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Abstract

Impedance matching and heat management are important factors influencing performance of THz
sources. In this work we analyze thermal and radiative properties of such devices based on mesa
structures of a layered high-temperature superconductor Bi;SrpCaCu;0g,s5. Two types of devices
are considered, containing either a conventional large single crystal, or a whisker. We perform nu-
merical simulations for various geometrical configurations and parameters and make a comparison
with experimental data for the two types of devices. It is demonstrated that the structure and the ge-
ometry of both the superconductor and the electrodes are playing important roles. In crystal-based

devices an overlap between the crystal and the electrode leads to appearance of a large parasitic



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

capacitance, which shunts THz emission and prevents impedance matching with open space. The
overlap is avoided in whisker-based devices. Furthermore, the whisker and the electrodes form a

turnstile (crossed-dipole) antenna facilitating good impedance matching. This leads to more than
an order of magnitude enhancement of the radiation power efficiency in whisker-based, compared

to crystal-based devices. These results are in good agreement with presented experimental data.

Keywords
Terahertz sources; Josephson junctions; High-temperature superconductivity; Numerical mod-

elling;

Introduction

Low radiation power efficiency is a key problem of terahertz (THz) sources of electromagnetic
waves (EMW), colloquially known as “the THz gap" [1]. Tunable, monochromatic, continuous-
wave (CW), compact and power-efficient THz sources are required for a broad variety of applica-
tions [1]. However, their radiation power efficiency (RPE) is rapidly decreasing with decreasing
frequency. Despite a remarkable progress achieved by semiconducting quantum cascade lasers
(QCLs) [2,3], their RPE drops well below a percent level at low THz frequencies [4-6]. Further-
more, operation of QCL is limited by thermal smearing of quantum levels, which becomes signif-
icant at frequencies f < kpT/h, where kp and h are Boltzmann and Planck constants and 7 is
the operation temperature. For room temperature, 7 = 300 K, this frequency is f ~ 6.25 THz.
QCL’s have to be cooled down in order to operate at significantly lower primary frequencies [4-6].
Although room temperature operation of QCL’s at low frequencies can be achieved via mixing and
down conversion of the higher primary frequency, this comes at the expense of a dramatic reduc-
tion of RPE [2,3,5,7,8].

Layered high-temperature superconductor Bi; Sr,CaCu,0g,s (Bi-2212) may provide an alterna-
tive technology for creation of cryogenic THz sources [9-21]. Bi-2212 represents a natural stack of
atomic scale intrinsic Josephson junctions (1JJ’s) [22-25]. Josephson junctions have an inherently

tunable oscillation frequency, f; = (2e/h)V, where e is electron charge and V is the bias voltage
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per junction. The frequency is limited only by the superconducting energy gap, which can be in ex-
cess of 30 THz for Bi-2212 [26,27]. A broad range tunability of emission in the whole THz range
1 — 11 THz has been demonstrated from small Bi-2212 mesa structures [14].

Operation of Josephson emitters is limited by two primary obstacles: self-heating and impedance
matching. Josephson devices stop operating when their temperature exceeds the superconducting
critical temperature 7. Self-heating in Bi-2212 mesa structures has been intensively studied [27-
36]. Although T, of Bi-2212 may be quite high, up to =~ 95 K [27], self-heating is substantial due
to a low heat conductance of superconductors. Self heating limits the maximum bias voltage that
can be reached without critical overheating of the mesa and, therefore, the maximum achievable
frequency and the emission power. Furthermore, as pointed out in Ref. [37], self-heating creates

a general limitation for the maximal achievable emission power for any cryogenic device (not only
superconducting). Taking into account the limited cooling power of compact cryo-refrigerators
(sub-Watt at low T), a device with RPE ~ 1% would not be able to emit significantly more than 1
mW. Therefore, larger emission power from cryogenic sources may only be achieved via enhance-
ment of RPE. The maximum achievable RPE is 50% in the case of perfect matching of the device
microwave impedance with that for open space [38]. However, the reported RPE of Bi-2212 THz
sources is much smaller [14] due to a significant impedance mismatch. Therefore, improvement
of THz sources requires proper design of cooling elements to handle self-heating, and impedance
matching microwave antennas, to improve RPE.

In this work we analyze design aspects of THz sources based on Bi-2212 mesa structures. Ther-
mal and radiative properties are studied for two types of devices containing either a conventional
large single crystal, or a whisker. We present numerical simulations for various geometrical con-
figurations and parameters and make a comparison with experimental data. It is demonstrated that
the structure and the geometry of both the superconductor and the electrodes are playing important
roles. Electrodes provide an effective heat sink channel and help in reduction of self-heating. They
also influence radiative properties. However, this influence is opposite for crystal-based (worsen)

and whisker-based (improve) devices. The superconductor geometry is also crucial. Devices based



7 on large crystals suffer from a large parasitic capacitance at the overlap between the crystal and

7o the electrodes. It prevents good impedance matching and reduces RPE. The overlap is avoided in
s Whisker-based devices. Moreover, the whisker itself, together with electrodes, forms a turnstile

s1  (crossed-dipole) antenna, facilitating good impedance matching. We show that this leads to more
&2 that an order of magnitude enhancement of RPE, compared to crystal-based devices. Those re-

s sults are in good agreement with experimental data, which demonstrate that THz emission from

s« whisker-based device is much larger than from crystal-based devices with the same geometry.

» Experimental results
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Figure 1: Optical images of (a) whisker and (b) crystal-based devices with similar electrode ge-
ometries. (c) A sketch of both devices. Panels (d) and (e) show Current-Voltage characteristics
of mesa structures on (d) whisker and (e) crystal-based devices. (f) On-chip generation-detection
experiment for the crystal-based device. Here an ac-resistance of the detector mesa is shown as

a function of the total dc-dissipation power, Py, = IV, of the generator mesa, corresponding to
the /-V in (e). The monotonous increment of Ry, at large Pg., corresponds to self-heating. The
(small) non-monotonous detector response at Py., < 1.5 mW is due to THz emission from the
generator mesa.

s Figures 1 (a) and (b) show optical images of two studied devices. They have a similar geometry

&7 and were fabricated using the same procedure. The main difference is that the device in (a) is made
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using a whisker; and in (b) using a conventional large single crystal. Panel (c) shows sketches of
both devices. Bi-2212 whiskers have typical aspect ratios 100:10:1 in a, b, and c crystallographic
directions [39]. Our whiskers have typical dimensions of several hundreds of microns in a, 20 —
40 pum in b and just few um in c-axis direction. In case (b) a big conventional single crystal is used
with sizes of almost a mm? in the a — b plane and several hundreds of micrometers in the c-axis
direction.

The fabrication process starts by gluing a corresponding crystal on a 5 x 5 mm? sapphire substrates
using an epoxy glue. The crystal is cleaved at ambient conditions. After that the sample is immedi-
ately put into a deposition chamber and a protective gold layer ~ 60 — 80 nm is deposited to avoid
surface passivation. Next, a line pattern in photoresist is made with the length 100 — 200 um and
the width 5 — 15 um on a flat portion of Bi-2212 surface, followed by Argon ion etching of unpro-
tected parts of Au and Bi-2212, deposition of insulating SiO, or CaF, layers and a lift-off of the
photoresist at the line. The depth of Bi-2212 etching at this stage (d ~ 200 — 400 nm) defines the
height of mesas and the number of 1JJ’s in the device, N = d/s, where s ~ 1.5 nm is the interlayer
spacing between double CuO layers in Bi-2212. After that top metallization Ti/Au layer with the
total thickness ~ 200 nm is deposited. Finally several electrodes, crossing the line in a perpendic-
ular direction, are made by photolithography and Ar-ion etching. Mesa structures are formed at the
overlap between the line and the electrodes, as indicated in Fig. 1 (a).

Figs. 1 (d) and (e) show current-voltage (/-V') characteristics of mesas at whisker and crystal-based
devices, respectively. The /-V’s are fairly similar. They contain multiple branches due to one-by-
one switching of 1JJ’s from the superconducting to the resistive state. The number of junctions is

~ 200 for the whisker and ~ 300 for crystal mesas. Both the Bi-2212 crystal and the whisker have
similar suppressed 7, ~ 65 — 70 K and low critical current densities of 1JJs in the mesas, J. ~ 100
A/cm?. This indicates a strongly underdoped state of Bi-2212 [40].

Radiative properties of our whisker-based devices were analyzed in Ref. [37]. A significant EMW

emission at f ~ 4.2 THz with a record-high RPE reaching 12% was reported. The emission occurs
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at the step in the /-V, marked in Fig. 1 (d). To avoid repetitions we address the reader to Ref. [37]
for details.

In Fig. 1 (f) we show results of in-situ THz generation- detection experiment on the crystal-based
device from Fig. 1 (b). We follow the procedure developed in Ref. [14], where details of the tech-
nique can be found. We use the mesa with the /-V shown in Fig. 1 (e) as a generator, and an-

other mesa nearby as a switching current detector. The detector mesa is biased by a small ac-
current and the generator by a dc-current in the same range as in Fig. 1 (e). Fig. 1 (f) shows the
ac-resistance of the detector mesa, Rz, as a function of the dissipation power in the generator
mesa, Py., = IV. Itis anticipated that self-heating is monotonous (approximately linear) with
dissipation power, while the emission is nonmonotonous [14,37] because it occurs at certain bias
voltages, corresponding to geometrical resonances in the mesa [14,23,25]. From Fig. 1 (f) it can
be seen that there is a general trend for monotonous increment of Ry, with increasing P,,;, which
is the consequence of crystal heating. On top of it there is a small non-monotonous signal at 0.5
mW < Pg., < 1.5 mW, which can be attributed to THz emission. This is qualitatively similar to
results reported earlier for small mesas on crystal-based devices [14]. For whisker-based mesas the
ratio of emission to self-heating responses is quantitatively different: The emission peak Rge:(Pger)
is much larger than the monotonous self-heating background (see Fig. 2 (a) in Ref. [37]). Since
the dissipation power is similar for both devices (see Fig. 3 (f) in Ref. [37]), this indicates a much

larger RPE in the whisker-based device.

Numerical results

To understand the reported difference between crystal and whisker-based devices and to suggest
possible optimizations of THz sources, we performed numerical modelling using Comsol Multi-
physics. Below we present simulations of thermal and radiative properties calculated using Heat

Transfer and RF modules, respectively.
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Modelling of heat transfer

Generally, analysis of self-heating in Bi-2212 mesas is a complex non-linear problem [27,29-31,33,
35]. Simulations presented below are made for the base temperature 7y = 10 K and for sizes similar
to the actual devices, shown in Fig. 1: substrate size 5 X 5 X 0.3 mm3, crystal size 1 X 1 X 0.3 mm>,
whisker size 300 x 30 x 3 um?® and mesa size 30 x 30 x 0.3 um?>. Epoxy layer beneath the Bi-2212
crystal is 1 um thick. The monocrystalline sapphire substrate has a very good thermal conductivity,
k, at low T. The substrate is well thermally anchored with the boundary condition at the bottom
surface T = Ty. Due to the good thermal conductivity, the temperature variation in the substrate

is negligible and we may neglect its k(T) dependence. Therefore, we use x = 3000 W/K~'m™!

for the sapphire substrate at 7 ~ 10 K [41]. To the contrary, the epoxy used for gluing Bi-2212
crystals, has a poor heat conductance at low 7. We do not consider its 7-dependence because it
acts just as a heat blocking layer, which we assume to have x = 0.0025 W/K~'m~!. On the other
hand, it is necessary to take into account actual «(7') dependencies for the other two materials, Bi-
2212 and polycrystalline gold electrodes. At low T both have linear «(7). For Bi-2212 we assume
k(T) = 0.1 T(K) W/K'm™! [42] with an anisotropy kp/k. = 8 [43]. For a polycrystalline gold
thin film we use «(T) = 3 T(K) W/K~'m~! [31]. The heat is introduced via a dissipation power of
1 mW with a constant density in the mesa volume.

Figure 2 represents heat-transfer simulations for a whisker without an electrode. Panels (a) and (b)
show sketches of the device and the x-z cross-section through the mesa (not in scale). Figs. (c-e)
show the temperature distribution for the case when the sample is placed in vacuum: (c) top view,
(b) x-z cross-section through the mesa (stretched by a factor 3 in the vertical direction), and (e) 7-
distribution in the mesa (stretched by a factor 50 in the vertical direction). In this case the heat can
only sink into the substrate. As seen from Fig. 2(d), the epoxy layer between the substrate and the
whisker blocks heat flow into the substrate and causes a substantial heating of the whole whisker
with the maximum temperature in the center of the mesa reaching 7y, = 85.2 K. Figs. 2(f-h) show
simulations for the same device in the exchange “He gas. Clearly, it helps to cool down the device,

although self-heating still remains substantial, 7,,,,, = 56.7 K.
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Figure 2: Heat transport in a whisker-based device without electrodes. (a) A sketch of the device
and (b) a cross-section through the mesa (not in scale). (b-e) Calculated temperature distribution
for the device in vacuum. (f-h) The same for the device in exchange He gas.

Figure 3 represents simulations for the whisker-based device with the top Au electrode. Outside the
whisker the electrode is in a direct contact with the sapphire substrate (no epoxy). This creates a
good thermal sink and, as a result, T}, falls to ~ 23 K. Addition of the exchange gas doesn’t play a
major role in this case because the main heat sink channel is provided by the electrode, acting as a
heat spreading layer [28].

Figure 4 shows temperature distribution in a crystal-based device in vacuum (a) without electrodes
and (b) with electrodes. The main difference is that unlike in the whisker-device, Fig. 2, there is no
major temperature jump in the epoxy layer between the crystal and the substrate. This occurs be-
cause the heat resistance of the epoxy layer is inversely proportional to the total in-plane x-y area.
Due to a much larger crystal area this heat resistance is negligible, despite a poor heat conductivity
of epoxy. Adding an electrode and He exchange gas further reduces self-heating, but their effect

is not as profound as for the whisker-device, Fig. 3, due to the effective heat sink channel into the
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Figure 3: Heat transport in a whisker-based device with an electrode. (a) A sketch of the device
and (b) a cross-section through the mesa (not in scale). (b-e) Calculated temperature distribution
for the device in vacuum. (f-h) The same for the device in exchange He gas.

substrate. Of course, the effectiveness of this channel depends on the thickness of the epoxy layer.
In simulations above we assumed a fixed thickness of 1 um both for the whisker and the large crys-
tal. However, in reality the thickness depends on the quantity of applied epoxy. Significantly larger
quantities are required for gluing large crystals, which, due to capillary forces, results in a larger
thickness of epoxy. Concurrently thinner than 1um epoxy layers can be achieved for gluing tiny
whiskers. Therefore, the extent of self-heating in our simulations, Figs. 2, 3 and 4, is only indica-

tive. For a real device it will depend on the actual geometry, sizes and thicknesses.

Modelling of radiative properties

For calculation of THz properties, a mesa (the source) is modelled as a lumped port with a fixed

voltage amplitude. Unlike the heat transfer problem, this problem is linear so that the results di-
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Figure 4: Heat transport in a crystal-based device in vacuum (a) without electrodes, (b) with elec-
trodes. Left panel represent top views, middle panels - the x-z cross-section through the mesa, and
right panels the mesa (expanded by factor 50 in z-direction).

rectly scale with the source amplitude. To simplify the perception, we use the amplitude of 1 Volt.
Simulations are made in a sphere with the radius, R, which is chosen to be at least two times larger
than the largest device size and the wavelength in vacuum. A perfectly matching layer with the
thickness 0.1 R is added outside the sphere to avoid reflections. We checked that the presented re-
sults do not depend on R and, therefore, properly describe far-field characteristics.

Figure 5 represents radiative characteristics for three device geometries, sketched in the leftmost
panels: (a) a mesa (red) on a large crystal (black) with an attached metallic electrode (yellow),
mounted on a dielectric substrate; (b) a mesa on a large crystal with a capping metallic layer,
without electrode; (¢) a mesa on a thin whisker (black) with an attached electrode. Simulations
are performed for f = 1 THz and the sizes are selected relative to the wavelength in vacuum,

A1 = 300 um: the substrate and the in-plane crystal size, whisker and electrode lengths are

A1/2 = 150 um; the substrate height is 41 /4 = 75 um; the in-plane mesa size, whisker and

electrode widths are 1;/8 = 37.5 um; the crystal height is 1;/10 = 30 pum; mesa and whisker

10
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Figure 5: Simulated radiative properties at f = 1 THz for (a) crystal based device, (b) crystal-
based device without electrodes, and (c) whisker-based device. Left panels show sketches of de-
vices; middle panels - electric field amplitudes in the x-z cross-section through the mesa; right pan-
els represent radiation patterns for the electric field amplitude in the far-field (outside the simula-
tion sphere). Note a strong field concentration between the crystal and the electrode in (a).

heights, the electrode thickness is 1;/100 = 3 um; the simulation sphere radius R = 24; and

the perfectly matching layer thickness 0.2 A;. The sizes and parameters are chosen to be similar
(but not identical) to studied samples in order to optimize the mesh size and the calculation time.
Therefore, such simulations serve for a qualitative illustration of the difference between crystal and
whisker-based devices and the role of the electrodes. Electrode and whisker conductivity is set to
~ 6 x 10° (Qm)~! and relative dielectric permittivity of the substrate €, = 10. Dielectric losses are

not considered, tan(8) = 0. Middle panels in Fig. 5 show local distributions of electric field ampli-

tudes in the x — z cross-section, going through the mesa. The same color scale is used, indicated in

11
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the middle panel of Fig. 5 (b). Rightmost panels represent far-field radiation patterns (directional-
ity diagrams) of the electric field amplitude outside the simulation sphere.

From comparison of middle panels in Figs. 5 (a) and (c) it can be seen that the electric field distri-
bution is significantly different. In the crystal-based device the field is locked between the electrode
and the crystal. This occurs because the electrode is laying on top of the crystal, forming together

a parallel plate capacitor. The field is trapped inside this capacitor and does not go neither in the
substrate, nor open space in the top hemisphere (with exception of small stray fields). If we take a
realistic specific capacitance Cy ~ 1 fF/um? and electrode area 37.5x 150 um?, we obtain for f = 1
THz that the capacitive impedance is very small |Z¢| = 1/27fC =~ 0.03 Q, much smaller that the
wave impedance of the free space, Zp = \/m ~ 377 Q. This leads to trapping of EMW in the
electrode/crystal capacitance, which shunts open space and prevents emission.

To the contrary, for the whisker-based device, Fig. 5 (c), the field goes out of the mesa as can be
seen from the brighter overall tone of the pattern in the middle panel. The EMW propagation is
particularly well seen in the bottom hemisphere due to formation of a standing wave pattern in

the substrate. It is induced by reflections at the substrate/vacuum interfaces caused by a signifi-
cant difference in refractive indices. Emission of EMW is associated with a cross-like structure of
the whisker device, as sketched in the leftmost panel of Fig. 5 (c). It obviates direct overlap of the
whisker and the electrode and prevents appearance of the large parasitic capacitance. This cross-
like structure resembles the turnstile (crossed-dipole) antenna geometry, which facilitates good
impedance matching with open space.

The difference between crystal and whisker-based devices is also reflected in the far-fields charac-
teristics, shown in the rightmost panels of (a) and (c). The maxim field amplitudes, E,,,,, marked
in bottom right corners, are significantly different: 0.13 V/m for crystal and 0.69 V/m for whisker-
based device. Since the emitted power is proportional to E2 ., the RPE of the whisker-based de-
vice is almost 30 times larger than for the crystal-based. This indicates a good impedance matching
of the whisker device and a poor matching for the crystal device. To further demonstrate the detri-

mental role of the parasitic electrode/crystal capacitor, in Fig. 5 (b) we considered the case with a

12
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mesa on a crystal without electrode and only with the capping top layer on the mesa. Such configu-
ration is relevant for large mesas, contacted by a bonding wire [9]. Remarkably, the far-field emis-
sion is larger, E,,qr = 0.19 V/m, in the absence of the electrode. This clearly shows that the elec-
trode on top of the crystal does not help in impedance matching. To the contrary, it makes things

worse due to formation of the large parasitic capacitance, shunting the EMW.

E,..=0.13 V/m

(b) Whisker, 1 THz

" 013 0.69
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Figure 6: Variation of radiative properties with increasing dielectric losses tan(§) = 0 (top row),

1 (middle row), and 2 (bottom row) for (a) crystal-based (two leftmost columns) and (b) whisker-
based devices (two rightmost columns). Simulations are made at f = 1 THz. Note a rapid suppres-
sion of the far-field amplitudes in crystal-based devices.

Simulations presented in Fig. 5 are made for ideal dielectrics with zero dielectric losses, tan(d) =
0. The detrimental role of the parasitic crystal/electrode capacitance becomes much more pro-
nounced if we take into account dielectric losses, which can be significant at THz frequencies. In
Figure 6 we show variation of radiative properties of (a) crystal-based and (b) whisker based de-
vices upon increasing dielectric losses in the insulating layer between the crystal and the electrode
for crystal-based device and substrate and electrode for whisker-based device: tan(§) = 0 (top),

tan(6) = 1 (middle), and tan(6) = 2 (bottom row of panels). It is seen that for whisker-based
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device dielectric losses only slightly reduce E,,,, from 0.69 V/m for tan(é) = 0 to 0.55 V/m for
tan(0) = 2. For crystal-based device the relative reduction is significantly larger, from 0.13 V/m for
tan(6) = 0 to 0.06 V/m for tan(d) = 2. As a result, the ratio of RPE for whisker and crystal devices
increases from ~ 28 for tan(8) = 0, to ~ 39 for tan(6) = 1 and ~ 84 for tan(é) = 2. Thisisa
direct consequence of electric field concentration in the parasitic crystal/electrode capacitance of

crystal-based devices.

Discussion

Josephson oscillators can provide unprecedented tunability in the whole THz range at a primary
frequency [14]. However, being cryogenic devices, they are susceptible to self-heating, which lim-
its both the achievable frequency range and the emission power. As pointed out in Ref. [37], the
maximum emission power is limited by the cooling power of the device and the radiation power

efficiency:

PTHz < Pcooling X RPE. (1)

Enhancement of the effective cooling power requires implementation of special cooling elements at
the device. Despite a significant progress in this direction [10,12,13,32,33,35,44], it is unlikely that
a single emitter would be able to sustain the dissipation power above few tens of mW. The tolerable
dissipation power can be significantly enhanced by spreading it between several smaller emitters
[10,19] because smaller mesa structures are less prone to self-heating [14,27,28,30]. Such a strat-
egy has been successfully proved for arrays of Josephson junctions [45-47], for which coherent
emission from up to 9000 synchronized junctions was reported [46]. Yet, the ultimate dissipation
power is limited by the cooling power of the cryostat itself. For compact cryorefrigerators it is in
the range of 100 mW. As follows from Eq. (1), the source with RPE= 1% (which is good for THz
sources) would not be able to emit more than Pry, = 1 mW. Therefore, further enhancement of

the emission power requires enhancement of RPE. This in turn requires proper microwave design to
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facilitate impedance matching with open space. The maximum RPE in case of perfect matching is
50% [38], implying that up to 50 mW emitted THz power could be achieved.

Above we considered design aspects of THz sources, which contribute to obviation of self-heating
and improvement of impedance matching. Several geometries of Bi-2212 devices were analyzed. It
is shown that geometries of both the Bi-2212 crystal and the electrodes are playing important roles.
Their effect, however, depends on the device type.

For crystal-based devices (using large crystals ~ 1 mm? in the ab-plane, see Fig. 1 (b)) the size
of the crystal is playing opposite roles in device operation. On the one hand, a large ab-plane area
helps to spread heat into the substrate and reduces self-heating of the device, as seen from Fig. 4.
On the other hand, it leads to a large overlap area between the crystal and the top electrode. This
creates a large parasitic capacitance that shunts THz emission and suppresses RPE.

In whisker-based devices the situation is different. Here the electrode provides the main heat sink
channel, as shown in Fig. 3. The cross-like geometry prevents an overlap between the whisker and
the electrode, thus obviating the parasitic capacitance. Furthermore, the long whisker and the elec-
trode act as two arms of the crossed dipole (turnstile) antenna, facilitating good impedance match-
ing with open space.

The role of the substrate is also different. In crystal-based devices the large superconducting crys-
tal screens the EMW, so that there is practically no field in the substrate, see Figs. 5 (a) and (b). In
this case the substrate does not influence radiative properties. To the contrary, for whisker-based
device a significant fraction of EMW is going into the substrate due to its larger dielectric constat.
The difference of dielectric constants of the substrate and vacuum leads to internal reflections and
formation of standing waves in the substrate, see Fig. 5 (c). Therefore, the substrate acts as a di-
electric resonator and may strongly affect the radiation pattern of the device.

Presented numerical simulations provide a qualitative explanation of the reported difference in ra-
diative properties of whisker and crystal-based devices, shown in Figs. 1 (a) and (b). They explain

why RPE of whisker-based devices is much larger (by more that an order of magnitude, as follows
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from Fig. 6). Those conclusions are in agreement with experimentally reported RPE, which is in

the range of < 1% for crystal-based [10,14] and up to 12% for whisker-based [37] devices.

Conclusions

To conclude, intrinsic Josephson junctions in layered high-temperature superconductor Bi-2212 can
provide an alternative technology for creation of tunable THz sources. In this work we analyzed
two main phenomena that limit performance of such devices: self-heating and low RPE caused

by impedance mismatching. We presented numerical simulations of thermal and radiative proper-
ties of Bi-2212 THz sources based on conventional large single crystals and needle-like whiskers.
Simulations are performed for various geometrical configurations and parameters. A comparison
with experimental data for crystal and whisker-based devices is made. It is demonstrated that the
structure and the geometry of both the superconductor and the electrodes are playing important
roles. Crystal-based devices suffer from a large parasitic capacitance due to an overlap between the
crystal and the electrodes. This prevents good impedance matching and reduces RPE. The over-
lap is avoided in whisker-based devices. Moreover, the whisker and the electrodes forms a turnstile
(crossed-dipole) antenna facilitating good impedance matching with open space. Our simulations
demonstrate that this may enhance the radiation power efficiency in whisker-based devices by more
than an order of magnitude compared to crystal-based devices, which is consistent with the experi-

mental data.
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