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Using our recent design of thermally managed sandwich device structures, we studied the radiation
frequency characteristics of three such devices of the same rectangular dimensions made from the
same single crystal of the high-T, superconductor Bi,Sr,CaCu,0g, s, and all three devices exhibit
similar characteristics. Their observed radiation intensities appear to be enhanced at many
transverse magnetic TM,, ,,, cavity mode frequencies, possibly including some higher TM, ,, modes
with waves solely along the rectangular length, none of which have previously been reported. In
addition, the temperature dependences of the radiation frequencies correspond strongly to the
temperature dependences of the maximum bias voltages applied to the devices. The excitations of
many cavity modes higher in frequency than that of the usually observed TM,; o mode and the high
reproducibility of the radiation frequency characteristics both appear to originate from the
reduction in the Joule self-heating of the thermally managed sandwich structures. The information
provided here should aid in the design of future devices to obtain the desired emission frequency

ranges. Published by AIP Publishing. https://doi.org/10.1063/1.5033914

I. INTRODUCTION

In recent years, the development of high-performance ter-
ahertz (THz) emitters, detectors, and related devices have
urgently been desired not only for purely scientific and tech-
nological reasons but also for their potential uses in many
applications.'? Strong, coherent, and monochromatic THz
electromagnetic (EM) waves are essential for modern commu-
nication technologies. Until recently, conventional semicon-
ducting devices, such as resonant tunnel diodes™ and
quantum cascade lasers,” both of which employ modern
nanotechnologies, have been widely considered to be the most
promising methods to produce continuous and coherent sour-
ces in this frequency range. However, in 2007, the discoveries
of strong, coherent, and continuous radiation obtained from
one-dimensional stacks of intrinsic Josephson junctions (IJJs)
in devices fabricated from single crystals of the high
transition-temperature 7, superconductor Bi,Sr,CaCu,Og, s
(Bi2212) have provided a competitive field of research in this
entire THz frequency range.®*'* In addition to spanning the
entire frequency range from 0.3 to 11 THz,'*'? these super-
conducting 1JJ-THz emitters have been shown to exhibit addi-
tional advantages over those leading semiconducting devices
with regard to the coherent nature of the THz electromagnetic
wave emission.

The 1JJ-THz emitters based upon superconducting
Bi2212 single crystals have intensively been developed both
experimentally'' ™% and theoretically.®’®® So far, the best
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performance has been achieved within the frequency range
from 0.3 to 11 THz,''~"*3*333% with the maximum output
power of ~30 uW,*'** and with a spectral width of the
coherent and continuous emission of THz radiation that is
generally less than 0.5 GHz, and under appropriate condi-
tions, it was reported to be narrower than 23 MHz and possi-
bly even 6 MHz.?>~*° Furthermore, a synchronized operation
of an array of three such emitters was reported to yield the
greatly enhanced power of 610 £W.?’ Most of the recent pro-
gress in developing these 1JJ-THz emitters was reviewed and
summarized.®”*

As for most micro-electronic devices, Joule heating in
the 1JJ-THz devices has been found to cause serious effects
upon the device characteristics, especially with regard to the
radiation frequency and intensity, and probably to its line-
width. The local temperature distributions T(r) of the 1JJ
mesa devices have been measured in detail, and the results
have been discussed in comparison with theoretical stud-
jes, !4710:40-4551.63°66.7880 Thoge studies concluded that the
spontaneous formation of a local temperature instability
known as a hot spot can occur in the 1JJ-THz emitter device
due to both the quasi-two-dimensional thermal and electrical
conductivities, the latter yielding a semiconducting-like tem-
perature dependence of the c-axis normal state resistivity
for under-doped Bi2212 single crystals. Previous studies
revealed that a hot spot, within which the local temperature
T(r) > T, acts as a shunt resistance inserted parallel to the

Published by AIP Publishing.
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N (of order 103) equivalent 1JJs, which corresponds to the
junction resistance in a resistively shunted junction (RSJ)
model using an equivalent electrical circuit.

In the absence of a hot spot, the emission frequency f
follows the ac Josephson relation, f=2 ev/h, where e and h
are the electronic charge and Planck’s constant, respectively,
and v=V/N is the applied voltage V per number N of active
junctions. In this case, if all Ny of the junctions in the stack
are active in the emission process, and the maximum voltage
that can be applied across the stack is V,,, the maximum
emission frequency would be f* = (2¢/h)Vy, /Nio. The for-
mation of the hot spot causes a reduction in the resultant
voltage per active junction, reducing the maximum radiation
frequency from that value. Moreover, experimental studies
of hot spots have revealed that the position of the hot spot
inside the device structure strongly affects the intensity but
not the frequency of the IJJ-THz emissions.**** In addition,
theoretical studies suggest that the inhomogeneous tempera-
ture distribution in the mesa could be the origin of the THz
emission at the frequency of the most commonly observed
transverse magnetic TM; o EM cavity resonance of the mesa
structure.”""® These experimental and theoretical studies
suggest that the hot spots must produce some effects on the
THz emission characteristics.

Due to these characteristics mentioned earlier, it is evi-
dent that proper heat management to control the Joule self-
heating, and, in particular, to limit the formation of the hot
spot, is crucial in order to obtain high performance device
characteristics. Recently, we proposed a device structure
which efficiently reduces the Joule self-heating characteris-
tics.'**>** The device is constructed from a stand-alone
mesa (SAM) structure, with Au covering both the Bi2212
mesa’s top and bottom, all of which is sandwiched between
two metal-coated sapphire plates. Using this SAM structure
of a disk-shaped Bi2212 device, we succeeded in increasing
the radiation frequency range up to 2.4 THz, which was
higher than in all previous devices.'>*** Very recently,
however, this record was greatly broken with a much thinner
and narrower rectangular Bi2212 device that was cut to pro-
duce two emitters and detectors, and emissions covering the
entire 1-11 THz range were observed."?

Here, we show further progress obtained using our type
of device structure. For most previous non-SAM rectangular
devices, excitation of the TM; , mode, consisting of a half
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wavelength centered across the width of the device, was
commonly observed."?%* In such a device, we found a
device which had excitation of the TM,, mode, with a full
wavelength across the width.*' Here, we applied our sand-
wich structure construction to three essentially identical rect-
angular SAMs, which have a slightly larger common width
than those of rectangular SAMs studied previously. The pre-
sent experimental results clearly show much wider ranges of
radiation frequencies, with possible enhancements at many
higher TM,, ,, cavity mode frequencies. We also compared
the radiation characteristics of the three SAMs, and good
reproducibility of the radiation frequency characteristics was
obtained. The experimental results shown here should be
helpful in the design of 1JJ-THz emitters with strong emis-
sions over desired frequency ranges.

Il. SAMPLES AND EXPERIMENTAL SETUP

High-quality single crystals of Bi2212 were grown by a
traveling-solvent floating-zone method using a modified
infrared-image furnace.””®' The Bi2212 single crystals were
cleaved to obtain both fresh surfaces with a sample thickness
on the order of a few micrometers. Both freshly cleaved sur-
faces were coated immediately with Ag and Au by evapora-
tion in vacuum. The total thickness of the deposited metals is
about 10 to 30nm. Then, the stand-alone mesa structures
were fabricated with an ion milling technique using metallic
masks.'® Further details of the SAM fabrication procedure
using the ion milling technique with metallic masks were
reported previously.”*

A fabricated SAM is then sandwiched between two
disk-shaped sapphire plates, as sketched in Fig. 1(b), onto
which Au metal electrodes were deposited to produce good
electrical contacts on the top and bottom surfaces of the
SAM. The electrodes also provide good thermal contacts to
the thermal bath. The diameter and thickness of the sapphire
plates are 7.0 mm and 0.5 mm, respectively. The thicknesses
and the widths of the deposited metals on the sapphire plates
are 10 to 30nm and 100 to 200 um, respectively. The sap-
phire plates were clamped by four screws in a Cu-plate rig as
sketched in the inset of Fig. 1(a). Finally, a hemispherical Si
lens with 4 mm in diameter was attached to the front sap-
phire plate and held in place with a spacer.>*

The dimensions of the rectangular SAMs shown in Fig.
1(b) are 100 x 410 x 2.7 um>, as estimated by an atomic

FIG. 1. (a) Plots of the temperature
dependences of the c-axis resistances
of the three samples denoted by S1,

Sapphire S2, and S3. The inset is a sketch of the
plates assembled device structure. (b) Optical
photographs of the three samples and a
sketch of a SAM sandwich structure

®) and its surroundings are shown.

Au metallic films
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force microscope and an optical microscope. From the thick-
ness of 2.7 um, the total number of Josephson junctions in
each SAM can be estimated to be Ny, ~1800. The three sam-
ples denoted S1, S2, and S3 shown in Fig. 1(b) were pre-
pared using this method. These SAMs were fabricated from
the same piece of a Bi2212 single crystal. Due to a reassem-
bly after the first assembly, the surface of sample S1 became
slightly dirty.

For measurements of the radiation properties of the
SAMs, we used a “He flow cryostat (CF1104, Oxford
Instruments) for sample cooling, and a Si-bolometer (Infrared
Laboratories) for detecting the emitted THz EM waves. To
determine the radiation frequencies, a Fourier-transform infra-
red (FT-IR) spectrometer (FAIRS-1, JASCO) was used. It is
noted that the FT-IR spectrometer contains three wire grids,
and they were unchanged during the experiments. An FeRh
thermometer was placed on the sample holder inside the “He
flow cryostat to measure the bath temperature, T3, of the sam-
ple. For measurements of the current-voltage characteristics
(IVCs), a dc-voltage source and a standard resistor (10 Q)
were connected in series to supply both V and the correspond-
ing dc-current, /, to the SAM structure. Further details of the
experimental setup for measurements of the radiation proper-
ties were reported previously.?*

lll. EXPERIMENTAL RESULTS

The main panel of Fig. 1 presents the temperature T
dependence of the c-axis resistance of each of the three sam-
ples. At first glance, all three curves appear similar to within
*+20%. However, most of contribution to this variation
appears to be a constant shift, perhaps originating from the
different contact resistances used in the two-terminal mea-
surements. Therefore, we estimate the resistances arising
solely from the SAMs to be nearly the same to within £5%.

Figures 2(a) and 2(b) show the IVCs of the three SAMs
(S1, S2, and S3) obtained at the respective bath temperatures
T, =30 and 60K. In these figures, the components of the
additional resistances, such as those arising from the contacts

J. Appl. Phys. 124, 033901 (2018)

and from the gold thin films, have been subtracted from the
data presented.

At T, = 30K, the three samples show large IVC hystere-
sis loops. The radiation at this temperature is mainly
observed on the return branch of the IVCs in the so-called
retrapping region, as shown in the bottom panel of Fig. 2(a).
The hysteresis of the IVC loop shrinks with increasing bath
temperature, as indicated in Fig. 2(b), the data for which
were obtained at T, = 60 K. Moreover, the radiation intensi-
ties are stronger around this bath temperature, as shown in
the bottom panel of Fig. 2(b).

Some details of the temperature dependencies of the
radiation intensity characteristics are discussed in the follow-
ing. According to previous studies of the surface tempera-
tures of mesa structures,42_45 hot spots appear to be
correlated with the radiation characteristics and are signifi-
cantly suppressed at higher bath temperatures. That is, the
temperature gradient of the sample is smaller at higher bath
temperatures. This effect of a more homogenous temperature
distribution at higher rather than lower bath temperatures
appears also to yield a large enhancement of the radiation
intensity. Furthermore, the radiation intensity is also influ-
enced by the resonances of the tunable ac-Josephson fre-
quency with cavity mode frequencies appropriate for the
SAM rectangular shape. We mainly discuss the radiation
characteristics based upon those resonance conditions further
in Secs. III and IV. However, further studies of the above
factors are needed in order to understand our devices more
precisely.

In order to evaluate the heat management characteristics
of our sandwich structures, we estimated the SAM tempera-
tures very roughly from previous studies of the T dependen-
cies of the c-axis resistances and of the IVCs.'"*' The
sample temperatures at 7, =30K are estimated from the
IVC region of about 4-5V at different bias currents to range
from 40 to 60K . For T, = 60 K, the sample temperatures are
estimated from the IVC region of about 2-3 'V at different
bias currents to be below 70 K. By using this sandwich struc-
ture, the heating of the sample temperature above T, is

50 — ; ' ‘ :
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s2 . e iS2 | TR A
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FIG. 2. The IVCs and the bias voltage dependences of the bolometer output voltages, V oy, of the three SAMs with the same dimensions of 100 x 410 x 2.7
um?® obtained at T, = 30K (a) and 60K (b). (c) T, dependences of I.., I,, V ., and /" = (2¢/h)Vin /Nyo; for sample S3.
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reduced from the heating of mesa structures fabricated on
the surfaces of Bi2212 single crystals.

In general, the characteristic features of a Josephson junc-
tion are reflected in the critical current, /., the return current,
I;, and the maximum applied bias voltage, V,,,, obtained from
the IVCs. Note that the value of V,, is estimated from the
maximum bias voltage of the closed hysteresis IVC loop
obtained by sweeping the applied bias voltage up and down,
as indicated by the arrow in Fig. 2(a). These characteristic val-
ues are estimated roughly from the temperature dependence of
the IVCs and plotted in Fig. 2(c) for sample S3 as an example.
The other two samples also showed similar behaviors. We
also estimated the maximum radiation frequencies f;" from
the value of V,, by using a modification of the ac Josephson
relation expressed as fj" = (2¢/h)(Vin/Niot), Which assumes
the maximum applied voltage V,, is attained when all N, in
each SAM are active in the emissions. The observed tempera-
ture dependence of the radiation frequency characteristics is
well explained by f;", as discussed further in Sec. IIL

Figure 3 shows the bath temperature dependence of the
radiation spectrum observed from the three samples. The
spectra displayed from top to bottom correspond to increas-
ing bath temperature. As explained in Fig. 2, the radiation
was mainly observed on the return branch region of the
IVCs. In this current-voltage region, it is well known that the
number of working Josephson junctions changes in incre-
ments corresponding to small jumps in the applied bias volt-
age. This kind of behavior could result in some amount of
decoherence of the working intrinsic Josephson junctions in
the mesa structure. Such decoherence is indeed seen in the
multiple radiation peaks at the foot of the major radiation
peak, as observed in the lower temperature spectra at 20, 30,
and 50K in Fig. 3. At higher temperatures, the radiation

J. Appl. Phys. 124, 033901 (2018)

spectrum (55-65 K) at the 2nd harmonic frequency denoted
by the black arrows is seen, but it is known to be a ghost sig-
nal arising from the spectrometer characteristics.'?

The largest peak in each of the radiation frequency spectra
observed from the three samples shifts from higher to lower
frequency as the bath temperature is increased. Moreover, the
spectral peak intensities appear to be enhanced over a particu-
lar temperature region. This behavior is observed in a wide
frequency range. These temperature-dependent intensities and
frequencies are consistent with the frequency matching
between a cavity resonance frequency determined by the shape
and the size of the SAM structure and the ac Josephson effect
determined by the applied bias voltage to the 1JJs. It is also
noted here that all of these features are consistent with the
results observed in previous studies.’**

The relationships between the observed radiation fre-
quencies and their spectral peak intensities are displayed in
Fig. 4(a) for the three samples. The symbol color corre-
sponds to the bath temperature in the corresponding far right
bar code. It is clear that the radiation frequency characteris-
tics are very similar for the three samples. As noted above,
higher radiation frequencies are observed at lower bath tem-
peratures. The radiation frequency shifts to lower values as
the bath temperature increases. These characteristics can be
seen very well in Fig. 4(a). In addition, the radiation intensi-
ties show clear peaks at around 0.7 and 1.1 THz, but large
intensities are observed at many frequencies. These overall
enhancements of the radiation intensity can be explained by
considering the excitations of many EM cavity modes, as
discussed in the following.

From the data shown in Fig. 4(a), we plotted the rela-
tionship between the radiation frequencies and the bath tem-
peratures in Fig. 4(b). In this figure, the color and size of the
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FIG. 4. (a) Logarithmic plots of the
spectral peak intensity versus radiation

frequency as measured by the FT-IR

spectrometer for the three samples.
The symbol colors correspond to the
bath temperatures in the far right bar
codes. (b) Plots of the radiation fre-
quency versus the bath temperature
obtained from the same data presented

in Fig. 4(a). The red dashed curves rep-

resent the radiation frequencies esti-
mated from f7" as shown for sample S3
in the bottom panel of Fig. 2(c).

10° 1600
4
10 1200}
10°
ey 800}
10! 400}
310 R S S S % N )
= 200 400 600 800 1000 1200 1400 1600 as) 10
= 10° O 1600
>\. 2
= 10t >
% g 1200
g 10} 2 800
107} g
§ 10! £ 400F
2 10° 0
2 10
10° 1600
4
103 g 1200}
10
0 800}
10! 400}
10° ; ; ; ; i i 24 0
200 400 600 800 1000 1200 1400 1600 10

f(GHz)

symbol indicate the bath temperature and the spectrum peak
intensity, respectively. From this data plot, both the fre-
quency and the intensity of the radiation can be easily seen
to be a strong function of T}, . The hysteresis of the IVC loop
shrinks with increasing bath temperature. Therefore, as
shown in the middle panel of Fig. 2(c), V,, also decreases
with increasing Ty, . According to our modified Josephson
relation 7" = (2¢/h)(Vin/Niot), the maximum radiation fre-
quency, f;", also decreases with increasing T}, . The observed
temperature dependence of the radiation frequency is well
explained by the estimated radiation frequency f;" from V.,
presented in the caption in Fig. 2(c), and this relationship is
displayed by the red dashed curves in Fig. 4(b).

We replotted the relationship between the observed radi-
ation frequency and the applied bias voltage in Fig. 5 using
the same data shown in Fig. 4. The colors correspond to T}
in the bar codes, and the sizes of the symbols correspond to

the spectral peak intensities. The blue dashed lines indicate
the ac-Josephson relation estimated from the thickness of the
mesa structure corresponding to Ny ~ 1800 Josephson junc-
tions. The horizontal red dashed lines indicate the regions
corresponding to different transverse magnetic patch antenna
mode ranges denoted by the lowest TM,, o mode frequencies
for each TM,, ,, mode series with n half-wavelengths across
the mesa widths. Snapshot images of the electric field distri-
bution in the xy-plane oscillating along the z-direction calcu-
lated using patch antenna theory are plotted in Fig. 5 just
below those red dashed lines.

The data plotted on the frequency-voltage plane of Fig.
5 clearly indicate the connection between the radiation fre-
quency and the ac-Josephson relation. Note that the devia-
tions between the blue dashed lines and the observed data
points are attributed to the fact that the number N of working
junctions in the retrapping IVC region is smaller than N.
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FIG. 5. Plots of the radiation frequency versus the applied bias voltage for the data obtained from the three mesa structures. The blue dashed lines indicate the
ac Josephson relation f; = (2¢/h)V /N, where N is assumed to be N, as estimated from the thickness of the SAMs. The red dashed lines indicate the cavity
mode frequencies f, forn=1 to 3 from Eq. (2), as estimated from the common width w of the SAMs. Snapshot images of the corresponding two-dimensional
distributions of the E, component of those three cavity mode waves are also displayed near the red lines.
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The three samples show similar behaviors in this frequency-
voltage plane. The radiation intensities are clearly enhanced
at the TM, mode frequency of ~0.7 THz, but are either
weak or not observed at the commonly observed TM, o
mode frequency of ~0.36 THz. In addition, the radiation
intensities are slightly enhanced at around the TM3, mode
frequency of ~1.1 THz. However, all three samples indicate
radiation at many additional frequencies. In order to confirm
those mode identifications, we need to obtain information
regarding the radiation distribution by measuring the angular
dependence of the emission intensity and polarization in
more detail.

We further note that the radiation from sample S2 is the
strongest at around 0.6 THz, which deviates slightly from the
calculated TM, o mode frequency. Although we tried to mea-
sure the radiation spectrum as many different IVC bias
points as possible, it was experimentally difficult to measure
the radiation spectra at all bias voltage points and bath tem-
peratures. In addition, it is still not clear how strongly the
structures such as the thin gold films and sapphire substrates
surrounding the SAMs contribute to the observed output fre-
quencies. These structures should contribute to the cavity
resonance frequencies. Future studies are needed to clarify
the details of these effects.

IV. THEORETICAL CONSIDERATIONS

Nevertheless, it is possible to further analyze the possi-
ble cavity mode excitations by including the full symmetry
of the rectangular point group C,,. For a thin rectangular
device structure of width w and length ¢, the normalized TM
wave functions ¥, (x,y) for the magnetic vector potential
A, (and the electric field E.) of the cavity modes satisfying
the Neumann boundary conditions (with vanishing normal
derivatives on each of the boundaries®>**®) may be written as

Wom(x,y) = icos (nmx/w) cos (mmy/ ), €))

Vwl

where for simplicity we take the lower left and upper right
corners of the rectangle to be, respectively, at the origin and
at the point (w, £). For a rectangular microstrip antenna, all of
the TM,,,,, modes are one-dimensional representations of the
C, point group,®® and therefore have fixed nodal line posi-
tions during the amplification process of a resonance.’®%>8¢
The frequencies f; . of the resonant cavity modes are then
easily found to be®

c & 2 2
nm 21’lr (n/w) + (m/é) ) (2)

where ¢ is the speed of light in vacuum and n, ~ 4.2 is the
index of refraction for samples with thicknesses on the order
of 1 um or greater, as found previously. In past experiments,
no emission was observed for f <f,;~ 0.3 THz, the
Josephson plasma frequency for Bi2212 samples at least
1 pum thick. The calculated resonance frequencies for all
modes in the observed range 0.35 < f < 1.6 THz are listed
in Table I. To distinguish small differences between some
mode frequencies, we set n, = 4.20 in this table. Note that

J. Appl. Phys. 124, 033901 (2018)

TABLE 1. Calculated transverse magnetic cavity mode frequencies f; , in
THz in the observed range 0.35THz < f < 1.6 THz for a thin rectangular
device with w =100 um, { =410 um, and n, =4.20.

m fom fim Fom Fim Jim
0 0.357 0.714 1.07 1.43
1 0.367 0.719 1.08 1.43
2 0.397 0.735 1.09 1.44
3 0.442 0.760 1.10 1.45
4 0.348 0.499 0.794 1.13 1.47
5 0.436 0.563 0.836 1.16 1.49
6 0.523 0.633 0.885 1.19 1.52
7 0.610 0.706 0.939 1.23 1.55
8 0.697 0.782 0.998 1.28 1.59
9 0.784 0.861 1.06 1.33

10 0.871 0.941 1.13 1.38

11 0.958 1.02 1.20 1.44

12 1.05 1.10 1.27 1.50

13 1.13 1.19 1.34 1.56

14 1.22 1.27 1.41

15 1.31 1.35 1.49

16 1.39 1.44 1.56

17 1.48 1.52

18 1.57

according to our previous studies, the excitation modes along
the width of the rectangular mesa structure, i.e., the TM, ¢
modes, are commonly observed for rectangular mesa struc-
tures. However, excitations of TM, ,, modes with m # 0
appear also to be active in the present studies, and modes
with n=0 with 4 < m < 18 also lie in this range, and cannot
be excluded from consideration in the absence of angular
distribution and polarization studies.

In Figs. 6-8, we present contour plots of snapshot
images of some representative electric field wave functions
of the TM,, ,, modes present in Table I. In each of these fig-
ures, the red and blue regions correspond, respectively, to
the most positive and negative snapshot values, and the thick
black lines are fixed wave function nodes. For a general
TM,, m mode, the wave function given by Eq. (1) has n nodes
across the width and m nodes along the length. In Fig. 6,

(a)
0.8
0
C
0.8

FIG. 6. Contour plot snapshot images of the two-dimensional distributions
of the E, component of three representative TMy,, cavity modes with
m=4, 8, 12. The darkest red and blue regions are the most positive and neg-
ative in value, and the thick black lines are nodes. The color code is in units
of 1/w with {=4.1w and adjacent colors differ by 0.2/w. (a) TMo4, (b)
TMy 5, and (c) TMj ;5.
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three observable (i.e., exceeding f,,)) TM , mode wave func-
tions with m =4, 8, and 12 are pictured. In Fig. 7, four repre-
sentative TM; ,, modes with m=0, 1, 2, and 5 are shown.
We note that the predicted TMy4 mode at 0.348 THz pic-
tured in Fig. 6(a) is nearly degenerate with the usually
observed TM; o mode (at 0.357 THz) pictured in Fig. 7(a) for
this particular w/¢ ratio. Either or both of these modes and/or
possibly the TM; ; mode at 0.367 THz pictured in Fig. 7(b)
may correspond to the two points lying below the lowest hor-
izontal red dashed line of the data observed from sample S2
pictured in Fig. 5. They might be distinguishable by compar-
isons of detailed angular distribution studies of the radiation
with calculated predictions, as was done previously.”’
However, precise mode wave function determination from
such comparisons can be difficult to make unless the intensi-
ties from the cavity mode emissions greatly exceeds that
from the uniform Josephson current source.”>’®”® We fur-
ther note that the very strong emission from sample S2 near
to 0.60 THz could correspond to either the TMy; or TM, ¢
modes that are predicted from Eq. (2) to emit at 0.610 and
0.633 THz, respectively. Such modes also appear to be prom-
inent outputs from sample S1, as seen in the left panel to Fig.
5. Possible evidence for the excitations of the TMyg and
TM, 7 modes at 0.696 and 0.706 THz, respectively, is present
in the data obtained from all three samples. A snapshot
image of the TMy g mode is pictured in Fig. 6(b). We note
that if these tentative assignments are correct, some of the
data presented in Fig. 5 would be the first evidence of emis-
sions from waves solely along the length of rectangular
Bi2212 devices.

In Fig. 8, the four representative TM, ,,, wave functions
with m=0, 1, 2, and 5 are shown. We note that sample S2
appears to show considerable emissions from either the TM, ,,,
modes with m =0 to 7 or the TM, ;;, modes with m =7 to 10.
All three samples show some emissions from the TMj
modes with m =0 to 13, and possibly from the TM,4 ,,, modes
with m =0 to 8. But such emissions are relatively weak.

This enhancement of the higher cavity mode excitations
for T, ~ 60K is attributed to the significant reduction in the

(2)

FIG. 7. Contour plot snapshot images of the two-dimensional distributions
of the £, component of four representative TM, ,,, cavity modes with m =0,
1,2, and 5. The darkest red and blue regions are the most positive and nega-
tive in value, and the thick black lines are nodes. The color code is in units
of 1/w with /=4.1w and adjacent colors differ by 0.2/w. (a) TM,, (b)
TM, 1, (c) TM, ,, and (d) TM 5.
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(c) (d

(a)

e
|‘ | i

FIG. 8. Snapshot images of the two-dimensional distributions of the £, com-
ponent of four representative TM, ,,, cavity modes with m=0, 1, 2, and 5.
The darkest red and blue regions are the most positive and negative in value,
and the thick black lines are nodes. The color code is in units of 1/w with
¢=4.1w and adjacent colors differ by 0.2/w. (a) TM,, (b) TM, j, (c) TM;,
and (d) TM, 5.
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Joule self-heating of the mesa devices due to their overall
sandwich structure. We compared the data obtained from the
three samples at the same bath temperature. For these sam-
ples, higher bias voltages can be applied to the mesa devices
than were possible with previous conventional device struc-
tures supported by superconducting Bi2212 substrates. The
new data suggest that the V,,, — T}, curve is determined by the
dimensions of the mesa structures, the doping level of the
Bi2122 single crystals, the cooling power of the measure-
ment system, and the heat reduction capability of the device
structures. This V,, -T, relationship is very important in order
to obtain strong enhancement of the radiation intensity at
particular cavity mode frequencies. According to the experi-
mental results presented here, it is possible to obtain the
strongest radiation with a desired frequency by adjusting V,,,
to match a particular TM,, , mode depending on the shape
and size of the mesa. This allows one to select the excitation
modes with the desired frequency ranges and to design high-
powered 1JJ-THz emitters.

V. CONCLUSIONS

In conclusion, we have studied the radiation frequency
characteristics of three rectangular mesa structures with the
same dimensions of 100 x 410 x 2.7,um3, each fabricated
from the same piece of a single crystal of the high-T, super-
conductor Bi,Sr,CaCu,0g, 5. The observed radiation intensi-
ties appear to be enhanced at the TM,, ,,, modes considerably
higher in frequency than the TM; , mode seen in most previ-
ous emissions from rectangular samples of that material. Not
only are emissions corresponding to the TM,, and TM;
modes probably observed, emissions at the TM; ;,, TM,
and TM; ,, modes appear to have been observed for high m
values, and possible emissions of the TM,,, modes for
m >4 up to at least 8 or higher may also have been observed.
If true, this would be the first report of the excitations of cav-
ity modes with the waves along the lengths of the rectangular
devices. The emission characteristics of the three samples
are very similar. In addition, the observed temperature
dependence of the radiation frequencies are well explained
by the maximum applied bias voltage to the mesa devices.



033901-8 Kashiwagi et al.

The excitation of higher cavity modes and the good repro-
ducibility of the radiation characteristics are thought to origi-
nate from the reduction of the Joule self-heating of the mesa
devices obtained from the device sandwich structure
described here. The information obtained in the present study
should prove helpful and important for the development of
well-characterized THz emitters with higher power at the
desired frequency ranges.
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