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Abstract: In this work, macro- and nanodiagnostic procedures for working, third-generation photo-
voltaic devices based on a modified polymer:fullerene (P3HT:PCBM) absorber were conducted using
atomic force microscopy (AFM) and impedance spectroscopy (IS) equipment. All experiments were
performed both in the dark and under irradiation with a specific light wavelength. Photoactive Kelvin
probe force microscopy (p-KPFM) and impedance spectroscopy (p-IS) experiments were conducted
on half- and whole-solar cell devices. Based on the p-KPFM measurements, the surface potential (SP)
and surface photovoltage (SPV) on top of the active layer at the micro/nanoscale were estimated for
various light wavelengths (red, green, blue, and white). For light in the red spectrum range, which
was associated with an optical absorption edge and acceptor states that occurred in the band gap of
the P3HT material after doping the donor polymer with iodine, the SPV was measured at levels of
183 mV, 199 mV, and 187 mV for the samples with 0%, 5% and 10% iodine doping, respectively. In
addition, a macroscale investigation enabling the determination of the electrical parameters of the
studied organic solar cells (OSCs) was carried out using p-IS. Based on the data obtained during p-IS
experiments, it was possible to propose a series electrical equivalent circuit to define and describe
the charge transfer phenomenon in the OSCs. Estimations of data obtained from the fitting of the
experimental results of p-IS under white light allowed us to evaluate the average diffusion time of
electric charges at 8.15 µs, 16.66 µs, and 24.15 µs as a function of organic layer thickness for the device
without doping and with 5% and 10% iodine doping. In this study, we demonstrated that correlating
information obtained at the macro- and nanoscale enabled a better understanding of the electrical
charge distribution of OSCs for indoor applications.

Keywords: third-generation bulk heterojunction solar cells; photoactive impedance spectroscopy;
photoactive Kelvin probe force microscopy; doping of the active layer; surface potential;
surface photovoltage

1. Introduction

One of the fastest growing markets worldwide is related to the components and
technologies of renewable and ecological energy sources. Growing electrical energy con-
sumption, as well as the demand for autonomic and automated independent power grids,
has pushed scientists to investigate new ways of converting solar energy and artificial
light into electricity. Furthermore, it is now becoming very important to collect electrical
energy [1–7] using OSCs [1–5] located not only outdoors, but also indoors [1,2]. To improve
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the capability of converting light into electrical charge, and hence, implement energy har-
vesting phenomena, the following improvements of standard [1–5] and inverted [5] OSCs
were proposed: preparation of photovoltaic devices on an elastic substrate [1]; printing a
supercapacitor on an absorber layer for the collection of charges [2]; using gold nanograting
instead of an ITO layer as an anode electrode [3]; incorporation of nanoparticles into the
organic active layer for improved light absorption, charge distribution and electrical energy
harvesting with the use of localized surface plasmon resonance phenomenon [4]; and using
a different type of electron transport layer [5]. All the abovementioned modifications of
the device architecture can cause intensive changes in the built-in electric field and in
the surface potential detected on the top or edge of the active layer, which consequently
affects the distribution of spatial electric charge in photovoltaic devices. The latest reports
of high-efficiency bulk heterojunction (BHJ) solar cells with polymers used as donors or
acceptors are presented in detail in [8]. Moreover, before solar panels can become the
power supply standard for domestic and industrial equipment, it is necessary to produce
devices on a laboratory scale to define the capacity of converting light into electric charge.
If solar panels/laboratory photovoltaic devices are expected to be efficient, it is necessary
to have knowledge about the charge generation, transport, and diffusion of each layer, on
the interface, and in multilayered structures. Detailed electrical characterization of solar
cells at the micro/nanoscale could be achieved with atomic force microscopy (AFM) and in
macroscale by impedance spectroscopy (IS) methods.

In this paper, two techniques were used to characterize third-generation solar cells
and half-cells in the dark and under illumination. For a better understanding of the
charge distribution on top of the active layer [9,10] or on each interface between different
materials [11–14] included in the architecture of standard or inverted organic solar cells, one
may carry out Kelvin probe force microscopy (KPFM, also known as scanning Kelvin probe
microscopy, SKPM) experiments. Kelvin probe techniques were used by Kouki Akaike as
reported in a review article to estimate the surface potential (SP) and work function (Wf)
of organic components [15]. From an analysis of articles related to conventional organic
photovoltaic devices, the author claims that the fluctuation of work function causes changes
in the magnitude of the potential of the considered samples [15]. Additionally, the influence
of different hole/electron-transporting layers and their thicknesses on the contact potential
difference (CPD) and Wf derived from the KPFM measurements for each interface and in
the bulk layer (active layer formed from P3HT:PCBM) was estimated and discussed in the
article [16]. The most important parameters, such as surface photovoltage (SPV), which
could also have a significant influence on the effective operation of organic solar cells, were
detected using the KPFM method [17,18].

Furthermore, to identify the specific electrical parameters of multilayer photovoltaic
devices, the impedance spectroscopy measurement technique could be helpful. Based
on the postulated equivalent circuit, impedance and capacitance spectroscopy should
allow the electrical parameters of solar cells, such as charge mobility, concentration, drift
velocity, etc., to be described [19–24]. The photovoltaic devices most frequently studied
with impedance spectroscopy are third-generation solar cells and are based on donor
polymers and acceptor materials [25–36]. For this group, it is possible to identify devices
that are an interesting alternative in terms of the production of ecologically renewable
energy sources, i.e., standard [25–29,35,36] and inverted [30–34] organic solar cells.

In this paper, we focused on the characterization and description of possible electrical
and physical phenomena that occurred in BHJ solar cells using photoactive impedance
spectroscopy (p-IS) and Kelvin probe force microscopy (p-KPFM) methods. The results
obtained for the structures with the iodine-doped P3HT:PCBM active layers were compared
to their photovoltaic parameters, as presented in [37]. The main tasks were estimating the
characteristic parameters of the electric equivalent circuit, fitting the experimental data, and
calculating the relaxation time of electrical charges as a function of the content of iodine (I2)
admixtures (added to the organic active layer) and organic layer thickness under different
light radiation wavelengths from the p-IS experiment. On the other hand, based on the



Energies 2023, 16, 4741 3 of 14

data from p-KPFM measurements, we had an opportunity to calculate the surface potential
and surface photovoltage as a function of not only iodine doping, but also of various
light radiation wavelengths. Moreover, a correlation between the thickness of organic
layers, measured from the cross-sections of photovoltaic devices using scanning electron
microscopy (SEM), and the parameters obtained from p-IS was taken into consideration.
The conducted research and discussion of the obtained results should allow confirmation of
the fact that the introduction of doping in the form of iodine into the active layer contributes
to the improvement of electric charge transport in organic solar cells.

2. Materials and Methods

Bulk heterojunction organic solar cells with a standard architecture (glass/ITO/hole
transporting layer (HTL)/active layer (AL)/electron transporting layer (ETL) or metal-
lic electrode) were prepared using wet chemistry and physical methods. On top of the
glass substrate with six ITO (indium tin oxide) pixels with an active area of approxi-
mately 4.5 mm2, PEDOT:PSS (poly (3,4-ethylenedioxythiophene):polystyrene sulfonate)
was spread using the spin-coating method. With chlorobenzene solution, P3HT (poly
(3-hexylthiophene-2,5-diyl)) and PCBM ([6,6]-phenyl C61 butyric acid methyl ester) in a
weight ratio of 1:1 were spread on top of the HTL using spin-coating equipment in an inert
atmosphere. For the half-organic solar cells, the preparation of samples was complete after
the preparation of the AL. To produce complete BHJ OSC devices on top of the active layer,
aluminium electrodes were evaporated using vacuum equipment. The chemical structure
of the organic materials used to prepare BHJ organic half-cells and cells is presented in
Figure 1. A detailed description of third-generation solar cell preparation with absorbers
and active layers based on (P3HT:PCBM) (1:1) blends with or without iodine (I2) doping (0,
5, 10% mol) is presented in the article [37].
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Figure 1. Chemical structures of organic materials used for BHJ OSC preparation.

In this paper, we mainly focused on the characterization of the macro- and nanoscale
structural and electrical responses of photovoltaic devices under different illumination
conditions.

Photoactive Kelvin probe force microscopy (p–KPFM) experiments were performed
on the bulk heterojunction organic solar half-cells at room temperature and humidity below
40% using a Dimension 3100 setup with a NanoscopeV controller. p-KPFM mode was used
to determine the electrical response to the illumination. A set of arrow EFM (resonance
frequency: 75 kHz, force constant: 2.8 N/m, length: 240 µm, mean width: 35 µm, thickness:
3 µm) probes from the Nanoworld company designed for KPFM with platinum-iridium
coatings were utilized. The measurement was performed in two-pass lift mode in air. The
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obtained data were processed using Gwyddion software [38]. All of the samples measured
using p-KPFM techniques were grounded via an ITO electrode.

Photoactive impedance spectroscopy (p-IS) tests of third-generation solar cells were
carried out in a Faraday cage connected to vacuum pumps. p-IS measurements were con-
ducted with the precise RLC meter Agilent HP E4980A in the frequency range from 20 Hz
to 1 MHz using small signal voltage excitation of 20 mVrms. To identify the phenomenon
of the photogeneration of charges, experiments in the dark and under illumination were
conducted. During the p-IS experiments, photovoltaic devices were placed into the sample
holder, which allowed us to conduct experiments on all six pixels in a single measurement
sequence. Schematic diagrams of the organic solar cell and half-cell are presented on
Figure 2.
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Figure 2. Schematic diagrams of the organic solar cell and half-cell: p-KPFM (left) and p-IS (right)
experiments (* active layer with or without iodine doping).

For the illumination of the organic solar half-cell and working bulk heterojunction
photovoltaic devices, the light sources used were as follows: white cold LED COB with
an electrical power of 10 W, a viewing angle of 140◦, a colour temperature of 6500 K
and a luminosity of 850 lm; red (approximately 660 nm), green (520–530 nm) and blue
(455–465 nm) LED COBs with electrical powers of 3 W (red) and 5 W (green, blue), a viewing
angle of 140◦, and a luminosity of 70–80 lm, 280–300 lm, and 50–70 lm, respectively.

To prepare the cross-sections, the samples were placed in the vacuum chamber of
an SEM. All procedures were started after a vacuum of 4.9·10−7 mbar was attained to
minimize sample contamination. The fabrication of the cross-section consisted of three
steps. First, an approx. 100-nm thick strip was deposited using the FEBID process (electron
beam: 10 kV, 1.4 nA; dwell time: 1 µs; MeCpPtMe3 precursor). This step was performed to
protect the aluminium electrode (the top layer of the cell) from the destructive effect of the
ion beam, which could cause its milling and consequent decrease in its measured thickness.
Then, a gallium ion beam with a current of 5 nA and an accelerating voltage of 30 kV was
applied to mill through the surface of the sample. In the third step, the milling process
was repeated with a decreased beam current (80 pA) to obtain a smoother face of the cross-
section. Cross-sections of ROSC1 (0% iodine in the active layer), MOSC2 (5% mol iodine in
the active layer), and MOSC3 (10% mol iodine in the active layer) samples were studied
using the dual beam scanning electron microscope (SEM) system FEI NanoLab 600i with a
focused ion beam (FIB) column to estimate the thickness of each layer of third-generation
organic solar cells.



Energies 2023, 16, 4741 5 of 14

3. Results and Discussion
3.1. Photoactive Kelvin Probe Force Microscopy (p–KPFM)

The topography and surface potential images are presented as complementary maps
in the Supplementary Information section, allowing the presence of topographical features
and their impact on the surface potential distribution to be observed (see Figure S1).

As the samples were investigated in terms of their potential application in photovoltaic
systems, the surface potential was analysed first. Figure 3 shows the SP values for each
sample during illumination using various LEDs as described above, as well as in the dark.
One should emphasize that there was some amount of red light (640 nm) present due
to the laser beam-based scanning probe deflection detection system. One can see that
there was a significant change in SP values when radiation was applied. Additionally, we
observed that the abovementioned small dose of radiation delivered by the laser-based
deflection system very likely had no significant impact on the samples, as the response
obtained for red light exposure differed significantly from the response acquired in dark
conditions. The response intensity (SP change) appeared in the following order: white, red,
green and blue light. Based on that graph, one can tell that the best absorption and exciton
generation were obtained for white light for all samples (ROSC1, MOSC 2-3) and for the
red-light wavelength (see Figure 3). When the optical wavelength was shorter, the reaction
of the material was smaller. One can also conclude that for white light, the red component
was the most significant, yet in regard to this component, the largest differences between
materials appeared.
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Figure 3. Values of the surface potential obtained from p-KPFM experiments on working half-cell
photovoltaic devices in the dark and under different light sources (Measurements carried out in the
dark (black colour) and under white, red, green and blue light. Colours of bars corresponds the used
light sources).

The p-KPFM measurements also allowed us to estimate the surface photovoltage
(SPV) [39] parameter at the micro- and nanoscale as a difference between the surface
potential in the dark and under illumination (see Figure 4). It was also assumed that
the response of the studied samples to white light was the same as or more intense than
that to red, green or blue light. However, for the samples doped with iodine versus the
reference sample (ROSC1), a decrease in the difference between SP in the dark and under
the illumination of white light was observed.
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Figure 4. Surface photovoltage values obtained from p-KPFM as a difference between the surface
potential of working half-cell photovoltaic devices in the dark and under illumination (Measurements
carried out in the dark (black colour) and under white, red, green and blue light. Colours of bars
corresponds the used light sources).

The phenomenon of the more intense response of the studied samples with and
without iodine doping to red light occurred because this particular wavelength was close
to or even in the optical band gap of the P3HT donor polymer. Moreover, in the bulk
heterojunction devices, an absorption distribution of a specific wavelength of light as
a function of the active layer thickness and architecture of organic solar cells has been
observed [40–42]. Taking into account that the studied organic solar half-cells were standard
architecture devices (without a top electrode, ITO/PEDOT:PSS/active layer), the absorption
distribution of light wavelength across the sample could be similar or even the same as
that reported in the article by [40].

This leads to the conclusion that with the thickness of the active/organic layers
between 80 nm and 110 nm, the most intense response observed in p-KPFM experiments is
towards the red wavelength versus the dark measurements. Furthermore, regarding the
results obtained from p-KPFM and the absorption coefficient published in our previous
article [37], it is possible to notice that the absorption of blue and green light must be
more intensive than that of red light (see also Figure 5). Nevertheless, the highest SPV
values were observed for light from the red range wavelength, and such a phenomenon
can be expected for the organic active layer doped with iodine. The incorporation of iodine
ions into the mixture of polythiophene polymer with fullerene derivatives resulted in the
better phase separation of P3HT and PCBM, a redshift of the absorption edge [43] and
additional acceptor states in the energy band gap [44]. However, it is necessary to also take
into account the fact that the surface photovoltage at different light wavelengths can have
a significant influence on the “work function” of the active layer and, as a consequence,
result in the modification of the HOMO and LUMO energy bands of organic materials with
a metallic electrode that collects electrical charges. Further research is needed to better
understand the interaction of different wavelengths of light with BHJ organic solar cells to
determine the most effective charge recovery procedures for indoor applications.
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In addition, the SP distribution was verified to check if the previously mentioned SP
level differences were clearly above the distribution range. Typically, the SP variation was
below 7 mV, which was much less than the observed SP level changes for different radiation
wavelengths (see Figure S2 in the Supplementary Information). Only in three cases could
one observe increased variation ranges, reaching a level of 21 mV. The topography analysis
allowed us to find the correlation between unwanted features and the SP increased change
range. One should emphasize that despite the selection of the analysed region, the influence
of some unwanted long-range forces was observed. However, those ranges were still much
below the SP value differences shown in Figure S2. Moreover, the morphological properties
of the investigated films could have an impact on their surface and light interactions,
which means that a certain roughness may improve the light absorption or increase the
reflection factor. However, the analysis showed that regarding parameters such as Sq
(root mean square deviation), Sku (kurtosis), Ssk (skewness), and Sdq (root mean square
gradient), their obtained values showed relatively small differences (see Table S1 in the
Supplementary Information) compared with those reported in other works [39,45–47].

Therefore, we assumed that the impacts of those parameters could be neglected and
the only phenomena we considered to be responsible for the SP changes were the material
electrical properties. The acquired data suggested the direction of future research, where
certain materials should be implemented in a complete photovoltaic module and tested
using standard investigation methods. Moreover, to identify the influences of electrical
parameters on the efficiency of macroscale photovoltaic devices at the micro- and nanoscale,
it is necessary to conduct a more detailed p-KPFM investigation. Issues that must be
explored for a better understanding of the charge transport of and influence of dopants on
the organic solar cell efficiency are related to the surface potential and influence of surface
photovoltage [48–50] on the work function [49] of the organic active layer built into the
architecture of solar cells.

3.2. Photoactive Impedance Spectroscopy Experiments and Equivalent Electrical Circuit

One of the methods that allowed us to investigate the described charge transfer
phenomena in solar cells with an active layer based on a mixture of donor polymers and ac-
ceptor materials was the impedance spectroscopy method [25–29,35,36,51–56]. Photoactive
impedance spectroscopy (p-IS) experiments on the reference sample (ITO/PEDOT:PSS/P3H
T:PCBM/Al) and photovoltaic devices with an active layer modified by adding iodine
were conducted in this paper. p-IS measurements were carried out in the dark and un-
der different ranges of wavelengths (under white, red, green and blue light, WRGB) for
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all samples at the macroscale. After analysis of the obtained data from p-IS for ROSC1,
MOSC2, and MOSC3 third-generation photovoltaic devices, we decided to implement a
series electric equivalent circuit to fit the obtained data and estimate the diffusion times
of electrons and electron-hole recombination lifetimes. The results from the applied p-IS
experimental approach are described and discussed below in relation to the photovoltaic
results from our previous work [37].

The commonly used equivalent circuit for organic BHJ OS cells is shown in
Figure 6 [51,54,56]. Its components are directly related to the measured impedance spec-
trum shown in the complex plane. Such a spectrum usually forms two semicircles, one
recorded at lower frequencies and another at higher frequencies. Each semicircle is mod-
elled with each parallel Rm-CPEm circuit. It is possible to evaluate the time constant of such
a circuit:

τm = (RmTm)
1

Pm (1)

where Rm is the resistance and Tm and Pm are the parameters of CPEm.
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Figure 6. Series equivalent circuit used for fitting p-IS experimental data obtained for the ROSC1,
MOSC2 and MOSC3 samples.

According to Perrier et al. [54], the parameters of Rm and CPEm related to the high-
frequency semicircle are related to the diffusion time of the electrons τ1, while the low-
frequency semicircle is related to the effective lifetime of carriers related to electron-hole
recombination τ2. An additional parameter Rs is related to any series resistance in the cell
and measurement setup, resulting in an impedance spectrum that shifts along the real axis.
In Table S2 (see Supplementary Information), average parameters such as Rs, R1, CPE1,
R2, CPE2, τ1 and τ2, obtained from the fitting procedure for the series equivalent circuit of
impedance spectra for pixels of ROSC1, MOSC2 and MOSC3 samples (see Figures S3–S5),
are presented. Applying the approach proposed by the authors of article [54], changes in
the average values of resistances R1 and R2 were calculated and are shown in Figure 7,
which allowed us to estimate the time constant associated with electron diffusion (τ1) and
the recombination of electron-hole pairs (τ2) (see Figure 8). Moreover, by analysing the
presented changes in resistances related to charge diffusion and recombination, it was
deduced that the mentioned parameters were a function of both iodine doping and the
type of illumination source used.

By analysing the standard deviation of the arithmetic mean and the estimated average
values presented in Figure 7, it is possible to notice that the incorporation of dopant
in the form of iodine into the active layer of the BHJ OSC (MOSC2, MOSC3) caused a
decrease in the resistances R1 and R2 compared to the parameters of the reference sample
(ROSC1) measured under dark conditions. This kind of electrical resistance behaviour,
which consequently led to improved charge transport, was related to the influence of iodine
on the structure of the active layer of the BHJ OSC devices, which resulted in improvements
in the phase separation between P3HT and PCBM [43] and the P3HT crystallinity [37,57].

For light wavelengths in the red range, the resistance parameters of the tested BHJ
OSC devices were very close to the values obtained from experiments performed without
illumination. Taking into consideration the optical properties of the P3HT:PCBM blend,
we concluded that light wavelengths in the red range spectrum were the least used for
electrical charge generation in the BHJ OSC, which was expected because of the absorption
distribution of light as a function of the active layer thickness [40–42]. To improve the
impact of red light on the generation of electrical charges, the incorporation of dopants
into the active layer or into the architecture of OSC has been proposed [43,44]. This
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approach can improve the harvesting of long-wavelength artificial red light located inside
enclosed spaces.
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Figure 8. Changes in relaxation time calculated from an EEC model in the dark and under different
light sources (Measurements carried out in the dark (black colour) and under white, red, green
and blue light. Colours of bars corresponds the used light sources.): τ1—diffusion time of elec-
trons (a), τ2—electron-hole recombination lifetime (b) (according to a scientific study published by
Perrier et al. [52]).

When BHJ OSC devices were illuminated with blue light, the characteristics of resis-
tances R1 and R2 were the same as those in experiments performed with white light. This
kind of behaviour was expected because commercially available solid-state white light
sources are built based on a blue diode with an appropriately selected luminophore. In
turn, taking into account the mean values and fluctuations of the standard deviation of the
resistances R1 and R2 of the considered photovoltaic devices (ROSC1, MOSC2, MOSC3)
illuminated by green light, it was observed that the resistance values slightly changed
with the doping of the active layer with iodine. The observed phenomenon was closely
related to the fact that the green wavelength was most effectively used to generate elec-
trical charges, and the reason for this was related to the optical properties of the P3HT
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polymer (see Figure 5, wherein the highest absorption coefficient value is for green light)
and P3HT:PCBM blend (see Figure 6, from article [37]). All parameters estimated from
p-IS for dark, white, red, green and blue artificial light sources related to nonmodified
and modified standard bulk heterojunction organic solar cells are shown in Table S2 (see
Supplementary Information).

Figure 8 shows the results of the estimation of relaxation times related to the electron
diffusion (τ1) and recombination of electron-hole pairs (τ2) for doped and non-doped BHJ
OSCs with iodine. In the case of p-IS measurements conducted in the dark and under
green light, the relaxation times of charges related to τ1 and τ2 were maintained in the
same way as the resistance described before R1 and R2, respectively (see Figures 7 and 8 for
comparison). Interesting phenomena occurred in the case of the illumination of BHJ OSC
devices with white and blue light. An increase in electron diffusion times was observed for
samples with iodine doping (MOSC2, MOSC3) compared to those of the reference sample
(ROSC1). On the other hand, from p-IS experiments conducted under the illumination
of red light, a decrease in τ1 parameters was observed for MOSC2 and MOSC3 devices
compared to those of ROSC1 (see Figure 8).

The increase in τ1 for doped samples illuminated by white and blue light was corre-
lated with the thickness of the organic layer of the measured photovoltaic cells (see Table 1
and Figure 9), which was expected in the case of lengthening the diffusion path of the
electrical charges.

Table 1. Average thicknesses of each layer of the ROSC1, MOSC2 and MOSC3 samples at different
locations of the cross-sections observed by SEM.

Type of Layer/Layers ROSC1 MOSC2 MOSC3

Aluminium electrode
1 Organic layers: x and y

ITO

120.06 nm 122.37 nm 119.11 nm
85.48 nm 98.04 nm 111.09 nm

111.74 nm 115.76 nm 110.31 nm
1 Due to the low imaging contrast between the individual organic layers, i.e., x (PEDOT:PSS) and y (active layer,
P3HT:PCBM without and with I), their combined thicknesses are shown.

Energies 2023, 16, 4741 11 of 15 
 

 

 

Figure 9. SEM micrograph of a cross-section of an OSC. The image was taken using an electron beam 

in immersion mode with a current of 96 pA and acceleration voltage of 2 kV, with the SEM stage 

tilted at 52 degrees. 

A correlation between the p-IS test results from this article and previously published 

photovoltaic measurements listed in Table 2 in [37] was noted, albeit only for devices illu-

minated with white light. The electron diffusion time increased with the thickness of the 

organic layer and iodine content, and the recombination time of electron-hole pairs de-

creased, which resulted in a reduction in the open-circuit voltage from 465.2 mV to 394.2 

mV and 405.1 mV, and an increase in the short-circuit current density from 9.94 mA/cm2 

to 12.95 mA/cm2 and 14.18 mA/cm2 for the ROSC1, MOSC2 and MOSC3 samples, respec-

tively [37]. 

One of the most interesting p-IS experiments was carried out when photovoltaic de-

vices were illuminated with red light. The doping of a composite material based on a do-

nor polymer from the polythiophene family and the acceptor material PCBM with iodine 

increased the crystallinity of P3HT and thickened the organic layer [37,57], improved the 

phase separation between P3HT and PCBM [37,43,57], increased the Urbach energy after 

adding an admixture to the donor polymer [37], and shifted the absorption spectrum of 

the composite material towards longer wavelengths [43,44]. Moreover, an increasing Ur-

bach energy of polymers and copolymers from the polythiophene family could cause an 

increase in the recombination rate phenomena of electrical charges in single-junction or-

ganic solar cells (SJ OSC) [58]. By analysing the p-IS results for wavelengths of light in the 

red range, a decrease in electron diffusion time was observed, which contrasted with the 

measurements for white and blue light illuminators. This discrepancy could be explained 

by the appearance of acceptor states in the energy gap and by a shifting of the entire pol-

ymer absorption spectrum towards red wavelengths. This would indicate that the p-IS 

measurement method could be used to identify the acceptor states in the energy gap in 

studies conducted under red light illumination conditions. In addition, p-IS experiments, 

carried out by exciting an operating organic photovoltaic device with a wavelength of 

approximately 660 nm, would allow the correlation between the Urbach energy value and 

electrical parameters of third-generation solar cells to be determined [58]. 

4. Conclusions 

In conclusion, this paper describes the results of photoactive electrical measurements 

conducted using atomic force microscopy and impedance spectroscopy techniques. Dur-

ing the studies, bulk heterojunction organic half-cells and cells based on the P3HT:PCBM 

active layer were measured under working conditions. The influence of iodine p-type 

Figure 9. SEM micrograph of a cross-section of an OSC. The image was taken using an electron beam
in immersion mode with a current of 96 pA and acceleration voltage of 2 kV, with the SEM stage
tilted at 52 degrees.

It could be inferred that such an effect is undesirable. However, the decrease in the
τ2 parameter of doped devices relative to that of the reference sample under white and
blue illumination should also be taken into account. Taking into account the dynamics of
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changes in the relaxation times τ1 and τ2 for samples illuminated under the entire visible
spectrum and only with light from the blue range, it could be confidently concluded that
the influence of the admixture in the active layer positively affected the operation of the
BHJ OSC (see Figure 8, Table S2).

A correlation between the p-IS test results from this article and previously published
photovoltaic measurements listed in Table 2 in [37] was noted, albeit only for devices
illuminated with white light. The electron diffusion time increased with the thickness
of the organic layer and iodine content, and the recombination time of electron-hole
pairs decreased, which resulted in a reduction in the open-circuit voltage from 465.2 mV
to 394.2 mV and 405.1 mV, and an increase in the short-circuit current density from
9.94 mA/cm2 to 12.95 mA/cm2 and 14.18 mA/cm2 for the ROSC1, MOSC2 and MOSC3
samples, respectively [37].

One of the most interesting p-IS experiments was carried out when photovoltaic
devices were illuminated with red light. The doping of a composite material based on
a donor polymer from the polythiophene family and the acceptor material PCBM with
iodine increased the crystallinity of P3HT and thickened the organic layer [37,57], improved
the phase separation between P3HT and PCBM [37,43,57], increased the Urbach energy
after adding an admixture to the donor polymer [37], and shifted the absorption spectrum
of the composite material towards longer wavelengths [43,44]. Moreover, an increasing
Urbach energy of polymers and copolymers from the polythiophene family could cause
an increase in the recombination rate phenomena of electrical charges in single-junction
organic solar cells (SJ OSC) [58]. By analysing the p-IS results for wavelengths of light
in the red range, a decrease in electron diffusion time was observed, which contrasted
with the measurements for white and blue light illuminators. This discrepancy could be
explained by the appearance of acceptor states in the energy gap and by a shifting of the
entire polymer absorption spectrum towards red wavelengths. This would indicate that the
p-IS measurement method could be used to identify the acceptor states in the energy gap in
studies conducted under red light illumination conditions. In addition, p-IS experiments,
carried out by exciting an operating organic photovoltaic device with a wavelength of
approximately 660 nm, would allow the correlation between the Urbach energy value and
electrical parameters of third-generation solar cells to be determined [58].

4. Conclusions

In conclusion, this paper describes the results of photoactive electrical measurements
conducted using atomic force microscopy and impedance spectroscopy techniques. During
the studies, bulk heterojunction organic half-cells and cells based on the P3HT:PCBM active
layer were measured under working conditions. The influence of iodine p-type doping
on the obtained electrical parameters at the macro- and nanoscale was considered. The
use of different illumination sources to generate electrical charges in photovoltaic devices
made it possible to estimate the effect of doping on the surface potential and demonstrate
that the photovoltage obtained at the microscale depends on the light sources used and the
doping level of an active organic layer. In the photoactive impedance spectroscopy studies,
the decreasing diffusion time of electrons and electron-hole recombination lifetime were
observed as a function of the doping level and thickness of organic layers.

It was observed that the nature of the changes in surface photovoltage estimated for
organic half-cells under white light at 186.8 mV, 172.9 mV and 132.9 mV was similar to
that of the changes in the fill factor (FF) of organic solar cells presented in our previous
work [37], which was found to be 0.48, 0.46 and 0.44 for OSCs that were non-doped and
doped with 5% and 10% iodine, respectively.

On the other hand, taking into consideration the behaviour of the relaxation times
associated with the diffusion and recombination of electrical charges, described above, a
correlation between the power conversion efficiency (PCE) of the non-doped and iodine-
doped BHJ organic solar cells (5%, 10%) was observed with high probability. The val-
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ues of PCE were published in reference [37] and were approximately 2.24%, 2.41%, and
2.61%, respectively.

Furthermore, the p-KPFM and p-IS measurement techniques could be applicable for
the qualitative detection of additional acceptor states that occur in the optical energy gap of
polymeric materials from the polythiophene family doped with acceptors and iodine ions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16124741/s1, Figure S1: Topography (top, AFM) and sur-
face potential (below, p-KPFM) of working half-cell photovoltaic devices based on an absorber
P3HT:PCBM without (ROSC1) and with (MOSC2 and MOSC3) iodine doping; Figure S2: Values of
the surface potential variation level obtained from p-KPFM of working half-cell photovoltaic devices
in the dark and under different light sources; Figure S3. Measured (dots) and fitted (line) impedance
spectra for 6 pixels (in rows) in ROSC1 sample measured in darkness and illumination. Figure S4.
Measured (dots) and fitted (line) impedance spectra for 6 pixels (in rows) in MOSC2 sample measured
in darkness and illumination. Figure S5. Measured (dots) and fitted (line) impedance spectra for 6
pixels (in rows) in MOSC3 sample measured in darkness and illumination. Table S1: Morphological
properties of investigated films. Sq (root mean square deviation), Sku (kurtosis), Ssk (skewness)
and Sdq (root means square gradient) parameters for the measurements of the samples ROSC1,
MOSC2, MOSC3; Table S2: Summary of the EEC (a) modelling results for samples ROSC1, MOSC2
and MOSC3 in dark and illuminated states. Shown are: Rs—contacts and connections resistance, R1-
CPE1—parameters of R-CPE circuit related to τ1—diffusion time of electrons, R2-CPE2—parameters
of R-CPE circuit related to τ2—electron-hole recombination.
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