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Abstract: One of the key parameters characterizing the microstructure of a layer is its degree of
order. It can be determined from optical studies or X-ray diffraction. However, both of these methods
applied to the same layer may give different results because, for example, aggregates may contribute
to the amorphous background in XRD studies, while in optical studies, they may already show
order. Because we are usually interested in the optical and/or electrical properties of the layers,
which in turn are closely related to their dielectric properties, determining the optical order of the
layers is particularly important. In this work, the microstructure, optical properties and electrical
conductivity of poly(3-hexyl)thiophene layers were investigated, and a model describing the electrical
conductivity of these layers was proposed. The model is based on the generalized theory of the
effective medium and uses the equation from the percolation theory of electrical conductivity for
the effective medium of a mixture of two materials. The results indicate a key role of the aggregate
size and limited conductivity of charge carriers, mainly due to structural imperfections that manifest
themselves as an increase in the number of localized states visible in the subgap absorption near the
optical absorption edge. The critical value of the order parameter and the corresponding values of
the Urbach energy, excitonic linewidth and band gap energy are determined.

Keywords: organic semiconductors; electrical conductivity; thin films; P3HT

1. Introduction

Organic semiconductors (OSs) find important applications in organic electronics de-
vices such as organic photovoltaics (OPVs), organic light-emitting diodes (OLEDs), organic
field effect transistors (OFETs), sensors, etc., as components of their active layers [1-4].
When their easy processing and relatively low production costs are taken into account,
they become even more attractive. For these reasons, OSs have inspired and stimulated
enormous research efforts to determine the relationship between the microstructure of
thin OS films and their properties, which have been summarized in various reviews and
research articles, e.g., [5-20]. One of the most studied OSs is poly(3-hexyl)thiophene P3HT,
which owes its popularity to the intensive research conducted over the past two decades on
the optimization of the performance of photovoltaic cells based on the polymer/fullerene
blend heterojunction (BHJ), e.g., [21-25]. Although other materials are currently used in
BH]J-based OPVs, research using P3HT can still be considered as developing and of great
interest, e.g., [26-37], and importantly, P3HT is often considered as a reference material
in the study of the properties of new materials. The strong relationship between the mi-
crostructure and properties of thin polymer organic semiconductors provides opportunities
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to model their properties by modifying the microstructure of the layers. An important
aspect of the microstructure of a layer is its degree of order. This can be assessed by meth-
ods such as optical studies, e.g., [33,37—41], and X-ray diffraction, e.g., [21,22,24,33,39,40].
However, these methods can give different results when applied to the same layer because
X-ray diffraction may be affected by aggregates in the amorphous background, whereas
optical studies can show order in these aggregates. Given that the optical and electrical
properties of layers are closely linked to their dielectric properties, it is of great impor-
tance to understand the factors that link optical order to electrical properties. In such a
task, electrical conductivity models that can be applied to layers of these materials are
very helpful. It is commonly known that in OSs, intramolecular interactions are primarily
covalent, while intermolecular interactions usually result from much weaker noncovalent
interactions, the 7t—m interactions. Consequently, the conduction bands in organic crystals
are much narrower compared to those in inorganic materials, and their band structure
is easily disrupted by defects, resulting in localized states in the energy gap. The well-
established theory of Conwell [41] and Mott [42] assumes that the conduction process in
organic materials is largely governed by tunneling transitions of carriers between these
localized states, assuming that the electronic wave functions of the localized states overlap
sufficiently. This concept was further explored by Mott [42], who introduced the variable-
range hopping theory (VRH). The transport properties of many OSs can be effectively
explained by the VRH theory [43,44]. An analytical model of the electrical conductivity of
doped amorphous OSs was developed by Li et al. [45] The microstructural determinants
of charge transport in semicrystalline conjugated polymers were studied by Mollinger
et al. [46] This approach gave an expression for microstructure-dependent mobility, which
included crystalline, chain, and hopping mobility, the latter two depending on the critical
percolation concentration of the crystalline phase [46]. More recently, Janus et al. [33]
developed a model for charge carrier transport in ultrathin polymer films, which includes
contributions from the polymer chain length, degree of aggregation, and crystallinity. In
this model, the reciprocal of the effective mobility scales with the sum of the reciprocal
hole mobility through the crystalline and amorphous phases [33]. Another approach to
describe conductivity in PEDOT /PSS films was presented by Bednarski et al. [47] In their
work, the optical properties of PEDOT /PSS thin films were linked to the intrinsic electrical
conductivities using the generalized effective medium theory (GEMT). The PEDOT-to-PSS
volume ratio was a mixing factor describing the content of randomly distributed highly
conductive PEDOT nanocrystals in the weakly conductive PSS matrix. Here, the idea
that the GEMT-based conductivity model for a mixture of two materials from [47] can
be extended to P3HT films is developed. The challenge is to find an appropriate order
parameter from optical measurements to enable the use of GEMT and to treat the P3HT
layers as consisting of a mixture of an ordered, highly conductive phase with a disordered
phase that is a poor conductor of charge carriers. To demonstrate the applicability of the
GEMT-based conductivity model for P3HT thin films, two series of films were prepared
from highly concentrated solutions with different microstructures, their structural and
optical properties were studied, and their electrical conductivity was determined. As is
shown, this model allows for the determination of the conductivity values of the highly con-
ductive phase and the weakly conductive phase. This model can also be successfully used
to optimize the electrical conductivity of organic semiconducting films due to modifying
factors.

2. Materials and Methods

Poly(3-hexylthiophene-2,5-diyl) (P3HT) M106, with a molecular weight (Mw) of
34.1 kDa and a regioregularity (RR) of 94.7%, was supplied by Ossila. Chlorobenzene,
with a purity of 99.5%, was purchased from POCH Gliwice, Poland. For solution prepa-
ration, PBHT M106 was used in quantities of 20 mg and 40 mg. The preparation of P3HT
solutions involved dissolving the polymer in chlorobenzene to form two distinct concen-
trations: 20 mg/mL and 40 mg/mL. The solutions were subjected to continuous stirring
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for a duration of 24 h at an elevated temperature of 60 °C to ensure thorough dissolution.
Post-stirring, the solutions were further homogenized using a roll mixer. Subsequent to ho-
mogenization, films of P3HT were deposited onto 1 mm thick microscope glass substrates.
Prior to deposition, the glass substrates underwent a cleaning process in an ultrasonic
bath, sequentially using deionized water and isopropanol, each for 10 min. The deposition
was executed via a spin-coating method. For the 20 mg/mL solution, the spin-coating
process was conducted at varying rates: 750 rpm, 1000 rpm, 1250 rpm, 1500 rpm, 3000 rpm,
and 4500 rpm. Conversely, the 40 mg/mL solution was spin-coated at rates of 1250 rpm,
1500 rpm, 1575 rpm, 1725 rpm, 2000 rpm, 3500 rpm, 5000 rpm, and 7000 rpm. In all
instances, the spinning time was one minute, and the acceleration time was 3 s. Following
the spin-coating procedure, the films underwent an initial heating phase at 120 °C for 5 min
to remove residual solvent. Subsequently, electrodes were applied to the film surfaces
using silver paste. A final heating step at 65 °C for 5 min was performed to ensure optimal
electrode attachment. In addition, two control groups of samples were prepared from
solutions with concentrations of 10 and 30 mg/mL for XRD studies. The film preparation
conditions are summarized in Table S1.

X-ray diffraction (XRD) measurements were performed on P3HT films deposited on
glass substrates using a Bruker D8 Advance diffractometer equipped in an X-ray lamp
with Cu anode (A = 1.54 A) working with a voltage difference of 40 KV and 40 mA current
between electrodes.

Atomic force microscopy (AFM) surface imaging was performed using a Dimension
ICON atomic force microscope equipped with a NanoScope V controller (BRUKER Corpo-
ration, Santa Barbara, CA, USA) operating in the soft tapping mode in an air atmosphere
with a standard 125 mm long, with flexural stiffness of 42 N/m of a single crystal doped
silicon cantilevers (Model PPP-NCH-10, NANOSENSORS). Images were obtained with a
piezoelectric scanner with a nominal size of 85 x 85 mm. The micrographs were recorded
using NanoScope Analysis 1.9 software (BRUKER Corporation, Santa Barbara, CA, USA).

Spectrophotometric measurements were performed using an ultraviolet-visible-near-
infrared (UV-Vis-NIR) JASCO V-570 spectrometer (JASCO Corporation, Tokyo, Japan).

Ellipsometric measurements were performed using SENTECH SE850 spectrometer,
Sentech, Krailling, Germany, and modeling using SpectraRay 3 software.

Electrical resistance measurements were performed using Keithley 1617, a single channel
electrometer /high resistance meter using a dedicated high resistance measurement box.

3. Results
3.1. XRD

Measurements were performed in Bragg-Brentano geometry. In this experimental
setup, X-ray diffractograms from lattice planes parallel to the film surface are visible. The
XRD patterns of the tested samples are shown in Figures 1 and 2 for the layers deposited
on glass substrates from solutions with concentrations of 20 mg/mL and 40 mg/mL,
respectively. As can be seen, the diffraction pattern of the layers is superimposed on the
amorphous background originating from the glass substrate, visible as a large hump in the
20 angle range from 15 to 30 degrees. However, it does not obscure the intense (100) peak
for 20 angles of about 5 degrees, clearly visible for all layers. This peak originates from
the crystal lattice planes of crystallites separated by c.a. 16 A and indicates the edge-on
orientation of the P3HT chains [21,27,48].

We can also see the absence of the (020) peak for 20 of about 24 degrees, corresponding
to the distance between the lattice planes of 3.8 A, which would indicate the presence of
crystallites containing polymer chains oriented face-to-face [21,25,48]. We can, therefore,
conclude that the crystallites in the obtained layers show a preferred edge-on orientation of
the P3HT chains.
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Figure 1. XRD patterns of P3HT thin films deposited from 20 mg/mL solution concentration with
indicated spin-coating rates.
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Figure 2. XRD patterns of P3BHT thin films deposited from 40 mg/mL solution concentration with
indicated spin-coating rates.

This conclusion is further supported by the known fact that P3HT films prepared from
chlorobenzene solution on a glass substrate crystallize in edge-on configurations [21]. Such
orientation is favorable for conduction in the direction parallel to the layer surface, which
coincides with the m—m stacking direction. Moving on to the discussion of the effect of the
spin-coating rate on the morphology of the layers, we can see that with the increase of the
spin speed, there is a clear decrease in the intensity of the (100) peak, in agreement with [27].
These changes are accompanied by a clear increase in the amorphousness of the layers,
visible in the form of growing broad diffraction bands superimposed on the glass substrate
background. This tendency is clearly visible in both of these figures. The difference is that
for the layers obtained from the 20 mg/mL solution, these changes are limited to 2@ of
about 25 degrees. On the other hand, these changes for the layers shown in Figure 3 cover a
larger range and are visible for 20 reaching 30 degrees. Importantly, such behavior was not
observed in [27]. More detailed information is provided by the quantitative analysis of the
(100) peak, the results of which are presented in Tables 1 and 2 for the films from 20 mg/mL
and 40 mg/mL solutions, respectively. As can be seen, the position of the (100) peak is
within the range of 20 angles from 5.02 to 5.38 degrees for all the films. This corresponds to
inter-planar spacings of 17.6 to 16.4 A, and this parameter does not correlate with the spin
rate. In contrast, the half-widths of this peak range from 0.480 to 0.548 degrees. However,
the FWHM values for the films deposited from a 20 mg/mL solution are smaller than those
obtained from a 40 mg/mL solution.
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Figure 3. The neat area of (100) peak as a function spin-coating rate for P3HT thin films deposited
from 20 and 40 mg/mL solution concentration.

Table 1. Parameter values determined from XRD diffractograms for films prepared from 20 mg/mL
P3HT solution.

Spin-Coating Peak Position FWHM Neat Area Crystallite Size
Rate (rpm) 20 (°) ) (cps -°) (nm)
750 5.31 0.51 4.04 17.3
1000 5.19 0.49 4.49 18.1
1250 5.13 0.51 3.10 17.3
1500 5.26 0.52 3.11 17.0
3000 5.36 0.49 2.68 18.0
4500 5.02 0.48 2.78 18.2

Table 2. Parameter values determined from XRD diffractograms for films prepared from 40 mg/mL
P3HT solution.

Spin-Coating Peak Position FWHM Neat Area Crystallite Size
Rate (rpm) 20 (°) ©) (cps °) (nm)
1250 5.24 0.517 18.41 171
1500 5.14 0.511 7.01 17.3
1575 5.31 0.523 4.88 16.4
1725 5.16 0.535 517 16.5
2000 5.19 0.538 5.99 16.4
3500 5.27 0.520 4.98 17.0
5000 5.38 0.522 3.12 16.9
7000 5.20 0.548 3.17 16.1

The crystallite size value is related to the FWHM because, according to the Scherrer
formula used to determine it, it is inversely proportional to the FWHM. As can be seen
from Tables 1 and 2, the crystallite size ranges from 16.1 to 18.2 nm. As expected, the
crystallite sizes for the films shown in Table 2 are larger than those shown in Table 2, which
is consistent with their FWHM value. Finally, we note that the area of the (100) peak shows
a clear correlation with the spin-coating rate. Namely, with increasing spin-coating rate,
w, the area of this peak gradually decreases. This is shown in Figure 3. As can be seen,
these datasets cannot be well described by single linear fits. In fact, to describe one specific
dataset, two lines with clearly different slopes are needed. Moreover, as can be seen, there
are very narrow ranges of spinning rates for which films with good crystallinity can be
obtained. We also note that the area of the (100) peak decreases rapidly with increasing
spin speed during film deposition, and the crystal size changes only slightly (than that
measured in the direction perpendicular to the film surface). From this fact, we conclude
that the number of crystals in these layers decreases, or more precisely, the number of
aggregates with long-range order decreases.
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To check the repeatability of the results, two additional groups of samples were
prepared from solutions with concentrations of 10 and 30 mg/mL. The XRD patterns for
these layers are shown in Figure Sla,b. The comparison shows that these results are fully
consistent with the results presented in Figures 1 and 2.

3.2. AFM

The surface morphology of the layers was determined by atomic force microscopy
(AFM). Due to the relatively large number of samples studied, surface images on a scale of
5 um x 5 um are shown in Figures S2a-h and S3a-f in the Supplementary Materials (SM).
Here, in Figure 4, a comparison of surface images for only the thickest and thinnest layers
is presented.

25.0 nm

—25.0 nm

—25.0 nm

(c) (d)

Figure 4. Three-dimensional surface AFM images of P3HT films deposited with spin-coating rates:
(a) 750 rpm from 20 mg/mL solution; (b) 4500 rpm from 20 mg/mL solution; (c) 1250 rpm from
40 mg/mL solution; (d) 7000 rpm from 40 mg/mL solution.

As can be seen, the layers obtained at low spin speed have a rougher surface with
significantly sharper peaks. This is reflected in the value of the surface roughness parameter
Rq, which shows a gradual decrease with increasing spin-coating speed of the layers, as
shown in Figure S4. As can be seen, the linear fit for the layers deposited from 20 and
40 mg/mL solutions describes the results well in the whole w range. The thickest layers
were characterized by the highest surface roughness of 6 and 4.6 nm, while the thinnest
layers were characterized by the lowest surface roughness of 4 and 3 nm. In turn, the
thickness of the layers as a function of w~!/2 is shown in Figure 5. Based on the spin-
coating theory, such a graph is expected to be linear [49]. As can be seen, only the thickest
layer obtained from a 40 mg/mL solution does not satisfy this relationship.
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Figure 5. Thickness of the films determined in AFM and ellipsometry studies as a function of w~1/2.

3.3. Optical Measurements

Optical studies of the layers included measurements of their transmission in the visible
range and ellipsometric measurements in the UV-VIS range. Because the knowledge of the
layer thickness is important in the presented studies, it was additionally determined based
on ellipsometric measurements using the Cauchy optical model in the low absorption
range, i.e., below the absorption edge. A comparison of the results of the layer thicknesses
obtained by both methods is presented in Figure 5. As can be seen, these values agree well.
In the further part of this work, we will use the values determined from AFM, in particular,
to determine the absorption coefficients from the measured transmittances and to calculate
the electrical conductivity of the layers from the measured resistance.

VIS Absorption Spectra Interpretation

The interpretation of the results includes the determination of the energy gap, Eg, the
Urbach energy Eu, the exciton bandwidth W and the exciton linewidth o. The methods
for determining the values of these physical quantities are well-known and widely de-
scribed in the literature, e.g., see references [50,51] for the determination of Eg and Eu and
references [52-54] for W and o and references therein. The transmittance of the studied
films deposited from solutions with concentrations of 20 and 40 mg/mL are shown in
Figures S5a and S5b, respectively. In general, the absorption spectra show the typical P3HT
thin film shape of absorption bands. A distinct exciton peak at photon energy c.a. 2.05 eV
and accompanying vibronic band maxima are visible.

However, significant differences can be seen in the results for the series of films
deposited with different spin-coating rates, which become apparent near the optical ab-
sorption band edge. Namely, the films deposited with the lowest spin-coating rates have a
steeper absorption edge. In the following, we will describe these differences in more detail.

To quantitatively describe these differences, we have determined values of all char-
acteristic energetic quantities, i.e., Eg, Eu, W, and s. Exemplary results of analysis of the
absorption spectrum for determining these quantities are shown in Figure 6a,b, whereas
plots of Eg and Eu, as a function of spin-coating rate, are shown in Figures 7a and 7b,
respectively. As can be seen, two straight lines are needed to describe the data well in the
whole range of spin-coating rates. With increasing rates, the Urbach energy increases from
c.a. 55 to 140 meV, and the Eg value of the layers decreases from 1.858 to 1.712 eV. The
increase in Urbach energy indicates an increase in the number of defects in the form of
localized low-energy states located below the optical absorption edge.
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Figure 7. Dependences of (a) the energy gap Eg; (b) the Urbach energy Eu on the spin-coating rate.

The presence of these states is visible in the form of an exponentially decaying so-
called Urbach tail, which is visible for energies higher than Eg. The observed decrease
in Eg with increasing spin-coating rates has the same cause and results from the mutual
correlation of both these quantities. Indeed, this is clearly visible in Figure 8, which shows
Eg as a function of Urbach energy. As a test of the correctness of the analysis, one can
read from this figure the extrapolated value of Eg = 1.96 eV for the layer with zero Urbach
energy. This value should be close to the HOMO-LUMO energy difference.
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Figure 8. The band gap energy Eg is a function of the Urbach energy Eu.
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We now turn to the interpretation of absorption spectra based on the theoretical work
of Clark et al. [52] and Spano et al. [53,54] for aggregated polymer chain fragments in the
weak interaction approximation [51]. As can be seen from the results of these works, the
excitonic bandwidth can be determined from the ratio of the amplitudes of the first two
absorption peaks.

More precisely, this theory allows calculating the absorption spectrum of aggregates
as a sum of vibronic bands having the shape of Gaussian lines with the same broadening o,
also referred to as exciton line width. Compared to the experimental data, this approach
gives an estimate not only of the values of W and o but also of the percentage share of
aggregates in the layer [52]. An example of applying this approach to the absorption
coefficient of the thickest layer is shown in Figure 9, and the aggregate contribution is
indicated by the red contour. As can be seen, the fit is not perfect. The amplitudes of the
first two peaks are slightly too high. However, considering that only two parameters are
fitted to a part of the spectrum, and W is the ratio of the amplitudes of the two peaks, this
discrepancy is acceptable.

16}

= W = 165 meV
e o= 106 meV
mu

> 1.2}

<

=

[

ko

(3]

g osl

[
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5
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Figure 9. Example analysis of the absorption spectrum for a 342 nm thick P3HT film to determine the
values of the exciton bandwidth W and the exciton linewidth o.

Plots of the exciton linewidth o, from such fits, as a function of the Urbach energy,
are shown in Figure 10. As can be seen, a clear change in slope occurs at the characteristic
value of o. and Eu,, as indicated in Figure 10.

P3HT films

1219 | from solution
concentration
40and 20 mg/ml

R | L e

M3

exciton line width o (meV)

1060 o

1 ! 1 L 1 1 1 ! 1
50 60 70 80 g0 100 110 120 130 140 150

Urbach energy Eu (meV)

Figure 10. Dependences of the exciton linewidth . on the Urbach energy.

To go further, it is necessary to analyze in more detail the changes in the absorption
spectrum of the films as a function of the spin-coating rate. The normalized absorption
spectra of films obtained from solutions with concentrations of 20 and 40 mg/mL are
shown in Figures S6a and S6b, respectively. The normalization was performed at a photon
energy of 2.25 eV, corresponding to the second maximum of the vibronic band, using the
film thickness as a tuning parameter. A comparison of the absorption spectra of the films
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deposited at different spin-coating rates shows that the absorption edge slope decreases
with increasing spin-coating rate. It should be noted that the values of such quantities as Eu,
W, and o, determined from the absorption spectra, are independent of the film thickness.
In other words, the accuracy of the determination of the film thickness does not affect the
accuracy of their determination. It was mentioned above that the approach developed
by Clark et al. [52] also allows us to determine the percentage of aggregates in the layer.
However, when analyzing the results obtained from multiple layers, it should be taken
into account that the density of aggregates in the layers may be different. For this reason,
to explain our results, we will look for a more appropriate parameter. As it follows from
the work of Spano [53], the exciton linewidth ¢ is a measure of disorder, and the value
of this parameter is closely related to the number of molecules, N, forming the aggregate.
In the approximation of spatially uncorrelated site disorder for o, the following relation
holds [53]:

ON—aggregate — ;Umoleculer 1)
887es 2(N+1)

where 0;,01¢cu1e is the value of o corresponding to a single molecule. Assuming the com-
pletely natural assumption that ¢;,4/.c,1. has the same value for all layers studied, and that
the value of 0N sggregate i €qual to the experimentally determined value of ¢ for a given
layer, the corresponding values of N were determined from Equation (1). For this purpose,
11 quotients of o were created from the experimentally determined values. Eight of these
values were used to determine the values of ;e and the corresponding N numbers.
The remaining three were used as control values. A surprisingly good agreement of c.a.
2 percent was obtained for the integer N values ranging from 21 to 30 molecules in the
aggregate in the films studied and for o;,1ecy1. = 0.482. The details of this analysis are
presented in the Supplementary Materials. It is worth noting that removing the restriction
of N to integers can only improve the agreement. The analysis shows that an increase in
the number of defects, and therefore in the Urbach energy values, should be associated
with a decrease in the number of molecules in the aggregates.

Therefore, from the relation given by Equation (1), it follows that normalized N
can be a good order parameter. Because Eg is linearly related to the Urbach energy, the
normalization of N can be performed based on the extrapolated value of ¢ for Eg =2 eV
obtained from the plot of Eg versus o, as shown in Figure 11. Now, again, using Equation
(1), the number of molecules in such an aggregate can be determined to be N(c’) = 70. In
this way, we can define the order parameter as the ratio N(o) to N(c”).

T~ P3HT films
~ from solution
~ concentration
bl 40 and 20 mg/ml

(=3
r
17 L :

L 1 1
70 80 90 100 110 120

Exciton line width o (meV)

Figure 11. Band gap energy as a function of the exciton linewidth s.

3.4. Electrical Conductivity

As mentioned in the introduction to the description of the electrical conductivity of
P3HT layers, we intend to use a model based on the generalized effective medium theory
(GEMT). In this model, the equation from the percolation theory of electrical conductivity
is applied to the effective medium formed by a mixture of two materials, which are good



Polymers 2024, 16, 3227

11 of 15

and bad electrical conductors. In [47], GEMT was successfully applied to describe the
composition-dependent specific electrical conductivity of PEDOT /PSS. GEMT relates the
specific electrical conductivities of the conductive inclusion material (X.) and the more
resistive matrix material (%) to the conductivity of the composite medium (Xn,) by the
following equation [47,55,56]:

(- (= -zif*)  x(zV0-zif®)

+
Z}/w—k l;CxCZ}n/w Z};/w—F 1;§(CZlm/w

=0 )

where x is the volume fraction of the conductive phase, x is the (critical) percolation
volume fraction of the inclusion material, and the model parameter w denotes the critical
exponent [47,55,56]. Thus, in accordance with the discussion presented above, the P3HT
layers will be considered as consisting of a mixture of aggregates with different N numbers.
It is obvious that good electrical conductors are those with appropriately large values
of N, and bad ones—those with small values of N. As the order parameter, we take x =
N(0)/N(¢’). Equation (2) allows, among other things, to determine the average conductivity
of aggregates that are well-conducting and those that are poorly conducting. It should be
emphasized here that the critical value of the excitonic linewidth o, and therefore N, has
already been determined above based solely on optical measurements.

Electrical conductivity measurements were performed on all tested films with two
silver paste contacts. The average distance between the contacts was 1 mm, and their
width was 3 mm; therefore, the geometric factor was assumed to be equal to 3. Due to
the high resistance of the layers, the two-probe measurement is sufficiently accurate. The
specific resistance of the layers was determined from the current-voltage characteristics
using the layer thicknesses determined from AFM studies. The final results of applying
Equation (2) to the experimentally determined electrical conductivity of P3HT layers are
shown in Figure 12. In this figure, the lines represent a 4-parameter fit of Equation (2) to the
experimental data. Three of these parameters have a clear physical interpretation. Namely,
the values of £, and X are the extrapolated values of X for the limiting values of x, while
X is the value of x at the onset of percolation. The values of x. obtained from GEMT, i.e.,
Equation (2), are 0.35 and 0.355 for P3HT films obtained from 20 and 40 mg/mL solutions,
respectively. In comparison, the critical value of the order parameter determined from
optical measurements ranges from 0.343 to 0.357. Thus, the agreement of the critical value
of x. determined by both methods is good.

001 -

Conductivity Sm~1)

P3HT films from
solution concentration
20 and 40 mg/ml

1 1 1 ' I
0.32 0.36 0.40 0.44 0.48

1E-4 |-

Order parameter

Figure 12. Conductivity of P3HT films as a function of the order parameter.

The crystallinity of OS thin films may depend on many factors. For example, the molar
mass of the polymer and its regio-regularity, the type of solvent used, or the engineering
of solutions such as the addition of antisolvents, etc. The electrical conductivity model
developed here can be useful in studying the influence of these factors on the electrical
conductivity of the OS films. In particular, it can be helpful in the work related to the
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transformation towards a green and digital economy because the use of non-halogenated
solvents for environmental protection is crucial.

4. Discussion

In Clark’s seminal article on the analysis of absorption spectra of polythiophene
films [50], a method for determining the percentage of aggregates was also presented. An
important element of this description was the analysis of the changes in the absorption
spectrum of the polymer solution during heating. During this process, the percentage of
aggregates decreased at the expense of the increase in the amorphous fraction. This method
can be used to determine the percentage of aggregates for a series of layers obtained for
different deposition conditions. However, it should be noted that the number of aggregates
in the layers can also change with the change in deposition conditions. For this reason, in
this work, it was decided to look for another parameter describing the order in the layers.
The average aggregate size, or more precisely, the number of molecules forming such an
average aggregate, appeared to be a good alternative.

In this paper, the application of the generalized effective medium theory (GEMT)
to the description of the electrical conductivity in P3HT films is presented. To achieve
this, it was necessary to extend GEMT from a composition-dependent to a nanostructure-
dependent model. This allowed us to obtain new insights into the charge transport in these
layers. First of all, the role of the aggregate size and its close relationship with defects,
and thus its relationship with the Urbach energy and the energy gap have been addressed.
This approach differs from the recently presented model of Janus et al., see Ref. [33], or
the slightly earlier model of Mollinger et al., see Ref. [46], in the way the charge carrier
transport is averaged over the molecular structure, crystallinity and aggregation. The
obtained results here indicate a key role of the aggregate size and limited conductivity
of charge carriers, mainly due to structural imperfections that manifest themselves as an
increase in the number of localized states visible in the subgap absorption near the optical
absorption edge. The critical value of the order parameter and the corresponding values of
the Urbach energy, excitonic linewidth, and band gap energy were determined.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym16223227/s1, FigureS1: XRD patterns of P3HT films de-
posited from solutions with concentrations: (a) of 10 mg/mL and (b) 30 mg/mL solution concentration
with indicated spin-coating rates. Figure S2: Three-dimensional surface AFM images of P3HT films
deposited with indicated spin-coating rates from 20 mg/mL solution; Figure S3: Three-dimensional
surface AFM images of P3HT films deposited with indicated spin-coating rates from 40 mg/mL
solution; Figure S4: Surface roughness parameter Rq, as a function of spin-coating rate; Figure S5: The
transmittance of the studied films deposited from solutions with concentrations of 20 mg/mL and
40 mg/mL; Figure S6: Normalized absorption spectra of P3HT thin films deposited from solutions
with concentrations of 20 mg/mL and 40 mg/mL Table S1: Summary of films deposition conditions;
Details of the number of molecules, N, forming the aggregate determination.
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