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Abstract

In this thesis, the tunneling between individual atomic layers in structures of
Bi2Sr2CaCu2O8+x based high-temperature superconductors are experimentally
studied employing the intrinsic Josephson effect. A special attention is paid
to the fabrication of small mesa structures using micro and nanofabrication
techniques.

In the first part of the thesis, the periodic Fraunhofer-like modulation of
the critical current of the junctions as a function of in-plane magnetic field is
investigated. A transition from a modulation with a half flux quantum to a
flux quantum periodicity is demonstrated with increasing field and decreasing
junction length. It is interpreted in terms of the transformation of the static
fluxon lattice of stacked, strongly coupled intrinsic Josephson junctions and
compared with theoretical predictions. A fluxon phase diagram is constructed.
Numerical simulations have been carried out to complement the experimental
data.

In the second part of the thesis, different resonant phenomena are studied in
the dynamic flux-flow state at high magnetic fields, including Eck-resonances
and Fiske steps. Different resonant modes and their velocities, including su-
perluminal modes, are identified.

In the third part, different experiments attempting to detect radiation from
small mesa structures using different setups based on hot-electron bolometer
mixers and calorimeters are described. No distinct radiation with emission
powers higher than about 500pW could be detected. Furthermore, the inter-
action with external GHz-radiation is studied. Resonances attributed to an
induced flux-flow are observed, and the reflectivity of the sample can be tuned
by switching mesas between the superconducting and quasiparticle state.

In the last part, the resistive switching of mesas at high bias is studied. It
is attributed to a persistent electrical doping of the crystal. Superconducting
properties such as the critical current and temperature and the tunneling spectra
are analyzed at different doping states of the same sample. The dynamics of the
doping is studied, and attributed to two mechanisms; a charge-transfer effect
and oxygen reordering.
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Sammanfattning

Denna avhandling undersöker experimentellt tunnling mellan enskilda atom-
lager i strukturer baserade på högtemperatursupraledaren Bi2Sr2CaCu2O8+x

genom användning av den intrinsiska Josephsoneffekten. Särskild uppmärk-
samhet riktas mot tillverkning av små mesastrukturer med hjälp av mikro- och
nanofabrikationstekniker.

I avhandlingens första del undersöks en Fraunhofer-liknande periodisk mo-
dulering av den kritiska strömmen i tunnelövergångerna som en funktion av
magnetfält. En ändring från en modulering med en periodicitet av ett halv flö-
deskvantum till en periodicitet av ett flödeskvantum visas med ökande fält och
minskande längd hos övergången. Den tolkas i termer av det statiska fluxon-
gittret i staplade, starkt kopplade intrinsiska Josephsonövergångar och jämförs
med teoretiska förutsägelser. Ett fluxon-fasdiagram konstrueras.Numeriska si-
muleringar har utförts för att komplettera de experimentella resultaten.

Andra delen diskuterar olika resonanta fenomen i det dynamiska fluxon-
tillståndet vid höga magnetfält, särskilt Eck-resonanser och Fiske-steg. Olika
moder och deras hastigheter, inklusive moder med hastigheter högre än ljusets
hastighet i matrialet, identifieras.

I den tredje delen beskrivs olika experiment som försöker detektera strål-
ning från små mesa strukturer med hjälp av olika uppsättningar baserade på
varmelektron bolometer mixer och kalorimetrar. Ingen distinkt strålning med
emissionseffekt som är högre än cirka 500pW kunde detekteras. Dessutom
studeras samspelet med extern GHz-strålning. Resonanser som tillskrivs en
inducerad flux-flöde observeras. Reflektionen av provet kan förändras genom
att byta mesoan mellan den supraledande och kvasipartikel tillståndet.

Det resistiva förändringen av mesor vid hög spänning studeras i sista de-
len. Det tillskrivs en kvarstående elektrisk dopning av kristallen. Supraledande
egenskaper såsom den kritiska strömmen, kritiska temperaturen och tunnel-
spektra analyseras vid olika dopningstillstånd hos samma prov. Dynamiken i
dopningen studeras och tillskrivs två mekanismer; en elektronöverföringsef-
fekt och omfördelning av syre.
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1. Introduction

This PhD thesis is based on the licentiate thesis “Intrinsic tunneling spectro-
scopic investigations of Bi2Sr2CaCu2O8+x superconductors: The fluxon lat-
tice, resonant phenomena, flux-flow and current doping” presented in 2013
[1].

The thesis is organized as follows: It consists of four chapters. The first
chapter motivates this work, and introduces briefly the theoretical description
of Josephson junctions. High-temperature superconductors and properties of
stacked Josephson junctions are discussed.

The second chapter describes the experimental part and is divided into four
sections: First, micro- and nanofabrication techniques used for sample prepa-
ration are introduced, followed by a description of the sample fabrication.
In the end, the low-temperature measurement setup and the high-frequency
equipment is described.

The results are discussed in the third chapter. It starts with an overview of
the fundamental properties of intrinsic Josephson junctions and a discussion
of the formation and transformation of the static fluxon lattice. Results from
resonant phenomena in the dynamic state as well as emission-detection exper-
iments and the sample response to GHz radiation is presented. In the end, the
persistent manipulation of the doping state by current injection is described.

Finally, the appended papers and results are summarized in chapter four.

1.1 Motivation

The unexpected discovery of first high-temperature superconductors (HTSC)
in 1986 [2], and the subsequent increase of critical temperatures far above
100K, attracted an enormous interest in the field of HTSC. The increase in
critical temperatures, critical currents and energy gaps in this class of materi-
als during a short period raised enormous expectations for future applications
and developments. Almost three decades later, applications exceed a demon-
stration level, but an all-encompassing theoretical understanding on a micro-
scopic level is still missing, including the exact coupling mechanism of the
Cooper pairs and the cause of the superconductivity in cuprates and other un-
conventional superconducting materials at high temperatures well above liquid
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nitrogen temperature [3].
HTSC in general reach high critical temperatures and -currents and a large

size of the superconducting gap. The bismuth strontium calcium copper oxide
in particular which this thesis focuses on also has a strong anisotropy. The
anisotropy of the material is due to its layered structure, alternating supercon-
ducting and insulating layers, naturally forming a series of stacked Josephson
junctions on an atomic scale, leading to the intrinsic Josephson effect [4; 5].
Furthermore, it comprises a photonic crystal and a natural metamaterial [6; 7].

Semiconductors have gap values in the order of a few electron volt, while
conventional superconductors have gaps of just a few meV, which corresponds
to energies of electromagnetic radiation in the near infrared/optical and up-
per gigahertz range, respectively. HTSC instead have a ten times higher gap
value than conventional superconductors, making these materials available for
applications in the less explored lower terahertz (THz) range [8; 9]. This di-
rection of HTSC research experienced a major stimulus after the discovery of
THz radiation in big mesa structures of Bi-2212 at zero field [10], leading to
the development of powerful THz sources with reported powers up to 610µW
[11]. The exact mechanism of the radiation is not yet completely revealed [12–
15], and a the role of the formation of hotspots is currently under discussion
[16–18]. An alternative approach for THz generation is the flux-flow oscilla-
tion in intrinsic junctions under a magnetic field. However, due to incoherent
radiation from unsynchronized junctions, it generates much less power output
[19]. Therefore, this method requires an in-phase synchronization of the oscil-
lation, i.e. a stabilization of the rectangular fluxon lattice in the dynamic state
[20; 21].

1.2 Josephson junctions

1.2.1 Tunnel junctions

Tunnel junctions are devices where charge carriers are quantum-mechanically
tunneling through a barrier. The tunnel current depends on the applied bias
voltage over the insulating barrier, and contains information about the gap
structure of the electrodes that can be used for spectroscopy [22].

In case of a constant density of states in the junction’s electrodes as in
normal metals as well as a robust barrier height the junction is ohmic. If the
density of states instead contains an energy gap of 2∆ at the Fermi level, it is
non-ohmic: Without thermal excitation, all electrons are below the gap, and all
states above are empty. At small voltages, there is either no excited electron
that can tunnel, or there is no free site on the other side to tunnel to – no current
can flow through the junction at voltages smaller than 2∆/e. If the potential
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Figure 1.1: Semiconductor representation of tunneling of electrons in a SIS junc-
tion at T > 0K; from ref. [23]. The diagram on the left illustrates the positions of
the bands, while that on the right shows the corresponding current-voltage char-
acteristics. Only a small current due to thermal activation of electrons into the
“conduction band” can flow until a voltage of 2∆/e is applied over the junction.
Above it, the filled “valence band” and the empty “conduction band” overlap and
the current increases becoming ohmic at high bias.

difference overcomes this value, the “valence band” on one side is on the same
level as the empty “conduction band”, i.e. the current increases strongly. At
a high bias, the density of states becomes constant and the current approaches
an ohmic behavior with a resistance Rn.

If the temperature is different from zero, there are always some excited
electrons in the conduction band and some empty sites in the valence band.
Therefore, there is a low current even at small voltages with a non-ohmic be-
havior that can be roughly approximated by a constant resistance Rqp, while
the step-like increase in current arises still above the threshold voltage 2∆/e,
as shown in Fig. 1.1.

1.2.2 The ac and dc Josephson effects

In the last subsection, single quasiparticles tunneling dissipatively through the
SIS barrier have been discussed. In the superconducting state, electrons pair up
to bosonic Cooper pairs which condensate into the same state and can be de-
scribed by a single wave function Ψ j =

√ns, j exp(iϕ j) throughout the whole
superconductor [23], where ns, j is the density of superconducting pairs in
the electrodes, and ϕ j the corresponding phase. If two superconductors are
brought in close proximity in a tunnel junction the wave functions in both
electrodes overlap and get weakly coupled, permitting a non-dissipative cur-
rent flow through the junction. Interference of the two wave functions leads
to an oscillatory dependence of the supercurrent Is on the phase difference be-
tween the two electrodes ϕ = ϕ2−ϕ1. This relation, predicted theoretically by
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Brian David Josephson in 1962 [24], is known as the dc Josephson effect

Is = Ic · sinϕ, (1.1)

where Ic is the critical current of the junction. If the phase difference between
the electrodes is constant, the tunneling supercurrent is non-dissipative. A
change in the phase difference ϕ̇ instead gives rise to a voltage drop V over the
barrier, the ac Josephson effect:

V =
Φ0

2π
ϕ̇, (1.2)

where
Φ0 = h/2e ≈ 2.07 ·10−15 Tm2 (1.3)

is the flux quantum. Assuming a constant voltage over the barrier, both Jo-
sephson effects give rise to an ac current

Is,ac = Ic · sin
[
(2π/Φ0)Vt +ϕ0

]
(1.4)

with a voltage-dependent frequency f /V = 1/Φ0 = KJ ≈ 483.6GHzmV−1. This
Josephson constant connects the voltage with fundamental constants and fre-
quency/time, providing therefore a unique method to define voltage against a
time standard.

1.2.3 The RCSJ model

The physics of a real Josephson junction device cannot solely be described
by the Josephson equations discussed above. It has additional effects which
give rise to further physics. Figure 1.2(a) shows an equivalent circuit of a
Josephson junction taking into account the quasiparticle tunneling current and
the junction capacitance by shunting the junction with an ohmic resistor and a
capacitor, respectively. It is called resistively and capacitively shunted junction
(RCSJ) model.

The total current through the device is the sum of the supercurrent Is, quasi-
particle current Iqp and the displacement current Icap:

I = Is + Iqp + Icap = Is +
V

Rqp
+C · V̇ = Ic sinϕ+

Φ0

2πRqp
ϕ̇+

CΦ0

2π
ϕ̈, (1.5)

where current and voltage in the right-hand side have been substituted using
the two Josephson equations (1.1) and (1.2), respectively. Defining τ = ωpt
and Q = ωpRqpC with the Josephson plasma frequency ωp =

√
2πIc/Φ0C this

equation can be normalized:

I
Ic

= sinϕ+
1
Q
∂ϕ

∂τ
+
∂ϕ2

∂τ2 . (1.6)
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Figure 1.2: Equivalent circuit of the RCSJ model (a). Simulation of the dimen-
sionless RCSJ equation (1.6) for an overdamped (Q = 0.1, b) and underdamped
(Q = 10, c) junction. The voltage is normalized by Vc = RqpIc/Q.
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Figure 1.3: I-V characteristics of a Nb/AlOx/Nb Josephson junction at (a)
T = 1.8K and (b) T = 7.0K. At elevated temperatures, the critical current and
the quasiparticle resistance decrease, resulting in a smaller quality factor and a
disappearance of the hysteresis in the overdamped state. The main discrepancy
with the RCSJ model arrises due to the non-linear quasiparticle resistance below
the sup-gap voltage 2∆/e.
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Q is called the quality factor, and is related to the damping factor α and the
McCumber-parameter βc by Q = 1/α =

√
βc. The nonlinear differential equa-

tion (1.6) has the same structure as a forced pendulum with damping, where
ϕ is the elongation and I/Ic an external torque. The quality factor determines
whether the system is over- (Q� 1) or underdamped (Q� 1). As shown in
Figs. 1.2(b) and (c), the numerical solution results in two qualitatively different
behaviors featuring a non-hysteretic and hysteretic solution in the overdamped
and underdamped case, respectively. Discrepancies with the RCSJ model arise
due to the non-linear quasiparticle tunnel resistance as shown in Fig. 1.3.

1.2.4 The sine-Gordon equation

The RSCJ model provides a good description of a point-like junction, how-
ever, does not take the spatial variation of the phase and current into account
which appear for example in a non-zero magnetic field. Considering a junction
with length L in the x-direction, magnetic field in the y-direction and with the
current flowing through the barrier in the z-direction, equation (1.6) goes over
to the sine-Gordon equation [3; 20; 25]

j
jc

= sinϕ+
1
Q
∂ϕ

∂τ
+
∂ϕ2

∂τ2 −λ
2
J
∂ϕ2

∂x2 , (1.7)

where λJ is the Josephson penetration depth

λJ =

√
Φ0

2πµ0 jct′
(1.8)

that determines how far the magnetic field penetrates into the junction. The
effective magnetic thickness of the barrier, i.e. the thickness in which a mag-
netic field penetrates the junction and electrodes in z-direction, is denoted by
t′, and can be calculated by

t′ = 2λS · coth
d
λS

+ t, (1.9)

where d is the thickness of the electrodes and λS the London penetration depth.
For thick electrodes d � λS it simplifies to the sum of the insulating barrier
thickness t and the London penetration depth λS on each side, t′ = 2λS + t.

The sine-Gordon equation has the form of a wave equation. The one-
dimensional equation can be interpreted in an analog model to the pendulum
as a chain of coupled pendulums. In case of low damping (high Q), small
elongation leads to formation of plasma waves with a dispersion relation of

ω(k)2 = ω2
p + k2 · c2

0, (1.10)
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where c0 = 1/
√
µ0tC is the Swihart velocity, the speed of light in the junction as

a superconducting transmission line. Traveling waves can form standing waves
in the junctions which lead to geometrical (Fiske) resonances. Another case
arising from the pendulum model is a screw-like twist of the chain by 2π over
a spatial distance of about λJ. According to the first Josephson equation, this
causes supercurrents to flow in opposite directions through the junction form-
ing a circular current flow and producing a flux of Φ0 similar to the Abrikosov
vortices. Vortices in a SIS tunnel junction are called Josephson vortices (flux-
ons) and they give rise to many effects like a modulation of the junction critical
current in magnetic fields and the appearance of a flux-flow voltage.

1.3 High-Temperature superconductors

1.3.1 Doping of cuprates

Most of the electrical properties of superconductors depend strongly on the
electrical carrier density, which in cuprates is controlled by the doping level
of the material. Such properties include the temperature dependence of the
normal state resistance, the critical temperature, the critical current, the super-
conducting gap and the pseudo gap [3]. The most common way of doping is
changing the chemical composition of the material, while other methods like
photodoping, the electric-field effect and doping by current injection have their
main relevance in pure research.

Chemical doping

In the undoped state, cuprates are antiferromagnetic Mott insulators [26]. By
introducing electrons or holes into the two-dimensional CuO2 planes, these
Mott insulators can be changed into metallic high-temperature superconduc-
tors. Both electron and hole-doping can be achieved by inserting or substi-
tuting atoms with atoms having extra free electrons or a lack of electrons.
Most of the common cuprates are hole doped (p-type). In La2CuO4, La3+

can be replaced with Sr2+, which contributes one electron less to the CuO2
plane, effectively creating a hole and resulting in La2−xSrxCuO4 (LSCO). In
Bi2Sr2CaCu2O8+x (Bi-2212) and YBa2Cu3O6+x (YBCO), the mobile holes
are created by additional oxygen atoms in the insulating BiO/SrO planes and
copper chains, respectively. The dependence of the hole concentration on the
number of extra oxygen atoms is, however, non-trivial [27; 28].

In Bi2−yPbySr2CaCu2O8+x both the substitution of bismuth by lead and the
addition of oxygen contribute to the doping, allowing a higher doping level.
Since the additional oxygen is volatile, the oxygen doping level can be con-

7



trolled by annealing of crystals in environments with different oxygen partial
pressures.

Vice versa, in electron doped (n-type) cuprates like X2−xCexCuO4, where
X can be La, Nd, Pr, Sm, Eu or a combination of these lanthanides, substituting
X3+ with Ce4+ adds an extra electron to the CuO2 plane, and the Mott insulator
turns into a superconductor. Recently, Segava et al. [29] presented the cuprate
Y1−zLaz(Ba1−xLax)2Cu3Oy (YLBLCO) which can be both electron- and hole-
doped, enabling a continuous doping from n-type through the Mott state into
the hole-doped state by variation of just one element. This provides further
experimental possibilities to gain a better understanding of the transition from
an insulator to the superconductor [30].

Depending on the doping level x and temperature T , different phases can
be achieved, as schematically shown in Fig. 1.4. The main phases are the
antiferromagnetic Mott insulator at a low doping level (orange), followed by
the superconducting phase (green). This superconducting phase can be divided
into three regions: On the underdoped side (|x| . 0.16), the critical temperature
Tc is increasing with doping |x|, while Tc is decreasing in the overdoped region
(|x|& 0.16). The maximum critical temperature is found around optimal doping
at about |x| ≈ 0.16 charge carriers per copper atom, and is about 94K for Bi-
2212. At elevated temperatures above TN in the antiferromagnetic and Tc in
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Figure 1.4: Schematic doping phase diagram for cuprates for electron (left) and
hole doping (right): At low doping levels, cuprates are antiferromagnetic Mott
insulators up to the Néel temperature TN, while the superconducting phase (SC)
exists at higher doping levels, with a maximum Tc around optimal doping (OP, at
x ' ±0.16). Depending on the doping level, the cuprates behave differently above
TN and Tc: at low hole doping, they show a pseudo gap below T ∗, and behave as
a “strange metal” above. At higher doping, the material becomes a normal metal.
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the underdoped region, hole-doped cuprates exhibit an additional pseudo-gap.
It disappears above the pseudo gap transition temperature T ∗, which is highest
at low doping and goes to zero in the overdoped state. Above T ∗, the material
behaves as a “strange metal” (non-Fermi liquid) [31] for medium doping and
as a normal metal (Fermi liquid) for high doping.

Photodoping

Upon illumination with high-intensity visible light, some cuprates like YBCO
or Tl2Ba2CuO6+x behave as if the oxygen content in the material were in-
creased. Two main effects have been reported [32]:

- A decrease of the normal state resistance (persistent photoinduced con-
ductivity, PPC).

- An enhancement of the superconducting properties such as an increase
in Tc in the underdoped region (persistent photoinduced superconduc-
tivity, PPS).

The change in resistance is time-dependent following a stretched exponential
law (Kohlrausch function) [33]. It is persistent at low temperatures and the ma-
terial slowly relaxes back to the initial state at elevated temperatures. The time
constants are in the order of minutes to hours. As the temperature dependence
of the time constant shows a thermal activation behavior with an energy barrier
in the same size as the activation energy for oxygen diffusion, oxygen reorder-
ing is considered as a possible mechanism for photodoping. This is supported
by the observation of different structural changes. Since an oxygen reorder-
ing process relies on CuO chains which are only present in YBCO, electron
trapping in oxygen vacancies and other localized defects are also discussed
[32].

Doping by pressure

Doping can also be achieved by a pressure-induced charge transfer [34]. While
most of the discussed materials obey a pressure dependent variation of their su-
perconducting properties, the technique is most popular for Hg based cuprates
HgBa2Can−1CunO2n+2+x for achieving the record-high critical temperature of
164K in HgBa2Ca2Cu3O8+x (Hg-1223) at a pressure of 31GPa. Upon ap-
plying a pressure, different bonds in the crystal are compressed leading to a
change in the lattice parameters. The affected bonds and the pressure depen-
dence of the doping varies strongly with the doping level, and can achieve
several Kelvin in critical temperature per GPa.
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Electric-field effect

An electric field effect was initially demonstrated in the beginning of the 1990s
where the critical current, normal state resistance and critical temperature were
modulated by a few ten percent at electric fields in the order of 105 Vcm−1

[35; 36] due to field-induced changes of the density of mobile charge carri-
ers [37]. Changing the superconducting properties over a wider range, much
higher fields exceeding 107 Vcm−1 are needed [38]. Achieving such high fields
without a dielectric breakdown is realized by applying the electric field through
an organic electrolyte which concentrates the potential difference over the very
thin electrochemical Helmhotz double layer at the interface towards the crystal
[39]. Due to screening, the charging is limited to the surface layer with a thick-
ness of the Thomas-Fermi screening length λTF, and surface charge densities
of up to 1015 cm−2 can be achieved. By changing the gate voltage, the dop-
ing level can be tuned reversibly from the underdoped towards the overdoped
regime of YBCO [38] or tuned through a superconductor-insulator transition
around the quantum pair resistance h/(2e)2 = 6.45kΩ [40].

Doping by current injection

Although it has long been known that very high currents alter the behavior of
high-temperature superconductors, such experiments at the edge of damaging
samples did not attract much interest in the research community. It was shown
that the point contact resistance of Bi-2212 and YBCO can be modified re-
versibly by application of a positive and negative bias voltage [41; 42], and the
effect was attributed to oxygen movement in the depleted surface layer [43].
The time scale of the switching and relaxation is in the order of minutes to
hours.

Recently, Koval et al. demonstrated that a high bias can even trigger a
persistent and reversible bulk effect in Bi-2212 [44–47]. Using current injec-
tion, crystals can be doped all the way through the doping diagram from a
strongly underdoped, antiferromagnetic state, to a highly overdoped state [48].
During the current injection doping, critical current and critical temperature,
superconducting gap and pseudo gap, and quasiparticle resistance behave in
complete analogy to chemical oxygen doping. The authors attribute the effect
to trapping of electrons in the insulating BiO and SrO layers, increasing the
hole concentration in the superconducting CuO layers.

1.3.2 Intrinsic Josephson junctions

The layered structure of cuprates naturally forms atomically perfect Josephson
junctions between copper oxide planes [4; 5]. Due to the strong anisotropy
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Figure 1.5: Bi-2212 consists of two copper oxide planes separated by calcium
atoms which form the superconducting layers under doping. These layers are
separated by an insulation layer of strontium- and bismuth oxide. For symmetry
reasons, the unit cell consists of two superconducting and two insulating layers
(from ref. [49]).

of bismuth-based cuprates in critical current and normal state resistance, the
shunt resistance of these intrinsic junctions is very low, making it a perfect
material for underdamped junctions with a high quality factor Q. In these
bismuth based cuprates, the copper oxide planes can be a single or multilayer
of CuO2, separated by Ca, while the insulating Bi/SrO layers are identical.

Out of this class of materials, Bi2Sr2CaCu2O8 (Bi-2212) with a double
layer is most commonly used, and shown in Fig. 1.5. The superconducting
copper oxide planes having a thickness of d = 3Å are separated by t = 12Å
consisting of two BiO in between two SrO layers. The periodicity of the copper
oxide planes is about s = 15Å, while the unit cell in the c-direction has the
double length for symmetry reasons.

The critical temperature of Bi-2212 reaches up to 94K at optimal dop-
ing [3], and has a London penetration depth of about 75− 100nm within the
copper oxide planes [50]. As the in-plane screening currents just fill d/s of
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the total volume of the material, the effective London penetration depth in the
ab-plane for a field in c-direction becomes [51; 52]

λab = λS

√
s
d
. (1.11)

The effective penetration depth in c-direction instead depends strongly on the
anisotropy γ, which is defined as

λc = γλab. (1.12)

Typical values of λab and λc are in the order of 0.15 to 0.30µm and 15 to
180µm, respectively [3; 50]. Since both the thickness of the barrier t and
the electrodes d of the intrinsic Josephson junctions are much smaller than the
penetration depth, d, t� λc, the effective thickness from equation (1.9) reduces
to t′ = 2λ2

S/d, and the Josephson penetration depth becomes

λJ =

√
Φ0s

4πµ0 jcλ2
ab

. (1.13)

For typical c-axis critical current densities jc ≈ 103 . . .104 Acm−2 the penetra-
tion depth is between 0.7 and 0.2µm.

1.4 Properties of stacked Josephson junctions

1.4.1 Fraunhofer modulation

As the critical current of a Josephson junction is much less than the bulk critical
current, the screening of the junction from magnetic field is less effective, and
junctions with a length much smaller than the Josephson penetration depth λJ
defined in equation (1.13) are completely penetrated by the external magnetic
field. Assuming a constant magnetic field in the y-direction B = By, the phase
difference over the length varies with

∂ϕ

∂x
=

2πt′

Φ0
By, (1.14)

where t′ is defined by equation (1.9). For Bi-2212, the thickness is approxi-
mately t′ = s. The linear phase change can be inserted into the current density
from the first Josephson equation (1.1) whose integration over the length L and
height yields

Is = Ic
sin(πt′LBy/Φ0)
πt′LBy/Φ0

= Ic
sin(πΦ/Φ0)
πΦ/Φ0

. (1.15)
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Figure 1.6: Modulation of the maximum supercurrent of a short (L� λJ) Joseph-
son junction as a function of flux. The current follows the Fraunhofer diffraction
pattern with a periodicity of one flux quantum. The inserts show the supercur-
rent density within the junction. For an integer number of two flux quanta (left),
positive and negative supercurrents always cancel each other, and the junction
can not transport any external supercurrent. With an additional half flux quantum
(right), the overall current can reach a maximum.

Here, Φ = t′LBy is the total magnetic flux through the junction. The modulation
of the maximal external current with magnetic field follows the pattern for
Fraunhofer diffraction, and is shown in Fig. 1.6. For an integer number of
flux quanta in the junction it features a zero overall current because oscillating
Josephson currents of opposite directions cancel each other after integration
over the whole junction length, as illustrated in the left inset of Fig. 1.6. The
right inset instead demonstrates the case for a half integer number where the
net current is non-zero.

The intrinsic Josephson junctions studied in this work however show a
more sophisticated modulation pattern: First of all, the junctions are long com-
pared to the Josephson penetration depth. A low external magnetic field does
not completely penetrate into the junction, and the phase is not changed lin-
early. Instead, individual fluxons are entering the junctions causing an irregular
decrease in the maximal supercurrent. At the critical field

Bcr = Φ0/2πλJs, (1.16)

fluxons finally become dense enough and start to interact strongly, and screen-
ing can be neglected [53].

The second difference is the stacking of several Josephson junctions: In-
stead of being a one-dimensional chain in a single junction, fluxons inter-
act between neighboring junctions forming a two-dimensional lattice. The
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strength of in-plane repulsion between fluxons and the boundaries of the junc-
tion, and interplane repulsion determines whether this lattice will be rectangu-
lar, oblique, triangular or ordered at all. The rectangular lattice is of special
interest as all junctions are in the same state. The transformation between the
lattice has been the subject of several theoretical works [53–57].

Figure 1.7 shows the fluxon phase diagram as a function of junction length
L and magnetic field B in units of λJ and Bcr. Only in the regions around a half-
integer number of fluxons, surrounded by a red line, a rectangular fluxon lattice
is expected. It is getting more pronounced for a smaller junction length and at
higher field. Figure 1.8 gives a more detailed presentation of the evolution of
the fluxon states with magnetic field for two different junction lengths. The red
line shows the maximal supercurrent through the junction as a function of the
magnetic flux. Its oscillation shows half the periodicity of the ordinary Fraun-
hofer modulation described above. This is due to interaction of the triangular
fluxon lattice with the junction boundaries, forming a stable configuration that
can carry a high current without moving fluxons. As the length of the unit cell
of the triangular fluxon lattice corresponds to two junctions, a new configura-
tion is obtained for a change of one fluxon per two junctions. As the magnetic
field increases, the in-plane repulsion between fluxons and the boundaries in-
creases, deforming the lattice to an oblique lattice, and finally resulting in a
rectangular lattice around a half-integer flux value, as shown in the figure as a
violet shade. At low fields when the rectangular lattice just appeared, it is not

Figure 1.7: (from [57], with permission from A. Koshelev) The theoretical
fluxon phase diagram for stacked Josephson junctions as a function of junction
length L and magnetic field B. The solid lines correspond to an integer number
of fluxons per junction. Between origin and one, no fluxons are in the stack, and
below B = Bcr, the lattice is dilute. Above the dotted line, the junctions go from
the long- to the short-stack behavior, marking the appearance of a rectangular
lattice at half-integer flux quanta. Regions of a rectangular lattice at low currents
are surrounded by red lines.
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Figure 1.8: (from [57], with permission from A. Koshelev) Calculated modula-
tion of the maximal critical current (red line) as a function of flux for a junction
with length L = 2.5λJ and L = 4λJ. In contrast to the ordinary Fraunhofer mod-
ulation described in Fig. 1.6, the critical current shows additional, subdominant
maxima at integer flux quanta. At low fields, the fluxon lattice is triangular and
oblique, while at higher fields, a rectangular lattice (violet shaded) evolves at
the dominant maxima at half-integer flux quanta. When the rectangular lattice
appears first, it is not stable up to the critical current. At high fields, the triangu-
lar lattice is always favored at the subdominant maxima, but shows a much lower
critical current Jmax,1 (dashed line) than the dominant maxima Jmax,2 (dotted line)
as the rectangular is more stable.

stable up to the critical current. As the field increases further, the rectangu-
lar lattice remains stable up to the critical current. These two transitions, the
first occurrence of the rectangular lattice, and where it remains stable up to the
maximum current, take place at

Bl1 =
1
l1

L
λJ
·Bcr, Φl1 =

1
l1

L2

λ2
J

Φ0

2π
(1.17)

and

Bl2 =
1
l2

L
λJ
·Bcr, Φl2 =

1
l2

L2

λ2
J

Φ0

2π
, (1.18)

respectively, where l1 = arctan(
√

2)/
√

2 ≈ 0.676 and l2 ≈ 0.484 are constants
[57]. At integer flux-quanta values, the triangular lattice is always preferred.
Since the rectangular lattice can carry a higher current, these maxima are dom-
inant, while the other, sub-dominant maxima are more strongly suppressed.
For Φ� (L/λJ)2Φ0/2π, the maximum current of the dominant maxima is ap-
proximately described by

Imax,1 ≈ Ic ·
Φ0

πΦ

1− Φ2
0

Φ2

L4

8π2λ4
J

 , (1.19)

while the maximum current of the sub-dominant maxima drops much faster
with

Imax,2 ≈ Ic ·
Φ2

0

4πΦ2

L2

λ2
J

. (1.20)
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The current at sub-dominant maxima never vanishes completely, while the cur-
rent at the dominant maxima are always smaller than the maximum current of
the Fraunhofer modulation, approaching the Fraunhofer limit of IcΦ0/πΦ for
high fields [57]. At elevated temperatures, the rectangular lattice is suppressed
in favor of the triangular [54].

The transformation of the fluxon lattice has so far been studied by means of
magnetic oscillations in the flux-flow resistance [58–61], being closely related
to the discussed Fraunhofer oscillations [53].

1.4.2 Flux flow/Fiske resonances

Since the superconducting layers of the stacked Josephson junctions are thin-
ner than the penetration depth, d� λS, the junctions are inductively coupled.
In a stack of N junctions, the spatial change of the phase in the ith junction
depends on the state of the neighboring junctions i± 1, and the sine-Gordon-
equation (1.7) goes over to the coupled sine-Gordon equation [56; 62–66]

λ2
J
∂2

∂x2



ϕ1
...

ϕi
...

ϕN


=



1 S 0
S 1 S 0

. . .
. . .

. . .

0 S 1 S
0 S 1





J1
...

Ji
...

JN


(1.21)

with

Ji =
∂ϕ2

i

∂τ2 +
1
Q
∂ϕi

∂τ
+ sinϕi−

j
jc
. (1.22)

It was assumed that all junctions are identical. The coupling between neigh-
boring junctions is given by the coupling parameter

S = −
λS

t′ sinh(d/λS)
. (1.23)

In the static, non-radiating case, the boundary conditions for this system of
coupled differential equations in an external magnetic field H0 are [50; 65]

−
∂ϕi

∂x

∣∣∣∣∣
x=0,L

=
2πµ0

Φ0
H0t′(1 + 2S ). (1.24)

Due to the inductive coupling, the system is not Lorentz invariant as the sine-
Gordon equation of a single junction, and the dispersion relation for plasma
waves (1.10) from section 1.2.4 splits up into N branches arising from different
characteristic velocities [66]

cn = c0

/√
1−2S cos

nπ
N + 1

,n = 1, . . . ,N. (1.25)
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By expanding the cosine and introducing several approximations, it is found
that the slowest velocity, cN ≈ c0/

√
2, is approximately independent of N.

While the dispersion relation for plasma waves of a single junction, ω(k),
depends only on the wave vector k for the in-plane/ab component, stacked
junctions have a second out-of-plane/c wave number q [64]. Due to the lay-
ered structure the total number of modes in the c-direction is finite, N, having
wave numbers qn = nπ/Ns (n = 1, . . . ,N) and velocities cn. In case of standing
waves, also the in-plane wave number is quantized having mode number m,
and becomes km = mπ/L (m = 1,2, . . .).

In a magnetic field, the static fluxon lattice discussed in the Fraunhofer
modulation above shows two effects:

- The fluxon lattice can be excited similar to phonons. Unlike plasma
waves, the dispersion relation of these excitations is nearly linear for
small k, having a mode-dependent speed cn and the dispersion relation
becomes ωn,m = kmcn.

- At a sufficiently high current, the Lorentz force acting on the fluxons
leads to a flux-flow. The moving fluxons generate a changing phase
of frequency ωJ which leads to a non-zero flux-flow voltage over each
junction,

VFF = uFFBs =
Φ0

2π
ωJ, (1.26)

where uFF is the velocity of the fluxons.

If the Josephson frequency of the flux-flow ωJ equals the in-plane frequency
ωn,m, resonances occur at certain mode-dependent voltages

Vn,m =
Φ0

2L
mcn. (1.27)

As kn depends on the geometry of the cavity, they are geometrical (Fiske)
resonances.

1.4.3 Phonon resonances

As the ac Josephson effect allows both generation and detection of electromag-
netic waves in the intrinsic junctions, resonances of optical phonons with Jo-
sephson oscillations can be observed as hysteretic steps in the current-voltage
characteristics [67]. The voltage of these resonances is independent of the
sample geometry and temperature [68].

Electromagnetic waves–photons–strongly interact with quasiparticles in-
cluding excitons, polarons and, in ionic crystals, optical phonons. If they are
in resonance, i.e. if their dispersion curves match for certain wave numbers k,
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they form a new quasiparticle, a polariton. Bi-2212 as an ionic material has
several strong infrared active phonon modes. The dispersion relation of the
polaritons is the product of the wave number k and Swihart velocity cn. How-
ever, the dielectric constant εr becomes strongly frequency dependent, leading
in turn to the frequency dependence of the capacitance of the transmission line
and the Swihart velocity:

ωn = k · cn(εr[ω]) (1.28)

with the dielectric function

εr = ε∞+
∑

j

ωTO, jS j

ωTO, j−ω2− iγ jω
. (1.29)

Here, ε∞ =
√

n is the dielectric constant at optical frequencies andωTO, j are the
frequencies of transverse phonons and S j and γ j their strength and damping
rate.

1.4.4 Shapiro steps

Applying an electromagnetic radiation of frequency f across a Josephson junc-
tion, an additional alternating electric field/voltage arises in addition to the dc
bias, and the total voltage becomes

V = Vdc + Vac · cos(2π f t). (1.30)

Integrating the ac Josephson relation (1.2) over time and substituting the ob-
tained phase in the dc Josephson relation (1.1), the supercurrent expressed in
terms of Bessel functions becomes

Is = Ic

∑
n

(−1)nJn(2eVac/h f ) sin
[
γ0 + (2eVdc/h̄)t−2πn f t

]
, (1.31)

where γ0 is a free parameter to adjust for the actual current. This solution gives
rise to a dc supercurrent if the time-dependent components cancel, i.e. if

Vdc,n = nh f /2e. (1.32)

At these voltages, the supercurrent can reach

Is,n = ±IcJn(nVac/Vdc,n). (1.33)

In the current-voltage characteristics, this results in current steps in the range
Iqp ± Is,n at voltages Vdc,n, which were experimentally observed by Shaprio in
1963 [69]. Details of the derivation can be found in [70, section 6.3.4].
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2. Experimental

The experimental work presented in this thesis includes two parts: sample
fabrication and electrical characterization.

During the fabrication, intrinsic Josephson junctions are patterned from
single crystals and electrical contacts prepared to the sample using different
micro- and nanofabrication techniques. A special emphasis is given to the
minimization of the junction size and number of intrinsic junctions. The sam-
ple fabrication was done in the AlbaNova NanoFabLab.

Electrical measurements at low temperatures and high magnetic fields were
carried out at the cryolab of the Experimental Condensed Matter Physics group.

Figure 2.1: Canon PPC 210 Projection Print Camera: The mercury lamp for the
exposure with UV light is on the top, the mask is placed on an adjustable stage
with micrometer screws above the optics (black column). The exposed sample is
on a stage below the optical microscope.
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2.1 Fabrication techniques

2.1.1 Photolithography

Photolithography is the process of transferring a pattern from a mask into a
pattern of a resist material on a substrate using light. In the Canon PPC 210
Projection Print Camera used in this work and shown in Fig. 2.1, UV light
from a mercury vapor lamp is shone onto the photomask and, together with
the shadow of the mask, projected onto the substrate covered by photoresist.
After exposure, the photoresist is developed. Depending on the photoresist
used, either the exposed or unexposed parts of the resist are removed by the
developer. The produced photoresist pattern can act as a protection mask for
further etching and sputtering, or for thin-film deposition, where material de-
posited on the photoresist can later be removed together with the photoresist
during a lift-off process.

In this work, the positive resists S1813 and S1818 from the Shipley Mi-
croposit S1800 series have been used. They are identical except for their vis-
cosity, and result in different thicknesses of 1.3 and 1.8µm, respectively, after
60 seconds of spinning at 4000rpm. Other thicknesses are achieved by differ-
ent speeds of the spinner. For development, Microposit MF-319 developer is
used, and remaining resist leftovers are removed during 5min of low-power
reactive ion etching (RIE) with oxygen. The highest resolution achieved in the
system is about 2µm, the accuracy of alignment is better than 5µm.

2.1.2 Thin-film deposition

The deposition of uniform thin films of gold, copper, titanium and insulat-
ing calcium fluoride are important steps of the sample fabrication. One of
the simplest techniques is electron beam evaporation, which can be used for a
large variety of materials that do not decompose upon heating and where the
stoichiometry and step coverage are not crucial. During electron beam evapo-
ration, a target is heated with a high energy electron beam until it melts. Some
of the material evaporates and is ballistically transported to the substrate where
it condenses. Ultra high vacuum (UHV) conditions are needed, and the purity
of the deposited material is mainly determined by the pressure of the residual
gases. The rate and thickness of the deposition can be monitored in-situ us-
ing a thickness monitor which consists of an oscillating quartz crystal whose
change in eigenfrequency due to a deposition of material is calibrated to the
amount of deposited material.

For sample preparation, two systems were used in this work: A deposi-
tion system from Eurovac for deposition of titanium, gold and copper, and
an Edwards FL400/Edwards Auto 306 system for deposition of calcium fluo-
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(a) (b)

Figure 2.2: E-beam evaporation facilities: (a) Eurovac system: Samples are
transferred into the main chamber (1) using a load lock (2) and sample transfer
rod (3). Within the chamber, the samples can be tilted (4) with respect to the
electron gun (5). Main parts in the rack are the power supply of the electron gun
(6) and the growth rate monitor (7); (b) Edwards system: The system is much
more compact and the sample is loaded directly into the main chamber (1). The
pumpdown speed is increased by a cold trap (2) and liquid nitrogen.

ride. Both systems have different advantages: The Eurovac system shown in
Fig. 2.2(a) allows a quick sample exchange, deposition of more often used ma-
terials like titanium and gold, and has the possibility for sample tilting during
deposition. In the Edwards deposition system shown in Fig. 2.2(b) the whole
vacuum chamber is always vented, and the crucibles with the targets can be
replaced easily, for the price of a long pumpdown time.

2.1.3 Etching techniques

Etching techniques can be divided into physical and chemical techniques. Dur-
ing physical etching, material is mechanically sputtered away during bom-
bardment with atoms, while the underlying mechanism in chemical etching is
a chemical reaction forming volatile products. In general, chemical etching is
fast and highly selective. The simplest way for etching is wet chemical etching,
and samples are suspended in a solution of the etchant. Chemical dry etching
instead is performed in a gas atmosphere, where reactive radicals created in a
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(a) (b)

Figure 2.3: (a) Oxford Plasmalab System 100 and Oxford Instruments Plas-
maLab 80 Plus RIE/ICP used for argon sputtering and oxygen ashing; (b) “Sput-
nik” argon ion etching system: The main chamber (1) is always kept at UHV and
the sample is loaded over a load lock (2) and transferred to the main chamber
using a sample transfer rod (3). The argon ion gun (4) is coming diagonally from
the bottom to the main chamber. The argon gas flow is controlled using a flow
regulator (5).

plasma react with the sample. If the kinetic energy of ions in the plasma is high
enough, also physical sputtering can occur. By carefully selecting the process
gas, pressure and power, the etching mechanism of the plasma processing can
be varied from completely chemical to completely physical. Physical sputter-
ing can also be performed with argon ion milling. Thereto, low-pressure argon
is ionized in a plasma, and extracted from the plasma and accelerated in an
electric field.

Within this work, wet etching is mainly used with standard gold etch so-
lution. The etch rate of gold is several hundred nanometers per minute for
an undiluted solution, while photoresist is not affected by the gold etcher. In
fact, even small organic residues very effectively protect the gold from being
etched.

This organic material like photoresist can be selectively ashed away in oxy-
gen plasma using an Oxford Instruments PlasmaLab 80 Plus reactive ion etcher
(Fig. 2.3(a), right side). To avoid sputtering, a high pressure of 100mTorr and a
low radio frequency (RF) power of 10W are used. By applying an inductively
coupled plasma (ICP) power, the degree of ionization and etching rate can be
increased. For minor cleanup, a soft ashing plasma with 50W ICP power was
used, while hard ashing with an ICP power of 250W results in a photoresist
etching rate of about 50nmmin−1.

As chemical etching is very selective and all reaction products must be
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volatile, materials consisting of many different elements, like HTSC, are gen-
erally hard to etch. Furthermore, wet etching tests on Bi-2212 with different
chemicals showed a strong anisotropy and much higher etching rates in the
ab-plane than in the c-direction. Therefore, physical sputtering was chosen
for Bi-2212, and two systems are used: An argon ion etcher called “Sputnik”,
shown in Fig. 2.3 (b), and an Oxford Plasmalab System 100 plasma process-
ing system. The argon ion gun in the Sputnik system achieves an etching rate
in the order of 2nmmin−1 for gold and Bi-2212 at an acceleration voltage of
300V and an ion current of about 10mA. The etching rate can be increased
by a higher acceleration voltage or beam current at the cost of a higher sample
heating. As the sample holder in the system is poorly thermally anchored, and
as there is an additional heating from the glowing neutralizer filament, sam-
ples are subjected to a substantial heating potentially causing a hardbaking of
photoresit as well as a reduction of the oxygen content in the Bi-2212.

The Oxford Plasmalab System 100 shown on the left side of Fig. 2.3(a)
instead has a temperature controlled stage that can be cooled down to −150◦C
(“cryo-RIE”). The etch rate of plasma sputtering with argon can therefore be
increased by increasing the power, while the sample temperature is kept at
−50◦C. At the maximum power of 300 W RF and 500 W ICP, a stable plasma
is achieved at an argon pressure of 7 mbar, resulting in a DC voltage of about
300V. As it can be seen from the sputter rates in table 2.1, the etching is much
less selective than the chemical etching. Besides oxygen and argon, the system
provides CF4, CHF3, SF6 and Cl2 as process gasses.

2.1.4 SEM/FIB techniques

An FEI Nova NanoLab 200 Dual Beam Microscope shown in Fig. 2.4 was
used for sample inspection and manipulation. Besides the conventional scan-

Table 2.1: Approximate sputter rates in the Oxford Plasmalab System 100 for an
Ar flow of 10 sccm, a pressure of 7 mbar, a stage temperature of −50◦C, 300 W
RF and 500 W ICP power.

material etch rate (nmmin−1)

S1813/S1818 35-50
Au ca. 70
Cu 45-65
Pb ca. 140
Bi-2212 15-20
YBCO ca. 15
AL2O3 3-4
SiO2 8-10
EBID Pt 20-30
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Figure 2.4: The FEI Nova Nanolab 200 Dual Beam Microscope: The main
chamber (1) can be opened towards the right. The electron column (2) is sit-
ting on the top, and the ion column (3) and the gas injection system (4) on the
side.

ning electron microscope (SEM), it contains an additional focused ion beam
(FIB) column and a gas injection system (GIS) for platinum deposition. The
FIB produces a focused beam of gallium ions which can be used for both
imaging and controlled sputtering. The GIS provides the possibility for elec-
tron and ion beam induced deposition (EBID/IBID), a kind of chemical vapor
deposition with an activation due to charged particles instead of thermal ac-
tivation [71; 72]. For platinum deposition, a precursor gas, methylcyclopen-
tadienyl(trimethyl)platinum(IV), is directed over the sample using the small
GIS needle, and diffuses on the sample surface. In this molecule, the platinum
is weakly bound to the rest of the organic compound. Under electron or ion
beam irradiation, this bond is broken due to secondary electron emission from
the sample. The platinum becomes deposited, while remaining volatile com-
ponents are pumped away. Using an electron beam energy of 5keV and a beam
current of 1.6nA, a growth rate of about 10−3µm3 s−1 is obtained.

Both techniques allow direct writing of three dimensional patterns down to
a few tens of nanometers. However, they have several disadvantages: First, the
process time scales with the volume, and is therefore only suitable for small
structures with maximum dimensions ≈ 10µm. And second, the processed
areas become contaminated with gallium and/or organic residues from the pre-
cursor. The platinum deposits are amorphous with a concentration of platinum
of at maximum 30 % for IBID and 15 % for EBID [73; 74]. The rest of the
deposit consists mainly of carbon, and in case of IBID 10 to 15 % of gallium
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from the ion beam.

2.2 Fabrication of small Bi-2212 junctions

Samples have been fabricated from different Bi-2212 crystals. Pure, nearly
optimally doped Bi-2212 (Bi2Sr2CaCu2O8+x) and overdoped, lead-substituted
Bi(Pb)-2212 (Bi1.75Pb0.25Sr2CaCu2O8+x) single crystals have been provided
by Timothy Benseman, University of Cambridge. Marco Truccato, University
of Turin, provided additional Bi-2212 whiskers [75].

Two techniques are described in the following: With the mesa-technique, a
stack of intrinsic junctions is fabricated on the surface of the crystal, while it is
sculptured from both sides at the center crystal during double-side fabrication.
A schematic comparison is shown in Fig. 2.5.

2.2.1 Fabrication of mesa structures

The mesa technique is performed in several steps: First, a flat crystal surface
with a gold protection layer is prepared on a sapphire substrate. Then, the ac-
tual mesas are sculptured by etching away some layers of crystal around the
mesas which were covered by a protection mask. Finally, gold leads contact-
ing the mesas to bond pads are made and the sample is ready to be mounted.
Optionally, an additional insulation/planarization layer can be made together
with the fabrication of the mesas to reduce the risk of broken contact leads
or shorts to the crystal. Additionally, the mesas can be processed by FIB to
remove shorts between contacts or reduce the size of the mesas any time after
the contacts are finished.

Preparation of the crystal To prepare a smooth crystal surface, a small and
thin flake was glued between two sapphire substrates of edge length 5mm and
0.5mm thickness as illustrated in Fig. 2.6. Two epoxy glues have been used:
Stycast 2651-40 mixed by weight with Catalyst 9 in a ratio of 100 to 8-9, which

(a)
1 2 3 4 5

(b)
1 2 43

Figure 2.5: Schematic comparison of the two fabrication techniques used:
(a) mesa technique, (b) double side fabrication/z-junction. The crystal and its
layers are gray, while gold is shown in dark yellow color.
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Figure 2.6: A big crystal flake glued between two sapphire substrates with edge
length 5 mm. The horizontal line in the flake originates from two grain bound-
aries.

was filtered to remove glass particles, and UHU plus endfest 300 in a mixing
ratio of 100 parts of binder and 50 parts of hardener by weight to achieve a
harder epoxy with a slightly greater resistance to heat, water and chemical
substances [76].

After hardening the expoxy glue for 10min at 100 ◦C, the crystal could be
cleaved by splitting the two substrates. Similar to graphite, the crystal usu-
ally cleaves along the insulating layer of the crystal as the bonds within the
planes are stronger. Cleaving has a yield of about 50-80% as often one side
of the crystal is very thin or the cleaved area contains steps and is not large
enough. The amount of glue below the crystal can be reduced by pushing the
two substrates together by a small force, for example due to the weight of a
microscope slide. Since the crystals are very sensitive to air and especially to
moisture, they are immediately protected after the cleaving by a 30nm gold
film deposited in the Eurovac system.

Optionally, a photoresist square of 100µm edge length was made in the
center of the crystal, and the main amount of gold outside this area was etched
away with wet chemical etching. Furthermore, excess epoxy glue around the
crystal was removed mechanically with a scalpel.

Etching of the mesas In the second step, the position for the mesas on the
crystal was selected, and the etching masks have to be made. For mesas larger
than 3 by 3µm, the masks can be made by photolithography, while platinum
EBID was used for smaller dimensions. For EBID, the sample had to be
grounded well in the SEM to avoid charging and drifting effects. An accelera-
tion voltage of 5 kV and a current of approximately 2 nA was used to deposit
the 50-100 nm thick masks. Such a deposited pattern is shown in Figs. 2.7(a)
and 2.8(a). Figure 2.7(b) shows additional alignment marks which were also
deposited to simplify the alignment of the contact leads as they are bigger and
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(a) (b)

Figure 2.7: (a) SEM image of six deposited platinum masks of different size.
The dark shade around is due to charging effects and deposition of carbon. The
contamination dot on the lower right side is an unwanted deposition as the elec-
tron beam is not blanked when the scanning is paused. (b) Low-magnified SEM
image of the same masks. As the mesas are too small to be observed in later
lithography steps as well as in the center of this SEM image, additional marks
for horizontal and vertical alignment have been deposited (marked with red cir-
cles).

(a) (b)

(c) (d)

Figure 2.8: Fabrication of mesas using EBID. (a) Six platinum masks on the
crystal/gold after a short oxygen plasma ashing step. (b,c) Different mesas after
etching. The platinum/carbon is partly etched away, and the gold becomes visi-
ble. A contamination dot can be seen on the lower right corner of (b). (d) Mesas
with the photoresist planarization layer on the top and bottom.
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(a) (b)

Figure 2.9: Mesas made on a whisker using lithography (a) without and (b)
with the planarization layer after the etching was finished. The used photomask
has several groups of six small squares of different size with a distance of about
10µm. Each group is separated by a bigger alignment mark. The mesas and
alignment marks are still covered by gold, while the crystal around was etched
away. As the size of the mesas is close to the resolution limit of the lithography,
the mesas are rounded.

better visible in the projection print camera.
For the etching it is desirable to etch as little crystal as possible, while the

gold has to be removed completely. Since even a small amount of organic con-
taminations can lead to an incomplete etching of the gold which later causes
shorts, all samples are ashed for 1 to 5 minutes in soft oxygen plasma. The ac-
tual etching of the crystal was either done with argon ion milling in the Sputnik
system, or sputtering in plasma argon in the cryo-RIE. In the Sputnik system,
the etching takes about 12 to 15 minutes, compared to 30-40 seconds in the
cryo-RIE.

EBID masks are thin, conductive, and partly etched together with the gold.
The photoresist masks instead need to be removed in a separate process step.
Both the heat in the Sputnik system as well as the strong UV radiation in the
argon plasma lead to an additional hardening of the photoresist which makes
it hardly soluble in acetone without an ultrasonic bath. Since even a weak
ultrasound has a significant risk of cleaving the crystal further, the resist is
instead ashed away in hard argon plasma for about 30 to 40 minutes.

The result is shown in Fig. 2.9(a) for mesas made with photolithography
and in Figs. 2.8(b,c) for those with the IBID technique.

Fabrication of the contacts The top contact of each mesa was connected
to two bond pads by gold or copper leads which need to be insulated from
the crystal. Normally, the unprotected crystal around the mesas passivates
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(a) (b)

Figure 2.10: Fabrication of the contact leads: (a) First, a resist mask is carefully
aligned to match all mesas in the center. (b) After etching, the photoresist is
removed and the sample can be tested.

and becomes insulating immediately when dipped into water, or within sev-
eral minutes exposed to air. However, any remaining gold outside the mesas
may create short circuits to the contact leads fabricated later. Therefore, an
insulation layer was made using calcium fluoride or/and photoresist.

The calcium fluoride layer was made before or after the fabrication of the
mesas using lift-off. First, the mesas or the part of the crystal where the mesas
were going to be made was covered by a narrow line of photoresist, and, after a
short soft-ashing, remaining gold was etched away with chemical wet etching.
Then, about 50nm of CaF2 was evaporated onto the whole substrate, and the
lift-off is performed by removing the calcium fluoride on top of the photoresist
in warm acetone. Since the insulation layer is thick and hard, it is often neces-
sary to apply a weak ultrasound to remove the calcium fluoride at the borders
of the photoresist completely.

The layer made of photoresist instead has a double function: It can act as
an additional insulation, and planarizes steps and edges to make the later de-
posited gold leads continuous. It was made with a double exposure technique:
After the deposition and baking of the photoresist, the sample was once ex-
posed with a narrow line along the mesas to open the contact to the mesas,
and once more all around the whole crystal with a mask covering the crystal.
Planarization layers are shown in Figs. 2.8(d) and 2.9(b).

The gold/copper layer with a total tickness of 200nm was deposited in the
Eurovac system. To improve the step coverage at the edges of the photoresist,
the sample was tilted during deposition around the axis of the mesas to 0,
45 and −45◦. The etching mask was made by photolithography as shown in
Fig. 2.10(a), and the gold was etched away using chemical wet etching, argon
ion milling in the Sputnik system or plasma sputtering in the cryo-RIE. Finally,

29



Figure 2.11: SEM image of a finished sample. Some photoresist remains still on
top of and under the electrodes. In the right part, the electrodes are routed over
the crystal, while on the left side and bottom right corner, the edge of the crystal
can be seen.

the photoresist was ashed away in hard oxygen plasma, or exposed completely
and developed away. The final result is shown in Figs. 2.10(b) and 2.11.

Figure 2.12: Mesa structures trimmed by FIB.
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FIB processing After the main fabrication of the mesas, many of the samples
were further processed by FIB and IBID. The main purpose was the removal
of shorts between contacts and the repair of broken leads. As the electron
microscope is equipped with a cable feed through, it was possible to monitor
the resistance during the modification in-situ.

Some of the mesas have been trimmed with the FIB to reduce the size of the
mesa. This improves the shape of the mesas, but leads to a strong increase in
the number of junctions due to the control of the etching depth which is worse
than for argon milling and plasma sputtering. The result of FIB trimming is
shown in Fig. 2.12.

2.2.2 Double-side fabrication of z-junctions

Double-side fabrication is a more sophisticated fabrication technique than the
fabrication of mesas, involving more critical process steps. After the prepara-
tion of the crystal, contact leads with a confinement are etched into the crystal,
and a line cutting the crystal partly at the confinement is made. Then, another
sapphire crystal is glued on the sample, and the crystal is cleaved for a second
time and flipped to the other side. Now, the contacts are etched again and a
second line is made at the confinement to send the current through a zig-zag-
path.

Fabrication of the electrodes The preparation of the crystal is the same as
for the mesa technique. Instead of depositing masks for mesas, thick pho-
toresist masks for continuous electrodes are made in the first step. Then, the
unprotected gold and crystal is sputtered away in the cryo-RIE. Depending on
the thickness of the photoresist and the selectivity of the sputtering, between
200 and 500 nm of crystal can be sputtered away. After the photoresist was
ashed away, the electrodes are divided by a narrow, 100 to 300 nm deep line in
the center of the crystal. This line can be made with either another lithography
step, or FIB.

Flipping After the electrodes are etched and the cut is prepared, the crys-
tal needs to be flipped. Thereto, another sapphire substrate is glued on top
of the whole structure, and the crystal is cleaved again so that the electrodes
are turned towards the substrate, and a fresh surface is obtained. Ideally, the
electrodes are visible, while the line cutting the electrodes is not. If the line is
visible, (the part of) the sample is lost. Otherwise, the crystal can be cleaved
further using adhesive tape until the crystal around is thin enough to become
transparent. After deposition of a transparent, 30 nm thick layer of gold, the
same electrode masks are made on the new surface, and the gold between the
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electrodes is etched away. As the exact position of the electrodes on the back-
side is often only visible with transmitted light, several lithography trials may
be necessary. After the photoresist is removed, the final, 200 nm thick layer
of gold is deposited, and the lithography is repeated. In the following etching
step, the gold and crystal between the electrodes is removed completely.

Final processing After mounting and bonding the sample, the final process-
ing steps are made in the FIB. First, possible shorts between electrodes are
removed, and the side walls of the electrodes close to the etched line on the
backside are trimmed to get a well-defined structure. Possible cracks in elec-
trodes are repaired with IBID until the four-probe resistance of the electrode
can be measured in-situ. The resistance at this step is well below one Ohm.
While monitoring the resistance, a second line is cut close to the first line.
After cutting through the gold layer, the resistance starts to grow slowly. As
soon as the cut reaches the same level as the cut on the backside, the current
is forced to flow into the c-direction, and the resistance changes faster. At this
point, the cutting is stopped immediately.

2.3 Low-temperature measurement setup

All low-temperature measurements were performed in different closed-cycle
cryogen-free cryostats from Cryogenic Ltd. In these cryostats, helium is cir-
culating in a closed cycle and liquefied at cold heads driven by water-cooled
helium compressors. The bigger main cryostat has two Gifford-McMahon cry-
ocoolers and a NbTi/Nb3Sn composite solenoid for fields up to ±17T. Lique-
fied helium is collected in a pot, and can flow through a needle valve into
the sample space (“variable temperature insert”, VTI) where it is eventually
pumped of and liquefied again. Its base temperature is 1.8K and can be con-
trolled up to 300 K without influencing the performance of the magnet. It can
be either equipped with a sample rod allowing a sample rotation up to ±160◦,
a 3He inset for measurements down to 300 mK, or a susceptibility probe. In
order to measure at the lowest temperature, helium exchange gas with a pres-
sure of a few millibar is needed. Without the exchange gas, only about 20K
can be reached.

The second, small cryostat used has a pulse-tube refrigerator and a max-
imum field of 5T. It is a split-coil magnet having two magnet bores parallel
and perpendicular to the magnetic field, and allows an optical access to the
sample. The system is based on a 4He circulation cooling a 3He reservoir. It
allows a persistent sample temperature of about 3.5 K, or by pumping on the
3He, a temperature of about 300 mK with a hold time of up to 20 hours. These
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(a) (b)

Figure 2.13: (a) The main cryostat with a 17T magnet. On the right side the
scroll pump compressing the helium from the VTI into the storage tanks can be
seen. The two coldheads sitting on top of the backside of the cryostat can be seen
as well as the manometer of the VTI pressure which is attached to the sample
transfer system. On top of it, the cables to the measurement system on the left
side can be seen. (b) The smaller optical cryostat has a 5T magnet and only
one coldhead. The sample is loaded from the front, and can be accessed through
optical windows from four sides.

numbers depend strongly on the heat load due to thermal radiation through the
optical windows and sample heating. As the sample has a weak thermal cou-
pling to the magnet, a stable operation of the magnet is only possible at low
temperatures. As the sample is in good thermal contact to the 3He reservoir,
no exchange gas is needed.

Sample plug-ins/holders All samples are mounted on printed circuit boards
(PCB) of 12 by 16mm size with gold-plated copper leads as shown in Fig. 2.14:
On the top side are 20 bond pads and a center area of about 6 by 9mm where
the sample can be mounted. It has a hole on the side which can be used with
the aid of a mounting screw to increase the thermal contact. The back side
has two male 10 pin SMD pinhead connectors to plug it into different sample
holders.

In the big cryostat, mainly the sample holder allowing a ±160◦ sample ro-
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Figure 2.14: Plugin: (a) top view with a bonded sample, (b) bottom view.

(a)

(b)

Figure 2.15: (a) The holder with a rotating stage where the sample plug-ins can
be mounted. It features a heater, two thermometers (one at the rotator and one
close to the heater) and two hall probes for a precise measurement of the sample
temperature and rotation angle. (b) The unmounted adapter board of the rotator
(left) has a Cernox thermometer (yellow) and two Hall probes (black, above the
thermometer) for a precise measurement of the temperature and angle. In total,
30 highly flexible copper wires connect the board to the cables out of the cryostat.
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tation was used. To mount the sample plug-in, the rotating stage has another
PCB board with female pinhead connectors on one side and a Lakeshore Cer-
nox CX-1030-SD-1.4 thermometer and two Lakeshore HGT-2101 Hall probes
on the other side. The sample holder and the unmounted adapter board are
shown in Fig. 2.15. In total 30 highly flexible copper cables are connecting
the support board to a fixed connector at the bottom of the sample rod. The
thermometer is covered by Stycast and in good thermal contact with the sam-
ple. The Hall probes are mounted perpendicular to each other allowing a high
resolution measurement of the rotation angle and a high reproducibility of the
position despite a much higher mechanical backlash and hysteresis.

In the optical cryostat, the plug-in is placed on a sample holder consisting
of a brass base with 20 pins carrying an adapter PCB board to the plug-in. This
sample holder is loaded into the cryostat through a load lock using a transfer
tool. By using different adapters the sample can be placed either perpendicular
or in parallel to the magnetic field.

Measurement system The measurement systems of both cryostats are sim-
ilar to each other. Both are based on a National Instruments PXI system con-
trolled by LabVIEW and a measurement PC. Further control hardware as the
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Figure 2.16: Schematic overview of the measurement system: Again, the three
main components can be seen in the bottom. The cryostat computer controls the
cryostat an communicates with the measurement control computer, while the PXI
system with its extensions is performing the actual measurement independently
and does basic data analysis before transferring the data to the control PC.
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Lakeshore temperature controllers, Cryogenic Ltd. magnet power supplies and
other measurement hardware is connected to the measurement PC using GPIB
and USB interfaces. The PXI system is communicating over Ethernet and
has several extension cards providing several analog and digital in- and out-
puts of different resolution and speed used for arbitrary waveform generation
and sampling of current-voltage characteristics (IVCs). Furthermore, it has
an FPGA (field-programmable gate array) based signal generator with eight
synchronized lock-ins.

The generated waveforms have an output voltage of up to 10 V which is
converted into a current using a high series resistance and a linear 10kΩ multi-
turn potentiometer as a voltage divider to adjust the current sent to the sample.
The current is measured using the voltage over another, high-precision series
resistor of 100Ω, 1kΩ or 10kΩ. Before digitization, all low-level signals are
amplified up to ±10V using home-built, battery-stabilized preamplifiers based
on the AMP01 low-noise instrumentation amplifier. The gain can be controlled
by the FPGA and changed with three steps per decade from 1 to 5000, reach-
ing noise levels of down to 10nVHz−1/2. Different sample channels can be
mapped to different sourcing and measurement channels using a switchboard
matrix.

The LabVIEW-based measurement program is modular and highly ver-
satile, allowing–besides a simple sampling of data–real-time manipulation of
scalar data and waveforms (e.g. Fourier transform, determination of the critical
current from current-voltage characteristics), binning (intensity plots), averag-
ing, feedback (stabilization of voltage and current), etc.

In the big cryostat, an additional FPGA is solely used to drive and measure
the two Hall probes on the rotator stage and an additional Hall probe directly
on the magnet. From the measured Hall resistances both the magnetic field and
the angle of the rotator are calculated. As the sensitivity of the Hall probes is
temperature dependent and contains a significant contribution from a magneto-
resistance in parallel field, calibration data and an iterative process is used to
determine field and angle: Using a starting angle and the field from the Hall
probe on the magnet, the resistance of the Hall probes is separated into the con-
tribution from the Hall effect and the magneto-resistance and the parallel and
perpendicular component of the magnetic field is determined from the calibra-
tion data. From the field components, the angle and total field is calculated and
the iteration can be repeated. As the separation of the resistance as a function
of the angle is rather empirical, minor systematic errors may occur at angles
different from multiples of 45◦. Those deviations, however, are not crucial as a
resolution and reproducibility of the angle as well as the absence of hysteresis
are more important for sample alignment, and most measurements are usually
carried out in parallel or perpendicular field.
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2.4 Giga- and Terahertz equipment

For experiments in the optical cryostat, various kinds of quasi-optical ele-
ments operating in the extremely high frequency (EHF) and far infrared (FIR)
regimes are used. The main components are briefly described in the following.

Gigahertz frequency multiplier To generate powerful EHF radiation, a Luff

research SLSM5-815-500 frequency synthesizer with a tuning range between
8−12.5GHz and an output power of 20mW together with a frequency multi-
plier with a factor of 8 and a maximum output power of a few milliwatt has
been used. The multiplier has a specified working range between 72−76GHz,
however, a high power is only reached at a few narrow frequency bands.

Backward-wave oscillator For FIR radiation, a CDP System Corporation
backward-wave oscillator (BWO) type PM-13.2 with two different BWO tubes,
OV-82 N812 with a frequency range 612− 1002GHz [77], and OV-84 N827
with a frequency range 935− 1231GHz [78]. The average output power is
specified as 1 and 0.5mW, respectively.

Golay cell A CDP System Corporation OAP golay cell was used as a de-
tector. It uses the thermal expansion of a gas due to radiation and detects the
deformation of a membrane [79]. Therefore, it works in a very broad frequency
range, but is relatively sensitive to vibrations. It is mainly used for alignment
and operated together with a chopper at about 23Hz.

Lenses Lenses which are made of high-density polyethylene (HDPE) and
high-resistivity float zone silicon (HRFZ-Si) are used in the experiments. The
main lenses are HDPE lenses and have a diameter of 50mm and a focal length
between 60 and 225mm. Below 1.5THz, HDPE lenses have a transmission
>80% and a refractive index of ≈ 1.54 [80]. HRFZ-Si instead has a refrac-
tive index of n ≈ 3.42 and a resistivity of about 30kΩcm resulting in a power
absorption coefficient of α < 0.05cm−1 between 0.5 and 3 THz [81]. Due to
the high refractive index, the reflective losses are the main reason for a signifi-
cantly smaller transmission compared to HDPE. On the other hand, this allows
very compact setups with short focal lengths and a direct proximity to silicon
and sapphire substrates. HRFZ-Si lenses are supplied by TYDEX from St.
Petersburg, Russia.

Filters and windows The signals can be continuously attenuated using wire
grid polarizers or simple ESD bags having a fixed transmission of about 6.5%
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(≈ −12dB). To selectively block infrared radiation from entering the cryostat
while allowing radiation . 4THz to pass, several Zitex G108 films [82] ther-
mally anchored at 50K and 4K are used. As vacuum windows, both 2mm
quartz glass and 1mm polypropylene from lunchboxes showed good transmis-
sion properties.
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3. Results and discussion

3.1 General properties of intrinsic Josephson junctions

3.1.1 Current-voltage characteristics and superconducting gap at low
temperatures

A typical low temperature current-voltage characteristics (IVC) is shown in
Fig. 3.1. The characteristics is symmetric and strongly hysteretic due to a high
quality factor of the underdamped junction. It can be interpreted as a series
circuit of several Josephson junctions with the sum of the voltages over all
junctions, and shows a discontinuity whenever an individual junction reaches
its critical current and switches to the quasiparticle state. As the top junction
is partly passivated during the sample fabrication, it usually shows a signifi-
cantly smaller critical current than other junctions as it can be seen close to the
origin. Once a junction switched to the resistive state, it will switch back to
the superconducting state only if the current is less than the retrapping current
which is significantly smaller than the critical current.

Figure 3.2(a) shows the IVC of an overdoped Bi(Pb)-2212 crystal at higher
bias. The quasiparticle current as a function of the voltage exhibits a step
(current step) at 0.4 V. If all individual junctions have a similar critical current,
the voltage of the inflection point can be associated with the superconducting
gap, corresponding to twice the sum of the values of the gaps of the individual
junctions. From the characteristics at different temperatures below the critical
temperature, the voltages of the sum-gap step were extracted and plotted in
Fig. 3.2(b). For comparison the BCS temperature dependence ([70, section
3.6.2]) is fitted, and a superconducting gap of ∆(0) ≈ 23meV was found for
this sample.

3.1.2 Temperature dependent resistance

The temperature dependence of the low-bias c-axis resistance of a mesa and
a double-side fabricated z-junction are shown in Fig. 3.3 as black and red
curves, respectively. Above the critical temperature, the normal state resis-
tance showed a transition from semiconducting to a metallic behavior. The
crossover depends on the appearance of the pseudo gap and hence–as it can
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Upon increasing the current, switching of 12 individual junctions from supercon-
ducting to quasiparticle tunneling is observed when the critical current is reached.
During the downward current sweep, the quasiparticle tunneling state is sustained
until the current falls below the retrapping current.
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Figure 3.2: (a) High-bias IVC: The inflection point is identified as twice the sum
gap value. (b) The extracted sum gap values from IVCs at different temperatures
of the same mesa. Here, a gap value of ∆(0) ≈ 23meV was found.

be expected from the doping phase diagram Fig. 1.4–on the doping level of
the crystal. While overdoped samples have no or a small pseudogap, they are
metallic and almost linear down to the critical temperature. Strongly under-
doped samples instead exhibit a large pseudogap already at room temperature,
and show the semiconducting behavior up to much higher temperatures [83].
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Figure 3.3: Temperature dependence of the low bias resistance of a mesa (black)
and a double-side fabricated z-junction (red). The inset shows a blow up of the
main transitions. Starting from room temperature, both samples show a metallic
behavior that changes into a semiconducting behavior below 200 K. At 90 and
80 K, respectively, the superconducting transition appears for the mesa and the z-
junction. While the top junction of the mesa initially remains semiconducting and
shows a superconducting transition below 30 K, the z-junction shows a complete
transition at once.

The presented data shows crystals close to the optimal doping, and a crossover
between the two regimes was observed.

Both samples also showed a superconducting transition which is blown up
in the inset. While the transition of the z-junction starting at about 79 K was
complete down to zero resistance, it was incomplete for the mesa showing in-
stead a second transition below 30 K. The reason for this extra transition lies in
the top junction of the mesa which is passivated during the sample fabrication
and shows now a weaker superconductivity. The main superconducting transi-
tions for the mesa occurs at 87 K and at 79 K for the z-junction. As the critical
temperature gives more precise information about the doping level [84], it can
be found that the z-junction was slightly more underdoped than the mesa.

3.2 The fluxon lattice

3.2.1 Fraunhofer-like modulation of the critical current

The measurement of the Fraunhofer modulation requires a precise alignment
of the magnetic field strictly parallel to the ab-planes. Otherwise, Abrikosov
vortices may be trapped in the superconducting planes and interact with the
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Josephson vortices disturbing the modulation. It turned out that maximizing
the quasiparticle resistance under rotation of the sample at fields around 10T is
the most reliable alignment method. The stepping motor of the sample holder
has a resolution of about 0.02◦, and the achieved alignment is better than ±0.1◦.
After alignment, the sample was heated up above the critical temperature and
cooled at zero field to get rid of trapped Abrikosov vortices.

The critical current was automatically determined from the I-V character-
istics during the measurement. Since the critical current of the deteriorated top
junction is much less than the critical current of all other junctions, the current
from the second branch was used. In a first step, the quasiparticle voltage aris-
ing from the top junction was numerically subtracted from the characteristics
using the voltage from a fitted polynomial of the quasiparticle branch. The ac-
curacy of the subtraction is a few tens of µV. In this processed IVC, the second
branch is now shifted to V = 0. In a second step, the maximum and minimum
current in a span of less than 1 mV width around V = 0 was recorded as the
critical current of the junction.

The experimentally measured dependence of the critical current on the
magnetic field is shown in Fig. 3.4. In the plot, the magnetic field is given
in flux quanta per junction, i.e. in units of

B0 =
Φ0

sL
, (3.1)

where s ' 1.5nm is the periodicity of the superconducting CuO2 layers and L
the size of the mesa perpendicular to the magnetic field.

The obtained behavior follows the splitting of the pattern into three regimes
as described in section 1.4.1: Below a critical field, in the plot at about 2.5T,
no modulation but just a uniform decrease of the critical current is observed,
as no ordered fluxon lattice is present. At slightly higher fields, the modulation
starts with a half flux quantum periodicity with extra sub-dominant maxima at
fields corresponding to integer numbers of flux quanta. At fields above 9T, the
sub-dominant maxima disappear and the ordinary Φ0 periodicity arises.

As the layer thickness of the junction is known, the precise length of the
junction is an additional information obtained from the periodicity/Fourier
transform of the modulation.

3.2.2 Numerical simulations of the fluxon lattice state

The fluxon lattice was simulated numerically using the full version of the pro-
gram used in Ref. [85]. The simulation program solves the system of cou-
pled sine-Gordon-equations (1.21,1.22) for N = 5 junctions with the boundary
conditions (1.24). Starting at zero current, the system of partial differential
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Figure 3.4: (Paper I) Semi-logarithmic plot of the normalized critical current of
a Bi(Pb)-2212 mesa with N = 54 versus the external magnetic field in units of
flux quanta per junction. The modulation of the critical current can be divided
into three regions: At low fields, below Bmod ≈ 2.5T, no modulation is observed.
Above it, a modulation with half flux quantum periodicity and dominant as well
as sub-dominant maxima arises. At about Btrans ≈ 9T this merges into an mod-
ulation with integer periodicity and shows only dominant maxima. The arrows
mark the fields at which the simulated fluxon lattice is shown in Fig. 3.5.

(a) (b) (c)

Figure 3.5: Simulation of the fluxon lattice in a stacked junction with N = 5
junctions and a length of L = 5.0λJ close to the critical current at a flux of (a)
Φ = 5Φ0, (b) 5.5Φ0 and 8.5Φ0 per junction. A fluxon is symbolized by an ellipse
of width λJ and height s. The states correspond to the fields marked in Fig. 3.4.

equations is solved while successively increasing the current until the system
switches into the dynamic flux-flow state. Details of the simulation algorithm
can be found in [50; 65].

For the simulation it was assumed that all five junctions are identical and
at T = 0K. The quality factor Q was set to 10, while the thickness of the elec-
trodes was chosen to be d = 0.8nm to adjust for a reasonable Swihart velocity
and dielectric constant, while s = 1.55nm.

43



The simulation was done for a series of different fields Φ/Φ0 at various nor-
malized junction lengths L/λJ, and provides the position of the fluxons. Three
typical lattice configurations for L/λJ = 5.0 are shown in Fig. 3.5: Panel (a)
shows a triangular lattice, existing at low fields and at integer flux quanta val-
ues. At half integer flux quanta and higher fields, in-plane repulsion with the
borders becomes stronger, and the triangular lattice deforms into an oblique
lattice shown in panel (b). As the field is further increased, the lattice fi-
nally reaches a nearly rectangular configuration at half integer fields (panel
(c)), while it is still triangular at integer flux quanta fields.

For all obtained lattices, the average relative offset between vortices in
nearby layers is calculated: In a perfect rectangular lattice, this offset is 0,
while it is 0.5 in the triangular case. If the offsets are irregular, the value can
become larger than 0.5.

3.2.3 Static fluxon-lattice phase diagram

Both transitions–for lattice formation at Φmod and between triangular and rect-
angular lattice at Φtrans–can be seen clearly in the modulation in Fig. 3.4. These
values were extracted from several different mesas, and plotted against the nor-
malized junction size L/λJ in Fig. 3.6. Additional data points taken from [85]
were added to the plot. Triangular icons represent Bi-2212, and round icons
Bi(Pb)-2212 having a higher critical current.

Though the critical currents of the different crystals are spread over an
order of magnitude resulting in a three times shorter Josephson penetration
depth in Bi(Pb)-2212 compared to Bi-2212, the data points collapse and can be
approximated by a linear dependence: The modulation of the critical current
starts at about 0.4fluxons/λJ, while the disappearance of the sub-dominant
maxima occurs at about 1.3fluxons/λJ.

While the transitions between the different behaviors of the modulation,
Fig. 3.4, carry information about the position of the borders between the differ-
ent regimes of the fluxon phase diagram, they do not allow direct conclusions
about the arrangements of the fluxons. Therefore, the results of the numerical
simulations are presented as the background coloring of Fig. 3.6. Colors corre-
spond to the average relative offset between vortices in nearby layers. A value
close to zero (red) represents a rectangular lattice and around 0.5 are triangular
(green). In between, the lattice is oblique (blue). Irregular lattices are marked
with yellow and white colors.

It can be seen that the start of the modulation coincides with the formation
of the regular lattice at 0.4fluxons/λJ. For reference, also the critical field for
lattice formation Bcr from equation (1.16) is shown as a dotted black line. This
critical field is less than half the experimental value.
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Figure 3.6: (Paper I) The static fluxon-lattice phase diagram shows the magnetic
flux Φ = BLs of the beginning of the current modulation (filled symbols, Φmod)
and the disappearance of sub-dominant current maxima (open symbols, Φtrans)
as a function of the normalized junction length for different mesas. The modula-
tion starts at about 0.4Φ0/λJ (dash-dotted red line), while the transition for short
junctions starts at about 1.3Φ0/λJ (solid blue line). For reference, the critical field
[equation (1.16), dotted black line] and the fields of first appearance and stable
rectangular lattice [equations (1.17,1.18), pink dashed and green dotted line] are
shown. The background colors illustrate the fluxon lattice state obtained from
the numerical simulations.

At higher fields, the simulation shows an alternation between a triangu-
lar lattice at integer flux values and a deformed, oblique lattice at half-integer
flux values. While the offset value of 0.42, i.e. the border between the tri-
angular and oblique lattice in the plot, is arbitrarily chosen, the deformation
increases with stronger field and shorter junctions. At high enough field or
small enough junctions the lattice is completely forced into the rectangular
state at half-integer flux values, while it is still triangular/oblique at integer
values.

As long as the lattice is in the triangular/oblique state (dense lattice in a
wide stack [57]), size-matching effects lead to a stable configuration with a
high supercurrent at integer and half-integer flux values, corresponding to a
half-integer modulation periodicity for the critical current with magnetic field
and a 2π phase shift every two junctions or one flux quantum per two junc-
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tions [53; 57]. The rectangular lattice is instead dominating in the narrow-
stack regime, with the exception of regions around integer-flux values where
the triangular lattice is stable. This current, Imax,2, is decreasing faster with
field [equation (1.20)] than the supercurrent with a rectangular lattice Imax,1
at half-integer field [equation (1.19)] [57], causing the disappearance of the
sub-dominant maxima at integer fields observed in the measured modulation
at Btr.

The experimental observation of Btr agrees well with the predicted field at
which the rectangular lattice is stable, equation (1.18), showing a quadratic
dependence of the flux on junction length [57]. The linear approximation
of Btr ≈ 1.3Φ0/λJs is a sufficient rule of thumb in most experiments where
a rectangular lattice is desired: While a shorter junction is immediately in the
short-stack regime, big junctions are much harder to align and more vulner-
able to trapping of Abrikosov vortices. It allows a size-independent estima-
tion of the field for the transition depending only on the Josephson penetration
depth/critical current at zero field. For example, the used Bi-2212 crystals
show the transition at about 2.5T, while the field is 8.9T for the lead doped
Bi(Pb)-2212.

Similar lattice phase diagrams have been made based on oscillations on
the flux-flow resistance at elevated temperatures, for example by Kakeya et al.
[61]. The construction of the phase diagram is based on the assumption that
Bmod = Bcr, as the Josephson penetration length is not known from the critical
current, leading to an offset by a factor of 2 compared to the data presented
here.

3.3 Resonant phenomena

3.3.1 Flux-flow/Eck resonance

In the previous sections, the behavior of the static fluxon lattice in the mag-
netic field was discussed. Figure 3.7(a) shows I-V characteristics at different
magnetic fields. As before, the quasiparticle voltage of the first junction was
carefully subtracted. Above the critical current it can be seen that the junc-
tion does not directly switch into the quasiparticle tunneling state. Instead, a
current-dependent voltage arises. In the applied magnetic field the external
current through a junction causes a Lorentz force acting on the fluxons. If the
current is exceeding the critical current, the fluxons start to move with speed
u. These moving fluxons change the junction phase, generating a flux-flow
voltage VFF determined by the second Josephson relation:

VFF
(1.2)
=

h̄
2e
ω

(1.3)
= Φ0ω/2π = Φ0

nu
L

(3.1)
= Bsu, (3.2)
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Figure 3.7: (a) I-V characteristics of a Bi-2212 mesa at different magnetic fields:
The voltage originating from the degenerated top electrodes was subtracted, and
the positions of the flux-flow voltage were indicated by arrows. At higher cur-
rents, the junctions switch into the resistive quasiparticle state. (b) Plot of field
dependence of flux-flow voltages.

where n is the average number of fluxons per junction. At a fixed field B,
this voltage depends on the speed of the fluxons u. Fluxons are accelerated
by the Lorentz force, but both viscous friction due to the resistive shunting, as
well as an increase of the “mass” of the fluxon when approaching the Swihart
velocity are opposing a further acceleration. At the Eck resonance [86], the
fluxon speed and the flux-flow voltage reach their maximum.

The maximum flux-flow voltage for three different junctions is shown in
Fig. 3.7(b). It increases linearly with the magnetic field, and depends on the
number of junctions in the flux-flow state. From this, the maximum speed of
the fluxons was found to be about 10−3c.

The detailed knowledge of both the formation of the different types of
vortex lattices and the flux flow in Josephson junctions is crucial for the devel-
opment of tunable high-power THz sources based on Josephson junctions.

3.3.2 Fiske resonances

Fiske resonances are observed as constant voltage steps in the flux-flow state.
Again, the voltage from the passivated top junction was subtracted and an ac-
curate sample alignment is required. The applied low-frequency ac current is
modulated with a small current of higher frequency to enhance the visibility
of the resonances, and the sampled data points were binned in two-dimensions
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Figure 3.8: (Paper II) Digital oscillograms of a Bi-2212 mesa with N = 8 junc-
tions at T = 1.6K and different external magnetic fields. Fields are given different
colors, quasiparticle branches at zero field are represented by purple dashed lines.
The left panel (a) illustrates Fiske steps within the flux-flow at various magnetic
fields, and the circles indicate the highest flux-flow voltage VFF,max at the high-
est achieved flux-flow speed uFF,max. For reference, lines indicate the voltage
corresponding to the lowest characteristic velocity, cN = c8. The inset shows the
maximum flux flow speed (Eck resonance) as a function of magnetic field for two
mesas. The horizontal continuous and dashed lines mark the Swihart velocity c0
and lowest characteristic velocity cN . (b) Oscillograms at fields corresponding
to about 2.5 flux quanta per junction. In the large variety of Fiske steps, most
prominent are steps of voltage V2,8, V4,8 and V2,4. The inset overlaps the IVC
of the Fiske steps of the first with the second branch. While the maximal flux-
flow voltage scales with the number of junctions, the spacing of the Fiske steps
matches.

to obtain intensity plots (digital oscillograms). As the splitting of the charac-
teristic velocities cn (equation 1.25) and Fiske-voltages Vm,n (equation 1.27)
becomes more dense with the number of junctions, a low number of junctions
is necessary for an unambiguous distinction between different modes.

The intensity plot of the IV-characteristics of a device with N = 8 junc-
tions is shown in Fig. 3.8; different magnetic fields are colored individually. A
large variety of different Fiske steps can be seen on the different quasiparticle
branches. In panel (b), several of the Fiske steps have been identified and as-
signed to different modes (m,n). This identification is non-trivial since similar
voltage steps can arise from different combinations of collective (all/several
junctions in the same mode) and individual (different modes in the junctions)
resonances.
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For the distinction between collective and individual steps, the scaling be-
havior with the number of junctions was analyzed: Fiske steps are observed on
both the zero-voltage branch and the quasiparticle branches. However, on the
first quasiparticle branch, one junction is in the resistive state, and therefore,
one junction less can contribute to collective effects. As it can be seen in the
inset of panel (b), the Fiske step spacing matches, i.e. the steps are individ-
ual, while the maximum flux-flow voltage scales with the number of junctions,
i.e. are collective. From the analysis of oscillograms at different fields it was
found that the Fiske step behavior is mainly individual at fields corresponding
to half-integer flux quanta, while it is collective at integer flux quanta.

For the same junction, a minimal step size of 0.135 mV was found at in-
teger flux fields, and associated with the lowest velocity V1,8. Using this as-
sumption corresponding to c8 ' 3.17×105 ms−1, the modes of observed Fiske
step voltages were identified by matching against calculated Fiske voltages
Vm,n from equation 1.27 and their linear combinations. It was further found
that the mode number m is even at fields corresponding to half-integer flux
quanta, while it is odd at integer flux quanta. Several of the identified reso-
nances have mode numbers n < 8, i.e. they are superluminal resonances as
their corresponding speed of light is larger than the lowest speed of light c8.

The inset in panel (a) shows the maximum flux-flow velocity umax as a
function of magnetic field. It increases with field, and crosses cN at about
2.5 T, approaching the Swihart velocity c0 at high fields.

3.4 Emission-detection experiments

While almost 10 years have passed since the surprising discovery of a powerful
terahertz emission from large mesa structures [10], only low-power radiation
has been reported in small mesa structures . 5µm [87] despite them showing
a large variety of resonant phenomena and in turn proving the existence of
mechanisms to intrinsically generate high frequency radiation at high power
densities. Therefore, several experimental setups to detect emission of such
radiation with very low noise background have been constructed. The perfor-
mance of three of these setups shown in Fig. 3.9, one based on a hot-electron
bolometer and a lens, and two based on a SiN-membrane calorimeter with a
GeAu thermometer, is discussed in the following sections.

3.4.1 Hot-electron bolometer

The first setup shown in Fig. 3.9(a) consists of a NbN hot-electron bolometer
fabricated with thin-film technology on a silicon substrate mounted in direct
contact onto a hyper-hemispherical lens.
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Figure 3.9: Sketches of different setups used to detect possibly emitted ra-
diation: (a) hot-electron bolometer mounted on hyper-hemispherical lens, (b)
double-sided calorimeter detecting from the top side, reference side covered, (c)
double-sided calorimeter detecting from the bottom side. Sketches are not drawn
to scale. The opening angles α of the setups are estimated to be 65, 11.4 and
21.2◦, and the corresponding solid angles Ω captured by the detectors are 1, 0.03
and 0.11sr, respectively.

The lens is made of high-resistivity float zone silicon (HRFZ-Si). The
resistivity of the bolometer substrate is > 3kΩcm also resulting in a sufficiently
small dielectric loss [88]. With an estimated opening angle of α ≈ 65◦, the lens
could capture a solid angle of Ω = 4πsin2α/4 ≈ 1sr, i.e. about 16% of the total
hemisphere around the radiation source.

Despite of its low absorption and large aperture, this setup has two im-
portant disadvantages resulting in loss of a large fraction of radiation. First
of all, there are reflective losses at all interfaces between different refractive
indices, i.e. between vacuum and the lens, between the lens and silicon chip,
and between the silicon chip and the bolometer. In principle, these losses can
be reduced using an anti-reflective coating (vacuum-lens) or antenna (silicon
chip-bolometer), however, the efficiency depends strongly on the wavelength
matching. While the bolometer already had antennas, an anti-reflective coating
of the lens was not used.

Second, if the focused radiation misses the bolometer, no radiation can be
detected. The active area of the bolometer is very small, including the antenna
in the order of the wavelength, i.e. a few hundred micrometers. The emitting
junction is even smaller. The alignment of the bolometer, lens and source is
crucial, however, with the current setup it is not possible to do any further
adjustments once the sample is placed. Therefore, the bolometer is placed
slightly defocused to reduce the risk of missing a large fraction of the beam.

Taking both factors into account, the losses can easily be about two orders
of magnitude. Experiments with a source outside the cryostat revealed that the
sensitivity of a setup with a lens is still a factor of 2-3 better than radiating
directly on the front side of the bolometer. A significant improvement of the
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efficiency presumably requires a different approach, for example a mirror setup
similar to common light-emitting diodes covering almost 2π of the solid angle
together with a wave-guide.

The bolometer is a superconducting hot-electron bolometer mixer with a
double slot antenna made of a thin NbN film. It was originally designed for the
Herschel Space Observatory as a heterodyne detector and kindly provided by
Dr. Sergey Cherednichenko from Chalmers University of Technology, Gothen-
burg. The details of the bolometer can be found in [88] and are only briefly
summarized in the following:

Figure 3.10(a) shows an optical image of the central part of the bolometer.
It is made of a gold thin-film on a silicon chip in which an H-shaped double-
slot antenna (grey) as well as an electrode were etched. In the center of the
antenna, the electrode has a small gap bridged by a 3− 5nm thick NbN strip.
The center of the antenna is protected by a circular silicon film. The NbN film
has a Tc of about 9K, and photons with an energy larger than 2∆ ' 4kTc, i.e.
f & 0.75THz can break Cooper pairs. Compared to other superconductors,
NbN has a relatively high normal state resistance, small Sommerfeld constant
γ, and short electron-phonon interaction time of τe−ph ≈ 12ps at 10K [89].
This results in a larger signal due to the resistance change, a small energy to
heat the electron system, and a large bandwith due to the short relaxation time.

The full setup on a rotating sample holder is shown in Fig. 3.10(b), and
can be compared with the sketch in Fig. 3.9(a). It consists of two PCB boards
spaced with metal pins. The sample is sitting on the board on the right while
the bolometer is embedded in a window of the board on the left and only the
lens can be seen. An additional GeAu thermometer is mounted close to the
detector and is pointed out with a red arrow. For simplicity, the setup is built
for direct detection rather than heterodyne mixing at the expense of phase and
frequency information.

The temperature dependence of the current voltage characteristics of the
bolometer is shown in Fig. 3.11(a). Between 3.5 and ≈ 7.5K it is hysteretic
similar to a tunnel junction due to self heating, and continuous at higher tem-
peratures. For use as a detector, the hysteretical behavior is undesirable as
it reduces the sensitivity. While the critical current is reduced sufficiently by
the local oscillator power in the case of the heterodyne mixer, it has to be sup-
pressed either by temperature or magnetic field in the direct detection setup. As
an elevated temperature has less effect on the sample than an additional mag-
netic field, the temperature is stabilized at 8.0K using several heating stages.
The last stage consists of a GeAu thin-film thermometer mounted close to the
detector, and the Hall-probes of the rotator act as local heaters.

The inset of the same figure shows the IVC for a bare detector at 8.0K
without (light blue colored) and with (green) a THz signal from a BWO with
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(a)

(b)

Figure 3.10: (a) Optical image of the hot-electron bolometer. It shows the H-
shaped double slit antenna etched from the gold thin-film on the silicon substrate.
Protected by a circular layer of silicon, a 3− 5nm thick NbN film bridges a slit
in the gold electrode. The electrode continues towards the left and has additional
reflectors for the waveguides. (b) The full setup with a sample and the detector
mounted on a rotation stage of the cryostat. The silicon lens is mounted on a
PCB to the left of the lens. The bolometer is sitting in an opening in the board
and only its bonding wires can be seen. An additional GeAu thermometer can be
seen on the left side of the bolometer (red arrow). The sample is mounted and
bonded on the board right of the lens. A third PCB on the other side of the rotator
is an adapter between the sample connectors and the cables and carries both the
main sample thermometer and Hall probes.

an estimated power of about 80µW modulated at 2kHz which saturates the
detector. For maximal sensitivity, the working point is selected at 45µA and
the detector is biased with a high series resistance resulting in a constant cur-
rent bias. The red data shows the amplitude generated from chopped radiation
from an unfocused halogen lamp filtered with several layers of Zitex G108
films [82] thermally anchored at 50K and 5K. A rough estimation of the
power of such an arrangement can be made using Planck’s law and modeling
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Figure 3.11: (a) The temperature dependence of the IV-characteristics of the
hot-electron bolometer. At temperatures below 8.0K, the IVC is hysteretic due
to self heating, and above, its non-linearity is strongly temperature dependent.
The red line at 45µA is the voltage response of the bolometer at 8.0K to chopped
radiation from a halogen lamp. The inset shows the same bolometer response
(red) and the bolometer IVC at 8.0K without (light blue) and with (green) 2kHz
chopped THz radiation warming the electron system close to Tc. (b) Frequency
dependence of the detected bolometer voltage (top) and its corresponding phase
(center) to an ac bias of a mesa. The dc temperature was stable except for the
beginning of the experiment at 1kHz (bottom). The strong decrease with fre-
quency indicates a calorimetric crosstalk of the base temperature rather than a
true radiation signal.

the lamp as a black body with a radiating area of A = 3× 6mm2 and a tem-
perature of T = 3000K. At a distance of 150mm and a detector lens diameter
of 5mm the opening angle is α ≈ 0.5◦, i.e. the detector covers a solid angle
of Ω ≈ 6.5 · 10−5 sr. Numerical integration over the spectral radiance between
zero and the cutoff frequency of the Zitex filter at 5THz

P =

∫
Ω

dω
∫
A

da
∫
f

dν
2hν3

c2

1
e(hν/kBT )−1

(3.3)

results in a power of P ≈ 43nW at the detector. The glass body of the lamp
with A = 10 ·20mm2 and a temperature of T = 600K contributes an additional
P ≈ 90nW. Together with reflections from the lamp reflector and the path into
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the cryostat acting as a wave guide the power at the detector is most likely in the
order of several hundred nanowatt. Using the voltage amplitude of ≈ 660µV
this results in a responsivity of the setup of about 2kVW−1, and together with
a voltage noise limit of about 20nVHz−1/2 it leads to a noise equivalent power
in the order of about 10pWHz−1/2.

Data from an experiment with a mesa is shown in Fig. 3.11(b). The mesa
is biased at Vdc = 1.44V and Idc = 1.96mA while the current was modulated
with an amplitude of Iac = 2.93µA at a frequency between 0.2 and 1000Hz.
This corresponds to a power modulation of Pac ≈ 6µW. The upper panels
show the frequency dependence of the detector response Vd and its phase θ.
The expected response should be a constant signal independent of frequency
with peaks at multiples of 23Hz (thermometer bias) and 50Hz (line power).
Instead, the signal decreases linearly with frequency. This indicates that the
signal is primarily originating from direct heating from the mesa signal where
the thermal link of the mesa K to the whole stage with heat capacity C is not
sufficient to maintain a high temperature oscillation amplitude at frequencies
higher than that corresponding to a time constant τ = C/K = 1/ f [90, section
5.3.3]. The dc temperature of both the bolometer and the stage remain perfectly
constant during the scan as it can be seen in the lower panel.

Due to this strong heating signal, it is not possible to detect a radiation sig-
nal from the sample. The detector itself has a very good performance, however,
at the same time has a very strong requirements on the temperature stability of
the thermal bath. The thermal coupling between the mesa and the detector
provided by the mechanical setup and the exchange gas is too large. In the
original design for the space observatory the bolometer is embedded in liquid
helium and the radiation source has no thermal contact.

3.4.2 Calorimeter

The other two setups used are based on a nanocalorimeter provided by Dr.
Andreas Rydh and are originally designed for heat capacity measurements of
small single crystals [90; 91]. A sketch of the full setups is shown in Fig. 3.9(b)
and (c), and are later referred to as setup B and setup C. A calorimeter chip
mounted on a PCB is shown in Fig. 3.12(a). The silicon chip has a dimension
of 6.2 by 3.4mm with rounded corners due to the fabrication process. In the
center are two 1 by 1mm2 and 150nm thick Si3N4 membranes having a low
thermal conductivity. In the center of each membrane is a GeAu thermometer
and two offset heaters. Due to the limited number of connections into the
cryostat, only the thermometers are connected for a four-probe measurement.
Both sides of the calorimeter are symmetric, one being the sample side and the
other the reference side.
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(a) (b)

(c) (d)

Figure 3.12: Calorimeter chip mounted on a PCB (a) without and (b) with cov-
ered reference side. The SiN membrane is transparent and the contact leads
towards the thermometers and heaters can be seen. Panel (c) shows setup B
(without the reference side cover) where the sample is mounted opposite to the
calorimeter, and (d) shows setup C where the sample side of the calorimeter is
mounted on top of the sample.

In this design, both thermometers sharing the same ground can be current
biased and have approximately the same voltage. Measuring the voltage dif-
ference Vdiff between the sample and reference side Vs −Vr, the temperature
difference can be measured much more precisely than the difference between
both absolute temperatures as a better amplifier range and one instead of two
amplifiers can be used. This also reduces parasitic signals from an instable
base temperature as seen with the hot-electron bolometer above, but requires
that no signal reaches the reference side. Therefore, the reference side is ei-
ther masked as shown in Figs. 3.9(b) and 3.12(b), or the sample is mounted
sufficiently asymmetrically as in Figs. 3.9(c) and 3.12(d).

Figure 3.13(a) shows the temperature dependence of the resistance of the
sample side thermometer Rs (red) and reference thermometer Rr (black) in two
regimes: Above 20K, the cryostat can be kept in high vacuum, while a tem-
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Figure 3.13: (a) Temperature dependence of the calorimeter thermometer resis-
tances for the sample (red) and reference side (black). The thermometer sensitiv-
ity η = −d lnR/d lnT is close to 1 over a wide range and and increases towards
low temperature. The data above 20 K was measured without helium exchange
gas. (b) Detected power of the calorimeter thermometers at a base temperature
of 175K for a scan in a focused THz beam along the axis connecting the two
thermometers.

perature down to 1.8K is only achieved with a helium exchange gas. The sen-
sitivity of the thermometer η = −d lnR/d lnT is in the order of 1, and increases
to 3 at the lowest temperature. The thermal link K(T ) = dP/dT describes the
dependence between temperature and applied power to the calorimeter. It can
be determined by application of a known power using a heater, or using the
self-heating of the thermometer. Typical values for the thermal link in vacuum
(10−3 . . .10−4 mbar) are 20nWK−1 at 2.5K and 800nWK−1 at 25K [91]. With
an exchange gas, the thermal link is only weakly dependent on temperature
and pressure and is about 20µWK−1. Both sensitivity and thermal link repro-
duce very well for the same batch of calorimeters, and only a linear scaling of
the resistance of a known calibration is necessary.

A performance test with an external THz signal from a BWO was made.
The BWO signal is collimated and focused onto the sample side thermometer,
resulting in a maximum temperature increase corresponding to an absorbed
power of 380nW. At the same time, the power at the reference side is close
to zero. The cryostat was mechanically moved while the rest of the focusing
optics was fixed. The result of this scan is shown in Fig. 3.13(b): Both sample
and reference side powers show a central peak and small peaks at each side
similar to a Fraunhofer diffraction pattern. Both patterns are shifted by 1.6mm,
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while the distance between the centers of the thermometers is 2.4mm. The
First minimum of the pattern is about x = 2.2mm away from the center. The
frequency of the BWO at 4kV is 1050GHz, corresponding to a wavelength
of λ = 0.285mm. The vacuum window has a diameter of a1 = 26mm and is
D1 ≈ 210mm from the calorimeter, while the lens diameter is a2 = 50mm at
a distance D2 ≈ 300mm. The position of the first minimum of the Fraunhofer
pattern is at x = λ ·D/a, i.e. x1 ≈ 2.3mm in case of the vacuum window and
x2 ≈ 1.7mm in case of the lens. This indicates that the diffraction pattern
originates from the aperture of the vacuum window rather than the lens.

Modeling the observed pattern as an Airy disk, it is possible to estimate the
detection efficiency of the calorimeter. An Airy pattern with a radius of 2.2mm
to the first minimum normalized to a power of 1 is shown in Fig. 3.14 and has a
central intensity of 0.24mm−2. As the size of the active area of the calorimeter
is 0.28 ·0.28mm2 and much less than the peak width, the detected power is the
product of the intensity and the area, i.e. 0.019 or 1.9% of the total power. The
output power of the BWO depends strongly on the frequency and adjustment of
the source, but is specified with 0.5mW [78] at a proper adjustment. With the
geometrical efficiency of 1.9% the calorimeter should detect about 9.5µW. As
only 380nW of heating are measured, the absorption efficiency is about 0.04.
However, the absorption in air at 1050GHz, 20◦C and 34% relative humidity
is about 800dBkm−1 [92], i.e. 50% of the BWO signal is absorbed in 40cm.
HDPE lenses have a transmission of 85% each and a polypropylene window
about 90% [80]. Furthermore, transmission experiments through the empty
cryostat have shown that the detected signal on the Golay cell is only 1/6 of
the signal without the cryostat, indicating significant losses due to diffraction
on apertures and reflection at windows. Taking these factors into account, the
absorption efficiency of the calorimeter is very likely well above 10%.

In addition to the absorption efficiency, also the solid angle from the sample
captured by the calorimeter is crucial: Setup B covers an angle of α = 11.4◦,
corresponding to a solid angle of Ω ≈ 0.03sr, which is a factor 30 smaller than
that in the case of the hot-electron bolometer. For this reason, setup C was
developed with α = 21.2◦ and Ω ≈ 0.11sr, covering about 1.75% of the semi-
hemisphere. The detection efficiency of the whole setup becomes 0.05% for
setup B and 0.175% for setup C, assuming an isotropic emission.

Experimental data for experiments with mesa structures are shown in Fig.
3.15 for setup B and Figs. 3.16 and 3.17 for setup C. In all cases, the current
voltage characteristics is measured and the corresponding calorimeter response
is recorded.

In the upper panel of Fig. 3.15(a) the IVC of the sample is plotted. The
lower panel shows the corresponding absolute calorimeter temperature of the
sample side thermometer Ts in green (right axis), while the temperature dif-
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Figure 3.14: Simulated Airy pattern having a total power of 1 and a radius of the
first minimum at 2.2mm. The relative power density in the center is 0.24mm−2.

ference Ts − Tr is plotted in black in the left scale. A heating effect can be
observed. Fitting the temperature change versus sample power with a linear
function, a thermal link can be determined and the heating effect can be elim-
inated from the temperature change, as shown in the red curve. The resulting
data does not show any features expected from a radiation from the sample at
well defined voltages. Only temperature fluctuations in the order of 100mK
(80nW) are observed.

The data presented in Fig. 3.15(b) uses cycle averaging of about 2000 IV-
characteristics measured at 0.1101Hz. The upper panel again shows the IVC,
but at magnetic fields of 2.5, ±3.0 and −5T. Due to the field, a flux-flow can
be seen. In the middle panel, the corresponding thermometer signal is shown
(with an arbitrary offset). The lower panel shows the numeric derivative of the
IVC in the upper panel, and illustrates another effect: The variation in the sam-
ple bias is in the order of hundreds of microvolts and microamperes, while the
signal change on the calorimeter is several orders of magnitude smaller. Every
small coupling (inductive, capacitive, thermal, ground currents etc.) between
the sample and calorimeter in any part of the setup can lead to a crosstalk and
a systematic error in the measurement. As the temperature signal cannot be
reproduced in dc measurements, showing a strong frequency dependence and
depending on how amplifiers are connected, some kind of crosstalk is most
likely the major source of the features in the calorimeter signal.

For experiments with setup C special care was taken to reduce the crosstalk.
Besides the usual use of proper twisted pair signal lines, separate cables have
been used for sample and calorimeter, and custom adapters replaced all unessen-
tial accessories like matrix switches and flexible adapter panels. The effect of
these measures are shown in Fig. 3.16. In the experiment, the IVC is measured
together with the differential temperature, but in this measurement, the applied
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Figure 3.15: (a) IVC of a mesa (top) and the corresponding calorimeter dc re-
sponses (bottom): The absolute temperature of the sample side increases by about
2.5K (green) while the difference between the two calorimeter thermometers in-
creases by about 0.5K (black). Subtracting a linear temperature background as a
function of mesa power T (P) no signal above the noise level was resolved (red).
(b) The top panel shows the IVC for a similar experiment at magnetic fields of
2.5T (black), 3.0T (red), −3.0T (blue) and −5T (green) together with the differ-
ential calorimeter dc temperature response in the middle. Due to averaging, the
random noise is strongly reduced while systematic errors remain. The central dip
and the step at the end of the flux-flow regime are artifacts. The numerically cal-
culated differential resistance of the mesa dV/dI (bottom) shows similar features
as the calorimeter signal.

signal to the mesa is modulated with an ac signal on top of the dc offset, and
the ac response of the thermometer is measured, resulting in a higher signal-to-
noise ratio and increased crosstalk due to the higher frequencies. Two curves,
black and red, show the effect of the crosstalk at 23 and 184Hz before the
countermeasures, while the green curves is measured afterwards at 23Hz and
no crosstalk can be observed.

Figure 3.17 shows the main result of the generation-detection experiments
with setup C on a Bi(Pb)-2212 mesa of size 3.5 by 5.0µm and N ≈ 60. The
lead-doped crystals are chosen because of the existence of strong phonon res-
onances with high power densities facilitating a possible emission mechanism
(paper III). Black curves show the raw data while the red curve is numerically
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Figure 3.16: Crosstalk effect of an ac modulated sample bias and calorimeter
signal: black and red curves show an increase of the calorimeter signal with
frequency for an experiment where signal lines were not properly separated and
non-linearities in the IVC result in a parasitic calorimeter signal. No crosstalk
was observed after cables were spatially separated, proper twisted pairing used
and unessential components removed (green).

averaged by a factor of 16.
Similar to the description above, the mesa was biased with a dc current

swept from 1.7 to 0mA, while it was at the same time ac modulated with a
frequency of 37Hz. The modulation is about 3µA in current at high dc bias
and about 5mV in voltage at low bias. The IVC is shown in the lowest panel.

As resonances discussed in the other sections as well as emission from
mesas was reported in sharp spots of the IVC [87], any emitted power should
depend strongly on the bias. Sweeping the dc bias through such an emitting
spot with an ac modulated voltage V(t,Vdc,Vac) = Vdc + Vac ·

√
2 · sin(ωt), the

non-linear differential temperature response can be written as a Taylor expan-
sion

T (t,Vdc,Vac) = Tα + Tβ · sin(ωt +ϕβ) +

+Tγ · sin2(ωt +ϕγ) + O(sin3(ωt)) (3.4)

= (Tα + Tγ) + Tβ · sin(ωt +ϕβ)−

−Tγ · cos(2ωt +ϕγ) + O(sin3(ωt)), (3.5)

with the Taylor coefficients normally fulfilling Tx+1 � Tx and depending on
Vdc and Vac, i.e. Tx = Tx(Vdc,Vac) and ϕx = ϕx(Vdc,Vac). Therefore, the 1st

harmonics signal primarily shows the slope of the power as a function of the
bias voltage, while the 2nd harmonics predominantly contains the information
about the second derivative of the power. The dc signal is essentially directly
proportional to the detected power, but more prone to especially 1/ f -noise.
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Figure 3.17: Generation-detection experiment: The mesa bias is modulated with
a small ac signal of 37Hz while the offset is slowly swept. The bottom panel
shows the dc IVC of this sweep. The corresponding differential temperature
signals for the dc, 1st and 2nd harmonics are shown in the middle panels. Raw
data is shown in black and averaged data in red. As the dc signal is vulnerable to a
base temperature change due to small calibration errors, the resulting background
is removed linearly as a function of reference side temperature, and the signal
was offset to zero. Fluctuations in the DC signal originate from instabilities in
the base temperature. No features expected from THz emission can be seen above
the ac signal noise floor. The top panel shows the corresponding power level for
the averaged 1st harmonics signal.

The three middle panels of the figure show the dc (Tdiff,dc) as well as the
first (Tdiff,1) and second harmonics (Tdiff,2) of the differential temperature sig-
nal. Due to heating of the sample and a slight difference between reference
side and sample thermometers, not only both absolute calorimeter tempera-
tures increase by about 2.73K but also the raw dc signal increases with the
dc heating power Pdc = Vdc · Idc and the resulting rise of the calorimeter tem-
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perature Tr = Pdc/K′(T ), where K′(T ) is the thermal link of the sample and
calorimeter to the cryostat base temperature. Therefore, a linear background
as a function of the reference side temperature Tbgr,T = −0.0263 ·Tr +T (P = 0)
is subtracted from the dc signal shown. As the thermal link K′(T ) is increas-
ing with temperature, the calorimeter temperature Tr = Pdc/K′(T ) + T (P = 0)
is slightly non-linear.

The thermal link of the calorimeter cell K(T ) between 3 and 10K can be
approximated by

K ≈ (Ts/5.5K)1.35 ·2 ·10−7 WK−1.

Using this thermal link, the corresponding detected power can be determined
as shown in the upper panel for the 1st harmonics temperature signal. The 2nd

harmonics signal corresponds to a similar power level as both ac temperature
signals are at the same level.

Both ac signals do not show a detected power above 0.2− 1pW (upper
panel for 1st harmonics). The increase of the noise floor at high bias is a result
of the increased thermal link. Taking the overall detection efficiency of 0.175%
into account, no changes in radiation larger than 500pW are observed during
a variation of bias of about 3µA or 5mV at high and low bias, respectively.

The dc signal shows a variation of about 3mK, corresponding to 0.8nW in
detected power or 470nW including the detector losses. However, this varia-
tion is expected to generate a response on the ac signal about an order of mag-
nitude higher than the noise level, which is not seen in the data. This implies
that the increase in the dc temperature signal is more likely a consequence of a
non-linearity in the removal of the background rather than a real temperature
difference due to an emission from the mesa.

Experiments in magnetic fields give similar results, however, the cryostat
used for these experiments does not have a rotating sample holder. Therefore,
effects like Fiske steps or a Fraunhofer modulation are not observed as they
require a precise alignment in magnetic fields. The second available cryostat
instead either requires an exchange gas or has a higher base temperature which
both reduces the performance of the calorimeter substantially.

Another disadvantage of the current setup is the small captured solid angle.
Taking into account that radiation is not expected to be isotropic (as assumed
throughout this section) but rather emitted at an angle [11], an increased solid
angle could improve the experiment significantly. A possible way is the usage
of a collimating mirror setup similar to light-emitting diodes.
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3.5 GHz radiation experiments

The setup C described in section 3.4.2 was irradiated by the GHz source. Two
effects which are observed are described in the following sections.

3.5.1 Radiation-induced flux-flow

Irradiating the mesa structures with GHz radiation, resonant steps appear in the
current-voltage characteristics at low bias. Fig. 3.18(a) shows the temperature
dependence of the resonances at a frequency of f = 73.684GHz at a constant
power.

The strength and number of steps depend strongly on the distance and po-
sition of the cryostat and GHz source as illustrated in Fig. 3.18(b): At a base
temperature of 3.7K, the critical current of the first junction is > 250µA and
the resistance is 4.3Ω if the cryostat is far away from the GHz source, i.e.
≈ 1m (black curve). At this temperature, the sample side calorimeter temper-
ature is 7.0K, i.e. warmed 3.3K above the base temperature corresponding to
an absorbed power of the calorimeter thermometer of 4µW. Upon decreasing
the distance, the power increases and the critical current is suppressed while
the resistance increases to about 14Ω. Additionally, small non-linearities ap-
pear at about 1.1mV and a step-like feature develops at a voltage of 0.5mV
up to a critical current of about 110µA (red curve). Upon a further increase of
the power, the step value increases and the critical currents continue to go
down while the minimal differential resistance of the resonance stays rela-
tively constant (green curve). Eventually at too high power, the switching
becomes unstable (blue curve). An I-V oscillogram sampling over the full
power sweep is shown in Fig. 3.19 for frequencies of f = 79.24GHz (main
plot) and f = 73.648GHz (lower inset). It shows that the voltage can adopt any
value and continuously changes with power, up to a maximum voltage. The
maximum voltage at different frequencies is shown in the upper inset. How-
ever, only three datapoints fall into the optimal working range of the frequency
multiplier between 72 and 76GHz.

Many studies of different kind of responses of stacked Bi-2212 and other
layered HTSC junctions to GHz/mm-wave radiation have been made [93–
100]. Latyshev et al. demonstrate the appearance of Shapiro steps in the flux-
flow regime in a magnetic field [97]. The step voltage of these Shapiro steps
scales linearly with the frequency of the radiation, but is independent of the
input power. For the experimental data presented here, the expected voltage
of the first Shapiro step for a single junction at 73.684GHz is V = h f /2e ≈
0.152mV[69]. For a device with N ≈ 60 phase-locked junctions, a voltage
step of ≈ 9.1mV is expected. Furthermore, the voltage of the Shapiro step is
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Figure 3.18: (a) The low-bias region of the current-voltage characteristics of a
mesa under GHz radiation shows sharp resonant features on a voltage scale of a
few millivolt. The strength and number of steps depend strongly on the distance
and position of the cryostat and the GHz source. The graph shows the tempera-
ture dependence of a double step at a fixed geometry and at constant power and
frequency and demonstrates how the feature starts to smear out at 40K. The up-
per inset shows the IVC at 5 and 60K on a larger scale. (b) Evolution of the step
as a function of power. The radiation power is approximately proportional to
the difference between the sample side calorimeter temperature Ts and the base
temperature, 3.7K. The green curve corresponds to the black curve in panel (a).

expected to increase linearly with frequency. Both of these expectations dis-
agree with the experimental result.

A different effect where the step voltage depends on the input power rather
than the frequency has been shown in several experiments [93–95]. In this
case, fluxons are induced by the radiation leading to a unidirectional fluxon
motion due to the dc voltage. The density of fluxons depends on the strength
of the magnetic field. As the magnetic field strength of electromagnetic radi-
ation is proportional to the square-root of the power, the voltage of the flux-
flow depends on the power. Therefore, the observed behavior is attributed to a
radiation-induced flux-flow.

Latyshev et al. also show that additional, power independent steps similar
to Shapiro steps can coexist with the radiation-induced flux-flow [95]. It is
possible that the maximum voltage presented in Fig. 3.19 is coupled to the ac
Josephson voltage of a state where only a part of the 60 junctions, about 25, is
phase-locked. In this case, the locking efficiency, i.e. number of junctions that
can be phase-locked, can depend on the frequency.
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Figure 3.19: I-V oscillogram of a sweep of the power due to a change of the
distance to the GHz source at f = 79.24GHz (main plot) and f = 73.648GHz
(lower inset). The step voltage changes continuously. The upper inset shows the
maximum voltage of the step as a function of the radiation frequency.

3.5.2 Reflectivity control

Data of the calorimeter response of an experiment where GHz radiation of
f = 73.648GHz is focused on the sample side of setup C is shown in Fig. 3.20.
If the mesa is unbiased, Vdc = 0 at a base temperature of 60.0K, the sample side
temperature rises to about Ts ≈ 75.3K and the reference side temperature to
Tr ≈ 64.8K, as shown in the upper graph of panel (a). Assuming a thermal link
of K ≈ 1.75µWK−1, the absorbed power is about 27 and 8.4µW, respectively,
i.e. the sample side is ∆T = Ts −Tr = 10.5K warmer than the reference side
and absorbs about 18µW more power.

Biasing the mesa and switching junctions into the quasiparticle state, the
temperature of both calorimeter thermometers depend on the mesa bias. The
black curve in the lower panel shows the current-voltage characteristics for a
slow dc sweep from 0.7 to −0.7V with one point per second. While both the
reference and sample side temperature show a small temperature increase with
bias most likely originating from the thermal heating of the mesa, the sample
side temperature is also reduced at lower bias. The reduction is hysteretic and
matches the number of junctions being in the quasiparticle state. Sweeping the
bias from Vdc = 0.7V downwards, all junctions are in the quasiparticle state,
and the temperature difference is ∆T ≈ 10.05K, i.e. about 0.45K less than at
zero bias. Reaching the retrapping current at ≈ 0.1V and ≈ 0.1mA, junctions
switch back into the superconducting state, and the temperature difference si-
multaneously goes up to 10.50K. Decreasing the bias further, junctions sub-
sequently switch into the quasiparticle state, and the sample side temperature
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Figure 3.20: Calorimeter temperature response during slow measurements of the
I-V characteristics of a mesa exposed to GHz radiation at a magnetic field of 0T
(black and red) and 0.1T (green and blue) in the c-axis direction. Arrays indicate
the direction of the measurement. (a) Calorimeter sample- and reference-side
temperatures Ts (light blue) and Tr (magenta) during a measurement from posi-
tive to negative bias at 0T (black I-V characteristics). For a better comparability,
the sample side temperature was shifted down by 10K. While the temperature
of the reference side (besides a power-dependent heating) is roughly constant,
the sample side temperature shows an up to 0.45K increase while the intrinsic
junctions are in the superconducting state. (b) The temperature difference Ts−Tr
at different fields and with different sweeping directions. The temperature differ-
ence is highest at zero bias. It decreases while individual junctions switch into
the resistive state, and increases as they switch back into the superconducting
state. The effect is getting smaller as the critical current of the intrinsic junctions
is reduced by magnetic field.

decreases.

The I-V characteristics for the opposite sweep direction is shown in the
lower panel in red, while data at a magnetic field of 0.1T in the c-axis direc-
tion is shown in green and blue. Panel (b) shows the corresponding calorimeter
temperature difference. The offset of the temperature difference is arbitrary as
it depends strongly on the alignment of the GHz radiation. It was found that
the hysteresis in ∆T is reduced by magnetic fields, and completely disappears
above 0.2T. Fig. 3.21(a) shows the temperature difference ∆T as a function of
magnetic field at a small ac bias of the mesa of Vac ≈ 14mV at a base tempera-
ture of 5.3K. Sample and reference side temperatures are about 42K, and the
data is averaged over 8 field sweeps. At low field, the temperature difference
∆T has its maximum level, and is reduced by 0.45K between 0.13−0.17T. At
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Figure 3.21: (a) Temperature difference as a function of magnetic field for a
small mesa bias Vac ≈ 14mV. The difference is hysteretic and is largest at zero
field. At about 0.15T it decreases by 0.45K (black). During a field sweep down-
wards (red), the temperature difference increases slowly above 0.03T, and fully
recovers below. (b) IVC at a low base temperature without GHz radiation (black)
and with GHz radiation (red). The radiation is, besides the additional voltage step
described in the previous section, reducing the critical current and increasing the
base temperature, which in turn decreases the quasiparticle resistance.

higher fields, the temperature difference marginally decreases further. Sweep-
ing back, the difference decreases slowly and steadily until 0.03T where it
quickly recovers to the initial value. The hysteresis is most likely a conse-
quence of the vortex dynamics in the mesa. Fig. 3.21(b) compares the current-
voltage characteristics at low temperatures without and with GHz radiation.
Besides the voltage step described in the previous section, only a decrease in
the critical current and a decrease in the quasiparticle resistance is observed.

A possible origin if the observed effect is a change in the reflectivity of the
sample. In the unbiased case, the superconducting crystal forms a relatively
large ground plane with an edge length of several hundred micrometers. On
top are gold electrodes of a length in the order of a millimeter, as shown in
Fig. 2.11. The electrodes are both capacitively coupled over the overlapping
electrode area and shunted via the superconducting mesa to the ground crystal.
Together with the inductance of the electrodes, this resembles a series RCL-
circuit with a GHz antenna as the wavelength at 75GHz is 4mm. The elec-
trodes of size 4×10µm2 a few nanometers above the superconducting crystal
with a relative dielectric constant of εr ∼ 5 have a capacitance in the order of
picofarads, while the inductance of the microstrip is in the order of ∼ 10pH,
resulting in a resonance frequency in the order of several hundred GHz.

If the mesa is in the superconducting state, the dissipation of this structure
is low, the quality factor of the oscillator is high and most of the incoming
GHz radiation is reflected and detected by the sample side of the calorimeter.
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Switching the mesas into the quasiparticle state, the impedance of the antennas
change and the quality factor of the oscillator is reduced. Now, a part of the ra-
diation can be dissipated in the resistive mesa. Hence, less radiation is reflected
and the sample side thermometer is less heated despite the total dissipation in
the mesa is increased.

3.6 Persistent electrical doping

As discussed in section 1.3.1, most of the electrical properties of Bi-2212 de-
pend strongly on the doping level of the material. Such properties are the tem-
perature dependence of the normal state resistance, the critical temperature, the
superconducting and pseudo gap, and the critical current. The standard way of
manipulating these properties by doping is to change the chemical composi-
tion of the material, and–most common for HTSC–the oxygen concentration.
In this section, a novel method presented first by Koval et al. [44; 45] is dis-
cussed.

3.6.1 Dynamics

Applying a sufficiently high bias voltage to the mesas, the electrical dc resis-
tance of a mesa changes. The basic dynamics of this process is presented in
Fig. 3.22. Panel (a) shows the time evolution of the resistance of a Bi(Pb)-2212
mesa at 135 K: At a bias of about +1.9V, the resistance is gradually reduced.
The direction of the bias is defined as the voltage of the electrode with respect
to the voltage of the bulk crystal. The resistance follows a stretched exponen-
tial decay, R = R0 + Rd exp[−(t/τ)β]. Fitting, shown as a green dashed line,
gives time constants in the order of several hours and stretching parameters β
between 0.4 and 0.8. At low bias, the obtained state remains stable even at
room temperature.

The direction of the switching can be changed upon reversal of the bias
voltage as illustrated in the main plot of panel (b) (odd-in-voltage behavior).
As the rate changes with time, the process and rates are history dependent:
Panel (d) shows different rates d lnR/dt = dR/Rdt at identical voltages but dif-
ferent switching states. Data points 2-10 correspond to the states shown in
panel (c). Between 1.9 and 2.0 V it can be seen that a faster process increas-
ing the resistance and slower process decreasing the resistance are competing
against each other, until the fast process dies out.

A summary over all switching rates on the two crystals is shown in Fig. 3.23.
The rates depend on the bias, increasing strongly above a threshold voltage
in the order of 1 V. Experiments with point contacts reported similar thresh-
old voltages for resistive switching [41; 43]. From different samples it was
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Figure 3.22: (Paper V) Dynamics of the resistive switching: Panel (a) shows the
time evolution of the change of the dc resistance of an overdoped Bi(Pb)-2212
mesa at 135 K and a bias of about 1.9 V and its fit with a stretched exponential
(green dashed line). Panel (b) demonstrates the reversal of the switching direc-
tion by an inversion of the bias voltage under the same conditions. Panels (c)
and (d) show both the reversion of the switching direction as well as the history
dependence of the switching speed.

found that the threshold voltage is increasing weakly with the number of junc-
tions. Furthermore, the threshold voltage is slightly decreasing between 2K
and 135K.

While the direction of the switching changes with the bias direction (odd-
in-voltage) in panel (a), it is independent of the direction (even-in-voltage) in
panel (b). This indicates that different regimes/mechanisms exist and compete
with each other. Though the switching is reversible, the main focus during the
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Figure 3.23: (Paper V) Rates of the resistive switching of the dc resistance as a
function of the dc bias for (a) two different cycles of an overdoped Bi(Pb)-2212
mesa at 135 K and (b) an optimally doped Bi-2212 mesa at 2 K. Both show a
strong bias dependence with a threshold voltage in the order of 2 V. While the
direction of the switching changes with the bias direction (odd-in-voltage) in
panel (a), it is independent (even-in-voltage) in panel (b).

experiments was to reduce the dc resistance of the mesas.

3.6.2 Pulsed Measurements

Figure 3.24 presents results from short pulse switching on an underdoped Bi-
2212 mesa. A mesa can be switched into a low-resistive state by applying a
short (50µs) voltage pulse [panel (a)]. The amplitude of the change depends on
the voltage of the pulse. Additional pulses do not lead to a further significant
decrease of the resistance, while a higher pulse voltage reduces the resistance
further. Pulses of positive voltage switch the mesa back into the initial, high-
resistive state. Additional or higher voltage pulses do not lead to a higher
resistance than that of the initial state.

To investigate the pulsed switching further, a voltage sequence of a small
ac voltage, interrupted every 3 seconds by alternating positive and negative
pulses of 100µs length, was applied to the mesas. Such a sequence with a
pulse voltage of 3.5 V is shown in the lower part of panel (b). The upper part
shows the corresponding low bias ac resistance between the pulses. It was
found that the high-resistive state has a stable, time-independent resistance,
while the low-resistance state relaxes slowly back towards the higher resis-
tance, following an exponential decay. The time constant of the relaxation
is in the order of 0.8 s. Temperature dependent measurements show that this
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Figure 3.24: (Paper V) Resistive switching by short pulses on a Bi-2212 mesa at
(a-c) 2 K and (d) 100 K: (a) Current-voltage characteristics of a mesa in the high-
resistive (black, HRS) and low-resistive state (red, LRS). (b-d) The ac resistance
versus time during a sequence of alternating positive and negative pulses. The
pulse sequence is shown in the lower part of panel (b).

time constant has similar values over a wide temperature range between 2 and
280 K. This switching was repeated at different temperatures several hundred
times without degrading the properties, as shown in panels (c) and (d).

3.6.3 Spectroscopy

To gain a better insight into the resistive switching, the superconducting prop-
erties of the mesas have been studied in detail by analyzing current-voltage
characteristics and the temperature dependence of the low-bias resistance at
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Figure 3.25: (Paper V) Change of the superconducting properties of an optimally
doped Bi-2212 mesa: (a) Current-voltage characteristics at different successive
states. The inserts show blow-ups of the first two junctions. For better visibility,
the voltage of the lower inset was offset by 1 mV for each successive step. The
IVCs clearly show a reduction of the quasiparticle resistance with each step, and
an increase in the critical current. For the weaker top junction, critical current
was increased by a factor of ten. (b) Temperature dependence of the low-bias
resistance of the same states.

different switching states. Results for a slightly underdoped Bi-2212 mesa are
shown in Fig. 3.25. Panel (a) shows IVCs at different states. Starting from the
initial state 1, the high-bias dc resistance was successively reduced, which can
be seen as a successively reduced quasiparticle resistance and sum-gap volt-
age. While the slope at the sum-gap voltage step was positive in the initial
state, it turned negative from state 3, i.e. a back-bending feature evolved. This
back-bending is sometimes discussed as a result of self-heating of the mesas
at a high power [101]. However, as the voltage of the sum gap was reduced
during the switching, and the dissipated power at the sum-gap step remained
constant, the back-bending cannot be solely explained by heating effects, but
also reflects the doping-dependent change in the shape of IV-curves.

The second important change that can be seen in the IVCs is an increase
in the critical currents of individual junctions. While the increase is in the
order of 50% for most of the junctions, the increase is about a factor of 10
for the top junction (lower insert), and a factor of 5 for the junction with the
second lowest critical current (upper insert). In general, it was observed on
several mesas that the spread in critical currents tends to get reduced during
the resistive switching.

The temperature dependence of the resistance of the same sample at dif-
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ferent states is presented in panel (b). The initial state shows two transitions,
a main transition between 85 and 90 K, and the transition of the deteriorated
top junction below 25 K. The successive doping reduced the resistance of the
sample, but did only marginally change the critical temperature of the main
transition. Instead, the onset of the second transition was increased to above
50 K: While the bulk crystal was close to optimal doping where the critical
temperature is independent of the doping level, the temperature of the second
transition was increased since the top junction becomes underdoped during the
sample fabrication process. Other studied samples being under- or overdoped
instead showed a stronger influence on the bulk critical temperature.

In Fig. 3.26 (a), the critical current for two samples was converted into a
doping level p using the data provided in [84], and plotted against the normal-
ized sum-gap voltage. For reference, the critical temperature is shown as a
green dotted line.

3.6.4 Interpretation

All observed changes of the superconducting features behave as one would
expect from chemical doping with oxygen: The high-bias/quasiparticle resis-
tance is reduced with an increased hole doping. At the same time, the sum-gap
voltage and pseudo gap are decreased and the critical current of the junctions
is increased. For underdoped crystals, the critical temperature increases, while
it decreases for overdoped ones. Therefore, the observed resistive switching is
identified as a kind of persistent doping.

The observed time dependence of the resistive switching, a stretched poly-
nomial or so-called Kohlrausch behavior, is common for relaxation processes
in complex systems and photodoping in cuprates [33]. The same effects of
persistent photoinduced conductivity and persistent photoinduced supercon-
ductivity are observed in the persistent electrical doping (compare with sub-
section 1.3.1). Therefore, presumably similar mechanisms are responsible for
both the electrical and the photodoping. As two different, competing doping
behaviors being odd- and even-in-voltage have been identified, more than a
single mechanism is likely to be involved. From the pulsed switching being
performed reversibly many times in a helium atmosphere it can be concluded
that the stochiometry of the sample is not changed during the switching.

High electrical fields in the order of 109 Vm−1 suggest further that electro-
migration or filament formation may play a major role. However, it is different
from the observed reversible doping: At an even higher bias than used in the
experiments presented so far, another slow, irreversible process appears. Af-
ter this irreversible change, the IVC becomes strongly hysteretic as shown in
Fig. 3.26 (b): The junction switches into a higher resistance state at positive
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Figure 3.26: (a) Normalized sum-gap voltage versus critical current and doping
level. For comparison, the dotted line scales with the expected superconducting
BCS gap. (b) Strongly hysteretic IV-characteristics sampled during a sweep of
1 s after a sample was exposed to a too high bias: The sample switches quickly
to a high resistive state at negative bias, and switches back at positive bias. The
inset shows a SEM picture of junctions subjected to an ultrahigh bias, small holes
at the corner of the mesa can be observed.

voltages, and a low resistance state at negative voltages. The inset in (b) shows
a SEM image of the junctions after the irreversible processes took place, show-
ing small holes from arc formation. The reversible process is therefore clearly
distinguished from the irreversible one, and electromigration is excluded.

Koval et al. [44] suggests an electrostatic charge trapping in BiO layers,
changing the doping state in CuO planes. Such a mechanism would be inde-
pendent of the field direction, e.g. even in voltage, and would also require a
threshold voltage. Another possible mechanism is a charge transfer into an ion,
changing the redox state of the ion. Such a mechanism is commonly known
for resistive switching in many complex oxides used for memresistors, and was
also discussed as a possible mechanism for photodoping in cuprates [33].

The observed odd-in-voltage contribution instead is dependent on the field
direction, and therefore an asymmetric sample geometry. For persistent elec-
tric field doping [102] an oxygen reordering process depending on the polariza-
tion direction is considered as a principle mechanism for the effect, and it was
also suggested that persistent photodoping [32] is a result of oxygen reorder-
ing. It is discussed that the order of the (oxygen) dopants plays an important
role for the superconducting properties [103–106].
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4. Summary

In this work, intrinsic Josephson junctions fabricated from Bi2Sr2CaCu2O8+x

and lead doped Bi1.75Pb0.25Sr2CaCu2O8+x using advanced micro- and nanofab-
rication techniques in a cleanroom environment are studied. The studied sam-
ples have typical edge lengths between 0.5 and 5µm, and about 10 to 55 junc-
tions. To minimize self-heating, a special attention is paid to the miniaturiza-
tion of the samples.

In paper I, the static fluxon lattice of intrinsic Josephson junctions is stud-
ied. The junctions show a modulation of the critical current as a function of
magnetic field. A reproducible modulation is only observed for well-aligned
samples. Three different regimes are observed: (a) no modulation at low fields
below 0.4Φ0/λJs, (b) a modulation with a periodicity corresponding to half a
flux quantum per junction (half integer periodicity) at moderate fields, and (c)
at high field & 1.3Φ0/λJs with a integer periodicity. By comparing the results
with theory and simulations, the different regimes are attributed to different
fluxon lattice states: At low fields, only a few, weak interacting fluxons are in
the junctions being chaotically distributed rather than forming a lattice. At in-
termediate fields, the interaction between fluxons in different planes is stronger
than between fluxons in the same plane and the edge of the junction, resulting
in a triangular lattice.

Paper II studies the dynamics of the fluxons; geometrical resonances in
small mesa structures with just a few junctions. After a careful alignment, a
large variety of Fiske-steps is observed in the flux-flow regime. The modes of
these Fiske-steps are identified, including individual and collective resonances
as well as superluminal modes with a higher speed than the lowest velocity
of electromagnetic waves cN . It is argued that high-quality resonances are
non-radiating, while radiation from collective steps and non-uniform junctions
suppresses resonances.

In paper III, the propagation of electromagnetic waves and its interaction
with c-axis optical phonons in mesa structures is investigated. The electro-
magnetic waves are both generated and detected using the intrinsic Joseph-
son effect. It is found that electromagnetic waves interacting with phonons
form polaritons. The dispersion relation of the observed phonon-polaritons is
measured by applying an in-plane magnetic field and tracing the phonon reso-
nances.
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Paper IV studies the angular dependence of the flux-flow and phonon res-
onances as well as the magnetoresistance. The alignment procedure of the
samples in magnetic field necessary to obtain the modulation and resonances
shown in papers I-III is described. For alignment, the high-bias magnetoresis-
tance at high magnetic fields larger than 10 T is used.

Paper V demonstrates persistent electric doping of Bi-2212 crystals by ap-
plication of a large bias voltage in the c-direction. It is shown that supercon-
ducting properties like critical current, critical temperature, superconducting
gap and normal state resistance can be controllably and reversibly changed.
The effect shows the same behavior as chemical doping, and allows the analy-
sis of intrinsic tunneling spectra at different doping levels on one and the same
crystal. The doping dynamics is studied, and a threshold voltage for the doping
in the order of two volts is found, being only weakly dependent on the number
of intrinsic junctions. Two different behaviors of the doping dynamics are dis-
tinguished upon bias reversal: An even-in-voltage contribution attributed to a
charge trapping/charge transfer mechanism, while an odd-in-voltage contribu-
tion is attributed to oxygen reordering.

Work not published in papers includes different experiments attempting to
detect radiation from small mesa structures using different setups based on hot-
electron bolometer mixers and calorimeters. No distinct radiation with emis-
sion powers higher than about 500pW could be detected. Furthermore, the
interaction with external GHz-radiation is studied. Resonances attributed to a
microwave induced flux-flow are observed. Although creation of tunable THz
sources based on small Bi-2212 mesas remains an experimental challenge, it
was demonstrated that the reflectivity of the sample can be tuned by switching
mesas between the superconducting and quasiparticle state, which may have
an application as a switchable mirror.
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Errata to attached papers

- paper I, figure 3, Bl1 should read Bl2

- paper II, page 8, line 13-14, Eac ∝ 1/Q should read Eac ∝ Q

- paper II, page 8, equation (12) should be replaced with “for all even n”
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