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We investigate the effect of the Bi, Sr,CaCu, g5 mesa sidewall on the spontaneous synchronization of
intrinsic Josephson junctions and concomitant terahertz radiation. We develop a lithography technique to
control the sidewall angles. Using a Fourier interferometer, we characterize the radiation emitted from a
series of mesas with different sidewall angles. We determine that a uniform distribution of the oscillation
frequencies is essential to produce coherent radiation outside the mesa. It is also noted that in the resonant

state, the input excess energy is transferred to the excitation of the coherent state.
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I. INTRODUCTION

The realization of compact, solid-state, and coherent ter-
ahertz (1 THz = 10'? Hz) sources has received extensive
attention in different fields of science and in industry [1],
with potential applications to sensing [2], imaging [3], and
spectroscopy [4]. Remarkable progress has been achieved
in the development of terahertz sources based on semi-
conductor devices [5]: Gunn, impact-injection avalanche
transit-time (IMPATT), and tunnel-injection transit-time
(TUNNETT) diodes can generate intense radiation below
0.3 THz, while quantum-cascade lasers can emit powerful
radiation at frequencies greater than 1.45 THz, although
they must be cooled to 37 K [6]. A resonant tunneling
diode [7] can generate frequencies approaching 1.92 THz,
even at room temperature [8]; however, an emission power
greater than 1 mW remains unattainable.

Coherent and tunable terahertz radiation from atomic-
scale stacks of intrinsic Josephson junctions (IJJs) [9] in
anisotropic cuprate high-7, superconductors has provided
a promising usable technology in the terahertz regime
[10]. See Refs. [11—13] for recent reviews. The application
of a dc voltage V' to a mesa structure made of single-
crystal Bi,Sr,CaCu;y0g,4s (Bi-2212) has enabled electro-
magnetic generation at the Josephson frequency, f; =
(2e/h) x V/N, where N is the number of stacked 1JJs and
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e and £ are the elementary charge and Planck’s constant,
respectively [14]. A maximum output power of 0.6 mW at
0.5 THz was obtained from arrayed mesas [15], which is
currently the highest recorded level among all solid-state
terahertz sources. The spectral linewidth down to approx-
imately 20 MHz was measured with a superconducting
integrated receiver [16]. One of the potential advantages
of Bi-2212 sources compared with the aforementioned
semiconducting approaches is their broad tunability. The
frequency can be tuned either by changing the bath temper-
ature [17,18] or by examining the internal current-voltage
branches [19], where the reported broadest band extends
continuously from 0.5 to 2.4 THz [20].

In a pioneering study, Wiesenfeld et al. [21,22] obtained
a complete phase-locked synchronization in a disordered
Josephson-junction array. Here, within limits of weak cou-
pling and disorder, the overdamped junction array, which
is shunted by an inductor-capacitor-resistor load, can be
mapped onto an exactly solvable Kuramoto model [23],
which is a mathematical model used to describe syn-
chronization of a large set of coupled oscillators. Non-
linearly coupled 1JJs can also synchronize to a common
frequency determined by their geometries [10,24-28].
Such a remarkable synchronization phenomenon has been
observed in numerous physical and biological systems,
including relaxation oscillator circuits, networks of neu-
rons, cardiac pacemaker cells, and fireflies that flash in
union [29].
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Some previous studies show that a tilted mesa side-
wall due to the trapezoidal cross-section shape produces
a distribution of junction properties [18,30,31], such as
quasiparticle resistance, Josephson current, and intrinsic
capacitance. These distributions are expected to cause the
nontrivial gradient of the junction voltage and oscilla-
tion frequency along the stack. In general, controlling
the sidewalls of light-emitting devices has been demon-
strated to improve the overall characteristics. For example,
the reduction of sidewall roughness can lead to scatter-
ing losses on a silicon-on-insulator waveguide [32]. In the
case of gallium nitride diode lasers, the tilted sidewalls can
cause the deflection of photons guided within an epilayer,
resulting in low emission efficiencies [33].

In this work, we demonstrate that uniform stacks can
provide physical realizations of the efficient synchroniza-
tion of stacked 1JJs. To investigate the effect of charac-
teristic distribution, we develop a fabrication technique
based on UV lithography to control the sidewall angle.
We observe that as the distribution increases, the system
fails to remain in a coherent state, resulting in the loss of
radiation output.

II. EXPERIMENT

A Bi-2212 single crystal is grown by the traveling-
solvent floating-zone method. A piece of the crystal is
annealed at 600 °C for 24 h in argon gas mixed with 0.1%
oxygen. The crystal is glued onto a sapphire substrate with
use of heat-conductive silver paste. The crystal is cleaved
under a microscope and a 30-nm silver layer is immedi-
ately evaporated onto the surface. To pattern two Bi-2212
mesas with different sidewall angles, we use two types
of photoresists in a UV-lithography process: a chemically
amplified photoresist (TCIR series, Tokyo Ohka Kogyo
Co. Ltd.) and a novolac photoresist (OFPR series, Tokyo
Ohka Kogyo Co. Ltd). The process for controlling the side-
wall angle relies on the cross-section profile and dry-etch
resistance. The two mesas are milled from the same crys-
tal base by an argon-ion-milling technique. Then a 140-nm
silver layer is evaporated over the top surface and etched
with a lithography technique to pattern the top electrode.
Figure 1(a) depicts the SEM image of two neighboring
mesas; namely, mesa A and mesa B. Two strip silver elec-
trodes are highlighted in blue and blacked out over the
insulating resin layer in Fig. 1(a). The gray-rimmed edges
of the two mesas differ significantly in thickness and con-
trast, indicating different sidewall angles for each mesa.
Figure 1(b) displays the cross-section profiles measured
by atomic force microscopy. The electrode layer atop the
mesa is indicated by blue shading. The actual sizes of the
two mesas are summarized in Table 1. The identical thick-
ness ¢ of 1 um corresponds to 667 1JJs for each mesa. The
variation in the sidewalls can be explained by the shapes
and etch resistances of the photoresist layers, the different
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FIG. 1.

(a) SEM image of two mesas fabricated on an identi-
cal Bi-2212 crystal base. (b) Cross-section profiles for mesas A
and B measured by atomic force microscopy. (¢) Temperature
dependence of c-axis resistance.

development rate, and dark erosion issue in a developer.
We also note that the etch resistance depends strongly on
the thermal condition during ion milling. Here we define
the degree of distortion as follows:

_1—r
14

Y (1
where » = w;/wj, is determined by the top and bottom
widths, and y corresponds to the distribution width of the
junction characteristics of the system. From the actual data
displayed in Fig. 1(b), we calculate y of 1.6% for mesa A
and 10.8% for mesa B (see Table I). Note that y less than
2% was not achieved in most previous studies.

Figure 1(c) displays the temperature dependence of the
c-axis resistances for mesa A (red) and mesa B (blue). The
onset superconducting critical temperature 7, of 87.0 K
is the same for the two mesas. This demonstrates the
uniformity of the superconducting properties in the bulk
crystal. The additional transition visible near 30 K is likely
attributable to the damaged surface layer [34].

The sample is mounted on a cold finger of a Gifford-
McMahon cryocooler. We use a silicon hemispherical lens
of radius 3.1 mm to collimate the emitted terahertz waves.

TABLE I. Profile parameters of Bi-2212 mesas.
Parameter Mesa A Mesa B
wy (Lm) 68.7 64.6
wp (m) 71.0 80.3
t (pm) 0.99 0.98
y (%) 1.6 10.8
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FIG. 2. (a) Current-voltage characteristics and (b) lock-in sig-

nals from a silicon-composite bolometer at 7;, = 40.0 K. Dashed
arrows indicate the current-sweep direction. The inset shows the
Fourier-transform spectrum measured at the highest peaks of the
bolometer output, indicated by arrows in (a),(b).

Meanwhile, the mesas are biased with use of a function
generator, and the current-voltage characteristics (IVCs)
are monitored with conventional electronic devices. Addi-
tionally, we use a silicon-composite bolometer to detect
the radiation. A Fourier-transform interferometer system
of our own design based on a split mirror [35] is used to
measure the radiation frequencies. The scanning length of
35 mm corresponds to a frequency resolution of 4 GHz.

III. RESULTS AND DISCUSSION

Figure 2(a) displays the IVCs for mesa A (red) and mesa
B (blue) measured at a bath temperature 7 of 40.0 K. The
IVC curves indicate large hysteresis between increasing-
bias-current and decreasing-bias-current branches typical
of an underdamped 1JJ array. The system switches from
the zero-voltage state to the resistive state at 40 mA.
The observed back-bending behavior in the IVCs can be
attributed to the self-heating effect. The data displayed in
Fig. 2(b) represent the bolometer output signals obtained
with the lock-in technique.

The bolometer outputs clearly indicate that mesa A
emits radiation in the high-bias regime in a relatively wide
range of bias currents from 33.7 to 42.7 mA. The inset
in Fig. 2(b) displays the Fourier-transform spectrum mea-
sured at the highest peak of the bolometer signal [see
arrows in Figs. 2(a) and 2(b)]. The radiation frequency f
of 0.499 THz is obtained at this particular bias point. By
our sweeping bias points, / is weakly tunable according
to the ac Josephson relation. Meanwhile, the output inten-
sity reaches a maximum at the rectangular cavity frequency
Jio with a refractive index n of 4.2 [10,24]. Conversely,

no apparent radiation is observed on mesa B at the over-
all bath temperature. This strongly indicates that complete
synchronization is not achieved among the stacked 1JJs
owing to the tilted sidewalls of mesa B. Note that the dam-
aged surface layers are not likely to contribute directly to
radiation because T}, and the actual local temperature of the
emitting mesa exceed 30.0 K [see Fig. 1(c)].

Another interesting observation relates to the thermal
properties of Bi-2212 mesas. Extensive investigations in
the literature have shown that biased mesas are suscepti-
ble to nonuniform temperature distributions accompanied
by sizable temperature gradients in the a-b plane as well
as along the ¢ axis direction [16,17,36-52]. The effect of
such temperature inhomogeneities on the electromagnetic
properties is still under investigation. Previous experimen-
tal work demonstrated that high-bias emission occurs at
a significantly lower frequency than expected from the
Josephson relation [42]. This behavior is consistent with
our results and is attributed to the strongly nonuniform
self-heating effect. The thermal simulation also reveals that
the junction voltage can be distributed along the ¢ axis
owing to low thermal conductivity and large temperature
coefficients of the c-axis quasiparticle resistances [38,43].

It is also worth noting that we tested other identi-
cal mesas with different sidewall angles to validate the
repeatability of the sidewall effect. The experimental data
obtained are summarized in Supplemental Material [53].
From such repeated measurements, we conclude that the
absence of emission is primarily not caused by the self-
heating effect but is most likely due to the suppression
of synchronization brought about by the trapezoidal cross
section. The observed transition is qualitatively consistent
with the Kuramoto model, where increase in the distri-
bution of oscillation frequencies leads to synchronization
failure. To determine the threshold value of y required for
synchronization, we need more data points at y < 10.8%.

To examine the coherent behavior of the system with
respect to variations in thermal conditions, we plot the
IVCs as a function of T}, with color-coded bolometer out-
puts in Fig. 3. T}, was stabilized in the range from 20.0 to
50.0 K in steps of 5 K with use of proportional-integral-
differential control. As T} increases, the IVC hysteresis is
suppressed significantly owing to the reduction of c-axis
quasiparticle resistance. As can be observed in the color-
coded power map in Fig. 3, intense radiation is seen when
J7 approximately matches f|;, in the high-bias regime. In the
low-bias regime below 10 mA, no radiation is observed,
possibly because f; cannot satisfy the cavity conditions
owing to retrapping as evidenced by the series of steps
in the IVC curve [Fig. 2(a)] occurring for decreasing bias
current.

The observed f is weakly tunable by approximately
10% in the overall 7, range. In the most previous stud-
ies, large frequency tunability Af of 40%—50% or more
arose when 7T, was scanned [17,18,20,27,28,46,54—56].
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FIG. 3. T, dependence of IVCs with color-coded bolometer

output for mesa A. T is stabilized in the range from 20.0 to 50.0
K in steps of 5.0 K. The inset should /* tunability versus 7.

The tunability was assumed to be due to the tempera-
ture dependence of the London penetration depth [18]. In
the inset in Fig. 3, we plot the variation of the emission
frequency as a function of 7,. Because the quality fac-
tor of the resonance is inversely proportional to Af in
general, we assume that the quality factor of mesa A is
virtually half that of the previous samples. Although the
connection may not be straightforward, the quality of res-
onance could be increased when y is less than 1.6%. In
this sense, it seems that mesas with lower y show nar-
row tunability in comparison with the usual mesas. Further
quantitative measurements of the spectral linewidths using
a heterodyne technique [57] could reveal the relationship
between the mesa sidewall and quality of the resonance
more clearly.

In the resonant state, an excess current is injected into
the 1JJ system that drives the cavity excitation [10,18]. A
small fraction of the associated input power is converted
to outside radiation. Figures 4(a) and 4(b) display enlarged
views of the return IVC branches and detected radiation
power on a color-coded scale for mesa A and mesa B,
respectively. The absence of jumps in the IVCs allows
us to roughly estimate the baselines of the current (see
the dashed lines) and to determine the amounts of excess
current. These data suggest that 2—3 mW, which is approxi-
mately 10% of the input power calculated from the product
of voltage and current, is pumped into the system, imply-
ing that considerably enhanced radiation could be observed
from both mesas. Nevertheless, the integrated radiation
power is significantly smaller or even negligible for mesa
B, where the oscillation frequencies are distributed along
the stack owing to its trapezoidal profile. We assume that
for mesa B the excess energy is consumed to excite the
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FIG. 4. Magnified views of returning IVC branches and
detected radiation power on a color-coded scale for (a) mesa
A and (b) mesa B. Dashed lines represent baselines of IVCs
with the assumption that input excess energy is transferred to
excitation of the resonant state.

incoherent state. A possible dynamic state of a nonlinearly
coupled 1JJ system was theoretically predicted in previ-
ous studies using a computational approach [18,58—62].
For the coherent state, the electric fields from the junc-
tions are added to create an intense wave and radiation.
In contrast, in the incoherent state, the electric fields are
largely canceled, resulting in negligible radiation. Because
the super-radiant power is proportional to the square of
the number of 1JJs in the coherent state [10], a group of
excited standing waves in mesa B could be canceled in the
far-field detection despite the enormous amount of input
power, even when f; = f,(.

IV. CONCLUSION

In summary, we investigate the effects of the out-of-
plane characteristic distribution of 1JJs stacked in a Bi-
2212 mesa on spontaneous synchronization for coherent
terahertz radiation. We develop a lithography technique to
control the mesa sidewall angles. Using a Fourier interfer-
ometer, we characterize the radiation properties of on-chip
mesas with different sidewall angles. We determine that
the uniform distribution of the oscillation frequencies,
observed in mesas with lower y, is important and essential
to produce coherent radiation outside the mesas. This result
is qualitatively consistent with the Kuramoto model for a
large number of nonlinearly coupled Josephson junctions.
The input excess energy quantified in the bumps of the
IVCs is transferred to the excitation of the resonant state.
Most importantly, the coherent and incoherent states are
experimentally identified. These findings allow us to con-
struct highly efficient superconducting sources of intense
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and tunable terahertz radiation that allow better technology
development for this frequency regime.
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