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Terahertz sensing plays an important role in industry, biology and material science. Most existing techniques for terahertz
detection either require bulky optics or need cryogenic cooling, and the uncooled thermal detectors usually suffer from
long integration times (1–1,000 ms). We propose, and experimentally demonstrate, a novel scheme based on
photoacoustic detection of terahertz pulse radiation. The transient and localized heating in a carbon nanotube–polymer
composite by the absorption of terahertz pulse energy produces ultrasound, which is subsequently detected by a highly
sensitive acoustic sensor. In contrast to conventional thermal detectors utilizing continuous heat integration, this new
method of terahertz detection responds to the energy of each individual terahertz pulse by a time-gated scheme, thus
rejecting the continuous radiation from the ambient. In addition, this novel detector possesses advantages such as room-
temperature operation, a fast response (∼0.1 ms) allowing real-time detection, compact size (millimetre scale) and wide
spectral response.

T
erahertz electromagnetic waves lie in the frequency range
0.1–10 THz, a scientifically rich frequency band that is of
unique value for imaging, chemical identification and the

characterization of the electronic and vibrational properties of
materials. The low photon energies of terahertz radiation—for
example, 4 meV at 1 THz—are biologically safe, making it an attrac-
tive tool as non-ionizing radiation for imaging and treating biologi-
cal tissues. Accordingly, active and passive devices for terahertz
radiation have been the subject of intense research1–7. The develop-
ment of small and easy-to-operate terahertz components, including
sources, waveguides and detectors, would benefit both
fundamental research and applications. Indeed, better control and
measurement of terahertz radiation is necessary to open up a
range of potential uses8,9.

Of particular interest are detection techniques for terahertz radi-
ation. All radiation detection systems in the terahertz spectral range
belong to one of two groups: coherent or incoherent detection (also
called direct detection) systems10. Here, we intend to build a direct
detection system for broadband detection of signal amplitude. A
number of direct detection technologies have already been devel-
oped. Cooled detectors such as hot-electron nanobolometers11,12

provide fast response times and high sensitivity, but their usefulness
is limited due to their requirement for low operating temperatures.
Uncooled terahertz detectors, such as Golay cells13 and pyroelectric
detectors14, are commercially available, but have only modest sensi-
tivities. Their response time is relatively long, �1022 to 1023 s,
hindering applications that require real-time terahertz detection
due to the low-frequency modulation necessary for operation.
Thus, a new detection scheme that simultaneously provides room-
temperature operation, fast response times and good sensitivity is
highly desired. Furthermore, the feasibility of developing

miniaturized terahertz detectors could expedite practical and
commercial applications.

Terahertz pulse radiation has been extensively used in a variety of
areas, from fundamental scientific research to practical applications.
For example, it can be utilized to study carrier multiplication15.
Intense terahertz pulses can be used in nonlinear terahertz spec-
troscopy of semiconductors, terahertz nonlinear optics, vibrational
excitation16 and in activating the DNA damage response in
human skin tissue17. Terahertz pulsed spectroscopy and terahertz
pulsed imaging are two novel techniques for the physical character-
ization of pharmaceutical drug materials18. The characterization of
terahertz pulse energy plays an important role in these applications.
Currently in use are thermal detectors that utilize continuous heat
integration to measure the power and then convert this to energy
with the pulse repetition frequency (PRF). Because most thermal
detectors have slow response times, the characterization of the
energy of each terahertz pulse at high values of PRF is limited,
especially for applications with high fluctuations in energy from
pulse to pulse.

The temperature rise in a material due to the absorption of elec-
tromagnetic radiation can also produce other measurable physical
effects. For example, the photoacoustic (PA) effect is the generation
of high-frequency sound waves upon the absorption of a light pulse.
The PA effect has been extensively implemented in biomedical
imaging, with contrast provided by optical absorbers such as hae-
moglobin and melanoma19,20. To date, PA generation and measure-
ment have been accomplished using electromagnetic radiation from
the ultraviolet, and visible to near-infrared (NIR) spectral regions.
We anticipate that terahertz radiation can also induce a PA effect
through the use of an appropriate terahertz absorbing material
that generates ultrasonic waves through thermal expansion.
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Therefore, ‘listening to’ the generated acoustic wave can serve as a
new approach to terahertz pulse detection. In this work, we demon-
strate PA detection of terahertz (PADTH) pulse radiation. Unlike
conventional terahertz pulse detection systems, PADTH directly
detects the energy of each individual terahertz pulse. Moreover,
PADTH methods respond only to the pulse excitation, while reject-
ing other continuous radiations. This means that when PADTH is
used in terahertz pulse detection, the ultimate sensitivity will not
be restricted by the background continuous radiation, thus
showing the potential of PADTH for the efficient detection of tera-
hertz pulse energy.

Carbon nanotube–polydimethylsiloxane nanocomposite
A carbon nanotube (CNT)–polydimethylsiloxane (PDMS) nano-
composite is used here as a terahertz-to-ultrasound converter,
because CNTs can efficiently convert absorbed terahertz radiation
into thermal energy via their terahertz absorption capability21 and
low specific heat, and PDMS has a high thermal coefficient of
volume expansion that is important in the generation of a high-
amplitude pressure wave. Accordingly, both contribute to efficient
PA conversion of terahertz radiation. More discussion on the selec-
tion of CNTs and PDMS as the absorber is provided in
Supplementary Section ‘The use of CNT and PDMS as the PA trans-
mitter’. To make the composite for PADTH, multiwalled CNTs were
grown by a chemical vapour deposition process on an oxidized silicon
substrate catalysed with a 1-nm-thick Fe film22, with average diameter
and interspacing of 10 and 100 nm, respectively. The CNT forest
morphology was controlled to enable sufficient interspacing
(100 nm) among the CNTs to facilitate infiltration by the PDMS
when it was poured over the forest, which is critical to ensure efficient
PA conversion throughout the three-dimensional composite matrix.
In our experiment, the as-grown CNT forest was controlled to be
40–50 mm in thickness (Fig. 1a) to facilitate PDMS infiltration.
Details of the preparation of high-modulus PDMS are provided in
Supplementary Section ‘High modulus PDMS’. This allows a
thinner elastomer coating than regular PDMS made from the com-
mercial Sylgard-184 precursors, and its higher crosslinking density
also improves the modulus of the material. After PDMS infiltration,
the CNT–PDMS composite was pressed with a fluorosilane-treated
slide glass, with a 25-mm-thick spacer inserted between the substrate
and the slide glass to roughly control the film thickness. The compo-
site was then thermally cured at 100 8C for 10 min to obtain a final
thickness of �30 mm throughout the film, with the CNTs uniformly
embedded in the PDMS (Fig. 1b). Finally, it was carefully peeled off
the substrate in the form of a thin freestanding composite film.
The removal of the substrate is necessary to avoid either terahertz
reflection/absorption or ultrasound attenuation by the substrate.
The thin elastomer film with embedded CNTs facilitates both high
terahertz absorption and low acoustic attenuation (Supplementary

Section ‘Considerations of thickness and terahertz absorption of the
composite’). The fabrication process is also easily scalable to large
areas or multiple samples for practical applications. Scanning
electron microscope (SEM) images presenting cross-sectional views
of CNT–PDMS composites with different thicknesses of spacer are
provided in Fig. 1.

We note that a terahertz absorber using multilayer glass spheres
and PDMS has been reported23. The absorbance was high in the fre-
quency range between 0.7 and 2.0 THz. However, as mentioned
above, CNTs have been shown to absorb incident radiation effi-
ciently across a very wide spectral range (0.2–200 mm), suggesting
them to be a more promising material for broadband
terahertz detection.

Experimental set-up and terahertz source
The complete system for PA detection of terahertz pulses is shown
in Fig. 2. A terahertz pulse was first provided. To do so we used a
500 Hz Ti:sapphire laser system (Lambda Cubed System at the
University of Michigan) producing pulses with a wavelength of
800 nm, pulse energy of 3 mJ and pulse duration of 30 fs (ref. 24).
The laser beam was then focused by a lens to create a plasma at
the focus. A b-barium borate (BBO) crystal was positioned
between the lens and the focus to generate a second harmonic
with a wavelength of 400 nm. Combining the fundamental and
second-harmonic pulses coherently in air created broadband radi-
ation at the focus. Such a two-colour air ionization scheme is able
to generate broadband pulses extending from the terahertz to the
mid-infrared (MIR) regime25,26. The generated terahertz and MIR
radiation was collected and collimated by a parabolic metal
mirror. A silicon wafer was used to block the unwanted light at
NIR and visible frequencies. To further block the MIR component
in the pulses we used a commercial low-pass filter (LPF 10.9,
Tydex), with a cutoff frequency at 6 THz (the frequency at which
the transmission is 50% of the maximum value) and negligible
transmission above 11 THz (Supplementary Section ‘Produced
terahertz spectra before and after the filtering’ and Supplementary
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Figure 1 | SEM images of the CNT–PDMS composite films. a,b, Composites

made with a thick spacer of 0.5 mm (a) and a thin spacer of 25mm (b).

In a, the pure PDMS layer is too thick and thus is not suitable as a PA

transmitter. Inset in a: CNT forest with a length of �45mm, before PDMS

infiltration. Compared with the visible nanoscale texture of CNTs in a, most

CNTs are invisible in b because more PDMS encompasses the boundaries as

a result of the greater pressing.
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Figure 2 | Experimental set-up for the PADTH device/system and

terahertz pulse generation. Terahertz radiation is generated by mixing the

fundamental and its second-harmonic laser field, produced by a BBO crystal.

The broadband pulse is collected and collimated by a parabolic mirror, and

then a silicon wafer and a low-pass filter are used to select radiation

frequencies less than 6 THz, which are then refocused by a second parabolic

mirror on the PADTH device. The device consists of a CNT–PDMS

composite and an optical microring resonator, with ultrasonic gel in between

for sound coupling. A c.w. tunable laser and a high-speed photodetector are

used to probe the acoustic pressure on the microring resonator. (For colour

version see Supplementary Fig. S3.)
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Fig. 2). The terahertz pulse radiation was then focused onto the
PADTH detector by another parabolic metal mirror with f¼ 5 cm
to a spot size of �0.8 mm. The PADTH detector was mounted on
a three-dimensional translation stage and aligned at the focus of the
parabolic mirror. The terahertz energy was converted into pressure
waves via the PA effect through the nanocomposite. The PA pressure
wave was detected by an optical microring resonator, serving as a
sensitive ultrasonic detector27–30, and the modulated optical signal
was subsequently amplified by a high-speed photodetector module
(New Focus, 1801-FC) and finally recorded by a digital oscilloscope
(WaveSurfer 452, LeCroy) with a sampling rate of 1 GHz.

Terahertz-induced PA time-domain signal
To maximize the PADTH efficiency the probe laser wavelength was
set to the highest slope of the microring optical transmission reson-
ance (Fig. 3a). The polymer microring had an optical quality (Q)
factor of 1.3 × 105, translating into a pressure sensitivity of
�22 mV kPa21 (ref. 29). The terahertz pulse energy measured
using the PADTH was calibrated against a commercial pyroelectric
detector (THZ5I-MT-BNC, Gentec-EO). To do so, a mechanical
chopper was placed before the focusing lens of the NIR laser to
modulate the terahertz source at 5 Hz, at which rate the pyroelectric
detector achieves its best sensitivity of 70 kV W21. Figure 3b shows
the measured terahertz average power of 1.8 mW, recorded by the
pyroelectric detector. For a PRF of 500 Hz, the terahertz energy
and fluence per pulse are 3.6 nJ and �0.72 mJ cm22

[¼(3.6 nJ)/(p(0.08/2)2 cm2)], respectively. Figure 3c shows the PA
signal acquired by the PADTH detector at this terahertz energy.
The measured peak voltage is �15 mV, corresponding to a

sensitivity of 4.2 mV nJ21 of terahertz detection and a pressure
level of 680 Pa (Supplementary Section ‘Thermalization process
and temperature rise in the composite’). Note that this pressure
level is much lower than the ambient pressure of 1 × 105 Pa. The
inset in Fig. 3c shows the PA signal spectrum and Fig. 3d the
enhanced signal-to-noise ratio (SNR) after applying a matched
filter of 1–26 MHz. At this frequency range the noise arising from
the ambient sound can be neglected because of the low-frequency
characteristics (Supplementary Section ‘Noise from ambient
sound’). The noise level of the detected PA signal is 0.92 mV after
applying the matched filter, corresponding to a noise-equivalent
detectable energy (NEDE) of the terahertz pulses of �220 pJ.
Note that the time-domain PA signal was excited by one terahertz
pulse without signal averaging, which also demonstrates the feasi-
bility of real-time detection of terahertz pulses (Supplementary
Section ‘Real-time terahertz detection’). The distance between the
CNT–PDMS composite and the microring was determined to be
0.9 mm using the known sound speed of gel (�1,500 m s21). The
detector response time is essentially determined by the time required
to generate a PA signal and the detected acoustic pulse duration (or
bandwidth). The latter means that a complete PA waveform must be
received for there to be sufficient information (usually the peak
value) to determine the terahertz energy. In our current case, the
detected acoustic bandwidth dominates, achieving a response time
of less than 0.1 ms. The ,0.1 ms timescale is several orders faster
than that of the pyroelectric detector (0.1 s). The detected acoustic
bandwidth is currently limited by the sample thickness. The response
time can therefore be enhanced further by using a thinner sample to
generate shorter acoustic pulses. It is worth noting that lower terahertz
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Figure 3 | Terahertz-induced PA time-domain signal detected by microring ultrasonic detectors. a, Optical transmission spectrum of the polymer microring

resonator. The resonance bandwidth is �60 pm. b, Terahertz power measured by the pyroelectric detector at a modulation frequency of 5 Hz. c, Single-shot

PA waveform excited by one terahertz pulse with energy of 3.6 nJ. The SNR is 16.9 dB. Inset: spectrum of terahertz pulse-excited PA waveform. d, PA signal

of c after applying a matched filter (1–26 MHz). The improved SNR is 21.5 dB.
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energies can be detected using the PADTH by signal averaging, but
with a trade-off in measurement time.

PADTH’s linear response to terahertz pulse energy
Measurements were performed with different energy settings for the
terahertz source, and the pulse energy was calibrated by a bolometer
(HD-3, Infrared Laboratories) that can detect electromagnetic radi-
ation below 15 THz, covering the spectral range of the terahertz
source used in this work. Because the terahertz polarization was

close to linear, a terahertz polarizer (G30 x 10-S, Microtech
Instruments) was used to achieve different terahertz energies by rotat-
ing the polarizer at different angles. Several values of terahertz pulse
energy were calibrated with the bolometer and were used for calibrat-
ing the PADTH response. Measurements of PA signals by PADTH
were performed 80 times for each case to average over the energy fluc-
tuations of the terahertz source. Figure 4 shows the resultant PA signal
acquired by the PADTH detector as a function of the energy of the
terahertz radiation, confirming a linear dependence. Although the bol-
ometer has lower sensitivity for strong electromagnetic radiation—that
is, a nonlinear response—the range of terahertz pulse energy used in
this calibration is less than fourfold, as shown in Fig. 4, and thus we
believe the bolometer should still function linearly.

PADTH terahertz imaging
Finally, we verified the usefulness of the PADTH detector by
demonstrating its applicability to imaging. The sample to be
imaged is an aluminium foil cut into a cross pattern, as shown in
Fig. 5a, and is attached on optically transparent tape. The sample
was mounted on an x–y stage and scanned through the position
slightly behind focus while the PADTH detector was aligned at
the focus. An image of the aluminium foil sample radiated by the
terahertz source, acquired by PADTH detection, is shown in
Fig. 5b, while Fig. 5c presents a reference image taken with a com-
mercial pyroelectric detector, the same as used to obtain Fig. 3b
(THZ5I-MT-BNC, Gentec-EO, responsivity ¼ 70 kV W21, noise-
equivalent power (NEP)¼ 1 nW Hz21/2). Both methods were able
to clearly image the aluminium pattern. The PADTH can even
clearly image the boundary between the tape and the air, which
the pyroelectric detection did not. The terahertz beam scattered
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on the boundary results in a lower energy density (fluence). This
small variation can be detected and distinguished by the PADTH,
demonstrating the sensitivity and unique detection mechanism of
the PADTH platform. In contrast, the pyroelectric detector
measured the power inside its 5 mm aperture, which was large
enough to collect most power, although slight scattering occurred.
The resolution for both images was determined by the scanning
step size, which was 1 mm in each direction. Figure 5d shows the
terahertz image in one dimension acquired by the PADTH and
the pyroelectric detector with a scanning step size of 0.2 mm
along the y-direction. From Fig. 5d it can be clearly seen that the
one-dimensional profiles obtained by the two methods are in
good agreement. For quantitative analysis we performed a convolu-
tion of a terahertz Gaussian beam and a terahertz transmission
function, produced by the aluminium sample, to fit the one-dimen-
sional profile. The terahertz transmission function (that is, the
sample width) along the y-direction at x¼ 5.34 mm is 4.4 mm. By
applying convolution fits, we determined the terahertz beam size
to be 2.2 mm in the y-direction. The beam size being larger than
the terahertz focal spot size of 0.8 mm is reasonable considering
the aluminium sample was placed behind the terahertz focus.
Compared with the pyroelectric detector, the PADTH detector
has potential for real-time terahertz imaging (Supplementary
Section ‘Speed of PADTH terahertz imaging’). The possibility for
the microring detectors to be configured in arrays is another advan-
tage of PADTH for terahertz imaging applications28.

Discussion
The NEP is one common figure of merit for conventional thermal
terahertz detectors and characterizes their sensitivity. However,
because the PADTH reported here essentially detects each terahertz
pulse, rather than the energy accumulated over a certain period (that
is, power), as is the case with other thermal detectors, the NEDE is
more suitable for characterizing the PADTH. Specifically, the NEP
is a universal standard for conventional thermal detectors for a
variety of terahertz sources, including continuous-wave (c.w.) tera-
hertz sources and pulsed terahertz sources with different PRFs. As
long as the power of the terahertz sources is the same, they
produce the same SNR using different detectors with the same
NEP at a given measurement time. In contrast, the relation
between the NEP (for 1 s measurement time) and NEDE (for 1
pulse) for PADTH detection is NEP¼NEDE × PRF1/2, where
NEP is proportional to PRF1/2. That is, with the same PADTH
system, different SNRs will be obtained for different PRFs of the
pulsed terahertz source with the same power at a given measurement
time. Thus, NEP is not a universal standard for characterizing the
sensitivity of the PADTH.

Although the PADTH and conventional thermal detectors are
characterized using different figures of merit, they can be compared
in some specific cases. For example, for the terahertz source used in
this experiment, with a pulse energy of 3.6 nJ and PRF of 500 Hz for

1 s measurement time, the detection limit of pulse energy by the
PADTH is 9.8 pJ [¼(220 pJ)/

p
(500)], whereas that achieved by

the commercial pyroelectric detector used in this experiment
(NEP¼ 1 nW Hz21/2) is 2 pJ [¼(1 nW)/(500 Hz)]. For this case
they therefore have similar performance in terms of the detection
limit. Thus, we believe that the PADTH has the potential to be
developed as a practical terahertz detector. Moreover, some appli-
cations such as high-speed terahertz imaging, real-time alignment
and quantification of pulse energy fluctuation can only be achieved
by the PADTH because of its fast response time of �0.1 ms, whereas
the pyroelectric detector has to wait �0.2 s for one measurement, no
matter how strong the terahertz source. Currently, the PADTH is
able to detect each pulse of the pulsed terahertz source with a
PRF of ,10 MHz for high-speed applications. A comparison of per-
formance metrics for the PADTH and other thermal detectors is
provided in Table 110,31.

There is still considerable room for further improvement of the
PADTH sensitivity. From calculations of the signal amplitude for
the composite configured in the form of an acoustic lens32, we esti-
mate there is room for 10 to 20 times improvement in NEDE for a
focused terahertz spot size of 800 mm. Also, further enhancement of
the Q-factor is technically possible29. Combining the two improve-
ments, we expect that more than three orders of magnitude
improvement in PADTH sensitivity can potentially be achieved in
the future. In other words, the PADTH has the potential to
achieve a NEDE on the order of 0.1 pJ.

Benefitting from the mechanism of transient and localized heating
of the absorber (Supplementary Section ‘Techniques for terahertz
detection using PA effects’), the rejection of continuous radiation
from the ambient (Supplementary Section ‘The ability to gate tera-
hertz pulse excitation’) and the optimization of the PA transmitter
and ultrasonic detector using the proposed PADTH technique, we
have demonstrated sensitive terahertz pulse detection. The sensitivity
and NEDE of �220 pJ for one terahertz pulse was experimentally cali-
brated. We have illustrated the dependence of the converted PA ampli-
tude on different pulse durations of the terahertz excitation
(Supplementary Fig. S5), which shows a flat response for terahertz
pulse durations of ,2 ns. We have also shown its ability for real-
time detection with a response time on the order of 0.1 ms.
Terahertz pulsed imaging using the PADTH method was also demon-
strated. Note that a lower detection limit for the terahertz energy can
be achieved with a corresponding increase in measurement time. The
PADTH offers several advantages, including (1) room-temperature
and easy and low-cost operation, (2) small, on-chip design for easy
integration, (3) fast response on a 0.1 ms timescale, (4) decent sensi-
tivity and NEDE, and (5) a wide spectral response, offering great
potential for various terahertz applications.

Methods
PADTH detection principle. A PA wave was generated by a material sample as a
result of the absorption of electromagnetic energy in the form of pulsed light33.

Table 1 | Comparison of PADTH and other thermal detectors.

Detector type Response time
(or modulation
frequency)

Operation
frequency (THz)

Noise-equivalent
power
(W Hz21/2)

Detection mechanism

Bolometers* 0.1 ms ≤30 10214 Electric resistance sensitive to
temperature change Time

integration
(power)

Pyroelectric
detectors

0.1 s ≤30 1029 Spontaneous electric polarization
susceptible to temperature change

Golay cells 0.05 s ≤30 1029–10210 Thermal expansion of the gas
PADTH 0.1 ms At least ≥1.5 THz

(ref. 21)
2.2 × 10210 J† PA conversion (energy detection for pulse duration ,2 ns)

*Operated at or below liquid-helium temperature.
†NEDE is used to characterize the PADTH sensitivity.

NATURE PHOTONICS DOI: 10.1038/NPHOTON.2014.96 ARTICLES

NATURE PHOTONICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephotonics 5

© 2014 Macmillan Publishers Limited. All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nphoton.2014.96
http://www.nature.com/naturephotonics


Briefly, the absorbed electromagnetic energy is converted into heat. A temperature
rise then causes thermal expansion through the thermoelastic effect, producing a
pressure wave that propagates away from the excitation region and can then be
detected by ultrasonic sensors. The generated PA pressure wave is most efficiently
collected when the frequency response of the ultrasonic detectors matches the
frequency spectrum of the PA signals. Thus, a sensitive ultrasonic detector with
appropriate bandwidth is essential. The amplitude of the initial pressure p0
upon illumination by a short electromagnetic pulse is governed by34

p0 = GhthmaF (1)

where G¼ (bvs
2)/Cp is defined as the Grueneisen coefficient, b is the thermal

coefficient of volume expansion, vs is the speed of sound, Cp is the specific heat
capacity, ma is the optical absorption coefficient and F is the optical fluence, that is,
the optical energy per unit area. The factor hth is the percentage of absorbed energy
that is converted into heat and can be assumed to be 1 in most cases. From the
expression, G is determined by the mechanical and thermal properties of the
absorber and is independent of the incident electromagnetic spectrum, while ma is
usually spectrally dependent. The initial pressure p0 is proportional to the
incident electromagnetic pulse energy; hence, if a terahertz pulse is incident on a
material that can absorb the full bandwidth of the terahertz spectrum, the terahertz
pulse energy may be detected directly via the generated acoustic wave. To enable
broadband detection over the entire terahertz range, a sample with high absorption
over the spectral bands of interest is desired.

Polymer microring ultrasonic detectors. To detect the acoustic waves generated by
the absorption of terahertz pulses by the CNT–PDMS composite film, we used a
photonic sensor, a polymer microring resonator, as a highly sensitive ultrasonic
detector with a wideband acoustic response. The design and working principles of
the microring resonator as an ultrasonic detector have been introduced and detailed
in previous work27–30. Briefly, the acoustic pressure modulates the optical resonance
condition in the microring waveguide, leading to a shift of the resonance wavelength.
When the microring is probed at a fixed wavelength tuned to a high-slope region of
the transmission spectrum, the ultrasound wave incident onto the microring
translates into a modulation of the output optical intensity, which is then recorded
by a high-speed photodetector. Therefore, a high Q-factor of the optical resonance
enables high-sensitivity detection. The PADTH detector was formed by placing
the CNT–PDMS composite, as a terahertz-to-PA transducer, directly on the
microring ultrasonic detector. A gel was placed between the transducer and the
microring resonator to enable ultrasound coupling. The diameter of the microring
resonator was 60 mm. Its wideband acoustic response (d.c. to �100 MHz at 26 dB)
enables efficient collection of PA signals excited by short terahertz pulses. It can also
be made to a 3.5 mm size30, which is attractive for applications requiring compact
terahertz detectors. Note that the size of the active element of the microring
ultrasonic detector is 60 mm (ref. 29). With better dicing and fibre-coupling
techniques (for example, using a fibre circulator to access the input and output ports
of the microring resonator), sub-millimetre device size can be achieved. Another
advantage is that an arrayed microring detector can be constructed with an element
spacing of ≤100 mm, where each microring detector can addressed by a single bus
waveguide using a wavelength division multiplexing scheme28. We also used
feedback control on the optical output power of the microring device to ensure
stability of high-sensitivity operation (Supplementary Section ‘Stability of high-
sensitivity operation of the microring ultrasonic detector’).
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