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Abstract— This paper shows the optical photoresponse in the 
IR-Vis-UV range of a AlN-based piezoelectric surface acoustic 
wave (SAW) delay-line device. The piezoelectric aluminum 
nitride (AlN) thin film has been sputtered on both silicon rigid 
substrate and flexible polyethylene naphthalate (PEN) 
substrate. Both devices have been investigated in their 
electroacoustic response, by measuring the transfer function S21 
and by laser Doppler vibrometer characterization. The silicon 
based SAW devices, stimulated by the IR-Vis-UV light, are 
strongly affected in the out-of-band insertion loss due to the 
photovoltaic effect. A mathematical model has been 
implemented to correlate the out-of-band loss with the 
material’s electrical admittance change. In contrast PEN based 
SAW devices, due to the polymeric nature of the substrate, did 
not show any variation in the out-of-band loss.  

Moreover, when exposed to UV light, a frequency downshift 
of the Rayleigh and Lamb resonances modes have been observed 
in all the devices, due screening of the photoinduced electrons in 
the AlN piezoelectric layer which induces an acoustic wave 
velocity reduction. To the best of our knowledge, this is the first 
photoresponse study exploiting SAW in the range IR-Vis-UV, 
suggesting a new detection mode of UV light by a flexible AlN 
based SAW device. Further development of these devices can 
lead to a new class of light sensors from UV to IR, based on 
remote SAW devices. 

Keywords— AlN thin film, UV-vis-IR sensing, flexible SAW 
devices. 

I. INTRODUCTION 
Surface acoustic wave (SAW) devices represent one of the 

most widely used micro electro mechanical systems (MEMS). 
The versatility of application of a SAW device is based on 
features such as low cost, small size, high reliability, good 
reproducibility and their wireless control capability[1-3]. 
SAW devices fabricated on piezoelectric thin films represent 
the most promising technology easily integrable in sensors, 
transducers, and lab on chip systems [4]. The main materials 
involved in this class of devices are zinc oxide (ZnO) and 
aluminum nitride (AlN). In particular, AlN represents an 
excellent substrate for the SAW device microfabrication 
thanks to good piezoelectric and dielectric properties, 
complementary-metal-oxide-semiconductor (CMOS) 
processing compatibility and biocompatibility [4, 5]. 
Moreover, the high SAW propagation velocity and high 
breakdown voltage allow the fabrication of devices working 
with high power and in the GHz range [4, 6]. Recently, 
improvement in the sputtering technique allowed deposition 
of c-axis orientated AlN films at low temperature on different 
substrates such as sapphire [7], LiNbO3 [8, 9], silicon [10] and 
polymers[6, 11-13].  

The modes and amplitude of the waves propagation in the 
AlN-based SAW device, are strictly related to the electrical 
and mechanical properties of the substrate[4, 6, 11]. In 
particular, c-axis (0002) orientated Aluminum Nitride allows 
two principal wave propagation modes in SAW devices: 
Rayleigh waves (R-SAWs) and Lamb waves (L-SAWs). The 
R-SAWs are favored in the AlN grown on rigid substrates 
(usually silicon) with a phase velocity of about 5000 m/s; 
instead, the L-SAWs, traveling at a phase velocity of about 
10000 m/s, are favored in AlN membranes and in AlN thin 
films grown on polymeric soft substrates [4, 6, 11]. 

In this work, the interaction of light radiation with the 
SAW passive substrate and with the piezoelectric AlN active 
layer has been investigated by exploiting silicon and 
polymeric polyethylene naphthalate (PEN) substrates. Silicon 
is the most common substrate used in integrated electronics; it 
is a semiconductor with indirect bandgap energy around 1.14 
eV at room temperature, and when photon-stimulated above, 
it shows a photovoltaic effect with a consequent resistivity 
change[14-16]. The resistivity change of the substrate 
influences the SAW device performance, mostly due to the 
electrical feedthrough between the interdigital transducers 
(IDTs), which considerably change the out-of-band signal 
[10]. In a sinusoidal voltage regime (AC circuits), the SAW 
resistance is described as a complex impedance or admittance 
[17]. In this study, the change of the admittance has been 
reported as a function of the different wavelength stimulus. 
Since the transmission signal S21 is influenced by feedthrough 
in the silicon substrate, a theoretical model has been 
developed to parameterize the out-of-band insertion loss with 
the characteristic material admittance. This behavior has been 
compared with SAW devices fabricated on polymeric PEN 
substrate, whose electrical properties are not affected by light 
stimulation. Finally, AlN light sensitivity of the SAW 
resonances have been investigated. Devices stimulated by UV 
light have shown a change in the resonance frequency due to 
the screening of the piezoelectric fields with a consequent 
reduction of the acoustic wave velocity [18]. The SAW device 
response to different radiation wavelengths, shows a very 
good agreement with the theoretical model. The knowledge of 
SAWs modes propagation and the development of theoretical 
models describing the influence of external physical 
parameters on their propagation is an important step for 
designing a SAW-based sensor. This study allows to envision 
a new class of SAW -based light sensing devices that will find 
application in different fields such as flame monitors, sunlight 
meters, photochemical phenomena detectors, etc. 
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II. MATERIALS, DEPOSITION AND FABRICATION 
Silicon (1000 Ω/cm) with a top layer of SiN (10000 Ω/cm) 

substrate was purchased from Si-Mat; Polyethylene 
Naphthalate (PEN) film of 125 µm thickness was purchased 
from Teonex.  

The AlN deposition was carried out according to Lamanna 
et al. [6] on silicon and PEN; it will be briefly outlined here. 
Multistep AlN sputtering growth has been carried out in order 
to deposit 4.5 µm of piezoelectric AlN. The growth shows 
high c-axis crystal orientation with an average grain size of 50 
nm, surface roughness of approximately 7.5 nm and effective 
piezoelectric coefficient of 3.3 pm/V [6]. The devices used in 
the present study are delay lines constituted by two identical 
metal interdigital transducers (IDT) whose purpose is the 
generation of the SAWs[4, 6]. Each delay line is designed with 
40 pairs of fingers, λ=20µm with a metallization ratio of 0.5, 
an acoustic aperture of 400 µm and a delay line of 20 λ. Fig.1a 
shows the unit-cell diagram of the SAW device. The 
microfabrication of the IDTs pattern is improved with respect 
to the previous work, exploiting a lift-off photolithography 
process using AZ 5214 E Image Reversal Photoresist. The 
metallization was carried out with a thermal evaporator using 
aluminum pellets (99.95% pure) with a final thickness of 
around 1000 Angstroms. In fact, the lift-off process preserves 
a low surface roughness of the sputtered AlN [12], irreparably 
damaged with dry or wet etching processing. Moreover, the 
use of aluminum as IDTs metal has the advantage of a surface 
acoustic energy confinement [4]. 

III. EXPERIMENTAL 
The transfer function S21 has been obtained at room 

temperature with a vector network analyzer (Agilent 8753ES) 
using |Z|Probe with 150 µm pitch. The experimental set up, 
used to study the electroacoustic photoresponse of the SAW 
devices, is shown in Fig.1b. For the sensing tests, the light 
source was fixed at 3 cm from the delay line. The light sources 
used in the work are LEDs of wavelengths: 365nm (code 
M365LP1), 530nm (code M530L4), 660nm (code M660L4) 
and 940 nm (code M940L3) all purchased from Thorlabs. The 
LEDs were controlled by a T-Cube™ LED Driver purchased 
from Thorlabs. The power of the light source for the different 
wavelength is reported according to Thorlabs datasheet in 
Table 1.  

TABLE I.  LEDS WAVELENGTHS, EQUIVALENT EV ENERGY AND 
LEDS OUTPUT POWER IN ACCORDING TO THORLABS DATASHEETS. 

nm eV mW 
365 3.5 1150 
530 2.4 350 
660 1.9 940 
940 1.3 800 

 
Moreover, in the NIR spectral region the sample has been 

irradiated laser fs-pulses with wavelengths in a range of 900-
1225 nm (scanning steps of 25 nm), with the laser power kept 
constant at 600 mW. 

The laser Doppler measurements were performed by using 
a vibrometer UHF-120 Ultra High Frequency Vibrometer 
(Polytec, Germany). The employed scanning (laser Doppler 
vibrometer) LDV system enables non–contact measurements 
in real time for the characterization of out–of–plane SAW 

amplitude of displacement at any sample point (vertical 
resolution of a few tens of picometers) [19]. Single frequency 
scan spectra have been collected averaging 5 spectra at the 
resonance frequency, by appling 5V AC signal, at the 
Rayleigh and Lamb resonance frequency on both the 
substrates. The detection array has been built with a point 
density of ≈ 1.6 m along the perpendicular direction, and ≈ 
5 m along the parallel direction to the wavefront.  

IV. MODELING 
To characterize the out-of-band signal as a function of the 

incident light and therefore exploiting the electrical 
admittance, the two port reciprocal network model proposed 
by Clement et al. [10, 20] was implemented (Fig.2).  

The admittance coefficient for a delay line spaced by nλ is 
given by: 

𝑌11=𝑌22 = 𝐺 + 𝑗(𝐵 + 𝜔0 𝐶𝑡𝑜𝑡)       (1) 
𝑌21=𝑌12 = 𝐺 + 𝑒𝑥𝑝 (−𝑗 𝜔0  

𝑛𝜆

𝑓0
 )       (2) 

𝐺 =
4

𝜋
𝑘2 𝜔0  𝐶𝑡𝑜𝑡 𝑁 (

sin ( 𝑥)

𝑥
)2       (3) 

𝐵 =
4

𝜋
𝑘2 𝜔0  𝐶𝑡𝑜𝑡 𝑁 (

sin(2𝑥)−2𝑥

2𝑥2 )       (4) 
 

where B is the conductance, G is susceptance, Ctot is the 
IDT capacitance empirically fitted, ω the angular frequency, 
ω0 angular resonance frequency, N pair of finger, K2 is the 

Fig. 2: Equivalent circuits for a reciprocal two-port network, with the 
implementation of the feedthrough effect YP. 

Fig. 1: a) Unit cell diagram of the SAW device; b)Experimental set up for 
electroacoustic photoresponse test; c,d) 3D schematic of the developed AlN-
based SAW device on Silicon and flexible Polyethylene Naphthalate 
substrate, respectively. 
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electromechanical coupling equal to 0.85 as calculated in the 
previous work [6] and x is calculated as [N π ((ω-ω0)/ ω0)]. 

The transfer function S21 is given by: 

 

𝑆21 =
−2 𝑌21𝑌0

(𝑌0+𝑌11)2−𝑌21
2                (5) 

 
where Y0 represents the admittance in agreement with the 
experimental setup. To fit the experimental data with the 
mathematical model, the feedthrough has to be calculated. 
According to [10] these effects can be approximated by adding 
a real term YP to Y21 parameter, which is equivalent to a purely 
resistive admittance in parallel. In an ideal case with a zero 
resistive admittance of the material, the response is a perfect 
sinc function signal (Fig.6a).  

V. DISCUSSION 
Preliminarily, the devices were tested by measuring the 

transmission amplitude signal S21 (Fig. 3 a,b), identifying the 
Rayleigh and Lamb resonance modes. The SAW devices 
fabricated on silicon substrate show a Rayleigh mode 
propagation (Fig. 3a) with a resonant frequency at 252 MHz 
and a spurious signal band at higher frequencies (centered at 
540 MHz) corresponding to a Lamb wave propagation [6]. 
Instead, the SAW devices fabricated on PEN (Fig. 3b) exhibit 
two clear resonance modes: Rayleigh at a lower frequency 
(185 MHz) and symmetric Lamb S0 at a higher frequency (502 

Fig. 4: Transfer function amplitude S21 a) devices fabricated on silicon 
substrate stimulated by different wavelengths light; b) devices fabricated on 
PEN substrate without light exposure and stimulated by IR light. 

Fig. 3:a,b) Transfer function amplitude S21 of devices fabricated on silicon  and PEN substrate, respectively; c,d)Representative LDV 2D frames of 
the Rayleigh traveling waves on silicon and PEN, respectively; e,f) Representative LDV 2D frames of the Lamb traveling waves on silicon and PEN, 
respectively. 
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MHz), in accordance with the previous work and the 
theoretical wave velocity [6]. To inspect the transversal 
component at different SAW deformation modes, laser 
Doppler vibrometry (LDV) has been exploited. With the aim 
of observing the surface acoustic wave propagation, a frames 
of the oscillating surface are reported in fig 3. c-f (and the 
videos are in the supplementary section). Such modes are 
close to the FEM based simulation reported in our previous 
works [6, 11]. Rayleigh wave propagation show a higher 
transversal displacement and lower damping on silicon (fig. 
3c) with respect to PEN substrate (fig. 3d). In contrast, the 
Lamb waves present higher displacement on PEN with respect 
silicon and lower damping, confirming the electroacoustic 
measurements (fig. 3 a,b) and SAW propagation theory [3,5]. 
Noteworthy, the measured displacement for the Lamb wave 
should be considered half of the whole deformation since the 
S0 Lamb waves own a symmetrical deformation in the lower 
interface [4, 21]. 

The characterization of the transfer functions S21, after 
UV-Vis-IR excitation, is reported in Fig. 4. Fig. 4a shows how 
the exposure of the silicon-SAW devices at different 
wavelengths changes the out-of-band insertion loss. As 
observed with the LED excitation, the wavelength increase 
corresponds to an increase of the out-of-band losses with a 
maximum at 940 nm, close to silicon band indirect gap. This 
is strictly linked to the different amount of charge generation 
at different wavelengths [22, 23]. This charge is capacitively 
induced at the interface with the piezoelectric AlN, producing 
a consequent increasing of the electrical feedthrough between 
the IDTs.  

To investigate the maximum in the out of band loss close 
to the silicon indirect energy gap around 1.14eV (1080 nm), 
the device has been excited by tunable laser in the NIR region 
(900-1225 nm). In fig. 5 the out-of-band magnitude as a 
function to the laser incident wavelengths is reported. It is 

shown a decrease of the out-of-band magnitude at 
wavelengths higher than 1050nm, recovering the out-of-band 
dark condition at wavelength higher than 1200 nm. Therefore, 
at room temperature, the electrons promotion in the 
conduction band is favored when the incident radiation energy 
increases towards the indirect bandgap energy value with a 
consequent silicon resistivity change[23-25]. In silicon, the 
indirect energy bandgap semiconductors such as silicon, in the 
NIR, optical transitions of electrons to conduction band 
require a change in both energy and momentum mediated by 
interactions with phonons which are abundant at room 
temperature, generating the feed-through between IDTs [24].  

Fig. 6: Experimental and simulated transfer function amplitude S21 of devices fabricated on Silicon substrate: a) Simulated ideal SAW filter without feed-
through; b) comparison of experimental and simulated data of device without light stimulus; c,d,e,f) comparison of experimental and simulated data of 
devices stimulated by 365nm, 530nm, 660nm, 940nm LEDs, respectively. 

Fig. 5: Out-of-band magnitude measurements in silicon-based SAW 
devices irradiated by NIR laser 
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This effect is not present in the devices fabricated on PEN 
polymeric substrate, transparent to these radiation 
wavelengths range and therefore not showing out-of-band 
insertion loss changes; the two curves are overlapped (Fig. 
4b). Fig.6 shows the S21 spectra measured with different 
incident light stimuli and the relative S21 simulated spectra 
with different resistive admittance added to an ideal AlN-
based SAW filter on silicon (YP). The theoretical model 
perfectly fits the experimental data. This simple model 
provides valuable information about the change of electrical 
property of the substrate. In fact, it shows how the substrate 
admittance changes in a range between 0.8 10-5 Ω-1 to 2 10-4 
Ω-1, as it happens when it is stimulated by different 
wavelengths LED sources. This variation is in good 
agreement with the literature [26, 27].  

The resonance frequency has been characterized for all the 
devices stimulated by different wavelengths. A shift is 
observed only when the devices have been stimulated by a 
365nm light source (Fig. 7) while no resonance shift is 
observed with the other wavelengths. This behavior is due to 
the large direct bandgap of AlN which makes it sensitive only 
in the UV light range [28]. In fact, the photoinduced electrons 
in the AlN screen the piezoelectric field and reduce the 
acoustic velocity [18]. The change of the SAW velocity can 
be expressed as: 

∆𝑣

𝑣0
=

𝐾2

2(1+(
𝜎

𝜎𝑚
)

2
)
   (6) 

where v0 is the SAW velocity on a free surface, K2 is the 
electro-mechanical coupling coefficient, σ is the sheet 
conductivity, and σm is a material constant. Therefore, the 
resonance frequency shift is due to the reduction of the 
acoustic wave velocity by the increase of photo-induced 
conductivity of AlN film[18, 28, 29]. Such resonance shift is 
not observed at higher wavelengths (IR-vis), due to the low 
energy of the electromagnetic radiation in that spectral range, 
which does not allow the electron promotion in the AlN. In 
contrast, IR-vis wavelengths affect just the silicon substrate as 
shown in fig.4, and do not influence the electromechanical 
properties of the AlN. 

A larger shift is reported for the Lamb wave on PEN 
substrate (~60 kHz) compared to the silicon substrate (~20 

kHz). Noteworthy, the resonance frequency goes back to the 
initial value after the UV source has been turned off for both 
resonances. To the best of our knowledge, this is the first 
detection of UV light with a flexible AlN based SAW device.  

VI. CONCLUSIONS 

In this work non-contact optical measurements, by a 
laser Doppler vibrometer, have been exploited to measure the 
transversal displacement in the Rayleigh and Lamb wave 
propagation on AlN-based SAW delay line fabricated on 
silicon and polyethylene naphthalate. The results have 
confirmed the electroacoustic measurements and SAW 
propagation theory in both.  
 The photoresponse, of these SAW delay line, has been 
investigated in the UV-vis-IR range. The transfer functions S21 

are affected significantly when the devices are stimulated by 
the light. In fact, the devices fabricated on silicon, stimulated 
by light, showed an enhanced change in the out-of-band signal 
at near IR while the device fabricated on the PEN flexible 
substrate does not undergo any variation, envisioning silicon 
based SAW as an IR sensor. A mathematical model has been 
implemented to calculate the admittance change as a function 
of the wavelength light stimulus, achieving an optimal fit for 
all experimental data. This model, exploited for silicon, could 
be used for a wide range of semiconductor based SAW 
devices using different energy bandgap to implement 
sensitivity for different wavelength. Finally, the Rayleigh and 
Lamb resonance frequency down-shift has been observed in 
the UV range, due to the screening of the AlN piezoelectric 
fields with a consequent reduction of the acoustic wave 
velocity. In particular, the exploitation of PEN based SAW 
devices enhances the resonance shift improving the 
responsivity to the UV light.  

 The development of theoretical models and SAW devices 
sensitive to different power and wavelength light paves the 
way for a new class of remote device, which could find 
applications in different fields such as flame monitors, 
sunlight exposure meters, photochemical phenomena 
detectors, etc. 
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