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Most of the solar cell parameters (short-circuit current, fill factor, power conversion effi-
ciency) can only be determined by creating and measuring the solar cell. However, there is an 
empirical relation that links energy level values of the materials in the active layer to an open-
circuit voltage (Uoc) of the solar cell. Due to a variety of possible methods used to determine 
energy level values and the dispersion of obtained results, this estimate is not always correct. 
Even if correct energy level values are obtained for separate materials, energy level shift takes 
place at the interfaces when two materials are mixed. That is why a simple and reliable experi-
mental method for Uoc estimation is required. Usually, photoconductivity is used to obtain 
the energy gap between molecule ionization energy and electron affinity of a single material. 
When two materials are mixed, direct charge transfer from donor to acceptor molecule can 
be observed. The threshold energy (ECT) shows the real difference between donor molecule 
ionization energy and acceptor molecule electron affinity. This difference should correspond 
to the Uoc. The present study makes the comparison between the open-circuit voltage estimated 
from material energy level values, the obtained ECT values for various donor:acceptor systems, 
and the real Uoc obtained from solar cell measurements. Strong correlation between ECT and 
Uoc is obtained and the photoconductivity measurements can be used in the estimation of Uoc.

Keywords: Energy levels,  direct charge transfer, open-circuit voltage, organic materials, 
organic solar cells, photoconductivity.
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1. INTRODUCTION

Environmental concerns compel many 
nations to develop technologies that allow 
collecting renewable energy and decreas-
ing the use of fossil fuels. Solar cells allow 
directly turning the sunlight into electric-
ity. The wide variety of organic materials 
combined with the possibility to vary their 
molecule structure makes them an attractive 
field of research. The efficiency of organic 
solar cells is steadily increasing and nowa-
days reaches 18 % [1]. Solar cells are char-
acterised by several parameters, such as 
short-circuit current (Isc), open-circuit volt-
age (Uoc), fill factor (FF), and power con-
version efficiency (PCE) [2], [3]. All pre-
viously mentioned parameters are affected 
not only by the properties of each separate 
material but also by material compatibility. 
Isc depends on two factors: the efficiency 
of charge carrier generation in the active 
layer, and the efficiency of charge carrier 
extraction from the solar cell. Uoc is mainly 
defined by the energy levels of the mate-
rials used in the active layer. The predic-
tion of open-circuit voltage is based on the 
empirical relation that consists of donor and 
acceptor molecule energy levels:

  (1)

where e is the elementary charge, Id is the 
molecule ionization energy of the electron 
donor material, and Ea,a is the electron affin-
ity of the electron acceptor material [4]. 
Equation (1) is simple and would poten-
tially allow us to estimate the most promis-
ing donor:acceptor combination without the 
need of time- and resource-consuming solar 
cell manufacturing. That is why the correct 
determination of energy level values is cru-
cial. The most common method for molecule 
ionization energy determination is ultraviolet 
photoelectron spectroscopy (UPS) [5], [6]. 

Photoelectron yield spectroscopy (PYS) is 
used as an alternative method [7]–[10] as it 
is simple and does not require an ultrahigh 
vacuum. Although the principle of these 
methods is similar, reported results can differ 
from author to author. For example, ioniza-
tion energy values for popular electron donor 
polymer poly(3-hexylthiophene-2,5-diyl) 
(P3HT) in various scientific papers ranges 
from 4.7 to 5.3 eV [11]–[15]. In our previ-
ous studies, we obtained the value of 4.54 
± 0.03 eV [9], [10]. Correct estimation of 
electron affinity is even more complicated. 
Although it can be directly determined using 
inverse photoemission spectroscopy (IPES) 
[16], [17], due to the poor energy resolu-
tion and complexity of the method, IPES 
is rarely used. Usually, the electron affinity 
value is obtained indirectly from molecule 
ionization energy and energy gap measure-
ments. The energy gap between molecule 
ionization energy and electron affinity can 
be estimated either from absorption edge or 
from photoconductivity measurements [18]. 
A relatively popular method for the energy 
level estimation of organic semiconductors 
in solution is cyclic voltammetry. Yet there is 
still debate about the validity and precision 
of this method [19], [20]. 

Additionally, it has been shown that the 
energy level shift takes place at the organic 
material interface [10], [21], [22]. It means 
that even if the correct energy level values 
for each separate material are obtained, the 
real gap between donor molecule ioniza-
tion energy and acceptor material electron 
affinity can differ from the estimated value 
when materials are mixed. In that case, the 
predicted Uoc value may differ from the real 
value. That is why a simple, reliable, and 
direct method is needed for the correct pre-
diction of Uoc. 
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In the photogeneration process, the 
donor molecule is excited by the absorp-
tion of a photon. In the next step, the elec-
tron is transferred to the acceptor molecule 
[3]. It is also possible to transfer electron 
directly from the donor molecule to the 
acceptor molecule without the excitation of 
the donor molecule. This process is called 
direct charge transfer (CT). The energy of 
this transition shows the real energy gap 
between the ionization energy of donor 
material and the electron affinity of accep-
tor material at the interface. While this 
energy could be determined optically by 
measuring the absorption or luminescence 
spectra [23], [24], it is a complicated task 
due to the low probability of CT transition. 
In these measurements, the signal is small 
and is close to the sensitivity threshold of 
the equipment. Alternatively, CT transition 
can be observed in photoconductivity mea-
surements [25]. Usually, photoconductivity 

measurements are used to obtain the energy 
gap between the ionization energy and elec-
tron affinity of a single material. When two 
materials are mixed creating bulk hetero-
junction, the photoconductivity threshold 
shows the lowest energy required to trans-
fer an electron from the donor molecule to 
the acceptor molecule. This could allow us 
to evaluate the real gap between energy lev-
els in the system and to predict the maxi-
mum obtainable voltage of solar cells more 
precisely. This study aims to show the rela-
tion between CT energy obtained from pho-
toconductivity measurements, prediction of 
Uoc based on the measured energy levels of 
studied materials, and the real open-circuit 
voltage of created solar cells. Photocon-
ductivity measurements are done for vari-
ous donor:acceptor mixtures. The obtained 
threshold values are compared to the Uoc 
obtained from solar cells using the same 
donor:acceptor combinations. 

2. EXPERIMENTAL

2.1. Studied Materials

In this study, commercially available 
organic materials, as well as original mate-
rials synthesized at Riga Technical Univer-
sity are studied. The chosen materials are 
either well-known compounds used in the 
efficient solar cells (P3HT, PCBM, PBDB-
T, Y5, PCDTBT, PCPDTBT) or promising 
original compounds created in previous 

studies (DC-1, DC-2, DZC-3). Molecule 
structures are shown in Fig. 1. Commer-
cially available materials are obtained from 
Sigma-Aldrich. The synthesis of DC-1 and 
DC-2 has previously been described in [26], 
while the synthesis of DZC-3 has been 
described in [27]. 

Sample Preparation

Three series of samples were made: 

1. samples for energy level determination; 
2. samples for CT measurements; 
3. photovoltaic cells for Uoc determination. 

Samples for energy determination were 
made on etched ITO covered glass (Präzi-

sions Glas and Optik GmbH). Solutions in 
chloroform with the concentration of 15–20 
mg/ml were prepared and spin-coated at 
the speed of 600 rpm, acceleration of 600 
rpm/s, and spinning time of 40 s. Afterward, 
the samples were dried on a hotplate for 15 
min at 70 °C. The thickness of samples was 
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between 500 and 700 nm. These samples 
were used in PYS measurements to obtain 
the ionization energy of the studied mate-
rials. After the ionization energy measure-
ments, 30 nm thick semitransparent alumi-
num (Al) electrodes were deposited on top 

of the organic layer by thermal evaporation 
in a vacuum (~1∙10-5 mbar) using Edwards 
Auto 306 thermal evaporator. The obtained 
“sandwich” type samples (ITO/studied 
material/ Al) were used for photoconductiv-
ity measurements. 

Fig. 1. Molecule structures of studied materials.

Samples for CT measurements were 
from solutions where the studied materials 
were dissolved in chloroform with a con-
centration of around 15 mg/ml. Then two 
solutions were mixed with the mass ratio of 
1:1. The obtained mixtures were spin-coated 
at the speed of 600 rpm, acceleration of 600 
rpm/s, and spinning time of 40 s, obtain-
ing bulk heterojunction thin films. After-
ward, the samples were dried on a hotplate 
for 15 min at 70 °C. 30 nm Al electrodes 
were deposited on top of the film by ther-
mal evaporation in vacuum using Edwards 
Auto 306 thermal evaporator. The structure 
of samples was ITO/ donor:acceptor/ Al.

Solar cells with the structure of ITO/ 
PEDOT:PSS/ donor:acceptor/ LiF/ Al 
were made. The layers were deposited on 
etched indium tin oxide (ITO) glass (Präzi-
sions Glas and Optik GmbH). At first, 
PEDOT:PSS (Al4083) was spin-coated 
at the speed of 2000 rpm, acceleration 
of 2000 rpm/s, and spinning time of 60 s. 
Afterward, the samples were dried on a 
hotplate for 15 min at 120 °C. Solutions 
in chloroform with the concentration of 6 
mg/ml of the studied materials were used. 
Various donor:acceptor combinations were 
prepared by mixing two solutions with the 
mass ratio of 1:1. The obtained mixtures 
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were spin-coated in a glovebox in an argon 
atmosphere. Spin-coating parameters were 
the following: rotation speed of 1000 rpm, 
acceleration of 1000 rpm/s, and spinning 
time of 40 s. The samples were dried on a 

hotplate for 15 min at 70 °C. 1 nm LiF and 
100 nm Al were deposited using Moorfield 
Nanotechnology MiniLab LT090A-MX 
thermal evaporator in Jacomex glovebox. 
Al deposition rate was 0.3 nm/s. 

2.2. Measurements

Photoelectron emission measurements 
were done in a vacuum (~2∙10-5 mbar) using 
a self-built measurement system. ENER-
GETIQ Laser-Driven Light Source (LDLS 
EQ-99) was used as a light source. Spec-
tral Products DK240 1/4m monochromator 
was used to control the energy of photons 
reaching the sample. The spectral range of 
these measurements was between 4.0 and 
6.8 eV with a step of 0.05 eV. Cylindrical 
lens before the quartz window of the vac-
uum chamber ensured irradiation area of 5x 
10 mm of the sample area. A copper elec-
trode located 2 cm away from the sample 
was used to collect the emitted electrons. 
Keithley 617 electrometer was used as a 
voltage source as well as the equipment 
for electric current measurements. A volt-
age of 50 V was applied between electrode 
and sample to improve the obtained electri-
cal signal. Detailed experimental procedure 
and data processing has been previously 
described in [9]. 

The setup for photoconductivity mea-
surements was similar to that used in pho-
toelectron emission experiments. Here, a 
short focal length spherical lens was used to 
focus the light on around 1x 1 mm surface 
area. Thin films were irradiated through 
the deposited semitransparent Al electrode 
and the electrical current between Al and 
ITO electrodes was measured. In the case 

of pure materials where photoconductiv-
ity was used to determine the energy gap 
between their molecule ionization energy 
and electron affinity, the spectral range 
depended on their absorption spectrum. In 
the case of mixed samples for CT measure-
ments, the chosen region was wider start-
ing in the infrared part of the spectrum at 
2100nm (0.59 eV photon energy). The gen-
erated current was measured with Keithley 
617 electrometer. Photocurrent spectral 
dependence was measured with a step of 
5 nm. Data processing was done accord-
ing to [18]. From photoconductivity mea-
surements, the gap (Egap) between ioniza-
tion energy and electron affinity (Ea) was 
obtained for each of the studied materials. 
Knowing the ionization energy and the gap 
energy, electron affinity was calculated as 
follows:

 (2)

Photovoltaic effect measurements were 
done using Keithley 6517B electrometer. 
A solar simulator ScienceTech SS150 with 
a light intensity of 100 mW/cm2 and a 
standard AM 1.5 filter was used as a light 
source. Current–voltage characteristics 
were measured with a step of 0.02 V. Point 
in current–voltage characteristics where the 
electrical current value is closest to 0 A is 
considered Uoc.

3. RESULTS AND DISCUSSION

Although the energy level values for 
commercial compounds were available 

in the literature, the ionization energy and 
electron affinity were measured for all the 
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studied materials. It was done to ensure that 
all the values were obtained using the same 
method in the same conditions. The values 

summarised in Table 1 were used to estimate 
the Uoc,est value for various donor:acceptor 
material combinations according to Eq. (1). 

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
PCBM 6.08 3.63
PBDB-T 4.87 3.15
Y5 5.55 3.87
PCDTBT 5.10 3.40
PCPDTBT 4.90 3.60
DC-1 5.16 3.36
DC-2 5.15 3.48
DZC-3 5.13 3.41

For separate materials, the photocon-
ductivity threshold defines the gap between 
molecule ionization energy and electron 
affinity. It means that by increasing the pho-
ton energy near the gap energy, the mea-
sured photocurrent rapidly increases even 
by several orders of magnitude. Below the 
Egap there is usually no photoconductivity or 
small signal generated by the impurities in 
the film. As an example, P3HT and DZC-3 
photoconductivity spectral dependence 
is shown in Fig. 2a. Although the Egap for 
both of these materials is similar (1.75 for 
P3HT and 1.72 for DZC-3), it can be seen 
that there is a small photocurrent till around 
1.4 eV for P3HT, while no photoconduc-
tivity could be observed below 1.6 eV for 
DZC-3. 

When mixed, a photoconductivity sig-
nal can be observed in the infrared spec-
tral region starting from 0.80 eV (see Fig. 
2a). Here, the photon energy is too low to 
directly excite any of the studied materials 
and we observe direct charge transfer from 
P3HT to DZC-3. The probability of direct 
CT is low and the obtained signal near the 
threshold energy is almost 4 orders of mag-
nitude lower than the signal of classical 
photoconductivity. Similar photoconductiv-
ity spectral dependence can be observed for 
other electron donor and acceptor combina-
tions (see Fig. 2b). In all cases, the observed 
photoconductivity threshold energy for 
mixtures is lower than the threshold energy 
for separate materials. 

 

Fig. 2. Photocurrent spectral dependence for  
a) DZC-3, P3HT, and P3HT:DZC-3 sample; b) various donor:acceptor mixtures.
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The estimated Uoc,est values, and 
CT threshold values (ECT) for various 
donor:acceptor combinations were com-
pared to the real Uoc values obtained from 
photovoltaic effect measurements of cre-
ated solar cells. The error for Uoc,est is ±0.08 
V due to the errors of energy level value 
determination,  the error of Uoc is ±0.02 
V as a measurement step, and the error of 
ECT is ±0.03 eV. As can be seen in Fig. 3, 

the correlation between estimated and real 
open circuit voltage values is moderate. The 
trend is generally the same – the higher the 
estimated Uoc,est, the higher the real value. 
Nevertheless, the data are scattered and in 
several cases, there is an immense over-
estimation. Linear approximation of Uoc,est 
gives a correlation coefficient of r=0.61, 
which is considered a moderate correlation.

Fig. 3. The ECT and Uoc,est comparison to Uoc. Black dashed line is a linear approximation of Uoc,est values;  
red dashed line is a linear approximation of ECT values; the blue dashed line shows a perfect fit.

The photoconductivity threshold values 
are less scattered and are closer to the Uoc 
values. Linear approximation of the results 
gives a relation between ECT and Uoc:

 (3)

The slight overestimation of ECT, espe-
cially towards the lower Uoc values, could 
be related to the sensitivity of the measure-

ments. The signal-to-noise ratio and thus 
the precision of the measurements could 
be improved by a light source with higher 
intensity in the infrared region of the spec-
trum. Also, the quality of the samples can 
greatly influence the stability and sensitivity 
of the measurements. The correlation coef-
ficient, in this case, is r=0.96 which shows a 
very strong correlation between photocon-
ductivity threshold energy and Uoc values.    

4. CONCLUSIONS

We have shown that the estimation of 
open-circuit voltage should not be based 
only on energy level values obtained from 
bulky films of pure materials. Using rela-

tively simple photoconductivity measure-
ments, we were able to get direct CT thresh-
old energy which corresponded to the real 
energy gap between molecule ionization 
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energy of electron donor and electron affin-
ity of electron acceptor material. Although 
this threshold value slightly overestimates 

the real Uoc value, the deviations are smaller 
compared to the Uoc,est  obtained from energy 
level values. 
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