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This document presents the results of numerical analyses of the SAW gas sensor in the steady state.
The effect of SAW velocity changes depending on how the surface electrical conductivity of the sensing
layer is predicted. The conductivity of roughness sensing layer above the piezoelectric waveguide depends
on the profile of the diffused gas molecule concentration inside the layer.

Numerical results for the gas DMMP (CAS Number 756-79-6) for layer (RR)-P3HT in the steady state
are shown. The main aim of the investigations was to study the thin film interaction with target gases
in the SAW sensor configuration based on diffusion equation for polymers. Numerical results for profile
concentration in steady state are shown.

The results of numerical acoustoelectric analysis (NAA) allow to select the sensor design conditions,
including the morphology of the sensor layer, its thickness, operating temperature and layer type. The
numerical results based on the code written in Python, are described and analyzed. The theoretical results
were verified and confirmed experimentally.

Keywords: gas sensor; numerical modeling; SAW gas sensor; Ingebrigtsen’s formula; DMMP; (RR)-
P3HT; numerical acoustoelectric analysis (NAA).

1. Introduction in a piezoelectric acoustic waveguide (HEJICZYK et al.,
2016).

The main aim of the investigation was to study The most important goals and assumptions of

the thin film interaction with target gases in the SAW work are:

sensor based on a simple reaction-diffusion equation e The investigations and study of the thin film
(MATSUMAGA et al., 2001; 2003). Diffusion equations (RR)-P3HT interaction with target gas DMMP
provide theoretical bases for the analysis of physical in the SAW sensor configuration based on a sim-
phenomena like heat transport or mass transport in ple reaction-diffusion equation (time = 0.01) in
porous, roughness substrate. The paper summarises a response step (steady stage) (HEJCZYK et al.,
the acoustoelectric theory, i.e. Ingebrigtsen’s formula 2015).

(AuLD, 1973), dynamics gas diffusion concentration e An analitycal design of the model on steady stage
profiles in steady state, and predicts in steady steps (AuLD, 1973; CRANK, 1975; MATSUMAGA et al.,
the influence of the thin polymer sensor layer with new 2001) of a SAW gas sensor — ineraction polymer

polymer gas diffusion model on the SAW wave velocity (RR)-P3HT on DMMP.
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e Optimisation of the construction of the SAW
sensor and environmental conditions and investi-
gation of:

— proper chemical layer,

— thickness,

temperature point of sensor,

— roughness (HEJCZYK et al., 2016).

Delay lines, with acoustic surface wave (AFP),
make possible the detection of very small concen-
trations of chemical compounds in gas mixtures
(WROTNIAK et al., 2018; POWROZNIK et al., 2015).
The miniaturization of these transducers resulted in
a significant increase in the frequency of AFP sensors.

However, miniaturization of the sensor requires the
construction of more complicated or technically ad-
vanced electronic devices (Fig. 1), while the test and
measurement system for gas detection (WROTNIAK
et al., 2018; POWROZNIK et al., 2015; HEJCZYK et al.,
2016; PUSTELNY et al., 2012; KAWALEC, PASTERNAK,
2008; JASEK et al., 2012; PASTERNAK, 2008) have been
designed and developed independently.
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Fig. 1. Measurement system (Patent no. PL 230526 Bl
scheme) — System for detecting chemical compounds in
gaseous atmospheres, with a sensor using surface acoustic
waves (SAW) (MAGNUSKI, WROTNIAK, 2018), uP — micro-
processor system based on Atmega2560 processor.

The measurement system in Fig. 1 is a module
with a double delay line for Rayleigh type AFP. 1AFP
is a measuring system with a polymer layer exposed
to the tested gas or chemical compound. 2AFP is the
reference system line — without a sensor layer. 1AFP
and 2AFP are delay lines, switched by means of SW1
and SW2 switches in the G generator feedback loop
(Fig. 2) (MAGNUSKI, WROTNIAK, 2018). The genera-
tor loop is created from cascade connection: the first
electronic switch (SW1), a multi-state phase shifter,
a broadband amplifier that includes the microproces-
sor system, and the second electronic (SW2) switch.
The system uses a microprocessor system based on the
Atmega2560 processor.

The measurement system in Fig. 1 consists of two
measuring transducers (1AFP) and (2AFP) made on
a common ground, two electronic switches: the first
electronic switch (SW1) with two inputs (WelSW1)
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Fig. 2. Measurement system (incandescent lighting):
a) light bulb, b) LED lighting (WROTNIAK et al., 2018).

and (We2SW1) and one output (WySW1), and
a second switch electronic (SW2) with two outputs
(WylSW2) and (WySWP2) and one input (WeSW2).
The first entry gate (WelSW1) of the first switch
(SW1) is connected to the first gate (1WelAFP) of
the first transducer (1AFP), the second entry gate
(We2SW1) of the first switch (SW1) is connected to
the first gate (1We2AFP) of the second transducer
(2AFP). The first output gates (WylSW2) of the se-
cond switch (SW2) are connected to the second gates
(2We2AFP) of the first transducer (1AFP), the second
output gates (Wy2SW2) of the second switch (SW2)
are connected to the second gates (2We2AFP) of the
second transducer (2AFP) (MAGNUSKI, WROTNIAK,
2018).

In order to induce oscillations on the crystal sur-
face, the generator G switches into the loop of the ex-
citation system using switches SW1 and SW2.

The measurement system uses a proprietary sin-
gle excitation path with a programmable phase shifter
matching any sensor line from AFP to the oscillation
conditions of the generator loop. Due to the adopted
solution of single excitation of each line separately, the
switching of the generator circuit between two lines
from AFP was used during measurements. The circuit
switching was carried out by means of the Atmega2560
microcontroller, whose task is also to set the correct
phase shift for the excited channel. The flow direc-
tion of the acoustic surface wave signal is schematically
shown in Figs 2a and 2b.
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In gas sensors from AFP, the mechanism of detect-
ing the concentration of gas or vapours of a chemical
compound depends on the interaction of its molecules
with a properly selected sensitive sensor layer sensitive
to its presence (YOO et al., 2015). The processes of in-
teraction between gas molecules with layer are kinetic
phenomena, mainly sorption (in volume) and adsorp-
tion (on the surface), resulting from entrapment of the
molecule in the layer or on its surface. The sorption
of gas or vapour molecules through the sensor layer
causes a change in its mass and electrical conductivity
(a change in conductivity affects the change of SAW
propagation velocity) which in the measurement sys-
tem leads to a change in the generator’s operating fre-
quency (AuLD, 1973). The channel with the sensor
layer as a result generates oscillations with a differ-
ent frequency (usually lower) and is shifted in phase
relative to the signal generated in the reference path.
The work focuses on the electric effect (HEJCZYK et al.,
2015).

Figure 2 has been changed to include a light bulb
description. The idea of measuring the acoustic wave
speed is to measure the frequency of the acoustic wave,
exactly the frequency difference between the L1 mea-
surement track and the L2 reference track. Figure 2
schematically shows the measurement system, but the
whole system is in the generator’s feedback loop. In
this system the direction of sound wave propagation is
marked as a signal. In the measurement system imple-
mented by the microprocessor system, a phase shifter
is connected to the input of the broadband amplifier,
the phase shifter is preceded by the SW1 switch. The
generator output (G) is connected to SW2 switch.

The results of the research on the application of
(RR)-P3HT (poly 3-hexylthiophene regioregular type)
produced by means of air spraying on a module with
SAW 205 MHz to detect traces of DMMP (Dimethyl
methylphosphonate) molecules are presented. DMMP
(WROTNIAK et al., 2018; POWROZNIK et al., 2015) is
a non-toxic substance with a similar chemical structure
to sarin (Combat Poisoning Agent). It allows for safe
experiments.

Due to the photoconductive properties of the P3HT
polymer (LONG et al., 2015), the layer was addition-
ally activated by a small white lamp (Fig. 2a) (with
a maximum light wave of approx. 750 nm) and diffe-
rent illuminance levels. The sensitivity of the layer in
the system with SAW (LEE et al., 2011) to the pres-
ence of DMMP in this manner was increased. Oscil-
lations (in reference and measurement line) were ex-
cited. Generator 205 MHz with switched channels was
used.

The essence of the conducted research is the search
for new materials and ways to activate them in or-
der to detect trace concentrations of DMMP in the air
without the need to apply high temperatures (above
100°C).

2. Analytical model of a gas sensor

In order to optimize the structure of the sensor it
is important to get an analytical model of the SAW
sensor. The intensity interaction of the electric field
with a sensing layer in a surface wave sensor depends
not only on the electrical conductivity of the layer,
but also on its distance from the piezoelectric waveg-
uide. More details about the analytical model can be
found in the paper by HEJCZYK et al. (2015). Ana-
lyzing the acoustoelectric effect in a SAW sensor, the
sensing layer was assumed to consist of n-thin sublay-
ers (Fig. 3), in which the concentration of the diffused
gas molecules differs but is constant in the respective
sublayer.
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Fig. 3. Exemplary model (a) and equivalent model (b) of
the analyzed multilayer sensor structure (HEJCZYK et al.,
2015).
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Of essential importance is the assumption that the
electrical conductivity of the respective layers o(y) is
proportional to the concentration of the gas molecules
C4 in these sublayers:

o(y) =00 (1+aCa(y)), (1)

where ¢ and a are the conductance of the upper layer
and sensitivity parameter, respectively.

In order to obtain an analytical model of a SAW
gas sensor, we must find the equivalent electrical
impedance on the surface of the piezoelectric wave-
guide. For this purpose, we apply the law of transfor-
mation of the impedance. The impedance of the sub-
layer at a given distance from the surface of the
piezoelectric waveguide is transformed to this surface
(y = 0). Figure 4 shows a schematic diagram of the ac-
tion of the impedance transformation law. Using the
transformation law for the n-th sublayer, it is possible
to calculate the electrical admittance on the surface
of the waveguide, which is “seen” by the surface wave.
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Fig. 4. Analytical diagram of a SAW gas sensor (HEJCZYK
et al., 2015).

Then, the resultant of the admittance is used in In-
gebrigtsen’s formula (AULD, 1973) to determine the
changes in the velocity of the surface wave resulting
from the acoustoelectric interaction between the SAW
and the sensor layer with a variable concentration of
gas molecules in the y direction (in the depth of the
layer).

It can be shown that the Ingebrigtsen formula for
n-sublayers takes the following form (HEJCZYK et al.,
2015):

Av _ _Re{%}
Vo ko
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o+ [1 > g(yz-,on(yn)] (00Cs)?
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_ T _
n — number of sublayers and Cs = g9 + ¢,, o, =

E _
or, exp(Qkf3 . 7;%1;;1 ), T1 =300 K, o1, = 09, kg — Boltz-

man constant, Iy — band gap energy, ¢y and sg are re-
spectively, dielectric permittivity of the vacuum and
piezoelectric substrate (upper subscript 7" means in
constant stress condition)
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and o(y;) =oo[l+a-Ca(y:)], vo — SAW velocity, k —
wave number (k = 27/X).

The thickness of the layer affects the response of the
sensor layer, also in this case. In our case, we identified
the height of the layer with the average radius of the

9(yi,o(yi)) = , (4)
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Fig. 5. 3D-AFM view high magnification layer (RR)-P3HT:

a) the polymer surface, b) graphic illustration of the ave-
rage profile radius.

sensor layer profile. This is a particularly favourable
circumstance because in the perturbation theory the
concept of surface conductivity is used. The following
graph was obtained by equating the average radius of
the R, layer with the thickness of the layer g =0 R,.
The mechanical properties of materials by specialists
in the domain of mechanics were tested (GASIOREK,
2013; GASIOREK et al., 2013; 2018). This fact led us
to the development of a mathematical model which
takes roughness into consideration. In this case, most
of the volume of the layer is close to the surface of
the piezoelectric layer of the quartz based. The dif-
fusion of larger molecules is not difficult, however, in
layers of greater thicknesses — above about 650 nm,
the interaction is not as strong as in smaller ones, eg.
100 nm. The electrical conductivity of the deeper parts
of the layer changes, and their contribution to the sen-
sor response is significant. In the case of sensors based
on polymer layers, the shape of the surface and its
roughness are significant. The above characteristics of
the sensor response depending on the average radius
of the layer’s profile is shown in Fig. 14. The aver-
age radius of the R, layer profile by the height of the
H-layer for better presentation was normed (R,/H —
Fig. 14). In the case of the average profile radius R,
of 0, the layer “disappears”, boundary conditions cor-
respond to the lack of interaction of the analyte with
the sensor layer. When the average radius of the R, is
maximal — layer profile reaches the height of the maxi-
mum H. This is a theoretical case when we can obtain
an ideal sensor layer in the image of a “rectangular” —
and the surface that is not rough — a theoretical case.
Therefore, the roughness decides about the response of
the DMMP gas sensor based on the optic layer using
(RR)-P3HT and this aspect will be developed in fur-
ther studies. In the case of DMMP, the optimal layer
thickness is approx. 100 nm. This thickness is similar
to Nioban Lithu (LiNHj3) layer and interaction with
gases Hy, COgz, NOy, NH3. As a rule, the diffusion
of larger molecules is difficult, additional in layers of
higher thicknesses, the entire volume of the layer does
not saturate. However, in the case of polymers it is
the other way round. The electrical conductivity of the
deeper parts of the layer also changes, so their contri-
bution to the sensor response is significant. This state
describes the solution of the general diffusion equation
for polymers (CRANK, 1975).
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3. Technology of applying the sensor layer

The sensor layer (Fig. 6) of the (RR)-P3HT type
polymer with a thickness of ~350 nm, in the empty
space of one of the delay lines of the quartz module
with AFP was created. The thickness was estimated
using the atomic force microscope (AFM) profile ana-
lysis. Field fragment polymer plate to use suitably
designed mask was exposed. Through an open win-
dow the spraying method (nozzle thickness — 0.4 mm)
a pre-prepared polymer solution (RR)-P3HT was ap-
plied. Compressed synthetic air at a pressure 1 atm.
was used. Solution by dissolving about 1 mg (RR)-
P3HT in 1 ml chloroform was prepared. The distance
of the nozzle from the substrate during the process
was about 40 mm, settling time about 3 s (WROTNIAK
et al., 2018).
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Fig. 6. Layer topography (RR)-P3HT quartz substrate —
fragment of polymer layer (RR)-P3HT on quartz crys-
tal from SAW: a) The view of the boundary of a porous
layer from the edge of the crystal visible from the top
(100x magnification), b) view under magnification, c¢) pro-
file.

4. Experiment

The main aim of researching of selected structures
of the sensor with a surface acoustic wave was an exper-
imental verification of the response of numerical analy-
sis sensor. We must emphasize that performing experi-
mental researches was possible in limits, because of the
wide range of work and the complex of technological
processes connected with the practical feasibility of the
sensor structure (WROTNIAK, MAGNUSKI, 2016).

Experimental results are presented in Figs 7-12.
The results of reference frequency were normed. The
results (in a relative scale) are shown in Figs 11 and 12.
The influences of the gas concentration and temper-
ature on relative change of frequency are shown in
Figs 11 and 12. A view of SAW sensor is presented
in Fig. 7.

Fig. 7. The practical implementation of the invention of
the Patent no. PL 230526 B1 — a measuring chamber for
testing using SAW sensors.

Experimental results for illuminating LEDs (200
mA) with different wavelengths the layer (RR)-P3HT
are presented in Fig. 8. The research system from
Fig. 2b was used. The measuring system uses: a light
bulb with parameters — 100 lumen 10 W, G4 and
diodes — 1 W SMD 350 mA ProLight Opto.
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Fig. 8. Experiment — sensor layer (RR)-P3HT, thickness

500 nm, gas DMMP (1.5; 2; 3 ppm, illumination by diode

200 mA (selected wavelengths) relative change of velocity
versus time (concentration).

Results of measurements DMMP in interaction
with polymer layer (RR)-P3HT illuminated with
a diode light of 200 mA in the form of a histography
are shown in Fig. 9.

The parameters of the LEDs are as follows:
amber: 58.9-67.2 lm, 587-597 nm,
magenta: 23.5-30.6 lm, 579-581 nm,
yellow: 76.6-87.4 lm, 560 nm,
red: 51.7-58.9 Im, 613.5-631 nm,
blue: 39.8-51.7 lm, 455-475 nm,
green: 168.4-192 lm, 530 nm,

e white: 130-140 Im (Fig. 10).
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Fig. 9. Experiment — sensor layer (RR)-P3HT, thickness
500 nm, gas DMMP (1.5; 2; 3 ppm, illumination by diode
200 mA (selected wavelengths) — histography — relative
change of velocity versus time (concentration).
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Fig. 10. Example spectral characteristics of the white light
source used, determined with a USB 4000 spectrometer for
five values of supply voltage 2, 3, 4, 5, and 6 V.

Three measurement series were made. The diodes
were driven with 100, 200, 300 mA current. The layer
was additionally activated by a small incandescent
lamp with white light (with a maximum for about
750 nm) and different illuminance (Fig. 10). Exposure
time was about 10 min for each 100, 200, 300 mA cur-
rent.

In order to optimize numerically and compare the
experiment with the theory, the results of the experi-
ment were normalized as follows: Fig. 11 — depending
on the concentration, Fig. 12 — depending on the tem-
perature.

For a polymer layer at temperature of ~35.5°C as
a result of lighting with a white light source with a 2 'V
supply voltage (2 ppm DMMP in air) a reduction of
the differential frequency Af to 130 Hz was obtained.
Appropriate for the light source supply voltage of ap-
prox. 3V, (temperature ~43.6°C) the decrease in the
differential frequency was approx. Af = -200 Hz, 4 V
(temperature ~52°C) Af = -270 Hz, 5 V (temperature
~62.4°C) Af = -300 Hz. All results with a DMMP
concentration of 2 ppm in air are presented in this
work.
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Fig. 11. Experiment — sensor layer (RR)-P3HT, thickness

500 nm, gas DMMP (1.5; 2; 3 ppm, illumination by diode

200 mA (yellow light) normalized results relative change of

velocity wersus time (concentration) — measuring system
Fig. 2b.
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Fig. 12. Experiment — sensor layer (RR)-P3HT, thickness

500 nm, gas DMMP: 2 ppm, illumination by bulb: 2-4 V,

relative change of velocity versus temperature normalized
results — measuring system Fig. 2a.

5. NAA interaction in the sensing layer
in the steady state

The roughness of polimer (CRANK, 1975) sensor
layer for the average height of the layer profile from 0
to 500 nm (max. average height of the layer profile) was
theoretically analysed. The morphology of the (RR)-
P3HT layer with SAW quartz substrate — made by
PhD A. Kazmierczak-Batata measured polymer layer
is presented. The thickness using the atomic force mi-
croscope (AFM) profile analysis was estimated.

For Fig. 13, the analysis for a polymer is per-
formed. For the assumed DMMP gas ambient parame-
ters (temperature, concentration 3 ppm) and layer pa-
rameters (sensitivity, conductivity, diffusion parame-
ters, substrate — quartz), the graph shows the value of
about 3.98-107° for a layer with a thickness of 500 nm.
The changes resulting from the numerical model are
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—— Theory, layer (RR)-P3HT,
gas DMMP (3 ppm)
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Fig. 13. Relative changes of velocity versus thickness from
100 nm to 1800 nm, layer (RR)-P3HT, gas DMMP: a =
lppm™, 0, = 5-107*8S, t = 0.01s, (k = 0s™"), Dg =
10° nm?/s, B, = 5eV, M = 124.08 g/mol, concentration:
3 ppm, temperature ¢ = 305 K, K2/2 (quartz) = 0.09%.

at a relative level of changes of the order of 107® and
agree on the order of magnitude from Fig. 11 — exper-
imental studies, where the range of changes is from 0
to 5-1076.

The concept of roughness was introduced to the
theory of SAW sensors with the polymer layer based on
an analogy to the concepts found in the perturbative
calculus (AULD, 1973), i.e. the radius of the roughness
profile can be compared with the height of the sensor
layer. This is graphically illustrated in Fig. 14.

Theory Av/vy

-5e-7 1

-1e-6 -

AVIvy

-2e-6

-2e-6 A
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0.0 0.2 0.4 0.6 0.8 1.0
Ra/H

Fig. 14. Relative changes of velocity versus roughness, tem-
perature 305 K (32°C), (RR)-P3HT, ¢ = 1ppm ', o5 =
5107 S, Dk = 10° nm?s™!, B, = 2.7 eV, M = 124.08 g/mol,
DMMP concentration: 2 ppm, thickness 500 nm (H), K?/2
(quartz) = 0.09%, measurement AFM R, = 76 nm.

The characteristic from Fig. 13 shows the depen-
dence of the radius of roughness R, normalized to
the height of the layer H (change from 0 to 500 nm).
Figure 14 illustrates the behaviour of the sensor: there
isn’t be any interactions gas — sensor layer when R,
roughness = 0, AV /Vy =0 (no change in relative speed
value). The roughness radius R, = 500 nm of the in-
teraction is maximum approx. AV [V =2.9- 107, but

it corresponds to the values of interactions from ex-
perimental tests presented in Fig. 11, approx. Af/fy =
3.4-107% for a value of 2 ppm (maximum changes in
relative value of the acoustic wave velocity).

Figure 15 shows the theoretical dependence of layer
interactions on temperature. The graph is not linear,
but the theoretical changes that occur when tempera-
ture changes show that the theory is consistent with
the experiment in the order of magnitude in the first
approximation (Fig. 12). The results from Fig. 12 were
used because the bulb caused the increase of the tem-
perature in the chamber.
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Fig. 15. Temperature adjustment approx. 293-322 K (20—

49°C) — theoretical curve resulting from numerical calcula-
tions.

The results of experiment were compared to the
theory. Figure 15 shows theoretical numerical analysis
in the temperature range of about 293-322 K. Below,
a comparison of numerical calculations based on the
assumed layer model with experimental measurements
was made. The calculations for a DMMP concentra-
tion of 2 ppm were made. The theoretical curve is the
result of numerical calculations matched to the exper-
iment for point of convergence as presented in Fig. 16.
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Fig. 16. The theoretical curve resulting from numerical

calculations The results of numerical calculation (theory)

to experimental research in temperature approx. 40-41°C
(point of convergence) were adapted.
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In Fig. 17, the theoretical dependence of the sensor
response depending on the concentration in the range
from 1-3 ppm is presented. The results of the experi-
mental research concerning the concentration of 1.5-
3 ppm and at 32°C were investigated. All tests were
performed on a piezoelectric substrate made of quartz.
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Fig. 17. Relative changes of velocity versus concentration,

temp. 305 K (32°C), (RR)-P3HT, a = -1.75 ppm ™', o5 =

5-107* S, Di = 10° nm?s™, F, =2 eV, M = 124.08 g/mol,
gas DMMP, thickness 500 nm, K?/2 (quartz) = 0.09%.

The theory was compared to the experiment in the
scope of the studied concentrations in the drawing be-
low. Very good convergence in the concentration range
of 2 ppm DMMP was achieved.

The analysis of interactions in the scope of com-
parative analysis depending on the concentration is not
perfect (Fig. 18), it converges at one point for the value
of 2 ppm, but agrees with the order of magnitude from
the experiment (Fig. 11).

-2e-6 —— Theory Av/y,
--------- Measurements Af/fy

-3e-6 1
o | o 2 ppm DMMP
o e6 \
lc’
S -5e-6
<

-6e-6 -

-7e-6 y ' '

1.8 1.9 2.0 241 2.2

Concentration [ppm]
Fig. 18. Relative changes of velocity versus concentration,
temperature 296 K (23°C), (RR)-P3HT, a = -1.75 ppm ™',
os =5-10*8, Dg = 10° nm®*s™!, E, = 1.5-2eV, M =
124.08 g/mol, gas DMMP, thickness 500 nm, K2/2 (quartz)
= 0.09%, matching the theory with the experiment.

A simple error analysis was performed. Indeed, the
mathematical model does not perfectly approximate
all values, but at 2 ppm the error value is minimal.
The theoretical mathematical model presents the ten-

dency of acoustic wave velocity changes for the as-
sumed parameters of the sensor layer and the param-
eters of the layer environment. The theoretical curve
shows the trend of changes, i.e. as the gas concentra-
tion increases, a change in the speed of the acoustic
wave should be expected. The curves agree on an or-
der of magnitude. Good compliance was obtained with
a minimum error for one point of 2 ppm for which the
relative changes in the frequency of the acoustic wave
were maximum. It can be stated that there is a positive
correlation between the two graphs, i.e. as the concen-
tration of DMMP gas increases, the frequency of the
acoustic wave changes — the speed of the acoustic wave
decreases, as indicated by the theoretical model. We
would like to emphasize that the model shows very ac-
curately the relative values of velocity changes for con-
centration values of 2 ppm (in theory) and coincides
with the experiment in the detection of trace amounts
of DMMP compound vapours (2 ppm) in the air using
the AFP method. This is not the exact convergence of
the model and data, but it is very accurate in terms
of magnitude. However, the model with its complexity
(see formulas (2)—(4)) and universality shows tenden-
cies of changes that overlap and agree in practice. The
purpose of the work was also to model the sensor be-
haviour for maximum analyte (DMMP gas) changes,
i.e. 2 ppm, and this goal was achieved with a relative
error of 2.53%. The characteristics to 2 ppm were nar-
rowed, showing the convergence and interesting part
of the numerical analysis (Figs 11 and 18).

6. Summary

Sensor studies of photoconductive (RR)-P3HT
were performed as a potential material for detecting
trace amounts of DMMP compound vapours (2 ppm)
in air with the use of the AFP method. Polymer
(RR)-P3HT possesses significant sensitivity to trace
amounts of DMMP, only when additional white light
was used. Increasing the light flux also causes the sam-
ple temperature to rise and to obtain larger frequency
variations (130-300 Hz) for the same concentration of
2 ppm DMMP in the air. Estimated response and rege-
neration times for this DMMP concentration are re-
spectively 10-20 s and 7 min. Extensive NAA of the
SAW sensor response depending on parameters like:
concentration, roughness, temperature and thickness
were conducted. Numerical researches were performed
in the steady state. NAA were performed using pro-
prietary software written in Python. The layer thick-
ness decides about the maximum range of the detected
gas concentration. Also the choice of the temperature
of the polymer sensor is important — the optimal work
temperature depends on the type of the sensor layer
and its roughness. The change of temperature allows
to determine the point of sensor work, and has also
an impact on the speed of its response and the recove-
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ry time of the sensing properties of the sensor layer
(HeEJCcZYK, URBANCZYK, 2013). Experimental results
of a SAW sensor with (RR)-P3HT were achieved for
three thicknesses of the layers (~100, ~350, ~550 nm)
and the same morphology. The main aim was to verify
experimentally the analytical model of the SAW gas
sensor affected on 2 ppm DMMP in the air. Experi-
mental results confirmed the usefulness of the elabo-
rated analytical model for researches of the SAW sen-
sor in the design stage. In particular, the influence of
the concentration and temperature was confirmed. The
essential parameter of the polymer sensor is the rough-
ness of the sensing layer.

The results of NAA of the SAW sensors inves-
tigations confirmed experimentally are shown. Dif-
ferent sources of light (incandescent from bulbs,
LED) were selected and different wavelengths (his-
togram) were checked.

The study shows that the parameters of the sensor
layer for the SAW sensor should be individually ad-
justed, according to the type of the detected gas and
to the applied sensing layer.

The next stage of the work will be an attempt to
separate the influence of the applied optical activa-
tion from thermal activation, and also to activate the
polymer by lighting with LED light of different wave-
lengths and different light energy and P3HT morphol-
ogy for material tests (GASIOREK et al., 2013; 2018)
using Abbot-Firestone curves.

The exposure time of polymer layers was also ex-
perimentally selected for about 10 min for each current
value of 100, 200, 300 mA and the sensor layer was
illuminated with LED light of different wavelengths
and different light energy. From the tests, the best
results for yellow light: 76.6-87.4 lm and wavelength
A =560 nm were obtained.

Due to the photoconductive properties of the (RR)-
P3HT polymer, the layer was additionally activated
by a small incandescent lamp with white light (with
a maximum characteristic for about 750 nm — Fig. 10)
and different illuminance as well as irradiation with
light from LEDs of different wavelengths. The essence
of the research is to search for new materials and
ways to activate them to detect trace concentrations
of DMMP vapours in the air without the need for high
interaction temperatures (above 100°C).

The authors’ main goal was to numerically analyze
phenomena based on the experimental research and to
create a predictive model that would model the ten-
dency of changes before they appear.

The main assumptions in this part of the work have
been achieved:

e Considered boundary electric effect on SAW sen-
sor based on polimer layer (HEJICZYK et al., 2018).

e Analytical gas sensor on steady stage based on
polimer layer (RR)-P3HT elaborated and pre-
sented.

e Numerical results have been shown for concentra-
tion DMMP in steady state for (RR)-P3HT layer
and compared with experiment.
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