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ABSTRACT

Electronic waste has become a pressing issue, necessitating sustainable solutions for the disposal of electronic
devices. While the development of environmentally degradable electronics has gained attention, the fabrication
of stable and performant sensors from biodegradable materials remains challenging. We present printed
degradable resistance temperature detectors (RTDs) based on the photonic sintering of a zinc microparticles ink
on a cellulosic substrate. Efficient sintering is attained via a two-step process involving electrochemical oxide
removal and pulsed light exposure using a xenon lamp. By optimizing the pulse energy and pulse count, we
obtain highly linear zinc-based RTDs with a high temperature coefficient of resistance (TCR). The printed zinc
reaches a TCR value of 3160 ppm/K, which represents about 80% of the value of the bulk material. The dynamic
response of the sensors in a range from —20 to 40 °C closely matches the temperature signal recorded by a
commercial sensor. The encapsulation of the screen-printed sensors on paper substrate with a biodegradable
beeswax coating ensures protection against the interference of moisture. These printed RTDs, fully made of
degradable materials, pave the way to the cost-effective manufacturing of eco-friendly yet performant sensors for

environmental monitoring.

1. Introduction

Precise monitoring of ambient temperature is of critical importance
for numerous applications in the agriculture, supply-chain,
manufacturing, and health care domains [1-4]. Temperature also
often needs to be measured for calibration purposes for other types of
sensors exhibiting temperature-dependent responses [5-8]. Several
sensor designs have been leveraged for various applications and tem-
perature ranges, including negative temperature coefficient (NTC)
thermistors, resistance temperature detectors (RTDs), thermocouples or
semiconductor-based sensors [9]. RTDs present the advantage to be
based on simple resistive devices that can be reliably microfabricated.
Their current challenges center around their integration in novel form
factors, such as catheters, bioassays, microrobots and wearables
[5,10-12]. However, with the increasing number of connected smart
objects and sensors in relation to the development of the internet of
things (IoT), concerns about electronic waste generation are being
raised. As a consequence, more eco-friendly solutions are urgently
needed for the manufacturing and disposal of ubiquitous electronic
components. Transient electronics, i.e., circuits or devices that can
degrade in a specific environment after their desired period of use
without generating harmful byproducts, hold promise to address this
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challenge [13-15]. Due to their increased reactivity and lack of stability
when exposed to solvents or high temperatures, the fabrication of mi-
croelectronic devices based on degradable materials represents a chal-
lenge [16]. Methods to deposit functional layers onto sensitive transient
substrates have ranged from the use of a silicone stamp to transfer
electronic circuits on the polymeric substrates [17], to shadow-mask
deposition techniques to avoid the use of photolithography [18].
These methods have been leveraged to manufacture degradable tem-
perature sensors based on magnesium [19] and silicon nanomembranes
[20]. More recently, additive manufacturing methods have emerged as a
promising alternative to address this challenge [14]. Printing allows for
a more sustainable fabrication process as only the necessary amount of
material is deposited, the use of energy-intensive clean room infra-
structure and processes is limited or avoided, and scaling up over large
area is possible [14,21]. Printing techniques have been leveraged for the
production of transient temperature sensors, predominantly based on
carbon materials [22-24]. However, metal-based RTDs are well estab-
lished and present advantages (high stability, conductivity and tem-
perature coefficient of resistance (TCR) [25]), yet the additive
fabrication of fully degradable metal-based sensors remains challenging.
In recent years, there has been a focus on developing annealing methods
for printed transient metals that are compatible with degradable
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substrates, which require low process temperatures [26-29]. These ef-
forts have centered around zinc, owing to its wide availability in micro-
and nanoparticles form and its lower melting temperature among tran-
sient metals [27]. However, a printed degradable metallic layer that can
serve as resistive temperature sensor for environmental monitoring or
biomedical applications has yet to be demonstrated.

In this work, we present for the first time the additive manufacturing
and characterization of a biodegradable zinc temperature sensor. We
study the temperature behavior of zinc metallic films printed on paper
substrates for the development of RTDs made fully of biodegradable
materials. Paper is a cellulose-based material that is recyclable and made
of renewable materials [30] and is known to be biodegradable, although
the exact biodegradation properties will depend on the paper compo-
sition, the treatment method for the cellulose fibers and the environ-
mental conditions during degradation [31,32]. Zinc is an ecoresorbable
metal [33,34] and dissolves to zinc oxide and zinc hydroxide in the
presence of water [35]. The most commonly used sintering process for
printed zinc relies on the electrochemical interaction between zinc oxide
and acetic acid, which converts the oxide to zinc metal ions [26]. We
combine this method with a photonic sintering process, flash lamp
annealing, which consists of delivering high-intensity pulsed light to the
printed metal lines [36-38]. This allows to selectively heat the printed
patterns with minimal effect on the integrity of the cellulosic substrate.
We study the influence of the sintering process on the electro-thermal
characteristics of the sensors. The application of the optimum parame-
ters enables printed, transient metallic RTDs with a high linearity and
TCR. The effect of ambient relative humidity on the response of the
sensors is assessed, and an effective passivation against moisture is
achieved with a beeswax coating. Beeswax is chosen here for its water-
barrier properties and for its biodegradability, which have been thor-
oughly investigated, notably in soil [34,39]. The encapsulated sensors
are characterized at different ambient humidity levels for temperatures
up to 40 °C, demonstrating their usability as fully degradable eco-
friendly environmental sensors.

a)

Screen printing

c)

Flash lamp annealing
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2. Material and methods
2.1. Fabrication

The manufactured zinc RTD on paper substrate is presented in Fig. 1
(d). It consists of a 9.75 mm x 15 mm serpentine resistor with a thick-
ness ranging from 15 to 20 pm and a line width of 250 pm. The resistor
was printed from an ink based on Zn microparticles (2 pm average
diameter, Sigma Aldrich), polyvinylpyrrolidone (PVP 360 k, Sigma
Aldrich) as a binder and 1-pentanol (Sigma Aldrich) as the solvent. The
ink was deposited on the paper substrate (Powercoat XD 200 pm,
ArjoWiggins) by screen printing through a steel mesh (Serilith) using a
silicone squeegee and left to dry for one hour (Fig. 1(a)). After drying, a
10 vol% acetic acid was applied to the metal traces (Fig. 1(b)) by spray
coating or drop casting, thereby reducing the native zinc oxide layer,
whose high melting point impedes an efficient sintering [26]. After
drying of the acetic acid solution on a hotplate for 5 min at 60 °C, the
samples were placed in a chamber with a glass sapphire window which
was purged with nitrogen. Then, to achieve the sintering of the zinc
particles [40], a 30-millisecond photonic flash (Novacentrix Pulseforge
1200) was applied, with pulse energies ranging from 5.1 to 7.3 J/cm?
(corresponding to lamp voltages between 230 and 260 V), the flash
exposure being conducted between one and three times (Fig. 1(c)).
Higher pulse energies/number of pulses combinations were not
considered as they caused destruction and interruption of the metallic
lines. When several energy pulses were used, they were delivered at a
frequency of 0.1 Hz, defined to preserve the sample from overheating.
This way, the same pulse energy can be delivered several times over,
reaching for each light pulse approximatively the same maximal tem-
perature in the metallic layer. For samples that were encapsulated,
beeswax (Sigma-Aldrich) was melted in a water bain-marie at approxi-
mately 80 °C and the samples were dip-coated and left to dry.

b) /
Acetic acid dispense /

Degradable zinc RTD

Fig. 1. Fabrication process of the biodegradable RTD. a) Screen printing of the metallic ink. b) Acetic acid spray dispensing on the printed sensors. ¢) Photonic

sintering step. d) Final sensor after cutting out the paper substrate.
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2.2. Samples characterization

In order to characterize the electro-thermal behavior of the RTDs,
they were placed on a hotplate with a reference temperature and hu-
midity sensor (Sensirion, Digital Humidity and Temperature Sensor,
Model SHT4x, operating range: 0-100 %rH, -40-125 °C, relative hu-
midity accuracy: up to 1.5 %rH, temperature accuracy: up to +0.1 °C,
temperature response time: 2 s) and were covered (Fig. S1(a)). The
resistance of the samples was acquired with a tabletop multimeter
(Keysight Digital Multimeter 34401A) and the temperature was set to a
specific setpoint (40 °C, 60 °C or 80 °C) until stabilization. After up to 10
min, the temperature reached a plateau and the hot plate was turned off,
with the samples being left to cool to room temperature. In order to
disregard different transient thermal behaviors between the reference
sensor and the degradable samples, three steady-state resistance values
and the corresponding reference temperatures were extracted from the
recorded data: the initial room temperature values, the values at the
setpoint temperature, and finally values at room temperature after
cooling down (Fig. S1(b)). The behavior of a resistive temperature
sensor with a linear behavior is described by the following equation:
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R(T) = Ry(1 + (T — Tp))

From the values listed above, the temperature coefficient of resis-
tance (TCR) « of the sintered zinc samples and its degree of linearity (in
the form of a squared coefficient of correlation) were determined.
Further characterization of the samples was conducted in a climatic
chamber (Espec Bench-Top Type Temperature & Humidity Chamber SH-
661), in which humidity and temperature can be controlled, and the
resistance value was recorded with a data acquisition system (Keysight
Data Acquisition/Data Logger Switch Unit 34970A). The humidity was
varied between 30 and 70 %rH in steps of three hours and the temper-
ature between 20 and 40 °C in steps of one hour. For cooling experi-
ments from room temperature to 0 °C and 20 °C, the samples were
placed with the aforementioned reference temperature sensor between
ice packs and in a Liebherr FreezeSafe 8260 freezer, respectively.
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Fig. 2. Influence of the flash energy and number of pulses on the linearity and repeatability of the temperature response of zinc resistors (n = 3). a) Relative change
in resistance with respect to change in temperature for different sintering parameters. b) TCR as a function of sintering parameters. ¢) Room temperature resistance as

a function of sintering parameters.
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3. Results and discussion
3.1. Influence of flash annealing parameters on temperature behavior

The flash lamp annealing approach was investigated and optimized
to obtain printed transient zinc metal traces with electro-thermal
properties that are applicable to temperature sensing. Fig. 2 shows the
influence of the flash lamp parameters (flash photonic energy and
number of pulses) on the temperature behavior of the metallic sensing
layer. The relative change in resistance is reported with respect to the
change in temperature in Fig. 2(a), this for different photonic treatments
ranging from no photonic pulses applied (on the left) to increasing pulse
energy (5.1 J/cm? to 7.3 J/cm?) and number of pulses (to the right). For
each sintering treatment, a squared correlation coefficient (r?) is shown.
The temperature response of a zinc sensor that was sintered only elec-
trochemically (no photonic sintering) is shown in Fig. 2(a), on the left.
As can be observed, when only electrochemical sintering is used, the
RTDs response exhibits a non-linear behavior and a change of baseline
resistance. Different competing effects taking place in the zinc layer can
potentially explain this unstable behavior and irreversible changes in
electrical conductivity. On one hand, raising the temperature of the
sensor accelerates re-oxidation of the Zn particles, which may convert
the bridges formed between the particles [41] to zinc oxide and reduce
conductivity. On the other hand, heating up the resistor during testing
may favor evaporation of acetic acid or water residues in the highly
porous layer [26], in this case causing an permanent increase in con-
ductivity. Finally, the presence of polymeric binder in the layer may lead
to unstable temperature behavior, as it is known that the purity of the
metal layer is paramount for a linear sensing behavior [25]. This can be
seen in scanning electron microscope images of the samples, where
binder and/or acid residues can be observed around the zinc micro-
particles after the acetic acid treatment (Fig. S2, on the left).

Flash lamp annealing was therefore applied to achieve sintering of
the zinc film and stabilize its electro-thermal response. If sufficient en-
ergy is delivered during the photonic treatment (as determined by the
combination of pulse intensity and number of pulses), the temperature
response drastically changes to a linear behavior with minimal hyster-
esis, as can be seen in Fig. 2(a), on the right. When applying a single
pulse, at lower pulse energies (below 5.8 J/cm?) the temperature
response of the zinc layer remains similar to what was obtained with
electrochemical sintering only, indicating that the sintering remains
incomplete. For one pulse applied, there is a threshold point between 5.8
and 6.6 J/ cm? where the temperature response of the sensor becomes
highly linear. At the lower pulse energy of 5.8 J/cm?, processing the
samples with three light pulses results as well in a linear temperature
response with the squared correlation coefficient r? increasing from
0.2568 to 0.9949. Applying three pulses for a pulse intensity of 6.6 J/
cm? only slightly improved the linearity of the response to temperature
compared to the use of a single photonic pulse for which the linearity
was already high. However, applying three pulses at 7.3 J/em? caused
excessive damage to the zinc layer, resulting in broken resistors. In
summary, a drastic shift in the electro-thermal behavior of the zinc films
in terms of linearity is observed when sufficient energy is delivered by
the flash annealing treatment, suggesting that the microstructure of the
films has been stabilized, as could be expected from literature [42]. The
change in electro-thermal behavior when delivering more energy during
flash lamp annealing can be explained by the metallic layer reaching a
temperature high enough to cause sintering and densification of the
particles film [27]. As a consequence of the increased cohesion between
the particles, the porosity of the film is reduced and the influence of the
corrosion in ambient air becomes less important, resulting in more sta-
ble RTDs, whereas, in insufficiently sintered films, the limited bridges
between particles may be rapidly oxidized with increasing tempera-
tures. Moreover, the elevated temperatures during photonic sintering
can cause decomposition of the organic binder, leading to a more ho-
mogeneous metallic layer [43,44] with less impurities, which is
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associated with a higher temperature dependance of the resistivity [45].
This can also be seen in the SEM images of the zinc layer (Fig. S2), where
a treatment of three pulses of 6.6 J/cm? causes particle fusion and
growth and removal of polymeric residue. In parallel, this particles
growth results in a decrease of the grain boundary density in the film
[46], which can reduce scattering effects and improve temperature
sensitivity [47,48]. In summary, the influence of the photonic sintering
energy delivered on the temperature response of the printed zinc re-
sistors is thought to be multifactorial, where more effective sintering can
lead to increased particle cohesion, reduced grain boundaries and higher
homogeneity of the film, contributing to the higher TCR value and the
more stable behavior observed.

The sensitivity of the temperature detector scales with the temper-
ature coefficient of resistance of the metal, but also with the initial
resistance of the RTD. Increasing the sintering energy causes a decrease
in electrical resistivity by one to two orders of magnitude, which
translates in an average resistance value going from 1283 Q for elec-
trochemical sintering alone, down to 48.3 Q when the highest total
energy is delivered (3 light pulses of 6.6 J/cm?) as seen in Fig. 2(b). On
the other hand, the benefit and necessity of using higher energy for the
sintering on the RTDs characteristics is clearly seen with an increase in
the TCR value, and the linearity and reproducibility of their response.
This can be visualized in Fig. 2(a) as well as in Fig. 2(c) which display the
average and standard deviation of the TCR of the individual sensors. We
see that increasing the sintering energy results in high TCR values for the
zinc tracks and that the variability between sensors decreases, making
the zinc resistors applicable for stable temperature measurements.
Among the set of parameters tested, the TCR reaches a maximal value of
3630 + 220 ppm/K for one pulse of 7.3 J/cm?, very close to the one of
bulk zinc at 3850 ppm/K [49], while 6.6 J/cm?, with 1 and 3 pulses, led
to a slightly inferior TCR of respectively 3380 and 3050 ppm/K.

Further characterization experiments were conducted on zinc sam-
ples exposed to the flash parameter combinations yielding the best
electro-thermal characteristics: 1 pulse and 3 pulses at 6.6 J/cm?, and 1
pulse at 7.3 J/cm?. When tested up to a temperature of 60 °C, the RTDs
that were treated with three pulses of light of 6.6 J/cm? show a slightly
more reproducible and reversible behavior between samples (Fig. S3).
The stability of the devices was further assessed by cycling the tem-
perature five times, starting from room temperature and going up to a
setpoint of 60 °C to, finally, let them cool down to room temperature
again. The sensors that were sintered with three repeated pulses show a
more repeatable signal and suffer little baseline drift (Fig. 3(a)). The
highest pulse energy applied (7.3 J/cm?) yields the worst behavior in
terms of baseline stability, consistent with the aforementioned hypoth-
esis that some damage is caused to the metallic layer. The use of a multi-
pulse treatment appears to enhance sintering while avoiding excessive
damage to the zinc layer. In conclusion, the use of three pulses with an
intensity of 6.6 J/cm? was deemed to be optimal for the fabrication by
printing of degradable Zn RTDs on paper. As a caveat, the optimum flash
lamp annealing conditions will vary depending on the layout and
thickness of zinc pattern to be sintered and the substrate used, as all of
these parameters will impact the temperature distribution across the
metallic layer during sintering and therefore the optimal light pulse
parameters [38].

As a demonstration, temperature sensors are manufactured with
these optimized parameters (i.e., 3 pulses of 6.6 J/cm?) and their
response to temperature are shown in Fig. 3(b-d). The response of the
sensor is highly linear as a function of temperature with a TCR value of
3160 + 130 ppm/K is obtained (Fig. 3(b)), over a range of temperatures
from —20 °C to 40 °C. The dynamic measurements conducted at tem-
peratures found in the context of refrigeration and congelation, at 0 °C
and -20 °C respectively, can be found in Fig. S4, as this is relevant for
application related to supply-chain monitoring. The sensors are able to
precisely track variations in temperature and display low hysteresis, as
can be seen in Fig. 3(c) as well. The time dynamics of the step response of
the sensors are also comparable to commercial sensors (Fig. 3(d)).
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Fig. 3. a) Change in resistance of the zinc traces under cycling between room temperature and 60 °C for three different photonic sintering sets of parameters. b) RTDs
calibration curve after sintering with optimal parameters. ¢) Sensor response (blue) and reference temperature (orange) for different variations in temperature. d)
Staircase response of the sensor (blue) compared to a commercial sensor (orange). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

3.2. Influence of ambient humidity on the temperature sensors

A common issue with the use of degradable materials such as zinc for
electronics is their sensitivity to water [16,29], which may reduce their
performance and stability as sensors. To investigate the influence of
ambient humidity on the sintered metallic layer, we first fabricated zinc
resistors on a 125 pm polyimide film (PI), which shows limited water
absorption. The resistance values for these zinc tracks printed and sin-
tered on PI shows a relative change of between 2 and 5% when humidity
is varied between 30 and 70 %rH, as shown in Fig. S5. When measuring
the resistance of zinc tracks on paper, while varying the ambient hu-
midity between 30 and 70 %rH at a constant temperature of 20 °C,
variations in resistance of up to 15% are registered. This results from the
water interaction both in the zinc metallic layer and the paper substrate,
which may swell and generate a mechanical load in the zinc layer. For
both types of substrates, the changes in resistance are maintained after
the humidity level has been lowered back to 30 %rH, which may be due
to water remaining in the porous layers or partial degradation of the
conductive layer in a humid environment, or microcracks having formed

in the metallic layer. The relative change in resistance is greater when
the zinc layers are printed on a paper substrate, which suggests that
stable sensors can only be reached by fully encapsulating them against
humidity. It can also be noted that the influence of the ambient humidity
is more important at a higher temperature (as seen in Fig. S4, on the
right), due to the higher absolute humidity content.

We chose to passivate the temperature sensors with beeswax, which,
while being a biodegradable and eco-friendly material [50], demon-
strates excellent water-barrier properties. Beeswax is already used in
food-safe coatings for the preservation of fruit [51-53] and can be
applied by dip-coating after heating above its melting temperature of
61-65 °C. To confirm the barrier properties of the coating, the passiv-
ated sensors were subjected to the same ambient humidity cycle, as
shown in Fig. 4(b). The RTDs display little to no sensitivity to humidity,
with an average relative change of resistance of 0.47% after cycling the
humidity between 30 and 70 %rH. The behavior of the encapsulated
zinc sensors on paper was further tested at temperatures up to 40 °C
while maintaining a constant relative humidity, the results being shown
in Fig. 5. The sensors respond similarly to the temperature changes,
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Fig. 4. Relative change of resistance (top graphs) when varying ambient humidity while keeping the temperature at 20 °C (bottom graphs), in the case where: a) the
sensors are not encapsulated and b) the sensors are encapsulated with beeswax (n = 3).
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Fig. 5. Relative change of resistance (top) under varying temperature (bottom) for beeswax-encapsulated sensors at various relative humidity levels: 30 %rH (left),

50 %rH (middle) and 70 %rH (right) (n = 4).

mostly independently of the humidity level, and the exhibited temper-
ature sensitivity corresponds to the TCR that was previously determined
without encapsulation. This result highlights the applicability of the
manufactured degradable sensors for supply chain monitoring or digital
agriculture purposes. One should notice that some drift is observed at
the highest humidity level, especially when the temperature approaches
40 °C. This evidences that improvements on the temperature resilience
of the beeswax coating is required to push the operating temperature
limits of the sensors.

4. Conclusions

In this work, we show the fabrication and characterization of the first
fully printed temperature resistance detector made of degradable metal.
The sensors exhibit a linear behavior, with a temperature coefficient of
resistance that reaches 80% of that of bulk zinc, and low hysteresis. To
this end, a flash lamp annealing process was leveraged and the influence
of the photonic pulse energy as well as the number of pulses delivered on

the RTDs electro-thermal characteristics was investigated. For this spe-
cific layer stack configuration, it was demonstrated that zinc RTDs
exhibited a linear temperature response (r2 > 0.99) when subjected to
higher pulse energies and pulse counts above the intensity threshold of
5.8 J/cm?. This outcome is likely attributed to a modification of the
microstructure of the zinc layer, allowing to minimize the effect of
reoxidation in air and corrosion by water vapor, as well as increased
crystallinity and purity of the film after the sintering process. Sensors
fabricated with optimized process parameters (3 pulses at 6.6 J/cm?)
were successfully operated at temperatures ranging from —20 °C to
40 °C, exhibiting a dynamic response which is comparable to that of a
commercial sensor. Finally, the implementation of a beeswax coating as
encapsulation enabled a reliable operation of the RTD sensor under
varying ambient humidity levels, with an unaffected response in the
range of 30% to 70 %rH. The sensors, made entirely from biodegradable
materials, were shown to function within a temperature range
compatible with supply chain monitoring, smart farming and generally
applications that may require monitoring of the ambient temperature for
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a limited period of time. Further developments may include the inte-
gration of these RTDs in a fully wireless and biodegradable sensor tag.
Finally, this process for zinc could be implemented in the additive
fabrication of bioresorbable electronics embedding temperature sensors,
systems that will degrade in the body without releasing harmful
byproducts.
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