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A simple approach to develop a novel photosensitive RF tag to be used as non-volatile wireless light expo-
sure detector is presented. This chipless tag is based on the coupling of a standard HF LC resonator with an
interdigitated planar sensor featuring a micrometric inter-electrode gap optimized for a thin acrylamide
photosensitive polymer layer. Exposure to ambient light within the absorbance band of the photosen-
sitizer (~530nm) triggers polymerization, which irreversibly modifies the electrical properties of the
film, producing a significant decrease of the dielectric constant of 27%, thereby changing the resonance
frequency (540 kHz shift) of the resonator. This allows the straightforward wireless detection of the light
exposure event as demonstrated here. The sensor fabrication is fully compatible with high-throughput
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1. Introduction

Radio frequency identification (RFID) is a wireless data captur-
ing technique which utilizes radio frequency (RF) waves for the
purposes of contact-less identification, monitoring and authenti-
cation of objects. RFID relies on RF waves for data transmission
between the data carrying device (the RFID tag) and the interroga-
tor (RFID reader) [1]. Today, the growing tendency in supply chain
management and goods handling is to replace barcodes with RFID
transponders, which have unique ID codes for individual items that
can be automatically read at a longer distance [2]. The reason why
RFID tags have not yet overtaken barcodes is partly the cost of the
tag, being still much higher for an RFID tag than for a simple bar-
code label [3]. RFID technology has in any case been successfully

* Corresponding author at: Center for Nano Science and Technology @PoliMi,
Istituto Italiano di Tecnologia, Via Pascoli, 70/3, 20133 Milano, Italy.
E-mail address: mario.caironi@iit.it (M. Caironi).

http://dx.doi.org/{10.1016/j.snb.2015.09.144
0925-4005/© 2015 Published by Elsevier B.V.

applied in the areas of manufacturing, supply chains, agriculture,
transportation, and healthcare to name a few [4].

Tags can be passive (powered by RF radiation of the reader) or
active (including a power source such as a battery or an energy
harvesting device). They can be read only or read/write. Typically,
passive tags are smaller, lighter and simpler than active ones, and
noticeably less expensive. They are maintenance-free and have an
almost indefinite operating life. In order to significantly reduce the
cost per tag, chipless RFID tags [5], where no active electronics
is present, are being developed. A chipless RF tag for high fre-
quencies (HF) can be implemented, for example, as a LC-resonator,
where typically a planar coil is connected to a capacitor. The sim-
plicity of the system comes at the cost of functionality, which is
usually limited to the detection of the presence or the absence
of the resonator (by looking at the presence of the resonance), as
widely used in anti-theft tags [6]. Research on chipless RFID tags
has been recently focusing on the integration of sensing capabilities
within the tags, thus greatly extending their applications. Sensing
is achieved by introducing materials which are sensitive to specific
external stimuli, thereby affecting the impedance of the tag. These

Please cite this article in press as: M. Oliveros, et al., Photosensitive chipless radio-frequency tag for low-cost monitoring of light-sensitive
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Fig. 1. Working principle of a chipless tag: (a) RF interrogation to detect the (b)
alteration of the resonance features (resonance frequency f., amplitude A or quality
factor Q) induced by an impedance modification of the sensor embedded in the tag
and exposed to a chemo-physical stimulus.

changes in inductance, capacitance or dissipation can be detected
by measuring the resonance frequency fc and the quality factor Q of
the tag. The general working principle and the detection approach
for chipless HF tag sensors are described in Fig. 1.

Several examples of wireless sensors that use the passive res-
onator approach have been proposed in the literature for the
detection of pressure [7], toxic [8] and non-toxic [9] gases, humid-
ity [10,11], hazardous compounds in water systems [12], chemical
sensing [13] based on graphene/silk sensors for bacteria detec-
tion and biochemical sensors [14] based on the combination of the
capacitive pressure sensing technique and biosensitive hydrogels
[15] and pH [16].

So far, there has not been any report on the possibility of
developing a light-sensitive chipless tag following the very simple
approach of fabricating a planar photosensitive resonator, while
such a wireless sensor would be of particular interest for tagging
of goods which must not be exposed to light. The possible expo-
sure to light could be then certified with a simple and fast wireless
measurement, without the need to interfere with the goods or to
open the package. The result can be stored as a simple, single-bit
information, which can subsequently reveal whether exposure has
occurred or not, as a sort of wireless “litmus test”. Such application
may have a strong impact on the food or pharmaceutical indus-
try or, in any case, where exposition to light must be avoided or
certified.

In this paper we report on a photosensitive, chipless RFID plastic
tag where an LC resonator is coupled with a photopolymer-based
microsensor contributing to the tag capacitance. The photopoly-
mer layer provides the photosensitivity in the green spectral region
and, upon light exposure anirreversible polymerization takes place,
resulting in an irreversible change in its dielectric constant that can
be measured. This process allows for a permanent record of a light

exposure event through the effects on the electric properties of the
RFID tag.

2. Materials and methods
2.1. Photopolymer formulation

The precursor formulation of the photopolymer adopted in
this study has been prepared following the system developed by
Sugawara et al. [17]. It consists of acrylamide as monomer, a cross-
linker (N,N’-methylene bis-acrylamide), a sensitizer (Erythrosin
B), and an electron donor (triethanolamine, TEA). Additionally
Polyvinylalcohol (PVA) is added as a binder, to allow the production
of dry photopolymer layers (Fig. 2(c)).

The light is absorbed by the sensitizer, which then reacts with
the electron donor, providing free radicals that start the polymer-
ization of acrylamide monomers. During the polymerization, the
viscosity of the medium increases and the reaction slows down.
The radical polymerization stops through the usual mechanisms
(combination of two active chain ends, combination of an active
chain end with an initiator radical). Details of the photoreaction
can be found in the work by Lawrence and co-workers [18]. The
dye (Erythrosin B) shows a maximum absorbance peak at 526 nm,
providing a sensitivity range from 500 nm to 550 nm. Interestingly,
by changing the dye structure and/or mixing different dyes it is
possible to tune the sensitivity of the photopolymer in the visible
band [19] and also to have a panchromatic system [20].

The photopolymer formulation was prepared by adding 1g of
PVA (to be stored in dark) to 10 ml of bi-deionized water. The solu-
tion was heated at 90 °C and stirred until complete PVA dissolution.
Successively 0.24 g of acrylamide, 0.08 g of bis-acrylamide, 0.8 ml
of TEA and 1.6 ml (1.76.10~4 g/ml) of Erythrosin B were added to
7 ml of PVA solution. The formulation was prepared at room tem-
perature in normal light conditions and stored in dark conditions
at room temperature for no more than 2 days before use.

2.2. Tag fabrication

The tag developed in this work is based on a commercially avail-
able, standard anti-theft tag (EAS - Electronic Article Surveillance)
consisting of a coil, a capacitor and a fuse on a plastic foil. The tag
has been modified by removing the fuse which normally connects
the coil to the top and bottom plates of the capacitor. After the
removal of the capacitor bottom plate, the characteristic resonance
frequency fc changes from the original value of 8.5 MHz-30 MHz.
The interdigitated sensor was attached on a free area in the middle
of the tag and the electrodes were connected to the coil termi-
nals by means of silver paste. The resonance frequency of the fully
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Fig. 2. The sensors are fabricated with standard lithography: (a) top view and (b) cross section of the interdigitated gold microelectrodes covered with a photopolymer
film (c) of thickness t. (d) Magnitude of the impedance spectra of a test device (t=1.6 wm, d=5 pum, £ =W-20fingers=1cm) before (magenta line) and after (blue line) the
polymerization process. For comparison, the impedance of a film containing only PVA, showing a pure capacitive behavior, both before (violet line) and after exposure (cyan
dashed line), is also reported. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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assembled tag is ~13 MHz, chosen to be in the same range as the
widespread standard of HF RFID tags operating at 13.56 MHz.

2.3. Interdigitated sensors

The sensors consist of interdigitated 45 nm-thick Au electrodes,
fabricated by a two-step lift-off photolithographic process on top
of a Corning 1737F substrate and coated with a layer of the pho-
topolymer (Fig. 2(a)). The gap between the fingers (d), indicated
in the following as channel length, varies from 5 pm to 40 wm, and
the total length of the fingers (€) is either 1 or 2.5 cm. The precursor
formulation, filtered with a 5 wm nylon filter, is deposited on top
of the electrodes by spin-coating. Different photopolymer thick-
nesses (t), from 500 nm to 20 wm, can be obtained by varying the
spin speed from 1500 r.p.m. to 200 r.p.m. The results here reported
refer to 1.6 wm and 20.5 wm thicknesses. Finally, the thickest film
(~100 pwm) is instead deposited by drop-casting. All the fabrication
steps were performed in a nitrogen glove box and using a red light
to fabricate the devices.

2.4. Electrical measurements

Impedance spectroscopy measurements were performed in a
nitrogen glove box with a two point contact setup, by applying
a 500 mV sine wave in the 40 Hz-110 MHz wide frequency range
with an Agilent 4294A Impedance Analyzer. Impedance measure-
ments before photopolymerization were performed using a red
light and at room temperature.

Measurements of the complete tags were performed by employ-
ing a reader antenna connected to an Agilent E5061B ENA Network
Analyzer to extract the scattering parameters. The reader antenna
is made of two loops, which are inductively coupled. The mutual
inductive coupling between the reader antenna and the tag enables
a contactless detection of the tag parameters of interest. The reader
antenna and the tag have been placed parallel to each other at a dis-
tance of 1 cm in all the reported measurements. Measurements of
the tags before light exposure have been performed in darkness
using a special black box that completely covers the antenna and
the reader.

3. Results and discussion

Our strategy for the development of a photosensitive chipless
RF tag was to couple a sensor, based on a suitable active medium,
with a LC resonator. Light exposure modifies the electrical parame-
ters of the sensor, i.e. its impedance, and therefore induces changes
in the measurable tag parameters, such as fc and Q. In order to
develop a photosensitive tag, we tested the possibility to induce
a variation in the dielectric constant of an acrylamide photopoly-
mer film (described in Section 2.1) at frequencies compatible with
integration in a wireless sensor. It is well known that films based
on such acrylamide-based photopolymers can undergo a variation
in the refractive index upon light exposure [21], and for this rea-
son they are largely adopted for volume holography. A change in
the refractive index represents a variation of the relative dielectric
constant at optical frequencies. To the best of our knowledge, the
effects of an exposure to ambient light on the dielectric constant
of acrylamide photopolymers at MHz frequencies have not been
previously investigated.

Our approach, detailed in the following sections, is here summa-
rized. (i) We validate the use of a photo-polymer, with a thickness
(t) of 1.6 wm, a common thickness adopted for other optoelectronic
applications [17-20], to develop the sensing functionality; (ii) we
verify that, even in the suboptimal case of electrodes spaced by
5 pm, limited by the available lithographic patterns, a change in the
impedance spectrum is apparent, both as a variation in resistance

and capacitance; (iii) we select the capacitive sensing approach,
preferred to the resistive one, since it allows for easier detection (a
frequency shift rather than a quality factor change in the frequency
range of the tag resonance); (iv) we use a set of different electrodes,
spaced from 5 pum to 40 pm, to assess the change in the material
dielectric constant by means of conformal mapping-based numer-
ical simulations, and we use this result to fit experimental data
and to obtain the maximum achievable capacitance variation with
any geometry; on the basis of the rationale obtained in the previ-
ous points (v) we design an operative device, choosing the optimal
deposition thickness (>20 wm) for the 5 pm spaced electrodes, and
(vi) we couple it to a commercial RF coil for the experimental con-
tactless validation of the full sensor.

3.1. Preliminary impedance characterization of interdigitated
sensors

The photopolymer-based sensors have been characterized by
measuring their impedance as a function of frequency before and
after the photopolymerization process. Due to the high sensitiv-
ity of the material to light, we took special care in fabricating all
samples under a red light, which does not trigger polymerization
as it is not absorbed by the sensitizer. This is also the condition
that we adopted to measure the impedance of the sensors before
polymerization. When the film is irradiated with ambient light,
the polymerization takes place as previously described. Visibly,
the color of the film during the polymerization fades, and the film
passes from being clearly red to transparent due to consumption
of the dye. Correspondingly, the electrical properties of the film
change.

The initial test device, used to assess photosensitivity, is coated
with a 1.6 pwm thick layer of photopolymer. Consequently, we chose
electrodes with relatively small gaps (d=5 pm, £ =1 cm). The Bode
plots of the magnitude of the measured impedance spectra before
and after the exposure of the device to a 526 nm radiation (intensity
~10 wW/cm?) for 20 min are reported in Fig. 2(d). Neglecting the
contact impedance that is dominant at very low frequency, the sen-
sor impedance can be approximately modeled with a simple R||C
parallel circuit, the parameters of which are characteristic of the
photopolymer formulation and cannot be observed with the sin-
gle components. PVA for example, which enables the filming of the
material, provides a pure capacitive behavior on the (Fig. 2(d)) with
no measurable difference in the value of capacitance before (con-
tinuous violet line) and after exposure (dashed cyan line). Among
the various components of the precursor formulation, we identify
the specific role of the electron donor TEA in determining the resis-
tive behavior between 1 kHz and ~100 kHz. This can be ascribed to
the electron donor properties of the amine, which could increase
the transport properties of holes through the film. This explana-
tion is supported by the observation that triarylamines have been
widely used in xerography process as a dopant in polymer films
(especially polystyrene) to improve the holes transportation [22].
Below 1kHz the impedance increases with lower frequencies and
follows a capacitive behavior, indicating the presence of a blocking
interface.

Ininitial dark conditions (pink spectrum) R (measured at 10 kHz)
is equal to 592kS2 and C=0.97 pF (evaluated at 10 MHz). After
irradiation (blue spectrum) with ambient light for 3 min, the resis-
tance increased to 603 k<2, while the capacitance decreased to
0.94 pF. This result demonstrates the possibility to record light
exposure as an irreversible modification of the impedance of the
sample. While the observed changes are relatively small (due to
the suboptimal matching between the polymer thickness and the
microelectrodes geometry), they are very reproducible and can-
not be observed if the sample is exposed to longer wavelengths,
outside the absorbance range of the sensitizer, such as red light.

Please cite this article in press as: M. Oliveros, et al., Photosensitive chipless radio-frequency tag for low-cost monitoring of light-sensitive
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77177777006 transduction mechanism that we should leverage in this case is
2l ACapacitance lo.0s capacitive.

~ RN The response to light is related to the changes in the electri-
£ 10 loos & cal properties of the active layer which modifies the impedance
f:d gl § of the interdigitated sensor tag. Hence the sensitivity to light will
2 1003 £ be higher where the electric field is higher, the profile of which
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ol 40.01 inhomogeneous vertical electric field distribution) as a function of
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Exposure Time (minutes)

Fig. 3. Dependence of the sensor resistance R (measured at 10 kHz) and capacitance
C (at 10 MHz) on the exposure time measured immediately after irradiation with a
green LED (peaked at 526 nm wavelength).

Furthermore, the modification of the capacitance value cannot at all
be attained on a control sample composed only of PVA (see Fig. 2(d))
or of all the components of the formulation except for the electron
donor, demonstrating that the photopolymer process induces the
observed changes. These changes must reflect a variation of the
relative dielectric constant &; of the photopolymer film.

3.2. Effect of the exposure time

The minimum exposure time required to reliably trigger the
photopolymerization is around 1min (shorter times were not
investigated, being not relevant for the target application). After
the initial exposure, the reaction continues also in dark, until the
full conversion of the polymer layer is reached. However, in dark the
polymerization is slower due to the increase of the material viscos-
ity caused by the lack of new radicals, leading to a settling time in
the order of 2 h. Nevertheless, this time is perfectly suitable for the
perspective application of checking the status of the packaging of a
light-sensitive good at the end of storing and transportation phases.
In order to investigate the effect of an intermediate interrogation of
the sensor, Fig. 3 reports the variations of R and C measured imme-
diately after the specified exposure time (from 10 to 100 min) on
a test device with the same geometry as in Fig. 2. It can be noticed
that, thanks to the steepness of the initial curve slope, after only
10 min of exposure, 30% of the final capacitance variation is already
obtained and, after 1 h, the steady state value has been almost com-
pletely reached (~90% for C and ~70% for R). The sensor is not
intended as a light dosimeter, rather as a binary tester providing
an irreversible Yes/No answer to the light exposure check. Thus,
if a threshold on the impedance variation is set, then two opera-
tion scenarios can take place. If the exposure is very short (around
1 min), then the interrogation must be performed after at least 1 h.
On the other hand, if the interrogation is performed shortly after
exposure (less realistic case), then there is a minimum detectable
exposure time, which is related to the threshold level (for instance
for a 50% threshold on AC, the minimum time is about 15 min).

3.3. Design considerations

The sensor tag consists of the combination of the modified com-
mercial RF EAS tag with the planar interdigitated sensor. When
the interdigitated sensor is connected to the tag, the simultaneous
variations of R and C affect the resonance, thus offering multi-
ple detection approaches. The decrease of C produces an increase
of the resonance frequency (fc ~ (LC)~'/2), while the increase of R
increases the quality factor Q=R(C/L)!/2. For the readout, it is much
easier to detect accurately a shift of resonance frequency f. rather
than a variation of Q, thus leading to the conclusion that the main

of the device is matching t with d. More precise indications for the
optimal device design are provided in the next section based on
numerical simulations.

3.4. Extraction of the dielectric constant variation

In order to perform a quantitative analysis of the sensor
impedance behavior, it is necessary to estimate the dielectric con-
stant of the photopolymer and its variation due to light exposure
in order to assess the maximum capacitance variation achievable
with this material. Thus, we fabricated and used a parallel-plate
vertical capacitor where a 6 wm thick film of the active material
is sandwiched between two cross-bar electrodes, the bottom one
made of ITO deposited on a glass substrate and the top one made
of gold deposited on top of the polymer. The average dielectric
constant &, measured for a few devices after exposure equals to
4.440.3, which is in agreement with the literature [19] for stud-
ies on the dielectric constant of pure PVA. Unfortunately, the same
measurement cannot be performed on unexposed samples (i.e. in
dark, before exposure) because the evaporation of the top electrode
causes the initiation of the polymerization. Consequently, copla-
nar electrodes (with a set of different gaps d=5, 10, 20, 30 and
40 pm) covered with a photopolymer film thickness t=20.5 wm
are employed, in combination with conformal mapping analytical
expressions based on elliptic integrals for the case of a finite thin
dielectric layer [23], to fit the measured resistance and capacitance
values as a function of d, before and after irradiation with a 526 nm
light, as reported in Fig. 4(a) and (b) respectively. The extrac-
tion of the values of capacitance is slightly complicated due to its
pseudo-capacitive behavior (a constant phase element with expo-
nent=0.85 and phase=-80°). However, due to the narrow-band
operation of the sensor, the equivalent capacitance is estimated in
the frequency range of the tag resonance (i.e. around 10 MHz). As
reported in Fig. 4(a), the change of the resistance upon exposure
(AR at 10kHz) increases with d (with a slope of 8.6 k€2/iwm) since
R, both before exposure (Rpefore) and after (Ryger), increases with
the distance between the fingers. Instead, the change in capacitance
(ACat 10 MHz) decreases with d since, by increasing the separation
between the fingers, both Cyfier and Cpefore decrease. Thanks to the
good fitting (Fig. 4(b)), it has been possible to extract the value of the
relative dielectric constant (&;) in the unexposed state, correspond-
ing to a value of 6. Thus, upon exposure to light, the normalized
decrease of the photopolymer dielectric constant is Ag;/er=—27%.
This result proves the suitability of the proposed material for this
binary light-sensing purpose and sets the maximum capacitance
variation achievable with this photopolymer.

Once Ag, has been obtained, numerical simulations based on
conformal mapping [23] can be used to optimally design the device
geometry in order to maximize the impact of Ae variation into Afe
variation. For instance, Fig. 4(c) shows the normalized capacitance
variation (AC/C) as a function of the film thickness for the same
inter-electrode gap (5 m) of the test device. It can be observed
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Fig.4. Systematic investigation of the sensor impedance dependence on the major design parameter: the finger distance d. Measured capacitance values (b) were fitted with
conformal mapping expressions for a thin (¢=20.5 wm) finite dielectric layer, allowing the extraction of the value of the dielectric constant of the polymer in the initial dark
state &, =6, corresponding to Ag, /e, = —27%. (c) Numerical simulation of the normalized capacitance variation as a function of t for d=5 pm.
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Fig. 5. Characterization of the complete sensor embedded in the tag (a). Equivalent impedance model (b) and directly measured impedance spectra (c) were used to confirm
with circuit simulations the observed resonance shift (d) toward a higher frequency (by 540 kHz) after exposure of the tag to light.

that, above a polymer thickness of 20 m, the curve is flatand AC/C
saturates, indicating that the maximum variation is obtained.

3.5. Complete photosensitive chipless tag

Based on the analysis discussed in the previous section, the
final dimensions of the interdigitated sensor embedded in the tag
(Fig. 5(a)) are: d=5 pm, t=98 wm (largely exceeding 20 um) and
¢=2.5cm. The response of the complete device is probed in non-
contact mode, by means of a loop antenna directly connected to
a network analyzer. The complete electrical equivalent model is
shown in Fig. 5(b): the transformer models the inductive coupling
between the reader coil and the tag coil, while Cy includes both
the tag capacitance and the sensor capacitance that are in parallel.
The Bode plots of the impedance spectra of this sensor before and
after exposure are reported in Fig. 5(c). The impedance of the tag
alone had been previously measured, thus obtaining the value of the
inductance Ly =14.54+ 0.1 pH and a stray series resistance Ry =30 2.
The values of the parameters extracted from the impedance spec-
tra directly measured at the resonator terminals are reported in

Table 1. As shown in Fig. 5(d), the S1; parameter measured with the
contact-less reader clearly demonstrates the shift of the resonance
frequency, increasing from 13.8 MHz to 14.4 MHz after exposure to
light (for 1 min and measured after 5 h to prove the non-volatility
of the recording of the event). Furthermore, the experimental reso-
nance curves (and in particular the position of f¢) are consistent
with PSpice simulations (dashed lines) of the equivalent circuit
performed with the parameters reported Table 1.

A capacitance change of 7% (corresponding to a 4% increase
of the resonance frequency) may appear a small shift, starting
from a 27% variation of the photopolymer dielectric constant. It

Table 1

Summary of the electrical parameters of the RFID light sensitive tag before and after
photo-induced polymerization process (ambient light, exposure time 1 min, read
after 5h).

Condition Cror (PF) R (kS2) fe (MHz) Q
Before 9.14 5 13.82 2.64
After 8.47 8.4 14.36 2.87
Variation (%) -7.33 68 4 8
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is worth noting that this is mainly due to the fact that the fixed
capacitance of the commercial tag (~4.5 pF) and the interdigitated
sensor capacitance in parallel to it have comparable values. Fur-
thermore, the latter is changing only by a factor 27%/2 since only
the upper electric field lines of the sensor are immersed in the
photopolymer, while the bottom lines are immersed in the sub-
strate which remains constant. An engineered design, comprising
a custom coil with reduced stray capacitance and an increased sen-
sor capacitance, can effectively enhance the resonance frequency
modification with respect to the proof-of-concept demonstrated
here. In any case, the measured variation corresponds already to
a shift of 540 kHz that is of the same order of magnitude of what
has been achieved for all-printed sensors [24]. Furthermore and
most importantly, this shift is compatible with the detection reso-
lution of commercial 13.56 MHz RFID readers such as the integrated
transceiver MLX90121 by Melexis that in FSK (Frequency Shift Key-
ing) mode provides a selectable demodulation bandwidth between
200 and 1400 kHz. Of course, if this proof-of-concept implementa-
tion were used without further improvement, it would be necessary
to measure the resonance frequency in dark (with an accuracy bet-
ter than 4%) and store this value for each single tag, for differential
comparison during the following tag interrogations.

When looking at the field operation of the sensor, one of the
most critical aspects, common to all the devices of the broad
family of the chemo-physical resonating passive sensors, is the
sensitivity of all the electrical parameters to temperature (and
humidity) variations. Among classical approaches such as the intro-
duction of a thermal sensor for calibration or the addition of a
non-functionalized dummy sensor as a reference for differential
sensing, an interesting solution has been proposed especially for
this class of sensors. It has been demonstrated that by leveraging the
different temperature dependences of each electrical parameter, it
is possible to perform multivariate analysis and achieve, through
principal component analysis, self-correction against thermal fluc-
tuations [25].

4. Conclusions

In this work we have proposed a simple approach to develop
novel wireless sensors, namely photosensitive chipless RF tags
based on the coupling of a standard LC resonator and of an
optimized planar interdigitated sensor covered by an acrylamide
photopolymer film acting as an irreversible light sensor. The expo-
sure to visible light triggers the polymerization, which modifies the
electrical properties of the film (decreasing its dielectric constant by
27%) and, as a consequence, the complex impedance of the sensor
embedded in the tag. We have demonstrated that 1 min exposure
to ambient light (500-550 nm) produces an irreversible and stable
shift of the tag resonance frequency (+540 kHz) that is detectable
by commercial 13 MHz RFID readers.

Such a single-bit sensor is very simple and robust, and its fab-
rication is compatible with high-throughput printing processes,
therefore drastically reducing the cost per tag. Consequently, these
disposable wireless sensors can be used to tag goods in large vol-
umes that need to be stored and transported in dark conditions
(such as food or pharmaceutical products) or under specific illumi-
nation conditions. If the good is accidentally exposed to a forbidden
light source, this event can be verified wirelessly, even by means of
ubiquitous smartphones endowed with NFC (Near-Field Commu-
nication) capabilities [26], at any time and very quickly by looking
at the irreversible shift of the resonance frequency, without inter-
fering with the original sealed packaging. Furthermore, when the
present laboratory-scale and mostly manual fabrication process
will be consolidated into an industry-scale process, the antenna
coil and the interdigitated electrodes will be patterned together and

further optimized by increasing the area of the sensor (while keep-
ing the same f¢) in order to reduce the sensitivity to stray effects
and maximize the signal variation.
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