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Abstract—Shapeable rechargeable Li-ion batteries are a good
option for the power source of system-in-package devices; nev-
ertheless, their size and temperature limitations are a constraint
during the fabrication process. Inkjet-printed interconnections on
top of the battery are proposed in order to reduce the size and costs
of wireless sensor network devices that require the use of Li-ion
batteries. The reliability of such interconnections under high-
humidity and elevated-temperature conditions is characterized
in terms of electrical and adhesion properties; the micro- and
macrostructures of the ink are observed in detail. Two silver inks
are used to print the interconnections. The resistivity values of
printed structures are in the range of 8.6–47.6 μΩ · cm, and all
of them pass the reliability tests. The adhesion characteristics are
good for Ink A; however, Ink B presents failures under high-
humidity conditions. For a good adhesion, a plasma treatment
should be performed prior to printing. The electrical performance
of the interconnections is not affected by high-humidity and high-
temperature conditions. Furthermore, there is no indication of
silver migration. It is recommended that the curing temperature
of the ink is kept low (< 155 ◦C) in order to avoid cracks in the
ink structure and damages to the battery’s packaging foil. The
interconnections should be printed before filling the battery to
avoid the decomposition of the electrolyte which happens at 80 ◦C.

Index Terms—Adhesion, inkjet printing, Li-ion battery,
nanoparticle inks, reliability, resistivity, system in package (SiP).

I. INTRODUCTION

IN THE coming years Wireless Sensor Networks (WSNs)
and active tag technologies are envisaged to usher new

concepts in logistics and asset management. It is the vision of
the PLEISTER (Packaged Label Electronics Including Sensing
Talkative Enhanced Radio) project, funded by the Dutch Tech-
nology Foundation (STW), that a group of designated active
tags can jointly form a self-contained ad hoc network capable
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of monitoring itself. Joining or leaving the group will be noticed
immediately and reported to external entities. Moreover, status
information such as location, temperature, humidity, among
others will be sensed and monitored. An active tag must
therefore have at least the following elements: antenna, battery,
small embedded systems, and sensors; such elements will be
integrated as a system in package (SiP).

Within the framework of the PLEISTER project, the System-
in-Package approach presents the following challenges and
constraints for each active tag: it must be cheap using economic
materials like foils as substrates instead of silicon or ceramics,
it must have a total maximum size of 2 cm × 2 cm × 1 cm,
the operation frequency is 2.4 GHz and it has to be compliant
with RoHS regulations. Moreover, the package design must
provide an environmental opening for different kinds of sensors
thus providing a flexible platform that allows the use of any
sensor, including the ones that require direct contact with the
environment. The battery to be used for the SiP is a shapeable
Li-ion battery under research and development by Philips.

A. Proposed System Architecture

Since the Li-ion battery is the largest and mechanically
most stable component in the node, it is proposed to use it
as the substrate for the whole SiP. Silver ink inkjet-printed
interconnection circuits are an option to reduce and optimize
space, materials and costs of the package, since material is
deposited only where it is needed.

Fig. 1 shows the SiP concept. The goal is to use the shapeable
Li-ion battery as substrate by printing the interconnection lines
directly on top of it.

The adhesion between the battery package and the printed
silver ink should be optimized to fabricate reliable circuit inter-
connections; this particular aspect is dealt with in detail in this
paper as well as the study of the reliability and performance of
such printed interconnection lines with supporting experiments,
which include adhesion testing and electrical characterization.

B. Incorporating the Li-ion Battery Into the SiP: Constraints

Shapeable Li-ion batteries have been in research and devel-
opment in the last decade and are currently available to the
market; nevertheless some challenges and/or constraints, which
are enlisted in this section, have to be overcome in order to
incorporate them into SiPs.

Fig. 2(a) shows the cross-section of the foil that forms
the package for such batteries, which has a 25 μm thick
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Fig. 1. Schematic of the SiP concept.

Fig. 2. Composition of the battery package foil (a) and fabricated battery (b).

polyethylene therephthalate (PET) layer at the outer surface.
Fig. 2(b) shows fabricated batteries; it is possible to observe
the packaging foil on which the interconnection circuits will be
printed.

The melting point of the polypropylene (PP) layer in Fig. 2(a)
is around 160 ◦C and the electrolyte of the battery starts to de-
compose at 80 ◦C [1]. As a consequence, the battery packaging
foil cannot be subject to temperatures higher than 155 ◦C and
the battery itself cannot be subject to processes at temperatures
higher than 80 ◦C.

II. SPECIMEN PREPARATION AND TESTING

A. Materials and Specimen Preparation Methods

A commercially available battery foil (Sumitomo Chemical
Co., Ltd.) with a thickness of 132 μm described in Section I-B
is used as substrate. Two different commercially available silver
inks are tested.

The first ink (Ink A) used to create the test structures is a
silver nanoparticle based ink with a mean nanoparticle diameter
of 5 nm and a metal content of 62–67 wt%. The second ink
(Ink B) is also a silver nanoparticle ink with a metal content of
20 wt%. Both inks require post-deposition heating in order to
sinter the nanoparticles. Specific information about the inks as
well as their producers has been consciously left out.

The samples are printed using a drop-on-demand inkjet
printer (Jetlab-4 from Microfab Technologies Inc., USA). The
printhead contains a piezo-actuated nozzle with a diameter
of 80 μm. The substrate holder is preheated to 70 ◦C and

maintained at that temperature while printing with Ink A; in the
case of Ink B, the temperature is 65 ◦C. By means of preheating,
the spreading of the ink on the substrate is controlled as a result
of quick evaporation of the solvent present in the ink. At the
same time, since the nozzle of the printhead is maintained at
approximately 1 mm from the substrate, the convective heat
transfer from the substrate holder results in evaporation of sol-
vent from the ink present near the tip of the nozzle, resulting in
either nozzle blockage or change in jetting behavior [2]. When
choosing the substrate holder temperature settings mentioned
above, this issue is taken into account; at the set temperatures,
only minimal change in jetting behavior was observed.

The printing is unidirectional and the droplet spacing is
slightly modified on a case-to-case basis, depending on the
ink used as well as the substrate surface pre-treatment used.
The pre-treatment is discussed in the next section. All the
specimens consist of one layer of printed silver i.e., each spec-
imen is printed only once and not overprinted to increase layer
thickness.

Subsequent to printing, the samples are thermally sintered.
The samples printed with Ink A are sintered at 210 ◦C for
30 minutes following the manufacturer’s recommendation. It
is possible to sinter the ink at a temperature of 160 ◦C if the
curing time at this temperature is long enough. Preliminary
experiments indicated, however, that it is difficult to determine
whether the ink layer has achieved an acceptable level of
sintering after prolonged sintering times. Therefore, it is chosen
to sinter at 210 ◦C to ensure reproducibility and complete curing
of the ink, accepting the fact that this would result in a PET
foil with a PP layer that lost its sealant capabilities. For the
final application this important drawback of Ink A should be
taken into account, but here the main goal is to characterize and
compare the reliability of the printed tracks of both inks.

The samples printed with Ink B are sintered at 125 ◦C for
16 hours.

B. Battery’s Foil Surface Preparation for Optimized Adhesion

In general, polymers have low surface energy values [5]
which results in poor wettability of the ink on the substrate;
for inkjet printing applications, good wettability is desired for
well defined structures.

It is well known that plasma-chemical treatments result in an
increase in surface energy of polymers [5]–[9]; moreover, they
provide a dry, clean, low temperature and fast processing [8].
The hydrophobic surface of PET substrates can be made hy-
drophilic using plasma treatment.

According to [3], the interfacial adhesion in metal–polymer
systems not only depends on the wettability of the polymer,
but also on the morphology. Plasma treatments enhance the
mechanical interlocking between substrates and inks [3]. Oxy-
gen (O2) based plasma is used to improve the surface energy
of PET.

The morphology of the substrate surface after different
plasma treatments is studied using Atomic Force Microscopy
(AFM) and White Light Interferometry (WLI) techniques. The
AFM measurements are performed in an area of 50 μm ×
50 μm on the surface and the sampling is performed every



138 IEEE TRANSACTIONS ON DEVICE AND MATERIALS RELIABILITY, VOL. 13, NO. 1, MARCH 2013

Fig. 3. Printed structure used to perform the different tests. Dimensions of the
structure (a). A printed structure on the battery’s packaging foil (b).

125 nm. The WLI measurements are performed in an area
of 94 μm × 123 μm at a 50× magnification with a sampling
distance of 168 nm. The wettability of a surface can be char-
acterized by measuring the contact angle. The contact angle
of the PET samples before and after the plasma treatment is
measured using the sessile drop method in the Contact Angle
System OCA 20 from Dataphysics Instruments GmbH.

Several specimens are prepared to find the plasma treatment
parameters that provide the most favorable adhesion between
the substrate and the ink. The treatments are performed in an
Europlasma NV equipment at 100 Watts (W) for 60, 180, and
300 seconds, with an ethanol cleaning step after the treatment;
specimens with the same treatments are also prepared without
an ethanol cleaning step after the treatment. It is important
to determine the effects of the ethanol cleaning step in the
adhesion since the substrate has to be cleaned with ethanol
before performing the inkjet printing process. The ethanol
cleaning step consists on cleaning the surface in one direction
with a tissue previously submerged in ethanol.

C. Test Methods

Adhesion tests and resistivity measurements are performed
to determine the printed interconnections’ performance without
the influence of a bias, as well as the most suitable ink for the
aimed application.

Fig. 3 shows the structure used for testing purposes. The
two squares on the top of the structure are used to perform
the adhesion tests and the cross structure is used to perform the
resistivity measurements, which are explained later on in this
section.

Furthermore, flexural testing and temperature–humidity–bias
tests are performed to the chosen ink. These tests are described
later in this section.

Adhesion Test Method: The adhesion test method used to
identify which plasma treatment parameters provide optimal
adhesion between the ink and the substrate is the Scotch-
tape test [3]. This method involves the usage of a pressure-
sensitive tape and provides only qualitative information about
the adhesion of the coating to the substrate.

The same adhesion test method is used to test the adhesion
before and after the reliability tests described later in this
section.

Electrical Characterization Method: The resistivity mea-
surements are performed using a Greek-cross structure and a

4-point configuration. The Greek cross is a common structure
used to measure sheet resistance of thin films, independently
of their geometry [10]–[12]. The length of the arms of the
cross should be greater or equal than the size of the heart of
the cross (area where arms overlap) and the sample should
be homogeneous in thickness [12] to perform sheet resistance
measurements using the Greek-cross configuration. Fig. 3(b)
shows the printed Greek-cross structure. The Greek-cross struc-
ture allows for sheet resistance measurements with an accuracy
of 0.1% in the sheet resistance [10]. A current is passed from
contact A to B and voltage is measured between contacts D
and C to perform the 4-point measurement. The resistance is
calculated according to Ohm’s law. Then, the sheet resistance
Rs is obtained according to (1)[12]

Rs

(
Ω

sq

)
=

πR

ln 2
. (1)

Taking into account the physical dimensions of the material
and according to (2), the resistance is equal to the resistivity ρ
multiplied by the length L and divided by the width W and the
thickness t of the material, at the same time, it is also equal to
the sheet resistance multiplied by the length and divided by the
width of the material

R(Ω) =
ρ

t

L

W
= Rs

L

W
. (2)

From (2), the sheet resistance is related to the resistivity via
the thickness as expressed in

ρ(Ω · cm) = Rs · t. (3)

The thicknesses used to perform the calculations are 3 μm
for Ink A and 1 μm for Ink B. The thicknesses are measured
using a Dektak profiler.

A detailed discussion on the Greek-cross structure is pro-
vided in [11] and [13].

Reliability Tests: Reliability tests are performed based on
the MIL-STD standards to determine whether the inkjet-printed
interconnection lines on the PET foil are robust. Resistivity
measurements and adhesion tests are performed on fresh sam-
ples and samples subjected to the different reliability tests.
The reliability tests performed on the samples are the moisture
resistance test, the thermal shock test and the temperature
cycling test. The applied stresses are chosen based on the tem-
perature range of the aimed application, previously mentioned
in Section I. In addition, the temperature range is limited by the
characteristics of the battery, described in Section I-B.

The moisture resistance test used is based on the MIL-STD-
883C Method 1004.7. The samples are subject to 10 cycles,
where the temperature is ramped from room temperature to
65 ◦C, then to room temperature and once more to 65 ◦C. The
humidity level is kept between 90% RH and 100% RH. If 100%
RH is used, care should be taken to avoid condensation. A
low temperature step is performed during 5 of the 10 cycles
at −10 ◦C with uncontrolled humidity. Finally, the specimens
are kept at room temperature conditions for one day. Thereafter,
the final measurements are performed [14].
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Fig. 4. Schematic of the flexural testing equipment. 1 Table. 2 Sliding
clamp (end-position 1). 3 Sliding clamp (end-position 2). 4 Ultra-thin chip.
5 Flexible substrate. 6 Cylinder. 7 Counter-weight. 8 Frame. 9 Clamp/electrical
connection for resistance measurement. 10 Data acquisition.

The thermal shock test performed over the specimens is
based on the MIL-STD-883C Method 1011.7. The liquids used
are water at 80 ◦C and ethanol at −20 ◦C. The test starts
preconditioning the specimens at 80 ◦C for 5 minutes. Then
15 cycles are performed, where each cycle consists of keeping
the samples at −20 ◦C for 5 minutes and then 5 minutes at
80 ◦C. The time when transferring the samples from high to
low or low to high temperatures is less than 10 seconds.

The temperature cycling test is based on the MIL-STD-883C
Notice 5 Method 1010.7. The test consists of 10 cycles, where
each cycle is composed by a low temperature cycle and a high-
temperature cycle at uncontrolled humidity conditions. The
low temperature cycle is performed at −55 ◦C for 30 minutes
and the high-temperature cycle is performed at 85 ◦C for
30 minutes. The times of the cycles consider the time indicated
in the MIL-STD standard for the sample to reach the high or
low temperatures, respectively.

Flexural Testing: One ink is chosen (Ink B) after determin-
ing the suitability of the inks for the intended application, by
studying their qualitative adhesion and their conductivity under
high-humidity and elevated-temperature conditions as well as
analyzing their macro- and microstructure. Flexural testing
and temperature–humidity–bias (THB) tests are performed to
samples prepared with the chosen ink (Ink B). The THB test is
explained later in this section.

The flexural test, in addition to determining whether the
inkjet-printed interconnections withstand several flexing cycles,
also gives a more realistic indication of the adhesion of the
printed lines to the substrate, since flexural stresses can result
in delamination.

Fig. 4 shows the flexural testing setup; the flexural tester
flexes the sample both ways around a cylinder of selected
radius. This setup was built in-house and can be programmed
to measure the resistance using the 4-points method, after
a desired number of cycles has been performed. One cycle
constitutes two folding steps, one around each cylinder.

Three test specimens are prepared, each containing two
lines printed with Ink B. The dimensions of each line are

Fig. 5. Schematic of the printed samples for the THB test.

TABLE I
CONTACT ANGLE MEASUREMENTS IN DEGREES (◦)

100 mm × 0.8 mm × 1 μm. The length of 100 mm is chosen,
as the stroke length of the flexural testing equipment is set at
80 mm. The electrical resistance of the individual lines on the
specimens is measured at the start and at the end of the test. The
number of cycles is chosen as 1000 cycles and the radius of
the cylinder as 10 mm, both values being fairly representative of
practical applications, as well as adopted by similar published
research [15].

Temperature–Humidity–Bias Test: The purpose of the THB
test is to determine the silver migration as well as expected use
lifetime. The THB test is based in the standard test method for
silver migration from ASTM, designation F 1996-06.

The specimens are stabilized at room temperature conditions
(21 ◦C–25 ◦C/50% RH) for 24 hours. Subsequently, the initial
insulation resistance is measured and the power supply is
connected. The voltage applied is 5 V and the current is limited
to 2 mA. The different temperature–humidity conditions are
applied: (a) 85 ◦C/85% RH and (b) 125 ◦C/85% RH. After
10 days, the power supply is disconnected and the samples are
stabilized at room temperature conditions as at the beginning
of the test. The final insulation resistance is measured. Further-
more, the samples are visually inspected before and after the
test. The samples are inspected at a maximum magnification of
20× under the microscope for dendrite formation.

Fig. 5 shows the test specimen. Six specimens are printed
with Ink B per test condition. The printing and sintering process
is carried out as explained in Section II-A. The selected size of
the test pattern is based on the IPC standard SM-840.

Since there were no failures in the specimens printed accord-
ing to Fig. 5, an extra set of 6 specimens is printed for condition
(b) to find any failure. The space between lines is 260 μm and
the width of the lines is 110 μm instead of 1 mm. These samples
are printed pushing to the limits of the 80 μm nozzle, that is
to say, the smallest line and space between lines possible with
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TABLE II
AVERAGE ROUGHNESS OF PET SAMPLES AFTER

DIFFERENT PLASMA TREATMENTS

printing-on-the-fly activated; printing-off-the-fly can result in
even thinner lines. The size of the test pattern in this case is
selected based on the JPCA standard BU01 for fine patterns.

III. RESULTS AND DISCUSSION

A. Optimized Adhesion

The adhesion of the PET surface has to be optimized as
explained in Section II-B. Table I shows contact angle mea-
surements immediately after the plasma treatment and after 4
and 15 days. Some samples are cleaned with ethanol after the
plasma treatment. The angles measured immediately after the
plasma treatment are comparable to the ones reported by [6] and
[16]. The liquid used to measure the contact angle is deionized
water and the values represent the average of 5 measurements
performed on different locations on the specimen surface.

The results in Table I show that ethanol increases the contact
angle of the PET, achieving surface energy stabilization in a
shorter period of time. The contact angle of the samples cleaned
with ethanol after the plasma treatment increases less than 10◦

in 15 days while the contact angle of the samples that are not
cleaned increases more than 20◦ in 15 days. This difference
affects the shelf life of the samples between the plasma treat-
ment and the printing process, affecting the wettability of the
substrate and therefore the spreading of the ink.

Table II shows the average roughness measured with AFM
and WLI. The O2 plasma treatment causes a maximum of the
average roughness at 180 seconds. The ethanol cleaning step
after the plasma treatment does not affect the roughness much.
Plasma treatment etches the surface, if the surface is subject to
plasma treatment for a longer time than necessary the residuals
may stay on the surface, causing a decrease in the average
roughness. Since adhesion not only depends on surface energy
but also on mechanical interlocking, even if the contact angle is
less, it does not imply that the adhesion is better. As observed
from Table II, the average roughness can start to decrease at a
determined plasma treatment duration, affecting the adhesion
results in a negative way.

Furthermore, the measurements between AFM and WLI
techniques differ due to the scanned area size. If a smaller
area is scanned, for instance 40 μm × 40 μm; the average
roughness could be as low as 15 nm since there is a bigger
chance of not including the random bumps in the measured
area. As a conclusion from these measurements, WLI is a more
appropriate technique to measure the surface average roughness

Fig. 6. Scotch-tape adhesion test results for Ink A as a function of ethanol
cleaning and plasma treatment. Circles show adhesion failure occurring in
the tape (desirable), and arrows show adhesion failure occurring in the ink
(undesirable).

TABLE III
SUMMARY OF DIFFERENT PLASMA TREATMENTS

TESTS AND MEASUREMENTS

due to the fact that it allows scanning much larger areas than
AFM. The problems associated with WLI can be overcome by
carefully focusing the equipment.

The results reported by [16] differ from the results reported
here in magnitude; nevertheless, they are measured using AFM
in a 5 μm × 5 μm area.

Fig. 6 shows the results of the adhesion test, in other words,
the Scotch tape that is attached to and subsequently peeled
off from the inkjet-printed structures. The circles surround the
adhesion failures of the Scotch tape adhesive, that is to say,
the Scotch tape adhesive is adhered to the printed ink structure
failing before the printed structure fails. The arrows point at the
failures of the silver layer printed on PET, that is to say, silver
ink that was adhered to the Scotch tape after peeling this last
one off from the test specimen. The treatment of 180 s provides
the best adhesion characteristics because of the big amount
of failures from the tape but the low amount of failures from
the ink.

The ink used in this experiment is Ink A. The adhesion of Ink
B is not tested here since the purpose of the experiments in this
section is to identify general plasma treatment parameters that
allow the PET surface achieve the surface characteristics that
encourage the most favorable adhesion characteristics.

Table III shows a summary of the tests and measurements
results for the different plasma treatment specimens. The con-
tact angle column indicates the contact angle of a water drop
on PET, the higher the number the higher the contact angle and
thus the more hydrophobic the surface is. The number in the
contact angle column represents the average of the measured
contact angles immediately after the plasma treatments are
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TABLE IV
AVERAGE RESISTIVITY IN μΩ · cm FOR THE DIFFERENT AGING

PROCESSES AND FRESH SAMPLES

TABLE V
PERCENTAGE OF RESISTIVITY CHANGE AFTER THE AGING PROCESS

WITH RESPECT TO THE FRESH SAMPLE

performed. The contact angle variation column gives the in-
crease of contact angle 15 days after performing the sur-
face treatment. The roughness column indicates the average
roughness of the surface in nanometers. The adhesion column
expresses qualitatively how good the adhesion between the ink
and the PET surface is, the better the adhesion the higher the
value; these values are assigned by making a visual comparison
between all the samples.

The plasma treatment that provides the best characteristics to
achieve the most favorable interface adhesion is 180 s at 100 W.
The combination of contact angle and roughness characteristics
provided by such treatment promotes the best adhesion char-
acteristics, cleaning the samples with ethanol after the plasma
treatment does not affect the adhesion properties.

The optimal plasma treatment chosen to treat the battery foil
prior to print the interconnections is 180 s at 100 W with an
ethanol cleaning step after the plasma treatment. The ethanol
cleaning step is chosen because the samples need to be cleaned
prior to printing. The samples used for the reliability and
performance tests are prepared using such surface preparation
process.

B. Reliability of Printed Interconnections

Electrical Performance: Table IV shows the results of resis-
tivity in μΩ · cm for the different aging processes as well as the
fresh samples. The numbers represent the average resistivity of
three specimens for each tested condition.

Table V shows the average percentage of resistivity change
after the aging processes with respect to the fresh samples; the
percentage is not obtained directly from the average resistivity
in Table IV, it is the average of the percentages calculated by
separate. A negative sign indicates a decrease of resistivity in
relation to the fresh sample resistivity. The samples that present
a change in resistivity after the reliability tests lower than 20%
can be considered a pass according to industry standards [17]
and literature [18]. A decrease on the resistivity is favorable, as
specified also in literature [18].

Furthermore, the fresh specimens of Ink A present a standard
deviation of 13.95 and the ones of Ink B present a standard
deviation of 3.32.

All the samples are considered as pass since the percentage
of change in the resistivity value is less than 20% in all the
cases, the increases/decreases in the values are due to the aging
processes the samples are subject to. Furthermore, the silver ink
resistivity values obtained are at least 6 times higher than bulk
silver resistivity; the pure silver resistivity is 1.59 μΩ · cm.

Ink B proves to obtain more reproducible results, neverthe-
less, the variations observed in the resistivity values are due
to human and environment variations. The equipment used
during the experiments is for research purposes and can be
expected to result in a lower reproducibility than one designed
for production.

Adhesion: The adhesion of both inks before and after the ag-
ing processes is studied following the same procedure explained
in Section II-C.

Fig. 7 shows the Scotch tape that is attached to and sub-
sequently peeled off from the inkjet-printed structures. It is
possible to observe that Ink A is more resistant to the aging
processes in terms of adhesion. Ink B presents perfect adhesion
characteristics prior to the reliability tests; nevertheless, after
being subject to the aging processes, Ink B presents a consider-
able amount of failures. Further tests are proposed to investigate
and improve the adhesion of Ink B.

Micro- and Macrostructure: Concerning the macrostructure
of the inks, Ink A exhibits cracks after curing presumably due
to the high curing temperatures and the Coefficient of Thermal
Expansion (CTE) difference between the PET and the ink.
Fig. 8(a) shows the center of a structure printed with Ink A,
the circle indicates the crack; similar cracks appear in all the
specimens printed with Ink A. Fig. 8(b) shows the center of a
structure printed with Ink B; for this ink no cracks are present
in any of the specimens due to the lower curing temperature.

Fig. 9 shows the microstructure of the inks with a magnifi-
cation of 5000×. Fig. 9 shows that the samples printed with
Ink A present some clear boundaries formed due to the CTEs
mismatch of the PET foil and the ink itself, and the high curing
temperatures. The grainy structure observed on the moisture
resistance (Ink A) sample is artifact from the SEM equipment
used to scan the specimen. Concerning the samples of Ink B,
it is possible to observe that the grainy structure is consistent
even if the samples are subject to different aging processes; the
ink microstructure is not affected by high-temperature and/or
high-humidity conditions.

Flexural Testing: All the 6 printed lines pass the flexural
testing without any significant change in electrical resistance.
The average measured resistance before the test is 144.5 Ω and
after the test is 146.3 Ω, an average increase of 1.24%. This
demonstrates that there is no significant crack formation in the
printed lines. Microscopic analysis also shows that there is no
delamination of the printed lines.

Temperature–Humidity–Bias Test: All the 6 specimens for
each test condition present an initial insulation resistance be-
tween 6 × 109 Ω and 1.2 × 1010 Ω. The measured final insu-
lation resistance in all the cases presents the same values. The
resistance is measured every 30 minutes to verify that there is no
unnoticed silver migration during the test. Furthermore, visual
inspection shows that there are not dendrites or Ag growth at
the end of the test.
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Fig. 7. Adhesion test results for (a)–(f) Ink A and (g)–(l) Ink B. Circles show adhesion failure occurring in the tape (desirable), and arrows show adhesion failure
occurring in the ink (undesirable).

Fig. 8. Center of inkjet-printed structures with (a) Ink A and (b) Ink B with a
magnification of 25×.

Failures during the THB test are required to determine the
expected lifetime of the interconnections. Since there are no
failures within the duration of the test, an expected life time
is calculated using the acceleration factor formula in [19].
Such formula is expressed in (4) where T1 and RH1% are the
temperature and relative humidity percentage at normal con-
ditions (21 ◦C/50% RH); T2 and RH2% represent the testing
conditions

AF = 103040
(

1
T1

− 1
T2

)
+0.00019[(RH2%)2−(RH1%)2]. (4)

The acceleration factor for the lines with spacing of
260 μm in between, tested at 125 ◦C/85% RH, is 3978. This
means that the tested samples can work for 108 years under
normal conditions (21 ◦C/50% RH) without failing.

IV. CONCLUSION

Printed interconnection circuits directly on shapeable
Li-ion batteries are promising given the fact that the silver ink
structures printed on the battery’s foil pass all the reliability
tests. The silver ink resistivity values obtained are about 6 times
higher than bulk silver resistivity. The electrical performance
of the ink when exposed to high temperatures and a humid
environment is good.

The surface of the battery’s packaging foil is by nature
hydrophobic, it is necessary to modify the substrate’s surface
morphology and chemical properties in order to achieve the
most favorable adhesion between the substrate and the ink.
A plasma treatment of O2 at 100 W during 180 s is performed
for this purpose; such treatment is selected as it gives the best
adhesion results according to the experiments. The samples are
cleaned with ethanol after the plasma treatment.

The adhesion between Ink A and the substrate exhibits
sporadic failures. The adhesion of Ink B does not present
failures at all under not very humid environments; nevertheless,
it presents a considerable amount of failures under extremely
humid environments and further tests are proposed to research
this behavior.

The manufacturer-specified curing schedule of Ink A is
210 ◦C for 60 minutes; to avoid damage to the substrate, it can
be cured for longer time at a temperature lower than 160 ◦C.
A high temperature (210 ◦C) causes cracking of the structure
and damages the battery’s packaging foil but a lower tem-
perature than specified compromises the reproducibility in the
resistivity of the samples. The curing temperature of Ink B
is 125 ◦C which avoids the presence of cracks in the printed
structure and allows achieving a better reproducibility.

To avoid damage to the substrate and problems due to im-
proper curing caused by the use of non recommended curing
schedules, the use of an ink with a manufacturer-specified
curing schedule of less than 155 ◦C is recommended, in this
case Ink B. The interconnection lines should be printed on
the foil prior to building the battery to avoid damage to the
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Fig. 9. Microstructure of both inks after all the aging processes.

electrolyte in the battery due to the curing temperature of
the ink.

Ink B is the most suitable ink for printing the interconnec-
tions. Furthermore, Ink B presents no failures after the flexural
testing and there is no presence of silver migration even when
printing at the dimensional limits that the equipment and ma-
terials allow, under such dimensional limits, the devices have a
life time of 108 years. Based on the experimental investigations
detailed in this paper, it can also be concluded that the selected
ink–substrate combination is suitable for practical applications.

For future research and ensuing applications, it is recom-
mended low temperature (< 155 ◦C) curable inks or UV-
curable inks. When using UV-curable inks, the interconnection
circuits can be printed before or after forming the battery, as the
user prefers.

In addition, it is possible to inkjet print the second level
interconnects; electrically conductive adhesives are another
possibility provided that aluminum is not the material in the
contact pads due to known problems with its oxide layer. If
components are soldered on to the interconnection lines, it is
important that the molten solder does not affect the underlying
interconnect; low temperature soldering materials (lower than
150 ◦C) are desired because of the restrictions of the battery’s
packaging foil. The techniques described in this paragraph
would not affect the performance of the printed interconnects
itself, however the compatibility of the materials to be used
should be evaluated since it is not a widely used fabrication
method. Furthermore, the temperature at which the second level
interconnects are created will determine if this has to be done
before or after forming the battery and injecting the electrolyte.
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