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Abstract—Organic solar cells fabricated with non-fullerene 
acceptors have proven to be a solution to reduce manufacturing 
costs. Besides the material selection, another way to reduce such 
costs is by optimizing the properties of both the materials and the 
interfaces which in turn would contribute to enhance the solar 
cells efficiency. This can be done with numerical simulations. 
Among non-fullerene materials, boron chromophores are 
relatively stable and chemically versatile compounds which have 
been usually used as donors in solar cells. In this work, planar 
solar cells based on PTB7 and boron compounds are proposed and 
simulated but by using the latter as acceptors. Specifically, we 
show the functionality of our proposed devices by analyzing the 
variation of both the Lowest Unoccupied Molecular Orbital 
(LUMO) and the influence of the non-intentional doping of the 
boron compounds with regard to the photovoltaic parameters of 
the solar cells. The properties of the materials such as the dielectric 
constant, energy levels, and non-intentional doping are taken from 
literature. We show that there are optimal values for LUMO and 
doping concentration to maximize the device efficiency. The 
causes of this behavior are analyzed using band diagram 
simulations. 

Keywords— simulation, boron chromophores, LUMO, non-
intentional doping 

I. INTRODUCTION  

Solar cells made of silicon-based semiconductors have led 
the global market; however, these devices need a complex 
manufacturing process that requires high temperatures [1]. In 
addition, the high amount of energy used during this process 
implies an increase of the costs and the generation of thermal 
pollution. Therefore, an alternative is the manufacturing of solar 
cells based on solution-processable materials. 

One promising way is the fabrication of solar cells based on 
organic materials which feature lower manufacturing cost [1], 
further, their reported efficiency is still increasing up to date [2]. 
One of the main challenges to improve power conversion 
efficiency (PCE), which depends on photovoltaic parameters, 
i.e. fill factor (FF), density current (Jsc), and open circuit voltage 
(VOC), has been to study the electron-hole pair recombination. It 
results in electrical losses and is a function of the semiconductor 
electrical properties and the solar cell interfaces.  

Due to their easy synthesis and low manufacturing costs, 
boron composite semiconductors have been applied in solar 
cells [3], [4]. An additional positive characteristic of boron 
compounds is their tunable and high absorption. Previously, we 
showed the functionality of borinates as donors in a flat-band 
heterojunction organic cell using a small fullerene molecule 
(PCBM) as acceptor [5]. However, due to environmental 
reasons and their high costs, it is necessary to avoid the use of 
the fullerenes. Therefore, we study the possibility of replacing 
fullerene for our previously proposed organic solar cell 
structure. Hence, we carry out numerical simulations of  solar 
cells based on PTB7 (poly [[4, 8 - bis [(2-Ethylhexyl) oxy] benzo 
[1, 2-b: 4, 5-b '] dithiophene - 2, 6- diyl] [3 - fluoro - 2 - [(2 - 
Ethylhexyl) carbonyl] thieno [3,4-b] thiophenediyl]])  and 
borinates to test their theoretical functionality and to analyze the 
effect of varying the borinates’ properties on the solar cell 
performance.  The simulations were carried out using the Afors-
Het (Automat for simulation of heterostructure) software. This 
numerical simulator solves Poisson, transport, and continuity 
equations for electrons and holes in uniformly illuminated solar 
cells [6].  
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II. NUMERICAL SIMULATION IN AFORS-HET 

A. Device simulation parameters 
Afors-Het is used to calculate energy band diagrams and J-

V illuminated curves by solving Poisson’s and continuity 
equations, respectively. The active solar cell junction is 
composed of two layers: (i) the donor layer, i.e. PTB7; and (ii) 
the acceptor layer, i.e. the borinate. Table 1 shows the physical 
and technological parameters of such layers, where Χ, Eg, Eg opt, 
and εr are electron affinity, bandgap energy, optical bandgap 
energy, and relative permittivity, respectively. The hole and 
electron mobilities are μp and μn. ND and NA are donor and 
acceptor non-intentional doping densities [7]. NV and NC are the 
effective valence and conduction band electronic state 
densities. A value of zero is assumed for ND since most of the 
organic semiconductors have resulted to be non-intentionally p-
type doped materials [8], [9]. Fig. 1 shows the absorption 
coefficient spectra of both PTB7 and a borinate as being used 
for the simulations. The wavelength ranges of those absorption 
coefficients fit well to the sun spectrum yielding a high 
absorption of sun photons. Other parameters taken from 
literature are the materials’ energy levels; the graphic inset 
shows the LUMO and the HOMO (Highest Occupied 
Molecular Orbital). The energy levels must promote the 
separation of photogenerated excitons resulting in the transport 
of electrons through the borinate and the holes through the 
PTB7 towards their respective electrodes. The charge carrier 
collection also depends on the band bending which can be 
controlled by varying the properties of the materials [10]–[12]. 
This study is focused on investigating the effect of LUMO 
variation (from 3.18 eV to 3.58 eV) and the borinate acceptor 
dopant concentration (from 1x1010 to 1x1017 cm- 3) in the 
PTB7/borinate solar cells. The simulated devices correspond to 
ideal junctions conformed by semiconductors and interfaces 
without any defects.  

 
Fig. 1. Absorption spectra of PTB7 (red) and borinate (blue). Inset: Energy 
levels of LUMO and HOMO.  

TABLE 1. PHYSICAL PARAMETERS USED FOR SIMULATION. 

B. Optical and electrical calculations fundamentals 
To understand the main working principles of Afors-Het, 

optical and electrical calculations should be assessed. On the 
one hand, to carry out the optical analysis, the Lambert-Beer 
absorption model is used to calculate the above-bandgap 
electron/hole generation. The generation rate for the above-
bandgap eh pairs is related to photons with an energy of Ephoton = hc / λ ≥ Eg with λ the photon wavelength and Eg the bandgap 
of the semiconductor layer that absorbs photons. The above-
bandgap charge generation rate is calculated by using eq. (1). 
The result yields the hole and electron generation rate through 
the solar cells. λmax and λmin are provided by the spectral range 
of the photon flux, Φ(λ,t). R and A are the material reflectance 
and absorptance profiles of the illuminated contact. x is the 
position within the semiconductor layers thickness, γ is the light 
incidence angle on the active layer, and α is the absorption 
coefficient. 

,ݔ)ܩ (ݐ =   Φ(ఒೌೣఒ ߣ݀ ,ߣ షഀೣ(ഊ) ೣౙ౩(ം)݁(ߣ)௫ߙ (ߣ)ܣ (ߣ)ܴ (ݐ        (1) 

On the other hand, the electrical phenomena at each 
heterojunction and contact surface can be described by different 
physical transport and recombination models. To perform the 
electrical calculations under  electrostatic conditions and thus 
the band diagrams, it is necessary to apply Poisson’s equation 
(2), with φ(x,t) the electric potential, p(x,t) the hole , and n(x,t) 
the electron density,  ߝߝ(ݔ)ݍ ߲ଶ߮(ݔ, ଶݔ߲(ݐ = ,ݔ) (ݐ − ,ݔ)݊ (ݐ + ܰ(ݔ) − ܰ(ݔ)   (2) 

In the continuity and transport equations given by (3,4,5,6), the 
gradients of the corresponding quasi Fermi energy levels for 
electrons and holes (EFn and EFp) can drive the electron and hole 
currents jn(x,t) and jp(x,t), respectively.  
− ݍ1 ߲݆(ݔ, ݔ(ݐ = ,ݔ)ܩ (ݐ − ܴ(ݔ, (ݐ − ݐ߲߲ ,ݔ)݊  (3)                   (ݐ

݆(ݔ, (ݐ = ,ݔ)݊ μ ݍ (ݐ ,ݔ)ிܧ߲ − ݔ߲(ݐ                                        (4) 
+ ݍ1 ߲݆(ݔ, ݔ(ݐ = ,ݔ)ܩ (ݐ − ܴ(ݔ, (ݐ − ݐ߲߲ ,ݔ)  (5)                    (ݐ

݆(ݔ, (ݐ = ,ݔ) μ ݍ (ݐ − ,ݔ)ிܧ߲  ݔ߲(ݐ                                         (6) 

General principles and all implemented models are detailed in 
[15].  

Semiconductors 
Thickness 

(nm) 
Ɛr 
(-) 

 Χ 
(eV) 

Eg 
(eV) 

Eg opt 

(eV) 
NC 

(cm- 3) 
NV 

(cm- 3) 
µn 

(cm2/Vs) 
µp 

(cm2/Vs) 
Na 

(cm-3) 
Ref. 

PTB7 50 2.27 3.31 1.81 1.81 2.5x1019 2.5x1019 1x10-3 1x10-3 5.23x1016 [13], [14] 
Borinate 50 2 3.28 1.72 1.66 2.5x1019 2.5x1019 1x10-3 1x10-3 1x1010 [5] 
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III. RESULTS AND DISCUSSION 

Fig. 2 shows simulated band diagrams of PTB7/Borinate 
solar cells for five borinate LUMO levels (3.18 eV, 3.28 eV, 
3.38 eV, 3,48 eV, and 3.58 eV). Two relevant effects due to the 
LUMO variation can be pointed out from the diagrams. First, 
as the LUMO increases, the barriers at the heterojunction 
benefit charge carrier extraction. It is the potential barriers 
defined by the band’s discontinuity promote e electrons through 
the borinate and the holes through the PTB7. Second, low 
LUMO values cause a higher band bending effect which can 
facilitate the drift of the charge carriers towards their respective 
electrode. 

In Fig. 3 the J-V solar cell characteristics under illumination 
is depicted for the five different LUMO energies. The PCE of 
the corresponding devices is shown as inset in the figure.  To 
analyze the charge collection effects, we consider the same 
absorption coefficients as presented in Fig. 1 for all LUMO 
levels. This means the same charge carrier generation rate is 
valid for all cases. The J-V characteristics demonstrate the 
functionality of our proposed solar cell structures using the 
borinates as acceptors in bilayer solar cells, which is the main 
novelty of this study. Further, the calculated efficiencies shown 
in Fig. 3 are similar and in some cases (3.28 eV, 3.38 eV, and 
3,48 eV) even significantly higher than that obtained in our 
previous experimental results reaching just ~1% improvement 
when using fullerenes as acceptors [4]. Bulk heterojunctions 
solar cells based on boron compounds have reached similar 
efficiencies to the ones reported in this study [16]–[18]. 

It can be noticed that the highest efficiency is reached with a 
LUMO of 3.28 eV and 3.38 eV (see inset of Fig. 3). This is 
mainly attributed to a high Jsc. These results and the band 
diagrams in Fig. 2 indicate that the effect of a large band 
bending in the devices causes an increment of the extraction 
rate of the photogenerated charges due to the drift of the-          

Fig. 2. Simulated band diagrams of PTB7/Borinate solar cells at different 
LUMO levels. 

Fig. 3. Simulated current density under illuminated of PTB7/borinate solar cells 
at different LUMO levels. Inset: PCE at difference LUMO levels. 

carriers. This phenomenon obviously dominates over the whole 
heterojunction, contributing even more than the presence of a 
potential barrier defined by the band discontinuity at the 
interface. When a noticeably high barrier is formed at the 
heterojunction (e. g., for a LUMO value of 3.58 eV, black line 
in Fig. 2) but being accompanied by a small band bending (flat 
band conditions), charge extraction becomes less favorable. 
The band bending effects in organic semiconductors being 
reported in [9] strongly support the present findings.  

Fig. 4 shows simulated band diagrams of PTB7/borinate 
solar cells for different borinate acceptor doping levels from 
1x1010 to 1x1017 cm-3 which is a realistic practical doping 
concentration range. The same HOMO level of 3.28 eV was 
considered for all the cases. As can be seen in Fig. 4, a rising 
acceptor dopant concentration causes a trend of the band 
bending in the device towards flat band conditions.  

Again, the J-V solar cells characteristics under illumination 
are depicted in Fig. 5 for each mentioned doping level. The 
corresponding cell efficiencies are given in the inset. A clear 
trend towards increasing values of all photovoltaic parameters 
can be observed as the dopant concentration decreases, which 
in turn causes an increment in the efficiency of the devices. A 
doping concentration as low as 1x1010 cm-3 is the value for 
which the highest efficiency is reached. These results and the 
band diagrams in Fig. 4 indicate that band bending strongly 
influences the charge carrier extraction. Specifically, it is 
inferred that as the band bending decreases, the charge carrier 
extraction decreases as well, which in turn increases the 
recombination probability at the interface, yielding a decrease 
of the efficiency in these solar cells. An additional strategy for 
a further device-efficiency improvement could be the inclusion 
of a third semiconductor compound to increase photon 
collection and to avoid recombination.  
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Fig. 4. Simulated band diagrams of PTB7/Borinate solar cells at different 
acceptor doping. 

 
Fig. 5. Simulated current density under illuminated of PTB7/borinate solar cells 
at different acceptor doping. Inset: PCE at difference acceptors doping 

IV. CONCLUSION 

In this study, we carried out numerical simulations of a 
novel bilayer organic solar cell structure (PTB7/borinate) based 
on boron chromophore compounds as acceptors. We 
demonstrate the functionality of these solar cells. On this basis, 
after the variation of the acceptor material, we found that the 
best solar cell efficiency achieved of 2.28%, corresponds to a 
LUMO level of 3.28 eV and a doping concentration of 1x1010 
cm-3. These results and the simulated band diagrams indicate 
that the cause of these phenomena is mainly determined by the 
band bending effect, which will lead to an enhanced charge 
carrier extraction and collection.   
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