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Abstract
In recent years, terahertz technology has become a rapidly growing sector, driven
by the demands of a vast range of (potential) applications. The terahertz spectral
range roughly spans from 300 GHz to 30 THz. In the low terahertz range, there is
a lack of good and compact devices, that emit electromagnetic waves. Particularly,
coherent, narrow-band and continuous-wave sources are lacking, and researchers are
following many dierent approaches to ll this gap. The thesis at hand contributes
to the exploration of one of those sources: Operating intrinsic Josephson junctions
as emitters in the terahertz spectral range.
Josephson junctions (JJs) work as direct current (dc) voltage to frequency converters, if operated in the resistive state. 1 mV voltage drop generates a frequency
of about 484 GHz. Intrinsic Josephson junctions (IJJs) in the high temperature
superconductor Bi2 Sr2 CaCu2 O8+δ (BSCCO) are adequate candidates for emitting
devices; the layered structure of the material intrinsically provides stacks consisting
of 1.5 nm thick, nearly perfectly equal JJs. The fabrication of a series of hundreds
of JJs in a stack of micrometer thickness is easily feasible, which is essential for
high power frequency generation. Further, the energy gap of BSCCO is in principle
large enough to allow for frequencies up to more than 10 THz. The key challenge
is the synchronization of all IJJs in order to produce coherent radiation. In 2007, a
research team from Argonne National Laboratories succeeded in detecting coherent
terahertz radiation from more than 500 synchronized IJJs in a mesa structure. The
frequencies ranged from 350 to 850 GHz with output powers up to 0.5 µW. They
proposed the formation of electromagnetic standing waves in the cavity of the mesa
as synchronization mechanism. Coming from the fully resistive state (nonzero voltage across all junctions), the radiation occurred in the bias regime, where groups of
junctions switch back to the zero voltage state and heating is not severe, as observed
for higher dc input power.
For the present thesis, similar structures have been fabricated by H.B. Wang from the
National Institute for Material Science in Japan. As preliminary studies suggested,
the terahertz emission should also take place for higher input powers, where two
electrothermal domains have formed in the mesa, a hot spot and a colder, still superconducting part. This presumption could be conrmed within the present work.
Imaging with low-temperature scanning laser microscopy (LTSLM) allowed us to
visualize the hot spots in combination with standing wave patterns in the terahertz
emission regime. Using various sample geometries, we were able to demonstrate the
interaction between the wave patterns and the hot spot, as well as the deliberate
manipulation of these processes.

In order to determine the linewidth of the radiation, measurements with a superconducting integrated receiver were performed in collaboration with the Kotel'nikov
Institute of Radio Engineering and Electronics in Moscow. These measurements
revealed a linewidth of about 50 MHz in the presence of a hot spot, which is one
order of magnitude smaller as compared to radiation occurring for low bias currents,
where no hot spot is present.
Investigating the heat balance in one of our mesas from a theoretical perspective,
we showed that the formation of electrothermal domains (in particular hot spots)
is founded in the strong temperature dependence of the electrical conductivity in
c-axis direction of BSCCO. Solving the heat-diusion equation in three dimensions
for the actual sample geometry allowed us to establish realistic temperature proles
of our samples.
Most samples that feature coherent terahertz emission were fabricated in a mesa
geometry. We showed that samples fabricated with the so-called double-sided fabrication technique emit terahertz radiation in a similar manner.

Kurzfassung
Der Bereich der Terahertztechnologie hat sich in den letzten Jahren sehr schnell
entwickelt, angetrieben von den Anforderungen einer Vielzahl (potentieller) Anwendungen. Das Terahertzspektrum umfasst ungefähr den Frequenzbereich von 300
GHz bis 30 THz. Im Bereich niedriger Terahertzfrequenzen mangelt es an guten und
kompakten Bauelementen, die elektromagnetische Wellen emittieren. Besonders fehlen kohärente, schmalbandige und kontinuierlich betreibbare Emissionsquellen. Die
Forschung verfolgt viele verschiedene Ansätze, um diese Lücke zu schlieÿen. Die vorliegende Dissertation trägt zur Erforschung einer dieser Quellen bei: Die Verwendung
von intrinsischen Josephsonkontakten als Emitter im Terahertzspektralbereich.
Im resistiven Zustand betrieben lassen sich Josephsonkontakte als Konverter von
Gleichspannungen in Wechselspannungen verwenden. Dabei erzeugt eine Gleichspannung von 1 mV eine Wechselspannung bei etwa 484 GHz. Intrinsische Josephsonkontakte in dem Hochtemperatursupraleiter Bi2 Sr2 CaCu2 O8+δ (BSCCO) sind
geeignete Kandidaten für die Verwendung als Terahertzemitter; die Schichtstruktur
des Materials stellt bereits intrinsisch Stapel aus 1.5 nm dicken, nahezu identischen
Josephsonkontakten zur Verfügung. Die Herstellung von hunderten, in Serie geschalteten Josephsonkontakten in einem mikrometerdicken Stapel ist ein Leichtes, was
essentiell für die Erzeugung groÿer Ausgangsleistungen ist. Darüber hinaus erlaubt
die supraleitende Energielücke von BSCCO im Prinzip Frequenzen bis über 10 THz.
Die gröÿte, zu überwindende Schwierigkeit ist die Synchronisierung von allen intrinsischen Josephsonkontakten, sodass kohärente Strahlung erzeugt wird. 2007 gelang
es einer Forschergruppe aus den Argonne National Laboratories, kohärente Terahertzstrahlung von mehr als 500 synchronisierten, intrinsischen Josephsonkontakten
in einer Mesastruktur zu detektieren. Der zugängliche Frequenzbereich reichte von
350 bis 850 GHz, bei Ausgangsleistungen von bis zu 0.5 µW. Es wurde vermutet,
dass sich in der Kavität des Mesas stehende elektromagnetische Wellen bildeten
und als Synchronisationsmechanismus dienten. Ausgehend vom vollständig resistiven Zustand (alle Kontakte weisen einen Spannungsabfall auf) trat die Terahertzstrahlung in dem Strombereich auf, in dem einzelne Gruppen von Kontakten in den
spannungslosen Zustand zurückschalten. Heizeekte sind in diesem niederen Strombereich relativ schwach, wurden aber für höhere Eingangsleistung beobachtet.
Für die vorliegende Arbeit wurden ähnliche Strukturen von H.B. Wang am National Institute for Material Science in Japan hergestellt. Vorausgehende Untersuchungen legten nahe, dass die Emission von Terahertzstrahlung auch für höhere
Eingangsleistungen auftreten sollte. In diesem Bereich entstehen zwei elektrothermische Domänen in den Mesastrukturen, eine heiÿere (sog. Hotspot) und eine kältere,

noch supraleitende Domäne. Diese Vermutung konnte im Rahmen der vorliegenden
Dissertation bestätigt werden. Dabei konnten die elektrothermischen Domänen in
Kombination mit Strukturen von elektromagnetischen, stehenden Wellen im Emissionsbereich mittels Tieftemperaturrasterlasermikroskopie abgebildet werden. Unter
Verwendung unterschiedlicher Probengeometrien konnte die Interaktion des Hotspots und der Wellenstrukturen, sowie deren gezielte Manipulation demonstriert werden.
Um die Linienbreite der Strahlung zu bestimmen, wurden Messungen mit einem
supraleitenden, integrierten Receiver am Kotel'nikov Institute of Radio Engineering
and Electronics in Moskau durchgeführt. Diese Messungen zeigten eine Linienbreite
von etwa 50 MHz in Anwesenheit des Hotspots in der Probe. Dies ist etwa eine
Gröÿenordnung weniger als in dem Bereich, in dem keine Domänenbildung vorliegt.
Durch die theoretische Untersuchung der Wärmebalance in einer Mesa konnten wir
zeigen, dass die Bildung von elektrothermischen Domänen sich in der starken Temperaturabhängigkeit der elektrischen Leitfähigkeit in c-Achsenrichtung von BSCCO
begründet. Das Lösen der dreidimensionalen Wärmediusionsgleichung für tatsächliche Probengeometrien ermöglichte es uns, realistische Temperaturprole für die
Mesas zu erstellen.
Die meisten BSCCO Strukturen, die Emission von kohärenter Terahertzstrahlung
aufweisen, wurden in Form von Mesas hergestellt. Wir konnten zeigen, dass Proben,
die unter Verwendung der sogenannten doppelseitigen Fabrikationsmethode hergestellt wurden, in gleicher Weise Terahertzstrahlung emittieren.
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Chapter 1
Introduction
In the past decades interest in the terahertz spectral range, roughly spanning from
300 GHz to 30 THz, has grown immensely. Many new terahertz technologies have
been developed, recognizing a vast range of potential applications [35]. Plenty of
physical phenomena have their typical energies and frequencies lying in the terahertz
range, such as e.g. vibrations and rotations in molecules or superconducting energy
gaps. Thus, the terahertz spectral range is pivotal for probing fundamental physical
interactions and for applications [4]. This covers sectors such as information and
communication technology [6], biology, medical and material sciences, security, quality control of food, non-destructive evaluation and global environmental monitoring
[5, 710].
Modern devices give access to a broad range of the electromagnetic spectrum.
From radio to microwave frequencies electronics can be operated, being limited in
speed mainly by the carrier mobility in semi-conducting structures [1013]. In the
optical range, lasers are the most employed devices, however, infrared photonics
operate only down to about 20 THz [12]. Between these two limitations lies the
so-called terahertz gap, which typically refers to the lower terahertz range, cf. Fig.
1.1. An important ongoing issue is the development of adequate terahertz radiation
sources in this gap. Besides broadband pulsed emitters, which are e.g. used for
terahertz time-domain spectroscopy [4], also coherent, narrow-band and continuouswave (CW) sources are needed. Important quantities are tunability, output power,
minimum linewidth and compactness. The diversity in devices is rich [5, 10], and
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Figure 1.2:

Bi2 Sr2 CaCu2 O8+δ crystal structure. From [18].

all of them operate in a limited range of output parameters. Hence, improvement
of existing techniques and searching for new ways of generating terahertz waves is
an active eld of research.
One approach to generate CW terahertz waves is based on Josephson junctions
(JJs). Operated in the resistive state, the supercurrents oscillate across the barrier
of the device with a frequency f = V /Φ0 , with V being the voltage across the
junction and the magnetic ux quantum Φ0 = h/2e ≈ 1 mV/484 GHz. Here, h is
the Planck constant and e the elementary charge. This makes a JJ a perfect voltageto-frequency converter, easily covering the whole terahertz range by applying a few
millivolts. However, JJs are limited in frequency by the superconducting energy gap,
restricting conventional JJs roughly to f . 700 GHz. A single JJ typically has an
output power in the sub-nanowatt range, a second major drawback for the usage as
a terahertz source [15]. In 1986, the cuprate superconductors were discovered [16],
which have much larger superconducting energy gaps, increasing the potentially
accessible frequencies to several THz. A few years later, the intrinsic Josephson
eect in Bi2 Sr2 CaCu2 O8+δ (BSCCO) was discovered by Kleiner et al. [17]. Like all
cuprate superconductors, BSCCO has a layered structure. Superconducting copper
oxide planes alternate with insulating bismuth oxide an strontium oxide planes,
naturally forming stacks of JJs, where one junction has a thickness of 1.5 nm, cf.
Fig. 1.2. It is therefore easily feasible to fabricate hundreds of intrinsic Josephson
junctions (IJJs) in series, using standard fabrication techniques, and a lot of research
has been performed on such structures [19]. However, in order to produce coherent
radiation with high output power, many junctions need to oscillate in phase and
synchronizing the junctions is a key issue. In the past, researches investigated rather
small devices, with lateral dimensions of several tens of micrometers and maybe less
than 50 junctions [20, 21]. Synchronizing and understanding few junctions rather
than large numbers was expected to be the easiest approach, but success was modest.
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(a)

(b)

(c)

(d)

(a) Schematic of the BSCCO mesas. The applied c-axis current excites the
fundamental cavity mode (solid half-wave) on the width w of the mesa, and high-frequency
electromagnetic radiation is emitted from the side faces (red waves), whose polarization
and frequency are analyzed with parallel-plate lters. (b) Scanning electron microscopy
image of the mesa. Schematics of the anti-phase (c) and of the in-phase (d) mode. The
blue and yellow layers are the CuO2 layers and Bi-Sr-O layers. The red waves represent
the alternating electric eld. In the anti-phase mode the electric eld on the long side face
largely cancels, resulting in negligible emission. For the in-phase mode, the electric elds
from each junction add to create an intense standing wave (black dashed line) and strong
emission. Caption and gures from [22]. Reprinted with permission from AAAS.
Figure 1.3:

In 2007, Ozyuzer et al. reported success in operating more than 500 IJJs that
oscillated in phase, producing CW and coherent radiation with an output power up
to approximately 0.5 µW at frequencies ranging from 350 to 850 GHz [22]. The
essential dierence to previous attempts was the use of rather large devices; the
fabricated structures in form of mesas had widths varying from 40 µm to 100 µm,
a length of 300 µm, and a height of about 1 µm, corresponding to roughly 700
IJJs on BSCCO single crystals, cf. Fig. 1.3 (a) and (b). They detected terahertz
radiation when decreasing the bias current, coming from the fully resistive state
(i.e. all IJJs in the stack are resistive), just before some of the IJJs switched back
to the superconducting state, cf. Fig. 1.4 (a) for the corresponding current-voltage
characteristic (IVC) and the detected bolometric radiation signal. For all of their
measurements the Josephson relation f = N V /Φ0 was fullled. Here, N is the
junction number. This strongly suggested the Josephson current as origin of the
radiation. Fourier transform infrared spectroscopy (FTIR) measurements showed
sharp emission lines with an instrument-resolution limited linewidth of about 9 GHz
(full-width-at-half-maximum), cf. Fig. 1.4 (b). The inset in Fig. 1.4 (b) shows, that
the observed radiation frequency scaled with the inverse width of the mesas. This
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(a)

(b)

Figure 1.4: (a) Current-voltage characteristics and radiation power of the 80-µm mesa.
The voltage dependence of the current (right y-axis) and of the radiation power (left y-axis)
at 25 K for parallel and perpendicular settings of the lter with 0.452 THz cut-o frequency
are shown for decreasing bias in zero applied magnetic eld. Polarized Josephson emission
occurs near 0.71 and 0.37 V, and unpolarized thermal radiation occurs at higher bias. The
black solid line is a simulation of the thermal radiation. (b) Far-infrared spectra of the
Josephson radiation. Sharp emission lines are clearly resolved. The observed line width of
9 GHz (full-width-at-half-maximum) is instrument-resolution limited. The scaling of the
emission frequency with the inverse mesa width, shown in the inset, demonstrates that a
cavity resonance on the width is excited. Caption and gures from [22]. Reprinted with
permission from AAAS.

observation lead to the conjecture, that the IJJs are synchronized by a standing
electromagnetic wave, that is formed by multiple reections in the cavity formed by
the side surfaces of the mesa, cf. Fig. 1.3 (c) and (d). For coherent emission of the
IJJ stacks a radiation power P ∝ N 2 is expected [23, 24]. This could be directly
shown by Ozyuzer et al. for the detected radiation. Besides terahertz emission,
strong heating of the samples was identied in the IVCs and the bolometer signals,
a well known phenomenon in BSCCO structures [2532].
These results triggered intense research on terahertz emission from large BSCCO
mesas. The following paragraphs are meant to give the reader an overview of the
recent development from both an experimental and theoretical point of view.
To the best knowledge of the author, all of the large BSCCO IJJ stacks that
emit in the terahertz regime have been made from BSCCO single crystals, grown by
oating zone technique. The standard structure is a mesa [22, 3343], mostly in
rectangular shape and covered with a metal (usually Au) layer of varying thickness.
Usually, photo lithography, standard depositing methods and ion milling have been
used as fabrication techniques. Similar mesas have been fabricated using focused ion
beam (FIB) milling [41, 44, 45]. In this case a groove separates the mesa from the
base crystal, in contrast to the standard mesas, that stand on top of the base crystal.
It is possible to remove a mesa from the base crystal, and attach it to a (sapphire)
substrate covered with gold [41, 45], leading to an Au-BSCCO-Au structure. Stacks
with all-superconducting electrodes also show terahertz emission. The corresponding
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fabrication method is described in publication 3, and summarized in chapter 2.3.
For all structures mentioned above, fabrication parameters such as oxygen-doping
level of the BSCCO crystals [36], top-electrode thickness [42] or steepness of the edges
[36, 46] need to be well chosen in order to produce samples that show signicant
terahertz radiation.
Terahertz emission occurring in the retrapping regime of the IVC, i.e. for low bias
currents, as observed by Ozyuzer et al. [22], is typically a non-reversible process.
The emission occurs on the return branch in the IVC, when the bias current is reduced. When some of the IJJs have switched back to the superconducting state,
increasing the current will not make them switch to the resistive state again. Before
terahertz emission occurs, some IJJs may have switched back to the superconducting state and therefore not necessarily all junctions are synchronized and contribute
to the terahertz radiation. The dc input power is not too large in this emission
regime, and therefore a roughly homogeneous temperature distribution in the stack
is expected, elevated by a few Kelvin with respect to the bath temperature Tb . Terahertz radiation appears for Tb in a range of approximately 10 to 60 K. The following
summarizes the recent ndings on terahertz emission occurring for low bias currents.
The accessible frequency range of roughly 300 to 950 GHz has not been extended
signicantly since the rst measurements [22]. However, a tunability by voltage of
several percent has been found [34, 40], which was attributed to the trapezoidal
shape of the mesas, a side-eect of the sample fabrication. The idea is, that the
trapezoidal shape leads to a cavity with not only one, but a small range of resonance frequencies. By varying the voltage dierent frequencies are accessible. No
systematic study of the output power dependence on the steepness of the sidewalls
has been performed, hence, it remains unclear, if this is the origin of the tunability
due to the voltage. Also variation of the bath temperature leads to a frequency
tunability in the several percent range, which is ascribed to the temperature dependence of the mode velocities of the cavity resonances [40].
Higher harmonics of the fundamental radiation frequency f1 , following fn = n · f1
with n being an integer, have been observed up to the 4th order for rectangular mesas
[33]. This is expected for resonances in the cavity model. In contrast, disk-shaped
mesas have cavity resonances that do not fulll this condition. In experiment, a
match between the fundamental cavity frequency and the detected main peak has
been observed [44]. However, the higher harmonics were still found at integer multiples of f1 , suggesting that the cavity resonance should not be the primary source
of radiation. This is illustrated in Fig. 1.5 (a), which depicts the spectra for three
disk-shaped mesas, showing f1 and higher harmonics.
The (azimuthal and altitudinal) angular dependence of the radiation for rectangular
[35, 37] and disk-shaped [44] mesas has been measured, cf. Fig. 1.5 (b) for the
altitudinal radiation intensity distribution of a disk-shaped mesa. The distributions
were tried to be modeled via standard antenna theory by introducing a dual source
generation of the terahertz radiation [37, 44]: The ac-Josephson current consists of
a uniform part and an inhomogeneous part that excites a cavity resonance mode in
the mesa, which locks the radiation frequency [4749]. In this way, the measured
patterns can be reproduced satisfactorily, cf. Fig. 1.5 (b). However, the experimen-
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(a)
(b)

(a) FTIR radiation spectra for three disk-shaped mesas. The inset shows
the observed fundamental frequencies vs 1/(2a), with the disk radius a. The dashed line
represents the expected fundamental frequency in the cavity model. (b) Polar plot of
the distribution of the altitudinal radiation intensity from disk-shaped mesa D3 for three
dierent runs (dierent symbols). The solid orange line is a dual-source model t, with the
cavity component shown by the black, dashed curve. Figures and modied caption from
[44]. c 2010 by the American Physical Society.
Figure 1.5:
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Figure 1.6: Scheme of the working principle of low-temperature scanning microscopy.
Modied from [52].

tal data are not of good quality due to the dicult alignment needed during the
measurements. In a dual source model, the observation of integer higher harmonics
in disk-shaped mesas as mentioned before would be explained. It is questionable
though, if the processes in the stacks are adequately reected, since the phase dynamics in the stack are reduced to the simple dual source term.
The total output power has been estimated with values around 5 µW [33, 35], and for
one case 30 µW [50] has been reported. The linewidth of the radiation generated by
mesa structures is between 500 MHz and several GHz [43]. For an Au-BSCCO-Au
structure also about 500 MHz was found as lowest value [41].
Measurements with low-temperature scanning laser microscopy (LTSLM) [51] in
Tübingen University on rectangular mesas supported the idea of standing electromagnetic waves in the cavity of the mesa as synchronization mechanism, or at least
as a relevant mechanism for terahertz emission. With low-temperature scanning
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40 × 330 µm2 BSCCO mesa, at T = 25 K. Left: IVC on large current
and voltage scales. Solid arrows denote jumps in the IVC; inset shows the geometry of the
device. Right: enlargement of the IVC (bottom) in the region where LTSLM images (AC;
shown above) were recorded. Upper graph shows line scans from images AC, along the
long side of the mesa at half width, cf. dashed line in image A. Caption and gures from
[51]. c 2009 by the American Physical Society.
Figure 1.7:

microscopy, many temperature-dependent physical quantities can be visualized and
there are numerous examples using an electron beam [5359] or a laser [6062], working after the same principle (cf. Fig. 1.6): The electron or laser beam is focused to a
micrometer sized spot on the surface of the sample under investigation. This creates
a locally heated zone with a temperature rise of a few K, typically several µm large
in diameter and several hundreds of nm deep. However, the material under investigation can have a strong inuence on these parameters. All temperature-dependent
properties are slightly changed in the locally heated zone, leading to a change of
the voltage measured across the whole sample. The beam is then scanned across
the sample and the voltage change is recorded for each pixel, leading to so called
voltage images. The correct interpretation of these images is the main challenge of
this microscopy technique. In [51], standing-wave patterns were imaged in the bias
regime where terahertz radiation was observed by Ozyuzer et al. [22]. Figure 1.7
depicts the corresponding IVC and LTSLM images of a 30 × 330 µm2 mesa. As seen
in the enlargement, the LTSLM images were taken just before a jump occurred in
the IVC. Images B and C show clear wave structures, which were identied with
cavity resonances as in previous studies on Nb junctions [54, 55] and IJJ stacks
[57]. Further, the formation of a hot spot for higher input powers was revealed, see
Fig. 1.8 for the corresponding IVC and LTSLM images of a 30 × 330 µm2 mesa.
As inferred from the detected signals, the mesa roughly had a homogeneous tem-
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A. Caption and gures from [51]. c 2009 by the American Physical Society.

Figure 1.8:

perature for low bias currents, elevated by a few K with respect to Tb , cf. LTSLM
image A in Fig. 1.8. For currents exceeding a certain threshold, identiably by a
characteristic kink in the IVC, the sample is divided into a superconducting part
and a part driven to above the superconducting transition temperature Tc , the hot
spot, cf. e.g. LTSLM image B in Fig. 1.8. This phenomenon has been observed
and analyzed earlier for low-Tc superconducting bridges [53, 63]. With increasing dc
input power the hot spot grows, until the whole mesa is occupied, compare LTSLM
images BK in Fig. 1.8. In the presence of the hot spot, wave patterns could be
observed in the superconducting part of the stack, as LTSLM images C, D, G and
H in Fig. 1.8 show, strongly suggesting that terahertz emission should also appear
in this high bias regime. An interaction between hot spot and terahertz waves was
conjectured.
And indeed, terahertz emission in the presence of a hot spot could be detected with
comparable frequencies and roughly the same output power as for the emission in the
low bias regime [38, 64]. Especially important for applications is the stability and
reversibility of terahertz emission in this regime, where no retrapping occurs. Our
results can be found in publication 1 and summarized in chapter 2.1. In addition,
we showed via LTSLM, that terahertz emission and wave patterns do appear simultaneously. However, both phenomena also appeared independently of each other,
the exact correlation between the phenomena is therefore not clear. The terahertz
radiation occurring in this regime showed a large frequency tunability by voltage
and bath temperature, which may partly be ascribed to the hot spot tuning the
cavity by changing the size of the cold and therefore superconducting part of the
mesa.
Wave patterns imaged via LTSLM in disk mesas further supported the interpreta-
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tion as standing electromagnetic waves, since the patterns resemble expected cavity
modes (cf. publication 2). The hot spot, forming in the center of the disk, probably creates an annular cavity for the terahertz waves, giving a good example for
the interaction of hot spots and waves. Further examples for such an interaction as
well as for hot-spot formation and manipulation are demonstrated in publication
2 and summarized in chapter 2.2.
The linewidth of the terahertz waves emitted in the presence of a hot spot in the
mesa is with typically 50 MHz one order of magnitude smaller than the lowest values detected without a hot spot. The smallest detected value was 23 MHz, making
the mesas attractive for spectroscopy. Quite unusual, the linewidth in the high
bias regime decreases with increasing bath temperature, which cannot be explained
within standard models. A summary of these measurements is given in chapter 2.4,
and the corresponding manuscript can be found in publication 4.
The strong inuence of the hot spot on the terahertz emission demanded for a better
theoretical understanding of the thermal physics taking place in the samples. Yurgens et al. [65, 66] were able to qualitatively reproduce the inhomogeneous temperature distribution in the mesas, in particular the hot spots, using three-dimensional
nite-element simulations, taking into account a realistic sample geometry and realistic material properties. In publication 5, an understanding of the electrothermal
behavior, including IVCs and temperature distributions, was obtained by applying
the heat balance equation to a simple two-resistor or one-dimensional model. The
c-axis electric conductivity of the quasi-particles could be identied as the main
cause of electrothermal domain formation, i.e. the appearance of hot spots. This
also claried, that the rst interpretation of the phenomenon as a result of the superconducting transition as in superconducting thin lms in the spirit of [53, 63]
was not correct. The LTSLM signals could be reproduced quantitatively, based on
the change of the electrical conductivity in c-axis direction, using the temperature
distributions from a three-dimensional model as in [65, 66] cf. chapter 2.5 for a
summary of these results and publication 5 for the manuscript.
As outlined in the preceding two paragraphs, terahertz emission occurs in two
regimes: For low input power in the retrapping regime at almost constant temperature distribution and for larger input power in the presence of a hot spot. Recently,
terahertz emission has also been detected from the inner branches of the IVC [45]
and it is quite remarkable, that the emission frequencies range from 440 to 800
GHz generated by one sample, cf. Fig. 1.9 (a). A similar behavior was observed
for an Au-BSCCO-Au structure, as shown in 1.9 (b). A signicant amount of the
observed frequencies does not match any cavity resonance, as determined by the authors. They therefore conclude, that cavity resonances are not necessarily involved
in synchronizing the junctions and that another mechanism is needed. However,
in their calculation of the resonance frequencies, they do not take the temperature
dependence of the mode velocity into account [40, 51], which may already be sucient to explain the observed discrepancy, if one keeps the strongly inhomogeneous
temperature distribution within the stacks in mind.
Besides the experimental eorts to identify the terahertz emission mechanism,
also from theoretical side endeavors have been made. In order to understand the
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(a)

(b)

Terahertz radiation from the inner branches of the IVC of two IJJ stacks.
Filled diamonds indicate emission from points in the IVC at frequencies coded by color.
No radiation was detected at the open diamonds. Arrows indicate the tted numbers of
resistive junctions from ts to the Josephson relation. (a) Data of a rectangular 100×140×
1.3 µm3 FIB-milled mesa. (b) Data of a rectangular 62 × 332 × 1.5 µm3 Au-BSCCO-Au
structure. Insets: Full IVCs. Figures and modied caption from [45]. c 2012 by the
American Physical Society.
Figure 1.9:

electromagnetic behavior of a stack of IJJs, in principle, one has to consider the
phase dynamics of each single JJ. This is appropriately described by a set of N
coupled sine-Gordon equations [6769]. However, solving more than 500 coupled
non-linear equations demands a lot of time or extremely fast computers, so usually
only 2 to maybe 50 equations are considered. The basic known dynamic solutions
are collective small-amplitude oscillations of the phases (plasma oscillations), motion of uxons and antiuxons (and combinations of those) and the McCumber (i.e.
resistive) state, where the phase evolves linearly in time. An interplay of these solutions gives a broad variety of possible states for the IJJ stack [69]. The plasma
oscillations create an electric eld which corresponds to a standing wave pattern [68],
and resonance occurs when qλ/2 = w is met, with q being an integer, the plasma
wavelength λ and the width (or length) w of the IJJ stack. The phase conguration
in c-axis direction of the plasma oscillations is uniform.
For the occurrence of terahertz radiation, the oscillating supercurrents in each IJJ,
generated by the ac-Josephson eect from the applied dc voltage, need to be locked
to one common frequency. This frequency locking can be achieved with the excitation of an in-phase plasma mode in the stack. An alternative are solitonic solutions
[70], e.g. when a rectangular uxon lattice is realized. This however is hard to
achieve, since the triangular lattice is favorable and strong external in-plane magnetic elds H are required [71, 72]. In addition to the in-phase plasma oscillation, a
mechanism transferring energy from the dc voltage to the radiation is needed [73].
In other words, something has to excite the in-phase plasma mode. The Lorentz
force, that has impact on uxons of a conguration allowing them to enter a stack
for H = 0, is such a mechanism.
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Figure 1.10:

One suggestion for a phase conguration, that fullls the described requirements, is
a so-called π -kink state [7484]. Here, the phase consists of four terms: The rst
term evolves linear in time for the ac-Josephson eect. The second term consists of
static (time-independent) (2m + 1)π phase kinks and anti-kinks (m is an integer),
arranged periodically in c-axis direction and located in the center of the stack (interpretable as static semi-uxons/antiuxons [73]). Third, there are plasma oscillations
that are uniform along c-axis direction and lastly a constant term. Despite of the
inhomogeneity in c-axis direction due to the kinks, the oscillating electric and magnetic elds are almost homogeneous in all junctions. Calculations demonstrate that
energy is signicantly transferred into radiation, showing that the π -kink state could
be in principle responsible for terahertz emission. Another possible state with the
needed in-phase plasma wave but without π -kinks was spotted by Tachiki et al. [85].
However, the corresponding phase distribution has not been published and the viability of this state with respect to terahertz emission from stacks of IJJs is unclear
[86]. Breather-type solutions (bound pairs of self-oscillating uxons/antiuxons),
consisting of an ordered breather lattice, may also provide the needed mechanism
[73, 87], cf. Fig. 1.10 for snapshots of the phases, magnetic inductions and ac voltages of such breather states for a stack of ten junctions.
In order to investigate the radiation properties, the simplication of only in-phase
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motion of the phase dierences along the c-axis direction has been considered (also
called McCumber solution) [77, 88, 89]. In one study [90], also the Maxwell equations
in free space and the feedback of their solution on the IJJ system are considered.
A dipole-like far-eld radiation pattern is found, not consistent with the measurements [35, 37]. In a subsequent study [91], the assumption of pure in-phase motion
of the phase dierences was dropped and solutions containing π - and 2π -kinks appear, somewhat similar to [74, 76]. The resulting far-eld radiation pattern has a
better match with experiments than [90]. Asai et al. [92] similarly considered inphase motion of the phase dierences and also solved the Maxwell equations outside
the stack. Additionally, they considered regions of local suppression of the critical
current, trying to mimic the hot spot. One nding is a uniform background phase
oscillation in combination with two-dimensional wave patterns, which they interpret
as a conrmation of the dual source mechanism proposed by Klemm et al. [4749]
and their calculated far-eld radiation patterns. Further, the simulation yields a
strong inuence of the position of the hot spot on the appearance of odd modes.
Besides the fact, that the direct assumption of an in-phase mode omits the needed
excitation mechanism, Nonomura [79] analyzed, that it strongly depends on the surface impedance Z , if the McCumber or the π -kink state is realized. The McCumber
state is only realized for small Z and therefore the appearance of the π -kink state
is preferred. A similar result is obtained in a stability analysis [93].
A dierent approach for synchronizing the IJJs is to add a shunt to the stack. This
has been investigated longer ago for Josephson junction arrays in general [9497].
In this spirit, Tachiki et al. [98] numerically analyzed a series of IJJs, described
in the resistively and capacitively shunted junction (RCSJ) model, embedded in an
LCR circuit [99] (slightly dierent to shunted by an LCR circuit, here L stands for
an inductor, C for a capacitor and R for a resistor). In this model, synchronization can be achieved and a single peak radiation occurs in connection with a hump
in the IVC. Lin et al. [100] investigated the synchronization in a one-dimensional
array of RCSJ-like JJs coupled to a common load with respect to stability, also
accounting for thermal noise. With this, they constructed a stability diagram of
the in-phase phase oscillations in the IJJ stacks in dependence of bias current and
McCumber parameter (i.e. hysteresis and shunting properties). Yurgens [66] considered a distributed load (a network of lumped resistors and capacitors) connected
to the IJJ stack, representing the hot spot appearing for higher bias currents. This
is illustrated in Fig. 1.11, where the simulated temperature distribution of the cross
section through a mesa and its base crystal is depicted, and a sketch of the hot spot
as distributed load is given in the inset. Describing the IJJs as a series of RCSJ-like
JJs, Yurgens showed that it is in principle possible to achieve synchronization in this
scenario. In experiment, no shunting elements have been added to the IJJ stacks
articially and it has not been analyzed, whether the environment of a stack (electrodes, substrate, wiring, etc.) is relevant for the synchronization of the IJJs with
respect to shunting. However, especially considering the hot spot as a distributed
load is of direct applicability, if one keeps the linewidth measurements [43] in mind,
that showed a great dierence for the presence or absence of the hot spot. Hence,
shunting denitely plays an important role for terahertz radiation.
There are other approaches for achieving synchronization in IJJ stacks, that are not
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Figure 1.11: Temperature distribution across the vertical middle section of a mesa and
the underlying single crystal at an injected current density j = 1.33 MA/m2 . The dasheddotted lines mark the isotherm T = Tc = 86 K while the solid horizontal line marks the
boundary between the mesa and the electrode. The inset schematically shows a simplied
picture of the resistively shunted section of the mesa. The equivalent shunting circuitry
is an innite matrix of resistors representing the in- and out-of-plane resistivities. Figures
and modied caption from [66]. c 2011 by the American Physical Society.

directly intended to explain the observed terahertz radiation. Notably, before the detection of coherent terahertz radiation from the large BSCCO IJJ stacks, Bulaevskii
et al. [23] suggested to use much larger stacks than had been done so far. However,
they suggested 4 µm wide, more than 300 µm long and 40 µm thick stacks (at the
order of 104 junctions) with thick gold electrodes on top and bottom, diering from
the sample design exhibiting terahertz radiation. In this scenario, synchronization
is achieved through a feedback eect of the radiation itself. It has been further
embellished in [101104] and is still waiting for its experimental realization, even if
it may have triggered the work by Ozyuzer et al. [22].
Another idea is to introduce a spatial modulation of the Josephson current in order
to excite the cavity resonances [24]. This has to be done articially, e.g. via a magnetic eld [105] and, to the knowledge of the author, has also not been realized, yet.
Despite all eorts from experimental and theoretical side, the terahertz radiation
mechanism has not been clearly identied up to now. Especially the question, which
role cavity resonances play is not answered satisfactorily. Therefore, future eorts
should focus on realizing an experiment that is able to give unambiguous evidence
or dismissal for the existing models.
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Chapter 2
Summary of publications
2.1

Publication 1: Coherent terahertz emission of
intrinsic Josephson junction stacks in the hot
spot regime

The discovery of hot spots, forming in the BSCCO IJJ mesas for relatively high
input power, and the simultaneous appearance of wave patterns in LTSLM measurements suggested the occurrence of coherent terahertz emission also for high bias
currents [51].
In publication 1 we demonstrated, that coherent terahertz emission in the hot-spot
regime indeed occurs. In order to do so, we established a terahertz interferometer
at NIMS in Tsukuba (Japan), equipped with a Si bolometer for radiation detection, a helium ow cryostat as used for LTSLM in Tübingen, and a lamellar mirror
interferometer [106, 107]. Several BSCCO mesas were fabricated based on photo
lithography and argon ion etching. Some of those showed coherent terahertz emission in the hot spot regime and others in the low bias regime, however, never directly
before a jump in the IVC as observed by Ozyuzer et al. [22]. Nevertheless, the output power and frequencies were comparable. Two of the mesas showing emission in
coexistence with a hot spot in the mesa were investigated in detail and presented in
this manuscript.
For the rst sample, wave patterns could be observed by LTSLM in the emission
regime in the presence of a hot spot, pointing to the importance of cavity resonances
for synchronizing the IJJs. The second sample showed a frequency tunability ranging
continuously from 450 to 750 GHz by choosing bath temperature and bias voltage,
cf. Fig. 2.1 (a), demonstrating the potential for applications of these structures.
Figure 2.1 (b) depicts the detected emission power vs bath temperature, peaking
around 50 K, which is a peculiarity of this sample. No clear wave patterns were
observed for this sample. In general, it was not possible to establish a direct correlation between the occurrence of emission and wave patterns as suggested by the rst
sample. The question of the role of wave patterns and their correct interpretation is
therefore still open. The frequency measurements showed a setup-limited linewidth
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Figure 2.1: (a) Range of emission frequencies f due to voltage and bath temperature
variation. The inset depicts the voltage across the mesa vs f , where the solid line is given
by the function V = N f φ0 , with N = 400. The dependence of the detected emission power
on Tb is depicted in (b). Figures and modied caption from publication 1. c 2010 by
the American Physical Society.

of below 15 GHz, far too small for the expected quality factor of the cavity of a
BSCCO mesa, pointing to an additional synchronization mechanism. The data suggested that the hot spot may possibly allow to vary the resonance frequency of the
cavity by changing the in-phase mode velocity, as well as the size of the emitting
cold part of the mesa, therefore playing an important role for terahertz emission.

2.2

Publication 2: Interaction of hot spots and terahertz waves in Bi2 Sr2 CaCu2 O8 intrinsic Josephson junction stacks of various geometry

The appearance of wave patterns in LTSLM images in the terahertz emission regime,
also in combination with hot spots has been shown in publication 1. It has not been
resolved however, which role the wave patterns really play for terahertz emission and
how they interact with hot spots. In publication 2, we present measurements on
mesas of dierent geometries in order to improve the understanding of these issues.
(i) A disk-shaped mesa showed wave patterns in LTSLM measurements, that are expected for a circular cavity, complementing the previous observations in rectangular
mesas. This further conrmed the interpretation of the patterns as electromagnetic
cavity modes. Also terahertz emission could be detected in the bias regime where
the wave patterns appeared, however an order of magnitude smaller than for rectangular mesas.
(ii) Surrounding a rectangular mesa with small detector mesas enhanced the understanding of hot-spot formation: The critical currents of the detectors vanished when
being passed by the front of the growing hot spot due to increasing input power,
monitored by LTSLM images. Hence, the suppression of superconductivity in the
detectors served as a local temperature sensor, approving the interpretation of the
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the total current I , as indicated in the images. Arrows indicate the edges of the hot spots.
Figures and caption modied from Publication 2. c 2010 by the American Physical
Society.
Figure 2.2:

LTSLM signals in terms of hot spots.
(iii) Equipped with a current lead each on the left and right side, a rectangular mesa
allowed to study the controllability of hot spots and wave patterns, see Fig. 2.2 (a)
for a sketch of the sample. For a constant total bias current, dierent hot-spot
localizations could be realized, controlled by the ratio of currents through the two
injectors, compare Figs. 2.2 (b)(m). In fact, the hot spot could be adjusted to
virtually any position along the center line of the length of the mesa. Wave patterns
appeared for certain hot-spot positions, either on the left (cf. Figs. 2.2 (h), (i))
or right (cf. Fig. 2.2 (g)) side of the mesa. This controllability over the hot-spot
position and the appearance of wave patterns may serve as a valuable tool for the
use of the mesas as terahertz emitters in applications.
(iv) In an arrow-shaped mesa, the hot spot nucleated at the arrow tip, and not close
to the current injection point as for all structures investigated so far, showing that
the nucleation point can also have geometric origin. This could be reproduced in
three-dimensional nite-element simulations of the heat balance in such a sample
geometry, cf. publication 5. In the three parts of the arrow independent wave
patterns were presumably switched on and o by the hot spot, again acting as a
control element for the wave patterns.

2.3

Publication 3: Terahertz emission from Bi2 Sr2 CaCu2 O8+δ intrinsic Josephson junction stacks
with all-superconducting electrodes

Up to this point, coherent terahertz emission from BSCCO IJJ stacks had mainly
been detected from the mesa-type geometry with large dimensions, adopted from
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A schematic diagram of the critical steps in the fabrication process. (a) Two
mesa-like structures sitting on top of a square were structured into a BSCCO crystal, which
was glued to a Si substrate. (b) The patterned single crystal surface was glued onto a MgO
substrate and turned upside-down. The Si substrate and remanent square pedestal was
removed and an Au lm was deposited. (c) A T-shaped structure was patterned, giving
the IJJ stack its nal shape. (d) Final state with electrodes. I+ , I− , V+ and V− indicate
current and voltage leads. (e) View parallel to the short side of the stack showing that the
cross-section parallel to the long side of the stack approximates a parallelogram. Figure
and modied caption from Publication 3. c 2012 IOP Publishing Ltd
Figure 2.3:

Ozyuzer et al. [22]. For small stacks dierent sample designs had been developed,
employing dierent fabrication techniques.
Publication 3 presents data from a sample fabricated using the double-sided technique [108, 109], however with dimensions 300 × 50 × 1.2 µm3 , that are adequate for
terahertz emission. In this design, the IJJ stack is equipped with superconducting
electrodes on top and bottom of the stack. The detected terahertz radiation of this
sample was comparable in power and frequency to the mesa-type samples, showing
that this fabrication technique is a promising alternative for sample preparation. The
superconducting top electrode did not seem to inuence the emission power significantly, as was expected from measurements on Au-BSCCO-Au structures [41, 48].
Several advantages arise with the double-sided fabrication: The superconducting
electrodes avoid contact resistance and additional power dissipation produced by
the Au leads that are usually employed. Degraded top junctions, which often occur
in mesa-type samples, and typically strongly reduce the critical current density, are
also avoided. Further, the fabrication process guarantees well-controlled uniformity
in both junction number and lateral dimensions, which is especially important for
fabricating array structures. Figure 2.3 (a)-(d) depicts sketches of the sample during
the dierent steps of the fabrication process.
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2.4

Publication 4: Linewidth dependence of coherent terahertz emission from Bi2 Sr2 CaCu2 O8 intrinsic Josephson junction stacks in the hot-spot
regime

Determining the linewidth ∆f of the emitted terahertz radiation had been limited
to several GHz by the FTIR spectrometers. Only one recent mixing experiment
revealed a ∆f of about 500 MHz for low bias currents [41]. The linewidth is an
important quantity for applications and may give information on the synchronization mechanism. To be able to measure ∆f , we started a collaboration with the
Kotel'nikov Institute of Radio Engineering and Electronics in Moscow, which is
equipped with a superconducting integrated receiver (SIR). The SIR can determine
the linewidth of frequencies between 450 an 700 GHz to below 100 kHz [110112].
The results of these measurements, elaborated in publication 4, show a very unusual linewidth behavior of the terahertz radiation from BSCCO IJJ stacks. First,
for low bias currents, the lowest ∆f was around 500 MHz, in agreement with [41].
A typical value was several GHz, and sometimes the 6 GHz bandwidth of the SIR
44 K (a)

(b)

(a) SIR spectrum of the mixing output for I = 16.3 mA, V = 0.721 V in the
high-bias regime at Tb = 44 K. The frequency of the local oscillator is fLO = 605.75 GHz,
the intermediate frequency fIF = 6.2 GHz and the emission frequency fp = fLO +fIF . The
dashed line results from a Lorentzian t with ∆f = 23 MHz. Inset: Drift of the emission
peak after 3 min. (b) Dependence of the linewidth on the bath temperature. Open circles
are for low and solid ones for high bias. Figures and caption modied from Publication
4. c 2012 by the American Physical Society.
Figure 2.4:
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was exceeded. However, for high bias, when a hot spot is present in the stack, ∆f
was around 50 MHz, and the lowest value was 23 MHz, cf. Fig. 2.4 (a). These
surprising results suggest, that the hot spot works as an active element in synchronizing the IJJs, signicantly enhancing the emission properties. It also seems,
that synchronization is not complete for low bias currents. The narrow minimum
linewidth makes IJJ stacks interesting for applications such as e.g. terahertz spectroscopy. Second, the linewidth for high bias currents decreases with increasing bath
temperature, roughly following ∆f ∝ Tb−4 for the presented sample, cf. Fig. 2.4
(b). Other samples also show a decreasing ∆f , but not with the Tb−4 -dependence.
The cold, terahertz emitting part of a stack has a lower temperature for smaller Tb
than for higher Tb , despite the non-homogeneous temperature distribution in the
stack. Hence, the non-homogeneous temperature distribution cannot explain such
a ∆f (Tb ). No standard model one would apply (e.g. Nyquist noise) is capable of
explaining the observed ∆f (Tb ); an increasing ∆f with Tb is always predicted. A
possible explanation could be time-dependent hot-spot uctuations or oscillations
[113], that decrease with increasing Tb . Notably, the temperature gradient of the
edge of the hot spot shows such a Tb -dependence. However, up to now we were not
able to identify any traces of hot-spot oscillations or uctuations in experiment.

2.5

Publication 5: Hot-spot formation in stacks of
intrinsic Josephson junctions in Bi2 Sr2 CaCu2 O8

The occurrence of hot spots in BSCCO IJJ stacks, as revealed via LTSLM [51], has
not been understood and theoretically described in sucient detail. Ascribing the
voltage signals detected with LTSLM to a transition from a superconducting part
to a part with a temperature T > Tc , as observed earlier for superconducting thin
lms, see e.g. [53, 58, 63], does not correctly reect the experimental situation for
BSCCO IJJ stacks. Yurgens et al. [66, 104] used nite element analysis (FEA) in
three dimensions to solve the heat diusion equation, and could indeed reproduce
the hot spots qualitatively. However, a quantitative analysis was lacking, and the
calculated IVCs did not feature characteristic kinks observed in experiment.
In publication 5, we eliminated these inconsistencies, and gave a clear picture
of the electrothermal behavior of the samples. In general, the occurrence of hot
spots is a well described phenomenon [113, 114] and evident in many materials.
For terahertz emission, the IJJ stacks are operated in their resistive state, where
the superconducting transition is not of importance for the current ow, since the
electrical resistivity in c-axis direction ρc increases continuously when cooling the
sample through Tc [115, 116]. However, ρc increases strongly with decreasing temperature in the relevant temperature range of 1090 K. For such a ρc (T )-dependence
the occurrence of hot spots is well-known in semiconducting structures [113, 114].
We therefore identied the hot spots with electrothermal domains, as they appear
in semiconductors.
In the most simple way, the formation of such hot spots can be examined by modeling a mesa with two lumped, parallel resistors A and B, cf. Fig. 2.5 (a) and (b).
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and gures modied from publication 5. c 2012 by the American Physical Society.
Figure 2.5:

Taking realistic, temperature-dependent values for electrical and thermal conductivities into account, the IVC of a single, current-biased resistor is determined by
the balance between Joule heating Q and heat transfer power W . The result is a
curve that has a regime of negative dierential resistance, see e.g. Fig. 2.5 (c).
Each current value corresponds to a certain temperature of the resistor. For two
such resistors in parallel, thermal bistability is possible in the regime of negative differential resistance, since Q = W has more than one solution. Therefore, a branch
exists in the IVC with equal temperatures of the resistors, see the blue curve in Fig.
2.5 (e), and a branch where the temperature diers (cf. red, dashed curve in Fig.
2.5 (e)). Rather than being in state α in Fig. 2.5 (e), the system favors state β for
currents higher than δ . For the individual resistors this means, that e.g. resistor A
switches from state αA to βA and resistor B from αB to βB , cf. Figs. 2.5 (c) and
(d). Therefore, TβA > TβB , i.e. resistor A represents the hot spot. Such a simple
model is capable of explaining the occurrence of hot spots and the shape of the IVC
in a qualitative manner.
One obtains more details, when considering a one-dimensional, continuous model
for the heat ow along the red, dashed line in Fig. 2.5 (a), neglecting variations in
c-axis direction. The formation of hot spots and the branching in the IVC as seen
in the two resistor model are reproduced. Further, one nds a realistic shape of the
hot spot (i.e. a realistic temperature distribution) and its growth with increasing
input power, as observed in experiment.
Lastly, we solved the three-dimensional heat diusion equation with FEA, just as in
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c 2012 by the American Physical Society.
Figure 2.6:

[66, 104], however, treating the physics in a more quantitative manner, accounting
for the sample properties as good as possible. Data for a mesa at Tb = 20 K are
shown in Fig. 2.6. A very good match between simulated and measured IVCs,
cf. Fig. 2.6 (a), has been achieved by adjusting the sub-gap electrical resistivity
accordingly. The resulting temperature distributions along the red, dashed line in
Fig. 2.5 (a) for z = 0.5h, show how the hot spot evolves, cf. Fig. 2.6 (b). Notably,
the maximum temperature of the hot spot may be above or below Tc . Based on
these simulated temperature distributions, the detected LTSLM signals, shown in
Fig. 2.6 (d), were now correctly attributed to the temperature dependence of ρc ,
and could be reproduced suciently precise by calculating the voltage response of
the sample, see Fig. 2.6 (c). These temperature distributions provide a basis needed
for the correct interpretation of other physics taking place in the samples, such as
the ac Josephson currents.
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from publication 5. c 2012 by the American Physical Society.

Eects related to the point of hot-spot nucleation, described in publication 2,
could be reproduced correctly with the FEA simulations, approving that the model
established in the manuscript is capturing the relevant thermal physics. This is e.g.
demonstrated in Fig. 2.7: Surface plots (Figs. 2.7 (a)(d)) of the temperature distribution in a mesa with two current injection points show that the experimentally
observed movement of the hot spot depending on the ratio of injected currents is
reproduced; especially the center position of the hot spot vs injected current ratio
is reproduced well, as depicted in Fig. 2.7 (e).
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Summary and outlook
Summary
The successful rst measurements on large BSCCO mesas at Tübingen University
[51] were the starting point for this thesis. Since then, the major contribution of
our work to the eld was the nding and investigation of terahertz radiation in
the presence of a hot spot in the IJJ stack, cf. publication 1. The radiation in
this regime was discovered at about the same time by Minami et al. [64], however
without putting it into context. Additionally, we could visualize via LTSLM wave
patterns in the emission regime where a hot spot is present. These wave patterns,
interpreted as standing electromagnetic waves in the cavity of the mesa, seem to
be relevant for terahertz emission. However, their exact role has not been resolved,
yet. The interaction between wave patterns and hot spots has been investigated
in publication 2. Here, standing wave patterns could be imaged in a disk-shaped
mesa, that are compatible with cavity resonance patterns. This conrmed the validity of their interpretation. We proved the existence of the hot spot and its growth
with increasing input power by surrounding a rectangular mesa with several small
detector junctions, serving as a local thermometer. The controllability and mobility
of the hot spot could be demonstrated using two current injection leads installed at
one mesa. At the same time the hot spot operated as a switch for wave patterns;
this switching behavior was also shown in an arrow-shaped mesa.
In publication 4, we have determined the radiation linewidth ∆f in the hot-spot
regime for the rst time. In this regime ∆f ≈ 50 MHz, which is roughly one order
of magnitude smaller than without the hot spot, demonstrating the relevance of the
hot spot for terahertz radiation. Remarkably, we found that the linewidth decreases
with the bath temperature of the sample, which cannot be understood within standard models.
A consistent picture of the electrothermal physics of the BSCCO mesas has been
presented in publication 5. Especially a detailed explanation and description of
the formation of hot spots was given. This provides a good basis for understanding
the electrodynamics of the IJJ stacks.
Finally, in publication 3, we demonstrated the applicability of a fabrication process originally used for small IJJ stacks to produce large BSCCO stacks that emit
terahertz radiation. In particular, these samples are equipped with superconducting electrodes on top and bottom of the stack. This does not aect the output
power of the terahertz radiation signicantly, as it was expected from observations
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on Au-BSCCO-Au sample structures. This fabrication method avoids degraded top
junctions and top electrode contact resistance, reducing the local heating. It may
also be of importance for building larger array structures.

Outlook
There are still many open questions regarding terahertz emission from IJJ stacks.
Most important, the mechanism that provides synchronization of the junctions has
not clearly been determined. There are potential candidates, such as the π -kink
state, however unambiguous proof of their existence and relevance for terahertz
radiation is still lacking. Probably related is the fact that wave patterns in LTSLM images and terahertz radiation appear together but also independently. Here,
measurements with a LTSLM setup under construction at NIMS in Tsukuba may
provide further information: With this system, detection of terahertz radiation and
LTSLM imaging is possible simultaneously. First measurements indicate, that wave
patterns appear just when terahertz radiation vanishes (when sweeping the current).
An interpretation of this data has not been found, yet.
As we have adequately captured the electrothermal physics of the mesas in publication 5, this opens the way for combining the electrothermal physics with the phase
dynamics in the stacks. That is solving coupled sine-Gordon equations together with
the heat diusion equation. It is to expect, that the non-homogeneous temperature
distribution has an essential impact on the phase dynamics. Whether such a model
correctly describes the system can be tested by checking, if the yielded linewidth of
the terahertz radiation in presence of a hot spot decreases with increasing Tb , as has
been observed in experiment.
Another important issue is the practical applicability of the IJJ stacks as terahertz
emitters. For that, the output power has to be increased at least by one or two
orders of magnitude. This task can be achieved in various ways. First of all, if
the mechanism behind the terahertz radiation is understood, the samples can be
adequately designed for high power output. Integration with other circuits, e.g. embedding the stacks into an antenna structure [117] is another option. In general, the
structures have not been optimized with respect to impedance matching, a crucial
aspect for high power generation of radiation. Already ongoing is research on the
fabrication of array structures [41, 118]. The output power is expected to increase
quadratically with the number of stacks and the operation of several synchronized
stacks is therefore very promising. However, synchronization of two or more stacks
has not been proven yet, and a way to realize this has still to be found. Also the
realization of dierent approaches for synchronization of the IJJ stacks [23, 24] may
be fruitful. In deance of the limitations of terahertz radiation from BSCCO IJJ
stacks, the practical applicability has already been proven: A terahertz imaging
system employing a mesa as terahertz emitter has been built and used to image
two Japanese Yen coins inside an envelope [119]. In addition, Turkoglu et al. [120]
demonstrated, that room temperature detectors are sensitive enough for detecting
the emitted terahertz waves. This shows, that the usage of BSCCO as terahertz
emitter in applications is within reach.

Appendix: Acronyms and physical
quantities
List of acronyms in alphabetic order
ac
BSCCO
CW
dc
FEA
FIB
FTIR
IJJ
IVC
JJ
LCR
LTSLM
NIMS
RCSJ
SIR

Alternating current
Bi2 Sr2 CaCu2 O8+δ
Continuous-wave
Direct current
Finite element analysis
Focused ion beam
Fourier transformation infrared spectroscopy
Intrinsic Josephson Junction
Current-voltage characteristics
Josephson junction
Combination of an inductor, capacitor and resistor
Low-temperature scanning laser microscopy
National Institute for Material Science (Tsukuba, Japan)
Resistively and capacitively shunted junction
Superconducting integrated receiver
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Appendix: Acronyms and physical quantities

List of physical quantities in alphabetic order
α, αA,B
a
β , βA,B
Bi
δ
∆f
e
f
f1
fIF
fLO
fp
φ0
ϕi
h
H
I+,−
I0
Il
Ir
j
λ
m, n
N
P
q
QA,B
RA,B
T
Tb
Tc
ρc
V
V+,−
V0
Vi
w
WA,B
xh
Z

State of a resistor
Radius of a disk mesa
State of a resistor
Magnetic induction of a Josephson junction with index i
State of a resistor
Linewidth of the terahertz radiation
Elementary charge
Frequency of the terahertz radiation
Fundamental radiation frequency
Intermediate frequency
Local oscillator frequency
Frequency of the terahertz radiation
Magnetic ux quantum
Phase of a Josephson junction with index i
Planck constant or height of the mesa
External in-plane magnetic eld
Current lead (positive or negative)
Total current through two injectors or current for maximum local voltage
Current through left injector
Current through right injector
Current density
Plasma wavelength
Integer
Number of Josephson junctions in a stack
Output power of the terahertz radiation
Integer
Joule heating of resistor A or B
Resistor A or B
Temperature
Bath temperature
Superconducting transition temperature
Electrical resistivity in c-axis direction
Voltage across a Josephson junction
Voltage lead (positive or negative)
Maximum local voltage
Voltage of a Josephson junction with index i
Width of a mesa
Heat transfer power of resistor A or B
Center position of the hot spot
Surface impedance
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We report on THz emission measurements and low temperature scanning laser imaging of
Bi2 Sr2 CaCu2 O8 intrinsic Josephson junction stacks. Coherent emission is observed at large dc input
power, where a hot spot and a standing wave, formed in the ‘‘cold’’ part of the stack, coexist. By changing
bias current and bath temperature, the emission frequency can be varied by more than 40%; the variation
matches the Josephson-frequency variation with voltage. The linewidth of radiation is much smaller than
expected from a purely cavity-induced synchronization. Thus, an additional mechanism seems to play a
role. Some scenarios, related to the presence of the hot spot, are discussed.
DOI: 10.1103/PhysRevLett.105.057002

PACS numbers: 74.50.+r, 74.72.h, 85.25.Cp

Phase synchronization is one of the prerequisites to use
Josephson junction arrays as tunable high frequency
sources [1–4]. While Nb based junctions are limited to
frequencies below 1 THz—with applications up to
600 GHz [5]—intrinsic Josephson junctions (IJJs) [6,7]
in Bi2 Sr2 CaCu2 O8 are, at least in principle, able to operate
up to several THz. Stacks of many junctions can be made,
e.g., by patterning mesa structures on top of single crystals.
For many years, investigations focused on small structures
consisting of some 10 IJJs, with lateral sizes of a few m.
Here, with few exceptions [8,9], the IJJs in the stack tended
to oscillate out-of-phase or were not synchronized at all.
Experimental and theoretical studies included the generation of synchronous Josephson oscillations by moving
Josephson vortices [8–13], the use of shunting elements
[14–16], the excitation of Josephson plasma oscillations
via heavy quasiparticle injection [17,18] or the investigation of stimulated emission due to quantum cascade processes [19]. High-frequency emission of unsynchronized
intrinsic junctions has been observed up to 0.5 THz [20].
For more details, see Ref. [2].
Recently, coherent off-chip THz radiation with an extrapolated output power of some W was observed from
stacks of more than 600 IJJs, with lateral dimensions in the
100 m range [21–25]. Phase synchronization involved a
cavity resonance oscillating along the short side of the
mesa. This radiation was studied theoretically in a series
of recent papers, either based on vortex-type or plasmonic
excitations, coupled to cavity modes [26–36], or on nonequilibrium effects caused by quasiparticle injection [37].
While THz emission was obtained at relatively low bias
currents and moderate dc power input [21–25], using low
temperature scanning laser microscopy (LTSLM) we have
shown that standing wave patterns, presumably associated
with THz radiation, can be obtained at high input power
where, in addition, a hot spot (i.e., a region heated to above
0031-9007=10=105(5)=057002(4)

the critical temperature Tc ) forms within the mesa structure
[38]. Hot spot and waves seem to be correlated. The
purpose of the present work is to investigate THz emission
in this high power regime in detail, combining THz emission measurements and LTSLM. Apart from further clarifying the role of the hotspot, we are specifically interested
in the question whether coherent radiation can be achieved
in spite of the high temperatures involved.
By photolithogaphy and ion milling, 330  50 m2
large mesa structures were patterned on top of
Bi2 Sr2 CaCu2 O8 single crystals [39]. Below we discuss
two samples, with thicknesses of 1 m (sample 1) and
0:7 m (sample 2), corresponding to stacks of, respectively, 670 and 470 IJJs. Mesa and base crystal were
contacted by Au wires fixed with silver paste. Insulating
polyimide was used to surround the mesa edge at which an
Au wire was attached. In order to provide a load line for
stable operation, the mesas were biased using a current
source and variable resistor in parallel to the mesa. Contact
resistances (around 5 ) are subtracted in the data discussed below. THz emission measurements were performed in Tsukuba; the samples were subsequently
shipped to Tübingen for LTSLM. In total we detected
THz emission from seven (out of a total of twelve) mesas
on five different crystals. In one case (sample 1) emission
was detected both at low bias and in the (high bias) hot spot
regime; a disk shaped sample [40] radiated close to the hot
spot nucleation point. Five others radiated in the hot spot
regime only. Thus, the hot spot, although not a necessary
ingredient for THz emission, seems to help considerably in
increasing the yield of radiating samples.
The LTSLM setup is described in Ref. [38]. In brief, the
laser beam is scanned across the sample surface. Local
heating by 2–3 K in an area of a few m2 and about
0:5 m in depth causes a change V of the voltage V
across the mesa serving as the contrast for the LTSLM
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image. Standing waves can be imaged due to the beaminduced local change of the quality factor, leading to a
strong signal V at antinodes and a weak signal at nodes,
located at the mesa edge, if V is dominated by the
magnetic field. The edge of a hot spot leads to a strong
signal, while V is small in the interior of the hot spot and
in the ‘‘cold’’ part of the mesa [38]. The THz emission
setup, allowing for bolometric detection and Fourier spectrometry, is described in detail in Ref. [39]. We note that
numbers quoted below refer to detected power, to be extrapolated to 4 using the 0.04 sr aperture of the setup.
We first discuss THz emission data of sample 1, measured at T ¼ 20 K. Figure 1(a) shows by solid circles the
current voltage characteristic (IVC), as measured in
Tsukuba. Starting from zero current, groups of junctions
become resistive for I > 20 mA. At I ¼ 30 mA the whole
stack switches to the resistive state. Lowering the bias in
this state the IVC is continuous down to 10 mA where
another switch to a current of 8 mA occurs. As revealed
by LTSLM, this switch corresponds to the disappearance of
the hot spot present at high bias. For 3 mA <I < 10 mA
the IVC is continuous until further switches and hystereses
appear due to the retrapping to the zero voltage state of
some of the IJJs in the stack. Note that, due to different
environmental noise, the switching currents to the resistive
state differ for the two IVCs. However, the outermost
branch, which is of interest here, nearly coincides for
both IVCs, allowing for a fair, although not perfect,
comparison of LTSLM and emission measurements.
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Figures 1(b) and 1(c) show the emission power detected
by the bolometer as a function of, respectively, I and V.
The largest response occurs in the high power (hot spot)
regime and covers a current range from 10 mA up to
30 mA. Here, V ranges from 0.83 to 1.13 V. If all N
IJJs in the stack are frequency locked and participate in
radiation we expect that the Josephson relation V=N ¼
0 f holds, where 0 is the flux quantum and f is the
emission frequency. The Fourier spectrum, at given bias,
revealed a single sharp emission line (with a resolution
limited f  12 GHz linewidth) continuously shifting
with V. Two spectra are shown in Fig. 1(d). From these
data we infer N ¼ 676  5 in very good agreement with
the 1 m thickness of the mesa. The maximum detected
power was 6 nW, corresponding to roughly 2 W when
extrapolating to 4, even without taking additional losses
into account. Thus the emitted power is comparable to the
one quoted in Ref. [21]. Sample 1 also showed a bolometric response at low bias [c.f., grey (orange) lines in
Figs. 1(b) and 1(c)]. Here, the detected power (0:4 nW)
was too low for Fourier spectrometry.
The different peaks visible in the radiometer data of
Figs. 1(b) and 1(c) are likely to correspond to different
cavity modes excited in the mesa (a similar case is shown
in Fig. 3 of Ref. [38]). For the present sample, only for a
bias at the main emission peak the standing wave pattern
appeared. Figure 1(e) shows five LTSLM images at the bias
points indicated in Fig. 1(b). The bright circular feature
visible in the left part of the mesa is the hot spot. In all

FIG. 1 (color online). Sample 1 at T ¼ 20 K: IVCs (a) as measured in Tsukuba and in Tübingen. Emission power detected by the
bolometer vs current (b) and voltage (c) at high bias (I > 10 mA) and low bias (I < 7 mA). Arrows labeled (1) to (5) indicate bias
points of LTSLM images in (e). Fourier spectra (d) of emitted radiation taken at V ¼ 944 mV, I ¼ 17:2 mA (peak at 669 GHz), and
V ¼ 1046 mV, I ¼ 13:2 mA (peak at 753 GHz). LTSLM images (e) and corresponding line scans (f) at the bias points indicated in
(b). Line scans, taken along the center of the mesa, are shown only for the ‘‘cold’’ part of the mesa, c.f., dashed line in image (5) of
graph (e). Adjacent line scans are vertically offset by 10 V.
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images there is a wavy dark feature at the upper edge of the
mesa; this is caused by the polyimide covering the mesa
edge. While, apart from the polyimide feature, LTSLM
images (1) and (5) are smooth in the right part of the mesa,
in images (2), (3), and (4) a wavy feature can be seen which
is strongest along the center of the junction. Line scans in
Fig. 1(f), taken in the right part of the mesa along the
dashed line indicated in graph (5) of Fig. 1(e), show the
wave feature in more detail. Maximum modulation is
observed at bias point (3) which is close to the center of
the main emission peak. Away from this bias, the wave
amplitude decreases and becomes undetectable at bias
points (1) and (5). This indicates a clear correlation between waves and emission. LTSLM did not reveal standing
wave features outside the main emission peak (e.g., at the
secondary emission peaks between 20 and 30 mA).
However, this should not be interpreted as emission without waves, since, by experience, it is more difficult to see
signals of waves than, e.g., of hot spots in LTSLM.
LTSLM images (2), (3), and (4) indicate that a standing
wave, consisting of a half wave along the mesa width and
about three half waves along its length, has been excited.
From our data we infer wavelengths x  y  100 m.
2 1=2
, with f ¼ 0:67 THz, we find
Using f ¼ cð2
x þ y Þ
a mode velocity c  4:7  107 m=s, which is fully compatible with the in-phase mode velocity at the elevated
temperatures (60–70 K) estimated for the cold part of the
mesa [38,41]. Other (collective) mode velocities are by a
factor of at least 2 lower. If the junctions would oscillate
incoherently, the relevant mode velocity is the Swihart
velocity c  3  105 m=s, which is even lower. We thus
conclude that all junctions oscillate in-phase.
We next discuss emission data of sample 2. IVCs, the
bolometric response and Fourier spectrometer data are
shown in Fig. 2. The largest emission was detected near a
voltage of 456 mV [c.f., Figs. 2(b) and 2(c)]. Figure 2(d)
shows Fourier spectra at V ¼ 440 mV and V ¼ 451 mV.
From the emission peaks at, respectively, 531 and
554 GHz, we find the Josephson relation V=N ¼ 0 f to
hold, with N  400 (i.e., somewhat less than the 470
junctions expected from the mesa thickness). The
16 GHz linewidth is at the resolution limit. LTSLM revealed that a hot spot formed for I > 25 mA, covering
about half of the mesa area for the bias where maximum
emission was detected (increasing the current from 40 to
60 mA, the length of the cold part of the mesa decreased
from about 200 to 150 m). A standing wave pattern was
vaguely visible, however, further analysis of the LTSLM
data was prevented by a spurious strong response, presumably caused by additional IJJs switching to the resistive
state when illuminated by the laser. Figure 3 shows emission data taken at different bath temperatures. The frequency range of detectable emission is shown in Fig. 3(a).
Radiation was found between 15 and 58 K, with a maximum detected output power of about 5.5 nW near T ¼
50 K [c.f., Fig. 3(b)]. At the lower temperatures, the emis-
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FIG. 2 (color online). Sample 2 at T ¼ 40 K: IVCs (a), emission power vs current (b), and voltage (c). Panel (d) shows two
spectra of the emitted power at V ¼ 440 mV (peak at 531 GHz)
and V ¼ 451 mV (peak at 554 GHz).

sion frequencies varied continuously between 600 GHz
and about 750 GHz; with increasing bath temperature the
frequency of maximum emission power decreased, to
about 450 GHz near 55 K; also, the frequency tunability
by bias current decreased with increasing bath temperature, but still was on the order of 10% at 50 K. In the ‘‘low
bias’’ case, the cavity resonance frequency is essentially
fixed by the geometry of the mesa and may or may not be
met by the frequency of the Josephson oscillations, set by
the voltage V=N across each junction. In the hot spot
regime (where V=N decreases with increasing bias current
and bath temperature) the situation becomes more flexible
(although, still, resonance is not possible for all cases).

FIG. 3 (color online). Range of emission frequencies f (a) and
detected emission power (b) of sample 2 vs bath temperature.
Inset in (a) shows the voltage across the mesa as a function of f.
Solid line in the inset is function V ¼ Nf0 , with N ¼ 400.
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There are two factors contributing to this. First, the mode
velocity c1 decreases with increasing dc input power [38].
For example, at T ¼ 40 K, over the resonance peak the
input power varied from 18 to 26 mW; over such a range, at
high temperatures, c1 can decrease by some 20%–30%.
Second, the hot spot changes the length Lc of the cold part
of the mesa (at T ¼ 40 K Lc changed by about 30% over
the emission peak). Which of the two effects dominates
depends on the effective temperature of the cold part and
on the mode excited. In any case, the possibility to achieve
resonance conditions over a comparatively wide frequency
range allowed to test the Josephson relation V=N ¼ 0 f,
which we found to hold for all bias currents and temperatures, with N ¼ 400 [c.f., inset of Fig. 3(a)].
The above results may show that, as in the low bias
regime, also at high bias cavity modes are important for
synchronizing the Josephson currents. However, there
might be additional ingredients. For sample 1, the (resolution limited) 12 GHz linewidth of radiation is more than 50
times smaller than the oscillation frequency. For sample 2,
f=f < 0:03 at T ¼ 40 K. If, in the hot spot regime, f
were determined by the quality factor Q of the cavity, one
would require a Q ¼ f=f of at least 30–50. For a high Q
cavity one would expect that clear resonant current steps
are visible on the IVC which is not the case. For reference,
one may analyze the IVCs of small-sized, few-junction
stacks. For T  60–70 K, these IVCs are only weakly
hysteretic and Q is well below 10. The same will hold
for the large mesas. One option for additional synchronization is that the hot spot interior effectively acts as a
synchronizing element (RC or RLC shunt) [16,36,41,42];
another option is that (nonequilibrium) phenomena, in the
spirit of Refs. [17–19,37], taking place at the hot spot edge,
help in synchronizing the junctions, eventually leading to
the small values of f observed. The fact that the
Josephson-frequency-voltage relation holds rules out a
purely quasiparticle related process, however, should not
contradict a scenario of interacting Josephson and quasiparticle currents.
In summary, we have investigated THz emissison from
intrinsic Josephson junction stacks by off-chip emission
measurements and by low temperature scanning laser
imaging. The stacks emit radiation coherently at high input
power where a hot spot has formed. Here, standing wave
patterns are observed pointing to the importance of cavity
resonances for synchronization. By changing the mode
velocity c1 , as well as the size of the cold part of the
mesa, the hot spot allows one to vary the resonance frequency of the cavity. The linewidth of radiation, however,
is too small to be determined by the cavity alone, pointing
to an additional mechanism of synchronization.
We thank A. Yurgens, V. M. Krasnov, U. Welp, L.
Ozyuzer, K. Kadowaki, I. Iguchi, K. Nakajima, and C.
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I.

SAMPLE PREPARATION

For the experiments BSCCO single crystals were grown
by the floating zone technique in a four lamp arc-imaging
furnace. In the main paper we discuss results from two
samples. Sample 1 was patterned on a crystal that was
annealed in vacuum at 650 ◦ C for 65 hours. It had a Tc of
86.6 K and a transition width ∆Tc of 1.5 K. Sample 2 was
made on a crystal (Tc = 87.6 K, ∆Tc = 1.5 K) annealed in
vacuum at 600 ◦ C for 72 hours. To provide good electrical
contact the single crystals were cleaved in vacuum and
a 30 nm Au layer was evaporated. Then, conventional
photolithography was used to define the mesa size in the
a-b plane (length 330 µm, width 50 µm for both samples).
Ar ion milling yielded mesas with measured thicknesses
of, respectively, 1 µm (sample 1) and 0.7 µm (sample 2)
along the c-axis (corresponding to, respectively, stacks of
670 and 470 IJJs). Insulating polyimide was used to surround the mesa edge at which a Au wire was attached to
the mesa by silver paste. Other Au wires were connected
to the big single crystal pedestal as grounds. The voltage measured across the mesa includes the resistance of
the contacting Au wires and the resistance between these
wires and the mesa (4Ω for sample 1, 6.5Ω for sample 2).
In the data discussed in the main paper this resistance is
subtracted.
II.

THE THZ EMISSION SETUP

The THz emission setup is shown schematically in Fig.
1 together with a sketch of the sample. The interferometer is similar to the one in Ref. 1, with the difference that
a bolometer, with a 1 THz cut-off frequency, was used as
a detector. The crystal is mounted in a continuous flow

[1] H. Eisele, M. Naftaly, and J. Fletcher, Meas. Sci. Technol.
18, 2623 (2007).

cryostat with a polyethylene window. The emitted radiation, chopped with a frequency of 13 Hz, is collected by
a 90◦ off-axis parabolic mirror (2” diameter, focal length
100 mm) and deflected towards two lamellar split mirrors
dividing the incoming radiation into two beams with almost the same intensity. A phase difference is introduced
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Figure 1: (color online). Schematic of the THz emission setup
together with a sketch of the sample.

by moving one of these mirrors with a translation stage.
Via a second parabolic mirror the radiation is deflected
to the bolometer (gauged by using a Gunn oscillator for
reference). A 1 THz cut-off type filter is used in front of
the bolometer. The numbers we quote below are based
on the detected power, ignoring additional losses (by a
factor of 2–5) from the continuous flow cryostat window
and the mirrors. The solid angle of our setup, defined by
the aperture of the Winston cone in front of the bolometer, is 0.04 sr. The frequency resolution, depending on
the maximum mirror displacement, is 10–15 GHz.
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At high enough input power in stacks of Bi2Sr2CaCu2O8 intrinsic Josephson junctions a hot spot 共a region
heated to above the superconducting transition temperature兲 coexists with regions being still in the superconducting state. In the “cold” regions cavity resonances can occur, synchronizing the ac Josephson currents and
giving rise to strong and stable coherent terahertz 共THz兲 emission. We investigate the interplay of hot spots and
standing electromagnetic waves by low-temperature scanning laser microscopy and THz emission measurements, using stacks of various geometries. Standing electromagnetic wave patterns and THz emission are
observed for a disk-shaped sample. The growth of a hot spot with increasing input power is monitored by small
detector junctions surrounding a large rectangular mesa. For two rectangular mesas equipped with two current
injectors and one arrow-shaped structure we show that the standing wave can be turned on and off in various
regions of the stack structure, depending on the hot-spot position. The results support the picture of the hot spot
acting as a reflective termination of the cavity, formed by the cold part of the mesa.
DOI: 10.1103/PhysRevB.82.214506

PACS number共s兲: 74.50.⫹r, 74.72.⫺h, 85.25.Cp

I. INTRODUCTION

Josephson junctions are attractive for the generation of
high-frequency electromagnetic radiation because the frequency of emission is tunable by the voltage across the device. A Nb-based Josephson flux flow device was used as a
local oscillator in a highly optimized integrated superconducting receiver operating up to about 600 GHz.1 In the oscillator a row of Josephson fluxons is created by applying a
magnetic field parallel to the junction barrier. The fluxons
move along the barrier layer exciting junction cavity resonances. The emission frequency corresponds to the cavity
resonance frequency and is tunable by choosing different
resonances. In this on-chip design the Josephson oscillator
delivers a power of a few microwatt to a superconducting
mixer. However, the off-chip output power obtained from
more typical junctions is only in the nanowatt range. Thus, to
obtain a reasonable power output, arrays of many junctions
should be synchronized.2–7 While Nb-based junctions are
limited by the superconducting energy gap to frequencies
below 1 THz, intrinsic Josephson junctions 共IJJs兲 共Refs.
8–10兲 in Bi2Sr2CaCu2O8 共BSCCO兲 are, at least in principle,
able to operate up to several terahertz 共THz兲. Stacks of many
junctions can be made, e.g., by patterning mesa structures on
top of single crystals. For many years, investigations focused
on small structures consisting of some 10 IJJs with lateral
sizes of a few micron.11–23 Here, the IJJs in the stack most
often tended to oscillate out of phase or were not synchronized at all.
Recently, coherent off-chip THz radiation with an extrapolated output power of some microwatt was observed
from stacks of more than 600 IJJs with lateral dimensions in
the 100 m range.24 Phase synchronization involved a cav1098-0121/2010/82共21兲/214506共10兲

ity resonance oscillating along the short side of the mesa. In
contrast to many previous experiments no external magnetic
field was applied to create Josephson fluxons. This finding
triggered numerous experimental25–36 and theoretical
studies,5,37–50 the latter being based on either Josephson
vortex-type or plasmonic excitations, coupled to cavity
modes,5,37–46,49,50 on synchronization via shunting
networks48,51,52 or on nonequilibrium effects caused by quasiparticle injection.47
Many of the experimental results were obtained at relatively low-bias currents through the mesa and moderate dc
power input 共⬍1 mW兲.24–28,34–36 Under such conditions
there is no severe self-heating of the mesa, and the THz
emission observed presumably can be described by more or
less standard Josephson physics and electrodynamics. On the
other hand, one also observes strong THz emission at high
input power, where self-heating is severe.32,33 Basically all
junctions in the stack oscillate coherently also in this highbias regime, which has the advantage of allowing a stable
and reproducible bias. By contrast, at low bias some of the
junctions in the mesa can switch between the resistive state
and the zero voltage state, causing multibranched hysteretic
current-voltage characteristics.
For 330-m-long rectangular mesa structures of widths
between 30 and 80 m low-temperature scanning laser microscopy 共LTSLM兲 revealed that in the high-bias regime a
hot spot,53,54 i.e., a region heated to above the critical temperature Tc, forms.31,32 It effectively separates the stack into
a “cold” region, which is superconducting, and a hot part,
which is in the normal state. The temperature of the cold part
was estimated to be of order 50–70 K.31,32,51 At certain values of bias current, where also the THz emission is strongest,
the hot spot is accompanied by standing-wave patterns. One
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TABLE I. Parameters of the samples investigated: shape, in-plane dimensions, thickness, critical temperature, transition width, and
annealing conditions. Sample 2 in addition was surrounded by 10 m wide, quadratic mesa structures consisting of 15–20 IJJs.

Sample

Shape

In-plane dimensions

Thickness
共m兲

Tc
共K兲

⌬Tc
共K兲

Annealing conditions

1
2
3
4
5

Disk
Rectangular
Rectangular
Rectangular
Arrow

200 m diameter
330⫻ 70 m2
330⫻ 80 m2
330⫻ 70 m2
Subsections 300⫻ 50 m2

0.9
0.5
1
0.8
1

86.6
87.6
83
86.8
87.6

1.5
1.5
1.5
1.1
1.5

600 ° C, vacuum, 65 h
600 ° C, vacuum, 72 h
600 ° C, 1 atm, 99% Ar, 1% O2, 48 h
600 ° C, 1 atm, 99% Ar, 1% O2, 48 h
600 ° C, vacuum, 72 h

thus faces THz generation in a highly nonequilibrium situation. The underlying physics may differ from the low-bias
case, requiring detailed investigation.
In the low-bias case the emission frequency is essentially
fixed by the mesa geometry. By contrast, in the high-bias
regime it can be varied by up to 40% by changing the bias
current and the bath temperature.32 The variation matches the
Josephson-frequency voltage relation, showing that Josephson currents are at least a major source of the emission observed. Two factors contribute to the tunability at given bath
temperature. First, it was found that, when increasing the
bias current, the mode velocity of the cavity resonance
decreases.31 Second, the size of the hot spot grows with increasing bias current and, correspondingly, the size of the
cold part of the mesa shrinks. Assuming that electromagnetic
waves are reflected at the hot-spot boundary one faces a cavity with variable size and mode velocity and thus variable
resonance frequency. Unfortunately, in the experiments reported in Refs. 31 and 32 these two factors were varied by
only one quantity, namely, the bias current injected into the
mesa.
In this paper we present a study of mesa structures of
different geometry, in order to provide more information on
hot-spot and wave formation and to examine possibilities to
manipulate both hot spot and waves in a controlled way. For
a rectangular mesa the standing-wave patterns visible in
LTSLM basically consist of a sequence of straight stripes. It
is hard to decide whether the electric or the magnetic part of
the cavity mode is imaged. One might even argue that the
stripes do not originate from an electromagnetic cavity
mode. By contrast, a cylindrical mesa produces nontrivial
resonance patterns.41 In Sec. III A we will show LTSLM and
THz emission data for such a structure. As we will see, the
pattern observed is fully compatible with an electromagnetic
standing wave. The data indicate that the magnetic part of
the cavity mode is imaged. Regarding hot-spot formation,
the case of the BSCCO mesa structures is quite different
from the “standard case” in thin-film bridges, where one observes hot spots as an interplay between the zero-voltage
superconducting state below Tc and the resistive state above
Tc.53,54 Here, typically, current flow is along a thin-film layer.
In our case we have to consider a stack of tunnel junctions
biased in their resistive state also below Tc. For conventional
superconducting tunnel junctions, instead of hot-spot formation, the appearance of superconducting regions with suppressed energy gap upon strong current injection has been
discussed.55–59 One should thus address this scenario as an

alternative, i.e., one should consider the case where the “hotspot” area observed in LTSLM is still superconducting. In
Sec. III B we will discuss data for a rectangular mesa which
is surrounded by small detector mesas. The critical currents
of these detector mesas approach zero when the front of the
hot spot passes by. This is consistent with the hot-spot interpretation but hard to explain in the suppressed gap state scenario. We then turn to rectangular mesa structures that were
contacted by two current injection points 共Sec. III C兲. This
configuration allowed to change the hot-spot position and to
switch on and off standing-wave patterns in different sections of the mesa at nearly constant input power. The results
support the picture of a variable-size cavity adjusted by the
hot-spot position. Finally, in Sec. III D we will show data for
an arrow-shaped mesa. Although equipped with only one
current injector the geometry allowed to independently excite standing waves in various segments of the arrow, further
confirming the picture of variable-size cavities terminated by
the hot spot.
The paper is organized as follows. In Sec. II samples are
characterized and the measurement techniques are described.
Data for the different mesa structures are presented in Sec.
III. Conclusions are given in Sec. IV.

II. SAMPLE PREPARATION AND MEASUREMENT
TECHNIQUES

For the experiments BSCCO single crystals were grown
by the floating zone technique in a four lamp arc-imaging
furnace. Annealing conditions and the superconducting transition temperatures of the crystals used are listed in Table I.
To provide good electrical contact the single crystals were
cleaved in vacuum and a 30 nm Au layer was evaporated.
Then, conventional photolithography and Ar ion milling was
used to prepare mesas of various shapes and thicknesses.
Insulating polyimide was used to surround the mesa edges at
which Au wires were attached to the mesa by silver paste.
Other Au wires were connected to the big single-crystal pedestal as grounds. Note that, since the large base crystals are
not atomically flat, the foot of the mesa and the ground will,
in general, be located in different CuO2 layers. Consequently
there can be a few additional IJJs of large size but not welldefined properties; partially, these layers are etched during
ion milling, partially, they are shunted by the Au layer. While
the parasitic IJJs contribute only marginally to the currentvoltage characteristics 共IVCs兲 of the mesas they can, at suf-
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FIG. 1. 共Color online兲 The LTSLM imaging system together
with a sketch of a disk-shaped mesa.

ficiently high bias, strongly contribute to the LTSLM signal.
Examples will be given.
Below we discuss results from five samples, cf. Table I.
Sample 1 was disk shaped with a diameter of 200 m and a
thickness of 0.9 m, corresponding to a stack of 600 IJJs.
The mesa was contacted near its outer edge, as sketched in
Fig. 1. The 330⫻ 70 m2 large and 0.5-m-thick rectangular sample 2 was contacted on the right edge, cf. inset in Fig.
6共a兲. It was surrounded by much smaller, 10-m-wide,
square-shaped mesa structures consisting of 15–20 IJJs. To
fabricate the detector mesas a U-shaped “mesa” was etched
together with the main mesa. This structure surrounds the
main mesa and is visible as a dark stripe in the inset of Fig.
6共a兲. Further etching of this structure yielded the small mesa
structures. Subsequently the small mesas and the main mesa
were contacted with a Au layer. The distance of the small
mesas 共used for thermometry兲 to the main mesa was 10 m.
The rectangular samples 3 and 4 were 330 m long, 1 m
thick and, respectively, 80 m and 70 m wide. They were
contacted at two edges, cf. Figs. 7共a兲 and 8共a兲. The arrowshaped sample 5, cf. Fig. 9, consisted of three 330 m long
and 50 m wide rectangular subsections rotated by 60° relative to each other and connected at one end 共the top of the
arrow兲. The mesa thickness was 1 m. It was contacted at
the end of the main stem of the arrow.
In order to provide a load line for stable operation, the
mesas were biased using a current source and variable resistor in parallel to the mesa, see Fig. 1. The voltage measured
across the mesa includes the resistance of the contacting Au
wires and the resistance between these wires and the mesa.
In the data discussed below this resistance 共typically around
5 ⍀兲 is subtracted.
LTSLM measurements were performed in Tübingen. For
sample 1 additional THz emission measurements were performed in Tsukuba. The LTSLM setup is shown schematically in Fig. 1. The beam of a 25 mW laser diode 共wavelength 680 nm兲 is modulated at frequencies between 10 and
80 kHz, deflected by a scanning unit and focused onto the
sample surface. The incoming laser power was typically attenuated by a factor of 10 using optical attenuators. Furthermore, the gold layer covering the mesa surface reflects at
least 90% of the laser light, resulting in an absorbed CW
laser power of order 100 W. The laser spot size is
1 – 2 m. Simulations, performed using COMSOL simulation

FIG. 2. 共Color online兲 Schematic of the THz emission setup
together with a sketch of a rectangular mesa contacted on its right
edge.

software, revealed that the laser spot locally heats by 2–3 K
an area of a few square micron and about 0.5 m in depth.31
In this area both the in-plane and out-of-plane critical supercurrent densities and resistivities change, causing a global
change ⌬V共x , y兲 in the voltage V across the mesa. Here, x
and y denote the in-plane position of the laser spot. ⌬V共x , y兲
is detected using lock-in techniques and serves as the contrast for the LTSLM image. Below, when quoting ⌬V, for
simplicity we will omit the coordinates 共x , y兲. Using the reflected laser light also optical images can be generated.
In general, an LTSLM image of a mesa will show some
background signal arising, e.g., from the overall reduction in
the c axis resistivity with increasing temperature. On top of
that standing waves can be imaged due to the beam-induced
local change in the quality factor, leading to a strong signal
⌬V at antinodes and a weak signal at nodes. One observes
the time-averaged intensity of either the electric or the magnetic field component. Which component dominates may depend on both the bias and the bath temperature. For Nb tunnel junctions the response was shown to primarily arise from
the magnetic field component.60 For IJJ stacks the situation is
less clear; however, below we will show an example 共sample
1兲 where the LTSLM response was most likely due to the
magnetic field. Regarding the hot spot there is a strong signal
⌬V when the laser beam illuminates its edge, i.e., the
superconducting/normal boundary.31,61 By contrast, ⌬V is
small in the interior of the hot spot and in the cold part of the
mesa. A typical signature of the hot spot is that its size grows
with increasing dc power IV dissipated in the sample. Here, I
denotes the dc current through the mesa. For wide mesas
having widths of 70 m or more, the hot spot is circular
and, when its diameter is large enough, is seen as a ringshaped structure.31 For narrower mesas the hot spot often is
“one dimensional,” i.e., its boundaries form straight lines
parallel to the short side of the mesa.31,32 Below, examples
for both cases will be shown.
The THz emission setup is shown schematically in Fig. 2
together with a sketch of a rectangular mesa. The interferometer is similar to the one in Ref. 62 with the difference that in
our case a bolometer is used as a detector. The crystal is
mounted in vacuum on the cold finger of a continuous flow
He cryostat. A polyethylene window is used which is trans-
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parent at the frequencies of interest. The emitted radiation,
chopped with a frequency of 13 Hz, is collected by a 90°
off-axis parabolic mirror 共2⬙ diameter, focal length 100 mm兲
and deflected toward two lamellar split mirrors dividing the
incoming radiation into two beams with almost the same
intensity. A phase difference is introduced by moving one of
these mirrors with a translation stage. Via a second parabolic
mirror the radiation is deflected to the bolometer. A 1 THz
low-pass filter is used in front of the Winston cone. This
setup can be used in two modes. In the first mode the emitted
power of the mesa is recorded for different bias currents. The
mirror is in the neutral position 共i.e., no phase difference is
introduced兲 for this purpose. In the second mode the autocorrelation function 共emitted power vs mirror position兲 is
acquired, which is mapped into a spectrum using fast Fourier
transformation. The numbers we quote below are based on
the detected power, ignoring additional losses 共by a factor of
2–5兲 from the continuous flow cryostat window and the mirrors. The solid angle of our setup, defined by the aperture of
the Winston cone in front of the bolometer, is 0.04 sr. The
frequency resolution, depending on the maximum mirror displacement, is 10–15 GHz.
III. RESULTS
A. Standing waves, hot-spot formation, and THz emission in a
disk-shaped mesa

We first discuss data of disk-shaped sample 1 which had a
radius a of 100 m. Disk-shaped mesa structures have been
analyzed theoretically and considered promising for THz
emission in Ref. 41. THz emission from such a structure is
reported in Ref. 35. In our context we are, on one hand,
interested in imaging the corresponding wave patterns. On
the other hand the question arises whether or not hot-spot
formation is supporting cavity modes in this geometry.
In the disks, the c axis electric field component is given
by the time derivative of a term P̃ describing Josephson
plasma oscillations at frequency  and having the form
P̃共r , t兲 = Agmn共r兲sin共t + 兲 with some amplitude A and some
initial phase . In cylindrical coordinates 共 , 兲 the function
c
c
 / a兲cos共m兲, where mn
is the nth zero of the
gmn共r兲 = Jm共mn
first derivative of Bessel function Jm. The in-plane magnetic
field is proportional to the curl of P̃ · ez with the out-of-plane
unit vector ez. The resonance frequency is given by
c
/ 2a with the mode velocity c⬘.
c⬘mn
Figure 3共a兲 shows by blue dots connected by a solid line
the IVC of sample 1, as measured during LTSLM at T
= 19 K 共the IVC shown by green dots connected by a dotted
line will be discussed below in the context of THz emission
measurements兲. For bias currents between 22 and 25 mA
there are instabilities on the resistive branch indicative of
hot-spot formation.31 In addition, some of the junctions may
switch between the resistive state and the zero voltage state.
Indeed one can trace out several different branches in this
region by sweeping the bias current back and forth. Figures
3共b兲–3共f兲 show LTSLM images taken at different bias points.
The bias lead, attached on the left side of the disk, as
sketched in the inset of Fig. 3共a兲, is visible in all LTSLM
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FIG. 3. 共Color online兲 共a兲 IVCs, taken for LTSLM 共blue dots
connected by solid line兲 and for THz emission measurements 共green
dots connected by dotted line兲 and 关共b兲–共f兲兴 LTSLM images of diskshaped sample 1. Bias points where the images have been taken are
indicated by arrows. Inset in 共a兲 shows a sketch of the disk including the contacting lead.

images. Further, there is a strong edge signal arising because
the mesas edges are not covered by gold; as a consequence,
the laser-beam-induced temperature rise at the edge is larger
than in the mesa interior. Apart from the signal caused by the
wire and the edge effects, for currents below 19 mA the
images are smooth, with ⌬V ⬍ 0. Figure 3共f兲 shows an example. At I = 19.4 mA a cartwheel-like pattern appears, having 6 “spokes,” cf. Fig. 3共e兲. In the center of the disk as well
as on the spokes ⌬V does not differ much to the case of Fig.
3共f兲. In between the spokes 兩⌬V兩 is lower than the background, i.e., a positive signal is added. At I = 21 mA, in addition to the cartwheel-like pattern a strong negative signal
appears in the center of the disk, cf. Fig. 3共d兲. This signal
grows with increasing bias current, cf. Figs. 3共c兲 and 3共b兲,
and is indicative of a hot spot. As already mentioned, in
LTSLM the edge of a hot spot produces the strongest response. Thus, the actual hot region in Fig. 3共d兲 is presumably
still very small and the bright spot shows the transition region to the cold part of the mesa. In Fig. 3共c兲 兩⌬V兩 still has
maximum near the center of the disk while in Fig. 3共b兲 a dip
appears near the center; the hot-spot signal becomes ring
shaped.
The cartwheel-like pattern was visible for bias currents
between 19 and 22 mA and is indicative of an m = 3, n = 1
cavity mode having six nodes in azimuthal direction. Here,
c
mn
= 4.2. In Fig. 4 we compare the measured patterns 关Figs.
4共a兲 and 4共b兲兴 to calculated cavity modes 关Figs. 4共c兲 and
4共d兲兴. In Fig. 4共c兲 we have plotted the square of the amplitude of the electric field component, Fig. 4共d兲 shows the
corresponding plot for the magnetic field. For the compari-
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FIG. 4. 共Color online兲 关共a兲 and 共b兲兴 LTSLM images, as measured
at I = 19.4 mA and I = 21 mA, respectively, in comparison to the
calculated distributions of the squares of 共c兲 electric field and 共d兲
magnetic field of the m = 3, n = 1 cavity mode. Color scale for the
theoretical plots is made such that zeroes appear bright 共yellow兲 and
maxima appear dark 共red兲.

son to the LTSLM data the color scale of the theoretical plots
is chosen such that the zeroes of the standing waves appear
in bright 共yellow兲 color while the maxima are dark 共red兲. For
the magnetic field pattern, Fig. 4共d兲, one notes that the center
region is hexagon shaped while the darkest regions are centered inside the disk. By contrast the electric field pattern,
Fig. 4共c兲, is star shaped in the center of the disk while the
maxima 共dark regions兲 appear close to the outer perimeter.
Figure 4共a兲 is an enlargement of Fig. 3共e兲, plotted on an
enhanced color scale. The center part of the wave feature
resembles the hexagon-shaped central structure of the magnetic field part of the cavity resonance. In Fig. 4共a兲 the dark
regions seem to be located closer to the outer perimeter than
in Fig. 4共d兲. However, the strong edge signal in LTSLM
complicates the analysis of structures appearing close to the
outer perimeter. Thus, we consider the structures appearing
in the inner part of the disk more relevant and conclude that
the magnetic field part of the cavity mode has been imaged
in Fig. 4共a兲. In the LTSLM image Fig. 4共b兲, which is an
enlargement of Fig. 3共d兲, the dark sections are more clearly
located inside the disk and the hexagon structure is still visible in spite of the bright hot-spot feature. We thus conclude
that also here the magnetic field has been imaged. Note that
in the presence of a hot spot located in the center of the disk
the superconducting part may be viewed as an annular mesa
with an inner radius ai corresponding to the hot-spot radius.
The resonance mode imaged still corresponds to a m = 3
mode. Since the m = 3 mode has a zero in the center of the
disk, for a small hot spot the standing-wave pattern visible in
LTSLM outside the hot-spot region will not differ much from
the case without hot spot. For a ring-shaped mesa the resonance frequencies are given by c⬘mn / 2a, where the coefficient mn depends on the ratio ai / a, cf. Eq. 共15兲 in Ref. 41.
Depending on n and m the resonance frequencies can either
increase or decrease as a function of ai / a. For the special
case of a m = 3, n = 1 mode, 31 is almost constant for ai / a
⬍ 0.3; for ai / a = 0.3, 31 = 4.18. For larger ratios of ai / a, 31
starts to decrease, having, e.g., a value of 3.75 for ai / a
= 0.6. For the case of Fig. 3共d兲, ai / a Ⰶ 1, and thus mn
c
⬇ mn
.
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FIG. 5. 共Color online兲 THz emission from sample 1: 共a兲 enlargement of the IVC of Fig. 4共a兲 in the current and voltage range where
emission has been detected; 共b兲 detected emission power vs voltage
across mesa; and 共c兲 Fourier spectrum at a bias of 14.9 mA and 370
mV.

Next we analyze the THz emission detected from sample
1. Figure 5共a兲 shows an enlargement of the IVC of Fig. 3共a兲
for the current and voltage range where emission has been
found 共the same range where the cavity resonance was seen
in LTSLM; note, however, that the IVCs measured in Tübingen and in Tsukuba slightly differ from each other, making it
difficult to precisely assign LTSLM images and emission
data. Emission peaks appear in the voltage range 330–380
mV, cf. Fig. 5共b兲, with a maximum detected power of about
0.8 nW. Extrapolated over 4 this yields a total power of
order 0.25 W which is actually almost an order of magnitude below the radiation power detected for rectangular
stacks.24,32 Figure 5共c兲 shows a Fourier spectrum of this radiation, with the sample biased at 14.9 mA and 370 mV
关corresponding to LTSLM image Fig. 3共e兲, where no hot spot
has formed yet兴. The radiation peak occurs at f = 472 GHz.
Using the Josephson relation, f = NV / ⌽0 with the flux quantum ⌽0, we infer a junction number N = 380, which corresponds to only about 60% of the 600 junctions contained in
the mesa, as estimated from its 0.9 m thickness. Thus, not
all junctions participate in radiation. Finally, from the m = 3,
n = 1 mode observed and from the emission frequency we
find a mode velocity of c⬘ ⬇ 7 ⫻ 107 m / s, which is the value
to be expected when the junctions oscillate in phase and the
temperature is not too high.31,32 In Fig. 5共b兲 a second emission peak is visible at V ⬇ 350 mV. It might be attributed to
the situation of Fig. 3共d兲 when the hot spot has nucleated and
the cold part of the disk forms an annular structure. As discussed above, for a small hot-spot radius the cavity resonance frequency is almost the same as for the disk, assuming
a constant mode velocity. On the other hand, with increasing
temperature in the mesa, the mode velocity c⬘ decreases31,32
and thus effectively lowers the resonance frequency, consistent with the observed double peak structure in Fig. 5共b兲. For
bias currents I ⬎ 25 mA neither THz emission nor standingwave patterns were detectable.
B. Hot-spot formation monitored by detector stacks

Sample 2 consists of a rectangular 330⫻ 70 m2 large
and 0.5-m-thick main mesa which is surrounded by small
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FIG. 6. 共Color online兲 共a兲 IVC at T = 25 K of sample 2 共main
mesa兲 with optical image taken by the 共b兲 laser microscope, 关共c兲–
共e兲兴 LTSLM images and 共f兲 the critical current of detector junctions
D1, D2, and D3 vs bias current through main mesa. Inset in 共a兲
shows an optical image of sample 1, taken by a conventional microscope. Color bar for 共c兲–共e兲 denotes maximum and minimum
values of −⌬V. 共c兲 Vmax = 100 V, 共d兲 200 V, and 共e兲 320 V.
Vmin = −50 V for all images.

mesas, cf. inset of Fig. 6共a兲. These mesas are separated by
10 m from the main mesa. Three of them 共denoted D1, D2,
and D3兲 worked. We suppose that the gold leads connecting
the other detectors were broken during the fabrication process. An optical image, taken during LTSLM, of the main
mesa and the surrounding detector mesas is shown in Fig.
6共b兲. The working detector mesas are indicated. The current
I through the main mesa is injected from its right side. Originally the small mesas were intended to detect THz emission
from the main mesa which, however, did not radiate. A possible reason is that the mesa was unusually thin 共0.5 m兲.
Still, the detectors were usable to estimate the temperature of
the base crystal for different values of bias current through
the main mesa. For this mesa, one observes a hot spot nucleating near the right end of the mesa; the hot-cold boundary
forms a straight bright line moving to the left with increasing
I. Figure 6共a兲 shows the IVC of the main mesa, measured at
T = 25 K. LTSLM image Fig. 6共e兲 is taken at I = 18.6 mA.
The right part of the mesa produces a negative response having a maximum near x ⬇ 200 m. Here, the edge of the hot
spot is located. In Fig. 6共d兲, taken at I = 28.8 mA, this maximum has moved to the left and is located near x ⬇ 150 m.
Finally, in Fig. 6共c兲, taken at I = 42.4 mA, the edge has
moved to x ⬇ 90 m. In Fig. 6共c兲 there is also a strong response from outside the main mesa, roughly coinciding with
the U-shaped mesa forming the base of the detector mesas
关the dark structure in the inset of Fig. 6共a兲兴. We attribute this
signal to parasitic IJJs shared by the main mesa and the
U-shaped line. Such junctions are formed if, during ion mill-

ing, in the moat between the “U” and the main mesa less
material has been removed than outside the U. A strong response ⌬V can occur when the heating by the laser beam
drives these junctions to their resistive state. Figure 6共f兲
shows the critical current Ic of the three detector junctions as
a function of the current through the main mesa. As can be
seen from Fig. 6共e兲, for I = 18.6 mA the hot-spot edge, seen
as the bright stripe inside the mesa, has just passed detector
D3. Ic of this detector goes to zero at the not much higher
current I ⬇ 22 mA, where Ic of detectors D1 and D2 are still
finite. At I = 26.8 mA the front of the hot spot has passed
detector D2, cf. Fig. 6共d兲, consistent with the observation
that Ic of this detector vanishes at I ⬇ 25 mA. Finally, Ic of
detector D1 approaches zero near I = 45 mA. For comparison, the front of the hot spot passes this detector for I
⬇ 43 mA, cf. Fig. 6共c兲. Exactly this behavior can be expected if, on one hand, the hot-spot feature observed indeed
is a region heated to above Tc and, on the other hand the
hot-spot region extends outside the main mesa. By contrast,
the fact that Ic of a given detector falls to zero when being
passed by the front of the hot spot is hard to understand if
one assumes that the hot-spot region is below Tc and, e.g.,
corresponds to some nonequilibrium state with a suppressed
superconducting gap. We thus conclude that our hot-spot interpretation is correct. For completeness we note that Ic of
detector D1 has a minimum near I = 25 mA. This feature is
most likely an artifact caused by noise.
Still one should give some arguments how hot-spot formation occurs in the mesa geometry. The 3D heat flow equations have been solved numerically in Ref. 51, using COMSOL
simulation software. The BSCCO crystal was assumed to be
glued to a sapphire substrate, and a 100-nm-thick Au layer
covering the mesa was assumed as the contacting electrode.
The electrical and thermal properties of BSCCO and the
various contacting layers were taken into account as close as
possible. In the absence of heating, a linear IVC was assumed for the IJJs both above and below Tc. These calculations reproduced the appearance of a negative differential
resistance region in the IVCs at high-bias case. With respect
to the hot-spot formation they are in qualitative agreement
with the LTSLM findings, although the temperature profile of
the hot spot was roughly Gaussian shaped and thus relatively
smooth. Further, the simulated hot spot appeared in the center of the mesa. In our experiments the hot spot often forms
in the vicinity of the bias lead, although not at the attachment
point itself. Qualitatively, this can be understood by considering a multiple role of this lead. First, it injects a current I
into the upper layers of mesa. From here the current distributes both along and perpendicular to the CuO2 layers. The
interlayer current density will have a maximum in the vicinity of the lead, providing local heating in the resistive state.
Additional local heating, growing quadratically with I, arises
from the contact resistance between the bias lead and the
mesa. By contrast, the lead also acts as a current-independent
local heat sink. At low bias, Joule heating due to the applied
current is not essential. With increasing bias Joule heating
increases and will eventually lead to hot-spot formation near
but not exactly at the lead.

214506-6

PHYSICAL REVIEW B 82, 214506 共2010兲

INTERACTION OF HOT SPOTS AND TERAHERTZ WAVES…

V+ , I +

330 µm

V+, I+

80 µm

V-, I(b)

V+, I+

(a)

(a)

V+, I+

Ir/I=0.525

Ir/I=0.04
(c)

V-, I-

70 µm
(h)

(b)
(d)

-V
-250 µV

Ir/I=0.60

Ir/I=0.10

(c)

300 µV

(i)
Ir/I=0.70

Ir/I=0.20

FIG. 7. 共Color online兲 共a兲 Sketch of sample 3 and LTSLM data
at T = 40 K for various biasing conditions: 共b兲 bias from left, 共c兲
bias from right, and 共d兲 symmetric bias. In the sketch, the yellow
area symbolizes the Au layer covering the mesa. The dark squares
at the lower mesa edges correspond to the insulating polyimide
layer the gray dots symbolize the silver paste used to attach the
contacting wires.
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C. Manipulating hot spots and waves using two injection leads

In a number of experiments on rectangular mesas we observed that the hot spot often—although not always—
nucleates near the current injection point. An obvious generalization is to use more than one current injection point to
feed a given current I into the sample. If the injection points
are very far from each other one may simply expect the
formation of several hot spots near the injection points. On
the other hand, for not too large mesas a single hot spot
might form at a position that depends on the ratio of injected
currents. If so, the size of the cold part of the mesa and
consequently wave formation should depend on the ratio of
injected currents. Below we show data for two 330-m-long
rectangular mesas that were contacted at two opposite edges.
We start with data obtained from a 80-m-wide mesa
共sample 3兲, cf. Fig. 7共a兲. In Figs. 7共b兲–7共d兲 we show LTSLM
images taken at T = 40 K at a bias current of 30.4 mA. For
image in Fig. 7共b兲 the current has been injected at the left
contact. Here, the hot spot appears as a circular structure in
the left half of the mesa and there is a clear standing-wave
pattern in the right half of the stack. For the image in Fig.
7共c兲 the current has been injected from the right side. The hot
spot now appears in the right half of the mesa and the wave
is situated in the left part. Finally, Fig. 7共d兲 shows a symmetric situation where the current has been injected from both
edges; half of the total current of 30.4 mA flows through
each contact. Here, the hot spot is centered in the mesa and
no wave appears. For these measurements we have varied the
current injection points at fixed total bias current. The voltage across the sample, and thus the Josephson frequency,
slightly changed for the three bias conditions, from 0.59 V
when biasing from left, to 0.58 V when biasing from the
right, and to 0.6 V for the symmetric bias. In the case of
symmetric bias the injection leads were used both for voltage
measurement and current injection; the resulting contact resistance is subtracted from the voltage quoted. To check
whether this change in voltage is the dominant quantity for
the 共dis兲appearance of the standing wave we have investigated hot-spot and wave formation for the symmetric bias

Ir/I=0.80

Ir/I=0.30

Ir/I=1.0
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FIG. 8. 共Color online兲 Sketch of sample 4, equipped with two
current injectors 共a兲 and 共b兲 to 共m兲 LTSLM data at T = 18 K for
various ratios of the current Ir through the right injector to the total
current I. The ratios Ir / I are indicated in the graphs. Vertical arrows
in LTSLM images indicate edges of hot spots.

and the bias-from-left configuration over a wide current
range. As expected for a hot spot, its size increased with
increasing input power. Regarding wave signals it turned out
that, for the symmetric bias, we could not achieve a wave
pattern at all. For the other configuration the wave appeared
over a wide current range, from about 28–45 mA. Here, the
voltage varied between 0.51 and 0.63 V, i.e., over a much
larger range than for the case of Figs. 7共b兲–7共d兲.
In Fig. 8 we show data for a 70-m-wide mesa 共sample
4兲. Accidentally, on the left edge the silver paste used to fix
the current lead extends significantly into the mesa, as
sketched in Fig. 8共a兲. On the right side the silver paste covers
only the lower corner of the mesa. For this sample the asymmetry in the two bias currents was varied in small steps.
Figures 8共b兲–8共m兲 show LTSLM images at T = 18 K. The
total current was fixed at 38 mA. In the graphs the ratio Ir / I
of the current through the right injector to the total current is
indicated. For Ir / I = 0.04 the hot spot is located on the left
side of the mesa, see Fig. 8共b兲. In the graph, its edge is
marked by an arrow. For Ir / I = 0.1 the hot-spot position
seems to be unchanged, see Fig. 8共c兲. By contrast, when
increasing Ir / I toward symmetric bias, the hot-spot location
moves toward the center of the mesa, see Figs. 8共d兲–8共g兲.
The shift seems to occur continuously. This also holds for
ratios Ir / I between 0.5 and 0.9, as shown in Figs. 8共h兲–8共l兲.
No further change in the hot-spot position is visible between
Ir / I = 0.9 关Fig. 8共l兲兴 and Ir / I = 1 关Fig. 8共m兲兴. Note that, for
Ir / I between 0.4 and 0.7 both the left and right edges of the
hot spots are located inside the mesa, leaving two cold re-
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FIG. 9. 共Color online兲 共a兲 Optical image, 共b兲 current voltage characteristic, and 关共c兲–共k兲兴 LTSLM images of the arrow-shaped sample 1,
as measured at T = 28 K. 关共c兲–共f兲兴 Black arrows in images indicate edge of hot spot.

gions near the mesa edges. Further, in Fig. 8共g兲 a wavelike
structure is visible in the right part of the mesa, although less
clear as for sample 3 in Fig. 7共b兲. In Fig. 8共h兲 there seems to
be an additional wave structure in the left part of the mesa
which remains visible in Fig. 8共i兲 where the wave structure
in the right part of the mesa has disappeared.
From our experiments on samples 3 and 4 we conclude
that the hot-spot position can be varied more or less continuously by using different injection points. The experiments
also support the picture that one of the roles of the hot spot
simply is to adjust the size of the cavity, i.e., the cold part of
the mesa. Thus, by using two or more injectors THz emission
can be turned on and off in a more or less controlled way. We
note, however, that for this purpose injectors should be patterned more reliably than just attaching wires by silver paste.
This is feasible using standard lithographic techniques.
D. Hot-spot and wave formation in an arrow-shaped mesa

The last structure we discuss in this paper is an arrowshaped mesa 共sample 5兲, see Fig. 9共a兲. The structure, initially
produced together with a “Y”-shaped mesa to study wave
splitting at intersections, provides further insights into hotspot nucleation points and wave formation.63 The arrow was
contacted on the foot of the arrow. The contact is visible in
Fig. 9共a兲 and the LTSLM images, Figs. 9共c兲–9共k兲. An IVC of
the arrow, taken at a bath temperature of 28 K, is shown in
Fig. 9共b兲. Starting from zero current the IJJs in the mesa
switch to their resistive states at currents I between 30 and 35
mA. When lowering the current from high bias one observes
an instability for currents between 18 and 16 mA that is
indicative for the disappearance of a hot spot present at high
bias. The LTSLM images are taken in the resistive state of all
junctions. For currents decreasing from 60 to 25 mA one
observes a diamond-shaped loop centered around the top of

the arrow but extending far out of the mesa. At I = 60 mA,
cf. Fig. 9共c兲, the loop is visible as a bright stripe inside each
arm of the mesa, as indicated by arrows in Fig. 9共c兲. Outside
the actual mesa structure the feature is continued by a positive 共black兲 signal ⌬V. At I = 40 mA, cf. Fig. 9共d兲, the loop
has decreased in diameter. On the tip of the arrow it appears
close to the mesa edge while it still extends significantly
beyond the mesa in between the three arms. At I = 25 mA, cf.
Fig. 9共e兲, the feature has reduced basically to the tip of the
arrow. Inside the mesa the feature shows the same behavior
that we typically see for the hot-spot boundary in narrow
mesas, i.e., a stripe moving with growing input power. The
fact that the structure visibly continues outside the mesa is,
similar to the case of sample 2, understood best if one assumes that there are additional parasitic IJJs at the foot of the
mesa, contributing to the voltage measured and acting as
sensors for the hot/cold boundary of the hot spot. Independent of this explanation the data on one hand show that the
hot spot extends beyond the actual mesa, in agreement with
the data presented for sample 2. On the other hand, we see
that the hot spot forms at the tip of the arrow rather than
close to the current injection point.
When lowering the current, between 24 and 15 mA
standing-wave patterns appear in various parts of the mesa.
Near I = 22 mA a wave pattern is visible in the left part of
the arrow 关Fig. 9共f兲兴. At I = 16.4 mA a wave pattern appears
in the right part of the arrow and the shaft 关Fig. 9共g兲兴, at I
= 16.0 mA the wave is visible only in the right part of the
arrow 关Fig. 9共h兲兴 and at I = 15.0 mA the wave appears only
in the shaft 关Fig. 9共i兲兴. For currents below 15 mA the LTSLM
images were smooth and neither hot spot nor wave features
appeared, see Fig. 9共k兲. Thus, in a narrow current range the
arrow acted as a switch, generating standing waves in different arms of the structure. This property, which might be interesting for integrated layouts involving several mesa struc-
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tures, can be understood if one assumes that a hot spot is
located at the tip of the arrow. It separates the arrow effectively into three cavities which can become resonant or not,
depending on the position of the hot-spot edges adjusting the
size of the cavities. In Fig. 9共f兲 the diamond-shaped loop
representing the hot spot is still vaguely visible. For Figs.
9共g兲–9共i兲 we cannot tell. However, these images have been
taken very close to the instability in the IVC 共kink at 18
mA兲, making it likely that there is either still a small hot spot
or at least a zone very close to Tc effectively separating the
three cavities.

ation centers can have different 共geometric兲 origin, i.e., the
tip of the arrow in the present case.
These results point out ways to control hot-spot and THz
wave formation in the high-bias regime. However, the reproducibility of the device properties needs further improvement. For example, not all samples radiate and, for the radiating samples, we cannot precisely predict the emission
frequency range. The hot-spot formation results from a delicate balance between the dissipated power and heat flowing
共or escaping兲 through the electrical leads and various thinfilm layers involved. Thus, the precise thermal properties differ not only for different mesas but even depend on the setup.
In addition, suitable models of hot-spot nucleation, THz generation and the interaction between hot spots and wave are
lacking. Our results may have shown that one of the roles of
the hot spot is to form an adjustable end of the cavity formed
by the cold part of the mesa. In LTSLM the width of the
hot/cold transition region typically has a width of
20– 30 m. This width, which may be resolution limited, is
well below the typical wavelengths of the cavity modes excited 共around 100 m兲. Thus, changes in conductance between the hot and cold parts seem to be abrupt enough to
lead to electromagnetic wave reflection at the hot-spot edge.
One can further assume that, in the presence of a standing
wave, the cold part of the mesa experiences additional heating at the positions of the wave antinodes, contributing to the
heat balance of the whole mesa. This should cause backaction to the hot-spot position and may lead to some extent to
a “self-alignment” of the hot-spot position relative to the
wave. There may be additional interactions between the hot
spot and the THz waves. For example, the hot part of the
mesa could act as an external shunt, helping in synchronizing
the junctions in the stack. Also, nonequilibrium processes at
the hot-spot edge may contribute to synchronization. Some
discussion in the context of the linewidth of the terahertz
emission observed is given in Ref. 32. Solving at least some
of these issues is the task for the near future.

IV. CONCLUSIONS

In this paper we presented LTSLM and THz emission
measurements on four different mesa geometries. These
measurements improve the understanding of hot-spot and
wave formation in intrinsic Josephson junction stacks. Concerning the standing waves the nontrivial geometry of a diskshaped mesa, as opposed to rectangular structures studied
previously, further confirmed the interpretation of the patterns observed as electromagnetic cavity modes. Despite the
fact that most of the junctions were in the resistive state, the
emitted power was almost one order of magnitude below the
power emitted by the best rectangular structures studied.
This may indicate that disk structures, although valuable for
fundamental studies, are not superior to rectangular mesas
with respect to THz oscillators. Concerning hot-spot formation, using a rectangular mesa with nearby detector mesas we
found that the critical currents of the detectors vanished
when being passed by the front of the hot spot. This is consistent with the hot-spot interpretation of the feature observed in LTSLM but would be hard to explain if the hotspot region were still superconducting and corresponds to,
e.g., a region of suppressed superconducting gap. Our intention with the two other geometries—a rectangular mesa
equipped with two current injectors and an arrow-shaped
structure—was to check whether the hot spot and the wave
formation could be controlled. Using two current injectors
we have realized, for constant total bias current, different
hot-spot locations depending on the ratio of currents through
the two injectors. For certain hot-spot positions waves appeared in either the left or the right part of the mesa. In the
arrow-shaped structure-independent wave formation was observed in the three parts of the arrow, that were presumably
separated and changed in size by a hot spot located at the tip
of the arrow. While often the hot spot nucleates near the
current injection point, this geometry also showed that nucle-
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Abstract
Terahertz (THz) emission has been recently detected from intrinsic Josephson junction (IJJ)
stacks made of the high critical temperature superconductor Bi2 Sr2 CaCu2 O8+δ (BSCCO).
The most employed structure is a mesa standing on a big pedestal of a single crystal with a
thin gold layer as its top electrode. In this work, a large (300 × 50 × 1.2 µm3 ) IJJ stack with
superconducting electrodes was fabricated and studied. The stack consisted of N ≈ 800 IJJs. It
was prepared with a double-sided fabrication process, and significant THz emission was
detected. The output power is comparable to the emission power detected from mesa
structures, obviously not weakened by the superconducting upper electrode. The observation
of THz emission from the double-sided structure suggests that off-chip THz emission from
IJJs can be obtained not only from mesa structures and, most importantly, that the emission
power can be potentially enhanced in integrated multi-stack radiation sources.
(Some figures may appear in colour only in the online journal)

1. Introduction

high-frequency current converter, with 1 mV corresponding
to 483 GHz. This provides the basis of superconducting
high-frequency detectors and tunable radiation sources.
However, the radiation frequency f of Josephson junctions is
limited by the superconducting energy gap, which restricts the
operation of conventional junctions down to 700 GHz or less.
Moreover, the low output power, in the picowatt to nanowatt
range, limits the applicability of a single junction. Intrinsic
Josephson junctions (IJJs) in BSCCO [4] can overcome both
problems. They can be operated at THz frequencies and
stacking of many IJJs is possible. Recently, coherent off-chip
THz radiation with an extrapolated output power of some
microwatt was observed from stacks (mesa structures) of

Terahertz (THz) technology has attracted increasing attention
for a wide range of applications in detecting and imaging, such
as high-altitude telecommunications, public security, food
quality control and environmental monitoring [1, 2]. Although
many techniques like femtosecond laser pulses, quantum
cascade lasers, synchrotron light, backward wave oscillators,
etc, have been introduced to generate THz electromagnetic
waves, their high cost and complexity limits applications. The
lack of cost-effective and active devices results in the ‘THz
gap’ problem [3]. According to the theory of the ac Josephson
effect, a Josephson junction can work as a dc-voltage to
0953-2048/12/075015+05$33.00

1

c 2012 IOP Publishing Ltd Printed in the UK & the USA

Supercond. Sci. Technol. 25 (2012) 075015

J Yuan et al

more than 600 IJJs with lateral dimensions in the 100 µm
range [5]. For comparison, the Josephson length λJ ≈ 0.5 µm.
It was assumed that the mesa forms an electromagnetic
cavity and the Josephson oscillations in the individual
junctions are synchronized by the alternating electromagnetic
field stored in the cavity resonance. This finding triggered
numerous experimental [6–16] and theoretical [17–35] studies
to understand the mechanism of emission and to improve the
performance of the radiation source.
Since there is no applicable single stack emitter, it is
naturally expected to increase the output power by integrating
several stacks into one device. If this is done with mesa
structures one faces several problems: (1) mesas are typically
contacted by normal conducting Au leads, leading to a finite
contact resistance and additional power dissipation [36, 37];
(2) the mesa surface is often degraded, leading to surface
junctions with a strongly reduced critical current density [37,
38]; (3) due to the mesa etching process the mesas have
a trapezoidal cross-section, leading to a gradient in the
critical currents of the IJJs [8]. These properties make it
hard to achieve complete synchronization within a stack.
Synchronization is even harder between different stacks. In
our previous work, a double-sided fabrication process was
applied in the preparation of small (∼10 µm2 ) IJJ stacks
consisting of some ten junctions, as well as junction stack
arrays [39, 40]. In this work well-controlled uniformity in both
lateral dimension and junction number was demonstrated. We
adopt this technique now to fabricate large IJJ stacks. The
development of large stacks in a double-sided structure is a
promising way to integrate radiation sources and perhaps also
to address the issue of the mechanism of THz emission.

Figure 1. (a)–(d) A schematic diagram of the critical steps in the
fabrication process. I+ , I− , V+ and V− in (d) indicate current and
voltage leads. (e) View parallel to the short side of the stack
showing that the cross-section parallel to the long side of the stack
approximates a parallelogram.

film was evaporated on this freshly cleaved surface. The link
between the two mesas underneath is about 0.5 µm thick (see
figure 1(b)). Next, a T shaped structure was patterned on this
surface, with its cross bar located above one of the mesas
created by the slit. The stem of the T crosses the slit and is
mainly located on top of the other mesa. After ion milling
the cross bar forms the bank contacting the upper surface of
the IJJ stack. The stack itself is formed by the lower part of
the stem (see figure 1(c)). Finally, four gold electrodes were
made for current–voltage (I–V) measurements. The electrodes
were connected to gold wires by silver paste, as shown in
figure 1(d). The final structure contains an IJJ stack about
300 × 50 µm2 in size, as sketched in figure 1(d). Its thickness
is about 1.2 µm, corresponding to a stack of ≈800 IJJs, and it
is connected to the (≈0.3 µm thick) leads by BSCCO layers.
Note that, because in this double-sided fabrication process
Ar ion beams of opposite direction are used to etch different
walls of the stack (the sample does not rotate during ion
milling), its cross-section parallel to the long side forms a
parallelogram rather than a trapezoid, see figure 1(e). The
cross-section parallel to the short side is still trapezoidal. The
angle between the Ar ion beam and the mesa surface is 45◦ ,
and the beam is along the long side of the stack. Under this
condition, the steepness of the long-side wall of the stack
(about 45◦ , as checked by atomic force microscopy (AFM))
is steeper than that obtained by a vertical beam (it is about
35◦ for our process). Overall, the junction areas become more
uniform.
The samples were mounted in a continuous He flow
cryostat. A four-terminal method was employed in the I–V
measurement, as indicated in figure 1(d). In order to have
stable operation, the junctions were biased using a current
source driven by batteries. Emission data and frequency
spectra were measured in a self-made interferometer using a
Si bolometer for THz detection (see figure 2). The direction
of detection is perpendicular to the BSCCO ab planes. The

2. Experimental details
In the present experiment, the single crystals were grown by a
floating zone technique in a four-lamp arc imaging furnace.
They were annealed in a temperature range of 600–650 ◦ C
in an Ar 99%, O2 1% atmosphere for 48–72 h. The crystals
were slightly underdoped with a superconducting transition
temperature (Tc ) of 83–87 K.
The double-sided fabrication process for small IJJ stacks
is described in detail in [39]. Here we outline some critical
steps, shown in figure 1, to emphasize the modifications
required to produce large stacks.
First, the (≈50 µm thick) BSCCO single crystals were
glued on a Si substrate with epoxy. A 30–40 nm thick Au thin
film was deposited soon after the final cleaving step. A 600 ×
600 µm2 large square was patterned on the upper surface
and etched by ion milling, leaving a mesa (about 2.0 µm
thick) sitting on the BSCCO pedestal. A slit, 10 µm wide
and 1.5 µm deep, was fabricated through the square mesa
with its direction parallel with one boundary; two mesa-like
structures sitting on top of the original square are formed
during this step (see figure 1(a)). Then, the patterned single
crystal surface was glued onto a MgO substrate and turned
upside-down. The Si substrate was removed together with
most of the BSCCO pedestal and the remnant pedestal was
removed by an adhesive tape. Then a 30–40 nm thick Au thin
2
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Figure 3. Experimental data with a double-sided IJJ stack at
T = 12 K. (a) dc current–voltage curve; (b) emission power
detected by bolometer versus current through the stack. Arrows
indicate the direction of the current sweep. The red point in (a)
indicates the bias point where the largest emission was detected.

Figure 2. Schematic diagram of the experimental setup for THz
detection.

light path from the emitter to the Si bolometer is about 1 m.
The solid angle of our setup, defined by the aperture of the
Winston cone in front of the bolometer, is 0.04 solid radians.
The THz emission power from the double-sided stack was
detected during the I–V scans and recorded simultaneously.
Numbers for the emission power given below refer to the
power detected by the bolometer. The frequency spectrum was
obtained with the junctions being biased at fixed current. The
details of the setup have been described elsewhere [10].

3. Results and discussion

Figure 4. THz emission power versus bias current at various
temperatures. The inset shows the temperature dependence of the
emission peak with maximal output power.

Figure 3(a) shows an I–V curve of the double-sided sample
at 12 K. Increasing I from zero one finds various jumps
to resistive branches until, at I ≈ 25 mA, the whole stack
switches to the resistive state. When decreasing I in this
fully resistive state one finds a region of negative differential
resistance, very similar to the case of conventional mesa
structures. Note that since the stack is connected with two
superconducting electrodes, there is no contact resistance
or strongly degraded surface junctions involved in the
I–V measurements. We still observe some branches where
switching occurs at reduced bias current, but the effect is much
less pronounced than in mesa structures.
Figure 3(b) shows the detected THz signal versus I. A
strong signal was observed in the fully resistive state of the
stack at I = 9.3 mA, i.e. in the back-bending region of the
I–V curves. The maximum detected emission power is about
45 nW, comparable to the emission power obtained from
conventional mesa structures. At least for mesas the emission
power is strongly angle dependent, with a maximum near 30◦
away from the c-axis [11, 15]. For simplicity, ignoring this
angle dependence and integrating over the half-space above
the substrate plane we find an integrated power of roughly
5 µW.
Figure 4 shows the current dependence of the detected
emission power at various temperatures. The THz emission
signal appeared in the fully resistive state and was observed

in the temperature range from 10 to 45 K. Depending on
temperature one or more emission peaks appeared. The largest
one is at T = 12 K, i.e. close to the lower boundary of the
temperature region where THz emission can be detected.
As to the emission frequency at the main output peak,
the performance of the emitter is shown in figure 5. At the
maximum radiation points, the voltage across the stack and
emission signals are stable, allowing for measurements of the
frequency spectrum by the interferometer. Graph (a) shows
the spectrum at T = 12 K, I = 9.3 mA, and V = 0.877 V,
where the maximum emission power was detected. The peak
frequency is fp = 0.53 THz, with a linewidth of 10 GHz,
which is limited by the resolution of our setup (also at other
temperatures the detected linewidths were resolution limited).
According to the Josephson relation V/N = 80 f , we can
calculate the junction number N = 794, close to the value
estimated from the fabrication process. Graph (b) shows N
versus T for various temperatures between 10 and 45 K. For
temperatures of 12, 20 and 45 K, N is close to the value
of 800 expected from the thickness of the stack. At T =
10 K N is slightly higher but within the error bars. At T = 30
and 35 K we seem to have lost some junctions. Graph (c)
shows fp versus T. The frequency interval where emission was
3
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junction area is reduced, since two sides of the stack form
a parallelogram, as shown in figure 1. This might help to
fabricate more uniform, thick IJJ stacks for a powerful emitter.
However, the main advantage of the double-sided
fabrication process is that various superconducting elements
can be integrated in an all-superconducting structure. From
the schematic diagram of figure 1 one can see that the
electrodes on the other bank of the slit can be patterned into
various elements such as antennas, additional stacks or other
structures. It has been shown previously that arrays of stacks
with superconducting interconnections, middle electrodes to
a stack, antennas, or other integrated circuits can be realized
from a single BSCCO crystal [39, 40, 43, 44]. This should
have advantages compared to structures where different
elements are connected by normal metal wires, e.g. by
reducing resistive losses.

Figure 5. (a) Frequency spectrum of the detected emission at
T = 12 K, I = 9.3 mA and V = 0.877 V, compare with figure 3(a).
(b) Junction number (N) versus temperature. The dashed line
indicates N = 800 expected from the thickness of the stack.
(c) Peak frequency versus temperature.

4. Conclusions
observable is 1fd = 0.11 THz. Note that the lowest values of
fp occur at, respectively the lowest and highest temperatures.
The reason for this is unclear to us.
The observed maximum emission power is comparable
to the emission power obtained from conventional mesa
structures [5, 10, 11]. It was reported that a thick top upper
electrode would hinder THz radiation from an IJJ stack [41].
This apparently is not the case, a finding which may
trigger further understanding in the mechanism of generating
coherent THz radiation from BSCCO IJJ stacks.
In the data shown above, the largest emission signals
have been detected at high bias current. In fact, here the
electrothermal behavior is different from that at low bias,
where there is only little overheating of the stack. In the
high bias regime, Joule heating leads to a non-homogeneous
temperature distribution in the stack which may be well above
the bath temperature in certain parts. As has been shown for
mesa structures, above a certain current a hotspot (a region
heated to a temperature above Tc ) can form, typically near
the point of current injection [6, 9, 10, 31, 41]. The position
and size of the hotspot varies as the bias current changes,
which will adjust some physical parameters in the stack. For
instance, the hotspot can vary the resonance frequency of the
cavity by changing the mode velocity and the size of the cold
part of the mesa. In this way, the efficiency of synchronization
from the cavity can be tuned by the hot spot. Often—although
not always—the strongest emission is observed in this hotspot
regime. As will be discussed elsewhere [42], a hotspot
also appears in the double-sided structures. Here, heating is
determined by the intrinsic properties of the single crystal
itself, rather than being influenced by normal conducting
contacts to the IJJ stack. As a consequence, the hotspot
formation is very reproducible for stacks of a given geometry,
a property which we believe is relevant for controlled THz
emission. Further, as already mentioned, in the conventional
fabrication process the shape of the mesa structure is usually
a trapezoidal platform. The nonuniformity in junction area is
a problem for synchronizing a large number of junctions [13].
In the double-sided fabrication process the nonuniformity in

To conclude, we have successfully fabricated large size
double-sided BSCCO IIJ stacks. In this way, the junction
number in the stack can be well controlled and superconducting leads to the stack can be made. THz radiation
comparable in power and frequency to conventional mesa
structures was obtained. It seems that these double-sided
IJJ THz emitter structures are helpful in making integrated
radiation sources based on intrinsic Josephson junctions in
high Tc superconductors. The result that THz emission from
BSCCO stacks is not weakened by a thick superconducting
upper electrode possibly triggers further understanding of
THz emitters in IJJ stacks.
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We report on measurements of the linewidth f of terahertz radiation emitted from intrinsic Josephson
junction stacks, using a Nb/AlN/NbN integrated receiver for detection. Previous resolution-limited measurements
indicated that f may be below 1 GHz—much smaller than expected from a purely cavity-induced
synchronization. While at low bias we found f to be not smaller than ∼500 MHz, at high bias, where a
hot spot coexists with regions which are still superconducting, f turned out to be as narrow as 23 MHz. We
attribute this to the hot spot acting as a synchronizing element. f decreases with increasing bath temperature,
a behavior reminiscent of motional narrowing in NMR or electron spin resonance (ESR), but hard to explain in
standard electrodynamic models of Josephson junctions.
DOI: 10.1103/PhysRevB.86.060505

PACS number(s): 74.50.+r, 74.72.−h, 85.25.Cp

Terahertz generation utilizing stacks of intrinsic Josephson
junctions (IJJs) in the high-transition-temperature (high-Tc )
cuprate Bi2 Sr2 CaCu2 O8+δ (BSCCO) has been a hot topic in
recent years, both in terms of experiment1–11 and theory.12–39
Typical emission frequencies fp are 0.4–1 THz, with a
maximum output power of tens of microwatts emitted into
free space.10 The IJJ stacks are usually patterned as mesas on
top of BSCCO single crystals and contain 500–2000 IJJs. A
large fraction of these IJJs oscillate coherently. There are good
indications that the synchronization has to do with electric
ﬁelds utilizing the mesa as a cavity: (i) fp increases inversely
proportional to the junction width1,10 or fulﬁlls the resonance
condition for cylindrical mesas4,6 and (ii) low-temperature
scanning-laser microscopy imaged standing waves at bias
points close to terahertz emission maxima.2,4,5 On the other
hand, (iii) the linewidth f of terahertz radiation—so far
mostly resolution limited to some gigahertz—is much lower
than the estimated linewidth of the cavity resonances5,38 and
thus one cannot simply assume that the IJJs are slaved by
the cavity. (iv) In some cases terahertz emission lines were
fairly tunable or they occurred at positions not compatible
with cavity resonances.10 A recent mixing experiment10 has
revealed a f as low as ∼0.5 GHz at low bias, raising even
more questions about the mechanism of synchronization.
In the IJJ stacks, operated at a bath temperature Tb well
below Tc , there are two emission regimes. At moderate input
power (“low-bias regime”) there is only little heating and the
temperature distribution in the mesa is roughly homogeneous
and close to Tb . At high input power (“high-bias regime”) a
hot spot (an area heated to above Tc ) forms inside the mesa,
leaving the “cold” part of the mesa for terahertz generation
by the Josephson effect. The hot spot seems to take part in
synchronization.4,5,31,33
To measure f and thus to gain more insight into the
mechanism of synchronization, we have used a Nb/AlN/NbN
1098-0121/2012/86(6)/060505(5)

superconducting integrated receiver (SIR)40 for detecting terahertz emission from an IJJ mesa containing ∼600 junctions;
see Fig. 1.
The 330 × 50 μm2 wide and 0.9-μm-thick mesa was
patterned on a BSCCO single crystal (Tc ≈ 82 K), as described
elsewhere.2,4,5 Mesa and base crystal were contacted by Au
wires ﬁxed with silver paste. Contact resistances (∼1 ) have
been subtracted in the data discussed below. “Conventional”
terahertz emission measurements were performed in Tsukuba,
using a Fourier spectrometer and a Si bolometer, as described
in Ref. 5. Measurements with the SIR were performed in
Moscow. The SIR comprises, on a single chip, a planar antenna
combined with a superconductor-insulator-superconductor
(SIS) mixer, a superconducting ﬂux-ﬂow oscillator (FFO)
acting as local oscillator (LO), and a SIS harmonic mixer (HM)
for the FFO phase locking. The frequency of the LO is continuously tunable from 350 to 750 GHz, while the SIS mixer
is effectively matched to the planar antenna between 450 and
700 GHz, limiting the SIR operation range. A frequency resolution of the SIR well below 100 kHz has been conﬁrmed.41
Figure 2 shows a typical set of data at Tb = 40 K.
The current-voltage curve (IVC) of the mesa is shown in
Fig. 2(a). Upon increasing bias current I , near I ∼ 25 mA,
one observes jumps (gray line of IVC) where the IJJs switch
into their resistive state. When lowering I from ∼40 mA
(black line) all junctions are resistive. Switchback occurs
below 3.65 mA. The outermost branch, where the emission
data are taken, exhibits the typical back bending arising from
strong heating.33 The high-bias regime embraces the region
of negative differential resistance on this branch. Figures 2(b)
and 2(c) show the broadband terahertz emission power Pbol ,
simultaneously detected with the IVC by a bolometer, vs
(b) current I and (c) voltage V across the mesa. In panel
(b) one observes a broad (with respect to I ) emission peak in
the high-bias regime and a sharper one at low bias which, for
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FIG. 1. (Color online) Setup for detection of terahertz emission
from intrinsic Josephson junctions (sketched at bottom). Top:
central part of the superconducting integrated receiver (SIR) chip
with a double-dipole antenna, a twin superconductor-insulatorsuperconductor (SIS) mixer and a harmonic mixer (HM) for ﬂux-ﬂow
oscillator (FFO) phase locking. For thermal shielding an infrared
ﬁlter (2-mm-thick GoreTex ﬁlm) was installed between the BSCCO
oscillator and the SIR.

this particular mesa, was more intense than the high-bias peak.
Pbol vs. V , Fig. 2(c), shows a smooth peak for the high-bias
regime, with a full-width-at-half-maximum in voltage of about
75 mV (black line). In contrast, the low-bias signal (gray
line) seems to exhibit structure, indicating different groups of
oscillating IJJs.42 Emission spectra, measured using a Fourier
spectrometer, are shown in Figs. 2(d) and 2(e). Spectrum
(d) has been taken at point H in (a) where V = 736 mV,
I = 19.43 mA. The emission peak is at fp = 618 GHz,
corresponding to N = V /(fp 0 ) ≈ 575 oscillating IJJs, with
a ∼1% uncertainity arising from correcting for the contact
resistance. 0 is the ﬂux quantum. The (resolution-limited)
linewidth of the emission peak is ∼15 GHz. Figure 2(e) shows
a spectrum for bias point L where V = 697 mV, I = 3.76 mA.
The emission peak, having a width also near the resolution
limit, is at fp = 594 GHz, corresponding to N ∼ 567.
The SIR measurements, showing the emitted radiation at the
intermediate frequency (IF) fIF = fp − fLO , were performed
near points H [Fig. 2(f)] and L [Fig. 2(g)]. For Tb = 32 K
and 44 K we have followed the voltage dependence of the
emission peaks for frequencies between 560 and 737 GHz and
found the Josephson relation fp = V /(N 0 ) to be fulﬁlled,
with N = 570 ± 5 in both cases. In Fig. 2(f) the LO frequency

FIG. 2. (Color online) Results of the terahertz emission experiment at 40 K: (a) IVC of the IJJ stack. Terahertz emission power
vs current (b) and voltage (c). (d), (e) Fourier spectra of emitted
radiation taken at points H and L in panel (a). Spectra of the mixing
output of the SIR for (f) three bias points in the high-bias regime and
(g) for three bias points in the low-bias regime. In (g) fLO was adjusted
for each bias to bring the intermediate frequency (IF) signal, with
fIF = fp − fLO , to the center of the spectrum analyzer. fLO values
are indicated in the graph. Gray line indicates background noise.

of the SIR is fLO = 609.4 GHz. We show three measurements
where V was increased from ≈724.7 mV in steps of 0.6 mV.
There is a single emission peak which shifts with increasing
voltage. f of the two outermost peaks is ∼60 MHz, while
the center one is even sharper, f ∼ 40 MHz. In contrast,
the linewidths seen in the low-bias regime [see Fig. 2 (g)] are
much larger and often exceeded the 6-GHz bandwidth of the
IF ampliﬁer. The lowest values are ∼0.5 GHz, in agreement
with previous measurements.10
Figure 3 shows the most narrow line (f = 23 MHz)
we have obtained in the high-bias regime. Data were
taken at Tb = 44 K, I = 16.3 mA, and V = 0.721 V.
From fLO = 605.75 GHz and fIF = 6.2 GHz we ﬁnd
fp = 611.95 GHz and N ≈ 570. This value for f is
already quite close to the limit value that can be phase
locked by a regular room-temperature semiconductor phaselocked-loop (PLL) system with regulation bandwidth of about
20 MHz, presently limited by the delay in the cable between
the oscillator inside the cryostat and the PLL system (this
limitation can be overridden by use of a cryogenic PLL system
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FIG. 3. (Color online) Spectrum (most narrow emission line
obtained) of the mixing output of the SIR for I = 16.3 mA,
V = 0.721 V in the high-bias regime at Tb = 44 K. The LO frequency
is fLO = 605.75 GHz; fIF = 6.2 GHz. Dashed line is a Lorenzian ﬁt
with f = 23 MHz. Inset shows drift of emission peak within 3 min.

with regulation bandwidth >40 MHz43 ). We also investigated
the stability of the terahertz emission line. The inset of Fig. 3
shows two measurements, taken at a 3-min interval. The
3-MHz drift observed was smooth and unidirectional and even
lower than the typical 3-min drift (∼10 MHz) of a free-running
Nb-based FFO. We also note that the emission lines observed
at high bias have Lorentzian shape; see the dashed line in
Fig. 3. Recent three-dimensional (3D) simulations39 based
on the sine-Gordon equation and taking a hot spot into
account yielded an asymmetric Fano shape in contrast to our
experimental data.
If f of the high-bias terahertz emission signal were set by
a cavity resonance, its quality factor Q = f/f would have
to amount some 104 , which is more than unrealistic for an
IJJ stack.28,38,44 At least for small mesas, cavity resonances
become overdamped for T > 60 K.44 For T ∼ 40 K we expect
Q  50. The low value of f implies that when changing the
bias current in Fig. 2(c), a sharp emission line “moves” through
the V = 75-mV-wide emission peak. The ratio V /V ∼ 10
of this peak would indeed be compatible with the notion of a
cavity resonance.
In Fig. 4(a) we show by black circles f vs Tb . Strikingly,
f decreases with increasing Tb by about a factor 15 and,
roughly, f ∝ Tb−4 ; see the gray line in Fig. 4(a). For
comparison we have also added for two temperatures low-bias
data for fp near 616 GHz. In this regime it was difﬁcult to
obtain systematic data points, because at most temperatures
only a broadband (>6 GHz) signal appeared in the SIR output.
This further indicates that at low bias phase lock is incomplete.
Noting that Tb may not be the best variable for our system, in
Fig. 4(b) we also show f vs the dc input power Pdc = I V ,
where for V we have used the measured value, not corrected for
contact resistance. Low-bias data are shown by open squares.
The black circles show the same high-bias data as Fig. 4(a);
f increases with increasing Pdc . Note that the smallest Pdc is
at high Tb and the highest Pdc is at the lowest Tb . However, this
does not imply that the sample is hotter at low Tb . Simulations
of the temperature distribution, performed analogously to the
calculations in Ref. 33, yielded temperatures of the cold part of
the mesa which are some 10–15 K above Tb but still increase
with increasing Tb . For the hot part we ﬁnd peak temperatures
Th in the range 80–110 K, with the highest value indeed at the

FIG. 4. (Color online) Linewidth vs (a) bath temperature and
(b) dc input power. In panel (a) solid (open) circles are for high
(low) bias. In panel (b) open squares are for low bias; other symbols
for high bias. Solid (black) circles: same data as in panel (a). Solid
(blue) squares: linewidth at Tb = 40 ± 1 K and various values of fp .
Linewidth of Fig. 3 is shown by solid (green) diamond.

lowest value of Tb . For comparison we show by solid squares
in Fig. 4(b) f out of a measurement series, where we have
ﬁxed Tb to 40 ± 1 K and varied fp . Within this curve fp varies
monotonically from 697 GHz to 562 GHz. In contrast to the
fp = const. curve, f is about constant at intermediate values
of Pdc and increases outside of this regime. Thus there seems
to be no systematic dependence of f on Pdc . Further note
that a slight increase of f at low Pdc is visible both on the
Tb = const. and the fp = const. curve. Here, the bias is close
to the hot-spot nucleation point and it is possible that the hot
part of the stack already is close to or even below Tc ; that is,
we approach the low-bias regime.
We note here that a similar decrease of f with increasing
Tb , although somewhat less pronounced, was also found for
another mesa having the same geometry. For this mesa, f
measured for fp between 594 and 606 GHz ranged between
161 and 197 MHz at Tb = 15 K and decreased to ∼36 MHz at
Tb = 40 K; also for this sample, the largest (lowest) values of
f were obtained at the lowest (largest) values of Pdc . Thus,
while the f ∝ Tb−4 behavior discussed above is not universal,
the general trend of a decreasing f with increasing Tb seems
reproducible.
We next compare the high-bias data to theoretical predictions. We decompose f into a sum of two contributions fT
and fx , as has been done in an analysis of the radiation
linewidth of the FFO.45 fT arises from ﬂuctuations of the
quasiparticle current (Nyquist noise) and fx represents additional ﬂuctuations of—at this point—unspeciﬁed origin. For a
current biased lumped junction fT = (4π/20 )(Rd2 /R)kB T ,
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where R is the junction resistance, Rd is the differential
resistance of the IVC at the bias point, and T is the junction
temperature.46,47 For a phase-locked one-dimensional (1D)
array of N junctions the linewidth is expected to decrease
∝ N −1 .47 In our case, in the high-bias regime the hot part of
the IJJ stack is an excellent candidate for a shunting network
causing phase locking.4,5,31,33 Our IJJ stacks are not lumped,
and T not only differs from Tb but also varies strongly within
the stack. Nonetheless an analysis of fT may give some
indication whether f vs Tb can be explained via Nyquist
noise. We ﬁrst look at the cold part of the mesa only. The
out-of-plane resistance Rc of BSCCO has a negative temperature coefﬁcient (roughly Rc ∝ T −1 ) and thus T /R ∝ T 2 .
We cannot infer Rd from the IVC, since T varies strongly
along this curve. However, from small mesas it is known
that Rd is smaller but not very different from R. Thus, an
unrealistic Rd ∝ T −3 would be required to explain the data. We
also considered a hot resistor (resistance Rs , temperature Ts ),
representing the hot spot, in parallel to a cold one (resistance
RJ , temperature TJ ), as has been analyzed in Ref. 48 for a
single junction, with the result that R should be replaced by
Reff = (Rs−1 + RJ−1 )−1 and T by Teff /Reff = Ts /Rs + TJ /RJ .
Reff follows from the measured IVC. With Ts ≈ Th  TJ and
Rs  RJ we get Teff ≈ Th and, with Rd ≈ Reff , one obtains an
almost temperature-independent fT ≈ 250 MHz. Dividing
this by N yields a linewidth which not only has the wrong
temperature dependence but also is much lower than the
measured f . Thus, we can state that our attempts to explain
the measured f by fT have failed.
The second contribution to f , fx , may arise from
moving ﬂuxons. This is the case for the FFO where, however,
fx ∝ T 1/2 was found.45 Recently, terahertz generation in IJJ
stacks by bound ﬂuxon-antiﬂuxon pairs (breathers) oscillating
near a cavity resonance was proposed. Whether this mechanism leads to the observed T depencence of f is unclear,
although we would expect an increase with T , as for the
case of the FFO. Also, more conventional simulations based
on 1D-coupled-sine-Gordon equations yielded a f which
increased with temperature.32
Another hint may be that at low Tb the in-plane thermal
gradient in the stack is larger than at high Tb . However, we
cannot translate this to the observed f vs Tb dependence.
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Let us thus also look at other effects in physics that cause a
decrease of f with increasing temperature. Motional narrowing in NMR or electron spin resonance (ESR) are prominent
examples.49,50 It is tempting to speculate about an analogous
effect in the IJJ stacks. In a nutshell, motional narrowing occurs
when some spatially varying ﬁeld, causing line broadening, is
reduced on average due to temporal ﬂuctuations. In our case
this could be due to a time-dependent hot spot. Generally, it
is possible that the hot spot oscillates.51 We have searched for
such oscillations for frequencies in the kilohertz and megahertz
range but could not ﬁnd any. Still, the temperatures of the hot
and cold parts of the stack may ﬂuctuate, causing ﬂuctuations
of the hot-spot edge position and resulting in variations in junction parameters such as critical current and resistance. Suppose
that the static spread in these parameters is too large to achieve
complete phase lock. Temporally ﬂuctuating parameters could
lead to a situation where for some time these parameters are in
the synchronization window, causing improved phase locking.
To conclude: At low bias the best values for f are on the
order of 0.5 GHz, consistent with previous measurements.10
However, the irregular line shape and the strongly varying
linewidth indicate that not all junctions are phase locked
and a superposition of several lines is observed. In the
high-bias regime we observe much lower values of f
down to ∼23 MHz. The improved linewidth compared to
the low-bias regime suggests that the hot spot acts as a
shunting element providing phase lock. f , measured at ﬁxed
emission frequency, decreases with increasing temperature,
reminiscent of motional narrowing observed in NMR or ESR.
This temperature dependence is hard to explain within standard
models for the linewidth of oscillating Josephson junctions. In
any case, the narrow emission line observed in the high-bias
regime makes intrinsic Josephson junction stacks interesting
for, e.g., terahertz spectroscopy.
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1

We have studied experimentally and numerically temperature proﬁles and the formation of hot spots in intrinsic
Josephson junction stacks in Bi2 Sr2 CaCu2 O8 (BSCCO). The superconducting stacks are biased in a state where
all junctions are resistive. The formation of hot spots in this system is shown to arise mainly from the strongly
negative temperature coefﬁcient of the c-axis resistivity of BSCCO at low temperatures. This leads to situations
where the maximum temperature in the hot spot can be below or above the superconducting transition temperature
Tc . The numerical simulations are in good agreement with the experimental observations.
DOI: 10.1103/PhysRevB.86.094524

PACS number(s): 74.50.+r, 74.72.−h, 85.25.Cp

I. INTRODUCTION

Joule heating is an omnipresent issue in current-carrying
structures and has been studied for a long time. General aspects, like the propagation of switching waves or the formation
of static electrothermal domains in bistable conductors are
well-known phenomena.1,2 In Josephson junctions, heating
often is small enough to be neglected. An exception are stacks
of intrinsic Josephson junctions (IJJs) in the high-temperature
superconductor Bi2 Sr2 CaCu2 O8 (BSCCO). Here, the BSCCO
crystal structure intrinsically forms stacks of Josephson junctions, each having a thickness of 1.5 nm. A single IJJ may
carry a voltage V of some millivolts and a current I of several
milliampers. Although the dissipative power generated by a
single IJJ is only some μW, the power inside a stack of, say,
1000 IJJs amounts to several milliwatts, with power densities
well in excess of 104 W/cm3 . For small sized (approximately a
few micrometers in diameter, consisting of some 10 IJJs) stacks
the corresponding overheating has been discussed intensively
in literature.3–10
Recently, coherent off-chip terahertz radiation with an
extrapolated output power of some μW was observed from
stacks of more than 600 IJJs, with lateral dimensions in the
100 μm range.11 The IJJ stacks have been patterned in the form
of mesa structures, as shown schematically in Fig. 1. Terahertz
radiation emitted from such IJJ stacks became a hot topic in
recent years, both in terms of experiment11–27 and theory.28–56
For these mesas, there are two regimes where emission
occurs.14,20 At moderate input power (“low-bias regime”),
there is only little heating (10 mW), and the temperature
distribution in the mesa is roughly homogeneous and close
to the bath temperature Tb . The terahertz emission observed
in this regime presumably can be described by more or less
standard Josephson physics. At high-input power (“high-bias
regime”), a hot spot forms inside the mesa.14,19,20 The hot
spot effectively separates the mesa into a “cold” part, which
is superconducting, and a hot part, which is in the normal
state. The “cold” part of the mesa is responsible for terahertz
generation by the Josephson effect. The hot spot also seems to
1098-0121/2012/86(9)/094524(8)

play a role for synchronization.19,20,27 It has been found that
the size and position of the hot spot, and in consequence also
the terahertz emission, can be manipulated by applying proper
bias currents across the mesa.19 Thus, in order to understand
the mechanism of terahertz radiation in IJJ mesas, it seems
crucially important to develop a detailed understanding of the
hot-spot formation. The present paper is devoted to this subject.
In a standard superconducting structure (e.g., a thin ﬁlm),
under a strong enough transport current somewhere in the
sample the resistance rises from zero to a ﬁnite value, leading
to local heating and the formation of a hot spot. To obtain
terahertz emission, IJJ stacks are typically biased in a state
where all junctions are in their resistive state. Here, the outof-plane resistance Rc decreases continuously when heating
the sample through Tc ,57,58 cf. Fig. 2(a). In-plane currents still
ﬂow with zero resistance below Tc and with ﬁnite resistance
above Tc . However, even in the normal state these layers add
only a minor contribution to the total voltage across the IJJ
stack and thus to the overall power dissipation due to the
huge ratio ρc /ρab > 105 of the out-of-plane to the in-plane
resistivity. It is unlikely that this contribution gives rise to hotspot formation. Also the BSCCO thermal conductance varies
relatively weakly with temperature,59 cf. Fig. 2(b). Thus the
above mechanism of hot-spot generation does not work and Tc
is no longer a peculiar temperature for the thermal balance of
the sample.
There are other ways to create hot domains in systems which
may or may not be related to superconductivity.1,2 In particular,
current-voltage characteristics (IVCs) and the thermal breakdown were studied in systems having a resistivity decreasing
with increasing temperature (negative-temperature-coefﬁcient
resistor).60–62 The IVCs of these resistors strongly resemble the
IVCs measured for IJJ mesas. Especially, the appearance of a
hot domain leads to an abrupt change in differential resistance.
The quantity in common, a strongly negative dR/dT , is the
key to understand hot-spot formation in BSCCO mesas.
Recently, Yurgens et al. have simulated the thermal heating
and the temperature distribution in BSCCO IJJ mesas,47,49
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FIG. 1. (Color online) Typical design of BSCCO IJJ mesas.

using a 3D ﬁnite-element software.63 In this pioneering work,
the electrical and thermal properties of the various current
carrying and insulating layers were taken into account. The
formation of hot spots observed in Ref. 14 was reproduced
qualitatively. However, the occurring phenomena need further
study. For example, the IVCs in Refs. 47 and 49 have
been calculated using a self-consistent procedure based on
Newton’s law of cooling and Ohm’s law and do not exhibit
the experimentally observed abrupt changes in differential
resistance when the hot spot appears. They resemble much
less the experimental curves than the ones calculated in
Refs. 60–62.
A complete study of the Josephson effect in BSCCO mesas
in the presence of hot spots is a formidable and unsolved issue.
In this paper, we are treating experimentally and theoretically
hot-spot formation in BSCCO mesas. In the theoretical part of
our study, the presence of the Josephson effect, i.e., terahertz
radiation, the formation of electromagnetic standing waves,
interactions between hot spots and waves, etc., is not considered. This approach to hot-spot formation seems justiﬁed,
since the emitted radiation power is 3–4 orders of magnitude
lower than the dc input power. It may, however, serve as a
zero order approximation towards solving the full problem. In
the simulations, we derive the electrical current density in the
mesa under investigation and thus also the potential difference
between top and bottom electrodes, directly generating the
IVC for a sample, following Refs. 60–62 rather than Refs. 47
and 49.
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FIG. 2. (Color online) (a) Temperature dependence of the c-axis
resistivity ρc , as measured for a 330 × 50 μm2 wide and 0.7-μm-thick
sample for T > Tc = 83 K (black circles). For lower T , ρc has
been extrapolated by ﬁtting the IVC, measured at Tb = 20 K, using
the full 3D heat diffusion equation, cf. Sec. IV. (b) Temperature
dependence of the BSCCO in-plane (κab ) and out-of-plane (κc )
thermal conductivities (see Ref. 59).
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FIG. 3. (Color online) Discrete approximation for a mesa. (a)
Dimensions of mesa and base crystal. (b) The mesa is replaced by two
vertically cooled resistors RA and RB producing Joule heat QA and
QB , which is vertically transported to a thermal bath via heat-transfer
powers WA and WB .

The paper is organized as follows. In Sec. II, we consider
a simple discrete resistor model to get a basic understanding
of the heating phenomena involved. In Sec. III, a 1D model
is discussed which is extended to 3D and realistic sample
geometries in Sec. IV. The discussions in these sections are
based on the thermal and electrical parameters of the BSCCO
crystals, as used in experiment. In Sec. IV, we also address
experimental observations, as made in Refs. 14,19,20,27.
Section V concludes our work.
II. DISCRETE RESISTORS

The electrothermal behavior of conducting materials can be
investigated by considering the heat balance equation between
Joule self-heating Q(T ,λ) and the heat transfer power W (T )
to the coolant Q(T ,λ) = W (T ).1 Here, λ is some control
parameter (in our case, the voltage V across the sample).
To approach the experimental situation of IJJ mesas, we ﬁrst
brieﬂy study the model of two current-biased resistors RA (TA )
and RB (TA ) connected in parallel, each representing one half
of a mesa of length l, width w and height h, cf. Fig. 3. TA
and TB are the temperatures of these resistors. RA and RB
shall be equal for TA = TB . Joule heating is produced via
Qi = Ii Vi , where i = (A,B). The total current is I = IA + IB
and further VA = VB , i.e., we neglect the voltage drop due
to in-plane currents. The resistors are thermally connected to
a bath (temperature Tb ), which at a distance L (the thickness
of the base crystal) removes heats WA and WB “vertically,”
through the BSCCO out-of-plane thermal conductivity κc . We
ﬁrst assume TA = TB = T . Then, the IVC of the mesa can be
parameterized by T , using Q = W :64


W (T − Tb )
,
(1)
V = R(T ) W (T − Tb ); I =
R(T )
with
W (T − Tb ) = (lwκc /L) (T − Tb )
and
R(T ) =
(h/ l w) ρc (T ). For further calculations, we use a constant
κc = 0.6 W/mK. Since we want to study the question whether
or not the particular ρc (T ) of our mesas can lead to hot
spots, we use a temperature dependence which is as close as
possible to the experimental situation. Above Tc , we obtained
ρc (T ) from the out-of-plane resistance of one of our mesas,
cf. solid circles in Fig. 2(a). Below Tc , ρc (T ) is extrapolated
by ﬁtting the measured IVC of the mesa at a bath temperature
of 20 K (see below), using the full 3D heat diffusion equation
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FIG. 4. (Color online) Hot-spot formation in a two-resistor
model, cf. Fig. 3(b). (a) and (b) display the IVCs of the two individual
parts A and B, respectively. (c) The IVC of the combined system. The
axes are normalized to the current (voltage) of the point showing local
maximal voltage V0 . The total current through the mesa at V0 is I0 .
The bias points indicated by Greek characters are discussed in the
text. In (c), for the solid (blue) curve resistors A and B are at the
same temperature, while for the dashed (red) curve their temperature
differs, corresponding to hot-spot formation in the continuous
case.

[dashed line in Fig. 2(a)]. L = 17 μm is chosen, which is
a typical value for the thickness of the BSCCO base crystal
of the samples, we want to discuss.14,19,20,27 Length, width,
and height of the mesa are, respectively, taken to be 330, 50,
and 1 μm, representing sample 1 from Ref. 20. With these
dependencies, the calculated IVC of the mesa is S shaped and
shows a region of negative differential resistance, cf. solid
line in Fig. 4(c). In this voltage region thermal bistability can
occur, since W = Q holds for more than one value of T .1 In
fact, writing dV /dI = (dV /dT )/(dI /dT ) < 0, using Eq. (1)
and W ∝ (T − Tb ), one obtains −(T − Tb ) (dR/dT )/R > 1
as a condition for obtaining negative differential resistance in
the IVC and thus the possibility to have thermal instability.2
We assume for the following, that I and thus Q is increased
from zero step-by-step. Figures 4(a) and 4(b) show the
individual IVCs of resistor A and B, respectively, while (c)
shows the IVC of the whole mesa. For small Q, the temperature
is the same in both resistors and they carry the same current.
In principle, further increase of I would make the whole mesa
pass the point δ of local maximal voltage V0 , cf. Fig. 4(c), and
enter the unstable1 area of negative differential resistance. This
is exemplarily indicated for point α in Fig. 4(c). Here, the two
resistors with equal temperature Tα , would be in states αA and
αB , cf. Figs. 4(a) and 4(b), respectively. The instability and the
constraints of equal voltage and ﬁxed current force the mesa
into the state β, which is composed of state βA with TβA > Tα
and βB with TβB < Tα , cf. Figs. 4(a) and 4(b), respectively.
The combination of βA and βB is the only stable solution. The
resulting total IVC of Fig. 4(c) follows the path indicated by
the dashed (red) line, differing in voltage from the isothermal
case (solid blue line). With increasing I , starting from point
δ, the points βA and βB “move” towards lower voltage. Note
that this implies, that the cold resistor becomes colder while
the hot resistor keeps increasing its temperature. When βA has
reached the minimal voltage, both βA and βB start to move

towards larger voltage, i.e., also the temperature of the cold
part starts to increase. Finally, when βB reaches the voltage
V0 , TA = TB becomes impossible and the mesa switches back
to the homogeneous solution.
The model of two parallel resistors can be extended by
several ways. First, an in-plane thermal coupling WAB between
resistors A and B may be included. Then, the cold part
will cool the hot part and (thermal) differences between A
and B will be less severe. This will shift the point, where
the homogeneous solution and the solution TA = TB fork,
to higher input power.60,62 Also, the difference in voltage
between the homogeneous and the inhomogeneous solution
will be diminished.60,62 A detailed discussion, however, is out
of the scope of this section. In-plane cooling will be taken into
account in the subsequent sections. Second, one may allow
the two resistors (the area of the “hot” and “cold” parts) to be
unequal and variable in size. Then, one faces a continuous set
of solutions. Third, one may consider more than two resistors
in parallel. This would be also applicable to the description of
arrays of IJJ stacks, which are interesting for obtaining a large
terahertz emission output power. In this scenario, the whole
system will tend to a state, where only one of the stacks is hot,
while all the others are cold.62

III. 1D MODEL

In this section, we consider a 1D continuous model to
ﬁnd the temperature distribution in the mesa for the simplest
continuous case, still treating hot-spot formation from a
generic point of view. That is, we assume a thin (along z)
and narrow (along y) mesa, neglecting T variations along z
and y directions in the mesa (see Refs. 1 and 62 for details).
Then, T = T (x) is deﬁned by the heat diffusion equation:


d
κc (T )
d
V2
−h
κab (T ) T +
(T − Tb ) =
. (2)
dx
dx
L
ρc (T ) h
The ﬁrst term describes the thermal diffusion in x direction
and the second one the cooling due to the base crystal with
the coefﬁcient κc /L regulating its strength. The third term
represents Joule heating. The sample dimensions L, h, l, and
w are deﬁned in Fig. 3(a). We use L = 19 μm, h = 1 μm, l =
330 μm, w = 50 μm and κab , κc , and ρc as in Figs. 2(a) and
2(b). The boundary conditions are chosen to be dT /dx(x =
0) = dT /dx(x = l) = 0. These boundary conditions neglect
edgecooling. To solve Eq. (2) for a given current I we use V =
I h/ ρc−1 (T )dxdy. We numerically solve Eq. (2) using ﬁnite
element analysis.63 Note that there is always a homogeneous
solution. To ﬁnd a nontrivial T (x), a proper initial function
Ti (x) has to be used. A calculated IVC for Tb = 20 K is shown
in Fig. 5(a). It resembles the shape of the IVC of the tworesistor model, cf. Fig. 4. Figure 5(b) shows the temperature
in the mesa for the homogeneous solution at the bias points
indicated in Fig. 5(a). One notes that the mesa temperature is
below Tc up to quite high currents ∼40 mA. Figure 5(c) shows
solutions for the bias points indicated in the IVC, when a hot
spot has formed. Here, the temperature in the hot part rises
rapidly to temperatures well above Tc , while the temperature
of the cold part is near Tb = 20 K. Also, one observes that the
hot part grows in size when I is increased. Further note, that
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FIG. 5. (Color online) Simulation results of Eq. (2) for Tb = 20 K
and L = 19 μm. Other mesa dimensions are listed in Sec. II. (a)
The IVC for the homogeneous solution (black curve) and a solution
showing a hot spot on the right mesa end (gray curve). T (x) proﬁles
are displayed in (b) for the homogeneous case and in (c) for the
hot-spot case. The numbers indicate the bias points on the IVC.
In (d), T (x) proﬁles, obtained from different Ti (x), are shown for
solutions with I = 9.5 mA, exhibiting various shape and positioning
of the hot spot.

in the presence of a hot spot the temperature Tcold of the cold
part is below the temperature of the homogeneous solution for
the same value of Q; Tcold decreases with increasing Q, and
ﬁnally, converges against a limiting value. The strength of the
deviation of the temperature proﬁle from the homogeneous
solution directly correlates with the strength of branching in
the IVC. In the depicted case the branching is very strong,
which is due to a small ratio of the in-plane to the out-of-plane
thermal coupling, cf. ﬁrst and second term in Eq. (2).
For a given I , the hot spots presented in Fig. 5(c) are not
the only possible solutions to Eq. (2).65 For symmetry reasons,
also the mirrored solution exists as well as solutions with the
hot spot near and in the center of the mesa, cf. Fig. 5(d). In
the IVC the different solutions slightly differ in V and can
be traced over some range in I . Thus the IVC consists of
several branches distinguishing speciﬁc kinds of hot domains.
Experimentally, in some cases, hot-spot formation in different
places of the mesa has been detected by low-temperature
scanning-laser microscopy (LTSLM). However, usually a
speciﬁc conﬁguration is much more stable than the others,
presumably due to inhomogeneities like attached wires. In the
calculations, also solutions with more than one hot domain66
can be found, cf. Fig. 5(d). However, this has not been
observed in any of our LTSLM measurements. It is argued
in Ref. 62, that such a state is very unstable and will not occur,
since the sample can be seen as a parallel circuit of several
discrete parts with small thermal coupling between them,
cf. Sec. II.

In this section, we address hot-spot formation in 3D. The
goal is to quantitatively compare our experimental observations with the numerical simulations, using the same code63 as
in Refs. 47,49. Similarly, we also include various electrically
and thermally conducting and insulating layers that are in
contact with our BSCCO mesas. The electrical, thermal, and
geometrical parameters used for the calculations are as close
as possible to the experimental situation. The geometry used
is still somewhat simpliﬁed compared to the real samples but
should allow to capture the relevant physics. Figure 6 depicts
the model. The substrate is omitted and a boundary condition
Tb = const is applied to the bottom surface of the glue layer,
representing the thermal bath. This simpliﬁcation can be done
with very little impact on the results for the mesa, since the
thermal conductivity of the substrate (e.g., sapphire) is by far
better than that of the glue layer. The geometric dimensions of
the mesa, the thicknesses of the glue layers (10–30 μm) and
of the gold coatings (hAu ≈ 30 nm) were roughly chosen as in
the real samples. The base crystal’s lateral size is typically of
the order of 1 mm, while its thickness hbc may vary from about
ten to several hundred micrometers, strongly depending on the
fabrication process. The current leads are simply represented
by boundary conditions on the surfaces of either the gold layer
on the mesa or on the base crystal. The current I is injected
through a 20 × 10 μm2 rectangle and the current sink is deﬁned
as a ground of large area (roughly 0.3 mm2 ), cf. Fig. 6. The
voltage across the mesa is obtained as the potential difference
between the two electrodes.
The equation to be solved is49
−∇[κ(T (r)) ∇T(r)] = ρ[T(r)] j2 (r),

(3)

where ρ and κ are the resistivity and thermal conductivity
tensor, respectively, and r is the spatial coordinate. Unlike
the mesa, the base crystal is not always in the resistive
state. We model its resistance by using the ρc versus T data
indicated by solid circles in Fig. 2(b). The in-plane resistivity
ρab is the same for both mesa and base crystal; we use the
same T dependence as in Ref. 49. The thermal conductivity
for BSCCO is used from Ref. 59, cf. Fig. 2(a). Thermal
and electrical conductivities for a 30-nm-thick Au ﬁlm are
adopted from Ref. 67. For the thermal conductivity κglue of
the glue between the BSCCO base crystal and the substrate
to ﬁrst order, we use the polyimide data of Ref. 68. Since our
glue might have slightly different properties, we in addition
multiply κglue with a factor nglue , which we ﬁt by adjusting the
calculated IVC to the measured one.
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rent the hot spot forms by the growth of a buckling in the T (x)
proﬁle [compare curves 2 and 3 in Fig. 7(b)]. Further increasing
I and thus Q leads to a growth in diameter and maximal temperature of the hot spot (curves 4 to 8). Note that Tc , indicated
by the horizontal dashed line, can be signiﬁcantly exceeded in
the center of the hot spots, conﬁrming the results in Ref. 49.
We next want to provide a quantitative comparison between
the hot-spot signals observed in LTSLM14,19,20 and the calculated temperature distributions for this sample. In LTSLM, the
laser spot at position (x0 ,y0 ) causes a maximum temperature
rise T ∼ 1–3 K, depending on the laser power. In turn,
there is a change V (x0 ,y0 ) in the voltage V across a sample.
One often has a response that partially arises from the reduction
of the Josephson critical current density and partially from the
change in resistance, see, e.g., Ref. 69. However, if dRc (T )/dT
dominates the thermal physics, V (x0 ,y0 ) can be treated as in
Ref. 70 yielding
2
T AL dσc
−I Reff
[T (x0 ,y0 )].
(4)
h
dT
Reff = V /I is the (ohmic) sample resistance at a given I and
AL is the effective area warmed up by the laser (some μm2 ).
dσc /dT [T (x0 ,y0 )] denotes the temperature derivative of the
c-axis electrical conductivity. The calculated and measured
V , taken at various bias points indicated in Fig. 7(a), are
shown in Figs. 7(c) and 7(d), respectively. For the simulations
we have used T AL = 56 Kμm2 . The value makes sense,
since we expect a temperature rise T ∼ 2 K and AL ∼
25 μm2 for the samples we discuss here. The calculated
curves agree reasonably well with the measurements, although
differences occur at low bias and near the hot-spot nucleation
point. Particularly, for the bias points 1 and 2, the simulation
yields a parabolic shape of V , while the experimental data
are shaped less regular. Note, however, that in these regions
the Josephson currents, which are neglected in our analysis,
may play a major role. For curve 3, in the simulation hot-spot
formation has already occurred, while in experiment the mesa
is close to the nucleation point but still undercritical. For
a bias well above the hot-spot nucleation point, theoretical
curves and experimental data agree well. Speciﬁcally, the
double hump feature in V (x) is reproduced correctly in
the simulations. The local temperature at the maxima in
V corresponds to the temperature T ∗ ≈ 80 K, for which
dσc /dT is maximum, cf. Eq. (4). Between the two V
maxima, T > T ∗ . By coincidence, T ∗ ≈ Tc ; the diamonds
in Fig. 7(c) indicate the locations for which T = Tc . Thus,
the border between superconducting and nonsuperconducting
parts, which is important for terahertz emission, can be
approximately identiﬁed by the position of the humps.
We next investigate the dependence of hot-spot formation
on Tb . Figure 8 shows a similar set of data as Fig. 7, but for
Tb = 42 K. Here, nglue = 3.5 has been chosen. The transition
region between the hot and cold domain is less steep than
for Tb = 20 K. Also, the nucleation point of the hot spot has
moved to higher currents (10 mA for Tb = 20 K and 14 mA for
Tb = 42 K) and the back bending of the IVC has decreased.
These effects arise from the fact that the xy-plane thermal
coupling has increased relative to the out-of-plane thermal
coupling,62 cf. Sec. III. Note that this also means for equal
input power, that the hot domain reaches higher and the cold
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FIG. 7. (Color online) Comparison of 3D simulation and experimental data for sample 1 from Ref. 20 at Tb = 20 K. (a) The measured
(black, solid circles) and simulated (red solid line) IVCs. In (b),
simulated T (x) proﬁles along the dashed line indicated in Fig. 6 at
z = 0.5 h are shown. The diamonds in (a) indicate the corresponding
bias points. The calculated and measured V (x) are shown in (c)
and (d), respectively. Diamonds in (c) indicate the x position where
T = Tc .

The base crystal introduces an effective side-cooling of the
mesa, which, in general, makes a solution showing variation
in x and y directions (with or without hot spots) favorable.
Indeed, in contrast to the one-dimensional calculations, hotspot solutions appeared basically by themselves, i.e., it was not
necessary to ﬁnd them by choosing a proper initial condition.
The side-cooling leads to an elliptic shape of the hot spot (for
rectangular shaped mesas). Also, the hot spot is not limited to
the mesa itself anymore, but may extend signiﬁcantly in lateral
direction into the base crystal (see below). This is exactly
what has been found experimentally.19 The same occurs in z
direction, as has been discussed in Ref. 49.
We investigate sample 1 from Ref. 20. The electrical and
thermal parameters of this sample have already been used in
the previous sections. We have further used the parameters:
hbc = 40 μm, hglue = 25 μm, lglue = 1 mm, and nglue = 1.95.
Figure 7(a) compares the measured IVC with the calculated
one for Tb = 20 K. The good agreement stems from the fact
that we have adjusted σc (T ) below Tc and nglue to match this
curve. The simulated T (x) proﬁles, calculated along the dashed
line in Fig. 6 at z = 0.5 h, are shown in Fig. 7(b) for the bias
points indicated in Fig. 7(a). They show an almost constant
temperature in the low-bias regime, whereas for increasing cur-
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FIG. 8. (Color online) Comparison of 3D simulation and experimental data for sample 1 from Ref. 20 at Tb = 42 K. (a) shows
the measured (black, solid circles) and simulated (red solid curve)
IVC. In (b), simulated T (x) proﬁles along the dashed line indicated
in Fig. 6 at z = 0.5 h are shown. The diamonds in (a) indicate the
corresponding bias points. The calculated and measured V (x) are
shown in (c) and (d), respectively. Diamonds in (c) indicate the x
position where T = Tc .

domain reaches lower temperatures for Tb = 20 K as for Tb =
42 K. Figures 8(c) and 8(d), respectively, show the calculated
and measured LTSLM proﬁles. As for Figs. 7(c) and 7(d),
the agreement between experimental data and simulations is
reasonable, except for the bias point where hot-spot formation
sets in (curve 4). For the calculations, we have used T AL =
16 Kμm2 , which is by a factor of 3 lower than for the case of
Tb = 20 K. This is attributed to a reduced incident laser power,
which had been readjusted for every measurement.
In Fig. 9(a), we show the T (x) proﬁle, calculated along
the dashed line in Fig. 6 at z = 0.5 h, for 3 values of Tb . For
all curves, V = 0.8 V. This condition has been motivated by
measurements of the linewidth f of terahertz radiation.27
Here, for f versus Tb , taken at a ﬁxed emission frequency
(corresponding to V = const for a ﬁxed number of oscillating
IJJs), the dependence f ∝ Tb−4 has been found unexpectedly.
We are interested in the question whether or not corresponding
changes with Tb can be seen in the T distribution in the mesa.
Figure 9(a) shows that the peak temperature in the mesa is
higher at low Tb than at high Tb , while the coldest temperatures,
reached at the right edge of the mesa, behave oppositely.
Thus thermal gradients at low Tb are stronger than at high

100
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300
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20 30
I (mA)

40

FIG. 9. (Color online) (a) Simulated T (x) proﬁles along the
dashed line indicated in Fig. 6 at z = 0.5 h for three different values
of Tb at constant V = 0.8 V. The dc power P = I V is 26.4, 18.2, and
14.4 mW for Tb = 20, 30, and 42 K, respectively. (b) P vs I at 20 K for
measurement (green squares), simulation with homogeneous T (red
dashed line) and hot-spot formation (blue, solid line). The pink circles
depict experimental data and the black, short-dashed line simulated
values with hot-spot formation at 42 K.

Tb . However, this effect roughly changes linearly with Tb and
presumably cannot explain the f ∝ Tb−4 dependence.
Figure 9(b) compares for two values of Tb the measured
and simulated dc power P = I V as a function of I . One
observes two regimes, each with a roughly constant slope. The
ﬁrst—low-bias—regime has no hot spot and, for Tb = 20 K,
spans from 0 to 10 mA (14 mA for 42 K), whereas the
second—high-bias—regime has a hot spot and begins at
10 mA (14 mA for 42 K). Interestingly, at the intersection
of these two regimes, the maximum temperature in the mesa
has reached the temperature fulﬁlling dσc /dT = 0. This point
also corresponds to the kink in the IVC, observed for several
mesas. Note that the calculation for homogeneous T (red
dashed curve) shows no such kink. A plot like this may thus
be helpful to distinguish in an experiment, whether or not one
has reached the regime with hot spots.
The last issue we want to address is the correlation between
the point of current injection and the location, where the hot
spot is established. Typically, in experiment the appearance of
the hot spot was close to, but not exactly at the bond wire to
300
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FIG. 10. (Color online) (a)–(d) Surface plot of hot-spot solutions,
obtained by Eq. (3) for a mesa with two current injection points,
indicated by black rectangles. The sum I0 of the currents through the
left (Il ) and right (Ir ) injection points has been kept constant, and for
the ratio Il /I0 values of (a) 1, (b) 0.7, (c) 0.5, and (d) 0.425 have been
used. (e) The center position xh of the hot spot vs current injection
ratio for simulated and measured data.
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the mesa surface.19 We see the same effect in our simulations,
Fig. 10(a) illustrates this for a situation, where the current
is injected from the left. Here, the side-cooling prevents the
hot spot from nucleating at the very left end of the mesa,
resulting in a positioning of the hot spot at several micrometers
right of the current injection point. Further, it has been shown
that by using two injectors located on opposite sides of the
mesas the hot spot can be moved by changing the ratio of
currents through these injectors.19 Figures 10(a)–10(d) show
a sequence of calculations where the ratio between injection
currents through the left (current Il ) and right (current Ir ) was
varied, keeping the sum of the currents I0 constant. We used
ratios IL /I0 of, respectively, 1, 0.7, 0.5, and 0.425. As one
can see, the hot spot indeed can be moved continuously, as in
experiment. In Fig. 10(e), we have plotted the center position of
the hot spot as a function of Il /I0 . Experimental data are shown
by (red) squares and theoretical data by the (black) solid line.
The agreement is reasonable, showing that this effect can be
essentially understood from the thermal calculations presented
in this paper.
Finally, we brieﬂy mention that also two other geometries
discussed in Ref. 19 can be reproduced very well in the 3D
simulation, a disk shaped mesa and a mesa of Y shape, where
the hot spot forms at the intersection of the three lines, although
the bias current injection point was at the foot of the Y.

V. CONCLUSION
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