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stacks as emitters of terahertz radiation

12.1 Introduction

One of the interesting properties of Josephson junctions is their ability to emit elec-
tromagnetic radiation, with emission frequencies fe that are tunable via the voltage
drop VJ across the junction. More precisely, the emission frequency obeys the rela-
tion fe = VJ/Φ0, where Φ0 = h/2e is the flux quantum and Φ−1

0 = 483.6GHz/mV.
In principle, fe can reach values of up to 2∆/h, where ∆ is the energy gap of the su-
perconductor. For higher frequencies quasiparticle excitations in the superconducting
electrodes of the Josephson junctions damp the Josephson oscillations and the asso-
ciated emission of electromagnetic waves. For example, for niobium the gap limit is
about 750GHz and Nb-based Josephson junctions have indeed been operated as lo-
cal oscillators up to such frequencies [1]. In general, however, single Josephson junc-
tions are not very good oscillators. The output power is low (often nanowatts or less)
and the linewidth of radiation is large. Also, the impedance of typical junctions is
very low and hard to match to an environment. These problems can be solved at least
in principle by using arrays of phase-synchronized Josephson junctions [2–5]. Planar
arrays of Nb-based Josephson junctions have been synchronized to have an output
power of about 65 μW at frequencies around 134GHz and about 2 μW at 320GHz [5]. A
particularly interesting system are so-called intrinsic Josephson junctions (IJJs) which
naturally form in some of the strongly anisotropic and layered cuprate superconduc-
tors [6]. In Bi2Sr2CaCu2O8 (Bi-2212) such an IJJ has a thickness of 1.5 nm and a single
crystal of, say, 1 μm thickness can be viewed as a vertical stack of ∼ 700 IJJs. IJJs have
been shown to have low damping, which is important for high-frequency generation.
Thanks to the large energy gap of cupratesweakly damped Josephson oscillations are,
at least in principle, possible at frequencies up to the 10 THz range. Particularly the
frequency regime between 0.5 THz and a few THz is very interesting, because there is
still a lack of compact solid state sources for electromagnetic radiation [7, 8]. In the
decade after the discovery of the intrinsic Josephson effect stackswith a number of IJJs
typically ranging from 1 to some 10 have been investigated, with lateral sizes ranging
from ∼ 50 μm down to the sub-μm range. High-frequency properties as well as micro-
scopic questions like the degree of coherence in interlayer transport or the formation
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of vortex structures were the main scientific targets. For reviews on these activities,
see [9–11]. In view of THz emission for this type of structure an in-phase oscillation
of the Josephson currents across all junctions in a stack is hard, if not impossible to
achieve. The situation changed in 2007 when the observation of coherent (sub)THz
emission in IJJ stacks was reported [12]. Here, stacks with lateral sizes on the 100 μm
scale have been used, with a total number of junctions of about 700. This finding trig-
gered a large amount of experimental and theoretical activities and a lot of progress
has been made. While in [12] the maximum integrated emission power was around
0.5 μW and the maximum emission frequency was around 0.8 THz, in recent works
the emission power of single IJJ stacks increased to the 100 μW range and the max-
imum emission frequencies to more than 2 THz. Reviews on the early stages of this
research are [11, 13]. A more recent one is [14].

The remainder of this chapter is organized as follows. In Sections 12.2 and 12.3
we introduce some general concepts of the intrinsic Josephson effect and some the-
oretical considerations. These sections are mainly based on results obtained for the
“small” stacks. The final Section 12.4 addresses properties of the “large” stacks, in-
cluding electromagnetic and thermal properties.

12.2 General properties of intrinsic Josephson junctions

In Bi-2212, CuO2 double layers of a total thickness of about ds = 0.3 nm are separated
by SrO and BiO layers, cf. Figure 12.1a. Cooper pairing is restricted to the CuO2 layers.
Thebasic picture for the intrinsic Josephsoneffect arises from thenotion that for c-axis
transport between adjacent CuO2 layers the SrO and BiO sheets form a tunnel barrier
for both quasiparticle and Cooper pair transport. A suitable patterned Bi-2212 single
crystal naturally formsa stackof IJJs, eachhavinga thickness s = 1.5 nm. It has turned
out that the current voltage characteristics (IVCs) of such junctions are tunneling-like
and strongly hysteretic. This is shown in Figure 12.1b for a single IJJ patterned from a
Bi2Sr2Ca2Cu3O10 (Bi-2223) thin film [17]. As a result, the c-axis IVCs of a stack of many
IJJs have a relatively complex structure arising from the bistability of the IVCs of indi-
vidual junctions in a certain current range. Figure 12.1c shows an early measurement
of an IVC, as measured for a (30 μm)2 wide and 1 μm thick single crystal [16]. The
crystal quality was not perfect so that different IJJs in the stack had slightly different
properties. Ramping up the bias current from zero all IJJs are in their zero-voltage state
up to I ≈ 12mA,when some of the junctions switch to their resistive states. By ramping
up and down the bias current repeatedly a large amount of branches can be traced out
differing by the number of junctions in the resistive state. In Figure 12.1c one observes
six branches that are approximately equally spaced. Here, between one and six IJJs
have switched to their resistive state while the other IJJs are still in the zero voltage
state. One also notes some nearby branches where the total number of IJJs in the re-
sistive state is the same but realized by different individual IJJs. Another example of
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Fig. 12.1: (a) Superposition of the Bi-2212 crystal structure and the model underlying the intrinsic
Josephson effect. Superconducting and insulating layers are indicated by, respectively, gray and
white sheets. (b) IVC of a single IJJ patterned from a Bi-2223 thin film (after [15]). (c) Section of an
IVC as measured for a 30 μm2 large Bi-2212 single crystal (after [16]). (d) IVC of a 43-junction stack
patterned as a 2 × 2 μm2 wide mesa structure on top of a Bi-2212 single crystal.

a 43 junction stack is shown in Figure 12.1d. This stack was patterned as a 2 × 2 μm2

wide mesa structure on top of a Bi-2212 single crystal.
Besides the Bi-based cuprates (Bi-2212, Bi-2223, Bi-2201) [6, 17, 18] many other

layered superconductors exhibit an intrinsic Josephson effect. This includes in the
cuprate family Tl- and Hg-based compounds [16, 19, 20], strongly underdoped
YBa2Cu3O7−x [21], electron-doped cuprates [22] and also the ruthenocuprates [23].
There are also organic compounds like κ-(BEDT−TTF)2Cu(NCS)2 [24] andmembers of
the iron pnictide family [25].

Although IJJ stacks have been fabricated from thin films [17, 20, 21, 26], Bi-2212 sin-
gle crystals remain the workhorse for most investigations and applications. Reliable
fabrication techniques to pattern suitably sized and contacted IJJ stacks have been
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Fig. 12.2: Z-shaped all-superconducting Bi-
2212 structure patterned by focused ion beam
milling from a Bi-2212 single crystal. The center
of the Z-shaped part forms the active IJJ stack.
After [21].

developed. While in early experiments the ab-faces of small-sized crystals have been
simply covered with gold and contacted with Au rods, in subsequent experiments
mesa structures, patterned on top of single crystals and contacted by Au or Ag layers,
havebeenused for investigations. This technique is stillwidelyused.Also, focused ion
beam techniques have been applied for patterning Z-shaped structures from the inte-
rior of single crystals or thin films [21], cf. Figure 12.2. A special patterning technique
for Bi-2212 single crystal arises from the fact that these crystals can be cleaved easily,
allowing for a double-sided fabricationmethod [28]. Here, a single crystal is mounted
to a first substrate andpatterned from the top. Then a second substrate is glued on this
patterned surface, the first substrate is removed and a second patterning step is used
to structure the surface which in the first step was glued to substrate 1. The various
steps and a resulting array of stacks embedded in a planar bow-tie antenna are shown
in Figure 12.3. In a similar fashion it is also possible to create a stand-alone Bi-2212
stack which is embedded between Au layers [29].

In the IVC of Figure 12.1c typically a maximum voltage around 12mV per IJJ could
be obtained which, according to the Josephson relations, corresponds to an oscilla-
tion frequency of about 6 THz. Depending on the doping state of the crystal and on
the compound used this maximum voltage per junction can even be higher, reach-
ing values of the order of 30mV, corresponding to a Josephson frequency of 15 THz.
The smallest voltages that can be applied before the switch-back to the zero-voltage
state occurs are of the order of 0.5mV (250GHz). Thus, a suitably patterned stack of
IJJs can at least in principle act as a broadly tunable source for THz radiation. Indeed,
indirect evidence has been found that inside the stack the Josephson oscillations can
excite phonons [26, 30, 31]. The interaction of the Josephson system and the phonons
leads to subgap-structures on the IVCs visible in Figure 12.4. Some of the structures
are marked Vm

n in the graph, the lower index indicating the branch number and the
upper number indexing the subgap structure on a given branch of the IVC. It in fact
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Fig. 12.3: Series array of 64 all-superconducting IJJ stacks, patterned using the double-sided fabrica-
tion method [27].

turns out that the subgap features onbranchnumbers> 1 are just replicas of the struc-
tures on the first branch, theirmultiplicity explainable by the number of combinations
that are allowed to have the n resistive IJJs on one of the voltage states created by the
sub-branches. More importantly, the structures were visible up to 7.9mV (3.8 THz) on
the first branch of the Bi-2212 IVC, and up to 9.7mV (4.7 THz) for a Tl-2223 sample.
Thus, the subgap features demonstrate that at least up to these frequencies there are
significant ac electric fields in the stack. As a new feature compared to Figure 12.1,
Figure 12.4a shows that for large currents and for high branch numbers the IVC ex-
hibits back-bending. The effect is due to Joule heating and the facts that (i) the Bi-2212
c-axis resistance increases with decreasing bath temperature and (ii) the thermal con-
ductivity is low. Qualitatively, with increasing input power the mesa heats up and its
resistance decreases. At some input power the voltage across the stack reaches amax-
imum and then decreases with increasing current. A quantitative description will be
given in Section 12.4. Herewe onlymention that one faces a temperature rise of several
Kelvin per mWof input power, the precise value depending on details of the geometry
used. The existence of Josephson oscillations in the THz range has also been shown
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Fig. 12.4: Subgap structures on the IVC of a Bi-2212
stack appearing via coupling of the ac Josephson os-
cillations to phonons. (a) shows the full-scale IVC (not
all branches traced out), (b) and (c) are zooms for ex-
panded current and voltage scales. From [26].

in absorption when applying external radiation to an IJJ stack. For frequencies in the
THz regime Shapiro steps from intrinsic junction stacks have been observed by Rother
et al. [33, 34] by irradiating amesa structure incorporated into a bow-tie or logarithmic
periodic antenna with a far infrared laser. In these early experiments the power cou-
pled into the system was relatively low; still, however, the first Shapiro step could be
detected up to about 2.5 THz. By using the double-sided fabrication technique Wang
et al. [27, 28, 32] integrated an IJJ stack with a superconducting antenna structure,
as shown in Figure 12.5. The figure also shows the response of the 17-junction mesa
to a 1.6 THz far infrared field. Large Shapiro steps appear on all resistive branches of
the current voltage characteristic. Shapiro steps under 760GHz irradiation have also
been detected for the 64-stack array shown in Figure 12.3, and for even larger arrays
consisting of up to 256 stacks containing in total more than 11000 IJJs in series [27].

Fig. 12.5: Bi2Sr2CaCu2O8 single crystal patterned into a 17-junction mesa structure integrated with
a bow-tie antenna structure (left) together with a current voltage characteristic at 6 K under far in-
frared irradiation at 1.6 THz (from [32]).
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In [28] it has also been shown that, when irradiating the sample both with 760GHz
and an 18GHz microwave field, up to the 90th harmonic of the microwave frequency
can be generated by the IJJ stack and mixed with the THz field down to a difference
frequency of around 1.5 GHz, which was detected off-chip. These measurements show
that, at least in principle, IJJ stacks can act both as THz detectors and high-frequency
mixers.

In terms of emission experiments a number of early experiments were done at fre-
quencies between a fewGHz and 120 GHz, see e.g., [16, 35, 36]. Bae et al. [37] integrated
oscillator anddetector stacks on the same chip and found evidence for high-frequency
emission up to 1 THz. Using an integrated superconducting heterodyne receiver Batov
et al. [38] detected radiation at 0.5 THz from a 3 μm wide Bi-2212 mesa integrated in a
bow tie antenna. The mesa consisted of about 100 IJJs. The maximum emitted power
was estimated to be of the order of 0.5 pW. This emission frequency, to our knowl-
edge, is the highest which has been detected off-chip from “small” mesa structures.
Further off-chip THz emission measurements were done on stacks consisting of 700
or more IJJs with lateral sizes on the 100 μm scale. This will be addressed in detail in
Section 12.4, after having introduced some theoretical concepts.

12.3 Theoretical concepts

In the previous section we did not consider in-plane degrees of freedom of IJJ stacks.
For example, in sufficiently large conventional Josephson junctions fluxons (Joseph-
son vortices) can be present and contribute to the electrodynamics of the junction. In
so-called fluxonoscillators, as used in the niobium-based superconducting integrated
receiver operating up to about 750GHz [1], fluxons are created by an external magnetic
field and accelerated by the applied bias current. Themovingfluxons can excite stand-
ing electromagnetic waves (cavity resonances, also named Fiskemodes) in the tunnel
barrier. Comparatively strong and narrowband emission is obtained under these res-
onant conditions. The electrodynamics of long Josephson junctions is described by
the sine-Gordon equation [39]. Sakai, Bodin and Pedersen extended this equation to
vertically stacked Josephson junctions [40]. In the model, coupling between junctions
occurs through currents flowing along the superconducting layers which are shared
by adjacent junctions. This inductive coupling becomes effective when the thickness
ds of the superconducting layers inside the stack is smaller than the London pene-
tration depth. For the case of IJJ stacks the in-plane London penetration depth λab ∼
150–300nm, thus λab ≫ ds. In the followingwe introduce themain ideas of themodel
following the notation of [41]. The geometry of N stacked long Josephson junctions is
shown in Figure 12.6. N + 1 superconducting layers of thickness ds are separated by
insulating layers of thickness di. Superconducting layers are labeled from 0 to N, in-
sulating layers from 0 to N − 1. An external magnetic field B (or flux Φext) is oriented
along y parallel to the layers. A bias current with homogeneous density jext is injected
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Fig. 12.6: Geometry of a stack of N long IJJs
(after [41]).

into layer 0 and is extracted from layer N. The (in-plane) London penetration depth
into each superconducting layer is λL. The length of the stack perpendicular to the
magnetic field (along x) is L; all junction properties are assumed to be constant along
y. The nth IJJ junction is formed by the superconducting layers n − 1 and n and the
insulating layer in between. The current density across this junction is given by

jz,n = jc sin γn + σcEz,n + εε0 Ėz,n (12.1)

The first term on the right hand side represents the Josephson current density with
critical current density jc (assumed to be the same for all layers) and the gauge invari-
ant phase difference γn = φn − φn−1 − (2π/Φ0) ∫n

n−1 Azdz; n denotes the phase of the
order parameter in the nth superconducting layer. Az is the z-component of the vec-
tor potential and the dot denotes the derivative with respect to time. The second and
third term on the right hand side of Equation (12.1) represent the (linearized) quasipar-
ticle current, with c-axis conductivity σc and the displacement current, with dielectric
constant ε. With the use of the second Josephson relation, γ̇n = (2π/Φ0)Ez,ndi, also in-
troducing normalized time τ = (2πjcρcdi/Φ0)t and electrical field ez = Ez/(jcρc), with
ρc = σ−1c , Equation (12.1) may be rewritten as

jz,n
jc

= sin γn + γ̇n + βc γ̈n (12.2)

with the McCumber parameter βc = 2πjcρ2c εε0di/Φ0. The density of the supercurrent
flowing along the nth superconducting layer is denoted jx,n. Assuming the amplitude
of the order parameter in the superconducting layers to be constant the phase gradient
in each layer along x is given by ∂ϕn/∂x = 2π(Ax,n + μ0λ2L jx,n)/Φ0. Integration of the
phase gradient along the contour shown in Figure 12.6 yields

dγn
dx = 2π

Φ0
( d
dx ∮

C

Ads + μ0λ2L(jx,n − jx,n−1)) (12.3)

Assuming a London magnetic field decay inside the nth superconducting layer

Bn(z) = Bn + Bn+1
2

cosh(z/λL)
cosh(ds/2λL) + Bn−1 − Bn

2
sinh(z/λL)
sinh(ds/2λL) (12.4)
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where Bn denotes the field in the nth insulating layer one finds with the use of
Maxwell’s equations

d2γn
dx2

= 1
λ2m

jz,n − jext
jc

+ 1
λ2k

2jz,n − jz,n+1 − jz,n−1
jc

(12.5)

where the lengths λm and λk are given by λm = [(Φ0/(2πjcteff)]0.5 and λk = [Φ0deff/(2πjcλ2L)]0.5, with teff = di + 2λL tanh(ds/2λL) and deff = λL sinh(ds/2λL). By com-
bining the diagonal elements on the right hand side of Equation (12.5) one may
further introduce the Josephson length λJ via λ−2J = λ−2m + 2λ−2k . If in addition in-
plane quasiparticle currents, with resistivity ρab, are taken into account, a term(sds/λ2k)(ρc/ρab)d2 γ̇n/dx2, with s = di + ds should be added to the left hand side
of Equation (12.5). In the limit ds, di ≪ λL, teff and deff reduce to teff = s and deff = ds.
For the inner- and outermost junctions the terms jz,n−1 and jz,n+1, respectively, have
to be replaced by jext. If no currents leave the stack at its left and right edges, from
Equation (12.3) the boundary condition

dγn(x = 0)
dx = dγn(x = L)

dx = 2π
Φ0

Bextteff (12.6)

can be derived. Here, self-fields due to circulating currents have been neglected.
Equations (12.5) and (12.2) form the coupled sine-Gordon equations. They can also

be derived from the Lawrence–Doniach free energy for layered superconductors. This
approachhas been takenby several authors [42, 43]. Apart fromdifferent notations the
various models also differ by the boundary conditions particularly in the z-direction.
In Equations (12.5) it is demanded that the current outside the stack is given by the
applied current, i.e., one considers a free standing IJJ stack. For these boundary con-
ditions, generally, there will be fluctuating electric fields along x in the outermost
electrodes. Alternatively, one may assume that the in-plane electric field is zero at
the boundary [43–45], which is equivalent to treating the outermost CuO2 layers as
a ground.

ForN = 1Equations (12.5) and (12.2) reduce to the standard sine-Gordon equation,
containing λJ as the only relevant length scale. For stacked junctions λk appears as an
additional scale. For a critical current density of 200A/cm2, a typical value for IJJs,
and λab = 0.26 μm one finds λm = 295 μm, λk = 0.76 μm and λJ = 1.07 μm. For
an IJJ stack with lateral dimension below 1 μm the coupling between adjacent IJJs is
small and the stack forms in essence a series array of independent junctions. For larger
lateral sizes of the stack the scale λk matters as soon as jz,n and jz,n±1 are different,
in other words, as soon as there is a gradient along z in the in-plane currents. In the
absence of such gradients even stackswith a lateral size of 300 μm could behave as an
array of independent short junctions. However, in general there will be the formation
of circulating currents and the junctions in the stack become coupled.

Let us give us an example for the simulated collective fluxon dynamics in a 10 μm
long 20-junction stack. Figure 12.7 displays the IVC for zero applied magnetic field.
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(a) (b)

Fig. 12.7: Calculated IVC of a 20-junction stack in zero magnetic field showing 20 linear resistive
branches and a variety of resonant structures and zero field steps, indicated by arrows (a). The low-
voltage region is enlarged in (b) (after [41]).

Multiple branching still occurs, consistent with the experimental observation. There
are also fine structures which in the simulation are due to different dynamic fluxon
configurations. Figure 12.8 shows two snapshots of the Josephson currents in the stack
for I = 0.55 Ic. There are fluxons (antifluxons) in the stack, the center of which is
marked by closed (open) circles. The fluxons and antifluxons are aligned in vertical
rowsmoving inopposite direction. At t = 0most vortices are located in theodd-labeled
junctions whereas, after reflection at the edges fluxons move in the even-labeled junc-
tions. A similar switching by one junction occurs when the vortex/antivortex columns
collide in the middle of the stack. The second snapshot is in fact taken after a half
period of this periodic dynamics. Further, all junctions are in a nonzero-voltage state,
and thefluxonmotion in the inner junctions4 to 17 is synchronous, as canbe seen from
the fact that the dc voltage across these junctions is identical. At the vortex collision
points, which for the locked IJJs always occurs at the same x coordinate, the amplitude
of the electric fields in the barrier layers of the various IJJs is at its maximum, in other
words the antinode of a standing wave develops at these locations. Thus, the electric
field, on top of an offset, indeed exhibits a well-developed standingwave pattern with
three half-waves along x and one half-wave along z (the corresponding snapshots are
not shown explicitly here). It further turns out that some of the IJJs can be in the zero-
voltage state, never containing fluxons, without significantly disturbing the pattern
shown in Figure 12.8. This explains why the multiple branching can be obtained for
the IVCs of IJJ stacks despite complex internal dynamics.

The state described above is an example of a fluxon state involving the excitation
of a collective resonance using the whole stack as a cavity. There is in fact a variety of
different collective cavity modes [46, 47]. For the boundary conditions used above the
electric field for these modes in 3D for a rectangular N junction stack of length L and
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Fig. 12.8: Two snapshots of supercurrent distribution for i = I/Ic = 0.55, cf. Figure 12.7, together with
the dc voltage across each junction (right). Fluxon centers are marked by closed circles, centers of
antifluxons by open circles. Fluxon motion is towards the left edge, antifluxons move towards the
right edge (after [41]).

widthW have a component

Ez,n(x, y) = E0 cos(ωqkxky t) sin ( πnq
N + 1) cos(πkxxL ) cos(πkyyW ) (12.7)

with some amplitude E0 and integers kx and ky counting the number of half-waves
along x and y, respectively. The integer q runs from 1 to N. The frequencies ωqkxky are
given by

ω2
qkxky = ω2

pl√1 − (I/Ic)2 + c2q [(πkxL )2 + (πkyW )2] (12.8)

where ωpl = (2πteff jc/Φ0εε0)0.5 is the Josephson plasma frequency. The velocities cq
are given by

cq = ωplλJ√1 − 2 ̄s cos[πq/(N + 1)] (12.9)

̄s = (λJ/λk)2 denotes the coupling parameter [40]. For q = 1 all junctions oscillate in-
phase, which is apparently the most interesting situation for THz emission. For large
values of N the mode velocity c1 can be very high, reaching values of the order of
c/√ε, with the vacuum speed of light c. We briefly note here that the expression for cq
changes when using different boundary conditions along z. For example, for a mesa
structure onemay consider the base crystal as a ground. Then, on the right hand sides
of Equations (12.7) and (12.9) the factor (N + 1) should be replaced by (2N + 1) and q
by 2q − 1. If in-plane electric fields vanish on both outermost faces of the stack in
Equation (12.7) the sine function should be replaced by a cosine and (N + 1) by N.
Here, the value q = 0 becomes an allowed solution.

The excitation of the in-phase cavity mode by Josephson vortices has been stud-
ied in detail by Koshelev [44, 48] and by Lin and Hu [45, 49]. It turned out that the
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Josephson phases along the different junctions can contain a term of π phase kinks
and antikinks arranged periodically in the z-direction, with integer m. These π phase
kinks effectively excite the various cavity modes. These can also be efficiently excited
by fluxon lattices created by applying high magnetic fields oriented parallel to the
layers [46]. This type of excitation is analogous to the mechanism used in the fluxon
oscillator of the superconducting integrated receiver.

In experiments using small-sized IJJ stacks with N < 100, there was no clear evi-
dence for resonant modes in zero applied field. Collective Fiske modes were observed
in strong magnetic fields [37, 50–52] and perhaps also under microwave radiation [53,
54], with mode velocities that were consistent with theoretical considerations. How-
ever, dominantly the modes with large values of q – i.e., modes where the IJJs in the
stack oscillate dominantly out-of-phase and produce very little radiation – were ex-
cited. The situation is opposite for very large stacks consisting of hundreds of IJJs.
Here, the in-phase modes turn out to be the most stable. The corresponding experi-
ments will be addressed in Section 12.4.

We conclude this section by noting that the inductive coupling is not the only pos-
sible interaction between adjacent IJJs. The thickness of the superconducting layers is
in fact comparable or even smaller than the Debye screening length which can be es-
timated to be of the order of 2–3 Å for Bi-2212. One of the effects that can occur is that
there are local charges in the superconducting layers felt by adjacent junctions. As a
consequence the second Josephson relation is modified and the time evolution of the
phase of the nth junction depends not only on the electric field across this junction but
also on the electric field across its neighbors. This type of coupling has been pointed
out by Koyama and Tachiki [55] and has been studied later on in a number of publica-
tions [56–60]. Second, there can be an imbalance between electron-like and hole-like
quasiparticle excitations again affecting the system dynamics. A detailed description
of the charging effects including also effects of branch imbalance has been given by
several authors [61–63]. The charge coupling affects the dynamics of the IJJ stack near
the lower end of a given branch of the IVC (i.e., near the return current). The impact of
charge coupling on coherent THz emission, as obtained for the large IJJ stacks, is not
fully clarified yet but seems to be less important than inductive coupling.

12.4 Coherent THz radiation from large intrinsic Josephson
junction stacks

In 2007 Ozyuzer et al. reported THz emission from IJJ stacks where the junctions in
the stack oscillated in-phase [12]. The stacks were patterned as mesa structures on
top of Bi-2212 single crystals. With a length of more than 300 μm, widths of several
10 μm and a thickness of about 1 μm, corresponding to ∼700 IJJs these stacks were
much larger than the stacks studied previously. Experiments were performed in zero
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magnetic field. This result was unexpected since such large stacks were expected to
heat up to temperatures well above Tc. Figure 12.9 shows (a,b) the geometry and (c,d)
selected results. The IVC (Figure 12.9c, right scale; only the return branch with all IJJs
in the resistive state is shown), measured at a bath temperature Tbath = 25K indeed
exhibits the strong back-bending which is due to overheating. Some numbers for the
average stack temperature, as estimated from the temperature dependence of the out-
of-plane resistivity, are indicated. For a current of 25mA the estimated temperature is
85 K, at an input power of about 25mW. This overheating of about 60K is strong but
in fact much less than the numbers found for small mesas (sometimes exceeding 20K
per mW). Polarized THz emission was detected in the lower current range where Joule
heating is modest. The maximum detected radiation power (Figure 12.9c, left scale)
was about 10 nWwhich, extrapolated to4π, amounted to about0.5 μW, at frequencies
up to 0.85 THz and for bath temperatures up to 50K. Further, it was found that the
emission frequency scaled with the width of the stack, cf. Figure 12.9d, indicating that
a cavity resonance oscillating along the width is important for synchronization. The
cavity resonance is indicated schematically in Figure 12.9a.

Reference [12] triggered a large mount of theoretical and experimental investiga-
tions; more than 100 publications have appeared by now. Below we can only mention
a few results.

Figure 12.10 shows results of an investigation of large IJJ mesas using low-tem-
perature scanning laser microscopy (LTSLM) [64]. In LTSLM a blanked laser beam is
scanned across the sample surface while the sample is biased at some current I. At
the position (xL, yL) of the beam the temperature of the sample locally rises by a few
K and, as a result, temperature-dependent quantities like the junction resistance or
the critical current density change. These changes lead to a variation ∆V(xL, yL) of the
voltage across the stackwhich serves as the contrast for an LTSLM image. For IJJ stacks
LTSLM revealed two different features. In LTSLM image B of Figure 12.10 there are two
stripelike features separated by a low-contrast region. With increasing input power
the left stripe moves towards the left edge of the stack. This feature has been identi-
fied at the edge of a “hot spot”, separating a region which is heated to temperatures
well above Tc and a region which is still superconducting. The appearance of a hot
spot has been confirmed by thermoluminescence measurements [65–67]. According
to these measurements the maximum temperature in the hot spot can exceed 150 K.
In the “cold” part of the stack in the LTSLM data of Figure 12.10 additional stripes ap-
pear, having a lower contrast ∆V than the signal associated with the hot-spot edges.
These signals can in fact be attributed to standing electromagnetic waves, themaxima
(in |∆V|) marking the antinodes of the cavity resonances [64, 68, 69]. The importance
of geometric resonances has been stressed in several papers, see. e.g., [70, 71].

Further, by varying the bath temperature Tbath the voltage across the IJJ stacks can
be varied over a significant range, allowing us to test whether or not the observed THz
emission arises from the Josephson effect. So far all experiments indeed show that the
Josephson frequency-voltage relation is fulfilled.
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Fig. 12.9: THz emission from large Bi-2212 mesas. (a) Schematic of mesa. (b) SEM image. (c) Radia-
tion power (left) and IVC (right). (d) Fourier spectra of emitted radiation for mesas of different width.
Inset shows dependence of radiation frequency on reciprocal width. In (c) “parallel” and “perpen-
dicular” refer to the orientation of the parallel-plate filter, having a cutoff-frequency fc = 452 GHz.
From [12].

Shortly after the discovery of in-phase THz radiationalso the angle dependence of
the emitted radiation power has beenmeasured [72]. It turned out that for rectangular
mesas the emission power is relatively large in the c-direction and has its maximumat
a tilt of about 30° from the c-axis. The emission power is very low in the direction par-
allel to the base crystal. This indicates that the IJJ stack cannot simply be considered
as a source of electric dipole radiation. Magnetic components also play an important
role; in addition the base crystal seems not to favor THz emission.

There has been some debate whether the hot spot just coexists with the super-
conducting areas [66] or has a direct effect on THz radiation. Evidence for the latter
scenario comes from high-resolution measurements of the linewidth ∆fe of THz radi-
ation [73]. For the investigated mesas, in the absence of a hot spot, ∆fe was 0.5 GHz or
higher, i.e., one observes a ratio fe/∆fe typically well below 1000. In the presence of
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Fig. 12.10: IVC and LTSLM data of a 30×330 μm2

large Bi-2212 mesa at Tbath = 50 K. Red solid
arrows in the IVC denote switching processes,
black arrows indicate bias points where LTSLM
images A–K have been taken. After [64].

a hot spot, ∆fe was as low as 23MHz at fe = 0.6 THz, i.e., fe/∆fe ≈ 3 ⋅ 104. Further,
∆fe was found to decrease with increasing bath temperature. By contrast, if phase
synchronization of the IJJs in the mesas were only mediated by cavity resonances one
would expect fe/∆fe to be proportional to the quality factor of the cavity mode which
should decrease with increasing temperature (either bath temperature or actual tem-
perature in the stack).

The experimental observations introduced so far – the interaction of Josephson
currents and cavity modes, the appearance of a hot spot, the unusual dependence
of the linewidth of radiation on temperature in the presence of the hot spot and the
angle dependence of radiation– have been addressed in numerous theoretical works.
In parallel there were significant experimental efforts to improve the performance of
the IJJ emitters in terms of emission power, maximum emission frequency, tunability
and thermal handling. Let us start with some theoretical concepts and then turn to
experimental efforts.

A number of works, based on inductively coupled sine-Gordon equations, ad-
dressed the mechanisms to excite collective cavity resonances in the stack [44, 45,
48, 49, 74–76]. To excite suchmodes it is favorable to have some initial modulation of
the Josephson current and the ac electric field that are commensurate with the cav-
ity mode to be excited. It was found that vertically stacked ±π kinks in the Joseph-
son phase differences can form, couple effectively to cavity modes and synchronize
ac Josephson oscillations. Three examples for π-phase kink states are shown in Fig-
ure 12.11. THz emission properties were also calculated in simulations based on sine-
Gordon type models and the radiation patterns observed experimentally have been
partially reproduced [74, 75, 77, 78]. It was pointed out that in-plane dissipation, often
neglected in simulations, can play an important role in achieving in-phase synchro-
nization [79].
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Fig. 12.11: Typical π-phase kink states (static contribution to the Josephson phase differences γ(x))
forming in IJJ stacks (four adjacent IJJs are shown). From [45].

A second line of theoretical investigations addressed hot spot formation on the basis
of heat diffusion equations, taking into account only quasiparticle currents [80–82].
Very good agreement with experimental data was achieved, reproducing the typical
back-bending of the IVCs and hot spot formation, respectively. The latter occurs in the
back-bending regime and is due to the specific temperature dependence of the Bi-2212
c-axis resistivity.When, due to some fluctuation, the temperature in a part of the stack
increases, the local c-axis resistivity decreases, leading to an increase in the applied
current density and also the local heat production. The cycle continues until equilib-
rium is reached. The effect is in fact not specific to IJJ stacks but has been observed
for many conducting systems [83]. A very early work on this phenomenon has been
presented in the context of semiconductors [84].

The next step for theory was to combine electromagnetic and thermal properties
of the IJJ stacks. In [80] the hot spot wasmodeled as a 2D array of resistors and capaci-
tors whichwas coupled to a serial array of pointlike Josephson junctions representing
the cold part of the stack. It was observed that the currents through the hot spot area
can phase-lock the Josephson junction array. In [85] THz radiation from IJJ stacks was
modeled in 3D introducing the hot spot as a predefined region of reduced Josephson
critical current density. A three-step approach to fully combine Josephson dynamics
and thermal physics was given in Refs. [86–88]. In a first step the mesa was replaced
by two parallel columns of electrically coupled pointlike Josephson junctions which
were also coupled to a thermal bath. The N = 700 junctions were grouped to M seg-
ments, each containing G = N/M IJJs assumed to be identical. The parameters of the
model (Josephson critical current, resistance) depend on the local temperature which
in turn is calculated by the heat diffusion equation containing the Joule heat produc-
tion as the input from the electrical circuit. Within this model it was possible to inves-
tigate IVCs, reproduce the formation of hot spots (one of the chains of junctions at a
temperature above Tc) and also the linewidth of THz radiation as a function of Tbath.
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Fig. 12.12: Normalized power density ⟨q‖(x, y)⟩ (in units of 400 W/cm3) dissipated by in-plane cur-
rents, averaged over time and z, for five values of normalized bias current I/Ic0 (upper left numbers);
values for qmax at bottom left. The gray square in (a) indicates the position of the bond wire attached
to the mesa and included in the thermal part of the equations. Regions enclosed by the black line
are at T ≥ Tc. From [88].

Currents through thehot areas provided phase-lock between the junctions thatwere in
the superconducting state. The experimentally observed decrease of ∆fe with increas-
ing bath temperature was reproduced and attributed to a competition between the
ability of the system to phase-lock (increasing with increasing temperature) and the
destructive effects of thermal fluctuations and the relative spread in junction param-
eters (also growing with increasing bath temperature). In a second and third step the
approach of [86] was extended to 1D-coupled sine-Gordon equations [87] and finally
to full 3D simulations [88]. These simulations quantitatively reproduced the formation
of hot spots and the appearance of cavity modes. Figure 12.12 shows, for Tbath = 20K,
averaged distributions of the power density ⟨q‖(x, y)⟩ dissipated by in-plane currents
for five values of I/Ic0 = 0.65 (a) to 0.1 (e). Averaging is over time and the c-direction in
the mesa. This type of plot is used to visualize resonance patterns, with nodes (antin-
odes) appearing at the minima (maxima) of ⟨q‖(x, y)⟩. The left (right) graphs are at
high (low) bias where a hot spot is present (absent). In (a) and (e) the modulations
along x are due to a cavity mode oscillating along x (a (0, n) mode, with n = 2 and
3, respectively). In (c) a cavity mode oscillating along y is excited (a (1, 0)mode). The
spatial variations in (b) and (d) have a more complicated mixed structure. The (1, 0)
mode is the one proposed in [12] for phase synchronization. The 3D simulations in
fact revealed that, by applying a small magnetic field parallel to the long side of the
stack, this mode can be stabilized over a wide range of bias currents and bath temper-
atures. The prediction was also tested experimentally, resulting in an increase of the
THz emission power of up to a factor of 2.7 [88].

We return to experimental investigations. Besidesmesa structures, a variety of dif-
ferent structures have been realized, including all-superconducting Z-type stacks [89]
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Fig. 12.13: IVCs and THz emission characteristics of a parallel array of mesas patterned on the same
base crystal. Left: Characteristics of three of the mesas when biased separately at Tbath = 55 K.
Right: Total radiation power versus bias voltage across mesa (e) for simultaneous bias of some
mesas. From [99].

and stand-alone stacks embedded between Au layers [71, 90–93]. The emission power
obtained from the stand-alone stacks is often much higher than the one from mesas,
reaching values of up to 80 μW [90, 93–95]. Cooling has been improved further by
sandwiching the stand-alone stacks between substrates with high thermal conductiv-
ity. In first attempts maximum emission frequencies near 1.05 THz were obtained [92,
96]. Recently this valuewas improved tomore than 1.6 THz for rectangular stand-alone
stacks [93, 97] and to 2.4 THz for disk-shaped stand-alone stacks [98].

The stacks investigated in [93, 97, 98] partially consisted of more than 2000 IJJs.
It seems unlikely that this number can be increased significantly, say to more than
10 000 IJJs. A way to further increase the output power is to use arrays of stacks.
Benseman et al. [99] investigated a set of six 400×60 μm2 large 500-junction mesas
fabricated on the same base crystal. Adjacent mesas were separated by 60 μm. The
left graph of Figure 12.13 shows IVCs and the THz emission power for three individ-
ual mesas. The maximum power was of the order of 120 μW. When biasing some of
the mesas simultaneously, after optimizing the response, an output power of about
0.6mW was achieved at an emission frequency of 0.51 THz. This, up to now, is the
record value and has not yet been reproduced, underlining the difficulty to actually
achieve phase synchronization between different mesas.

Both for single stacks and for arrays of stacks tunability is an issue. By changing
Tbath and the bias current the emission frequency can be varied over a wide range.
However, the emissionpower Pe maynot always be at its optimum. For instance, in the
high-bias regime the position of the hot spot strongly affects Pe. However, the problem
can be overcome by using stand-alone stacks contacted by three electrodes [100]. One
terminal is used as a collective ground while the other two, contacting the stack from
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Fig. 12.14: Reflection imaging at 0.44 THz of
different coins using a Bi-2212 IJJ mesa as os-
cillator. (a) Photographs of the US quarter coin
and the Japanese 5-yen coin. (b) Reflection im-
ages of both coins. From [103].
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Fig. 12.15: Setup combining a Bi-2212 intrinsic junction stack emitter and a YBCO grain boundary
junction detector. Upper graphs show the schematics of (a) the Bi-2212 emitter, (b) the detector
based on a YBa2Cu3O7 grain boundary (GB) Josephson junction and (c) the detector and emitter
mounted on hyper-hemispheric Si lenses. The lower graphs show the IVC (a) and the THz emission
signal (b) of the Bi-2212 emitter, and (c) IVCs of the detector junction with and without irradiation
from the emitter. Insets compare both IVCs of the detector with simulations. From [90].
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its right and left side, allow one to vary the current injection profile. With this method
both the hot-spot position and Pe can be varied reproducibly. The hot spot can also
be manipulated by using a laser beam [101, 102]. However, this procedure may be too
sophisticated at least for some applications.

Using Bi-2212 stacks some potential applications have been demonstrated. Tsuji-
moto et al. [104] used a 400 × 62 × 1.9 μm3 large mesa structure as an oscillator to
perform absorption imaging at frequencies around 0.5–0.6 THz of Japanese coins and
a razor blade placed inside paper envelopes. Kashiwagi et al. extended this technique
to reflection imaging [103] and computed tomography imaging [105]. Two reflection
images of coins are shown in Figure 12.14. An et al. [90] demonstrated an all-high Tc
emitter-receiver setup using a Bi-2212 stack as emitter and a YBa2Cu3O7 grain bound-
ary junction integrated into a logarithmic-periodic antenna as the receiver. The setup
and some data are shown in Figure 12.15. Under 0.52 THz irradiation generated by the
emitter the detector junction exhibited clear Shapiro steps, allowing, e.g., one to ana-
lyze the emission frequency and power received from the Bi-2212 emitter. Further, Bi-
2212 stacks have been operated in a miniaturized and battery-driven setup operating
in liquid nitrogen [106].

These examples may show that in the past years significant progress has been
made in the development of Bi-2212-based THz oscillators. However, one should em-
phasize that still many tasks need to be solved. The numbers given above for emission
power, emission frequency, linewidth of radiation etc., are for the best samples and
nobody has succeeded yet in combining them in one and the same device. Also, im-
proving reproducibility is an issue. These are tasks to be solved in the near future.
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