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Abstract: This work reports on the synthesis of small molecular semiconductor 2-(1H-pyrrol-1-yl)-
anthracene-9,10-dione (PAD) via wet chemical precipitation route method for its possible potential
applications in sensors. Thin film characterization of the synthesized PAD is carried out by studying
its surface morphology, bond dynamics, and optical properties. For studying sensing characteristics
of the PAD, its 100 nm thick film is thermally deposited on pre-patterned silver (Ag) electrodes over
glass substrate having ~45 um inter-electrode gaps to prepare Ag/PAD/Ag sensor. The effects of
humidity (%RH), temperature (T), and illumination of light (Ey) on the fabricated Ag/PAD/Ag
sensor are studied by changing one of the three (%RH, T, and Ey) parameters at a time and measuring
the corresponding variations in capacitance (C) and capacitive reactance (X) of the device. As C
and X also depend on frequency, sensing properties of the Ag/PAD/Ag sensor are measured at two
different frequencies (120 Hz and 1 kHz) to find the optimum sensitivity conditions. To investigate
reproducibility and repeatability of Ag/PAD/Ag sensor, each measurement is taken several times and
also hysteresis loops of %RH vs. C are plotted at 120 Hz and 1 kHz to find the percent errors in each
cycle of measurements. The sensor is active to sense humidity, temperature, and illumination within a
broad range, i.e., from 15-93%RH, 293-382 K, and 1500-20,000 Ix, respectively. Other key parameters
of the sensor i.e., the humidity response time (Tges) and recovery time (Tgec), are measured, which
are 5 and 7 s, respectively, whereas for light sensing the values of Tres and Tge. are measured to be
3.8 and 2.6 s, respectively. The measured values of Tres and Tge. for the fabricated Ag/PAD/Ag
sensor are shorter and better as compared to those of previously reported for similar kind of small
molecular based sensors. The sensing properties of Ag/PAD/Ag device exhibit the potential of PAD
for humidity, temperature, and light sensing applications.

Keywords: humidity sensor; temperature sensor; light sensor; organic semiconductor; pyrrol-
anthracene-9,10-dione (PAD); response time and recovery time

1. Introduction

Sensors play a vital role in monitoring, quantifying and, hence, controlling various
environmental parameters which are of significant interest for living-beings as well as for
non-living things also. Mainly, humidity, temperature, and light illumination are some of

Coatings 2022, 12, 848. https:/ /doi.org/10.3390/ coatings12060848

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings12060848
https://doi.org/10.3390/coatings12060848
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-3454-6402
https://orcid.org/0000-0002-2359-0344
https://orcid.org/0000-0002-5363-6219
https://orcid.org/0000-0002-4648-5627
https://doi.org/10.3390/coatings12060848
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings12060848?type=check_update&version=1

Coatings 2022, 12, 848

2 of 14

the environmental factors which have a direct impact on human-beings, plants, animals,
and other fields of daily life such as food storage, medicines and drugs, etc. [1,2]. Due
to unsuitable humidity, temperature, and light conditions, these are responsible for the
degradation of medicines, rusting of iron, and the development of fungus on food items,
leathers, woods, etc. Additionally, in order to properly develop some important organs of
the living-beings, it is necessary to monitor, control, and maintain specific environmental
parameters as in the case of various incubators being used for poultry, infants, and bacteri-
ological purposes. For each of these incubators they require a specific level of humidity,
temperature, oxygen, and light illumination. In commercial furnaces for tobacco plants pro-
cessing, they also need to be processed at a particular humidity and temperature. Therefore,
the strict observation, control, and maintaining of the essential environmental parameters
is most significant. By these reasons, sensors have acquired remarkable consideration of
researchers and scientists for its potential in various fields.

Previously, extensive research has been carried out on different kind of functional
materials—inorganic and organic materials—for the fabrication of sensors. Mostly, the
performance of inorganic materials has been reported to be better as compared to their
organic counterparts. However, the high cost, brittleness, and tough processing of inor-
ganic materials for device fabrication are their major disadvantages. On the other hand,
organic materials offer mechanical flexibility, low-cost, easy, and simple processibility for
device preparation. Sensors fabricated from organic semiconductors are found to be more
useful, particularly for radiations [3-5], temperature [2,6], humidity [7], and gas [8] sensing.
For this reason, recently, organic semiconductors have gotten significant attention from
researchers and engineers for their unique electronic and optoelectronic properties. They
can be categorized mainly in two classes, i.e., i. polymeric semiconductors and ii. small
molecular semiconductors. Both of these types of materials possess the m-conjugation
structure and delocalized m-bonds on the aromatic rings as well as the double bonds in the
carbon chains that are responsible for their semiconducting behavior. A large number of
organic semiconductors, including perylenes, prophyrins, phthalocyanine, polyfluorines,
polyaniline, poly(p-phenylenediamine) etc. [1,5,9], have been employed as active materials
for sensors applications. Among organic semiconductors, small molecules are of particular
interest due their better chemical and thermal stability as compared to the polymers. Most
of the small molecular semiconductors are insoluble in water and /or other organic solvents;
hence, they are considered as good candidates for humidity sensing applications due to
their hydrophobic nature.

However, the thrust is for synthesizing and exploring novel small molecular semicon-
ductors with the desired characteristics that are suitable for sensing applications. Among
small molecular materials, 2-(1LH-pyrrol-1-yl)-anthracene-9,10-dione (PAD) is an n-type
aromatic organic non-toxic semiconductor with a dark yellowish-brown color which is rich
in pi-conjugated electrons [10-12]. Due to extraordinary properties of PAD, it has already
established its applications in diverse fields such as pharmaceuticals as an antibacterial
agent, agricultural products, catalytic hydrogenation process, and optoelectronic devices.
However, an extensive investigated is needed to explore and study its sensing characteris-
tics, since PAD possesses a hydrophobic nature and cannot be dissolved in water and/or
other organic solvents which make it suitable for humidity sensing application. It has also
good thermal, chemical, and mechanical stability, which is highly desirable and useful for
temperature sensing [8,13,14]. It has strong and broad absorption in the ultraviolet-visible
(UV-vis) spectrum from 260-540 nm, which is useful for illumination of light sensing
UV-vis range.

Herein, we report on the synthesis, thin film characterization and sensing properties of
small molecular organic semiconductor PAD. For this purpose, PAD thin films are thermally
deposited at high vacuum at ~10~® mbar on quartz glass as well as on the pre-patterned Ag
electrodes on glass substrate—where the inter-electrode gap between silver (Ag) electrodes
is 45 um—to form a surface type Ag/PAD/Ag sensor. The thin films developed on
quartz glass are used for morphological, structural, and spectroscopic investigations. The
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fabricated Ag/PAD/Ag device is characterized for exploring its humidity, temperature,
and light sensing properties. Therefore, the capacitance and capacitive reactance of the
device is measured as a function of humidity, temperature, and illumination of light.

2. Materials and Methods
2.1. Synthesis of PAD

The precursor materials, i.e., aminoanthracene-9,10-diones and 2,5-dimethoxytetra-
hydrofuran, were obtained from Sigma-Aldrich (Petaling Jaya, Malaysia). For the synthesis
of PAD, 1.16 mL of 2,5-dimethoxytetrahydrofuran being 8.96 mmol was added to 4.48 mmol
solution of 2-aminoanthracene-9,10-dione. Afterwards, the prepared solution was added
to a mixture of dimethylformamide (DMF) and H,O, having a 25:1 mL volume ratio. The
reaction of the blend was initiated by using a hotplate and magnetic stirrer at a temperature
of 393 K and 12 h. The product was then cooled and diluted in 150 mL of water. Then
the precipitate was filtered, washed with de-ionized water, dried, and yellowish-brown
powders were extracted with around 79% yield. The chemical reaction process is shown in
Scheme 1.

o) =
),
DMF:H20 (25:1
+ CHao/U\OCHs ( )> “O
o)

NH2

0
H 393 K for 12 hours

Scheme 1. Synthesis reaction of PAD.

2.2. Sensor Fabrication

For device fabrication, a commercially available soda lime microscopic glass slide
(20 mm x 20 mm) was employed as a substrate and Ag, obtained from Sigma Aldrich with
>99% purity, was used as a top electrode. First of all, the glass substrate was cleaned with
acetone and iso-propanol in each for 10 min using an ultrasonic bath and, subsequently,
dried with the blow of dry nitrogen (N) gas. Shadow masking was used to form a ~45 um
inter-electrode gap of between Ag electrodes via vacuum thermal evaporation, followed by
the thermal deposition of a 100 nm thin layer of the synthesized PAD as an active sensing
film on the pre-prepared Ag/glass electrodes. Thermal deposition was done by using an
EDWARDS AUTO 306 vacuum thermal evaporator (Edwards, Crawley, UK) at a vacuum
level of 1.5 x 10~° mbar, whereas the growth rate is kept slower at 0.1 nm/s to form
uniform films. All the film thicknesses are estimated from an in-situ thickness monitor
(FTM5 quartz crystal, Edwards, Crawley, UK). The device is kept for heat treatment at
50 °C for 2 h to release mechanical stresses and strains present in the film. The schematic
diagram of the fabricated sensors is shown in Figure 1.

PAD (100 nm)

’ Ag (80 nm)
y 4

—

Glass substrate

Ag (80 nm)

Figure 1. Schematic structure of Ag/PAD/Ag device.

2.3. PAD Thin Film and Sensor Characterization

Surface features of PAD thin films on quartz glass were studied by using AFM
Nanoscope-Illa SPM from Dimension TM 3100 Digital Instruments Veeco Metrology Group
(Veeco, Cambridgeshire, UK) installed with a silicon cantilever having a resonance fre-
quency, force constant, and tip radius of 160 kHz, 5 N/m, and <10 nm, respectively. For
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ultraviolet-visible (UV-vis) absorption and Fourier transformed infrared (FTIR) spectra of
PAD, Perkin-Elmer Lambda 1050 UV /vis/NIR and Perkin-Elmer Spectrum™ 3 FI-IR spec-
trometers (Perkin-Elmer, Buckinghamshire, UK) were used. A self-made humidity sensing
setup was used to measure humidity sensing (i.e., change in capacitance and reactance
of the Ag/PAD/Ag sensor as a function of humidity) which is shown in Figure 2a. The
capacitive measurements as a function of relative humidity percent (%RH) of Ag/PAD/Ag
device were performed by loading it in the airtight chamber wherein the relative humidity
can be varied through the dry N, gas, introducing water vapors. As can be seen from
Figure 2a, the Ag/PAD/Ag sensor is connected with a digital SERIE P-320 probed hy-
grometer for monitoring instantaneous %RH inside the chamber. The capacitance of the
sensor at 1 kHz and 120 Hz was quantified with the help of an ESCORT ELC-133A LCR
meter (ESZ, Eichenau, Germany). Furthermore, for temperature sensing, i.e., to measure
capacitance and reactance of the fabricated sensor as a function of temperature, Karl Suss-
PMS5 probe station with a thermo chuck ‘Alpha’ series system, model TP 0315A-TS-2 of
Temptronic Corporation, (Mansfield, MA, USA), was used. The temperature—capacitance
measurements were conducted at normal ambient environment with 0%RH and under
dark conditions. For illumination of light sensing of Ag/PAD/Ag device, as shown in
Figure 2b, it was illuminated with continuous light from a source of a movable 25 W white
LED such that the distance between the LED and sensor can be varied so that amount of
illumination (illuminance) can be changed. Hence, capacitance and reactance of the device
were studied as a function of illuminance.

— Controlling Knobs

LCR Meter

R ®

Exhaust Valve
Humidity 6]
Meter

Humidity Controlling Chamber Humidifier Chamber

Dry N; gas
Sensor under Test

(@)

Light Source

Sensor under Test

(b)
Figure 2. Schematic diagram of (a) humidity sensing setup and (b) light sensing setup.

3. Results and Discussion

Morphological features of the active layers have direct influence on the sensitivity of a
sensor. Hence, it is essential to study the surface morphology of PAD films and understand
the link with the performance of Ag/PAD/Ag surface type sensor. For this purpose, atomic
force microscope (AFM) is used in non-contact mode at the surface’s scan rate of 0.80 Hz
to take image of PAD film. Three-dimensional (3-D) AFM micrographs of the PAD thin
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films are shown in Figure 3a,b at 5 pum x 5 pm and 2 pm x 2 pm scales, respectively. The
micrographs reveal particles’ agglomeration in some regions andnon-uniformly distributed
pores and interstitial spaces at the other regions [15-17]. Due to the non-uniform growth of
PAD film during thermal deposition, these mosaics and islands are formed on the surface
of the film, which can be clearly seen in Figure 3. This uneven surface features give rise to
surface roughness which is measured as the average surface roughness (R,) and is found
to be 41 = 5 nm. This porosity and surface roughness of the PAD films is greatly beneficial,
especially for the humidity sensitivity, as they play a key role in adsorption and desorption
of water molecules [14,18]. More adsorption and desorption of water droplets at the surface
of PAD film result in significant change in dielectric constant and, hence, in the capacitance
as well as capacitive reactance of the Ag/PAD/Ag sensor [19,20].

x: S5Microns

(@) (b)

Figure 3. 3-D AFM micrographs of PAD thin film on quartz glass (a) on 5 pum and (b) 2 pm scale.

Figure 4 shows the UV-vis absorption curve of PAD which represents two prominent
peaks within a broad spectrum ranging from near UV to visible region. The highest
positions of peaks lie at 298 and 534 nm that correspond to the Soret or B-band and Q band,
respectively. The B band is a characteristic transition of mobile electrons from the second
7-71* transitions corresponding to the ground state (sp) to the second exited state (s;). Due
to the large energy gap between these two states (sp—s,), B-band lies in the UV region. On
the other hand, Q band is due to first 7-r* transitions, i.e., from the ground state to the
first excited state (sp—>s1) of the aromatic ring present in the PAD. The Q-band corresponds
to the visible region of the spectrum due to lower energy gap between sy—+s; transitions.
The bandwidth of the Q-band for PAD is ranging from around of 450-600 nm, as shown in
Figure 4. This suggests PAD to be sensitive to light within a broad spectrum at both UV
and visible regions [20-22].

1.0

0.8 4\ Soret (B) Band
So—~S2

0.6

0.4

Absorbance (Normalized)

0.2

0.0 T T T T T T T T
250 300 350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 4. UV-vis absorption spectrum of PAD.
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Figure 5 shows the FTIR spectrum of PAD plotted as wavenumber vs. percent transmit-
tance (%T) in the bandwidth from 500 to 4000 cm~!. The peaks lie at 605 cm~ 1, 653 cm ™1,
and from 709 cm™~! through 829 cm™~! to 933 cm ™! are attributed to the C-H stretching,
C-H out of plane bending, and =C-H within aromatic ring out of plane bending vibration,
respectively. Furthermore, the peaks at 1097, 1286, 1325 cm~! correspond to C-N stretching
whereas 1392, 1585, 1666, and 2362 cm ! are due to the -CH, bending, C=C within aromatic
ring, C=0 and conjugated C=C stretching, respectively. Table 1 presents the overall FTIR
bands, functional groups, and bond dynamics of PAD.

100
98 -+
g 96 -
8
g
Z 94
&
2
s 92+
=
90 4
88 -
86

T T L) T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™?)

Figure 5. FTIR spectrum of PAD.

Table 1. Vibrational bond dynamics of PAD.

S. No. Energy Bands (cm~1) Bonds Nature/Dynamics
1 605 C-H stretching
2 653 C-H with alkenes out of plane bending
3 709 =C-H with aromatic out of plane bending
4 829 =C-H with aromatic out of plane bending
5 933 =C-H with aromatic out of plane bending
6 1097 C-N stretch
7 1286 C-N stretch
8 1325 C-N stretch
9 1392 -CH, bending
10 1585 C=C within aromatic ring
11 1666 C=0 with amide
12 2362 C=C conjugated stretching

Humidity has great importance among the environmental parameters because of its
consequences on the comfort of living-beings and industrial processes [23]. The relative
humidity is defined as follows:

actual vapor density

%RH = .
saturated vapor density

x 100% 1)

The operating frequency of capacitive type sensors impacts their sensing perfor-
mance [24], and usually, it is suggested to use frequency higher than 100 Hz operating
frequency for humidity sensors to diminish any interface-trapped charge carriers, which
generate excess capacitance through polarization [25]. However, by applying lower oper-
ating frequencies better sensitivity can be achieved, but repeatability and stability will be
significantly influenced [26]. Therefore, in the current work, we have applied operating
frequencies higher than 100 Hz, i.e., 120 Hz and 1 kHz, as shown in Figure 6a.
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Figure 6. (a) Capacitance as a function of relative humidity (%RH) at 120 Hz and 1 kHz,
(b) response/recovery-time curve at 120 Hz, and (c) response/recovery-time graph at 1 kHz for
Ag/PAD/Ag sensor.

The capacitive humidity sensing response of the prepared Ag/PAD/Ag sensor at
120 Hz and 1 kHz within a broad range of 0-93%RH is shown in Figure 6a. The relative
humidity was increased by 2%RH in each step and sustained for 5 min to let the sensor
stabilize entirely. A significant increase in the sensor’s capacitance was recorded as the
humidity level was increased from 0%RH to 93%RH inside the test chamber. At lower
humidity levels, i.e., from 0 to 20%RH, there is a modest rise in the sensor capacitance
due to smaller quantities of adsorbed water vapors, which is not enough to significantly
increase the dielectric constant of the active layer. A substantial increase happens in the
sensor capacitance above 20%RH, which can be explained by the following expression,
where the Ag/PAD/Ag device is assumed to behave as a capacitor:

C=¢perA/d ()

where ¢, is the relative dielectric constant of PAD, ¢ is the permittivity of free space, A
is the active PAD film area, and d is the spacing between the electrodes. Accumulation
of more water vapors inside the test chamber causes more adsorption of water molecules
in the voids and pores of the film surface, which upsurges ¢, of the sensing layer and,
subsequently, gives rise to the sensor capacitance. As the dielectric constant of water (¢ = 78)
is significantly larger than that of the organic semiconducting materials (e = 4-8), therefore,
the sensor capacitance tends to increase as more water molecules are adsorbed onto the
sensing layer [27]. The sensor shows a sensitivity of 3.46 pF/%RH and 1.94 pF/%RH at
120 Hz and 1 kHz, respectively, and more importantly the sensor is active within a broad
range of humidity levels from 5%RH to 93%RH, which makes it a potential candidate for
practical applications in those areas where both the low and high concentration of humidity
detection is needed.

Response and recovery times are important parameters that are measured to evaluate
the performance of a sensor for practical applications. The response time of a sensor is a
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measure of how quickly the sensor responds to sense variations in its environment and to
obtain the highest value, while the recovery time is a measure of time during which a sensor
returns to its initial value by separating from the environmental variations. In Figure 6b,c,
the response and recovery times of Ag/PAD/Ag sensor towards humidity variations are
shown at 120 Hz and 1 kHz, respectively. At 120 Hz, the sensor shows an ultra-quick
response (5.1 £ 0.2 s) when it is exposed to 93%RH and fast recovery (7.2 &= 0.2 s) by
exposing it to 0%RH, whereas at 1 kHz, the average response and recovery times are
measured to be 4.5 + 0.2 s and 6.8 & 0.2 s, respectively. These shorter response and recovery
times make Ag/PAD/Ag sensor a suitable candidate for practical applications where quick
detection of humidity is needed. Besides quick response and recovery times, the sensor
also showed excellent recyclability, as shown in Figure 6b,c. The sensitivity of a humidity
sensor can be measured by using the following relation.

Sy = % (PF/%RH) 3)
The humidity sensing mechanism can be defined by adsorption of water molecules on
the surface of the sensing film and their effect on sensor capacitance. As water is polar in
nature, the adsorption of a water molecule on the surface of film can be categorized into
two phases, chemisorption and physisorption [28]. At low-humidity concentrations, water
molecules chemisorb on the sensing layer. The water molecules in the chemisorption layer
are not so mobile because water molecules are doubly bonded with the surface of the film.
However, water molecules existing in physisorption layers are singly bonded, so water
molecules can move freely and easily and can also be polarized easily [29]. The consecutive
physisorption layers can be easily polarized due to the presence of singly bonded molecules.
Thus, the relative permittivity and capacitance increase easily [30]. In high humid envi-
ronments, successive multilayer adsorption of water molecules happens, which turns like
a normal condensed liquid and affords an approving condition for the process of charge
transportation resulting in Grotthuss chain reaction (H,O + H;O* = H;0* + H,O) [31]. In
this situation, the electric field ionizes the water molecules, which produce hydronium ions
(H30%) as charge carriers, which produce protons (H;0* — H,O + H*) due to hydration.
These protons need very low energy for hopping between adjacent water molecules; as
a result, the ionic conductivity increases [32]. The schematic diagram of the proposed
humidity sensing mechanism is shown in Figure 7 below.

\ A A ’ ’ 7 ]
\ ,l A7 l‘\ I\\ I\\ 7
\

LY A W AN Y A W A W J

Physisorption

} Chemisorption
’0 Water molecules

PAD film

Figure 7. Schematic illustration of humidity sensing mechanism.

Hysteresis is an important feature of a humidity sensor, as it classifies its suitability
for recurrent and practical use. The hysteresis curves of Ag/PAD/Ag sensor, recording the
capacitance alongside the %RH level within 0 to 93%RH and contrariwise at both 120 Hz
and 1 kHz, are shown in Figure 8a,b, respectively. The sensor narrow hysteresis loop at
both operating frequencies validates exceptional repeatability and rapid adsorption and
desorption rate of water molecules over the surface of the sensing film.
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Figure 8. Hysteresis curves of Ag/PAD/Ag sensor at (a) 120 Hz and (b) 1 kHz.

In order to study the temperature sensing of Ag/PAD/Ag device, it is important to
understand the temperature dependence on mobility and conduction of charge carriers of
the PAD thin film. The increase in temperature (T) results in decrease of resistivity (p) of
the PAD film, and can be linked according to the following equation:

—ry o

where p is the resistivity of PAD film at absolute temperature T and E is the activation
energy required for conduction of charge carriers, py is the pre-exponential term, and k is
the Boltzmann constant. Moreover, p and conductivity (¢) have inversely related to one

another as given by:
1

p=7 ©)

Consequently, decreases in the value of p give rise to increase the values of ¢ and

lowers the resistance and/or reactance of the Ag/PAD/Ag device. Furthermore, the

capacitance (C) and capacitive reactance (X) of the device at a given frequency (f) are
inversely related to each other and given by the following equation;

1

C= 2 ©)

In line with Equations (4)—(6), the temperature sensing properties of Ag/PAD/Ag
sensor are studied by variation in capacitance and reactance as a function of temperature.
Figure 9a,b shows the temperature vs. capacitance and reactance curves at 120 Hz and
1 kHz operating frequencies within a temperature range of 293-382 K. It is clear that
capacitance increases with the increase in temperature while opposite happens for the
reactance. Hence, the increase in relative capacitance (C/Cy) of the Ag/PAD/Ag device
is observed to increase 2.7 and 2.5 times at 120 Hz and 1 kHz, respectively. The effective
capacitance (Cegf) of the sensor due to temperature response of the PAD active layer varies
from 42.6-105 pF at 1 kHz and 42.9-115 pF at 120 Hz. Similarly, the decrease in relative
reactance (X/Xp) of the Ag/PAD/Ag device is found to be increased by 0.40 and 2.4 times at
1 kHz and 120 Hz, respectively. The effective reactance (Xes) of Ag/PAD/Ag sensor varies
within 1.2-3.0 MQ) at 1 kHz, while 1.2-2.8 M() at 120 Hz. The Ag/PAD/Ag sensor showed
high sensitivity towards temperature besides humidity, which makes it a suitable candidate
for multifunctional sensor. The temperature sensing mechanism for Ag/PAD/Ag based
sensor can be explained from the effect of temperature on conductivity and mobility of PAD
thin film, as described from Equations (4)—(6). By increasing the temperature of the sensor,
the resistivity of the PAD film decreases, and as a result conductivity and capacitance
increases [33].
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Figure 9. Effect of temperature on capacitance and reactance of Ag/PAD/Ag sensor at (a) 120 Hz
and (b) 1 kHz.

The temperature sensitivity of Ag/PAD/Ag device can be calculated as follows:

Cag2 — Cao3
St = g5 "903 (PF/K) @)
where St is the temperature sensitivity of the sensor, Cpo3 is the capacitance at a temperature
of 293 K, and Cag, is the capacitance at 382 K. At 1 kHz and 120 Hz, the temperature sensi-
tivity of the Ag/PAD/Ag device in the given temperature range (293-382 K) is calculated
to be 0.73 pF/K and 0.82, respectively.

To furthermore push the practicality of Ag/PAD/Ag prototype sensor, we also in-
vestigated its light sensing properties. The illumination against capacitance and reactance
relationship of the sensor at room temperature is shown in Figure 10. A luminescent
light has been utilized to expose the sensor systematically from ‘0’ Ix (dark condition)
to 20,000 Ix (illumination). The amount of illumination was altered by varying the gap
between Ag/PAD/Ag sensor and the light source. Primarily, the light was illuminated
from 60 cm distance above the sensor. The distance was altered in a fixed step size of 3 cm
with an average exposure time of 5 s to get the values stable. It is clear from Figure 10a,b
that the capacitance increases and reactance decreases sharply as the amount incident light
exceeds 1500 Ix and it increases quickly and continuously until the exposure of 18,000 lx,
and then above 18,000 1x the sensor goes into saturation. The capacitance of the sensor
increases almost 10.3 times upon exposure to 20,000 Ix at 120 Hz. The value of C,¢ due to
illumination of light of the Ag/PAD/Ag sensor changes from 13.0-135.1 pF at 120 Hz and
13.0-105.3 pF at 1 kHz, whereas the value of X of the sensor due to light lies in the range
of 0.9-10.1 MQ) at 120 Hz and 0.1-1.2 MQ) at 1 kHz. Charge carrier concentration increases
with the increase in the amount of illumination, which in turn increases the polarizability
because of transfer of charge carriers and, consequently, increases the capacitance and
decreases the reactance of the sensor [14].

Furthermore, the response and recovery times of the Ag/PAD/Ag light sensor is
also investigated by exposing the sensor to illumination within the range of 0-20,000 Ix at
120 Hz and 1 kHz as shown in Figure 11a,b, respectively. At 120 Hz, the sensor exhibited
the response and recovery times to be 5.1 £ 0.2 s and 3.4 £ 0.2 s, respectively, whereas at
1 kHz the response time is measured to be 3.8 = 0.2 s and recovery time as 2.6 £ 0.2 s. At
1 kHz, the Ag/PAD/Ag sensor showed ultrafast response towards illumination of light
and shorter recovery time upon switching off the light. The higher light sensitivity and
ultrafast response, as well as recovery time of the Ag/PAD/Ag sensor, make it a promising
candidate to be used in photodetectors, where the quick detection of light is desirable.
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Figure 11. Response/recovery curve of Ag/PAD/Ag light sensor at (a) 120 Hz and (b) 1 kHz.

The Ag/PAD/Ag prototype-multifunctional sensor has been investigated for humidity,
temperature, and light sensing applications, and has shown a promising response towards
all the targeted parameters. All types (humidity, temperature, and light) of sensors can be
prepared on a single substrate, which would certainly minimize the overall cost, although
the interaction of various effects may be diminished by having separate casing and designs
with suitable window for each sensor. Table 2 presents the comparison of various sensors’
parameters of Ag/PAD/Ag device with those of reported in the literature. It can be seen
that Ag/PAD/Ag device shows relatively better sensing performance in terms of the
broader sensitive ranges and better values of sensitivities for humidity, temperature, as
well as light and shorter response and recovery times with better reproducibility of results.

Table 2. Comparison of present work with literature.

Relative Humidity Temperature Illumination
Device Sensitivity Range Sensitivity Range Sensitive Range References
(pF/%RH) (%RH) (pF/K) (K) (Ix)
Ag/CuTIPP/Ag 3.40 44-92 0.2 298-423 - [34]
Au/AAq/Au 0.40 40-88 0.87 295-388 - [33]
Ag/Mo/Ag 3.10 35-95 0.2 333473 - [35]
Au/N-BuHHPDI/Au 20.00 60-90 0.05 400-460 7000-25,000 [14]
Al/VoPc/Pt 2.53 60-90 - - - [36]
Ag/IESM/Ag 0.42 20-90 - - - [37]
Al/ZnPc/Al 1.03 20-95 - - - [38]

Ag/PAD/Ag 3.46 15-93 0.82 293-382 1500-20,000 Present Work
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The schematic illustration of complete and equivalent circuits for the Ag/PAD/Ag
sensor is shown in Figure 12a,b, respectively. In Figure 12a, X; and X represent the
reactance due to air and glass substrate, respectively, while X, denotes the reactance due
to humidity, temperature, and light illumination. Similarly, C; and Cg are capacitances
due to air and glass substrate, respectively, whereas C, is the effective capacitance due to
humidity, temperature, and illumination of light. The effect of air and glass substrate on
the reactance and capacitance is constant and does not vary reasonably with the variations
in humidity, temperature, and illumination of light. Hence, it is the active PAD layer that
dominantly changes its capacitance and reactance as a function of humidity, temperature,
and light. Therefore, in Figure 12b, an equivalent circuit diagram of the effective parameters
(Xeffs Cef) is illustrated that takes into account the reactance and capacitance of the PAD

layer only.
l J_ l )
Xe Xett —|— Ca TCg —|— Cesr
O

J— )
Xefr —|— Cet
O

(b)
Figure 12. Equivalent circuit diagram of Ag/PAD/Ag sensor (a) detailed (b) effective.

Xa

()

4. Conclusions

In this work, a novel small organic molecular semiconductor PAD is successfully
synthesized and characterized for its potential in humidity, temperature, and light sensing
applications. The PAD thin films are also studied for their morphological and spectroscopic
properties. The morphology revealed good film formation via vacuum thermal deposition,
with some non-uniformity and roughness at the surface of the layer. Furthermore, UV-vis
results of PAD exhibited broad absorption spectrum with a peak at 298 nm in UV and
another peak at 534 nm, having a wide range of 450-600 nm in the visible region. The
molecular structure, functional groups, and bond dynamics analyzed via FTIR confirmed
the successful synthesis of PAD. The sensing characteristics of Ag/PAD/Ag device showed
better performance towards humidity, temperature, and light sensing within a broad range
of 15-93%RH, 293-382 K, and 1550-18,000 lx, respectively. The response and recovery times
for humidity sensing were found to be 5 and 7 s, respectively. For illumination of light
sensing, the response time was 3.8 s while the recovery time was 2.6 s. Due to the broader
sensitive range, good chemical and thermal stability, as well as shorter response/recovery
times of PAD based sensor, this study suggests the potential application of PAD as a good
candidate for sensors to monitor environmental conditions.
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