
Citation: Grzibovskis, R.; Polaks, A.;

Vembris, A. Intrinsic

Photoconductivity Spectral

Dependence as a Tool for Prediction

of Open-Circuit Voltage in Organic

Solar Cells. Energies 2023, 16, 6728.

https://doi.org/10.3390/en16186728

Academic Editor: Elisa Artegiani

Received: 9 August 2023

Revised: 15 September 2023

Accepted: 18 September 2023

Published: 20 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Intrinsic Photoconductivity Spectral Dependence as a Tool for
Prediction of Open-Circuit Voltage in Organic Solar Cells
Raitis Grzibovskis , Andis Polaks and Aivars Vembris *

Institute of Solid State Physics, University of Latvia, 8 Kengaraga Street, LV-1063 Riga, Latvia;
raitis.g@cfi.lu.lv (R.G.)
* Correspondence: aivars.vembris@cfi.lu.lv

Abstract: Organic materials are known for their variety of molecules. Methods to predict the param-
eters of organic photovoltaic (OPV) cells are required to avoid the time- and resource-consuming
processes of manufacturing and testing OPVs. Usually, the open-circuit voltage (Uoc) is estimated
as the difference between the ionization energy level of the electron donor molecule (Id) and the
electron affinity level of the electron acceptor molecule (EAa). Various measurement methods are
used to determine the energy level values of pure materials, which, when combined with energy
level shifts due to the donor:acceptor interactions, make these estimations less precise. In this work,
photoconductivity measurements were applied to the donor:acceptor films. Near threshold energy,
the electron can be directly transferred from the donor to the acceptor molecule. The obtained charge
transfer energy (ECT) shows the difference between Id and EAa in the film. This difference was
compared to the Uoc value of an OPV made of the same donor:acceptor combination. We show that
this approach provides less scattered results and a higher correlation coefficient compared to the Uoc

estimation using energy level values.
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1. Introduction

Environmental concerns and the rapidly increasing demand for green energy are the
main driving forces advancing the development of solar cells. One of the areas being
actively developed is organic photovoltaic (OPV) cells, which recently reached an efficiency
of 19% [1,2]. Organic materials offer such advantages as low material costs, the possibility
to create large area cells by printing or using roll-to-roll technologies [3–5], and applica-
tions such as building-integrated photovoltaics (BIPV), due to their semi-transparency [6].
Organic materials are known for their immense variety, because the molecules can be easily
modified by varying the functional groups that affect their properties. As the creation of
solar cells is a time- and resource-consuming process, methods to easily and reliably predict
the parameters of OPVs are required.

The most important parameters that describe OPVs are the short-circuit current (Isc),
open-circuit voltage (Uoc), fill factor (FF), and power conversion efficiency (PCE). Isc shows
the maximum current obtainable from OPV cells. It is mostly determined by two factors:
charge-carrier generation in the active layer, and charge-carrier extraction from the solar
cell. Parameters such as absorption coefficient and spectrum, charge-carrier mobility,
and compatibility between various layers influence Isc. Uoc is mainly determined by the
materials in the active layer and their energy level values (ionization energy (I) and electron
affinity (EA)) [7–10]. External conditions such as light intensity [11] and temperature [10,12]
can also have a limited influence on the open-circuit voltage of OPV cells. PCE shows
the portion of light energy that has been converted into electrical power, while FF is the
“ideality factor” of OPV.
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Currently, to predict the Uoc, an empirical equation is used:

Uoc =
1
e
(Id − EAa − ∆). (1)

where e is the elementary charge, Id is the ionization energy level value of the electron donor
material, EAa is the electron affinity energy level of the electron acceptor material, and ∆ is
an empirical coefficient between 0.3 and 0.5 [13,14]. While Equation (1) is simple and could
potentially allow the most promising donor:acceptor material pairs to be predicted, there
are some disadvantages to this method. First, ∆ is an empirical coefficient whose value can
vary depending on the material class or the amount of “tail states” introduced in the active
layer due to the energetic disorder [14]. Second, the correct determination of the energy
level values of the materials becomes crucial. Ultraviolet photoemission spectroscopy
(UPS) is the most popular method for ionization energy level value determination [15,16].
Alternatively, one simple method is photoelectron emission spectroscopy (PES) which does
not require ultra-high vacuum and allows measurements to also be performed in air [17–19].
Although the methods are similar, for some (even well-known) materials the energy level
values can greatly differ from source to source. For example, the ionization energy for a well-
known polymer PBDB-T is reported to be between 5.20 and 5.30 eV [20–23], while values as
high as 5.39 eV [24] and as low as 4.9 eV [25] can also be found. In most cases, these values
introduce 0.1 V uncertainties in the prediction of Uoc, with a 0.5 eV difference between the
lowest and the highest reported values. The electron affinity level value determination
produces an additional challenge. While inverse photoemission spectroscopy (IPES) can
be used to determine the EA directly [26,27], the poor energy resolution and complexity
of the method limit its usage. Most often, the EA value is obtained indirectly from the
ionization energy level value and energy gap measurements. The energy gap between the
ionization energy and EA can be estimated either from the absorption edge or the intrinsic
photoconductivity measurements.

A popular method for the energy level value determination of organic materials is
cyclic voltammetry. As the measurements are performed in solutions instead of thin films,
there is still debate regarding whether the results can be used to describe energy levels in
solids [28,29].

Additionally, energy level shifts at the electron donor–acceptor interface can take
place [19,28,30]. This means that the energy level values obtained from bulky layers of
pure material films can give incorrect information about the real energy gap at the donor–
acceptor interface. Because of this, a simple and reliable method for the prediction of
Uoc is necessary. In the intrinsic photoconductivity near the threshold energy, the excited
electron can be directly transferred to the adjacent molecule. In the case of pure film, this
threshold is the difference between the ionization energy level and electron affinity level.
If the active layer is made of two materials (for example, at a bulk heterojunction), the
obtained threshold describes the real difference between the ionization energy level of the
electron donor molecule and the electron affinity level of the electron acceptor molecule [31].
Theoretically this direct charge transfer (CT) transition can be observed optically; however,
the probability of such transfer is low, often close to the sensitivity limits of the equipment.
Electrical measurements are an easier way to observe this effect.

In this work, we aim to use intrinsic photoconductivity to obtain a charge transfer
energy (ECT) that describes the difference between Id and EAa and can be used to predict the
Uoc of organic photovoltaic cells. In this way, the time- and resource-consuming creation
of OPVs can be replaced by photoconductivity measurements of simple “sandwich” type
(ITO/donor:acceptor/Al) samples. The obtained ECT values are compared to the Uoc values
of the same donor:acceptor combination OPV cells.
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2. Materials and Methods
2.1. Studied Materials and Sample Preparation

Several well-known commercially available organic electron donor and acceptor mate-
rials were chosen for this study. The materials were electron donor polymers such as P3HT
(bought from Sigma-Aldrich, https://www.sigmaaldrich.com/, (accessed on 17 September
2023)) and PCDTBT, PCPDTBT, PBDB-T, PBDB-T-2F, and PBDB-T-2Cl (bought from Ossila,
https://www.ossila.com/ (accessed on 17 September 2023)), as well as low molecular
weight electron acceptors such as PCBM and Y5 (bought from Sigma-Aldrich) and Y6 and
Y7 (bought from Ossila). The structures of the molecules studied in this work are shown
in Figure 1. The materials were chosen to cover various groups of organic compounds.
Additionally, the energy level value differences between materials covered the possible Uoc
values across a relatively wide range between 0.45 and 1.20 V.
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Figure 1. Studied materials.

For this study, four series of samples were made: (1) samples for energy level deter-
mination; (2) samples for bulk heterojunction photoconductivity measurements; (3) OPV
cells with various donor:acceptor combinations in the active layer; (4) OPV cells with
the same donor:acceptor pair in the active layer. Meanwhile, we varied the sample
preparation conditions.

The samples for energy level determination were made on ITO-covered glass sub-
strates (Präzisions Glas and Optik GmbH, 15 Ω/sq.). The materials were dissolved in
chlorobenzene with a concentration of 15–20 mg/mL and spin-coated in an argon atmo-
sphere with a speed of 700 rpm, acceleration of 700 rpm/s, and spinning time of 60 s.
The samples were dried on a hotplate for 15 min at 140 ◦C. After ionization energy level
measurements using the PES method, the 30 nm thick semi-transparent Al electrodes were
deposited on top of the organic material film to obtain sandwich-type (ITO/organic mate-
rial/Al) samples. The Al electrodes were deposited via thermal evaporation in a vacuum
(at 1 × 10−5 mbar pressure) with a deposition rate of 0.2 nm/s. These samples were used
in photoconductivity measurements to obtain the electron affinity energy level value of the
studied compounds.

https://www.sigmaaldrich.com/
https://www.ossila.com/
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Bulk heterojunction samples for photoconductivity measurements were made by
mixing two materials dissolved in chlorobenzene with a concentration of 15 mg/mL. The
solution mass ratio in each mixture was 1:1 (donor:acceptor). Spin-coating and Al electrode
deposition parameters were the same as in pure material thin films. In this way, samples
with a structure of ITO/donor:acceptor/Al were obtained.

The solar cells were made on ITO-covered glass substrates (Präzisions Glas and Op-
tik GmbH, https://www.pgo-online.com/intl/ito.html (Accessed on 26 September 2023)
5 Ω/sq.). PEDOT:PSS (AL4083) was spin-coated with a speed of 2000 rpm, acceleration of
2000 rpm/s, and spinning time of 60. The substrates were dried on a hotplate for 15 min
at 120 ◦C temperature. The studied materials were dissolved in chlorobenzene with a
concentration of 8–10 mg/mL. Various electron donor:acceptor material combinations were
prepared by mixing two solutions with a mass ratio of 1:1 to ensure that the film morphol-
ogy was the same as in the photoconductivity measurement samples. The solutions were
spin-coated in an argon atmosphere with a spinning speed of 1200 rpm, acceleration of
1200 rpm/s, and spinning time of 60 s. The obtained samples were dried on a hotplate for
15 min at 140 ◦C. A 1 nm thick LiF electron transport layer and 100 nm thick Al electrodes
were deposited using a Moorfield Nanotechnology MiniLab LT090A-MX thermal evapora-
tor in a Jacomex glovebox. The Al deposition rate was ~0.2 nm/s. The final structure of the
OPV cells was ITO/PEDOT:PSS/donor:acceptor/LiF/Al.

A series of samples containing an PBDB-T-2Cl:Y5 active layer was made to observe
the effect of sample preparation conditions on the results. Three samples were made by
varying the donor:acceptor mass ratio (1.2:1, 1:1, 1:1.2). One further sample was made by
adding chloroform to the solution. In this case, the chloroform:chlorobenzene mass ratio
in the solution was 0.5:1. The rest of the preparation parameters (solution concentration,
spin-coating parameters, and time of thermal treatment) remained the same as in the
previous series.

2.2. Measurement Systems

The ionization energy level value of the studied materials was obtained using the
photoemission yield spectroscopy (PYS) method. The measurements were carried out in a
vacuum (1-2·10-5 mbar) using a self-built system consisting of an ENERGETIQ Laser-Driven
Light Source (LDLS EQ-99) https://www.energetiq.com/ (Accessed on 26 September
2023), white light source, Spectral Products DK240 1/4 m monochromator, and Keithley
617 electrometer (which was used as a voltage source as well as the equipment for electric
current measurements). The spectral range of the measurements was between 4.00 and
6.50 eV with a 0.05 eV step. A voltage of 50 V was applied between the sample and
copper electrode to improve the electrical signal. The distance between the sample and the
electrode was around 2 cm.

The equipment for photoconductivity measurements was the same as in photoelectron
emission spectroscopy. In this case, there was no copper electrode 2 cm from the sample
surface. Instead, one electrical contact was connected to the ITO while the other was
connected to the Al electrode. The light was focused on a 3 × 3 mm2 area where ITO and
Al overlapped. For the pure films, photoconductivity was used to determine the energy
gap (Eg) between the material ionization energy level and electron affinity level. Knowing
the energy gap and the ionization energy (I) level value, it was possible to calculate the
electron affinity level value:

EA = I − Eg. (2)

By measuring the photoconductivity of the bulk heterojunction (donor:acceptor) sam-
ples, the real gap between the donor molecule’s ionization energy level and the acceptor
molecule’s electron affinity level was obtained.

A solar simulator ScienceTech SS150 https://www.sciencetech-inc.com/ (accessed
on 17 September 2023) with a light intensity of 100 mW/cm2 and a standard AM 1.5 filter
was used as a light source in the photovoltaic effect measurements. The current–voltage

https://www.sciencetech-inc.com/
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characteristics (I–V curves) were measured using a Keithley 6517B electrometer. From these
measurements, the Uoc value for all of the studied donor–acceptor pairs was obtained.

3. Results

As there are a variety of measurement methods and systems, the energy level values
for the studied materials vary considerably in the literature. To ensure that the energy level
values were obtained in the same way, the ionization energy level and electron affinity level
values were determined for the organic materials used in this work.

The ionization energy was determined from the photoelectron emission yield spectral
dependence as the threshold energy at which the yield rapidly increases. Photoemission
yield Y(hν) can be calculated as

Y(hν) =
N(hν)

P(hν)
, (3)

where N(hν) is the number of emitted electrons and P(hν) is the number of incident photons
with energy hν. Near the threshold energy, the photoemission yield is proportional to the
difference between the photon energy and the ionization energy level value:

Y(hν) ∝ (hν − I)x. (4)

where x is a number between 1 and 3, depending on the studied system [32]. x = 2 is
usually used for metals and conductive materials [18,33] while x = 2.5 or x = 3 is used for
semiconductors [17,34,35]. In this work, we used x = 2.5 as it yielded a better approximation
than x = 3. To obtain the ionization energy level value of the studied material, the Y(hν)2/5

dependence on photon energy was plotted. An example of the photoelectron emission
for PBDB-T-2Cl is shown in Figure 2a. It can be seen that after 5.20 eV, the photoemission
yield linearly increases. This value is then considered the ionization energy level value of
PBDB-T-2Cl.
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The gap energy Eg value was obtained as the threshold energy from the photocon-
ductivity spectral dependence. Photoconductivity efficiency β(hν) can be calculated as

β(hν)
Iph(hν)

e·k(hν)·N(hν)·G(hν)
, (5)

where Iph(hν) is the photocurrent when a sample is irradiated with photons of certain
energy of hν, e is the elementary charge, k(hν) is the light transmission coefficient of the
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semitransparent electrode, N(hν) is the number of incident photons, and G(hν) is the portion
of light absorbed in the thin film, calculated as:

G(hν) =

∫ d
0 exp(−α(hν)x)dx∫ ∞
0 exp(−α(hν)x)dx

= 1 − exp(−α(hν)d), (6)

where α(hν) is the light absorption coefficient of the material, and d is the sample thick-
ness. [36,37] Similarly to the photoelectron emission, photoconductivity efficiency is non-
linearly proportional to the difference between the photon energy and gap energy:

β(hν) ∝
(
hν − Eg

)y (7)

It has been empirically observed that in organic semiconductors, y = 2.5. Again, to
obtain the Eg value of the studied material, the β(hν)2/5 spectral dependence was plotted
as shown in the example for PBDT-T-2Cl (see Figure 2b). In this case, the gap value was de-
termined to be 1.51 eV, placing the electron affinity at 3.69 eV. The small photoconductivity
signal between 1.3 and 1.5 eV was most likely caused by the impurities in the thin film, as
no purification was performed and the materials were used as received.

The obtained values for all studied materials are collected in Table 1. These values
were used to estimate the open-circuit voltage of various donor:acceptor material pairs.

Table 1. Studied materials and their energy level values.

Material I, eV
(±±±0.03 eV)

EA, eV
(±±±0.05 eV)

P3HT 4.54 2.79
PCDTBT 5.10 3.40

PCPDTBT 4.90 3.60
PBDB-T 4.87 3.15

PBDB-T-2F 5.10 3.40
PBDB-T-2Cl 5.20 3.69

PCBM 6.08 3.63
Y5 5.55 3.87
Y6 5.75 4.03
Y7 5.69 4.12

Usually, the photocurrent rapidly increases by several orders of magnitude when the
photon energy is above the gap energy (Eg). Below Eg, there can sometimes be observed a
small photoconductivity signal which is most likely generated by impurities in the film. As
can be seen in the example of PBDB-T-2Cl in Figure 2b, Eg = 1.51 eV, yet a small photocurrent
can be observed even at 1.35 eV. In the case of Y5, Eg = 1.68, yet a small photocurrent can be
measured from ~1.50 eV (see Figure 3a). In the bulk heterojunction samples, photocurrents
can be observed in the infrared part of the spectrum, far below the threshold energy of
any separate material (see Figure 3a). In this case, the photocurrent could be measured
starting from ECT = 0.92 eV. The photon energy is too low there to directly excite either
PBDB-T-2Cl or Y5. This means that the electrons are directly transferred from the electron
donor material to the electron acceptor molecules.

Using the studied materials, the OPV cells were fabricated and their current–voltage
characteristics (I–V curves) were measured. From these measurements, the real Uoc values
were obtained as the point closest to the I = 0 A value. In the example of the PBDB-T-2Cl:
Y5 solar cell, the obtained Uoc value was 0.89 ± 0.01 V, only 0.03 V lower than the ECT value
obtained in the photoconductivity measurements.

The values in Table 1 were used to estimate the open-circuit voltage (Uoc,est) for various
donor:acceptor material combinations, according to Equation 1. In this work, we assumed
the value ∆ to be 0.30. For IPBDB-T-2Cl = 5.20 eV and EAY5 = 3.87 eV, we obtained the
estimated open-circuit voltage value Uoc,est = 1.03 ± 0.06 V, which is a 0.14 V overestimation
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compared to the real measured value. For most of the ionization energy level values
reported in the literature around IPBDB-T-2Cl = 5.50 eV [38–40], the expected Uoc,est value
would have been even 0.3 V higher, reaching 1.33 V and overestimating Uoc by more than
0.40 V.
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In total, 20 different electron donor:acceptor pairs were studied. Photocurrent spectra
were obtained for simple ITO/donor:acceptor/Al samples; OPV cells were fabricated and
their current-voltage characteristics were measured.

The summarized results are shown in Figure 4. When energy level values and Equation
1 are used to determine Uoc, the results are more scattered (Figure 4a) than when measured
ECT values are used (Figure 4b). Using linear fitting of the data, and fixing the slope
coefficient to 1, an intercept value was −0.03 ± 0.06 V was obtained with a Pearson’s
correlation coefficient of 0.87. While on average the estimated voltage Uoc,est was close to
the measured Uoc, the points were dispersed around the “perfect fit” values. Mostly, Uoc,est
tends to overestimate the expected voltage.
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When linear fitting was applied to the Uoc dependence on ECT, the obtained intercept
value was −0.04 ± 0.02 with a Pearson’s correlation coefficient of 0.95, showing a very
strong correlation between both variables. This shows that the points are less scattered
and the obtained Uoc values are closer to the values estimated from photoconductivity
measurements. Furthermore, in this case, the measured ECT is slightly larger than the
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Uoc values for similar active layers. The low intensity of the white-light source in the
infrared part of the spectrum and the electrical noises may explain why ECT exceeded the
measured Uoc values. A light source with higher radiation intensity could be a solution to
this problem.

When using both methods, the estimated open-circuit voltage values are close to the
real ones, and the ECT results are less dispersed. Uoc estimation using Equation (1) does
not take into account possible interactions between donor and acceptor molecules, which
may differ from material class to material class. Two groups of similar materials were used
in this work: PBDB-T and its derivatives (as electron donor materials) and Y- series (as
electron acceptor materials). As the energy levels decrease owing to the addition of chlorine
and fluorine atoms to the molecule [41,42], the estimated and obtained Uoc values follow
the expected trend. For a lower ionization energy of electron donor material, the obtained
Uoc values were higher than those when the original PBDB-T was used. When samples
were made from a Y5 electron acceptor molecule, the Uoc values were generally higher
than those where Y6 and Y7 were used in the active layer. However, no material group
produced systematic errors (always overestimated or always underestimated) in either the
Uoc estimation from energy level values or when intrinsic photoconductivity measurements
were used.

The energy level values can be obtained with various methods; this can introduce
additional uncertainties in the Uoc estimations. Often, these values are obtained from
solutions instead of films, which can create even larger errors in Uoc estimations. Direct
measurements using photoconductivity spectral dependence should provide more reliable
and, in most cases, more precise results.

It has been shown that solar cell preparation conditions (solvent choice, morphology
control, etc.) can influence the open-circuit voltage [43]. However, this influence is relatively
limited and in most cases is within the range of 0.05 V. To test the sensitivity of the intrinsic
photoconductivity measurements, an additional series of samples with a PBDB-T-2Cl:Y5
active layer was fabricated. This helped to evaluate the influence of sample preparation
conditions on the obtained results.

As can be seen in Figure 5a, adding chloroform to the solution reduced the obtained
Uoc. In this case, it was 0.84 V, a 0.05 V reduction compared to the case of pure chlorobenzene
solution. As the chloroform rapidly evaporates, it hinders the formation of the desired
film morphology and thus the performance of the solar cell is lowered. Changing the
donor:acceptor mass ratio does not have a significant influence on the obtained Uoc values.
Under an excessive amount of donor (1.2:1) the Uoc value decreased insignificantly (by
0.02 V) to 0.87 V (see Figure 5b). Under extra electron acceptor material in the active layer,
the Uoc decreased by another 0.01 V to 0.86 V. This shows that the Uoc is mainly determined
by the materials themselves, and there is a limited influence of the morphology of the film.
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The intrinsic photoconductivity measurements showed a limited influence of the
donor:acceptor mass ratio on the results (see Figure 6). Insignificant changes in the threshold
value were observed: an additional amount of either donor or acceptor in the active
layer lowered the threshold value by 0.01 eV, which is within the margin of error. Here,
ECT = 0.91 eV, compared to the 0.92 eV obtained for the sample with a donor:acceptor mass
ratio of 1:1. Larger changes were observed for the sample with added chloroform in the
solution. First, the photocurrent was lower in the infrared part of the spectrum (see inset
of Figure 6), showing decreased charge carrier transfer between the electron donor and
acceptor molecules. Second, the ECT value in this case was 0.89 eV. Here, it can be seen that
the trend remains the same as for other series of samples: the lower the Uoc, the lower the
photoconductivity threshold value.
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4. Conclusions

In this work, we showed that the open-circuit voltage estimation from energy level
values in OPVs gives dispersed results and, in most cases, the expected Uoc is slightly over-
estimated. Photoconductivity measurements of simple ITO/donor:acceptor/Al samples
facilitate the more precise prediction of Uoc, as shown by linear fitting of the results. The
results are less dispersed, and the correlation coefficient is higher: 0.95 compared to 0.87
in the case of Uoc estimation from energy level values alone. The slight overestimation
of Uoc using ECT values could be related to the sensitivity of the photocurrent measure-
ments. More precise measurements could be performed using a more intense infrared
radiation source.

Samples fabricated using the same materials in the active layer showed that sample
preparation can influence the Uoc and intrinsic photoconductivity threshold (ECT). For
the most correct comparison, the samples for photoconductivity measurements should be
made the same way (for example, the mass ratio of donor:acceptor material, and the used
solvents) as for solar cells.
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