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Abstract

The objective of this study is to realize a printed and flexible temperature sensor to achieve surface
temperature measurement of the human body. The sensor is a thermistor composed silver (Ag)
deposited on a Polyimide substrate (Kapton HN).The meander was patterned by inkjet printing with
a drop-on-demand Jetlab4 (Microfab technologies .inc). The resistance temperature coefficients
have been studied in the temperature range of 20 °C - 60 °C with a range of voltage between OV -
1V. The stability versus time has also been measured without a sensor layer protection. The sensitive
area of the sensor, silver lines width and the gap between the electrical conductors were respectively
6.2 cm?, 300 um, 60 pm. The mean temperature sensor sensitivity found was 2.23*107 °C™". The

results show a good linearity and less than 5 % hysteresis in the extended measurement.

Keywords: Flexible substrate, Temperature sensor, inkjet printing

1. Introduction

Lately, research on the development and implementation of electronic components on flexible
substrate has been grown: for example, flexible proximity sensors composed of a ZnO layer
sandwiched between a flexible aluminum sheet and a nano silver top electrode layer [1], or inductive
angular position sensor composed of meandering silver coils [2] were fully fabricated on a flexible
substrates using inkjet technology.

Inkjet printing of silver nanoparticles was also used to developed Flexible biosensors [3] and flexible

polymer humidity sensor [4] on different flexible substrates.

1


mailto:evangeline.benevent@im2np.fr
mailto:marc.bendahan@univ-amu.fr

More recently [5] ozone gas sensors based on ZnO nanoparticles have been realized by standard
photolithography and femtosecond laser ablation processes on flexible substrate with Ti/Pt
interdigitated electrodes.

Flexible substrates were identified for manufacturing sensors with the following features: very low
manufacturing costs, flexibility, lightweight, stretchability and large area applications compared to
the silicon [6-8]. In printed electronics industry, the commonly flexible substrates used are mainly
polyethylene terephthalate (PET), Polyethylene naphthalate (PEN) and polyimide (PI). The sensor
fabrication on PET, PEN or PI can allow reducing the production costs due to the use of large area
and low-cost substrates [9-11].

Different printing methods such as inkjet, screen, etching or flexography printing have attracted
much attention. Recently inkjet printing has been a driving technology for the manufacturing of
sensors on flexible substrate. This manufacturing technique provides a way for direct printing
without the need of intermediate tools and contact with the substrate. Inkjet printing is an alternative
to screen printing or flexography [12-14] because this is a digital and additive technology.

Among the sensing technologies, the temperature sensor is probably the most widely employed [15].
In the state of the art of temperature sensors on flexible substrate, the most common reported
temperature sensors are the resistive temperature detectors (RTDs). In these kinds of sensors, change
in resistance is observed upon varying the temperature. They have typical characteristics of by high
accuracy, short response time, small volume and simple fabrication [16]. A good sensitivity,
linearity and signal level simplify the design of the sensor interface [17].

Bielska et al. [18] have developed a sensor dedicated to human body temperature measurements.
The temperature sensor is based on polymer film deposited by the fine-mesh screen-printing
technique on kapton substrate ensuring good adaptation to textile applications. Sensor resistance is
measured from 30 to 42 -C with a relatively linear response.

D. Briand and al. [19] used silver ink-jet printing in combination with thick Ni electroplating to

develop flexible resistive temperature sensors on PET foils. The resistive temperature detectors
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exhibited good linearity, in the range of -10 to 140 °C, with a temperature coefficient of resistance
for the electroplated lines of about 4.27%1073 °C™!,

B. Meier and al. [20] report on the investigation of printed PEDOT:PSS films for temperature
sensing devices. Gravure printing with the advantage of low cost production was used to prepare
thin films on a flexible foil substrate. The suitability of these printed films for an application as
temperature sensors was studied by measuring the change of resistance under thermal cycling. Due
to a drift of the resistance, which depends on time, temperature and samples, the usage for direct
measurement of temperature is not possible.

In this paper, we report the fabrication and characterization of a temperature sensor printed by an
inkjet process on a flexible substrate intended for medical applications. The novelty of our work
compared to literature is the fact that the sensor must be supplied under a bias voltage of 1 V and
require the lowest possible current. It means the sensor must have the highest nominal resistance.
The printed sensor will be integrated into a patch with heavy constraint in design (patch dimensions,
sensor nominal resistance, very low bias current, adjustment electronics, interconnection,
encapsulation ...). The conductive track must be as long as possible in a constrained size (2 cm x 3
cm) while the thickness, width and spacing of the track are set by the inkjet process. This required
a specific work in order to get a stable inkjet process and patterns without defects (short-circuits or
open-circuits).

The inkjet printing parameters were optimized to have a consistent droplet formation and well
defined patterns. The electrical properties of the designed temperature sensor were examined. The
results were discussed and compared to the existing state of the art of the printed temperature sensors

on flexible substrate.

2. Experimental procedure

2.1. Substrate material and ink preparation



The standard Kapton® type HN with a thickness of 125 um was used in this work. Kapton® type
HN was used successfully in applications at temperature between -269 °C and 400 °C [21]. The
high temperature stability makes it a good choice in printed electronics application.

Glass was used as a reference for some experiments. Although these samples were not meant to
investigate a change in resistance due to a temperature, they did prove useful for the general
electrical characterization of the printed thin film resistive temperature sensor. Standard microscope
slides were taken as substrates in this case.

Prior to the deposition, cleaning of Kapton® substrates was done to completely remove any residual
grease or particles and organic contaminates on the surface. The samples were stored in a closed
box to protect them from dust until deposition experimental setup is ready to print the intended
pattern.

An organic silver complex compound (TEC-1J-010 from Inktec Co. Ltd., South Korea) was used as
the functional ink to generate designed pattern on cleaned Kapton and glass. The viscosity of the
ink was 9 ~ 15 cps at 25°C. The silver ink was sonicated for 10 minutes to avoid nozzle clogging,

increase suspension stability and remove large particles.

2.2. Inkjet process

A customized direct-write inkjet system JetLab® 4 (MicroFab Technologies) was used to deposit
silver complex ink onto the Kapton substrates. The system consisted of a pneumatic controller, drop
ejection drive electronics (JetDriveTM III), JetLab® software with waveform amplifier, a drop
visualization system, and precision X, Y, Z motion control. The dispensing device (print head
assembly, MJ-AL-01-050) consists of a glass capillary tube, with a 50 pm diameter orifice coupled

with a piezoelectric element.



Determining optimal jetting parameters requires trial-and-error. Using the JetLab® interface, the
appropriate pulse waveform for consistent droplet formation was characterized by manipulating the

rise, dwell, and fall times (see Fig. 1), as well as the voltage and pressure.
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Fig. 1. Pulse Waveform of the JetLab® interface.

These pressure oscillations propagate through the printing fluid in the tube, resulting in the ejection
of microdroplets. Stable droplet ejection is achieved by visually observing expelled microdroplets
and adjusting voltage pulse parameters and capillary fluid backfill pressure to create an “ideal” drop.
Drops are visualized using synchronized strobe illumination and a charged coupled device (CCD)
camera. Fig. 2 shows the droplet formation sequence from the nozzle of the inkjet printer. Printing
was performed at a jetting frequency of 400 Hz with a droplet velocity of ~4.5 m/s. It was observed
that, droplet velocities between 4 m/s and 6 m/s are ideal for printing homogeneous patterns. Droplet
velocities less than 1 m/s may result in inaccurate drop placement. Thus, conditions that provide the
highest drop velocity without satellite droplet formation are desired [22]. The motion control
component and pattern monitor allowed for precise control of the length, width, and thickness of

the coating by adjusting the pitch distances between droplets. In order to obtain smooth conductive

5



patterns with high resolution by ink-jet printing, various printing conditions, including the step
(inter-spacing distance between dots) and drop diameter (sizes), the printing speed which is related

with frequency, and the driving wave form was also optimized to obtain smooth and homogeneous

coating layers.

(@) (b)

Fig. 2. Drop generation from JetLab® 4 DOD inkjet printer. Drop ejection with (a) tail (elongation) &
multiple satellites before optimization that are not desired and can often be eliminated; (b) satellites after
halfway of optimization; and stable droplet ejection (c) is achieved by adjusting voltage and pressure
parameters

The resulting printed silver lines (see Fig. 3) on the cleaned Kapton substrate was first heated to 130
°C on a hot plate, and held at this temperature for 10 min to convert the deposited silver nanoparticles

into a conductive silver film.

Fig. 3. SEM image of printed silver lines on Kapton



This consists of two steps thermal curing procedure recommended by the ink supplier: a drying step
to remove solvent and obtain a continuous structure.

Then a second sintering at 150 °C for 30 mn was done in a classical oven to obtain high conductive
structure.

The Electrical functionality of the printed pattern was measured using a 4-point probes method after
thermal curing. And a sheet-resistance and a resistivity of 0.163 Q/sq and 5.9 uQ.cm, respectively

are obtained. These results are similar to those values reported in the datasheet of the ink supplier.

3. Resistive Temperature sensor on Kapton substrate

3.1. Design and characterization

Before the realization of the final prototype, a detailed study on the silver printed lines was
performed. Many lines have been printed, which allowed us to determine and optimize the lines
width and the spacing between each line. Moreover, during this preliminary study, it has been
determined that the optimal droplet spacing for the best homogeneity is 90 um and the droplet size
measured on Kapton is ~190 um. On twenty printed samples, the average width of lines calculated

was 300 um +/- 10 um, and the average space was 60 um +/- 2 um.

This preliminary study resulted in the achievement of the final prototype sensor with the

characteristics mentioned hereunder.

The temperature sensor covered an area of 2.85 cm x 2.26 cm. Two Ag layers were printed (2 inkjet
passes). The printed lines have a width of 306 um, an average thickness of 365 nm +/- 2.8 nm and
a gap between the lines of 60 pm (see Fig. 4). A mechanical profilometer was used to measure the

thickness of Ag printed lines.
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Fig. 4. Photographs of (a) designed temperature sensor and (b) inkjet printed silver temperature

sensor on Kapton substrate

3.2. Results and discussions

The relationship between the measured resistance and the temperature change can be expressed as
[23]:

R(T)=R,(1+ AT +BT> +CT"). (1)

T represents the temperature in °C, R, is the value of the resistance at 7 = 0°C.

The relation (1) can be linearized for small temperature variation A7 around 7. This relation

becomes:
R(T +AT)=R(T)(1+a,;AT). (2)
Where,
1 AR
oy = ﬁ AT 3)

ar is the sensitivity (temperature coefficient) of the sensor in units of °C™! .
The temperature sensor was electrically characterized with means of a prober (SUSS) PM300 and

an Agilent 4156C analyzer (used in range of voltage 0 to 1V). The temperature was regulated by an
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advance temperature test bench (Advance Temperature Test Systems GmbH) between 20°C and
60°C.
The sensor is characterized at ambient temperature before (just dried on a hotplate at 130 °C for 10

mn), and after further annealing at 150 °C for 30 mn (see Fig. 5).
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Fig. 5. Measured current of the sensor temperature before and after annealing for a voltage

between 0 V and 1 V at ambient temperature.

The resistance obtained at ambient temperature before annealing was 2.6 kQ. With further
annealing, the resistance of the sensor was reduced to 1.9 k€. The resistance change of the sensors
after annealing were also determined as a function of temperature in a range of 20 °C to 60 °C both
in ascending and descending order. This was done to determine the linearity, sensitivities and
hysteresis of the printed sensor. The resistances obtained varied between 1.95 kQ and 2.13 k< for
ascending temperature with 0.9999 as coefficient of linearity (CI?) after linear fitting. And, for
descending temperature the resistances varied between 1.94 kQ and 2.13 k€Q, and the coefficient of

linearity after linear fitting was 0.9998. The sensitivity of the sensor was 2.19*107 °C™" with a



nominal resistance of 2.032 kQ at 38.5°C in increasing temperature order. In decreasing temperature
order, the sensitivity was 2.27*1072 °C™" with a nominal resistance of 2.029 kQ at 38.5 °C. As the
sensor was intended for medical applications, the range of interest is between 35 °C and 42 °C,
that’s why the nominal resistance is measured at 38.5°C.

The sensitivity was lower than the usually reported for bulk Ag. This reduction was commonly
observed in printed [24] metallic thin film.

The temperature sensor that we realized has the same order of magnitude of that shown by other

inkjet printed silver temperature sensor [10, 25] (Table 1).

Day of measure Measuring direction Nominal resistance Sensitivity Sensitivity

(KQ) Q.eC™ °C™

Increasing 2.032 4.467 2.19%103
Day 1

Decreasing 2.029 4.612 2.27%103

Increasing 2.089 4.473 2.14*%1073
Day 20

Decreasing 2.085 4.582 2.19*%1073

Increasing 2.142 4.720 2.04*1073
Day 40

Decreasing 2.131 4.375 2.21*%1073

Tab. 1. Sensitivities and nominal resistances at 38.5°C of silver temperature sensor over time.

To observe the variation of results over time (see fig. 6), measurements were made with a 20 day
interval. An increment in nominal resistance of +/- 50 2 and a maximum variation in sensitivity of
0.1*%107 °C! have been observed. Since the sensor was not protected, this variation is may be due

to oxidation of Ag in time.
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Fig. 6. Resistance versus temperature over time of the printed temperature sensor

The results of the measurements are summarizing in table 2 and in the two measuring senses
(ascending and descending temperature order).

The maximum variations between the results in increasing and decreasing temperature were
evaluated in the extended range of sweep value. It was obtained less than 3 % in the two first
measurements and 10% in the last one (see Tab. 2). The results suggest the need for coating layers

to protect the printed silver patterns.

Day of measure Hysteresis Extended of the measurement

(%) ()
Day 1 3.01 184
Day 20 2.82 183
Day 40 9.69 192

Tab. 2. Hysteresis and extended of the measurement over time.
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Conclusions

An organic silver complex compound ink was inkjet printed on a Kapton substrate. Optimal jetting
parameters were found to obtain smooth and homogeneous silver coating layers and a large meander
forming the sensor. The thickness and the resistivity found for two Ag printed layers were 365 nm
and 5.9 uQ.cm, respectively. The sensitivity of the printed temperature sensor obtained in the range
of 20 °C to 60 °C was 2.19*1072 °C™" with a nominal resistance of 2.032 kQ at 38.5°C. We observed
a good linearity and a hysteresis less than 5% in the extended measurement. The variation over time
of the sensitivity and nominal resistance was also observed. To improve the stability and the

performance, the sensor will be protected to the next step of the work.
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