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A Focused Optically Transparent PVDF
Transducer for Photoacoustic Microscopy
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Abstract—This papers reports the development of a novel
focused optically-transparent ultrasound transducer with a
wide bandwidth for photoacoustic microscopy (PAM). It con-
sists of a 9-um-thick polyvinylidene fluoride (PVDF) film
coated with Indium-tin oxide (ITO) and metal electrodes, which
is laminated onto a concave glass lens. A new fabrication
process was developed to ensure the formation of continuous
ITO coatings on the curved transducer surface without frac-
turing. Both optical and acoustic experiments were conducted
to characterize the performance of the transducer. The testing
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results show that the transducer has an optical transmittance of 60% (@ 532 nm), an acoustic center frequency of 24 MHz,
and an acoustic bandwidth of 26 MHz. With an acoustic numerical aperture (NA) of 0.23, it provides a 0.13-mm acoustic
focal spot and a 1.6-mm focal depth. For demonstration, a PAM setup was built for conducting PA imaging on different

targets. In contrast to existing PAM systems, the use of the

optically-transparent focused transducer allows a simpler

and more compact configuration and easier alignment of the optical excitation and acoustic focal points. Such features
are especially useful for the development of miniaturized PAM systems for handheld, wearable and even endoscopic

applications.

Index Terms— Photoacoustic microscopy, focused transparent ultrasound transducer, PVDF.

|. INTRODUCTION

N THE past decade, photoacoustic microscopy (PAM) has

emerged as a new hybrid imaging modality combining rich
optical contrast with deep acoustic penetration (beyond the
optical diffraction limit) [1], [2]. It can provide unique imaging
capabilities that cannot be achieved with single optical or
acoustic modality alone. To conduct PAM, an integrative imag-
ing setup consisting of both optical and acoustic components is
required. Their synergistic operation is essential for obtaining
optimal imaging performance. Nevertheless, the optical and
acoustic components in current PAM systems are not well
compatible with each other. For example, the ultrasound trans-
ducers (for PA signal detection) consisting of optically-opaque
material layers can completely block the light delivery to the
target. On the other hand, the (glass) optical components (for
light focusing and delivery) can reflect or scatter the PA signals
due to their much higher acoustic impedance than the air or
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water. To address this issue, the current common practice
is to route the optical and acoustic beams along different
paths [3]-[5] (Figs. 1(a) and 1(b)). However, this approach
could result in complex and bulky system configurations,
difficulty in aligning the optical and acoustic beams, and also
degradation of signal to noise ratio (SNR). Alternatively, a
transmission-mode setup can be adopted to circumvent this
problem, where the optical illumination and acoustic reception
are conducted on the opposite sides of the target [6], [7]
(Fig. 1(c)). However, it is not suitable for in-vivo applications
due to the difficulty in delivering focused light through thick
and optically-scattering biological tissues.

Recently, focused hollow or ring ultrasound transducers
have been used [8], [9] to receive the PA signals while allowing
the excitation light to pass through, which results in a much
simpler and more compact imaging setup and easier alignment
of the laser and ultrasound beams (Fig. 2(a)). However,
with the center part of the transducer removed, the acoustic
sensitivity and focusing capability of the transducer are com-
promised. More recently, flat or planar piezoelectric or optical
ultrasound transducers made of optically transparent sens-
ing and electrode materials have been developed for PAM
(Fig. 2(b)) [10]-[17]. These transparent transducers can have
adequate optical transmittance at the laser excitation wave-
length and provide a complete sensing substrate for receiving
the PA signal. However, without a well-defined acoustic focal
point, these transducers do not provide an optimal detection
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Fig. 1. (a) Acoustic-resolution (AR-) PAM setup with a ring-shaped
mirror. (b) Optical-resolution (OR-) PAM setup with an optical-acoustic
beam combiner formed by two isosceles prisms. (c) Transmission-mode
PAM.
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Fig. 2. (a) PAM setup with a hollow or ring-shaped transducer. (b) PAM
setup with a flat or planar transparent transducer. (c) PAM setup with a
focused transparent transducer.
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Fig. 3. Schematic of the focused transparent transducer design.

condition for the PA signals (typically a spherical wave
emitting from the illumination point).

This paper reports the development of a new focused
optically transparent PVDF (polyvinylidene fluoride) ultra-
sound transducer for PAM (Fig. 2(c)). Its optical and acoustic
properties have been experimentally characterized. Using the
focused transparent transducer, an optical-resolution PAM
imaging setup has been built and imaging experiments have
been conducted on different targets. The imaging results
show that the focused transparent transducer is functional and
practical for PAM. It could enable new PAM imaging systems
with a simpler and more compact configuration and easier
co-alignment and co-registration of the optical excitation and
acoustic detection, which is especially useful for handheld,
wearable and even endoscopic applications.

Il. TRANSDUCER DESIGN AND CONSTRUCTION

The schematic design of the focused transparent PVDF
transducer is shown in Fig. 3. It consists of a thin PVDF film
coated with ITO (indium-tin oxide)/metal electrodes, which is
laminated onto a concave glass lens. Typically, a piezoelectric
transducer is composed of a stack of functional materials:
the impedance matching layer, the piezoelectric layer, two
electrode layers, and the backing layer. PVDF is chosen as the
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Fig. 4. Fabrication process flow of the focused transparent transducer.

piezoelectric layer due to its unique mechanical, optical and
acoustic properties. First, it has high (>80%) optical transmit-
tance over the wavelength range of 250 nm ~ 900 nm [18].
Second, it has low acoustic impedance and wide-band acoustic
response, which make the matching and backing layers unnec-
essary to simplify the transducer structure. Due to the existence
of a high concentration of micro particles for tuning their
acoustic impedance, the matching (commonly by mixing micro
particles into a polymer) and backing (usually high attenuated
metal-loaded epoxy) [19]-[21] layers are usually optically
opaque or scattering and therefore cannot be used for making
the transparent transducers. Third, the mechanical flexibility of
PVDF allows its lamination onto a spherical surface to form
a shape-defined acoustic focal point without using an acoustic
lens. Compared with focusing with an acoustic lens [20], [22],
the molded focused transducer can provide better acoustic
transmittance and wider bandwidth response.

ITO is a commonly used material of transparent electrodes
with optical transmittance of >60% over 450 nm ~ 1100 nm
[23]. Although it is much higher than many other transparent
conductors, the conductivity of ITO is still limited especially
for high-frequency applications at MHz and above. The high
resistance of the ITO electrodes could significantly increase
the signal loss and lower the bandwidth or the high cut-off
frequency of the transducer. Therefore, depending on the
diameter of the excitation laser beam, the area of the ITO
electrode (i.e., the size of the transparent window) should
be minimized. The non-transparent region can be covered
with highly-conductive metal electrodes to reduce the overall
resistance of the electrodes.

The detailed fabrication process flow of the focused trans-
parent transducer is shown in Fig. 4. Firstly, a piece of
flat 9-um-thick PVDF film is trimmed with a film cutter
(Fig. 4(a)). The PVDF film is compressed and stretched onto
a mold consisting of a pair of convex and concave lenses with
the same diameter and matched surface radius of curvature
(Fig. 4(b)). Secondly, with two shadow masks, an ITO (400 nm
thick) layer (Fig. 4(c)) and a chrome (15 nm)/ copper (200 nm)
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Fig. 5. Photographs of the (a) front side (b) back side of the fabricated
focused transparent transducer mounted on a 3D-printed fixture.

layer (Fig. 4(d)) are deposited onto the convex side of the
stretched PVDF film. Thirdly, the PVDF film is bonded onto
the spherical surface of the concave glass (transmittance ~
90% over 350nm ~ 2000nm [24]) lens with an UV epoxy
(transmittance > 90% over 400nm ~ 2000nm [25]) (Fig. 4(e)).
Lastly, the electrode deposition process is repeated on the
exposed side of the PVDF film (Fig. 4(f) and 4(g)). The surface
of the PVDF film outside the transparent window at the center
is coated with the chrome/copper layer, which serves as the
ground electrode.

Fig. 5 shows a fabricated prototype of the focused transpar-
ent transducer. The overall diameter and the diameter of the
center transparent window are 6 mm and 3 mm, respectively.
The acoustic focal length set by the surface radius of curvature
of the concave lens mold is 12.9 mm. The numerical aper-
ture (NA) of the transducer is 0.23. A 50-ohm micro co-axial
cable is connected to the Cr/Cu electrodes with conductive
epoxy. The transducer is mounted onto a home-made plastic
fixture to facilitate its attachment onto the objective lens of an
optical microscope for testing.

I1l. TRANSDUCER TESTING AND CHARACTERIZATION

The optical and acoustic properties of the fabricated focused
transparent PVDF transducer were characterized by using the
setup shown in Fig. 6. A Q-switched 532-nm Nd:YAG laser
(Elforlight, UK) triggered by a function generator (Keysight
Technologies, USA) is used as the light source. The diameter
of the output laser beam (pulse width < 1.8 ns) is expanded
by a pair of lenses (Thorlabs, USA) and passed through
a 50-um pinhole (Thorlabs, USA). The laser beam is then
passed through a beam splitter (Thorlabs, USA), reflected by a
stationary mirror, and focused by a 10x microscope objective.
The focused laser beam propagates through the focused trans-
parent transducer onto the target of interests. A CCD camera
is used to monitor the excitation region through the reverse
path of the optical illumination. For acoustic testing, both
the target and the front spherical surface of transducer were
immersed in a water-filled petri dish for acoustic coupling. The
petri dish was placed onto a computer-controlled X/Y motor
stage (Physik Instrumente GmbH & Co. KG, Germany) and a
manually-adjusted Z-axis stage (MPositioning, China).

First, the optical transmittance of the focused transparent
PVDF transducer was characterized in air (without the target
or petri dish). The repetition rate of the pulse laser was set to
be 1 kHz. An optical power meter (Thorlabs, USA) was used
to measure the average intensity of the light passing through
the transducer. The light intensity after a bare concave glass
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Fig. 6. Test setup for characterizing the optical and acoustic properties
of focused transparent transducer.
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Fig. 7. Laser focal spot size measurement with a calibration glass slide.

lens was also measured as a reference. The optical transmit-
tance of the focused transparent transducer was determined to
be ~60% at 532 nm. The influence on the optical focal spot
size by the focused transparent transducer was characterized
with a calibration glass slide placed in water. After travelling
through the objective lens and a bare concave lens, the focal
spot of the laser beam was estimated to be 3.6 um (Fig. 7).
It became 4.2 um after going through the objective lens
and the focused transparent transducer. Therefore, the focused
transparent transducer does not significantly affect the trans-
mission of the laser pulses for PA excitation.

An ultrasound pulse-echo testing was conducted to char-
acterize the acoustic performance of the focused transparent
transducer (with the pulsed laser turned off). The transducer
was driven by a pulser-receiver (Olympus NDT, USA) with
a 200 Hz repetition rate. The transmitted ultrasound pulses
were incident onto a thick glass slide immersed in water. The
reflected pulses propagated along the reversal path, and were
received by the transducer and amplified by the preamplifier
embedded in the pulser-receiver. The amplified pulse-echo sig-
nal (Fig. 8(a)) was captured and recorded with a digital oscil-
loscope (Tektronix Inc., USA) at a sampling rate of 5 GHz.
The spectrum of the amplified pulse-echo signal is used to
characterize the central frequency (f;) and bandwidth (BW).

Fig. 8(b) shows the spectrum of the representative pulse-
echo signal after applying water attenuation compensation [26]
and low-pass noise filtering to remove high-frequency fluctu-
ations, indicating an f. and BW of 24 MHz and 26 MHz,
respectively. The acoustic axial resolution is calculated as
14.81 pm. For comparison, a numerical simulation was con-
ducted in the PiezoCAD® (Sonic Concepts, USA), which
showed an f; of 32 MHz (quarter-wavelength resonance) and
a BW of 39 MHz. The measured f. and BW of focused
transparent transducer are somewhat lower than the simulated
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Fig. 8. (a) A representative echo signal. (b) Spectrum of the echo signal
after low-pass noise filtering, indicating 24 MHz central frequency and
26 MHz —3 dB bandwidth.

TABLE |
MEASURED ACOUSTIC FOCAL SPOT AND PEAK AMPLITUDE AT
DIFFERENT HEIGHT OF Z-AXIS STAGE

Height H (mm) 86.1 86.4 86.6 87.1 87.6 88.0 88.1
FWHM (mm) 0.17 0.15 0.13 0.13 0.13 0.15 0.17
Normalized

Peak Amplitude 0.76 0.97 0.94 0.94 1 0.88 0.70

ones, due to three possible reasons. First, the pulse-echo
signal could be broadened by the original ultrasound pulse
overlapping with the reflected one after a round trip through
epoxy. Second, the echo signal can be further broadened by
the ultrasound wavefront with imperfect phase synchroniza-
tion towards transducer spherical surface. Third, the higher
resistance (especially in the ITO layer) and capacitance in
the transducer can contribute to a low-pass RC filter to block
high-frequency wave components.

To characterize the acoustic focal spot, the ultrasound pulse-
echo testing was repeated with a 0.1-mm thick copper wire
placed on the surface of a piece of 1% agar phantom as the
target. The copper wire was scanned both horizontally and
vertically around the (estimated) focal point of the transducer.
The scanning range the horizontal direction is 0.25 mm with
a fixed step size of 0.01 mm. The scanning range along
the vertical direction is 2 mm with a variable step size (as
H in Table I). At each height, the amplitude of the echo
signal from the copper wire was recorded and normalized
(Fig. 9). The FWHM (full width at half maximum) value of
the Gaussian-fitted amplitude profile was used to determine
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Fig. 9. A Gaussian-fitted profile of the echo signal amplitude across the
scanning range.
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Fig. 10. (a) A representative PA signal from a black tape target. (b) The

frequency spectrum of the PA signal.

the corresponding acoustic beam diameter. After repeating the
horizontal scan at different height, the transducer acoustic
focal spot was determined by the minimal FWHM, and the
acoustic depth of focus was estimated by the height range with
a relatively small FWHM. As listed in Table I, the acoustic
focal spot size and focal depth of the focused transparent
transducer were determined to be 0.13 mm and 1.6 mm,
respectively.

IV. PAM EXPERIMENT AND RESULTS
A. PAM Imaging Setup

The PAM imaging setup with the focused transparent
transducer is similar with the one used for the optical and
acoustic testing (see Fig. 6), except that the pulse-receiver and
oscilloscope were replaced with a homemade pre-amplifier
and a data-acquisition (DAQ) card (Alarzar Tech, Canada).
The optical and acoustic foci were firstly aligned together by
adjusting the Z-axis stage to maximize the acoustic detection
sensitivity. The photoacoustic signal received by the focused
transparent transducer was amplified by 26 dB and sampled by
the DAQ card at 250 MHz triggered by the function generator.
The imaging target was continuously scanned on the X/Y
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Fig.11. (a) The FWHM of the LSF derived from ESF. (b) The photograph
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profile.
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Fig. 12. B-mode PA image of (a) an ink-coated tungsten wire inserted
in chicken breast and (b) an ink-coated needle inserted in 1% agar
phantom.

stage, while PA signal was collected by DAQ card. Fig. 10(a)
and Fig. 10(b) show a representative PA signal received from
a black tape target and its frequency spectrum.

B. Lateral Resolution

The lateral resolution of the PAM imaging setup with the
focused transparent transducer was characterized by measuring

Fig. 13. (a) The optical photograph of the the black leaf skeleton phantom
with a size of 4 x 2 mm?2. (b) PAM image of the black leaf skeleton.

the full width at half maximum (FWHM) of the corresponding
line spread function (LSF), which is the derivative of the edge
spread function (ESF) [9]. The edge of a square Cr pattern
on a USAF resolution target (Thorlabs, USA) was imaged,
and the PA amplitude profile across the edge was fitted by
the error function to compute the ESF and LSF, indicating
the lateral resolution around 4.2 um (Fig. 11(a)), which is
comparable with those reported in previous works [4], [5], [8]
and somewhat larger than the theoretical diffraction-limited
focal spot size of 1.8 um (for an optical wavelength of 532nm,
a focal length of 20mm, and a beam diameter of 7.5 mm). Six
groups of No. 7 line patterns on the resolution target were also
scanned along the white dashed line shown in Fig. 11(b). Their
cross-sectional PA profile is shown in Fig. 11(c). The smallest
group of line patterns has a spatial frequency of 228 line-
pairs/mm (corresponding to an FWHM resolution of 4.39 xm).
They can be clearly resolved by the PAM imaging setup, which
verifies the previously-determined lateral resolution.

C. Imaging Depth

The maximum penetration of the PAM imaging setup
with the focused transparent transducer was characterized.
A 240-pum-diameter tungsten wire coated with black ink was
inserted into a thick piece of chicken breast at an oblique
angle. With 100-nJ pulse energy, the PAM imaging setup
can clearly image the tungsten wire down to around 0.3 mm
beneath the surface (Fig. 12(a)). This relatively shallow depth
is mainly limited by the strong optical absorption and scat-
tering in chicken breast at 532 nm. To estimate the imaging
depth in a more clear tissue, 1% agar (Sigma-Aldrich, USA)
phantom was prepared and a 440-um-diameter needle coated
with black ink was inserted obliquely. As shown in Fig. 12(b),
the PAM imaging setup can clearly image the needle down
to 2.7 mm beneath the surface. Some artifacts exist at x =
2.2 mm, which is due to the acoustic resonance within needle
caused by the sharply focused excitation.
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D. Imaging Results

To demonstrate the 2D PAM imaging, a black leaf skeleton
laminated on a glass substrate with epoxy was used as the
imaging target (Fig. 13(a)). A total area of 4x2 mm? was
scanned with a step size of 5 yum x 5 um. At each location,
the PA signals were averaged by 16 times to improve the
signal-to-noise ratio (SNR) to around 15.2 dB. The PA image
was reconstructed based on signal amplitude at each location,
corresponding to the grayscale value of pixel. The recon-
structed PA image is shown in Fig. 13(b). Most branches of the
leaf skeleton phantom are resolved clearly. There exist some
variations in the PA signal strength across the image, which
would be due to height variations caused by the topographic
features of the leaf skeleton branches. The same transducer
has been used for months after fabrication without apparent
degradation, indicating excellent durability.

V. CONCLUSIONS

In summary, a new focused optically transparent PVDF
ultrasound transducer has been designed, fabricated and char-
acterized and its application in PAM imaging has been
demonstrated. The focused transparent transducer combines
the advantages of the focused hollow and flat transparent
transducers. It offers not only good optical transmittance
allowing the excitation light to directly pass through, but also
full aperture and well-defined acoustic focus for receiving the
PA signal. Such capabilities could be used to enable a simpler
and more compact PAM system configuration with optimal
detection condition for the PA signals. Compared with exist-
ing (commercial) transducers used in PAM, the demonstrated
focused transparent transducer still has lower sensitivity, which
is mainly due to some limitations in the available materials,
design and fabrication processes, such as low NA, high resis-
tivity of ITO, and possible impedance mismatch between the
transducer and amplifier. In future, more efforts will be made
to address these issues to improve the transducer sensitivity.
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