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Infrared-to-THz Detection and Spectroscopy with
Whispering-Gallery-Mode Microresonators

Davide D’Ambrosio, Marialuisa Capezzuto, Roberto Aiello, Maria Giulia Delli Santi,
Alessia Sorgi, Pietro Malara, Saverio Avino, Antonio Giorgini, Pasquale Maddaloni,
Luigi Consolino, Miriam Serena Vitiello, Paolo De Natale, and Gianluca Gagliardi*

A novel room-temperature photodetector based on a silica-microsphere optical
resonator operating from the mid-infrared to the terahertz spectral region is
reported. The sensor relies on a free-space visible laser whose frequency is locked
to the center of a whispering-gallery mode (WGM). The devised scheme
automatically tracks any small change in the microresonator’s size and refractive
index that occurs upon illumination with radiation absorbed by silica. In this way,
direct detection of quantum-cascade laser beams around 4.3 and 111 pm
wavelengths is shown, down to minimum noise-equivalent power levels of
~1pW /Hz ' with a dynamic range >100 dB. The microsphere resonator is
then exploited, for the first time, as a photodetector in absorption spectroscopy of
the '>CO, fundamental ro-vibrational band and of very-weak '>*CH3;OH rotational

lines.

1. Introduction

Infrared (IR) photodetectors and imaging systems are key
elements in both civil and military applications as they enable
the detection of objects in dark or scarce visibility areas. They
are crucial in night vision systems, unmanned autonomous
vehicles, surveillance systems, and are widely used in building
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maintenance, noncontact thermometry,
industrial processing, and medical diag-
nostics. IR photodetectors are usually
grouped into two broad classes: quantum
devices, such as photoconductive and
photovoltaic types, and thermal devices,
such as bolometers and thermopiles.~!
Quantum detectors based on semiconduc-
tor materials boast a fast response but for
wavelengths longer than a few micro-
meters they require cryogenic cooling to
minimize thermal noise, thereby increas-
ing cost, size, and complexity. Thermal
detectors, instead, rely on changes in the
physical properties of the detector element
due to the heat generated by IR absorption.
They have a broad spectral response, pay-
ing the price of a lower detectivity and
bandwidth typically limited by thermal processes. In this regard,
aroom-temperature sensor with a performance approaching that
of cooled photodetectors would have a strong impact, particularly
in the terahertz (THz) spectral range.l®! The frequency window
from 0.1 to 10 THz is a largely underexploited section of the elec-
tromagnetic spectrum. However, in the very last years, THz
quantum cascade lasers (QCLs)*) and THz frequency combs!®
have become available thus opening the intriguing opportunity
to build up a new accurate molecular-fingerprint region based on
characteristic rotational transitions.” Also, new avenues for THz
applications to imaging and food quality inspection have
emerged.”®!

Whispering-gallery modes (WGMs)®! are nowadays exploited
in photonic micro-cavities with various geometries for biosens-
ing, spectroscopy, nonlinear optics, and optomechanics.!%!"!
WGMs exhibit inherently long lifetimes and propagate on
equatorial trajectories very close to the external interface. They
show extremely high sensitivity to light absorption as well as tem-
perature and refractive index variations. Basically, such perturba-
tions lead to shifts of the WGM resonances that, thanks to their
high optical quality factor (Q), can be measured down to ultra-low
detection limits for diverse sensing uses.!*?

Recently, radiation detection by WGM microcavities has been
experimentally demonstrated in the ultraviolet™! and the infra-
red range." In the latter scheme, a silica microtoroid fabricated
on a silicon substrate was excited with a conventional evanescent-
wave tapered-fiber coupler while the 10 pm radiation of a CO,
laser was detected from the absorption-induced amplitude
modulation near the WGM-shoulder transmission.
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Here, we propose a novel sensor based on a free-space visible
laser that actively tracks the center of the optical resonance of a
room-temperature silica microsphere placed on the tip of an opti-
cal fiber. No coupling device or special insulation is required and
the sensor is able to provide a real-time voltage signal propor-
tional to the power of mid-IR (MIR) and THz radiation emitted
by two separate QCLs, proving suitable for sensing and spectros-
copy in these spectral regions.

2. Experimental Section

A 3D rendering of the main elements of the optical setup is
shown in Figure 1. The radiation sensor consists of a silica
microsphere fabricated by controlled fusion of a telecommunica-
tion single-mode optical fiber:*? The result is an almost spheri-
cal bulge at the tip of a silica stem that is used for microresonator
manipulation and alignment (see photograph in the inset of
Figure 1). A visible distributed feedback (DFB) diode laser emit-
ting around a wavelength of 640 nm is used for interrogation.
The laser is optically coupled to the microresonator via
Lorenz-Mie scattering.!">™'% For this purpose, the light beam
is focused by a microscope objective tangentially to the micro-
sphere rim, so that WGM resonances are excited directly from
free space without resorting to any evanescent-wave device.
The back-scattered and transmitted light are collected by addi-
tional objectives and detected by Si-photodiodes: WGMs can
be observed when the diode laser wavelength is swept through
a resonance condition. This already provides a measurement
of possible resonance shift due to length or refractive index
changes.

Our microresonators have diameters typically ranging from
100 to 200 pm. Silica is a convenient choice for IR radiation
detection: the material has a very strong absorption above
4 pm (absorption coefficient ~245 cm ™%, 10* times larger than
that in the telecom range, and high transparency to visible radia-
tion resulting in a high Q-factor (4 x 10°) at the interrogation
wavelength. A WGM temperature sensitivity of the order of
3GHz K™ is expected owing to silica thermal expansion and
thermo-optic effect.!] A finite element method (FEM) numerical

Figure 1. A sketch of the optical sensor based on a silica microresonator
(red beam is the whispering-gallery mode (WGM) excitation laser, the
green beam is the infrared/THz laser). Inset: photograph of a silica micro-
sphere (190 ym diameter) fabricated by arc-fusion on the tip of a single-
mode optical fiber.
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Figure 2. Finite element model (FEM) simulation of temperature increase
in the microsphere with different diameters under mid-IR (MIR) irradiation
(power 1 mW) as compared with that on a distant point along the fiber
stem (black line).

modeling of heating effects caused by IR absorption was carried
out by COMSOL. As shown in Figure 2, MIR radiation absorp-
tion results in a net temperature increase in the region of the
microresonator where the IR beam is focused. Combined with
the thermal expansion and thermo-optic effect, these data lead
to an optical-resonance frequency response of ~60 kHz uW ™!,
e.g., under MIR illumination.

3. Detection of Mid-Infrared and THz Radiation

A QCL emitting at a wavelength of 4.3 um, driven in continuous
mode (cw) at a current of 650 mA and a temperature of about
293 K, was first used to test our sensor. The performance of a
190 pm diameter microsphere was assessed experimentally from
the WGM resonance, as shown in Figure 3 plot, where the shift
observed under QCL illumination was measured along a wave-
length sweep of the visible laser. A similar test was repeated by
simply tuning the laser at the center of a WGM resonance and
imaging the light scattered by the microsphere equator: a bright
ring can be observed which almost disappears when the micro-
sphere is illuminated by the infrared laser, due to the consequent
frequency shift that drives the microresonator almost out of
resonance (Figure 3, bottom images).

To provide a real-time readout with large dynamics, the laser
was actively frequency locked to the center of the WGM by means
of a Pound-Drever—Hall scheme.™ For this purpose, the diode
laser is phase modulated by a radio-frequency (RF) sine wave via
its injection current to generate optical sidebands. Demodulation
of the cavity-transmitted power by an RF mixer yields a
dispersive-like error signal with a zero-crossing point located
exactly at the WGM center. The error signal is sent to a
proportional-integrative electronic servo that gives the feedback
necessary to keep the laser locked to the resonance peak within a
600 Hz bandwidth. In this way, detection of the incident IR
radiation is automatically turned into an optical frequency-shift
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Figure 3. Top: Transmission and backscattering signals of the 190 ym
microsphere are observed when the laser wavelength is swept through
a WGM when the MIR beam (0.7 mW) impinges on the microsphere (blue
line) and when it is turned off (green line). Bottom: images of light scat-
tered by the microsphere with fixed laser wavelength: a) with and
b) without MIR illumination.

measurement. The servo circuit generates a voltage proportional
to this shift, i.e., proportional to the IR power.

The same test as in Figure 3 was repeated when the laser was
tightly locked to a WGM. The resulting in-loop locking signal at
the servo output is shown in Figure 4, where the voltage leap
yields a measurement of the sensor response for an incident
power of 0.7 mW, exhibiting a high signal-to-noise ratio and
perfect recovery of the initial level. The observed responsivity,
i.e., the WGM response in terms of optical power-to-frequency
conversion is ~290 kHz pW !, i.e., about five times larger than
that simulated in Figure 2. The thermal build-up due to absorp-
tion can also be appreciated in Figure 4 from the exponential fit
on the rising edge, indicating a bandwidth of 5 Hz, in agreement
with our temperature-increase simulations for a 200 pm diame-
ter (Figure 2). Since the servo locking bandwidth is intrinsically
higher (600 Hz), the retrieved bandwidth mainly depends on the
inherent thermal response of the silica microsphere.

A complete characterization of the detector noise needs a spec-
tral analysis of the readout signal. For this purpose, in Figure 5,
the noise-equivalent power (NEP) spectral density obtained by
fast Fourier transform (FFT) of the locking signal is represented
from 0.1 Hz to 1kHz, calibrated in terms of optical power with a
known external stimulus at 5 Hz. On the FFT spectrum, a NEP
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Figure 4. In-loop locking signal versus time when the IR laser beam is
rapidly shut off and on. The rising edge of the experimental step-like
response is fitted with an exponential function (red curve: rise time
~0.25).
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Figure 5. Power-calibrated noise spectrum of the locking signal (NEP)
with a superimposed 5 Hz oscillation (1 Hz resolution bandwidth). The
dashed line corresponds to the noise level at 2 Hz.

level of 15 pW /Hz ' around 2 Hz can be observed, while a
noise roll-up manifests below 10 Hz, likely due to 1/f fluctuations
from the servo electronics. It is worth noting that the NEP has a
high-frequency noise floor <1 pW \/Hz ' with an approximately
constant behavior, suggesting a dominant white-noise contribu-
tion for frequencies above 100 Hz. Some spurious peaks due to
the AC line (50 Hz) and its harmonics are also visible. Moreover,
a maximum detectable power of 0.5 W (dynamic range >100 dB)
can be found from the in-loop signal dependence under an
external WGM-laser locking perturbation.

Finally, we note that the sensor response shows an approxi-
mately linear behavior with the incident IR power, as shown
in Figure 6. The linear fit returns a responsivity coefficient of
4845 107*VmW ', providing a power readout calibration
for our detector.

Far-infrared detection was also demonstrated using the same
optical system but a different microresonator (Q-factor 1 x 107).
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Figure 6. In-loop locking signal variation as a function of the infrared
beam power (dashed line: linear fit).

The 2.7 THz radiation emitted by a cw QCL housed into a closed-
cycle Stirling cryostat (T = 26 K), driven at 470 mA, was focused
on the 190 pm silica microsphere by an off-axis 90° parabolic
mirror. To evaluate the spatial overlap between the silica surface
and the THz beam waist in the focal plane, the QCL beam cross-
section has been preliminarily analyzed by a microbolometric
camera near the microsphere position, as shown in Figure 7.
A Gaussian fit of the recorded spot yields a beam waist
~400 pm (1o) meaning that 95% of the optical power is confined
within an 800 pm spot (20). Considering that the microresonator
had a diameter of 190 pm, the actual detected power was reduced
down to 20% of the total one. Due to THz photon absorption, a
WGM shift could be again observed in open-loop configuration
(Figure 8) and, when the visible laser was locked to the WGM, a
net change in the correction signal showed up accordingly
(Figure 8, inset). A stronger absorption of silica in the THz spec-
tral range is expected with respect to the MIR,[#%?% resulting in a
larger intrinsic response (800kHzpW™'), and thereby in a
rescaled NEP level of about 6 pW \/Hz ' at 2 Hz, considering

Figure 7. THz laser beam recorded by the thermal camera. The arrow indi-
cates a 1000 ym length.
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Figure 8. THz detection by the silica microsphere as observed from the
open-loop WGM shift (green line: THz on, blue line: THz off). Inset:
In-loop locking signal versus time when the THz laser beam is turned
on and off (Incident power 0.7 mW).

the same locking system. In this estimate, all factors affecting
the photodetector output including the voltage noise measured
on the in-loop locking signal and the spot-microsphere overlap
have been carefully taken into account.

In both the MIR and THz detection tests, the overall respon-
sivity is limited by the WGM Q-factor, affected by surface scat-
tering and silica transparency in the laser emission range, as well
as the system configuration, including the microresonator geom-
etry, size, and connection to the fiber stem. The latter, in partic-
ular, plays a crucial role in thermal load and heat transfer
mechanisms that rule temperature changes due to radiation
absorption and time recovery of the photodetector.

4. Mid-Infrared and THz Spectroscopy

As a proof of principle, the WGM sensor was used as a photode-
tector for direct absorption spectroscopy of >CO,. The absorp-
tion line at 2342.727219 cm™', corresponding to the J=7—8
ro-vibrational transition of the v; fundamental band, was
detected in ambient air.**! For this purpose, the QCL collimated
beam was directed to a 50 cm long gas cell, equipped with CaF,
windows, filled with air at reduced pressure (CO, mixing ratio
~400 ppm). The cell-transmitted radiation was focused on the
microresonator while the visible laser was locked on a WGM.
When the QCL wavelength was swept across an absorption line,
the cell transmitted power decreased near the line center leading
to a shift of the visible WGM. This reflected in a change of the in-
loop locking signal thus yielding the lineshape shown in Figure 9
along the QCL sweep.

Thanks to its low noise level, our room-temperature WGM
sensor is perfectly suitable also for THz absorption spectroscopy.
A 25 cm long absorption cell, equipped with 2 mm thick polyme-
thylpentene (TPX) windows, was connected to our vacuum sys-
tem and to a vial containing a pure *C-enriched methanol
sample. Using the same approach as in Figure 9, the THz
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Figure 9. '2CO, absorption observed through the WGM-laser locking

signal for ambient air pressure of 30 Torr (12 mTorr CO2 partial pressure)
in the 50 cm cell along a 2.2 GHz QCL sweep (red line).
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Figure 10. ">*CH;OH rotational absorption line observed through the
WGM-laser locking signal (gas pressure: 1.1 Torr, pathlength: 25cm)
along a THz QCL sweep (red line).

QCL was swept through a very weak rotational transition of
3CH;0H gas at a wavelength of 111 um, observing the absorp-
tion line shown in Figure 10, the only one occurring in the spec-
tral range covered by the laser emission. The background slope
derives from the QCL current sweep that leads to a linear power
modulation (red line in Figure 10) read out through the locking
electronics. The signal-to-noise ratio of this recording is mainly
limited by the detector electronic noise, considering the low tran-
sition strength and gas pressure, and by the strongly fluctuating
far-infrared background.

5. Conclusion

A novel room-temperature photodetector based on a silica
spherical microresonator has been devised and demonstrated.
To excite WGMs in the microsphere, free-space illumination
was used without the need for any special coupling device.
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Owing to silica optical absorption, this element enabled the
detection of electromagnetic radiation from the MIR up to the

THz spectral range, with NEP levels in the order of

1pW /Hz '. The detector proved already suitable for direct-
absorption molecular spectroscopy applications. If compared
with other room-temperature commercial THz detectors, our
WGM-based sensor has a slightly lower bandwidth (2 Hz with
respect to ~15 Hz), but exhibits a much lower NEP both with
respect to pyroelectric detectors (NEP ~1nW . /Hz ') and
Golay cells (NEP ~0.1 nW \/Hz%).2>:2¢]

The achieved performance can be greatly improved using dif-
ferent dielectric materials with higher visible transparency (i.e.,
higher-Q WGMs) and/or stronger IR absorption, such as BK7
and SF6.2!! Also, the sensitivity of the silica microcavity can
be enhanced using different sizes and geometries for the sup-
porting structure to tailor the thermal conductivity and reduce
the response time.””] A preliminary estimate suggests that, in
this way, a NEP < 1pW /Hz ' and a bandwidth > 100 Hz are
within reach. Moreover, the footprint of our detector can be
largely reduced by simplifying coupling and detection optics,
and optimizing the readout electronics.

In conclusion, our results point out that a glass microsphere
can be used as a microscale, uncooled IR-THz detector with a
very wide dynamic range in a cheap, compact, and robust optical
scheme and a noise performance competitive with existing devi-
ces. Furthermore, the collection of resonant light scattered by the
microcavity opens new pathways to convert THz to visible sig-
nals, whereby the light ring emitted by the equatorial surface
serves as a micro-pixel sensor driven by the impinging radiation.
The detector response, which indeed consists in the modulation
of a light beam, can be potentially exploited in integrated, multi-
point configurations, envisioning the possibility of THz imaging
via visible light.
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