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Polymer Microring Resonators for High-
Sensitivity and Wideband Photoacoustic
Imaging
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Abstract—Polymer microring resonators have been exploit-
ed for high-sensitivity and wideband photoacoustic imaging.
To demonstrate high-sensitivity ultrasound detection, high-
frequency photoacoustic imaging of a 49-pm-diameter black
bead at an imaging depth of 5 mm was imaged photoacousti-
cally using a synthetic 2-D array with 249 elements and a low
laser fluence of 0.35 mJ/cm?. A bandpass filter with a center
frequency of 28 MHz and a bandwidth of 16 MHz was applied
to all element data but without signal averaging, and a signal-
to-noise ratio of 16.4 dB was obtained. A wideband detector
response is essential for imaging reconstruction of multiscale
objects, e.g., various sizes of tissues, by using a range of char-
acteristic acoustic wavelengths. A simulation of photoacoustic
tomography of beads shows that objects with their boundaries
characteristic of high spatial frequencies and the inner struc-
ture primarily of low spatial frequency components can be
faithfully reconstructed using such a detector. Photoacoustic
tomography experiments of 49- and 301-pm-diameter beads
were presented. A high resolution of 12.5 pm was obtained.
The boundary of a 301-pm bead was imaged clearly. The re-
sults demonstrated that the high sensitivity and broadband
response of polymer microring resonators have potential for
high resolution and high-fidelity photoacoustic imaging.

I. INTRODUCTION

HOTOACOUSTIC imaging, including photoacoustic to-

mography (PAT), a noninvasive technique for imag-
ing optical properties in biological tissues, combines the
advantages of both high optical contrast between different
soft biological tissues and high spatial resolution of pure
ultrasound imaging. It is well known that for some par-
ticular optical wavelengths, the absorption coefficient of
some tissues, such as blood vessels and malignant tumors,
can be significantly higher than that of its surrounding tis-
sues [1], [2]. When laser energy is absorbed by an absorp-
tive structure in tissues, a small temperature rise causes
thermal expansion by the thermoelastic mechanism and
generates acoustic waves. Induced acoustic waves range
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widely in the temporal spectrum. They propagate through
the medium, and the acoustic signal reaching the sample
surface can be detected by ultrasound detectors.

High-frequency (>20 MHz) photoacoustic imaging,
which has been used in a variety of studies such as ther-
mal burns imaging [3], microvasculature imaging [4], and
intravascular imaging [5], allows high-resolution images
of biological and biomedical objects. For PAT, wideband
response is important in the imaging reconstruction of ab-
sorbers with varied size scales. Biomedical applications
such as brain lesion detection [6], hemodynamics monitor-
ing [6], [7], and breast cancer diagnosis [8] demonstrate
that PAT is a promising modality for the study of the
functional and structural organization of biological tis-
sues. Currently, the detection typically relies on piezoelec-
tric transducers.

To achieve high-resolution, high frame-rate, and 3-D
photoacoustic imaging, a dense 2-D array with small ele-
ment size is needed. However, realizing such arrays by
piezoelectric transducers poses considerable difficulties.
First, fabricating arrays of small-size element and small
kerf is highly challenging using current piezoceramics pro-
cessing techniques. Second, small electrical capacitance of
each element leads to reduced signal due to transmission
line loading and increased noise. Third is the problem of
complex electrical interconnects for addressing the array
elements. In addition, a single element detector has lim-
ited bandwidth and thus can only respond to part of the
spectrum of the acoustic waves. Hence, transducers with
different central frequencies are employed to expand the
detection bandwidth [8], [9]. In general, a piezoelectric
transducer with a higher central frequency can better de-
tect the edge parts of a structure, which has the charac-
teristic of rapidly changing spatial absorption profile but
is difficult to recognize the smooth parts of the structure
with low spatial frequencies. On the other hand, a piezo-
electric transducer with a lower central frequency behaves
in the opposite way. Therefore, wide bandwidth receivers
spanning the range of less than 1 MHz to above 50 MHz
are essential for a complete, high-resolution, photoacous-
tic image reconstruction.

Recently, a polymer resonator for optical ultrasound
detection (PROUD) has been developed [10]-[12] with in-
creasing attraction. The new detection platform offers the
advantages of preserving high sensitivity with reduced ele-
ment sizes, easy addressing for linear arrays by wavelength
division multiplexing [10], [11], and fabrication simplicity
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Fig. 1. Schematic of (a) a microring resonator, (b) its resonance spectrum, and (c) ultrasound detection using the optical resonance of a microring
sensor: ultrasound pressure pulse causes dynamic shift of resonance wavelength, producing a modulated intensity in the form of a pulse in the light

output.

[13]. A microring device with a low noise-equivalent pres-
sure (NEP), defined as the minimum detectable pressure,
of 0.20 kPa over 1 to 50 MHz has been reported [12]. This
NEP is much lower than a state-of-the-art hydrophone of
similar size [12], [14]. Because photoacoustic signals are
typically 20 to 40 dB weaker than ultrasound signals, the
low NEP provided by the microring device will directly
benefit high-frequency photoacoustic imaging. In addi-
tion, the -3 dB bandwidth was measured to be more than
90 MHz, starting from DC, which is particularly advan-
tageous for photoacoustic tomography for faithful recon-
struction of light absorbing structures of different scales.
In this paper, we use photoacoustic imaging to explore
the potential of low NEP and wideband response of poly-
mer microring resonators quantitatively. High-sensitivity
photoacoustic imaging and wideband photoacoustic to-
mography using polymer microring resonators were experi-
mentally demonstrated for the first time. In Section II, ba-
sic principles of a microring ultrasound sensor and device
preparation will be described. The theoretical background
of reconstruction for photoacoustic tomography will also
be introduced. Section III demonstrates the experimen-
tal results of high-sensitivity photoacoustic imaging that
uses the low NEP characteristic of microring resonators.
To prove the benefits of wideband response, we present
the simulation results of photoacoustic tomography using
both microring sensors and piezoelectric transducers to
provide comparisons. Experimental results of photoacous-
tic tomography using polymer microring resonators are
also demonstrated. Imaging resolution and issues regard-
ing agreement between theories and experiments are dis-
cussed in Section IV. Section V concludes this paper.

II. METHODS
A. Principles of Microring Ultrasound Sensors

A microring resonator device, shown in Fig. 1(a), is
composed of a straight waveguide coupled with a ring
waveguide, where the microring serves as an optical reso-
nator. Resonance occurs when the round-trip phase change

of optical wave propagating in the ring waveguide is equal
to 2mm, where m is an integer. It can be shown that
when the resonance condition is satisfied, the total field
of optical wave returning to the coupler is 7 out of phase
with the optical wave propagating through the coupler
region in the straight waveguide, resulting in destructive
interference. Thus, the transmission spectrum will have
resonance dips, as shown in Fig. 1(b). As an ultrasound
sensor, polymer microring resonators experience a strain
field, caused by incident acoustic waves, which slightly
deform the waveguide shape. The change in waveguide
cross section directly modifies the effective refraction in-
dex of the guided mode. The strain will also alter the re-
fractive indices of the waveguide material and water that
surrounds the waveguide via the elasto-optic effect. Hence,
the resonance condition is modulated. Detailed theoretical
calculation was given previously [10]. Ultrasound detec-
tion is illustrated in Fig. 1(c). When the device is probed
at a fixed wavelength with a high slope in the transmission
spectrum, the output intensity can be modulated by the
ultrasound wave, which is then recorded by a high-speed
photodetector. Accordingly, high-sensitivity detection re-
quires high Q resonators.

B. Devices Preparation

A nanoimprint technique [15] was used to fabricate the
PROUD device due to its simple process, high fidelity,
and precise dimension control. Detailed fabrication pro-
cesses of polystyrene (PS) microring resonators have been
described previously [13]. In this study, the cross section
of waveguides was designed as 2 pm x 2 pm for single
mode operation at an optical wavelength of 1550 nm. The
microrings have a diameter of 100 pm. The gap in the
coupling region between the microring and straight wave-
guides is several hundred nanometers. For easy ultrasound
measurement, fibers were butt-coupled to the bus wave-
guide and glued at the cleaved edges of the silicon sub-
strate using UV curable epoxy. To achieve high-sensitivity
photoacoustic imaging, the light intensity coupled into
the polymer waveguides should be maximized. Thus, a
10.5-pm mode-field-diameter single-mode fiber was first
spliced to a 4.8-pm mode-field diameter fiber to provide
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Fig. 2. Experimental setup for 3-D photoacoustic imaging. A 2-D trans-
lation stage scanned a microring device to form a synthetic 2-D array. A
bead placed in a gel bulk was imaged. The gel and the microring device
were submerged in deionized water. Inset: transmission spectrum of the
microring at an input power of 4.2 mW.

better mode matching. The output light was collected by
a multimode fiber with a core diameter of 62.5 pm. In
photoacoustic tomography, the sensor chip was rotated
around the object, and therefore polarization maintaining
fibers were used to avoid change of the power coupled into
the waveguide at a specific polarization, which might alter
the slope in the transmission spectrum and cause change
of sensitivity to ultrasound with sensor position.

C. Experimental Setup

The experimental setup used to test the microring de-
vice for 3-D photoacoustic imaging is shown in Fig. 2. The
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device’s input fiber was connected to a continuous-wave
tunable laser source (HP 8168F, Agilent Technologies,
Santa Clara, CA), and the output fiber was connected to
a photodetector (1811-FC, New Focus, San Jose, CA) out-
putting to a digital oscilloscope (WaveSurfer 432, LeCroy,
Chestnut Ridge, NY) for data collection. The photode-
tector has a DC output gain of 1 V/mA and AC output
gain of 40 V/mA with an electrical bandwidth of 25 kHz
to 125 MHz. A black PS bead was first fixed in a gel
made by mixing water and 1% agarose (GPG/LE, Ameri-
can Bioanalytical, Natick, MA). Then the phantom was
placed in deionized water. A 532-nm-pulse laser (Surelite
1-20 with ~6 ns pulse width, Continuum, Santa Clara,
CA) was used to illuminate the bead. The laser light was
delivered to the phantom through free space. The beam
width was ~4.5 mm without any beam shaping. A syn-
thetic disk-shaped 2-D array was formed by scanning the
device using a 2-D translation stage. For the experimental
setup of 2-D photoacoustic tomography, a circular rota-
tion stage was used instead, as shown in Fig. 3. The light
source illuminating the bead was fixed in place while the
detector rotated around the objects.

D. Principles of Time-Domain Reconstruction for
Photoacoustic Tomography

In photoacoustic tomography, the laser pulse duration,
Tp, 18 typically shorter than the thermal transport time of
absorbed heat energy, 74, which can be approximated by
I,?/a, where [, is the size of absorbing structure and « is
the thermal diffusivity of the irradiated material. In our
experiment, the absorbers are PS beads, a ~10~7 m?/s.
Even for very small objects that are ~micrometer sized,
the thermal transport time 74, is ~10~5 5. As a comparison,
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Fig. 3. Experimental apparatus for photoacoustic tomography to image 49-pm and 301-pm-diameter beads. The polystyrene (PS) beads produce an
acoustic wave, and the microring resonator is scanned in a circular measurement configuration. The gel containing the PS bead and the microring
resonator were immersed in deionized water. The inset shows the transmission spectrum of the microring resonator.
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the laser pulse used is typically several nanoseconds (7,),
which is much shorter than 7, Consequently, the effect of
heat conduction in the photoacoustic wave equation can
be ignored. As has been described in the literature [16],
the photoacoustic pressure p(r,t) at position r and time ¢
in response to a heat source H(r,t) can be expressed as

1 9?2

7;ﬁp(r’t): 7£2H(r,t), (1)

2
Vo) C, ot

where H(r,t) is the heat-producing radiation power ab-
sorbed by the material per unit volume and can be written
as the product of an optical energy absorption A within
the material at position r and the temporal profile of the
irradiation pulse I(t), i.e.,

Hir,t) = AD)I(). 2)

The objective of image reconstruction is to estimate
the absorption distribution A(r) from a set of data p(r,t)
measured at position r. For a cylindrical scanning configu-
ration with coordinate system r = (p,¢,z), the exact in-
verse solution can be derived but is computationally time
consuming [17]. When the detection radius is much larger
than the wavelengths of photoacoustic signals generated
from the absorbers, as the case in our experiments, the
inverse solution can be approximated with the form of

A(p,(b,z) = - ¢ fdeO(COS@)]-M
So

£ n r-r 7(3)
2me 4/8 t ot t:%
where Sy is the measurement surface with a cylindrical
surface ry = (pg,00,20); © is the angle between the detector
surface normal direction and the vector from the detector
to the reconstruction point. From (3), the reconstruction
of the absorption distribution is the back projection of
—(1/t)((0p(ro,t))/O1) t=r—r,|/c instead of the measured pho-
toacoustic pressure p(ry,t). The modified back projection
formula with a weighting factor cos®© is a good approxima-
tion under the requirement that both the rotation radius,
po, and the distance between detector and reconstruction
point, |r-rg|, are much larger than the wavelengths of the
acoustic signals.

If D(1) is the impulse response of the detector, P(t) is
the profile of laser pulse, and L(t) is other loss effects, in
the time domain, we have

p(ro,t) = ps(ro,t) * D) * P(t) * L(t), (4)

where p(r(,t) is the photoacoustic signal detected by the
ultrasound detectors; * represents convolution. ps(rg,t) is
the signal for an impulse heating without any other effects.
With different frequency response of polymer microring
resonators or piezoelectric transducers, p(rg,?) in (3) can
be calculated, and then the reconstructed image can be
compared. In our case, because the temporal spectrum of
pressure wave generated from a small object concentrates
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in the relatively high-frequency region, L(t) is mainly due
to water absorption. Water has an attenuation coefficient
of 2.2 x 10~* dB/mm MHz? [18].

III. RESULTS
A. High-Sensitivity Photoacoustic Imaging

First, we measured the transmission spectrum of the
microring device. By sweeping the wavelength of the tun-
able laser and using the DC output of the photodetector,
the measured transmission spectrum at a laser input pow-
er of 4.2 mW was shown in the inset of Fig. 2. The quality
(Q) factor of the resonance was about 6,000. From the
spectrum, the probing wavelength was chosen at 1555.6 nm
to maximize the slope and thus the sensitivity. A 49-pm-
diameter black PS bead (BK050, Microgenics Corp., Fre-
mont, CA) was illuminated at a laser fluence of 0.35 mJ/
cm?. The array had 249 elements with a step size of
0.1 mm in the x- and y-directions and a diameter of
~1.78 mm [= /249 x (4/7) x 0.1]. Photoacoustic signals
were detected at ~5 mm from the absorber by recording
the AC output of the photodetector at different element
positions. The probing light power was 5.5 mW, but due
to the coupling loss, the power coupled to the waveguide
was about 435 pW. No signal averaging was applied in
data collection and image reconstruction.

A bandpass filter with a center frequency of 28 MHz
and a bandwidth of 16 MHz was applied to all element
data, and a delay-and-sum beamforming algorithm with
envelope detection was then used to reconstruct a 3-D
image. The average noise level (root-mean-square value
over a region where noise dominates) was —19.4 dB and
—16.4 dB, respectively, relative to the image peak before
and after the envelope detection. Fig. 4 shows 3, 2-D cuts
of the reconstructed images with a 15-dB dynamic range.
The full widths at half maximum (FWHM) along the z
(lateral), y (lateral), and z (axial) directions were 205, 260,
and 100 pm, respectively. According to the array geom-
etry and the filter, the ideal lateral and axial resolutions
are 209 and 81 pum, respectively. Therefore, the widths of
the object image are reasonable for a 49-pm-size bead.
The lateral resolution can be improved using a larger ar-
ray. Note that the bandpass filter used in the delay-and-
sum beamforming algorithm is usually not applied in pho-
toacoustic tomography, which needs wideband signals to
reconstruct images with a variety of spatial variation.

B. Wideband Photoacoustic Tomography: Simulations

To compare our microring device with the piezoelectric
transducers, images from both numerically simulated and
experimental data were reconstructed in a 2-D case, which
was chosen to reduce the computational and experimental
complexity. For the 2-D case, the reconstruction equation
can be derived from (3) by setting z = 0 and using a cir-
cular measurement configuration.
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Fig. 4. 2-D cuts of 3-D photoacoustic images for a 49-pm-diameter bead
displayed with a 15-dB dynamic range. The average noise level was
—~16.4 dB relative to the image peak and no signal averaging was ap-
plied.

Photoacoustic tomography of 2 PS beads with diameters
of 50 and 300 pm was numerically simulated. To compare
the frequency response only, the beads were positioned
at the center of the detection circle to discount the effect
of finite detector aperture size [9], [19]. Assuming a uni-
form absorption distribution within the spherical beads,
the analytical expression for their photoacoustic signal is
given in [20]-][22]. The ps(ro,t) function with respect to ¢
has an N shape. Figs. 5(a) and (b) show a smoothed N
shape. Because the acoustic speed of PS beads, ~2380 m/s
[23], is different from that of its surrounding water media,
1480 m/s, we used scaled bead size in the simulation. That
is, a reduction ratio of 0.622 [= 1480/2380] in bead’s size
was used. Therefore, the effective sizes of 50 and 300 pm
beads are 31.1 and 186.6 pm, respectively. The main beam
of the spectrum of the N-shaped ps(rg,t) is of a bell shape
with maximum amplitude at 32 and 5.5 MHz for the 50-
and 300-pm beads, respectively. Therefore, 2 theoretical
piezoelectric transducers with central frequency of 5.5 and
32 MHz and a —3-dB bandwidth of 60% were used. For
microring resonators, the frequency response range was
from DC to 90 MHz at -3 dB according to previous ex-
perimental results [12].

The radius of the circle of detection is set at 8 mm,
which was chosen to be close to our experimental condi-
tions. The angular scanning range was 27 with 72 steps
and the photoacoustic signals were sampled at a sampling
rate of 1 GHz. Fig. 5 shows the simulated temporal signals
detected from the 50-pm and 300-pm-diameter beads us-
ing 3 kinds of detectors: microring resonators and piezo-
electric transducers with 2 types of frequency response
described above. Compared with the relatively sharp N-
shape in Fig. 5(b), the relatively smoothed N-shape signal
in Fig. 5(a) is mainly due to the finite duration of the
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Fig. 5. The simulated photoacoustic signals of a 50-pm polystyrene (PS)
bead (left column) and a 300-pm PS bead (right column) detected by
microring resonators, piezoelectric transducers with a central frequency
of 5.5 MHz and 60% bandwidth, and piezoelectric transducers with a
central frequency of 32 MHz and 60% bandwidth, respectively.

pulse laser, ~6 ns, which is comparable to the acoustic
transit time in the 50-pm PS beads, ~21 ns [= (50 pm)/
(2380 m/s)]. A secondary factor is that the spectrum of
50-pm-PS beads has a larger high-frequency component
and thus more acoustic absorption loss was encountered.
In Figs. (¢)—(f), the N-shape disappeared due to the im-
pulse response of a limited bandwidth of the piezoelectric
transducers. Fig. 5(c) shows the 50-um PS beads detected
by relatively low-frequency transducers and thus the sig-
nal was largely expanded in time domain. Fig. 5(f) is the
opposite: a high-frequency transducer catches only the
sharp boundary part of the N-shape. Figs. 5(d) and (e)
are similar because one is the scaling of the other.

Figs. 6(a)—(f) show the reconstructed images from the
simulated signals, corresponding to Figs. 5(a)—(f), respec-
tively. For better comparisons, the line profile of the re-
constructed image and the original absorption distribution
at y = 0 pm was plotted in Fig. 7. Again, Figs. 7(a)—(f)
were extracted from the 2-D images in Figs. 6(a)—(f), re-
spectively. The reconstructed image shown in Fig. 7(b) is
in good agreement with the bead profile, which preserves
both the boundary of the large bead and the uniform ab-
sorption distribution in the inner part. The boundaries of
large objects generate relatively high frequency signals.
The slowly varying absorption profile within the objects
has characteristic low frequency components. In other
words, only a detector with wideband response to pho-
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Fig. 6. The reconstructed image of a 50-pm polystyrene (PS) bead (left
column) and a 300-pm PS bead (right column) using microring resonator
detectors, piezoelectric transducers with a central frequency of 5.5 MHz
and 60% bandwidth, and piezoelectric transducers with a central fre-
quency of 32 MHz and 60% bandwidth, respectively. Note that the effec-
tive sizes of the beads in water are 31.1 and 186.6 pm, respectively.

toacoustic signals can restore both types of features. In
Fig. (a), the smoothing of the boundary and the reduced
imaging size, ~22 pm FWHM, is mainly due to the finite
duration of the pulse laser and the water absorption, as
described above. Fig. 7(c) shows a very blurred image be-
cause the transducer catches only the very low frequency
part of the spectrum from the 50-pm PS bead. The sharp
boundaries were not captured in Figs. 7(a), (d), and (e),
while in Fig. 7(f), only the boundary was detected but not
the uniform absorption inside the bead.

C. Wideband Photoacoustic Tomography: Experiments

In photoacoustic tomography experiments, we mea-
sured the transmission spectrum of the microring device,
as shown in the inset of Fig. 3. From the spectrum, the
probing wavelength was thus chosen at 1558.42 nm. A
49-pm-diameter black PS bead was first fixed in a gel.
Then the phantom was placed in deionized water at a
distance of ~6.5 mm from the device. A 532-nm pulse
laser was delivered to the bead from top at a fluence of
9.5 mJ/cm?. During the experiment, the microring detec-
tor scanned around the sample at a radius of 6.5 mm from
0° to 360° with a step size of 5°. The photoacoustic signals
were sampled for 5 ps at a sampling rate of 1 GHz.
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Fig. 7. The line profile of the reconstructed image at y = 0 pm. The line
profile (a)—(f) corresponds to the 2-D images (a)—(f) in Fig. 6, respec-
tively. Note that the effective sizes of the beads in water are 31.1 and
186.6 pm, respectively.

Fig. 8(a) shows the reconstructed image from the ex-
perimental data and Fig. 8(b) shows the detected photoa-
coustic signal at a particular angle and a simulated signal.
The 2 signals agree well with each other. In principle, the
signals detected from different angles should be similar
because the object was positioned close to the center of
the detection circle. A smaller size detector will alleviate
the aperture effect and thus is helpful to expand the im-
aging area. Figs. 8(c) and (d) show the line profile of the
reconstructed image across the center, at y = —76 pm and
z = 9 pm, respectively. As mentioned above, the scaled
bead size was used to verify the reconstructed image. In
real application, the speed of sound in most soft tissues is
relatively constant (~1540 m/s), and thus the tomography
can reconstruct the original sizes of absorbers. Although
the smoothing of the boundary in Figs. 8(c) and (d) was
relatively obvious due to the loss in the high-frequency
and the finite pulse duration, an N-shape signal was main-
tained because of the wideband response of the polymer
microring resonator. The reduced imaging size, ~25.5 pm
FWHM, underestimates the scaled bead’s size, 30.5 pm
[= 49 x 0.622], as predicted by simulations.

For the case of 301-pm-diameter beads (BK300T, Mi-
crogenics Corp., Fremont, CA), the experimental setup
and methods are similar except a lower fluence of 1.9 mJ/
cm? was used because the black-dye bleaches more easily
due to enhanced absorption in the larger beads. Fig. 9
shows the reconstructed image and photoacoustic signals.
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Fig. 8. Photoacoustic tomography of a 49-pm bead. (a) Reconstructed image, (b) measured and simulated acoustic signals at one particular angle,
(c) the line profile of the reconstructed image at y = —76 pm, and (d) the line profile of the reconstructed image at x = —9 pm. The center of the
bead’s image is at about z =9 pm and y = —76 pm.

The size of the reconstructed image fits the scaled size
well, ~187 pm [= 301 x 0.622]. Unlike the 49-pm bead
case, we were able to obtain an image size very close to
the actual bead size because the laser pulse is sufficiently
short for the large size bead and the main temporal spec-
trum of 301-pm beads falls primarily in the low frequency
range. The boundaries between the beads and the sur-
rounding medium are imaged clearly.

IV. DISCUSSION

The acoustic pressure P,. generated by a spherical fluid
object in an optically transparent fluid background that
has the same sound speed and density as the object and
measured at a distance 7 to the object center can be ex-
pressed as [20], [21]

c2W
Padlt) = 20 ,r
p

U(R—‘r—ct‘)(r—ct), (5)

where R, (3, and C), are the radius, thermal expansion co-
efficient, and specific heat capacity of the object, W the
absorbed energy density, ¢ the sound speed, ¢ the time,
and U(§) =1 for £ > 0 and U(E) = 0 otherwise. We used
this equation to estimate the expected peak pressure level
to be 77.6 Pa in the imaging experiment presented in Sec-
tion III-A with ¢ = 2380 m/s [23], 8 = 210 x 1076 K~!
[24], and C, = 1.3 kJ/kg/K [25] for PS, R = 24.5 pm,

r = 5 mm, and W = (0.35 mJ/cm?) x wR?/
(47R3/3) = 107 mJ/cm? assuming complete and uniform
absorption in the bead. The NEP of microring devices was
estimated by the applied peak pressure divided by the
optical signal-to-noise ratio (SNR). The microring device
has an NEP of 111.4 Pa over the passband of the afore-
mentioned bandpass filter neglecting the effects of angular
sensitivity, resulting in an effective NEP of 7.1 Pa
[= (111.4 Pa)/~/249] for the array used in this experiment.
Thus, the estimated SNR is 20.8 dB [= (77.6 Pa)/(7.1 Pa)
on linear scale], slightly higher than that in the actual
imaging (19.4 dB). This small discrepancy might result
from the overestimated signal levels because the sound
speed of the background (1480 m/s in water) in the ex-
periment is lower than that (2380 m/s) used in the estima-
tion, and the finite duration of pulse laser and the water
absorption (0.86 dB at 28 MHz for a 5-mm propagation)
are not considered.

In the photoacoustic tomography of 301-um PS beads
presented in Section ITI-C, it can be seen that the absorp-
tion distribution inside the beads is not as uniform as one
would expect. This can be attributed to several factors.
First, because light travels 6 times longer distance in a
301-pm bead than that in a 49-pm bead, it can cause
more nonuniform absorption between the top and bottom
parts of the beads. Besides the nonuniform absorption in
the vertical direction (i.e., along the light path), the pe-
ripheral part of the bead with less thickness is easier to
have uniform absorption of light energy than the central
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Fig. 10. The simulated absorption distribution of (a) 50- and (b) 300-pm-diameter beads. A spatially uniform light source and an absorption coef-

ficient of 50 cm~! of the dye-doped beads are assumed.

part. That is, the nonuniform light absorption exists in
the imaging plane and along the direction normal to the
imaging plane. Assuming a spatially uniform laser light
incident from -z to 4z direction and an absorption coef-
ficient of 50 cm~! of the dye-doped beads, simulation re-
sults presented in Figs. 10(a) and (b) show a more nonuni-
form absorption distribution in a 300-pm-diameter bead
compared with a 50-pm-diameter bead. Second, because
the refractive index of the PS beads is larger than that of
water, light is focused to the central region of the bead,
but not to a well-defined focal point due to the spherical
aberration. This focusing effect might explain the brighter
image in the center part of the 301-pm-diameter bead, as

shown in Fig. 9(a). Such effect will be much less serious
in real applications because the refractive index of tissues
is close to that of water [26], [27] and the shape of tissue
is more irregular. Third, the requirement of the spatial
uniformity of pulse laser energy is more critical when the
object size is larger. These factors may explain a distorted
N-shape acoustic signal in Fig. 9(b). The exact reason is
under investigation.

Finally, to evaluate the imaging resolution of poly-
mer microring resonators, we compare a similar experi-
ment of imaging hair fibers with a diameter of ~60 pm,
as performed in [9] that used piezoelectric transducers.
The zero-crossing widths of the positive main lobes of the
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reconstructed images are 270 pm, 120 pm, and 90 pm for
the 3 transducers: 3.5 MHz, 10 MHz, and 20 MHz. These
commercial transducers have nominal bandwidths of 50%
to 80% of their central frequencies. The resolution of an
image was defined in [9] as the width of the main lobe at
zero-crossing point minus the width of the imaged hair.
Therefore, the corresponding image resolutions were ap-
proximately 210 pm, 60 pm, and 30 pm for the above 3
transducers, respectively. In this work of using the micror-
ing detector to image the 49-pm PS bead, the zero-cross-
ing width of the reconstructed imaging is approximately
43 pm. Due to the mismatch of sound speed in PS and
in water, the effective bead size in water is 30.5 pm. Us-
ing the same definition as in [9], the image resolution is
12.5 pm, which is much higher than those obtained by the
above 3 piezoelectric transducers.

V. CONCLUSIONS

In this paper, we have demonstrated the benefits of
low noise and wideband response of polymer microring
resonator in photoacoustic imaging. In the first experi-
ment, a 49-um bead was imaged using a synthetic array
with 249 elements with SNR of 16.4 dB at low laser flu-
ence of 0.35 mJ/cm? and without signal averaging. As a
comparison, if using a 75-pm piezoelectric polyvinylidene
fluoride (PVDF) transducer [12], 20 times higher laser flu-
ence would be required to achieve the same SNR. Based
on these results, microring devices are suitable for high-
resolution photoacoustic imaging due to the advantage of
small element size without compromising high sensitivity.
The benefit of the exceptionally wide bandwidth of micror-
ing detector is demonstrated in photoacoustic tomography
of black beads of 2 different sizes. The boundaries and in-
ner part of objects can be imaged clearly and accurately
without the assistance of signal processing. In contrast,
our simulations show that either the sharp boundary or
the uniform absorption region disappeared if imaged by
piezoelectric transducers with different central frequencies
and limited bandwidths. The experimental results are in
good agreement with the simulation. The sensitivity can be
improved further by enhancing the Q factor of the micror-
ing device and/or improving the light coupling efficiency
from the fiber to the detector’s bus waveguide. Also, 2-D
microring detector arrays are feasible using wavelength di-
vision multiplexing [10]. To have better angular response,
smaller microrings with high Q factor will be designed in
our future work.
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