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A roll-to-roll compatible fabrication process of porous silicon (pSi) based sensing elements for a real-time humidity monitoring is
described. The sensing elements, consisting of printed interdigitated silver electrodes and a spray-coated pSi layer, were fabricated
on a coated paper substrate by a two-step process. Capacitive and resistive responses of the sensing elements were examined under
different concentrations of humidity. More than a three orders of magnitude reproducible decrease in resistance was measured when
the relative humidity (RH) was increased from 0% to 90%. A relatively fast recovery without the need of any refreshing methods
was observed with a change in RH. Humidity background signal and hysteresis arising from the paper substrate were dependent
on the thickness of sensing pSi layer. Hysteresis in most optimal sensing element setup (a thick pSi layer) was still noticeable but
not detrimental for the sensing. In addition to electrical characterization of sensing elements, thermal degradation and moisture
adsorption properties of the paper substrate were examined in connection to the fabrication process of the silver electrodes and the
moisture sensitivity of the paper. The results pave the way towards the development of low-cost humidity sensors which could be

utilized, for example, in smart packaging applications or in smart cities to monitor the environment.

1. Introduction

Printed electronics has been proposed as a viable option for
manufacturing low-end products on large areas of flexible
substrates [1]. Utilization of roll-to-roll (R2R) compatible
fabrication methods enables large scale preparation of flexible
devices with extremely low production costs. Devices, such
as transistors, have been prepared on flexible substrates from
several materials [2-6]. One interesting emerging application
is the fabrication of flexible gas sensors [7-11]. In particular,
low-cost printed flexible sensors could be utilized in smart
packaging applications for monitoring perishable goods, such
as food, or in smart cities to monitor the environment [12].
Unfortunately, in many cases the fabrication of flexible sen-
sors requires multiple production steps that are often difficult
to upscale and incompatible with R2R printing methods.

This leads to increased production costs often making large
scale production unrealistic, as the cost for printing scales at
least linearly with the number of fabrication steps [13]. Low-
cost fabrication can be achieved via utilization of different
printing methods and minimization of printing steps. Printed
gas sensors on flexible substrates have been demonstrated
with materials such as polyaniline [7, 14], carbon nanotubes
[8], reduced graphene oxide [15, 16], and copper acetate [17].

In addition to the active sensing material, the properties
of the substrate also play a large role in the fabrication
and the properties of flexible sensors. Plastic and paper are
common choices as substrate materials and are suitable for
large scale R2R printing. From the viewpoint of recyclability
and sustainable development, paper substrates would be
more preferable than plastic ones [6, 18]. Paper is also
considerably cheaper than plastic and can better withstand
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heating steps, such as thermal annealing or IR sintering,
often used in R2R printing processes [18-20]. However,
the inherent surface roughness and porosity make device
fabrication on paper more complicated, and for this reason
the majority of flexible devices have been constructed on
plastic substrates. To circumvent this problem, the paper
substrate can be coated with plastic, such as polyethylene
[21], making device fabrication more feasible but at the
same time compromising the recyclability of the substrate.
Another way to improve surface properties of paper is to
coat it with binders and pigments [6, 18, 22]. For example,
by multilayer coating of the base substrate with successive
latex and mineral pigment composite layers, a recyclable
substrate with sufficient printing and barrier properties has
been fabricated [6]. Reduced surface roughness and porosity
make this type of a substrate suitable for printed electronics
[23]. Moreover, the coffee-stain effect is not as prominent
on paper and printed structures show improved adhesion
(without the need of any surface treatment) compared to
plastic or glass substrates [20, 23, 24]. The benefit with the
fabrication of printed flexible circuits with a sensing element
whose properties can be changed according to the application
is that the circuits enable remote reading of the sensor with a
RFID tag (radio-frequency identification) [25, 26].

Recently, we demonstrated the feasibility of solution-
processable porous Si (pSi) particles for producing printed
sensors, by preparing humidity sensors on a glass substrate
[27]. A pSi is an interesting material for sensing applications,
because it hosts a large internal surface area, and the surface
chemistry can be modified to accommodate for a large
number of environmental and biochemical sensing schemes
[28, 29]. In addition, with proper surface treatments the Si
surface can be made more stable compared, for example, to
conducting polymers whose properties are often subject to
change upon aging [30, 31].

In the present work, we expand on our previous work and
demonstrate R2R compatible two-step fabrication process for
obtaining a sensing element for monitoring relative humidity.
In the first step, interdigitated silver electrode patterns were
printed on the multilayer coated paper substrate. This was
followed by deposition of solution-processable pSi parti-
cles on top of the electrode pattern by spray-coating. The
deposited pSi acts as a sensing layer that enables capacitive
or resistive sensing between the electrodes. The electrical
characteristics of the sensing elements were determined,
and the sensing properties were evaluated by exposing the
elements to varying concentrations of RH. The thermal
stability of paper substrates was evaluated because when these
devices are fabricated in a R2R process the paper substrates
are exposed to high temperatures for short times, for example,
during the sintering of the silver electrodes into conductive
electrodes. Finally, the barrier properties of the substrate were
assessed with gravimetric humidity sorption measurements.

2. Materials and Methods

2.1. Sensing Element Fabrication on Coated Paper. Free-
standing pSi films were produced with electrochemical
anodization, as described in our previous work [27]. The
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as-anodized pSi films were stabilized with a two-step ther-
mal carbonization process, as described previously [32, 33].
Briefly, a 10 min thermal hydrocarbonization treatment was
conducted under N,/acetylene (1:1) flow at 500°C, followed
by a thermal treatment at a higher temperature of 820°C
resulting in a stable and hydrophilic surface.

The pSi micro- and nanoparticles were produced from
the stabilized free-standing pSi films by means of high energy
planetary ball milling in an ethanol solution. The high poros-
ity layers in the free-standing multilayer films act as fracture
planes, and the particle size can be controlled by adjusting
the thickness of the low porosity mesoporous layer [27].
Different particle size fractions were separated by sieving and
centrifugation. The resulting pSi particles were dispersed in
a toluene suspension, making them solution processable. A
broad particle size distribution (~100-2000 nm) was used
to improve packing and adhesion of the silicon film on the
substrate [27].

A multilayer coated paper (fabricated using either reverse
gravure coating in laboratory [6] or industrial pilot-sized
curtain coater [34]) was used as a substrate. Different inter-
digitated silver electrode patterns with varying gaps (100-
500 pm) were produced on the substrate with two techniques,
namely, flexography and inkjet printing. Flexographically
printed interdigitated electrodes were R2R fabricated with a
custom-built hybrid printed, as previously described, using
a silver ink (125-06, Creative Materials Inc.) [35]. Inkjet
printing was carried out using a piezoelectric Dimatix
Materials Printer (DMP-2831, Dimatix-Fujifilm, Inc.) and a
replaceable cartridge (DMC-11610) with a 10 pL nominal drop
volume. The electrodes were printed using a nanoparticle
based silver ink (SunTronic, U5603, 20 wt.%) and a drop
spacing of 20 ym. For obtaining conducting electrodes, both
the flexographically and inkjet-printed silver electrodes were
IR sintered [35]. The pSi particle solution was deposited on
top of the electrode configuration with a simple spray coater
(Clas Ohlson, Finland). All fabrication steps took place under
ambient atmospheric conditions under a fume collector.

2.2. Characterization Instrumentation. Hygroscopicity Mea-
surement Apparatus (HMA) (PuuMan Oy) was used for
determining sample weight increase due to water sorp-
tion under different RH conditions at room temperature
(26°C). Thermal analysis on paper and plastic substrates
was conducted with differential scanning calorimetry (DSC)
(Diamond DSC, PerkinElmer Inc.) and simultaneous thermal
analyzer (STA) (STA 6000, PerkinElmer Inc.). Calibration of
the instruments was carried out with indium and silver. The
measurements were conducted in an atmosphere of synthetic
air with a heating rate of 10°C/min (for DSC) and 20°C/min
(for STA). The pSi particle size distribution was determined
with dynamic light scattering measurements (Zetasizer Nano
7S, Malvern Instruments Ltd.).

An NTEGRA Prima (NT-MDT, Russia) atomic force
microscope (AFM) was used for analyzing the thickness of
the spray-coated pSi layers. The images were scanned in
ambient conditions (T =24 + 2°C, RH = 29 + 2%) operating
with intermittent-contact mode at the repulsive regime using
rectangular cantilevers (NSG10, NT-MDT, Russia) with a
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FIGURE 1: Plain paper substrate and a substrate coated with pSi both
exhibit an equally large humidity related weight increase.

0.18 Hz scan rate. The images were processed and analyzed
using SPIP (Scanning Probe Image Processor, Image Metrol-
ogy, Denmark) software.

2.3. Sensing Experiments. The prepared sensing elements
were placed inside an atmospheric chamber which was
connected to a gas line. Nitrogen was used as a carrier gas
and digital mass flow controllers (58608, Brooks) were used
to control gas flow to the chamber. Atmospheric composition
was changed by diverting controlled portions of the nitrogen
carrier flow through a water container [27]. A humidity
measurement probe (HMP35E, Vaisala, accuracy of +3% RH
at a humidity range of 90-100%) was used for validating
the RH values. Electrical parameters were measured by
connecting the electrodes of the sensor to a LCR Meter (1920
Precision, QuadTech).

3. Results and Discussion

3.1. Substrate Properties. Paper is intrinsically porous and
hygroscopic and the sorbed moisture may become a source
for inconsistent sensor response. In order to investigate the
magnitude of humidity sorption to the substrate, the weight
increase of several samples was evaluated in different humid-
ity conditions. Figure 1 compares a plain paper substrate and
one that is spray-coated with the pSi layer. In both cases,
the moisture uptake increased quite linearly as a function
of RH up to RH of 85.0% beyond which a relatively large
increase in the uptake was observed. This is consistent with a
typical moisture uptake behavior of initially dry paper when
exposed to increasing humidity [36, 37]. When the humidity
level was gradually raised to 93.6 RH% the relative weight
of both samples increased approximately to 105.5%. When
the RH value was lowered back to the initial value, in a
stepwise manner, clear hysteresis was observed throughout
the entire range. The actual equilibrium moisture content

present in a particular paper at a specific RH is determined
by the type, purity, and quantity of fibers, type and quantity of
filler, nature and quantity of adhesive and binders, and degree
of fiber treatment. In addition, the past moisture history of
the paper (initially dry or wet) will affect the equilibrium
moisture content, and different moisture uptake in sorption
isotherm is observed whether equilibrium moisture content
is approached through wetting of initially dry paper or
through drying of wetted paper [37]. The difference between
the humidity sorption behavior in the plain paper and the pSi
coated samples was negligible. This is to be expected since
the pSi layer is quite thin, thus constituting an insignificant
portion of the total sample mass. In comparison, a clear
weight increase of 4% was observed also for a plain Scotch
tape sample. This shows that, in order to diminish the
sorption of humidity and for attaining long-term sensor
stability and smaller hysteresis, a careful selection of coating
materials and barrier coating on the backside of the substrate
is important. Good barrier properties against humidity would
prevent gas absorption to the porous fiber base of the paper,
thus reducing the undesirable leakage currents travelling
through the substrate.

Thermal analysis was conducted for polypropylene, Mylar
A, regular fine paper, and the multilayer coated paper [6].
The results are shown in Figure 2. It is obvious from the DSC
curves (Figure 2(a)) that the characteristics of regular fine
paper and the special multilayer coated paper are quite simi-
lar. Both substrates exhibit a broad endothermic hump during
the first heating run, which is associated with desorption of
moisture. The only difference in the DSC curves measured for
the paper substrates is the exothermic peak exhibited by the
multilayer coated paper substrate around 200°C. This peak
is not seen during the second heating cycle. The same peak
is also present in the heat flow curve measured with STA
(Figure 2(b)). However, from the TG curve one can see that
it is not accompanied with weight loss (Figure 2(c)). This
suggests that the peak is most likely connected to a recrys-
tallization process of one of the materials used for coating the
paper, possibly kaolin [38, 39]. A similar exothermic dip is
found from the first heating curve, when DSC measurements
are performed on kaolin powder (Figure 2(d)). The broad
endotherm is attributed to desorption of moisture from the
powder sample (Figure 2(d)).

Based on the results shown in Figure 2, it is clear
that the multilayer coated substrate presents only limited
thermal events and no thermal degradation, as temperatures
approach 300°C. The onset temperature for the first large
exothermic peak (Figure 2(b)) determined as an average of
four paper samples was T, = 342.9 + 1.4°C. This peak is
accompanied with significant weight loss (Figure 2(c)). The
onset temperature is significantly higher than the melting
temperature observed for the Mylar A substrate (T,, =
253.0 + 0.6°C), which, in turn, is considerably higher than
that of many other inexpensive plastic substrates, such as
polypropylene (Figure 2(a)). Based on the thermal analysis,
the multilayer coated paper substrate can be considered ther-
mally more stable than inexpensive plastic substrates. A good
thermal stability of the substrate is important considering
that, for example, the solvents and the stabilizing capping



4
5 1 Polypropylene: I
4 Jrm— L
1 I/
Y —
—~ 3 Mylar A L ‘_JL' o0
20 L s =
N e S I
Tz I TN T z
% 'g Y - z,f—_:D
= 5 1 4 Paper substrate for prinﬂed Sensors: - %
2 s
0 50 100 150 200 250
T(C)
(a)
g
=
2
L
=
O T T T T T T T
100 200 300 400 500 600 700
T(C)
--- Regular fine paper

—— Paper substrate for printed sensors

(c)

Heat flow (W/g)

Endo up

Journal of Sensors

5
0
-5 4
104
154
—40
T T T T T T T
100 200 300 400 500 600 700
T(C)
--- Regular fine paper
—— Paper substrate for printed sensors
(b)
_0.8 1 1 1 1 1 1
-0.9 A
o
5
o
<
=
23
~1.0 4 L

Kaolin powder:

—— First heating cycle
--- Cooling cycle
--= Second heating cycle

(d)

FIGURE 2: (a) DSC curves for four different flexible substrates. The solid curves were measured during the first heating cycle, and the dashed
red curves were measured during cooling. The dotted dashed curves were measured for the second heating cycle. STA results for the two
paper substrates: (b) heat flow curves and (c) the corresponding TG curves. The arrow in the heat flow curve points out the exothermic peak
that is present only in the curves measured for the multilayer coated paper substrate. (d) Similar exothermic dip is also found from the first

heating cycle measured for kaolin powder with DSC.

agents used in the nanoparticle based inks are preferentially
totally removed during the sintering process for obtaining the
highest possible conductivity and purity of the electrodes. In
case of the AgNP-based ink used in this study, the 20 wt.%
solid content value was achieved at a 200°C temperature in a
TGA experiment [40]. Higher temperatures may be required
for other encapsulation materials [41, 42].

3.2. Initial Electrical Characterization and Performance of
the Sensing Elements. Initial electrical characterization and
performance tests were carried out using spray-coated pSi

layers on flexographically printed electrodes (Figure 3(a)). In
addition Figure 3(b) shows the R2R fabrication of sensing
elements with a custom-built hybrid printer [34].

In order to determine the operational measurement
frequency range for the sensing element, susceptance was
measured as a function of frequency for two different RH
values (Figure 4). Susceptance B,, for an equivalent parallel
circuit consisting of a resistor and a capacitor can be deter-
mined as

2
s W

B — T 5 0
PRI+ X2
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FIGURE 3: A photograph showing (a) a spray-coated pSi layer on flexographically printed silver electrodes and (b) the process of R2R spray-
coating of pSi layer and online IR drying using the custom-build hybrid printer.
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FIGURE 4: The susceptance curve shows that the sensing elements
can be operated on a broad frequency range.

where X, and R, are the reactance and the resistance for a
corresponding equivalent series circuit, respectively. Based
on Figure 4, the sensing elements are operational over a broad
frequency range. Sensitivity was higher for smaller frequen-
cies. However, the smallest frequencies displayed significantly
higher noise levels. Therefore, a measurement frequency
value of 1kHz was chosen for the sensing experiments. This
value provided the best signal to noise ratio, thus resulting
in optimal response. A measurement voltage of 1V was
used for the experiments. Slight differences in the measured
susceptance values were observed for the different electrode
designs, but the overall shape of the respective curves retained
a similar form. In addition to electrode design, the thickness
of the spray-coated pSi layer also affects the numerical values
obtainable for susceptance.

Figure 5(a) shows the relative capacitive response to
different RH levels. The response increased in accordance
with concentration, and for concentrations above RH 50% the
sensitivity was below 5 RH%; that is, a concentration chance

that is smaller than 5 RH% can be detected. In the beginning
of the measurement (Figure 5(a)), two consecutive high
humidity pulses (RH 95%) were created. A slight variation
between the respective response curves was detected. As this
can be caused by concentration fluctuations in the testing
chamber for high RH values, the reproducibility of the
response was tested with lower concentrations. Figure 5(b)
displays the response to four consecutive 85 RH% pulses.
Reproducible results were obtained, albeit with small differ-
ences between the pulses (about 5% between the first and the
last pulse). However, the variation between the consecutive
pulses is clearly smaller than that for the RH 95% pulses. It
should also be noted that the signal recovery back to the zero-
level occurred quickly, even though no refreshing methods
were employed. Figure 5(a) also shows the response measured
for the paper substrate with just the electrode pattern without
the sensing layer. As can be seen, the response is considerably
increased with the addition of the sensing layer. Compared
to the nearly linear humidity response of the plain paper,
an increased sensitivity was obtained at increasing humidity
conditions with the sample that contained the pSi layer. This
is a consequence of capillary condensation that occurs when
adsorbed vapor at the numerous nanometer range pores in
the sensing material turns to liquid [43]. It should be noted
though that the thickness of the sensing layer plays a crucial
role in determining the difference in sensing capabilities.
Comparison of Figures 5(a) and 5(b) shows an interesting
phenomenon. A considerably more sensitive response (about
tenfold) is seen in Figure 5(b) as a consequence to subjection
to a RH 85% pulse. This is a direct consequence of the bottom
contact electrode design that was used. Therefore, sensing is
linked to gas diffusion through the pSi layer, which means
that differences in layer thickness lead to variation in sensi-
tivity and response time alike. Printing the electrode design
on top of the sensing layer would presumably minimize this
effect, but unfortunately the rough and porous surfaces of the
sensing layer result in inadequate print quality, thus making
this approach unviable. Consequently, the thickness of the
pSi layer should be optimized, in order to obtain the best
possible sensitivity and response time. It is probable that
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a trade-off between the two occurs at some crucial layer
thickness, where thinner layers result in faster response but
decreased sensitivity. In addition, optimization of the coating
process is very important when large scale fabrication with a
R2R process is considered (Figure 3(b)). Even though large
quantities can be prepared when R2R production is used,
differences in the sensing capability of an individual sensing
element can be large if the thickness of the pSi layer is not
carefully monitored.

3.3. Optimizing the Thickness of the Sensing Layer towards
Humidity Response. The effect of the thickness of the spray-
coated pSi layer towards humidity response was studied
using sensing elements fabricated on inkjet-printed silver
electrodes (Figure 6). Three different amounts of pSi were
applied on the electrodes: 0.3 mg, 0.6 mg, and 1 mg, and their
resistive response in the whole RH range was studied. In
addition, the sensing layers with the lowest (Figure 6(b))
and the highest (Figure 6(d)) pSi coating amounts were
selected for more detailed analysis by optical microscope and
AFM (Figure 7). The optical micrograph of the sample with
the lowest coating amount showed that the inkjet-printed
silver finger electrodes were still at some spots reflecting
similarly to the uncoated silver contacts (Figure 7(a)). This
suggested that the sensing layer was not fully covering the
electrodes. The AFM topograph further supported the above
conclusion, showing that in some places the pSi layer either
was totally absent or was hard to distinguish from the paper
substrate (Figure 7(c)). With the highest coating amount,
the silver fingers were visible but appeared much darker and
nonreflecting, suggesting that the interdigitated fingers were
tully covered by a thicker pSi layer (Figure 7(b)). In addition,
AFM topograph showed a fully covering Si layer which was
clearly distinguishable from paper substrate (Figure 7(d)).

Figure 8 shows AFM height line profiles obtained at
the border of paper substrate and pSi layer for the samples
with lowest (0.3 mg) and highest (1 mg) pSi coating amounts.
For the former, the pSi layer thickness varied between 0
and 1500 nm, the average being clearly below 500 nm (Fig-
ure 8(a)). The thickness variations were in accordance with
the particle size distribution. However, the average thickness
of the pSi layer was difficult to determine accurately due to the
relatively high roughness of the paper substrate. The height
variations in the sample with highest pSi coating amount were
between 500 and 2500 nm, the average being about 750 nm
(Figure 8(b)).

Figure 9 displays resistive response in the whole RH
range using the sensing element with the highest pSi coat-
ing amount (1mg). The resistive responses of the sensing
elements with the other coating amounts (i.e., 0.3 mg and
0.6 mg) were not significantly higher compared to the back-
ground response arising from the paper substrate (data not
shown). Thus, the sensing element with the thickest pSi
layer can be considered the most optimal setup tested in
this study. In addition, a significant and nearly identical
hysteresis was observed with samples with no or very thin
pSi layer. The hysteresis decreased but was still prominent
for the sample with the thickest pSi layer (Figure 9). A
previous study has shown that the similar sensor element
design on a glass substrate exhibited negligible hysteresis in
resistive response between RH 0% and RH 90% [27]. Thus,
the observed hysteresis is not the material property but is
influenced by both the thickness of the sensing layer and
hydroscopic property of the substrate.

4. Conclusions

In conclusion, functional sensing elements based on pSi
particles were produced on a paper substrate with facile
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FIGURE 6: Scanned images of inkjet-printed Ag electrodes covered by (a) 0 mg, (b) 0.3 mg, (c) 0.6 mg, and (d) 1 mg of spray-coated pSi.
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FIGURE 7: Optical micrographs of sensing element with (a) the lowest (0.3 mg) and (b) the highest (1 mg) amount of spray-coated pSi on the
interdigitated inkjet-printed silver electrodes. Also shown are AFM topographical images (50 ygm x 50 ym) of the border of paper and (c)
thin and (d) thick layer of pSi. The black squares indicate the capture spots of the AFM topographs.
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hysteresis is observed, which is mainly attributed to unwanted
humidity adsorption to the substrate.

R2R compatible methods. The robust fabrication steps are
easily upscalable, which suggests that the presented method
is feasible for mass production of humidity sensing devices.
Reproducible results were obtained when the sensing ele-
ments were exposed to different concentrations of humidity.
In addition, relatively fast recovery was observed even though
no refreshing methods were employed. However, large differ-
ences in sensitivities were observed for different sensing layer
thicknesses. Considerable humidity background signal and
hysteresis arising from the paper substrate were dependent on
the thickness of sensing pSi layer. Hysteresis in most optimal
sensing element setup (a thick pSi layer) was still noticeable
but not detrimental for the sensing. Both the thickness of
the sensing layer and hydroscopic property of the substrate
have to be considered when further developing the low-cost

paper-based humidity sensors towards enhanced perfor-
mance, that is, higher sensitivity and lower hysteresis.
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