitude in N). The mutual influence of the two supercon-
ducting electrodes can then be neglected and from the Usadel equations,
one gets [136–138]

eRN Ic = 64πkBT
∞∑︂

0

(
2ωn

E th
)1/2

∆2 exp(−2ωn
E th

)1/2

[ωn +Ωn +
√︁

2(Ω2 +ωnΩn)]2
, (2.45)

where RN is the normal resistance of N, ωn = (2n+1)πkBT is the Matsubara
frequency, Ωn =

√︁
∆2 +ω2

n. In the case of very long junction ∆/E th → ∞,
Eq. 2.45 is simplified to

eRN Ic = 32E th

3+2
p

2
(
2πkBT

E th
)3/2e−

p
2πkBT/E th . (2.46)

In the low temperature limit kBT ≤ E th, the numerical solution can be
approximated by

eRN Ic = aE th(1−be
−aEth
3.2kBT ). (2.47)

In the long-junction limit ∆/E th →∞, constant a and b are 10.82 and 1.30,
respectively. At zero temperature, one finds Ic(T = 0) = 10.82E th

eRN
, implying

the importance of E th (properties of N) as an energy scale for PJJ in
the long junction limit, in contrary to the short junction limit where the
proximity effect is determined by the properties of the superconductor
[139]. Figure 2.6 shows the temperature dependence of eRN Ic porduct,
both axes are normalized to E th, calculated with Eq. 2.45 - 2.47.

Note that the above prediction is based on the assumption of a fully
transparent NS interface with the interface resistance equals to zero. In
reality, one needs to take into account the non-ideality of the interface
and it is predicted that for a sample with higher interface resistance, Isw

decays faster, in addition, the low temperature region where Isw saturates
shrinks [133].

One of the interesting topics of a PJJ is its hysteric IV curve. According
to RCSJ model, the lateral PJJ with only small geometrical capacitance
is strongly overdamped Q ≪ 1. IV curves of the junction would show no
hysteresis and there is no clear switching from the zero-resistance state to
the resistive state [99]. Experimentally, the junction always shows hystere-
sis at low temperature, as soon as its critical current is large. It has been
verified that the hysteresis is due to the heating of the electrons when it
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Figure 2.6. Calculated eRN Ic product as a function of temperature. Solid lines are cal-
culated with Eq. 2.45 of varied ∆/E th ratio. Dashed line and dash-dotted line
show the calculation in high and low temperature limits respectively.

switches to the resistance state [140] and by considering the heating effect,
a proposed theory has accurately reproduced the temperature dependence
of the retrapping current [141]. The origin of the switching of lateral PJJ
in the long junction limit is still an open question.
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3. Experimental methods

In this chapter, we first briefly describe the device fabrication with the
use of the standard nanofabrication techniques. Main part of the chapter
focuses on the measurement techniques, where we show the temperature
measurement in both steady-state and the dynamic regime. The measure-
ment techniques present in this chapter are summarized in Publication
I.

3.1 Device fabrication

All the devices investigated in the dissertation are fabricated on Si sub-
strate with 300 nm thermally grown SiO2 on top. First, 500 nm of poly-
methyl methacrylate (PMMA) - methyl acrylic acid (8.5% MMA) is spin-
coated on top of the wafer with a spinner at 4000 rpm/min, the wafer
is then baked at 160°C for 2 mins. Next, another 200 nm of PMMA is
spin-coated at 4000 rpm/min, followed by baking at 160 °C for 10 mins.
Electron beam lithography (EBL, Vistec EBPG 5000+) is used to define the
pattern of the Cu films to be measured. After development in a 1:3 solution
(by volume) of methyl isobutyl ketone (MIBK): IPA and IPA (each with 30
s), 50 nm Cu film is evaporated on top of the resist mask by electron-beam
evaporation (EBE). For some samples, we evaporate 3 nm of Ti as the
adhesion layer before Cu evaporation. The Ti layer reduces the thermal
boundary conductance between film electrons and the substrate at low
temperatures, as will be shown in Chapter IV.

To contact the evaporated Cu film with Al, one repeats the above steps.
However, before the Al evaporation, we use plasma milling to clean the
surface of the Cu film in order to reduce the NS contact resistance. The
thickness of the Al film is 60 nm. We find that adding 3 nm of Ti between
Cu and Al makes the device more robust. We have re-characterized a
device two months after its first measurement and the results are as in
the same as the first measurement. Figure 3.1 (a) and (b) show the false-
color scanning electron microscope (SEM) images of a sample with a film
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Figure 3.1. (a) False-color SEM images of a device with 50 nm Cu film (brown). The large
Cu pad constitutes the main volume of the Cu film to be studied. (b) Zoom
of the dashed white area in (a) shows the superconducting Al (blue) contact
with Cu, forming proximity Josephson junction. (c) False-color SEM image of
a device with 300 nm Cu film (pink).

thickness of 50 nm.
In the experiments, we have also investigated devices with increased

thickness of 300 nm. For fabrication, we first evaporate a layer of 50 nm
Cu, which is used as the N part of the PJJ, heater, and the contact pad.
Then another EBL and EBE are used to contact the 50 nm film with
300 nm Cu. Figure 3.1 (c) shows a false-color SEM image of a device with
a 300 nm Cu film (pink). The two Cu films contact each other via a square
shaped contact pad. In addition, we investigated the impact of film surface
coating and film annealing on the dynamic thermal relaxation process. The
surface coating is done by evaporating 3 nm of Al film right after the Cu
film evaporation without breaking the deposition chamber vacuum. Film
annealing is done before Al evaporation in N2 ambient at 350 °C for 20
mins.

In the dissertation, we also investigate the impact of the phonon dimen-
sionality on the e-ph thermal coupling. The experiments are done on a
sample with a 50 nm Au film. First, the device is fabricated on SiO2/Si
substrate with the same method as for the Cu film sample. To create the
mechanically suspended structures, we define the resist mask with EBL
and etch away the SiO2 with Ar ion milling. The underlying Si is removed
with isotropic XeF2 etch. SEM images of the device before and after etching
are shown in Fig.3.2.

3.2 Measurement technique

After fabrication, we first check the devices with SEM. The galvanic con-
nections are checked by the room-temperature probe station. The sample
is bonded to a sample stage with a wire bonder and then attached to the
mixing chamber plate of a dilution refrigerator with its lowest tempera-
ture around 50 mK. Electrical wiring from room temperature to cryogenic
temperature consists of manganin wires and thermocoax cable, the total
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Figure 3.2. Colored SEM images showing the device before (left) and after (right) suspen-
sion. Au: yellow. Al: blue.

resistance of the wiring is around 100Ω at room temperature. The ther-
mocoax cable functions as cryogenic filtering for electrical signal [142] and
we also have on-chip RC low-pass filters on the sample stage. To screen
the device from the external electromagnetic environment, the sample
stage is shielded with multiple-stage caps. BNC cables are used to make
electrical connections between the signal lines on the dilution refrigerator
and measurement instruments.

The experiments involve measurement of Isw of the PJJ in order to
determine the electron temperature in the film. Next, we present the mea-
surement techniques and discuss the performance of the PJJ thermometer.

3.2.1 DC measurement

One of the typical measurement circuits in the dissertation is shown in
Fig. 3.3 (a). The hybrid structures at the bottom with a short channel
length behave as a PJJ, which can be used as a thermometer to determine
the temperature of the film electrons. A typical IV curve of the PJJ is shown
in Fig. 3.3 (b). For small Ibias, the junction is in the zero-resistance state
and no voltage drops across the junction. Increasing Ibias above a certain
value, the junction switches to resistive state with nearly linear IV. The
switching current Isw is defined as the corresponding biasing current when
PJJ switches from the zero-resistance state to the resistive state. When
sweeping back the biasing current, the junction switches from the resistive
state to the superconducting state at a biasing current well below Isw,
which we define as retrapping current Ir. This hysteresis originates from
the overheating of the electrons in metal wires after the junction switches
to the resistive state [140]. Importantly, the dissipation begins only after
the switch to the normal state. Hence, the statistics of the switching
current provide information about the unperturbed film temperature. For
all the junctions measured, the calculated Thouless energy is below 20 µeV,
below the superconducting gap of Al at around 200 µeV, indicating that
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Figure 3.3. (a)DC measurement circuit. The PJJ at the bottom is current biased with
Ibias. The long horizontal Cu wire is used as a heater when biased with the
currents of two polarities ±IH . (b) IV curve of a typical PJJ shows hysteresis
at Tb of 60 mK. (c) Temperature dependence of Isw and Ir.

the junctions are in the long-junction limit. Temperature calibration of
the JJ thermometer is obtained by varying the bath temperature of the
refrigerator and recording the Isw. A typical temperature dependence of
Isw is shown in Fig. 3.3 (c). In the temperature range explored, Isw does
not show saturation. The long horizontal Cu wire above PJJ is used as a
heater when biased with the currents of opposite polarities ±IH . The large
Cu pad on top constitutes the main volume of the film to be studied. In
the heating measurement, we detect Isw against IH , with the calibration
curves shown in Fig. 3.3 (c), we obtain the electron temperature against
heating power.

As discussed in Chapter II, the switching process from the zero-resistance
state to the resistive state for PJJ is a stochastic process and the measured
Isw distribute in a certain range. In our measurements, Isw is probed by
using a triangular waveform with a frequency between 2 and 4 Hz and
a duration of 2 seconds. Thus, Isw is defined as the average of the mea-
sured switching currents by the triangle current wave. This measurement
technique is used in steady-state experiments to measure the thermal
conductance from film electrons to the bath, as will be shown in Chapter
IV.

3.2.2 Pulse probing measurement

To investigate a dynamic thermal process, one needs to be able to detect
the system temperature at a fast speed. The switching process of the PJJ
is probed by sending a current pulse to the junction. The probability of
the junction to switch to the normal state depends on the amplitude and
the width of the current pulse, as shown in Chapter II. To measure the
switching distribution, we send a pulse train to the PJJ. Figure 3.4 (a)
shows the waveform of the pulse train. Each current pulse consists of two
parts: probe pulse Ip and read-out pulse Iread. The read-out current is
kept at a level just above the retrapping current Ir for the recording of the
switching events. Probe pulse amplitude Ip is varied to probe the switching
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Figure 3.4. (a) The waveform of the current pulse train used in determining Isw. (b)
Switching probability as a function of probe pulse amplitude at different
bath temperatures. Tb = 60, 90, 121, 151, and 182 mK from blue to red.
(c) Temperature dependence of Isw with varying probe pulse widths. DC
measurement results are shown in the color plot. Adapted from Publication I.

events. For a particular pulse amplitude, the number of switching events
n is counted, and the switching probability is defined as P = n/N, where N
is the total number of the probing pulses. Current pulses with opposite
polarities are used to further check the accuracy of the measurement
method. The time interval between two sequential current pulses is set
to τre = 10 ms in order to ensure the cooling of the electrons after the JJ
retraps to the superconducting state.

we show in Fig. 3.4 (b) the switching probability against the probe pulse
amplitude at different bath temperatures. The probe pulse width τp and
the read-out pulse width τr are set to 2 µs and 1 ms, respectively. In our
experiment, the shortest probe pulse width is limited by the bandwidth
of the biasing circuit. With optimized design, one can reach nanosecond
speed with this measurement technique [43]. Current pulses with opposite
polarities are plotted as dots and squares, respectively. The identical of
the the measurement result for probing current with opposite indicating
the accuracy of the measurement technique. The switching probability
increases from 0 to 1 as increasing the probe pulse amplitude Ip. For
thermometer calibration, we define Isw as the probing current that corre-
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Figure 3.5. Electron temperature in response to heating current IH . The current consists
of two pulses, each with width of 0.5 ms, with opposite polarities. Tb varies
from 70 mK (blue bottom) to 150 mK (up, yellow) in 20 mK temperature
intervals. (b) Calculated temperature increases ∆Te = Te −Tb from panel
(a). Decreases of the temperature amplitude at high bathe temperature is
due to the increased thermal conductance between film electrons and the
environment

sponding to the switching probability P = 0.5. In Fig. 3.4 (c), we plot the
temperature dependence of Isw for different probe pulse widths together
with the sweeps of the bias current. For a fixed bath temperature, the
longer pulse width gives a higher switching probability of the JJ. Thus,
smaller Ip is needed to drive JJ to the normal state, so that the measured
Isw is lower. For a pulse width of 256 µs, Isw is nearly equal to the results
of the steady-state measurement.

To elevate film electrons, contrary to the steady-state measurement
where we apply constant heating to the heating, we employ a rectangular
current pulse. Similarly, current pulses with opposite polarities are used to
ensure that no heating current flows through the probing lines. Meanwhile,
by changing the time interval between the probing pulse and the heating
pulse with one of them fixed, we can use this technique to monitor the
electron temperature in the Cu film, while pulse heating is used to create
a non-equilibrium in it. Figure 3.5 shows the electron temperature in a
heated Cu film in response to a heating current IH at various bath temper-
atures. IH consists of two pulses, each with a pulse width of 0.5 ms (in the
time interval of −3.5 ms to −3 ms and −0.5 ms to 0 ms). When the heating
amplitude is zero, film electrons are in thermal equilibrium with the bath
with its temperature at Tb. As heating is turned on, electron temperature
starts to rise and finally reaches the steady-state by dissipating the Joule
heat through the e-ph coupling. When heating is switched off, electrons
start to relax and reach the bath temperature of the dilution refrigerator
again.

To characterize the performance of the PJJ thermometer, we defined the
temperature resolution of the thermometer as

ϵT = ∆Ip

dIsw/dT
. (3.1)
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Here, ∆Ip = Ip(P = 90%)− Ip(P = 10%) is the switching width. For the
experiments shown in Publication IV, the switching width is around 20 nA.
The calculated temperature resolution of the thermometer is shown in
Fig. 3.6 (a). In the temperature range explored, ϵT is around 0.1 mK.

To evaluate the impact of heating current on temperature measurement,
we show in Fig. 3.6 (b) the switching current changes ∆Isw = Isw(t)− Isw(t =
−4 ms) as a function of the time. Here, +(−) indicates the direction of the
probing current pulse. The heating current consists of two pulses with
opposite polarities, similar as those shown in Fig. 3.5. The identity of
the two dips suggests that there is negligible amount of IH flows to the
temperature probing line. In addition, we calculate the switching current
offset of the two polarities as I+sw − I−sw and plot it in Fig. 3.6 (b) with the
blue circles. The offset fluctuates around an averaged value during the
whole measurement, no matter whether the heating is turned on or off.

Figure 3.6. (a) Temperature resolution ϵT of PJJ as a function of temperature. (b) Switch-
ing current changes ∆I+(−)

sw and the offset of Isw of opposite polarities plotted
as a function of the time interval of Ip and IH .
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4. Steady-state measurement

In this chapter, we focus on heat transport in the steady-state, where
the temperature of the film electrons does not change with time. In the
steady-state measurement, a constant heating PH is applied to Cu films,
the film electron temperature is measured with respect to Tb. From the
temperature changes, we extract the thermal conductance between each
subsystem, as shown in the thermal model in Fig. 2.2. We carried out
experiments on samples with varied film thickness and show the crossover
of thermal relaxation mechanism. In addition, by adding a thin layer of
metal film between the film and the substrate, we find that the thermal
boundary conductance is reduced. Finally, we show the impact of reduced
phonon dimension on the e-ph thermal coupling.

4.1 Ge−ph limited heat transport

According to the discussion shown in Chapter II, when a constant external
heating PH is applied to Cu film, thermal transport of film electrons is
mainly limited by two thermal conductances: Ge−ph and Gph−ph connected
in series. For a heated Cu film, the weaker of the two thermal conductances
governs the thermal transport. At small temperature differences, one can
estimate Ge−ph with Eq. 2.5, where we take n = 5 as is mostly observed in
metal films. The thermal boundary conductance is given by Eq. 2.9. The
ratio of the two thermal conductances is

η= Ge−ph

Gph−ph
= 5ΣtT

4k
, (4.1)

where t is the thickness of the film. For a thin Cu film at low temperature,
one expects η< 1 and the bottleneck of thermal transport is the weak e-ph
thermal coupling.

First, we show the experimental results of a sample with 50 nm Cu
film. False-color SEM image of the device and the measurement circuit
are shown in Fig. 3.3 (a). As discussed in Chapter III, we bias the PJJ
with a triangle current wave, the switching current of PJJ is measured
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Figure 4.1. Measurement results of a sample with a 50 nm Cu film. (a) Measured switch-
ing current Isw as a function of heating current IH , bath temperature varies
from 60 (up) - 180 (bottom) mK. The temperature interval is 20 mK. (b) Mea-
sured T5

e −T5
b plotted as a function of heating power PH . The observed linear

dependence is consistent with the prediction of Eq. 2.5 with exponent n = 5,
suggesting that the weak e-ph coupling limits the energy relaxation of the
electrons in the Cu film. Inset: The measured e-ph coupling constant Σ as a
function of temperature. X-axis unit: mK, Y-axis unit: nWK−5m−3.

against varied magnitude of heating PH. Here, PH = I2
HR is the applied

Joule heating, and R is the heater resistance.
Figure. 4.1 (a) shows the measured Isw as a function of IH at varying bath

temperatures. Isw is at its maximum when there is no heating applied to
the film. Decrease of Isw while increasing |IH | indicates heating of film elec-
trons. The PJJ thermometer used here is a secondary thermometer where
a temperature calibration is necessary. In the experiments, temperature
calibration is obtained by measuring Isw against the bath temperature of
the dilution refrigerator, without PH applied. One of the calibration curves
is shown in Fig. 3.3 (c). With that, one can convert the measured Isw to
electron temperature in the film. In Fig. 4.1 (b), we plot the measured
T5

e −T5
b as a function of PH . A linear dependence is clearly seen as expected

for a thin film at low temperature. From the slopes, we extract the e-ph
coupling constant Σ = 2.1 nW−5µ m−3, with no temperature dependence
within the temperature interval from 60 to 250 mK, as shown in the inset
of Fig. 4.1 (b). The measured Σ is consistent with previous experiments
on Cu films [24, 48, 94]. The experiment demonstrates that for the 50 nm
Cu film at low temperatures, the energy relaxation of electrons is domi-
nated by the e-ph coupling, and the exponent n = 5 is consistent with the
prediction of 3D clean metal.

We have calculated the product ql for our metal films. From the SNS
resistance, we calculate the electrical resistivity of the Cu film to be around
4.7×10−8 Ωm, which gives the mean free path of about 14 nm. In the
temperature range between 60 - 250 mK, the estimated ql ranges between
0.05 (0.02) and 0.2 (0.1) for transverse (longitudinal) phonons. Though the
Cu film measured in our experiments is close to the ’dirty’ limit (ql < 1), the
observed n = 5 suggests the 3D clean limit of the Cu film. As we discussed
in Chapter II, the impact of disorder on the e-ph coupling is inconclusive,
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Figure 4.2. (a) SEM image of a sample with 300 nm Cu film (purple). There are two PJJ
thermometers (local, remote) located at the two ends of the Cu film to check the
uniformity of the electron temperature while heating. The inset in (b) is the
enlargement of the local JJ thermometer. (b) Measured electron temperature
by the local and the remote thermometer as a function of PH . Overlapping
of the two curves suggests that electrons reach thermal equilibrium in the
large Cu film. (c) Measured Tn

e −Tn
b plotted as a function of PH with exponent

n = 4 (triangles, Tb = 55, 100, 150 mK, from dark blue to red) and n = 5 (blue
dotted, Tb = 55 mK). A linear dependence is observed when plotted with n =
4; black lines are the linear fits. Experimental data show that for the 300 nm
Cu film, thermal boundary resistance limits the energy relaxation process.
The derived interface-material-dependent parameter k is about 60 WK−4m−2,
shown in the inset. Adapted from Publication II

and n = 5 is most widely observed in experiments [24, 48, 54, 65, 66, 94].

4.2 Gph−ph limited heat transport

Equation 4.1 suggests that if one changes the film thickness or temperature
to the point where Ge−ph becomes equal to Gph−ph, a crossover from one
thermal transport mechanism to another should take place. The crossover
temperature Tcr depends on the constant Σ, k and the film thickness as
Tcr = 4k/5Σt. For perfect contact between Cu and the silicon substrate, we
have calculated from DMM that k = 312 WK−4m−2. Hence, the crossover
temperature of 0.1 K is expected in films with a thickness of t ≈ 1.2 µ

m. In experiments, the contact between metal films and the substrate is
never perfect and experiments have shown a reduced k compared to theory
[82, 83], which makes it possible to observe the crossover of dominant
thermal transport mechanism in somewhat thinner films.

In Fig. 4.2, we show the measurement results of a sample with 300 nm
Cu film. Device fabrication has been described in Chapter III. Figure 4.2
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(a) shows the false-color SEM image of the measured device. It consists
of two PJJ thermometers located at the two ends of the thick film with a
distance of 40 µm from each other. They are used to confirm the uniformity
of electron temperature in the thick Cu film while it is heated. The PJJ
close to the heater side is defined as the local thermometer and another one
is called the remote thermometer. The measured electron temperature by
the two thermometers is plotted against PH in Fig. 4.2 (b). Experimental
results show the identity of the temperature measured by the two ther-
mometers except at the largest applied powers. The small difference at
high PH originates most likely from the electron diffusion along with the
thick Cu film and is negligible for the analysis.

Figure 4.2 (c) shows the measured Tn
e −Tn

b as a function of PH . In contrast
to what was shown for the 50 nm Cu film, a linear dependence is observed
when plotting with n = 4 in the full temperature range explored. In compar-
ison, when plotted with n = 5, a clearly nonlinear dependence is observed,
as shown with blue dots in Fig. 4.2 (c). From the slope of those linear
data sets curves, one can extract the constant k. In the inset of Fig. 4.2
(c), we plot k against temperature. The measured k is about 60 WK−4m−2,
which is consistent with the previous experiments on evaporated metal
films [82, 83], but it is about 5 times smaller than that predicted with
DMM, probably due to the imperfect contact between the Cu film and the
substrate.

One may suspect that the observed n = 4 originates from the film disorder
because theory predicts in disordered metal films, that the exponent n
varies from 4 to 6 [64]. However, this is not the case for our Cu films,
because the observed n = 5 in the 50 nm Cu film indicates that the thin
Cu film is well described by the 3D clean limit picture. Furthermore,
increasing the film thickness would reduce film disorder and only make
the film closer to the 3D clean limit. The experimentally observed n = 4
for the 300 nm Cu film is due to the fact that Gph−ph governs the thermal
transport of the thick film.

4.3 Reduction of Gph−ph by introducing a third layer

Because the acoustic mismatch between different materials reduces the
phonon transmission across the contact, one would expect Gph−ph decrease
when adding a third layer of material between the Cu film and the sub-
strate. To verify this, we measured a device where 3 nm of Ti is added
between 50 nm Cu film and the substrate. In Fig. 4.3 (a) we plot the
measured T4

e −T4
b as a function of PH. Linear dependence is observed at

temperatures above 130 mK, suggesting that Gph−ph limits the thermal
transport in this temperature range. Deviation from the linearity at a
small PH is due to the uncertainty of the electron temperature measure-
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Figure 4.3. Measurement results of a sample with a 3-nm Ti layer added between the 50-
nm Cu film and the substrate. (a) T4

e −T4
b plotted as a function of heating power

PH . The observed linear dependence above 130 mK indicates that Gph−ph
limits the thermal transport. The black line is a guide to the eye. Inset:
Derived k as a function of temperature. (b) T5

e −T5
b as a function of heating

power PH at the bath temperature of 60 mK. Linear dependence is observed
only at temperatures up to about Tcr = 130 mK. At higher temperatures,
linear dependence is observed when plotted with n = 4, shown in (a) with the
black dotted line. The red line is a guide to the eye. Adapted from Publication
II .

ment. From the slops, we extract the constant k is about 15 WK−4m−2,
shown in the inset of Fig. 4.3 (a), which is 25% of that measured for the
device without the Ti layer. With the experimentally measured values of
k and Σ, we estimate the crossover temperature to be Tcr = 124 mK. At
temperature below Tcr, thermal transport is governed by Ge−ph and the
linear dependence of T5

e −T5
b is expected. In Fig. 4.3 (b), we plot T5

e −T5
b

as a function of PH at bath temperature of 60 mK. As expected, a linear
dependence is observed up to 130 mK. At high temperatures, deviations
from the linear dependence become visible. Similarly, for the same data,
if one plots T4

e −T4
b verse PH, the linear dependence is observed at a tem-

perature above Tcr, as shown in Fig. 4.3 (a) with the black line. Thus, we
observed the reduction of Gph−ph by adding a thin layer of Ti between the
Cu film and the substrate. By changing the temperature, we observed the
crossover of the thermal transport mechanisms.

One can roughly estimated the impact of the Ti layer on thermal con-
ductance by simply considering a series connection of the two interface
resistances. We find k−1

Cu−Ti−SiO2
= k−1

Cu−Ti + k−1
Ti−SiO2

, where kCu−Ti and
kTi−SiO2 are the interface-material-dependent parameters between Cu/Ti
and Ti/SiO2, respectively. Based on DMM, we estimated kCu−Ti−SiO2= 0.49
kCu−SiO2 , where kCu−SiO2 characterizes the boundary between Cu/SiO2.
The observed reduction of thermal boundary conductance is about two time
larger than the prediction with this model, suggesting other factors, for
instance, the imperfect contact between Ti and substrate, to be considered.
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Steady-state measurement

Figure 4.4. (a) Annotated 3D rendering of a sample with suspended structure. (b) SEM
image of the measured device. Same device as shown in Fig. 3.2. (c) A thermal
model explaining the energy flow in the suspended devices. Adapted from
Publication III.

.

4.4 electron-phonon coupling in suspend structure with reduced
dimensionality

The impact of the phonon dimension on e-ph thermal coupling has been
discussed in Chapter II. The strong coupling of phonons in the film and
substrate makes the film phonon to be closed to 3D, though the thickness of
the metal film t is smaller than the dominant thermal phonon wavelength
λph. The experimental results for the 50 nm Cu film confirmed this fact.

To investigate the e-ph thermal coupling with a reduced phonon dimen-
sions, one needs to release the device from the supporting substrate, and
as long as the total thickness of the film and the membrane is smaller than
λph, the phonons can be considered to have a 2D properties [72]. In this
section, we present experiments on e-ph coupling in a thin Au film on a
SiO2 platform. The device structure and the corresponding thermal model
are shown in Fig. 4.4. Thicknesses of the Au and Al films are 50 and 65 nm,
respectively. The device consists of two symmetric heater-thermometer
structures, as labeled in Fig. 4.4 (a). The thermal flow in the suspended
device is shown in the thermal model in Fig.4.4 (c). One can apply Joule
heating to either side (L, R) of the heater and measure the film electron
temperature and membrane phonon temperature with PJJ thermometers.

The measured electron temperature and membrane phonon temperature
are plotted as a function of heating power in Fig. 4.5 (a). Experiments show
the identical thermal response of film electrons and membrane phonons
to heating on both sides of the heater. Fitting the experimental results
with Eq. 2.5, we find n = 4.55 for the two independent measurements. The
exponent is consistent with earlier studies by Karvonen et al., where they
obtained n ≈ 4.5 [72] and is in agreement with the theoretical prediction
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by Anghel et al.. Therein they predict a ’plateau region’ with 4.5 < n < 5
when the phonon system undergoes a 2D to 3D transition.

Figure 4.5. (a) Heating characteristic of a suspend sample with two symmetric heater-
thermometer combinations. (b) Comparison of the applied heating power and
the calculated heat flow using the best-fit power law. Adapted from Publication
III.

.

39





5. Dynamic thermal relaxation in Cu
film

In Chapter IV we investigated the steady-state thermal transport where
the thermal response of film electrons to constant heating was measured.
In this chapter, we study the dynamic thermal relaxation process after
heating is turned off. As explained in Fig. 2.1 (b), for calorimetry, the
incoming energy elevates film electrons abruptly. After energy absorption,
electrons start to relax toward Tb due to the thermal coupling. To detect
the energy package, one needs to be able to measure the induced temper-
ature changes before equilibrium. For normal metal at low temperature,
considering the thermal transport of electrons to the environment limited
by e-ph thermal coupling, one can estimate the e-ph thermal relaxation
time τe−ph = γ/5ΣT3. For Cu film at a temperature of 0.1 K, τe−ph is about
10 µs. In the past, the lack of sufficiently fast and sensitive thermometers
hindered the investigation of the dynamic thermal relaxation in the ex-
periments with direct heating of electrons by bias current. Until recently,
several kinds of fast thermometers have been developed, which make
it possible to study the dynamic thermal relaxation in metallic systems
[26, 29, 42, 43]. Among several fast thermometers, PJJ has the advantage
of being easy to fabricate. Also, the measurement circuit is simpler com-
pared with the technique by using rf circuits. What is more important
is that the measurement method is noninvasive, as before the switching
current is probed, PJJ is in the zero-resistance state, thus negligible heat-
ing is introduced into the measured system. Yet this technique does not
allow continuous measurement of temperature since after the switching
the system needs to be reset.

In this chapter, we show that contrary to what is expected from theory,
the dynamic thermal relaxation exhibits several time constants. To ex-
plain the observed experimental results, we consider a thermal model of
additional thermal reservoir coupled to film electrons. We derive the tem-
perature dependence of the specific heat of the additional system and its
thermal conductance to film electrons. The observed experimental results
are consistent with the assumption of the combined effect of the strong
anisotropy of e-ph scattering rate in bulk copper and of the complex texture
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of thin Cu films, which contain grains with different orientations.

5.1 Dynamic thermal relaxation of 300 nm Cu film

In Chapter II we have discussed the case when Ge−ph governs the thermal
relaxation of film electrons, the dynamic thermal relaxation process is
described by Eq. 2.20 with the single thermal relaxation time expressed
in Eq. 2.21. When Ge−ph becomes comparable with Gph−ph, the calculated
thermal relaxation equation shows two time constants. However, as the
phonon heat capacity is much smaller than the electronic heat capacity for
a metal film at low temperature, the thermal relaxation can be approxi-
mated as a single exponent process with one time constant τt, expressed
with Eq. 2.26.

Figure 5.1. Thermal relaxation results of a sample with 300 nm Cu film. (a) Normalized
electron temperature ∆Te(t)/∆Tes as a function of time interval between Ip
and IH . Bath temperature Tb = 55, 60, 70, 80, 90 mK from right to left. Red
lines are fits with Eq. 2.36. Inset: measured electron temperature versus
time. The value of Tb and unit of x-axis are the same as in the main plot. (b)
Temperature dependence of the two time constants τL and τS obtained from
the fits shown in panel (a). τe−ph (dash-dotted), τph−ph and τt (solid black)
are predicted thermal relaxation time constants given by Eq. 2.21, Eq. 2.2 and
Eq. 2.29. The solid-blue line shows a simple power law fit of the temperature
dependence of the long relaxation time τL. Adapted from Publication IV.

.

In this section, we experimentally investigate the dynamic thermal re-
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laxation of a 300 nm Cu film. The measurement technique to monitor
the dynamic thermal response of film electrons to external heating has
been described in Chapter III. In the inset of Fig. 5.1 (a), we show the film
electrons in response to a heating current IH. As heating is turned on,
electron temperature starts to increase and finally reach the steady-state
temperature of Tes. The steady-state temperature increase is defined as
∆Tes = Tes −Tb, and its value is consists with the steady-state measure-
ment shown in Chapter IV. ∆Tes decreases at high Tb due to the increased
thermal conductance.

Here, we focus on the time interval after heating is switched off. Fig-
ure 5.1 (a) shows the normalized ∆Te/∆Tes as a function of time. We find,
contrary to what is expected based on theory, the thermal relaxation pro-
cess can not be well fitted with the single-exponent equation, instead, one
needs to use the two-exponent equation in order to fit the experimental
data well. Red lines show the fits with equation

∆Te(t)/∆Tes = ae−
t

τL + (1−a)e−
t

τS , (5.1)

where a is a constant, τL and τS are the short and long thermal relaxation
times, respectively. Temperature dependence of the derived two time con-
stants is shown in Fig. 5.1 (b). For comparison, we show the calculated
τe−ph, τph−ph and τt in the same plot. In the calculation, we take exper-
imentally measured γ = 98 JK−2m−3, note that this value is about 40%
higher than that predicted by a free electron model of γ = 71 JK−2m−3

[143]. The constant Σ = 2 nWK−5m−3 and k = 60 pWK−4m−2 are measured
in steady-state experiments shown in Chapter IV. We observe rather good
agreement between the measured τS and the calculated τt. However, the
long time constant τL is about one order of magnitude higher than τS and
it follows a power-law temperature dependence with exponent of about
3.5. One notices that at high bath temperatures, τS decreases to a very
small value compared to τL. Thus, the dynamic thermal relaxation process
exhibits an overall single exponent behavior with the long time constant
τL.

Previously, Govenius et al. found that in their experiments on AuPd film,
the thermal relaxation time depends on the length of the heating pulse
[30]. They suspect an additional system, with its heat capacity C′ ≫ Ce,
coupling strongly to film electrons but weakly to the bath. When the
film is heated by a short current pulse, the additional system does not
response to the heating and its temperature remains close to the bath
temperature. As increasing the heat pulse width, the additional system
thermalizes with Ce and it induces the long thermal relaxation time. We
believe that the thermal model present by Govenius et al. would not
explain the observed long time constant τL in our experiments, because
in their case, one would expect the thermal relaxation process to exhibit a
single exponent of (Ce +C′)/G th.
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Figure 5.2. Summary of the derived thermal relaxation times versus temperature. (a) The
short time constant τS (for the annealed 50 nm film, we show both τS and the
shortest relaxation time τ0). Black-solid line shows the calculated τe−h with
Eq. 2.21; red dashed line is the linear fit of τ0. (b) Longer relaxation time τL
as a function of temperature. Red dashed line shows the e-ph relaxation time
of electrons moving in <110> direction, which is experimentally measured in
bulk copper, τ<111> = 10−7 × (T/1K)−3sec. Adapted from Publication IV.

.

5.2 Impact of film surface defects on relaxation

The two thermal relaxation time constants for Cu have been reported
previously by Viisanen et al, where the thermal relaxation time depend-
ing on film thickness [97], suggesting that the long relaxation time may
originate from defects at the surface of the film. To verify this, we have
measured a sample with a film thickness of 50 nm, thus, the surface to
volume ratio is increased by a factor of 6. We also measured a sample by
coating the 300 nm Cu film with 3 nm of Al, the Al deposition is right after
Cu evaporation without breaking chamber vacuum. We find both the two
Cu films exhibit two time constants, which are quite close to the ones of the
300 nm film without surface coating, shown in Fig. 5.2. The experimental
results show that the observed additional long relaxation time constant τL

cannot be explained by surface effects.
One might alternatively think the magnetic impurities in the bulk of the

films could be the origin. However, previous experiments have ruled out
this possibility for Cu films [97]. They found that for a copper film with a
much lower concentration of magnetic impurities than a comparable silver
film it still exhibits a long relaxation time. In contrast, for the silver film
of less purity the relaxation process exhibits a single relaxation time and
its value is consistent with the predictions of the free electron model.
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Figure 5.3. SEM images show the grain growth after film annealing. The thickness of the
Cu film is 50 nm. Adapted from Publication IV.

.

5.3 Impact of film annealing on relaxation

We have measured an annealed 50 nm Cu film in order to test the effect
of grain size and the grain interfaces on dynamic thermal relaxation.
Annealing was done in N2 ambient at 350 °C for 20 mins. Figure 5.3 shows
the SEM images of the film before and after annealing. One can clearly
see the growth of the grain sizes after annealing. Interestingly is that
the thermal relaxation is significantly affected by film annealing and one
needs to use a three-exponent equation with different decay times to fit
the measurement data well, as shown in Fig. 5.4. Red lines in the plots
are fits with equation

∆Te(t)/∆Tes = ae−
t

τL +be−
t

τS + (1−a−b)e−
t

τ0 , (5.2)

The corresponding three thermal relaxation times are shown in Fig. 5.4
together with the calculated τe−ph. For easy comparison, we also plot them
in Fig. 5.2. The longest and the middle relaxation time are of the same
order of the magnitude as the times τL and τS measured in the other three
samples shown before. The shortest relaxation time τ0 of the annealed
film is 6 - 10 times smaller than τS and it shows a linear dependence on
temperature.

5.4 Thermal model

In order to quantitatively understand the experimentally observed two
thermal relaxation times, we propose a simple thermal model, in which
the film electrons in the Cu film are coupled both to the phonons and to
an additional thermal reservoir. Calculations based on this thermal model
are shown in Chapter II. From the measured parameters, we can calculate
the heat capacity of the thermal reservoir and its thermal conductance
between film electrons with Eq. 2.40 and 2.41. The extracted values are
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Figure 5.4. Measurement results of a annealed 50 nm Cu film. (a) Normalized tempera-
ture increases ∆Te as a function of time. Tb varies from 60 mK (up-blue) to
120 mK (bottom-red) with 10 mK temperature interval. Red lines are fits with
Eq. 5.2. (b) Derived temperature dependence of the three thermal relaxation
times. Solid lines are the fits to the temperature dependence. Dashed line is
the calculated e-ph relaxation time with Eq. 2.21. Here we use the experimen-
tally measured value of γ = 98 JK−2m−3 and Σ = 2 nWK−5m−3. Adapted from
Publication IV.

.

plotted for the three films in Fig. 5.5. The heat capacity Cd does not
show clear temperature dependence in the temperature range explored.
Its value is much higher compared to the phonon heat capacity Cp and
is comparable to the electronic heat capacity Ce. It is unlikely that low
concentration impurities could give such high heat capacity. We believe
that the most natural reason for it would be the existence of a significant
number of grains in the film, which remain electrically decoupled from it.
Such grains would form an additional thermal reservoir, which we have
postulated in our thermal model. For the heat conductance Gd, there is no
obvious temperature dependence for the 300 nm Cu film. For the 50 nm
film, it roughly follows a power-law dependence with the exponent close to
4.

Here, we consider one of the possible origins of the thermal reservoir to
be the film grains which are electrically decoupled from the film. Previous
experiments show that when evaporating Cu film on SiO2/Si substrate [144,
145], a film with <111> orientation is first formed. As growth proceeds,
grains with <110> orientation are nucleated at the boundaries of the
<111> grains and this results in the growth of a layer of Cu film with
<110> texture. With further growth, <111> grains can nucleate at the
boundaries of <110> grains and so on. In the end, one obtains a Cu
film with a sandwiched structure of alternating grain textures and the
grains with different textures might poorly couple electrically. In addition,
it is well known that e-ph scattering rates in bulk copper are strongly
anisotropic [51, 146]. For a thin metal film, the phonon wave vectors are
parallel to the film surface and electron Fermi velocity is much higher than
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Figure 5.5. (a) Calculated specific heat of the additional thermal reservoir as a function
of temperature with Eq. 2.40. Solid and dashed lines are the phonon and
the electron specific heats of the films, respectively. Heat capacity is normal-
ized by the volume of the film for easy comparison (similar for panel b), the
three samples have the same volume of 120 µm3. (b) Normalized thermal
conductance between the thermal reservoir and the electrons plotted against
temperature, Gd is calculated from Eq. 2.41. The solid line is the fit of the
data for the 50 nm thin film with ∝ T4 dependence. Adapted from Publication
IV.

.

the speed of sound. Thus, the phonons in the film predominantly interact
with electrons moving perpendicular to the film surface. For grain with
<110> orientation, the scattering rate should be close to that of electrons
moving in <110> direction in the bulk material. For Cu, the bulk relaxation
time of <110> orientation is longer than that in <111> orientation [146].
In Fig. 5.2, we plot the measured e-ph relaxation time in the bulk copper
with <110> orientation. We find its value is very close to our measured
long relaxation time τL. With this scenario, the high value of the pre-factor
observed in from of the slowly decaying exponent for the 50 nm Cu film,
a ≈ 0.8, suggests the majority of the grain in the film is of <110> texture.
On the contrary, for the two 300 nm Cu films with smaller a, grains of
<111> texture dominate. Experimental results on the annealed 50 nm film
also suggest the importance of the grain structure on dynamic thermal
relaxation of Cu films.

The above discussion shows one possible origin of the observed long
relaxation time of copper films and further experiments and more detailed
theoretical modeling are required to fully verify this hypothesis. Especially,
the temperature dependence of the Gd and Cd would help to identify the
possible origin of the additional thermal reservoir.
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6. Summary

In this dissertation, we experimentally investigated the thermal relax-
ation of Cu film in both steady-state and the dynamic regime. We used the
proximity Josephson junction as the thermometer to measure the electron
temperature in metallic films. We present the technique to use the prox-
imity Josephson junction thermometer to monitor the dynamic thermal
response of film electrons to external heating. The measurement technique
enables us to investigate the dynamic thermal relaxation of Cu films.

In the steady-state measurements, we extract the thermal conductance
from the film electrons to the substrate. We found for thin Cu film with
a thickness of 50 nm that thermal transport is limited by the weak e-ph
thermal coupling, and the thermal power flow from electrons to phonons
follows a power-law dependence with exponent n = 5, indicating the metal
films are close to the 3D clean metal limit. As increasing the film thickness
to 300 nm, e-ph coupling strength becomes stronger than the thermal cou-
pling between phonons in the film and the substrate. Thus, the bottleneck
of thermal transport is the thermal boundary conductance. We show the
thermal boundary conductance between film and substrate is smaller than
that predicted by theory for an ideal physical contact. By adding 3 nm of Ti
layer in-between Cu film and the substrate, the thermal boundary conduc-
tance is reduced fourfold, providing the possibility to engineer the thermal
coupling strength between film electrons to the bath. We also present the
experiments on a suspended device with reduced phonon dimensionality.
Experimental results show the decrease of the exponent for a power-law
dependence of the thermal coupling strength. The results are consistent
with the previous theoretical predictions. Combining the experiments
on the 50 nm Cu film, experiments suggest the strong coupling between
film and the substrate makes the film exhibit 3D characters, though the
calculated dominant phonon wavelength is larger than the film thickness.

We investigated the dynamic thermal relaxation of Cu films. The ex-
perimental results show, contrary to the theoretical prediction, that the
relaxation exhibits several time constants. We found that the short relax-
ation time is consistent with the prediction of the theory, and the additional
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long thermal relaxation time for as-deposited film is about one order of
magnitude larger than the short one. We have checked the impact of
surface defects on the relaxation process by measuring films with varying
thickness, also by coating the surface of the film with protecting layer.
Experimental results show the long relaxation not to be explained by the
surface defects. In order to quantitatively understand the observed ad-
ditional long relaxation time, we propose a thermal model considering
an additional thermal reservoir that couples to film electrons. From the
fitted parameters, we extract the heat capacity of the additional thermal
reservoir and its thermal conductance to film electrons. The relatively
high value of the heat capacity of the additional thermal reservoir suggests
that it mostly originates from film grains that are electrically decoupled
from the film. It has been shown before that for evaporated copper films
on SiO2/Si substrate, one would obtain films of sandwiched structure with
alternating textures and they might be poorly coupled electrically. Due to
the difference of electron-phonon scattering rate for grains with varying
orientation, the poorly coupled grain could act as the additional thermal
reservoir. Experimental results on an annealed 50 nm Cu film also sug-
gest that the film grains affect dynamic thermal relaxation of Cu films.
Experiments combined with the TEM and x-ray diffraction characteriza-
tion of the measured metal film would help to verify our hypothesis of
an isolated Cu island with different grain texture affecting the dynamic
thermal relaxation of Cu films. In addition, future experiments in a much
wider temperature range would help to extract precisely the temperature
dependence of the heat capacity of the additional system, as well as the
thermal conductance to film electrons and help to identify the origin of the
thermal reservoir.
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