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Abstract

This paper investigates the electrical, morphological, and mechanical behavior of ultrathin layer-by-layer polyaniline/
poly(vinyl sulfonic acid) (PANI/PVS) ultrathin films for ammonia gas sensing. Atomic force microscopy shows that
the PANI/PVS surface’s roughness increases almost linearly with the number of PANI/PVS bilayers, while the surface
morphology varies from a rod-like structure to a film-like architecture. Impedance measurements and their representation
by a Cole-Cole model confirm this transition at ~15 bilayers. The designed sensor shows low response time (< 1 min),
an optimal operating frequency range (1-100 Hz), high stability and sensibility to ammonia (~ 98 kQ/ppm), and low
sensibility to strain (~ 3.6 kQ/%). This study suggests that hopping carriers’ concentration remains constant, and hopping
carriers’ mobility changes with the number of bilayers. The simultaneous analysis of morphology with complex impedance
measurements is a strategy for enhancing the electrical performance of low-cost and flexible organic sensing devices.
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1. Introduction

There has been substantial interest in the manufacture
of flexible electronic materials and device innovations,
including flexible displays!'), wearable health monitoring!?,
and gas detection technologies!®. Furthermore, conjugated
polymers have attracted the attention of industries due to
their excellent characteristics for sensing applications, such
as the possibility of tuning chemical and physical properties
using different substituents, as mentioned in the literature
review!*. However, this field’s main challenge is still achieving
high-performance devices with ultra-sensitive detection, fast
response, low consumption, reproducibility, easy fabrication,
mechanical and electrical stabilities, and good portability
and flexibility™®.. In fact, a comprehensive understanding
of the physical principles underlying surface morphology,
electrical behavior, and mechanical properties are desired
for the design of high-performance flexible devices using
solution-processable components on flexible substrates®'3).
This is the case for polyaniline (PANI)-based devices used to
detect harmful gases which response depends on the type (dc
or ac) electrical measurements to characterize the gas under
examination!*?!. This situation leads to measurement-to-
measurement variations?'*?, Many studies have focused on the
electrical field frequency-dependent impedance characteristics
of ultrathin semiconducting polymer-based sensors as a practical
solution to avoid sensor instability effects!'***27],

This paper highlights the importance of simultaneously
exploring the morphology and complex impedance measurements
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to provide a powerful methodology for enhancing the electrical
performance of promising polymer-based flexible ultrathin
films for sensor technology development.

2. Materials and Methods

2.1 Ultrathin layer-by-layer (LBL) films

Ultrathin layer-by-layer (LBL) films formed by alternating
layers of positively charged PANI and negatively charged
poly(vinyl sulfonic acid) (PVS) were prepared on flexible
polystyrene (PS) substrate (thickness of ~200 pm and area
of ~600 mm?2) according to the procedures described by
Santos et al.?*! PANI/PVS adsorption was monitored by
ultraviolet-visible (UV-Vis) spectroscopy with a Shimadzu
UV-1650PC spectrophotometer. Finally, an estimation for
a single PANI/PVS bilayer thickness, ~ (4 £ 1) nm, was
obtained by measuring the thickness of a 40 bilayers film
using a DekTak 6 M Stylus Profiler from Veeco Instruments
Inc. More details can be found in our previous paper?®!.
The morphological surface properties of the PANI/PVS/
PS films were studied by atomic force microscopy (AFM,
Park System XE7-Series SPM Controller) operating in
non-contact mode with NSC35/Al BS cantilevers, which
allowed us to characterize the surface of the bilayers on
the flexible (i.e. polystyrene) substrate. More details of
AFM image analysis can be found in our previous paper'®!.
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2.2 PANI/PVS ammonia gas sensor results

Figure 1 shows a schematic illustration of the fabrication
process of semiconducting polymer PANI/PVS-based
flexible devices. The ultrathin LBL films were obtained
by alternating layers of positively charged PANI and
negatively charged PVS on flexible PS using the same
procedure described by Santos et al.?*! shown in Figure 1a.
Figure 1b shows the representation of the PANI/PVS films
on the PS substrate. A parallel pair of solution-processed
silver electrodes (thickness of ~3 um) on the PANI/PVS
surface was obtained from a screen-printing technique that
uses CI-1001 ECM silver ink and a screen mask (polyester
stencil screen) with well-defined windows, as shown in
Figure 1c. A mechanical cutting process (Figure 1d) was
used to establish single sensors (Figure le). An image of
the ammonia gas sensors using PANI/PVS films on the PS
substrate is shown in Figure 1f.

2.3 Electrical characterization

Complex impedance measurements, Z*(f) = Z’(f) -
12> (f), of the PANI/PVS sensors, were carried out using
a 1260 Solartron frequency response analyzer in the 1 to
106 Hz frequency range, with a voltage amplitude equal
to 1.5 V. All electrical measurements were carried out in a
homemade gas chamber at room temperature. More details
can be found in**?7*!. The ammonia-air mixture was
injected into the chamber at a 1 ppm/min rate, which was
continuously recorded during the electrical measurements
using a high-performance electrochemical diffusion ammonia
sensor (Instrutherm DG-200). Uniaxial tensile experiments
were carried out for mechanical testing using an EMIC
DL2000 Universal Testing Machine from 0 to 250 N (or 0 to
25\% strain) with a 500 kgf load cell and simultaneously
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Figure 1. Schematic illustration of the fabrication process of
the PANI/PVS-based flexible devices. (a) Ultrathin LBL films
formed from alternating layers of PANI/PVS on a PS substrate;
(b) Representation of the PANI/PVS films and (c) a parallel pair
of printed electrodes (thickness of ~3 pm, length (X) of 10 mm
and distance (L) of 600 um). (d) Mechanical cutting process to (e)
establish a single sensor (area of 0.5 cm2); (f) Image of ammonia
gas sensors using ultrathin PANI/PVS films on the PS substrate.
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for the complex impedance measurements using the same
procedure as described elsewhere!!3).

Finally, to confirm the reproducibility, stability, and
operating range of the sensor, repeated ten cycles of
electrical measurements were made using three films from
the same batch.

3. Results and Discussions

Figure 2 shows the multilayer film growth and
morphological characterization of the PANI/PVS ultrathin
films grown by LBL deposition on the PS substrate from 0 to
25 bilayers (n). UV-Vis absorption spectroscopy (Figure 2a)
showed that the multilayer LBL films can be grown in a
controlled way in terms of thickness at the nanometre scale,
indicating that the same amount of material was adsorbed
in each deposition step?”l. The inset in Figure 2a shows the
linear dependence of the PANI/PVS thickness on n. This
linear dependence was obtained from the UV-Vis absorption
spectra at 900 nm. Figure 2b shows the AFM images obtained
from n equal to 0, 1, 15, and 25. For n varying from 1 to
15, the AFM images suggest that the film growth results
from PANI/PVS particles’ nucleation on the surface, where
the height growth rate is higher compared to their growth
laterally. However, a transition is observed in film grown
at n ~ 15. In this case, when n varies from 15 to 25, the
lateral growth rate is higher compared to their growth in
height. For n > 15, this result suggests that the morphology
of PANI/PVS on PS varied from a rod-like structure to a
film-like architecture, becoming more uniform gradually
thickness-homogeneous films for a further improvement
in device performance over n to obtain. This rod-like to
film-like transition is consistent with the previous studies of
Santos et al.®"and Lobo et al.*?, where 25 bilayers of PANI/
PVS films on a glass substrate were more homogeneous than
films with n < 15, resulting in a smooth surface morphology,
which is highly desirable to ensure a uniform electrical field
distribution along with the polymer sensor. Furthermore, the
advantage of the architecture over the rod structure for device
performance is important to optimize the performance of the
semiconductor thin film by the density of hopping carriers
proportionally with n. This growth process is represented
in Figure 2¢c, where the evolution of UV-Vis absorption
at 900 nm and average roughness of PANI/PVS shows a
behavior transition at n = 158", The self-nucleation of PANI/
PVS particles is represented in Figure 2d with increasing
bilayers in the PS substrate to which linear fitting obtained
corresponds (4.8 + 0.6).

Figure 3 shows how the Z’(f) and Z”’(f) components
(Bode and Nyquist plots) of the flexible PANI/PVS-based
sensors vary with n from 5 to 25 (Figure 3a), and also for
n =25 varying the ammonia gas concentration (Figure 3b)
and strain (Figure 3c) from 0 at 25 ppm and from 0 at
25%, respectively. According to Lobo et al.*?, in the LBL
technique the increase in the number of bilayers results from
by compaction of the semiconductor polymer molecules.
The result in Figure 3a demonstrates that the molecular
aggregation favors the reduction of the value of Z’(f)
from dc regime (f — 0) which would increase electrical
conductivity. Therefore, we choose n = 25 to investigate
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Figure 2. Multilayer film growth and morphological characterisation
of PANI/PVS ultrathin films grown by LBL deposition on the PS
substrate. (a) UV-Vis absorption spectra of PANI/PVS films
for n = 1-25. The insert shows the linear dependence of PANI/
PVS thickness on n; (b) AFM images (2.5 x 2.5 pm2) of n onto
PS substrate; (c) UV—Vis absorption at 900 nm and the average
roughness according to n, showing a schematic representation of
the growth transition at n = ~15; (d) Linear correlation of PANI
absorption at 900 nm and average roughness associated with the
PANI/PVS growth mechanism changing from a rod-like structure
(n < 15) to a film-like architecture (n > 15).
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Figure 3. Real, Z’(f), and imaginary, Z” (f), components of
the complex impedance, Argand diagram [Z’(f) vs. Z”’(f)] and
the experimental-theoretical fittings using the Cole-Cole model
represented by the full lines. (a) PANI/PVS films with n from 5 to
25. The inset shows an illustration of a Ag electrode pair and its
contact area with the film; (b) A PANI/PVS flexible device (made
from 25 bilayers of PANI/PVS) exposed to 0, 3, 13, 22 and 25
ppm of ammonia gas levels; (c) PANI/PVS flexible device under
tensile stress varying the initial length from 0 to 3 mm. The inset
shows the PANI/PVS device with initial length LO and under stress
T with varying the length L1 (0-3 mm).

device performance under ammonia to guarantee a film-like
architecture for the PANI/PVS films.

Figure 3 shows the quasi-Debye dispersion patterns to all
Z’(f) and Z”(f). These behaviours allow the representation
of complex impedance by the Cole-Cole relaxation model,

3/7



Kelmer, A. C., Costa, C. C., & Bianchi, R.

Equation 1, in which a parallel resistor-capacitor circuit to
model the store/dissipated charge effects is used to represent
the symmetric parameter (0 <a < 1) related to the relaxation
peaks of the PANI/PVS films!".

Z*(f)=R/[1+(i2/RC)a | M

Table 1 shows the parameters obtained from the fitting of
Z’(f) and Z” (f) using Equation 1) for a flexible PANI/PVS-
based sensor for different n values, ammonia concentrations
([INH3]) and strain values. The results show that the electrical
resistance (R) of the PANI/PVS films decreases with n and
increases with ammonia concentration and strain. At the
same time, the capacitance (= 10-11 F) and the parameter
(o0 =10.99) are almost independent of n, [NH3], and strain.
The o< 1 and the dielectric constant k= 105, obtained by C =
keOXh/L (using X = 10 mm), h = 100 nm for n = 25 and
L =600 pm), supporting the establishment of mesoscopic
metallic regions from the increasing percent crystallinity, the
size of crystalline regions, and/or polymer chain alignment
in the disordered regions of PANI-based films®3. This is
in good agreement with ref*%. Moreover, the value of k is
typical of PANI®?, and Z’(f) =R in the 1 to 100 Hz frequency
range, the sensibility of the sensor for n, [NH3], and strain
are ~1.8 MQ/unit, 98 k{¥/ppm, and 3.6 kQ%, respectively.

From Figure 4, we can observe the linear variation of
normalized resistance (R/R0) obtained from the fittings of
Z’(f) and Z”(f) using Equation 1 as a function of n (Figure 4a),
[NH3] (Figure 4b) and strain (Figure 4c). In this figure, RO is
the resistance value obtained when n= 35, [NH3] =0 ppm and
zero strain. Taken together, these findings highlight that the
PANI/PVS films act as a resistive sensor for ammonia in which
the operating frequency range is 1 to 100 Hz and show low
strain sensing behavior, thereby fulfilling the requirements

Table 1. Data for fitting using Equation 1 for samples with different
n, doping (ppm) and tensile stress (%) varying from 5 to 25 bilayers,
0 to 25 ppm and 0 to 25%, respectively. The parameter oo = 0.99
was obtained for all experimental-theoretical fittings.

R (MQ) C (10"'F)

n (unit) 5 4.49 1.50

[NH,]=0
Strain =0 10 3.70 1.45
15 2.59 1.44
20 1.31 1.41
25 1.17 1.39
n=25 0 0.85 1.40

INH,] (ppm)

Strain =0 3 1.10 1.43
13 1.85 1.46
22 2.64 1.49
25 2.90 1.51
n=25 0 0.91 1.24

[NH,]=0
Strain (%) 12 0.95 1.20
15 0.97 1.19
18 0.98 1.17
25 0.99 1.16
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for a flexible ammonia sensor with high mechanical stability.
In this figure, S is the sensitivity coefficient of the device
for n (S = 0.6 + 0.3 MQ/n), [NH3] (S = 98 + 2 kQ/ppm)
and strain (S = 3.6 + 0.5 kQ/%).
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Figure 4. Sensitivity of flexible PANI/PVS devices by correlating
the electrical resistance quotient using the initial value R/R0 and
(a) n = 0-25; (b) the ammonia gas concentration level ranging
from 0 to 25 ppm and (c) the stretching of the flexible PANI/PVS
devices ranging from 0 to 25% of the initial size L0. The standard
error of the curves ~ 20%.
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Figure 5. Log 1/(R.n"?) vs. n'? using Equation 2 and the parameters
R and n from Table 1. Standard error for 5 < n < 15 and of
15 <n <25 regions are lower than 10 %.

For the study of the conduction process of ultrathin PANI/
PVS sensors, we assume that the admittance (1/R) is directly
proportional to both electrical current and the nucleation
of PANI/PVS particles induced by n (or the film growth)
through the electronic hopping process described®333, and
in agreement with both the establishment of mesoscopic
metallic regions (conductive islands)?* and the AFM results
shown in Figure 2b. For this case, we expected the following
dependence of the dc conductivity, represented here by 1/
Rn1/3 and that the concentration of hopping carriers remains
constant independent of n*>34 according to the expression:

Log[1/(Rn1/3)~nl/3] )

It indicates that the mobility of hopping carriers may
changes with the number of bilayers, while the concentration
of hopping carriers remains constant. These effects are similar
to those observed due to the doping level in polyanilinel®?.

Figure 5 shows the Log 1/(R.n1/3) vs. n curve obtained
through Equation 2. From the results shown in Figure 5, it is
concluded that the mobility of hopping carriers changes with
n. In contrast, the concentration of hopping carriers remains
constant, as expected for moderately doped PANIPZ33:34,
Furthermore, n= 15 represents a region of rod-like transition
to film-like architecture, as seen in Figure 2b.

In this equation, o is the angular frequency obtained by
o = 2nf, R is the dc electrical resistance, C is the electrical
capacitance, and o is a parameter of dielectric relaxation
that can assume values between 0 and 1; this shows that
the distribution of relaxation times was highly.

4. Conclusions

We have explored the AC electrical, morphological,
and mechanical behavior of ultrathin PANI/PVS films
by combining AC, morphology, ammonia concentration
and tensile stress-strain measurements for improving
flexible device performance. We employed the complex
impedance technique for the proper adjustment of the
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operating frequency of the device. This approach has the
potential features to effectively distinguish the resistive and
capacitive contributions of the PANI-based sensor in a wide
frequency range. Consequently, it establishes an operating
frequency range from 10 to 100 Hz and response time
(< 1 min) of the solution-processed sensor. The empirical
Cole-Cole relaxation function was chosen to investigate the
ultrathin polymer film-based flexible films. The Cole-Cole
dielectric response provided the same dielectric parameter
(a <1) to all cases. This suggests that the distribution of
the circuit elements on the bulk of the material is almost
homogeneous. The distribution of relaxation times depends
on the LBL process, the chemical doping, or the mechanical
deformation. Meanwhile, the surface morphology varies
from a rod-like structure to a film-like architecture, and
the mobility of hopping carriers changes with n while
the concentration of hopping carriers remains constant.
The uniform and homogeneous surface of PANI/PVS films
improve device performance avoiding electrode effects, as
shown in ref.,* and the rod-like structure. Finally, our study
provides an extensive analysis of polymer-based flexible
devices from impedance spectroscopy measurements in
a wide frequency range. Our results demonstrated that
PANI/PVS ultra-thin films have electrical sensitivity for
mechanical strain varying from 0 to 25%. In addition to all
this, it highlights the importance of simultaneously exploring
the morphology and complex impedance measurements to
provide a powerful methodology for enhancing polymers’
electrical performance for sensor technology development.
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