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Superconducting Emitter Powered at 1.5 Terahertz by an External Resonator
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A different type of terahertz emitter is made by coupling a source mesa fabricated from the intrinsic
Josephson junctions present in single-crystalline high-7,. superconducting Bi, Sr,CaCu,;0s.5 (Bi2212) to
a much larger and impedance-matched external resonator with resonance frequencies up to 1.5 THz. The
lateral dimensions of the source mesa are only 20 x 20 pm?, about 0.5%—3% of those of conventional
Bi2212 mesas, but its thickness of 2 um is comparable to them. The observed emission frequencies that
lie near to 1.5 THz match very well the resonance frequencies of the external resonator. This result ensures
that the functions of resonator and antenna are separated from that of the THz current source in the Bi2212
mesa structure. These facts allow for much greater flexibility in the emitter design to achieve higher power

and higher frequency THz wave sources.
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I. INTRODUCTION

Terahertz (THz) electromagnetic waves in the fre-
quency f range between 0.1 and 10 THz have recently
attracted much attention because of their enormous poten-
tial applications to various fields such as nondestructive
imaging, spectroscopy, astronomy, medical sciences, food
industries, high-speed communications, etc. [1,2]. For
such versatile applications, compact, high-performance,
all-solid-state, and continuous-wave (cw) monochromatic
THz sources are inevitably demanded. Resonant tunneling
diodes (RTDs) operating at room temperature [3—5] and
quantum cascade lasers (QCLs) [6,7] may be good candi-
dates. The emission power P of RTDs above the central
frequency of the THz gap around 1.5 THz at present, how-
ever, is severely limited to about 1 uW [8]. It falls off
exponentially with increasing f above 1 THz [9,10]. The
emission power of QCLs below the operating maximum
temperature Tm.x (K) = (h/kg)f =~ 50f (THz), where A
and kp are Planck’s and Boltzmann’s constants, falls off
exponentially with decreasing f* below 2.5 THz [6]. So far,
the maximum cw power is reported to be 0.36 mW at 10 K
and 40 W at 58 K at 1.34-1.58 THz [11]. For frequen-
cies near to 1 THz, the difference-frequency generation
QCL (DFG-QCL) technique appears to be very promising
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at room temperature [12], but the recent reported power of
DFG-QCL is still limited to only 20 uW below 2 THz at
78 K [13]. Thus, source frequencies around 1.5 THz are
the most difficult to obtain and have been avoided as a
“death valley” in spectroscopy. Here, we describe a dif-
ferent kind of device that is designed to overcome those
difficulties.

In 2007, cw THz emission was discovered from single-
crystalline high-7,. superconductor Bi;Sr,CaCu;0Og,
(Bi2212) mesa structures [14]. This compound consists
of a regular c-axis array of superconducting CuO, dou-
ble layers separated by insulating Bi,O, layers, forming
a stack of intrinsic Josephson junctions (11Js) [15]. When
a typical rectangular mesa structure with dimensions of
60 x 300 x 2.0 um? is biased by a dc voltage V across
its 1JJs, THz electromagnetic waves are generated accord-
ing to the ac Josephson relation [16]: f'=(2e/h)(V/N),
where N is the number of 1JJs, e is the elementary charge,
and 2e/h = 0.483 5978484 - - - THz/mV. In order to have
strong coherent THz emission, nearly all of the 1JJs must
synchronize. In previously reported Bi2212 devices, P was
enhanced by the cavity resonance effect of the mesa struc-
ture [14,17]. Impedance matching at the surface of the
mesa to the external medium [18], heat removal, and hot-
spot management are also important for high /' and high
P [19-23]. The advantage of the 1JJ emitter over RTDs
and QCLs lies in its continuous f* tunability with V, allow-
ing one to widely span 1.5 THz [24,25]. Recently, broadly
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tunable THz wave emission was indeed reported between
1 and 11 THz from on-chip devices of both 1JJ emitter and
detector [26]. To date, the emission power P from a sin-
gle 1JJ mesa structure was estimated to be a few tens of
microwatts at sub-THz frequencies [17,27-29]. A three-
mesa array was reported to emit with P ~ 0.61 mW at
0.51 THz [30], but it appears that Joule heating hinders
the coherent coupling of more than four mesa arrays.

In those previously reported mesa devices, the mesa
itself works as an internal resonator [14,17,19,21-33].
Assuming its fundamental TM(1,0) mode is enhanced,
the width w of the mesa is equal to A/2n, as pictured in
Fig. 1(a), where X is the wavelength of the emitted THz
wave in vacuum and 7 is the refractive index of Bi2212,
which is about 4.2. To attain 1 THz with the TM(1,0) mode
or higher-f* radiation from that device structure, w of the
rectangular mesa would be 36 um. Therefore, the fabri-
cation process of such Bi2212 mesa structures has to be
precise, with width variations of less than approximately
1 um [31,34]. This may have been the primary reason why
it was previously difficult to realize higher-frequency emit-
ters, especially above 1 THz. To overcome this problem,
the higher-order resonance modes of relatively large mesas
were intentionally used. As a result, THz emission was
obtained over the wide frequency range of 0.3—2.4 THz,
where powers of approximately 1 uW at 1 THz and of
approximately 0.1 uW at 1.6 THz were found [24,25].

Here, we demonstrate an entirely different type of emit-
ter using Bi2212 as the source but not as the resonator to
generate coherent emissions above 1 THz. The design of
the emitter has been greatly modified, as shown in Fig. 1.

In Fig. 1(a), the sketched conventional Bi2212 mesa
structure simultaneously functions both as the THz current
source and as the resonance antenna. Here, it is emphasized
that a paradigm shift is introduced to separate the functions
of the resonator and the antenna from a single mesa struc-
ture. Therefore, the Bi2212 superconducting mesa works
only as the THz current source, whose frequency can be
controlled solely by the ac Josephson effect. The fabri-
cation process of this 1JJ emitter is much simpler than in
previous devices, because the great care needed to produce
the strictly controlled shape and dimensions is no longer
necessary.

Although the optimal mesa height is conventionally
about 2 um to minimize the overheating effect and to max-
imize the emission power, the lateral dimensions of the
mesas can be much smaller, about 0.5%—-3% of that of the
previous mesas. The external resonator is arranged inde-
pendently by assembling a parallel Au plate, as pictured in
the right-hand panel of Fig. 1(a) and in Fig. 1(b). In the
present device, the small Bi2212 source mesa is placed
between a thin square Au plate resonator and a larger
Bi2212 base plate.

This idea was proposed by previous computer simu-
lation studies that indicated that the radiation efficiency
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FIG. 1. Design of the THz emitter. (a) Paradigm shift of the
device construction from the previous mesa source cavity-mode
self-resonator (left) to the present mesa source external res-
onator (right). (b) A photograph of two source mesas and four
spacer mesas fabricated on a single-crystalline Bi2212 surface
with sketches of an external square Au patch resonator with
electrodes. (c) Three-dimensional device overview.

could be improved over that of conventional mesas by
using a small source mesa buried inside a dielectric
medium and coupling it to an external patch antenna [35].
Based upon this idea, we build a prototype of such a
THz emitter, and conduct performance test operations as
described in detail in the following.

II. DEVICE FABRICATION

A high-quality Bi2212 single crystal is grown by the
floating zone method. A piece of it is cut into thin square
plates with lateral size of 1 x 1 mm? and a few tens of
micrometers thick. The bottom of the device, Side A,
sketched in the left-hand panel of Fig. 1(c), is first made by
tightly gluing such a Bi2212 plate onto a sapphire substrate
using polyimide resin. Then, just after cleaving the top sur-
face of the Bi2212 plate down to a thickness of several
micrometers, 10 nm of Ag and then of Au are deposited on
its fresh surface. Next, using photolithography and Ar ion
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milling techniques, two Bi2212 source mesas of dimen-
sions 20 x 20 x 2.0 um?> and four Bi2212 electrode spacer
mesas of dimensions 100 x 100 x 2.0 um? are fabricated,
as shown in Fig. 1(b). The top surface of the device, Side
B, as sketched in the right-hand panel of Fig. 1(c), is first
produced by a uniformly sputtered Au film, 0.5 pum thick,
onto an alumina substrate. The Au film is then patterned by
photolithography and Ar ion milling techniques into two
patches and four current leads, eventually to be contacted
to the two source mesas and to the four counter/spacer
mesas, respectively. The sapphire (Side A) and the alumina
(Side B) substrates are placed together face to face using
sets of guide lines patterned on both substrates, and gen-
tly tightened by four screws at the corners of the copper
holders, as shown in Fig. 1(c). To obtain reliable electri-
cal contacts between the mesas and the patches/electrodes,
the resistance of the device is monitored during the tight-
ening of the screws. THz radiation is observed through the
top alumina substrate, whose transmittance is 55%—65% at
0.5-1.5 THz.

Device A consists of a Bi2212 source mesa and of a
thin Au patch antenna with lateral dimensions of 300 x
300 um?. The resonance frequency is designed to be 0.5
THz so as to match the lowest TM(1,0) mode frequency.
On the Au patch, the Bi2212 source mesa is placed about
x =10 um away from its center [see Fig. 1(b)]. After
all the properties of Device A are measured, Device B is
again constructed by opening the emitter and moving the
source mesa to the position of x = 100 um away from the
center of the Au patch. These mesa positions relative to
the center of the Au patch are sketched in Fig. 1(b). For
Device C, another source mesa is fixed onto a thin Au
patch of dimensions 150 x 150 pum?, and its resonance
frequency is designed to be 1.0 THz corresponding to its
TM(1,0) mode. The Bi2212 source mesa is placed closer
to an edge of the resonator, as in Device B.

Figure 2 shows the temperature dependencies of the
c-axis resistance (R-T curves) for Devices A, B, and C
measured by a two-terminal method. The superconduct-
ing transition temperature 7, is 81 K for Devices A and
B and 85 K for Device C. Judging from these values as
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FIG. 2. The c-axis R-T curves of Devices A, B, and C.

well as from the degree of increase in R with the decrease
in T just above T, the Bi2212 crystals in Devices A and
B may be slightly underdoped, while Device C (with the
highest 7.) may be closer to optimal doping. The nor-
mal state resistances for these mesas are much larger than
those for previous mesa devices, simply because the areal
sizes of the present mesas are much smaller than those of
the previous mesas. Note that the R-T curve of Device B
is measured after the measurements for Device A. This
reconstruction of the emitting device directly indicates the
reliability and the reproducibility of the device.

III. MEASUREMENT SYSTEM

The device under study is mounted onto a cold fin-
ger of a *He flow cryostat (Oxford Instruments, CF1104).
Figure 3(a) shows an overall schematic view of the THz
measurement system used either for simple simultaneous
THz detection and current-voltage characteristics (IVCs)
measurements or for emission directivity measurements.
The IVCs are measured by a conventional two-terminal
method. For the detection of the THz radiation, a lock-
in technique is used with an InSb hot-electron bolometer
(HEB) detector (QMC Instruments, QFI/2BI) and a pream-
plifier with a gain of x1000 at a modulation frequency
of 90 Hz by an optical chopper. Since the same setup is
used as in previous experiments, direct comparisons with
previous data can be made [27]. The optical sensitivity
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FIG. 3. Schematic view of the experimental setup (a) for radi-
ation directivity measurements and (b) for frequency spectra and
polarization measurements.
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of the HEB is calibrated to be about 1.2 mV ,s/nW at
around 0.5 THz, 0.6 mV,,s/nW at around 1.3 THz, and
0.30 mV,,s/nW at around 1.5 THz. The THz radiation is
detected with an operating solid angle of 0.02 sr. Each
point in the radiation pattern data is obtained from the
THz intensities observed by tilting the device right and
left every 5° to the HEB. The angle is defined to be 0°
when the HEB is vertically above the Au patch. The sign
of the rotation angle 6 is defined to be positive when the
device is rotated clockwise (top view) and negative when
it is rotated counterclockwise.

The frequency spectra are measured using the system
sketched in Fig. 3(b). The THz wave beam emitted from
the 1JJ THz emitter device is converted to a parallel
beam by a concave mirror. Then it is guided to a Martin-
Pupplet type of Fourier-transform infrared (FTIR) spec-
trometer (JASCO, FARIS-1) and the signal detected by
a Si-composite bolometer (Infrared Laboratories, HDL-5)
detector. This FTIR spectrometer has an experimental res-
olution limit of 8.0 GHz. The polarization characteristics
are also measured by rotating the wire grid polarizers both
at the entrance and exit of the FTIR interferometer to either
the horizontal or vertical directions.

IV. RESULTS AND DISCUSSION

In Fig. 4(a), the IVCs obtained from Devices A and
B at 55 K and from Device C at 26 K are displayed.
Figure 4(b) shows the THz emission intensities simulta-
neously detected by the HEB while the IVC data shown
in Fig. 4(a) are obtained. At these temperatures the THz
emission intensities are the largest, as seen in Fig. 4(d).
Considering the optical sensitivity of the HEB at each radi-
ation frequency, the detected maximum power of Devices
A, B,and Cis 2, 5.2, and 2.5 nW, respectively.

In Fig. 4(c), a set of IVCs of Device B obtained between
40 and 60 K are shown. Device B shows excellent IVCs
and radiation intensity behavior even after its reinstalla-
tion from Device A. For example, voltages larger than
6.5 V can be applied at 40 K without resulting in sig-
nificant back-bending behavior indicative of suppressed
overheating. These facts appear to indicate that good heat
exhaustion conditions are met, which directly corresponds
to the expected higher radiation frequency of about 2.3
THz at 40 K and potential to emit at around 1.5 THz at
60 K, as long as all the other conditions for the emission
are satisfied.

In Fig. 5, we demonstrate that the Au patch antenna
plays the major role for the determination of the THz radia-
tion frequency. One of the most important conditions to be
satisfied for THz emission is that the resonant frequency
of the patch antenna must be equal to the ac Josephson fre-
quency f7. For the 300 x 300-m? patch of Devices A and
B and the 150 x 150-um? patch of Device C, the funda-
mental resonance frequencies are designed to be 0.5 and
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FIG. 4. Characteristics of Devices A, B, and C. (a) IVCs and
(b) the corresponding HEB detector outputs for Devices A, B,
and C. The data from Devices A and C are offset for clarity. (c)
The set of IVCs at various 7 values from 40 to 60 K of Device B.
(d) The base temperature 7, dependencies of the HEB detector
outputs for Devices A, B, and C.

1.0 THz, respectively, which correspond to the infinitely
degenerate TM(1,0) mode [36]. This is indeed seen in
the 0.540 THz emission from Device A, as displayed in
Fig. 5(a). Note that if the THz emission from the Bi2212
source mesa were to have been enhanced by one of its
cavity resonances, the frequency of its lowest TM(1,0)
mode for its lateral dimensions of 20 x 20 um? would
be about 1.79 THz. Therefore the Bi2212 emission could
not have been enhanced by one of its cavity resonances,
but the emission f* is just determined by the ac Josephson
effect, and the overall device P is enhanced by the TM(1,0)
resonance of the Au patch antenna.

Figure 5(c) shows the angular THz radiation distribution
pattern for Device A. It is highly directional and clearly
different from the radiation pattern obtained from previ-
ously reported mesa devices [27,32,33]. From the results
obtained from the present devices, the simultaneous dual
source and resonator roles of previous device mesas are
greatly modified. In the present devices, the Bi2212 mesa
only has the role of the THz current source, whereas the
Au patch antenna has the role of the external resonator. If
this radiation pattern were also applicable to Device C, its
integral power would be expected to be about 18 nW at 1.5
THz. Since the volume of the Bi2212 mesa of Device C is
much smaller than that of the previously reported mesas,
its radiation power P normalized by the mesa volume is
estimated to be 4 times larger than that of a previous one
emitting at almost the same frequency [24]. This result
suggests that the output power P from previous large-area

064026-4



SUPERCONDUCTING EMITTER POWERED AT 1.5 TERAHERTZ...

PHYS. REV. APPLIED 13, 064026 (2020)

(a) 2500F 705~ 200 um2 patch
B,:0.715 THz

> 2 B, :0.650 THz
£ 2000f | 0.540 THz 1

=1 o fs @

£ 1500f 'OA M . ]
< (HHD- | (10 um) @D. B .’(IH]D

> | .

:‘5 1000 . . (100 /Jm) . 4
c s i

[

IS

500

07050 055 060 065 070 075

f(THz)
(b) sool 15IO x 150 pmlz patch ]
_ 1.275 THz 1.476 THz
0 31 40K
j
600 ” ]
2 2f - I \ C (40K)
= E°T
= 400} =, 201 @ IR
= e C (26 K)
c — *
£ 200} O 1 2 3 1
= V(V)
(c)
1.0 Bolometer
0 0.5 output (mV)
-90° 90°
FIG. 5. Emission characteristics. (a) Observed THz emission

spectra for Device A (blue) and Device B (red) at 55 K. (b)
Observed THz emission spectra for Device C at 26 K (green)
and 40 K (purple). Inset shows the /-7 curve at 40 K and the
arrow indicates the position where THz emission is observed. (c)
Observed radiation pattern (directivity) for Device A.

mesa devices might have been limited from the optimal
value, possibly by a lack of full 1JJ synchronization.

Comparing the emission spectrum of Device B with
that of Device A, it is noted that the emission frequency
of 0.650 THz observed from Device B, corresponding to
the emission peak labeled B; in Fig. 4(b), is up-shifted
by about 18% from that of 0.540 THz observed from
Device A. Furthermore, another emission from Device B
is observed at 0.715 THz, as seen in Fig. 5(a), which is
labeled B, in Fig. 4(b). This latter emission could arise
from the excitation of the nondegenerate TM(1,1) mode
of the Au patch antenna, which would be expected to be at
0.707 THz.

It is remarkable that Device C emits waves of around
1.5 THz at 40 K attained with a small cryo-cooler, as
seen in Fig. 5(b). Note that the radiation frequencies of
1.275 and 1.476 THz observed from Device C at 26 and

40 K, respectively, are about twice those of the two fre-
quencies observed from Device B, and they agree well
with the results expected from the 150 x 150-um? Au
patch antenna, each side of which is half of that in Device
B. As seen in the inset of Fig. 5(b), Device C emits
in the low-current retrapping region at 40 K, where the
number of Josephson junctions in the inactive (zero) volt-
age state is high. Compared to the radiation at 26 K in
Fig. 4(b), the applied voltage to the entire mesa is lower,
but it emits higher-frequency radiation at 40 K because
the applied voltage per active junction is higher. Note
that the linewidths of the spectra shown in Figs. 5(a) and
5(b) are not intrinsic, but are primarily determined by the
experimental resolution of 8.0 GHz of the FTIR spec-
trometer. It is noted that the emissions at 1.476 THz are
not far from the 1.414 THz expected for the excitation
of the nondegenerate TM (1,1) mode of the Au patch of
Device C [36].

V. SIMULATIONS

The actual observed THz modes are simulated with
COMSOL software, using a realistic model in which
a Bi2212 mesa of dimensions 20 x 20 x 2.0 pum?® is
assumed to be placed on the wide surface of a Bi2212
single crystal of 1000 x 1000 x 10 um3. A Au patch
antenna of 300 x 300 x 2.0 um® witho = 4.9 x 10’ S/m
is assumed to be attached onto the top surface of the
Bi2212 mesa. The relative permittivity is assumed to be
€, >~ 17 for Bi2212, and the electric dc conductivity of
04 =0p = 1.0 x 108 S/m and o, = 0.2 S/m for the mesa,
while 0, = 0, = 0, = 1.0 x 10® S/m for the Bi2212 base
plate. The impedance of the mesa is set to be 10 Q2 for THz
current. Three excitation ports are placed on the two side
surfaces and at the middle of the mesa. A rf in-phase volt-
age of 1 V is applied to the ports in the direction of the
height.

Figures 6(a) and 6(c) show the computer-simulated radi-
ation distribution patterns near the calculated resonance
frequencies around 0.49 THz for Device A and around
0.585 THz for Device B, which are shifted downwards
about 10% from the experimentally observed spectral lines
A and By in Fig. 5(a). These downshifted frequencies may
be within the allowance due to the perturbation effect of
the superconducting mesa on the resonator. On the other
hand, the simulated pattern in Fig. 6(a) agrees pretty well
with the observed one as shown in Fig. 5(c). Figures 6(b)
and 6(d) show the electric field distributions during reso-
nance for Devices A and B, respectively. As is clearly seen,
the excited modes can be assigned to the TM(1,0) mode for
output curve 4 of Device A shown in Fig. 5(a), whereas the
TM(1,0) mode does not apply to output curve B, of Device
B as shown in Fig. 5(a). This is perhaps because the low-
impedance source mesa is attached far from the center of
the resonator, resulting in the strongly deformed infinitely
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degenerate TM(1,0) mode pattern [36]. This postulation
can be tested by measuring the emission polarization with
wire grids inserted along either the vertical (filled symbols)
or the horizontal (open symbols) directions, as seen in
Fig. 5(a). The spectral lines 4 and B, are found to be much
stronger for the vertical polarization direction than for the
horizontal one. On the other hand, the observed intensi-
ties of the differently polarized spectral lines B, shown in
Fig. 5(a) are not very different, suggesting the polarization
direction is tilted about 45° from the horizontal one. Some-
how, this mode could not be reproduced in our simulations.
As for the spectral line C observed for Device C and shown
in Fig. 5(b), a large frequency upshift from the expected
1 THz is observed for the TM(1,0) Au patch antenna mode,
but is close to 1.414 THz expected for the TM(1,1) Au
patch antenna mode [36]. The behavior is similar to that
observed for Device B, which could be related to the fact
that both source mesas are located far away from the cen-
ter of the Au patch, and could account for the excitations
of the first excited state of the Au patch antenna.

VI. CONCLUSIONS

We demonstrate the feasibility of a particular 1JJ THz
emitter design, in which the roles of THz current source
and resonator are separately assigned to the 1JJs in a super-
conducting Bi2212 mesa and external Au patch antenna.
This is achieved by coupling the external resonator to the
1JJ emitter so as to synchronize the Josephson supercur-
rents generated in the 1JJ mesa structure at a frequency
of about 1.5 THz, in the central region of the remaining
“THz gap” that has been the most difficult to fill using com-
pact solid-state devices. This paradigm conceptual design
change leads us to more practical 1JJ emitters with much
more flexibility and versatility for applications, which are
much more reliable to fabricate reproducibly.
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