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Abstract. Fully inkjet-printed multiwall carbon nanotube (MWCNT)
layers and their feasibility towards the implementation as a low
cost and flexible sensing element is reported. The focus is set on
the resistive behavior of the carbon nanotubes (CNTs) and the
adjustability towards a defined target range. To realize the sensors
on a low cost and high flexible polyethylene terephthalate (PET) foll,
the intense pulsed light (IPL) sintering is introduced to achieve the
required performance for both the CNT dispersion as well as the
silver electrodes. The very novel topic of the simultaneous photonic
sintering of a two-material layer stack and the involved challenges
are demonstrated. The MWCNT dispersion was successfully printed
with the inkjet printing technology and functionalized by thermal
and IPL sintering methods, achieving a resistance of 100 kQ in
the target area (1 kQ to 1 MQ2) for the sensor. The dependence
of the resistance on parameters like number of CNT overprints,
the pattern layout as well as the post-treatment methodology is
analyzed in detail. These results can be further employed for the
development of CNT-based sensor elements and the change in
their resistance caused by environmental conditions. In addition,
such single sensors raise the opportunity of a combination to a
sensor matrix to demonstrate the integration in applications such as
a shoe sole (proof of concept) but primarily for medical applications
e.g., in mattresses in hospitals for constant recording of bedfast
or comatose patients. (© 2018 Society for Imaging Science and
Technology.
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1. INTRODUCTION

Thin and flexible printed electronics are of great interest due
to their various advantages such as high flexibility, low cost
fabrication and adaptability towards various integrations.
[1-3] In the field of healthcare, especially wearable electronic
components, tracking the real-time health status are of
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major importance either directly manufactured on wearable
substrates/surfaces or on thin, flexible substrates suitable
for the integration in wearable applications. Such printed
sensing elements can be based on materials like graphene or
carbon nanotubes (CNTs) [4-8].

Especially the inkjet printing technology features high
potential due to its minimized material consumption, high
accuracy, non-contact printing as well as processing under
ambient conditions.

To allow the utilization of high flexible, but mostly
temperature-instable polymeric foils or even textiles, next to
the traditional thermal sintering method the novel intense
pulsed light (IPL) sintering process demonstrates high
potential in the functionalization of metallic and also various
other materials [9-16].

Therefore, the feasibility of the inkjet printing tech-
nology for the development of a flexible and thin sensor
element, based on multiwall carbon nanotubes (MWCNTs),
has been investigated in this research. Furthermore, to
allow the manufacturing on temperature-instable polymeric
foils like polyethylene terephthalate (PET), IPL sintering
was introduced for the post-treatment of both, the silver
electrodes and the CNT layers and compared to the results
of the thermal sintering.

Various pattern designs were implemented by adjusting
the electrode size and distance as well as the correlated CNT
pattern. Additionally, the printing and sintering parameters,
such as number of layers, drying and sintering methodology,
of the CNT layer were varied, to investigate the change
in resistance and their impact on the sensing properties.
Additionally, an analysis of defects, their origin as well as
overcoming them are discussed.
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Figure 1. Digital pattems: [a) two-finger electrode for basic investigations;
(b) sixfinger electrode for sensor application.

2. MATERIALS AND METHODS

Two digital patterns were implemented, which are a simple
two-finger electrode pattern (Figure 1a) for a basic investi-
gation of the electrical performance of the CNTs and a more
complex six-finger interdigitated electrode (Fig. 1b).

The MWCNTs were bought from Sigma Aldrich with
a diameter of 20-40 nm and a length of 1-2 um. To
achieve a stable dispersion and suitable for the inkjet printing
process, the CNTs were functionalized with COOH groups
by sonication in concentrated HNO3 and H»SO4. The CNTs
were finally dispersed with 0.05 wt.% in isopropanol. The
dispersion was stable for several days without sedimentation
of the CNTs. Slight sedimentation was recovered by a
sonication even after several weeks. For the silver electrodes
a nanoparticle silver ink was used: DGP-40LT-15C from
Advanced Nano Products ANP. The substrate was the PET
foil Melinex 401 from DuPont Teijin Films with a thickness of
100 um. Printing was carried out with the Dimatix Materials
Printer DMP2831 from FUJIFILM Dimatix. For sintering
two methods were used, which are the thermal sintering
in an oven and the IPL sintering (PulseForge 3200 from
Novacentrix).

The research includes microscopic images (light micro-
scope DM4000, from Leica), surface profiles by surface topo-
graphic scans with mechanical contact (profilometer Dektak
150 by Veeco,) and electrical measurements (resistance by a
two-point method with a manual probe system PMS5, Siiss
Microtec).

3. RESULTS AND DISCUSSION

First, the CNTs were characterized with a light microscope
toward their layer formation and homogeneity. Thus, several
layers up to 40 were printed on top of each other, to
evaluate the CNT layer formation with the goal of an
even CNT distribution to ensure a reliable and generally
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Figure 2. Microscopic images of the CNT distribution as a function of
CNT overprints, thermally sintered at 150°C for 60 min: (a) 10 layers;
(b) 20 layers; (c) 30 layers; (d) 40 layers.

present resistance within a defined range of 1 kQ < x <
1 MQ. Additionally, two sintering methodologies were
implemented and the resistance of the CNT layers was
measured between the silver electrodes.

Based on this, the final CNT printing parameters
(pattern design, number of layers, and post-treatment) were
defined for the implementation in a sensor layout.

3.1 Optical Investigation of the MWCNT Layers

The CNT-isopropanol dispersion was successfully inkjet-
printed with 0.05 wt.% and various number of CNT over-
prints. Their distribution is optically analyzed in Figure 2.

The overall distribution of the CNTs appears very
inhomogeneous with material accumulations and uncovered
areas in between. This irregularity increases with increasing
number of CNT overprints and therefore with increasing
material amount. Also, the drop ejection was not yet
optimized. Challenges like satellite drops, angular drop
offset, and non-working nozzles might impact the overall
performance and need to be adjusted. Therefore, the number
of overprints was decided to not exceed 30 layers, which
appeared to be enough material to achieve a resistance in
the target range of 1 k2 < x < 1 MQ and to reduce the time
efforts by printing many layers on top of each other.

To improve the homogeneity of the CNT layer, the drop
ejection was adapted and the printing table (and therefore
the substrate) was heated to 45°C, which will lead to faster
solvent evaporation and might avoid the washing away of
the previously deposited CNT material. The results of the
full electrode-CNT stack with 20 and 30 layers of CNT
overprints are presented in Figure 3 with a magnification on
the CNT distribution in Figure 4.

The silver layer was post-treated with the IPL sintering
at 0.82 ] cm? for 1 ms and the CNT-isopropanol dispersion
was printed afterwards in between the electrodes with a slight
overlap to the silver electrodes, to ensure an appropriate
contacting. The layer homogeneity of the CNT distribution
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Figure 3. Microscopic images of the printed silver electrodes (IPL sinfered
at 0.82 J/em? for 1 ms) with a digital distance of 1.5 mm and printed
CNT layers in between with an overlapping area on the silver electrodes
(IPL sintered at 0.82 J/em? for 1 ms): (a) 20 CNT layers; (b) 30 CNT
layers.
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Figure 4. Microscopic images of the CNT distribution as a function of
CNT overprints affer optimization with respect fo the drop ejection and the
application of table heat 45°C, thermally sintered at 150°C for 60 min:
[a) 20 layers; [b) 30 layers; (c) surface profile of 20 CNT layers on glass.

seems to be more uniform, especially when comparing 30
layers of CNT from Fig. 2(c) and Fig. 4(b). Nonetheless,
the overall impression of the CNT layer discloses a huge
amount of satellite drops, which spread over the whole
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Figure 5. Aray of fully inkjetprinted CNT-silver electrodes after IPL
sintering at 0.71 em? for 1 ms.
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Figure 6. Average resistance of the CNT layer in dependence on the
elecirode design (measurement distance), number of CNT overprints and
postHreatment methodology: (a) thermal sintering at 150°C for 60 min;
(b) IPL sintering af 0.82 J/cm? for 1 ms.

electrode pattern and might cause fluctuations within the
CNT resistance and therefore in the later working/measuring
of the printed sensor. For further optimization, these satellite
drops will be reduced and even fully avoided, by the
waveform adjustment.
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Figure 7. 10 CNT layers inkjet-printed on fop of previously prinfed and sinfered silver electrodes, both thermally sintered at 150°C for 20 minutes.

Furthermore, the IPL sintering caused slight defects in
the silver layer (small blisters), but no damage to the CNT
layer. The defects within the silver layer are due to minor
inhomogeneous material accumulations, which might not
have a direct impact on the functionality in this application
here, but such unevenness in the layer thickness presents a
working point in the IPL sintering, which demands layers as
smooth as possible for a reliable sintering result.

In the example of the surface profile (Fig. 4c) of 20
CNT layers the high fluctuation in the distribution and layer
thickness is visible, which makes it not possible to calculate a
reliable average conductivity.

In addition, flashing two different materials simultane-
ously, in this case the silver nanoparticles and the CNTs
represents a great challenge. The previous IPL sintered silver
layer experiences the IPL treatment twice. Therefore, the IPL
parameter of the second flash has to be adjusted to both
materials, so that the first already sintered layer is not burned
and the second layer is sufficiently sintered for the required
structural and functional properties.

An example of a CNT-silver electrode array after
IPL sintering is presented in Figure 5. The CNT printing
was optimized regarding the printing parameters, that is
elimination of satellite drops and clogged nozzles, as well as
improved layer formation by a slow drying process.

Here it can be seen that the CNT layer (10 layers on
top of each other) reveals no defects, while the silver layer
identifies small blisters, which needs to be considered toward
the impact on the later device functionality and reliability.

3.1.1 Electrical Investigation of the MWCNT Layers

The line resistance of the CNT layers between the two
silver electrodes was measured (Figure 6). The resistance is
displayed as a function of the electrode distance, number
of CNT layers, and post-treatment method. Due to the
existence of a thin layer for 10 CNT overprints and high
inhomogeneity for 40 layers and more (see Fig. 2), the
resistance could not be reliably measured for 10 and 40 layers.
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Therefore, in the graph only 20 and 30 layers of CNTs are
presented and discussed.

From both graphs it can be clearly seen, that as expected,
the resistance increases with increasing electrode distance.
Also, printing 30 layers of CNTs on top of each other,
results in a further less resistance. The standard deviation is
for most of the samples for the thermal sintering (Fig. 6a)
within a range of 10%-30%. The importance and acceptable
fluctuation of these deviations are defined by the sensitivity
and effective range of the respective sensor.

The high standard deviation for the IPL sintered samples
might be either caused by the CNT layer distribution or by
defects at the edge of the silver layer induced by the IPL
treatment and discussed in the chapter “Optical investigation
as a function of the number of MWCNT layers.” However,
despite the high deviation, the overall resistance was in a
similar range or lower than the thermally sintered CNT
stacks.

3.2 Toward Sensor Applications

For a proof of concept, the CNT-silver layer stack, as
presented in the digital image from Fig. 1(b), was printed
and thermally sintered at 150°C for 20 min (Figure 7) and
analyzed for a temperature response by a resistance change.
It was found that the resistance drops between 5% and
12% on increasing the temperature from 10°C up to 80°C,
and increases back to the initial value when lowering the
temperature back to 10°C. The total measurement time for
this first proof record was comparable slow (one complete
cycle was of 15 h). Further investigations will be carried out
to identify the response time of the printed sensor.

4. CONCLUSIONS
It was shown that a self-made MWCNT-isopropanol disper-
sion could be successfully inkjet-printed and functionalized
on a flexible and thermally instable PET foil.

The printed CNT layers revealed partly inhomogeneous
distributions, which depends strongly on the deposited
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material amount as well as printing parameters, like table
temperature and stable drop ejection. The homogeneity of
the CNT layers was optimized accordingly followed by a
functionalization by means of thermal and IPL sintering
methods. Both sintering methodologies resulted in a resistive
CNT layer within the range of several M Q2 down to 100 k2
in dependence on the implemented layout and CNT material
amount (overprints).

Furthermore, it was shown that the IPL sintering is
feasible to be applied on a two-material layer stack, but needs
to be adapted according to the limits of both materials.
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