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Abstract— Detectors play a vital role in ultrasound sensing
and imaging applications. With the rapid development of
photoacoustic imaging technology in recent years, novel
ultrasound detectors based on optical methods have gained
increased attention, among which the imprinted polymer
microring is a representative one. This review covers the device
design, fabrication, and characterization, with an emphasis
on how the imprinting-based fabrication methodology benefits
the device performance, which further facilitates photoacoustic
imaging and sensing applications. By carefully designing and
fabricating the imprint mold, the imprinted polymer microring
has a quality factor on the order of 105 at 780 nm. The device
has advantages such as wide acoustic bandwidth response from
dc to 350 MHz at −3 dB, low noise equivalent detectable
pressure, wide acceptance angle, and so on. The polymer
microring has been successfully employed in applications such
as photoacoustic imaging and real-time terahertz pulse detection.

Index Terms— Microring resonators, ultrasound detectors,
nano-imprint, printed sensors, polymer-based photonic devices,
photoacoustic imaging, real time THz detection.

I. INTRODUCTION

OPTICAL micro-cavity resonators have spurred much
interest since the late 20th century, which now

have led to numerous important applications. In 1969,
Marcatili first proposed microring resonators as integrated
optical wavelength filters [1]. Much investigation went into
microsphere [2] and micro-droplet [3] resonators from the
early 1980’s to realize lasing and nonlinear optical phenomena.
Microring is one of the typical forms of micro-cavity
resonators, consisting of a ring shape waveguide coupled with
a straight bus waveguide. It offers such advantages as high
quality factor (Q factor), compact size and strong optical field
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enhancement inside the cavities. With these characteristics,
microring resonators have been demonstrated for applications
in both passive and active optical devices. Passive devices
include: single resonator/high-order resonator filters [4], [5],
add/drop filters in wavelength division multiplexing (WDM)
system [6], tunable filters [7], bio-chemical sensors [8], [9] and
pressure sensors [10]–[12]. Active devices include: continuous
wavelength lasers [13], [14], optical switcher/modulators [15],
optical nonlinear oscillators [16], [17] and cavity based
radiation pressure oscillators [18].

The materials constituting microrings can be hard mate-
rials, such as silicon [19], silicon nitride [20], silicon diox-
ide [21], tantalum pentoxide [22], or soft materials such as
polystyrene (PS) [11], polymethylmethacrylate (PMMA) [23],
SU-8 [24]–[26], to mention just a few. The structure can
be fabricated through electron beam or photo lithography to
define the structure directly in the polymer, or using etching
method subsequently to transfer patterns into the underlying
material. Etch-free selective thermal oxidation was demon-
strated to fabricate high quality factor silicon microrings as
well [27], [28]. Nano-imprint lithography is another effective
fabrication approach, especially for polymer based structures.
In nano-imprinting, a mold that contains surface-relief features
is pressed into the polymeric materials cast on a substrate in a
controlled condition (such as certain temperature, pressure and
with ultraviolet light irradiation, etc). After their separation,
a thickness contrast (complementary surface features with
respect to those on the mold) will be created on the poly-
mer material. Nano-imprinting simplifies fabrication, increases
throughput and improves reproducibility. A detailed review on
nano-imprinting is presented in [29].

In this review, imprinted polymer microring resonators are
discussed. The device fabrication, characterization and appli-
cation as ultrasound sensors are described in detail. Besides the
advantages of simplified fabrication and high yield, this simple
mechanical imprinting process enables highly reproducible
and high quality factor polymer microring structures by using
a well fabricated mold. Due to the sensitive response of
the polymer materials to the acoustic pressure, the polymer
microring works as a high performance ultrasound detector.
It has merits such as high acoustic detection sensitivity, ultra-
broad bandwidth, wide angular response and compact size,
which are proved to be valuable in photoacoustic sensing and
imaging applications.
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Fig. 1. (a) Schematic drawing of the microring, consisting of a ring
waveguide coupled to a straight bus waveguide. (b) Transmission spectrum of
the microring. (c) Ultrasound detection by the microring sensor. Reproduced
with permission from [31]. Copyright 2008 IEEE.

II. DESIGN AND FABRICATION
A. Principle

A microring resonator is composed of a ring waveguide
closely coupled with a bus waveguide, as shown in figure 1a.
The input and output optical fields (E1 and E3) in
the waveguide, and the circulating optical fields in the
ring (E2 and E4) are related to each other by the following
equations [23]:

E3 = α (τ E1 + jκ E2) (1)

E4 = α (τ E2 + jκ E1) (2)

Where τ and κ are the amplitude transmission and coupling
coefficients respectively, and α is the insertion loss (in terms of
transmission coefficient) due to the waveguide mode mismatch
in the coupling region. There is a π/2 radians phase shift
between the coupled fields in the ring and bus waveguide,
and this is due to the general requirement from the power
conservation and time reversal [30].

In the ring waveguide, the circulating fields E2 and E4 are
related to each other by: E2 = a×exp(− jφ)× E4, where a is
the single-pass amplitude transmission coefficient, and φ is the
single-pass accumulated phase and can be further expressed as:
φ = (2π × neff × L)/λ. Here neff is the effective refractive
index of the propagating mode in the ring, L the ring diameter,
and λ the wavelength.

Based on the above analysis, the relation of the optical
fields in the bus waveguides (E1 and E3) could be further
expressed as:

E3/E1 =(
τα−aα2(τ 2+κ2) exp(−jφ)

)
/
(
1−ταa exp(−jφ)

)

(3)

The input and output intensity (I1 and I3) of the bus
waveguide are related as:

I3/I1 = |E3/E1|2
=

∣
∣
∣
(
τα−aα2

(
τ 2+κ2

)
exp(−jφ)

)
/(1−ταa exp(−jφ))

∣
∣
∣
2

(4)

Resonance occurs when the single-pass accumulated
phase φ in the ring is multiples of 2π(exp(− jφ) = 1).
Under this condition, the output intensity is minimal (Fig. 1b).
This is because E2 and E4 are in phase when the ring is
in resonance, and therefore the optical field builds up inside
the ring (constructive interference happens). However, the
field coupled back to the bus waveguide has a π radians
phase difference with respect to the traveling field E1 in the
waveguide (thus destructive interference happens), and this
leads to a minimal intensity at the output E3.

The transmission amplitude is critically dependent on the
phase accumulation φ inside the ring, and is thus a function
of the effective refractive index (neff ) of the propagating mode
in a given ring geometry. The polymer microring is affected
by the ultrasound waves in two ways: on one hand, the ring
waveguide can be deformed by the acoustic pressure, which
changes its shape and field distribution, thereby the neff of the
propagating mode; on the other hand, the polymer refractive
index itself is modulated by the acoustic signal through the
elastic-optic effect (Strain creates a proportional perturbation
of the refractive index in the medium [32]). These two effects
change the neff . When the probing laser wavelength is fixed at
the sharpest slope of the ring resonance curve, the incoming
ultrasound signal can be recorded as the time-varying output
power from the microring resonator due to the resonance
shift (Fig. 1c).

The sensitivity of the microring device to the acoustic
pressure can be expressed as [33]:

S = dT /d P = (dT /dλ)
(
dλ/dne f f

) (
dnef f /d P

)
(5)

where T and P are the optical transmission intensity and
acoustic pressure amplitude, respectively. The first derivative
dT/dλ represents the change in the transmitted intensity with
the resonance wavelength shift for a fixed probing laser
wavelength. This quantity is closely related to the sharpness of
the resonance curve, denoted by the Q factor of the microring.
The second derivative dλ/dnef f is the resonance wavelength
shift with respect to the change of the effective refractive index
and is a constant given the fact that the resonant wavelength
shift is tiny. The third term dnef f /dP is a parameter signifying
how sensitive the polymer properties change with respect
to the ultrasonic pressure and can be described in terms of
Young’s modulus and elastic-optic coefficient. Therefore, the
microring detector’s sensitivity depends on its Q factor as well
as the polymer properties. It will be shown in the following
discussion how we take these factors into consideration in the
device design and fabrication.

B. Fabrication

The process of the polymer microring fabrication by
imprinting is schematically shown in Fig. 2a, along with the
representative scanning electron micrograph (SEM) of the
imprinted PS microrings (Fig. 2b). For imprinting, a good
quality mold is essential. Silicon is chosen as the mold fabrica-
tion material for its wide availability and varieties of relevant
fabrication processes developed by the integrated circuits (IC)
industry. In particular, silicon dry etching has been demon-
strated to produce vertical and smooth sidewall profiles [34],
which are critical in fabricating low loss waveguides.
First of all, the pattern of the microring and the bus waveguide
is defined by the electron beam lithography (E-beam) on
resist spun on a Si substrate. The E-beam resist is PMMA.
Then the PMMA is used as the mask in plasma coupled
reactive ion etching (RIE) to transfer the pattern into the
Si substrate. After this, the PMMA is removed by ace-
tone which concludes the mold fabrication process. The
silicon mold is employed in a thermal imprinting process
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Fig. 2. (a) Polymer ring fabrication schematic by nano-imprinting
lithography. (b) Angle view scanning electron microscope (SEM) of the
microring with a diameter of 60 μm; Reproduced with permission from [35].
Copyright 2014 American Chemical Society. (c-d) Sidewall SEM image of the
polymer micro-ring fabricated from the mold without (c) and with (d) resist
reflow process and thermal oxidation during the mold fabrication. Reproduced
with permission from [12]. Copyright 2011 The Optical Society of
America.

on polystyrene (PS) film spun on a thermal oxide substrate
(acting as the bottom cladding). PS gives better imprinting
yield than PMMA [23], another popular imprinting resist. The
thermal imprinting is done at 180 °C under 600 PSI pressure
for 5 minutes (Nanonex NX-2000).

The roughness of the fabricated waveguide sidewalls can
scatter the optical wave propagating in the waveguide and lead
to the optical loss, which reduces the Q factor of the microring
resonators. During the imprinting, the undesired roughness on
the mold sidewall is replicated onto the polymer waveguides.
Although smooth sidewall of the mold is achievable by
carefully controlling the silicon etching process, two more
steps are developed to further reduce the sidewall roughness.
The first important step is PMMA resist reflow, which is
applied before the RIE to “smooth out” the line edge roughness
and defects due to noise and dose variations during the
E-beam process. By choosing a proper temperature and time
(115 °C for 90 seconds), the reflow process can significantly
reduce the imperfections in the PMMA resist and harden
the edges of the PMMA pattern. Thus, there are fewer
defects when transferring the pattern from PMMA into the
Si substrate through RIE. After silicon etching, there is the
second important step: silicon thermal oxidation followed
by the buffered hydrofluoric acid (BHF) etching, where the
outside layer of rough Si on the mold is converted to SiO2 and
subsequently removed by BHF. The oxidation is carried out in
a high temperature oven and produces around 100 nm thermal
oxide on the silicon surface, which is then removed by BHF.
SEM pictures showing the microring sidewall profiles
fabricated with molds just by etching and with both reflow
and oxidation are in Figs. 2c and 2d. As an example,
the Q factors of devices working in the 1550 nm band are
1 × 104 and 1.1 × 105 respectively [12].

Some polymers such as PMMA and SU-8 could be directly
patterned by the E-beam lithography [24], [36]. However, there

are defects in the exposed polymer area, which limit device
Q factors in the range of 103 to 104. By taking an “indirect”
approach, we have successfully reduced the roughness in
the master silicon molds first, thereby ensuring a smooth
surface profile of the polymer after imprinting. Besides,
practical sensing applications call for detectors with repeatable
and stable performances, which are naturally offered by the
imprinting process, as the replicated structures are identical
if they are imprinted by the same mold. Lastly, there are
many polymers that can be patterned by imprinting as
compared to the E-beam lithography. Therefore, the imprinting
process is an advantageous and reliable approach to fabricate
polymer microrings, as well as other polymer based photonic
structures [37]–[39].

We have designed microrings working at either
1550 nm or 780 nm. 1550 nm regime is the optical
communication band, and there is wide availability of finely
tunable laser sources and amplifiers (e.g. Erbium doped fiber
amplifier-EDFA). Device detection sensitivity is proportional
to the probe laser power [40]. However, for ultrasound sensing
applications, microrings are immersed in water which acts as
part of the cladding medium for the ring waveguide. Water
has absorption in the near-IR range due to the −OH bonds,
which limits the device Q factor. In contrast, water absorption
is significantly suppressed in the shorter wavelength band, so
the device working in 780 nm range enjoys Q factor as high
as 5.1 × 105 [11]. However, the lack of suitable/economic
laser amplifiers in this frequency range, to the best of our
knowledge, may limit its best sensitivity.

III. CHARACTERIZATION

Fig. 2b shows the geometry of an imprinted device with
working wavelength at 780 nm. The ring has a diameter
of 60 μm and waveguide height of 1.4 μm. As mentioned in
session 2.2, its Q factor is in the order of 105. The detector
acoustic sensitivity is calibrated using a known acoustic
source generated by a commercial ultrasound transducer [12].
One standard parameter to evaluate a detector’s sensitivity
is the noise-equivalent pressure (NEP), i.e. the minimum
detectable acoustic pressure right above the system noise level.
We have demonstrated NEPs of 10.5 Pa, 15.2 Pa and 21.4 Pa
over 1-25 MHz, 1-50 MHz and 1-75 MHz respectively [11].
This is 300 times better than a similar size piezoelectric
PVDF transducer (HPM 075/1, Precision Acoustics,
Dorchester, Dorset, UK). We recently demonstrated an
NEP of 105 Pa in the 1-350 MHz range [35]. To our
knowledge, this is the first time to achieve such low noise
equivalent detectable pressure in this broad bandwidth.

The ultra-broad response bandwidth is another unique
property of the microring ultrasound detector [35], [41].
In photoacoustic imaging, the axial resolution is inversely
proportional to the detector bandwidth (see next section).
The sensor’s acoustic detection bandwidth is calibrated by
measuring the temporal response of the microring to a
short acoustic pulse (wide bandwidth signal), generated by
a 200 nm Chromium (Cr) film irradiated by a nano-second
laser pulse. In the case where the laser pulse duration is far
longer than the acoustic transient time across the absorber,
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Fig. 3. (a) Experiment set-up to determine the bandwidth of the ring
resonator. (b) Frequency domain ring response. The ring has −3dB bandwidth
at 350 MHz. (c) Measured photoacoustic signal from two closely
spaced Cr films with 1.9 ns separation in the time domain, which
is a direct experimental demonstration of the super high axial resolu-
tion (2.85 μm). Reproduced with permission from [35]. Copyright 2014
American Chemical Society.

the generated photoacoustic signal essentially duplicates the
incident laser pulse in the time domain [42]. The experimental
setup is shown in Fig. 3a. A continuous-wave (CW) 780 nm
tunable laser (TLB-6312, New Focus) is fiber coupled into the
device input waveguide and its output power is collected by
a multimode fiber, which is connected to a 1 × 2 coupler with
90:10 split ratio (FCMM50-90A-FC, Thorlabs). The outputs
of the coupler are detected by two photo-detectors and finally
recorded by a digital oscilloscope (DSO7054A, Agilent).
Ring resonance can be affected by either laser heating or
other external perturbations. The change of the ring resonance
wavelength will change the relative position of the probe
laser wavelength on the ring resonance curve, thus affecting
the device acoustic sensing property. This issue can be solved
by using feedback control to “lock” the probe wavelength to
a certain position of the resonance curve and choosing a ring
material with good thermal stability (such as PS in our case).
In this experiment, output from the 10% channel of the coupler
is monitored (1601, New Focus) and used for feedback control
of the tunable laser to fix its wavelength at the sharp slope
of the ring resonance spectrum. While the rest 90% output is
collected by a high-speed avalanche photo detector (APD210,
Menlo Systems) and used for the photoacoustic signal
detection. The device is immersed in de-ionized (DI) water
which serves as both the top cladding of the microring and
the coupling medium for the ultrasonic propagation. Fig. 3b
shows the measured response bandwidth of ring. It has a flat
response stretching from DC to ∼350 MHz at −3 dB (0.707).
To demonstrate the high axial resolution benefited from this
wide bandwidth, photoacoustic signals from two Cr films
separated by a thin SU-8 spacer are measured. The films
are deposited on Polyethylene terephtalate (PET) substrate,
which has matched acoustic impedance with water. The

Fig. 4. (a) Experimental setup to measure the angular response of the polymer
microring. (b) Experimental data (dot) and theoretical calculation (line) of
angular response of the polymer microrings with D = 60 μm at 20 MHz
(solid dot and line) and 30 MHz (empty dot and dashed line). (c) Ring with
D = 40 μm at 30 MHz (solid dot and line) and 40 MHz (empty dot and
dashed line). Reproduced with permission from [11]. Copyright 2011 AIP
Publishing LLC.

detected signal is shown in figure 3c. Clearly two peaks can
be distinguished with 1.9 ns separation. A 1.9 ns time domain
gap translates to a 2.85 μm axial resolution in biological
tissues (sound velocity 1500m/s). This value is about two
folds improvement than the recent reported results [43], [44],
but without any signal processing or sample treatment.

The sensor’s angular sensitivity can be theoretically
described by considering a ring shape transducer:
D0 = J0(k × a sinθ ), where J0 is the zero order Bessel
function of the first kind, k is the wave-vector of the incident
acoustic wave, a is the radius of the microring and θ
the incident angle of the acoustic wave. For a given D0
and acoustic wave-vector k, smaller radius a leads to a
larger θ (wider angular response). The measurement set-up
to characterize the ring angular sensitivity is illustrated
in Fig. 4a [11]. Acoustic wave is generated from a 50 μm
polystyrene black bead irradiated by a 6 ns, 532 nm pulsed
laser. Microrings with diameters of 60 and 40 μm are placed
about 3 mm away from the bead for signal detection. The
detectors are linearly scanned to receive photoacoustic signals
at different angles. Fig. 4b and 4c show the extracted angular
response of different devices at different frequency bands,
which agree well with theoretical calculations. The detectors
have −6 dB beamwidth over 40 degrees, which benefits
applications such as photoacoustic tomography and beam
forming [31].

Besides the high sensitivity, broad bandwidth and wide
angular response, microring sensors have other advantages
such as robustness, compact size and size-independent
sensitivity. These merits make microring an excellent detector
for photoacoustic imaging and sensing applications. For
example, the high sensitivity and broad bandwidth benefit
the image resolution and signal to noise ratio (SNR) in
photoacoustic microscopy [45], [46]. Its wide angular
response, broad bandwidth and close-to-point detector
properties make it an ideal detector in photoacoustic
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TABLE I

KEY FEATURES OF IMPRINTED MICRORINGS AND THEIR COMPARISONS WITH OTHER DETECTORS

Fig. 5. (a) Optical microscopy picture of the four microring array (upper row)
and the WDM scheme to probe each element (lower row). (b) Transmission
spectrum measured for the array. (c) 2D spatial sensitivity of the microring
array. Reproduced with permission from [31]. Copyright 2008 IEEE.

tomography [10], [47]. Its compact size facilitates applications
in photoacoustic endoscopy [48]–[50]. When the microring
is intergrated with terahertz (THz) absorbers such as
carbon nanotubes, efficient real-time detection of terahertz
pulse radiation is realized by “listening to” the generated
photoacoustic signals [51], [52]. The device key features and
comparisons with other detectors are summarized in Table 1.

IV. MICRORING ARRAYS

Compared with the single element detector, sensor array
has much broader applications and can speed up the image
acquisition. A proof of concept experiment was done with
a microring array consisting of four microrings with a
single input/output waveguide (Fig. 5a) [31]. Each of them
was fabricated with a slightly varying diameter, resulting
in different resonant wavelengths. Therefore, each of the
four elements could be addressed through the same bus
waveguide by adjusting the probe laser wavelength (similar
to the concept of wavelength division multiplexing-WDM).
The array transmission spectrum is shown in Fig. 5b. There
are more than four resonance dips, and this is because
two resonances might exist for the same ring due to the
presence of TE and TM modes in the ring waveguide
simultaneously. However, by proper waveguide design or
adjustment of input light polarization state, a cleaner spectrum
can be obtained.

In order to measure the spatial sensitivity of each element,
a 50 MHz LiNbO3 focused ultrasound transducer with
aperture diameter of 2.5 mm, focal length of 4 mm was used

to insonify the microring array. The focal diameter of the
transducer is approximately 50 μm. Four wavelengths were
chosen corresponding to the resonant peak of each ring, and
a 2D scan was performed over the entire array at each of
the four wavelengths. The scanning step size was 25 μm.
The waveform shape did not vary greatly between different
elements although the elements with shallower resonances
gave lower peak sensitivities. The spatial sensitivity of each of
the four rings is shown in Fig. 5c. It can be seen that by using
this “WDM” scheme, each ring gives an independent response,
proving the feasibility of the array. Due to the overlap
between the first two elements’ resonances, a spatial scan at
the resonance wavelength of the first element also displays
sensitivity to the second element. But this problem can be
solved by increasing the Q factor of the microring and careful
choice of the element size to obtain more equal resonance
spacing.

To make denser arrays, smaller size rings are needed.
They are also useful for high frequency ultrasonic imaging
applications because of the larger angular response [47].
By using the same fabrication techniques that have been
discussed in the previous section, we have fabricated
R = 20 μm polymer microrings with reasonable Q factor
and sensitivity [11]. Much smaller size microring device
with radius down to 10 μm has also been developed, but
it suffers large leakage loss due to the low refractive index
contrast between the waveguide polymer (e.g. Polystyrene
n = 1.58 to 1.59) and bottom substrate silicon dioxide
(n = 1.45) serving as the bottom cladding for the
PS waveguide. The transmission spectrum of imprinted
polymer microring is shown in the Fig. 6a and the Q factor
is around 4.3 × 103 in the water, translating to optical loss of
about 90dB/cm.

One way to improve the device’s Q factor is to use
higher refractive index polymer materials as waveguide
core materials, such as Poly(chloro-p-xylene) (n = 1.63),
Poly(vinyl phenyl sulfide) (n = 1.66), Poly(N-vinyl carbazole)
(n = 1.69). They have high glass transition temperatures
(above 180 °C), which require high temperature in the thermal
nano-imprinting process [29]. Since it is difficult to achieve
a relatively thick film (e.g. above 500 nm) by normal spin
coating method because of the low dissolution rate of these
polymers in solvents, conventional waveguide fabrication
process, such as photolithography combined with a dry etching
process, may not be feasible. In this case, imprinting process is
a preferred fabrication technique as the starting polymer film
layer can be much thinner than the final waveguide thickness.
Another alternative approach is to reduce the refractive
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Fig. 6. (a-b) The transmission spectrum of polymer microrings with
R = 10 μm on thermal oxide substrate without (a) and with (b) 400 nm thick
HSQ film in the water. (c-d) Transmission spectrum of R = 10 μm polymer
microring on the silicon substrate coated with a metal film and a 400 nm
HSQ buffer layer in the air (c) and in the water (d).

Fig. 7. (a-b) Simulated the field distribution of R = 10 μm polymer
microring on the thermal oxide substratein air (a) and water (b);
(c-d) Simulated the field distribution of R = 10 μm polymer microring on
the silicon substrate coated with a metal film and a 400 nm HSQ buffer layer
in air (c) and water (d).

index on the under-cladding layer on the substrate instead
of using high index waveguide cores. A couple of low
refractive index materials were studied, including hydrogen
silsesquioxane (HSQ) (n = 1.40), Cytop (n = 1.34),
silsesquioxane (SSQ) (n = 1.42). HSQ was chosen in our
work, because of its stable property after thermally cured.
The transmission spectrum of R = 10 μm polymer microring
fabricated on substrate with 400 nm HSQ film coated on top
of 4 μm thick thermal oxide is shown in the Fig. 6b, and the
Q factor of the device in the water can reach 2 × 104, which
is 4-5 time higher than the one without the lower index
HSQ film.

Another effective way to reduce the small device’s bending
loss is to hybrid the polymer device with a metallic
substrate. The principle can be illustrated with simulation

results showing the reduced radiation loss into the substrate
with the help of a thin metal layer (Fig. 7). A low index
thin buffer layer (such as HSQ) can be added between the
waveguide material and metal to reduce the loss by the metal
film. The transmission spectrum of R = 10 μm polymer
microring on the silicon substrate with a metal film and
a 400 nm low index buffer layer has been measured in the air
and in the water, respectively (Figs. 7c and 7d). The device Q
factor is around 2×105 in the air and the around 2×104 in the
water, which matched well with the simulation results from the
COMSOL multi physics software. This interesting finding also
suggests that the high Q microring devices can be fabricated
on various substrates such as flexible plastic films, metal foils
or blocks and in fact any types of substrates, which opens up
much broader applications.

V. CONCLUSION

High Q polymer microring resonators are fabricated through
the imprinting process by using a pre-fabricated mold with
smooth side-walls. The device high Q factor (on the order of
105) contributes to its sensitive acoustic response (noise equiv-
alent detectable pressure of 105 Pa from 1-350 MHz). At the
same time, its miniature size ensures ultra-broad bandwidth
(from DC to 350 MHz at −3 dB) and wide angular
response (−6 dB beam width over 40 degree for rings
of 40 μm diameter). In addition, the detector has other merits
such as robustness of operation, immunity to electromag-
netic interference, etc. Integrating the rings into sensor arrays
further expedites the imaging speed and this is facilitated
by fabricating small size rings (e.g. 10 μm in radius) on
either low refractive index or metallic substrates. Application
of the detector in photoacoustic imaging system leads to
improved imaging quality: e.g. faithful image reconstruc-
tion in photoacoustic tomography and high resolution in
photoacoustic microscopy. Integrating the microring with other
electromagnetic wave absorbers enables a broader range of
photoacoustic sensing, such as real time THz pulse detection.
Other novel applications will likely be developed in the future
by using these characteristics.
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