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Polymeric  based  surface  acoustic  wave  (SAW)  devices  represent  one  of  the  most  interesting  platform
for  the  development  of  wireless  passive  sensors  for IoT  and  smart  packaging  applications.  An  important
feature  to be  addressed  in order  to develop  a compact  and conformable  wireless  SAW  sensor  is  the
increase  of  the  working  frequency  which  allows  an  easy  antenna  integration  and  miniaturization.

In  this  work,  we  present  a  disposable  polymeric  SAW  temperature  sensor  device  working  in the  GHz
range,  based  on aluminum  nitride  (AlN)  and built  on a 125  �m  thick  film  of  polyethylene  naphthalate.
The  flexible  device  has  been  compared  to  the same  SAW  device  fabricated  onto silicon  substrates.  The
polymeric  based  SAW  device  shows  three  operating  wave  modes  corresponding  to  the  Rayleigh,  Love,
and  Lamb,  highlighting  that  the  Lamb  mode  exhibits  a  resonance  frequency  as high  as 1.325  GHz,  corre-
sponding  to  a  phase  wave  velocity  of  10,600  m/s,  an electromechanical  coupling  of  2.91  % and  Q  factor  of

◦
109.  Temperature  coefficient  of frequency  (TCF)  values  of 149,  109,  53  ppm/ C  have  been  calculated  for
the  Rayleigh,  Love  and  Lamb  waves,  respectively.

The different  behavior  of the  three  SAW  modes  let us  envision  the  development  of  a  multiple  sensing
platforms  based  on  different  modes  in  the same  device  (e.g.  temperature,  microbiological  contamination,
light  exposure).

©  2020  Elsevier  B.V.  All  rights  reserved.
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he last decades Radio Frequency Identification (RFID) has
plication in different fields such as inventory tracking
gement, retail level management, access control, animal

security and electronic toll collection [1]. At the age of the
f Thing (IoT), the RFID-enabled temperature sensors will
eir applications in the cold-chain logistics (e.g. food and
uticals) both in storage and transportation. Analogously,
e applied in control of many medical diagnostic tests and
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es (e.g. supplies of plasma, biological reagent) [2].
e  acoustic wave (SAW) -based RFID is one of the most
g technology in this field, taking advantage of being a
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ireless sensor technology, with respect to the common
tegrated with the RFID [3,4]. In this regard, research on
sors continue to advance, demonstrating the possibility
ree biosensors [5], sensors for environmental particulate
ng [6], sensors for quality control [7–9] and SAW light

 [10,11]. Moreover, SAW based device intrinsically owns
ure sensing capability since SAW propagation velocity is
by the temperature [12]. In literature, many SAW-based
ure sensors are reported. Usually, these devices are fab-
n thick piezoelectric materials or on thin piezoelectric
sited on silicon. Recently, improvement in the sputtering
n has allowed the development of SAW device on inex-
oft polymeric substrates [8,11–13]. The exploitation of
ble, inexpensive and recyclable device is one fundamental
rive this technology to large scale monitoring applica-

In order to develop such a SAW-RFID sensor a design of

quency working device must be implemented, allowing

ntenna integration and miniaturization. In particular, the
e in industrial, scientific, and medical (ISM) frequencies,
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a number of bands that can be used without licensing
ng a limited radiated power [3,14].
evelopment of aluminum nitride (AlN) based acoustic
s the most promising technology to obtain a RFID SAW
ue to its high acoustic velocity among piezoelectric mate-
. In an acoustic device, the application of radiofrequency
al to the metallic electrodes allows the generation and
ion of acoustic waves along the piezoelectric material. The
quency of these devices is given by f0= vA/� where the
A depends on the substrate’s mechanical properties and
of the traveling wave, while the wavelength � depends
istance between the electrodes. Acoustic devices based
iezoelectric film are divided in two main classes: film
stic resonator (FBAR) and surface acoustic wave (SAW)

n the FBAR the thickness of piezoelectric layer determines
th and operating frequency of the FBARs, which ranges
-GHz to tens of GHz [13,16]. Such devices are the opti-
idate for high-frequency devices [17], but they present
advantages: fragility, due to their membrane-based struc-
re complicated fabrication and high noise to signal ratio.
AW devices present the advantage of an easy microfabri-
ocess, sensing and actuator capability and integrability in
hip technology, but, usually, they present a lower working

y [13].
 devices based on c-axis (0002) oriented AlN allow two

 wave propagation modes: Rayleigh waves (R-SAWs) and
ves (L-SAWs). The R-SAWs are favored in the AlN grown on
trates (usually silicon) and propagate at a phase velocity
000 m/s; instead, the l-SAWs are favored in membranes

n grown on polymeric soft substrates, travel at a phase
f about 10,000 m/s  [12,13].

days, the limitation in the development of R-SAW devices
equency is principally due to the use of expensive sub-
ch as diamond (that slightly increases the phase velocity)
ations in the microfabrication process [18]. In fact, to
Hz working frequency devices, it is necessary to uti-

nsive and time consuming fabrication processes, such
n-beam lithography, to reduce the IDTs dimension and
elength [19,20]. At the same time, l-SAWs allow a higher

y, due to their intrinsic higher phase velocity, making
to exploit UV photolithographic processes to obtain GHz
ices. Nevertheless, this latter l-SAWs based device has not
ely reported, due to the difficult fabrication of thin fragile
ended membrane or challenging growth of piezoelectric
layers on polymeric substrate [13,20]. Recent improve-

 the sputter deposition technique allowed the growth
 low temperature with high c-axis (0002) orientation,
the deposition on a few polymeric substrates such as poly-
] and polyethylene naphthalate [12]. The use of these

s is paving the way to an easier exploitation of the l-
 AlN, reducing the problems of membrane fabrication and
nabling the development of a new class of polymeric, con-

 and high frequency SAW sensors devices [8,10]. Although
ts years, polymeric SAW devices have been explored for
V, strain, pressure, humidity, temperature, and bacte-

11,13,22,23], no SAW sensor in the GHz range has been
ated so far.

 work, the development of the first polymeric based SAW
ure sensor working in the GHz range is demonstrated. The
n of a Polyethylene Naphthalate (PEN) /AlN based SAW
8,12] by bilayer lift-off photo-lithography optimized for

 IDTs on polymeric PEN substrate allowed us to preserve

Fig. 1
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face roughness of the sputtered AlN, which is irreparably
 when exploiting dry or wet aluminum etching process-
lift off process led to a surface preservation, improving
s propagation at higher frequency. Finally, the use of

PEN, to c
respectiv
character
outlined 
cal micrograph of fabricated devices with detail on the acoustic aperture.

 as IDTs metal increases the surface acoustic energy con-
 [13] obtaining a transmission signal amplitude up to 20
25 GHz with IDTs size and resolution in the micromet-
. The developed devices were applied to the fabrication of
onformable polymeric temperature sensor working with
leigh, Love and Lamb multimode SAWs and showing tem-
coefficients of frequency (TCF) of 149, 109, 53 ppm/◦C,
ely.

n

elay line sensors are obtained by fabricating two metallic
al transducers (IDT) on the piezoelectric film, whose pur-
e transmission (input IDT) and detection (output IDT) of
e generation of a time dependent piezoelectric deforma-

to the application of an AC signal leads to the generation
veling waves.
ntioned above, in order to obtain a higher frequency SAW

 lift-off process for an IDT pitch size scale down is needed.
ngth of 8 �m needs a 2 �m wide finger, representing on
c based substrate a technological challenge for lift-off UV
ography [24]. In fact, the photoresist processing for a lift-
ss on a soft polymeric substrate, as well-known, presents
allenges due mainly to poor resist adhesion and conse-
n uniform spin coating, and difficult baking temperature
24]. In this contribution, a bilayer lift-off processing has
imized in order to deposit 100 nm aluminum and define a
c based SAW device with 2 �m fingers. To the best of our
ge this is the smallest structure exploited for the develop-

 polymeric based SAW devices working in the GHz range.
 delay line fabricated (fig. 1) consists in 2 identical IDTs
airs of fingers with � = 8 �m and metallization ratio of 0.5
�m)  made of 100 nm aluminum. The device presents an
of 320 �m and a delay line of 50 �. Three pads of 150 �m
anar probe coupling have been designed.

fabrication

ilayer lift-off process starts with spin coating of a non-
sitive material (LOR-10B, MicroChem) followed by a
yer of AZ1512 (MicroChemicals GmbH) photoresist. Usu-

 bilayer resist is stripped by metal-ion-free (MIF) or a
ased buffer developer, both etching aluminum and AlN.
se, to pattern a 100 nm thick aluminum layer, we  have

 REMOVER 1165 (Microposit), which does not etch the
-based materials. SAW delay line devices have been

d on two  different substrates: rigid silicon and flexible

ompare the wave propagation of R-SAWs and l-SAWs,
ely. The AlN deposition process has been described and
ized in our previous publication [12] and will be briefly
here.
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Fig. 2. a) M  SEM 
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requency AlN based SAW sensors were fabricated on 125
 PEN, purchased from Teonex (code Q65HA) with one pre-
rface which improves the growth adhesion [25]. The PEN

 × 3 cm)  were fixed on a silicon substrate, by a remov-
S layer, in order to allow a uniform deposition and reduce
erature stress which occurs during the AlN deposition.

 AlN sputtering growth technique, each step for deposit-
m thick AlN, has been performed to deposit 4.5 �m of
tric AlN on PEN substrate to be exploited for the fabrica-
olymeric-based SAW device. Such sputtering deposition,

d in the last years by our group on different polymeric sub-
,21,26,27], allows the growth of piezoelectric AlN layer
s low as possible (< 180 ◦C) the temperature in the cham-
ing the generation of lattice stress and cracks generation.
th shows high C-axis crystal orientation with an average

 of 50 nm,  surface roughness of approximately 7.5 nm and
piezoelectric coefficient of 3.3 pm/V. The same character-
sults have been obtained on silicon; both substrates were
or SAW device fabrication [8,11,12].
wn in Fig. 2a the exploitation of a bilayer lift off tech-

ilitates the generation of a shadow area generated by the
hing of the first layer, enabling metal deposition without

y point in design of this process for IDTs fabrication is
t ratio between the photoresist finger mask thickness and
onphotosensitive layer thickness that must be larger than
r case, for the generation of 2 �m finger with metalliza-
0 nm,  the thickness of the first layer ideally should be

to  re
Ther
troll
carri

F
plete
micr
nonp
are 

ture
repr
and 

(up 

cess
resis
minu
evap
of A
the e

4.  R

T
teriz
temp
in th
prod
time
 between 200 nm (limitation given by the metallization)
nm (limitation given by the underetching). Therefore, it
ecessary to set a LOR-10B / G Thinner (MicroChem) dilu-

 equal to 1:3 in order to have a viscosity reduction enough

functions
both subs
ing betw
the devic
micrograph of: a complete IDT and a fingers cross-section, respectively,
minum. All the pictures have been acquired with a tilt angle of 42◦ , 30

 the spin coated nonphotosensitive first layer thickness.
, the thickness reduction of the first layer allowed a con-
underetching during the isotropic development process
ut by AZ 726 MIF.
b,c show scanning electron microscopy (SEM) of com-

 and a fingers cross-section of the developed bilayer
rication process, respectively. Fig. 2c shows that the first
sensitive layer is thick around 500 nm and the structures

 around 1500 nm with evidence of the T-profile struc-
essary for a lift-off process. Our process has proved to be
ible, compatible with rigid and soft polymeric substrates

 a wide range of metal compatible with REMOVER 1165
0 nm thick). After the conclusion of the developing pro-
ices were oxygen plasma treated to clean up any leftover

 allow optimum metal adhesion. Finally, 100 nm thick alu-
yer (99.95 % pure) was deposited using a Varian e-beam

or and successfully lifted off (Fig. 2d). Deposition of 100 nm
s not introduce any relevant stress to the device, indeed,
m evaporation allows a low-temperature deposition.

ts and discussion

bricated devices were preliminarily electrically charac-
sing a vector network analyzer (Agilent 8753ES) at room
ure using a |Z| Probe with 150 �m pitch. All the data
per refer to three identical devices from three different
n batches, noteworthy, all the spectra were acquired 50

 averaged by the Agilent 8753ES. Fig. 3 shows the transfer

 S21, obtained by the measurements of the delay lines on
trates. The values of the out-of-band insertion loss rang-

een -60/-70 dB for the silicon substrate and -70/-80 dB in
es fabricated on PEN, proving low feedthrough between
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Fig. 3. a,b) Transfer function amplitude S21 of the devices fabricated on rigid silicon
and PEN su
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Table 1
Microfabrication process flow recipe.

Process step Comment

Sample cleaning Acetone /isopropanol/water
Drying 10 min at 100 ◦C
Spin  coating of
non-photosensitive material

Spin LOR-10B : G Thinner (1:3)
for 40 s at 4500 rpm

Bake  180 ◦C 5min
Spin coating of a
photosensitive material

Spin AZ 1512 for 40 s at 2500
rpm

Bake 50 s at 110 ◦C
Exposure hard contact 405 nm 96mJ
Post bake 2 min 110 ◦C
Develop AZ 726 MIF  developer 45−50 s
Oxygen plasma cleaning 1 min
Aluminum evaporation Electron-beam physical vapor

deposition of 100 nm of
aluminum 99.95 %

Lift  off in REMOVER 1165 1h at 75 ◦C

Table 2
Material properties used in the FEM modeling.

Material Density (Kg/m3) Young modulus (GPa) Poisson ratio

Aluminum 2700 70 0.33
PEN 

AlN 
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igital transducers (IDTs) [28]. Due to the impedance mis-
 the device, both samples show a non-negligible in-band

 loss.
nalysis of the transfer functions on a silicon substrate
shows the propagation of one SAW mode correspond-
e Rayleigh wave. The R-SAWs propagation highlights a
tion as expected for uniform IDT SAW devices [29]. The
equency is around 650 MHz  corresponding to the SAW
ocity of 5200 m/s. Noteworthy, in the silicon substrate a
spurious signal in S21 are reported in the range between
0 MHz. Such signals, as Zhou et al. reports, are attributed
iple reflection of wave generated at the input IDT on the
n interface in nonideal situation, or to resonances and
reflections at the various interfaces, and detected at the
T [30,31].
e other hand, on PEN polymeric substrate, two  SAWs
e mainly showed, corresponding to Rayleigh waves at
quency and Lamb waves at higher frequency. There are
differences in the propagation of the two modes: while
igh waves show spurious signals with a central resonance
y at 620 MHz  (corresponding to a phase velocity of 4960

 Lamb waves exhibit a Sinc function signal with a cen-
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f 10,600 m/s). The different behavior between the two

 originates from their different mechanical properties. In

paramete
parallel b
setup. Br
1360 12.2 0.49
3300 340 0.25

r, R-SAWs, that are transversal waves traveling on the sur-
avored in bulk materials and in thin films grown on a rigid
; l-SAWs, instead, are waves that travel within the piezo-
ayer, favored in piezoelectric membranes and thin films

 polymeric substrates. Moreover, the transmission spectra
lymeric substrate showed dips near the central frequency
b resonance (Fig. 3b). Incoherent resonance by individ-

ngers is responsible for the dips, which are due to the
waves that penetrate into the polymer substrate generat-
erence because of the high mechanical mismatch between
PEN [32]. Noteworthy, in the PEN based SAW devices, a
or signal at 763 MHz  is shown. This mode corresponds

horizontal/Love wave (SH) propagation: in fact, such fre-
atches a phase wave velocity of 6106 m/s  in accordance

SH-SAWs velocity on AlN [33,34].
rify the different SAW propagation modes, a series of

 element model (FEM) simulations were carried out. The
ed in the previous work [12], describing the SAW elemen-
as been implemented with new material parameters and
, to find the superficial wave eigenmodes. Table 2 describe

 material data used in the FEM model.
hows the superficial SAW eigenmodes on a PEN substrate;
(Fig. 4a), Love (Fig. 4b) and Lamb (Fig. 4c) waves at 613, 760
z, respectively, are identified. Simulated frequencies are

e to the measured resonance frequencies, with an average
 of 1%, confirming the nature of the SAWs at the different
ies ().
gh  and Lamb waves resonances, on silicon and PEN

 respectively, have shown a large transmission signal
e, up to 20 dB, indicating that the out-of-band/in-band
tio is 0.01, showing a remarkable signal to noise ratio. The

 of the wavelength and the improvement in the microfab-
with the exploitation of bilayer lift off process, enhances
l-to-noise ratio allowing the detection of the Love wave
ot favored on c-axis oriented AlN-based SAW devices [13].
ectromechanical coupling K2, has been estimated exploit-
11
r method [34,35]. Assuming IDT equivalent circuit as a
etween its intrinsic and parasitic parts, a model can be

iefly, the intrinsic part consists of the total capacitance of
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G

f 0 Ci
(1)

is the experimental conductance at the resonance fre-
.16 and 0.147 M� for silicon and PEN, respectively), N
ber of finger pairs, f0 is the central resonance frequency,

input capacitance at f0 and is determined by the mea-
ceptance (B) through the relationship (Ci= B/(2�f0)) (0.13
9 M� for silicon and PEN, respectively) [12,35,37]. The
echanical coupling, calculated for the R-SAWs on silicon
Ws on PEN polymeric substrate are 2.61 % and 2.91 %,
ely. Noteworthy, the measured coupling is higher than
y reported K2 on polymeric based SAW devices [22,32,38].
, the experimental Q factor has been determined using the

thod:

3dB
(2)

f-3dB is the bandwidth at -3 dB. A Q factor of 52 and 109
n calculated for Rayleigh on silicon and Lamb on PEN,
ely [13]. The higher Q for the Lamb wave on the polymeric

 indicates a lower rate of energy loss, with the oscillations
 more slowly [39]. The electrical characterization results

he expected higher AlN/Al performance in the SAW device,
t with other materials combination, for both electrome-
coupling and Q factor [13], envisioning an application in
sensor system.

erature sensing

evices, thanks to their sensitivity, reliability and wire-
bility, are widely exploited for the realization of various
ensors. For instance, mass loading based SAW sensor have
gher sensitivity for biomarker compared to electrochem-

 [8,9,32]. Wireless SAW sensors have been employed to
external physical environment parameters (e.g. temper-
ssure) [40–42]. High frequency polymeric conformable

sors can play an important role in this respect thanks to
ction and compliance, making these devices widespread in
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ermal frequency sensitivity of resonators is characterized
mperature coefficient of frequency (TCF), defined as the
f the resonance frequency with the temperature;

f
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(3)

lly expressed as ppm/◦C. It is well known that the velocity
litude of the acoustic wave depend on various physi-
eters such as temperature and pressure. In particular, a
g of the resonance frequency is typically reported with
erature increasing [40,42,43]. Such shift of the resonance
y is due to different parameters and mainly related to the
ure coefficient of expansion (TCE) of the employed mate-
.

 work, the devices have been tested at different temper-
 a range between 20 and 120 ◦C with a step of 20 ◦C, with
imental set up shown in fig.5a. The resonance frequency

 (fig.5b) has been calculated exploiting a cross-correlation
 between transfer function spectra at different tempera-

 the Rayleigh wave on silicon substrate (green line) and
yleigh, Love and Lamb wave for the PEN substrate (gray,
lue lines, respectively). A TCF value of 64 ppm/◦C has been

d for the R-SAW on the silicon substrate instead a TCF val-
9, 109, 53 ppm/◦C for the Rayleigh, Love and Lamb wave,
ely, have been calculated for devices fabricated on PEN.
r TCF of the Rayleigh and Love waves, with respect to the
de in the PEN substrate, is due to the diverse waves prop-
e Lamb waves travel within the piezoelectric layer and
ffected by the substrate mechanical properties variation
e temperature increasing. In contrast, the Rayleigh and
es travel in both piezoelectric and substrate, in which the
ion decays with the thickness. Therefore, such modes are
cted by the substrate thermal changes. At higher frequen-

 a lower �/h ratio, h is the piezoelectric layer thickness),
he deformation of Rayleigh and Love waves falls in the
tric layer with a minor influence of the substrate. In fact,

d to a previously reported value for lower frequencies [12],
measured a smaller TCF for the Rayleigh wave on the PEN
. Fig. 5b shows a larger error bars related to the Rayleigh

 polymeric substrate which could be attributed to a dou-
: i) since the Rayleigh waves on polymeric substrate are
nsitive to the AlN thickness, small variation in the AlN

n could generate fluctuation in the temperature sensitiv-
ata are referred to devices from three production batches);

rious signals related to the Rayleigh modes do not allow
 identification of the resonance frequencies. In contrast,
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mperature responsivity, in the analyzed range, could be
rly approximated and calculated as df/dT. Responsivity of
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