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The rapid increase in applications of terahertz waves requires new techniques to obtain continuous wave
terahertz sources. Mesa structures fabricated from high-T. superconductor Bi,SryCaCu,0g.5 (Bi2212)
single crystal have been observed as an intense, coherent, continuous electromagnetic wave source in the
terahertz (THz) frequency region. However, in order to produce coherent radiation with high applicable
power, we need large mesa structures that enter a collective electromagnetic state in which their os-
cillations are largely synchronized in phase. On the other hand, large mesa structures cause a heating
problem. In this study, we report on the critical current density dependence of mesa area and the crystal
inhomogeneity to understand heating problems in large area mesas for terahertz radiation. Since the
doping dependence of Bi2212 is an important parameter, the as-grown Bi2212 crystals were heat-treated
at various temperatures under vacuum conditions. We have fabricated triple mesa structures from
Bi2212 single crystal using e-beam lithography and argon ion beam etching techniques with same area
and with different area on the same chip. We investigated and compared characteristics of triple mesas
which are on the same chip and next to each other. In this way, we searched the crystal inhomogeneity in
triple mesa structures and studied the critical current density dependence of mesa area to obtain high
emission power for the THz radiation. Our experimental results clearly show that the Josephson critical

current density is decreasing when the area of mesa is increasing.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Applications of electromagnetic waves in the under-developed
terahertz frequency range are rapidly increasing and a well-
understood technique of efficient terahertz (THz) wave genera-
tion is needed [1—4]. As an extremely attractive field of research,
terahertz technology still needs compact solid-state sources. All
application areas, such as imaging, spectroscopy, information
technology, medical diagnosis [5] will take advantage from the
improvement of THz source efficiency. The investigation of
coherent THz emission from stacks of intrinsic Josephson junctions
(IJJs) produced from the high temperature superconductor Bi,Srs.
CaCu;,0g (Bi2212) has come forward as a primary research field in
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recent years, both from experimental and theoretical points of view
[6—13].

When a dc voltage is applied across a Josephson junction, a
superconducting a.c. current will flow at the Josephson frequency,
which is given by the a.c. Josephson relation, f = (27/®¢) x Vjun,
where &y = 2.07 x 10~ V s is the magnetic flux quantum and Vjun
is the junction voltage [14]. Therefore, with a voltage of 1 mV cor-
responding to a frequency of 0.4836 THz, a Josephson junction is a
natural converter of a dc voltage into a high-frequency current. The
frequency and the junction voltage proportionality is a promising
fact for the design of frequency-tunable radiation sources. Ozyuzer
et al. successfully [6] observed directly the strong emission of
electromagnetic waves using a mesa of Bi2212 crystal in the
absence of an external magnetic field; the mesa shaped THz device
with sizable power works as a dc voltage to high frequency
converter.

In THz emission studies of superconducting mesas, various
shapes of Bi2212 resonators are introduced. Resonators with almost
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rectangular shape are patterned onto Bi2212 crystals by e-beam
lithography and ion beam etching techniques [15—18]. The reso-
nators have typical dimensions of ~1—2 pm in height (corre-
sponding to roughly 1000 IJJs), ~40—100 um in width and several
hundreds of micrometers in length. In our previous papers
[19—21]; it is feasible to synchronize more than N = 650 junctions
to oscillate in phase, thus generating continuous and coherent ra-
diation with power up to 60 uW at emission frequencies ranging
from 0.36 to 0.85 THz which is inversely proportional to the mesa
width from 100 to 40 pm. We think that an electromagnetic cavity
is generated by the mesa and in this cavity an alternating electro-
magnetic field is stored. Then in the individual junctions the cavity
resonance synchronizes the Josephson oscillations.

A stack of coupled IJJs have a very complex dynamical behavior
and therefore the exact mechanism is questionable. A very impor-
tant stage in realization of the mechanism is hot spot detection by
low temperature laser scanning microscopy (LSTEM) which plays
an important role. The existence of wave structures in the stacks is
verified by LSTEM [22—24] and, apart from this, the formation of
electrothermal domains in such structures is observed. In the ex-
periments on LSTEM where a modulated laser pulse induces a local
variation in the c-axis resistivity and/or critical current of Bi2212 is
used, it is shown that the self-heating is not uniform and takes the
form of one or more localized hot spots. Therefore, to understand
the interaction between non-uniform temperature and electro-
magnetic modes is very important in order to design of Bi2212
mesas capable of generating technologically interesting levels of
THz power. With the purpose of demonstrating the mechanism of
the THz emission from an IJJ, a comprehensive investigation of
temperature and bias dependence of the emission spectrum is
insignificant. The thermal conductivity along the c-axis is poor and,
consequently, large Bi2212 mesas for THz emission are vulnerable
to self-heating. The THz emission properties are considerably
affected by this heating phenomenon, so it is very important to get
control over its behavior [25,26].

The Joule-heating-induced temperature rise in an IJJ stack can
be described by a ballistic phonon transport model proposed by
Krasnov et al. [26,27];

ATbaHaaP/Kablph

where P =]V is the generated power per area inside the stack, a is a
constant to be determined, K, is in-plane thermal conductivity and
Ipn is phonon mean free path.

A new operation mode for Bi2212 THz sources is lead by self-
heating [10,28,29]. The S-shaped current—voltage curve can lead
to two working points for the same resonance condition. In recent
work it is proposed that, the high-bias regime may be more ad-
vantageous for THz emission than the low-bias regime, just
because, in principal, emission can be reversibly scanned for
increasing and decreasing bias in the high-bias regime. However, in
the low-bias regime re-trapping events may prevent emission.
Moreover, the emission linewidth is intrinsically lower at high
biases than at low biases [30], and the emission frequency can be
tuned by more than 30% for certain mesa geometries. At high bias,
where heating seriously affects the local mesa temperature, back
bending at the I-V curve is observed because of high critical cur-
rent density and the large volume of the mesa. Temperature rise is
directly related to the power generated in mesa structures (AT o P=
IV). The current is proportional to the junction area, and the voltage
is proportional to the number of IJJs in the stack. Hence, in order to
decrease the amount of heating, it is helpful to reduce either of
these parameters to a proper doping level.

The coupling between a.c. Josephson effect and the cavity
resonance conditions correlates with the tunability property of the

radiation frequency. It was noted in the I-V characteristics of IJJ
mesa that the hysteresis loop of the -V curve is vitally based on the
temperature. The aforementioned dependence leads to the feasi-
bility of large voltage applications to the mesa at lower tempera-
tures as well. Therefore, at a higher cavity excitation mode, the
emission is observed when the mesa structure has some resonance
conditions opposing the higher bias voltage. At low temperature,
introducing maximum bias voltage is relevant to the dimension of
the mesa and, consequently, higher excitation modes are feasible
by taking into account the mesa size.

In this study the intention is to optimize critical current density
and search crystal inhomogeneity to significantly enhance the
control over the superconducting properties for powerful THz
emission.

2. Experimental details

In this work, the experiments were initiated on as-grown Bi2212
single crystals which were grown using the travelling solvent
floating zone technique. In order to obtain appropriate doping
level, we annealed the high temperature superconducting Bi2212
single crystals under vacuum condition with different heat treat-
ment recipes. The heat treatment duration is varied to change the T
and critical current of crystals.

In the annealing set up, Fig. 1, we have used a vacuum pump and
a furnace. At first we have reduced the pressure of the quartz tube
in which we have located the crystals up to 10~% mbar using the
turbomolecular pump. Afterwards we have operated the furnace
which has been previously programmed to the desired temperature
and time in order to establish annealing at different temperatures.
For further processing, a single crystal of Bi2212 is glued onto a
sapphire substrate from its smooth a-b surface by silver epoxy. In
order to get a fresh and smooth surface on Bi2212, the crystal was
then cleaved with an adhesive tape and Au layer with thickness of
100 nm was thermally deposited on the cleaved crystal surface
immediately to prevent the chemical reactions. To obtain natural IJJ
stacks with various size and height, mesas on Bi2212 crystals have
been fabricated using e-beam lithography and argon ion beam
etching techniques [19—21]. Because of the difficulties in making a
contact on small areas of the mesa, first a CaF, insulating layer is
deposited by evaporation onto the crystal and a gold stripe is
formed by e-beam lithography on the insulating layer and mesa.
Finally three gold probe wires are connected on two pads and mesa
by silver epoxy. After the mesa fabrication, the exact dimensions of
the mesas were obtained using a surface profilometer and atomic
force microscope. The number of Josephson junctions were deter-
mined which gives the emission voltage. The electrical character-
ization of the mesas was obtained from room temperature through
low temperatures. In order to characterize the Bi2212 mesas, c-axis
resistance versus temperature (R—T), and current—voltage
behavior (I-V) were measured in a He flow cryostat.

3. Results and discussion

The scanning electron microscope (SEM) images of the sample
are shown in Fig. 2 as an example. It is noted that the sample is not
rectangular but has a considerable trapezoidal shape after ion beam
etching. The dark shaded area on the top of the mesa structures is
CaF; layer is for electrical insulation purpose. We see the gold wires
that are attached to the gold strip structures in Fig. 2(b), (d). From
the previous studies, it is demonstrated that the side of the mesa is
a very important parameter since it leads to impedance mismatch
between Bi2212 and vacuum.

Resistance versus temperature (R—T) characteristics along the c-
axis of the single Bi2212 50 x 300 pm? mesa (Sample A) was
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Annealing Furnance

Fig. 1. Annealing system in vacuum.

measured in a He flow cryostat system. During the measurement a
constant 10 pA current is applied along the mesa. As seen in
Fig. 3(a) both temperature dependence of the c-axis resistance and
the superconducting transition temperature (T, = 86.5 K) of the
mesa structure indicate that it is in the under-doped state of the
Bi2212 crystals which is suitable for terahertz emission. The ratio of
R(T.)/R(300 K) is 4.1 for this mesa structure. Watanabe et al. have
systematically studied the oxygen doping level dependence of the

c-axis resistivity of Bi2212 and the range R(T¢)/R(300 K) > 4 in-
dicates a necessity of a certain doping range of 9~0.22 for THz
emission [31,32]. This shows the importance of oxygen doping level
for THz emission.

The temperature dependence of c-axis tunneling characteristic
of Sample A is seen in Fig. 3(b). The tunneling behavior goes from
the superconducting state to normal state from temperatures
15—30 K. In the superconducting I-V data, it is generally seen that

Fig. 2. (a), (b) SEM images of 300 x 50 pm? triple mesa structures fabricated on Bi2212 crystal with different magnifications. (c), (d) SEM images of 300 x 50 um? triple mesa

structures fabricated on Bi2212 crystal with different magnifications.
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Fig. 3. (a) R-T measurements of 300 x 50 pm? single mesa structure. (b) Temperature
evolution of [~V measurement of 300 x 50 pym? single mesa structure.

total conductance peak value decreases with increasing tempera-
ture. This is compatible with the temperature dependence of the
energy gap in the BCS theory. For this reason, decreasing the indi-
vidual energy gap reveals a reduction in total conductance peak of
IJ]] stacks. This could be intrinsically observed in spite of the pres-
ence of Joule heating in a large number of IJJs. From the bolometric
detections, there is no sign of THz emission although we observed
the increasing detection level of radiation at higher currents and
voltages, which would be originated by the thermal radiation due
to the sample heating.

The curves in Fig. 4(a) exhibit a typical temperature dependence
of the c-axis resistance of the triple mesa structure of Bi2212
(Sample B), which tends to increase with decreasing temperature
around room temperature and turns to a sharp increase near Te.
Triple mesa structures of the Sample B have the same area of
50 x 300 umz. Mesa resistance is finite even below Tc. This is
because of the contact resistance due to the three terminal
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Fig. 4. (a) R-T measurements of 300 x 50 um? triple mesa structure on the same
crystal 100 um apart from each other. (b) [-V Characteristics of 300 x 50 um?,
200 x 50 pm?, 100 x 50 pm? triple mesa structure on same crystal at 20 K.

measurements. However, the contact resistance is usually smaller
than a few ohms so that it seems not to influence the measurement,
but it may contribute to the heating, which will be discussed below.
Our samples so far prepared have T. between 75 and 90 K, which
indicates that the mesa is in the nearly under-doped condition. [-V
characteristic of Bi2212 mesas show a number of characteristic
features of the multi stacked intrinsic Josephson junction. They
include several branches due to individual switching of each
junction from Josephson state to resistive state when the bias
current exceeds the individual critical current of each junction.
Fig. 4(b) shows a comparison of [-V measurements of Bi2212
mesa structures of Sample B. Although they are on the same crystal,
the backbending voltage and critical current values of the mesa
structures whose critical temperatures exhibit discrepancy are
different from each other due to the inhomogeneity of the crystal.
We can also observe from the transitions in resistance temperature
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graphics that the crystal is inhomogeneous. In non-uniform mesas
the doping levels of the intrinsic Josephson junctions could be
slightly different. In the triple mesa structures of Sample B for
which we have changed doping, critical current densities (Jc = I¢/A)
are 180, 186, 200 A/cm? for 50 x 300 pm?, respectively. The critical
current of the branches increases monotonically, which shows that
the doping along the crystal is inhomogeneous. Back-bending of
the I-V curves (that is, a negative differential resistance) at high
current biases is a clear indication of self-heating. The rise in mesa
temperature and the rapid decrease in the c-axis resistance with
increasing temperature result in the back-bending of the -V
curves.

Fig. 5(a) and (b) represent the R-T and I-V measurement of
Sample C1, which is annealed at 450 ‘C for 4 h. By the annealing
procedure that we performed in our experiments, we can change
the superconducting properties as well as the critical supercurrent
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Fig. 5. (a) R-T measurements of 300 x 50 pm?, 200 x 50 um?, 100 x 50 pm? triple
mesa structures on the same crystal 100 um apart from each other. (b) [-V Charac-
teristics of 300 x 50 um?, 200 x 50 um?, 100 x 50 pm? triple mesa structures on same
crystal at 20 K.

Table 1
Critical current, backbending point and calculated critical current density values of
the triple mesa structures.

Sample ID Mesa dimensions I (mA) Je (AJcm?) Backbending
(um?) point (mV)
SampleCla 300 x 50 10.1 60 1000
SampleC1b 200 x 50 8.1 80 1522
SampleClc 100 x 50 5.0 100 1038
SampleC2a 300 x 50 21.8 140 720
SampleC2b 200 x 50 18.4 160 760
SampleC2c 100 x 50 9.0 180 1120
SampleC3a 300 x 50 12.0 80 1555
SampleC3b 200 x 50 15.5 155 1750
SampleC3c 100 x 50 10.0 400 2000

density of an intrinsic junction stack. The area of mesa a, mesa b
and mesa c structures of Sample C1 are 300 x 50 pm?
200 x 50 pm?, 100 x 50 pm? respectively.

It is already shown that the THz emitting mesas are below a
certain under-doped level, which has relatively small critical cur-
rent in contrast to optimally doped and over-doped Bi2212 [31,32].
Because of the small critical current, large area mesas fabricated
from under-doped crystals cause less heating and backbending
occurs after the cavity resonance in the voltage scale. So, Powerful
THz radiation can be obtained before heating severely affects the
local mesa temperature. Especially, mesa with area of
100 x 50 pm?, shows many quasiparticle branches in Fig. 5(b). We
can see that the critical current of the fabricated mesas are 10.03,
8.05 and 5.03 mA for mesa a, mesa b and mesa c of Sample C1,
respectively (Table 1). Therefore, we can calculate the Josephson
critical current densities as 60, 80 and 100 A/cm? for mesa a, mesa b
and mesa c of Sample Cl. However, because it has fairly poor
thermal conductivity, intrinsic junctions of Bi2212 suffer from self-
heating at high bias voltages. In addition, heating is relatively larger
for tunneling into an IJJ stack than a conventional superconducting
junction on Bi2212 because of lower specific junction resistance
caused by its very thin barrier. As a result of self-heating in IJ]
mesas, some artifacts have been observed in the tunneling
characteristics.

By increasing the number of IJJs in the quasiparticle state, the
overheating increases and leads to a smaller voltage jump
(conductance peak) in I-V curves. Furthermore, the non-
equilibrium effect, which is easy quasiparticle self-injection
through the high transmissive IJJ tunneling barrier (about 0.3 nm
thickness in Bi2212) increases the heating effect in the structure.
This effect also leads to back-bending of the I-V curve in the sub-
gap region. One of the methods to reduce the problem is to use
stacks of intrinsic junctions (mesas) with small dimensions in order
to reduce I.. However, since the same current per unit area through
the junctions flows, the non-equilibrium effect still occurs and re-
sults in the Joule heating.

Several groups have attempted different approaches to the
overheating problem such as reduction of the current density by
intercalation of some molecules such as HgB,, Hgly, I, within the
Bi—O bilayer, which increase the c-axis resistance [33,34]. In
addition, using short pulses and varying the mesa dimensions are
other methods to decrease the self-heating effects. In all -V curves,
the large current density and close proximity of neighboring
junctions in Bi2212 junction arrays are interpreted as the cause of
such heating effects. In 2006 Zhu et al. proposed a study about the
junction-size dependence of self-heating for ultra-small mesa
structures [35]. It is demonstrated that self-heating decreases sys-
tematically with the reduction of junction area. In this study, the
dependence of Josephson critical current density on the mesa area
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for large area mesa structures on the same chip is shown. As a
consequence, self-heating depends on the mesa size and the
number of junctions.

4. Conclusion

In this study, we presented the R-T and -V characteristics of
triple mesa structures fabricated on Bi2212 crystals. We observed
hysteresis type quasiparticle branches in the performed -V
measurements. Heating effects are observed on the cur-
rent—voltage curves due to the large volume of the mesas. A self
heating effect leads to de-synchronization and consequently there
will be a dramatic drop in THz emission power. It is found that the
critical current density is decreasing with increasing mesa area
and hence backbending is reduced. Since the generation of
powerful terahertz emission needs low critical current density and
reduces the heating effect, the estimated heat reduction can be
improved with optimized mesa area. These results can be applied
to the mesas to fill the so-called terahertz gap using super-
conducting terahertz sources. It is also shown that the Josephson
current density and backbending point obtained from mesa
structures on the same crystal can be strongly influenced by
inhomogeneous doping, defects and impurities. It is necessary to
have perfect crystal structure with homogeneous doping to
generate powerful THz emission.
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