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Abstract: This work shows the fabrication technology details and a proposed impedance
spectroscopy modeling of electrosprayed-nanoparticles metal insulator metal (EMIM) structures, and
their potential as humidity sensors. The impedance measurement of two structures based on 255-nm
silica and 295-nm polystyrene nanoparticles under different relative humidity levels (30-90 %RH) and
scanning electron microscopy were conducted. A higher capacitance in silica than in polystyrene EMIM
structure is attributed to the adsorption of moisture and the diffusion of charges through the Grotthuss
mechanism onto the nanoparticle surface. The Poole-Frenkel dielectric conductivity in the silica
capacitor is interpreted, which increases with decreasing humidity. While the ohmic dielectric
conductivity in PS nanostructure decreases with decreasing humidity. The silica EMIM structure has a
good linear capacitance dependence on the humidity of almost 95% and a maximum sensitivity of
6362%, defined as AC/Csw, is obtained, making these devices a promising novel nanostructure for
humidity sensing applications.
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1. Introduction

Nowadays, there is a wide variety of humidity sensor
technologies based on ceramic or polymer materials
investigated in many industries. A lot of works has started to
invade the possibilities of using active nanomaterials.
Habitual ceramic materials (Chen & Lu, 2005; Krishna Prasad
etal.,2020) are characterized by having good thermal stability
such as Alumina (a-Al,Qs) (Juhasz & Mizsei, 2010), Titanium
oxide (TiO,) (Ghalamboran & Saedi, 2016), stannic oxide
(Sn0,), Zinc oxide (Zn0), BaTiOs (Soderznik et al., 2019) and
silica oxide (D’Apuzzo et al., 2000), have shown good
performance when they are synthesized to create a
nanostructure. Silica (SiO,) nanostructure sensors fabricated
by the sol-gel method improve the sensibility when the
nanostructures are doped by Lithium chloride (LiCl)
electrolyte (Geng et al., 2007). It is known that silica aerogel
nanostructures (Wang et al., 2005; Melde et al., 2008) exhibit
more humidity sensitivity than silica xerogel structures
because the average pore size and surface area are bigger in
silica aerogel than in silica xerogel (Wang & Wu, 2006). The
addition of sodium chloride (NaCl) into a mesoporous silica
KIT-6 IDE sensor reported (He et al., 2016) an extremely high
humidity sensitivity of the impedance (impedance change up
to five orders of magnitude) when RH changes from 11% to
95%. This is due to Na* and Cl ions being dissolved into liquid
water molecules increasing conductivity. A drawback in the
mesoporous silica and silica aerogel structures fabrication is
the use of dangerous hydrochloric acid (HCl). Additionally,
mesoporous silica structures require heat-treatment at
temperatures above 500°C.

On the other hand, organic polymer sensing materials
have the advantage of being flexible and easy to fabricate as
exemplified by polyimide-based capacitive humidity sensors
(Boudaden et al., 2018), but they must operate only at room
temperature because of their poor chemical and thermal
stability (Chen & Lu, 2005; Dai et al., 2017). Polyelectrolyte
polymers, for example, are fabricated using a microporous
polymer with an electrolytic (hydrophilic) group like sulfonate,
quaternary ammonia, or phosphonium salts (Sakai et al., 1996;
Farahani et al, 2014). Moreover, polyelectrolytes suffer
deformation caused by the humidity and temperature
producing a reduced lifetime. To reduce the solubility to water
and improve the stability of the polyelectrolytes, different
methods for the functionalization of groups as sulfonate
group in polyethylene (Sakai et al., 1996), or the preparation of
interpenetrating networks with a cross-linked hydrophobic
polymer have been proved, but the chemical method for
preparing the materials are quite complicated. Among a
polyelectrolyte example, a sulfonated polystyrene material
(Rubinger et al., 2007), fabricated with sulfonic acid group,
showed a good dependence of impedance with RH, detecting

animpedance module variation of a factoraround 70 when RH
varied from 33 to 90 %RH. Other works inform that the use of
silica nanomaterials in PVA-based humidity sensors has
resulted in a significant boost in their effectiveness (Cedefio
Mata et al., 2024).

Metal insulator metal configurations are typically
capacitive sensing devices that require high manufacturing
temperatures to deposit the active material between their
electrodes. We intend to make a reboot of the MIM
configuration using a manufacturing process easily scalablein
area and volume, a low-cost bottom-up fabrication
technology known as electrospray (Coll et al., 2013). We have
named our structure EMIM as an acronym of electrosprayed-
nanoparticles metal insulator metal. In previous works, we
reported the fabrication of MIM capacitors using a colloidal
mono-disperse nanoparticles as the insulator layer (Véliz et al,,
2014). These devices showed a higher capacitance than an
equivalent conventional metal insulator metal of same
dimensions. When silica nanoparticles were used, we found
that measured capacitance with respect to a theoretical
capacitance of a common capacitor has a rate up to 1100
(Véliz et al., 2018). Whereas, using polystyrene nanoparticles,
we reported a capacitance rate of 11.7 (Veliz et al., 2019).

Building upon previous studies, the present work explores
the effects of ambient humidity on the impedance
spectroscopy behavior of metal-insulator-metal (MIM) devices
fabricated using nanoparticles via the low-cost electrospray
method. The goal is to create two EMIM devices and develop a
unified impedance model to compare the sensing capabilities
of silicon oxide nanoparticles with polystyrene nanoparticles.
We highlight that key strengths of our design are its low cost
and high sensitivity.

Table 1 shows some recently reported humidity sensors,
three of them are built in MIM configuration, one built in IDE
(interdigital electrodes) configuration and our EMIM sensor. It
is remarkable that the silica nanoparticle structure shows a
high sensitivity to moisture when compared with other MIM
sensors. For example, SiO, nanoparticles EMIM has a
sensitivity 16.8 times higher than a Zn/WS, heterostructure
MIM. Moreover, silica EMIM has the advantage of fabrication at
room temperature and does not require a hazardous liquid for
electrospray technique.

Table 1 also shows that a sensor based on the silica MCM-
41/PEDOT nanocomposite has higher sensitivity, but this is
not MIM type, and it is not pure silica that requires preparation
using a corrosive Ferric chloride liquid.

In summary, in Section 3.1, silica and polystyrene
nanoparticles are first characterized using EDX analysis. In
Section 3.2, the electrosprayed metal insulator metal (EMIM)
structures were analyzed by SEM characterization. From
Section 3.3 10 3.6, the Nyquist plots, impedance modeling, and
capacitances were analyzed. The results showed that the silica

Vol. 22, No. 4, August 2024 600



nanoparticles EMIM capacitor obtained better capacitance
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performance than the polystyrene nanoparticle one.

Table 1. Summary of different MIM humidity sensors.

2. Materials and methods

2.1 Fabrication of nanoparticles-structure capacitors.
Two EMIM structures were fabricated from two mono-disperse

insulators  (255-nm  silica and  295-nm  polystyrene)
Material Sensibility | 9%RH | Fabrication nanoparticles using the electrospray technique to deposit the
Vicroporons OAgéC;t o tem3%e0rfcture nanoparticles on an aluminum area of 159mm” The
copper 1kHz 40% aluminum layer was thermally evaporated on a glass substrate.
chromite The nanoparticles are contented in colloidal fluids of 95%
(CuCr204) film deionized water and 5% solid nanoparticles.
(Mahapatra et The fabrication steps for both nanoparticle MIM structures
al., 2021) (MIM) were the following:(a) A glass holder is cleaned with acetone,
isopropanol, and deionized water liquids and then dried with
MIM TiO2- 0.45 at 10%- 210°C nitrogen. (b) A positive photoresist solution is spun on the glass
containing 1kHz 90% surface and then itis post-baked. (c) The photoresist is exposed
functional to ultraviolet light across a first mask and then developed to
POlymer define the pattern of the bottom electrode and pad. (d) An
(géig)g(iﬂtﬂ)” aluminum layer is deposited by thermal evaporation to
continue with a lift-off process to create the bottom electrode.
(e) Another photoresist layer is spun on the glass surface and a
Mesoporous 249 at 11%- | not specified second mask is used to pattern two wells: One well to create
illljsyD%& LkHz 95% the active area of the MIM capacitor and the second to allow
(Qi et al., 2020) the electrical contact with the bottom plate, that is, thisis a pad
(IDE) of the device. (f) The nanoparticles are deposited by an
electrospray process, which is conducted in a cone-jet regimen
Zn0O 3r8at | 18%- 450°C for about 10 minutes when a high DC voltage difference of
nanorods/WS2 LkHz 85% around 7 kV and 8 kV is applied between the nozzle and the
&w&rﬁa@z bottom plate electrode, and then a drying time of 30 minutes.
al,, 2020) (MIM) A dispensing stainless-steel needle of 0.18mm inner diameter
is placed at a 6 cm distance from the bottom electrode. The
Sioo 36lat | 30% Room injection of the colloidal fluid is controlled bya.n infusfon pump
nanoparticles 100Hz 90% | temperature that sets a flow rate of 0.3 mL h™. A schematic drawing of the
(EMIM) fabrication steps and the electrospray set-up is shown in Figure
1. As a last step, (g) an aluminum top layer is formed by thermal

evaporation using a shadow mask and a magnetic support.

Photoresist ~ MIM area Bottom contact area

—_

Steps (e):
Photolitography

Aluminium bottom layer

Glass Substrate / Glass Substrate /

Steps (a) to (d):
Cleaning +
Photolitography +
Thermal Evaporation +
Liftoff Step (I): Electrospray

Glass Substrate /

Infusion Pump ~ Colloidal fluid

Needle

Step {g): Aluminum Thermal
Evaportaion

% Nanopa:tic{i/ w\

(+) terminal

Bottom Pad High Voltage Source

Photoresis

Aluminium

Glass Substrate

() terminal

Figure 1. lllustration of the EMIMs fabrication steps including the electrospray set-up where
the nanoparticles are deposited onto the aluminum layer.
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2.2, Characterization

A Phenom Pro X microscope was used to conduct the EDX
characterization of the nanoparticle samples to analyze the
chemical composition of the nanoparticles. Scanning electron
microscopy (SEM) measurements were conducted to
determine the morphology and thickness of the EMIM
capacitors using a ZEIS NEON 40 microscope.

To obtain the impedance spectroscopy response of these
devices at controlled concentrations of humidity level, a
humidity generator chamber set at a constant temperature of
25°C and a Hioki IM3590 impedance analyzer covering the
frequency range from 0.1Hz to 100kHz with a sinusoidal signal
of 500mV amplitude and 0V bias, were used. The impedance
analyzer connects to the EMIM device using a 4-terminal to 2-
terminal shielded adapter.

2.3 Formulation
We start from a model commonly used in electrochemical
impedance spectroscopy, an extended Randles circuit
modeled by using constant phase elements (CPE), and leakage
resistors (R).

The impedance of a constant phase element is a frequency-
dependent element that is associated with a distributed
capacitance or a double layer capacitance, defined by (1):

1
ZePE = Ghpgana (1)

Where CPE is a frequency-independent coefficient that
resembles a capacitance when a=1, and a is an exponential
related to the frequency dispersion ranging from 0 to 1.

The electrical capacitance extracted from the impedance
spectroscopy data can be calculated by (2):

_ —Zn
T iz

(2)

Where |Z] is the magnitude of impedance and Z’ is the
imaginary part of impedance.

A polarized interface modeled with a resistor R parallel to a
CPE has a resonant frequency that is calculated as follows:

1 a 1
f= 2n w’ (CPE)(R) 3)

3. Results

3.1. EDX characterization

Energy dispersive X-ray analysis was performed to confirm the
elemental composition of the nanoparticle samples.
Previously, the nanoparticles were taken from a container and
deposited on an aluminum slide using a micropipette.

A) @

Atomic percentage

si 124.34%
Al s

o
[+
[
=
W

Atomic percentage
c [ es3a%
A [ 27.80%

o [Izsex

Figure 2. EDX characterization of silica nanoparticles
(A) and polystyrene nanoparticles (B).

Figure 2A revealed that the silicon and oxygen are the main
components of the silica nanoparticles as expected (Liu et al.,
2016; Subitha & Littis Malar, 2020). The atomic weight
percentage of silicon was 24.34% and oxygen was 61.94%, a
portion of this oxygen is due to the existence of hydroxyls
groups which are strongly bonded on the surface of the silica
nanoparticles. The presence of aluminum was due to the
aluminum slide hit by the electron beam.

Figure 2B shows the polystyrene nanoparticles spectrum,
the carbon (68.34%) indicates that it is polystyrene, meanwhile,
the oxygen percentage is incredibly low (3.86%) due to
humidity that has not been completely evaporated under the
vacuum conditions of the microscope. Polystyrene is also
composed of hydrogen, but it is a light element that is not
detected by EDX analysis, similar spectrum has been reported
in the literature (Poma et al., 2019).

32 SEM/FIB characterization

Figure 3 shows SEM images of the two EMIM structures. Figure
3A and Figure 3B show that the top surfaces are flat with little
roughness for both silica and polystyrene EMIMs, respectively.
In Figure 3C is observed an image of an FIB drill made across
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the silica structures that allows to distinguish randomly self-
assembled silica nanoparticles and the metal deposited
above and below them. Figure 3D shows a close-up of the
polystyrene nanoparticles and the bottom metal. The
thickness achieved for the silica and polystyrene EMIM is 3.1
um and 5.4 um, respectively. Table 2 sums up the thicknesses
of the structured layers.

Table 2. Metal and dielectric layer’s thicknesses.

EMIM Bottom Top Dielectric
metal [um] metal [um]
[um]
Silica 0.31+0.04 1.00+0.04 3.1+0.04
Polystyrene 0.50+0.06 0.55+0.06 5.4+0.06
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3.3 Impedance spectroscopy characterization

Figure 4 shows the Nyquist plot characteristics of the silica EMIM
structure at a relative humidity of 90%, 70%, 50%, and 40%
along with the EMIM impedance model. The effect of increased
humidity level in the silica EMIM structure is a Nyquist plot in the
form of a straight line and a depressed semicircle that decreases
in size, which is due to an increase in conduction generated by
a high concentration of water absorbed inside the

nanostructure. Figure 5 shows the Nyquist plot for the
polystyrene EMIM at different relative humidity. It is also affected
by humidity, but in contrast with silica Nyquist plot, the
polystyrene Nyquist always shows a linear shape without the
depressed semicircle at any humidity level. A shift towards the
vertical axis with the decreasing humidity means better
capacitive behavior, which is unusual for moisture sensors.

200 nm Mage TOTIK X Sigral A= inLens '8 Lack Maga = ta

WOS dBmm  Digiesn = 497 % M Mage LR

o e S - Comasts Max FHProbes
e st EHT = BR0AY T8 magag®
) g Coman =

Figure 3. SEM images of the surface top view of silica (A) and polystyrene (B) EMIM capacitors.
Drilled cross-section view of the silica (C) and polystyrene (D) EMIM capacitors show the nanoparticles and the metal layers.
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Figure 4. Nyquist plots of the silica EMIM structure
at different RH levels.
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Figure 5. Nyquist plots of the polystyrene EMIM structure
at different RH levels.

Figure 4 and Figure 5 also show that the experimental data
match very well with our EMIM model, which consists of the
series arrangement of four parallel sub-circuits relating four
constant phase elements (CPE;, CPE,, CPEs, and CPE.), and four
leakage resistors (Ry, Ry, Rs, and Rs) as it can see in Figure 6. We
use CPEsinstead of capacitors because the nanoparticles pro-

(A)

vide a non-uniform charge distribution due to the porosity of
the structure. The CPE; || R, sub-circuit represents the dielectric
conduction mechanism inside the nanoparticles and at the
junction point between nanoparticles. The CPE; | R; is the
water conduction mechanism through the external surface of
the nanoparticle. CPE; | Rs is the interface of the nanoparticles
with the bottom metal layer. Finally, CPE, | R4is the interface of
the nanoparticles with the top metal layers. A detailed
explanation is given in the next section.

EMIM structure

EMIM Equivalent Circuit

CPE,

CPE,# § Ry-——=

CPE, 4 4§ R, Dicdncconducion
Bottom interface polarization

CPE; R, TTT T

) I

Figure 6. EMIM equivalent circuit and EMIM structure illustration.

34. Silica EMIM modeling

Table 3 shows the fitting coefficients obtained for the silica
EMIM structure, and Figure 7 shows the Bode plots of the silica
EMIM structure. As shown in Figure 7A, the magnitude of the
impedance decreases with increasing frequency, which
coincides with the model's prediction for decreasing relative
humidity. As frequency increases, different subcircuit
elements determine the impedance magnitude: CPE, || R, at
lower frequencies, CPE; || R, and CPEs | Rs in intermediate
frequency range, and CPE, | Ry at high frequencies. The rise in
impedance with decreasing humidity is primarily caused by an
increase in resistors R,, Rz and R..

(B)

= 90% RH
, . . ¢ 70%RH -10 . . . T
oM ‘ I 4 50%RH " S0z Phase = 0% RH
Si02 Impedance Magnitude v 40% RH 201 ® 70%RH
90% RH model 4 50% RH
70% RH model -30 ¥ 40% RH
M+ 50% RH model ——90% RH model
40% RH model _40 % 70% RH model
@ — . ——50% RH model
2 > % | 40% RH model
£ 100k ] o7 -50- 3
Qo 17} .
= < -60+ %
= & 70 .‘\
10k 4 4
-80
904
1k T T i T T v T i T T T T T i
100m 1 10 100 1k 10k 100k 1M 10m 100m 1 10 100 1k 10k 100k 1M

Frequency (Hz)

Frequency (Hz)

Figure 7. Bodes impedance plots for SiO, EMIM: (A) magnitude and (B) phase angle.
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Table 3. Fitting coefficients for the equivalent circuit of the silica nanoparticles EMIM structure.

RH CPE: ar R1 CPE2 Q2 R> CPEs a3 Rs CPE4+ Qa4 R4
% nFsat MQ nFs? kQ nFset kQ nFs? kQ
90 300 0.81 | 1000 150 0.91 30 1.40 0.90 2 100 0.82 3

70 255 0.78 200 160 0.90 | 100 1.30 0.90 25 50 0.81 22
50 170 0.73 70 100 0.90 | 200 0.90 0.92 200 40 0.85 50
40 130 0.72 70 100 0.90 | 250 0.75 0.93 500 30 0.85 170
30 100 0.72 65 30 0.90 | 300 0.70 0.93 900 30 0.85 250

Figure 7B shows the phase angle plot of the SiO, EMIM,
indicating a dependence of capacitive behavior on the
frequency and the relative humidity. Phase angles between 0°
and -45° indicate resistive behavior, while values between -45°
and -90° correspond to capacitive behavior. At 90% relative
humidity (RH), the silica EMIM device exhibits a capacitive
behavior in the frequency range of 0.1Hz to 1.2kHz. However,
at higher frequencies exceeding 1.2 kHz, there is a resistive
behavior. Interestingly, decreasing the humidity value up to
40% causes the transition frequency (where the phase angle
reaches -45°) to falls to 1.05Hz. This signifies a reduction of the
operating frequency range of the capacitive behavior for the
silica EMIM device.

In Table 3 also shows that the resistor R; reduces when the
humidity decreases. In reference (Bheesayagari et al., 2020) is
reported that Poole-Frenkel is the main conduction
mechanism in silica EMIM structures. In the Poole-Frenkel
mechanism, thermal energy causes electrons to be emitted
from the traps into the conduction band. In our model, the
resistor R; is related to this conduction mechanism. A
decrease in the humidity level indirectly produces a slight
increase in the temperature in the nanoparticles, which in turn
implies an increase in the Poole-Frenkel (P-F) current density
(Chiu, 2014). That the current density increases means that the
resistor R; decreases. Moreover, CPE; is related to the number
of electrons stored in the charge traps, the decrease of the
CPE; coefficient as humidity decreases can mean the
reduction of trapped electrons because they are being
thermally excited out of the trap to supply current. CPE; || R
sub-circuit is dominant at low frequencies, the resonant
frequency is 0.14 mHz and 11.8 mHz at 90%RH and 30%RH,
respectively. The resonant frequency is calculated using
Equation (3).

The CPE; | R, subcircuit models the conduction of water. It
is well known that the silica nanoparticle surface has hydroxyl
sites that allow water adsorption, as it has been reported in
other works for humidity sensing applications (Wang et al.,
2005; Feng et al., 1997). A simple explanation is that water
molecules can split into hydrogen ions (H*) and hydroxyl ions
(OH), and then hydroxylions can cover the surface of the silica

nanoparticles forming silanol groups (Si-OH). These silanol
groups are responsible for attracting other water molecules
creating a first water layer. As the humidity increases, a second
layer forms on the first water layer. The water molecules of the
second or later layers have more mobility because they only
have a hydrogen bonding, therefore, hydrogen ions can tunnel
from one water molecule to the subsequent one through
hydrogen bonding based on the Grotthuss transport
mechanism (H,0 + H;0* = H;0* + H,0 or H,0 + H,0 - H:0"+ OH"
) recognized in moisture sensors (Farahani et al., 2014). Figure
8 shows a schematic of the conduction of water where silanol
groups are the chemisorbed layer. That is the reason the
resistor R, decreases when the humidity increases.
Furthermore, when there are more water molecules, there is
also more polarization of the water molecules and that is why
the coefficient CPE; increases as it can be seen in Table 3.

The asymmetric roughness between the bottom and top
nanoparticles/metal interfaces produces another two sub-circuits
shown in Figure 6. We assume that the top nanoparticles/metal
interface is the CPE, | R4 sub-circuit because there is a higher
contact area than in the bottom nanoparticles/metal interface,
thus involving a low contact resistance (R4 < Rs). Besides, as the
humidity decreases, the ion concentration decays, and then the
resistivity increases in the contact interfaces. R;and R, produce the
growth of a small, depressed semicircle that can be observed in the
Nyquist plot of Figure 4.

Chemisorbed layer Physisorbed layer
Ho

— 0—H H-;:0

~
\‘H\ H{Grotthuss conduction

0. HO + HO ~ HO + HO
- B H
0=t o
~
~ H/

e,

0—H .
—— He_
h: &

Single hydrogen bonding

OH Water molecule

Silanal group

0 Si—OH

B

Figure 8. Illustration of hydroxyl and water layers on the surface of SiO2.
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3.5. Polystyrene EMIM modeling

The development of this model also relied on the circuit
illustrated in Figure 6. In Table 4 can be found the fitting
coefficients we derived for the polystyrene EMIM structure.
Figure 9A shows that the impedance magnitude increases as
the humidity decreases at low frequencies, and that the model
fits very well with the experimental values. For instance, the
impedance increases by a factor of 20.99 at 1 Hz. However, at
medium and high frequencies, the impedance remains almost
unchanged. This is confirmed by Table 4, which shows slight
variation with respect to relative humidity (RH) in the
coefficients of the subcircuits CPE; || R, CPEs | Rsand CPE,4 || R.

In Figure 9B is observed that the phase angle takes values
less than -45°, thus there is no transition frequency for the
polystyrene EMIM capacitor, meaning that the capacitive
behavior does not vary with humidity over the entire frequency
range. Furthermore, lower humidity benefits the polystyrene
EMIM capacitor. This is because the phase angle approaches -
90°, which signifies a decrease in losses.

It is known that the injection of carriers into a polymer
drives the ohmic and space-charge-limited-conduction
mechanisms (Syed et al., 2016). Due to the low application
voltage, we assume weak injection condition, so that, injected

(A)

carrier concentration is lower than thermally generated free
carrier concentration. The injected carriers create space
charges in the union spots of the nanoparticles, but carriers
are rapidly distributed within the PS nanoparticle. Water
molecules are not bonded in the nanoparticles because PSis
hydrophilic, thereby there is null interaction with Grotthuss
transport mechanism. An illustration of charge carrier
distribution is shown in Figure 10.

The fitting revealed that the magnitude of all resistors is
much higher in polystyrene than in silica nanoparticles,
meaning a poorer conduction in all parts of the polystyrene
EMIM structure. Furthermore, R; represents the resistance of
the ohmic conduction through the nanoparticles and their
union points. CPE; is an equivalent charge inside of all PS
nanoparticles. The R; increases as the humidity decreases
polystyrene surely due to that the carrier mobility decreases
(ohmic conduction is directly proportional to the carrier
mobility). The loss of mobility causes a small reduction in
polarization that is reflected in a small decrease in CPE;. CPE,
| Ri sub-circuit influences the impedance region of low
frequencies, and the sub-circuit resonant frequency is 0.22 Hz
at 90%RH and 0.12 Hz at 30%RH.

(B)

| T L A T T -45 vy Ty b T T
1G4 PS Impedance Magnitude 4 504 PS Phase i
= 90% RH 554 = 90% RH
100M 5 o 60% RH - * 60%RH
A 40% RH -60 4 4 40% RH B
—_ 90% RH model 90% RH model
a 4oMd 60% RH model| & 651 60% RH model ]
E 40% RH model| o 70] 40% RH model ]
e @ :
L 1 & 751 1
-804 i
100k 4 ] 851 - ]
-90 J
10k T T T T T T e T T r
100m 1 10 100 1k 10k 100k 1M 100m 1 10 100 1k 10k 100k 1M
Frequency (Hz) Frequency (Hz)
Figure 9. Bodes impedance plots for PS EMIM: (A) magnitude and (B) phase angle.
Table 4. Fitting coefficients for the equivalent circuit of the polystyrene nanoparticles EMIM structure.
RH CPE; ar R1 CPE; a2 R2 CPE3 as R3 CPE4 as R4
% nFset GO nFset MQ nFset MQ nFset kQ
90 041 0.91 1.8 1.9 1 8 0.40 1 3.0 0.7 1 150
60 0.26 0.94 5.0 0.6 1 50 0.40 1 4.0 18 1 100
40 0.18 0.97 6.0 0.6 1 55 0.40 1 4.0 1.8 1 100
30 0.16 0.97 8.0 0.6 1 55 0.44 1 4.2 2.0 1 80
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Figure 10. lllustration of carrier distribution
and conduction in PS nanoparticles.

As mentioned, R, represents the conduction of hydrogen
ions, so R, and CPE, vary little because there is little water
conduction on the surface of the nanoparticles. Although
there are water molecules, they are not well bonded to the
nanoparticles surfaces due to the hydrophobic nature of the
polystyrene. Only when humidity is 90% RH, a reduction of R,
is observed due to the water that condenses between PS
nanoparticles. The bottom and top interfaces are weakly
affected by moisture. As in the silica EMIM, R, < R; due to the
largest contact area in the top interface. It should be noted, if
the reader wishes to do a reanalysis of the EMIM structures,
impedance spectroscopy data is available in a public
repository (Veliz, 2023).

3.6. Capacitance analysis

Figure 11 shows the capacitance calculated using Equation (2)
as a function of frequency. The capacitance density for both
EMIM capacitors exhibits a significant decrease with increasing
frequency. The high capacitance density is again attributed to
the ionic charge carries at the interstices and the reduction of
frequency occurs because the electric field changes so fast
that ionic charges do not have enough time to diffuse and
polarize onto the surface of the nanoparticles. To understand
how much charge is being absorbed by the EMIM structures,
we have estimated the capacitance rate between the
measured capacitance respects to theoretical capacitance of
a conventional MIM with a continuous insulator layer of the
same dimensions. We have obtained a rate up to 1760 at 90%
RH for the silica EMIM capacitor, and only a rate up to 9.41 at
90% RH for the polystyrene EMIM capacitor. On the other
hand, at 40% RH, the capacitance rate is 690 and 3.74 for the
silica and polystyrene EMIM structures, respectively.
Furthermore, once we decreased the humidity to 40 %RH, we
increased it back to 90% RH and traced the curve named 90%
RH recovery as it is shown in Figure 10A and Figure 10B. It was
found out that silica EMIM capacitor had the ability to recover

very well the capacitance density values, however, the
polystyrene EMIM capacitor could not reach the same levels.
This result means that the adsorption of water molecules is
fully reversible in the silica EMIM capacitor.

Figure 12 shows how the silica EMIM device depends on the
relative humidity (RH) at various frequencies. Predictably, the
capacitance is remarkably high at low frequencies and at high
humidity levels, exhibiting a maximum sensitivity at 100 Hz with
a relative capacitance increment of 6362% (AC/Cso) between
90% to 30% RH, corresponding to a capacitance increment
factor of 64.6. For frequencies of 10 Hz and 1 kHz, the relative
capacitance increment is 2977% and 3833%, respectively.
These values are so high as one ultrahigh sensitivity capacitive
humidity sensor reported in (Bi et al., 2013).

Moreover, the silica EMIM structure as a humidity sensor is
quite linear at low frequencies such as 0.1Hz, 1Hz, and 10Hz
with an R-squared statistical value greater than 0.95, and at
100Hz the R-squared value is 0.85. For all these reasons, we
consider that silica EMIM capacitor has desirable
characteristics for moisture sensing applications.
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4 50% RH
v 40% RH
< 90% RH recovery
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Figure 11. Capacitance density versus frequency plots for silica (A)
and polystyrene (B) EMIM structure at decreasing relative humidity
values and a subsequent change to the initial values of 90% RH.
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Figure 12. Capacitance density versus sensing characterization of
the silica EMIM structure: Capacitance dependence on relative
humidity at different frequencies.

4. Conclusions

Two electrosprayed-nanoparticles metal insulator metal
(EMIM) structures have been fabricated in this work by
electrospray of silica and polystyrene nanoparticles, and
microelectronic  techniques. Impedance spectroscopy
characterization under different RH environments at 25°C are
used to explore the moisture sensing capability of these
devices.

The EMIM structures can be modeled using an equivalent
circuit model formed by four constant phase elements, and
four resistors. We can state for the silica EMIM structures that,
as the humidity decreases, the capacitance decreases, the
Pool-Frenkel dielectric conduction increases, and the metal-
nanoparticles interface resistance increases. For the
polystyrene EMIM structure, the capacitance also decreases,
but to a lesser degree than the silica EMIM structure. Other
difference is that the ohmic dielectric conduction decreases as
the humidity decreases.

Furthermore, the dependence of capacitive behavior on
the humidity and an extraordinary value of capacitance is
found in the silicon oxide structure at elevated levels of relative
humidity, obtaining a factor of up to 1760 respect a to
conventional silica MIM capacitor. This is due to the diffusion
of charges through the Grotthuss mechanism onto the
nanoparticles surface.

The excellent performance of silica EMIM structure
including the good linearity of an R-squared statistical value
about 0.95, the high sensibility (6362%) along with the good
ability to recover the capacitance values, have lead us to
define the potential of the electroprayed silica nanoparticles
metal insulator metal structure as promising humidity sensor.
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