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1. Literature review on CNN sensors

Table 1 and its references [1] to [35] present the state of the art regarding to CNN-based sensors on
substrates. It excludes papers on freestanding CNN and on CNT composites. It includes references on
both rigid and flexible substrates. References are classified by observables, fabrication method,
substrates and by whether they provide insight into variability (in the fabrication process and in the
device sensitivity).

We observe here that while the variability on the fabrication process is frequently studied (11 over
35), very few references (only 7 over the 35 reported here) address the issue of variability on device
sensitivity. The studies that address it compare only the sensitivity of very few devices (up to 4) and
provide no satisfying analysis of standard deviation on the sensitivity. This appears to be true for all
type of sensors reported to this day, both on rigid and flexible substrates, either for mechanical,
chemical (gas and liquid phase) or light sensing.

Ref | Observable | Year | Fabrication | Substrate Device-to-device Device-to-device
s variability on | variability on
fabrication sensitivity
Inkjet-printed sensors with study of variability
[1] Strain 2012 | Ink-jet PET 3 set of 3 sensors | No
printing compared
Best std dev 3.5%
[2] Gas (NO,, | 2009 | Ink-jet 4in. Si/Si0, | 6 sensors | 4 sensors
CO) printing wafer compared compared
No std dev | No std dev
provided provided
Std dev<4%
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[3] pH 2009 | Ink-jet glass 56% over 10| No
printing sensors
[4] Anti- 2014 | Inkjet Kapton Overlaid plots of | Two sets of two
oxydant printing polyimide amperometric devices compared
power response for
batches of 6 and 4
sensors
Std dev : 7% and
20% on the two
parameters
extracted from
amperometric
response
Inkjet printing with study of variability
[5] Strain 2012 | Inkjet PDMS No No
printing
[6] Relative 2013 | Inkjet Kapton No No
humidity printing polyimide
[7] Gas (C02) 2013 | Inkjet Flexible No No
printing laminate
(8] Gas 2012 | Inkjet Paper No No
(Ammonia) printing
[9] Electroche 2013 | Ink-jet PVP No No
mical printing
sensor
[10] | Light 2014 | Inkjet Si/Si02 No No
printing
[11] | Infrared 2011 | Inkjet Kapton No No
printing Polyimide
Other liquid phase based approach
Insight into variability
[12] | Chemical 2011 | Self Si/Si02 Dispersion plot | Dispersion plot
(Hg2+ and assembly provided. 21 | provided. 21
NH4+) Sensors. sensors. Sensitivity
Conductance range | range spanning 2
spanning 2 orders | orders of
of magnitude magnitude
[13] | Gas (NO2; | 2003 | Drop Si/SO2 Yes 3 devices
nitrotoluen casting compared
e)
7% variability on




the slope (DY/DX)

25% variability on
the Y-intercept

[14] | Gas 2010 | Vacuum Si/Si02 Yes (Resistances of | No
filtration 23 devices
and provided)
transfer

[15] | Relative 2012 | Spray- PPE 3 resistance values | No

humidity coating provided (160% std
dev)

[16] | Strain 2007 | Direct Epoxy over | Range of | No
drying Steel resistances

provided
Other liquid phase based approach- Strain sensors
No insight into variability

[17] | Strain 2012 | Filtration Si02 No No
and contact
transfer

[18] | Strain 2010 | Vacuum PDMS No No
filtration
and
transfer

[19] | Strain 2004 | Filtration PVC on | No No
and drying | brass

[20] | Strain 2008 | Filtration Aluminium | No No

[21] | Strain 2011 | Spray PDMS No No
coating

Pressure
Other liquid phase based approach — Chemical sensors
No insight into variability

[22] | Relative 2012 | Spray PET No No

humidity coating

[23] | Humidity 2009 | Dielectroph | Si/SiO2 No No
oresis

[24] | Gas (02) 2012 | Drop Glass No No
casting
Self

assembly




[25] | Gas (H2) 2014 | Drop Glass No No
casting
[26] | Gas (H2) 2012 | Aerosol-jet | Si/SiO, No No
printing
[27] | Gas 2014 | Drop Kapton No No
(Ammonia) casting Polyimide
[28] | Gas 2014 | Drop Unspecified | No No
(Ammonia) casting plastics
[29] | Gas 2013 | Paint brush | Cotton No No
(Ammonia)
[30] | Gas (NO2, | 2014 | Screen Alumina No No
NH3, EtOH printer
and
acetone)
[31] | Water 2013 | Direct Glass No No
casting
Methods based on mechanical compression to form films
[32] | Strain 2012 | Press- PMMA Range of resistance | Gauge factor for 2
tablets between 6 and 9 | sensors provided
(std dev<25%) (GF=60 ; 70) (std
dev 11%)
[33] | Gas 2013 | Pellet Paper Yes Comparison
compressio between 3 devices
n displayed but no
std deviation
provided
Methods based on direct growth (with or without transfer)
[34] | Chemical 2013 | Direct Si/SO2 No No
(Dopamine) growth
[35] | Strain 2011 | Direct PDMS No 3 devices
growth and compared. Strong
transfer device to device

differences

Table 1 : Literature review on CNN sensors and their variability
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2. Roughness calculation
The roughness was calculated as the standard deviation of the profile height to the average height,

according to the Root Mean Square formula:

n
1
Rpys = T_lz(hi - hmean)2
i=1

3. Ink optimization
Even though the dichlorobenzene-based ink is printable without added surfactant, we observed a
poor homogeneity of the deposition as well as a pronounced coffee-ring effect (Figure 1a). The use of

SDBS as surfactant is known to increase the ink wettability [36]. Added to the dichlorobenzene-based

ink, the resulting printed layer is continuous and highly uniform (Figure 1b).

Figure 1: a) 20-layer deposition with no SDBS addition in the ink. The deposition is not uniform on the substrate. b) 20-

layer deposition with use of SDBS as surfactant in the ink. The deposition is uniform.

4. Rinsing process

Figure 2: Effect of rinsing on the CNN at the micro scale. a-b) SEM image of a single layer deposition
a) before rinsing. b) after rinsing. Most traces of surfactant and solvent have been removed. c)
Resistance of a 20-layer deposition depending on the frequency of the rinsing step. Rinsing every two
layers instead of every layer does not increase resistance significantly, but decreases the fabrication
time considerably. A process based on rinsing every two layers was thus selected.

a shows a single CNT layer without application of the rinsing process. Even though it appears
continuous under optical microscopy, it is poorly conducting (resistance above 1 GQ), due to the

presence of leftover SDBS particles as well as dichlorobenzene clearly observed on SEM images.

The rinsing process consists of immersion and slight agitation of the sample in methanol and acetone
for 8 second followed by drying under nitrogen flow. This process removes most leftover surfactant
and solvent (Figure 2: Effect of rinsing on the CNN at the micro scale. a-b) SEM image of a single layer
deposition a) before rinsing. b) after rinsing. Most traces of surfactant and solvent have been
removed. c¢) Resistance of a 20-layer deposition depending on the frequency of the rinsing step.



Rinsing every two layers instead of every layer does not increase resistance significantly, but
decreases the fabrication time considerably. A process based on rinsing every two layers was thus
selected.

b), though some traces of solvent can still be observed. Decrease of the resistance by several orders

of magnitude is directly observed.

The lowest deposition resistance is observed when the CNT film is rinsed after each deposited layer.
However, this process is very time consuming. To identify the optimal rinsing frequency, we
measured the resistance of a 20-layer film depending on the frequency of the rinsing step. We found
out that rinsing every two layers is the best compromise (Figure 2: Effect of rinsing on the CNN at the
micro scale. a-b) SEM image of a single layer deposition a) before rinsing. b) after rinsing. Most traces
of surfactant and solvent have been removed. c) Resistance of a 20-layer deposition depending on
the frequency of the rinsing step. Rinsing every two layers instead of every layer does not increase
resistance significantly, but decreases the fabrication time considerably. A process based on rinsing
every two layers was thus selected.
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Figure 2: Effect of rinsing on the CNN at the micro scale. a-b) SEM image of a single layer deposition a) before rinsing. b)
after rinsing. Most traces of surfactant and solvent have been removed. c) Resistance of a 20-layer deposition depending
on the frequency of the rinsing step. Rinsing every two layers instead of every layer does not increase resistance
significantly, but decreases the fabrication time considerably. A process based on rinsing every two layers was thus

selected.



5. Nanotube density estimation

Figure 3 shows a typical image used to estimate manually the number of CNT by unit area. On the
following image (size approx 5umx3.5um), the count reached 250CNT/um2. A downward bias is
expected, as despite the high resolution imaging, the number of CNT in very dense cluster remains
difficult to assess.

Figure 3 Image used for the estimation of the CNT surface density.
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6. Standard deviations measured on different batches of devices

Table 2 summarizes the batches considered here.

Batch Number of | Average Standard Comment
number | devices in | resistance deviation on
batch resistance

1 4 632kQ 8.4% Best standard deviation

2 5 461kQ 18%

3 3 252kQ 18%

4 8 156kQ 15% Lowest resistance
Batch used for subsequent mechanical
characterization

5 72 3.6MQ 43% 23 sensors over 72 were characterized

Process yield: 91%

The resistance and standard deviation of
this large batch is higher, due to
unexpected lower thickness and lower
homogenetity of the gold evaporation
process.

Table 2: Summary of considered batches
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7. Mechanical properties of the ETFE substrate

Figures 4a and 4b shows the force-strain response of the substrate for a 8N load, corresponding to
4000p€, with 5 min periodicity.

Overall, the substrate force/strain response remains linear, but the substrate undergoes a slight
creep during load cycles, approx 27u€ by cycle (0.6% of the max strain) for a 8N load cycle with 5min
periodicity. The creep effect increases with both load and load rate.

Based on measuring the time delay between stress and strain curves during load cycles, the response
time of the films here is found to range between 0,1s and 3s for load rates between 0.05N/s and
0.1N/s. There is no clear trend between load rates and response time, as the response time includes
the response time of the glued clamps, which is not negligible with respect to the overall response
time.
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Figure 4: a) Strain-stress-time plots during 4N cyclic loads b) Corresponding force-strain plot showing the onset of creep
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8. Insight into modeling of the CNN network

The modeling of the CNN network fabricated here is described in details in F. Michelis PhD thesis, to
be available online by October 2015. Briefly, CNT are modeled as soft-cored objects, either straight
or wavy. The model accounts for a statistical distribution of CNT diameter, length and waviness
parameters. The parameters of the statistical distribution are extracted for SEM images of the
deposition. The method relies on creating a statistical distribution of CNT in 3D by successive
deposition of 2D layers, according to the layer by layer fabrication method.

An algorithm provides the number of contacts with respect to the parameters of the model and to
the strains applied to the volume of study. Previous works in the state of the art show that the
variation of resistance in the domain is proportional to the variation of the number of contacts.

Among others, the results are as follows:

e The standard deviation on the gauge factor is much lower for CNN further from the
percolation threshold (figure 5a)

e Accounting for CNT waviness yields a quadratic dependence at large strains between number
of contacts and strain, which cannot be reproduced with straight CNT only (figure 5b).
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Figure 5. a) Variability on the strain sensitivity close to and far from the percolation threshold. b) Strain sensitivity for
straight CNT (curl ratio=1) and for wavy CNT. The strain sensitivity is non linear for non-straight CNT, as observed
experimentally.
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9. Hysteresis at large strain

Figures 6a) and 6b) display the resistance/strain curves for cyclic loading of resp. 4N and 8N with
periodicity resp. 10s and 5min. Corresponding maximum strain are resp. 2500u€ and 4000u€, so are
beyond the linear range of the devices. Expectedly, the response is hysteretic, the surface of the
hysteresis increasing with maximum strain. Both curves display creep in strain and in resistance, the
creep in strain being more intense at 4N because the load rate is much faster, the creep in resistance
being more for 8N because the irreversibility in the network is more pronounced.
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