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Abstract
This paper discusses the results for heterojunction solar cells based on three components (with fullerene acceptor), which 
are based on the pyrazoloquinoline derivative. Photovoltaic devices based on ternary systems are presented along with a 
model optimization for such mixtures. The device bulk-heterojunction type cells represent architecture ITO/PEDOT:PSS/
organic active layer/aluminum in various configurations of the active layers. The authors have analyzed the current–voltage 
characteristics of photovoltaic cells and determined the parameters.

1 Introduction

The constant increase in electric demand, resulting from 
advancements in technology and a rapid growth in popula-
tion, has contributed to higher demands for energy. With 
the ever-growing importance of protecting the natural envi-
ronment, renewable energy sources, including photovoltaic 
cells, have become increasingly popular [1, 2]. So far, three 
generations of photovoltaic cells have been developed: sili-
con [3], so-called semiconductor thin-layer cells [4, 5] and 
the third generation, consisting of dyes [6, 7], organic cells 
[8, 9], polymers and perovskites [10, 11] cells.

One of the current research trends in organic solar cells is 
to use a ternary mixture as active layers in bulk heterojunc-
tion solar cells [12]. A typical active layer is produced by 
blending conjugated polymers (donor) with high electron 

affinity molecules (acceptor), like fullerene derivatives. In 
principle we can consider two types of ternary solar cells—
Donor 1: Donor 2: Acceptor and Donor: Acceptor 1: Accep-
tor 2 [13, 14]. The publication concerns the active layer with 
two donors and one acceptor.

The motivation behind creating ternary systems is, above 
all, a relatively low, narrow spectral overlap of organic poly-
mer absorption. Nanoparticles [15, 16], polymers [17, 18] 
and small molecule compounds [19] are developed as addi-
tives. The studied compounds are suitable potential candi-
dates for optoelectronic application in general and particu-
larly for ternary solar cells [20–23].

2  Compounds

The mixture is comprised of the following: [phenyl-C71-bu-
tyric acid methyl ester (PCBM)] as the acceptor; poly(3-hex-
ylthiophene-2,5-diyl) (P3HT), provided by Sigma-Aldrich, 
as Donor1 (Fig. 1); methoxyphenyl indenopyrazoloquino-
line derivatives (synthesized) have been applied as additives 
for Donor 2. They can be considered as two-dimensionally 
extended, polycyclic heteroaromatic molecules, called 
nanographenes, which can play a key role as functional 
chromophores and organic semiconductors [24].

The compounds 1a–c were synthesized in a three-step 
procedure. Firstly, commercially available β-ketoester was 
heated with methylhydrazine in boiling ethanol. Next, the 
obtained pyrazolone, o-bromobenzaldehyde, and aromatic 
amines were heated to reflux in ethylene glycol. Lastly, 
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halo-pyrazolo[3,4-b]quinolines 1a-c, the right precursors 
by means of palladium coupling reactions were converted 
into indenopyrazoloquinoline (azafluoranthene) derivatives 
[25] (Fig. 2).

The methoxyphenyl indenopyrazoloquinoline deriva-
tives have been previously investigated and accepted as 
promising compounds for organic light emitting diodes 
[26]. Photovoltaic substances require certain properties 
to be used in cells. The solar cells material properties are 
complementary to those required in diodes. Methoxyphe-
nyl indenopyrazoloquinolines are characterized by a broad 
absorption spectrum, luminescence, as well as thermal 
and photochemical stability. The compounds designated 
as MPTM-IPQ1, MPTM-IPQ2, MPTM-IPQ3 have almost 
identical broad absorption spectrums of 250–450 nm, with 
two maxima and a luminescence spectrum maximum of 
550 nm. HOMO LUMO levels were determined by cyclic 
voltammetry as follows: MPTM-IPQ1: HOMO level 
− 5.91 eV LUMO level − 3.18 eV; MPTM-IPQ2 HOMO 

level − 5.91 eV LUMO level − 3.21 eV, MPTM-IPQ3: 
HOMO level − 5.88 eV LUMO level − 3.17 eV.

The primary motivation for adding another component 
was to widen the absorption spectrum. P3HT has a maxi-
mum at about 450 nm, and it was desired to include the 
UV part of the solar spectrum. As presented in Fig. 3, 
when two donors are used, a wide band from 250 nm to 
550 nm is covered.

Other reasons to add MPTM-IPQ substances are the 
well-coordinated HOMO and LUMO levels of the three 
involved compounds. The triple system, due to the prox-
imity of the energy levels, as well as the possibility of 
cascading the charge transport [27], seems promising. Due 
to the low ability to charge transport, well transportable 
fullerene compounds (in our case PCBM, with the car-
rier mobility of 0.21 cm2/Vs) are required. The mixing 
of substances has been shown to be an attractive way for 
controlling the morphology of the active layers.

Fig. 1  Molecular structures of 
a–c methoxyphenyl indenop-
yrazoloquinoline derivatives, d 
P3HT and e PCBM

Fig. 2  A chemical sequence to 
prepare methoxyphenyl indeno-
pyrazoloquinoline derivatives
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3  Calculations

The first problem encountered was to find an appropriate 
Donor 1: Donor 2 weight ratio. The optimization of the 
weight ratio of the two donors according to the algorithm 
has been precisely described in Felekidis [28].

The respective absorption lengths for donors were com-
bined, which included weight fractions  fD1,  fD2, attenuation 
lengths  LD10,  LD20 (obtained from ellipsometry measure-
ments) and absorption profiles, which included absorption 
spectra parameters, absorption maximum λmax1,2, and full 
width at half maximum (FWHM),  WD1,2

The combination of results as effective absorption length:

based on this and given the thickness of the device  Ldiv we 
obtain device absorption:

Assuming, [35] the internal quantum efficiency at 
IQE = 0.85, and including the AM 1.5 as Standard Spectrum, 
the normalized absorption was defined as:

LD1(�) =
LD10

GD1(�) ⋅ fD1

LD2(�) =
LD20

GD1(�) ⋅
(

1 − fD1
)

GD1,2(�) = exp

(

− 4 log 2

(

� − �max1,2

WD1,2

))

1

Leff (�)
=

1

LD1(�)
+

1

LD2(�)

A(λ) = 1 − exp

(

−
Ldiv

Leff(λ)

)

The normalized absorption was calculated for different 
concentrations and thicknesses from 70 nm to 140 nm for 
P3HT and MPTM-IPQ1, MPTM-IPQ2, MPTM-IPQ3 com-
binations. Due to the fixed density of the mixtures, at dif-
ferent application rates, the selected configurations are pos-
sible to be obtained experimentally. Results are presented 
in Fig. 4.

Figure 4 lead us to two conclusions—the methoxyphenyl 
indenopyrazoloquinoline derivatives do not improve perfor-
mance and cells should be prepared using the thinnest layers 
as possible. Furthermore, differences between sequels are 
minimal. It should be noted that this model only considers 
the optical properties of the compounds.

4  Experiment

4.1  Heterojunction solar cells

Bulk heterojunction ternary photovoltaic cells based on 
ITO/PEDOT: PSS/active layer/Al architecture have been 
prepared. The PEDOT: PSS [(3,4-ethylenedioxythiophene) 
polystyrene sulfonate] layer (about 60 nm in thickness) 
and the active layer were spin-coated on a cleaned ITO/
glass substrate in an argon atmosphere and then heated 
in a vacuum. The aluminum contact was evaporated. The 
Donors–Acceptors weight ratio used in these cells was 1:1. 
The current–voltage characteristics were studied and the 
cell parameters (short current density  Isc, open circuit volt-
age  Voc, fill factor FF, efficiency) were calculated based on 

�̇� =
1

Ldiv
∫

AM1.5(𝜆) ⋅ IQE ⋅ A(𝜆)

Ephoton

d𝜆

Fig. 3  a HOMO LUMO diagrams and b absorption spectra of PCBM, P3HT, MPTM-IPQ1, MPTM-IPQ2, MPTM-IPQ3
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these characteristics. The results are presented in Table 1 
and Fig. 5.

Due to the similar absorption spectrum and the optical 
properties, the decisive factor in cell performance there is 
electrical conductivity. The best efficiency was obtained 
for compound MPTM-IPQ2 with its HOMO energy level 
being nearest to PCBM; the second is MPTM-IPQ3 and the 
last—MPTM-IPQ1. Lower values of short-circuit current 
were caused by the poor conductivity of small molecules. 
The transport along the polymer and fullerene system was 
undisturbed. This rule does not exclude the cascade charge 
transport, but it surpasses it.

It is possible to consider donors mixture excitation. The 
HOMO/LUMO energy offset should be equal to or larger 
than the binding energy of singlet and triplet excitons [29]. 
The best performance of the MPTM-IPQ2 compound can 
also be justified by the maximum LUMO energy offset 
noted by this substance. LUMO energy offsets achieved for 
compounds a MPTM-IPQ1, MPTM-IPQ2 MPTM-IPQ3 are 
0.18 eV, 0.21 eV, 0.17 eV, respectively. This energy levels 
system determine the optimal photocurrent of dissociation 
most of the singlet excitons, which need at least 0.07 eV 
energy and correspond, as part of a donor–acceptor mixture, 
with charge transfer complexes forming.

Fig. 4  Calculated normalized efficiency versus active layer thickness versus Donor 1 concentration for a MPTM-IPQ1, b MPTM-IPQ2, c 
MPTM-IPQ3

Table 1  Parameters describing 
the photovoltaic devices

Sample ISC [µA/cm2] Uoc [V] FF Efficiency [%]

P3HT:PCBM 864.5 ± 0.58 0.386 ± 0.029 0.245 ± 0.025 3.71 ± 0.39
MPTM-IPQ1 + P3HT: PCBM 446.1 ± 0.58 0.390 ± 0.029 0.348 ± 0.034 2.32 ± 0.28
MPTM-IPQ2 + P3HT: PCBM 5% 158.3 ± 0.58 0.490 ± 0.029 0.958 ± 0.026 3.70 ± 0.43
MPTM-IPQ3 + P3HT: PCBM 5% 671.4 ± 0.58 0.430 ± 0.029 0.26 ± 0.024 2.92 ± 0.27
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Several series of devices were made for various concen-
trations and thicknesses. The results are shown in the graphs 
for comparison (Figs. 6, 7). The devices were submitted for 
standardized absorption (normalized to P3HT: PCBM effi-
ciency). The decrease in efficiency caused by an increase in 
the concentration of the second donor is compatible with 
the predictions of the theoretical model. However, reducing 
thickness has no positive effect on solar cell performance.

On the other hand, the introduction of the second donor 
has positively influenced the open circuit voltage  Voc (con-
nected with crystallinity, the random copolymer effect sur-
face energy, which are correlated with the properties of the 
polymers). For each concentration and thickness, we have 
seen an improvement over P3HT: PCBM device. Higher 

open circuit voltage was observed by Wang et  al. [30] 
(Fig. 8).

The results show that this kind of active layer requires 
simultaneously improving the short circuit current and open 
circuit voltage (e.g., by nanoparticles dopping).

The possibility of using the substance as an accep-
tor should also be considered. Based on the MPTM-IPQ 
absorption spectra, it can be assumed that the compounds 
can act as an acceptor in P3HT: MPTM-IPQ systems. Bulk 
heterojunction solar cells architecture ITO/PEDOT: PSS/
P3HT + MPTM-IPQ/Aluminum was performed. For all 
three substances the efficiency of the cell was under 1%.

Fig. 5  Current–voltage characteristics

Fig. 6  Normalized efficiency versus MPTM-IPQ concentration

Fig. 7  Normalized efficiency versus active layer thickness

Fig. 8  Open circuit voltage Voc versus MPTM-IPQ concentration
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4.2  Surface measurements

The spectroscopic ellipsometry [31], (Woollam Spec-
troscopic Ellipsometry M-2000) method has been per-
formed. This was done to determine the refractive index 
and extinction coefficient of MPTM-IPQ, as well as 
thickness and roughness of layers in heterojunction solar 
cells.

To obtain coefficients for MPTM-IPQ compounds 
measurements were made for angles (60°, 65°, 70°, 75°) 
and wavelength range 300–1800 nm on a corning glass 
substrate. The ellipsometry spectrum and parameters 
for PCBM and P3HT are known from Campoy-Quiles 
et al. [32]. Tauc-Lorentz model [33, 34] was matched to 
ellipsometric parameters: Ψ—amplitude ratio and Δ—
phase difference between p- and s- polarized light waves 
(p-polarized light has an electric field polarized paral-
lel to the plane of incidence, while s-polarized light is 
perpendicular to this plane). The modeling process was 
done using software CompleteEASE™. The dispersion of 
refractive indexes and extinction coefficient dependence 
are presented below (Fig. 9).

The roughness of the layers, in the case of ellipsom-
etry, applies to the ITO / PEDOT system: PSS/ternary 
blend/Al cell morphology. The ellipsometric model of the 
sample does not calculate the parameters of the surface 
but an effective roughness layer is added to the model. 
The smoothness of the cell is undoubtedly affected by 
the PEDOT: PSS layer which when used, apart from sup-
porting the charge transport, is a smoothing ITO surface. 
The roughness for ITO/PEDOT: PSS/PCBM: P3HT/Al 
was obtained and it was 20 nm. The roughness for sub-
sequent ternary bulk heterojunctions, with MPTM-IPQ1, 
was 16.0 nm for an admixture of 5%; 7.6 nm for 10% 
and 4.4 nm for 15%. Mixtures with MPTM-IPQ2 have a 
roughness of 20.0 nm, 19.0 nm, 11.6 nm respectively, and 
for the mixture of MPTM-IPQ2: P3HT: PCBM, 3.7 nm, 
3.4 nm and 2.9 nm, respectively. The ellipsometric study 
showed a decrease of the roughness of the active layers 
with an increase in the MPTM-IPQ concentration—this 
result is consistent with Cha et al. [35] In addition, the 
demonstrated relationship is consistent with the increase 
in  Voc as shown in the previous paragraph by Hörmann 
et al. [36].

The atomic force microscope research was conducted 
as the second part of the surface study. The measurements 
were carried out on a Bruker microscope, MultiMode VIII 
in the TappingMode mode, using silicon blades subsi-
dized with antimony, with a nominal diameter of 8 nm, a 
constant lever force of 40 N/m and a resonance frequency 
of 300 kHz. The image sequence is shown in Fig. 10.

Based on the images; self-organization at the poly-
mer/fullerene interface can be observed. The surface 

parameters are collected in Table 2. Ra is referred to 
as the arithmetic mean roughness and Rq as root mean 
squared. It should be noted that the parameters of indi-
vidual layers do not exceed 1 nm.

Fig. 9  The refractive indexes and extinction coefficient the dispersion 
dependence for a MPTM-IPQ1 b MPTM-IPQ2 c MPTM-IPQ3
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Fig. 10  AFM images MPTM-
IPQ1 + P3HT : PCBM mixtures

Table 2  AFM parameters

Additives AFM parameters

MPTM-IPQ1 MPTM-IPQ2 MPTM-IPQ3

Ra [nm] Rq [nm] Ra [nm] Rq [nm] Ra [nm] Rq[nm]

P3HT: PCBM 0% 0.503 ± 0.027 0.663 ± 0.042 0.503 ± 0.027 0.663 ± 0.042 0.503 ± 0.027 0.663 ± 0.042
MPTM-IPQ1 + P3HT: PCBM 5% 1.03 ± 0.20 1.30 ± 0.24 0.59 ± 0.12 0.79 ± 0.16 0.492 ± 0.015 0.676 ± 0.017
MPTM-IPQ2 + P3HT: PCBM 10% 0.64 ± 0.36 0.98 ± 0.48 0.477 ± 0.024 0.630 ± 0.005 0.452 ± 0.044 0.577 ± 0.063
MPTM-IPQ3 + P3HT: PCBM 15% 0.750 ± 0.055 0.957 ± 0.067 0.508 ± 0.058 0.71 ± 0.14 0.368 ± 0.034 0.494 ± 0.055
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5  Summary

The behavior of doped methoxyphenyl indenopyrazoloqui-
noline derivatives is consistent with the results obtained 
for triazoloquinoxaline [37]. The most efficient weight pro-
portion for the solar cell active layer with methoxyphenyl 
indenopyrazoloquinoline derivatives has been calculated 
and investigated. Due to the relatively narrow window of 
absorption of organic materials, the search for new solutions 
is particularly important. Open current voltage improvement 
and roughness of the layer reduction was observed. In the 
authors’ opinion, previous research [38] mixing methoxy-
phenyl indenopyrazoloquinoline derivatives, P3HT and 
fullerene derivatives in blend film, improves nanomorphol-
ogy as smaller domain sizes are observed. The active layer 
mixture can be considered as a guest (P3HT and PCBM)/
host (MPTM-IPQ) system.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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