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Monolithic Superconducting Emitter of Tunable Circularly Polarized Terahertz Radiation
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We propose an approach to controlling the polarization of terahertz (THz) radiation from intrinsic
Josephson-junction stacks in a single crystalline high-temperature superconductor Bi,Sr,CaCu,Og.
Monolithic control of the surface high-frequency current distributions in the truncated square mesa
structure allows us to modulate the polarization of the emitted terahertz wave as a result of two orthogonal
fundamental modes excited inside the mesa. Highly polarized circular terahertz waves with a degree of
circular polarization of more than 99% can be generated using an electrically controlled method. The
intuitive results obtained from the numerical simulation based on the conventional antenna theory are

consistent with the observed emission characteristics.
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I. INTRODUCTION

The terahertz frequency range (0.3-10 THz) has
attracted a considerable amount of interest in recent years.
This is largely because of the numerous vibrational and
rotational molecular absorption lines it contains which are
used as marking regions in spectroscopy applications [1].
Ever since the demonstration of an intense terahertz
radiation from a stack of intrinsic Josephson junctions
(IJJs) made from Bi,Sr,CaCu,0Og, s (Bi-2212) [2], there
has been an increased interest in the development of
1JJ-based devices as highly promising emitters of coherent
continuous-wave terahertz radiations [3-5]. Imaging,
sensing, and spectroscopy applications require some
control over the properties of radiations emitted from
terahertz sources. The polarization of terahertz radiations
is of special importance in vibrational circular dichroism
spectroscopy [6,7], high-speed telecommunications, and
terahertz continuous-wave polarization imaging [8]. In
laboratory setups, circular polarization (CP) can be realized
through use of optical devices, such as quarter-wave plates;
however, the use of compact monolithic sources has proven
to be less costly and more suitable for applications that
require portability. Circularly polarized terahertz emissions
have recently been experimentally achieved by utilizing
monolithic devices, such as quantum cascade lasers [9,10]
and resonant-tunneling diodes [11]. Compared to these
devices, IJJ-based sources can cover wider frequency
ranges, which are unattainable by other terahertz sources
[4]. Furthermore, the emission intensity of IJJ-based
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devices can also be thermally controlled, both internally
[12,13] and externally [14,15]. By applying a direct current
(dc) voltage (V) across the ¢ axis of IJJs stacked in a mesa
form, a high-frequency (HF) current is generated along
with emission of subterahertz radiation at the Josephson
frequency given by f; = (2eV,/hN), where h, e, and N
denote the Planck constant, elementary charge, and number
of contributing 1JJs, respectively. The emission of high-
intensity radiation is observed when the oscillating 1JJs
resonate in the excited cavity mode [2,3]. Extant studies
have investigated the excited cavity modes in Bi-2212
mesa structures by observing the distribution of the far-
field intensity as a function of the azimuth angle [16,17].
Additionally, the patch antenna model [18,19] has been
found useful in describing the coupling between space and
Josephson plasma waves inside the mesa structure [20-24].
A more direct approach to determine the excited cavity
mode is to measure the polarization of the emitted radiation
as a function of the mesa shape and bias conditions. These
factors have, thus far, remained uninvestigated.

Waves emitted from rectangular [JJ-based sources
have been known to be linearly polarized [2]. However,
recent numerical studies [14,25,26] have proposed the
possibility of realizing circularly polarized emissions from
1JJ devices. This paper reports the experimental demon-
stration of the generation of circularly polarized subter-
ahertz waves from a monolithic source—a superconducting
1JJ stack—wherein the ellipticity and evolution direction
are tuned by mesa shape and bias conditions. The highest
degree of circular polarization (DOCP) recorded in the
study proposed herein is 99.7%, which is higher than that
recorded by state-of-the-art quantum cascade lasers used
for obtaining circular polarization [9,10,27]. As circularly
polarized terahertz waves could be employed in a wide
variety of potential applications, the result obtained in this
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study, along with recently reported packaging [28] and the
demonstration of the terahertz torch [29], it is believed,
will significantly influence and inspire the development
of practical applications of 1JJ-based terahertz emission
devices [4,30].

II. EXPERIMENTAL METHOD

A. Samples design and fabrication

The mesa-shaped design is based on the truncated-edge
square microstrip patch antenna [18,31-33]. Figures 1(a)
and 1(b), respectively, depict a schematic of the 1JJ-based
device developed in this study and a microscopic image of
sample 2. The mesa structure is fabricated from a Bi-2212
single crystal using photolithography and Ar-ion milling
[13]. Circular polarization in the proposed design is
realized through the excitation of two transverse orthogonal
modes along the major and minor diagonals, as depicted in
Figs. 1(d) and Video 1. On account of the small area of the
truncated edge, the two above-mentioned transverse modes
exhibit adjacent resonant frequencies. The mesa shape is
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FIG. 1. (a) Schematic of Bi-2212 terahertz emitter. (b) Optical
microscopic image of sample 2. (c) Excitation of the two
orthogonal transverse modes along the major and minor diago-
nals in the x-y plane.

VIDEO 1. Electric-field distribution and circularly polarized
radiation propagation and direction.

designed with a perturbation to mix the two modes at
the cavity resonant frequency (i.e., the arithmetic mean
of the two adjacent resonant frequencies) with a phase
difference of /2 radians between them thereby forming a
rotating surface current (refer to the animation in Video 1).
According to the antenna theory, electric fields correspond-
ing to the two above-mentioned eigenmodes could be mathe-
matically represented by E; = (v/S/w)(sinkx —sinky) and
E, = (V/S/w)(sin kx + sin ky) [31,32], where w is the total
length of the square side and k = z/w. The most significant
design parameters that control the polarization state of the
emitted radiation comprise the untruncated surface area S,
the trimmed surface area As (perturbation), and the feeding
electrode position, as depicted in Fig. 1(d). The resonant
frequencies of these two modes are given by f; = f,, and
fa=fo,(14+2As/S) with fo, =co/2nw [18,32,34],
where c¢( is the speed of light in vacuum and 7 is the
refractive index. The electric field distribution of the mixed
mode can be represented by the linear combination of the
two above-mentioned modes, as given below.

Ez — Elei2nflt +Ezei(2ﬂf2t+§), (1)

where § is the phase difference between the two modes. The
above equation demonstrates that the first mode is antisym-
metric with respect to the minor diagonal axis, and the second
mode is antisymmetric with respect to the major diagonal
axis, as depicted in Fig. 1(d). Therefore, the critical current
density distribution j. must be antisymmetric with respect to
both axes for the two modes to be excited at the same time.
This implies that the feeding point must be on either the x or y
axis for circular polarization to be achieved [35].

As oscillations in the proposed device are generated
locally by Josephson junctions, the local rise in mesa
temperature due to dc current injection acts as a perturba-
tion to address the degeneracy of the two CP modes [36].
Antenna theory predicts that the position of an electrode,
feeding HF from the source, with respect to the truncated

064034-2


http://link.aps.org/multimedia/10.1103/PhysRevApplied.8.064034
http://link.aps.org/multimedia/10.1103/PhysRevApplied.8.064034

MONOLITHIC SUPERCONDUCTING EMITTER OF ...

PHYS. REV. APPLIED 8, 064034 (2017)

edges determines the direction of rotation of the emissions
[left-hand CP (LHCP) or right-hand CP (RHCP)] [18,37].
This implies that when the truncated edge is on the left
side of the feeding point, RHCP emission is obtained and
vice versa. Nonetheless, as mentioned earlier, the high-
frequency feeding in the device under study is generated
inside the mesa structure on account of dc current injection.
This might altogether result in a rotational direction that
may be different from the ones described above; this has
been discussed later in this paper.

B. Electromagnetic simulation

The initial design parameters are determined using the
commercial full-wave three-dimensional finite-element
electromagnetic simulation software—Ansys HESS [26].
Similar simplified methods have previously been used to
determine cavity resonance conditions [26,38], and a more
advanced method, capable of solving sine-Gordon equa-
tions, is used to determine polarization properties [25].
A model similar to that reported in Ref. [26] is used, wherein
the dielectric constant ¢ = 17.6, and the feeding point
is placed over the horizontal axis of the geometry. To
account for the losses incurred owing to the skin effect,
an impedance boundary condition is applied to the model
[39], and the complex surface impedance is estimated by
using both the Zimmermann method [26,39,40] and the a-b
surface resistance correction [41] given by Ry = 1 udc’ w23,
where ¢/ = 2/wud?, 5 is the skin depth, w is the angular
frequency, p is the magnetic permeability, and A = 210 nm
is the penetration depth.

Figure 2(b) depicts a comparison of the axial ratios (ARs)
determined through simulation of the proposed model and
experimental results obtained from sample 3. The proposed
model had parametric dimensions comparable to those of
sample 3. Dimensions of the proposed model are a; =
13 ym and a, = 69 um, where a; and a, represent the side
length of the isosceles right-angled triangle-shaped trun-
cated corner of the square microstrip and length of the
remainder of the truncated square side, respectively, as
shown in Fig. 1(c). The scattering parameter (S;;), as
determined from the electromagnetic simulation, is shown
on the right axis as a green line and demonstrates sharp
minima at the two resonant frequencies f; and f>,.

C. Measurement setup and polarization
characterization

Samples are mounted on a Cu cold finger placed inside a
He-flow cryostat with a transparent optical window, as
depicted in Fig. 2(a). The radiation characteristics are detected
by using a Si bolometer and lock-in amplifier. The polariza-
tion is then measured by rotating a wire-grid polarizer in the
beam path and recording the angle-dependent intensity. To
characterize the polarization of the emissions, the polarization
ellipse [10,42] is obtained by using the detected intensity as a
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FIG. 2. (a) Schematic of the experimental setup for polarization
characterization. (b) Axial ratio comparison between sample 3
and the results obtained from electromagnetic simulation.

function of the polarizer angle. The polarization state is best
represented by the axial ratio for the entire emission range.
The axial ratio, in dB, is defined as the ratio of the lengths
of the major and minor axes (maximum and minimum
intensities) of the polarization ellipse fitted to the polar
plot of the detected intensity as a function of the polarizer
angle; i.e., AR = 20[10g[/ nax/Imin)]- It is to be noted that
polarization with an AR of less than 3 dB can be regarded as
CP [37]. Frequency measurements are performed using a
high-resolution lab-built Martin-Puplett FTIR interferometer
[43], wherein the estimated emission frequency is obtained
through linear interpolation of the measured data.

III. RESULTS AND DISCUSSIONS

To discuss the effect of design parameters on the
polarization state, we present the emission features of three
samples with different a,/a, values. The values of a; and
a, and the thickness 7 of the mesa structure for the three
samples are summarized in Table I. /-V characteristics
(IVC) and device emissions (precharacterization) are first
confirmed followed by polarization measurement through
use of the above-mentioned setup [Fig. 2(a)].
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TABLE 1. Design and experimental parameters as well as
radiation properties of the three samples used in this study.

Sample 1 2 3
Design parameters (xm) a; 16 20 13
a, 70 76 69
w 86 96 82

ar/a, 4.38 3.8 53

t 2.25 1.9 24
Temperatures (K) T, 21 22 40
T. 84 83.3 82

Radiation properties P W) 176.5 235 1235
ARin dB) 02 049 46

DOCP (%)  99.7 99 77.8

Sample 1, along with all other samples, exhibits typical
characteristics of slightly underdoped Bi-2212 mesas. IVC
of sample 1 is depicted in Fig. 3(a) along with its detection
intensity measured at the outermost IVC branch. In this
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FIG. 3.

study, all polarization measurements as well as IVC deter-
mination are performed at the bath temperature correspond-
ing to the highest emission intensity (7, = 21 K). At about
13.4 mA, a sharp voltage dip is observed from 1.63 to
1.40 V, which could arguably be attributed to the formation
of hot spots [12,44-47]. Emission is observed at a bias
voltage V, = 1.6 V and current /, = 10.4 mA with two
peaks—9.8 mA at 1.69 Vand 8 mA at 1.89 V—as indicated
by red arrows in Fig. 3(a). These peaks, at frequencies of
544.3 and 608.6 GHz, may correspond to the excitation of
the two cavity modes [25]. The detected power (P),
estimated in accordance with bolometer sensitivity, is found
to be of the order of P, =~ 176.5 nW.

In the present study, the highest value of CP with
AR = 0.2 is obtained under I, =8 mA and V;,, =19V,
as depicted in Fig. 3(b). At this point, DOCP is calculated
to be 99.7% (See Supplemental Material for the calculation
of DOCP [48].) This is the highest DOCP value recorded
to date while using a monolithic terahertz source [9,10].
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(a) Return branch of the IVC (left) of sample 1 at 7, = 21 K along with the detected emission intensity as a function of bias

current (right); AR evolution (blue solid symbols) as a function of the bias current for (b) sample 1; and (c) sample 2; in (c), the red open
symbols represent Josephson frequencies estimated from V;, and small dots represent V/, fluctuations during measurements; (d) polar
plot of the detected emission intensity as a function of the polarizer angle 6. The data are extracted from Fig. 3(b) at the minimum AR

value. The solid lines represent a sinusoidal fitting.
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The AR increases accompanying considerable fluctuations
as the emission diverges from the optimum bias point.
Circularly polarized emission with AR <3 dB is also
observed in sample 2 as seen Fig. 3(c). The lowest AR
recorded while using sample 3 is 4.5, which represents
an elliptical polarization. Details of the obtained results
are summarized in Table L.

The detection of the circularly and elliptically polarized
waves is a clear indication of emission attributed to the flow
of an in-plane superconducting current on the mesa surface.
In a biased Josephson junction, an HF current flows across
the barrier at a frequency determined by the ac Josephson
relation. A standing wave of half a wavelength is con-
sequently formed with antinodes located at both edges of a
Josephson junction. Owing to the synchronization among
the excited Josephson junctions in the stack, a net surface
current oscillates according to the ac Josephson effect. This
current gives rise to an oscillating magnetic field, which
couples to surrounding space. In rectangular 1JJ mesa
devices, whose emissions have been intensively investi-
gated by different groups, the synchronized transverse
Josephson plasma wave that causes linearly polarized
far-field detection is usually a two-dimensional (2D) stand-
ing wave polarized in the direction of the z axis and
propagating along the x axis [2,49]. In circularly polarized
radiation, the propagation direction of the synchronized
transverse Josephson plasma wave rotates at a frequency
determined by the ac Josephson relation and resonance
frequency relations of the two modes, as shown in Video 1,
where f; and f, in Eq. (1) correspond to Josephson
oscillation frequencies.

By directly using the relation between the measured
polarization-dependent intensity and the polarization
ellipse [10,42], the polarization characteristics of sample
1 are determined. Figure 3(d) captures the polarization-
dependent intensity at the minimum AR point in the polar
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FIG. 4.

S;, (dB)

plot. The detected intensity does not depend on @, although
slight deformations in the twofold symmetry may be
detected. For samples 2 and 3, minimum AR values
obtained in the same manner are 0.5 and 4.5, respectively.
The variation in the value of minimum AR with respect to
sample geometry is discussed in subsequent paragraphs.
As observed in Fig. 3(b), AR exhibits no significant
dependence on bias current and maintains a value less than
1 dB, with a fluctuation of about 0.5 dB, around the minimum
AR condition (6.5-10.5 mA). At higher values of I,
(>10.5 mA), the value of AR is seen to rapidly increase.
This is a common feature of samples 2 and 3. It may be
concluded that when AR > 2 dB, its value is seen to rapidly
increase with the deviation of 7, from the optimum bias point.
For sample 2, the Josephson frequency estimated by V,, is
plotted in Fig. 3(c) along with the current evolution of AR.
Any change in V, results in a corresponding change in the
frequency of emission. This effect is believed to be caused by
the detection of no signs of variation in the value of N, which
usually appears as a discontinuity in measured V;,, during the
experiments performed in this study. It is, therefore, consid-
ered that the estimated emission frequency varied within
the range 0.46-0.50 THz with AR < 3 dB. Results obtained
through numerical simulations indicate a steep dip in the
minimum value of AR, as depicted in Fig. 4(b) [26]; on the
other hand, however, experimental results indicate that AR
does not demonstrate a strong dependence on frequency. This
discrepancy in the results is believed to be caused by the
trapezoidal shape of the mesa. The estimated geometrical
resonant frequency exhibited by the geometry at the top of
the stack is found to be 13% higher than that exhibited by the
geometry at the bottom. This is supposed to be caused by an
entrainment effect, wherein synchronization occurs between
thousands of stacked 11Js at frequencies determined by the
geometry of a part of the stack. Accordingly, the frequency
range over which circular polarization is achieved is found to
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(a) Minimum values AR vs dimensional parameter demonstrating the optimum a,/a, value for lowest simulated (AR ,;;,) and

compared to that corresponding the measured AR .ureq- The red solid line is a polynomial fit as a guide for the eyes.
(b) Electromagnetic simulation of AR and §;; using the actual dimensions of sample 1.
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expand remarkably, and a sharp increase in AR is observed,;
this is in addition to the synchronization frequency range
obtained through experiments.

In accordance with the antenna theory, the minimum
value of AR (AR,;;,) in a truncated edge patch antenna can
be achieved when a,/a; = /20y — 1 [31,32]. Hence, the
two main factors that contribute to the attainment of CP are
the ratio a,/a; and the quality factor (Qg). Results of the
electromagnetic simulation indicate that the existence of an
optimum value of a,/a; that corresponds to the lowest
value of AR,,;,. Figure 4(a) depicts the variation in AR,
including the values calculated in accordance with the
preconditions mentioned in Sec. IIB as well as those
obtained experimentally in this study, as a function of
a,/a;. The disagreement between optimum values of the
ratio a,/a; determined through simulation and experimen-
tal measurements may be attributed to the use of a
simplified model. The value of Q, estimated from exper-
imental results is 13 and that calculated through simulations
is 36. The former value includes the ambiguity of dimen-
sions on account of the trapezoidal shape of the mesa in
addition to intrinsic material parameters, such as refractive
index and surface impedance, which strongly influence the
calculated value of Q.

Figure 5 depicts the emission spectra obtained for sample 3.
Experimentally obtained AR as a function of the measured
emission frequency, along with numerically calculated AR is
plotted in Fig. 2(b). The observed deviation from model
calculation is believed to have been by reasons similar to the
ones mentioned in the preceding paragraph. The measured
frequency range (0.435-0.457 THz) closely agrees with the
estimated modal frequency for geometries occupying the top
of the mesa stack [50]. Also, similar to the case illustrated
above, V,, is found to be considerably higher than its value
predicted using the emission frequency. This is believed to be
due to excess voltage along the ab plane accompanied by the
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o 20} 4 £
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FIG.5. Partof IVC (left) and emission spectra (right) of sample

3. Symbols marked A—F in the IVC represent bias conditions for
respective spectra. Spectrum curves are vertically shifted to
enable ease of visibility.

nucleation of hot spots [51], as depicted in Fig. S1 in the
Supplemental Material [52]. Accordingly, the measurement
of electric potential at the edges may result in higher values of
the estimated Josephson frequency. Asymmetric electrode
positions and emissions corresponding to the backbending
region of the IVC may also yield similar results as frequency
estimation is also affected by Joule heating [50]. Frequency
measurements performed for sample 3 and previously pub-
lished experimental results [38] indicate that electromagnetic
simulations can be used to identify cavity resonant frequen-
cies. Figure 4(b) depicts the variation of the scattering
parameter (S;;) (blue line) and AR (red line) with the
frequency of emission for sample 1. On the basis of these
results, the resonant frequencies for sample 1 are estimated as
f1 =402 GHz and f, = 434 GHz.

Recently, Asai and Kawabata predicted the emission of
circularly polarized radiation from a slightly rectangular 1JJ
mesa, wherein the rise in local temperature was achieved
through laser irradiation [25,36]. Their studies claim that
LHCP is achieved when a corner, located on the left of the
major bisector and facing the center (“A”), is irradiated by
laser radiation. By the same reasoning, RHCP would be
achieved when the adjacent corner (either “D” or “G”) is
heated. These results suggest that the in-plane supercon-
ducting current of the mesa surface, which causes a
propagating electric field in the space, rotates in the
direction defined by an arbitrary vector that starts from
the point of irradiation and ends at the major bisector of the
rectangular mesa (counterclockwise and clockwise current
rotations observed at points A and D, respectively). In the
experiments conducted in this study, the current electrode
provides heat to the mesa and ends up performing a
function similar to that performed by laser irradiation in
the above study. In the proposed study, sample 1 exhibits a
similar trend in terms of shape and heating as the model
used in the above-mentioned study. This similarity could be
attributed to the fact that the heating portion is located on
the right of the major (untruncated) diagonal of the mesa
(facing the center of the mesa). Therefore, in sample 1
(truncated left edge), we consider that the in-plane current
rotates counterclockwise; therefore, LHCP radiation is
obtained under a bias of 7-10 mA. For the same reasons,
the electric field generated using sample 2 [Fig. 1(b)] is left
handed and that generated using sample 3 (truncated right
edge) is right handed. Thus, the direction of polarization
rotation predicted for the truncated-edge square mesa is
opposite to that estimated by antenna theory for a similarly
shaped antenna fed at the same position.

In order to better understand the progression of polari-
zation over the entire bias current range, plots in Figs. 6(a)
and 6(b) depict the observed current-dependent intensity
distribution in the form of a false-colored 2D contour plot
for samples 1 and 3, respectively. As can be realized
in Fig. 6(a), the maximum emission intensity is achieved
in the minimum AR (best CP) at the current range of
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FIG. 6. Measured current- and angular-dependent intensities
for the entire emission range of (a) sample 1 and (b) sample 3.
The major axis angles corresponding to higher values of AR
(>1 dB) are represented by asterisks.

8.3-8.5 mA; however, a rather low intensity is observed
at the other low AR point (7 mA). In sample 1, the maxima
of intensity correspond to the minimum values of AR
(<1 dB). Itis also observed that the angle of the major axis,
indicated by an asterisk, is independent of /. Considering
that the observed emission is a superposition of the two
circular polarized modes (RHCP and LHCP), the AR
evolution could be attributed to the variation in amplitudes
of the two circularly polarized modes with a constant phase
difference between them. Some minor fluctuations in the
measured angle of the major axis angle are noticed in
sample 1, which correspond to a small change in magnitude
of the transverse mode owing to the imperfect shape of
the edges. This fluctuation is less noticeable in sample 3
[Fig. 6(b)]. The authors intend to investigate this issue in
detail in a future endeavor.

IV. CONCLUSIONS

This paper presents the design, fabrication, and exper-
imental demonstration of a technique to generate circularly
polarized terahertz radiations that comprise low axial ratios
and maintain a high output intensity through the use of an
intrinsic Josephson-junction oscillator. Circular polariza-
tion is achieved by using a simple truncated-edge square

mesa structure. It verifies the simplicity and applicability
of the antenna theory alongside the existing electromag-
netic simulation methods in achieving the desirable polari-
zation. Furthermore, because the proposed method is based
on the excitation of 1JJs within a mesa cavity, it avoids
issues with the insertion loss associated with external
polarimetric modulators, which may be substantial in the
terahertz frequency range. The polarization characteristics
have been discussed at length in terms of both the antenna
theory as well as electromagnetic simulations. These results
pave the way for the development of enhanced circularly
polarized sources of terahertz radiation for use in practical
applications, such as mobile communications and circular
dichroism spectroscopy.
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We have investigated the switching dynamics of the first and second switches in intrinsic
Josephson junctions (11Js) of Bi,Sr,CaCu,0g., s with different maximum Josephson current

density J. to reveal the doping evolution of interaction between 1JJs. For the second switch, the
crossover temperature between temperature-independent switching similar to quantum tunneling
and thermally activated switching 75,4 is remarkably higher than that for the first switch.
Moreover, Ts, slightly decreases with increasing J., which violates the conventional relation
between the crossover temperature and the critical current density. These features can be
explained not by a change in the Josephson coupling energy but by a change in the charging
energy of the Josephson junction. We argue that the capacitive coupling model explains the
increase in the fluctuation in the quantum regime of the second switch and the anti-correlation

between 75, and J.. Furthermore, inductive coupling does not contribute to these peculiar

phenomena in the switching dynamics of stacked 1JJs.

Keywords: intrinsic Josephson junction, Bi2212, macroscopic quantum tunneling, capacitive

coupling

(Some figures may appear in colour only in the online journal)

1. Introduction

A rich variety of phenomena observed in intrinsic Josephson
junctions (IJJs) included in anisotropic superconductors such
as Bi;S1,CaCu,0g. s (Bi2212) has delivered various physical
notions and suggestions for implementation in novel devices
for more than 20 years [1-4]. In Bi2212, superconducting
CuO;, layer and insulating BiO layer are alternately stacked at
the atomic scale. Couplings between the 1JJs due to the thin
superconducting CuQO, layer cause various phenomena
peculiar to 1JJ stacks [5—10]. It is considered that the stacked
1JJs are coupled both inductively and capacitively [11, 12].

0953-2048/17,/105001+-07$33.00

The origin of the inductive coupling is the penetration of in-
plane current over neighboring 1JJs. A Josephson vortex lat-
tice is a typical example of the result of the inductive coupling
[8]. This effect can be embedded into the maximum Joseph-
son current density J., which gives the Josephson coupling
energy Ej. The inductive coupling is an essential ingredient
for large-scale synchronization, such as terahertz radiation
from 1JJs [9, 10]. The origin of the capacitive coupling is
breaking of the charge neutrality in the CuO, superconducting
layer due to Josephson tunneling [13]. An effect of the
capacitive coupling is represented by the change in charging
energy E.. It is simulated that the multiple-branched current—

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic drawings of (a) the I-V characteristic of 1JJ stack and (b) coupling between two 1JJs [28]. It is noted that the vertical shift
between the tilted washboard potentials in (b) does not mean a difference in energy. I-V characteristics of sample D at 5 K with (c) low-bias
and (d) high bias current. The inset of (c) is a planar SEM image of an EB resist (rounded square) for sample D. The mesa with an
approximate size of 1 ym? is formed underneath of the resist by subsequent Ar ion milling.

voltage (I-V') characteristics of 1JJ stacks are caused by the
capacitive coupling [14]. However, another explicit effect of
the capacitive coupling has not been observed.

In this article, a switch from the supercurrent (R = 0)
branch to the first resistive branch is referred to as the first
switch and a switch from the first to the second resistive
branch is referred to as the second switch, as shown in
figure 1(a). For the first switch, the switching probability
distribution P(J) and escape rate I'(I) agree with expectations
given by the single junction model. Around 4 K, I'({) indi-
cates that thermal activation (TA) is dominant for the switch
[15]. At sufficiently low temperatures, I'(/) does not depend
on temperature; thus, macroscopic quantum tunneling (MQT)
turns out to be dominant for the switch. The crossover
between TA and MQT was found to be at 7j% ~ 1 K, which
roughly corresponds to the theoretical crossover temperature
T, = /awp /mkg estimated from the single junction model
[16, 17], where wj, is the Josephson plasma frequency under a
bias current, kg is the Boltzmann constant, and 2 = h/27 is
the reduced Planck constant. In large size 1JJ stacks, P(/) has
multiple peaks and is broadened because of the inclusion of
Josephson vortices [18, 19]. I'(/) in the MQT regime is sig-
nificantly enhanced when a large number of 1JJs switch

simultaneously [20]. The origin of the large I'(/) for the
simultaneous switch was argued in terms of the inductive
coupling [21]. For the second switch, an MQT-like temper-
ature-independent I'(/) was observed with the experimental
crossover temperature Ts. 4, which is much higher than the T,
[22-24]. In our previous work, we claimed that the large 75,
is attributed to charge coupling [24, 25]. A possible energy
level quantization of the second switch up to 4 K has been
reported by Takahashi et al [26]. In contrast, Warburton et al
argued that switching currents of the second switches are
significantly reduced by the suppression of the phase retrap-
ping at TA regime in comparison with those of the first
switch [27].

In this paper, we discuss the nature of capacitively and
inductively coupled 1JJs through measurements of P(J) in four
Bi2212 samples with different critical current densities. The
behavior of the first switch follows the single junction model
as discussed in a previous report [16]. For the second switch,
however, T5; ;s were found to be higher than both 775, and T,.
In the TA regime, P(I)’s for both switches completely follow
the TA model and Ej is equivalent to the value estimated from
the single junction model. These results indicate that the
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Table 1. Obtained parameters of the four samples. N is the number of
stacked 1JJs, determined by the number of branches found in the I-V
characteristics. J.o(1st), T7%, Jo(2nd) and Ts, are obtained through
the Kramers formula from experimental P(/). T, is calculated as

Ty = /awp /mkg from Jyo. AU and wy, are the height of the potential
barrier and the plasma frequency at the most frequent switching
current /.. See the text.

Sample A B C D

N 13 12 12 12
dI/dr (mAs™) 0.80 25 2.6 23

Jo(lst) kAecm™) 040 0.69 0.86 0.46
T, (K) 086 22 14 12
T..(1st) (K) 039 048 052 041
Jo(2nd) (kAem™) 1.0 1.4 1.8 1.9
Ty (K) 81 74 68 67
T..(2nd) (K) 054 063 071 072
AU/h (GHz) 2690 2520 2440 2330
wp /27 (GHz) 581 653 710 723

increase in 75, is not explained by the inductive coupling.
Furthermore, we found that T5:, decreases with increasing
fluctuation-free critical current density J,. This negative
correlation is explained by the capacitive coupling because
the strength of the capacitive coupling is considered to be
weakened by increasing J,. Our results suggest that the
change in the inductive coupling is negligible for the second
switch and that the capacitive coupling is relevant for the
enhancement of the fluctuation of the second switch.

2. Experiment and data analysis

In the present study, we discuss results in four mesa devices
(A to D) made of an as-grown Bi2212 single crystal prepared
in the following procedure. The Bi2212 single crystal was
grown by the traveling-solvent floating zone method. The
nominal composition is Biy 1551 g5Ca; ¢Cuy0Ogs. In the
beginning, the crystal was cleaved in a vacuum to get a clean
surface and to reduce the contact resistance. Subsequently, Ag
for the electrodes was deposited with a thickness of 400 Ain
vacuum. The Ag electrode capping of the mesa has the
advantage of preventing self-heating of the 1JJs. On the sur-
face of the Bi2212 single crystal capped by the thick Ag, four
mesa structures with a size of 1 x 1 uym? were formed by
electron-beam (EB) lithography and Ar ion milling. The inset
of figure 1(c) is a scanning electron microscope image of an
EB resist before the Ar ion milling. The details of the sample
preparation process are described elsewhere [29].

The samples were cooled to 0.4 K with a *He cryostat and
their P(I) was measured by a time-of-flight method [30]. The
ramp current was biased into the IJJs by a constant-current source.
The ramp rate d//ds is common in both the first and second
switches and d//dt in each sample is listed in table 1. To reduce
the self-heating, the bias current becomes zero immediately

after either the first switch or the second switch. Great cares for
noise reduction such as electrical isolations of measurement
system from digital equipment, low temperature filters, and so on
have been paid according to the general protocols for macro-
scopic quantum measurements [31, 32]. We obtained P(]) as a
histogram of switching current for 10 000 current ramps, and
I'() = A]ildl/dt ln[Zi>1P(i)/E,»>1_A1P(i)]. The details of
the measurement setup are described in [25, 33].

The acquired data are analyzed according to the resis-
tively and capacitively shunted junction (RCSJ) model, which
is mechanically analogized by a phase particle inside a tilted
washboard potential. Stacked IJJs can be considered as a
series of sets of a washboard and a particle. The coupling
between 1JJs is depicted by the interaction between either
washboards or particles. Figure 1(b) presents a schematic
drawing of the couplings [28]. The height of the potential is
modified by inductive coupling, whereas the effective mass of
the particle is modified by capacitive coupling because the
effective mass depends on the capacitance of the RCSJ
model. In conventional Josephson junctions, TA and MQT
rates are respectively formulated as

w AU
Ipa = —Lexp| ——1, 1
™= o XP( kBT) (1
1
wy [ 8647 AU )? 36AU
Tvor = —| —/——=| exp| — , 2
et 2”( Ty ] P( 575%] @

where AU is the height of a potential barrier in the tilted
washboard model, and 7T 1is temperature [34, 35].
wp = \2EE;/7i- (1 — 4»)'/* depends on both E, and Ej,

whereas AU = 2F;(y/1 — v? — ~arccosy) depends only on
Ej, where + is the bias current / divided by the fluctuation-free
critical current I,. Thus, measuring I'(/) is suitable for
acquiring the change in E. and Ej: Iy, increases with
increasing T, Iiqr increases with increasing E, and both Ity
and Iygr increase with decreasing Ej. In this study, we
derived the effective temperature T to quantify the magni-
tude of the fluctuations. T is obtained by fitting equation (1)
to I'(/) with regarding Toee = T.

3. Results and discussion

Figures 1(c) and (d) show the I-V characteristics of sample D
at T =5 K with a low-bias current to display the supercurrent
branch and a high bias current to display all resistive bran-
ches, respectively. The maximum currents of the supercurrent
and the first resistive branches are 2.0 and 12 pA. The mag-
nitudes of the voltage separations at I = 12 uA between
adjacent branches are almost equal to 24 mV. Counting the
number of branches in figure 1(d) enables the determination
of the number of the stacked 1JJs N. It is known that J.. of the
first (topmost) 1JJ is often decreased remarkably because of
the proximity effect of the Ag electrode [36]. This means that
the first 1JJ definitely turns to the resistive state at the first
switch. This suppression makes the distinction of the first
switch and the second switch much easier. Thus, the second
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Figure 2. Switching probability distributions P(/) and escape rates I'(I) of the first switch (a), (b) and the second switch (c), (d) in sample D.
Solid curves are the fitting results of the Kramers formula equation (1).

(topmost) 1JJ presumably turns to the resistive state at the
second switch.

P(I) and I'(I) for the first and second switches of sample
D are shown in figure 2. P(I) and I'(/) of the first switch
below 0.7 K are almost identical. P(I) is broadened and the
switching current decreases with increasing bath temperature
Thamn above 0.7 K. For the second switch, P(/) and I'(/) are
temperature-independent below 2 K. Then, P(J) is broadened
and the switching current decreases with increasing Tpag,.

Figure 3(a) shows T versus Ty, plots for four samples.
For the first switch of sample D, T;¢ almost equals Ty, above
1.8 K and starts to deviate from Toif = Tpa, With decreasing
Tham- In this temperature region, TA is dominant for switch-
ing. Finally, T.¢s becomes independent of Tp,y, below 0.7 K,
where quantum tunneling is dominant for switching. 7} is
determined by the crossing between constant T and
Tt = Tham as 1.2 K for sample D. For the second switch, we
found Ter >~ Than above 10 K and T independent of Ty
below 4 K; then, 75y = 6.7 K was obtained. The J is 0.46
KA cm™ (for the first switch) and 1.9 kA cm™> (for the second
switch) at sufficiently low temperatures. Theoretical crossover
temperatures 7;, estimated from J,y are 0.41 and 0.72 K and
their decreases from the experimental crossover temperatures
are 0.8 and 6.0 K for the first and the second switches,
respectively. Temperature dependence of J,, and the most
frequent switching current density (J), derived from a bias
current where P(/) gives the maximum, are shown in
figure 3(b). Both of the J,’s little depend on Ti,y in this
temperature range while the J, decreases with increasing
Tham as shown in figure 3(b). These parameters obtained in all
four samples are summarized in table 1. The difference in J,

is originally attributed to a slight distribution of cation che-
mical compositions in the crystal yielded during the crystal
growth.

It turns out that the increases of 7%, from T, were found
to be less than 1.8 K whereas those of 75, are more than
6.0 K. We consider that the slight increase in the T}, is
due to external white noise, which cannot be removed by
filtering the signal wires. It was found that this remarkable
increase of 75, in comparison to 7;% and T, is a common
feature for 1JJ stacks of Bi2212. To illuminate the peculia-
rities of the second switch, a non-trivial J, evolution of 75
is presented in figure 4. The T, decreases with increasing
Jeo, which is in sharp contrast to the expectation of the single
junction model shown by a solid line indicating T;,. This
result explicitly supports the argument to rule out the pos-
sibility of the heating origin of the T, increase in addition
to reasons suggested in previous reports [25, 37]. If the
temperature rise of the second 1JJ due to the resistive state of
the first 1JJ were essential, T5y would be higher in a sample
with higher J,o(2nd). Moreover, numerical simulations on
the heating effect of the biased mesa structure have revealed
that temperature rise is negligible for the results. Suzuki et al
have pointed that the temperature rise is less than 0.6 K for
the second switch of a mesa device with J,, = 2.0 kA cm~2,
a dimension of 2 x 2 pm?, and the same electrode thickness
[38]. This is much smaller than the increase of T;d from
T.:(2nd) despite that the J, and the dimension are con-
siderably larger than those in the present study. Therefore,
the heating effect is not relevant for the increase of T, . It
also turns out that the effect of environmental noise is not
essential. If we assume that the deviation of T}%, from T
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Figure 3. (a) Plots of the effective temperature T versus the bath
temperature Ty, of the first and the second switches in all samples.
Lower and upper arrows respectively point crossover temperatures
of the first and the second switches of sample D. (b) Temperature
dependence of the fluctuation-free critical current density J,o and the
most frequent switching current density J;, of the first and the
second switches of sample D.
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Figure 4. Plot of the experimental crossover temperature of the
second switch 75, as a function of the fluctuation-free critical
current Jo. In the inset, the plot on 7 is shown. Solid lines
represent 7¢, calculated from Jy.

displayed in the inset of figure 4 is attributed to the external
noise, the results of sample A is the least seriously suffered
by the external noise. However, the deviation of T, from

T.; is the maximum for the sample A and is inconsistent to
the trend on T7%. Thus we argue that this evolution of Tyy
can be explained by considering an inherent coupling effect
between 1JJs. In the following discussion, the origin of our
finding on the second switch is described with respect to the
coupling between 1JJs.

First, we claim that the inductive coupling and the large
junction effect are irrelevant to the second switch through the
behavior of the TA regime of the first and second switches.
We found that Tor almost equals Ty, above 10 K for the
second switch of four Bi2212 samples. This is interpreted as
the thermal escape of the second switch being explained by
the single junction model. It is noted that I't5 is dominated not
by wp but by T'and AU, which are included in the exponential
term of equation (1). It has been reported that the inductive
coupling decreases AU theoretically [28] and experimentally
[18]. Therefore, it is concluded that the inductive coupling
does not influence the second switch. This conclusion is also
consistent with that from the discussion on the phase retrap-
ping regime [39]. Moreover, the result T = Tha Of the
second switch in the TA regime has been reported not only in
Bi2212 [26, 40] but also in Bi,SpCuOg, s [33]. In a large
junction where the length of the junction L is considerably
larger than the Josephson penetration depth J;, current density
is not uniform over the junction because of the shielding
effect. As a result, the height of the effective potential barrier
is reduced by a factor of )\;/L because of the self-field
induced by the bias current [41, 42]. This effect adds a con-
stant factor to Tosr, which is determined by ); /L, and ends in
an upward parallel shift in a log—log plot of To; versus Tp,p. In
the present work, no parallel shift in the TA regime is found
in figure 3(a); therefore, the large junction effect need not to
be taken into account.

Then we discuss capacitive coupling as a possible origin
of the enhancement of the T4 and its doping dependence.
The strength of the capacitive coupling is represented by the
coupling constant o = ¢,p?/sd, where ¢, is the dielectric
constant, x is the charge screening length, s is the thickness of
the superconducting layer and d is the thickness of the insu-
lating layer [12]. In the present study, the chemical compo-
sition of the crystal, dimensions of the mesa structures, and
numbers of IJJs are considered to be identical in all samples
because they were fabricated on the same crystal simulta-
neously. Therefore, the ¢,, s and d can be regarded as the
identical values. We consider that only y is varied by doping.
Let us estimate p under the assumption of the Debye
screening. The Debye screening length A\p is given by the
plasma frequency as A\p = +/€okgT/m / wp, where ¢) and m
are the vacuum dielectric constant and effective mass of an
electron participating in the screening. Here, m can be
assumed as 2m,, - m¢ /m,;, with the mass of a free electron m,
and superconducting anisotropy +/m./mg,, which is 100 for
the case of Bi2212. Using w, values at the most frequent
switching current for samples as listed in table 1, ¢ and « are
in the ranges from 0.0299 to 0.0241 nm and from 0.025 to
0.016 for A to D. Although these values are one-order smaller
than values in the literature, the trend is consistent with the
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experimental results. Such a negative J, evolution of y is also
concluded by the assumption of the Thomas—Fermi screening
of the superconducting charge [13]. The small « leads to
weak enhancement of T, because of the weak coupling.
Therefore, the enhancement of T4 is attributed to the capa-
citive coupling between two adjacent, the first and the sec-
ond 1JJs.

A possible interpretation of the enhancement of T5:; due
to the capacitive coupling was suggested by Koyama [43].
When the second 1JJ is switching to the resistive state, the first
IJJ in the resistive state radiates an electromagnetic wave
according to the AC Josephson relation. Because of the
capacitive coupling, the radiated electromagnetic wave is
exerted to the second 1JJ and induces an escape from the
trapped potential. Since the voltage of the first 1JJ is
approximately V =25 mV as shown in figure 1(c), the
Josephson frequency v; = 2eV/h ~ 10 THz is estimated.
The corresponding energy is much higher than remaining
height of the potential AU at the second switch as listed at the
bottom row of table 1. Thus, a trapped phase particle is
excited from the ground state to a continuous excited state as
well as the photoelectric effect and escapes from the potential.
We consider that this process presumably causes the sig-
nificant enhancement of I'(/) in the second switch and results
in a large 75 4.

4. Conclusion

We measured the phase dynamics of stacked 1JJs of Bi2212
coupled capacitively and inductively. The temperature
dependence of Ty for the first switch is explained by the
single junction model. On the other hand, T, is remarkably
larger than T;,;, which is in agreement with previous reports.
The present study shows that the second switch is explained
by the TA model above 10 K. Thus Ej is identical to the value
determined by the single junction model, which means the
inductive coupling is irrelevant to the second switch in small-
sized 1JJ stacks. The negative correlation between 7.4 and J
is presumably due to the capacitive coupling. Our results
suggest that capacitive coupling is relevant for the enhance-
ment of the quantum fluctuation.
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Abstract

®

CrossMark

We present an effective engineering technique for compactly packaging high-7, superconducting
continuous-wave terahertz source modules. A terahertz-emitting device, which consists of stacks
of intrinsic Josephson junctions in single crystalline Bi,Sr,CaCu,0g. s, bias electrodes, a
collimating lens, and other components, is packaged into a single finger-sized assembly. The
rigid and stable structure used for the packaging guarantees physical and chemical stability with
good thermal contact, and provides reproducible characteristics with a high yield rate. The
coherent terahertz waves can be emitted from the back side of the base crystal without significant
screening. The intuitive results obtained from the numerical simulation are consistent with the

observed thermal properties. The modules are easy to use, and thus intended for all users

unfamiliar with superconducting electronic devices.

Keywords: Bi-2212, intrinsic Josephson junction, terahertz source, packaging module

(Some figures may appear in colour only in the online journal)

1. Introduction

Terahertz (1 (THz) = 10'? (Hz)) radiation bridges the gap
between the microwave and optical regimes to offer sig-
nificant scientific and technological potential in many fields
[1]. The possibility of compact, solid-state, and continuous-
wave (CW) terahertz sources has received extensive attention
in the field of semiconductors and lasers, with applications in
sensing [2], imaging [3], and spectroscopy [4]. Striking pro-
gress has been made in the development of the necessary
diode sources: Gunn, IMPATT [5], TUNNETT [6], and
resonant tunneling diodes (RTD) [7]. Transistor-based oscil-
lators, for example, the heterojunction bipolar transistor, high
electron mobility transistor, and Si-CMOS, have also attracted

0953-2048/17,/064001+-08$33.00

attention in recent years [8, 9]. Quantum cascade lasers can
emit intense radiation at frequencies greater than 1.45 THz,
although they must be cooled to 37 K [10]. A RTD oscillator
operating at room temperature can generate frequencies up to
1.92 THz [11]; however, a radiation power greater than
1 mW remains out of reach. The required characteristic fea-
tures of CW terahertz sources are as follows: small in size,
easy to use, stable emission, 1 mW power, coherent wave,
and broadly tunable.

The observation that coherent terahertz radiation is
emitted from a stack of intrinsic Josephson junctions in
Bi,Sr,CaCu,05. 5 (Bi-2212) [12] highlighted the novel pos-
sibility of using a high-transition-temperature (high-7)
superconductor as a convenient terahertz source [13]. The

© 2017 IOP Publishing Ltd  Printed in the UK
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application of a DC voltage V, to a stack containing N
junctions led to the generation of an AC current and con-
comitant radiation at the Josephson frequency,
2e W

Ji N ey
where e and & are the elementary charge and Planck’s con-
stant, respectively [14]. The maximum output power of
0.6 mW was obtained from arrayed stacks [15], which is
presently the highest recorded level among all available
sources in this frequency regime, including semiconductor-
based devices. The coherence of the emitted waves was
established by linewidth measurements using a super-
conducting integrated receiver [16]. The potential advantage
of using high-7, sources is their broad tunability [17]—the
reported broadest tunability extends continuously from 0.5 to
2.4 THz [18]. For comparison, the tunability of a single RTD
source is 5% at best [19].

Previous studies have shown that the thermal manage-
ment of emitting sources is a key requirement for controlling
their characteristics [20-34]. Previously, radiation above
1 THz was achieved by an improved cooling technique [27].
Because a local temperature rise in the stack due to the
enormous amount of Joule heating was shown to suppress the
output power [29], stand-alone type mesas with large effec-
tive cooling areas have been studied to determine if they have
the potential to generate a 1 mW level of radiation [33, 35].
However, there remains a significant characteristic variation
with a low yield rate for the stand-alone type mesas, and they
show poor structural and thermal stabilities, which are asso-
ciated with the complicated fabrication processes. In the
present work, we establish an effective engineering technique
for packaging the source modules, where an emitting source
device, thermal bath, bias electrodes, collimating lens, and
other component parts are all included in one packaged
assembly. Coherent and tunable CW terahertz radiation can
be emitted from the back side of the sapphire substrate to free
space via a collimating hemispherical lens. Our packaged
modules are easy to use, and thus intended for all users who
are unfamiliar with superconducting devices.

2. Experimental setup

The fabrication process of the terahertz-emitting source
device is as follows. First, Bi-2212 single crystals grown by a
traveling solvent floating zone technique are annealed at
650 °C for 12 h in argon gas. The temperature dependence of
the c-axis resistance shows the behavior that is typical of
underdoped Bi-2212 with 7, = 81.3 (K) (see the inset of
figure 3(a) for details). A small piece of the Bi-2212 crystal is
glued onto a 7 x 7 x 0.3 mm® sapphire substrate using low-
viscosity cryogenic epoxy resin STYCAST® 1226. A silver
electrode layer with a thickness of 0.1 um is then evaporated
onto the surface of the cleaved crystal. A submillimeter-size
rectangular mesa structure is milled from the crystal surface
by photolithography and argon ion milling techniques. For
this particular device, the mesa width was 73 ym and the

length was 400 pym. The mesa thickness of 1.1 um corre-
sponds to N = 720. The detailed characteristics are described
in our previous paper [29].

Figures 1(a)-(c) show the schematic views and a
photograph of the packaged terahertz source module,
respectively. The module is small in size at
15 x 30 x 5.5 mm’. This sophisticated finger-size module
includes all of the components required to provide superior
performance. The emitting device is attached to a copper
body using four phosphor-bronze clamps and a small amount
of cryogenic high vacuum grease APIEZON® to ensure good
thermal contact. A hemispherical collimation lens made of
high-resistivity-float-zone (HRFZ) silicon with a radius of
r = 4 (mm) is held at the aperture position of the copper body
using a plastic Teflon supporting plate. After attaching and
wiring the emitting device, we then mold the entire assembly
by pouring thermally conductive cryogenic epoxy resin
STYCAST® 2850 into the cup of the copper body.
Figure 2(a) shows the detailed vertical cross-sectional view of
the packaged module. An enlarged illustration of the emitting
Bi-2212 mesa is shown in figure 2(b). The module is firmly
attached to the cold bath with two mounting screws. The
distance between the emitting Bi-2212 mesa and the colli-
mation lens is set equal to the focal length, »/(n — 1) = 0.83
(mm), where n = 3.41 is the refractive index of HRFZ silicon.
The emitted terahertz waves can penetrate through the
underlying Bi-2212 base crystal without significant screening
by the excited quasiparticles and superconducting currents.

Some demonstrable advantages of our packaged modules
are as follows: the fairly rigid and stable structure guarantees
physical and chemical stability with good thermal contact.
Therefore, the modules provide stable and reproducible
emission characteristics with a high yield rate in contrast to
those for stand-alone-type devices. We fabricated two pack-
aged modules to examine the characteristic variation, and they
exhibited reproducible current—voltage (I-V) and emission
characteristics. The modules are as easy to use as conven-
tional semiconducting LED light sources—researchers who
are not experienced in using superconducting devices can
easily operate them to generate desirable CW terahertz waves.
All that is required is the application of a DC voltage to the
device via the protruding electrode wires. The module can be
mounted to any type of refrigerator and cryocooler system,
depending on the intended use. The emitted waves are con-
centrated into a unidirectional beam by the collimating lens,
which provides high efficiency in the use of the emitted
electromagnetic energy. In addition, the use of cryogenic
epoxy resins in the molding technique allows permanent use
without damage from the oxygen and water vapor in air.

Figure 2(c) shows a schematic view of the experimental
setup for measuring the I-V and emission characteristics. The
emitting device was biased using the DC voltage source.
During the I~V measurements, we also monitored the ter-
ahertz-emission power using a silicon composite bolometer
with a 1 THz low-pass filter. For detection of the lock-in, the
emitted waves were optically chopped at approximately
80 Hz. The output signal was amplified by a high-pass
200x preamplifier and recorded on a computer. The noise
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(a) Silicon hemispherical lens (b) Feedthrough hole

Figure 1. Schematic views of the packaged CW terahertz source module: (a) front view, and (b) back view. (c) Photo of the assembled
module.

Terahertz wave
Terahertz wave

(a)
Silicon hemispherical lens
Teflon lens support
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Copper body screw foce
crystal

Thermal conductive epoxy resin Terahertz source device
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source Terahertz module

Terahertz
wave

Lock-in
amplifier

Chopper

Figure 2. (a) Vertical cross-sectional view of the assembled terahertz source module. CW terahertz waves are emitted from the embedded
source device to free space via a silicon hemispherical lens. (b) Enlarged schematic of the terahertz-emitting part encircled in (a). The solid
lines represent the standing waves of the c-axis electric fields in the Bi-2212 mesa and base crystal associated with the Josephson plasma
waves. (c¢) Schematic view of the experimental setup for /-V and terahertz-emission characterization.
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Figure 3. (a) Four-terminal /-V characteristics measured at

Ty, = 20 (K) for non-packaged (black) and packaged (red)
conditions. Inset: temperature dependence of the c-axis resistivity.
(b) Bolometer output as a function of voltage in the same scale as
that of figure 3(a) for the packaged condition.

equivalent power of the detector was 1.4 x 10~13W Hz~1/2,
To measure the emission frequency, we used a home-built
Fourier transform infrared (FT-IR) spectrometer consisting of
a pair of flat lamellar mirrors (not shown here) [36]. The
frequency resolution of the spectrometer is given by
Af ~ ¢/2d k., Where dy,y is the maximum differential dis-
placement of the lamellar mirror and c is the speed of light. In
the present setup, dpux =25 mm and, therefore,
Af = 6 GHz. The engineered source module was mounted on
a helium-flow cryostat, and the bath temperature 7, was
monitored using a thermometer attached to the cold bath.
Since the terahertz wave is strongly absorbed by water vapor,
it is preferable to use a dry nitrogen box between the cryostat
and the bolometer.

3. Results and discussion

Figure 3(a) shows the four-terminal /-V characteristics mea-
sured at Ty, = 20 (K). The red plot indicates the data when the
emitting device was mounted on the module, as shown in
figure 2(a). For comparison purposes, the black plot indicates
the data when the device was mounted directly on the cold
finger of the He-flow cryostat using silver paste as a glue in a
conventional manner. When measuring the characterizations,
we removed the capping resin used for molding the emitting
device in order to separately determine the packaging and
aging effects. Each I-V curve was obtained by a cyclic bias
scan. The large hysteresis loop and the multiple branching
structures in the low current regime exhibited behaviors

typical of the intrinsic Josephson junction system. Since the
gap voltage per junction was approximately 20 mV, the
present stack with N = 720 should provide sufficient hys-
teresis with the maximum voltage of N x 20 (mV) = 10 (V).
Nevertheless, the actual applicable voltage was compressed
into the range of 2-3 V. This is attributed to the local
temperature rise due to the enormous Joule heating, which
gave rise to a decrease in the junction resistance. The strongly
negative temperature coefficient of the c-axis resistivity (R)
shown in the inset of figure 3(a) is thought to contribute to
hot-spot formation in biased Bi-2212 mesas [24].

Figure 3(b) shows the bolometer output as a function of
voltage for the case of the packaged module. Intense terahertz
emissions were observed in the low current regime indicated
by the arrows in the figure. The module can generate a con-
stant emission power with fluctuations less than a few percent
as long as the bias point is fixed. The asymmetric behavior of
the bolometer output under positive and negative voltage
biases is attributed solely to randomness in the electrical
switching during the /-V scans, which is a trivial issue in the
intrinsic Josephson junction system. According to the sensi-
tivity of the bolometer, the output signal of 1 mV corresponds
to the emission power of 130 pW. By considering the
directivity factor, the integral emission power is estimated to
be in the order of microwatts. In the inner /-V branches where
only some of stacked junctions were in the resistive state, the
voltage per resistive junction corresponding to the Josephson
frequency remained at almost a constant value. The emitted
waves were linearly polarized and associated with the trans-
verse magnetic cavity resonance [37, 38], where the E-field
oscillated along the plane containing the c-axis and mesa
width.

It is worth mentioning that, to the best of our knowledge,
this is the first observation of terahertz radiation emitted from
the back side of an underlying large Bi-2212 base crystal. The
emission intensity was found to be comparable to that of the
front side. It is speculated that the synchronization among
adjacent multiple stacks of intrinsic junctions, which leads to
significantly high-power radiation, is mediated by the
Josephson plasma waves in the base crystal [15, 39]. More
importantly, this observation indicates that the oscillating
backside surface current associated with the excitation of the
Josephson plasma throughout the entire crystal produces the
intense radiation, as illustrated in figure 2(b). It is also likely
that the emitted waves can penetrate through the base crystal
without being screened by the excited quasiparticle current,
since the high-7,. superconducting energy is supposed to be
higher than the terahertz photon energy. Regardless, the
option of backside radiation greatly expands the design pos-
sibilities of high-T, terahertz sources. For example, we now
expect to increase the emission intensity by positioning the
reflector antenna at the back of the source.

The remarkable change in the hysteretic /-V loop shown
in figure 3(a) provides a strong indication of the improved
thermal contact due to the packaging. The thermal equili-
brium condition in the resistive state is determined by a
delicate balance between the Joule heating that is character-
ized by the /-V product and the thermal diffusion. Using our
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Figure 4. T,-dependence of the (a) I-V characteristics, and (b) bolometer output. The data are plotted with the color-coded bolometer output.

packaging technique, the excessive temperature rise is sup-
pressed despite the larger I-V product that leads to more
severe heating. We presume that this can be attributed to the
use of the phosphor-bronze clamps, although epoxy molding
is also an effective way to promote sufficient cooling. In fact,
if we do not use the clamps, the obtained /-V characteristics
and concomitant emission properties were quite sensitive to
the amount of silver paste used for gluing.

Figure 4(a) shows the T, dependence of the I-V char-
acteristics, and Ty, varied from 20 to 40 K at 5K intervals.
Based on the negative temperature coefficient of the c-axis
superconducting energy gap, the I-V hysteresis decreased as
Ty, increased. In figure 4(b), the bolometer output at each T,
are plotted with an offset for ease of comparison. In these two
panels, the obtained data is plotted with color-coded bol-
ometer output. The maximum output power simply decreased
with increasing T, and no appreciable emission was detected
above Ty, = 40 (K). This implies that the effective temperature
of the biased mesa was close to T, above T, = 40 (K). We
expect that this challenging self-heating problem will be
solved by short-pulse techniques [40, 41].

Figure 5 shows the emission spectra measured using the
FT-IR spectroscopy. Here, these data were obtained from the
packaged module that comes with a 70 yum wide emitting
mesa. The distinct spectral peaks are observed at 0.505 THz
(0.817V), 0.522 THz (0.829 V), 0.553 THz (0.885 V), and
0.569 THz (0.894 V), respectively, where the voltage V is
indicated on each spectrum. The solid lines represent Lor-
entzian peak functions with the best fits to the experimental
data. The inset of figure 5 shows a linear relationship between
V and the central frequency f. The error bars reflect the fre-
quency resolution Af of the spectrometer. Note that the
spectral linewidth associated with the coherence of emitted
waves is supposed to be much narrower than Af [16]. A
dashed line in the inset represents the Josephson frequency fj
given by equation (1) with the experimental value of N = 660
determined by least-square fits. In this particular case, the f

0.50 -/i 117

FFT Amplitude (a.u.)

Jaan N0 NEEP-2 2
1 AT T (1Sw) =ad 40 =4

0.80 0.90

e X
(AVa/SS = = o; St

T 0.60 0.70
Frequency (THz)

0.50

Figure 5. FT-IR emission spectra for a 70 yum wide Bi-2212 mesa.
The solid lines represent Lorentzian peak functions with the best fits
to the experimental data. Inset: emission frequencies f as a function
of V. The error bars reflect the frequency resolution of the
spectrometer. A dashed line represents f; given by equation (1).

tunability of up to 13% was found by varying V. The tunable f
range could be extended by examination of the T, dependence
[42] and the inner regions of the branched I-V character-
istics [43].

To investigate the effect of the packaging on the thermal
properties both quantitatively and qualitatively, we performed
a numerical simulation using the COMSOL multiphysics
simulation software package (www.comsol.com). By solving
the standard equations of electrical and thermal conduction
using the 3D finite element method, we can simulate a steady-
state temperature distribution in an arbitrary geometry. In
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Figure 6. 3D images of the simulated temperature distributions for the (a-1) non-packaged, and (b-1) packaged emitting devices. (a-2) and (b-
2) Magnified 2D cross-sectional temperature profiles in the X—Z cut plane extracted from the corresponding 3D images.

order to use realistic material parameters, the anisotropic
electrical and thermal conductivities of Bi-2212 were
extracted from the literature [44]. We also used realistic
material parameters available from an extensive materials
database, namely, the Network Database System for Ther-
mophysical Property Data (http://tpds.db.aist.go.jp/tpds-
web/). Those for STYCAST® 1266 and APIEZON® were
found in their respective product data sheets. To make a
distinction between the non-packaged and packaged modules,
as indicated by the black and red plots in the I~V character-
istics shown in figure 3(a), we assumed that the emitting
device was attached to the copper body in one of two different
ways. In the case of the non-packaged device, we used a
0.1 mm thick silver paste as a glue, whereas a small amount of
vacuum grease was used in the packaged device.

Figures 6(a-1) and (b-1) show 3D images of the simu-
lated temperature distributions for the non-packaged and
packaged cases, respectively. The two panels, namely figur-
es 6(a-2) and (b-2), next to their corresponding 3D images
show magnified 2D cross-sectional profiles in the X-Z cut
plane. A color bar on the right-hand side indicates the
temperature scale for each image. We set the bath temperature
and bias voltage to 10 K and 2.1 V, respectively, which were
extracted from the experimental data shown in figure 3(a).
The boundary conditions were chosen to be d7/dx = 0 (zero
flux) at the lateral and bottom sides of the copper body. For
the non-packaged case, the thermal conductivity of silver
paste at cryogenic temperatures was set to be 0.4 Wm™' K.
Importantly, the effective area at the contact boundary
between the sapphire substrate and the copper body had to be
considered carefully—the real contact area, which is propor-
tional to the heat flux, should have been considerably reduced
due to the surface roughness of the silver paste. A surface
probe using an atomic force microscope reveals that the actual
contact area had decreased by nearly 90% of the apparent
area. This was attributed to the relatively large diameter of the
thermally conductive silver particles, typically 5 ym. Thus,
we began by inserting an interfacial thermal resistance with
10% conductivity on the assumption that the heat transfer
would be inhibited at the contact surface.

After repeated simulations, we found that the increase in
the effective area at the contact surface was key to the pre-
vention of overheating. The homogeneous temperature dis-
tribution over the whole substrate was attributed to the
extremely high thermal conductivity of the sapphire. Never-
theless, in the non-packaged case (see figures 6(a-1) and (a-
2)), the substrate temperature increased globally by 4 K with
respect to Ty, due to the deteriorating thermal contact. Fur-
thermore, the maximum local temperature at the emitting Bi-
2212 mesa was 35.8 K for the non-packaged case, whereas it
was 30.8 K for the packaged case. This intuitive result is
consistent with the observed /-V characteristics—an emitting
device that is attached with a better thermal contact exhibits a
larger hysteresis in the I~V characteristics in accordance with
the negative temperature coefficient of the c-axis resistivity.
Further, terahertz-frequency electromagnetic simulations
could provide valuable information about the maximum
emission powers from the module after the great improve-
ments in the thermal properties.

4. Conclusion

In conclusion, we engineered compactly-packaged CW ter-
ahertz source modules using intrinsic Josephson junction
stacks in high-T, Bi-2212 single crystals. The modules are
small in size, i.e., fingertip size, and exhibit reproducible -V
and emission characteristics. The coherent and tunable ter-
ahertz waves can be emitted through the collimating lens,
which is attached to the back side of the sapphire substrate. A
numerical approach to simulate the 3D temperature distribu-
tion delivered consistent results. The modules are easy to use,
and thus are suitable for practical use in many applications,
especially in sensing, imaging, spectroscopy, etc.
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Abstract—We measure switching probability distributions for
the first and the second switches of stacks of Bi, Sr. CaCu;Os ; 5
intrinsic Josephson junctions. To measure switching probability
distributions, we design a current source and introduced a mi-
crocontroller. The resolution and accuracy are sufficient for mea-
suring switching probability distributions of intrinsic Josephson
junctions. For the first switch, crossover temperatures between
thermally activated escape and macroscopic quantum tunneling
are in the range between 0.8 and 2.2 K. The crossover tempera-
tures of the second switch are approximately 8.0 and 6.8 K for the
samples with critical densities of 1.0 and 2.0 kA/cm?, respectively.
We analyze critical current density dependence of the crossover
temperature of the second switch. The crossover temperature de-
creases with increasing critical current density. This anticorrela-
tion can be explained neither by the single-junction model nor by
the heating effect. The anticorrelation is a peculiar phenomenon
observed in the second switch. We consider that the anticorrelation
is attributed to the capacitive coupling. The strength of the capaci-
tive coupling is weaker in 1JJs with higher critical current density
because the charge screening length is shorter due to increase of
carrier density.

Index Terms—High-temperature superconductors, josephson
junction, josephson effect, macroscopic quantum tunneling.

I. INTRODUCTION

N INTRINSIC Josephson junctions (IJJs) included in
I BiySryCay, 1 Cuy Oy 945 (BSCCO) materials [1], [2], strong
coupling effects due to thin superconducting layers are sug-
gested [3], [4]. The capacitive coupling is caused by breaking of
the charge neutrality within CuOs superconducting layers. The
switching dynamics of stacked 1JJs is an essential phenomenon
to study the coupling between 1JJs since switching from the
superconducting to the resistive state of 1JJ can be resolved in
current-voltage (/ — V') characteristics of the stack.

A current-biased single Josephson junction can be well
described by the RCSJ (resistively and capacitively shunted
junction) model. In this model, an I — V' characteristic of an
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1JJ is described by a motion of a particle in a tilted washboard
potential. The switching from the superconducting state to the
resistive state corresponds to the escape of the particle from
the potential minima. The escape is induced by either thermal
fluctuation or quantum fluctuation. The former and the latter
are called as thermally activated escape (TAE) and macroscopic
quantum tunneling (MQT). At high temperature, TAE is
dominant. Thermal fluctuation become weaker with decreasing
temperature and MQT is observed at low temperatures. The
temperature where MQT and TAE is equivalent is called as the
crossover temperature (717).

Recently, intriguing phenomena on MQT have been reported.
Crossover temperature of the second switch (7%) is strongly
enhanced in the stack of BiySroCaCusOg. s (Bi2212) [S]-[7].
Note that the first switches changes the number of resistive
IJJs in the stack from zero to one and the second switch
changes that from one to two. This phenomenon is also
observed in BiySroCuOg. s (Bi2201) [8]. On the other hand
in BipSrpCayCu30y04.5(Bi2223), T3 is almost identical with
that of the first switch [7]. The difference between Bi2212
(Bi2201) and Bi2223 is the thickness of the superconducting
CuO; layers. Thus the enhancement of 75 was found in 1JJs
with superconducting layers thinner than 0.3 nm. Since the
capacitive coupling is attributed to the charge screening length
within the CuQO, layers, such a significant change within a
very small change in the thickness of the CuO, layers is
attributed to the capacitive coupling effect. In Bi2223, 7% of the
second switch is not enhanced since the capacitive coupling is
diminished by the thick CuO, layer.

In this study, we measure switching probability distributions
(SPDs) of the first and second switches in Bi2212. Crossover
temperature of the first switch (77) is approximately 1 K. The
SPD of the first switch can be well described by the single junc-
tion model. This result is consistent with the previous reports [6],
[9]-[12]. On the other hand, 7% is much higher than that of the
first switch and in the range from 6.8 K to 8.0 K. These results
are consistent with the previous reports in Bi2212 [S5]-[7]. We
analyzed SPDs of the second switch with respect to fluctuation-
free critical current density (J?). T decreases with increasing
in JO. This relation cannot be explained by the single junction
model. The specific phenomena observed in the second switch
are inherently attributed to the interaction between stacked 1JJs.

1051-8223 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. (a) Schematic of SPD measurement system. Newly introduced devices
are indicated by red content. The circuit is operated in (b) a current source and
(c) a voltage source.

The capacitive coupling is one of the candidates to explain the
negative correlation because the capacitive coupling is weaker
for an 1JJ with higher J°. We consider that the capacitive cou-
pling is dominant in the MQT of the second switch.

II. EXPERIMENTAL METHOD

A Bi2212 single crystal was grown by the traveling sol-
vent floating zone method. The nominal composition is
Bis. 15511 85 CaCus Og. 5. We fabricated mesa structures with in-
plane size of 1 x 1 um? on the surface of the single crystal by
electron-beam lithography and Ar-ion milling method. The de-
tails are described in [13]. We describe results in four 1JJ stacks
with different critical current densities, which are refereed as
samples A, B, C, and D. It is considered that the difference of
the critical current between sample A and D is due to the slight
change of chemical composition between the mesa. Note that
the samples used in this experiment are fabricated on the same
crystal simultaneously. The structure of the junctions are almost
identical. The identical structure is suitable for comparing the
characteristics of the Bi2212 1JJs.

SPDs are measured by a time-of-flight method. Fig. 1(a)
shows a schematic diagram of the measurement system. In this
method, we measure the time from starting bias to switching to
the resistive state as follows. First, a start signal is sent from the
function generator to the counter and the current source, then a
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(b) The picture of the micro controller (LPC1769). The LPC1769 is operated as
the counter. The measured data was saved in the SD card.

ramp current flows to the 1JJs. A stop signal is sent when the
voltage in IJJ exceeds a reference voltage. The reference voltage
is set to approximately half the gap voltage. The counter mea-
sures the elapsed time from the start signal to the stop signal. We
can calculate the switching current by multiplying the measured
time and the ramp rate of the bias current.

In this study, we used a laboratory-made current source de-
signed for this specific purpose. The current source was made
on a printed circuit board (PCB). The Gerber data of the PCB
was designed by using KiCad. We combined the current source
and a micro controller unit (MCU). The PCB consists of 4 parts
as seen in Fig. 2(a). The ramp generator sends a ramp wave
immediately after receiving the start signal. The voltage con-
trolled current source applies current to a sample according to
the ramp signal. Induced voltage of the sample is monitored by
the differential input. The voltage of the 1JJ sample is compared
with the reference voltage in the voltage comparator. The stop
signal is sent by the voltage comparator when the input voltage
exceeds the reference voltage. The main circuit is described in
elsewhere [14]. We added following three functions to the orig-
inal circuit. First, two reference voltages can be programmed
to measure the first switch and the second switch simultane-
ously (within a single ramping). Two signals corresponding to
the first switch and the second switch are generated by the new
system. Second, we can select either a constant current source
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Fig. 3. The I — V characteristic of sample A at 5 K. Inset: The first switch
observed under the low bias voltage.

or a constant voltage source as a bias source. The schemat-
ics of the current source and voltage source are described in
Fig. 1(b) and (c) respectively. An Op-Amp generate the current
to 1JJs in this circuit. When the circuit operates as the current
source ([see Fig. 1(b)], the bias current (I};,5) is determined as
Tias = —Vin /Ry, where Vi, is the input voltage and Ry is a
resistance serially inserted to the output of the Op-Amp. [},;.5 1S
independent of the external impedance including 1JJs. When the
circuit operate as the voltage source [see Fig. 1(c)], Iyia5 is deter-
mined as Iyi.s = —(Vin — Viyy)/Ri, where Vi is the voltage
of 1JJs. When the 1JJ is switched to the voltage state, Ij;,s de-
crease because of increase in the Vij;5. The current source and
the voltage source can be switched easily by a toggle switch. In
this study, we used this as the current source to measure SPDs.
Finally, photocouplers (TLP2361) were used for the input and
output of the trigger signal to electrically isolate the analog cir-
cuit from digital circuit. The electrical noise from the digital
instruments is significantly suppressed by this isolation.

Fig. 2(b) shows the MCU counter system. We use an LPC1769
as the MCU which is connected to photocouplers and an SD card
directly. Serial Peripheral Interface (SPI) is used for the com-
munication between the MCU and the SD card. The MCU is
operated as follows. When the start signal is received, the inter-
nal counter starts to measure. When either the first or the second
switch takes place, the counter value is copied to an internal reg-
ister. The counter stops and resets after the signal corresponding
to the second switch receiving. Finally, the measured value is
written to the SD card. The clock frequency of the counter is
50 MHz corresponding to the time-resolution of 0.02 usec. This
means that the switching current resolution is more accurate
than ~ 10~* of the maximum ramped current ~ 10 zA because
the measured time is usually ~ 10~ sec. We checked its reso-
lution and accuracy by comparing SPDs measured by this and
an external calibrated counter, Pendulum CNT-81, used in our
previous studies.

III. RESULTS AND DISCUSSION

Fig. 3 shows an I — V curve of sample A at 5 K. The number
of 1JJs included in the sample is 13. The switching current is
apparently different between the first switch and the second
switch. The switching current of the first switch is 1 ;A and that
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Fig.4. The SPD at 0.4 K. Red points show the data measured by the calibrated
counter. Green points show the data of the MCU counter.

of the second switch is 3 pA. The reduced switching current
of the first switch is commonly found in mesa type 1JJ stacks
because the topmost Ag metal leads to the suppression of the
superconductivity of the topmost CuO- layers. Thus, we easily
distinguish the first switch and second switch because of the
large difference in the switching current. The suppression of
switching current is an advantage for measurement of SPDs.

Before measuring SPDs at various temperatures, we checked
the new measurement system, which consists of the PCB current
source and the MCU counter. Fig. 4 shows the SPDs of the first
switch at 0.4 K measured by the calibrated counter (red points)
and the data measured by the MCU counter (green points). The
data look identical. This result shows that the resolution and the
accuracy of the MCU is sufficient for our measurement.

Fig. 5 shows SPDs of the first and second switches in sample
A. The SPDs are almost identical below 0.53 K for the first
switch. The distribution width becomes broader and switch-
ing current becomes smaller with increasing temperature above
0.53 K. The distribution width becomes narrower again above
2.3 K. For the second switch, temperature dependence of the
SPD is qualitatively similar to that of the first switch. The dis-
tribution width is almost constant below 2.3 K and becomes
broader with increasing temperature above 2.3 K. To clarify the
temperature dependence of the SPD quantitatively, we calculate
effective temperature (7¢q) by fitting the Kramers formula [15]
to the experimental data. The Kramers formula is described by
Ira = w,/2mexp(—AU/kpT), where I'ry is escape rate of
thermal activation, w, is Josephson plasma frequency, AU is
potential barrier in the tilted washboard potential and kp is the
Boltzmann constant. The relation between SPD (P) and escape
rate (I') is P =T(dI/dt)"" (1 — [ P(u)du), where dI/dt is
the ramp ratio which is described in Table I. Fig. 6 shows the
plot of Tog as a function of bath temperature 7j,,¢},. We plotted
the results of sample A and D. In sample A, T.g for the first
switch is temperature independent below 0.8 K, is almost equal
to T1,4¢n between 0.8 K and 2.3 K, and then becomes smaller
than T3,,¢1, due to the phase diffusion above 2.3 K. In sample D,
the temperature dependence of Tig is similar to sample A. Teg
is temperature independent below 1.2 K and is equal to T},,¢n
above 2.0 K. 77 is estimated as 0.86 and 1.2 K in sample A and
D, respectively. This temperature dependence is well described
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TABLE I
CHARACTERISTICS OF THE FOUR SAMPLES

sample A B C D

dI/dt (Alsec) 8.0 x107"  25x10™%  2.6x107% 23 x107?

JO, (kAlem?) 0.40 0.69 0.86 0.46

T (K) 0.86 22 1.4 1.2

JO, (kA/em?) 1.0 1.4 1.8 1.9

Ty (K) 8.1 7.4 6.8 6.7

by the single junction model as well as previous reports [9].
In contrast, T is quite different from 77. 7 is estimated 8.0
and 6.8 K in sample A and D, respectively. T3 is much higher
than that of first switch in both sample A and D. Table I lists
obtained parameters of sample A to D. J, is fluctuation-free
critical current of the first switch and J, is that of the second
switch. Obviously, 75 is higher than 77 in all samples. The
enhancement of 75 is observed regardless of the difference in
switching current densities of the second switch.

We note that temperature rise of the stack due to self-heating
cannot be negligible in case of the second switch. In sample
A, Teg corresponds to Ti,.:1, above 10 K. However, in sample
D, T.g is 1 K higher than Tj,.;;, above 10 K in spite of lower
T3 . We consider that the offset was observed due to the heating
effect. The bias voltage at the first branch (before the second
switch) is about 20 mV as seen in Fig. 3. The heat quantity
calculated by I * V' is not zero in the second switch. As a result,
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Fig. 6. The plot of the T.¢ versus 7},,¢1, - Red points show the data of sample
A. Black points show the data of sample D.

temperature of 1JJ is possibly higher than T}, ¢}, . This is the main
reason for the slightly upward shift of 7¢.g . Although the heating
effect cannot be negligible, the heating effect is not dominant
for the enhancement of T5'. The offset due to the heating effect
is about 1 K which is substantially smaller than 73 ~ 6 K. The
inductive coupling due to the Josephson vortices (fluxons) has
previously been investigate. The SPD becomes broad and has
multiple peaks by fluxons [16], [17]. In this study, the multiple
peaks is not observed in sample A to D. We consider that the
coupling due to the fluxon is negligible in this experiment using
small size mesa structure.

Next, we discuss the evolution of 75 as a function of .J%. The
sets of data (J%, Ty) in samples A to D are listed in Table L.
Ty decrease with increasing J%. This anti-correlation cannot
be explained by the single junction model. In single junction
model, the T* is proportional to the square root of the J?,
which has a positive correlation. The anti-correlation with J%,
is an unique phenomenon observed in the second switch. The
anti-correlation can be explained by the capacitive coupling.
The capacitive coupling become weak with increasing the J,
since the charge screening length become short. As a result, the
enhancement of the second switch is suppressed.

IV. CONCLUSION

We measured SPDs of the first and second switch in the
stacks of the Bi2212. To measure the first and second switch
simultaneously, we built the new SPD measurement system.
The resolution and accuracy are sufficient for measuring SPDs
of 1JJs. The SPDs of the first switch are well described by the
single junction model. T3 is enhanced compared with that of
the first switch. Moreover, T} decrease with increase in J%.
This anti-correlation cannot be explained by the single junction
model. We consider that the anti-correlation can be explained
by the relation between the strength of the capacitive coupling
and J?.
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Generation of Circularly Polarized THz Radiation from BizSroCaCu20s+s Mesa
Structures

*Asem Elarabil2, Yusuke Yoshiokal, Manabu Tsujimoto?, Itsuhiro Kakeyal
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University of Tsukuba?

In the last decade, continuous wave terahertz sources based on high-T. superconducting

Bi2Sr2CaCu20s+a  (Bi2212) were extensively studied [1]. Mesa-shaped Bi2212 THz sources are
compact in size, has a broad tunability range, and extremely monochromic radiation. In many
applications, polarization control of the THz radiation is required. However, commonly studied
Bi2212 sources in the shape of a rectangular mesa are linearly polarized [2]. Circular polarization
(CP) is achievable in Lab environments by using external optical devices such as quarter wave
plates. Nevertheless, monolithic generation of CP is highly in demand for compact and portable
devices.
In previous reports [3, 4], the CP THz emission from Bi2212 sources has been numerically
studied. In the present study, we experimentally show a monolithic Bi2212 based source capable
of generating CP THz radiation. The device discussed in this study is in the shape of a cylindrical
mesa with two notches, one on each side of its diameter. In a temperature of 30 K, the
polarization state, as represented by the axial ratio (AR), was found to be as low as 0.5 dB with a
tunability between circular to elliptical polarization (> 3dB). The polarization properties are
measured by using a rotating wire-grid polarizer in the emission path between the source and a

Si-Bolometer.
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Investigations of the polarization behavior of high-T. superconducting
terahertz emitters.

Kyoto University!, The University of Tsukuba?, Argonne National Laboratory?
A. Elarabi'-2, Y. Yoshioka', T. M. Benseman®, G. Kuwano?, M. Tsujimoto??, T. Kashiwagi?,
K. Kadowaki?, I. Kakeya'.

High-T. superconducting terahertz (THz) emitters has undergone a rapid and significant

progress since its discovery [1]. Cutting-edge High-T. Bi-2212 mesas can emit THz

radiation with power as much as 110 xW [2], with wide frequency tunability range

(0.5-2.4 THz) [3], and a relatively high temperature (77 K) [4]. Several studies have

investigated the THz radiation properties from Bi-2212 mesas [5]. However, the

polarization properties have yet to be experimentally studied [6,7]. Achieving polarization

control using monolithic methods would eliminate the need for additional optical devices,

which simplifies THz devices, increases its durability and reduces cost.

In this study, we present a comparative investigation of the polarization characteristics of

THz radiation emitted from different types of mesa geometries. We demonstrate that by

modifying the geometrical structure of the mesa, the polarization of the radiation can be

monolithically controlled. Circular polarization (CP) with axial ratios (AR) as low as ~0.2

dB was achieved by using truncated edge square mesas at 75 = 21 K and side length / =

86 [8]. CP with AR = 0.5 dB was also achieved using notched cylindrical mesa with a

radius of .= 40 um at T» = 30 K. Finally, linearly polarized emission with tunable major

axis angle in the range of ~50° was measured at 7, = 72 K using rectangular mesa that has

width of w = 60 um, and length / = 310 wum. The polarization characteristics is

experimentally presented and discussed. These findings expedite the development of new

THz polarization synthesizers.
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Monolithic polarization control of THz radiation using Bi-2212 mesa geometrical
structures.
Kyoto University !, University of Tsukuba?, °Asem Elarabi'%, Yusuke Yoshioka!, Manabu Tsujimoto?,
Itsuhiro Kakeya!

E-mail: asemelarabi@sk.kuee.kyvoto-u.ac.jp

In the past decade, continuous-wave terahertz sources made of high-Tc superconducting
Bi,S12CaCuy0s-5 (Bi-2212) have been extensively studied [1]. Mesa-shaped Bi2212 terahertz sources
are compact in size, have broad tunable frequency ranges, and monochromic radiations. In many
applications, polarization controls of the terahertz radiation are needed. However, commonly studied
Bi2212 sources in the shape of a rectangular mesa are linearly polarized [2]. Circular polarization (CP)
is achievable in laboratory-environments by using external optical devices such as quarter-wave plates.
Nevertheless, monolithic generation of CP is highly in demand for compact and portable devices.

Polarization control of THz emission from Bi-2212 has been numerically studies in multiple
publications [3,4]. In the present study, we demonstrate experimentally, that the polarization can be
monolithically controlled in Bi-2212 based sources by using the geometrical structure of the stacked
Intrinsic Josephson junctions (IJJs) in a mesa form. The devices discussed here have mesas in the
shape of a cylindrical structure with two notches on its sides (Fig. 1(b)), and a square with truncated
edges (Fig. 1 (a)). Around 25 K, the polarization state, as represented by the axial ratio (AR), was
found to be as low as 0.2 dB with a tunability between circular to elliptical polarization (AR > 3dB).
The polarization properties are measured by using a rotating wire-grid polarizer in the emission path

between the source and a Si-Bolometer.

(b)

Fig. 1 (a) Truncated edge square mesa. (b) Cylindrical mesa with notched sides.
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Inhomogeneous superconductivity inside the CuO;, multiple layer probed by intrinsic

tunneling spectroscopy in Bi2223
l. Kakeya”, Y. Nomura®, R. Okamoto®, S. Adachi®, and T. Watanabe®
Kyoto Univ.”, Hirosaki Univ.®
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L ik, DEBRERE AT 5Cu0E OB a o IETIE LT 508, n=3%28x2% L3 5)

LWV HEENZET OND, MAIXZOZZORIZ, BHEY a7y U 8E ) 2T 54<0
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