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Abstract

Sustainability in electronics has a growing importance due to, e.g. increasing electronic waste, and global and European
sustainability goals. Printing technologies and use of paper as a substrate enable manufacturing of sustainable electronic devices
for emerging applications, such as the multi-layer anti-counterfeit label presented in this paper. This device consisted of
electrochromic display (ECD) element, NFC (near field communication) tag and circuitry, all fully roll-to-roll (R2R) printed
and assembled on plastic-free paper substrate, thus leading to a sustainable and recyclable device. Our setup uses harvested
energy from HF field of a smartphone or reader, to switch an electrochromic display after rectification to prove authenticity of a
product. Our novelty is in upscaling the manufacturing process to be fully printable and R2R processable in high-throughput
conditions simulating industrial environment, i.e. in pilot scale. The printing workflow consisted of 11 R2R printed layers, all
done in sufficient quality and registration. The printed antennas showed sheet resistance values of 32.9+£1.9 m{)/sq. The final
yield was almost 1500 fully printed devices, and in R2R assembly over 1400 labels were integrated with 96.5% yield. All the
assembled tags were readable with mobile phone NFC reader. The optical contrast (AE*) measured for the ECDs was over 15 for
all the printed displays, a progressive switching time with a colour change visible in less than 5 s. The smart tag is ITO-free,
plastic-free, fully printed in R2R and has a good stability over 50 cycles and reversible colour change from light to dark blue.
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1 Introduction

Definitions for sustainability highlight that humans have to act
for the benefit of environment, but at the same time develop
solutions that help future generations to survive [1, 2].
Circular economy is closely linked to sustainability, and it
expects that more durable products are designed and
manufactured, renewable materials are used in their
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manufacturing without generating extensive manufacturing
waste, and products are reused, recycled or repaired efficiently
[3].

Motivation for electronics industry to utilize these princi-
ples and decrease environmental impact comes from global
and European sustainability actions, such as European Green
Deal and United Nation’s Sustainable Development Goals,
but also from particular industrial trends. The global electronic
waste is the fastest-growing domestic waste stream projected
to double between 2014 and 2030 [4, 5] with only 20% of this
recycled properly [6, 7]. This means that valuable components
and materials end up in environment, and many of these can
be toxic. At the same time, the global consumption of mate-
rials is expected to more than double during the next decades
[8] concerning also rare and valuable materials used for elec-
tronics. Furthermore, new types of electronic solutions are
emerging that at some point of their lifecycle end up in bio-
logical environment, either in purpose or accidentally.
Examples include sensors for intelligent packaging, environ-
mental monitoring, disposable diagnostics and precision
agriculture.
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For electronics industry, sustainability can be considered
through different aspects, also as a combination of multiple
aspects [9—12]. New materials originating from renewable re-
sources can replace some of the current materials, such as
fossil-based polymer and composite substrates. Many of these
materials can be compostable or bio-degradable making them
ideal for solutions where material recycling is not the most
feasible option. Another aspect is utilization of energy and
material efficient manufacturing processes, such as additive
printing methods. It is estimated that additive manufacturing
processes powered by electricity generated from renewable
energy, uses one tenth of the materials of traditional factory
production, resulting in a clear reduction in CO, emissions
and the use of the earth’s resources [13]. At the same time
the material consumption decreases [ 14]. Recycling, reuse and
repair models of components and materials can help to recover
material value currently lost for landfill and incineration in
electronic waste. Eco-design and circular design approaches
aim to design electronic components and devices in a way that
minimizes material and energy consumption throughout the
life-cycle and value chain, and eases up disintegration during
recycling. Examples include minimal material use and waste
generation, or use of renewable materials.

This paper takes a sustainable approach for electronics by
using paper as a substrate material and high-speed roll-to-roll
(R2R) printing as the main manufacturing method in order to
demonstrate an electronic anti-counterfeit label. This label
consists of an electrochromic display (ECD) element and
Near Field Communication (NFC) tag designed for guarantee-
ing authenticity of a product. When in contact with an NFC
reader, the display element changes colour to indicate a gen-
uine product. The novelty in our paper is to combine an NFC
tag and electrochromic display on a paper substrate by using
only high throughput R2R printing and assembling
technologies.

Electrochromic devices consist of two electrochromic (EC)
layers separated by an electrolytic layer [15]. EC materials
have the capability to change their optical properties through
chemical oxidation or reduction when submitted to an applied
voltage. ECDs can operate in either reflecting or transmitting
mode. They are considered low cost display devices, and to
consume little power, since the change from one state to an-
other requires minimal energy in a matter of seconds. For
printed ECDs conductive polymers are typically used as the
electrochromic material [16-20]. The electrolyte is often an
ultra violet (UV) curable polymer material. Electrodes are
usually indium tin oxide (ITO) that is a transparent conductor
or metal based inks. Polymers, such as PET (polyethylene
terephthalate) or PEN (polyethylene naphthalate) are typical
substrates, but other substrates have also been evaluated, such
as textiles by Wei et al [21]. Pietsch et al have demonstrated a
bio-degradable EC display for sustainable short-life cycle
electronics [22]. This display comprised of a poly(3,4-
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ethylenedioxythiophene): polystyrene sulfonate
(PEDOT:PSS) electrochromic layer, a gelatin-based electro-
lyte and gold electrodes deposited on a cellulose di-acetate
substrate. The printed devices showed an electrochromic con-
trast of 32 £ 4% and switching times of 3.0 + 1.4 s, compara-
ble to the spin coated reference devices.

Herein, the printed electrochromic display is fabricated
using a vertical architecture, meaning that each layer is printed
and cured on top of another layer as shown in Fig. 1. In
general, vertical architecture shows a faster switching from
one colour to another compared to coplanar architecture for
a similar surface, where the two electrodes are printed side-by-
side [23]. Indeed, the space between the two electrodes is
limited by the printing resolution obtained with screen-
printing and that is the main reason why vertical architecture
was chosen. The two electrodes are necessary for applying an
electrical potential difference, and the electrolyte to move the
charges which are responsible for the redox reaction in
electrochromic material. This redox reaction is responsible
of the colour change of the electrochromic material. All the
layers are printed on a single paper substrate and is encapsu-
lated both at the level of the substrate and on top of the ECD
for protecting the device from its environment.

Paper-based electronics is a widely studied area. Paper has
been evaluated as a substrate for thermochromic and
electrochromic displays, resistive memory devices, transis-
tors, disposable radio frequency identification (RFID) tags,
batteries, photovoltaic cells, and sensors and actuators
[24-27] . Using paper as a substrate for printed electronics
has obvious advantages such as low cost, flexibility, biode-
gradability, compostability and ease of disposal through fibre
recycling or incineration. Paper's many applications make it
an attractive substrate, but its high roughness, absorbency,
poor barrier properties and sensitivity to elevated moisture
levels are often considered to create challenges for printed
electronics [28]. Intelligent packages are often mentioned as
one of the most promising area for paper based electronics
[29], and the anti-counterfeit label described in this paper tar-
gets that domain. The goal of intelligent packaging technolo-
gies is to provide means for controlling packed product qual-
ity, to provide more convenience to consumers, to market and
brand the products, and to control counterfeiting and theft
[30].

There are examples in literature of similar type of printed
components as described in this paper, even on paper sub-
strate. Wang et al have demonstrated inkjet-printed RFID an-
tennas on paper substrate by using surface modification and
electroless deposition (ELD) to gain low enough resistance
[31]. Islam et al have also used inkjet-printed silver nanopar-
ticle ink on paper to manufacture RFID antennas for sensor
applications [32]. Here the antenna consisted of modified me-
ander line radiator with a semi-circular shaped feed network.
Nunes et al have demonstrated electrochromic paper based
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displays by using TiO, (titanium dioxide) nanostructured
films [33]. However, the deposition is based on a
microwave-assisted hydrothermal method at low temperature,
not on printing. Lang et al. have shown that inkjet-printed
PEDOT:PSS-based electrodes can be used for electrochromic
displays, but besides the electrodes the other parts of the dis-
play have not been printed [34]. In these earlier works, only
parts of a component have been manufactured by printing
contrary to our work where all parts of an electronic device
are printed or R2R processes. There are some examples of
fully printed structures also. Andersson Ersman et al. have
manufactured fully screen printed electrochemical transistors
based on, e.g. PEDOT:PSS, printable electrolyte and carbon
ink, but they have used PET (PolyEthylene Terephtalate) as a
substrate [35].

Printed electronics is often said to enable ‘electronics ev-
erywhere’ [36]. This causes a challenge to be able to collect
and manage these devices from different waste streams, for
example, the paper-based anti-counterfeit labels described in
this paper. Our paper also discusses the impacts of paper based
electronics from the material recyclability point of view.
According to Furuta et al. [37] and Erdmann et al. [38], elec-
tronic components can influence the composition of solid and
liquid residues in paper recycling process, and thereby affect
disposal costs. The increasing amount of adhesives in the pulp
coming from component assembly and electronic label attach-
ment may result in an increase of agglomerated adhesives and
fibres, already a recognized issue resulting also from other
sources of adhesives.

Aliaga et al. have evaluated how electronic components
affect paper recycling [39]. Their observation was that pres-
ence of printed electronic components did not increase the
fibre rejects during paper recycling, and properties of the
recycled paper were not significantly affected by the presence
of components. In their study the assembled components were
blocked in the sieving systems. However, in the future, it is
likely that more and more electronic components will be at-
tached to paper based products, such as packages, and more
efficient collection and recycling of these components will be
required. In addition, design and manufacturing of smart pack-
aging solutions, such as the anti-counterfeit label presented in

this paper, can advance also treatment and recycling of pack-
aging waste [40]. One opportunity is utilization of bio-
degradable materials, such as the paper substrate used here.
Furthermore, one challenge is electronic material identifica-
tion and separation from other waste. Chen et al. proposed
recording and tracing the lifecycle information, thus
optimising disassembly process and improving recovery effi-
ciency [41].

2 Materials and methods
2.1 Device structure and operation principle

Figure 2 shows the smart label in the case where the NFC chip
is read with the smartphone and thus enabling the ECD to
change colour. The final printed design of the ECD has a size
of a credit card (86*54 mm?) where the electrochromic sur-
face, i.e. surface where the colour change operates, has a sur-
face of 0.95 mm?. Characteristics of the antenna were evalu-
ated thanks to a simulation before the printing. Measurements
are in line with the simulated values with an increased value of
the capacitance. Finally, the chip selected for the activation
was the AS39513 (ams AG, Austria) which delivers a suffi-
cient high voltage for the electrochromic display change of
colour.

2.2 Printing

The ECD element, antenna, and wirings were rotary screen
printed onto a 95-um-thick paper substrate PowerCoat HD
from Arjowiggins Creative Papers using an R2R printing line
at VTT. This printing line consists of a single interchangeable
printing unit followed by four hot-air box ovens and two
moveable UV-curing units. The maximum printing speed of
the line is 10 m/min and the length of the web path between
the un-winder and re-winder is 20 m. The total length of the
box ovens is approximately 3.6 m and the maximum temper-
ature of the ovens is 140°C. Due to the limited oven length,
the printed layers are often re-run through the printing line to
perform an extra drying cycle, thus ensuring complete drying
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Electrical resistance
—) 30.9 28.5
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Inductance [pH] 3.15 3.18
Capacitance [pF] 8.5 10.8
Resonant frequency
[MHz] 13.6 13.2
Quality factor 8.7 9.5
d)
AMS AS39513
NFC Standard 1SO15693 + NFC Forum type 5
Dimensions (mm) 2.31x2.4x0.3
EEPROM Memory 9Kbit

ADC input

1 input for resistive or voltage based sensors

Supply Voltage

1.5 or 3V battery (single or dual-cell)

Internal sensor

Temperature / -20 to 55°C

Other Features

Energy harvesting output (3mA) from RF field
Bus SPI slave
Real-Time-Clock (RTC)
Logging capacity up to 1020 events
Low energy consumption (=1 year with 30 mAh battery)
Logging event can be triggered by external sensor

Cost

Less than 1€ (Quantity > 50.000)

Fig. 2 (a) Schematic of the smart label structure activated using the NFC
function of a smartphone. The device is made of a fully-printed
electrochromic display and NFC antenna. The NFC chip is transferred
on the device using a pick-and-place equipment. (b) Final design of the

and optimized conductivity of the printed layers. In this paper,
totally eleven layers were printed, dried or cured, and regis-
tered on the top of each other. All the layers were printed in
separate print runs. Figure 3 shows the printed layer stack, the
printing layout, the rotary screen printing process, and the
final printed multi-layer device prior to the R2R assembly.
In total, over 2000 devices were manufactured which corre-
sponds to the total run length of 80 m.

The paper substrate was thermally pre-treated twice in the
R2R printing line prior to the printings at 140°C using the
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smart label (c) NFC antenna main properties with performance simulated
and measured. (d) Main feature of the NFC chip selected for the display
colour change

process speeds of 2 m/min and 4 m/min. The total dwell time
in the drying ovens was approximately 2.7 min. This pre-
treatment ensured a better dimensional stability of the sub-
strate during the multilayer printing and drying/curing pro-
cesses, thus enabling more accurate layer-to-layer alignment
and optimized device performance.

Both silver layers, Layerl and Layer5, were rotary screen
printed with Asahi LS-411AW silver paste using a stainless
steel Rotaplate® screen with a mesh count of 215 lines/inch
from SPGPrints. The printing speed was 2 m/min and the
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a) b)
Antenna coil + connections to the NFC tag LAYER1
Silver inl
Bottom ECD encapsulation + 1%t insulator
layer for the antenna bridge LAYER2
UV-curable dielectric ink
2"dinsulator layer for the antenna bridge @
UV-curable dielectricink LAYER3
3'insulator layer for the antenna bridge
UV-curable dielectric ink LAYERS :
Antenna bridges + ECD bottom electrode
base + Antenna-ECD connections LAYERS
Silver ink
Bottom ECD electrode
Carbon ink LAYERG @
Electrochromic layer of the ECD LAYER7
PEDOT:PSS ink H
1%t electrolyte layer of the ECD LAYERS
lonic liquid + UV-curable dielectricink
2" electrolyte layer of the ECD
lonicliquid + UV-curable dielectricink LAYERS ©
Top ECD electrode LAYER10
Carbon ink $
Top ECD encapsulation
UV-curable dielectric ink LAVER1L

Fig. 3 The layer stack of the R2R printed device (a), the printing layout
(b), and the rotary screen printing of the top ECD electrode layer (c), and
the final device prior to the assembly of the NFC tag (d). The printing

drying temperature of the ovens was set to 140°C. An extra
drying cycle at the speed of 3 m/min was performed at 140°C
to optimize the layer conductivity. The total dwell time in the
drying cycles was approximately 3 min.

UV-curable DuPont 5018A dielectric paste was used to
print all the three insulator layers for the antenna bridges
(Layer2-4) as well as top and bottom ECD encapsulation
layers (Layer2 and Layerl11). The first bridge insulator layer
was printed simultaneously with the bottom encapsulation
layer, thus establishing Layer2. The printing speed of all the
layers printed with DuPont 5018A was 4 m/min. These
printed dielectric layers were separately cured directly after
their deposition using a single on-line UV-curing unit at
the power level of 50 %. The peak wavelength of the UV
lamp of the curing unit is 365 nm and its maximum power
level is 160 W/cm. The estimated curing time of each
layer printed with DuPont 5018A was 2.3 s. The same
screen type was used with Layer2, Layer3, and Layerl1
as in the case of the silver layers but Layer4 was printed
using a coarser SPGPrints’ Rotaplate® screen with a
mesh count of 125 lines/inch.

The top and bottom electrode layers, i.e. Layer6 and
Layer10, were printed with Loctite EDAG PF 407A E&C
carbon paste at a speed of 3 m/min. The drying temperature
was set to 140°C and the drying cycle was performed twice,
thus making the total drying time approximately 2.4 min. The
carbon layers were printed using SPGPrints’ Rotaplate®

layout, i.e. a single repetition length, contains 12 individual devices of
which three of them are manufactured without any encapsulation layers.
The length of the single repetition is approximately 41 cm

screens. The mesh count of the bottom carbon electrode layer
(Layer6) was 305 lines/inch whereas a mesh count of 215
lines/inch was used in the case of the top carbon electrode
layer (Layerl0) to ensure better coverage of the underlying
thick printed layer interfaces.

The electrochromic layer (Layer7) was rotary screen
printed with AGFA ORGACON EL-P5015 PEDOT:PSS
paste. The printing speed was 2 m/min, the drying temperature
was set to 140°C, and the drying time was approximately 1.8
min. No extra drying cycle was used with this layer. The mesh
count of the screen was 215 lines/inch (SPGPrints
Rotaplate®).

Two electrolyte layers (Layer8 and Layer9) were printed
using a self-formulated paste: 40 wt-% of ionic liquid
(LiTFSI-EmimTFSI, 1:9 mol.% from Solvionic) was mixed
with 60 wt-% of UV-curable dielectric paste (S018A from
DuPont). Both electrolyte layers were printed at the speed of
4 m/min and cured using two separate UV curing units of the
printing line at power levels of 50 % (Curing unit 1) and 22 %
(Curing unit 2). The use of the two UV curing units in the case
of the both electrolyte layers increased the curing time, thus
making the electrolyte layers less sticky in the R2R process.
The lower power level of the 2nd curing unit was selected to
avoid yellowing of the electrolyte layers during the prolonged
curing. Both electrolyte layers were printed using the same
screen type but two different screen types were used to man-
ufacture ECDs with different electrolyte layer thicknesses.
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The mesh counts of the screens were 215 lines/inch
(SPGPrints) and 88 lines/inch (Gallus Ferd. Riiesch AG).

2.3 Component assembly

Followed by R2R printing, NFC chips were bonded on smart
labels by maintaining the roll format. The R2R assembly line
includes two dispenser robots, automated pick-and-place
machine as well as heat-treatment and UV-curing units.
The 18-meter long line is capable of performing all these
processing steps in a stop-and-go mode during the same
run. In this study, a working area to be processed at once
included 12 labels printed on a 409,575 mm * 270 mm
area as depicted in Fig. 3.

The first processing step was applying isotropic conductive
adhesive (ICA) dots on each chip interconnection areas by the
first Dima Elite Dispenser DR-61 dispensing robot. Here,
Epotek H20E-PFC was utilized as the conductive adhesive.
The glue was dispensed through a jet valve resulting in about
200 pum dots in diameter. Next, assembly of chips on wet
adhesive dots was done by Fuji pick-and-place machine.
The components were fed for assembly process from a tape
carrier after taping and reeling the bare dies from a wafer to a
tape. Subsequently, the web went through an oven set at
120°C temperature. Over 15 min time spent in the elevated
temperature was accordant to the curing profile preferred by
adhesive manufacturer. Next to heat-treatment, the dies were
mechanically bonded on the substrate by utilizing a UV-
curable non-conductive adhesive (NCA). The second Dima
DR-61 dispenser robot was configured to dispense Dymax
9008 adhesive around the chip sides to enhance their

Fig. 4 R2R assembly line
overview (a), including jet valve
for ICA dispensing (b), pick-and-
place machine for chip assembly
(¢), and needle valve for NCA
application (d)
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mechanical stability. The final step covered curing of NCA
under a UV-LED illumination at 365 nm for less than minute.
Figure 4 depicts the R2R assembly line and its main process
used when manufacturing NFC smart labels.

2.4 Characterisation

The layer thickness of each layer was separately measured
with Veeco Dektak 150 surface profilometer. The surface
roughness (R,, Ry) of the printed layers was measured with
Veeco Wyko NT3300 white-light interferometer. The mea-
surement area was 297%226 um”. The visual quality and
spreading of the layers was evaluated and measured with
OGP® (Optical Gaging Products) SmartScope 250 micro-
scope. In order to evaluate the performance of the device prior
to the assembly, the open circuit voltage of the electrochromic
display and the sheet resistance of the antenna were deter-
mined with a digital multimeter FLUKE 289.

Smart labels were activated directly with the NFC function
of a smartphone (Huawei P smart 2019) without any previous
application download. The electrochemical performance of
the ECD were characterized using a BioLogic SP50
potentiostat/galvanostat apparatus. Colourimetry analysis
was carried out using a Konica Minolta CM-700D spectro-
photometer with a SCE 10°/D65 configuration. The
colourimetric parameters of the CIE (L*, a*, b*) colour space
and the optical contrast between initial and reduced states can
directly be determined with itl (Konica Minolta Sensing
Europe B.V). The apparatus was connected to a computer
with the software SpectraMagic for enabling the measurement
of colourimetric parameters every second.
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3 Results

Printing of the different layers was carried out as the first step.
The electrochromic displays were then characterized and fi-
nally the chips were assembled.

3.1 Printing

All the layers can be successfully printed at good quality and
with well-defined edges onto the paper substrate as well as on
the top of each other using the R2R rotary screen printing
process, as shown in Fig. 5. The printed layers have good
coverage and they can also cover the interfaces between the
paper and the underlying layers without any discontinuities.
The printed layers remain nicely on the surface of the paper
and do not penetrate excessively into the paper structure, thus
improving both the visual quality and performance. In addi-
tion, the layers are accurately aligned with each other due to
the minimized dimensional changes of the paper during the
thermal pre-treatment cycles, thus optimizing the device per-
formance even further. It is also noticed that when the electro-
lyte layers are printed with the coarser screen (88 mesh/inch),
the edge definition decreases due to the larger screen openings
but at the same time the layer thickness increases significantly,
thus in turn improving the device performance. However, the
printing of these thicker electrolyte layers lead to some curing
issues as a result of which some ionic liquid from the surface
of the printed electrolyte layers sticks onto the process rollers
and onto backside of the paper once rewound. The ionic liquid
part of the ink tends to remain in liquid form even after the

7

Fig. 5 Print quality of the device stack (a). The use of the finer screen (b)
with the electrolyte layer leads to more well-defined edges but thinner
layer than with the coarser (c) screen

curing. Therefore, the ionic liquid content in the electrolyte
ink should be carefully optimized for every ink transfer vol-
ume separately.

Table 1 presents the layer properties of each layer of the
final device. The PEDOT:PSS layer is the thinnest because of
the low solids content (3—5 wt-%) of the ink, and a thicker
layer would not give optimal colour change. The thickness of
the PEDOT:PSS layer can only be estimated since the layer
sinks mainly into the irregularities of the paper with the aver-
age roughness (R,) of 1.2 um. As expected, the multilayer
printing of insulator and electrolyte layers using high solids
content UV-curable inks and coarser screens increases the
layer thickness to several tens of micrometers. The smoothest
layers are achieved with the electrolyte layers since the thick
layers can cover and fill the irregularities of the substrate as
well as underlying layers. In addition, the ionic liquid compo-
nent of the electrolyte ink aids in the layer levelling, i.e.
smoothening, after the ink transfer onto the substrate by keep-
ing the ink easily flowable prior to the UV-curing. All the
printed layers spread less than 50 pwm. This small spreading
ensures a good device performance by enabling accurate
alignment accuracy and keeping the ink layer from spreading
onto un-desired areas. The spreading tends to increase with
coarser screens. The smallest spreading is seen with the silver
and PEDOT:PSS inks.

The printed antennas (Ag1) on the paper have low and even
sheet resistance values of 32.9+1.9 m€)/sq., thus indicating a
good and stable readability and functionality of the device. In
addition, the Ag2 layer has a sheet resistance of 37.8+6.4 m{)/
sq. which ensures a proper conductivity of the bridges, wir-
ings, and bottom electrode. The electrochromic display part is
also functional and all the tested display parts are functional.
The open circuit voltage (OCV) of the electrochromic display
is 45.6+8.0 mV and 62.9+£3.6 mV for the electrolyte layers
printed with 215 lines/inch and 88 lines/inch screens, respec-
tively. The increase in the layer thickness not only increases
the OCV but also decrease its deviation, thus showing better
repeatability. However, at the same time, the proper curing
and printability of the electrolyte layer becomes more difficult.
After these initial performance tests, the printed devices on the
paper surface could be assembled in a R2R process.

3.2 Electrochromic display characterisation

In order to characterise the display colour change, the optical
contrast (AE¥) is used in electrochromism. This data gives a
good indication if there is a difference between one state as-
sociated to a colour and a second state associated with a dif-
ferent colour once the redox reaction took place. AE* is de-
fined thanks to the chromaticity parameters (L*, a*, b*) which
belong to the CIE colourimetric space [42]. For PEDOT:PSS,
a cathodic coloration material, the colour change switches
from the oxidized state (L*,y, a*,,, b*,x) which corresponds

@ Springer



2928

Int J Adv Manuf Technol (2021) 117:2921-2934

Table 1 Properties of the printed
layers. The spreading is measured
for a single printed layer (*). The
thickness value represents the

total layer thickness

Layer Thickness  Ra Rq Spreading of
(um) roughness  roughness 1000 pm line*
(pm) (pm) (um)
Antenna + wirings (Ag) LAYER 129+13 09+0.1 1.2+0.1 -1
1
ECD bottom encapsulation (UV LAYER 170+15 12+£02 1.8+0.4 40
dielectric) 2
Insulation of the antenna bridges 3 LAYER  65.6+5.0 14+0.3 1.7+0.3 46
layers — UV dielectric) 2-4
Antenna bridges, antenna-ECD LAYER 143+19 09+0.1 1.2+0.1 -3
connector, ECD bottom elec- 5
trode (Ag)
ECD bottom electrode (Carbon) LAYER 3.6+0.5 1.2+0.1 1.5+0.1 24
6
ECD electrochromic layer LAYER 1 0.7£0.1 0.9+0.1 =7
(PEDOTS:PSS) 7
ECD electrolyte layers LAYER
(2 layers — ionic liquid + UV 8-9
dielectric) 215 303+£3.6 04+0.04 06+0.1 24
mes-
b/in.
88 80.5+49 04+0.02 0.6+0.1 47
mes-
h/in.
ECD top electrode (Carbon) LAYER 5.1+0.6 1.1 +£0.1 14+0.2 40
10
ECD top encapsulation (UV LAYER 178+19 08+£02 1.0£0.2 32

dielectric)

11

to the as-deposited colour, to a reduced state (L*,.q, a*eq,
b*.q) (Equation (1)).

AE* - \/(L:"ed_l’:x)z + (ajed_a:x)z + (b:ed_b:x)z (1)

The higher optical contrast between two states, the easier it
will be for a human eye to distinguish between two colours. It
is considered that a AE* value higher than 10 is necessary to
distinguish two colour states [43].

For this application, the second most important parameter
in electrochromism concerns the switching time, which is de-
fined as the time necessary to observe the colour change. In
this study, the L*, a*, b* values of displays were measured
every second during a chronoamperometry (CA). The CA
consists in the measurement of the current density when ap-
plying a potential difference between the two electrodes of the
ECD for a defined time.

Figure 6 shows the visual and optical performance of the
fabricated displays. Four conditions were investigated: either
80 um thick electrolyte (88 L/inch) or 30 um thick electrolyte
(215 L/inch). Furthermore, the impact of the encapsulation on
the performance was also studied. The final encapsulation
layer has a positive impact on the optical contrast. For
88 L/inch electrolyte AE*increases of 13% whereas it is
of 34% for 215 L/inch electrolyte. The PEDOT:PSS layer
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shows higher L* value and a positive b* value leading to
a more colourless layer when there is an encapsulation,
but the difference is marginal.

Figure 7 shows the chronoamperograms of the 4 dif-
ferent displays. Small differences are observed when the
ECD is top encapsulated especially for the 30 um thick
electrolyte. Without encapsulation, the thickness of the
electrolyte does not seem to have an impact on the cur-
rent density. A small leakage current (from 0.15 to 0.30
mA/cm?) is measured when E = -3.8V which is probably
linked to the interface between the carbon electrode and
the electrolyte that needs to be further optimized. The
leakage current seems to be reduced when the device is
top encapsulated.

Figure 8 a) shows the variation of the optical contrast
versus time for a unique £ = —3.8V that simulates the
operating mode for the smart label. The study was only
performed on the 80 pm thick electrolyte leading to a
uniform colour change on the full surface on the contrary
to the 30 um thick electrolyte. This measurement shows
a progressive change of colour with a faster and more
intense optical contrast between the initial (neutral) and
the reduced state with an encapsulated device. The col-
our change starts to be observable 5 seconds after the
potential difference is applied corresponding to an
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Fig. 6 Visual and colorimetric
parameters measurement
comparison between the
oxidized/neutral and the reduced
states, recorded aftera CA atE =-
3.8V for 30 seconds of the fabri-
cated R2R displays before the

Initial

88 mesh/inch

215 mesh/inch
W\

hip pick-and-pl
chip pick-and-place >
0
on
n
wl
20 mm 20 mm 20mm 20 mm
Encapsulation No encapsulation Encapsulation No encapsulation
Initial -3.8V Initial -3.8V Initial -3.8V Initial -3.8V
L* 57.4 45.8 53.5 435 59 39.8 57.3 44
a* 58 56 49  -42 53  -46 53  -35
b* 1.7 -11.2 -1.5  -12.6 5.46  -12.3 -1.8 -12.7
AE* 17.3 15 26.2 17.3

optical contrast reaching a value of 10. The maximum of
optical contrast is limited by the PEDOT:PSS in this
configuration as a slower increase of AE* after 10 sec-
onds of applied voltage is observed.

As shown on the Fig. 8 ab), the ECDs do not keep the
colour parameters of the reduced states once the potential
difference is removed. The switching time for a surface of

0.95 cm? from reduced to initial state decreases when the
device is top encapsulated. Overall, the AE* (in accordance
with the initial values) reaches a value lower than 10 in 3 min;
AE* further decreases to 4 and 6 (without encapsulation) after
15 minutes with and without encapsulation, respectively. On
rest, the display will slowly come back to its original colour
after some time (1h).

4.5
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Fig. 7 Chronoamperograms of'the displays presented in Fig. 6) CA with E=0; -3.8V for 15 seconds for each potential and 3 cycles. b) Magnification on
the oxidized state (E = 0V). ¢) Magnification on the reduced state (E = -3.8V)
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Fig. 8 a) Variation of the optical contrast AE* with time when E = —3.8V is applied for 15 s (the time interval is marked with the two arrows) and b)
variation of the optical contrast AE* with time in open-circuit (from t = 20s). Colorimetric parameters were measured every second

Displays were switched more than 50 times using this con-
dition (—3.8 V for 15 s) and no performance degradation was
observed for the optical contrast and the switching time.

The results obtained show promising results for a R2R
fully-printed ITO- and plastic-free ECD thanks to the use of
a new electrochromic display architecture.

The ECD design still needs some optimization in order to
reduce the number of steps, improve the switching time from
the neutral to reduced state and the optical contrast. The cur-
rent ECDs have an optical contrast above 15, a progressive
colour change visible in less than 5 seconds on the full
electrochromic surface and a stability in time, with more than
50 cycles tested in a smart label real application. The display
returns to its original state, or a close colour, after 15 min rest.
The encapsulation improves the performance of the ECD, it
would also be rewarding to test the stability of the device with
accelerating degradation factors (temperature, humidity...) to
simulate the performance on long term and the efficiency of
the encapsulation.

3.3 Component assembly

From chip bonding perspective, the most critical part was ICA
dispensing. In particular, there were tight tolerances in terms
of dispensing accuracy and spreading of adhesive dots to es-
tablish functional interconnections. The dispensing recipe was
optimized to form adhesive dots with sufficient volume for
electrical and mechanical bonding, but avoiding short circuits
between adjacent dots. Figure 9 shows the locations of applied
adhesive dots with respect to printed silver layer and how they
are spread after assembly and curing. A wet dot is spread from
about 200 to 350400 um in diameter due to pressure caused
by component placing operation, and thus to be taken into
considerations when designing a dispensing routine.

The throughput in R2R assembly is defined by the slowest
parallel process phase. This is due to stop-and-go type opera-
tion mode, where the roll is moved as each active process is
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finished. In this assembly task, both ICA and NCA dispensing
were significantly slower than pick-and-placing. The time
spent for dispensing operation in both cases was about 2 min
including indexing time for web movement. This corresponds
to 10 s for a label in average or 360 labels per hour, or about
5 min per meter as the throughput. Within the 2 min process-
ing time spent in dispensing, a substantial amount of time was
taken by fiducial checks. Reducing the number of fiducials per
working area would increase the throughput, but also in-
creases the risk for misplaced adhesive dots.

There were 119 working areas assembled in total, from
which 42 were printed with 88 lines/inch screens and 77 work-
ing area with 215 lines/inch, respectively. This equaled to
1428 assembled labels, or close to 50 meters of assembled
foil. After the assembly process, functionality of each smart
label was tested via a mobile phone and a generally available
NFC application. As a result, 50 out of 1428 chips from all the
R2R produced samples were not detected via NFC. This
meant 96.5 % yield for the bonding process in terms of chip
functionality in wireless communication. Taking in account
only the ECD, the 50 displays, where the chip was detected,
were switching colour with a potential difference of 3.8V
applied thanks to a potentiostat. In other word, the yield loss
is only linked to the chip pick-and-place process and is there-
fore not linked to the display fabrication where the working
yield reach 100%.

4 Discussion

Sustainability of the developed device is discussed here both
from environmental and economical perspective.

A life cycle assessment (LCA) was carried out to determine
exactly how resource-efficient printed electronics on paper are
and where potential for improvement is needed. Replacing
organic or inorganic substrates with paper in manufacturing
simplifies subsequent recycling and reduces waste both during
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Fig. 9 Adhesive dots after
detaching an assembled die on top a)
of the substrate (a) and below a
chip (b)

processing and at the end of the product's life. Printing pro-
cesses consume less energy and resources than conventional
semiconductor processes [44]. The design for recycling is
simplified as well. A direct comparison between paper and
PET substrates for the production of electronic devices
showed clear advantages of paper. In almost all of the 18
categories examined in the LCA (e.g. global warming, water
use or eutrophication, stratospheric ozone depletion, or
ecotoxicity) the use of a paper substrate would cause only
10-20% of the impact of PET. Manuscripts of these results
has been submitted to ACS Sustainable Chemistry &
Engineering (Glogic et al, 2021).

Although this paper has taken sustainable approach in
some aspects there are still development needs towards more
environmentally friendly solutions. Main sources of climate
impacts and sustainability challenges in the printed electronics
typically stem from the fossil-based substrate materials and
metals used [45, 46].

Besides paper substrates, there are also other sustainable
substrate candidates, including compostable and biodegrad-
able biopolymers as well as other cellulose-based materials.
Biodegradation in electronics is a specific area focused on
applications such as biomedical applications placed inside
the body, drug delivery or therapeutics, as well as environ-
mental sensing and monitoring applications. Biodegradation
of materials and components is important also in applications,
which most probably enter up in nature in the end of their life
time. The research efforts and applications in these areas are
increasing and enabled by e.g. novel biodegradable substrate
materials. [47-49]

Many of the printed devices utilize silver based inks as the
conductive material, also our anti-counterfeit label. Silver has
high environmental impact due to its mining process as a side-
product from other mines, among other reasons. Its high cost
is also an economic issue. Replacement of silver with other
metals, such as copper or aluminium, could lower the envi-
ronmental impact, but even better option would be to use
carbon based materials, or replace part of the metals with
carbon [50]. Another sustainability issue for metal inks is
sintering at high temperature, since many biopolymer and
paper based substrates are heat sensitive materials.
Therefore, carbon-based materials, such as carbon paste,

carbon nanotubes or graphene, have been considered as alter-
native to metals at least in low conductivity applications [12].
Ink sustainability can also be increased by formulating the ink
vehicle from renewable materials, and by using low or no
volatile organic compounds.

Another challenge is how to separate electronic material
fractions, such as metals, for recycling and reuse [51]. As
e.g. the anti-counterfeit label studied in this paper would be
small in size, it would most likely end up in the shredder light
fraction, which typically goes to energy utilization. In the
future with higher price level and more sophisticated technol-
ogies, there is, however, potential for separation of some
metals or other substances. Recycling of product components
can be further advanced through circular product design, in-
cluding easy removability before paper repulping processes.

As it can be seen on the Table 2, in our experiments the
major cost contribution of the smart label is the NFC chip,
which represents almost two third of the final cost whereas
electricity and man power at VTT is the second cost contrib-
utor with almost one quarter of the price. However, man pow-
er costs will be lower in an industrial printing unit, since the
printing experiments for this paper were carried out at VTT’s
experimental pilot scale facilities. The printing itself has less
impact on the cost of the device (9.47 % of the total cost, i.e.
0.177 €/device) and should also decrease if printed in high
volume.

A good way to decrease the price of the ECD fabrication
consists in searching for other chips with less functionalities
than the one currently used (AMSAS39513). Using a printed
rectifier instead of a chip pick-and-place might be also a good
way to decrease the cost in order to make ECD more accessi-
ble for a daily use.

5 Conclusions

This paper has demonstrated manufacturing of an electronic
anti-counterfeit label based on an ECD element and an NFC
tag on a paper substrate. This label has been fully processed in
R2R pilot-scale consisting of 11 printed layers and an assem-
bled NFC chip. The ECD element was functional and the tags
were detectable with a mobile phone integrated NFC reader.
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Table 2 Cost estimation for R2R

printing and chips pick-and-place Cost item Price Printed volume per Price per Price
for the smart label device (cm®) device contribution
Paper (HD-95) 12 €¢m’ 0.0088 € 0.47%
Silver ink 1640 19 cm® 0.04 € 2.14%
€/kg
Carbon ink 570 €kg 8.8 cm® 0.002 € 0.11%
Dielectric ink 930 €/kg  3x9.1 + 7.1 cm? 0.06 € 321%
Electrochromic ink 980 €/kg 1.8 cm? 0.0002 € 0.01%
Electrolyte 920 €/kg  2x5.7 cm® 0.046 € 2.46%
Printing plates 150 €/piece 11 plates 0.02€
1.07%
Chip (AMS AS39513) 1.19 €/piece 1 1.19€
63.74%
Electricity & man power (incl. 0.50 € 26.78%
machine cleaning)
Total ~1.8 € 100 %

All the layers can be successfully printed at good quality and
with well-defined edges onto the paper substrate as well as on
the top of each other using the R2R rotary screen printing
process. In total, over 2000 printed devices without chip were
manufactured which corresponds to the total run length of 80
m. With the R2R chips pick-and-place, a very satisfying fabri-
cation yield was obtained (96.5%), however the process still
needs some optimization in terms of UV/temperature curing
to obtain the highest electrochemical and optical performances.
Good ECD performance were obtained with an optical contrast
higher than 15 for ECD, and a switching time lower than 5s for
a fully printed plastic-free and ITO-free display.

Use of paper as a substrate material is the first step towards
more environmentally friendly electronic solutions. In the fu-
ture, also more sustainable ink options than silver particle inks
could be considered. Another option is to include more eco-
design aspects in order to minimize the use of harmful metals
and to enable more efficient recycling and reuse concepts.
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