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Abstract—We report an optically transparent ultrasonic 
device, consisting of indium-tin-oxide-coated lithium niobate 
(LNO), for use in particle manipulation. This device shows 
good transparency in the visible and near-infrared wavelengths 
and, acoustically, compares favorably with conventional proto-
type devices with silver electrodes.

I. Introduction

The combined use of ultrasonics and optics is severely 
restricted by the opacity of conventional piezoelectric 

devices. This is of particular interest in combined acoustic 
and optical microparticle manipulation, for which previ-
ous attempts have required specifically designed optical 
systems [1] or use of an ultrasonic standing wave trap in 
which the active elements are located on the sides of the 
sample chamber [2]. The opaque nature of piezoelectric 
devices is also a concern in opto-acoustic imaging [3] in 
cases in which the laser source and an ultrasonic receiver 
must be positioned on the same side of the sample to 
be imaged. Indium tin oxide (ITO)-coated polyvinylidene 
fluoride (PVDF) receivers [4] have been proposed in the 
past, but the characteristics of PVDF limit them to pas-
sive detection. Here, we report an optically-transparent 
ultrasonic transducer which can be used for combined op-
tical and acoustic trapping without the need to modify 
the optical system and also allows for simultaneous ultra-
sound and optoacoustic imaging. Use of this device opens 
up the possibility of using more complex optical systems 
such as counter-propagating traps and, crucially, still al-
lows for through-illumination imaging methods to be used.

II. Materials and Methods

Lithium niobate (LNO), with crystal symmetry 3mm, 
is well known for use in optics in devices such as Pockle’s 
cells [5] and electro-optic devices. It also has a range of ac-

tual and potential ultrasonic applications including high-
temperature nondestructive testing [6], high-resolution 
medical imaging [7] and focused ultrasound surgery [8]. 
This range of applications corresponds to the wide range 
of physical effects LNO displays, including piezoelectric-
ity, pyroelectricity, optical birefringence, and second har-
monic generation [5]. The geometrical form of LNO we 
selected for the transparent devices reported here is Y-36° 
cut LNO (Roditi International Corp., London, UK) be-
cause it has the highest piezoelectric thickness-mode elec-
tromechanical coupling coefficient, kT = 0.49.

The samples, with dimensions 10 × 10 × 0.5 mm, were 
coated with ITO on their major surfaces using dc magne-
tron sputtering (Diamond Coatings Ltd., Halesowen, UK) 
to produce the required solid solution of indium oxide 
(In2O3) and tin oxide (SnO2) [9]. ITO is also widely used 
for transparent electrodes in liquid crystal displays, solar 
cells, and light-emitting diodes [10].

The thickness of ITO was not measured during deposi-
tion but was estimated as 606.3 ± 54.9 nm using results 
from spectrophotometry. The sheet resistance of the sam-
ple was 10 Ω/sq and the average surface roughness, Ra, 
was 1.69 nm. The electrical conductivity of optimized ITO 
is in the range of 104 S/cm [11], the density is 7100 kg/
m3 [12], the Young’s modulus is 116 GPa [13], the Poisson 
ratio is 0.35 [13], and the velocity of sound, calculated by 
the Newton–Laplace equation, is about 4200 m/s. A pho-
tograph of a complete ITO-coated LNO sample is shown 
in Fig. 1.

III. Results and Discussions

A. Spectrophotometry

The samples were first tested for optical transmittance 
using a spectrophotometer (Jasco Inc., Easton, MD) at 
visible and near infrared (NIR) wavelengths to cover both 
imaging through the sample and NIR laser wavelengths 
commonly used for optical manipulation. A sample of un-
coated LNO was also measured for its transmission as a 
comparison. The transmission spectra of the coated and 
uncoated wafers are shown in Fig. 2. Over both visible 
and NIR wavelengths, the ITO-coated LNO shows good 
transmittance. Around 600 and 800 nm, the ITO-coated 
sample is more transmissive than the uncoated sample, 
suggesting that the ITO acts as an anti-reflective coating 
at these wavelengths.

B. Electrical Impedance Spectroscopy

The ITO-coated LNO was tested for its ultrasonic re-
sponse using a fiber optic hydrophone (FOH; Precision 
Acoustics, Dorset, UK). To calibrate the response of the 
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ITO-coated material, a 10 × 10 × 0.5 mm sample was 
housed in a plastic case along with a sample of LNO of 
identical dimensions coated with conventionally conduct-
ing, opaque silver electrodes. The LNO samples were fixed 
by microballoon-filled epoxy at the edges, with air back-
ing, to avoid dissipation of energy. The electrical imped-
ance spectrum of each sample was recorded in air using a 
4395A impedance /network /spectrum analyzer (Agilent 
Technologies, South Queensferry, UK) as shown in Fig. 3.

From the impedance spectra, it can be seen that the 
Ag-coated LNO has a slightly lower resonant frequency, 
attributed to the fact that it has thicker electrodes than 
the ITO-coated sample. The effective coupling coefficients 
of both transducers were calculated using the parallel res-
onant frequency, fp, and series resonant frequency, fs [14]:

	 k f f feff p  s p/= −( ) .2 2 2 	 (1)

The calculated effective coupling coefficients show that 
the ITO-coated LNO has very similar performance to the 
Ag-coated LNO, with keff reduced by less than 5%, as 
shown in Table I; both these figures are about 10% below 
the value for kT noted previously.

C. Acoustic Pressure Characterization

For pressure measurements, each sample was driven 
at its fundamental series resonant frequency, fs, as listed 
in Table I, using an Agilent 32220A waveform genera-
tor. Both the device and the hydrophone were immersed 
in a water tank. The hydrophone was connected to an 
oscilloscope and positioned so as to receive the peak pres-
sure signal. The signal voltage for each sample was in-
creased in increments of 1 Vpp from 4 Vpp up to 20 Vpp 
and the received signal from the hydrophone recorded at 
each interval. A total of five sets of measurements were 
carried out and the standard deviations were calculated. 
These recorded voltages were then converted to the pres-
sure according to the manufacturer’s calibration of the 
hydrophone sensitivity at the working frequency. Fig. 4 
compares the pressure produced by the samples. The base 
noise level of the hydrophone when not receiving a signal 
has been subtracted from the measured signal.

The pressure measurements show an adequate response 
from the ITO-coated LNO in comparison to the Ag-coated 
sample, in turn suggesting that using ITO is a viable alter-
native to conventional opaque electrodes in applications in 
which a transparent transmitting transducer is required, 
without a significant sacrifice in performance—less than 
4 dB in the present case. Specifically, for microfluidic reso-
nant devices, an ultrasonic standing wave with a pressure 

Fig. 2. Optical transmittance of the uncoated and indium tin oxide 
(ITO)-coated lithium niobate (LNO) showing good transparency for vis-
ible and near-IR wavelengths.

Fig. 3. Impedance magnitude and phase spectra of indium tin oxide 
(ITO)-coated lithium niobate (LNO) compared with Ag-coated ITO.

TABLE I. Resonant Frequencies and Effective Coupling 
Factors of Ag-Coated and Indium Tin Oxide (ITO)-Coated 

Lithium Niobate (LNO). 

fs (MHz) fp (MHz) keff

Ag-coated LNO 6.288 7.104 0.4653
ITO-coated LNO 6.498 7.253 0.4442

Fig. 1. A Y-36° cut lithium niobate plate coated with indium tin oxide 
and coupled to a glass capillary, showing its visible transparency. 
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amplitude of 0.35 to 0.5 MPa can generate a radiation 
force of the order of 100 pN on a 10-µm-diameter poly-
styrene sphere [15]. In this case, if the ITO-coated LNO is 
coupled to a resonant cavity with a conventional Q-factor, 
i.e., 50 < Q < 1000 [16], the pressure in the cavity would 
be sufficient to manipulate the microparticles.

IV. Conclusions

In conclusion, we have shown that ITO-coated LNO 
transducers have good transparency in the visible and 
NIR regions of the optical spectrum and can produce ul-
trasonic pressures which are similar to those produced 
with commonly used silver electrodes. The optical trans-
mission could be further improved by using refractive-
index-matched ITO. Use of these devices opens up the 
possibility of configuring a wide range of hybrid ultra-
sonic–optical systems without the restrictions associated 
with using opaque ultrasonic transducers.
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