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Microcavity Laser Oscillating in a
Circuit-Based Resonator

Christoph Walther,* Giacomo Scalari, Maria Ines Amanti, Mattias Beck, Jérome Faist*

Lasers based on microcavities are extremely attractive for their compactness, low power dissipation,
and potential for ultrafast modulation speed. We describe an ultrasmall laser based on a
subwavelength electronic inductor-capacitor (LC) resonant circuit that allows for extreme
confinement of the electric field. This electrically injected laser operates at a frequency of

1.5 terahertz, and the mode volume is strongly subwavelength. The design concept of the

LC resonator can be extended from the terahertz range to higher frequencies and also

applied to detectors and modulators.

erated by vacuum fluctuations enables the

observation of quantum optics effects such as
the Purcell effect (7), which is, in that case, the
enhancement of the spontaneous emission by the
presence of a strongly confined optical mode
(2, 3) or the strong light-matter coupling (4).
A measure of the confinement is the effective
mode volume V¢ taken by the energy density
of the oscillating electric field. Lasers based on
small cavities confined by dielectrics (5), such
as vertical-cavity surface-emitting lasers (6), are
limited to V. values larger than 2\ 2neg)’,
where A is the wavelength, and . 1s the effective
refractive index (7—11). Further reduction of the
mode volume beyond these values can only be
achieved with the use of metallic cavities. Pro-
gress has been made in the use of plasmonic
cavities in a waveguide configuration (/2), with
plasmon resonances of nanowires (/3), or with
resonances of nanoparticles (/4, 15).

We demonstrate that in the infrared range,
the large negative value of the dielectric constant
of metals enables the fabrication of lasers using
cavities that borrow their concepts from conven-
tional electronics and microwave technology (/6).
These cavities can be seen (Fig. 1A) as consist-
ing of electronic lumped circuit elements: in our
case, an inductor-capacitor (LC) resonant circuit
(17, 18). Recently, metamaterials based on planar
subwavelength lumped circuit resonators were
used to design artificial magnetic and electric
response in the terahertz range (/9), and even up
to the near-infrared range (20). The gain medium
[in our implementation, a terahertz quantum cas-
cade (21, 22) active region] is inserted between
the plates of the capacitor. Amplification of the
electric field in the capacitor by the optical gain
medium allows the resonator losses to be over-
come, thus leading to self-sustained laser oscil-
lations. This approach is especially well suited
for an electrically pumped active region biased
by a voltage applied between the metallic capaci-
tor plates. The LC laser enables an effective mode
volume much smaller than the cube of the half-

In microcavities, the large electric field gen-
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wavelength in the material Vg = 0.12(\2n.4)°
and also smaller than has previously been reported
for other electrically pumped cavities (9, 12, 23).
Moreover, a further reduction in size is possible
by a mere rescaling of the elements. The quality
factor Q of the cavities investigated here is lim-
ited by ohmic losses. However, it is noteworthy
that the radiative losses of resonant LC cavities
will decrease as the volume of the cavity de-
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creases (24), offering the possibility of a com-
bination of ultrasmall size and very high O for
cavities based on superconductors (25).

A scanning electron micrograph image of our
device (Fig. 1B) shows that the resonator consists
of two half-circular—shaped capacitors connected
by a short line acting as an inductor. The geom-
etry that we chose is a compromise between size,
losses, and ease of fabrication. To allow electrical
pumping of the active medium, we selected a
symmetric LC resonator that naturally defines a
virtual ground for the resonance frequency in the
middle of the inductor that is used for the con-
nection to the bonding pad. A 8-um-thick active
region of a quantum cascade laser having the
gain peaked at 1.5 THz (26) is inserted between
the capacitor plates (Fig. 1C). The fabrication of
the LC laser is similar to the fabrication technique
used for terahertz double-metal waveguides (27).
The active material below the bonding pad is
electrically isolated from the metal to avoid pump-
ing of the latter. Electromagnetic mode simula-
tions are performed with the use of a commercial
software package (28). The electric field is found
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Fig. 1. (A) Schematic of the LC laser. Jis the alternating current in the resonator, B is the induced magnetic
field, and E is the electric field. The active gain medium is biased by the voltage source Vpc. (B) Scanning
electron micrograph picture of the LC laser device. (C) Schematic cross section through the device along the
symmetry axis. The red layer is undoped Al 5Gag sAs and prevents current injection into the active region
below the bonding pad. (D and E) Finite-element simulations of the electromagnetic field in the resonator
showing the dominating electric field component £, and the norm of the magnetic field |B|. (F) Measured
reflectivity at 10 K of an array of 400 identical LC resonators, shown in the inset and designed for a
frequency of 1.45 THz, without gain medium and without electrical connection.
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Fig. 2. (A) Electrical (red curve) and optical (blue curve) characterization
at 10 K of the LC laser. The output power is measured with an He-cooled
bolometer. Black dots represent the full width at half maximum of the 1.55 mA .
emitted radiation. The emission spectra of the device is measured with an 1.45 146 147 1.48 1.49 150
FTIR spectrometer, and the linewidth is obtained by a Lorentzian fit of the Frequency [THz]
spectra. The green area indicates the resolution limit of 3 GHz of our FTIR
spectrometer. (B) Normalized measured spectra at various injection c T 3F : : : : : 16
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to be mainly polarized in the z direction, Fig. 3. Lithographic tuning of the Wave number (cm-1)
perpendicular to the capacitors plates, as required  laser frequency by changing the in-
by the selection rules of the active gain material. ~ ductor length of the resonator. ) 44 46 48 °0 52 o4 56
A plot of the electric field component £, in the 3 ! ! ! ! ! ! !
. ©
resonant mode on a section through the LC reso- > I=8um ’ \
nator at half-gain medium height (Fig. 1D) shows @
that the electric field is antisymmetric with respect % l=9um ’ \
to the axis of symmetry of the structure and is 5 =
mostly concentrated and uniform under the ca- ﬁ “
pacitor plates. The magnetic field (Fig. 1E), on g =10 um
the other hand, is mainly concentrated around the 5
inductor. The laser resonator shown in Fig. 1B is Z [1=11um

designed for 1.45 THz (A = 207 um). We used
room-temperature values for the complex refrac-
tive index of gold (29) to compute a value of the
confinement factor of the electric field energy in
the active region I = 0.85 and a cold resonator
Oonm = 53, mainly caused by ohmic losses in the
gold layer. The simulated radiative losses lead to
arelatively large radiative Qg = 189, which is in
good agreement with the upper limit of 220 given
by Wheeler’s formula (24). The resonator is
expected to exhibit a final O =41, limited by the
ohmic losses [supporting online material (SOM)
text section S1]. A Purcell factor of 17 is
computed, quantifying the enhancement of the
spontaneous emission, and mainly limited by the
nonradiative transition broadening of the sponta-
neous emission linewidth. For the validation of
the LC resonator concept, we measured the
frequency-dependent reflectivity of an array of
identical LC resonators without gain medium or
electrical connection. The observed absorption
resonance of the reflectivity at 1.45 THz with Q=
20 at 10 K (Fig. 1F) is in good agreement with

1.3

the mode simulation and fits well with a simple
calculation based on microwave formulas. An
inhomogeneous broadening due to lithographic
issues and coupling between resonators explain
the lower measured Q of the LC array, compared
with the single-resonator O (SOM text S2).

The light and voltage versus current charac-
teristics of a LC laser operated at 10 K show a
strong increase in the optical power observed at
a current of ~1.20 mA, as the voltage reaches
the value corresponding to the alignment of the
structure, with a maximum detected peak power
of ~80 pW reached at 1.55 mA (Fig. 2A). To
characterize the nature of the emission, we per-
formed a measurement of the device spectrum as
a function of increasing current. The spectra in
Fig. 2B show a single emission line peaking at a
frequency of 1.477 THz, close to the value ex-
pected by simulation of 1.45 THz. At currents

14 1.5 1.6 1.7
Frequency (THz)

between 1.01 and 1.10 mA, corresponding to the
lowest detectable optical signal, the linewidth
corresponds to O = 11 to 21, which is lower than
the value computed for the cold cavity. This dis-
crepancy is attributed to two different factors:
First, during the alignment regime of the quan-
tum structure near 1 mA, the active-region losses
may be higher than at the threshold (30). Second,
as the transition occurs between two states with a
clear spatial separation, the gain curve exhibits a
strong Stark shift with the applied bias. At low
biases, the gain peaks at 1.3 THz and is therefore
clearly detuned from the cavity resonance, which
acts as a filter to further broaden the emission
spectrum. The observation of electroluminescence
at such low current and frequency points toward
a large value of the Purcell factor. As the current
is increased, the linewidth decreases steeply and
falls below the resolution limit of our Fourier
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transform infrared (FTIR) spectrometer, corre-
sponding to a linewidth of ~3 GHz at a current of
1.4 mA and a detected power of ~7 pW. As the
current is increased beyond this value, any further
narrowing of the transition is hidden behind the
limitation of our measurement system. The plot
of'the linewidth versus injected current combined
with the super-exponential increase of the optical
power in Fig. 2A strongly suggests that the de-
vice is reaching the laser threshold regime near to
1.5 mA. However, the gain in our structure is not
sufficient to operate the device clearly in the re-
gime above the lasing threshold.

To access the operation in this regime, we
have enhanced the gain of the active medium
by immersing the device in a strong magnetic
field perpendicular to the quantum wells plane.
The magnetic field breaks the in-plane para-
bolic energy dispersion of the electronic sub-
bands and leads to the formation of discrete
Landau levels, allowing the creation of quasi—
zero-dimensional states. The spacing of the
Landau levels is equal to the cyclotron energy
E.= heB/m*, where 7 is Planck’s constant divided
by 2r, B is the magnetic field, e is the electron
charge, and m* is the effective mass of the elec-
tron. By varying the relative ratio between the
cyclotron energy and sub-band energy spacing,
the electron dynamics and the subsequent lasing
properties of a terahertz quantum cascade laser are
strongly affected (37). The optical characteristics
of the LC laser in a magnetic field of 2.3 T (Fig.
2C) show that, above the threshold, the power
increases linearly with the current up to 16 nW
until the electrical roll-over is reached. The onset
of lasing is accompanied by an abrupt decrease
of the differential resistance and is a clear demon-
stration of the lasing threshold (32). By measur-
ing the threshold current of a control laser with
a conventional metal-metal waveguide, we esti-
mate an enhancement of the gain due to the
magnetic field by 5 to 10% at 2.3 T.

A number of resonant cavities have been fab-
ricated, continuously modifying the value of the
inductor. As expected, the emission spectra (Fig. 3)
shift correspondingly between 1.43 and 1.57 THz.
The spectra of the devices operating in the edge
of the gain curve are barely reaching the thresh-
old regime because they are strongly detuned
from the maximum of the gain curve.

Our ultrasmall, electrically injected laser based
on a resonator combines elements from micro-
wave electronics with a gain medium. The strong
confinement achievable with resonant LC cav-
ities is of great interest for both applications and
quantum optics studies. Our results can be seen
as implementing gain in one cell of a LC-based
metamaterial (33). Because of its monomode out-
put, low dissipation, and tunability, such a source
could be integrated with hot-electron bolometers
to create arrays of highly sensitive heterodyne re-
ceptors for demanding applications such as radio-
astronomy (34). The strong coupling that is achieved
in such resonators could also lead to interesting
applications, not only for optical sources, but also
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for detectors and modulators, as the latter devices
do not require very high Q factors and would
benefit greatly from the reduction of the mode
volume brought by this resonator. V¢ can be re-
duced almost at will, as long as the reduction in
the capacitance can be compensated by an in-
crease of the inductance to keep the product con-
stant. An attractive feature of the LC resonator is
the spatial separation of the electric and magnetic
fields, simultaneously allowing extremely high
confinement of the electric field and an efficient
out-coupling to the environment by the magnetic
field. An LC resonator with a bent inductor could
act as a magnetic loop antenna, which is effi-
ciently coupled to both the vacuum and the mat-
ter, such as a quantum dot (SOM text S3). The
design concept of the LC resonator can be ex-
tended from the terahertz range to near-infrared
frequencies (SOM text S4).
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The Climatic Signature of Incised

River Meanders

Colin P. Stark,** Jonathan R. Barbour,* Yuichi S. Hayakawa,? Tsuyoshi Hattanji,® Niels Hovius,*
Hongey Chen,® Ching-Weei Lin,® Ming-Jame Horng,” Kai-Qin Xu,®° Yukitoshi Fukahata™®

Climate controls landscape evolution, but quantitative signatures of climatic drivers have yet to
be found in topography on a broad scale. Here we describe how a topographic signature of
typhoon rainfall is recorded in the meandering of incising mountain rivers in the western

North Pacific. Spatially averaged river sinuosity generated from digital elevation data peaks in the
typhoon-dominated subtropics, where extreme rainfall and flood events are common, and
decreases toward the equatorial tropics and mid-latitudes, where such extremes are rare.

Once climatic trends are removed, the primary control on sinuosity is rock weakness. Our results
indicate that the weakness of bedrock channel walls and their weakening by heavy rainfall
together modulate rates of meander propagation and sinuosity development in incising rivers.

ronments such as the Cascades (2), Japan (3),

and Taiwan (4), lateral erosion along the
banks and walls of bedrock-floored river chan-
nels (5—13) can be as important a process as ver-
tical incision. Rates of lateral erosion can exceed
down-cutting rates by over 10 times as a bedrock
channel widens (11, 12) or meanders (5—10, 13, 14).
With time, such horizontal cutting is known to

In humid, rapidly eroding (/) montane envi-

generate sinuous channels (5—10, 13-20), very
broad channels (8, 9), bedrock-floored cut (strath)
terraces (2, 5, 6, 13, 21), asymmetric valleys
(7, 17-19), and even meander cut-off loops
(8-10, 13, 15-20). In particular, field obser-
vations (8—10) and theoretical considerations
(22, 23) indicate that the majority of the me-
anders and high sinuosities seen in such bedrock
rivers are actively generated by erosive lateral chan-
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