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Phase-locking of oscillators leads to super-radiant amplification of the emission power. This is partic-
ularly important for development of terahertz sources, which suffer from low emission efficiency. In this
work we study large Josephson junction arrays containing several thousand Nb-based junctions. Using
low-temperature scanning laser microscopy, we observe that at certain bias conditions two-dimensional
standing-wave patterns are formed, manifesting themselves as global synchronization of the arrays. Anal-
ysis of standing waves indicates that they are formed by surface plasmon–type electromagnetic waves
propagating at the electrode-substrate interface. Thus, we demonstrate that surface waves provide an
effective mechanism for long-range coupling and phase-locking of large junction arrays.
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I. INTRODUCTION

The creation of tunable, monochromatic, high-power,
and compact sources of electromagnetic (EM) waves in
the 0.1–10-THz frequency range remains a serious tech-
nological challenge, colloquially known as the “terahertz
gap” [1]. Josephson junctions (JJs) have a unique abil-
ity to generate EM radiation with tunable frequency f =
2eV/h, where h is the Planck constant, 2e is the charge
of Cooper pairs, and V is the dc voltage across the JJs
[2–10]. The record tunability range, 1–11 THz [11], has
been reported for intrinsic JJs in cuprate high-temperature
superconductors, for which the energy gap, determining
the upper frequency limit, can be in excess of 20 THz
[12,13]. The emission power from a single JJ is low [10].
It can be amplified in the super-radiant manner by phase-
locking of many JJs. JJs can be arranged in arrays on
two-dimensional planes [14–18], stacked vertically [2,3],
or in both ways when stacked JJs are arranged in an array
[4,9]. In all cases it is necessary to synchronize the JJs and
segments or stacks in the arrays together. However, with
increasing number of JJs, their synchronization becomes
progressively more difficult due to the rapidly growing
number of degrees of freedom.

Synchronization of large JJ arrays requires long-range
interaction between JJs. Usually this is mediated by
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resonant cavity modes leading to the formation of standing
waves either inside [19,20], or outside [15,16] the JJs. With
increasing array size, cavity modes become damped by dis-
sipation. For very large arrays, with sizes much larger than
the wavelength of emitted radiation, an alternative, nonres-
onant mechanism of synchronization by traveling waves
has been suggested, and synchronization of up to 9000
JJs was demonstrated recently [17,18]. Traveling waves
in JJ arrays are essentially surface EM waves (SEMWs)
propagating at electrode-substrate or vacuum interfaces.
There are a great variety of SEMWs at metal-insulator
interfaces (for a review see, e.g., Ref. [21]), including
surface plasmons in the infrared range, which are being
actively studied from the perspective of the development
of plasmonic components for optoelectronic devices [22–
29]. SEMWs also exist in superconducting wires [30] and
thin films [31]. Most interesting in the context of this work
are leaky SEMWs [23], which facilitate emission of EM
power into open space.

In this work we study Nb/NbSi/Nb JJ arrays with dif-
ferent geometries, containing 1500 and 1660 JJs. We per-
form transport measurements, study the emitted EM power
using an external bolometer, and use low-temperature
scanning laser microscopy (LTSLM) for visualization of
wave dynamics in the arrays. The current-voltage char-
acteristics (IVCs) of the arrays exhibit profound current
steps, indicating the appearance of cavity-mode resonances
in the arrays. The steps are accompanied by enhanced
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emission of EM waves at Josephson frequencies in the
subterahertz range. Using LTSLM imaging, we directly
observe the appearance of two-dimensional standing-wave
patterns in the arrays at certain bias conditions. Analysis
of phase velocities unambiguously indicates that the stand-
ing waves are formed by leaky plasmon-type surface EM
waves propagating along the electrode-substrate interface.
The leakage of SEMW energy into open space facilitates
both emission of EM waves and a long-range interac-
tion between junctions in the array, which is needed for
mutual phase-locking and super-radiant emission. Thus,
we demonstrate that SEMWs traveling along the array
provide an effective mechanism for synchronization of
very large arrays with sizes much larger than the emitted
wavelength.

II. EXPERIMENT

We study Nb/NbSi/Nb junction arrays made at the
Physikalisch-Technische Bundesanstalt, Braunschweig,
Germany [32]. We use LTSLM combined with simultane-
ous transport measurements for the analysis of the elec-
tric field distribution in two arrays with different geome-
tries. We also perform detection of electromagnetic wave
emission for similar arrays from the same batch under
experimental conditions similar to the LTSLM setup.
The emission is detected by a high-purity-n-doped-
InSb bolometer. The characteristics of the bolometer are
described in Ref. [18]. The bolometer is oriented face-
to-face with the array chip at a distance of 5 mm and
detects emission predominantly in the direction perpen-
dicular (normal) to the array surface. Measurements of
electromagnetic wave emission outside the cryostat (far
field) were performed on similar arrays and showed qual-
itatively similar results [33]. Transport measurements are
performed either in 4He (sample in a gas) or in 3He (sample
in a vacuum) cryostats. All measurements are performed in
zero (ambient) magnetic field.

A. Samples

We study arrays of serially connected Nb/NbxSi1−x/Nb
(x ∼ 0.1) JJs, made on oxidized silicon substrates. Figure
1 shows the layouts of the two arrays we study, which
we refer to as “linear” [Fig. 1(a)] and “meandering”
[Fig. 1(b)]. JJs with size 8 × 8 μm2 and a repetition period
of 15 μm are formed at the overlap between the top and
bottom Nb electrodes, as sketched in the inset. The linear
array, Fig. 1(a), consists of five long parallel lines, con-
taining 332 JJs each, thus yielding in total Nl = 1660 JJs.
The meandering array, Fig. 1(b), consists of 125 transverse
strips with length 290 μm. The distance between strips is
40 μm. Each strip contains 12 JJs, yielding Nm = 1500 in
total. The overall size of both arrays is 5 mm (from left
to right in Fig. 1). More details about the fabrication and
characterization can be found in Refs. [32,34]. Transport
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FIG. 1. Geometry of the JJ arrays studied. (a) Top view of
the linear array. Red dots represent junctions, yellow and green
stripes are Nb electrodes sequentially connecting the JJs, and
green rectangles at the corners are contact pads. The inset shows
a cross section (side view) of the junction area (from Ref. [32]).
(b) Top view of the meander array. Contact pads are outside the
image area. The vertical wavy lines in (a),(b) indicate a break in
the pictures.

properties and emission characteristics of similar arrays
can be found in Refs. [17,18,33].

B. Low-temperature scanning laser microscopy

The LTSLM technique and a similar low-temperature
scanning electron microscopy can be used for visualiza-
tion of standing EM waves in JJs [35–38] and JJ arrays
[39–42], as well as for analysis of spatial inhomo-
geneities in superconducting structures [43,44]. In the
LTSLM setup, a sample is mounted inside an opti-
cal helium-flow cryostat, where it is typically cooled
to 5–6 K by a helium-vapor jet. The beam of a
diode laser is directed by a scanning unit to the sur-
face of the sample and is focused to a spot size of
1–2 μm in diameter. This causes local heating �T �
1 K, which is small enough not to destroy superconduc-
tivity, but large enough to induce measurable changes in
IVCs. The LTSLM image is acquired by our applying a
certain bias current through the array and measuring the
beam-induced voltage response �U(x, y) on scanning of
the laser beam in the x-y plane. To increase the signal-to-
noise ratio, the beam is modulated at 10–80 kHz and �U
is detected by a lock-in amplifier.

In Fig. 2(a) we show the IVC of the linear array mea-
sured during the LTSLM imaging. The LTSLM images
at bias points A–D, marked in the IVC, are shown in
Fig. 2(b). The horizontal scale of the images is L = 0.91
mm, which is approximately one sixth of the array’s
length. The vertical scale is stretched by a factor of 2 for
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(a) (b) (c)

FIG. 2. (a) I -V characteristic of the linear array measured during LTSLM imaging. (b) LTSLM images obtained at four bias points,
indicated in (a).The sign of �U for most of the JJs changes from positive for bias points A and B to negative for bias points C and
D. (c) Simulation of the LTSLM response from a single JJ. The blue and red lines represent IVCs with the laser beam off and on,
respectively. Heating by the laser beam leads to suppression of the critical current and reduction of the junction resistance due to the
semiconducting nature of the NbSi barrier. This leads to the sign change of the LTSLM response from positive for points A and B to
negative for points C and D.

better visibility. In all images five horizontal array lines
can be seen with square-shaped (due to vertical stretch-
ing) top Nb electrodes covering two JJs; see Fig. 1(a).
Bias point A, I = 1.2 mA, and bias point B, I = 1.4 mA,
are below the critical current Ic � 1.5 mA. In this case
the LTSLM response is mostly positive, �U > 0. How-
ever, for bias point C, I = 1.78 mA, and bias point D,
I = 1.93 mA, above Ic, the LTSLM response becomes
negative.

To explain the bias-dependent sign change, in Fig. 2(c)
we show two simulated IVCs of a JJ with the laser beam
off (blue) and on (red) for upward bias sweeps. Heat-
ing leads to reduction of both the critical current Ic and
the normal resistance Rn due to the semiconducting nature
of the NbSi barrier, as seen from the experimental IVCs
in Fig. 3(a). Simulations are performed within the resis-
tively and capacitively shunted junction model [45,46]
with parameters Ic = 1.5 mA, Rn = 0.1 �, and C = 30

(a) (b)
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FIG. 3. The transport and radiation measurements of the linear array. (a) I -V characteristics at different temperatures. (b) The IVC
at T = 6 K (red) and the simultaneously measured detector signal (olive curve). The appearance of the resonant step structure in the
IVCs is clearly seen. The detected EM power is correlated with the step structure.
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pF without laser heating and I∗
c = 1.0 mA, R∗

n = 0.07 �,
and C = 30 pF with laser heating. It is seen that at low
bias, I < I∗

c , there is no response, �U = 0; at interme-
diate bias, I∗

c < I < Ic, the LTSLM response is positive
due to suppression of the critical current; and at high
bias, I > Ic, it is negative due to reduction of Rn by laser
heating. With increasing bias, the LTSLM response also
increases. For example, the average response at point A is
�U(A) � 30 μV and at point B is �U(B) � 50 μV.

The LTSLM images in Fig. 2(b) reveal also some
nonuniformity of the JJs in the array. For example,
although in images A and B most of the JJs exhibit a
positive response, some junctions, marked by rectangles
in image B, do not respond, �U � 0. These passive JJs
have higher critical currents and remain in the supercon-
ducting state even during laser heating. When I becomes
closer to Ic, more JJs respond to laser irradiation because
more JJs switch to the resistive state, as seen from compar-
ison of images A–C. The passive junctions start to show a
negative response at bias points C and D, indicating that
their Ic � 2 mA is about 30% higher than for the rest of
the JJs. In images A and B, corresponding to I < Ic, we
also observe enhanced sporadic noise due to thermal fluc-
tuations of the switching current [47]. This type of noise
disappears at I > Ic in images C and D.

III. RESULTS

A. Transport and emission characteristics of arrays

Figure 3(a) presents IVCs of the linear array measured
in a 4He dewar at different temperatures. The two lines
for each temperature represent up (higher switching cur-
rent) and down (lower retrapping current) bias sweeps. The

IVCs exhibit hysteresis, presumably of thermal origin. The
most-prominent feature of the IVCs is a series of current
steps, as reported earlier for similar arrays [17,18,33]. The
steps do not occur for a single JJ [34]. Therefore, they are
caused by some cavity-mode resonances in the wiring of
the array and not in the junctions. Thus, they depend on
the electrode and array geometry. At lower temperature,
T = 4.2 K, the steps form a regular equidistant structure
with spacing �V � 39 mV. The red line in Fig. 3(b) shows
the upward part of the IVC at an elevated temperature,
T = 6 K. Here the step structure becomes less regular at
high bias, presumably due to progressive self-heating.

The estimated step spacing �V � 39 mV corresponds
to a characteristic resonant frequency fr = 2e�V/hNl �
11.4 GHz. Such a low frequency may originate only from
geometrical resonances in the long, Ll � 5 mm, straight
lines of the array; see Fig. 1(a). The resonant frequency,
fr = c/2Ll

√
ε∗, where c is the speed of light in a vacuum,

yields the effective dielectric permittivity ε∗ � 6.9, which
is close to the simple estimation of the static effective per-
mittivity [48]: ε∗

0 = (εs + 1)/2 = 6.5, where εs = 11.9 is
the dielectric permittivity of silicon.

The olive line (top axis) in Fig. 3(b) represents the
detector response of the InSb bolometer, measured simul-
taneously with the corresponding IVC under conditions
similar to our LTSLM setup (T = 6 K, Ic � 1.5 mA,
sample cooling by 4He vapor). The detector response is
proportional to the absorbed Josephson radiation power.
It exhibits profound modulation correlated with the step
structure in the IVC. The maximum emission occurs in the
range I = 2–2.5 mA. At high bias I > 3.5 mA ,the emis-
sion peaks start to decay together with step amplitudes due
to self-heating.
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FIG. 4. The transport and radiation measurements of the meandering array. (a) I -V characteristics at different temperatures measured
in a 3He cryostat with a base temperature 0.8 K (navy) and 3.5 K (red). (b) The IVC at T = 5 K (red) and the simultaneously measured
detector signal (olive curve).
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Figure 4 presents similar characteristics for the mean-
dering array. They also exhibit distinct resonant steps.
However, the step structure is much finer than for the lin-
ear array. Since the steps are more pronounced at low
T, the IVCs in Fig. 4(a) are obtained in a 3He cryostat.
Unfortunately higher resolution comes at the expense of
worse thermal stability due to the low cooling power and
heat capacitance of the 3He stage. A considerable tem-
perature rise during measurements, noted in Fig. 4(a),
causes some irregularities and hysteresis. Nevertheless,
such measurements allow evaluation of the characteris-
tic step voltage: we observe 32 steps in the range from
0.21 to 0.44 V for both IVCs in Fig. 4(a). This yields
�V � 7.2 mV, which is much smaller than for the linear
array.

Figure 4(b) presents the results of transport and radi-
ation characterization of a meandering array performed
under conditions similar to the LTSLM setup (T � 5 K
and sample in 4He vapor). The bolometer response �U(I)
is oscillating at I < 2.7 mA with maxima corresponding
to certain current steps. In the range I = 2.7–3.7 mA,
the �U(I) oscillations are more frequent but have lower
amplitude, as do the steps in the IVC. At I > 3.7 mA,
the oscillations and steps disappear and �U(I) decays
monotonously.

B. LTSLM of the linear array

Figure 5(a) shows the IVC of the linear array recorded
during the LTSLM measurements at the base temperature
T � 6 K. Figure 5(b) presents LTSLM images �U(x, y)

of a part of the array at four bias currents, marked in

Fig. 5(a). The scale is the same as in Fig. 2(b). At the
lowest bias point, A, I = 2.0 mA, V � 0.33 V, few junc-
tions with higher Ic are still in the superconducting state
(pink and blue spots). Otherwise there is no well-defined
spatial variation of the array response. At a slightly higher
bias point, B, I = 2.17 mA, V � 0.371 V, a certain alter-
nation with maxima and minima of �U(x, y) along the
x direction appears in the three middle lines. At point C,
I = 2.37 mA, V � 0.409 V, a clear standing-wave pattern
develops in the whole array. It has an antisymmetric mod-
ulation with maxima in one line corresponding to minima
in the neighbor lines. This is demonstrated in detail in
Fig. 5(c), which presents averaged scans of �U(x) along
each of the three middle lines of the array (blue) together
with fitting curves (red). An additional minor increase of
the bias current to point D, I � 2.4 mA, V � 0.412 V, leads
to a visible reconstruction of the standing-wave pattern.
Here it becomes almost symmetric with aligned maxima
and minima in all the lines.

The increase of voltage leads to the growth of the
Josephson frequency and a reduction of the wavelength of
EM radiation. Indeed, such a tendency can be traced from
Fig. 5(b). The Josephson frequencies at points B, C, and
D are f (B) � 107.8 GHz, f (C) � 119.0 GHz, and f (D) �
119.9 GHz, respectively. The corresponding periods of
the standing waves are �x(B) = 0.53 mm, �x(C) = 0.47
mm, and �x(D) = 0.46 mm. Since LTSLM probes only
the EM amplitude, the EM wavelength is twice the period
of the LTSLM image, λ = 2�x. The observed decrease of
λ with increasing f follows a simple relation λ = c/f

√
ε∗,

with ε∗ = 7.1 ± 0.3, consistent with the estimation above
from the step voltages in the IVC.

(a) (b) (c)

FIG. 5. LTSLM analysis of the linear JJ array at T ∼ 6 K. (a) I -V characteristic of the array measured during LTSLM imaging.
(b) LTSLM images obtained at four bias points, indicated in (a). The length of scans along x axis is Lx = 0.91 mm. The scans are
stretched about 2 times along the y axis for better viewing. Development of standing-wave correlations is clearly seen in images B, C,
and D. (c) LTSLM response (blue lines) along horizontal array lines 2–4 [from bottom to top as indicated in (b), image C] for image
C, I = 2.37 mA. The data are averaged over the width of a strip. Red lines represent fitting curves obtained by the method of least
squares. Antisymmetric modulation in neighboring lines is seen.
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The observation of a correlated two-dimensional
standing-wave order indicates a global synchronization of
the whole array. We perform LTSLM scans over a broad
bias range along the IVC. However, standing-wave pat-
terns are observed only in a limited bias range from slightly
below point B to slightly above point D. This is qual-
itatively consistent with a narrow bias range in which
significant EM-wave emission occurs from such an array,
as shown in Fig. 3(b).

C. LTSLM of the meandering array

Figure 6(a) shows the IVC of the meandering array
recorded during LTSLM measurements at T � 5 K.
Figure 6(b) presents LTSLM images at the bias points
marked in Fig. 6(a): A, I = 1.86 mA, V � 144 mV; B,
I = 1.9 mA, V � 174 mV; C, I = 1.95 mA, V � 200 mV;
D, I = 2.18 mA, V � 263 mV. The IVC of the meander-
ing array exhibits a hysteresis, presumably due to self-
heating. Points A–C are measured at the reverse part of
the IVC within the hysteretic area. LTSLM images are
taken at the right end of the array with the same field of
view as in Fig. 5(b), which encompasses 22 transverse
strips.

Standing-wave patterns in the horizontal direction can
be seen in all images in Fig. 6(b). The periodicity �x grad-
ually decreases with increasing voltage from image A to
image D: in image A it is about five transverse strips and
in image D it is about three. This is in qualitative agree-
ment with the expected decrease of the wavelength with

increasing frequency. However, if we calculate the speed
of EM-wave propagation along the x axis, cx = 2�xf , with
f = 2eV/hNm, we obtain unreasonably low values. For
example, at bias point A the periodicity along the hori-
zontal axis is �x � 200 μm, which yields cx � 1.8 × 107

m/s � 0.06c. This would require a huge dielectric con-
stant ε∗ ∼ 300, which does not make sense. Therefore, the
observed standing waves in the meandering array can not
be caused by propagation of a volume EM wave in some
media. This conclusion is also confirmed by the observa-
tion that with changing frequency the nodal areas (blue
color) shift within the transverse strips and may start or
end at an arbitrary place along the strips; for example, in
image A they usually start or end at the edges, but in image
C they start or end in the middle of the strips. Thus, the
standing-wave pattern is not periodic along the horizontal
x axis, as would be expected for a straightforward EM-
wave propagation in the substrate. Those inconsistencies,
revealed by a specific meandering geometry of the array
(see Appendix A), provide a clue to understanding the
nature of EM waves in our arrays.

In Fig. 6(c) we plot the LTSLM response for image D
(top) and image C (bottom panel) along the meandering
line as a function of the overall length of the Nb electrode
from the bottom-left corner to the bottom-right corner of
the images in Fig. 6(b). From this plot it becomes clear
that there is a long-range standing-wave order along the
electrode. The periodicity is �l = 1.23 mm for image C
and �l = 0.85 mm for image D. The corresponding phase
velocities, c∗ = 2�lf , are approximately 1.59 × 108 m/s

(a) (b)

(c)

Meandering-line length (mm)

FIG. 6. LTSLM analysis of the meandering array at T ∼ 5 K. (a) I -V characteristic of the array, measured during LTSLM imaging.
(b) LTSLM images at different bias points, indicated in (a). The length of scans along the x axis is Lx = 0.91 mm. The development of
a standing-wave pattern is clearly seen. The standing wave is not periodic in the horizontal direction. Dotted lines indicate the start and
the end of the track along the length of the meandering line where periodicity of the response is observed.(c) LTSLM responses (blue
lines) along the tracks indicated in (b) from the bottom-left corner to the bottom-right corner of the pattern at the bias point D (top) and
bias point C (bottom). The data are averaged over the width of a strip. The red line represents fitting curves obtained by the method of
least squares. Clear periodicity along the whole meandering length indicates that standing waves are formed by plasmon-type surface
waves propagating along Nb electrodes.
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for image C, and 1.44 × 108 m/s for image D, which
yield a reasonable ε∗ � 4.0 ± 0.3 (see the additional dis-
cussion in Appendix A). This unambiguously proves that
EM waves, building the standing wave, are propagating
along the electrode line. This is a signature of SEMWs at
metal-insulator interfaces [21–31].

Fuhrer confirmation of the SEMW character of
standing-wave resonances in the meandering array comes
from transport measurements. At low temperatures we
observe a very fine step structure in the IVC, see Fig. 4(b),
with typical voltage separation �V � 7 mV. This yields a
very low primary resonant frequency fr � 2.3 GHz corre-
sponding to a long resonator length of approximately 3 cm,
which is consistent with the total length of the meander-
ing line. This confirms that such resonances are formed by
traveling surface waves bound to Nb electrodes.

IV. DISCUSSION

There are many known modes of traveling SEMWs
[21]. While we cannot provide a decisive distinction of
the SEMW modes in our case, we argue that the inter-
mediate value of ε∗ of approximately 4.0–6.9 between the
value for Si (11.9) and the value for a vacuum (1) sug-
gests that they are leaky surface-plasmon-type SEMWs
propagating along one interface and leaking energy at the
opposite interfaces of the metallic film [23] (see Appendix
B). However, the actual subterahertz frequency of the
SEMWs involved is well below the plasma frequency.
Consequently, they correspond to the linear part of the
dispersion relation for surface plasmons. Importantly, the
leaky nature of the SEMWs involved both facilitates long-
range synchronization of a large array and enables EM-
wave emission into open space. All this is a prerequisite
for creation of a high-power coherent terahertz oscillator.

A. The role of standing waves for super-radiant
emission from JJ arrays

As mentioned above, we observe standing waves only
in a narrow bias range. Figures 5(b) and 6(b) show the
full range of bias in which we see standing waves for
the two arrays. At other biases there are no clear stand-
ing waves in the LTSLM images, as can be seen from
Fig. 2(b). This happens because standing waves appear
only when they are actively pumped by the synchronized
array and do not appear when oscillations of junctions are
not synchronized. Therefore, the observation of standing
waves provides unambiguous proof for synchronization of
the array.

Bolometric data give complementary information about
the role of standing waves for emission from the arrays.
Unfortunately, we cannot perform in situ measurements
of emission inside the LTSLM setup. Instead we try to
reproduce LTSLM conditions (temperature and cooling by
4He gas) during detection experiments. From Figs. 3(b),

4(b), 5(a), and 6(a) it can be seen that the IVCs from
bolometric and LTSLM experiments are fairly similar and
have approximately the same Ic � 1.5 mA. Bolometric
measurements, olive curves in Figs. 3(b) and 4(b), also
indicate that significant emission occurs in only a lim-
ited bias range. For the linear array, Fig. 3(b), maximum
emission is detected at I = 2–2.5 mA, which is well cor-
related with the range of observation of standing-wave
patterns by LTSLM, Fig. 5. For the meandering array the
two first emission peaks in Fig. 4(b) correlate with the two
types of standing waves observed by LTSLM in the same
bias ranges at I = 1.8–1.9 mA, images A–C in Fig. 6(b),
and I = 2.1–2.2 mA, image D in Fig. 6(b). Thus, there
is agreement between transport, bolometric, and LTSLM
measurements.

From comparison of the bolometric and transport mea-
surements, Figs. 3 and 4, it can be seen that the emission
power has peaks at the steps in the IVC, which in turn
correspond to the appearance of standing waves in the
arrays. Therefore, the peaks correspond to phase-locked
states of the arrays and indicate the appearance of coherent
super-radiant emission. This conclusion is in full agree-
ment with the anticipated crucial role of standing-wave
(cavity-mode) resonances for achieving coherent emission
from JJ arrays. As discussed in Refs. [19,20], high-quality-
factor, Q � 1, collective cavity-mode resonances have
three major contributions to super-radiant emission in JJ
arrays: (i) they cause mutual synchronization of junctions
by imposing the corresponding order on the array, (ii)
they amplify the emission power in proportion to Q2, and
(iii) they reduce the linewidth of emission in proportion to
1/Q.

B. Comparison with flux-flow oscillators

Josephson flux-flow oscillators (FFOs) have excellent
characteristics [10,49]. Here we provide a brief compari-
son of FFOs with the large array-based oscillators consid-
ered in this work: can they do more, can they do it better,
or can they do it differently?

First of all, the emission power from FFOs is quite
low, less than 1 μW (on chip, not far field) [10]. Lower
far-field emission from a FFO was also reported recently
[49], but this is probably not the main operation mode of
the FFO: usually it is used as an on-chip local oscillator
(reference signal), which does not need high power. The
main motivation for research on JJ arrays is to enhance
the power emitted in open space by means of coher-
ent super-radiant emission. As mentioned below, large JJ
arrays may indeed provide high-enough off-chip power
(approximately 1 mW).

One of the major problems of Josephson oscillators is
the large impedance mismatching between the junction and
open space [19] because junction sizes are much smaller
than the wavelength. In FFOs this problem is solved by
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imbedding the oscillator in a microwave transmission line,
which delivers the signal to other on-chip elements with
small losses [10]. For off-chip emission, proper matching
antennas should be implemented [49]. An advantage of
very large arrays with sizes much larger than the wave-
length is that long electrodes can act as traveling-wave
antennas [18,50], thus providing a built-in mechanism of
coupling with the far field. Like the Beverage antenna, it is
nonresonant and, therefore, broadband.

Tunability is the key advantage of Josephson oscilla-
tors [11], including FFOs [10,49]. As shown by bolometric
measurements, our arrays can operate in a very broad fre-
quency range. For example, in Ref. [17] the reported range
is two octaves, 75–300 GHz. Most often (but not always
[18], see Appendix C) the emission has maxima at reso-
nant steps in the IVCs. Therefore, the frequency can be
tuned stepwise. This is also the case for FFOs, for which
the maximum emission occurs at Fiske steps [10]. In both
cases the discreteness of frequency is determined by the
size (inversely proportional). The frequency step for our
very large arrays with a total active length of approxi-
mately 3 cm can be very small, approximately 2.3 GHz.
Thus, it is possible to get optimal emission from one array
at approximately 100 discrete frequencies. Hypothetically
the frequency step can be made arbitrarily small since the
size of the array can be increased further. Furthermore,
the tunability can become continuous in the case of a pure
traveling-wave-antenna-type of operation. Note, however,
that standing-wave resonances (and therefore discreteness
of frequency) are important for improving (sharpening) the
emitted spectra and for increasing the emitted power, as
discussed above.

An important advantage of array-based emitters com-
pared with FFOs is that they do not need a magnetic field.
The tunability is achieved at zero field.

An outstanding narrow linewidth has been achieved
for FFOs [10,49]. Arrays have still to catch up in this
respect. Recently we obtained preliminary emission spec-
tra for our arrays, which indicate good monochromaticity
of emission.

Finally, we emphasize that this comparison does not
imply that array-based oscillators are always better than
FFOs. They are not competitive because they have differ-
ent niche applications (on chip and off chip). Arrays can,
of course, also be used as on-chip oscillators [14], if higher
power is required. However, we believe that arrays with a
large number of JJs are the most-feasible candidates for the
creation of tunable Josephson oscillators with high-enough
off-chip power.

C. Performance of and perspectives for large JJ arrays

As mentioned in Sec. I, the main goal of research on
large JJ arrays is the creation of tunable, monochromatic,
high-power, and compact sources of EM radiation in the
terahertz frequency range. In earlier work by Han et al.

[14], collective emission from arrays with 500 JJs was
reported with the estimated on-chip emission power of
47 μW. The purpose of studying very large arrays with
a large number of junctions N is to increase the coherence
factor (proportional to N 2) determining the radiation effi-
ciency (ratio of the emitted power to the consumed power)
of coherent super-radiant emission [19]. The maximum
possible efficiency in the case of perfect impedance match-
ing is 50% [19]. For the arrays studied here with N = 1660
the coherence factor should be an order of magnitude
larger than for the arrays studied in Ref. [14]. Recently
super-radiant emission from a similar Nb/NbSi/Nb array
with N = 9000 JJs was reported, with detected off-chip
power P � 90 μW, by the same InSb bolometer [18]. Tak-
ing into account a restricted solid angle of collection of
radiation and a limited absorption coefficient, the detection
efficiency of our bolometer is not better than 10%–20%.
Therefore, a rough estimation indicates that the actual
emitted power from the array may well be in the range
of 0.5–1 mW, corresponding to a radiation efficiency of
approximately 10%. Those are very good numbers.

Thus, the very large arrays that we consider here are
indeed promising for the creation of high-power and high-
efficiency sources. Yet, the main result of this work is not
the observation of high power emission but the discov-
ery of the mechanism of synchronization by surface EM
waves. We argue that this opens a possibility for synchro-
nization of very large arrays with sizes much larger than
the wavelength, which could greatly increase the emitted
power.

V. CONCLUSIONS

To conclude, synchronization of large oscillator arrays is
a challenging problem. In this work we perform simultane-
ous transport measurements and low-temperature scanning
laser microscopy of large arrays with 1500 and 1660
Josephson junctions. Our main result is the observation of
standing-wave patterns, indicating global phase-locking of
the arrays. From an analysis of the evolution of standing-
wave patterns with changing Josephson frequency, we
deduce that the patterns are formed by plasmon-type
surface EM waves propagating along electrodes at the
superconductor-substrate interface. We conclude that such
surface waves can facilitate both emission of power and
phase-locking of very large oscillator arrays, which is
required for the creation of high-power terahertz sources.
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APPENDIX A: MEANDERING ARRAY AS A
SLOW-WAVE SYSTEM

The meandering JJ array investigated in our work is an
example of an EM slow-wave system [51], which pro-
vides a considerable reduction in the phase velocity of
EM waves. The theory of such systems is quite com-
plex, but calculations can be simplified considerably if
reflections between elements of the meandering array are
negligible. This case seems to be realized for the mean-
dering JJ array because the LTSLM images do not exhibit
any signs of reflections of EM waves from the ends of
transverse strips. In this case the reduction of phase veloc-
ity is determined approximately by the geometrical factor
1 + w/d � 8, where w is the length of transverse mean-
dering strips and d is the distance between them. For our
meandering array w = 290 μm and d = 40 μm, which
yields c∗/cx � 8 for the relation between the velocities
along the strips of the array c∗ and along the direction of
the meandering array cx. From this point of view the mean-
dering line is a decelerated transmission line having a large
geometrical deceleration [51].

We also observe that the effective dielectric constant ε∗
for the meandering array is smaller by a factor of approxi-
mately 1.6–1.9 than for the linear array. This may be due to
the known effect of reduction of the effective length of bent
antennas; see, for example, Ref. [52]. It may lead to the
reduction of the actual SEMW propagation length (short-
cutting) at the turns of the meandering line and, thus, to
overestimation of the wavelength and underestimation of
ε∗. For the meandering array there is also some variation
of the estimated ε∗ between points A–C, which might be
caused by a not-well-known number of active junctions
within the hysteresis part of the IVC, which would affect
estimation of the Josephson frequency.

APPENDIX B: DISCUSSION OF SEMW TYPES IN
LONG JJ ARRAYS

Traveling waves in an infinite JJ transmission line
(traveling-wave antenna) in a homogeneous medium were
theoretically investigated in Ref. [50]. Depending on the

relation between the wave number, kt, in the transmis-
sion line and the wave number, k0, in the medium, the
traveling wave can be either radiative at a specific angle
on both sides of the array (kt < k0) or completely bound
to the array, propagating along it (kt > k0). The latter is
considered as a surface plasmon. In this work the arrays,
forming JJ transmission lines, are placed on oxidized sil-
icon substrates. Thus, we should consider wave numbers
both in a vacuum, k0, and in the substrate, ks. The cor-
responding relations are kt/k0 = √

ε∗ ∼ √
(εs + 1)/2 and

ks/k0 = √
εs, k0 < kt < ks. This implies that the traveling

SEMW is bound from the vacuum side and is leaky from
the substrate side [50]. Such a SEMW is usually referred
to as a “leaky surface plasmon” [23].

APPENDIX C: DISCUSSION OF CORRELATIONS
BETWEEN TRANSPORT AND BOLOMETRIC

MEASUREMENTS

Despite a general correlation between steps in the IVC
and peaks in the bolometric response, a careful analysis of
the data in Figs. 3(b) and 4(b) indicates that the detected
signal at some steps is quite small, and some steps even
correspond to minima of the detector signal. This is, how-
ever, not surprising because the detected emission power
essentially depends both on the mode of the standing wave
and on the position of the detector.

In our experiment the bolometer is placed above the
array, normal with respect to the array surface. In the
simplest case of an array consisting of a single straight
line, mode 1 (half a wavelength along the line) will cor-
respond to a super-radiant maximum of emission in the
normal direction due to constructive interference of all
junctions. On the other hand, mode 2 (one wavelength
along the array) will correspond to zero emission in the
normal direction due to also coherent, but destructive inter-
ference of junctions. This leads to variation (asymmetry)
of emission in a specific direction between odd and even
modes [19]. For our arrays, with JJs distributed in a certain
two-dimensional order along the substrate, more-complex
standing-wave modes with a two-dimensional configura-
tion appear, as seen from Figs. 5(b) and 6(b). The direc-
tionality diagram of emission from such two-dimensional
modes is quite complex [18,50]. Since the detected emis-
sion signal depends both on the mode number (which is
quite high, 10–30, in our case) and the position of the
detector, the smallness of the emission power at the detec-
tor location does not necessarily mean that there is no
emission in a wider solid angle.
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