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Abstract: Thin films of fluorinated chromium phthalocyanine were prepared using spin coating
techniques and annealed at 100, 200, 300, and 400 °C. The prepared films were investigated using
UV-Visible absorption spectroscopy, Raman spectroscopy, and atomic force microscopy. The band
gap characteristics were evaluated to study the difference electronic transitions between the prepared
thin films under different annealing temperatures. Films were exposed to ammonia vapor in a
concentration range of 40-100 ppm to demonstrate the gas sensing activity of prepared devices.
Resistance versus voltage behavior was investigated upon the exposure of ammonia gas and
the samples show an increase in the resistance towards the existence of ammonia molecules.
The dependency of the sensors on time was studied to evaluate the response and recovery time,
which were found to be 10 and 13 s respectively.
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1. Introduction

Over the past few years, there has been an increasing demand for simple and effective methods
to detect toxic odors that are produced by organic volatile compounds, due to their damaging
effects on biological systems and the environment in general [1-3]. Among these hazardous
gases, amines complexes are commonly used in agricultural, pharmaceutical, dye manufacturing,
and food processing industries [4-8]. Ammonia (NHj3) is a toxic gas present in large quantities
of air, soil, and water. Exposure to low concentrations (25-150 ppm) of ammonia might lead to
the irritation of human skin, eyes, and the respiratory tract. Moreover, exposure to high ammonia
concentrations (>5000 ppm) severely affects human health and can eventually lead to death [9].
Therefore, the monitoring of ammonia in the gas phase is a very urgent problem in various applications,
from industrial hygiene and environmental protection in chemical industry to clinical diagnostics,
etc. [10]. Thus far, a huge variety of chemical sensors of ammonia have been proposed, including those
based on inorganic, inorganic oxide/dioxide, and conducting polymers [11,12].

Phthalocyanines (Pcs) in general and their metallo-derivatives (MPcs), in particular, constitute
a family of medium sized molecular organic p-type semiconductors. Pcs hold a great promise
for the development of numerous applications, such as chemical sensors, fuel cells, solar cells,
and optoelectronic devices [13-15]. Another advantage of MPcs is their process-ability in thin
films structure, which means the possibility to deposit these compounds utilizing different ways,
such as spin-coating, drop-casting, thermal evaporation, and Langmuir-Blodgett techniques [16,17].
The improvement of organic semiconductor devices relies on the quality of the metal-organic
interfaces [18], in particular, on the efficiency of charge injection and on the mobility of the charge
carriers [19]. Moreover, thin films of MPcs are promising for gas sensing applications, due to their high
chemical and thermal stability and noticeable variations of both conductivity and optical properties
upon sorption of analyte gases [11].
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Phthalocyanines, both unsubstituted (H;Pc) and metal complexes (MPcs), are organic p-type
semiconductors widely used as chemiresistive gas sensors. Moreover, thin films of MPcs are promising
for gas sensing applications, due to their high chemical and thermal stability and noticeable variations
of both conductivity and optical properties upon sorption of analyte gases [11]. It is worth mentioning
that both the sensitivity and response of MPcs to various analytes were found to depend on the nature
of the metal atom and substituents in the aromatic ring, as well as on the structure and molecular
organization in the thin films [18]. Therefore, the peripheral substitution of the conjugated macrocycle
of MPcs by electron-withdrawing or electron-donating groups is an easy way to vary the sensitivity
and selectivity of their films toward different analytes [19]. More specifically, the electron-withdrawing
fluorine peripheral substituents alter the sensitivity of the MPc species toward reducing gases [13].
For instance, fluorinated zinc phthalocyanine turned out to be less sensitive to oxidizing gases (SO,
and NO,) and more sensitive to reducing gases (e.g., NH3 and Hj) [20]. The current work focuses
on the characterization of fluorinated chromium phthalocyanine thin films and their ability to detect
ammonia gas as a resistance-based device.

2. Materials and Methods

Thin films of fluorinated chromium phthalocyanine (FCrPc) were prepared as active thin films
for sensor applications; FCrPc was synthesized according to a published technique [21]. FCrPc was
dissolved in trifluoroacetic-acid (TFA) in the concentration of 1 mg mL~!. The mixture was sonicated
for 15 min and then filtered to obtain a homogenous solution. Thin films of FCrPc were prepared
via spin coating; thin films were annealed at 100, 200, 300, and 400 °C. Spun films were deposited
onto glass slides (supplied by Sigma Aldrich, Hamburg, Germany, plain, size 25 x 75 mm) for UV-Vis
absorption studies, while Si substrates (n-type semiconductor, orientation (100) supplied by Wafer
World, West Palm Beach, FL, USA) were used for Atomic Force Microscope (AFM) measurements and
commercial interdigitated electrodes (IDEs) from Drop-sense company were used for the electrical and
sensor measurements. The dimensions of the IDEs are the following: W is the overlapping distance
between the fingers (7 mm), n is the number of fingers (250) and L is the space between electrodes
(5 um), as demonstrated in Figure 1.

(b)

Figure 1. (a) Interdigitated electrodes (IDE) and (b) sketch diagram of the IDE.

3. Characterization Techniques

The prepared thin films were examined using different techniques, such as UV-Vis absorption
spectroscopy, Raman spectra, an atomic force microscope (AFM), and other electrical measurements.
A UV-Vis spectrophotometer (Varian 50-scan UV-visible) in the range of 190-1100 nm was used to
measure the absorption spectra. Raman spectra were recorded with a Triplemate, SPEX spectrometer
equipped with a Charge Coupled Device CCD detector in back-scattering geometry. The 488 nm,
40 mW line of Ar-laser was used for the spectral excitation. The morphologies of synthesized thin films
were determined by a Nanoscope Illa multimode atomic force microscope (Bruker-AFM). The electrical
characteristics and the time dependency results were measured using LabVIEW software interfaced
with 2400 Kiethley Sourcemeter.
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4. Results and Discussion

4.1. Atomic Force Microscopy (AFM)

AFM measurements in tapping mode were performed on all samples in this study. Figure 1 shows
the typical aggregation features of phthalocyanine thin film. Phthalocyanine and almost all organic
dyes tend to make very dense aggregations in the solid state. These aggregates are represented as a
coplanar association of rings which develope from monomer to dimer and higher order complexes.
They are driven by 7—m interaction and van der Waals forces [22].

It can clearly be seen that the surface of FCrPc as deposited thin film (Figure 2) is less homogeneous
than that of heat-treated films and that the surface roughness has decreased significantly after annealing
(Ra =6.8,5.5, 3.1 and 1.7 nm for the as deposited, and heated to 100, 300 and 400 °C respectively).
This suggests that heating above the transition temperature of metallo-phthalocyanine would rearrange
the molecules on the substrate surface and break the hindrance of large bundles upon deposition—as
the samples were spun from their volatile solutions. It was shown earlier that the spin-coating method
provides a simple and convenient procedure for preparing ordered films of the phthalocyanines which
can be heated to form thin liquid-crystalline films [23,24].

As—depbsited
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Figure 2. Atomic force microscope (AFM) images of fluorinated chromium phthalocyanine (FCrPc)
deposited and treated with different temperatures.
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4.2. UV-Vis Absorption Spectroscopy

UV-Vis absorption spectra were recorded on a Varian 50 scan UV-Visible spectrophotometer.
The electronic absorption spectra of the films of FCrPc before and after heating are presented in
Figure 3.

The Q-band structure is more complex than that observed in the as deposited films where a single
main band is assigned to the doubly degenerate transition alu-eg. In the optical spectra of heated FCrPc
thin films the main absorption bands are broadened through exciton coupling effects, which also lead to
shifts in the band positions. These are dependent upon molecular packing [25]. The spectra of the films
after heating are blue shifted, relative to the spectra of the monomers. From these spectral changes,
it can be deduced that on passing from crystal to mesophase, changes into parallel (face-to-face) dimer
stacking are observed. This type of re-organization is analogous to that undergone by the octaalkyl
analogues upon transition from the crystal phase to the hexagonal discotic mesophase [26,27].
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Figure 3. Absorption spectra of FCrPc deposited and treated with different temperatures.
4.3. Band Gap Determination

The absorption coefficient (x) for a semiconductor can be estimated using the following

equation [28]:
a=In <T1d> 1

where T is the transmittance and d is the film thickness. The optical band-gap is related to the absorption
coefficient («) and photon energy (hv) and can be calculated using the following relation [29]:

ohv = A(hv — Eg)n )

where A is a constant, « is the absorption coefficient, h is Plank’s constant, and v is the frequency.
The index n identifies the type of electronic transition between the energy bands; the values of 1/2 and
2 are related to direct and indirect transitions respectively [30]. The optical band gap is evaluated from
the plot of («hv)? as a function of photon energy (hv) and then by extrapolating the linear regions of
the plots to zero absorption [30] as shown in Figure 4. The band gaps revealed a clear blueshift upon
annealing the thin films from 1.49 eV in the as deposited FCrPc to 1.6 eV in the FCRPc thin films treated
at 100 and 300 °C. The films’ growth upon annealing treatment changes the carrier concentration and
this change is strictly affected Eg [31].
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Figure 4. Plot of (ahv)? versus photon energy (hv) of FCrPc deposited and treated with
different temperatures.

4.4. Raman Spectra

The Raman spectra of FCrPc thin films deposited on quartz substrates in parallel (ii) and cross (ij)
polarizations are shown in Figure 5. It has already been shown that there are intensive bands belonging
to organic substituents in the range 1300 cm~! in Raman spectra of substituted phthalocyanines,
due to the resonance character of the Raman spectra excited by the lasers of the visible region [32].
After heating above 300 °C, this band has disappeared, due to the disappearance of the stretching
vibration of the Pc macrocycle.
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Figure 5. Raman spectra of FCrPc deposited and treated with different temperatures.
4.5. FCrPc Films Interaction with Amonia Gas

FCrPc thin films have been deposited on interdigitated electrodes (IDE) to study the
voltage-resistance characteristics (V-R) and the time dependent resistance in a fresh and contaminated
air ambient to demonstrate the sensor activity of the studied material. All films have been exposed
to concentrated NHj gas to demonstrate the best annealing temperature. Samples heated to 100 °C
showed better sensitivity towards the ammonia gas. This could be due to the higher surface area
for the rougher films. Figure 6 represents the V-R curves of FCrPc thin film heated at 100 °C in the
NHj3; concentrations ranging from 40 to 100 ppm. We observe that the interaction of prepared samples
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with ammonia gas results in an increase of resistance, which could be due to the reductive nature of
ammonia towards strong donors.
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Figure 6. Resistance versus Applied Voltage (R-V) characteristics of FCrPc deposited and treated at
100 °C with different NH3 concentrations.

A common model is based on the fact that phthalocyanine thin films consist of a large number of
grains which are in contact at their boundaries. The electrical behavior is governed by the formation of
potential barriers at the interface of adjacent grains, caused by charge trapping at the interface. The size
of this barrier determines the conductance. When exposed to a chemically reducing gas, like ammonia,
electrons withdraw, leading to an increase in the resistance [33]. The time dependency of the FCrPc
device showed a reasonable stability in regard to time, upon the exposure of ammonia gas (Figure 7).
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Figure 7. Time dependency of FCrPc films upon exposure to ammonia at concentrations ranging from
40 to 100 ppm.

The response and recovery time, which are defined as the time it takes to reach 80% of the steady
state and the time required to reach 80% of the base line respectively, were found to be 10 and 13 s.
The prepared samples were found to be reproducible and the performance due to contaminations was
the same after 30 days of preparation.
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5. Conclusions

FCrPc solution in TFA was spun onto glass, silicon, interdigitated electrodes, and films that were
heat treated at different annealing temperatures. The roughness of the films decreased significantly
at higher temperatures due to the de-bundling effect. In the optical spectra, the main absorption
bands are broadened after heating through exciton coupling effects which also lead to shifts in the
band positions. The sensitivity of the thin films towards ammonia vapor has increased with the rise
of annealing temperatures and the response and recovery time of the sensor has found to be 10 and
13 s respectively.
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