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Abstract: The radiation intensity from the intrinsic Josephson junction high-Tc superconductor
Bi2 Sr2 CaCu2 O8+δ terahertz emitters (Bi2212-THz emitters) is one of the most important characteristics for application uses of the device. In principle, it would be expected to be improved with
increasing the number of intrinsic Josephson junctions N in the emitters. In order to further improve
the device characteristics, we have developed a stand alone type of mesa structures (SAMs) of Bi2212
crystals. Here, we understood the radiation characteristics of our SAMs more deeply, after we studied
the radiation characteristics from three SAMs (S1, S2, and S3) with different thicknesses. Comparing radiation characteristics of the SAMs in which the number of intrinsic Josephson junctions are
N ∼ 1300 (S1), 2300 (S2), and 3100 (S3), respectively, the radiation intensity, frequency as well as the
characteristics of the device working bath temperature are well understood. The strongest radiation
of the order of few tens of microwatt was observed from the thickest SAM of S3. We discussed this
feature through the N 2 -relationship and the radiation efficiency of a patch antenna. The thinner SAM
of S1 can generate higher radiation frequencies than the thicker one of S3 due to the difference of the
applied voltage per junctions limited by the heat-removal performance of the device structures. The
observed features in this study are worthwhile designing Bi2212-THz emitters with better emission
characteristics for many applications.
Keywords: intrinsic Josephson junctions; high temperature superconductors; terahertz waves
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1. Introduction
High performance terahertz (THz) emitters, detectors, and the related devices have
a great potential for fundamental and applied research fields in material sciences, because vibration modes for such polymers, molecules, and proteins exist in the frequencies
of THz region. Stronger THz emission with coherent and monochromatic radiation has
been attracted for the most of applications such as non-destructive inspections, security
checking, identification of chemical substances, and cancer detection [1–4]. Recent rapid
development of THz emitters and detectors has been motivated by many such useful
applications [5,6].
As for THz emitters, semiconducting solid state devices such as resonant tunneling
diodes (RTDs) [7–10] and quantum cascade lasers (QCLs) [11–14] have been well developed.
Nowadays RTDs with sub-mW levels of output power operating at room temperature
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can be obtained. However, in order to generate higher output power above 1 THz, there
are technical difficulties [5,7]. On the other hand, QCLs have good output characteristics,
e.g., 138 mW at 4.4 THz [12] and can generate frequencies ranging from 1.2 to 5.4 THz.
However, low temperature operation is required in order to obtain emission frequency
around 1 THz [13]. According to the emission principle of the QCLs, the operating maximum temperatures of QCLs are restricted by Tmax (K) = (h/kB ) f ∼ 50 f (THz), where
h is Planck’s constant and kB is Boltzmann’s constant [11]. Recently, THz-QCLs using
difference-frequency generation QCL techniques operating at the room temperature have
been developed [6,15–17].
THz emitters based on the ac Josephson effect have been developed by using a piece
of a single crystal of the high-Tc superconductor Bi2 Sr2 CaCu2 O8+δ (abbreviated as Bi2212).
It is well known that the crystal structure of Bi2212 gives rise to a regular stack of multiple
Josephson junctions. Alternate layers of superconducting CuO2 and insulating Bi2 O2
are stacked along the crystallographic c-axis as displayed in Figure 1a. These atomic
scales of Josephson junctions with a thickness of ∼1.5 nm are known as the intrinsic
Josephson junctions (abbreviated as IJJs) [18–20]. A mesa structure of Bi2212 single crystals
displayed schematically in Figure 1b works as a THz emitter (abbreviated as Bi2212-THz
emitter) by applying a dc voltage Vdc across the stack of IJJs [21]. Bi2212-THz emitters have
monochromatic, coherent, and continuous sources of THz waves with a variable frequency
range according to the ac Josephson effect [22–27]. It is also noted that not only IJJs but also
Josephson junctions and grain boundaries in high-Tc superconductors can be applicable to
high-power and electronic device applications [28,29].
A pioneering study performed by Ozyuzer et al. [21] open a new field of THz emitting
devices by using high-Tc Bi2212 single crystals. The characteristics of the electromagnetic
waves radiating from these Bi2212-THz emitters are that they are coherent, continuous,
widely tunable from 0.3 to 2.4 THz [21,30–32], with even higher frequencies that can be generated up to 11 THz [33], their narrow spectral linewidth is less than 0.5 GHz [34], and has
even been reported to be as low as 20 MHz [35], and they are highly polarized, either
linearly or circularly [36,37]. Furthermore, Bi2212-THz emitters can be operated at temperatures up to 86 K [38]. To date, the maximum intensity observed from a single mesa device is
about 30∼100 µW [30,39–43]. However, an output power of 610 µW level at 0.51 THz was
recorded by cooperative parallel operation of three mesa devices [42]. Very recently, an external cavity structure is also developed in order to control the radiation frequency above
1 THz [44]. Using these THz emitters, several demonstrations of THz imaging and THz
spectroscopy based on the Bi2212-THz emitters were performed [39,45–49]. More detailed
characteristics of Bi2212-THz emitters have been reviewed in several papers [50–54].
According to the previous studies of Bi2212-THz emitters, it has become clear that
Joule heating of the IJJs mesa structures strongly affects the emission frequencies and intensities. The experimental results obtained from local temperature measurement techniques
for mesa structures of Bi2212 crystals revealed the very inhomogeneous local temperature distributions T (r) of the mesas, often called a hot-spot when the local temperature
T (r) exceeds the superconducting transition temperature Tc [55–64]. Several device structures have been proposed to overcome the heating effect [30,31,41,43,65]. Due to these
improvements in the design of Bi2212-THz emitters by adding heat exhausting structures,
the device characteristics such as the radiation intensities, frequencies [30,31,43], and the device working bath temperatures [38,66,67] have also improved. According to these results
and the related previous studies [68–72], it is certain that thermal managements, such as
adding heat exhaust structures, control of the number of active Josephson junctions in mesa
structures, position of the hot-spot on mesa structures, and contact resistance of electrodes
on mesa structures, are one of the important factors to improve the device characteristics.
In order to further develop the device characteristics of Bi2212-THz emitters, improvements in the fabrication techniques and processes of the mesa devices are required. We
developed a device structure by using a stand alone type of mesa structures (abbreviated
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as SAMs) to reduce Joule heating of mesa structures and reported the improved radiation
characteristics [30,41,43,52,65].
In this report, in order to understand the radiation characteristics of our proposed
device structure of SAMs more deeply, we studied the radiation characteristics of three
SAMs made of different thicknesses of Bi2212 crystals. The thickness of the SAM is related
to the number of the Josephson junctions, N, in it and would be related to the radiation
intensity, P. According to the previous study [21], P is expected to be proportional to N 2 .
From the comparison of radiation characteristics of these samples, the radiation intensity,
the radiation frequency, and the device working bath temperature characteristics are well
understood on the basis of the difference of the samples. Some of the observed results
required additional research by using well size controlled SAMs; however, the results in this
study are very useful to make Bi2212-THz emitters with desired emission characteristics.
In the following sections, we first explain our device structures and samples. Then the
device characteristics of the SAMs such as current–voltage characteristics, radiation intensity, and frequency characteristics are described. The observed radiation characteristics of
each sample are then discussed.
+%,
-./(*.0*12340'5604.2
3".1/*4.

)*!# !"
$%&'(

+7,

!"#$%&'

!
!!"#$!

!"# !
$%&'(

"
!" #

!(#)%&'

!"
#$
%&
%'
(

>

>
#
#
!""#$"

!

"

8452%.9274//4:2
'$'1/(49'02+;<=2;",

Figure 1. Sketch of the crystal structure of Bi2212 (a) and schematic picture of the mesa structure
(SAM) and its wiring (b). It is noted that the crystal structure is drawn by VESTA [73].

2. Materials and Methods
High-quality single crystals of Bi2212 were grown by a traveling-solvent floating-zone
method using a modified infrared image furnace [74,75]. We first annealed a piece of
a Bi2212 single crystal overnight to obtain an appropriate doping level [30,34,43]. Both
surfaces of a freshly double-cleaved part of that crystal were coated with Ag and Au
films 50 to 100 nm in total thickness by evaporation. It is known experimentally that the
deposition film of Ag on Bi2212 crystals has a role to reduce a contact resistance between
Bi2212 crystals and electrodes. The deposited thin film of Au on the Ag film has a role to
protect oxidation of the Ag thin film. Then, rectangular SAMs, as shown schematically in
Figure 1b, were fabricated by using an Ar-ion milling with metallic masks as reported in
previously [43].
Three SAMs with different thicknesses denoted hereafter as S1, S2, and S3, were fabricated.
The dimensions of the SAMs are w × l × h = 100 × 400 × 2.0 µm (S1), 80 × 405 × 3.5 µm (S2),
and 58–66 × 360 × 4.8 µm (S3), respectively. Note that the thicknesses of the samples
include the Ag and Au layers and these were measured using an atomic force microscope. As displayed in Figure 1a, the thickness of the single intrinsic Josephson junction is
∼1.53 nm. Bi2212 crystals with a thickness of 1 µm contain about 650 ( '1000 nm/1.53 nm)
Josephson junctions. The total number of Josephson junctions N in each sample can be estimated from the thickness of the SAM. The estimated N of three samples are N ∼ 1300 (S1),
2300 (S2), and 3100 (S3), respectively. It is noted that the partial device characteristics of S3
were already reported in our previous study [52].
Figure 2 shows a sketch of two types of contact-rig components used for mechanical
attachment of electrical contacts onto the SAMs. The SAMs were sandwiched by two
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metallic film coated sapphire substrates in order to make good electrical and thermal
contacts. These rigs were fixed by four screws, then, a hemispherical-shaped Si lens with
a diameter of 4 mm was attached to the top of the front sapphire substrate [43,52,65].
The electromagnetic waves from the SAMs were collected by the lens.

(a)
Rear cover

Front cover
Sapphire plate
Si-lens

Bi2212
stand-alone mesa

(b) Rear cover

Sapphire plate

Front cover
Si-lens

Guaide ring

Bi2212
stand-alone mesa

Figure 2. Sketch of two types of the contact-rig components used for mechanical attachment of the
electrical contacts onto the SAM. Square shape (a) and cylindrical shape (b) of contact-rig components
are displayed.

We have already studied the radiation characteristics of various types of SAMs by
using the square shape rigs shown in Figure 2a [43,52] and the cylindrical shape rigs
displayed in Figure 2b [65] and confirmed that almost similar electric and cooling properties
can be obtained. These rigs enable us to make easy electrical contact to the SAMs as well as
to obtain high heat exhausting characteristics from the SAMs. In this study, we used the
square one for S1 and the cylindrical one for S2 and S3. It is noted that the cylindrical one
was developed in order to obtain a homogeneous contact pressure to the SAMs. In the case
of the square one, the contact pressure to SAMs is very sensitive to the parallelism between
the rear and the front covers. This kind of difficulty can be improved by using a coaxial
structure with a guide ring as seen in the cylindrical one displayed in Figure 2b.
In order to measure the radiation characteristics of the assembled SAMs, these were
placed in a 4 He-flow cryostat (OptistatCF-V, Oxford Instruments). An FeRh thermometer is
placed on the sample holder inside the 4 He-flow cryostat to measure the bath temperature
Tb of the sample. The bath temperature dependencies of the c axis resistance of the sample
were obtained using a source meter (2400, KEITHLAY) and a temperature controller (ITC
5035, Oxford Instruments). As shown in Figure 1b, the current–voltage characteristics
(IVCs) of the samples were obtained by two-wire method using a standard resistance of
10 Ω, two digital multimeters (34420A, HP), and a programmable DC voltage/current
generator (R6144, ADVANTEST). For the measurement of IVCs, we selected a voltage
sweeping mode of the generator. A 4 He-cooled Si-composite bolometer (Infrared Laboratories), a lock-in-amplifier (MODEL 5210, EG&G PRINCETON APPLIED RESEARCH),
and an optical chopper (300CD, Scitec instruments) were used for a lock-in detection
of radiation from the emitters. The radiation frequency f was measured by a Fourier
transform infrared (FT-IR) spectrometer with a 7.5 GHz resolution (FARIS-1, JASCO). The
above experimental apparatuses were also used in our previous studies [30,34,40,41,43].
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3. Results
The bath temperature dependencies of the c axis resistance (RT) of the SAMs measured
using the two-wire method are displayed in the inset of Figure 3a. These were obtained by
applying a dc current amplitude of 0.1 mA in a Tb increasing process. Superconducting
transition temperatures of three samples estimated from the onset of the RT data are
Tc ' 78 K(S1), 86 K(S2), and 84 K(S3), respectively. The difference of Tc suggests the
difference of the carrier doping level of the samples. It would be originated from the
difference of oxygen contents of the crystals [76]. A possible reason of a broader transition
temperature (∆Tc ∼ 8 K) seen in the sample S3 comparing to other samples may be related
to inhomogeneity of oxygen contests in the crystal.
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Figure 3. (a) Temperature dependence of the current–voltage characteristics (IVCs) (upper 3 panels ((a-1)–(a-3))). Inset
of each IVC shows the bath temperature dependence of the c axis resistance. (b) The radiation intensity detected by the
bolometer, Vout , is plotted as a function of the applied voltage to the SAM (lower 3 panels ((b-1)–(b-3))). It is noted that an
amplifier gain (AMP) is displayed on upper right of the figures and the Vout of sample S3 at 50 K is measured with the AMP
of 100.

A residual resistance below Tc seen in the RT data can be attributed to a contact
resistance between the SAMs and the electrodes, top and bottom electrodes on the SAMs
made of Ag and Au, a resistance of the metallic thin films on the sapphire substrates, and
a resistance of wires used in the measurement. It is noted that a four-wire method is the
most proper way to evaluate applied bias voltages to Josephson junctions because some of
the resistances behave like a resistance connected to the Josephson junctions in series.
As seen in the RT data of S2 and S3, the residual resistance below Tc decease linearly
with decreasing TB due to the temperature dependence of the resistance of the thin metallic
films on the sapphire substrates. In the case of S2 and S3, for the purpose of data comparison, the TB depending residual resistances were subtracted in the data plot of following
IVCs. On the other hand, the sample S1 has unknown components of the residual resistance
which may be originated from the contact resistance between the SAM and the electrodes.
The structure of the contact rigs shown in Figure 2a also may be related to this behavior.
In this case, in order to compare the device characteristics depending on the applied bias
voltages, we assumed a constant resistance at each bath temperature. For example, the TB
depending IVCs shown in Figure 3(a-1) are plotted assuming three constant resistances of
52.1 Ω (20 K), 53.5 Ω (40 K), and 56.0 Ω (60 K), respectively.
Figure 3a displays the temperature dependence of the IVCs of three samples. The IVCs
were obtained by increasing or decreasing of the applied bias voltage to the SAM as
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indicated by the arrows in Figure 3a. The IVCs of S1 at 20 K initially reach the critical
current Ic at about 30 mA. Then, the applied bias voltage to the sample increases with
small voltage steps and reaches at around 5.3 V. After that the bias current increases up to
∼50 mA with increasing the applied bias voltage. Then, by decreasing the applied bias
voltage, the IVC shows a hysteresis loop as seen in Figure 3(a-1).
The hysteresis loop of IVCs is observed in three samples and shrinks with increasing
Tb . The maximum applied bias voltages at around 20 mA for three samples are ranging
from 5 V to 6 V which is indicative of the heat-removal performance of this type of
device structure. According to the previous studies for the IVCs of IJJs mesa structures,
it is well known that the maximum applied bias voltage to the sample depends on the
heating balance of the measurement system [68]. These are characterized by Joule heating
caused by an applied current to the IJJs, a normal resistance of the IJJs, a cooling-system of
measurement, the efficiency of the heat removal from the IJJs, etc.
The radiation intensity detected by the bolometer, Vout , is plotted as a function of the
applied bias voltage to the SAM in Figure 3b. It is noted that the scales of the vertical
axes of Figure 3b are different each other. Three emitters mainly show the radiation at the
return branch of the IVCs. In the return branch of the IVCs, it is generally well known
that the number of the active Josephson junctions Nact may be switched as the applied
bias voltages. The temperature dependencies of the radiation intensities are different from
each other. From a simple comparison of the maximum radiation intensity among three
samples, the thickest sample S3 shows the strongest radiation at 50 K.
In our previous studies [40,43], we evaluated the radiation intensity by using a commercial power meter (Erickson PM4, VDI) with comparing to the Si-composite bolometer
and an InSb hot electron bolometer (HEB) detector (QFI/2BI, QMC √
Instruments). The radiation power detected by these bolometers can be estimated as P = 2 2Vout /α, where α is a
system optical responsivity. The system optical responsivities of the Si-composite bolometer and the HE bolometer are α = 11 [mv/nw] (AMP 200) and 3.3 [mv/nw] (AMP 1000),
respectively [40]. The electromagnetic wave receiving area of the HEB is about four times
larger than that of the Si-composite bolometer. In addition, in our previous study, we
observed 6.5 µW when Vout of the HEB is Vout ∼2.5 V [43]. In order to estimate a total
radiation power, we also need information of the radiation pattern and a detecting solid
angle. With considering these relationships, the maximum Vout ∼ 800 mV (at AMP 200) of
S3 at 50 K can be estimated very roughly to be few tens of microwatt.
In order to clarify the radiation frequency characteristics on the IVCs more precisely,
we measured radiation spectra by using the FT-IR spectrometer. The applied bias points on
the IVCs for the spectral measurement are summarized in Figure 4a. The symbol colors
correspond to Tb in the right bar codes. As seen in Figure 4(a-1), in the case of sample S1,
the radiations were obtained in low bias current and low voltage region only below 20 mA
and 3 V. On the other hand, the radiations from the samples S2 and S3 were obtained at
very wide region of the IVCs as seen in Figure 4(a-2,a-3). Unfortunately, at this moment,
we do not have clear understanding about this difference.
The observed spectral peak frequencies and its intensities for the three SAMs are
summarized in Figure 4b. The symbol colors also correspond to Tb in the right bar codes.
As mentioned in the temperature dependence of the IVCs, the hysteresis loop of IVCs
strongly depends on Tb and higher bias voltage can be applied to the IJJs at lower Tb .
Therefore, as seen in Figure 4b, higher radiation frequencies can be obtained at lower Tb
and the observed radiation frequencies shift to lower frequencies with increasing Tb . This
behavior is well understood from the temperature dependence of the IVCs and the ac
Josephson effect.
The observed spectral peak intensities displayed in Figure 4b are plotted in logarithmic scale. From this plot, we can find clearly that there are several peaks enhanced in
the frequency spectrum plot at characteristic frequencies. These enhancements can be
understood from cavity modes determined by the size and shape of the SAMs. The resonance frequency of the lowest transverse magnetic mode of TM(1,0) can be expressed as
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f 1,0 = c0 /(2nw), where w is the width of the SAM, n is the refractive index, and c0 is the
speed of light in vacuum. According to previous studies [30,34,40,41], by using n = 4.2
and the width of the SAM, the resonance frequencies of three SAMs are estimated to be
f 1,0 = 0.36 THz(S1), 0.45 THz(S2), and 0.60 THz(S3), respectively. The samples S2 and S3
show clear enhancement around these frequencies. In the case of the sample S2, spectral
peak intensities are also enhanced at around 0.93 THz. It would be a higher cavity mode of
TM(2,0). On the contrary to this, for the sample S1, there is no clear enhancement of the
spectral peak intensity at around the frequency of the TM(1,0) mode. This would be related
the temperature dependence of the IVCs and is discussed latter.
The spectral peak intensities observed around 0.5∼0.6 THz for the samples S2 and S3
seem to have two peaks. These peaks must be affected by the measurement condition of the
data set. It means that an artificial effect due to the selection of measurement temperatures
and bias points will be reflected. In addition, wire grids used in the FT-IR spectrometer
may give an important effect for the spectrum intensity. In our spectrometer (FARIS-1),
three wire grids are used in order to measure spectrum as an interferometer. We fixed
them during the measurements for the samples. The direction of the wire grid placed at
the electromagnetic wave entrance of the FI-IR spectrometer affects the observed spectral
peak intensities because the transmittance of the wire grid depends on the polarization
of the incident electromagnetic waves. In order to remove this kind of effect, we need a
measurement data set with small temperature steps and small bias point steps from low
to high Tb with considering the radiation polarization. Therefore, we do not give further
arguments on two-peak characteristics.
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Figure 4. (a) Applied bias points on the IVCs for the radiation frequency measurement are displayed. The symbol
colors correspond to the bath temperatures in the right bar codes. (a-1) sample S1; (a-2) samples S2; (a-3) samples
S3. (b) Relationship between the observed radiation spectral peak frequencies and its intensities measured by the FTIR spectrometer. The symbol colors also correspond to the bath temperatures in the right bar codes. (b-1) sample S1;
(b-2) samples S2; (b-3) samples S3.

4. Discussion
Based on the results shown in Figure 4, three characteristic properties can be extracted
and discussed more precisely below. The first pronounced feature is on the radiation
intensity. According to the results seen in Figure 4b, the thickest sample S3 shows the
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strongest radiation among three SAMs. This behavior was actually pointed out from the
2 . Therefore, the thicker
early beginning [21], and it is expected to be proportional to Nact
mesa would be suitable for strong emission. The experimental result seen in Figure 4b
seems to support the former behavior. This point will be discuss later more precisely by
considering Nact estimated from the radiation frequency and the applied bias voltage to
the IJJs.
The second feature is on the radiation frequency properties, which depend on the
thickness of the SAMs. As seen in Figure 4a, the thinner sample S1 can generate higher
radiation frequencies than the thicker sample S3 at low Tb . Since the radiation frequency is
simply proportional to the voltage per junction, this result indicates that the applied bias
voltage per junction of S1 at low Tb is in fact higher than that of S3. This behavior is due to
the reduction of the applied bias voltage per junction caused by Joule heating of the SAMs
and is limited by the heat-removal performance determined by the structures.
The third feature is on the difference of the device working bath temperatures. In fact,
this would be related to the critical current Ic and the area of hysteresis loop of IVCs.
As seen in Figure 2a, the sample S2 shows higher Ic and wider area of hysteresis loop of
IVCs above 60 K than those of samples S1 and S3. This difference is clearly reflected in
the temperature dependence of the observed radiation frequencies as seen in Figure 4b.
The sample S2 works up to higher Tb than the samples S1 and S3. The samples S1 and
S3 show no clear emission above 65 K, however, the sample S2 shows clear emission up
to around 80 K as seen in Figure 4(b-2). This result suggests that Ic and the area of the
hysteresis loop of IVCs have an important role for the device working bath temperature.
In principle, the critical current Ic is originated from the sample geometries as well
as the material characteristics of Bi2212 crystals. According to a simple comparison of the
cross-sectional area of the samples, the relationship of IcS1 > IcS2 > IcS3 is expected. However,
the experimental results displayed in Figure 3a show the relationship of IcS2 > IcS1 > IcS3 .
The highest Ic of S2 can be understood from the highest Tc of the sample. It is known
that Tc and Ic become smaller with decreasing the carrier doping level of the crystals.
In addition, in the previous works for higher bath temperature operation of Bi2212-THz
emitters [38,67], the mesa structures made of Bi2212 single crystals with Tc ∼ 90 K were
used. They observed clear emission and the wide area of hysteresis loop of IVCs with large
Ic at around 80 K. Our observed results discussed here are consistent with such studies.
Consequently, we can control the radiation frequency, the device working bath temperature, and the radiation intensity by considering the above characteristic properties.
For example, the device condition of sample S2 is suitable for higher working bath temperature with strong emission at TM(1,0) as well as for higher frequency generation at lower Tb .
It is noted that the above characteristics strongly depend on the heat-removal performance
of the device. It would be obtained from our proposed structures as displayed in Figure 2.
Lastly, we discuss the radiation frequency and intensity characteristics by considering
the multi branching characteristics of IVCs. Figure 5a shows a relationship between the
applied bias voltages to the SAM and the observed radiation frequencies. The symbol
colors correspond to Tb in the right bar codes. Note that the same data shown in Figure 4
are used for these data plots. As mentioned above, the higher frequencies are observed
at lower Tb and the radiation frequencies shift to lower frequency side with increasing
Tb . This Tb -dependence of the radiation frequency characteristics are clearly indicated in
Figure 5a.
The blue dashed lines in Figure 5a denote the relationship between the radiation
frequency and the applied bias voltage to the SAMs calculated from the ac Josephson effect
and the thicknesses of the SAMs. The blue dashed lines also indicate that the whole of the
IJJs in the SAMs is in the resistive state. Thus, the data points plotted in the upper left side
of the blue dashed line originated from the radiation in the multi branching structure of
IVCs as seen in Figure 3. It is clear that the observed radiation frequency is proportional to
the applied bias voltage to the SAMs according to the ac Josephson effect. The data points
deviated from the blue dashed line above 4 V for the samples S2 and S3 are attributed to
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the Joule heating because that kind of deviation for the thinner sample S1 is very small.
It is also noted that according to experimental results by using four electrical terminals
on a top surface of rectangular mesa device [70], the inhomogeneous local temperature
distributions in the ab-plane of the mesa device caused by a contact resistance prevent from
obtaining proper value of the applied bias voltages because of appearance of a potential
distribution at the top electrode.
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Figure 5. (a) Relationship between the applied bias voltages and the observed radiation frequencies for the three SAMs.
The dashed lines indicate the relationship between the radiation frequency and the applied bias voltage to the SAMs
calculated from the ac-Josephson effect and thicknesses of the SAMs. The symbol colors correspond to the bath temperatures
in the right bar codes. (a-1) sample S1; (a-2) samples S2; (a-3) samples S3. (b) Relationship between Nact and the spectral
peak intensities. In this case, the symbol colors correspond to the observed radiation frequencies in the right bar codes.
(b-1) sample S1; (b-2) samples S2; (b-3) samples S3.

According to the ac Josephson effect, the radiation frequency of the emitter, f ob , can
1
be expressed as f ob = ( 2e
h )( Nact )Vapp , where Vapp is the voltage applied across the IJJs, e
and h are the electric charge and Planck constant, respectively. Therefore, by using the
1
experimental data of f ob and Vapp , Nact can be estimated to be as Nact = ( 2e
h )( f ob )Vapp .
The relationship between Nact and the observed spectral peak intensities for the three
SAMs are displayed in Figure 5b. In this plot, the symbol colors correspond to the observed
radiation frequencies in the right bar codes. It is clear that the spectral peak intensities
increase with increasing Nact . The radiation intensity is expected to be proportional to
2 according to the previous study [21]. Thus, the arbitrary plots of the N 2 -relationship
Nact
with two different offsets are also displayed by the dashed-lines in Figure 5b. Some data
points seem to follow the N 2 -like-relationship, however, it is not adequate to mention clear
relationship between Nact and the spectral peak intensities at this moment. In order to
understand this relationship more precisely, we need additional experiments and data
analysis. This is one of our future subjects.
Finally, we mention an additional feature for the radiation intensity related to Nact .
The samples S2 and S3 show the maximum peak intensity at around Nact ∼ 2000; however,
the maximum spectral peak intensity of the sample S3 is much higher than that of the
sample S2 as seen in Figure 5(b-2,b-3). This property also can be confirmed in Figure 3. This
result suggests that the thicker sample S3 has higher emission efficiency than the sample
S2. According to the patch antenna theory [77,78], it is known that the radiation efficiency
of the patch antenna depends on the thickness of the patch and a thicker patch antenna
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shows higher radiation efficiency. However, there is a limitation for the patch thickness in
order to stabilize the resonance condition. The experimental result seen in S2 and S3 seems
to suggest the existence of this kind of thickness effect. The detail understanding of this
point is very important to improve the radiation power and is our future subjects.
5. Conclusions
In this study, we have compared the radiation characteristics of the three rectangular
SAMs made of different thicknesses of Bi2212 crystals. The radiation intensity, the radiation
frequency, and the device working bath temperature characteristics are well understood
on the basis of the difference of the three samples. The stronger radiation intensity is
observed from the thickest SAM. This feature is discussed trough the N 2 -relationship
and the radiation efficiency of the patch antenna. The thinner SAM can generate higher
radiation frequencies than the thicker one due to the difference of the applied voltage per
junctions limited by the heat-removal performance of the device structure. The device
working bath temperature seems to be related to the material characteristics of Bi2212
crystals used for the SAMs as reflected in Tc , Ic , and the area of hysteresis loop of IVCs.
Some of the observed results are required additional research by using well size controlled
SAMs. Nevertheless, the observed characteristic features in this study are very useful to
design a Bi2212-THz emitter with desired emission characteristics for many applications.
Author Contributions: Conceptualization, T.K. and K.K.; methodology, T.K., G.K., M.T. and H.M.;
software, M.T.; validation, T.K. and T.Y. (Takumi Yuasa); formal analysis, T.K. and T.Y. (Takumi Yuasa);
investigation, T.K., T.Y. (Takumi Yuasa) and G.K.; resources, T.Y. (Takashi Yamamoto), H.M. and K.K.;
writing-original draft, T.K. and K.K.; writing-review and editing, T.K., M.T., H.M. and K.K.; visualization, T.K.; supervision, T.K. and K.K.; project administration, T.K. and K.K.; funding acquisition, T.K.
and K.K. All authors have read and agreed to the published version of the manuscript.
Funding: This study was supported by the Japan Society for the Promotion of Science Grant-in-Aid
for Scientific Research (A) No. 15H01996 and for Scientific Research(C) No. 17K05018. T.K. is
supported by the Japan Society for the Promotion of Science Grant-in-Aid for Scientific Research (B)
No. 20H02590.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Acknowledgments: We thank the staff members of the Central Workshop at the University of
Tsukuba for machining support.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Ferguson, B.; Zhang, X.C. Materials for terahertz science and technology. Nat. Mater. 2002, 1, 26. [CrossRef] [PubMed]
Tonouchi, M. Cutting-edge terahertz technology. Nat. Photonics 2007, 1, 97. [CrossRef]
Dhillon, S.S.; Vitiello, M.S.; Linfield, E.H.; Davies, A.G.; Hoffmann, M.C.; Booske, J.; Paoloni, C.; Gensch, M.; Weightman, P.;
Williams, G.P.; et al. The 2017 terahertz science and technology roadmap. J. Phys. D Appl. Phys. 2017, 50, 043001. [CrossRef]
Okada, K.; Serita, K.; Cassar, Q.; Murakami, H.; MacGrogan, G.; Guillet, J.; Mounaix, P.; Tonouchi, M. Terahertz near-field
microscopy of ductal carcinoma in situ (DCIS) of the breast. J. Phys. Photonics 2020, 2, 044008. [CrossRef]
Maekawa, T.; Kanaya, H.; Suzuki, S.; Asada, M. Oscillation up to 1.92 THz in resonant tunneling diode by reduced conduction
loss. APEX 2016, 9, 024101. [CrossRef]
Lu, Q.; Wu, D.; Sengupta, S.; Slivken, S.; Razeghi, M. Room temperature continuous wave, monolithic tunable THz sources based
on highly efficient mid-infrared quantum cascade lasers. Sci. Rep. (UK) 2016, 6, 23595. [CrossRef] [PubMed]
Suzuki, S.; Asada, M.; Teranishi, A.; Sugiyama, H.; Yokoyama, H. Fundamental oscillation of resonant tunneling diodes above 1
THz at room temperature. Appl. Phys. Lett. 2010, 97, 242102. [CrossRef]
Koyama, Y.; Sekiguchi, R.; Ouchi, T. Oscillations up to 1.40 THz from Resonant-Tunneling-Diode-Based Oscillators with Integrated
Patch Antennas. APEX 2013, 6, 064102. [CrossRef]
Asada, M.; Suzuki, S. Room-temperature oscillation of resonant tunneling diodes close to 2 THz and their functions for various
applications. J. Infrared Milli. Terahz. Waves 2016, 37, 1185. [CrossRef]
Feiginov, M. Frequency Limitations of Resonant-Tunnelling Diodes in Sub-THz and THz Oscillators and Detectors. J. Infrared
Milli. Terahz. Waves. 2019, 40, 365. [CrossRef]

Materials 2021, 14, 1135

11.
12.
13.
14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.

31.
32.

33.
34.

35.

36.
37.

38.
39.

11 of 13

Williams, B.S. Terahertz quantum-cascade lasers. Nat. Photonics 2007, 1, 517. [CrossRef]
Williams, B.S.; Kumar, S.; Hu, Q.; Reno, J.L. High-power terahertz quantum-cascade lasers. Elect. Lett. 2006, 42, 89. [CrossRef]
Walther, C.; Fischer, M.; Scalari, G.; Terazzi, R.; Hoyler, N.; Faist, J. Quantum cascade lasers operating from 1.2 to 1.6 THz. Appl.
Phys. Lett. 2007, 91, 131122. [CrossRef]
Fathololoumi, S.; Dupont, E.; Chan, C.W.I.; Wasilewski, Z.R.; Laframboise, S.R.; Ban, D.; Mátyás, A.; Jirauschek, C.; Hu, Q.;
Liu, H.C. Terahertz quantum cascade lasers operating up to ∼200 K with optimized oscillator strength and improved injection
tunneling. Opt. Express 2012, 20, 3866. [CrossRef]
Lu, Q.Y.; Slivken, S.; Bandyopadhyay, N.; Bai, Y.; Razeghi, M. Widely tunable room temperature semiconductor terahertz source.
Appl. Phys. Lett. 2014, 105, 201102. [CrossRef]
Jiang, Y.; Vijayraghavan, K.; Jung, S.; Jiang, A.; Kim, J.H.; Demmerle, F.; Boehm, G.; Amann, M.C.; Belkin, M.A. Spectroscopic
Study of Terahertz Generation in Mid-Infrared Quantum Cascade Lasers. Sci. Rep. (UK) 2016, 6, 21169. [CrossRef]
Fujita, K.; Jung, S.; Jiang, Y.; Kim, J.H.; Nakanishi, A.; Ito, A.; Hitaka, M.; Edamura, T.; Belkin, M.A. Recent progress in terahertz
difference-frequency quantum cascade laser sources. Nanophotonics 2018, 7, 1795. [CrossRef]
Kleiner, R.; Steinmeyer, F.; Kunkel, G.; Müller, P. Intrinsic Josephson effects in Bi2 Sr2 CaCu2 O8 single crystals. Phys. Rev. Lett.
1992, 68, 2394. [CrossRef]
Kleiner, R.; Müller, P. Intrinsic Josephson effects in high-Tc superconductors. Phys. Rev. B 1994, 49, 1327. [CrossRef]
Yurgens, A.A. Intrinsic Josephson junctions: Recent developments. Supercond. Sci. Technol. 2000, 13, R85. [CrossRef]
Ozyuzer, L.; Koshelev, A.E.; Kurter, C.; Gopalsami, N.; Li, Q.; Tachiki, M.; Kadowaki, K.; Yamamoto, T.; Minami, H.;
Yamaguchi, H.; et al. Emission of Coherent THz Radiation from Superconductors. Science 2007, 318, 1291. [CrossRef]
Josephson, B.D. Possible new effects in superconductive tunnelling. Phys. Lett. 1962, 1, 251. [CrossRef]
Bulaevskii, L.N.; Koshelev, A.E. Radiation due to Josephson Oscillations in Layered Superconductors. Phys. Rev. Lett. 2007, 99,
057002. [CrossRef]
Lin, S.; Hu, X. Possible Dynamic States in Inductively Coupled Intrinsic Josephson Junctions of Layered High-Tc Superconductors.
Phys. Rev. Lett. 2008, 100, 247006. [CrossRef]
Koshelev, A.E.; Bulaevskii, L.N. Resonant electromagnetic emission from intrinsic Josephson-junction stacks with laterally
modulated Josephson critical current. Phys. Rev. B 2008, 77, 014530. [CrossRef]
Tachiki, M.; Fukuya, S.; Koyama, T. Mechanism of Terahertz Electromagnetic Wave Emission from Intrinsic Josephson Junctions.
Phys. Rev. Lett. 2009, 102, 127002. [CrossRef]
Klemm, R.A.; Kadowaki, K. Output from a Josephson stimulated terahertz amplified radiation emitter. J. Phys. Condens. Matter
2010, 22, 375701. [CrossRef] [PubMed]
Hilgenkamp, H.; Mannhart, J. Grain boundaries in high-Tc superconductors. Rev. Mod. Phys. 2002, 74, 485. [CrossRef]
Tafuri, F.; Massarotti, D.; Galletti, L.; Stornaiuolo, D.; Montemurro, D.; Longobardi, L.; Lucignano, P.; Rotoli, G.; Pepe, G.P.;
Tagliacozzo, A.; et al. Recent Achievements on the Physics of High-Tc Superconductor Josephson Junctions: Background,
Perspectives and Inspiration. J. Superconduct. Novel Magn. 2013, 26, 21. [CrossRef]
Kitamura, T.; Kashiwagi, T.; Yamamoto, T.; Tsujimoto, M.; Watanabe, C.; Ishida, K.; Sekimoto, S.; Asanuma, K.; Yasui, T.;
Nakade, K.; et al. Broadly tunable, high-power terahertz radiation up to 73 K from a stand-alone Bi2 Sr2 CaCu2 O8+δ mesa. Appl.
Phys. Lett. 2014, 105, 202603. [CrossRef]
Ji, M.; Yuan, J.; Gross, B.; Rudau, F.; An, D.Y.; Li, M.Y.; Zhou, X.J.; Huang, Y.; Sun, H.C.; Zhu, Q.; et al. Bi2 Sr2 CaCu2 O8 intrinsic
Josephson junction stacks with improved cooling: Coherent emission above 1 THz. Appl. Phys. Lett. 2014, 105, 122602. [CrossRef]
Kashiwagi, T.; Sakamoto, K.; Kubo, H.; Shibano, Y.; Enomoto, T.; Kitamura, T.; Asanuma, K.; Yasui, T.; Watanabe, C.;
Nakade, K.; et al. A high-Tc intrinsic Josephson junction emitter tunable from 0.5 to 2.4 terahertz. Appl. Phys. Lett. 2015,
107, 082601. [CrossRef]
Borodiansky, E.A.; Krasnov, V.M. Josephson emission with frequency span 1-11 THz from small Bi2 Sr2 CaCu2 O8+δ mesa structures.
Nat. Commun. 2017, 8, 1742. [CrossRef]
Kashiwagi, T.; Tsujimoto, M.; Yamamoto, T.; Minami, H.; Yamaki, K.; Delfanazari, K.; Deguchi, K.; Orita, N.; Koike, T.;
Nakayama, R.; et al. High Temperature Superconductor Terahertz Emitters: Fundamental Physics and Its Applications. Jpn. J.
Appl. Phys. 2012, 51, 010113. [CrossRef]
Li, M.; Yuan, J.; Kinev, N.; Li, J.; Gross, B.; Guenon, S.; Ishii, A.; Hirata, K.; Hatano, T.; Koelle, D.; et al. Linewidth dependence of
coherent terahertz emission from Bi2 Sr2 CaCu2 O8 intrinsic Josephson junction stacks in the hot-spot regime. Phys. Rev. B 2012, 86,
060505. [CrossRef]
Elarabi, A.; Yoshioka, Y.; Tsujimoto, M.; Kakeya, I. Monolithic Superconducting Emitter of Tunable Circularly Polarized Terahertz
Radiation. Phys. Rev. Appl. 2017, 8, 064034. [CrossRef]
Tsujimoto, M.; Fujita, S.; Kuwano, G.; Maeda, K.; Elarabi, A.; Hawecker, J.; Tignon, J.; Mangeney, J.; Dhillon, S.S.; Kakeya, I.
Mutually Synchronized Macroscopic Josephson Oscillations Demonstrated by Polarization Analysis of Superconducting Terahertz
Emitters. Phys. Rev. Appl. 2020, 13, 051001. [CrossRef]
Sun, H.; Wieland, R.l.; Xu, Z.; Qi, Z.; Lv, Y.; Huang, Y.; Zhang, H.; Zhou, X.; Li, J.; Wang, Y.; et al. Compact High-Tc
Superconducting Terahertz emitter operating up to 86 K. Phys. Rev. Appl. 2018, 10, 024041. [CrossRef]
An, D.Y.; Yuan, J.; Kinev, N.; Li, M.Y.; Huang, Y.; Ji, M.; Zhang, H.; Sun, Z.L.; Kang, L.; Jin, B.B.; et al. Terahertz emission and
detection both based on high-Tc superconductors: Towards an integrated receiver. Appl. Phys. Lett. 2013, 102, 092601. [CrossRef]

Materials 2021, 14, 1135

40.
41.

42.
43.

44.
45.

46.

47.
48.
49.
50.
51.
52.
53.
54.
55.

56.

57.

58.
59.

60.

61.
62.
63.
64.

12 of 13

Sekimoto, S.; Watanabe, C.; Minami, H.; Yamamoto, T.; Kashiwagi, T.; Klemm, R.A.; Kadowaki, K. Continuous 30 µW terahertz
source by a high-Tc superconductor mesa structure. Appl. Phys. Lett. 2013, 103, 182601.
Kadowaki, K.; Tsujimoto, M.; Delfanazari, K.; Kitamura, T.; Sawamura, M.; Asai, H.; Yamamoto, T.; Ishida, K.; Watanabe, C.;
Sekimoto, S.; et al. Quantum terahertz electronics (QTE) using coherent radiation from high temperature superconducting
Bi2 Sr2 CaCu2 O8+δ intrinsic Josephson junctions. Phys. C 2013, 491, 2. [CrossRef]
Benseman, T.M.; Gray, K.E.; Koshelev, A.E.; Kwok, W.-K.; Welp, U.; Minami, H.; Kadowaki, K.; Yamamoto, T. Powerful terahertz
emission from Bi2 Sr2 CaCu2 O8+δ mesa arrays. Appl. Phys. Lett. 2013, 103, 022602. [CrossRef]
Kashiwagi, T.; Yamamoto, T.; Minami, H.; Tsujimoto, M.; Yoshizaki, R.; Delfanazari, K.; Kitamura, T.; Watanabe, C.; Nakade, K.;
Yasui, T.; et al. Efficient Fabrication of Intrinsic-Josephson-Junction Terahertz Oscillators with Greatly Reduced Self-Heating
Effects. Phys. Rev. Appl. 2015, 4, 054018. [CrossRef]
Ono, Y.; Minami, H.; Kuwano, G.; Kashiwagi, T.; Tsujimoto, M.; Kadowaki, K.; Klemm, R.A. Superconducting Emitter Powered at
1.5 Terahertz by an External Resonator. Phys. Rev. Appl. 2020, 13, 064026. [CrossRef]
Tsujimoto, M.; Minami, H.; Delfanazari, K.; Sawamura, M.; Nakayama, R.; Kitamura, T.; Yamamoto, T.; Kashiwagi, T.; Hattori, T.;
Kadowaki, K. Terahertz imaging system using high-Tc superconducting oscillation devices. J. Appl. Phys. 2012, 111, 123111.
[CrossRef]
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