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Tunable terahertz emission from Bi,Sr,CaCu,0g,; mesa devices
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We have measured coherent terahertz emission spectra from Bi,Sr,CaCu,Og, s mesa devices as a function of
temperature and mesa bias voltage. The emission frequency is found to be tunable by up to 12% by varying
the temperature and bias voltage. We attribute the appearance of tunability to asymmetric boundaries at the top
and bottom and the nonrectangular cross section of the mesas. This interpretation is consistent with numerical
simulations of the dynamics of intrinsic Josephson junctions in the mesa. Easily tunable emission frequency may
have important implications for the design of terahertz devices based on stacked intrinsic Josephson junctions.
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I. INTRODUCTION

Josephson junctions naturally convert a dc-voltage into
high-frequency electromagnetic oscillations at Josephson fre-
quency f; = V;/®y, thatis, 1 mV corresponds to 0.482 THz.'
Here, @ is the flux quantum and V; is the DC voltage across
the junction. Recently, we demonstrated” that the intrinsic
Josephson junctions (IJJs)* in the highly anisotropic high-
temperature superconductor BiySr,CaCu,0g5 (Bi-2212) can
be induced to emit coherent continuous-wave off-chip radi-
ation in the terahertz frequency range. The samples were
designed in such a way that an electromagnetic cavity
resonance synchronizes a large number of intrinsic junctions
into a macroscopic coherent state,* enabling the emission of
terahertz radiation with powers up to 5 £W> and frequencies
up to 0.85 THz.? Far-field radiation from Bi-2212 cavities with
rectangular,” square, and disc’® shapes has been observed. It
is possible that coupling to the resonance mode is facilitated
by the formation of a dynamic phase kink state that was found
in numerical simulations™'® or by the appearance of bound
fluxon—antifluxon pairs.'!

For along rectangular cavity with the width w, the radiating
cavity mode has the frequency f = c¢/2w, where c is the speed
of the electromagnetic waves in Bi-2212. In the uniform fully
synchronized state, the electromagnetic fields in the mesa do
not depend on the c-axis coordinate and the wave speed is
¢ = co/n, where n &~ 3.5 is the far-infrared c-axis refractive
index and ¢y the vacuum speed of light. Synchronization of
the junctions and emission arise when the resonance condition
f; = fis met. At first glance, this mechanism of emission
appears inconsistent with any tunability of the emitted radia-
tion, because the cavity frequency is determined by geometry
and is thus fixed. Even so, tunable terahertz emission has
been observed from mesas of various shapes'?>~!> at very high
bias. Under these conditions, highly inhomogeneous mesa
temperatures can arise in the self-heating regime, inducing
so-called hot spots that can give rise to an effectively variable
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resonance cavity. Here, we present data in the low-bias regime
where the cavity is set by the geometry of the sample.

II. EXPERIMENT

We acquired detailed far-infrared spectra of the emitted
radiation as a function of bias voltage and temperature.
Contrary to expectations, we demonstrate that the emission
frequency can be tuned by as much as 12% by varying
bias voltage and temperature. We attribute the tunability
to actual devices having lower symmetry than rectangular
cavities, as was implicitly assumed in previous work.>*7:16
Under these conditions, the entirely uniform synchronized
state cannot exist, and for a nonuniform state, the resonance
condition is modified. Numerical simulations based on the
Lawrence-Doniach model give a good account of our results.

A slightly underdoped Bi-2212 single crystal (7, = 76.3 K)
was mounted on a sapphire substrate with conducting silver
epoxy. Using optical lithography and argon ion milling, a
cavity in the form of a 300 x 80 x 1-um mesa was patterned
onto a freshly cleaved surface.> Measurements were performed
with the device mounted in a continuous-flow cryostat. As per
Fig. 1, terahertz emission was collected from both sides of the
mesa, respectively for measuring the overall intensity (using
a chopper and lock-in amplifier at 77 Hz) and for measuring
the emission spectrum (using a Bruker Vertex 80v Fourier
transform infrared (FTIR) spectrometer at a spectral resolution
of 0.075 cm’l). In both cases, the detector used was a
liquid helium-cooled silicon bolometer. The mesa voltage was
measured in a three-probe configuration [Fig. 1(a)], with the
bias current initially ramped up until all junctions in the mesa
were driven into the resistive state. The current was then swept
down until emission intensity (above background) could be
detected, and repeated spectra were acquired at a range of mesa
voltages. The Bi-2212 mesa studied here has a sloping sidewall
profile and trapezoidal cross section, being wider at the bottom
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FIG. 1. (Color online) (a) Diagram of the device structure on a Bi-
2212 crystal (after Ref. 2). Applying the correct bias current excites
the transverse fundamental cavity mode on the width w. Terahertz
radiation is emitted from the long side-faces, with the highest intensity
occurring roughly 45° to the crystal surface (Ref. 6). (b) Arrangement
of the measurement apparatus. Radiation emerges from the chip in
two beams roughly 90° relative to each other. One of these is used for
detecting the overall emission intensity (bolometer A), whereas the
other is measured by the spectrometer, which employs bolometer B
as its detector.

by as much as 20%. This shape is typically seen on Bi-2212
mesas.>>!” As a result, biasing a current through the mesa
leads to increasing DC current density—as well as junction
voltage and Josephson frequency—from the bottom to the top
of the stack. Depending on the shallowness of the sidewall
profile, this spread in junction area may seriously compromise
the phase coherence and power emission of the device, because
in this regime the emission power is proportional to the square
of the number of junctions oscillating in phase.

Figure 2(a) shows the current—voltage (I-V) characteristics
at 30 K and the simultaneously measured emission power (only
data for the decreasing current are shown). On increasing bias
current, the I-V follows a series of quasiparticle branches®
until it jumps to the McCumber branch on which the entire
junction stack is in the resistive state. Emission occurs on
decreasing current at mesa voltages <0.8 V. For mesas of this
width and doping state, some junctions tend to reswitch into
the zero-voltage state—as seen by the jumps in the I-V curve
and emission power—before the voltage can be sufficiently
reduced to fully trace the lower limit of the emission feature.
Within the resistively and capacitively shunted junction model
of a Josephson junction, this retrapping voltage is given by
the Josephson plasma frequency, which is proportional to
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FIG. 2. (Color online) (a) I-V characteristics (filled circles, red)
and terahertz-radiation power (open circles, orange) for an 80 x
300-um mesa. The hysteretic behavior of underdoped 1JJs, the
backbending due to self-heating at high-bias currents (which can be
weakly detected by the bolometer), and the progressive retrapping
of the entire stack as the current is swept back down are seen.
Terahertz emission is observed near mesa voltages of ~0.7, 0.45, and
0.33 V. The two low-voltage emission features result from subsets
of junctions in the stack. (b) Detail of the main emission peak at
20 K (lighter, or blue, lines) and 30 K (darker, or red, lines), showing
excess current (and power) drawn by the mesa when the terahertz
resonance is excited. The shift to lower voltage of the retrapping and
of the emission feature with increasing temperature is seen.

(I.®(/C)'/?'%19 and thus drops as T'is increased. Here, Cis the
junction capacitance. Due to thermal fluctuations quantities
such as the critical current, retrapping current and voltage
are smeared as described by probability distributions.'8-20
Furthermore, in junction stacks, the switching dynamics may
be altered depending on the state of neighboring junctions.?!
Nevertheless, retrapping voltage increases with decreasing
temperature, limiting the terahertz emission at low temper-
atures. For the same reason, it is not possible to observe
emission by approaching the resonance voltage from below
for this particular mesa. Despite significant self-heating of the
mesa at a high-bias current at which the I-V characteristic
bends back on itself, this is negligible at the return-branch
current levels at which emission is seen.?>~>*

No emission is seen at bath temperatures of 50 K and above,
whereas below 20 K, the junctions tended to retrap before the
resonance voltage could be reached. As long as the entire
mesa remains switched to the resistive state, the emission
intensity, frequency, and line width characteristic with respect
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to voltage are highly reproducible at any given temperature.
Figure 2(b) shows in detail the variation of the I-V curve and
emission power around the resonance for temperatures of 20
and 30 K. The power drawn by the cavity resonance can be
evaluated from the I-V dependence as a product of the excess
current Al and the voltage V. It is difficult to determine the
exact amount of this power, especially when the baseline I-V
characteristic (due to quasiparticle tunneling in the absence
of the resonance) can only be measured at voltages above the
resonance, as is the case in Fig. 2(b). Nonetheless, the figure
clearly shows this to be on the order of 20 W at peak emission.
By contrast, when allowing for the solid angle subtended by
the collection optics, the total radiated power is closer to
0.5 uW, implying that most of the power delivered to the
cavity resonance is reabsorbed in the chip—either in the mesa
itself or in the bulk of the crystal—before it can be emitted.
Furthermore, because the thickness ¢ of the mesa ( &~ 1 um)
is substantially smaller than the wavelength of the emitted
radiation (~650 pm) the transmission coefficient through the
side faces of the mesas is small. The data directly show the
expected decrease of the retrapping voltage with increasing
temperature. Furthermore, the entire emission feature shifts to
lower voltages at increasing temperature. This shift in voltage
corresponds to a shift to lower emission frequency at higher
temperature, as seen directly in the emission spectra shown in
Fig. 3 for the lower and higher temperatures of 20 and 30 K,
respectively.

This temperature dependence of the emission feature arises
from the asymmetric geometry of actual mesa devices. This
asymmetry arises from (1) the nonvertical side walls and
(2) different boundary conditions at the top (Au contact)
and bottom (contact to base crystal) of the mesa. Electro-
magnetic waves in strongly layered superconductors such
as Bi-2212 exist as Josephson plasma waves. In a sample
containing N layers, N different modes are expected for
fixed in-plane wave vector k.'>?> These are indexed by their
wave vector perpendicular to the planes, g. The dispersion
relation for these waves is given by »* = w3, + ¢*k*, with
2= c(z)/sc[2(1 — cos(qs)))»ib/s2 + 1]. Here, w,; = co/Acq/2c
is the Josephson plasma frequency, which for our samples is
on the order of 70 GHz. ¢, is the c-axis far-infrared dielectric
constant of Bi-2212; A, and A, are the c-axis and ab-plane
London penetration depths, respectively; and s = 1.56 nm is the
repeat distance of the CuO, bilayers in Bi-2212. In the resistive
state, the gap in the plasma wave spectrum, w,, is suppressed
to zero. The mode with ¢ = 0 is uniform along the c-axis and
corresponds to in-phase oscillations of all junctions, in which
case the wave speed reduces to the temperature-independent
value of ¢ = ¢y/n, as described earlier. The allowed values of
q are determined by the boundary conditions at the top and
bottom surfaces of the mesa. Due to the high conductivity of
the gold contact at the mesa top, it can be treated as an ideal
conductor. This corresponds to an antinode for the oscillating
c-axis electric field. The boundary condition at the interface
between the mesa and the base crystal at the mesa bottom is
more complicated.’® Analyzing this condition, we concluded
that with good accuracy the exact condition can be replaced
by the simple approximation of vanishing c-axis electric field
at this interface. Therefore, the lowest-order modes that are
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FIG. 3. (Color online) FTIR emission spectra taken at a range
of mesa bias voltages at (a) 20 K and (b) 30 K. With increasing
temperature, the emission band shifts to lower frequencies. The
envelope of the emission peaks tracks well the voltage dependence
of the total emission power, as shown in Fig. 2(b). The arrows mark
the average frequencies used in Fig. 4.

consistent with the actual mesa geometry would have g =
wm/2t, withm =1, 3, .. .. In analyzing the modes in Bi-2212
mesas, several sets of boundary conditions have been invoked.
For instance, for free-standing mesas with highly conducting
gold contacts on top and bottom, ' antinodes for the oscillating
c-axis electric field at both surfaces arise, leading to the set of
allowed wave vectors g = wm/t, with m = 0, 1, 2 .... This
geometry allows for the uniform mode, m = 0, corresponding
to a temperature-independent mode frequency fy = co/2nw.
In other simulations,'% the uniform c-axis current condition
was used that corresponds to the nodes of the oscillating
electric field at both surfaces, leading to the same set of
allowed wave vectors but without the uniform mode. For our
geometry, the dispersion relation of the Josephson plasma
waves always yields a temperature-dependent wave speed
of ¢ = cé /ec(1 + (mmAyp/21)?) and therefore a temperature-
dependent frequency of f? = foz/sc(l + (mmrgp/2t)?). As
the penetration depth increases with increasing temperature,
the frequency decreases, as is observed in the data. Because
the emission frequency depends on temperature and bias
voltage (described later), uncertainty arises in determining the
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FIG. 4. (Color online) Temperature dependence of the measured
emission frequencies (red squares) and of the calculated emission
frequencies of the m = 0 and m = 1 modes using the penetration
depth data from Ref. 16. The error bars are determined by the width
of the emission range shown in Fig. 3. The inset shows schematics of
the c-axis dependence of the cavity mode.

temperature dependence quantitatively. However, choosing the
center of the emission feature as indicated in Fig. 3 yields
a change in frequency by ~8.5% between 20 and 40 K.
The temperature dependence of A,, has been determined
from microwave cavity measurements for optimally doped Bi-
2212%7 and from AC susceptibility measurements on powder
samples with various doping levels.”® Figure 4 shows the
measured temperature dependence of the average emission
frequency, together with the expected dependence determined
by scaling the data for X,, for the sample with a doping level
of 0.124 from Ref. 26 by a factor of 1.5, giving A,;,(0) ~
550 nm. This scaling may be reasonable, because our crystal
has 7. ~ 76.3 K, whereas the sample from Ref. 26 has
T. =~ 80 K. We normalize the frequency data to the value
at 20 K, the lowest temperature for which retrapping did not
preclude the experimental determination. The experimental
temperature dependence is well described by the variation of
the m = 1 —mode. This observation is also consistent with
the m = 3, 5 modes requiring unexpectedly small values of the
penetration depth to match the measured emission frequency.

The emission peak amplitude varies quasiperiodically as a
function of voltage, or indeed of frequency, as is plotted in
Fig. 3. At the maxima of the amplitude, the observed emission
line width is limited by—and possibly narrower than—the
0.075cm™! spectrometer resolution ( = 2.25 GHz). However,
when the voltage is adjusted away from these maxima, the
lines broaden until they have significant measureable width,
and near the minima of the peak amplitude, the lines may
even become observably bimodal. This behavior is reversible
with respect to bias current, is highly reproducible, and is in
strong qualitative agreement with our numerical simulations
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(described later), which suggest that at certain bias voltages,
the zone of radiating junctions becomes unstable and splits
into two zones, each phase-locked to a different frequency.

III. NUMERICAL SIMULATIONS

We performed extensive numerical simulations of the
collective behavior of stacks of 1JJs in Bi-2212 with the goal
to determine how the distribution of junction cross sections
influences their synchronization and frequency tuning near the
cavity resonance. Samples used in terahertz-emission experi-
ments typically contain ~1000 junctions. Realistic simulations
of such large systems are extremely time consuming; however,
stacks of N = 100 junctions can be simulated in a reasonable
amount of time. For our simulations, we used the dynamic
equations that describe the time evolution of the reduced c-axis
electric field (e,) in junction number n, the phase difference
across junction n (6,), the in-plane phase gradient (k,), and
magnetic fields (/,,):*!°

dey . dh, -
0 veey — g(u)sin, + —2 + f(un,t)  (la)
0T ou
s (1b)
=€,
Jat
ok, -

vab¥ = _[kn + hn - hnfl] + ]ab(u7nsf) (IC)

06
hy, = 12< © — K +kn) (1d)

ou

In these equations, the unit of the length is the Josephson
length X;, the unit of the phase gradients is 1/A;, the unit
of the magnetic field is ®(/(2myAy)°, and the unit of
the electric field is ®ow,/(2mc,s). These reduced equations
depend on three materials parameters, v, = 4mo./(s.0p),
Vab = 4704/ (ecwpy?), and | = Ayp/s, where o, and oy
are the components of the quasiparticle conductivity and y is
the anisotropy of the penetration depth. In our simulations, we
used v, = 0.01 and v,;, = 0.2, as well as [ = 50 and 100,
respectively. All quantities are assumed to be y-independent
(long side of the mesas). To model thermal fluctuations and to
improve equilibration, we include noise currents fz (u,n,t)and
fab (u,n,t), which are defined by the correlation functions:

(72(0,0,0)j,(u,n,7)) = 2v.T8(u)8(7)8, (2a)
(Jap(0,0,0) jup(u,n,7)) = 20 TSW)8(1)8,  (2b)

The noise amplitude is determined by the effective tempera-
ture 7. Because our model is two dimensional, this temperature
cannot be related to the real temperature in a simple way.
The equations are solved for stacks containing N = 50—100
junctions with a lateral size decreasing as a function of the
junction index as L, = L(1 — an/N) corresponding to the
trapezoidal-shaped mesas. We assume simple nonradiative
boundary conditions at the edges, k, = 0, 3¢, /du = mI /2],
at u = 0, L,, where I = j,L, is the total transport
current.

Due to the distribution of the junction cross sections, the
stack is typically in the incoherent state in which junctions
oscillate at different frequencies. In this state, the local
Josephson frequency w, is inversely proportional to the
junction width w, = I/ (L,v.). The transition to the coherent
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FIG. 5. (Color online) Illustration of three possible scenarios in
stacks with a distribution of junction areas as characterized by the
parameter «. The left column of plots shows I-V characteristics, and
the right column shows the distribution of the average voltage drops
for all junctions in the stack at the current values that are marked in
the I-V curves by boxes. The parameters used in these simulations
are N=50,/=50,L, = 12.5,and T = 0.

state may only occur when the average Josephson frequency
way ~ 1 / Lnigve approaches the cavity resonance frequency
W, A 17w/ Liyig, Wwhere Lyg = L(1 — «/2) is the width of the
junction in the center of the stack. This transition only happens
when the inhomogeneity parameter « is sufficiently small. In
the coherent state, a strong cavity mode is excited that forces
either all junctions in the stack or part of them to oscillate
at the same frequency. Three possible dynamic scenarios are
illustrated in Fig. 5. When the parameter « characterizing
the spread of junction widths exceeds some critical value,
there is no synchronization. The system does not notice
the resonance voltage. This case is realized for « = 0.1 in
Fig. 5(a). For smaller values of «, the system experiences
the synchronization transition, which may be seen as a large
excess current in the I-V dependence.”” We can see that at @ =
0.0625 [Fig. 5(c)] the whole stack is synchronized, whereas
at « = 0.08 [Fig. 5(b)] the partially synchronized state is
realized. In the latter state, the voltage change with increasing
current is mostly determined by junctions, which are not in
the synchronized cluster leading to the formation of a “voltage
gap” between synchronized and unsynchronized junctions. On
the other hand, the oscillating electric fields of the cavity
mode are excited in the whole stack, including the region
of unsynchronized junctions. We observed strongly hysteretic
behavior with respect to direction of current sweep. The
synchronization is always more pronounced at the increasing-
current branch, as illustrated in Fig. 5(c). The pronounced
hysteresis has not yet been observed experimentally; however,
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FIG. 6. (Color online) The current dependences of (a) the
resonance-mode amplitude and (b) the excess current obtained by
simulations of a stack with parameters N = 100, « = 0.8, [ =
100, and 7 = 0.02 on decreasing bias current. The nonmonotonous
voltage dependence of the mode amplitude agrees well with the
measured voltage dependences shown in Figs. 2(b) and 3. Plots
on the right show the distribution of the average junction voltage
V, for two bias currents. The outline of the shaded (colored) areas
represents the trapezoidal cross section of the mesa. The voltage
values are also visualized by shade (color) coding, revealing a band
of synchronized junctions moving up the stack with decreasing bias
current.

the overall behavior obtained for decreasing bias resembles
the experimental results. The dependences on decreasing bias
current of the excess current and the mode amplitude, together
with visualizations of the junction voltages for two current
values, are presented in Fig. 6 for a stack with N = 100 and
a =0.8. We found that a relatively small group of synchronized
junctions is first formed near the bottom of the stack. In contrast
to the strongly synchronized state, the number of junctions in
the cluster and its locations varies with the current, leading
to an irregular current dependence of the mode amplitude
and excess Josephson current. This pattern bears a strong
resemblance to our experimental data shown in Fig. 3, as
well as to results previously obtained on a 60-xm mesa.'’
As we can see from the visualization of junction voltages, the
synchronized bands move up the stack with decreasing current.
At the same time, the resonance frequency decreases, resulting
in the voltage tunable emission frequency. As the bias voltage
decreases, a zone of phase-locking develops and grows from
the bottom of the mesa, where the junction area is largest—and
hence jpc and V; are lowest—and w, is closest to the cavity
resonance. With decreasing voltage, this zone progressively
moves upward toward the narrower junctions at the top of the
mesa.

IV. CONCLUSIONS

In summary, we have demonstrated that in Bi-2212 mesa
devices with sloped sidewalls, the emission frequency can be
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controlled by varying the bias voltage across the mesa. Signif-
icant further tunability can be achieved by varying the device
temperature, making for a total frequency tunability in excess
of 12%. The observed behaviors of the device’s terahertz emis-
sion with respect to varying both voltage and temperature are in
qualitative agreement with predictions made by our numerical
simulations. It would be useful in the future to study devices
with lower widths in the manner done for this 80 x 300-um
device. A smaller width would shift the resonance to higher
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voltages and allow us to study its lower limits without junction
retrapping.
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