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A B S T R A C T   

Ternary solar cells have proven to be a solution to absorb more photons at different wavelengths and reduce the 
recombination of charge carriers. Here, we propose a new hybrid organic-inorganic ternary planar solar-cell 
structure using a novel boron compound. The role of this material on the performance of the device with a 
polymer/borinate/ZnO configuration is studied. As the donor polymer, we evaluate P3HT, PTB7, and PCPDTBT; 
and three boron compounds with different properties, especially concerning the bandgap and trap energy depth. 
To validate the experimental electrical characteristics of the borinates, first, we simulate a bilayer structure with 
C60, subsequently, we simulate and analyze the whole device architecture. The ternary solar cell with PTB7 and a 
borinate with a bandgap of 1.66 eV and a medium trap energy depth of 0.95 eV above the HOMO level exhibit 
the highest efficiency, i. e. 11.7%. Furthermore, we present a layer thickness optimization of the materials to 
reach even higher efficiencies, up to 15.15%. Finally, the effect of the magnitude of the density of trap states in 
the borinate on the device performance is analyzed.   

1. Introduction 

Organic solar cells (OSCs) are a viable and sustainable alternative of 
around less than one-third of the costs of polycrystalline silicon cells [1] 
due to the relatively cheap materials and low processing temperatures 
used. The current power conversion certified efficiency (PCE) of this 
type of solar cell has been reported to reach up to 18% [2]. To achieve 
this, the types of OSC architectures have played a fundamental role in 
the optimization of their photovoltaic (PV) parameters [3]. Among the 
different architectures reported in the literature [4,5], the bilayer planar 
heterojunction consists of an organic donor semiconductor (D) and an 
acceptor one (A), which dissociate the electron-hole pair formed by the 
absorbed sun photons at the semiconductor materials of the device. The 
bilayer planar configuration has reached efficiencies as high as 16% [6]. 
However, both the diffusion length of the free charge carriers and the 
low heterojunction interfacial area limit this configuration [3]. The bulk 

heterojunction architecture overcomes such limitations by blending 
donor and acceptor semiconductors before being deposited. 

To increase the efficiency of the solar cell, architectures involving 
three or more materials have been proposed. One of them is the tandem 
solar cell configuration [7], which was initially proposed for inorganic 
solar cell technologies. This configuration consists of two or more 
junctions that efficiently absorb photons at different wavelength ranges 
allowing thus to cover the solar spectrum as complete as possible. 
However, the costs of production of the tandem technology limit the 
scalability of OSCs. Hence, a low-cost alternative regarding tandem ar-
chitecture is the ternary OSCs which incorporate the third component 
into a binary bulk structure to increase photon collection. This results in 
a higher short-circuit current density (JSC) and PCE while maintaining 
the simplicity of the single bulk junction architecture. 

The selection of materials of the active layer must agree with two 
conditions to increase the PCE: i) the semiconductors must absorb as 
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many photons as possible from the solar spectrum at different wave-
lengths to photo-generate a high density of electric charges [8]; ii) a 
proper energy level alignment to promote the separation and collection 
of charge carriers at their respective contacts [9]. In organic ternary 
solar cells, polymers P3HT and PTB7 as donors together with fullerenes 
as acceptors (C60, C70, and derivatives) have been extensively used as the 
main heterojunction [10,11]. For the third compound, the material can 
be a donor or acceptor. Small molecules, such as fullerene derivates, 
have also been used, which contribute to both the collection of more 
photons and the extraction of more charge carriers through the contacts. 
However, fullerenes limit OSC PV parameters due to: i) their weak light 
absorption from the solar spectrum, ii) the functionalization difficulty to 
tune their bandgaps, and iii) their fast degradation when exposed to air 
[12]. An additional disadvantage of the fullerenes is their high costs 
because of the complex molecular structure; for example, the costs of 
PC61BM and PC71BM are around three times higher than those of P3HT 
[13]. Thus, an effort has been addressed to overcome these issues 
through the study of no-fullerene acceptors (NFA), which have resulted 
in high device performance and a low-cost material alternative in OSCs 
[14–17]. Specifically, Yan et al. [18] reported a PCE of 16% using Y6 as 
an NFA in a ternary solar cell structure. Further, Liu et al. [19] obtained 
an efficiency of 17.6% using a D18:Y6 solar cell structure, where D18 is a 
small-molecule organic semiconductor. Also, by designing and synthe-
sizing an NFA, Li et al. [17] reached a PCE of 18% with a configuration 
of PM6:L8-BO (2-butyloctyl substitution). Recently, an efficiency of 19% 
was achieved by using an NFA named eC9-2Cl [20]. However, the 
synthesis of materials such as Y6, D18, PM6, L8-BO, and eC9-2Cl can be 
relatively complex if compared with more simple molecules such as the 
boron compounds since the former materials require more step syn-
thesis, which increases the production costs of solar cells [21,22]. 

Boron compounds have been widely studied for solar cells due to 
their simple fabrication process and tunable properties. The boron 
compounds can be classified into different types, such as boron dyrro-
methenes (BODIPYs) [17,22,23], boron-containing subphtalocyanines 
[24], and borinates [25–27]. These compounds have been usually used 
in organic binary solar cells [12,28,29]. In this work, we propose for the 
first time a novel ternary solar cell structure using borinates as the third 
non-fullerene compound, demonstrating efficiencies in the order of the 
ones reported in the literature for such kind of devices but using more 
complex molecules. 

First, we present a calibration based on previously fabricated bori-
nate/C60 bilayer solar cells to validate the optical and electrical char-
acteristics of the boron compounds under study, i.e., called B1, B2, and 
B3 with different properties (for details, see Table 1). Second, nine 
different hybrid planar solar cell configurations are explored using three 
of the most studied p-type polymers in literature (P3HT, PTB7, and 
PCPDTBT), organic borinates as the third compound, and ZnO as the n- 
type counterpart. Third, the efficiency of the solar cell configuration is 
optimized by varying the thickness of its layers. Finally, the effect of the 
variation of the borinate trap density of states on the solar cell perfor-
mance is analyzed. 

2. Methodology 

2.1. Calibration of the organic boron compound parameters 

To calibrate the electrical parameters of the borinates analyzed in 
this work, i.e., B1, B2, and B3 (Fig. 1 shows molecular structures of 
borinates), their experimental characteristics including EQE curves from 
previously fabricated and reported borinate/C60 bilayer solar cells [21] 
were modeled using the software AFORS-HET. This software is a tool 
that solves the one-dimensional semiconductor equations that govern 
the electrical behavior of solar cells, e.g Poisson’s equation, charge 
generation, transport and continuity equations [30]. As borinate fitting 
parameters, we used the following: electron affinity, the thickness, and 
the trap density of states (tDOS). This method is usually applied to 

determine the parameters of materials applied in OSCs through the 
validation of simulations with experimental measurements [31]. For this 
purpose, similar values to the measured ones were used for the thickness 
and electron affinity, considering the tolerance of the respectively used 
techniques. In the case of the tDOS, to our knowledge, there are no 
values for borinates reported in the literature, thus, this and the tDOS in 
the fullerene are our free fitting parameters. The tDOS for both borinates 
and polymers is considered to be caused by acceptors since in organic 
semiconductors the non-intentional doping has been attributed to 
acceptor tDOS [32]. The parameters of C60 which is a well-known ma-
terial were taken from literature (see Table 1). C60 tail states are 
considered [33,34]. Reported studies on conduction mechanisms in 
organic heterojunctions indicate recombination at either the bulk region 
of the materials or the interface (semiconductor/semiconductor or 
semiconductor/metal). The recombination occurring at the organic 
semiconductor/semiconductor interface can be described by tunneling 
enhanced interface recombination [35,36]. Such recombination can 
take place through traps states that can be localized either at the 
interface or within the materials. Thus, for simplicity, all the interfaces 
were considered to be ideal. The reported and extracted physical pa-
rameters of both the boron compounds and the C60 are listed in Table 1. 

2.2. Simulation details of the proposed structure 

The structure of the ternary cells consists of a donor/donor/acceptor 
(polymer/borinate/ZnO) planar configuration (Fig. 2a). Taking into 
account their relative high absorption coefficients, the selected polymers 
were P3HT (poly [3-hexylthiophene]), PTB7 (poly [[4,8 -bis [(2-ethyl-
hexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2- 
Ethylhexyl)carbonyl]thiene[3,4-b]thiophenediyl]]), and PCPDTBT 
(poly[2,6-(4,4-bis-(2-Ethylhexyl)-4H-cyclopenta[2,1-b; 3,4-b′]dithio-
phene)-alt-4,7(2,1,3-enzothiadiazole)]) [12]. The electrical parameters 
of the polymers and ZnO are shown in Table 2. ZnO is proposed as an 
electron acceptor due to its appropriate energy band levels (with regard 
to the borinates) to increase the charge extraction [41]. This will be 
discussed in detail later. Besides, the fabrication of ZnO is relatively of 
low cost. Current density-voltage (J-V) curves of nine combinations of 
these solar cell constituents using the mentioned materials (as specified 
in Table 3) were simulated under AM 1.5 illumination. The isolated 
energy levels of the materials and the expected routes of the photo-
generated charges are also indicated in Fig. 2b. 

The absorption coefficient spectra of both polymers and boron 

Fig. 1. Molecular structure of borinates.  
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compounds taken from the literature are shown in Fig. 3. As a reference, 
the solar spectrum AM1.5 (which corresponds to the input energy) is 
also depicted in the same figure. Note that the B3 borinate is the material 
with the highest absorption when compared to B1 and B2. The P3HT and 
PTB7 polymers show each one absorption peak at 520 and 670 nm, 
respectively, whereas PCPDTBT exhibits two maximum absorptions 
maxima, one at 400 nm and one at 650 nm. Thus, since all the polymers 
show absorption bands being somewhat complementary to those of the 
different borinates, we study all possible combinations among materials 
to find the optimum covering of AM1.5 and thus the highest efficiency. 

To further increase the efficiency of a solar cell, the thickness of its 
ingredient layers has to be optimized. For this purpose, with regard to 
the here studied combinations, the thickness of each layer was varied in 

a range between 10 and 130 nm to find the optimum. 
The tDOS in semiconductors induces enhanced charge carrier 

recombination. These defects can originate from either chemical im-
purities introduced during synthesis and the device fabrication process 
(extrinsic defects), and/or by covalent and non-covalent bondings 
(intrinsic defects) [50]. Thus, for a more complete analysis, the effect of 
the total tDOS in the borinate B3, which showed the most efficient 
performance in the devices, was studied. The tDOS was varied from 109 

to 1012 cm−3, which is a range typically reported for organic solar cell 
simulations [31,46]. 

3. Results and discussion 

Fig. 4 (a) shows the experimental and simulated external quantum 
efficiency (EQE) curves. The experimental and simulated J-V under 
illumination is depicted in Fig. 4 (b). It can be observed a reasonably 
good agreement between experimental data and our numerical simula-
tion results for both J-V and EQE characteristics. Such matching is 
comparable with others of the same type reported in the literature 
[51–53]. The slight differences between experimental and simulated 
characteristics found here can be attributed to experimental issues, i. e. 
to the difference in the uniformity of illumination beam or to the dif-
ference in exactly positioning the same device area through the used 
mask between the two used techniques, which given raised to slightly 
differences on the generated photocurrent [54,55]. For borinates, the 
agreement was achieved using trap densities of 1011 cm−3 located at 
1.12 eV, 0.6 eV, and 0.95 eV for B1, B2, and B3, respectively, as shown in 
Table 1. To our knowledge, those values have not been reported before. 
The used calibrated parameters, i.e., electron affinity and bandgap, of 
borinates (B1, B2, B3) are in reasonable agreement with the ones re-
ported in the literature using experimental techniques [21] as specified 
in Table 1. 

Table 3 shows the PV parameters obtained from the J-V curves under 
illumination of the nine non-optimized devices resulting from 
combining the 3 polymers and the 3 borinates. With the aim to compare 
the performance of such combinations, the thickness of all devices was 
fixed to the same values of around 20 nm. Note that all ternary solar cells 
are functional and show efficiencies from 1.5 to 11.7%. Among bori-
nates, B3 becomes the best alternative due to its highest absorption 
compared to B1 and B2 (Fig. 2). Borinate B2 shows PV parameters close 
to the ones obtained using B3; the efficiency difference between both B3 
and B2 using PTB7 was 2%, which can be attributed to the noticeable 
difference in absorption [56]. 

Hence, among the three borinates, PTB7/B3/ZnO solar cells show 
the highest efficiency of 11.7%. These values are similar to the 11.8% 
efficiency reported by Usmani et al. [57] and 10.2% reported by Zhou 
et al. [58] but using structures based on fullerenes, i. e. PTB7-th:PCBM: 
ZnO. This can be understood on the basis of the two conditions 

Table 1 
Physical parameters used for the simulation of boron compounds and fullerene 
C60.  

Semiconductors B1 B2 B3 C60 

Thickness (nm) 12 17 10 32–38 
Dielectric 

constant, Ɛr 
4 [37] 4 [37] 4 [37] 3 [37] 

Electron affinity, Х 
(eV) 

3.4 3.4 3.4 3.6 

Bandgap, Eg (eV) 1.75 [21] 1.56 [21] 1.66 [21] 2.3 [38] 
Optical Bandgap, 

Eg opt (eV) 
1.75 [21] 1.66 1.72 [21] 2.3 [38] 

Effective 
conduction band 
density, NC (cm 
−3) 

1021 1021 1021 1021 

Effective valence 
band density, NV 
(cm −3) 

1021 1021 1021 1021 

Effective 
electronic 
mobility, μn 
(cm2/Vs) 

10−3 10−3 10−3 0.1 [39] 

Effective hole 
mobility, μp 
(cm2/Vs) 

10−3 10−3 10−3 0.1 [39] 

Doping 
concentration 
acceptors, Na 
(cm −3) 

0 0 0 0 

Doping 
concentration 
donators, Nd 
(cm −3) 

0 0 0 1018 [40] 

Total trap density, 
Nt (cm3) 

1011, 
Acceptor, 
Gaussian 
1.12 eV 
above EV 

1011 

Acceptor, 
Gaussian 0. 
6 eV above 
EV 

1011 

Acceptor, 
Gaussian 
0.95 eV 
above EV 

1016 

Acceptor, 
tails type 
states  

Fig. 2. (a)Device structure and (b) energy band levels before contacting expected routes for photogenerated electrons and holes are schematized.  
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previously stated in the introduction to increase the PCE regarding the 
selection of the active layer materials, i.e., i) PTB7 and P3HT absorb 
more photons than the PCPDTBT [59]. Specifically, it causes an incre-
ment of the photocurrent according to the general JSC equation (Eq. (1)) 
where q is the charge of the electron, EQE(λ) is the external quantum 
efficiency, Nph (λ) is the photon flux density in the AM 1.5 spectrum. The 
EQE(λ) is directly related to the absorption coefficient; ii) The difference 
between PTB7 and P3HT can be explained by a higher built-in electric 
field in the device that promotes the separation and collection of charge 
carriers at their respective contacts [36,60,61]. This phenomenon will 
be discussed later in detail. 

JSC =
∫

AM1.5

q*EQE(λ)*Nph(λ)dλ (1) 

The variation efficiency between the B1 structure and the B2 one was 

7.9–9.7% with B2 showing the highest value. This is attributed to an s- 
shape effect observed for the B1 solar cell structure, which can be 
noticed in Fig. 5, where J-V characteristics under illumination of PTB7/ 
borinates (B1, B2, B3)/ZnO are depicted. In organic solar cells, this s- 
shape effect has been attributed to charge recombination occurring in 
either the materials or interfaces [62]. In our simulations, such an effect 
can be attributed to an increase of charge recombination within the 
materials due to the reduction of the built-in electric field, causing 
therefore a decrease in the FF (see Table 3). 

Further, to understand the S-shape effect the band diagrams of the B1 
and B2 devices were simulated. These diagrams under illumination and 
at the polarization of 0.65 V are shown in Fig. 6a and Fig. 6b. The 0.65 V 
condition is used since it is within the range where the S-shape effect was 
observed. Notice that the PTB7 energy bands in the B2 configuration 
(Fig. 6b) result in a band bending phenomenon, which improves the FF 
in comparison to the B1 case (Table 3). This is attributed to a higher 
electric field (due to a larger band bending) in the B2 configuration 
which reduces recombination with regard to the B1 case (Fig. 6a) where 
the bands are practically flat. 

Fig. 7 shows the recombination rates versus the thickness of the 
devices under the same conditions as the band diagrams. Thus, one can 
observe the recombination behavior of the solar cell’s materials under 
such specific conditions. By comparing both figures, the recombination 
in the PTB7 material decreases about 2 orders of magnitude, meanwhile, 
the one in B2 increases by about the same order. Since the PTB7 layer is 
thicker than the borinate one, it is expected that the recombination 
occurring in PTB7 is the predominant one. These facts can explain the 
origin of the S-shape effect considering that the band bending phe-
nomena in organic semiconductor devices can promote charge extrac-
tion and thus, reduce charge recombination [63]. 

The solar cell configurations using the PCPDTBT as a polymer 
showed a maximum efficiency of 9.5% and electrical characteristics of 
JSC and VOC close to those of the PTB7-involving system. This makes the 
PCPDTBT polymer also a viable alternative. Among PCPDTBT-based 
solar cells, the lowest efficiency (3.8%) exhibited by the PCPDTBT/ 
B1/ZnO structure agrees with that reported for a ternary device (3.65%) 
based on fullerenes (PCPDTBT: PCBM: ZnO) [64]; whereas the highest 
efficiency (9.5%) exhibited by the PCPDTBT/B3/ZnO structure agrees 
with that reported for a tandem cell (8.2%) based on two active layers 
composed of PCPDTBT:PCBM, and P3HT:PCBM [65]. 

Among the polymers used, the type of solar cell that shows the lowest 
efficiencies (1.5–2.7%) is the P3HT configuration. This value is between 
the 1.5% value reported by Poe et al. [66] and the 4.28% one reported 
by Zarkar et al. [67] using structures based on P3HT:BODIPY/ZnO. The 

Table 2 
Physical parameters used for the simulation of polymers and ZnO.  

Semiconductor P3HT PTB7 PCPDTBT ZnO 
Thickness (nm) 50 50 50 50 
Dielectric 

constant, Ɛr 
6.65 [37] 3.4 [42] 4 [37] 9 [43] 

Electron affinity, 
Х(eV) 

2.95 [44] 3.31 [45] 3.55 4.1 [46] 

Band gap, 
Eg(eV) 

1.8 [44] 1.81 [45] 1.66 [21] 3.3 [46] 

Optical Band gap, 
Eg opt(eV) 

1.8 [44] 1.81 [45] 1.72 [21] 3.3 [46] 

Effective 
conduction 
band density, 
NC (cm −3) 

1021 1021 1021 4 x 1018 

[46] 

Effective valence 
band density, 
NV (cm −3) 

1021 1021 1021 1019 [46] 

Effective 
electronic 
mobility, 
μn (cm2/Vs) 

0.1 1x10−3 0.02 100 [43] 

Effective 
electronic 
mobility, 
μp (cm2/Vs) 

0.1 1x10−3 0.02 25 [43] 

Doping 
concentration 
acceptors, 
Na (cm −3) 

0 0 0 0 

Doping 
concentration 
donators, 
Nd (cm −3) 

0 0 0 2 x 1016 

Total trap 
density, 
Nt (cm −3) 

2 x 1016 

Acceptor, 
tails type 
states [44] 

1015 

Acceptor, 
tails type 
states [47] 

1016 

Acceptor, 
tails type 
states [32] 

2 x 1017 

Donor, 
uniform 
1.7eV above 
EV [46]  

Table 3 
Photovoltaic parameters of polymer/borinate/ZnO structures.  

Configuration JSC (mA/cm2) VOC (V) FF (%) PCE (%) 
P3HT/B1/ZnO 5.1 1.15 25.6 1.5 
PTB7/B1/ZnO 12.5 1.37 46.4 7.9 
PCPDTBT/B1/ZnO 11.7 1.15 28.0 3.8 
P3HT/B2/ZnO 5.7 1.12 35.2 2.3 
PTB7/B2/ZnO 12.1 1.30 61.8 9.7 
PCPDTBT/B2/ZnO 11 1.15 65.5 8.3 
P3HT/B3/ZnO 6.9 1.15 33.3 2.7 
PTB7/B3/ZnO 13.4 1.35 66.9 11.7 
PCPDTBT/B3/ZnO 13.8 1.15 60 9.5  

Fig. 3. Spectra of absorption coefficients of borinates [21], and polymers [48, 
49] overlapped with the photon flux of the AM 1.5 solar spectrum (red 
solid line). 
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combination of P3HT and B3 exhibits one of the highest solar spectrum 
absorptions as can be noted in Fig. 2. This phenomenon can be under-
stood using the simulated band diagrams depicted in Fig. 8. In this 
figure, notice that the bands of P3HT are practically flat (Fig. 8a), in 
contrast to those of PTB7 in Fig. 8b. Thus, the efficiency reduction can be 
also explained by an increment of recombination (see S1 and S2 in 
supplementary information). 

Fig. 9 shows the J-V characteristic (Fig. 9a) and the external quantum 
efficiency, EQE (Fig. 9b), for the optimized and non-optimized PTB7/ 
B3/ZnO solar cell. In the following, we will rationalize the observed 
differences between an optimized and a non-optimized device based on 
the physics of the device. The photovoltaic parameters of the optimized 
device result in JSC of 21 mA/cm2, VOC of 1.3 V, FF of 54.5%, and PCE of 
15.15%. Among these parameters, the JSC shows the largest increase by 
8 mA/cm2. This increase is due to the considerable rise of the photon 
absorption achieved by the thickness optimization (Fig. 9b) which will 
be discussed below. The slight VOC reduction can be attributed to an 
increment of bulk trap states recombination due to the thicker layers in 
the optimized device [68]. The optimized PCE even exceeds reported 
values of 13.2% [69] and 13.4% [70] for organic solar cells using PTB7 
and comes close to the efficiency record of 15.68% using a PTB7: 
PC71BM:EP-PDI configuration [71]. Thus, our proposed configuration 
is well viable to be fabricated. 

In Fig. 10 the optimization process of the PTB7/B3/ZnO ternary solar 
cell is depicted. Both PTB7 and B3 show larger changes of their PV pa-
rameters as a function of thickness than ZnO. The highest light ab-
sorption of PTB7 and B3 can cause this sensibility. Notice that there 
exists a maximum PCE for each material at an optimal thickness, i. e., 
100 nm for PTB7, 90 nm for B3, and 40 nm for ZnO. The maximum 
efficiency achieved is 15.15%, 3.85% below the record reached by Cui 
et al. [20] using a complex NFA (eC9-2Cl) as the third component in a 
TSC. However, our proposal to use B3 as the ternary material is a 
low-cost alternative [26,27] due to its facile synthesis, with around half 
of the synthesis process steps, when compared to those for a complex 
NFA [20,72,73]. 

The existence of optimized thicknesses is attributed to a trade-off 
between the increase of photon absorption and the reduction of 
charge recombination. The absorption is based on the Beer-Lambert 

Fig. 4. Simulated and experimental curves: a) EQE and b) illuminated J-V characteristics.  

Fig. 5. Simulated J-V characteristics under illumination of PTB7/borinates (B1, 
B2, B3)/ZnO. 

Fig. 6. Simulated band diagrams (the green/blue lines are the valence/conduction band, respectively) with quasi-Fermi levels of electrons (orange line) and holes 
(light green line) at a polarization of 0.65 V of (a) PTB7/B1/ZnO and (b) PTB7/B2/ZnO. 
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equation A = 1− e−αl, with A the absorbance, α the absorption coeffi-
cient, and l the thickness. The increment of l improves the photocurrent 
which can be seen in Fig. 10. Meanwhile, the charge recombination 
reduction is caused by an electric field increment due to a thickness 
reduction, which can also explain the VOC decrement observed in Fig. 9. 
Such an electric field variation and its effect on charge recombination, 
which in turns reduce the fill factor, can be observed in Fig. S3, sup-
porting information. This figure depicts the band diagrams of three 
PTB7/B3/ZnO solar cells with different thicknesses of (a) PTB7, (b) B3, 

and (c) ZnO, the thickness values being chosen around the optimal ones. 
The corresponding recombination rates are also shown in Fig. S3 (d-f). 
Notice that the reduction of the electric field for the largest PTB7 
thickness causes an increment in the recombination. The same phe-
nomenon is observed for the B3 and ZnO cases but to a lesser extent. This 
slight reduction of VOC can be understood using Eq. (2) [52] where n is 
the ideality factor, k and T are the Boltzmann constant and the tem-
perature, respectively, and Jl is the current density generated under 
illumination whereas J0 is the saturation value in dark. It is well known 

Fig. 7. Recombination rates at a polarization of 0.65 V of (a) PTB7/B1/ZnO and (b)PTB7/B2/ZnO.  

Fig. 8. Simulated band diagrams (the green/blue lines are the valence/conduction band, respectively) with quasi-Fermi levels of electrons (orange line) and holes 
(light green line) at the polarization of 0.35 V of (a) P3HT/B3/ZnO and (b) PTB7/B3/ZnO. 

Fig. 9. (a) J-V curves of a non-optimized (green) and an optimized device structure (blue), (b) the EQE spectra as simulated under illumination of PTB7/B3/ZnO 
solar cells. 
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that the increase of recombination leads to a J0 increase, which reduces 
the Voc. 

VOC = nkT

q
ln

(

Jl

J0

+ 1

)

(2) 

Further, in order to analyze the effect of the magnitude of the density 
of trap states in the borinate on the device performance, in the following, 
the relation between the recombination and trap states is addressed. The 
charge recombination can be described by the Shockley-Read-Hall 
model, given by eq. (3) [52]. 

R= np − ni
2

τn

(

p + NV*e(
Et
kT)
)

+ τp

(

n + NC*e(
Eg−Et

kT )
) (3)  

where n and p are the concentrations of electrons and holes, respec-
tively. Et the energy level of trap states, ni is the intrinsic electron con-
centration, τn and τp are the lifetimes of the electron and hole carriers, 
respectively. The lifetime (τ) of the charge carrier is given by eq. (4) 
[52]. 

τ= 1

τ ∗ Nt(E)*vth

(4)  

with σ, Nt , and vth the capture cross-section of trap minority carriers, the 
total trap state density, and the thermal speed energy, respectively. Such 
Gaussian distributed defect density (Nt) within the bandgap of the 
semiconductor is described by the following eq. (5) [74]. 

Nt(E)=
Nt

σ
̅̅̅̅̅

2π
√ *e

−(E−Et )2
2σ2

t (5)  

where Nt is the total trap state density, Et is the specific energy of the 
trap Gaussian distribution, and σ2 is the standard deviation of the trap 
Gaussian distribution. The considered trap distribution was based on the 
previously mentioned calibration process. 

Fig. 11 shows the effect of the variation of the Gaussian tDOS (from 
109 cm−3 to 1012 cm−3) in the B3 borinate, demonstrating that an in-
crease in the defect states density reduces VOC, JSC, and the FF. Regarding 
the efficiency, it changes by around 3% for each order of magnitude in 
the tDOS. This is attributed to the fact that the lifetime of the carriers 
(Eq. (4)) decreases inversely proportionally to the trap density (Eq. (5)), 
which in turn increases the charge recombination (Eq. (3)). 

Finally, it should be mentioned that this proposal structures and 
analysis can be also used as a design guideline for bulk heterojunction 
structures since it has been well demonstrated the validity of planar 
structure models in bulk heterojunction solar cells [36,75]. Besides, 
there is the important role of internal electric fields in the good per-
formance of such kinds of devices [61], which is consistent with our 
findings. Note that this band bending effect at the heterojunction can 

improve the VOC in bilayer organic solar cells [63], which can be 
attributed to the density of states in the materials of the active layer 
[76]. 

4. Conclusions 

Based on simple and novel compounds of boron as a ternary material 
in hybrid solar cells, and by using numerical simulations validated with 
experimental results, we have shown an optimized efficiency of 15.15% 
for a PTB7/B3/ZnO ternary device with a planar heterojunction 
configuration. Specifically, we have tested nine different combinations 
of a polymer/borinate/ZnO-structure hybrid solar cell using three boron 
compounds with different electrical properties, especially concerning 
the energy band gap and the trap energy depth (B1, B2, and B3), and 
three polymers (P3HT, PTB7, and PCPDTBT). Our results also reveal that 
PTB7 with a thickness of 100 nm, B3 with one of 90 nm, and ZnO with a 
one of 40 nm are the best thickness values for the optimized solar cell. 
The highest value of PCE achieved for the PTB7 device can be explained 
by two factors: i) the higher absorption of the PTB7 when compared to 
PCPDTBT and ii) its higher built-in electric field with regard to the P3HT 
device. The electric field induced by PTB7 causes a reduction of charge 
recombination of two orders of magnitude regarding P3HT. This also 
explains the difference in the performance between the PTB7/B1/ZnO 
and PTB7/B2/ZnO devices whose borinates have a similar light ab-
sorption. Further, increasing the total trap density of states in the 

Fig. 10. Development of the characteristic values PCE, JSC, VOC, and FF (Filling Factor) as a function of layer thickness for the three components (a) PTB7, (b) B3, and 
(c) ZnO, showing the specific optimum thicknesses for the three different layers in a planar solar cell configuration. 

Fig. 11. Effects of trap density variation in B3.  
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borinate of the best solar cell structure by one order of magnitude causes 
an efficiency decrease of around 3%. Finally, we can conclude that our 
results indicate that borinates are a viable alternative to manufacturing 
relatively efficient ternary cells with respect to other devices based on 
more complex molecules and technological processes. 
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M. Kamińska, K. Korona, Influence of active layer processing on electrical 
properties and efficiency of polymer-fullerene organic solar cells, Acta Phys. Pol., A 
136 (2019) 579–585, https://doi.org/10.12693/APhysPolA.136.579. 

[50] B.A. Gregg, Charged defects in soft semiconductors and their influence on organic 
photovoltaics, Soft Matter 5 (2009) 2985, https://doi.org/10.1039/b905722f. 

[51] S. Abdelaziz, A. Zekry, A. Shaker, M. Abouelatta, Investigation of lead-free 
MASnI3-MASnIBr2 tandem solar cell: numerical simulation, Opt. Mater. 123 
(2022), 111893, https://doi.org/10.1016/j.optmat.2021.111893. 

[52] W. Abdelaziz, A. Shaker, M. Abouelatta, A. Zekry, Possible efficiency boosting of 
non-fullerene acceptor solar cell using device simulation, Opt. Mater. 91 (2019) 
239–245, https://doi.org/10.1016/j.optmat.2019.03.023. 

[53] S. Abdelaziz, A. Zekry, A. Shaker, M. Abouelatta, Investigating the performance of 
formamidinium tin-based perovskite solar cell by SCAPS device simulation, Opt. 
Mater. 101 (2020), 109738, https://doi.org/10.1016/j.optmat.2020.109738. 

[54] H.J. Snaith, How should you measure your excitonic solar cells? Energy Environ. 
Sci. 5 (2012) 6513, https://doi.org/10.1039/c2ee03429h. 

[55] C. Tong, W. Ji, D. Li, A. Mei, Y. Hu, Y. Rong, H. Han, Modeling the edge effect for 
measuring the performance of mesoscopic solar cells with shading masks, J. Mater. 
Chem. A. 7 (2019) 10942–10948, https://doi.org/10.1039/C9TA02459J. 

[56] X. Liu, Y. Yan, Y. Yao, Z. Liang, Ternary blend strategy for achieving high- 
efficiency organic solar cells with nonfullerene acceptors involved, Adv. Funct. 
Mater. 28 (2018), 1802004, https://doi.org/10.1002/adfm.201802004. 

[57] B. Usmani, R. Ranjan, Prateek, S.K. Gupta, R.K. Gupta, K.S. Nalwa, A. Garg, PTB7- 
Th Inverted, PC71BM organic solar cells with 11.8% PCE via incorporation of gold 
nanoparticles in ZnO electron transport layer, Sol. Energy 214 (2021) 220–230, 
https://doi.org/10.1016/j.solener.2020.11.071. 

[58] C. Zhou, R. Hu, Y. Liu, M.-M. Huo, L. Li, J. Yu, Effect of colloid aggregation 
characteristic on ZnO interface layer and photovoltaic performance of polymer 
solar cells, Org. Electron. 83 (2020), 105753, https://doi.org/10.1016/j. 
orgel.2020.105753. 
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