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ABSTRACT

Heiskanen, Samuli
Application of Direct Laser Writing for the Fabrication of Superconducting Tun-
nel Junctions and Phononic Crystal Structures
Jyväskylä: University of Jyväskylä, 2021, 83 p. (+included articles)
(JYU Dissertations
ISSN 2489-9003; 395)
ISBN 978-951-39-8696-4 (PDF)

Phononic crystals (PnC) are periodic structures analogous to the more common
photonic crystals. Instead of a periodic dielectric constant they have a periodic
elasticity and density, and thus they alter the flow of vibrational energy (heat
and/or sound) through a material. This thesis focuses on the fabrication of three-
dimensional (3D) PnC structures, integration of tunnel junction devices with them
and studying their thermal properties.

The 3D PnC structures, which in this case are 3D square lattices of spheres,
were fabricated with 3D lithography using established methods. However, get-
ting the exact wanted geometry required a lot of work and thus part of the the-
sis revolves around the optimization of the design. Then we had to develop a
method for the fabrication of measurement electronics on these 3D structures as
no conventional methods really allow such fabrication.

Next we wanted to prove that the developed method can produce the neces-
sary measurement devices. In this case the devices are superconductor-insulator-
normal metal-insulator-superconductor (SINIS) junction pairs. We show that the
method can produce good quality SINIS junctions, both on a flat substrate and
on a 3D structure, using low-temperature measurements.

The last part of the thesis focuses on the thermal conductance measurements
of the fabricated PnC structures. These measurements were made for two differ-
ent PnC structures with sphere diameters of 3.1 µm and 5.0 µm, and also for a
control bulk structure with the same geometry. The results of these measure-
ments are compared to finite element method simulations made with a ballistic
model.

Keywords: Phononic crystal, 3D lithography, thermal conductance, low temper-
ature
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TIIVISTELMÄ (FINNISH ABSTRACT)

Heiskanen, Samuli
Suoran Laserpiirron Käyttö Suprajohtavien Tunneliliitosten ja Fononikideraken-
teiden Valmistukseen
Jyväskylä: University of Jyväskylä, 2021, 83 s. (+artikkelit)
(JYU Dissertations
ISSN 2489-9003; 395)
ISBN 978-951-39-8696-4 (PDF)

Fononikiteet (PnC) ovat jaksollisia rakenteita, jotka ovat analogisia tunnetumpien
fotonikiteiden kanssa. Jaksollisen dielektrisen vakion siasta niillä on jaksollinen
elastisuus ja tiheys, ja siksi ne muuttavat värähtelyenergian (lämpö ja/tai ääni)
liikettä materiaalin läpi. Tämä väitöskirja keskittyy kolmiulotteisten (3D) PnC ra-
kenteiden valmistukseen, tunneliliitosten integroimiseen niiden kanssa ja niiden
lämpöominaisuuksien tutkimiseen.

3D PnC rakenteet, jotka tässä tapauksessa ovat palloista koostuvia 3D ne-
liöhiloja, valmistettiin 3D litografian avulla käyttäen vakiintuneita menetelmiä.
Halutun geometrian saavuttaminen vaati kuitenkin paljon työtä ja siksi osa väi-
töskirjasta keskittyy rakenteen mallin optimointiin. Sitten meidän täytyi kehit-
tää menetelmä, jolla voidaan valmistaa tarvittavat mittauslaitteet näiden 3D ra-
kenteiden päälle, koska tälläaiseen valmistukseen ei oikeastaan ole tavanomaista
menetelmää.

Seuraavaksi halusimme todistaa, että kehitetyllä mentelmällä on mahdollis-
ta valmistaa tarvittavat mittauslaitteet. Tässä tapauksessa laitteet ovat suprajohde-
eriste-normaali metalli-eriste-suprajohde (SINIS) liitospareja. Me näytämme ma-
talan lämpötilan mittauksilla, että menetelmällä voidaan valmistaa laadukkaita
SINIS liitoksia sekä tasaiselle substraatille että 3D rakenteen päälle.

Väitöskirjan viimeinen osio keskittyy valmistettujen PnC rakenteiden läm-
mönjohtavuuden mittauksiin. Nämä mittaukset tehtiin kahdenlaisille PnC raken-
teille, joissa pallojen halkaisijat olivat 3.1 µm ja 5.0 µm, sekä resistimateriaalista
tehdylle kontrollirakenteelle, jonka geometria on sama. Mittausten tuloksia ver-
rataan ballistisella mallilla tehtyihin elementtimenetelmäsimulaatioihin.

Avainsanat: Fononikide, 3D litografia, lämmönjohtavuus, matala lämpötila



PREFACE

With this thesis my nine year journey in the University of Jyväskylä is coming to
an end. On the one hand it is relieving that it is finally over but on the other hand
I know I will miss my colleagues and the working atmosphere here. The last two
years of my PhD project were undoubtedly the roughest years of my life, as it
seemed that it was almost impossible to get this project done in time. The project
has been plagued with equipment break downs and in the end, when everything
began to work out, the whole COVID situation started. The lock-downs of the
university made the already busy schedule even worse. However, in the end I
can be even prouder of myself for being able to overcome all these problems.

Now I am eager to start the next chapter of my life by working outside
the university setting. I feel extremely lucky that I was able to find a job here in
Jyväskylä as I have really grown to like this city. I also have to thank Ilari Maasilta
for pushing me to start looking for a job early enough. I am sure that my studies
have prepared me well for the various tasks to come. Especially my time in the
group of Ilari Maasilta has given me a wide range of skills as a large part of the
work involved fixing and building measurement setups. In the end I am happy
that I chose this career path.
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1 INTRODUCTION

Phononic crystals (PnCs) are periodic structures analogous to photonic crystals,
which instead of a periodic dielectric constant have a periodic density and elas-
ticity. PnC structures can introduce changes to the phononic band structure of the
material and can even lead to complete band gaps at certain frequencies caused
by Bragg interference [1, 2] and local mechanical resonances [3, 4]. Limitations
in fabrication methods forced early experimental studies to focus on macroscopic
structures with periods in the millimeter-scale [5]. The dominant frequency in
such systems is in the range of sonic or ultrasonic waves (MHz frequencies), and
thus typical applications for such structures include acoustic filtering, focusing
or wave-guiding [3, 5, 6]. More advanced fabrication methods like interference
lithography and colloidal crystallization allowed the fabrication of micro- and
nano-scale periodic structures whose dominant frequency is in the hypersonic
range (GHz frequencies) [7, 8]. One example of applications for such structures is
in the RF communication technology [9]. Because of the difficulties in the fabrica-
tion of nano-scale 3D PnC samples, even some recent experimental wave trans-
mission studies have been done for macroscopic structures [10]. However, there
is less work focusing on thermal properties of micro- and nano-scale PnC struc-
tures (for reviews, see [4, 11]), especially at low temperatures, where experimen-
tal studies have been done on 2D PnC structures fabricated into a thin SiN film
[12, 13]. Before this thesis there have been no such low temperature studies for
3D crystal structures and we know of only one study at higher temperatures [14].

Controlling thermal transport at low temperatures is crucial for several ap-
plications, for example in ultrasensitive radiation detection [15] limiting thermal
transport is necessary. Similarly the control of thermal transport could be used for
quantum bits, where people are already planning to use PnC structures [16]. Pre-
viously thermal transport has been suppressed by phonon mean free path short-
ening employing scattering centers such as impurities and nanoparticles [17–19].
It has been shown, however, that such control of the thermal transport can also be
achieved with periodic PnC structures [20–22]. As was theoretically and experi-
mentally demonstrated by our group in Reference [12], PnC structures change the
thermal conductance of the material at low temperatures by coherently modify-
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ing its phononic band structure. This demonstration was done with two dimen-
sional crystals. The same idea can be applied also for three dimensional crystals
as is shown in this thesis. For applications, the benefit of three dimensional PnC
structures is that they allow the isolation of any kind of devices instead of just
devices on suspended membranes as is the case with two dimensional crystals.

It has been shown that 3D PnCs can be fabricated via self-assembly using
colloidal crystallization of mono-disperse spherical particles [8, 23–25]. However,
it is difficult to integrate any measurement devices with these crystals. Our group
developed a method to harden the spheres with an electron beam exposure using
an SEM to allow fabrication of metallic wires onto the crystals [PIV], but there are
still issues with making continuous wiring due to the cracking of the crystals and
separation from the substrate at the edges of the crystals. In this thesis, we use 3D
laser lithography to fabricate the crystals and develop a new method for general
device fabrication on large topographies using the same 3D lithography and lift-
off. The 3D lithography is based on two-photon absorption and it allows the
fabrication of almost any kind of 3D structure with a resolution limit of around
200 nm. These properties make 3D lithography a very versatile method, which
means that integration of devices is also easier. However, this method cannot
reach as small periodicities as colloidal crystallization. The same 3D lithography
was chosen to be the basis for the heater and thermometer device fabrication
as well due to its inherent 3D capabilities. However, to use this method a new
fabrication process with completely different resists had to be developed, as the
resists typically used in 3D lithography are negative-tone liquid phase resists,
whereas positive-tone solid phase resists are needed for the device fabrication.
The devices needed in our case are normal metal-insulator-superconductor (NIS)
tunnel junctions, serving as local thermometers at low temperatures. We show
that the developed method can produce good quality NIS devices.

The PnC structures studied in this thesis are 3D simple cubic lattices con-
sisting of spheres. This crystal type was chosen for simplicity. Two different PnC
structures with sphere diameters of 3.1 µm and 5.0 µm were studied together
with a control bulk structure. The bulk structures had the same shape and vol-
ume but the volume was filled with bulk resist instead of a lattice of spheres.
The thermal conductance of these structures was measured using two pairs of
NIS junctions or SINIS junctions fabricated on top of them. The results of these
measurements are compared with finite element method (FEM) simulations. The
results demonstrate that the fabricated 3D PnCs can be used for controlling ther-
mal transport. The crystal size and the filling factor of both PnC structures were
the same, which means that classically they should have the same thermal con-
ductance. However, in these measurements there is a large difference between
them. Surprisingly, the fabricated PnC structures, contrary to our expectations,
enhanced the thermal conductance compared to the bulk instead of reducing it.
This is most likely caused by the chosen geometry, but is not fully clear yet. This
behaviour could possibly be explained by going back to simpler geometries or
by making samples where the interface effects between a film and a PnC can be
directly studied.



2 BACKGROUND

2.1 Heat transfer

Heat can be transferred through three different mechanisms: convection, radi-
ation and conduction. Convection means the transfer of heat due to the bulk
movement of molecules within liquids and gasses. Heat transfer through radi-
ation is usually described with the Stefan-Boltzmann Law. The law gives the
power radiatied from a body in terms of its temperature:

P = Aε(λ)σT4 (1)

where T is the temperature, A is the surface area, ε(λ) is the emissivity (ε(λ) ≤ 1)
which is 1 for a black body, and σ is the Stefan-Boltzmann constant. The constant
is given by σ = π2k4

B/(60c2h̄3), where kB is the Boltzmann constant, c is the speed
of light in vacuum, and h̄ is the reduced Planck constant.[26]

The important mechanism for this study is conduction, which is the domi-
nant one in solids at low temperatures. Thermal conduction is usually described
with the Fourier’s law:

Ju = −κ∇T, (2)

which describes describes the energy flux density Ju in terms of the thermal con-
ductivity κ and the temperature gradient ∇T. In this thesis it is assumed that
there is a net transport of energy, but not of electrons [26], i.e. we only consider
phononic heat transport.

At low temperatures the Fourier’s law can break down. This can happen
when the scattering processes (phonon-phonon and phonon-impurity) which de-
termine the thermal conductivity die out. In other words, the scattering length
becomes longer than the sample size and the heat conduction becomes ballistic.
At this point in 3D solids the emitted power actually starts to follow a law similar
to Equation 1 with the Stefan-Boltzmann constant altered to a phononic Stefan-
Boltzmann factor [27].
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2.2 Thermal properties

2.2.1 Phonons

Phonons are the quantization of lattice vibrations in solids analogous to pho-
tons, which are the quanta of electromagnetic waves. By using the properties of
phonons we can find the different thermal properties of insulators and semicon-
ductors. We just need an expression for the internal energy U(T) and from that
we can derive thermal properties such as heat capacity. To get to the internal
energy we need to describe the distribution of phonons.

We start by calculating the thermal average number of phonons in a mode.
Assuming that the phonons are in equilibrium with a bath at temperature T we
can use the Boltzmann distribution Pn ∝ e−En/kBT. We know that the energy of a
state En with n quanta in the mode is

En =

(
n +

1
2

)
h̄ω, (3)

where ω is the angular frequency and (1/2)h̄ω is the quantum mechanical zero-
point energy of the mode [26]. Using this we can write the partition function Z
for the system, which is the sum over all the states:

Z =
∞

∑
n=0

e−(n+ 1
2)h̄ω/kBT. (4)

This is a sum of the form ∑ xn, with x ≡ exp(−h̄ω/kBT). Because we know that
x is smaller than one, the infinite sum has a known value 1/(1− x), thus we can
write

Z =
e−h̄ω/2kBT

1− e−h̄ω/kBT . (5)

Since the Boltzmann distribution is used, the probability of the the system
being in state n is given by the Boltzmann factor:

Pn =
e−(n+ 1

2)h̄ω/kBT

Z
[26]. (6)

Knowing this we can derive the thermal average value of n. It is simply given by
the sum

〈n〉 =
∞

∑
n=0

nPn = ∑
ne−nh̄ω/kBT

1− e−h̄ω/kBT . (7)

With y ≡ h̄ω/kBT, the summation is of the from:

∑ ne−ny = − d
dy ∑ e−ny = − d

dy

(
1

1− e−y

)
=

e−y

(1− e−y)2 . (8)

Using this and Equation 7 we get
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〈n〉 = e−y

1− e−y . (9)

Changing the form a little bit, we get the familiar Bose-Einstein distribution:

〈n〉 = 1
eh̄ω/kBT − 1

. (10)

Using the above equation we now can write an expression for the internal
energy:

U(T) = ∑
k,j

(
〈nk,j〉+

1
2

)
h̄ωj(k) = ∑

k,j

h̄ωj(k)

eh̄ωj/kBT − 1
+ ∑

k,j

1
2

h̄ωj(k), (11)

where the summation is done over all wave vectors k and phonon modes j, which
have dispersion relations described by ωj = ωj(k). The dispersion relations can
be determined for different structures by simulations. For our PnC structures
we have used FEM simulations based on continuum linear elasticity theory to
calculate the phonon band structure, examples of which for some lattice types
are shown in Figure 1.

X M R X FL L

Z

KW

FIGURE 1 The lowest spectral branches obtained from the FEM simulations for dif-
ferent lattice types. The simple cubic simulation was done for the 3.1 µm
spheres and the other ones for smaller 140 nm spheres used in the colloidal
crystallization. The material for the 3.1 µm PnC is IP-Dip resist by Nano-
scribe GmbH and polystyrene for the 140 nm PnCs. The contact area be-
tween spheres was 0.95 µm2 for the 3.1 µm spheres and 219 nm2 for the 140
nm spheres. Energy gaps are shown in blue and high symmetry points are
marked in red.
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2.2.2 Heat capacity

The low temperature phononic heat capacity C(T) of an insulator can be calcu-
lated by differentiating the internal energy of the crystal U(T) with respect to
temperature:

C(T) =
∂U(T)

∂T
=

∂

∂T ∑
k,j

h̄ωj(k)

eh̄ωj/kBT − 1
. (12)

When we change the summation to integration over the K-space, divide by the
volume and then go through the temperature differentiation, we get the volume-
specific heat capacity as

CV(T) =
h̄2

32π3kBT2 ∑
j

∫
K

dk
ω2

j (k)

sinh2(h̄ωj/2kBT)
(13)

with the units J/(K×m3).[28]
We can derive the Debye T3 law from the above equation by carrying out

the integration only over the two transverse and one longitudinal bulk acoustic
phonon modes, which have velocities ct and cl. This is called the Debye approx-
imation. By assuming isotropy and changing the variable to x = h̄cjk/2kBT, one
gets

CD =
4π3

15
k4

B

h̄3

(
2
c3

t
+

1
c3

l

)
T3 (14)

which can be simplified with the Debye temperature ΘD into

CD =
12π4

5

(
T

ΘD

)3

. (15)

ΘD is the temperature corresponding to a crystal’s highest normal mode of vibra-
tion.

2.2.3 Thermal conduction in PnCs

The simplest sample geometry for the thermal conductance measurements has
a 3D sphere array with a rectangular heater on top of it (Figure 2). In such a
geometry the thermal conduction of the PnC can be calculated from the phonon
emission of the heater element. The net phonon heat flow travels outwards into
the 3D crystal in all directions, emitted by the heater. At the low temperatures
(<1 K) used for the measurements this heat flow is typically ballistic as shown
in References [12, 29], meaning that the phonon emission is radiative rather than
diffusive. Only the phonon modes propagating outward with energies h̄ωj(k)
carry the energy, so the phonon emission can be written as

P(T) =
1

8π3 ∑
j

∫
γ

dγ
∫

K
dkh̄ωj(k)n(ωj, T)

∂ωj(k)
∂k

· n̂γΘ
(

∂ωj

∂k
· n̂γ

)
, (16)
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Top view Side view
Heater

FIGURE 2 A schematic of the simplest sample geometry. The heat sink is below the
lattice of spheres.

where γ is a planar rectangular heater element with length l and width d [30].
Here n̂γ is the unit normal on the rectangular heater and Θ is the Heaviside step
function. The term n(ω, T) is the Bose-Einstein distribution. As shown in Equa-
tion 10 it describes the thermal occupation of the phonons. The last term ∂ωj/∂k
describes the group velocity of the modes j [30]. So again similarly to Equation 11,
the only unknown is the set of dispersion relations ωj = ωj(k), which can be nu-
merically calculated. In this study we used the finite element method to find
these relations.

Knowing the radiative phonon emission power P, the thermal conductance
can be easily calculated. The definition of thermal conductance is G ≡ ∆P/∆T,
where ∆T is the temperature difference between the environment and the object.
If ∆T is small, the definition becomes G = ∂P/∂T [31]. This means that G has
a dependence G ∝ 1/c2, as can be seen from the Stefan-Boltzmann law (Equa-
tion 1). Using this definition we can simply write the thermal conductance as

Gγ =
∂

∂T
P(T). (17)

In Figure 3 we show examples of theoretical heat capacity and thermal conduc-
tance curves for different sphere PnC structures and the bulk material used for
their fabrication. The curves for the PnC structures were calculated using linear
elasticity simulations explained in the following chapter. From Figure 3 we see
that large reduction of thermal conductance is expected due to the PnC.

2.2.4 Linear elasticity simulations

As stated earlier the phonon band structure of the phononic crystals can be nu-
merically calculated. We used the finite element method (FEM) to solve the 3D
elasticity equations for the studied structures. This methods starts with the defi-
nition of a FEM mesh. The FEM mesh of the unit cell for one of the studied PnCs
is shown in Figure 4. When solving the band structure three types of equations
are needed. The first is the equation of motion (Newton’s second law) which is

∇·σ = ρü = −ρω2u, (18)

where ρ is the density of the material and u is the displacement vector [32]. Here
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FIGURE 3 Theoretical heat capacity and thermal conductance of cubic PnC structures
and the bulk material used for their fabrication as a function of temperature.

σ is the Cauchy stress tensor, which is given by the generalized Hooke’s law.
Hooke’s law is the constitutive equation for elastic materials and in tensor form
it can be written as

σ = C : ε, (19)

where C is the fourth-order stiffness tensor and ε is the infinitesimal strain tensor
[32]. The strain tensor can be calculated using a strain-displacement equation:

ε =
1
2

[
∇u + (∇u)T

]
[32]. (20)

When dealing with a homogeneous and isotropic material, Equation 18 can
be written in the form

µ∇2u + (µ + λ)∇(∇ · u) = −ρω2u, (21)

which is called the Lamé-Navier or the Navier-Cauchy equation [32]. The Lamé
parameters λ and µ are related to the material parameters Poisson’s ratio ν and
Young’s modulus E, by the relations µ = E/[2(1 + ν)] and λ = Eν/[(1 + ν)(1−
2ν)] [32]. The values used for the IP-Dip resist are shown in Table 1. To solve the
eigenvalue problems we used Bloch’s theorem conditions for the boundaries B±

between spheres:

uB+ = uB−e−ik(rB+−rB− ), (22)
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FIGURE 4 The mesh used for the elasticity simulations of the 5.0 µm PnC structure. (a)
The surface of the unit cell for clarity. (b) The whole mesh for the unit cell.
Yellow regions form the contacts between neighboring spheres. The sizes of
the contact areas were determined by scanning electron microscopy of the
fabricated samples.

where k is the wave vector. The boundaries B± are also the boundaries of the
unit cell of the 3D lattice. Since we are using Bloch’s theorem, we know that there
are plane wave-type solutions uj(x, y, z; k) which have eigenfrequencies ωj(k).
These eigenfrequencies then give us the dispersion relations (Figure 1) needed to
calculate the thermal properties of the PnC structure.

TABLE 1 The material parameters used for the IP-Dip resist [33].

Parameter Value
Density ρ 1100 kg/m3

Young’s modulus E 2.5 GPa
Poisson’s ratio ν 0.49

2.3 NIS junction devices

2.3.1 Superconductivity

Superconductivity is a physical phenomenon where the resistance of a material
goes to zero below it’s critical temperature TC. This happens only for certain
materials, which are called superconductors. This phenomenon was first discov-
ered by H. K. Onnes in 1911 [34], by cooling mercury in liquid helium. In addi-
tion to perfect conductivity superconductors also exhibit perfect diamagnetism.
This phenomenon, called Meissner effect, was discovered by W. Meissner and R.
Ochsenfeld in 1933 [35], by studying the distribution of magnetic field outside
superconducting tin and lead samples.
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In 1957 J. Bardeen, L. N. Cooper and J. R. Schrieffer presented a microscopic
theory, which explained the origin of superconductivity [36]. This theory is called
the BCS theory after their names. According to the theory, the superconducting
ground state consists of Cooper pairs which are formed by electron-phonon in-
teraction. A Cooper pair is a pair of electrons, which are attracted to each other
due to the motion of the ion cores around them. The first electron attracts the ion
cores, and thus polarizes the medium, which leads to the second electron being
attracted by these extra ion cores.

One very interesting prediction of the BCS theory is that for a single particle
excitation there is an energy gap (∆) between the BCS ground state and the first
excited state. What this means is that an energy of 2∆ is required to break a
Cooper pair and excite the two quasi-particles. The size of the energy gap at 0 K
is related to the critical temperature of the material according to

2∆(0) = 3.528kBTC. (23)

The theory also predicts that the energy gap is dependent on temperature.
When temperature goes from TC to 0 K the gap goes from 0 to ∆(0). Close to TC,
the relation between ∆(0) and ∆(T) is approximately

∆(T)
∆(0)

≈ 1.74
(

1− T
TC

)1/2

. (24)

This kind of relation to the square root of (TC − T) is characteristic for all mean
field theories.[36, 37]

2.3.2 NIS junction

The energy gap of superconductors can be used for a variety of applications. One
interesting application is the NIS junction. Such junctions are used for heating
and thermometry in this study. The NIS junction is simply a device where there
is a normal metal and a superconductor separated by an insulating layer. The
insulating layer works as a tunneling barrier. Electrons can tunnel through the
insulator only if it is very thin (few nanometers), since the tunneling probability
drops exponentially with the thickness [37, 38]. This kind of device was studied
first by Fisher and Giaever, who used Al/Al2O3/Pb devices with Pb being the
superconductor and Al the normal metal [39].

These kinds of devices are more generally called tunnel junctions. The
electrodes separated by the insulator can be superconductors or normal metals.
Therefore, the NIS junction is one of three types, the others being the normal
metal-insulator-normal metal (NIN) junction and the superconductor-insulator-
superconductor (SIS) junction [37, 38]. In an NIS junction an electron can tunnel
through the barrier only when its energy is higher than the energy gap of the
superconductor. Therefore, the tunneling current depends on the bias voltage V
and the temperature of the normal metal TN, as is schematically described in Fig-
ure 5. The dependence is highly non-linear and thus the NIS junction can be used
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FIGURE 5 The energy graph of an NIS junction. EF is the Fermi energy and the arrow
represents electrons tunneling through the insulator.

as a thermometer in the sub-Kelvin range [40–42]. In some cases NIS junctions
may be considered to be primary electron thermometers [43].

Because NIS junctions can be fabricated in scales below one micron and
they are very sensitive, they can be used as local sensors for example in heat
transfer measurements [12, 13, 44, 45]. By using a microwave readout it is pos-
sible to operate NIS junctions fast in microsecond time scales [46, 47]. It might
also be possible to use them as the sensors in bolometrically operated radiation
detectors [48–51]. Usually the superconducting material in the NIS junction is
aluminum, as in this study, which limits the working range of the devices to
below 1 K temperatures. However, by choosing superconductors with higher
transition temperatures, the working range of NIS junction thermometers can be
increased. Different choices include for example Nb [52, 53], NbN [54], TiN [55],
TiN2 [56] and TaN [57]. NIS junctions also have many other applications, such as
metrology [58, 59], electronic cooling [60, 61] and thermal rectification [62]. NIS
junction cooling has been demonstrated on different geometries like macroscopic
and mesoscopic platforms [63–65] and nanoscale beams [42, 66]. Cooling has also
been demonstrated on various devices, such as radiation detectors [67], remote
devices via photons [68, 69] and components of quantum information devices
[70].

To calculate the current through an NIS junction we first need the density of
states. The density of states of the superconductor NS(E) can be obtained from

NS(E)dE = NN(ξ)dξ, (25)

because the quasi particle excitations (energy E) have creation operators which
are in one-to-one correspondence with the operators for the normal metal (energy
ξ) [37]. We are mostly interested in energies close to the Fermi energy, and thus
we can equate NN(ξ) = N (0), where N (0) is the normal state density of states
at the Fermi energy. With this we arrive at the result
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NS(E) =
NS(E)
N (0)

=
dξ

dE
=

|E|√
E2 − ∆2

, if |E| > ∆

= 0, if |E| < ∆ [37].
(26)

Considering only the first order, single particle tunneling theory and disre-
garding higher order processes we can now write an expression for the current:

INIS =
1

eRi

∫ ∞

−∞
dεNS(ε)[ fS(ε)− fN(ε + eV)], (27)

where ε is the energy, Ri is the tunneling resistance of junction i, and NS(ε) is the
normalized superconducting density of states. This is the standard result for a
voltage biased NIS junction. The tunneling resistance can be written as

Ri =
h̄

4π2e2A|to|2N (0)NS(0)
, (28)

where A is the area of the junction, |to|2 is the tunneling probability, andNS(0) is
the superconducting density of states at the Fermi energy.[37, 41, 71]

To take into account nonidealities in the junction, the expression for the su-
perconducting density of states needs to be altered from the normal BCS expres-
sion. We can use the expression intoduced by Dynes et al. [72], which is

NS(ε, TS) =

∣∣∣∣∣Re

(
ε + iΓ√

(ε + iΓ)2 − ∆2(TS)

)∣∣∣∣∣ , (29)

where Γ is the so called Dynes parameter, which describes the broadening of
the density of states. This parameter is set-up dependent in the case of photon-
assisted tunneling [40]. The ∆(TS) here, is the superconducting energy gap, with
temperature dependence. This form for the density of states is particularly appro-
priate for Al junctions, in which it has been shown that the broadening is caused
by environmentally assisted tunneling events [73].

For practical applications usually two junctions (NIS and SIN) are fabricated
in series forming a SINIS junction. For example, when used as a thermometer
this increases the signal response by a factor of two. Let’s assume that the two
junctions are symmetrical, meaning that the tunneling resistance Ri is the same
for both junctions. This leads to the voltage drop V being the same for both
junctions. Therefore, we can write the current for the SIN junction as

ISIN =
1

eRi

∫ ∞

−∞
dεNS(ε)[ fN(ε− eV)− fS(ε)]. (30)

The current for both junctions must of course be the same since they are in series.
We can also write the current for the SINIS junction in a symmetric form, where
there is no more dependence on fS:

ISINIS =
1

2eRi

∫ ∞

−∞
dεNS(ε)[ fN(ε− eV)− fN(ε + eV)] [74]. (31)
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FIGURE 6 Simulated I-V curves for a SINIS junction pair with Al as the superconductor,
to illustrate how the junctions can be used for thermometry.

2.3.3 NIS thermometry

At temperatures below the TC, the I-V curve of an NIS juction is highly nonlinear
for voltages smaller than the energy gap of the superconductor. This nonlinearity
is also highly dependent on temperature, as is shown in Figure 6 for a SINIS
junction. We can use this characteristic for thermometry by biasing the junction
with a current that matches the nonlinear part and then measuring the voltage.
However, this is only a secondary thermometer so it has to be calibrated for the
selected bias current. Normally two different current biases are used, because
with a smaller current the sensitivity is better at lower temperatures, and with
a higher current the sensitivity is better at higher temperatures. In the case of
Figure 6 the low bias current should be around 3 × 10−11A and the high bias
around 4× 10−10A.

2.4 Previous phononic crystal studies by our group

2.4.1 2D phononic crystals

Our group demonstrated both theoretically and experimentally in 2014 that pho-
non thermal conductance can be controlled at low temperatures by using nano-
scale periodic structures [12]. These periodic structures alter the phonon band
structure of the material and are thus called phononic crystals (PnC). These first
studies were done with 2D crystals which were thin films periodically perforated
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FIGURE 7 The 2D PnC structure fabricated by etching holes into a SiN membrane. (a) A
schematic representation of the perforated hole lattice which was patterned
by e-beam lithography. The central region is not perforated to leave room
for a heater and a thermometer. (b) A false colour SEM image of the heater
and the thermometer on the sample with the period of a = 2425 nm. The
areas colored in yellow (Cu) and blue (Al) are the metallic lines for the SINIS
junctions on the membrane. (c) An SEM image of the the perforations on the
sample with the shorter period, showing the size of the unit cell (970 nm x
970 nm). The length of the scale bar is 200 nm. (d) A zoomed-in scanning
electron micrograph of the SINIS junction structure, which consists of alu-
minum (blue) and copper (yellow) wires with tunneling barriers between
them. Reprinted from Reference [12], with permission of Springer Nature,
copyright 2014.
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by round holes. The 2D crystals were fabricated from a 485 nm thick SiN film.
A square array of round holes with a filling factor of 0.7 was etched into the film
(Figure 7). Two different hole sizes were chosen creating lattices with different
periodicities. The first lattice had a period of 970 nm (Figure 7) which according to
theoretical calculations has a band-gap at the characteristic energy of the phonons
that are thermally dominant at 0.1 K. A 2425 nm period was chosen for the second
lattice, because it is supposed to have no band-gap at all. Then two Al-AlOx-Cu
SINIS junctions were fabricated on the films, so that one could be used as the
heater and the other could be used to measure the local phononic temperature. A
small part of the film was left unperforated so that there was a platform for the
SINIS junctions (Figure 7b).

The measured emitted power P is shown as a function of the temperature of
the film in Figure 8. Results for both the PnC structures and a full membrane are
presented together with theoretical lines. The emitted power is obviously lower
for the PnC structures compared to the unperforated membrane in the whole
temperature range, meaning that the thermal conductance is reduced with both
lattices. The crystal with the larger period has a lower thermal conductance than
the crystal with the smaller period. This initially unexpected result showed that
the band-gap is not the only main cause for the suppression of the thermal con-
ductance in the crystals. The results also show that the reduction of the thermal
conductance is dependent on the temperature. It is clear that simple geometrical
effects cannot be the cause for the reduction of the thermal conductance, because
classically the amount of reduction is only dependent on the filling factor [75],
and here both lattices had the same filling factor. Further study into the PnC
structures showed that the main cause for the lower thermal conductance is the
reduction in group velocity of phonons [12]. The theoretical curves in Figure 8
were calculated using the finite element method for both the PnC samples and
the full membrane. The calculations were done using the elastic Lamé equations
and a ballistic transport model (Equation 16) [12]. It is clear from comparing the
results that the theory is in quantitative agreement with the measurements.

Later more studies were made with 2D PnC structures with even larger pe-
riods [13]. The samples were similar to the earlier studies except this time the nor-
mal metal on the SINIS junctions was a TiAu bi-layer. This time 300 nm thick SiN
films were used and the chosen periods were 4 µm, 8 µm and 16 µm. The filling
factor was still 0.7 as in the earlier studies. The results of these measurements are
shown in Figure 9 together with theoretical curves. The theoretical curves were
calculated with the same ballistic model [13]. Again the emitted phonon power
is reduced in all the phononic crystal samples compared to the uncut membrane.
The difference is around an order of magnitude.

What’s interesting about these results is the fact that the PnC with the lowest
thermal conductance is the 8-µm PnC instead of the 16-µm PnC. This means that
by increasing the period, the thermal conductance can only be reduced up to a
limit. The results thus show that this limit is between the 4 µm and 16 µm periods.
However, this is not what is predicted by the coherent theory as shown by the
theoretical curves in Figure 9. This observed nonmonotonous behaviour of the
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FIGURE 8 The measured emitted power of the heater as a function of the membrane
temperature. The gray squares represent the measured data for the unper-
forated membrane. The red circles and blue triangles show the data mea-
sured for the two different PnC samples. The theoretical curves were cal-
culated with the ballistic theory using the band structures calculated for the
different cases. The solid lines were calculated with the back radiation of
phonons from the substrate and the dashed line without it. All the theo-
retical curves were fitted to the measured data using the same single scale
parameter. Reprinted from Reference [12], with permission of Springer Na-
ture, copyright 2014.



29

FIGURE 9 The measured emitted power as a function of the membrane temperature
for the phononic crystals with different periods (purple, 4 µm; orange, 8 µm;
green, 16 µm). Measured data for an uncut control membrane (gray) is also
shown. Theoretical curves computed with the ballistic model are shown as
lines (solid, 4 µm PnC and full membrane; dot-dash, 8 µm PnC; dot-dot-
dash, 16 µm PnC). Reprinted from Reference [13], with permission of Amer-
ican Physical Society, copyright 2019.

thermal conductance as a function of the PnC structure’s period can be explained
by the interplay between incoherent and coherent phonons. The results suggest
that incoherent phonons become more dominant with the growing period. This
means that there is a practical limit for the period where the coherent phonons
still dominate. This limit depends on the geometry of the sample and in this case
was around the 10 µm scale.

2.4.2 3D phononic crystals

This section is partly based on article PIV. The earlier 3D PnC studies in our group
are focused only on sample fabrication. The studied fabrication method was col-
loidal crystallization of mono-disperse spherical sub-micron particles [25]. With
this method the PnC is created by the self assembly of the spherical particles.
This kind of self-assembly of colloidal particles can be achieved in three main
ways, which include capillary assembly, gravitational sedimentation and vertical
deposition [76]. The method studied by our group was vertical deposition and
polystyrene (PS) was chosen for the material of the spheres since PS spheres are
commercially available as colloidal suspensions.
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3D PnC structures were achieved by using substrates with in-situ etched
confinement boxes. When using vertical deposition the spheres self-assemble into
the etched boxes. The confinement boxes allow one to determine the size of the
PnC, but they also reduce cracking of the crystal and increase the size of domains
in the crystal. Samples fabricated using 260 nm PS spheres with confinement
boxes of different sizes are shown in Figure 10a,b. The boxes were etched into a
SiN substrate and then the substrate was coated with a layer of TiOx to increase
the hydrophilicity of the surface. As can be seen from Figure 10a, even the largest
250 µm boxes have crystals with a single domain. This domain size is a lot larger
than the surrounding domains on the substrate surface [25]. It was also shown
that the fabrication of continuous metallic wires on top of these crystals is possible
using e-beam lithography and lift-off [PIV].

Another way to fabricate the confinement boxes is to use the same 3D lithog-
raphy method that is used in this study for PnC fabrication [PIV]. A 20 µm high
surrounding structure was made out of IP-L 780 resist on a glass substrate and
later with IP-Dip resist on a silicon substrate. Then vertical dipping was done
with a solution of 260 nm PS spheres as with the in-situ etched boxes before. A
sample fabricated with this method using an IP-L 780 confinement structure is
shown in Figure 10c. Again a crystal is formed inside the box but interestingly
no spheres were deposited on top the surrounding structure. This is a promising
result as measurement electronics need to be fabricated on top the crystal for mea-
surements and the deposition of spheres outside of the confinement box would
make the fabrication almost impossible.
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(a) (b)

(c)

FIGURE 10 (a) A scanning electron micrograph of a range of different etched confine-
ment boxes on a sample dipped in a 10 % solution using a speed of 0.02
mm/min. The areas outside the boxes have domains ranging from 30 - 70
µm while the domains in the etched boxes are significantly larger [25]. (b)
A close-up view of a 250 µm x 250 µm confinement box, which has a con-
tinuous crystal region that is several times larger than the domains in the
surrounding area [25]. (c) A scanning electron micrograph of PS colloidal
crystals deposited into the confinement box structure fabricated with 3D
lithography. Inset: a magnified image of the edge of the confinement box,
showing the cracking happening there [PIV]. Adapted from References [25]
and [PIV], with permission of Elsevier (copyright 2014) and IOP Publishing
(copyright 2017).



3 FABRICATION METHODS

3.1 Two-photon lithography

Two-photon or multiphoton lithography is a lithography process which utilizes
multiphoton absorption [77]. Usually two-photon absorption is used with in-
frared (IR) light so that the absorption happens at the UV region and UV sensi-
tive resists can be used. Two-photon lithography allows one to expose a three
dimensionally isolated point in a resist due to the nonlinearity of the two-photon
absorption process. The absorption is dependent on the square of the the radia-
tion intensity. The two-photon absorption process is usually described by a very
straightforward expression, which gives the change in the radiation intensity I
over a distance dz. This expression takes the form

−dI
dz

= αI + βI2 (32)

where the coefficients α and β are the absorption coefficient for single-photon and
two-photon absorption respectively [78]. The two-photon absorption coefficient
β is medium dependent and for radiation of a single wavelength, as is the case
for lasers, it is given by the expression

β =
8π2ω

c2ε
Im χ(3) (33)

where c is the speed of light, ε is the dielectric constant and χ(3) is the third-order
nonlinear susceptibility in the case of two-photon absorption [77]. The expression
tells us, that for a chosen wavelength the coefficient β is linearly proportional to
Im χ(3). Therefore, from Equation (32) we can say that two-photon absorption
becomes relevant only when dealing with high intensities.

Simply put, Equation 32 tells us that, two photons can be absorbed at the
same time only when the intensity of the radiation becomes high enough. When
the two photons are absorbed by the material, it transitions from its ground state
to an exited state. The energy of this excited state is equal to the sum of the



33

energies of the photons. Since it is not possible for the two photons to always
be absorbed simultaneously, usually a virtual state model is used to describe the
two-photon absorption process. Using this model, the process starts with the
first photon exciting the material to a virtual state. Then a secondary absorbed
photon causes the material to excite from this virtual state to the real excited state
[79]. The energies of the absorbed photons thus don’t need to be equal as long as
the combined energy is enough to go from the ground state to the excited state.
However, in practice commonly just one wavelength is used, as focused lasers
are needed to reach the required high intensities.

Two-photon lithography can be done with resists which have been specifi-
cally designed for it, but most common UV resists can also be used. The negative-
tone resists designed for two-photon lithography are often in liquid phase as is
the case with the IP resists (Nanoscirbe GmbH) used in this project. The wave-
length has to be set so that it is about double the wavelength required for the re-
sist. So for example with UV resists, IR radiation needs to be used, because then
the combined energy of the IR photons will equal the energy of a UV photon. Due
to the non-linearity of the two-photon absorption process, it can only take place in
a place where light is tightly focused to an extremely high intensity. This means
that using two-photon absorption, it is possible to expose the resist material in a
small three-dimensionally isolated spot i.e. a voxel [80]. If linear one-photon ab-
sorption was used for the exposure of the resist, the polymerization would take
place all along the path of the light. This difference is schematically shown in
Figure 11, where the volumes for both processes are compared using UV resist
as an example. This difference is the reason why two-photon absorption makes
three-dimensional lithography possible. The needed high intensity is the only
requirement to achieve two photon absorption in practice. One way to do this is
focusing a femtosecond pulsed laser with a microscope objective. This method is
used in the Photonic Professional system by Nanoscribe GmbH which was used
in this thesis. The system uses a 780 nm laser with a pulse rate of 80 MHz.

UV resist

Exposed area
UV laser IR laser

FIGURE 11 The difference between two-photon and single-photon absorption when ex-
posing a UV resist. With UV light the resist is exposed everywhere in the
path of the light, but with IR light and two-photon absorption the resist is
exposed only in a small voxel where two-photon absorption takes place.
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3.1.1 3D-lithography

The usual way of using two-photon absorption for nanofabrication is 3D-lithogra-
phy. This is the main fabrication method for which devices like the Photonic Pro-
fessional were designed. In this method the focused laser is used to expose a liq-
uid or soild phase negative-tone resist to fabricate 3D structures out of the resist
material [81–84]. The sample is moved accurately in three dimensions for exam-
ple by using piezoelectronic actuators in such a way that the voxel created by the
focused laser draws the wanted structure into the resist. Then, the extra resist is
removed with a developer similarly to traditional lithography. This method has
been used for a variety of applications such as photonics [85, 86], micro-optics [87,
88], microfluidics [89, 90], mechanical metamaterials [91, 92], biomimetics [93, 94]
and micro and cell biology [95–97], to just name a few. The aim of most of these
applications is the direct patterning of complex shapes and thus negative-tone
resists are often used. In addition, often the highest resolutions are provided by
liquid resists, which allow only negative-tone operation. In our case liquid phase
IP-Dip or IP-L (Nanoscribe GmbH) are used, since they are specifically designed
for our instrument.

With the Photonic Professional system there are traditionally two main writ-
ing modes for 3D structures, which are shown in Figure 12a,b. The immersion oil
mode (Figure 12a) works only with transparent substrates, since the laser beam
needs to go through the substrate. However, this mode allows the use of any
type of resist, even solid state resists. The more versatile mode is the dip-in mode
(Figure 12b) where any type of substrate can be used, since the laser is focused di-
rectly into the resist. With the dip-in mode, you are limited to liquid phase resists,
which was not an issue for the 3D PnC fabrication step, since a liquid phase re-
sist was going to be used anyway. This was mainly because opaque Si substrates
were needed instead of glass ones since their thermal conductivity high enough
not to interfere with the measurements. The fact that any substrate can be used
with the dip-in mode is the main reason why it was used for the fabrication of the
3D PnC structures in this project. In addition the immersion oil mode has issues
with tall structures since the laser has to travel through the already drawn struc-
ture. The modes shown in Figure 12c,d are used with 2D or 2.5D lithography and
they are discussed in Section 4.1.

3.2 Reactive ion etching

Reactive ion etching (RIE) was used in this project to clean the samples between
different fabrication steps. RIE is a type of dry etching [98], where RF-plasma is
used to etch a solid substrate. Reactive gas is fed into the vacuum chamber, where
the RF-plasma forms both ionized and excited molecular species. The formed ex-
cited molecules are extremely reactive, and thus chemical etching of the substrate
takes place. The ionic species are accelerated by the plasma causing also phys-
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FIGURE 12 Different exposure methods for two-photon lithography with liquid or
solid-state photoresists. (a) The oil-immersion method, where an inverted
high numerical aperture (NA) objective is in contact with an immersion
oil. The refraction index of the oil is matched to the used glass substrate.
A laser beam is well focused into a liquid resist on the other side of the
substrate, where the two-photon absorption process forms the voxel. The
sample can be moved in all three dimensions allowing the drawing of a 3D
structure into the resist. (b) Dip-in lithography method for liquid negative-
tone photoresists. An inverted objective is dipped into the liquid resist and
the laser is focused directly into the resist. (c) Immersion-oil or air-gap ob-
jective method with a glass substrate. The laser is focused with an inverted
objective through the glass into the interface of the resist and the glass sub-
strate. (d) The air-gap objective method for patterning over uneven topog-
raphy. An inverted air-gap objective is used to focus the laser from the resist
side. The sample is moved in z-direction so that the focus spot of the laser
follows the topography on the substrate surface.
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FIGURE 13 A simple schematic of a reactive ion etcher. The process gas is fed from
the top through the top electrode. Then the plasma is created between the
electrodes. The sample is placed on the bottom electrode. The reaction
products are pumped away from the bottom.

ical etching processes. In Figure 13 there is a simple depiction of a reactive ion
etcher.[98]

By increasing the RF power the amount of physical etching processes can
be increased. This enhancement can also be achieved by lowering the pressure,
biasing the substrate and adding a stabilization gas like N2 or Ar. By control-
ling the amount of ion enhancement the etching process can be changed between
chemical and physical etching processes. When there is little ion enhancement,
the chemical etching processes are dominant and vice versa. With chemical etch-
ing, the etching profile is isotropic and selective since the gasses can be selected
so that only certain reactions are possible. With physical etching processes, the
etching is anisotropic and unselective instead. With RIE different gasses are used
for different processes. In this project only oxygen was used for removing resist
residue and other impurities from the sample surface.

3.3 Physical vapor deposition

Physical vapor deposition (PVD) is normally used to describe the ejection of ma-
terial from a solid state target. This process can be used for thin film deposition
of various materials. The material ejected from the target is transported through
vacuum to the surface of a substrate. The material that arrives at the substrate is
then deposited on the surface. The ejection of atoms from a target material can be
achieved in many ways. The two most common techniques are evaporation and
ion bombardment or sputtering. Both of these methods were used for different
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purposes in this study.
In theory, evaporation is a very simple deposition method. At least with

metals, the evaporation can be achieved just by heating the target, since the va-
por pressures of hot metals are high enough. If a hot metal is put into a vacuum
chamber, the evaporating atoms can be transported onto the surface of a sub-
strate. The instruments used for evaporation can have different levels of vacuum.
Usually they are either high vacuum (HV, 1× 10−1 − 1× 10−7 Pa) or ultrahigh
vacuum (UHV, 1× 10−7 − 1× 10−9 Pa) systems. In this study, a UHV evapora-
tor was used for the evaporation of the metals for the NIS junction fabrication,
as line-of-sight transport is required. A HV evaporator was used for the evap-
oration of aluminum oxide, because the evaporation of insulators would cause
complications for a UHV system.[98]

With a high enough vacuum, the ejected metal atoms will not collide with
any other particles while moving through the vacuum. No collisions will take
place because the mean free path (MFP) has become larger than the size of the
evaporation chamber, and therefore the ejected atoms will transfer to the sub-
strate surface via a direct line-of-sight route. This line-of-sight transport, in com-
bination with low deposition temperatures, leads to film deposition only on pla-
nar horizontal surfaces and vertical planes such as the sidewalls of a 3D structure
will not be coated. For this reason, with evaporation a sample needs to be coated
from multiple angles to get good coverage over all the wanted features in many
cases. When doing evaporation, the target can be heated in many ways. The
most common way is to use an electron beam. This method is schematically de-
scribed in Figure 14a and it is also the method applied in both the HV and UHV
instrument used in this project.[98]

In the second PVD method, sputtering, a target is charged negatively and
atoms are ejected from it using positive ions (usually argon) coming from a glow
discharge plasma. Then like with the evaporation method, the ejected atoms are
transported through vacuum onto the substrate. With this method, the atoms
arrive at the substrate with high energy, which improves adhesion and film den-
sity, since loosely bound impurity atoms will be knocked out of the surface by the
energetic atoms. However, too high energies can lead to damage to the sample.
With sputtering, usually higher deposition rates than with evaporation can be
achieved. Also due to the higher pressures used in sputtering, contrary to evap-
oration, the atoms ejected from the target will experience a lot of collisions before
arriving at the substrate. This means that in sputtering there is no line-of-sight
transport, thus better coverage over topographies can be achieved without us-
ing multiple deposition angles. The sputtering process is depicted in Figure 14b.
In this study sputtering was used to coat samples with gold for SEM imaging,
because the sputtering instrument is a lot faster to use than the evaporators.[98]

With PVD the deposited film thicknesses are usually in the 10-100 nanome-
ter range, so the thickness needs to be monitored at the ångström scale. In prac-
tice, this can be done with a quartz crystal microbalance (QCM). A QCM is device
that uses a single crystal quartz resonator to detect a change in mass. The reso-
nant vibration frequency of the quartz crystal can be measured very precisely,



38

and it depends on the mass of the resonator. Piezoelectric effect can be used to
measure the vibration frequency. As material is added on the crystal due to the
deposition, the total mass of the resonator will change which in turn leads to a
change in vibration frequency. The change in the frequency is then detected by
the QCM. A QCM can be so precise that it is even possible to detect differences
of one or a few atomic layers. Both the evaporators used in this study were fitted
with QCMs.

substrate

+

-

++ +

target

vacuum

(a) (b)substrate

crucible

electron
beam gun

vacuum

FIGURE 14 (a) Metal evaporation using an electron beam. A magnetic field is used to
direct the electron beam into the crucible which leads to the vaporization
of the metal. The evaporated atoms then transport through the vacuum
onto the substrate above. (b) Metal deposition with sputtering. Positive
ions formed by the glow discharge plasma cause atoms from the negatively
charged target to eject. These ejected atoms then transfer through vacuum
onto the substrate.[98]



4 EXPERIMENTAL METHODS AND FABRICATION
RESULTS

This chapter is based on articles PI, PII and PIII. The sample fabrication of the
PnC samples consisted of two main steps. The first step was the fabrication of
the phononic crystal and the second was fabricating the measurement devices on
the crystal structure. The measurement devices consisted of two SINIS junctions,
one of which is used as a heater and the other as a thermometer. In this chapter
I will first go through the development of the new 2.5D fabrication method for
device fabrication on large topographies. Then I will present the basic fabrication
procedures and also how the fabrication processes were optimized during the
study.

4.1 Development of the 2.5D fabrication method for devices on
large topographies

A new method had to be developed for the fabrication of the SINIS junctions on
the 3D PnC structures, as no established method available to us allowed such fab-
rication. The 3D laser lithography used for the PnC structures was chosen to be
the basis due to its inherent 3D capabilites. Previously there had been very few
attempts to use two-photon lithography with positive-tone solid state resists for
the fabrication of metallic nanostructures. There were some examples of groups
using two-photon lithography in combination with electrodeposition of metals
and lift-off for 3D structuring of photonic metamaterials [99], magnetic micro-
robots [100] and magnetic nanostructures [101]. Recently, there was one study
[102], which pointed out the relevance of two-photon absorption direct writing
in the fabrication of 2D, large metal nanostructures with the smallest features be-
ing around 400 nm, utilizing a positive-tone resist and lift-off.

We first studied the capabilities of two-photon lithography with a positive-
tone resist for 2D fabrication of metallic leads. We showed that this method is
very suitable for fast large area fabrication with line widths down to 330 nm [PI].
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The maskless nature of the method makes it an interesting alternative to tradi-
tional UV lithography. Similar fabrication can also be done with UV lasers using
single photon absorption, but at least in theory the two-photon method should
allow faster writing speeds due to the quadratic scaling of the writing speed in
relation to intensity.

For this project I developed this method even further. For studying the 3D
PnC structures I needed a fabrication method capable of making measurement
devices on top of a 3D structure. Using two-photon lithography came naturally
since we had shown its capability for 2D fabrication, and two-photon lithography
instruments like the Photonic Professional are designed for 3D fabrication. Using
the three-dimensionally manipulatable piezo-stage it is possible write a pattern
on any known 2.5D topography. The dimensions of the topography have to be
known since the system can’t automatically follow the topography. However,
due to size of the voxel this information does not need to be very precise. First as
a proof of concept we showed that it is possible to fabricate metallic wiring on a 20
µm high topography [PI]. Furthermore, I showed that with more advanced resist
systems and improved patterning, the fabrication of advanced superconducting
devices on a similar topography is possible with this method [PII].

The fabrication process does not differ from traditional UV or electron-beam
lithography, except for the exposure. Normal positive-tone UV sensitive resists
can be used, which in our case were the AR-P 3120 and AR-P 3540 by Allre-
sist GmbH. The resist coating can be done by any method. However, for 2.5D-
lithography the use of spray coating would be preferred, since more conformal
coatings can be achieved over different topographies [103]. In our setup there
are two different writing modes, which are suited for a variety of samples. For
writing purely 2D patterns the mode in Figure 12c can be used. In this mode ei-
ther an immersion oil or air-gap objective is used to focus the laser through the
substrate, so transparent substrates need to be used. The highest resolutions can
be achieved using this mode with the oil-immersion objective. For 2D lithogra-
phy on an opaque substrate or for 2.5D lithography over a topography, the mode
shown in Figure 12d is needed, since now writing through the substrate is not
possible and the objective can’t be in contact with the sample. This is the more
versatile mode, but since an air-gap objective has to be used the resolution is more
limited.

The width of the exposed line w (voxel size) can be easily controlled by
the laser power and the writing speed v. An expression for the width can be
theoretically derived if linear motion of the focus spot of the laser is assumed.
This expression takes the form

w = ω0

√√√√ln

(
σ2ω0

C

√
π

2
I2
0
v

)
, (34)

where ω0 is the waist of the Gaussian beam at the focal plane, I0 is the time-
averaged photon flux intensity of the laser beam at the center (photons/area/s)
and σ2 is the effective two-photon cross section [PI]. C = ln[ρ0/(ρ0− ρth)] is a ma-
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FIGURE 15 The measured line width as a function of P2/v for lines drawn with an
immersion oil objective (a) and an air-gap objective (b).The measured data
is shown as the solid points and the lines are two-parameter fits based on
Equation 34. The deviation at high P2/v values is due to the collapse of the
undercut profile of the resist. Reprinted from Reference [PI], with permis-
sion of Wiley-VCH GmbH, copyright 2020.

terial parameter depending on the resist, with ρ0 being the initiator density and
ρth the threshold radical density needed to cause a reaction inside the resist [PI,
104, 105]. In setups like ours, the parameter determining I0 is the output power
of the laser P, as the terms are directly proportional. In consequence, Equation 34
tells us that the line width scales as P2/v. Measurement data supporting this
scaling is shown in Figure 15.

4.2 Fabrication of the phononic crystal structure

All the 3D phononic crystal structures, that were measured in this study, were
fabricated with 3D-lithography using the Photonic Professional system by Nano-
scribe GmbH. This is a system that uses two-photon absorption to produce 3D
structures out of a negative resist. The instrument has a femtosecond pulse laser
with a pulse rate of 80 MHz and a wavelength of 780 nm. This wavelength has
been chosen so that with two photon absorption the system works with UV sen-
sitive resists.

4.2.1 Creating the 3D design for the structure

The design of the structure has to be provided to the Photonic Professional system
as a GWL (general writing language) file. This file has to contain the start and end
points of all the lines which need to be exposed to create the wanted structure. In
addition to the point coordinates, the file must contain all the writing parameters
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FIGURE 16 A 3D model of one of the ramps generated with the DeScribe program. The
model is taken at a point when the ramp is about halfway drawn, so that
the supporting structures inside are visible. There is a hole on the side, so
that after the exposure the liquid resist has a way to escape.

like laser power and writing speed. This file can be made in many different ways.
The simplest way is to generate the file directly using Nanoscribes DeScribe pro-
gram that is provided with the system. However, this way is also the most limited
since the program allows only very limited coding, basically only for-loops can
be used. For this reason we mainly use this method only for small test structures
and for combining designs made in other ways.

A design can also be generated by using CAD software. After creating a
3D design with CAD, it can be sliced using the DeScribe program to create the
GWL file for the lithography instrument. With this method, DeScribe only uses
the outer shell of the provided design and fills the inside with a chosen preset
hatching style. So this method allows fast and easy design of simple shapes, but
is not suitable for more complex designs. The only way to fully control how a
structure is drawn is to use a script to directly create the GWL file containing the
coordinates for the lithography system.

For the PnC structures in this study I used all three methods mentioned
here. The spheres for the PnC structure were modeled with Autodesk Inventor
CAD software. These 3D models where then sliced with the DeScribe program
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so that they are filled by drawing concentric circles. The sphere designs were
combined into the 3D lattice using the DeScribe program. The designs for all the
other more complicated parts were created with Python scripts. The design of
one of the ramps created with Python is shown in Figure 16. All the different
parts of the structure can be combined into one GWL file, which is then given to
the computer controlling the lithography system.

4.2.2 The fabrication procedure

With the GWL file containing the 3D design for the structure finished, the actual
fabrication can start. First a small piece of substrate (8 mm x 8 mm) is cleaned in
hot acetone using a sonicator. The substrate materials used in this study were sap-
phire for the earlier samples and nitridized silicon for the later samples. The writ-
ing mode used for the fabrication was the dip-in mode presented in Section 3.1.1.
For this mode we use the liquid IP-Dip resist made by Nanoscribe GmbH. With
this mode the substrate is glued onto the sample stage, so that it will sit upside
down in the instrument, thus facing the focusing objective. A droplet of the liquid
resist is put on the cleaned substrate after gluing it onto the sample stage. The 3D
design of the structure is given to the system via a computer, which controls the
whole system. The design file also has all the parameters for the process. After
giving the design file, the coordinate system of the instrument can be fixed by
measuring the z-coordinate of the substrate surface and the tilt of the substrate.
The tilt is measured by finding the z-coordinate of the interface (substrate surface)
in a grid of points. Then the instrument will draw the structure automatically into
the resist.

After the structure has been exposed into the liquid resist, the sample is
developed by keeping it in propylene glycol methyl ether acetate (PGMEA) for
20 minutes. Then the sample is rinsed in isopropanol (IPA). To strengthen the
structure and minimize shrinkage, a post-print UV curing is done for the PnC
samples [106] as follows: without drying, the sample is directly transferred to
an IPA bath containing 0.5 wt% 2,2-dimethoxy-2-phenylacetophenone (DMPA)
and a 20 minute exposure is done with 366 nm UV light. The DMPA works as a
photoinitiator, which together with the UV light adds more cross-linking to the
resist, making the structure stronger. After this the sample is rinsed with IPA
again and then dried with N2 gas. The final step in fabricating the PnC structure
is the evaporation of a 200 nm AlOx capping layer, using a high vacuum electron-
beam evaporator. This is done to both strengthen the structure and to create a
homogeneous more smoothed surface. Both before and after the evaporation, the
structure is baked on a hotplate at 150 °C for 20 minutes to release the stresses in
the structure.

4.2.3 Optimizing the PnC structures

The first thing to optimize was the fabrication of the lattice of spheres for the PnC
structures. Getting the wanted simple cubic lattice required a lot of optimization
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FIGURE 17 A 3D model showing the path of the voxel when drawing a sphere with
a 3.1 µm diameter. The model was generated with the DeScribe program
by Nanoscribe GmbH. Due to the voxel elongation in z-direction, an ellip-
soidal shape of the path will produce a spherical structure.

of the writing parameters and the design. The design for the spheres has to be
distorted just the right way, because the voxel has a tall and thin shape like a rice
grain [107]. The final design, which produced a good spherical shape is shown in
Figure 17. To get the smallest possible contact area between the spheres, impor-
tant for maximal impact of the crystal to the band structure, the lattice constants
and the writing parameters had to be tightly optimized. After a lot of tests with
different parameters I got a good result for spheres with a diameter of 3.1 µm.
An SEM image of such a structure is shown in Figure 18. This was the smallest
diameter with which a good spherical shape was still achievable. The writing
parameters used for the exposure are shown in Table 2. After finding the smallest
possible diameter, a diameter of 5.0 µm was chosen for the second PnC structure
as spheres of that size could still be feasibly simulated with FEM. Larger spheres
require the calculation of a higher number of modes and thus take more time to
simulate. The spheres are exposed completely by drawing concentric circles at
different layers. This simple hatching style was available in the DeScribe pro-
gram, so the designs were made with CAD software as stated in the previous
section.

To be able to fabricate the SINIS junctions on the PnC, there has to be a flat
surface on top of the sphere lattice. Also to connect leads to the junctions, there
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TABLE 2 The writing parameters used for the PnC structure fabrication with the Pho-
tonic Professional system.

Parameter Value Parameter Value
PiezoScanMode On PowerScaling ∼2.7
ContinuousMode On LaserPower 20 % (∼10.8 mW)
ConnectPoints On SettlingTime 200 ms
PerfectShape Off ScanSpeed 70 µm/s

FIGURE 18 An SEM image of the PnC consisting of spheres with a diameter of 3.1 µm.
The closest face consists of half spheres and the image is taken from a 45°
angle. After correcting for the imaging angle, the diameter is reasonably
consistent all around.

have to be slopes for the wiring to climb on to the structure. Therefore, slopes and
a suspended plate of thickness 1.6 µm are fabricated on the structure according
to the schematic in Figure 19. The fairly gently sloping ramps are needed mostly
due to the following resist coating steps needed for lithography. The spin coating
method used here can’t create a uniform film on steep topographies. If for exam-
ple spray coating was available the ramps could be made a lot steeper. For the
same reason small walls (height 3.5 µm) are drawn at the edges of the top of the
structure, to force the spin coated resist to stay on the platform. For earlier sam-
ples the top film was connected to a full layer of spheres, but early measurements
showed that when using such a geometry, the thermometer signal was too weak.
This was because the solid angle subtended by the thermometer was so small. So
for later samples, the film on top was made suspended in the middle, as shown
in Figure 19, to limit the direct flow of heat from the heater to the 3D PnC making
sure that the thermometer couples to the heater better. The same geometry was
used for bulk control samples and PnC samples with both sphere diameters.

The fabrication of the ramps had already been mostly optimized in earlier
studies [108]. Drawing the film on top was also simple for the earlier samples
with full lattices of spheres underneath. There was no issue drawing the film
with straight lines. However, when we moved to the suspended geometry, we
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FIGURE 19 A to-scale schematic cross-section of the phononic crystal structure com-
pleted with ramps, and a film on top for the measurement junctions. The
ramps are sloped also on the side of the lattice to reduce the contact area
to the PnC structure. In the abandoned geometry the empty area below the
film was also filled with spheres. The thickness of the membrane is 1.6 µm.

ran into a problem. The film drawn using straight lines had a large dent in the
middle, as shown in Figure 20a. This dent made the following lithography step
impossible, since with spin coating a good resist coverage could not be achieved.
The dent is caused by the difference in the shrinkage of the base structure and
the film. To our surprise, after doing some tests we found out that the shrinkage
can be controlled by altering the laser drawing path when exposing a structure.
This means that the shrinkage depends on the direction of the patterned lines and
seems to be worst perpendicular to the drawn lines, as shown by the curving of
the sidewalls in Figure 20a.

20 μm 20 μm

(a) (b)

FIGURE 20 Optical micographs of the difference between the two drawing styles for the
film. (a) A film drawn with straight lines, which has a large dent (darker
area). (b) A film drawn with concentric circles, creating a flat membrane
surface. Arrow points to the dark line caused by the different design styles.
The dashed arrows show the drawing directions.
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FIGURE 21 An SEM micrograph of the full PnC structure with the free hanging film
and ramps. The SINIS junctions, fabricated later on the smoothed areas, are
also visible in the figure.

After trying different drawing styles to fabricate a flat suspended film with
the 3D lithography system, I found out that the best way to make the film is to
expose the whole film using concentric circles. In addition, the circles need to be
drawn with varying starting locations in order to not create a highly exposed line
into the film. A structure with the suspended membrane drawn with this method
is shown in Figure 20b. Because of the square shape of the structure, the corners
of the film had to be designed with a Python script, but the circular middle part
could be hatched with DeScribe so the design for it was done with CAD. A dark
line is visible at the interface between the differently designed parts in Figure 20b.

Using the circular drawing style provided a flat film but introduced another
issue. After fabricating metal leads on the film and testing them, we found that
the leads were not continuous. Changing the drawing style altered the direction-
ality of the unavoidable surface roughness. Now the ridges caused by the voxel
ran almost perpendicular to the metal leads and introduced breaks in them. So in
addition to the circular drawing style, the film had to be smoothed at the locations
where metal lines will be deposited. The smoothing is done by drawing straight
lines on the film with really high density of lines. The smoothed areas are lifted
a little over the film to fully cover the ridges on the film. The smoothing is done
only at the specific locations to save time and reduce the introduced tension. An
example of the full structure with the smoothed platform is shown in Figure 21.

Figuring out the fact that the circular drawing style reduced the shrinkage
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FIGURE 22 An image of one of the bulk control samples taken with an optical micro-
scope. The hollowed volume with gaps in the sides is visible through the
film. The dashed arrow shows the drawing direction.

issue with the resist also solved another problem. This far we had had large
issues, when trying to fabricate any bulk structures with the 3D lithography in-
strument, and for this study we needed bulk samples as controls. Using straight
lines to draw bulk structures introduced a lot of tension into the structures and
deformed them badly. Now with the circular drawing method, making nice bulk
samples was very easy. In Figure 22 there is an optical micrograph of one of the
bulk control samples fabricated with the circular drawing style. There is no de-
formation of the shape at all, and similarly to Figure 20b, the suspended film is
flat. For the bulk samples, small gaps had to be left into the sides (Figure 22), so
that the liquid resist could escape the hollow volume under the film.

Even if such a complex 3D structure was fabricated successfully, the re-
quired additional steps for the SINIS junction fabrication introduced more issues.
The coverage of the spinned resist was very inconsistent on the 3D structure.
During the lift-off, as will be described later, the whole structure tended to get re-
moved from the substrate very easily. Because of these issues, we decided to add
a 200 nm thick AlOx capping layer on the entire sample. The layer was grown
by evaporation using a high vacuum electron-beam evaporator. This material
was chosen out of convenience but other materials could also be used. This step
both strengthened the whole structure and provided a more homogeneous and
smoother surface. Now the spinned resist consistently covered the structure and
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FIGURE 23 Cracking of the AlOx capping layer. (a) An SEM micrograph of a struc-
ture without rounding showing cracks originating at the inside corner of
the smoothed area. (b) An SEM micrograph of a structure with rounding
showing no cracks.

the structure was difficult to remove in the lift-off step. Both before and after the
evaporation, the sample was baked on a hotplate at 150 °C for 20 minutes to re-
lease the stresses in the structure. However, even with all these steps the capping
layer tended to crack at the inner corners of the smoothed area on the platform
(Figure 23a). This cracking happened at the end of the following lithography pro-
cess for the SINIS junctions. The different drawing styles between the film and
the smoothed area introduces tension during the lift-off, which leads to the crack-
ing of the capping layer. I was able to minimize this cracking issue by rounding
the corners as shown in Figure 23b. Despite this solution, similar cracking at dif-
ferent positions on the structure remained an occasionally reoccurring problem,
which reduced the yield considerably.

4.3 Fabrication of the SINIS junctions

After the PnC structure was finished, it was cleaned with reactive ion etching
(RIE) using oxygen plasma, to prepare it for the SINIS junction fabrication. The
junction fabrication starts with resist coating. A two layer resist system was cho-
sen for the process, so that an undercut could be created. Our earlier tests had
shown that without an undercut, the extra metal film was extremely hard to re-
move from the platform in the lift-off step [PI]. With this two layer system, the
sample has to be first coated with a bottom resist (AR-BR 5460, Allresist GmbH).
The coating was done by spinning. The bottom resist had to be diluted to a solids
content of 9 % with PGMEA, so that a thin enough film (450 nm) was produced
on a substrate surface. With thicker films, there were issues with resist residue
around the PnC structure after developing the resist.
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FIGURE 24 (a) A helium ion microscope micrograph of the developed patterns for the
SINIS junctions with the baked bottom resist. (b) An optical microscope
image of the developed SINIS junction patterns with the non-baked bottom
resist. A micrometer scale undercut is visible, with bridge structures for
shadow evaporation.

At the beginning of the project, the bottom resist was baked at 150 °C per the
product information, but this allowed only for a very small undercut (Figure 24a).
We then decided to start keeping the samples in vacuum overnight, instead of the
baking, to remove the solvent without a glass transition. This not only allowed
the fabrication of deeper undercuts and bridge structures for shadow evapora-
tion (Figure 24b), but also reduced the cracking of the AlOx capping layer during
the lift-off step. After removing the solvent from the bottom resist, the actual UV
resist coating was added by spinning. We used a positive-tone UV resist (AR-P
3540, Allresist GmbH), which is meant to be used with the two-layer resist sys-
tem. This resist was spun at 1200 RPM to reach a thickness of 2.8 µm and then the
sample was baked at 100 °C for 140 s. The small vertical walls, fabricated earlier
around the platform, allow the resist to stay on the structure during spinning.
These walls would not be needed, if for example direct spray coating was used
[103].

The pattern for the SINIS junctions is exposed using the same Nanoscribe
Photonic Professional system that was used for the PnC structure fabrication.
Since now a traditional solid UV resist was used, the same immersion objective
could not be used. Instead, an air-gap objective (63x, NA = 0.75) was used with
the mode presented in Section 4.1. The writing was done with the piezo scan
mode as for the PnC structure, using the writing parameters shown in Table 3.
These parameters produced a single-pass line width of 1 µm on the platform
and 1.5 µm on the substrate. However, the actual line widths were larger, since
the drawing was done using multiple passes with varying height to guarantee
full exposure in z-direction. Multiple passes were used, even though the voxels
aspect ratio is naturally high (height:width 5:1), because of possible imperfec-
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TABLE 3 The writing parameters used for the SINIS junction patterning with the Pho-
tonic Professional system.

Parameter Value (platform) Value (ramps) Value (substrate)
PowerScaling 1.0 1.1 1.0
LaserPower 20 % (4 mW) 100 % (22 mW) 100 % (20 mW)
SettlingTime 200 ms 200 ms 200 ms
ScanSpeed 25 µm/s 25 µm/s 25 µm/s

tions caused by the tilt of the sample and the variations in the height of the PnC
structure. These problems remain even with the sample alignment, because the
alignment has to be done using the integrated optical microscope with the Pho-
tonic Professional. Writing in multiple passes was especially required in areas
around the base of the PnC structure, since there the resist is thickest. This thick
resist layer around the structure is caused by the spin coating method used for
the resist coating.

After the sample was exposed, it was developed using a 1:1 mixture of the
developer (AR 300-47 Allresist GmbH) and deionized water. Then the sample
was thoroughly rinsed in deionized water. With the two layer resist system used
here for the lithography, the undercut depth is controlled simply by changing the
development time. This is due to the fact that the laser does not actually expose
the bottom resist and it is just slowly dissolved by the developer, giving a control-
lable undercut. For samples with the baked bottom resist, the development times
were around 60 s and for the samples with non-baked bottom resist around 15 s.
This development time produced a micron-scale undercut profile in the samples
with the non-baked bottom resist (Figure 24b).

When the development was done, the samples were again oxygen cleaned
with RIE to remove any possible resist residue in the pattern. Then the metal
evaporations were done with an ultra-high vacuum electron-beam evaporator.
A 40 nm thick aluminum film was evaporated first along the patterned leads
climbing the slopes. The aluminum was evaporated from both sides of the sur-
face normal, using four steps per side, as shown in Table 4. Using a sequence
like this ensures better coverage over the roughness of the surface and the steep
slopes of the phononic crystal structure. Then the AlOx tunnel barrier is created
by thermally oxidizing the aluminum in 200 mbar of pure oxygen for 9 minutes.
Then the sample is rotated 90° and 60 nm thick copper leads are evaporated per-
pendicular to the aluminum leads. This evaporation was done similarly to the
aluminum, but using five steps per side as shown in Table 4. The copper was also
evaporated from an angle, because no normal metal is wanted on the aluminum
leads on top of the structure. The normal metal would provide a way for heat to
escape off the platform even at low temperatures. After evaporating the metals,
lift-off was done by suspending the sample in hot acetone. The lift-off needs to be
done fast so a syringe was used to spray the sample with the acetone while sus-
pended. The spraying has to be done carefully, since the acetone will eventually
break the adhesion between the PnC structure and the substrate, removing the
whole structure. A finished SINIS junction device on a PnC structure is shown in
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Figure 25.
In the end, the biggest problem with the wire fabrication was the cracking of

the capping layer mentioned in Section 4.2.3. This cracking was happening dur-
ing the lift-off or when drying the sample after the lift-off. The deformation of the
structures fabricated with 3D lithography during drying is a known issue. This
deformation is due to capillary forces caused by the evaporating liquid, which in
our case was isopropanol. This issue is often addressed with critical point drying
(CPD), where the transition from liquid to gas is avoided by going around the
critical point of the liquid. So, I decided to try CPD after the lift-off to possibly
reduce the cracking. Since our CPD instrument was setup with CO2 I could di-
rectly use the acetone, which was used in the lift-off, as the intermediate liquid as
it is completely miscible in liquid CO2. However, unexpectedly the CPD process
made the cracking issue even worse and there were cracks all over the platform.
This suggested that the cracking might get worse if the sample is kept for a longer
time in acetone, since this was the case with CPD. Therefore, I decided to do the
lift-off as fast as possible, so that the time spent in acetone was as short as possi-
ble (∼3 min), and then I dried the sample normally with nitrogen gas. This fast
lift-off worked, as I was able to produce samples with no cracks about 70 % of the
time.

TABLE 4 The angles with respect to surface normal and the non-angle-corrected thick-
nesses d, used in the angle evaporation sequence of the SINIS junction de-
vices. The aluminum is oxidized before the evaporation of the copper and the
sample is turned 90° around the surface normal, so that the copper wires are
evaporated perpendicular to the aluminum.

Angle (°) d Al (nm) d Cu (nm)
± 70 10 10
± 68 10
± 66.6 10
± 65 15
± 63.3 12
± 63 15
± 60 15 20
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FIGURE 25 A false color helium ion micrograph showing a completed SINIS junction
device on a PnC structure (red = Cu, blue = Al). This is a sample fabricated
early in the project and thus there is no smoothing on the platform. Here,
the line width is about 3 µm on the platform, which gives a 9 µm2 area for
the individual junctions. Reprinted from Reference [PII], with permission
of AIP Publishing, copyright 2020.



5 MEASUREMENT SETUP

In this study all measurements were done at low temperatures, as all the samples
include superconducting tunnel junctions. As the superconductor used in this
study was aluminum with a TC of 1.2 K, temperatures below 1 K are needed. To
be able to reach these temperatures a 3He/4He dilution refrigerator was used for
the measurements. In our group we use our own in-house built dilution refriger-
ators. The refrigerator used for most of the measurements in this study is shown
in Figure 27. When used, the bottom part (Figure 27b) is covered with a vacuum
jacket, and then inserted into a dewar filled with liquid 4He, which works as a 4.2
K bath. The cryostat measurement lines have filtering at three different tempera-
ture stages, which are the bath (4.2 K), the pot (∼ 1 K) and the mixing chamber,
which is at the same temperature as the sample stage. In addition to these the
cryostat also has on-stage RF filtering as shown in Figure 27d.

Every measurement was done with a four probe setup due to the large re-
sistance of the wiring in the dilution refrigerator. The circuit used for the IV char-
acteristic measurements in this study is shown in Figure 26. The same exact setup
was used also for measuring the power of the heater when studying the thermal
conductance. For measuring the thermometer junction a similar setup was used,
but with a battery powered constant current source and no measurement of the
current. The voltage preamplifier was an Ithaco 1201 low noise voltage preampli-
fier and the current preamplifier was an Ithaco model 1211. The voltage source
used was a simple sweeping battery box powered by two 12 V car batteries and
the voltage over the sample was controlled with different voltage dividers.

5.1 Measurement procedure

The I-V characteristic measurements of NIS tunnel junctions are straightforward,
but for the thermal conductance measurements a certain procedure needed to be
used. Five days were always reserved for these measurements, the fifth day be-
ing a precaution if there were any issues. The first day is used just for cooling the
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cryostat down to the pot temperature which is around 1 K. On the next day, the
circulation of the 3He/4He mixture is started and the sample is cooled to around
40 mK at the lowest. Then IV characteristic measurements are done for both the
SINIS junction pairs on the sample at different bath (stage) temperatures. Ac-
cording to the results of these measurements, the junction with the lower leakage
current and better temperature response is chosen to be the thermometer.

Then in the morning of the third day, the junction chosen to be the ther-
mometer is calibrated while cooling the refrigerator down from the pot temper-
ature. This is the first calibration, which we usually do with a low bias current
leading to good temperature response at low temperatures while losing sensi-
tivity at higher temperatures. Then the thermal conductance measurements are
done by keeping the bath (stage) temperature constant and heating the sample
with the other junction. While heating the sample, the current and voltage over
the heater is measured to obtain the emitted power. The temperature of the sam-
ple is measured from the voltage over the calibrated junction. On the fourth day
the same process is followed with a higher bias current, which gives better tem-
perature response at the higher temperatures. At the end, the data measured with
both calibrations is combined.

V preamp.

I preamp.

Voltage divider

Sample

R1

R2

DAC PC

FIGURE 26 A diagram of the circuit used for the IV measurements of junctions. The
same circuit was also used for measuring the heating power in the thermal
conductance measurements. For the voltage divider, the resistor R1 was
varied between 50 kΩ and 100 Ω while R2 was always below 50 Ω. The
arrows in the diagram represent the positions of the probes in the measure-
ments.
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FIGURE 27 The in-house built 3He/4He dilution refrigerator. (a) The full cryostat with
pump and measurement line connections on the top. (b) A zoomed-in pic-
ture of the bottom part, which contains the main functioning parts of the
cryostat including the pot, the still and the mixing chamber. (c) A closer
view of the mixing chamber and the stage holder. (d) Sample mounted
onto the sample stage. The sample connections were made with indium
bonding and thus large indium joints are visible



6 MEASUREMENT RESULTS

6.1 NIS junctions on a substrate

This section is based on article PII. After developing the new fabrication method
for the junctions with two-photon lithography [PI, PII], the next step was to prove
that this method can produce working NIS junctions. We started by fabricating
SINIS junction pairs, because the junctions are simpler to fabricate as pairs and
junction pairs are going to be used for the heat transfer measurements on the
PnC structures. The samples were fabricated as described in Section 4.3 except
on a flat nitridized Si substrate. At this point I was making as small junctions as
possible with the new method, so the linewidths were between 1 and 2 µm (1 - 4
µm2 junction area). Smaller area junctions are usually desired, because there is a
smaller possibility of point contacts and the tunneling resistance is higher, which
is desired for thermometry.

The I-V characteristics of the samples were measured at low temperatures,
which are required for the aluminum to turn superconducting. The samples were
cooled in a 3He/4He dilution refrigerator down to 40 mK at the lowest. The I-V
measurements were done with simple DC voltage sweeps using a four probe
setup. Low noise voltage and current preamplifiers (ITHACO model 1201 and
1211) were used to measure the voltage and the current as discussed in Section 5.
The I-V characteristics were measured at many different bath temperatures, so
that the temperature dependency can also be seen.

The results of an example of these kinds of measurements are shown in
Figure 28. At first glance looking at the linear scale figures, the data indicates that
the sample indeed is a SINIS junction. However, when studying the data more
closely, the size of the superconducting gap ∆ seems too high. The gap size is
easiest to read from the location of the peaks in Figure 28b. The peaks are located
at 2∆ for a SINIS junction, which means that the gap size for this sample is 30
µeV. This is 50 % larger than the normal gap size of aluminum, which is ∼20 µeV
[109]. Another anomalous feature is the fact that the peaks start to move closer
to zero with rising temperature after a certain threshold temperature (T ∼ 500
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(a)

(c)

(b)

(d)

FIGURE 28 Measured low-temperature current-voltage characteristics for a SINIS junc-
tion with titanium (8 nm) and gold (60 nm) as the normal metal. (a) Mea-
sured IV curves in a linear scale. (b) Calculated differential curves for the
SINIS junction. (c) The IV curves in a log scale. (d) The differential curves
in a log scale. The measurements were done at different bath temperatures
using DC voltage sweeps.

mK). Focusing on the log scale (Figure 28c,d), it is revealed that there actually is
a second much smaller gap feature around V ∼ 0.3 mV.

To further study this effect, we first made similar samples but changed the
normal metal from copper to gold. With gold a very thin adhesion layer of tita-
nium is used so the normal metal is actually a TiAu bi-layer (Ti, 8 nm; Au, 60 nm).
Changing the normal metal did not change the behaviour. The data in Figure 28
is actually from a sample with gold as the normal metal. We also tried different
substrates to see if the substrate surface was causing the double peak. However,
the results were similar on sapphire, SiN and the IP-Dip resist.

Since changing the materials did not have an effect, we started making junc-
tions with different junction areas. We also made single NIS junctions to simplify
the data analysis and rule out the effects of asymmetry between the two junctions
[41]. Another benefit of NIS junctions is that with them, making a large amount
of junctions with different sizes is very simple. So I made a sample with a large
number of different sized NIS junctions. The measurements showed that all the
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(a)

(b)

FIGURE 29 The I-V characteristics measured from the NIS junction with a large junction
area (∼9 µm2). The figure also includes theoretical curves computed using
the simple BCS theory (Equation 31). Reprinted from Reference [PII], with
permission of AIP Publishing, copyright 2020.
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smaller junctions had the double peaks with differing resistance ratios. However,
the largest junction on the sample (∼9µm2) had only one gap feature. The data
from this largest junction is shown in Figure 29 together with theoretical curves.

The theoretical curves were calculated with the simple BCS theory, using
Equation 31 at constant temperatures, and they fit the measured data well. The
temperatures also match the measured ones almost exactly, except at the lowest
temperature where the bath temperature is lower. This effect is well known and
it happens due to spurious thermal radiation coming from the hotter parts of the
refrigerator, combined with the fact that the electron system is thermally decou-
pled from the lattice [42, 45, 110]. Using the simulations we found a value of
∆(0) = 0.208 meV for the zero temperature superconducting gap of the Al film,
which agrees reasonably with literature [109] and previous results on similar Al
films deposited using the same evaporator [42]. We also determined the Dynes
parameter for this setup which was Γ/∆(0) = 6.5 × 10−4. It was determined
using the amount of subgap leak current. The value of the Dynes is roughly con-
sistent with earlier measurements in the same setup before [42], and it should be
low enough even for NIS coolers [57, 111]. However, we did not observe elec-
tronic cooling, because the single junction geometry leads to a very large normal
metal electrode, and because there are no normal metal quasiparticle traps on the
aluminum electrodes [112].

6.2 What causes the double gap feature?

Some time was spent investigating the "double gap" effect of the NIS junctions,
even though this effect was not really a problem for our application. Also it seems
that by increasing the junction area produced a normal junction (see Figure 29).
This effect was still interesting as it seems to effectively increase the gap size of
the superconductor at least in a certain temperature range. The double gap could
suggest that there are somehow two different junctions in parallel. Also some-
how, the energy gap of one of the junctions would seem enhanced. This could be
caused by the gap size of the aluminum actually being larger. A second option is
spin splitting, which causes doubling of the dI/dV peaks [113]. A third option is
series resistance, but in this case somehow the series resistance would need to be
different for each parallel junction.

The first thing to study was the TC of the aluminum, since the gap size is
directly proportional to it, as shown in Equation 23. It has been shown that by
making a granular aluminum film, the TC can be significantly increased [114].
So, we wanted to check if it is possible that in these samples the quality of the
aluminum could be altered in some spots in the junction area, causing the larger
secondary gap. To study the TC in the junction area, I made samples which were
just long aluminum lines (300 µm) covered with AlOx and copper to basically
create a huge junction area. The fabrication was done the same way as for the
normal NIS junctions in this study. We measured the TC of two lines on the same
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FIGURE 30 TC measurements of two 300 µm long aluminum lines covered with a layer
of AlOx and copper. The lithography for these lines was done with the same
procedure as with the usual NIS junctions. The metal film thicknesses were
the same 30 nm (Al) and 60 nm (Cu) as for the NIS junctions and similar
evaporation sequences were used.

chip, with the results shown in Figure 30. As we see, the resistance drops to zero
in a single step at 1.3 K and there are no drops at higher temperatures. So both
lines have a very normal TC of 1.3 K. If there were parts with higher TC, there
would be small drops in the resistance above the 1.3 K temperature. We used an
AC setup with two lock-in amplifiers (Stanford Research systems model SR830)
for this measurement, as this kind of setup had less noise compared to the DC
setup used for the NIS junction measurements.

Since there was no high TC aluminum on the samples, we also studied
whether spin splitting could be the cause. For spin splitting, it is useful to do
the measurements in an external magnetic field, because the splitting of the den-
sity of states between spin up (↑) and spin down (↓) states can be modified by a
magnetic field. The summed density of states in this case is given by the expres-
sion

N↑, ↓(E) =
1
2

∣∣∣∣∣Re

(
ε + iΓ± hexc√

(ε + iΓ± hexc)2 − ∆2(TS)

)∣∣∣∣∣ , (35)

where hexc is the exchange field inside the superconductor [115]. This means that
for this phenomenon to introduce the double gap, there needs to be some mag-
netic material in the junction which introduces this exchange field. This material
could be for example some residue left by the new resists which we had not used
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FIGURE 31 The modified stage for measurements with a magnetic field. The sample is
first bonded onto the copper plate. Then the plate is connected to the stage
with screws and the wiring is connected via pin connectors.

before for junction fabrication. By using an external magnetic field we should
then be able to enhance or reduce the splitting by changing the direction and
magnitude of the external magnetic field. If the external field is aligned with the
internal hexc the splitting is enhanced, and if the external field is opposite to the
internal hexc the splitting is reduced.

To do these measurements we needed a cryostat with a superconducting
coil to introduce a magnetic field. The coil was wound around the vacuum jacket
which covers the bottom part of the cryostat (Figure 27b). The magnetic field also
needs to be aligned so that the field lines are parallel to the aluminum films on
the sample, otherwise the magnetic field will destroy the superconductivity of
the aluminum film. Since the coil will introduce a field aligned with the shaft of
the cryostat, the sample needs to stand vertically on the stage. To achieve this, we
altered the stage of the cryostat so that the sample can be attached to a vertical
copper plate on the stage (Figure 31). Thick wiring was used to contact the pads
of the attached plate to the pads on the stage, in order to thermalize the plate
better.

For the measurements with the magnetic field we chose NIS samples where
the peak heights of the gaps were close to being equal. With a sample like this the
behaviour of the density of states is easiest to study, as both peaks can be easily
seen. An example of these measurements is shown in Figure 32. The current of
the magnet was first ramped in the positive direction, and measurements were
done at certain points. Afterwards, the same was done for the negative direction.
However, as the results show, at no point does the outer peak position get shifted
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FIGURE 32 The results from the measurements with an external magnetic field for both
polarizations. The dI/dV curves were calculated from the measured I-V
data. The junction area for this sample was ∼6 µm2
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FIGURE 33 A circuit diagram of the parallel junction model with series resistance.

higher which should happen when the hexc is enhanced. Moreover the curves are
similar for both polarizations.

Since the spin splitting model did not fit the data, we also studied the third
possibility, the series resistance. Because the leads are superconducting and four
probe setups were used, the series resistance has to be caused by the normal metal
island or lead in the case of NIS junctions. Thus from now on I will refer to this
resistance as the normal metal resistance RN. For this effect to produce the dou-
ble peaks, there somehow needs to be two channels through the normal metal as
the RN has to be different for the two parallel junctions. The system is depicted
in Figure 33. To study this, the same sample used in the magnetic field measure-
ment was measured at different temperatures, and simulations with two parallel
junctions were done. The simulations were done with the simple theory like for
the data in Figure 29 (Equation 31), just with two parallel junctions having series
resistance. The measured data with the simulated curves is shown in Figure 34.

The first thing that is clear from these simulations, is that the inner gap fea-
ture corresponds to a completely normal Al-AlOx-Cu junction. As can be seen
from Figure 34b, the simulations for the inner peaks follow the data almost per-
fectly. The gap size was determined to be 0.195 meV and the RN1 had a reason-
able value of 90Ω. The total resistance for this junction was determined to be
RTot1 = 1150Ω. There is a deviation at bath temperatures 60 mK and 90 mK at
low currents in Figure 34a. At first glance it looks like self heating but since simi-
lar deviation is not present at 40 mK, this deviation is probably somehow caused
by the second junction. The second junction also affects the apparent Dynes pa-
rameter, and thus a precise value cannot be given for the individual junctions.

When simulating the junction with the apparent larger gap the fits are not
as good any more, as is visible from Figure 34b. With the simple model, there
was no way to get the correct peak height just by adjusting the gap size and the
RN. From these simulations we arrived at a gap size of 0.23 meV, which is slightly
higher than the other junction but still a completely possible value for aluminum.
The correct shape for the peak could probably be produced with a thermal model,
but with a model like that there would be too many fitting variables. However,
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FIGURE 34 NIS junction data measured at different bath temeratures with simulated
curves. The simulated curves were calculated with a parallel model using
different normal metal resistances for the two junctions. These measure-
ments were done for the same sample as Figure 32 (junction area ∼6 µm2).
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this is not even the biggest issue. The biggest problem is the movement of the
peak towards the smaller voltage peak as a function of temperature. None of
the models used here can easily produce this behaviour. The only way to get
the curves in Figure 34b was to assume that the normal metal resistance of the
second junction (RN2) is dependent on the temperature. For the simulated curves
the RN2 changed from 730Ω at 40 mK to 400Ω at 770 mK. Already the resistance
at 40 mK is too high as the total resistance is RTot2 = 1200Ω, so it would constitute
over half of the total resistance. It is possible for the resistance of a metal film to
change at low temperatures, but here the resistance would have to almost drop
in half when going from 40 mK to 770 mK. Another issue here is the fact that a
higher normal metal temperature of 140 mK had to be used for the 40 mK data
and the temperature seems to stay constant until the 200 mK bath temperature. At
higher temperatures the simulation temperatures matched the bath temperature.
In conclusion, this model can produce curves with pretty much the correct shape,
but the parameters that had to be used don’t seem realistic. From all this, we can
say that the parallel model works perfectly for the inner junction, but the second
junction with a larger apparent gap cannot be simulated well with such a simple
model. At this point, however, we have most confidence on this parallel-series
resistance model. The reason for the possible extra series resistance is, however,
unclear.

6.3 SINIS junctions on a 3D structure

This section is based on article PII. After showing that NIS junction fabrication
was possible with the new technique, the next step was to show that working
junctions can also be fabricated on the 3D PnC structure. Because the PnC struc-
tures were designed with ramps only at the two opposing edges, only SINIS tun-
nel junction fabrication was possible. So only SINIS junction pairs were fabricated
on the structures. This design choice was made because we want junction pairs
for thermometry and heating of the sample, and we wanted as few ramps as pos-
sible to reduce heat flow through them. This is the reason why there is only data
from SINIS junction pairs on the 3D structures.

The measurements were done exactly the same way as with the junctions on
the substrate. The results of the measurements were also very similar. Many of
the SINIS junction pairs had the double gap issue but also normal junctions were
produced. Data measured from one of the normal looking samples is shown in
Figure 35. Now, the fits done using the simple constant temperature model used
before no longer produce such good results. However, by taking into account
thermal effects such as junction self-heating or cooling and the normal metal is-
land’s thermal resistance caused by the electron-phonon interaction [40, 41], the
simulated curves fit the data almost perfectly. The effect of this kind of self-
heating is most easily detected as the broadening of the conductance peaks of
the low temperature data in the differential graph (Figure 35).
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For the simulations with the thermal model, one needs to take into account
the heat flows through the junctions. The heat current Q̇i through each junction
(i = L, R) is given by the following expressions [41]:

Q̇L(VL, TN, TS) =
1

e2RL

∫ ∞

−∞
dε(ε + eVL)NS(ε, TS)

× [ fS(ε, TS)− fN(ε + eVL, TN)],
(36)

Q̇R(VR, TN, TS) =
1

e2RR

∫ ∞

−∞
dε(ε)NS(ε + eVR, TS)

× [ fN(ε, TN)− fS(ε + eVR, TS)].
(37)

Knowing the heat currents, the total heat power extracted from the normal metal
or cooling power PT can be calculated from

PT = −Q̇L + Q̇R. (38)

The signs are set so in the above that positive values of PT correspond to cooling.
In dynamic equilibrium the cooling (heating) by the junction is balanced by the
inflow (outflow) of heat from (to) the surroundings, which leads to the expression

PT = B(Tn
bath − Tn

N) + β[PT + I(VL + VR)] + I2RN. (39)

The first term gives the direct heating or cooling coming from the substrate (Tbath)
and the exponent n in the term depends on the disorder level and phonon dimen-
sionality of the sample [116], but is usually n = 5. The parameter B includes the
normal metal volume VN and also the electron-phonon coupling strength Σ as
B = ΣVN. The second term describes the heat flowing back from the supercon-
ducting electrodes and it contains the parameter β, which is the fraction of the
dissipated power flowing back from the aluminum leads [117]. The third term
describes the Joule heating of the normal metal.

In the thermal model we used the usual exponent n = 5 which should be
the case for power flowing between phonons and electrons for a thick metal film
on a bulky substrate [110]. For the parameter B we used a normal value of Σ =
2× 109 W/(K5m3) for the electron-phonon coupling strength in copper [40]. For
the fraction of back-flow β we used the value 0.25 which is higher than the values
that are usually observed (β < 0.1) for NIS junction devices optimized for cooling
[42, 61]. However, this is expected as in these samples there is no quasiparticle
trapping layer on the superconducting films.

The value of the Dynes parameter for this SINIS junction pair is pretty low
Γ/∆(0) = 9× 10−5. This value is a lot lower than what we found for the sample
with a single NIS junction. This enhancement is probably caused by the higher
value of the tunneling resistance RT, which leads to less efficient absorption of
environmental radiation power, and thus to a smaller photon-assisted tunneling
current. Another possible explanation for the low Dynes parameter is Andreev
reflection. However, we estimated the effect of second order Andreev tunneling
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FIGURE 35 The measured I-V characteristics of a SINIS junction pair on a PnC struc-
ture. The figure also includes simulated curves made with the thermal
model. The result from the simple model simulations is shown for the low-
est temperature (dashed line). Reprinted from Reference [PII], with per-
mission of AIP Publishing, copyright 2020.
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to not be large enough to cause the sub-gap leak current for these junctions and
material parameters [118, 119]. Unexpectedly, even though we were using the
same oxidation process, the tunneling resistance was consistently higher for the
NIS junctions fabricated on the 3D structures. This might be due to the higher
surface roughness or the different substrate material, but we are currently lack-
ing a detailed understanding. The superconducting gap for this junction pair is
∆(0) = 0.181 meV, which is smaller compared to the gap of the NIS junction in
the previous section but still in decent agreement with the literature [109].

6.4 Thermal conductance of the PnC structures

This section is based on article PIII. Since we had shown that good quality SINIS
junctions can be fabricated also on 3D structures, we were able to move forward
to measuring the thermal conductance of the fabricated PnC structures. These
measurements were made for the two optimized PnC structures with spheres
of diameter 3.1 µm and 5.0 µm, and for a control bulk structure with the same
geometry. The measurements were done using the same equipment as the earlier
measurements using the procedure shown in Section 5.1. For these measurements
at least one of the SINIS junction pairs needs to be working well, because only
a working NIS junction has good temperature dependence at the temperatures
used. The heater does not necessarily need to be a working tunnel junction as
was the case for some of the measurements.

The results of the thermal conductance measurements are shown in Fig-
ure 37 together with simulations done with two different models. The data is
presented as the heating power of the heater as a function of the temperature
given by the SINIS thermometer. In this way the power law for each structure
is directly visible in the log-log plot. In Figure 37a the measured data is com-
pared to theoretical curves based on the ballistic simulations made with FEM as
described in Section 2.2.4. Adding the suspended membrane to the PnC sam-
ples altered the system discussed in Section 2.2.3 a little. Now we had to take
into account the thermal conductance of the film as shown in Figure 36. There
is also Kapitza resistance between the film and the PnC but it was considered to
be zero for the curves in Figure 37a. To find the thermal conductance of the PnC
we first have to determine the temperature at the interface between the film and
the PnC (Tx). Then we can consider the film to be a large area heater for the PnC

Heater
Gfilm GKapitza GPnC

Tx
Bath

FIGURE 36 A circuit diagram of the thermal conductances in the PnC samples with a
suspended membrane.
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as its thermal conductance is higher than the thermal conductance of the PnC.
The thermal conductance of the film is high because at the used thickness of 1.6
µm it shows bulk behaviour. This can be shown by finding the 2D-3D crossover
thickness for the material dC = h̄ct/(2kBT) [31]. The transverse speed of sound
ct can be calculated with the material parameters in Table 1 using the equation

ct =

√
µ

ρ
=

√
E

2(1 + ν)ρ
[32]. (40)

This consideration gives us the value dC = 33.4 nm for the 2D-3D crossover at 0.1
K which is substantially smaller than 1.6 µm.

By considering the film as a heater we can find the interface temperature
Tx by equating the emitted power of the actual SINIS heater on the film to the
emitted power of the film which goes into the PnC below. The emitted power
of the film can be calculated as discussed in Section 2.2.3. The emitted power of
the SINIS heater on the film can be calculated similarly but FEM simulations are
not required. The dispersion relations for a film can be found easily using Lamb-
mode theory [120, 121]. At this point we had the emitted power P(T) curves per
unit length (heater) and per unit area (film). We made two-parameter fits to these
curves using equations of the form a(Tn − Tn

bath). Adding the real length of the
heater L and the interface area A to the fits we can find values for Tx by setting

Pfilm = Pheater ⇒ Aa(Tn
x − Tn

bath) = 2Lb(Tm − Tm
x ). (41)

In the case of the bulk sample the interface area is considerably smaller as there
is no large interface on top of the bulk, instead the film transitions to bulk at
the edge of the suspended area. So for the bulk sample the interface area is the
thickness of the film multiplied by the length of the edge of the suspended area.
The values for Tx in the different cases are shown in Figure 38. The fact that the
values for Tx are close to the temperature on the film further proves that the film
is not the limiting part. Using the Tx values with either side of Equation 41 gives
the theoretical curves in Figure 37a.

The simulations in Figure 37b were done with a simpler diffusive model
using Fourier’s law (Equation 2). For these simulations we used the thermal
conductance (κ) of polymethyl methacrylate (PMMA) since, due to wider use,
there is good data available for it. In this case we used the expression κ(T) =
2.9× 10−2[W/mK](T/K)1.77 [122]. Due to the similarity of PMMA and the IP-
Dip resist, this expression is good enough for the purposes of the diffusive model
simulations as the point is to show that with this model there will be almost no
difference in the thermal conductances of the structures.

The fact that the measurements show a difference between all three struc-
tures tells us that we are clearly controlling the thermal transport through the
material. This control is strong, as thermal conductance varied for more than an
order of magnitude between the PnC and the bulk. However, we were not ex-
pecting the thermal conductance of the PnC structures to be higher than the con-
ductance of the bulk as observed in the data. This is very unexpected. We were
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expecting that the PnC’s would reduce the thermal conductance as is shown by
the ballistic simulations in Figures 3 and 37a. It is certain that the transport is at
the least partly ballistic as the diffusive simulations show almost no difference be-
tween the different structures (Figure 37b), and our measurements show a large
difference even between the two PnC structures. The fact that the ballistic sim-
ulation for the bulk fits the data very well shows that the transport through the
suspended film is entirely ballistic. However, except for their respective order,
the PnC structures do not follow the magnitude of the ballistic model. Also the
temperature dependence is very different as for the measured data P ∼ T4.46 and
for the simulations P ∼ T2.76 and P ∼ T2.87. These differences could be caused by
Kapitza resistance. There could be a large difference in the Kapitza resistances,
as in the PnC samples there is a large interface between the crystal and the film,
and in the bulk structure the film directly transitions into bulk at the edge of the
suspended part of the film.
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FIGURE 37 The measured heating power of the heater as a function of the temperature
on the film. (a) The measured data compared to results from FEM simu-
lations made with a ballistic model. (b) The measured data compared to
results from simulations made with a diffusive model. The dip in the bulk
data at high temperatures is caused by a non-ideality in the junction be-
haviour of the thermometer at high temperatures.[PIII]
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7 CONCLUSIONS

As controlling thermal transport becomes more and more important, the need
for better PnC structures will grow, and I am sure that the versatility provided
by 3D PnC structures will increase interest in them. This thesis clearly shows
that 3D lithography is a viable way to produce 3D PnC structures, without the
limitations of the previous methods such as colloidal crystallization. Colloidal
crystallization for example relies on self-assembly, and thus the lattice type can
not be freely chosen. With 3D lithography the only limitations are the usable
material and the ∼200 nm resolution of laser 3D lithography devices. Here we
used lattices of spheres but with this method it is possible to fabricate a very wide
variety of crystals.

In the second part of the thesis we developed a method for fabricating
metallic and superconducting devices on large topographies, which utilizes the
same 3D lithography system that was used for the PnC fabrication. We show that
this method can produce good quality NIS junction devices on flat substrates and
at least on our simple 3D structures. Due to the capabilities of 3D lithography,
fabrication on even more complex structures should be possible. In this thesis
only NIS junctions were fabricated, but due to the use of established lift-off tech-
niques the fabrication of a wide variety of devices is possible. With this method
we also found the interesting phenomenon, where the fabricated junctions were
showing a "double gap" feature. We can’t yet fully explain this phenomenon, but
the parallel model with a series resistance seems most promising as it produced
results similar to the measurements. More research into this phenomenon is re-
quired to fully understand it. One way to further study this effect is to fabricate
similar junctions with electron beam and UV lithography and see if the results
are similar.

The last part of the thesis focuses on the thermal conductivity measurements
of the samples fabricated with the developed method. Even though the measure-
ment results for the PnC structures don’t match the ballistic FEM simulations, it
is still most likely that we are controlling the thermal conductance via coherently
modifying the phononic band structure of the material. First of all, the ballistic
picture seems to be able to explain the bulk IP-Dip results really well. In addi-
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tion, classically there should be no difference between the two PnC structures as
they have the same filling factor. Moreover, according to our simulations if the
transport was diffusive there wouldn’t be a difference even between the bulk and
the PnC structures as the suspended membrane would dominate. The crystals
shown here can only enhance thermal conductivity at temperatures higher than
60 mK, but this is most likely due to the used geometry and different geometries
should allow better control of thermal conductance in both directions. To find
these geometries the interface effects between a membrane and a PnC have to be
studied first as fabrication of NIS junctions directly on the spheres is not possible.

Even though the structures shown here don’t follow the simplified theoret-
ical calculations, this thesis clearly shows that the methods shown here can be
used for the fabrication and study of 3D PnC structures. At the least this the-
sis can work as a good basis for further study into the matter, as these methods
should allow the fabrication of a wide variety of PnC structures. Due to the ver-
satility of 3D lithography, the crystal lattice could easily be changed from simple
cubic to FCC. The FCC samples could then be directly compared to 3D PnC struc-
tures fabricated with colloidal crystallization as the polystyrene spheres used by
our group form an FCC lattice.
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Direct laser writing (DLW) lithography using two-photon absorption is a powerful
technique mostly used for the fabrication of complex structures in micro- and
nanoscale, by photopolymerizing a negative-tone resist. In contrast, herein, it is
demonstrated that DLW is also well suited for fabricating nano- to microscale
metallic structures using liftoff and a positive-tone photoresist. It is shown first
that versatile, fast, and large-area fabrication is possible on flat 2D insulating
substrates, and an expression for how the line width varies with the scanning
speed is derived, with excellent agreement with the experiments. Even more
interestingly, a unique application for the DLW lift-off process is demonstrated,
by fabricating submicron scale metallic wiring on uneven substrates with sloping
elevation changes as high as 20 μm. Such fabrication is practically impossible
with more standard lithographic techniques.

1. Introduction

3D, direct laser writing (DLW) lithography based on two-photon
absorption (TPA) is a fairly recent and powerful technique used
for 3D writing of nano and microscale structures into photore-
sists.[1–3] Some of the main application areas demonstrated are
photonics,[4,5] micro-optics,[6,7] mechanical metamaterials,[8,9]

microfluidics,[10,11] biomimetics,[12,13] and micro and cell
biology.[14–16] In most of these applications, the goal of the fabri-
cation is the direct patterning of complex shapes, and as such,
negative-tone photoresists, where exposed areas form the final
structure, are often preferred and heavily used. Moreover,
typically the highest-resolution resists are liquids, allowing only
negative-tone operation.

In contrast, in traditional top-down nano- and microfabrica-
tion such as planar 2D UV photolithography and electron-beam
lithography, positive-tone solid-state resists are very commonly
used as a mask in nano- and microscale electrical device fabrica-
tion, where the exposed regions can be removed in a develop-
ment step. This is highly useful where small features are
deposited onto or etched into the substrate, as only the small
feature areas (lines, dots, etc.) need to be exposed.

In contrast, in the field of direct-write
TPA microfabrication, positive-tone solid-
state resists have not been so widely used.
For 3D structuring, combining positive-
tone resists with electrodeposition of metal-
lic structures without electrical contacts and
liftoff was demonstrated for photonic[17]

andmechanical metamaterials,[18] magnetic
microrobots,[19] and magnetic nanostruc-
tures,[20] with the smallest feature size in
the metal around 400–500 nm. In addition,
3D 4� 4 μm2 microchannel structures[21]

and micrometer scale molds[22] have also
been demonstrated via positive-tone resists
and TPA writing. In addition, a recent
study[23] also pointed out the relevance of
TPA direct writing in fabricating purely
2D, large-area metallic nanostructures

(feature sizes above 400 nm) designed for plasmonic applications,
using a positive-tone resist and liftoff.

In this article, our focus is twofold: first, we demonstrate the
capabilities of the TPA writing for flat surfaces in the fabrication
of long and narrow metal wiring and wire meshes using a
positive-tone resist and liftoff and discuss its strengths in com-
parison with more traditional lithographic techniques. Second,
and perhaps more importantly, we also demonstrate the fabrica-
tion and electrical measurement of submicron conducting
wiring on uneven, 3D topography using a positive-tone photore-
sist and DLW TPA fabrication. Especially, this second application
offers unique opportunities, as such fabrication is not available
with traditional electron beam, ion beam, or photolithography.
Inkjet printing could be used to pattern some materials onto
uneven surfaces, but the resolution available with that technique
is typically about an order of magnitude inferior, and it is limited
by the available metal nanoparticle pastes.

It is also possible, alternatively, to use DLW to write metallic
structures using photoreduction, even in 3D.[24,25] Although
those techniques are promising, the method presented here
has the benefit that it relies on the established photoresists
and evaporation techniques, known to produce high-quality pure
materials with low roughness, important for advanced devices
such as tunnel junctions, for example. In addition, the whole
palette of metals is available, whereas the range of materials
(Ag, Au, and Cu) produced by the DLW photoreduction tech-
nique (often metal–polymer composites) and their quality are
limited by the chemistry involved.[24,25]

The article is organized as follows: we first systematically
investigate the quantitative characteristics of applying our DLW
nanofabrication tool (Photonic Professional by Nanoscribe
GmbH) to a positive-tone solid-state resist which has not been
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reported before for TPA lithography (AR-P 3120 photoresist by
Allresist GmbH). We use both the common immersion objective
method, Figure 1a, which can only be used with transparent sub-
strates, and the air-gap objective method, Figure 1b,c, suitable
also for opaque substrate materials. Section 2.1 first describes
the writing tests on the resist using an immersion objective,
whereas in Section 2.2, we compare similar results obtained with
an air-gap objective. In Section 3, we demonstrate some exam-
ples of a full fabrication process of metallic wiring structures,
using liftoff on flat surfaces, down to 330 nm wire width and
650 nm pitch. Finally, in Section 4, we demonstrate the fabrica-
tion of metallic wiring on complex, engineered 3D topography.

2. Resolution and Speed of 2D Patterning Using
a Positive-Tone Resist

2.1. Resist Tests on Glass Substrates Using an Immersion
Objective

The exposed volume in the positive-tone resist will be removed
after the development, leaving openings to the resist, in contrast
to negative-tone resists, where the exposed volume is polymer-
ized and thus directly forms the corresponding voxel shape.
This gives us a way to measure the lateral resolution of the voxel
under scanning electron microscopy (SEM). First, we study the
lateral resolution of both stationary spots and continuously
scanned lines as a function of the laser output power, the spot
exposure time, or the scan speed.

Using the immersion oil method (details in Section 6), we first
systematically exposed our sample at single stationary locations,
with varying laser power (ranging from 0.2 to 8mW) and expo-
sure time (ranging from 0.8ms to 1 s), as shown in Figure 2d.
The laser focus was kept at the resist to air interface. The lateral
diameters of the exposed spots were measured with an SEM
(eLiNE, Raith GmbH, manual fitting) and plotted as a function

of exposure time twith different laser output powers, as shown in
Figure 2a, and as a function of laser output power P with differ-
ent exposure times, as shown in Figure 2b. In both figures, the-
oretical fits to a function A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnðBP2tÞ

p
(with A and B as the fitting

parameters) are also shown, with excellent agreement. This non-
linear dependence is based on known TPA theory[26,27] and
agrees with studies on negative-tone[26,28,29] and positive-tone[30]

resists reported by other groups. We stress that we only plot expo-
sures that resulted in well-behaving round spots, as exemplified
in Figure 2d. Odd-shaped spots were typically generated when
the resist was underexposed and thus more susceptible to exter-
nal interference such as vibrations and acoustic noise.

Moreover, we found that the voxel diameter dependence on
the laser power P and the exposure time t can be combined into
a collective exposure parameter P2t, where the square of the laser
power P2 is multiplied by the exposure time t, as shown in
Figure 2c. This dependence is in agreement with the nonlinear
absorption rate of the second order photons in the TPA process,
as seen before,[27] and indicates that it is this collective exposure
parameter (proportional to an effective dose) that needs to be
tuned, based on the requirements for the resolution in the AR-P
3120 positive-tone resist lithography. Note that for one-photon
absorption, the effective dose would be proportional to Pt instead.

We performed another experiment by continuously exposing
the sample with different stage scanning speeds, ranging from
10 to 400 μm s�1 using different laser output powers (ranging
from 2mW to 6mW). The line width was again measured with
the SEM (Figure 3d), and in Figure 3a, we plot the measured
width as a function of the stage scanning speed, with different
laser output powers. From Figure 3a, we see that the line width
has clearly a nonlinear dependence on the scanning speed, as
can be seen from the fitting functions. These fits were obtained
using a theory for the line width w, derived in the Supporting
Information, assuming linear motion of the laser spot with
speed v

Figure 1. Different exposure methods used. a) Immersion objective method, widely used in TPA lithography process. An inverted high NA objective is
dipped into immersion oil, with the refraction index matched to the glass substrate used. A laser beam is tightly focused around the interface between the
photoresist and the front surface of the glass substrate, where the TPA process forms the voxel. b) Air-gap objective method through a glass substrate.
An inverted objective is not in contact with the substrate, but has an air-gap. A laser beam is tightly focused as before. c) Air-gap objective method for
writing on uneven topography. An inverted objective is not in contact with the substrate, but has an air-gap. The laser beam focus travels in z-direction,
following the existing topography on the front surface, where the TPA process forms the voxel.
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w ¼ ω0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln
�
σ2I20
C

ffiffiffi
π

p
2

ω0

v

�s
(1)

where ω0 is the beam waist at the focal plane, σ2 is the effective
two-photon cross section, I0 is the time-averaged laser beam
photon flux intensity at the beam center (photons/area/s),
and C ¼ ln½ρ0=ðρ0 � ρthÞ� is a resist-dependent material
parameter,[26,27] with ρ0 the initiator density and ρth the thresh-
old density for radicals to initiate reaction in the resist. In the
experiment, the parameter controlling I0 is the output power
of the laser P, as there is a direct proportionality between the
two.[26,27]

Comparing with the spot exposure experiment, Equation (1)
predicts that the exposure parameter controlling the line width
in scanning mode is P2/v instead of P2t. We can check this by
plotting all line-width data as a function of P2/v, as shown in

Figure 3c. Again, we obtain great agreement between the experi-
ment and the theory, except at the highest P2/v values, where
possibly the density of radicals saturates and diffusion rate starts
increasing.

Based on Equation (1), we see that for a fixed target line width
w, if one wants to increase the writing speed, the power does not
need to be increased linearly, as would be the case for one-photon
absorption, but only as a square root. Figure 3b shows this fact
for our experimental conditions, where we plot the quadratic
scanning speed increase with the increased laser output power,
for three different line widths, based on the fits of Figure 3a. The
possibility to increase the scanning speed quadratically with the
laser output power enables ultrafast DLW for a large-scale 2D
fabrication. As we see from Figure 3b, one could use writing
speeds of �6mm s�1 for a 400 nm line for this resist with a real-
istic output power of 10mW. Unfortunately, in this study, we
were limited by the accuracy of our motorized stage and could

Figure 2. Point tests with the immersion oil method. a) Diameter of the exposed spots as a function of exposure time, with different laser output powers.
The solid points are the SEM measured data; the solid lines are theoretical fits. b) Diameter of the exposed spot as a function of laser output power with
different exposure times. The solid points are the SEM measured data; the solid lines are theoretical fits. c) Diameter of the exposed spot as a function of
the collective exposure output P2t. The solid points are the SEM measured data; the solid line is a theoretical fit. All the fits use a two-parameter function
A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnðBP2tÞ

p
, with values A¼ 360 nm, B¼ 6.55� 108 W�2 s�1 for the fit to all data in (c). d) SEM image of a grid of point exposures with different

exposure parameters, with the inset showing an example of an exposed spot after development.
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not test the ultrafast DLW mode at speeds above a millimeter
per second. Setups using galvo mirrors (commercially available)
can reach up to 20mm s�1 scanning speeds,[31] and fast TPA
writing with such a setup and a different resist (AZ MiR 701)
was demonstrated before.[23] Moreover, the nonlinear relation
between the scan speed and the line width can also be utilized
as a velocity-dependent “shutter mechanism” for DLW without
using physical shutters, as reported before for the negative SU-8
resist.[29]

Note that smaller diameters and line widths of the order of
100 nm have been reported in the literature for DLW writing into
a positive-tone resist,[30] using a much thinner resist layer of
�150 nm. The thin resist allows one to shift the focus plane
in such a way to use only the tip of the voxel, to gain in resolution.
However, this type of tuning was not considered in this article, as
the resist profile generated in such a manner[30] is not suitable for
liftoff and transfer of the pattern to metallic structures.

2.2. Resist Tests on Glass Substrates Using an Air-Gap
Objective

DLW can be also performed with an air-gap objective, which pro-
vides a more versatile alternative to an immersion oil objective, as
it is not in contact with the substrate. This makes it possible,
e.g., to expose features on the front side of opaque substrates,
and particularly on an already existing larger surface topography,
an option we will focus on in Section 4. However, for comparison
with the results obtained earlier with the immersion oil objective,
we first study the characteristics of exposing the same AR-P 3120
positive-tone resist through glass substrates with the air-gap
objective (numerical aperture, NA¼ 0.75, magnification 63�,
Zeiss GmbH), as shown in Figure 1b. An obvious drawback
of such an air gap objective is its lower resolution. However,
if 1–2 μm scale features are wanted, the writing speed can be
faster compared with the immersion oil method.

Figure 3. Line tests with the immersion oil method. a) Measured line width as a function of the stage scan speed, with different laser output powers. The
solid points are the measured data, and the lines are two-parameter fits to the theory of Equation (1). b) Simulation of the stage scan speed as a function
of laser output power for different desired line widths, based on the measured data. c) Measured line width as a function of the collective exposure
parameter P2/v. The solid points are the measured data; the solid line is a two-parameter fit based on the theory of Equation (1) w ¼ A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnðBP2=vÞ

p
, with

A¼ 370 nm, B¼ 133.4 mW�2 s�1. d) SEM image of a grid of line exposures with varying exposure parameters. The inset is a zoomed-in SEM image of an
exposed line after development.
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As in Section 2.1, the resolution of the air-gap method was
studied by measuring the diameter of single spots exposed by
varying the laser power P and the exposure time t (Figure 4a)
and by measuring the line widths by varying the laser power
P and the stage scanning speed v (Figure 4b), with the laser
focused at the surface of a 500 nm thick resist. The smallest
spots and lines have dimensions �400 nm, but they do not go
completely through the resist. The optimal points have a larger
600–800 nm diameter. As before for the immersion oil method,
the theories for the spot diameter[26,27,30] and the line width,
Equation (1), fit very well to most of the data, when plotted as
a function of the correct combined effective dose parameters
(P2t for spots P2/v for lines), as evident in Figure 4c,d. Only
at the highest effective dose ranges do the diameters and widths

increase beyond what is expected from the theory. This effect,
which is an abrupt change in the case of stationary spots, was
observed to be caused by the collapse of the overhanging edges,
as the exposed resist profile has an undercut at high doses. From
Figure 4b, we also see that we managed to use high speeds of
2mm s�1 to write lines of width below 500 nm.

Another interesting aspect is the length of a voxel at different
working parameters. This was studied by moving the laser focus
vertically so that the length of a voxel can be determined from the
end points where the very “tail” of a voxel still exposes the resist.
The plot of the voxel length as a function of P2t is shown in
Figure 5. The results indicate that voxels are rather tall (�2 μm)
even with the lowest doses. However, an elongated voxel is a
benefit for 2D patterning: a thicker resist can be exposed with

Figure 4. Point and line tests with the air-gap method. a) Diameter of single spots exposed with the air-gap objective, as a function of the exposure time t
and the laser power P (points). The lines are the best fits to functions A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnðBP2tÞ

p
. b) Width of the exposed lines as a function of the stage scanning speed

with different laser output powers. The lines are two-parameter fits to Equation (1). c) Diameter of the exposed spots as a function of the combined
exposure parameter P2t. The points are the SEM measured data; the solid line is a two-parameter fit to A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnðBP2tÞ

p
with A¼ 590 nm,

B¼ 4.78� 108 mW�2 s�1. d) Measured line widths as a function of the combined exposure parameter P2/v. The points are the measured data; the
solid line is a two-parameter fit based on the theory of Equation (1), w ¼ A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnðBP2=vÞ

p
, with A¼ 560 nm, B¼ 26.9� 108 mW�2 s�1. The discrepancy

between the theory and experiment at high effective doses is due to the collapse of the undercut profile of the resist, and those points were excluded from
the fits.
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a single pass line, with an aspect ratio of roughly 5:1. To expose
resists thicker than �1 μm, several passes at different vertical
focal points can easily be used. Also, we point out that the

undercut profile can likely be tuned by choosing an appropriate
ratio between the resist thickness and the voxel length and by the
placement of the focal plane. Undercut control is of course quite
critical for successful lift-off processing, one of the major ways of
using positive-tone resists.

3. Large-Scale Fabrication of Submicron Metallic
Wiring on Flat Glass Substrates

With the aforementioned exposure knowledge, we have
designed and fabricated metallized prototype samples, using
the immersion oil DLW technique. It is quite important to dem-
onstrate a complete fabrication sequence for devices, not just
resist exposure tests, including metal evaporation and liftoff.
We are aware of only one previous report[23] that studied TPA
DLW writing with positive-tone resist in such a manner. One
of the possible applications with this technique is the fabrication
of submicron centimeter-long conducting wires and wire grids
on transparent substrates, for electro-optical experiments. Such
samples would be much harder, if not impossible, to fabricate
with more standard techniques such as electron-beam lithogra-
phy, due to difficulties with charging and stitching of the write
fields.

The sample, shown schematically in Figure 6a, contains sev-
eral sets of 2 cm long, continuous, and electrically conducting
silver lines on a transparent glass substrate, with design line
widths 450, 600, and 800 nm. For the narrowest line sets, we thus
have an ultrahigh aspect ratio of width to length over 1:40 000.
The sample also contains two 3� 3mm2 square mesh struc-
tures, which consist of hundreds of either 450 or 600 nm wide,

Figure 5. Voxel length l versus P2t for a few laser powers, with a fitting

function l ¼ A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BP2t

pp
� 1 based on known TPA theory,[26,27] with

A¼ 2.48 μm, B¼ 2.47� 108 W�2 s�1. The voxel length is determined by
exposing points at different laser focus heights with respect to the surface
of the resist and calculating the distance between the first and the last
exposed point. The discrepancy between the theory and experiment at high
effective doses is due to the collapse of the undercut profile of the resist,
and those points were excluded from the fits.

Figure 6. Large-scale wire fabrication on a flat substrate. a) Design of the 2D test sample. Groups of 20mm long silver lines, with each group consisting of
three sets of lines with three different line widths (450, 600, 800 nm), are located at the central region of the sample. In each line set, five identical lines are
connected by a contact pad at each end. Two 3�3mm2 square mesh structures are located to the left (Mesh 1) and right (Mesh 2) of the wires, with Mesh
1 (Mesh 2) consisting of 122 (402) 450 nm (600 nm) wide, 3 mm long sets of silver lines of pitch 50 μm (15 μm). b) SEM image of a part of the 450 nm
meshed silver grid. c) Zoomed-in SEM image of a section of 450 nm wide, 20 mm long silver line. d) SEM image of 450 nm wide titanium lines with a
200 nm distance between them. e) SEM image of a 330 nm wide titanium line.
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3mm long crossing silver lines (Figure 6b). This sample thus
demonstrates the advantages of TPA DLW for high-resolution,
stitching-free, charging-free, fast-scanning-speed, large-scale,
and versatile nanofabrication.

The sample is fabricated on a 170 μm thick glass substrate
using a 500 nm thick layer of AR-P 3120 photoresist, spin coated,
and developed as described in Section 6. The line width was con-
trolled by a combination of the laser power and scanning speed
used, with 2, 2.5, and 4mW laser power, and 300, 180, and
50 μm s�1 stage scanning speed used during the exposure for
the 450, 600, and 800 nm line widths, respectively. Note that
the scanning was performed with a motorized stage instead of
the piezoelectric scanner, to allow for scanning lengths beyond
the scan range of the piezostage, limited to 300 μm. After devel-
opment, the exposed glass surfaces were cleaned by a 40mTorr,
40W, 50 sccm oxygen-plasma cleaning process in a reactive-ion
etcher, followed by an ultrahigh vacuum (1� 10�8 mbar) e-beam
evaporation of a 200 nm-thick silver film. After the evaporation,
liftoff was done with a hot AR 300-76 remover (Allresist GmbH)
with a 2 s sonication.

Figure 6b shows a representative SEM image of a part of the
450 nm silver mesh, and Figure 6c presents an example of a
higher-magnification SEM image of a long 450 nm silver line.
As contact pads were also fabricated, we were also able to per-
form resistivity measurements on the structures, demonstrating
the continuity of lines across such long lengths.

We also fabricated samples to find the resolution limits for
this technique. For these samples, the same AR-P 3120 resist
was used, but the thickness was lowered to 450 nm and the
piezoelectric scanner was used for more accurate control of
the scanning speed. Instead of silver, we used titanium for
the metallization to improve adhesion. To find the highest
possible pitch, we fabricated a sample with varying pitch, laser
power, and focal height. The scanning speed was kept at
20 μm s�1 based on the dose tests. With a 3mW laser power
and the laser focus at 400 nm below the resist surface, we
achieved 450 nm lines with a 200 nm distance between them
(Figure 6d). Similarly, we found the narrowest possible line,
but now instead of the pitch, we also varied the scanning speed.
The narrowest line was 330 nm wide (Figure 6e), drawn with a
2.5mW laser power and a 50 μm s�1 scanning speed.

4. Wire Fabrication on 3D Topography

Next, we demonstrate an even more promising application of 2D
TPA DLW lithography: fabrication of metallic wiring on uneven
surface topography. This application is very useful, as such a
fabrication is extremely challenging with more standard photo-
or e-beam lithographic techniques that operate on a flat focal
plane. The uneven writing surface is not a problem with TPA
DLW because the required height changes for the focal plane
can easily be included in the wire design, as the sample stage
can be moved in all coordinate directions. The technique also
allows trivially the use of nonconducting substrate materials,
in contrast to e-beam lithography. For this application, the air-gap
objective is the only choice as the exposure needs to be done from
the side of the 3D topographic structures and not through the
substrate, schematically shown in Figure 1c. This is because
of limitations of the working distance for through-substrate writ-
ing. Also, if the laser had to travel through multiple interfaces
and the 3D structures, the laser intensity and resolution would
be reduced. Writing through the substrate would also limit the
usable substrate materials.

Wire fabrication on 3D topography was tested by first fabricat-
ing tall structures using the same DLW system. In this case, the
structures were fairly simple cuboidal structures of height 20 μm,
shown in Figure 7a,b, with ramps on the sides so that wiring
from the substrate surface can be routed onto the cuboid.
The cuboid structures were fabricated using the DiLL (Dip in
Laser Lithography) method, in which an objective (NA¼ 1.3,
100�) is dipped in a liquid negative-tone photoresist (IP-Dip,
Nanoscribe GmbH) for the exposure and photopolymerization.
Transparent sapphire substrates were used to reduce reflections
at the interface between the resist and the substrate.

After their fabrication, the cuboid structures need to be coated
with the positive-tone AR-P resist for the wire fabrication (details
in Section 6). Straightforward spin coating cannot be used due to
the large 20 μm height of the structures; instead, direct spray
coating[32] could be used. However, this method was not available
to us, so we had to make modifications to the cuboid structure
itself, to still allow for spin coating. First, walls had to be added to
the outer rim of the cuboid, to create a sort of a bowl for the resist
to stay in during spin coating (Figure 7b). Second, the structures

Figure 7. Wire fabrication on 3D topography. a) SEMmicrograph of a 3D cuboid structure without side walls, also fabricated with DLW, from a side-angle
view. The height of the structure is about 20 μm. b) Design of the modified 3D cuboid structure with walls surrounding the elevated platform. The width of
the platform is 60 μm. c) Top-view optical micrograph of finished samples with deposited gold wiring traveling from the substrate to the platform.
The width of the thinnest section of the wiring is about 1 μm.
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were made much wider (�60� 60 μm2); otherwise the proximity
of the walls to the metal wiring would make the lift-off process
unnecessarily hard. The walls are sloped on the inside to reduce
their horizontal surface area. This smaller surface area reduced
the amount of resist that adheres to the walls in the lift-off
process.

Before doing the lithography for the wiring, most 3D struc-
tures were conformally coated with a 50 nm layer of aluminum
oxide using atomic layer deposition (ALD).[33] This was done to
make the structures mechanically stronger for the liftoff,
although successful liftoff was also shown to be possible for non-
coated, pure IP-Dip polymer structures. After the ALD coating,
the structures were spin coated with four nominally 800 nm thick
layers (1500 RPM and time 90 s) of the AR-P 3120 resist to get
good coverage also on top of the structures. Then, the samples
were exposed with DLW for the wiring with a line pattern that
follows the ramp and platform topography of the underlying
cuboid structure in 3D space, with alignment performed with
the integrated optical microscope before the exposure. A writing
speed 20 μm s�1 was used, and the width of the lines was
determined by changing the laser power between 10 and 20mW,
producing a smallest line width �800 nm. With faster speeds or
lower power values, the resist was not fully exposed. At the
base of the cuboid, several passes with varying focal points in
z-direction were used to fully expose the somewhat thicker resist
that accumulated in those regions.

After the development, the samples were coated with a
�70 nm gold layer, with a thinner �20 nm titanium adhesion
layer underneath, by electron beam evaporation in ultrahigh vac-
uum. The evaporation had to be done from multiple angles from
the sides of the ramps, to get good film coverage also on the
ramps (Section 6), as they contained small �100 nm vertical
steps, as can be seen in Figure 7a. A finished sample with gold
wiring routed from the substrate surface onto the cuboid plat-
form using the ramps is shown in Figure 7c. As the figure shows,
we have successfully demonstrated metal wire fabrication on
20 μm tall 3D structures, with the wiring climbing the structure
from the substrate surface, using DLW and liftoff with a positive-
tone resist. The continuity of the wiring was also demonstrated
with electricalmeasurements, with the observed room-temperature
resistance values typically around 35–40Ω. For one sample, we
also characterized the temperature dependence of the resistivity,
showing a standard metallic behavior and an RRR of �2.8.

5. Conclusions

Our results clearly demonstrate the capabilities of DLW using
TPA also for 2D lithography with liftoff, with metallic lines down
to 450 nm width fabricated on very large areas, up to 2 cm. On
smaller areas, 650 nm pitch and 330 nm line width were also
demonstrated. As 2D lithography and liftoff are very common
and established techniques in general, we should critically
evaluate the strengths and weaknesses of using the TPA DLW
technique for this purpose. The fact that the writing is maskless
gives it versatility and suitability for research problems and pro-
totyping, as opposed to standard photolithography that uses
masks. DLW, in contrast, can be done in 2D with one-photon
absorption, if UV lasers are used. A typical writing speed with

the highest resolution (nominally around 300 nm) of such a laser
lithography tool is of the order of millimeter per second; in
other words, the resolution and speed are similar to what was
demonstrated here. The main difference between one-photon
absorption and TPA comes with how the line width scales with
intensity, Equation (1). It means that if the intensity of the laser
can be increased, the writing speed increase is quadratic in
two-photon absorption as opposed to linear in one-photon
absorption, favoring TPA eventually.

Even though the liftoff worked for the processing described
here, one can also envision simple improvements that would
enhance the undercut profile and thus help the liftoff. One could
implement the well-known technique where two layers of differ-
ent resists are used, with the more sensitive layer underneath. In
addition, the TPA DLW technique uniquely allows for writing
just one layer of resist at two different heights with different
exposure parameters, which can be used to tune the undercut
profile.

Even more promising, however, is the possibility we demon-
strated here that 2D lithography is performed on uneven, nonflat
topography. This seems to be the strong point of doing 2D lithog-
raphy with an inherently 3D lithography system. We showed the
feasibility of fabricating submicron scale metallic wires on a 3D
structure with an elevation change as high as 20 μm, on a
complex structure, using a positive-tone resist and liftoff.
Such fabrication is extremely challenging, if not impossible, with
more standard techniques that have to rely on the flatness of the
substrate.

6. Experimental Section

Two-Photon Lithography Tool: The DLW nanofabrication tool used
(Nanoscribe Photonic Professional) is based on a 80MHz repetition rate
pulsed fiber laser with a near-infrared wavelength (780 nm), with maxi-
mum laser power of 90 mW. A three-axis piezoelectrical stage is used
for accurate motion of the substrate of distances below 300 μm, and a
motorized stage is used for larger area movements.

Immersion Objective Method: In the immersion objective method, a
transparent glass substrate with 170 μm thickness was mounted on the
piezoelectrical stage with the resist side facing up, and an inverted micro-
scope objective with 100� magnification and 1.4 NA was dipped into the
immersion oil on the backside of the substrate as shown in Figure 1a.
Instead of using the conventional liquid negative-tone resist, a spin coated,
solid, positive-tone UV photoresist AR-P 3120 consisting of novolac resin
and naphthoquinone diazide was used. The thickness of the resist was
controlled by the spin speed and a short pre-exposure baking immediately
followed after the spin. In our case, a 500 nm-thick resist was spun with
5000 RPM for 60 s, followed by a bake for 1min at 100. After the laser
exposure, the sample was first developed in a 1:1 mixture of AR 300-47
and deionized water for 1 min, then rinsed for 2 min in pure deionized
water, and finally blow-dried with nitrogen gas.

Air-Gap Objective Method, Writing through Glass: In the air-gap objective
method, an objective (Zeiss GmbH) with NA¼ 0.75 and magnification
63� was used, not in contact with the substrate. A transparent glass sub-
strate with 170 μm thickness was mounted on the piezoelectrical stage
with the resist side facing up. The same spin-coated, solid, positive-tone
UV photoresist AR-P 3120 was used (500 nm thickness), spun with
5000 RPM for 60 s, followed by a bake for 1 min at 100, and developed
in a 1:1 mixture of AR 300-47 and deionized water for 1 min, then rinsed
for 2 min in pure deionized water, and blow-dried with nitrogen gas.

Air-Gap Objective Method, Wire Deposition on the 3D Topography: The
3D structures were spin coated with four 800 nm thick layers (1500 RPM
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and time 90 s) of the AR-P 3120 resist, which was baked at 100 C for 30 s
between layers and for 1 min after the last layer. After the exposure and
development (1:1 solution of AR 300-47 and deionized water for 1 min),
the samples were coated with a �70 nm gold layer, with a thinner�20 nm
titanium adhesion layer underneath, by electron beam evaporation in ultra-
high vacuum. The evaporation was done from six different angles from
both sides of the structure, first Ti, then Au, in a sequence shown in
Table 1. The liftoff was done with heated and sprayed AR 300-76 remover.

Electrical Characterization of the Samples: The metalized wire samples of
Section 3 were electrically characterized by measuring their resistance with
a Keithley 2450 SourceMeter at room temperature. The resistance of the
wiring on the 3D topography in Section 4 was measured with a multimeter,
and in the case of the temperature dependence, with a Stanford SR830
lock-in amplifier at a frequency of �15 Hz.
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ABSTRACT

Superconducting junctions are widely used in a multitude of applications ranging from quantum information science and sensing to solid-
state cooling. Traditionally, such devices must be fabricated on flat substrates using standard lithographic techniques. In this study, we dem-
onstrate a highly versatile method that allows for superconducting junctions to be fabricated on a more complex topography. It is based on
maskless direct laser writing and two-photon lithography, which allows writing in 3D space. We show that high-quality normal
metal–insulator–superconductor tunnel junctions can be fabricated on top of a 20-lm-tall three-dimensional topography. Combined with
conformal resist coating methods, this technique could allow sub-micron device fabrication on almost any type of topography in the future.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0029273

Superconducting tunnel junctions have many applications, for
example, in sensing,1 quantum information,2,3 and nanoscale thermal
sciences.4 Their fabrication is done using the well-established techni-
ques of ultraviolet photolithography or electron-beam lithography,
which produce good results except for one major flaw: those methods
are designed for patterning on flat 2D substrates. This is a limitation
for more complex device designs, which may, in some cases, require or
benefit from the junctions sitting on uneven or sloped surfaces, at the
bottom of a trench, or on elevated platforms, for example, on top of a
three-dimensional (3D) phononic crystal for strong thermal isolation.
It is the purpose of this study to demonstrate a simple technique that
facilitates such more difficult, yet high quality superconducting junc-
tion fabrication on substrates of varying topography.

As the first proof-of-principle demonstration, in this study we
fabricate and characterize normal metal–insulator–superconductor
(NIS) tunnel junctions5 on complex topography. This choice is based
on two reasons: (i) the electrical response of a NIS junction is a sensi-
tive probe of the quality of the superconducting material and the insu-
lating barrier, as it allows a direct measurement of the density of states
of the superconductor, and (ii) our own immediate application is in
sensitive local thermometry of complex nanoscale 3D structures. The
fabrication technique is, however, perfectly suited for the fabrication of
superconductor-insulator-superconductor (SIS) or superconductor-
normal metal-superconductor (SNS) Josephson junctions, as well.

NIS junctions are particularly suited for low-temperature ther-
mometry, because the current through an NIS junction has a strong
temperature dependence at energies close to the superconducting
gap,4,6,7 and they can even be considered, in some cases, as primary
electron thermometers.8 Due to their sensitivity and the possibility to
fabricate them in sub-micron scales, they are excellent local sensors for
heat transfer measurements,9–12 can be operated fast in microsecond
time scales with a microwave readout,13,14 and could work as the
sensor element in bolometric radiation detection15–18 or in direct
measurement of temperature fluctuations.19 Typically, the supercon-
ducting material used is Al, limiting the use of NIS devices to below
1K. However, by using higher transition temperature superconduc-
tors, the temperature range of NIS thermometers has been extended
with Nb,20,21 NbN,22 TaN,23 and TiN.24

Other possible applications of NIS junctions are in metrol-
ogy,25,26 thermal rectification,27 and electronic cooling,28,29 with dem-
onstrations of cooling of macroscopic and mesoscopic platforms,30–32

nanoscale beams,33,34 radiation detectors,35 remote devices via pho-
tons,36,37 and quantum information circuit components.38

In this Letter, we demonstrate high quality microscale
Cu–AlOx–Al NIS junction fabrication both on flat surfaces and on
three-dimensional (3D) topography, using direct laser writing (DLW),
which is a recently developed fabrication technique based on two-
photon absorption (TPA), originally developed for writing arbitrary
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3D polymer structures from negative photoresists.39–41 In contrast,
here we use DLW to develop a positive photoresist without a photo-
mask in combination with metal deposition and liftoff, as introduced
in Refs. 42 and 43. Here, we show that well-behaving junction devices
can be made using a two-layer nonstandard photoresist with an
undercut structure, without degradation due to the used resists and
processes. The junctions were fabricated both on flat substrates and, in
particular, on top of a 20-lm-tall 3D platform. Such devices have not
been made before, as they are difficult to make with standard litho-
graphic techniques. Electrical characterization of the junctions demon-
strates that the junction quality is high, as the standard junction theory
fits the data extremely well, with a low level of excess sub-gap current.
The temperature sensitivity extends to the lowest refrigerator tempera-
tures used, demonstrating the application potential for thermometry
and cooling of complex 3D device platforms.

The complex topography used is a 3D cuboid structure with an
area of 100lm � 100lm and a height of 20lm with sloped ramps
(Fig. 1), fabricated from a negative photoresist (IP-Dip, Nanoscribe
GmbH) on a nitridized Si substrate using DLW (Nanoscribe Photonic
Professional), similar to the cuboid structure in Ref. 43. An additional
200 nm AlOx capping layer was evaporated on the whole cuboid struc-
ture to strengthen it and to obtain more homogeneous and flat surfa-
ces to increase the yield. AlOx was chosen out of convenience, but
other materials could also have been used.

The actual junction fabrication proceeds as follows: the sample is
spin coated first with a bottom resist (AR-BR 5460, Allresist GmbH),

which was diluted with propylene glycol methyl ether acetate
(PGMEA) to a solid content of 9% to get a 450nm thick film on a flat
surface. This layer will allow for an undercut in the resist structure.
We do not bake the bottom resist but, instead, keep it in vacuum over-
night to remove the solvent. This allows for deeper undercuts and
makes it possible to fabricate bridge structures for the subsequent
shadow evaporation step. Then, the sample is spin coated with the UV
sensitive positive-tone resist (AR-P 3540, Allresist GmbH) to a nomi-
nal thickness of 2.8lm and baked at 100 �C for 140 s. To allow for the
resists to remain on top of the cuboid structure during spinning, small
vertical walls of height 3.5lm were incorporated at the edges of the
3D platform, as shown in Figs. 1 and 2. Such walls could be left out if
direct spray coating were used.44

The lithographic exposure of the junction geometry is done with
the same Nanoscribe Photonic Professional tool (pulse rate: 80MHz
and wavelength: 780 nm) that was used for the fabrication of the
topography. Because now solid resists are used (as opposed to liquid),
the objective (63x, NA¼ 0.75) cannot be in contact with the resist,
and an air gap to the sample remains, as shown in Fig. 1. A writing
speed of v ¼ 25lm/s and a laser power of P ¼ 4 mW were used for
the exposure on top of the platform, producing a single-pass linewidth
�1lm through the whole top resist layer. The size of the voxel (line
resolution) can easily be controlled with the power and speed, scaling
as43 P2=v, with possible speeds up to a few mm/s. As the aspect ratio
of the voxel is naturally high (height:width 5:1), it is straightforward to
expose micrometers thick resist layers on one pass. Moreover, a large
voxel height allows for significant, even micrometer scale variations of
the actual resist thickness, which invariably exist when spin coating
such tall topographical features. Even thicker resists can be exposed by
layering the writing pattern, and this technique was used in areas near
the base of the platform structure where the resist was the thickest.

In our setup, the focus of the laser cannot automatically follow
the topography and thus the height changes need to be included in the

FIG. 1. Schematic of the two-photon laser exposure method used for patterning the
junctions. An air-gap objective is used in order to expose from the top side of the
3D structure without being in contact with the substrate. The focus spot of the laser
beam travels in 3D space, following the existing topography on the front surface,
where the TPA process forms the voxel. Inset: optical micrograph of the exposed
pattern on the 3D structure after development. The linewidth here is around 2.5lm
giving a junction area of 6.25 lm2. A large (�2 lm) undercut and a bridge struc-
ture are visible.

FIG. 2. False color helium ion micrograph of a finished SINIS junction on the 3D
structure (blue¼ Al, red¼Cu). For this sample, the linewidth is around 3 lm,
giving a junction area of 9 lm2.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 117, 232601 (2020); doi: 10.1063/5.0029273 117, 232601-2

Published under license by AIP Publishing



pattern of the laser writing path. This means that the dimensions of
the topography need to be known in advance for this method.
Fortunately, this information does not need to be very precise due to
the size of the voxel. The alignment of the sample was done with the
integrated optical microscope of the Photonic Professional tool.

After the exposure, the sample is developed in a 1:1 mixture of an
AR 300–47 developer (Allresist GmbH) and de-ionized water and
rinsed with de-ionized water. With the two layers of resists used, the
depth of the undercut can be controlled simply with the development
time. This is because the bottom resist is not exposed at all and just
slowly dissolves into the developer. The development times used for
our samples were around 15 s, producing a micrometer-scale undercut
profile (inset, Fig. 1).

After the patterning and development, the metals are evaporated
using an ultra-high vacuum electron-beam evaporator. First, a 30nm
layer of aluminum is evaporated along the patterned leads that climb
the ramps. This was done from two opposing directions, in four differ-
ent steps from an angle decreasing from 70� to 60� with respect to the
surface normal, with the rotation axis being along the patterned line for
the copper (Fig. 2). This sequence ensured better coverage over the
roughness of the underlying structure. The aluminum is then thermally
oxidized in 200 mbar of pure oxygen for 9min, producing an AlOx tun-
nel barrier. Finally, the sample is rotated 90� around the surface normal,
and a 60nm copper layer is evaporated similar to the aluminum, with
the rotation axis for the angle evaporation now being along the Al leads
(Fig. 2). Angle evaporation is also used for the copper so that no copper
will land on the aluminum leads on top of the platform. After the evap-
oration, liftoff is done with hot acetone. A helium ion micrograph of a
finished double junction SINIS device is shown in Fig. 2.

The current through a high-quality NIS junction is given by the
expression

I ¼ 1
2eRT

ð1
�1

deNSðeÞ fNðe� eVÞ � fNðeþ eVÞ½ �; (1)

where RT is the tunneling resistance of the junction, NSðeÞ is the den-
sity of states of the superconductor, and fN is the Fermi–Dirac distribu-
tion in the normal metal.4,6 For the density of states, we use the
expression taking into account non-idealities,

NSðe;TSÞ ¼ Re
eþ iCffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðeþ iCÞ2 � D2ðTSÞ
q

0
@

1
A

������
������; (2)

where C is the so-called Dynes parameter and DðTSÞ the temperature
dependent superconducting energy gap. C describes, in general, the non-
ideal broadening of the density of states45 due to barrier and material
non-idealities. For the case of high-quality Al junctions, it was shown to
result from environmentally photon-assisted tunneling events.46

To study the properties of NIS junctions fabricated with the
DLW method, we first fabricated junctions on flat nitridized Si sub-
strates and measured them using a 3He/4He dilution refrigerator with
a base temperature of 60 mK. Examples of sets of I–V and dI/dV–V
measurements on such a single NIS junction device with RT¼ 2 kX, as
a function of the bath temperature, are shown in Figs. 3(a) and 3(b).
They are plotted together with theory fits based on Eqs. (1) and (2),
with the electron temperature fitted but constant for each curve and D
and RT fitted but kept constant for the whole set. We can see that the

fits are extremely good for both the I–V and the dI/dV data, demon-
strating that the DLW method can produce junctions of equal quality
to standard lithography.

The fitted temperatures match almost exactly the measured bath
temperatures, except at the lowest temperatures, where the fitted elec-
tron temperatures are slightly higher. This is a well-known effect,
caused by absorbed spurious thermal radiation from the higher tem-
perature stages of the cryostat, in combination with the strong thermal
decoupling of the electron system from the lattice at the lowest tem-
peratures.10,33,47 From the fits, we determined the zero temperature
superconducting gap of the aluminum to be Dð0Þ ¼ 0.208meV, agree-
ing with previous results on a thin film Al of similar thickness depos-
ited in the same evaporator.33 The Dynes parameter for this device
was C=Dð0Þ ¼ 6:5� 10�4, fitted using the level of the subgap current
at the lowest temperature. It is roughly consistent with what has been
measured in the same setup before,33 and low enough to allow for effi-
cient NIS cooling.23,48 However, for this particular device, electronic
cooling was not observed due to the large size of the normal metal
electrode in the single junction geometry and due to the lack of normal
metal quasiparticle traps contacting the Al electrode.49

After demonstrating that NIS junctions can be fabricated, we
wanted to produce samples for our intended application, where SINIS
junction pairs are needed on top of the 3D topography. Therefore, in
Figs. 3(c) and 3(d), similar measurements are shown for a double junc-
tion SINIS device on top of the 3D topography (Fig. 2). This time, the
fits with the simplest constant temperature model do not produce
good results anymore. However, by incorporating the thermal resis-
tance of the small normal metal island due to the electron–phonon
interaction and the effect of Joule self-heating,4,7 the fits become nearly
perfect. The impact of the self-heating is particularly noticeable as the
rounding of the differential conductance peaks of the lowest bath tem-
perature data [Fig. 3(d)].

In the thermal model, described in more detail in Ref. 7, we
used the usual relation47 P ¼ RVðT5

e � T5
p Þ for the power flow

between electrons and phonons for thick metal films on bulky sub-
strates, where V is the normal metal volume, and a typical value
R ¼ 2� 109 W/(K5 m3) for the electron–phonon coupling strength
in Cu was used.4 In addition, the modeling included the parameter
b ¼ 0:25, giving the fraction of dissipated power that back-flows
from the superconducting electrodes into the normal metal.50 This
value is higher than what is typically observed (b < 0:1) for NIS
junctions that are optimized for cooling,29,33 which is expected, as we
have a thin superconducting film without quasiparticle trapping.

For this SINIS junction, the Dynes parameter has a quite low
value C=Dð0Þ ¼ 9� 10�5, which is much lower than for the single
NIS junction sample. This improvement is most likely due to the
higher value of RT, leading to less efficient absorption of environmen-
tal radiation power and thus smaller current due to photon-assisted
tunneling, as second order Andreev tunneling was estimated to be
much too small to be able to explain the sub-gap current for our junc-
tion and material parameters.51,52 Surprisingly, even with an identical
oxidation recipe, RT was always much higher for junctions on top of
the structure. Possible causes are the different substrate material or the
higher surface roughness, but detailed understanding is currently lack-
ing. The superconducting gap is now Dð0Þ ¼ 0:181 meV, smaller than
for the simpler NIS junction but still in agreement with the
literature.53

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 117, 232601 (2020); doi: 10.1063/5.0029273 117, 232601-3

Published under license by AIP Publishing



In this study, the most challenging step of the process was, in
fact, the resist coating. With the simple spin coating used here, we
had to fabricate ramps for the wiring and additional walls to contain
the resist on top of the platform topography. However, we anticipate
that by using more conformal resist coating methods, such as spray
coating, the fabrication could be done over almost any type of topog-
raphy, with much steeper vertical gradients.

In conclusion, we have shown that direct laser writing based on
two-photon lithography can be used for the fabrication of high-quality
superconducting tunnel junction devices, with our case study concen-
trating on normal metal–insulator–superconductor (NIS) tunnel junc-
tions. This method can be used for fast maskless fabrication over large
areas down to sub-micron scales, and it is very versatile since it uses
established positive photoresists and the well-known angle evaporation
and liftoff techniques. Even more importantly, we have demonstrated
that the method can be used for superconducting tunnel junction fab-
rication on highly varying 20-lm-tall 3D topography, something that
has not been demonstrated with standard lithography techniques.
Such fabrication opens up a multitude of possibilities to integrate

superconducting devices with 3D geometries for applications in
SQUID sensors, ultrasensitive radiation detectors, and quantum infor-
mation processing, for example. We aim to use this method first to
fabricate samples, which allow direct measurements of the thermal
conductance of 3D nanostructures, which could provide better ther-
mal isolation or thermalization for such applications.

This study was supported by the Academy of Finland Project
No. 298667. We thank Mr. Zhuoran Geng for enlightening
discussions and technical assistance.
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FIG. 3. The measured low-temperature (a) I–V and (b) dI/dV–V characteristics for the DLW fabricated NIS junctions on a flat substrate (symbols) (junction area 5 lm2; RT
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Controlling thermal transport at the nanoscale is vital for many applications. Previously, it has been shown
that this control can be achieved with periodically nanostructured two-dimensional phononic crystals, for
the case of suspended devices. Here we show that thermal conductance can also be controlled with three-
dimensional phononic crystals, allowing the engineering of the thermal contact of more varied devices without
the need of suspension in the future. We show experimental results measured at sub-Kelvin temperatures for
two different period three-dimensional crystals, as well as for a bulk control structure. The results show that
the conductance can be enhanced with the phononic crystal structures in our geometry. This result cannot
be fully explained by the simplest theory taking into account the coherent modification of the phonon band
structure, calculated with finite element method simulations.

I. INTRODUCTION

Phononic crystals (PnC) are periodic structures which
are elastic analogues of the more widely known pho-
tonic crystals1. Instead of a periodic dielectric constant,
they have a periodic density and elasticity. This means
that they can be used to manipulate how vibrational en-
ergy (sound and/or heat) flows through a material. The
flow of energy can be altered due to changes introduced
to the material’s phononic band structure. PnC’s can
even produce full band gaps at specific frequencies due
to Bragg interference2,3, or due to local resonances4,5.
Due to the ease of fabrication, early experiments fo-
cused on macroscopic structures with periods in the
millimeter-scale6. Structures like this are typically ap-
plied in acoustic filtering, focusing or wave-guiding4,6,7,
because their dominant frequency is in the range of sonic
or ultrasonic waves. Advancements in fabrication meth-
ods, like colloidal crystallization and interference lithog-
raphy, allowed the fabrication of structures with micro-
and nano-scale periods which have hypersonic dominant
frequencies8,9. Such structures can be applied for exam-
ple in RF communication devices10, but also for thermal
transport, as hypersonic ∼ 10 GHz frequencies are dom-
inant for thermal phonons at low temperatures.

However, not much work has been done on thermal
properties of micro- and nano-scale PnC structures (for
reviews, see5,11). This is especially the case with low
temperatures studies, where coherent modification of
band-structure is still operational and not destroyed by
disorder12,13. There has been low temperature experi-
mental studies on 2D holey PnC structures fabricated
into a thin SiN film14,15, but no such studies have been
done on 3D PnCs before. Due to the difficulty of the
fabrication of nano-scale 3D crystals, even some recent
experiments on wave propagation have focused on macro-
scale structures16.

a)Electronic mail: maasilta@jyu.fi

The control of thermal transport has become vital for
several applications. There is a need to improve the
heat dissipation out of semiconductor devices and bet-
ter thermal isolation is needed for example in ultrasen-
sitive bolometric radiation detectors17. Similarly there
are plans to use PnC structures to control thermal trans-
port in quantum bits18. Previously this kind of control
was achieved by introducing scattering centers, such as
nanoparticles or impurities, into the material19–21. How-
ever, it has been shown that thermal transport can also
be controlled with periodic PnC structures22–24. It has
been theoretically and experimentally demonstrated14,
that at low temperatures PnCs alter the thermal con-
ductance of the material by the coherent modification of
its phononic band structure. This was shown for 2D crys-
tals but similar ideas can be pursued also for 3D crystals,
as discussed in this study. Considering different applica-
tions, the benefit of 3D crystals is that they make the
isolation of any type of device possible, while 2D crys-
tals only allow the isolation using more fragile suspended
structures.

It has been shown that self-assembly can be used for
the fabrication of 3D PnCs with colloidal crystalliza-
tion of mono-disperse spherical particles9,25–27. However,
there is no easy way to integrate any measurement de-
vices and circuitry with such crystals. There have been
efforts to allow fabrication of metallic wires on these crys-
tals by hardening the spheres with an electron beam28,
but issues still exist with the continuity of the wiring
due to the cracking of the crystals and separation at the
substrate interface during drying.

In this study, in contrast, 3D laser lithography is used
for the crystal fabrication. The measurement devices and
wiring were fabricated using a method developed for gen-
eral device fabrication on high topographies, which uti-
lizes the same 3D lithography tool, but in combination
with lift-off29. The 3D lithography technique is based
on two photon absorption, which allows fabrication of
arbitrary 3D structures from negative resists30–32, with
a resolution of about 200 nm. Compared to colloidal
crystallization, 3D lithography is the more versatile fab-



Controlling thermal conductance using three-dimensional phononic crystals 2

rication method, which also means that devices can be
integrated more easily with the 3D structures. However,
we are limited to micron-scale crystal periods due to the
resolution limit of the technique.

Here, we show with measurements and theoretical sim-
ulations that 3D PnC’s fabricated with 3D lithography
can be used to control sub-Kelvin thermal transport by
orders of magnitude. We fabricated 3D simple cubic lat-
tices of spheres to obtain 3D PnCs that support a heated
platform (Fig. 1). This geometry was chosen for sim-
plicity of fabrication and modeling. Crystals with two
different lattice constants were fabricated: One with a
smaller lattice constant (3.1 μm) that still resulted in a
good spherical shape, and another larger period one (5.0
μm), which could still be feasibly simulated using the fi-
nite element method (FEM). The size of the crystal and
the filling factor of the lattice were the same for both
PnCs, which means that classical diffusive bulk scatter-
ing would give identical thermal conductances for both
structures. However, our experiments show an order of
magnitude difference between the two. Coherent sim-
ulations indeed predict a difference, but also a strong
suppression compared to a bulk structure. Unexpect-
edly, for both structures, the conductance was enhanced
compared to a bulk control device. The reason for this is
not fully clear, but is tentatively ascribed to an improved
effective boundary conductance between the heated plat-
form and the underlying structure.

II. FABRICATION METHODS

The PnC structures are fabricated with a Nanoscribe
Photonic Professional 3D lithography system. The 3D
exposure was done with the dip-in mode where an ob-
jective is brought in direct contact with a liquid re-
sist. For the structures in this study we used the Ip-
Dip resist by Nanoscribe GmbH. After the pattern of
the structure is exposed into the liquid resist, develop-
ment is done in propylene glycol methyl ether acetate
(PGMEA) for 20 minutes and the sample is rinsed in
isopropanol (IPA). Then a post-print UV curing is done
for the samples33, which strengthens the structure and
minimizes the shrinkage of the resist, as follows: Keep-
ing the sample in solution, it is directly transferred
to an IPA bath containing 0.5 wt% 2,2-dimethoxy-2-
phenylacetophenone (DMPA) and then exposed to a 366
nm UV light for 20 minutes. The added DMPA acts as
a photoinitiator, and thus this process increases cross-
linking in the structure. Then the sample is rinsed again
with IPA and dried with N2 gas. The PnC structures are
finalized by adding a 200 nm AlOx capping layer using a
high vacuum electron-beam evaporator, in order to make
the samples more durable for the following steps. This
increased the yield considerably. The samples are baked
on a hotplate at 150 ◦C for 20 minutes before and after
the AlOx evaporation in order to relieve internal stresses
and reduce cracking.

10 m

20 m

(a)

(b) (c)
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Figure 1. (a) An SEM image of the 3.1 μm PnC lattice with
halved spheres at the front face. The image was taken at a
45◦angle so the half spheres appear to be elliptical. (b) An
optical microscope image of the finished structure from the
top, including the heater and thermometer devices. (c) A
false color helium ion micrograph of a finished SINIS junction
pair on a PnC structure (blue=Al, red=Cu). The line width
is around 3 μm on the platform, giving a 9 μm2 junction area.
(d) A schematic cross-section of the 3.1 μm PnC structure.(e)
The thermal model used in the analysis. (f)The FEM mesh
used in the PnC simulations. For clarity, only the surface of
the unit cell is shown, the mesh extends into the sphere vol-
ume. Contact areas between neighboring spheres are shown
in yellow and blue.

To facilitate the fabrication of a heater and a ther-
mometer, the PnC structures have a smooth platform
for them on top and ramps for measurement leads. The
top layer of spheres is left out except at the edges of the
platform so that it is suspended in the middle (Fig. 1d).
The platform has a thickness 1.6 μm, which is well
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within the 3D limit for the thermally dominant phonon
modes. This geometry was chosen to reduce the di-
rect ballistic flow of heat from the heater to the crys-
tal, which would not create a signal at the thermometer,
thus the chosen geometry makes sure that the thermome-
ter signal is measurable. The heater and the thermome-
ter are superconductor-insulator-normal metal-insulator-
superconductor (SINIS) junction pairs fabricated oppos-
ing each other (Fig. 1b). The junction pairs are fabri-
cated onto the middle of the platform using a fabrica-
tion method developed by us for device fabrication on
3D topographies29. For these samples aluminum was
used as the superconductor and copper as the normal
metal. The junction pairs can be used to measure the
thermal conductance, by biasing one of them to work as
a thermometer and then heating the film with the other
junction pair14.

III. SIMULATION METHODS

The sample geometry for the simulations was approxi-
mated as a 3D sphere array covered by a platform [partly
suspended, see Fig. (Fig.1d)] with a long rectangular
heater on top of it. With the low temperatures (<1 K)
used in the experiments, the flow of phonons is typically
ballistic14,34. This means that the phonon emission is ra-
diative and not diffusive. In the ballistic limit, the ther-
mal conductance of the system can be calculated from
the phonon emission power of the heater. The phonons
emitted by the heater travel outwards in all directions
inside the suspended platform. In turn, the area of the
platform the overlaps with the PnC can be considered to
be a large area phonon source ("secondary heater") for
the underlying PnC. In principle these two parts of the
sample give two contributions in series for the thermal
conductance (Fig.1e). However, with the used dimen-
sions of the samples, we calculated using Rayleigh-Lamb
theory35,36that the thermal conductance of the platform
is much higher than that of the PnC at the temperature
range of the experiment 0.1 - 1 K, and does not limit
the heat flow. The conductance of the platform is high,
as it has essentially bulk behavior due to the softness of
the material and the thickness of the platform (1.6 μm),
with the 2D-3D cross-over thickness37 dC = �ct/(2kBT )
calculated to be as low as ∼ 30 nm at 0.1 K for the IP-dip
resist material.

With this information we can calculate the phonon
emission power of the platform flowing through the un-
derlying 3D PnC structure. Only the outward propagat-
ing phonon modes with energies �ωj(k) are carrying the
energy, so the phonon emission power is given by the 3D
version of the expression in Ref.38:

Figure 2. The lowest spectral branches ω(k) given by the
FEM simulations for the 3.1 μm PnC. x-axis is the magnitude
of the wave vector, with the distances to X,M, and R high
symmetry points in the Brillouin zone marked by the vertical
lines. A complete energy gap is marked in blue.

P (T ) =
1

8π3

∑
j

∫
γ

dγ

∫
K

dk�ωj(k)n(ωj , T )

× ∂ωj(k)
∂k · n̂γΘ

(
∂ωj

∂k · n̂γ

)
,

(1)

where γ represents a planar rectangular phonon source
surface ("secondary heater") with area A, Θ is the Heav-
iside step function, n̂γ is the unit normal on the heater,
and the k-integral is performed over the first 3D Bril-
louin zone K. Here n(ω, T ) is the Bose-Einstein distri-
bution describing the thermal occupation of the phonons
and the term ∂ωj/∂k describes the group velocity of the
modes j. The only unknown in the expression is the set
of dispersion relations ωj = ωj(k), which can be calcu-
lated numerically using finite element modeling (FEM)
of continuous linear elasticity theory14. Here we used
the mesh shown in Fig. 1f to find these relations. The
material parameters used for the Ip-Dip resist were39

ρ = 1100 kg/m3, E = 2.5 GPa and ν = 0.49 . A set of
simulated lowest frequency relations for the shorter pe-
riod PnC is shown in Fig. 2, as a function of the absolute
value of the phonon wavevector.

The final simulated curves in Fig. 3 for the phonon
emission power were calculated from the FEM simulated
data for the platform and the PnC using the real physi-
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Figure 3. The results of the thermal conductance measure-
ments presented as the measured heating power of the SINIS
heater (emitted phonon power) as a function of the measured
temperature on the platform (colored circles). The colored
lines represent the results given by the FEM simulations for
each sample, without any fitting parameters, assuming zero
bath temperature for clarity. The dip at the high tempera-
ture end of the bulk data is likely caused by a non-ideality in
the behaviour of the thermometer junction.

cal dimensions of the metallic heater and the horizontal
contact area between the platform and the PnC, or in
the case of the bulk reference sample, the vertical con-
tact area between then platform and the bulk support
(smaller). A series thermal resistance model was used
(platform + PnC or bulk support, Fig.1e), with the tem-
perature at the interface calculated by setting the power
flowing through the platform and the PnC (bulk) to be
equal. For simplicity, zero bath temperature was as-
sumed. This modeling confirmed our earlier assertion
that for the PnC samples, the coherent ballistic thermal
conductance is expected fully limited by the PnC itself,
as the platform-PnC interface and SINIS heater temper-
atures were very close to equal.

IV. THERMAL CONDUCTANCE MEASUREMENT AND
SIMULATION RESULTS

The thermal conductance of the fabricated structures
was measured at sub-Kelvin temperatures utilizing a
3He/4He dilution refrigerator. These measurements were
made for the two different simple cubic PnC structures
with lattice constants 3.1 μm and 5.0 μm, and also for
a bulk sample with otherwise identical geometry, except
that the PnC structure was substituted by bulk resist.
The measurements were done by first calibrating one of
the SINIS junction pairs to work as a thermometer, by
measuring the response as a function of varying refrigera-

tor (bath) temperature. The thermal conductance exper-
iment was then performed by Joule heating the second
SINIS device, and simultaneously measuring the tem-
perature of the platform and the dissipated power from
P = IV . The heating was done with a very slowly sweep-
ing power to maintain quasi-equilibrium. The results of
these measurements are shown in Fig. 3 together with
the results from the FEM simulations.

From the measurements it is clear that the PnC struc-
tures did alter the thermal conductance of the material
very strongly, as there is a large difference to the bulk
result, and even between the two PnC structures. This
also proves that the transport is mostly ballistic, as dif-
fusive FEM calculations based on Fourier theory showed
identical results with all three geometries (limited by the
platform). Also, it is noticeable that the ballistic mod-
eling explains the bulk results surprisingly well, without
any fitting parameters. The observed temperature expo-
nent of the bulk device is the expected P ∼ T 4 for 3D
ballistic conduction.

However, the data for the PnC devices deviated very
strongly from the modeling. As can be seen in Fig. 3
the coherent modeling predicts that the PnCs should de-
crease the thermal conductance, by about an order of
magnitude, whereas the measurement shows a puzzling
increase, up to an order of magnitude for the smaller pe-
riod. In addition, the observed temperature exponent for
the PnC devices, P ∼ T 4.5 does not agree with the co-
herent modeling result, where a much weaker power law
is expected. Very little is currently understood of this
surprising enhancement. We speculate that it may have
to do with thermal boundary resistance physics between
a PnC and a solid structure, which has not been studied
at all, and is therefore not understood yet.

V. CONCLUSIONS

We have shown that 3D direct-laser-write two-photon
lithography is a viable method for the fabrication of 3D
phononic crystal structures for the hypersonic frequency
range, which allows applications in thermal sciences. The
strength of the method is not only in the fact that it
can be used to produce complex 3D crystal structures;
the same techniques can also be used for the fabrication
of measurement devices on the crystals. The reported
sub-Kelvin temperature range thermal conductance ex-
periments showed large, up to an order of magnitude
differences between the phononic crystal results and an
otherwise identical bulk sample, demonstrating the po-
tential for controlling thermal transport using 3D struc-
tures. However, the simplest FEM simulations based on
the picture of fully coherent modification of the phononic
band structure did not capture the essential features of
the data. In particular, the used modeling predicts a re-
duction, whereas the experiments demonstrated a large
enhancement of thermal conductance. This surprising
enhancement is not understood yet.
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Abstract. We demonstrate a method to fabricate narrow, down to a few micron

wide metallic leads on top of a three-dimensional colloidal crystal self-assembled from

polystyrene (PS) nanospheres of diameter 260 nm, using electron-beam lithography.

This fabrication is not straightforward due to the fact that PS nanospheres cannot

usually survive the harsh chemical treatments required in the development and lift-off

steps of electron-beam lithography. We solve this problem by increasing the chemical

resistance of the PS nanospheres using an additional electron-beam irradiation step,

which allows the spheres to retain their shape and their self-assembled structure, even

after baking to a temperature of 160 degrees C, the exposure to the resist developer and

the exposure to acetone, all of which are required for the electron-beam lithography

step. Moreover, we show that by depositing an aluminum oxide capping layer on top of

the colloidal crystal after the e-beam irradiation, the surface is smooth enough so that

continuous metal wiring can be deposited by the electron-beam lithography. Finally,

we also demonstrate a way to self-assemble PS colloidal crystals into a microscale

container, which was fabricated using direct-write three-dimensional laser-lithography.

Metallic wiring was also successfully integrated with the combination of a container

structure and a PS colloidal crystal. Our goal is to make a device for studies of thermal

transport in 3D phononic crystals, but other phononic or photonic crystal applications

could also be envisioned. Keywords : self-assembly, colloidal crystal, cross-linking,

electron-beam lithography, three-dimensional lithography, phononic crystal, photonic

crystal
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1. Introduction

Colloidal crystallization of mono-disperse sub-micron spherical particles has been used

successfully for years in the fabrication of three-dimensional (3D) photonic crystals

[1, 2] for a wide variety of applications [3, 4, 5, 6]. Another emerging application

for 3D colloidal crystals is the engineering of phonon band-structures in phononic

crystals (PnC), which have potential applications for example in engineering thermal

conductance[7, 8] and controlling hypersonic elastic waves [6, 9]. So far, however,

most of the work of the thermal conductance engineering has only been performed

in lower dimensionalities, focusing mostly on the 2D hole array geometry either at

room temperature [10, 11, 12] or at low-temperatures [13, 14, 15, 16]. One reason

for this is that to perform thermal conductance experiments, metallic heater and

thermometer structures are typically needed, and these structures need to be integrated

with the actual phononic crystal structure. This wiring fabrication is typically done

by lithographic means, and it is much easier to do this extra lithography step for 2D

phononic crystal structures.

Integrating the metallic heaters and thermometers onto a 3D colloidal crystal

surface poses several fabrication challenges, some of which we address in this study.

Specifically, in this study we solve the following three problems: (i) Degradation

and destruction of polymer colloidal particles due to harsh chemicals and heat, (ii)

Deposition of continuous wires on the rough colloidal crystal surfaces, and (iii) Routing

of the wiring onto a single crystalline domain of the colloidal crystal film. The first

problem is especially severe for polymer colloids, such as polystyrene (PS), which are

chemically close to the resists used in photo- and electron-beam lithography.

The first problem is solved by a highly controllable and simple method for protecting

the PS spheres from chemical attack and melting, by cross-linking the PS spheres using

high doses of electron-beam irradiation [17, 18]. As this irradiation is performed in

an electron-beam lithography system, the irradiation area can be controlled to be

an arbitrary shape, with minimum lateral dimensions limited by the typical e-beam

lithography resolution limits to below 100 nm resolution. Combined with the deposition

of an aluminum oxide (AlOx) capping layer to smooth the rough colloidal crystal surface,

we successfully fabricated lithographically patterned micron-scale narrow metallic wires

on top of polystyrene colloidal crystals with a particle diameter 260 nm. Finally, we

demonstrate a novel way to fabricate a template for the colloidal crystal in the shape

of a box from a photosensitive polymer, which was patterned directly using 3D laser

writing and two-photon polymerization [19]. PS colloidal crystals were deposited inside

this template box in such a way that metal leads for thermometry and heaters can

be routed onto a thick (∼ 10 − 20μm) colloidal crystal domain from the surface of the

substrate, without having to cross any cracks in the crystals that typically are generated

in the vertical deposition self-assembly process of the colloidal crystal [20, 1, 21, 22, 23].
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2. Self-assembly of polystyrene colloidal crystals

We have produced self-assembled colloidal crystals from polystyrene (PS) nanospheres

of diameter 260 nm on silicon substrates.We used the vertical deposition method

[1, 21, 22, 23], where the substrate was dipped into a 1-10 % aqueous solution of PS

spheres, and was withdrawn slowly with speed typically ranging between 0.01 - 0.04

mm/min [20]. The colloidal crystal film thickness and domain size could be controlled

with the dipping speed and solution concentration, reaching values up to 20 μm for the

thickness and ∼ 300μm for both the vertical and horizontal directions of the domain

size [20]. By domains we mean regions of the crystal surrounded by cracks that form

in the drying process. These cracks are of course a serious issue for further lithographic

patterning of wires on top, as they can be several micrometers wide.

The substrates used in most of the experiments were single crystal silicon chips,

with a silicon nitride (SiNx) insulator layer, and a thin layer of titanium oxide (TiOx)

approximately 10 nm thick on top of the SiNx, deposited by electron beam evaporation

of Ti and room temperature oxidization in a vacuum chamber at 100 mbar of oxygen

pressure for 2 minutes. The TiOx layer provided a hydrophilic surface for improved

wetting by the nano-sphere solution [24]. In the experiments with fabricated polymer

template boxes, glass slides were used as the substrate, because the laser writing was

performed through the substrate.

3. Controlling the chemical resistance of a polystyrene colloidal crystal by

electron-beam irradiation

Many of the processes used in standard lithographic techniques involved are known to

partially damage or completely destroy PS spheres. Specifically, the baking of electron-

beam resists occurs at temperatures above the normal glass transition of polystyrene,

thus destroying the spherical shape. Additionally, the acetone used in the standard

lift-off of evaporated metals will very quickly dissolve polystyrene.

Here, we examine how electron-beam exposure affects the solubility and glass

transition of colloidal crystals of 260 nm diameter PS spheres. It is known that UV

[25, 26, 27] and e-beam exposure [17, 28] cause cross-linking in polystyrene, increasing

the glass transition and chemical resistance [17, 18]. E-beam cross-linking was chosen

here over UV for a couple of reasons: electron beams are easily controlled for patterning

without masks, and their penetration into the polymer layers is stronger that that of

UV. This is very important in our application, where 10-20 μm thick colloidal crystals

need to be cross-linked. UV light will not penetrate deep enough in this case.

3.1. Process steps for the e-beam irradiation studies

The process of deposition of the PS spheres and their exposure by an electron beam is

schematically shown in Fig. 1 (a).



Metallic wiring with 3D PS colloidal crystals using e-beam and 3D lithography 4

Figure 1: (a) The process steps for electron beam hardening of PS sphere colloidal

crystals. Hydrophilic substrate is coated by spheres with vertical dipping, PS spheres

are selectively cross-linked by an electron beam exposure, then sample is submerged in

acetone for 5 minutes, to check the solubility. (b) An SEM micrograph of a vertical

edge of an e-beam exposure area, showing a gradient of dissolution after an immersion

into acetone.

A Si substrate with a TiOx surface layer (size∼ 1 cm×1 cm) was coated everywhere

with a colloidal crystal of 260 nm diameter PS spheres by vertical deposition [20],

with a speed 0.04 mm/min from a concentration of 5 %, resulting in a few layer thick

colloidal crystal. The electron beam exposure was carried out in vacuum, using a JEOL

JSM-840A scanning electron microscope operated at an acceleration voltage of 30 kV.

All exposures were performed at 600 X magnification, resulting in exposed areas with

dimensions 230 μm x 160 μm. The beam current was varied from 75 pA to 0.4 μA,

with the exposure time kept constant at 5 minutes. Thus, the area dose ranged from

60 μC/cm2 to 326 000 μC/cm2. Exposed samples were then immersed in acetone for

several minutes. For high enough doses, the spheres in the exposed areas were seen

to be protected from dissolution in acetone, while in the surrounding areas they were

dissolved and formed a bulk PS film after drying, as seen in Figure 1 (b). There is also

a clear, continuous gradient of the deformation of the spheres around the edge of the

irradiation area, several microns long.

3.2. Results on the increase of chemical resistivity of the PS colloidal crystals by

electron-beam irradiation

The samples treated by e-beam cross-linking were inspected by scanning electron

microscopy (SEM). A large, continuous range of solubility in acetone was seen as a

function of the exposure dose. That is already evident in Fig. Figure 1 (b) as a spatial

gradient of the dissolution around the edge of the irradiation area. SEM images were

taken of each sample at several locations to ensure the results were consistent across the

surface. Qualitative characterization was made by observing the degree to which the
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PS spheres were dissolved by the acetone at a given exposure dose.

We discovered that below the exposure dose ∼ 2300 μC/cm2, there was a range of

doses where the solubility was highly controllable (Figs. 2 and 3). A lower critical dose

for inducing chemical resistance to acetone was found to lie between 60 μC/cm2 and

170 μC/cm2, consistent with previous studies on bulk PS films [17]. The 1-2 layer thick

samples exposed to 60 μC/cm2 are seen in Figure 2 (a) (left) to dissolve completely in

acetone, while those exposed with 170 μC/cm2 Figure 2 (a) (right) exhibited some signs

of spherical structures remaining within the dissolved mass.

Figure 2: (a) PS spheres after e-beam exposure and acetone bath are shown for a dose

of 60 μC/cm2 (left) and 170 μC/cm2 (right). Some PS sphere remnants can be seen

within the dissolved mass on the right, while spheres are completely dissolved at the

lower exposure dose on the left. Scale bar is 1 μm. (b) PS spheres after e-beam exposure

and acetone bath are shown for a dose of 2285 μC/cm2 (left) and 36850 μC/cm2 (right).

Solubility in both cases is negligible. Scale bar in black is 100 nm.

At a dose of ∼2200 μC/cm2 and above, the solubility of the PS spheres in acetone

was negligible. Figure 2 (b) shows a comparison between PS spheres given a dose of

2285 μC/cm2 (left) and 36850 μC/cm2 (right), exposed to acetone for 5 minutes. The

spheres have clearly retained their original shape to a high degree, and we can state

with confidence that both samples are effectively resistant against solubility.

Based on Fig. 2, it is worth while to study in more detail what happens with doses

between 170 μC/cm2 and 2285 μC/cm2. Figure 3 shows the SEM images of samples

exposed in this intermediate regime. We see that increasing the dose resulted in a

controllable and gradual increase of the chemical resistivity in acetone. This range is

large enough to allow precise tuning of the selected dose. There is even evidence that

one has some control over the formation of narrow neck connections between individual

PS spheres (at doses between 475 μC/cm2 and 1225 μC/cm2). The narrow necks can be

extremely narrow, for example for the dose 1225 μC/cm2 they are only ∼ 5 nm wide.

Although the acetone resistance studies in Figs. 1 - 3 were performed with thin
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Figure 3: PS spheres after e-beam exposure and acetone bath are shown for doses

ranging from 325 μC/cm2 to 2285 μC/cm2 (left to right). A highly tunable resistance

to dissolution in acetone is seen.

1-2 layer colloidal crystals, we have also performed successful e-beam irradiations with

doses above ∼ 1000μC/cm2 on much thicker crystals, up to 20 layers thick (∼ 4μm).

For crystals thicker than that, we typically observed that the whole crystal peeled off

from the substrate after irradiation. However, later in section 5 we show a templating

method, with which the thickness could be increased to ∼ 10μm without peel-off after

irradiation.

4. Lithography on colloidal crystal surfaces

Lithographic testing was performed using two types of samples, both given cross-linking

area doses of ∼ 24000 μC/cm2 and immersed first in acetone for 5 minutes to check

that no dissolution resulted. One set of samples were then spin coated with three

layers of electron-beam resists baked at 70 ◦C for 5 minutes after each layer. The resist

layers were spun coated onto the colloidal crystal, with spin speeds corresponding to

nominal thicknesses on bare substrates of one 400 nm layer of copolymer poly(methyl

methacrylate-methacrylic acid) [P(MMA-MAA)], and two layers of 200 nm poly(methyl

methacrylate) (PMMA), giving a nominal total thickness 800 nm. This type of

multilayer resist was used to help with the lift-off step, as it created an undercut

structure. Another colloidal crystal sample set was first coated with AlOx layer of

thickness ∼ 100 nm by electron beam evaporation, using a rotating sample stage and

angle evaporation from 70 degrees, before the spin coating with the three resist layers.

A schematic for the second method using the AlOx capping is shown in Figure 4. After
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Figure 4: Process steps are shown for lithography on PS sphere colloidal crystal surface.

AlOx capping layer is e-beam evaporated on colloidal crystal sample, PMMA+P(MMA-

MAA) three-layer resist is spin coated, e-beam pattern is exposed and then developed,

metal is evaporated and lift-off is performed.

the e-beam resist coating, a lithographic pattern was exposed using a Raith e-LiNE tool

with a 20 kV electron beam, developed in MIBK:IPA (1:3) solution for 60 seconds, rinsed

in IPA for 15 – 30 seconds and dried under nitrogen flow. The developed samples were

then coated with 40 nm to 80 nm of aluminum (Al) by electron beam evaporation in

ultra-high vacuum, evaporated perpendicular to the substrate, and finally the metal lift-

off was performed by placing samples in cold acetone for 30 minutes and then applying

a mildly turbulent flow from a syringe.

For lithographic testing purposes, simple aluminum wires were deposited by the

above electron beam evaporation and lift-off steps, with patterns of varying line width

and typical film thickess 40-80 nm.

It was found that lithography without the AlOx capping layer was possible, but

produced inconsistent results. It seemed that the thickness of e-beam resist was notably

less on the colloidal crystal surface than on a plain surface. On the PS sphere surface, a

minimum of three layers of electron-beam resist was necessary to cover the self-assembled

crystal surface. This may be due to resist penetration into the spaces between spheres,

as well as inhomogeneous spreading over different heights of the PS sphere structures.

Even with the increased resist thickness, the sharpness of lithographic structures was
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Figure 5: SEM imaging of Al wires deposited by electron beam evaporation is on top

of a hardened PS sphere colloidal crystal with an AlOx capping layer. (a) Wire widths

ranging from 5 to 10 μm. (b) Wire widths around 1 μm. The roughness of the metal

wire edge (insets) is seen to be less than the sphere size.

reduced compared to patterns made on plain substrates without PS spheres. Thus, a

capping layer was needed to minimize the penetration of the resists into the crystal

structure, and to smooth the top surface of the crystal.

Using a 100 nm thick evaporated AlOx capping layer, we were able to produce

continuous and conducting metal wires a few hundred μm in length and as narrow as

one μm (Figure 5). Roughness at the edges of the wires, as seen in the insets in Figure 5,

was found to be low enough to suggest the possibility of producing wires approaching

the diameter of PS spheres. While sub-micron wires have also been fabricated, there are

still issues with wire continuity and thus, electrical conductivity. Further development in

our lithographic processing is expected to enable the fabrication of ∼500 nm conducting

metal wires on the colloidal crystal surfaces.

5. Microscale template structure for colloidal crystals using 3D lithography

So far we have only discussed results where the PS colloidal crystals were deposited on

large areas everywhere on the substrate. This may not be practical for eventual devices,

where we would like to control the placement of the crystals on the chip, and also have the

metal wiring routed from the surface of a colloidal crystal to an area on the chip without

the colloids, where wire bonding would be performed (wire bonding is not easily possible

on the soft PS colloidal film). There are several methods to lithographically control the

deposition of colloidal crystals, such as by engineering contrast in the hydrophilicity of
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the substrate [29, 22] or the local evaporation rate [30], or by a simple spatial confinement

by patterned topographic structures [31, 32, 33, 34, 20]. Here we follow the route of

topographic patterning, but in contrast to many previous studies, we want to control

very thick colloidal crystals of the thickness range 10 - 20 μm. This is about the same

thickness as in Refs. [31] and [32], but in contrast to Ref. [31] and our own previous

work [20], we do not use deep etching in Si, but want to pattern a negative photoresist

on glass substrates as an additive process, as in Ref. [32].

2D photolithographic patterning of negative photoresists such as SU-8, on the other

hand, is naturally limited to simple 2D structures [32]. Here, we use three-dimensional

patterning to create more complex, fully 3D shapes. This is possible with the help of

direct laser-write lithography using two-photon absorption [35], where infrared light at

780 nm is focussed tightly with the help of a microscope. Only at the very focus of

the beam two-photon absorption takes place, where the simultaneous absorption of two

IR photons can excite the photoresist the same way as a single UV photon at 390 nm

[19]. The patterning was performed with the instrument by Nanoscribe GmbH using

the standard mode, where the laser beam was focused through a glass substrate onto a

liquid polymer resist drop on the opposite surface.

The design of the structure is shown in Figure 6. It is a square shaped box of

height 10 μm, with inside, “container area” dimensions 100 μm × 100 μm, surrounded

by walls of width 25 μm which are themselves made from hollow beam structures for

structural rigidity and ease of fabrication. Outside walls connect to sloped regions of

angle 45 degrees, the purposes of which are to i) attach the box structure more securely

to the substrate, and ii) to allow the eventual routing of metal wiring from the substrate

surface, where the bonding pads will be located, to the top of the box structure. The

SEM image shows that some distortion of the shape is observable, due to mechanical

forces created by the shrinking of the IPL780 photoresist (Nanoscribe GmbH) during

development. This slight distortion can, however, be improved by design improvements

in the future.

With the support box available, we deposited PS colloidal crystals into them by

the vertical dipping technique, using 1 % PS nano-sphere colloidal solution at a dipping

speed of 0.01 mm/min. Figure 7 shows a SEM micrograph which shows part of the 3D

box structure (top view) after colloidal crystal deposition. We see that crystals have

been deposited inside the box, as hoped for, and the photoresist walls and slopes have

no PS nanospheres on them. This is quite useful as further lithography of metal lines

on the bare box structure is easier.

In addition, we make two other useful observations from Figure 7: i) Below the

box structure, there is a region of bare glass substrate visible. It seems that the box

structure prevented the deposition of colloidal crystal there. This kind of region can

thus be used for the bonding pads and wiring, climbing over the slopes and finally onto

the colloidal crystal surfaces inside the box. ii) The colloidal crystals can be in contact

with the box inside wall (inset), without a significant crack. This is in contrast with our

earlier work with etched silicon boxes [20], where cracks were always observed between
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Figure 6: The design of the 3D resist box. Left: schematic design, with walls and slopes

surrounding outside walls. Right: SEM micrograph of a fabricated structure from top

view.

Figure 7: SEM image of PS colloidal crystals deposited on the 3D lithographically

fabricated photoresist box structure. Inset: a zoom in of an area at the inside edge of

the box.

the box wall and colloidal crystal. However, cracks were clearly observable inside the

box structure. It is of course possible to reduce the lateral size of the box in the future

to such a degree that only a single domain would fit inside.

To further prove that the routing of wires from a polymer box structure onto the

colloidal crystal is possible, we also fabricated another device where 3 μm wide Al wiring

of thickness 100 nm was deposited on a box structure of size 50 × 50 μm, containing a 10

μm thick PS colloidal crystal deposited by vertical dipping solely into the box container

area, shown in a SEMmicrograph in Fig. 8. For the fabrication of the structure in Fig. 8,

all the techniques described earlier had to be combined, i.e. fabrication of a photoresist
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Figure 8: SEM image of 2 μm wide Al wiring integrated with 10 μm thick PS colloidal

crystals which were deposited on a photoresist box structure of size 50 × 50 μm. The

inset shows a zoomed-in image at around the edge of the box inside wall.

box structure, vertical dipping for colloidal crystal self-assembly, e-beam hardening of

the PS crystal, AlOx capping layer deposition, and finally e-beam lithography of the Al

line features using lift-off.

6. Conclusions

In conclusion, we have presented a versatile method for the fabrication of metallic wiring

on top of polystyrene colloidal crystals, which will in the future allow for electronic

devices to be processed on top of the crystals. The critical steps developed here

were: i) Lithographically controlled, electron-beam induced cross-linking, to harden

polystyrene colloidal crystals so that they can withstand the elevated temperatures and

harsh chemicals used in electron-beam lithography. This allows standard lithographic

processes to be used on top of the self-assembled polystyrene nanosphere colloidal

crystals. ii) Deposition of micron-scale narrow metal wiring on top of the colloidal
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crystals, and iii) Templated deposition of the colloidal crystals into pre-defined areas that

can allow wiring to come from the substrate surface onto the crystals. These truly 3D

shaped templates were patterned from a photoresist, using direct laser writing and two-

photon absorption, which is thus a fully three-dimensional lithographic technique. The

developed techniques will be used in the future to integrate heaters and thermometers

on colloidal structures, which is critical for example for the future studies of phonon

transport in three-dimensional phononic crystal structures. In addition, the methods

developed here can be utilized in devices where complex metal structures need to be

integrated with a 3D photonic crystal.
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