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Abstract

Terahertz (THz) radiation offers many new possibilities for applications,
e.g., for spectroscopy, high-bandwidth data communication, medical di-
agnosis, and security screening. However, these potential applications
are still largely unused because there are only a few devices available to
generate these frequencies. Especially, from 0.3 to 2 THz there is a lack
of coherent, compact, low-cost, tunable, and high-power emitters. De-
vices based on fast electronic circuits usually work at lower frequency
and photonic systems at much higher frequencies. Unfortunately, there
is no overlap of these technologies. To close this so-called THz gap one
can use Josephson junctions which can convert an applied dc voltage into
an ac current and, thus, are able to emit electromagnetic waves. Accord-
ing to the Josephson relation, an applied dc voltage of 1 mV translates
into a frequency of 483.6 GHz. Especially, intrinsic Josephson junctions
(IJJs) occurring in the high-temperature superconductor Bi,Sr,CaCu,0Og, s
(BSCCO) are attractive sources of radiation due to their large frequency
range of, in principle, up to 10 THz, and the easy fabrication of hundreds
of almost identical junctions stacked on top of each other. The challenging
part is to achieve phase synchronization among the junctions to obtain
high power emission that scales with the square of the number of junctions.
Currently, IJJ stacks with emission powers up to tens of microwatts have
been realized, and frequencies ranging from 0.2 to 2.4 THz can be gener-
ated. High-precision frequency measurements revealed linewidths down
to some megahertz, which is already practical for applications. However,
a device that combines all these features does not exist yet. Especially, at
higher frequencies above 1 to 2 THz the emission power decreases strongly
and the linewidth becomes broad.

The group in Tubingen investigates THz generation from IJJ stacks in
close collaboration with the groups of H. B. Wang (Research Institute of
Superconductor Electronics, Nanjing University, China & National Insti-
tute for Materials Science, Tsukuba, Japan) and V. P. Koshelets (Kotel'nikov
Institute of Radio Engineering and Electronics, Moscow, Russia). Within
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this collaboration, goals of this thesis were (1) to gain a deeper under-
standing of the mechanisms of THz generation from IJJ stacks and (2) to
find ways how to tune and how to optimize the emission properties of the
samples. As a third goal, if possible, some potential applications should be
demonstrated.

To understand the physical behavior in more detail and to study the
influence of individual parameters on the system a three-dimensional
numerical model for large stacks of IJJs was developed. Typically, such
stacks with a large number of junctions strongly suffer from Joule heating,
such that the temperature distribution becomes highly inhomogeneous and
temperature dependencies of all involved physical quantities need to be
considered. Based on combined heat diffusion equations and coupled sine-
Gordon equations, covering both the thermal physics and the Josephson
physics, numerical simulations were done allowing one to have a look
into the dynamics of phase synchronization, hot spot formation, and the
excitation of standing waves in the stack of junctions acting as a cavity for
electromagnetic waves. The overall behavior of the system as well as effects
of an external magnetic field were studied and compared to experimental
data.

In experiment, a simple array structure was investigated systematically
to study the thermal and electric interaction of two nearby IJJ stacks.
Moreover, ways to modify and tune the emission properties of BSCCO
samples were studied. For instance, it was found that the emission power
strongly depends on the position of the hot spot that develops at high-bias
currents due to the strong self-heating of the samples. Also, a precise
tuning of the emission power is possible by using a focused laser beam
that locally heats the sample surface. Furthermore, charge carrier injection
was used to change the doping level of the crystal affecting the emission
properties.

Since the long-term goal is to build a compact, tunable, and coherent
device for a large field of applications at THz frequencies, some first,
simple applications are presented which show that BSCCO stacks are
suitable candidates as emitters. A compact THz emitter system was built,
working at liquid nitrogen temperatures with a commercial 1.5V battery
making it cheap, portable, and easy to handle. Furthermore, spectroscopy
experiments were done, showing that it is possible to detect gases like
water vapor and ammonia.
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Kurzfassung

Terahertzstrahlung bietet viele neue Moglichkeiten fiir Anwendungen in
Bereichen der Spektroskopie, breitbandiger Dateniibertragung, medizini-
scher Diagnostik und bei Sicherheitskontrollen. Viele dieser Anwendungen
werden jedoch nicht genutzt, da es nur wenige Bauelemente gibt, die in der
Lage sind, Strahlung in diesem Frequenzbereich zu erzeugen. Insbesondere
im Bereich zwischen 0,3 und 2 THz mangelt es an giinstigen, kompakten,
kohdrenten und durchstimmbaren Strahlungsquellen mit hoher Inten-
sitat. Schnelle Schaltkreise in der Hochfrequenzelektronik arbeiten bei
niedrigeren Frequenzen und photonische Systeme, wie beispielsweise La-
ser, bei hoheren Frequenzen. Einen Uberlapp der beiden Technologien
gibt es jedoch nicht. Um diese sogenannte Terahertzliicke zu schliefien,
konnen z.B. Josephsonkontakte eingesetzt werden, die eine angelegte
elektrische Gleichspannung in einen Wechselstrom umwandeln kénnen
und deshalb in der Lage sind elektromagnetische Strahlung zu emittieren.
Bei einer Gleichspannung von 1 mV entsteht so geméfl der Josephson-
relation ein Wechselstrom mit der Frequenz von 483,6 GHz. Besonders
intrinsische Josephsonkontakte (IJKs), die im Hochtemperatursupraleiter
Bi,Sr,CaCu;0g, 5 (BSCCO) vorkommen, sind attraktive Strahlungsquellen
aufgrund des hohen Frequenzbereichs bis zu 10 THz und der einfachen
Herstellung von Stapel vieler hunderter, fast identischer Kontakte. Heraus-
fordernd ist jedoch vor allem die Phasensynchronisation der oszillierenden
Strome in allen Kontakten, um eine hohe Ausgangsleistung zu erreichen,
die mit dem Quadrat der Anzahl an Kontakten steigt. Momentan ist es
moglich Stapel von IJKs mit einer Strahlungsleistung von einigen Zehn
Mikrowatt herzustellen und Frequenzen von 0,2 bis 2,4 THz zu erzeugen.
Prazise Frequenzmessungen ergaben Linienbreiten hinunter bis zu we-
nigen Megahertz, was fiir praktische Anwendungen bereits ausreichend
ist. Ein Quelle, die all diese Eigenschaften vereint, existiert jedoch leider
noch nicht. Insbesondere bei hoheren Frequenzen tiber 1-2 THz bricht die
Strahlungsleistung deutlich ein und die Linienbreite wachst.



Die Untersuchung der Terahertzemission von IJK Stapeln in Tiibingen
findet in enger Kooperation mit den Arbeitsgruppen von H. B. Wang
(Research Institute of Superconductor Electronics, Nanjing Universitat,
China & National Institute for Materials Science, Tsukuba, Japan) und
V. P. Koshelets (Kotel’nikov Institute of Radio Engineering and Electronics,
Moskau, Russland) statt. Im Rahmen dieser Kooperation waren die Ziele
der vorliegenden Arbeit, (1) ein tieferes Verstdandnis fiir die physikalischen
Vorgénge in Stapeln von IJKs zu gewinnen und (2) Wege zu finden, wie sich
die Strahlungseigenschaften beeinflussen und optimieren lassen. Drittens
sollte nach Moglichkeit untersucht werden, inwieweit bereits jetzt schon
diese Art von Emitter in praktischen Anwendungen eingesetzt werden
konnen.

Um das physikalische Verstandnis zu verbessern und um die Einflus-
se verschiedener Parameter auf das System zu untersuchen, wurde ein
dreidimensionales numerisches Modell zur Beschreibung grofier Stapel
von IJKs entwickelt. Da Joulesches Heizen bei Stapeln mit einer grofien
Zahl von Kontakten fiir gewohnlich zu einem starken Selbstheizeffekt
und zu einer extrem inhomogenen Temperaturverteilung fihrt, miissen
bei der numerischen Beschreibung die Temperaturabhingigkeiten aller
physikalischen Groflen berticksichtigt werden. In Simulationen mit einem
kombinierten System von Warmeleitungsgleichungen zur Beschreibung
der thermischen Physik und gekoppelten Sinus-Gordon-Gleichungen, wel-
che die Josephsonphysik beinhalten, konnten Phasensynchronisation, die
Entstehung von Hotspots und Stehwellen im Stapel, der als Kavitat fiir
elektromagnetische Wellen fungiert, beobachtet werden. Das generelle
Verhalten des Systems und Effekte eines externen Magnetfelds wurden
untersucht und mit Messdaten aus Experimenten verglichen.

Auf der experimentellen Seite wurde die thermische und elektrische
Wechselwirkung zweier nebeneinander stehender Stapel als einfache Ar-
raystruktur systematisch untersucht. Weiterhin wurden Moglichkeiten
gesucht, wie die Strahlungseigenschaften der Quellen manipuliert und
optimiert werden konnen. Beispielsweise konnte gezeigt werden, dass die
Strahlungsintensitat stark von der Position des Hotspots abhéngt, der bei
hoheren Stromen aufgrund des starken Selbstheizeffekts entsteht. Aufer-
dem ist es moglich die Strahlungsleistung zu beeinflussen, indem ein Laser
auf die Stapeloberfliche fokussiert wird und die Probe lokal heizt. Die
Injektion von Ladungstragern durch das Anlegen hoher Strome fiihrte zu
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einer Anderung der Dotierung des BSCCO-Kristalls und ebenfalls zu einer
Verdnderung der Strahlungseigenschaften.

Da das eigentliche Ziel dieser Forschung in der praktischen Anwendung
von Terahertzstrahlung liegt, werden im Rahmen dieser Arbeit auch einfa-
che Moglichkeiten fiir Anwendungen prasentiert, die zeigen, dass BSCCO
Stapel als Emitter geeignet sind. Es wurde ein kompaktes Emittersystem
gebaut, welches zur Kithlung ausschlieSlich fliissigen Stickstoff benotigt
und mit einer gewohnlichen 1,5V Batterie arbeitet, was es glinstig, mobil
und einfach zu verwenden macht. Ebenso konnte bei Spektroskopieex-
perimenten gezeigt werden, dass es moglich ist, Gase wie beispielsweise
Wasserdampf und Ammoniak zu detektieren.
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1 Introduction

In the past years, terahertz (THz) research attracted more and more atten-
tion due to its huge variety of potential applications. In the electromagnetic
spectrum the THz range is located between microwaves and the far infrared
from about 0.1 to 10 THz. At these frequencies many dielectric materials
such as clothing, paper, plastic, and wood are transparent whereas met-
als are highly reflective. This property makes THz radiation interesting
for transmission and reflection spectroscopy, e. g., for the non-destructive
inspection of packages and envelopes to detect weapons, explosives, and
drugs which often have characteristic spectra in the THz range and can
be easily detected [1]. Because of its low photon energy, THz radiation is
non-ionizing and does not damage biological tissues. Therefore, it can be
used to scan people at airports or train stations and also could emerge as a
key technology in medical diagnosis. Because of its strong absorption at
THz frequencies, water can serve as natural contrast agent and allows for
the detection of cancer cells which usually have an increased blood supply
and, therefore, an increased water content [2]. In terms of spectroscopy,
THz radiation offers a new window to investigate molecules and gases.
Many molecules have rotational transition frequencies and vibrational
modes in the THz range, enabling new detection methods in astronomy
which is being done with GREAT! installed in SOFIA? [3]. Other possible
applications are in high-speed data communication with large bandwidths
and in material science. Even the analysis of paintings can be done by
using THz waves without damaging the artwork [4, 5].

However, the generation of THz radiation is challenging. In particu-
lar, in the so-called THz gap from about 0.3 to 2 THz there are only a
few devices available that work as oscillators. In case of compact devices,
promising candidates are for example photomixers, resonant tunneling
diodes (RTDs) [6, 7], and quantum cascade lasers (QCLs) [8-10]. Photomix-

1German Receiver for Astronomy at Terahertz Frequencies
2Stratospheric Observatory For Infrared Astronomy



1 Introduction

ers are widely used for THz time-domain spectroscopy and are utilizing
the beat frequency of two optical lasers [11, 12]. RTDs and QCLs are semi-
conducting devices which even work at room temperature and produce
larger emission powers than photomixers but are less tunable in frequency
since their emission frequency is mainly determined by the geometry.

Another way to generate THz radiation can be realized by using Joseph-
son junctions (JJs) which is the subject of this thesis. JJs consist of two
superconductors which are separated by a non-superconducting barrier. If
operated at temperatures below the critical temperature T, of the super-
conductors, Cooper pairs can tunnel from one superconductor to the other,
which is described by the Josephson effect [13-15]. The current I across
the junction only depends on the gauge invariant phase difference

2

27 - -
y =21~ g | Adi (11)
0
1

of the two macroscopic wave functions ¥, = [¢,,|exp(i¢,,) of the super-

conductors, with m € {1, 2}, and the vector potential A which is integrated
from one superconductor to the other. ®y = h/(2¢) denotes the magnetic
flux quantum containing Planck’s constant h and the elementary charge e.
The current across the junction obeys the 1. Josephson relation

I=Isiny, (1.2)

with I, being the critical current of the JJ. Up to this current there will
be no voltage drop V across the junction and a current of Cooper pairs
flows without dissipation. If the critical current of a JJ is exceeded the
junction switches to its resistive state resulting in a voltage drop across
the junction and in addition to the current of Cooper pairs a dc current of
quasiparticles will flow across the barrier. In this state according to the 2.
Josephson equation

y=—V (1.3)
the phase difference y will start to increase continuously and, therefore,

the current of Cooper pairs will start to oscillate across the barrier with a
frequency of f = V/®y = 483.6 GHz/mV - V. Hence, the junction will emit



electromagnetic radiation with a frequency that can be tuned by varying
the bias voltage, and it seems to be easy to cover the whole THz gap with
such a device. However, the emission power of a single JJ is typically very
low on the order of picowatts, and the emission linewidth is large [16].
Also, the low impedance of a single junction makes it difficult to couple
the radiation to the environment efficiently. The fabrication of many ar-
tificial JJs in series overcomes these issues and can increase the emission
power and sharpen the linewidth [17-20]. Even though, nowadays, one
can fabricate microscopic structures very precisely using electron-beam
lithography there will always be small differences in the junction parame-
ters making it difficult to synchronize the oscillating currents in the whole
array. Moreover, if conventional superconductors are used, e. g. niobium,
one is limited to frequencies f < 725GHz due to the energy gap of the
superconductor of only 1.5meV [21]. To avoid this problem one can use
the high-temperature superconductor Bi,Sr,CaCu,0g,5 (BSCCO) which
has a critical temperature of around 90K and a large energy gap up to
~ 50meV [21] depending on the doping level of the crystal, which is in-
dicated by 0 and describes the number of oxygen atoms per copper atom
in a unit cell. For an optimally doped BSCCO crystal with 6 = 0.16, in
principle, frequencies up to more than 10 THz are accessible. A BSCCO
crystal has a layered structure consisting of superconducting copper oxide
double layers and insulating bismuth oxide and strontium oxide layers.
The superconducting and insulating layers alternate and naturally form
JJs [24], as shown in Fig. 1.1(a), and are called intrinsic Josephson junctions
(IJJs). Thus, apart from crystal defects, these junctions are identical on an
atomic scale and suitable to build large arrays for THz generation.

Figure 1.1(b) shows an example for a current-voltage characteristic (IVC)
of a stack of seven IJJs at a bath temperature of T, = 14K. By increasing the
current from zero bias one after the other junction switches to its resistive
state and one can trace out the individual branches leading to a total of
eight branches including the superconducting one. The main challenge
for THz emission is the synchronization of the oscillating currents for
all junctions. Recently, for stacks with small lateral dimensions of only
several microns synchronized emission was found [25]. A large frequency
range from 1 to 11 THz was observed for samples containing at least 100
junctions. The maximum output power was estimated to be around 1 pW.
For samples with smaller junction number no emission could be detected,
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Figure 1.1: (a) BSCCO crystal structure with applied bias current emitting THz ra-
diation (from [22]) and (b) IVC of a stack of seven intrinsic Josephson
junctions in BSCCO measured at Ty, = 14 K (from [23]).

indicating that one needs to exceed a certain threshold junction number to
achieve phase synchronization.

The first successful results were reported by Ozyuzer et al. in 2007 [26]
for much bigger stacks with a larger number of junctions. They fabricated
300 x (40 — 100)um? sized mesa-type stacks of 1 um height containing
around 670 junctions. From such samples, integrated emission powers
up to 0.5uW were detected at frequencies from 0.35 to 0.85THz. The
emission was found in the resistive state of all junctions when the bias
current was decreased again, just before some junctions switched back to
their superconducting state. Because the emission frequency was found
to be inversely proportional to the stack’s width Ozyuzer et al. proposed
standing waves excited by the Josephson currents inside the stack, acting
as a cavity, as synchronization mechanism for the junctions.

A typical IVC of a sample with such a geometry looks as shown in
Fig. 1.2(a). Here, for three different bath temperatures T;, the outermost
branch was measured where all junctions switched to the resistive state.
Only for small input currents (in this case below 2mA) first some, and
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Figure 1.2: (a) IVCs for three different bath temperatures for a 330 x 50 x 1.1 um3
mesa structure. (b) shows the bias current vs the detected emission power
and (c) a family of IVCs from 10 to 40 K in steps of 1 K of the same sample.
The detected emission is color-coded.

by further decrease of the current, all junctions switched back to the su-
perconducting state. Because usually hundreds of IJJs are involved and
the thermal conductivity of BSCCO is quite poor, these stacks strongly
suffer from Joule heating, leading to a back-bending of the IVC for higher
currents. This part of the IVC is called the high-bias regime whereas the
lower part with small input power is denoted as the low-bias regime. In
the latter one, the temperature distribution in the stack is almost homoge-
neous with temperatures only slightly larger than the bath temperature.
By exceeding a certain current this homogeneous temperature distribution
becomes instable and a hot spot develops in the stack, i. e., a region occurs
which is heated to temperatures that might even exceed T, whereas the
rest of the stack stays cold. The appearance of the hot spot, which is caused
by the strong decrease of the BSCCO c-axis resistivity with increasing tem-
perature, is well understood and experimentally confirmed, e. g., by low
temperature scanning laser microscopy (LTSLM) and thermal fluorescence
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Figure 1.3: LTSLM measurements at three bias currents in the low bias regime at a
bath temperature of 25 K for a rectangular 330 x 40 um2 mesa-type 1JJ
stack containing around 670 junctions. From [27].

microscopy [27-31]. The phenomenon of a hot spot also can occur in other
systems like normal metals and semiconductors and is not only related
to BSCCO [32, 33]. For LTSLM imaging, a focused laser beam heats the
sample surface pixel-by-pixel and the laser-induced change of the global
voltage caused by all the temperature-dependent quantities is measured.
Figures 1.3 and 1.4 show examples of LTSLM measurements at low and at
high bias, respectively. The current is injected on top of the right end of the
stack. At high bias this leads to a formation of the hot spot in the right part
of the stack. In such measurements the hot spot looks like a double peak
structure because the main signal originates from do/dT (with o being
the electrical conductivity of BSCCO) and has its largest value at around
T =T, [30]. For this reason, the inner and outer part of the hot spot has a
weaker signal and the edge of the hot spot is most pronounced. In Figs. 1.3
and 1.4, one also notices clear standing wave patterns occurring at low and
high bias. Such waves can appear over a larger range than the emission
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Figure 1.4: LTSLM measurements at different bias points in the high bias regime at a
bath temperature of 50 K for a rectangular 330 x 30 um?2 mesa-type 1JJ
stack containing around 670 junctions. From [27].

in Ozyuzer’s measurements was observable, but nevertheless it supports
the idea of cavity modes as synchronization mechanism. Note, that in
Figs. 1.3 and 1.4 the waves oscillate along the long side of the stack while
in Ref. [26] they were proposed to oscillate along the width. Waves along
the width of the stack have not been observed by LTSLM yet. However, this
might be related to the fact that, especially, in the case of mesa structures
there are often strong signals at the edge of the stack caused by a stronger
absorption of the laser beam due to the missing gold layer at the sides of
the stack, which makes it difficult to distinguish a half wave along the
short side from a homogeneous signal.

THz emission can occur both in the low- and high-bias regime. In both
regimes the emission power can be on the same order and similar frequency
range, tunable by changing bias voltage and bath temperature [26, 34—
39]. Most times emission is measured on the outermost branch where all
junctions are in their resistive state but, in principle, emission can also be
observed on the internal branches when some junctions already switched
back to the superconducting state [40]. However, this configuration is
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usually more unstable and not reproducible and, thus, not a favorable way
to operate the samples. Typically, one observes emission powers on the
order of 10 uW at frequencies ranging from 0.3 to 1 THz.

A typical THz emission measurement is shown in Fig. 1.2(b). Here, the
emission detected by a Ge bolometer occurs over a large range at high bias
and changes with bath temperature. In such kind of plot no systematic
change can be noticed. However, when plotting a larger number of IVCs
for different bath temperatures into the same graph and using a color-code
to indicate the emission intensity, as it was done in Fig. 1.2(c), the picture
becomes clearer. A “global” regime appears where the emission takes
place, but more interestingly a stripe-like modulation of the emission
intensity can be observed. The exact origin of these stripes has not been
resolved yet, but it was found that the emission frequency along a given
stripe stays constant [41]. Note, that one can also identify a line at around
12 mA where the emission intensity exhibits a small dip. Above this line a
hot spot developed.

Also for other sample geometries than mesa structures, emission was
observed, such as stand-alone BSCCO stacks contacted by two gold layers
(gold-BSCCO-gold (GBG) structure) [42-50] and Z-shaped structures with
superconducting electrodes [51, 52]. For the best samples the maximum
emission power raised to 82 uW [43], and for arrays of mesas even 610 pW
were reported [53], however, the latter result could not be confirmed
by other groups yet. The maximum frequency increased to 1.6 THz for
rectangular [46] and even up to 2.4 THz for disk-shaped structures [47].
This was mainly achieved due to an improved cooling of the stack by
sandwiching the sample between two substrates [45-47], which reduces
the back-bending of the IVC and allows for higher voltages and, therefore,
higher frequencies. However, the emission power strongly decreases to
sub-microwatts at higher frequencies, presumably caused by enhanced
damping at higher frequencies.

The appearance of the hot spot at high bias with its large temperature
gradients in the stack led to a debate whether or not the hot spot is useful
for the emission. Since the hot spot can have temperatures larger than T
it reduces the superconducting area, i.e., the emitting part of the stack.
Also, one would intuitively think that the large temperature gradients
will prohibit the ability of the junctions to synchronize. However, it was
shown that in presence of a hot spot the linewidth of the emission is on
the order of some MHz while it is on the order of GHz at low bias, where



no hot spot develops [54]. Thus, the hot spot seems to enhance the phase
synchronization of the junctions and does not have to be avoided. The
precise linewidth measurements also revealed that the linewidth becomes
smaller with increasing bath temperatures [54]. Such a dependence is
quite unusual in general and hard to explain with conventional models.

After Ozyuzer’s breakthrough in 2007 a lot of theoretical attempts were
made to understand the general behavior of large BSCCO stacks in more
detail. The influence of the hot spot was analyzed [29, 30, 55] as well as
the phase dynamics were explored [56-78].

The phase dynamics of a single JJ can be described by the RCS] model
(resistively and capacitively shunted junction) for small, point-like JJs [79,
80]. Here, the phase difference along the junction is constant and, thus, the
current distribution is homogeneous. Obviously, by definition for long JJs
this is not an appropriate assumption, and one has to take changes of the
phase difference along the junction into account. Modeling a network of
RSC]J-like junctions in parallel, that are inductively coupled to each other,
leads to the sine-Gordon equation, which includes spatial variations of
the phase difference along the barrier. Several excitations of the phase are
possible. First, there can be plasma oscillations which are small changes
of the phase difference propagating along the barrier. A second type of
excitations are solitons (also called fluxons or Josephson vortices). Here,
the phase difference changes by 27 corresponding to a flux change of @.
Such solitons can move without deformation and can collide with, e.g.,
antisolitons (i. e. solitons with opposite change of phase). In such a case,
they either move through each other or annihilate resulting in a plasma
oscillation. When introducing a finite length of the junction, solitons can
also enter or leave the junction at the edges generating radiation (working
principle of flux-flow oscillators) or building standing waves inside the
junctions when they are reflected at the edges. Resonant modes also appear
if the wavelength (or higher harmonics thereof), associated to the frequency
generated by ac Josephson effect, matches the length of the junction. Then,
so-called Fiske-steps can be observed on the IVC [81]. Already for a single
JJ the interplay of all these effects can lead to a rich amount of dynamics.

In the case of large BSCCO IJJ stacks for THz generation, there are
usually hundreds of long JJs in series that are coupled to each other. In
principle, the coupling can be inductively caused by in-plane currents
that generate magnetic fields in the adjacent layers and capacitively due to
charging effects of the superconducting layers. For nearly optimal-doped
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Figure 1.5: (a) Two configurations of Josephson pancake vortices. On the left a tri-
angular arrangement, on the right a rectangular one is shown. The re-
sulting resonant modes for each configuration are depicted in (b). Figure
from[21].

BSCCO, the c-axis London penetration depth 1, is about 200 nm [21],
which is much larger than the distance of the superconducting layers of
1.5nm, and inductive coupling is very strong. Capacitive coupling occurs
if electric charges are created in a layer and their electric field penetrates
into the neighboring junctions. Especially, in cuprate superconductors this
effect can become important, since the charge screening length is larger
or at least comparable to the interlayer distance leading to a dynamical
breaking of the charge neutrality of the superconducting layers [82, 83].
For large BSCCO stacks the inductive coupling is assumed to be much
larger compared to the capacitive one, however, capacitive coupling needs
to be considered if, e. g., no in-plane currents are present [65, 84]. Most of
the existing theoretical models, attempting to describe large BSCCO stacks,
are based on inductively coupled sine-Gordon equations. The challenge is
to choose the correct boundary conditions and to analyze whether found
solutions are stable.
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Calculations based on coupled sine-Gordon equations by Sakai et al. [85]
and Kleiner [86] revealed that in a stack of N junctions one can have N
different mode velocities, each of them corresponding to a certain resonant
mode where a different number of junctions oscillate in-phase. The highest
mode velocity ¢; belongs to the mode where all junctions oscillate in-
phase which is, of course, the favorable one for THz generation. This
situation corresponds to a rectangular arrangement of Josephson vortices,
as shown on the right handside of Fig. 1.5(a). Although, the triangular
lattice is actually energetically preferred due to the repulsive interaction
of vortices in adjacent junctions the favorable rectangular lattice can be
realized because of the large difference of the mode velocities.

The number of junctions considered affects the numerical result. Due
to limited computing power often only stacks with some tens of junctions
are treated numerically, which is obviously not the case in the real experi-
ment where hundreds of junctions are involved. Nevertheless, interesting
solutions of the phase dynamics were found to describe the mechanisms
of synchronization and to efficiently couple the ac Josephson currents to a
cavity mode. For instance, Krasnov [73] states that the ac Josephson effect
itself does not automatically lead to radiation due to its non-dissipative
property. He argues that there needs to be an additional power conversion
mechanism that pumps the energy from the ac Josephson currents into the
radiation. In his simulations, he found configurations of self-oscillating
bound vortex-antivortex pairs (called breathers) that efficiently do this via
the Lorentz force and can excite cavity modes. This mechanism is more
robust than, e. g., Fiske resonances and allows for tunability and emission
at various temperatures.

Another solution was reported in a series of publications by Lin and
Hu [60, 61, 63, 65, 66, 68]. They found stable configurations of so-called
1t-kinks. Here, the phase difference consists of the usual part that evolves
linearly in time, a second term for plasma oscillations and a third static
part that describes the interlayer coupling. One finds solutions where
the static part of the phase changes by 7 (in general plus any multiple of
2m) along the junction. In adjacent junctions the phase can also change
by m along the c-axis with any periodicity of, e.g., two or four layers.
Such a configuration would provide an efficient coupling of ac Joseph-
son currents to cavity modes. On the IVC there appear current steps at
which the 7-kink states appears. By simulating the radiation power one
finds that whenever a rt-kink has formed the radiation power is enhanced

11



1 Introduction

strongly. However, calculations of the radiation power highly depend on
the boundary conditions, making it difficult to make precise estimations.
Nevertheless, calculations show a radiation power of 2000-8000 W/cm?
at different current steps, which is comparable to experimental data. In-
terestingly, although, the phase difference is non-uniform along the c-axis,
in the w-kink-configuration the electric and magnetic fields are uniform
making coherent radiation possible. The formation of 7-kinks leads to
a similar mechanism for phase synchronization as the modulation of the
Josephson critical current density along the layer as it was proposed by
Koshelev and Bulaevskii [57]. However, the modification of the critical
current density must be done in advance during the fabrication process,
whereas the formation of 7-kinks can happen without special preparation.
Lin and Hu also proposed that in-plane damping could be an important
parameter that is responsible for phase synchronization. They show that if
in-plane dissipation is considered, uniform cavity modes along the c-axis
are favored and emission can occur [87].

Which mechanism exactly is realized in experiment is not clear yet. Most
of the theoretical investigations are based on spatially homogeneous elec-
tric properties. However, due to the strong self-heating effect, quantities
that are temperature-dependent strongly vary in space. Thus, to reproduce
the experimental data as close as possible, all temperature-dependencies
need to be considered. Especially, at high bias the thermal physics becomes
crucial. In the simplest case, one can use the RCS] model to describe the
Josephson physics of an IJ] stack. This attempt was done by Gross et al. [55]
and the IJJ stack was modeled as two columns of point-like JJs coupled
to a thermal bath. The two columns can have different temperatures to
allow the development of a hot spot. To reduce the numerical effort and
calculation time the junctions are grouped to segments, assuming that
in one segment the junctions behave identically, i.e., a segment is like
one giant junction. Therefore, a scaling must be implemented to make
the result independent of the chosen segmentation. To take the thermal
physics into account, the heat diffusion equation was solved simultane-
ously to the RCS] model taking the electric currents from the Josephson
equations as input and providing the temperature distribution as input
for all the temperature-dependent quantities in the RCS] model. With this
model it was tried to reproduce the unusual linewidth dependence on the
bath temperature, i. e., that the linewidth decreases with increasing bath
temperature as it was observed in Ref. [54]. By introducing a gradient of
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the junction size along the c-axis, corresponding to a gradient in the criti-
cal current, it was possible to reproduce this observation. In reality such
gradients can easily appear by fabrication (slope of the stack edge caused
by milling), crystal inhomogeneities or doping. Although, the results look
promising one needs to take into account that the RCS] model is only valid
for JJs where the phase difference stays constant along the junction, i.e.,
the Josephson length Ay is assumed to be much larger than the lateral sizes
of the junction. Because this is not the case for IJ] stacks used for THz
generation coupled sine-Gordon equations need to be solved [84, 86, 88].
Heat diffusion together with coupled sine-Gordon equations were solved
in publications 1 and 2 which are part of this thesis and are explained
in more detail in section 2.1.1. In short, first one-dimensional coupled
sine-Gordon equations were used to simulate a two-dimensional model
of the stack. The appearance of resonant modes was observed leading
to phase synchronization both at low- and high bias. In publication 2,
this model was extended to three dimensions by using two-dimensional
coupled sine-Gordon equations. More complex standing wave patterns
were found that are not always compatible with the excitation of cavity
modes or simple superpositions of those. Instead, vortex physics seems to
play an important role for the formation of standing wave patterns.

Simulations that reproduce the experimental data well are a powerful
tool to design sample geometries and to make predictions for experiments.
Especially, for the development of suitable array structures simulations
might become helpful. Then, however, also electromagnetic fields in
the base crystal, inhomogeneities and defects of the crystals need to be
considered as well. Moreover, fabrication techniques like argon ion milling
also can create some gradients of doping or critical current density in the
stack which need to be implemented in the model. Another issue that is
widely ignored in most theoretical investigations is the d-wave symmetry
of the superconducting wave function in BSCCO, which affects both the
in- and out-of-plane currents and resistances. Thus, in experiment, the
orientation in which the stack is pattered on the BSCCO crystal could affect
the dynamics of the sample.

For the practical application of THz radiation from IJJ stacks, it is impor-
tant to know for which direction the radiation power is strongest, which
mainly depends on the kind of mode that is excited inside the stack. A
wave oscillating along the short side will emit in a different direction than
a wave oscillating along the long side. The exact calculation of radiation
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patterns for different modes is quite challenging, since one has to consider
effects of retardation, refraction and influences by neighboring structures,
e.g., the substrate or a base crystal. Moreover, in general the development
of a hot spot leads to a breaking of the symmetry and, furthermore, os-
cillating in-plane currents can occur that affect the direction of radiation.
Nevertheless, for different cavity modes the angular dependence was calcu-
lated [89-92]. One finds that for most cavity modes the strongest emission
occurs neither parallel nor perpendicular to the crystal layers but in some
angle which depends on the cavity mode and the sample geometry. How-
ever, there are also cavity modes that lead to emission which is strongest
in c-direction, e. g., the (1,1) and the (1,2) mode for rectangular mesas.
In experiments, one also finds that the emission is not always strongest
in c-direction, see for example Refs. [42, 91, 93]. Unfortunately, system-
atic measurements of the angular dependence for different cavity modes
are missing, especially in the near-field of the stack. Such measurements
by using, e. g., THz microscopy utilizing a detector junction that can be
scanned across the stack or large arrays of detectors would be interesting
to improve the general understanding of the emission characteristics. It
is well possible that the angular dependence changes with bias current
and voltage and the sample emits in different directions along the IVC.
Such investigations are necessary to make BSCCO IJJ stacks ready for the
practical application and to find a way to stabilize a certain mode to always
operate the sample at its optimum. A way to stabilize a certain cavity
mode was shown in publication 2. There, a small external magnetic field
was applied along the long side of the stack leading to an additional phase
gradient along the short side. In simulations this favored the appearance of
the (1,0) mode, i. e., one half-wave along the short side and no oscillation
along the long side of the stack. By applying a small magnetic field of
5.9 mT along the long side, in experiment the emission power increased
by almost a factor of 3, caused by the fact that in case of the (1,0) mode
all currents are oscillating in-phase at every time and, thus, electric and
magnetic fields cannot cancel each other as it can partially happen for
other modes.

Apart from that, there are a lot of other parameters that also can affect
the emission properties. The position of the electrode [94] and the position
of the hot spot can make a big difference, as it was shown in publication 6.
Also the thickness of the electrode has influence and was analyzed in
Ref. [95]. The shape of the stack can change the polarization of the emission.
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For rectangular stacks the radiation is usually linearly polarized [26] but
one can also generate circularly polarized radiation by using a truncated
edge square mesa structure. This was predicted theoretically and is already
confirmed in experiment. Such geometry can be realized by just heating
an edge of a square-shaped sample by a focused laser beam as it was
proposed by Asai and Kawabata [96] or just by fabricating a structure with
a truncated edge [97, 98].

On the theoretical side, it was also proposed to manipulate the stack by a
focused laser beam which locally heats the sample surface. It was predicted
that this can excite strong plasma waves and enhance the emission power
up to the order of milliwatts [99]. This was the motivation for publication 5.
Although, in experiment such a large effect could not be confirmed, it was
possible to show that one can precisely tune the emission power in a
smaller range.

The electronic properties of cuprate superconductors strongly depend
on their doping level. The doping may have a big influence on the emission
properties as well. Usually, optimally doped or slightly underdoped crys-
tals are used without knowing if this is the best choice. In publication 7, it
was shown that already small changes of the doping level can change the
emission properties. Precise and systematic measurements still need to be
done, but the presented measurements already show that the doping level
is an important parameter for THz emission as well.

The results of this thesis strongly encourage the continuation of THz
research based on IJJs. The rich dynamics of IJJ stacks still provide many
aspects that can be investigated both in simulations and experiment. Some
of the observed results and ways to tune and manipulate the emission
properties may help to improve the samples. Optimal conditions still
need to be found and there are still open questions, especially, in terms of
phase synchronization of several stacks. The developed numerical model
may shine some light on the mechanics of IJJ stacks and may help to build
improved sample geometries. As it is shown in publication 8 and 9, already
simple applications can be realized. Most likely, applications involving
THz radiation will become more and more important in different fields of
science — perhaps also with the use of BSCCO IJJ stacks.
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2 Summary of publications and
contributions

In this chapter the appended publications are summarized. At the end of
each summary own contributions are described.

2.1 Electrothermal dynamics of intrinsic
Josephson junction stacks

This section contains publications 1 to 4 that contribute to the general un-
derstanding of the electrothermal dynamics of intrinsic Josephson junction
stacks.

2.1.1 Publication 1: Thermal and electromagnetic properties
of Bi;Sr,CaCu,Og intrinsic Josephson junction stacks
studied via one-dimensional coupled sine-Gordon
equations

&
Publication 2: Three-Dimensional Simulations of the
Electrothermal and Terahertz Emission Properties of
Bi,Sr,CaCu,Og Intrinsic Josephson Junction Stacks

Despite of several years of research still not all the details of the mecha-
nisms generating coherent THz radiation from IJJ stacks are understood.
Especially, the large temperature gradients inside the stack in the presence
of a hot spot and the many properties which depend on temperature make
it difficult to develop a good intuition and to make predictions for the
physical behavior of the system. Therefore, simulations of the system are a
useful tool to study the influence of different parameters on the system as
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Figure 2.1: Model for numerical simulations. (a) Electric current flow through the
mesa into the base crystal. (b) Thermal description of the sample.
Figure from publication 2. © by the American Institute of Physics.

well as the behavior in general. In the past, already many attempts were
made to simulate stacks of IJJs. But these simulations of the electrodynam-
ics were either based on a homogeneous temperature distribution, or only
resistive dc currents were taken into account to calculate the temperature
distribution neglecting the superconducting properties. A combined calcu-
lation of electrodynamics and heat diffusion has only been done using the
RCSJ model which is only valid for point-like JJs and, therefore, not suit-
able for large IJJ stacks. Instead, coupled sine-Gordon equations should
be solved simultaneously together with heat diffusion equations. This was
done in publication 1 where one-dimensional sine-Gordon equations were
used representing a two-dimensional model of the system where the width
of the stack is ignored. The current distribution calculated from the sine-
Gordon equations is given as input to the heat diffusion equations which
vice versa provide the local temperature for all temperature-dependent
parameters in the sine-Gordon equations. In this way, it is possible to
self-consistently solve the system of differential equations until a stable
solution has developed. In publication 2, this model was extended to
three dimensions using coupled sine-Gordon equations also considering
the width of the stack. In both cases, the model depicted in Fig. 2.1 is as
follows (for the 2D model dependencies on y can be ignored).

A mesa having a length L along x, a width W, along y, and thickness
D, along z is placed on top of a base crystal and consists of N junctions
each having a thickness s = ds + d; (superconducting layers d; = 0.3nm
and insulating layers d; = 1.2nm). The length and width of the stack is
discretized to, e. g., 50 and 9 grid points, respectively. A gold layer covers
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the mesa surface and is treated as ideal electric conductor. For the electric
circuit the base crystal serves as ground terminal while for the thermal
equations heat diffusion through the base crystal is considered, i. e., the
base crystal consists of several layers with different temperatures and its
bottom surface is set to bath temperature. Inside the mesa no temperature
gradients along z are taken into account but, of course, the temperature
can vary along x and y. To obtain the temperature distribution, the heat
diffusion equation

cT =V (xVT)+qm + b (2.1)

is solved with the specific heat capacity c, the thermal conductivity «, and
the power densities g, and g, for heat generation in the mesa and the
bond wire, respectively. V = (d/dx, d/dy) denotes spatial derivatives.

Treating all of the hundreds of junctions individually can be a big nu-
merical effort in terms of calculation time. Therefore, the N junctions
are grouped to M segments each containing G = N/M junctions. It is
assumed that all junctions in a given segment behave identically. The bias
current enters the mesa through a bond wire which is attached on top of
the gold layer. The current distributes inside the stack according to the
local BSCCO resistivity p(x,v) = (Pap, Pabs Pc) and leaves the mesa into the
base crystal. All parameters (electric and thermal conductivities, critical
current density and Cooper pair density, London penetration depth, etc.)
are considered to be temperature-dependent. Taking all dependencies
into account, this leads to a sine-Gordon equation for the Josephson phase
differences y,,(x,v) for the mth segment

vy . .
Gsdsv(ﬂ) £ AV ([Ney = N ) +GAZY (1,97

ab (22)
= 2jz,m - jz,m+1 _jz,m—l
containing the out-of-plane current densities
. . Vm P N
Jz,m _ﬁc07m+p_+]651n(7/m)+]z,m . (2-3)
c,m

The index m runs from 1 to M numbering the individual segments. ng
denotes the Cooper pair density, f.o = 2njc0pfossos/<l>0 the 4.2 K-value of
the Stewart-McCumber parameter containing the magnetic flux quantum
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Dy, the critical Josephson current density j.(4.2K) = j.o and the c-axis resis-
tivity p.(4.2K) = po. €9 denotes the vacuum permittivity and ¢ the BSCCO
dielectric constant. Ay = [<D0ds/(2n//tojco/\§h0)]l/2 is a characteristic length
for the interlayer coupling due to kinetic inductances. Geometric induc-
tances are assumed to be much smaller and are neglected. In the equation
for Ay the magnetic permeability yy and the 4.2 K-value of the in-plane
London penetration depth A,;(4.2K) = A, are contained. Additional
in- and out-of-plane Nyquist noise currents jL,, and jI¥, are included to
avoid only weakly stable solutions. To make the solutions independent of
the total segment number M, for a fixed junction number N a scaling is
implemented in the model which rescales the plasma frequency w;) and
Ak such that the highest mode velocity ¢; stays independent of the number
of segments.

Results of the 2D model

This section summarizes the results of publication 1 where the width
of the stack was not considered yet. Calculated IVCs for different bath
temperatures are shown in Fig. 2.2(a). The dots correspond to the final
solution of the full model, the solid lines originate from the first initial-
ization step where only c-axis dc currents were taken into account. These
data points coincide at high-bias, showing that dissipation in c-axis by
quasiparticles is the dominant effect for self-heating and the back-bending
of the IVCs. An example for a simulated temperature distribution is shown
in Fig. 2.2(b) for a bias current of I = 0.6y and T, = 20K. Here, a hot
spot appears in the left part of the stack having temperatures even higher
than T. while the right part of the stack stays at temperatures below T.. In
experiment, the hot spot usually appears at the position where the current
is injected. This is modeled by an extra heat source at the position of
the bond wire which allows to move the hot spot to a desired location.
Figure 2.2(b) also shows the time-averaged and along the c-axis averaged,
dissipated in- and out-of-plane power densities (g,) and (gq,). Along the
c-axis, as expected, most of the power is dissipated in the hot spot while
in the ab-plane a standing wave has developed in the cold part of the
stack, which is a sign of successful phase-locking of the junctions. The
dynamics of phase synchronization can be also seen by looking at the time-
evolution of the Josephson currents j.siny,, in c-direction. Figure 2.3(a)
shows two snapshots at different times differing by roughly half of an
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Figure 2.2: (a) Simulation of IVCs for different bath temperatures from 10 K to 70K
in steps of 10 K for 20 segments and N = 700. Solid lines represent the
results after the first initialization step (only c-axis dc currents), dots show
the final results including superconductivity and in-plane currents. The
normalization values are I.g = 30 mA and Vo = 30 mV. (b) Simulation
results for the temperature distribution (green), the time-averaged and
over all segments averaged dissipated out-of-plane power (black) and the
similarly averaged dissipated in-plane power (red) for 20 segments and
Tp=20K.

Figures modified from publication 1. © by the American Institute of
Physics.

oscillation period for the low-bias and Fig. 2.3(b) for the high-bias regime.
One can clearly see that in both cases resonant modes were excited in
the cold part of the stack and the junctions started to synchronize. This
supports the idea that the synchronization of the junctions is caused by
the excitation of cavity modes in the stack. It is worth to mention that
no special synchronization mechanism is implemented in the model that
induces phase synchronization and that the resonant modes appear by
themselves due to self-organization of pairs of vortices and antivortices
oscillating back and forth. The appearance of resonant modes and in-plane
standing waves strongly indicate successful phase synchronization and
emission from the stack. To quantify this one can calculate the Fourier
transform of the time trace of the spatially averaged dissipated in-plane
power g,(x, t). Taking the value q,, at twice of the Josephson frequency of
this function indicates how much power is dissipated by in-plane currents
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Figure 2.3: Snapshots of the c-axis supercurrents at two different times differing by
roughly half of an oscillation period for 20 segments and N = 700. (a) For
Tp = 50K and I = 0.3 g a resonant mode has been excited. (b) For Ty, =
20K and | = 0.6 I.g a resonant mode coexists together with a hot spot
(located where the Josephson currents are zero).
Figures modified from publication 1. © by the American Institute of
Physics.

oscillating at the Josephson frequency and can be denoted as “strength”
of the evolved wave. Although, this quantity describes the dissipated and
not the emitted power one can imagine that these quantities are correlated
and gy, is used as color-code for the calculated IVCs, see Fig. 2.4(a). One
observes that resonances are not excited at all bias currents and mainly
occur in a broad region between V/NV; =~ 0.02 and 0.05 depending on
the bath temperature. The general plot looks similar to what is observed
in plots of families of IVCs obtained from experimental data where the
detected emission power is used as color-code, see Fig. 2.4(b). Due to the
fact that dissipated and emitted power are compared, of course, there have
to be differences but the overall picture looks similar. Especially, the facts
that no resonant modes are excited at voltages above V/N V. ~ 0.05 as
well as at higher bath temperatures in the high-bias regime, where the
whole sample is hot are very comparable to the experiment, where also
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Figure 2.4: (a) Family of simulated IVCs for different bath temperatures from 4 to
70K in steps of 2 K for 20 segments and N = 700. The dissipated in-plane
power gy, is used as color-code. Black dots indicate bias points above
(below) which the maximum temperature of the stack was above (below)
T = 85 K. For comparison in (b) a family of measured IVCs is shown with
subtracted contact resistance from 15 to 70 K in steps of 0.5 K of a 165 x
60 um2 sized 1JJ stack consisting of 480 1JJs. The color-scale represents
the detected power by a Ge bolometer. Black dots show bias points above
which a hot spot has developed.

Figures modified from publication 1. © by the American Institute of
Physics.

no emission was detected at these bias points. However, the stripe-like
modulation of the detected power in Fig. 2.4(b) cannot be observed in the
simulated data which might be caused by the low number of simulated
bias points or because the appearance of the stripes is related to extrinsic
effects not occurring inside the sample.

The simulations presented in Figs. 2.2 to 2.4 are based on calculations
with M = 20, i.e., the 700 IJJs are grouped to 20 segments each containing
35 junctions. To clarify the scaling with M, IVC families for M =10, 20,
35, 50, and even 350 were calculated and compared to each other, again,
by inspecting the dissipated in-plane power. Some small differences are
noticeable, e.g., for M = 10 a regime at high bias appeared where no
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resonant modes could be excited any more but for higher values of M the

overall picture stays the same, see Fig. 2.5.
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Figure 2.5: (a) to (d) Simulated IVC families for four values of M at T4t from 20K
to 70Kiin steps of 2 K. The dissipated in-plane power gy, is used as color
scale. The product oG = 1.4 x 10° is kept constant. Black symbols
denote the line above which a hot spot is present.

Figure from publication 1. © by the American Institute of Physics.

Results of the 3D model

In case of the three-dimensional model, now considering also the width of
the stack, more complex standing wave patterns become possible. Looking
again at the dissipated in-plane power (now called g)(x,y)) averaged over
time and the height of the stack, again standing waves develop at high-
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2.1 Electrothermal dynamics of IJJ stacks

and low-bias, see Figs. 2.6(c)-(g). Among modes which oscillate along x
[(0,11) mode] or along v [(m, 0) mode], with n and m being positive integers,
also unexpected mixed modes developed by a competition of two others,
see Figs. 2.6(d) and (f). Such mixed modes are hard to explain by a simple
superposition of usual cavity modes but can be understood by vortex-
antivortex pairs that enter the stack at the sides and oscillate back and forth
colliding in the center of an antinode of the wave pattern. By analyzing
which kind of mode has developed at each bias current, it is possible
to indicate this information by the symbol’s shape in an IVC family, see
Fig. 2.6(a). The strength of a given mode calculated by the value of the
Fourier transform of the time- and spatially averaged g)(x,y) at twice the
Josephson frequency is used as color-code and shows whether a mode
has developed and, if so, how strong the mode oscillates for a given bias
current. One notices that the appearance of different modes happens rather
randomly and no clear systematic trend is present. Although, both the (0, 1)
and the (m, 0) modes are expected to radiate, however, to different radiation
directions and with different planes of polarization, the (1,0) mode should
radiate stronger than (0,7) modes with n > 1, because in the case of the
(1,0) mode all in-plane currents oscillate in-phase at every timestep and
their contributions to the electromagnetic field cannot cancel each other.
Therefore, it would be beneficial to favor the appearance of the (1,0) mode
to enhance the emission power. This can be realized by applying a static,
external magnetic field parallel to the long side of the stack, which adds
a small gradient to the phase y(x,v) along the y-axis and, thus, also to
the Josephson current. Figure 2.6(b) shows the simulation result for an
applied magnetic flux of @, = 0.05®D; per junction which corresponds to
a magnetic field of about 1 mT. For a wide range of bias currents and
bath temperatures in the high-bias regime the applied field leads to a
stabilization of the (1,0) mode. As mentioned above this should lead to
an enhanced emission power. This idea was tested in experiment and an
external magnetic field of B, = 5.9mT (0.32®d per junction) was applied
parallel to the long side of the stack. Families of IVCs of a 330 x 75um?
sized GBG structure were measured at bath temperatures from 10 to
45 K. Each IVC was measured for B, = 0 and 5.9 mT before the next bath
temperature was set. The result is shown in Fig. 2.7. A clear enhancement
at many bias currents and bath temperatures was observed. At high-bias
the maximum emission power increased up to a factor of 2.7. At low bias
even emission at the maximum voltage occurred which is rather unusual
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Figure 2.6: (a) shows a family of simulated IVCs for different bath temperatures from
10 to 65 K for no external magnetic field. Different wave patterns can
be excited indicated by the shape of the symbol. The dissipated in-plane
power is used as color-code. (b) shows a similar calculation, but with an
applied external magnetic flux along the x-axis of 0.05 ®q. (c)-(g) show
excited wave patterns for different bias points. The applied current in
units of Ig is displayed in the top left corner of each plot, in the bottom
left the value for gmax. The grey square in (c) indicates, where the bias
current is injected.

Figures modified from publication 2. © by the American Institute of
Physics.
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Figure 2.7: Experimental data for a GBG structure: terahertz emission power (color
scale) for alarge number of IVCs measured at bath temperatures between
10 and 45 K for an external magnetic field of (a) By = 0 and (b) By = 5.9 mT.
In both (a) and (b) Pe max = 27.5 W for | > 8 mA and Pe max = 0.21 uW for
| < 8 mA. Black lines in (a) and (b) indicate the bias currents above which a
hot spot is present.
Figures modified from publication 2. © by the American Institute of
Physics.

for IJ] stacks, especially, at lower temperatures around 10 K. On the other
hand, the emission in the range of 0.3 to 0.5V which occurred for zero
magnetic field seemed to be suppressed by the applied field. For other
field orientations, e. g., along the short side of stack or perpendicular to the
crystal layers the effect was not observed and even led to strong reduction
of the emission power.

Contributions to publication 1

The numerical model to simulate the physics of IJ] stacks was developed
by R. Kleiner. He also developed the code written in C. Code optimization
and bug fixing was done by me. The experimental data shown in the
publication to test and confirm the theoretical model was measured by me.
A lot more experimental data to test, verify, and optimize the simulations
was provided by me as well, however, most of them did not directly enter
the publication. I also developed the measurement software, evaluated
both the numerical as well as the experimental data and was involved in
preparing and writing the manuscript.
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Contributions to publication 2

Publication 2 is a direct follow-up on publication 1. The numerical model
introduced in publication 1 was further developed and extended to three
dimensions by R. Kleiner. Code optimization, bug fixing, and first tests
to run the code in parallel on multiple processors was done by me to
improve the performance of the simulations. The experimental data were
measured by R. Wieland and me. I developed the measurement software
to systematically acquire the experimental data. Together with my co-
authors, I analyzed and evaluated the numerical and measured data and
was involved in writing the manuscript.

2.1.2 Publication 3: Electrothermal behavior and terahertz
emission properties of a planar array of two
Bi,Sr,CaCu,0g, s intrinsic Josephson junction stacks

The maximum output power for single IJJ stacks is still below 100 uW,
although several attempts were made, e.g., by fabricating even higher
stacks with a larger number of junctions. But due to the poor thermal
conductivity the overheating of the stacks becomes more and more severe
and at some point the emission power does not increase further. Thus, a
promising approach is to build planar arrays of stacks because here the
generated heat is distributed over the substrate and cooling can be done
more efficiently. However, one has to find a way how the emission of the
several stacks can be synchronized. So far, there is only one publication
by Benseman et al. [53] where this was achieved successfully and a total
emission power of 610 uW was reported. This shows that, in principle, it
should be possible to build large arrays of IJJ stacks. However, exact condi-
tions for synchronization of several stacks and suitable sample geometries
are unknown.

In this publication, the electrothermal behavior of an array of two IJJ
stacks was investigated by a combination of transport, THz emission, LT-
SLM, and high-resolution frequency measurements. We started with one
Z-shaped IJJ stack (for fabrication details see Ref. [51]) having a size of
330 x 60 x 0.7 um3 corresponding to about 480 IJJs. After the characteriza-
tion of the pristine sample, in a first step, the stack was separated into two
halves by a focused ion beam (FIB) cut having a width of about 200 nm.
At this point, the electrodes were still connected and the sample can be
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2.1 Electrothermal dynamics of IJJ stacks

treated as a simple array structure with two stacks in parallel. Later on, the
electrodes were split as well allowing to bias both stacks independently.

In every configuration, emission at high and at low bias as well as hot
spot formation was observed. Depending on the bias conditions the hot
spot appeared either in the center of one of the stacks or with its center
in the slit. Although, the latter configuration is presumably the favorable
one to synchronize the stacks it could not be achieved in this configuration.
Even with precise setting of the individual voltages of the two stacks while
monitoring the emission frequency line using a superconducting integrated
receiver (SIR) synchronized emission did not occur. Thus, probably other
samples geometries are more appropriate or additional synchronizing
elements are needed, e. g., a base crystal or an extra cavity surrounding the
stacks. In addition, the temperature distribution, the hot spot position, and
the individual voltages must be controlled precisely to make sure that all
stacks are as close as possible in the same configuration. Also an external
magnetic field presumably helps to make sure that the same cavity mode
is excited in all stacks.

Contributions

The first measurements for this publication of the pristine sample and the
sample after the first FIB cut were performed by B. Gross before I started
my PhD. Data from the finally cut stack with separated electrodes (section
3.3 in the publication) was measured by B. Gross and me. Together, we
evaluated and analyzed the data and wrote a first draft of the manuscript.

2.1.3 Publication 4: Self-Mixing Spectra of Terahertz Emitters
Based on Bi;Sr,CaCu,0g, s Intrinsic Josephson-Junction
Stacks

There are several ideas how synchronization in IJJ stacks might work, but in
experiment the synchronization mechanism itself is difficult to investigate.
One can try to image standing wave patterns by LTSLM and assign them
to cavity modes but a direct way to measure the properties of the phase
synchronization mechanism seems to be hard to realize.

In this publication, we evaluated the quality of synchronization of IJJ
stacks at different bias points by measuring the frequencies occurring
in the global voltage signal, correlated this information to transport and
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Figure 2.8: (a) IVC for Ty, = 40 K and the detected emission vs. (b) bias current and vs.
(c) bias voltage. Graph (d) shows Fourier spectra of the emitted radiation
and (e) the self-mixing spectra for the labeled bias points.

Figures modified from publication 4. © by the American Institute of
Physics.

emission measurements, and analyzed which parameters affect the syn-
chronization in which way. Since JJs are non-linear elements they act as
mixers for electromagnetic radiation and produce difference frequencies if
groups of junctions oscillate at different frequencies. Thus, the appearance
of difference frequencies is a sign for a not completely phase-locked con-
figuration of the stack. In contrast, the absence of difference frequencies
indicate that all junctions oscillate at the same frequency. In our case,
difference frequencies in the range of some gigahertz were measured using
a spectrum analyzer.

Two GBG structures were studied. The emission from sample 1 was
detected using a Golay cell while in the case of sample 2 a YBCO grain
boundary junction was used as detector. The emission from sample 1
mainly occurred at low bias while at high bias only weak emission peaks
were observed. For this reason, sample 2 was also studied which showed
stronger emission power at high bias.

Figure 2.8 shows data for sample 1 at T, = 40K. At bias points (2)
to (4) the intermediate frequency (IF) spectra, shown in Fig. 2.8(e), look
almost identical to (1) without bias. This is not surprising for bias point (2)
because here, most likely, the whole stack has reached temperatures above
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T. and THz emission disappeared. At bias point (3) and (4) the IF spectra
is flat indicating either good phase-lock or because of the weak emission
signal the IF signal for this bias is hidden in the background. However,
sample 2 also showed flat IF spectra for strong emission power at high bias
indicating that phase-lock seems to work well in the presence of a hot spot.
At bias point (5) which is already in the low-bias regime a peak appears in
the IF spectra. The peaks become even more prominent for the remaining
points (6) to (8), meaning that although the THz emission power is quite
strong, the synchronization of the junctions seems to be incomplete. The
data agree with the earlier high-precision frequency measurements using
a SIR [54]. There, it was observed that the linewidth can be two orders of
magnitude smaller at high bias in the presence of a hot spot than at low
bias, which also suggests that the conditions for phase synchronization are
fulfilled better at high bias.

Interestingly, the sample also emitted at very high bath temperatures
of Ty, = 80K with a frequency of 200 GHz also having a flat IF spectrum
without peaks. This indicates again a good phase-locking and is again in
agreement with earlier observations that synchronization works better at
elevated temperatures.

In conclusion, by the observation of IF spectra due to self-mixing prod-
ucts combined with transport and emission measurements one can quickly
and easily study the ability of the sample to achieve good phase-locking
for different bias conditions.

Contributions

The measurements in this publication were performed by the group of
H. B. Wang together with the group of V. P. Koshelets. Together with my
co-authors, I evaluated and interpreted the data. Further, I supplied ideas
and comments leading to the final publication.
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2.2 Tunability of the terahertz emission
properties

In this section, ways to tune and manipulate the terahertz emission prop-
erties are presented.

2.2.1 Publication 5: Tuning the Terahertz Emission Power of
an Intrinsic Josephson-Junction Stack with a Focused
Laser Beam

Publication 5 was motivated by a theoretical work of Asai and Kawa-
bata [99] who proposed to locally heat the IJJ stack using a focused laser
beam. Their calculations show that this can strongly excite Josephson
plasma waves inside the stack which might increase the emission power
up to the level of milliwatts.

To experimentally investigate their proposal a new measurement setup
was built with which it is possible to detect the emitted power while scan-
ning across the sample surface using a focused laser beam. The arriving
power of the laser beam which is fed to the sample surface using a glass
fiber was estimated to be on the order of 2 to 5 mW. However, a lot of its
intensity is reflected at the top gold layer of the IJJ stack and, thus, proba-
bly only some tenth of a milliwatt were absorbed by the stack changing
the local temperature of the stack probably by less than 1 K.

Figures 2.9(a)-(c) show the IVC and the detected power P, for a bath
temperature of 22 K. For each bias current a linescan is plotted in Fig. 2.9(a)
showing that a hot spot developed in the left part of the stack for currents
larger than roughly 8 mA and grows in size for increasing bias currents.
Figure 2.9(d) shows how P, varied for different laser positions x| along
the center of the stack for I = 28mA and T, = 22K. Especially, if the
laser spot is set to a position close to