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ABSTRACT.

The plastic pollution is indisputable and technologies aiming to add flexible electronics onto
objects have to take into consideration such environmental issue. Faced with this challenge, the
development of technologies that comply with current standards such as WEEE (Waste Electric

and Electronic Equipment) legislation is crucial. Green electronics based on fully biodegradable
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materials is under development but needs time to be put on the market. Meanwhile, inorganic
electronic remains a good candidate. Consequently, it makes sense to transfer inorganic electronics
onto objects before it dismantling and recoveries.

Here, an eco-designed technology allowing the transfer of electronics onto objects is detailed.
Silicon-based devices are transferred from polyimide substrate (PI) to water-soluble substrate
(PVA: Poly(vinyl alcohol)). It is highlighted that the transfer of inorganic layers from PI to PVA
substrate does not have a negative impact on the devices mechanical and electrical characteristics.
To demonstrate such concept, strain gauges and temperature sensors have been transferred onto
daily life object reaching the same performances than sensors fabricated onto polyimide substrate.
Moreover, materials transferred onto the object using PVA substrate can be dismantled and
recovered at the end of object’s life highlighting that hydrosoluble substrate is a good candidate

towards an eco-designed technology.

1. Introduction

High-tech products are becoming essential in our daily life promoting a constant growth

of the electronic industry. Thus, the everyday objects are smarter and smarter as

embedded electronics giving them extra functionalities.! However, our new consumption

needs must not be done, once again, at the expense of the environment. Faced with this

challenge, Extended Producer Responsibility (EPR) principle has been established by the

Organization for Economic Cooperation and Development (OECD).2 This is a cornerstone
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principle of waste prevention and reduction policy. The basic idea of EPR is to hold

producers responsible for the environmental impact of their products at the end of life

pushing them to change their practices towards the eco-design (also called design for

environment activities) and the respect of the Waste Electric and Electronic Equipment

(WEEE) legislation (Directive 2002/96/EC of the European Parliament and of the

Council).3* Consequently, eco-designed fabrication processes taking into consideration

the smart object end of life should be developed to respect the WEEE legislation. Up to

know, this aspect is overlooked in works dealing with novel technologies development

especially in the field of new generation of electronics such as “plastic electronics”.

In the near future, connected objects will embed sensors,5¢ displays,’# photovoltaic

panels,®'0 antennas,’"'2 etc. not only into but also at the surface of the object. Among

technologies developed to intimately wrap electronics onto 3D objects, those using

polymeric substrates (flexible or even stretchable) are frequently reported. This last 15

years, research has focused on materials and methods to improve devices performances

and conformability instead of environmental concerns or even circular economy. Indeed,
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original concepts have been developed such as ultrathin electronics,®'® stretchable

electronics'-17 or even thermoforming technologies.'® However, polymeric substrates

(e.g., polyimide: PI, Polyethylene terephthalate: PET, Polyethylene naphthalate: PEN,

parylene, polydimethylsiloxane: PDMS ...) are permanently stuck onto the 3D object that

negatively impact Electric and Electronic Equipment (EEE) recycling.

Recently, a number of biodegradable polymers, e.g. cellulose, chitin, silk, etc. have been

considered as substrates for environmental concerns or even for the fabrication of

implantable electronics, piezoelectric energy harvester.®-23 Biodegradable substrates

can lead to the same results in term of conformability than classical polymeric substrate

however they are not compatible with clean room processing (e.g., the photolithography

or the wet etching steps). To overcome this challenge, novel fabrication methodologies

have to be developed.?*

Here, a comparative study between inorganic strain sensors fabricated onto polyimide substrate
and water soluble substrate is detailed. It will be shown that the process developed to transfer the
inorganic layer from PI to PVA substrate Poly(vinyl alcohol) did not have a negative impact on
the devices electrical characteristics. Note that, the process described in this work cannot be

considered as eco-friendly because it meets all the perquisites of standard cleanroom
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manufacturing (chemical etching, photolithography, etc.) and can be transferred to the industry
(contrary to green electronics, to date). However, the concept describes in the last section can be
considered as eco-designed because it will highlights that hydrosoluble substrate is a good
candidate facing smart object recycling issues because inorganic devices can be unmounted from

the object surface to be recovered.

2. Results and Discussion

a. Inorganic processing onto hydro-soluble substrate

The figure 1 highlights the fabrication process of multilayered devices transferred onto a PVA
substrate. The process is fully compatible with cleanroom fabrication even if the targeted substrate
is water soluble. Experimental parameters are fully detailed in the experimental section. As shown
in figure 1la, at first, a PDMS layer was spin coated on a silicon carrier substrate and cured. A
25um thick polyimide (PI) substrate was laminated onto the PDMS (figure 1b). The adhesion
forces between PDMS and PI are strong enough to provide a good sticking during the whole
process. The 3D scheme in the figure 1c shows that multilayered thin films can be deposited and
patterned at lithographical accuracy. Here, resistors made of two inorganic layers were fabricated.
Electrodes and resistive layers were made of aluminum and silicon, respectively. As shown in the
figure 1d, the PV A solution was spin coated following the protocol already described in a previous
work.!7 As a results, the inorganic devices were sandwiched between the PI and the PVA layers
(figure 1e). The total thickness of the structure was approximately equaled 55um and was flexible.
The multilayered flexible substrate can be easily peeled off from the PDMS and flipped on it.

Thus, the PVA substrate adheres to the PDMS. Indeed, PDMS is well known to adheres to many
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kind of surfaces as it is extensively used in microfluidics for instance.?> Note that, the PDMS
substrate can be reused from one process to another. The last stage consists in the dry etching of
the PI films using O, plasma. After PI films fully-etching, the inorganic devices was transferred to
the PV A substrate as shown in the 3D schemes of figure 1g and in the optical pictures of the figures
1h and 11.

The figure 1k highlights the time sequence of the PVA substrate dissolution. Note that, in the
figure 1h, a PI ring remains after dry etching of the PI substrate. This etching residue is due to the
mechanical clamp used to fix the wafer during the etching stage. The top left image of the figure
1k highlights that a part of the flexible substrate is composed of a PVA film (transparent area) as
substrate and a sandwich of PVA and PI (i.e., the dark yellow etching residue). In the figure 1k,
after approximately 90 seconds, The PVA substrate was fully dissolved in water whereas the PI
substrate was intact with inorganic material remaining on it. Consequently, the fabrication process
does not damaged the PVA substrate and especially it ability to be dissolved in water.
Consequently, the fabrication process described here clearly highlights that it is possible to
fabricate multi-layered based inorganic devices onto PVA substrate without suffering from
drawbacks inherent to the nature of PVA. Indeed, even if water based chemical agent or
incompatible processing temperature (>150°C) are used onto PI substrate, it does not affect the
capabilities of PVA substrate.

b. Inorganic strain sensor

Inorganic strain sensors were fabricated on two kinds of substrates: a 25um thick

Poliymide and a 30 ym thick PVA substrate. As shown in Figure 2, their response to

mechanical strain were analyzed in static (as function of bending radius) and dynamic
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modes (voltage and resistivity as function of time and applied strain). In static mode
(figures 2a, 2b and 2c), the protocol consists in the measurement of the current as
function of the voltage in the range of plus to minus 1V when substrate is flat (bending
radius equals 0). It allows to determine the initial value of the resistivity. Then, the
substrates were fixed to a tensile bending tools (half cylinders) and were bent from the
lowest curvature (i.e., the lower applied strain) to the highest curvature (i.e., the highest
applied strain). The bending radii were fixed to 0 (flat), 2.5 (R1), 2 (R2), 1.5 (R3) and 1

cm (R4).

Then, the gauge factor (GF) is used to qualify the sensitivity of strain sensors fabricated
onto the PVA and the PI substrate as shown in figures 2b and 2c, respectively. GF is
defined by the Equation (1) as the ratio of the relative change of the sensors resistivity

(AR/Rp) and the strain eapplied to the sensor:

GF=7¢ (1)

For metals, GF is low, between 2 and 5 26 whereas for semiconductors such as silicon,

GF exhibits much larger values around 100 for single crystalline silicon (sc-Si), between
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20 and 40 for poly crystalline silicon (poly-Si) 27 or 20-30 for amorphous silicon (a-Si) 28.

In this work, microcrystalline silicon is deposited. The SG has already been determined

in previous works and is fixed to 80GPa 2°. Here, the strain (€) applied to the structure is

function of the radius of curvature. € is calculated using the already proposed model for a

bi-layer device taking into consideration their thicknesses and their Young modulus (Y).2°

In this work, the material properties and device structure are presented in the figure 1 and

the Table S1 of the supporting information. This model takes into account the substrate

and the stiffest layer (i.e. the silicon), which mainly define the mechanical behavior of the

device. Consequently, the bilayer model is thus constituted by the Pl substrate and the

Si layer and the longitudinal strain esurface applied on the surface of the layer is given by

the equation (2) derived from [25]:

1 1\ (ds+dp\ [ 1+ 2y + xn*
Esurface = (; * 170)( 2 )((1 +m@ +XU)) )
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where r and ry are the applied and initial radii of curvature, respectively, ds and d¢ are

substrate and layer thicknesses, respectively, and are defined by y=Y¢#Ys and n=di/ds,

where Ys and Y; are substrate and layer Young modulii, respectively. The plus (or minus)

signs depends on applied bending opposite to (or with) the built-in curvature. The silicon,

the Pl and the PVA thicknesses were measured and were equaled 100nm, 25um and

30um, respectively. To calculate the strain, the young modulus of the Pl and the PVA

substrates have been fixed to 5GPa 3° and 1.9GPa, respectively, according to the

literature.1®

Figures 2b and 2c show that SG values equal -21 and -24 for sensors fabricated onto

PVA and PI, respectively. It can be notice that the collected data points (see in figure 2b)

corresponding to the highest strain value has not been taken into consideration in the

calculation of GF. Indeed, as shown in figure S1, when the strain exceeds approximately

0.14% cracks occur in the silicon layer leading to drastically increases the strain sensors

resistivity. An option to decrease the strain is to reduce the substrate thickness (ds).

Indeed, as shown in figures 2b and 2d, at same radius of curvature, the applied strain in
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Pl is lower than the applied strain in PVA mainly because the PVA substrate was Sum

thicker than the Pl substrates. However, it is demonstrated that the sensitivity and the

mechanical behavior of the strain sensors is in the same order of magnitude proving that

the fabrication process does not impact the strain sensors response.

As shown in the figures 2d, 2e and 2f, the strain sensors have been mounted onto a

rubber based membrane submitted to a differential pressure (see also in the

supplementary figure S2). Each 5 seconds, a pulse of 900 mbar is applied onto the

membrane that deforms the sensors (Elveflow pressure controller; MK3). The value of

the sensor resistivity is recorded, amplified and converted in voltage using analogic

circuits in combination with Arduino Uno development Kit.

The variation of the voltage as function of time is plotted in the figures 2e and 2f. It

highlights that whatever the substrate a signal can be recorded showing a good response

of the sensors in dynamic mode. Finally, sensors have been mounted onto the finger joint

of a nitrile glove. The variation of the resistivity as function of the finger motion is recorded

and shown in the figures 2g, 2h and 2i. These experiments highlight that inorganic strain
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gauge fabricated onto PVA substrate can be used as sensors for prosthetic hands has

already demonstrated for these fabricated onto other plastic substrates.3'-33 However, the

main difference can rely on the WEEE management of such devices has demonstrated

in the next section.

¢. WEEE management

On the one hand, significant challenges in the management of WEEE are the dismantling

and the recovery of materials.3* On the other hand, it can be anticipated that most of our

future products will embed electronics. For instance, daily life objects such as a T-Shirt

that will embed sensors or RFID Tag will be not considered as a T-shirt from recycling

point of view, but as a WEEE. Consequently, the objects’ end of life must be taken into

consideration when a new technology is developed in order to respect the eco-design

rules already fixed by the legislation. It is the case of flexible electronics, the results

detailed in the previous section and in the literature have demonstrated that plastic

electronics can conformably wrap daily life object. However, the question of the EoL is

not taken into consideration. For instance, when plastic foils will be stuck onto the object,

can the electronics devices be separated easily from the object? Furthermore, when
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devices are fabricated onto conventional plastics such as Pl substrates, is device’s

materials can be dismantled from the substrate”? From recovery point of view, some of

most interesting materials are metals. Is it possible to recovery the pure metals and reuse

them as high grade electronics materials? In future works, these questions cannot be

avoid and need to be systematically taken into consideration.

This section highlights that the technology based on water soluble substrate to transfer

inorganic devices onto daily life objects fits the requirement of the WEEE legislation as

materials can be recovered. Moreover, the daily life object can be reused. To take benefit

from PVA as sacrificial layer from WEEE recycling point of view, resistive inorganic

temperature sensors have been conformably wrapped onto a daily life object (a cup). The

following experiments illustrate our concept and highlight how inorganic material can be

recovered after the object lifecycle.

The figures 3a, 3b and 3c show the daily life object (a cup), inorganic resistors fabricated

onto PVA substrate and the devices transferred onto an edge of the cup, respectively.

Different technologies based on the concept of water assisted transfer can be used to

ACS Paragon Plus Environment
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provide a conformal wrapping of devices onto an object. All benefit from water to partially

or fully dissolve the hydrosoluble substrate to transfer the devices. They are named tattoo

electronics,35-37 water transfer printing,8383% hydroprinting, etc.#? Furthermore, previous

works have demonstrated that the water transfer printing is a convenient technology to

fabricate large area electronics answering industrial issues.

In this work, the external part of the cup has been humidify and the PVA substrate has

been stuck to the external wall of the cup. Consequently, has already shown by Rogers

et al. the bottom face of the PVA substrate is partially dissolved and conformably adheres

to the object.*? The figure 3d highlights that the resistive temperature sensor is still

working after it conformal mounting on the cup. One can notice that the value of the

resistance equals 47.2 KOhm that is in the same range than for the experiments in the

figure 2. This step can be considered as the testing step of a smart daily life object.

The figure 3e shows the evolution of the temperature inside (black curve) and in the external part
of the cup wall (red curve) when the cup is filled with boiling water and cool down. The
temperature inside and outside the wall has been measured using a k-probe thermocouple and an
IR-thermometer, respectively. As expected, the two temperatures follow the same trend, and the

temperature on the external part of the wall is systematically lower than the temperature inside.
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Furthermore, when the cup is filled with boiling water, the temperature inside the cup grows up
faster than this on the external part of the wall cup as also expected. The blue curve shows the
variation of the sensor resistivity as function of the temperature. The trend of the blue curve follows
the same behavior than the temperature measured using the IR-thermometer showing that the
temperature at the surface of a daily life object can be monitored. The figure 3f highlights the
dissolution of PVA when the cup is dipped into the water. It highlights the dismantling of the
inorganic layer from the object. Indeed, as shown in the figure 3f, the PV A is fully dissolved after
150 seconds detaching the inorganic devices. Thus, the object and the inorganic materials (after
water filtration) can be recovered to be reused as shown in the figures 3g and 3h, respectively. At
this step, two alternative can be chosen: object and inorganic materials can be recycled (second
life) or destroyed following the WEEE standards. In both cases, this smart object end of life will
be improved thanks to the eco-designed technology developed in this work. Moreover, even if
silicon based materials remains in water, such inorganic nanomembrane will be fully dissolved as
already reported in literature.>#4

3. Conclusion

Due to harmful aspects of human activity, our Mother Earth is facing environmental concerns.
Plastic pollution is one of these environmental issues and the new generation of electronics that
will flexible, stretchable, etc. have to take into consideration these issues. Here, a technologies
allowing to wrap inorganic devices onto 3D object is reported. In addition to save electrical and
mechanical capabilities, devices performed onto water soluble substrate can be dismantled from
the object and recovered. Furthermore, it can be anticipated that other eco-friendly materials that

can be put into solution can be compatible with the process described in this works.
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4. Experimental Section

a. Characterization:

Top-view images were obtained by PENTAX K70D equipped with a ZOOM macro 50mm

(Pentax). Static I(V) electrical characteristics of the devices were collected at room

temperature using an Agilent B1500A semiconductor parameter analyzer. Temperature

were measured using a Fluke 51 Il thermometer using an K-probe (Ohmega) and a Fluke

62 Max IR-thermometer.

b. Fabrication

PDMS adhesion layer: Sylgard 184 PDMS was purchased from Dow Corning (Midland,

U.S.A.), mixed with curing agent at a mass ratio of 10:1, and degassed for 30 min before

spin-coating. Spin-coating parameters (velocity = 300 rpm; acceleration =50 rpm.s™*;

duration = 60 s) were kept constant for all the experiments (i.e., after curing, such spin-

coating parameters allow the fabrication of 300um thick PDMS on silicon substrates).
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Polyimide Substrate: A 25um thick substrate of Pl (DuPontTM France) were manually

laminated onto the PDMS. Air bubbles trapped between Pl and PDMS were removed

under vacuum.

PVA processing. a PVA solution (PVA; Mw 9000-10000, 80% hydrolyzed from Aldrich)

was prepared by mixing DI (deionized) water and PVA powder (5:1 w/w water/PVA) and

filtering it with a 0.4 um filter. The PVA is filtered to avoid any aggregates. This step allows

the fabrication of a PVA surfaces as smooth as possible (nanometric scale).PVA was

spin-coated on Pl substrates to form a 30-um-thick layer and baked at 100°C for 2 hours.

The spin-coating was performed at low rotation velocity 20 rpm and acceleration 10 rpm

s-1 for uniform thickness.

Inorganic Thin film patterning. A 150-nm-thick aluminum film was deposited by thermal

evaporation at a deposition rate of 0.2 nm s-1. A classical lithographic process using

S1818 (Dow electronic material MICROPOSIT) as photoresist (velocity = 4500 rpm;

acceleration =5000 rpm s—1; duration = 60 s ) was performed to pattern the aluminum

electrodes that can be both wet etched (H3PO4) or dry etched in ICP/RIE (inductive

ACS Paragon Plus Environment
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coupled plasma / reactive ion etching) equipment from Corial (France) with the

experimental settings of 5 mTorr working pressure, 100 W plasma power, and chlorinated

gas flow of 30 sccm.

A 150-nm-thick silicon film was deposited by PECVD (Plasma Enhanced Chemical Vapor

Deposition. Experimental settings were adjusted as follows: The gazes’ flow rate are fixed

to 1.5sccm of SiH4, 75sccm of H2 and 75sccm of Ar (1% dilution of SiH4 in Ar-H2

mixture), 10Sccm of AsH3. The working pressure, the power and the temperature equals

0.9mbar, 15W and 165°C, respectively. 1.8 um thick of S1818 was spin-coated (velocity

= 4500 rpm; acceleration =5000 rpm s-1; duration = 60s ) and used as mask to define

the active area of the resistors. The n-doped Silicon was etched using SF6 plasma (Roth

and Roh equipement). The experimental parameters were adjusted as follows: The gaze

flow rate is fixed to 50sccm of SiH4. The working pressure, the power and the temperature

equals 30mTorr, 50W and 20°C, respectively.

Pl substrate etfching. dry etched in ICP/RIE (Corial, France) with the experimental settings

of 20 mTorr working pressure, 950 W and 50W for the ICP plasma and the RF power
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respectively, an oxygen and Argon gases flow of 30 sccm 50 sccm respectively was used

to etch the PI film.
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the PDMS adhesive layer, f) Multilayered inorganic devices sandwiched between the PI

and the PVA films, g) Inorganics devices transferred to the PVA substrates after dry

etching of the PI substrate, h) optical picture after the Pl etching; i) zoom in the devices;

j) Dissolution of the PVA substrate as function of time; To evaluate quantitatively the

dissolution rate of PVA as function of additional external physical parameters such as

baking temperature, additional experiments have to be performed.”
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Figure 2: Mechanical behavior of inorganic strain sensor fabricated onto PVA and

Polyimide. a) 3D view of the measurement protocol in static operating mode. For both

technologies (PVA and Pi), the current versus the voltage is measured varying the radius

of curvature (flat, 5cm, 2cm, 1.5cm and 1cm); The variation of the resistivity as function

of applied strain for strain sensors fabricated onto: b) Pl substrate and c) PVA substrate.

d) 3D view of the measurement protocol in dynamic operating mode; The strain sensors

is mounted onto a rubber membrane deformed by a differential of pressure (900mbar);

For both technologies (PVA and Pi) response of voltage versus time at two different

differential pressures (0 and 900mbar) for strain sensors fabricated onto : e) Pl substrate

and f) PVA substrate. g) 3D view of strain sensors (PVA and PI substrates) mounted onto

a nitrile glove. Resistivity response varying the finger bending angle for sensors fabricated

onto: h) the PVA substrate and i) the Pl substrate.
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Figure 3: Ecodesigned inorganic sensor fabricated onto PVA: dissolution, transfer,

dismantling and recovery. a) a cup as daily life object; b) resistor as temperature sensors

fabricated onto PVA; c) water assisted transfer of the temperature sensors onto the cup.

The inset highlights the inorganic device wraps onto a edge of the cup (angle =155°); d)

electrical test of the resistor; €) Evolution of: i) the sensor resistivity as function of the cup
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temperature (blue curves, left axe), ii) k-probe thermocouple (red curve, right axe), iii) IR

thermometer (black curve, right axe); f) dismantling of the inorganic device from the cup:

oNOYTULT D WN =

11 g) The cup after dismantling the inorganic devices; h) inorganic films after filtration. The

14 inset highlights metal and silicon.

60 ACS Paragon Plus Environment

23



oNOYTULT D WN =

ACS Applied Electronic Materials

ASSOCIATED CONTENT:

Supporting information:

Table S1: Mechanical characteristics of inorganic material that constitute the strain

sensor

Figure S1: Optical picture of cracks in silicon thin films due to an excess of strain.

Figure S2: Setup used to deform and acquire the strain sensor electrical signal.
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