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A B S T R A C T

Hole transport layer (HTL) plays a significant role in the device performance of organic solar
cells. PEDOT:PSS, the most commonly used HTL degrades the device and effects the stability of
Organic solar cell (OSC). An alternate material to maximise the output of OSC is necessary. In this
paper, a complete simulation study on the performance of (PBDB-T) poly[(2,6-(4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b]dithiophene)-co-(1,3-di(5-thiophene-2-yl)-5,7-bis(2-
ethylhexyl)benzo[1,2-c:4,5-c]dithiophene-4,8-dione)]/(ITIC)3,9-bis(2-methylene-(3-(1,1-dicya-
nomethylene)-indanone)-5,5,11,11-tetraki(4-hexylphenyl)-dithieno[2,3-d:2,3-d]-s-indaceno
[1,2-b:5,6-b]dithiophene) non-fullerene acceptor (NFA) OSC incorporated with Copper iodide
(CuI) as HTL is done using the software SCAPS 1-D. Device modelling is done to study the in-
fluence of various technological parameters on the solar cell output. CuI is wider bandgap p-type
semiconductor with high stability and available at low cost. The simulation results show that
NFA-OSC with CuI as the HTL delivers better efficiency than the conventional structure. Upon
optimization, the device output shows Power conversion efficiency (PCE) of 15.68%, Fill Factor

(FF) of 79.59%, Short Circuit Current density (Jsc) of 20.1525mA/cm2
and Open Circuit Voltage

(Voc) of 0.9773 V. The values are encouraging to develop NFA-OSC with CuI as the hole transport
layer in the near future.

1. Introduction

Organic photovoltaics has been showing significant improvement in the recent years [1–4]. Non-fullerene acceptors (NFA)
overcome the morphological instabilities of their fullerene counterparts and appears to be one of the suitable candidate for devel-
oping high efficiency organic solar cell (OSC) [5–13]. Having a hole transport layer (HTL) between the polymer and electrode tunes
the work function of electrodes along with reducing the undesired quenching of excitons at the electrode surfaces and also reduces
the carrier recombination [14–17]. The most commonly used HTL in conventional OSC is PEDOT:PSS thanks to its high conductivity,
high work function and improved transparency [18,19]. However, PEDOT:PSS degrades the device due to its acidic and hygroscopic
nature and its capability to block electron is uncertain owing to its use as electron collecting electrode [20–23]. It is extremely
sufficient for OSC devices to improve charge transport towards the respective electrodes for reducing the charge recombination and
to ensure that, a lot of alternate HTL materials have been studied [24–30].

Copper iodide (CuI) with a wider bandgap of 2.98 eV consists of three crystalline phases α, β and γ [31]. Among them, γ phase CuI
behaves as a typical p-type semiconductor and has favourable fermi level energy and efficient optical transparency. Zhou et al.
reported the use of CuI nanocrystals in ZnPC:C60 bilayer organic solar cell [32] and Shao et al. showed that P3HT:PCBM film
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deposited on CuI has higher mobility than those deposited on PEDOT:PSS [33]. Experimental works on CuI as the hole transport layer
for BHJ solar cells shows better performance than the conventional device using PEDOT:PSS [34]. The improvement in device
performance was basically owed to achieving a higher fill factor due to reduced series resistance Rs and improved shunt resistance
Rsh.

NFA-OSC with CuI as the hole transport layer provides a better alternative for photovoltaics. ITIC (3,9-bis(2-methylene-(3-(1,1
-dicyanomethylene)-indanone)-5,5,11,11-tetraki (4-hexylphenyl)-dithieno[2,3-d:2,3-d]-s-indaceno[1,2-b:5,6-b]dithiophene)) is one
of the most effective NFA, first introduced by Zhane et al. [35]. PBDB-T(poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl) benzo[1,2-
b:4,5-b]dithiophene)-co-(1,3-di(5-thiophene-2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c]dithiophene-4,8-dione)]) enhances the ab-
sorption spectrum and the BHJ combination of PBDB-T/ITIC has been showing a lot of potential in recent years [36–41]. Device
modelling of PBDB-T/ITIC solar cell with PEDOT:PSS as HTL is already reported in the literature [43]. No computational studies have
been done so far to explore the incorporation of CuI to the NFA-OSC and device modelling is an efficient tool to understand and
optimize the device parameters to design highly efficient OSC for future.

In this work, One dimensional Solar Cell Capacitance Simulator (SCAPS) is used to numerically simulate PBDB-T/ITIC blend with
CuI as the HTL and PFN-Br as the electron transport layer (ETL) [59]. SCAPS has been used extensively to simulate various types of
solar cells including NFA-BHJ [42–51]. Software is calibrated using control variable method and a comprehensive device modelling is
done for the NFA-Bulk heterojunction to study the influence of material parameters on the output performance of the organic solar
cell.

2. Device modelling parameters

Bulk heterojunction structure of NFA-OSC with the layer configuration of glass substrate/ITO/CuI/PBDB-T/ITIC/PFN-Br/Ag is
simulated using SCAPS 1-D. The simulated solar cell configuration with PFN-Br as the ETL, CuI as the HTL, PBDB-T/ITIC as the active
layer, ITO and Ag as the front and back electrodes respectively is given in Fig. 1(a). The energy band alignment is shown in Fig. 1(b).

The valence band offset at Active/CuI interface is +0.6 eV providing an easy pathway for holes to flow to the back metal contact
while the conduction band offset at PFN-Br/Active interface is +0.71 eV, which is crucial for the migration of generated photo-
electrons to the front contact. Table 1 summarises the simulation parameters for the configuration. The given parameters Eg is the
energy bandgap, ϵr is the relative permittivity, χ being the electron affinity, μn and μp are the electron and hole mobilities, Nt is the
defect density respectively. NA and ND are the densities of acceptor and donor materials whereas NC and NV are the effective densities
of conduction band and valence band [42]. The parameter values not included in the table are set identical for all layers. Neutral
gaussian distribution defect is adopted with characteristic energy being set to 0.1 eV. The electron and hole capture cross cross section
is set to ×

−9 10 15 cm2
with the thermal velocity of both carriers are fixed at 107 cm/s [43]. Two defined defect interfaces HTL/Active

and Active/ETL is set with a concentration of 109 −cm 2. Work function of the front electrode is set to 4.7 eV [59] and that of the back
electrode is set to 4.1 eV. The absorption profile for active layer and HTL is obtained from the literature [36,51]. No optical re-
flectance is considered in the simulation and we have optimized the numerical parameters used in the study using control variable
method.

After performing simulations in SCAPS using the parameters in Table 1, we obtained the solar cell output parameters: Open circuit

Fig. 1. Simulated solar cell (a) configuration of the cell (b) Enegy band alignment.
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voltage (Voc), Short circuit current density (Jsc), Fill factor (FF) and Power conversion efficiency (PCE). The short circuit current
density-Voltage (J–V curve) is shown in Fig. 2(a) and the corresponding External quantum efficiency curve (EQE) is shown in
Fig. 2(b). The simulated output is consistent with the experimental results for NFA-OSC [36–41]. This shows that the parameters used
in the simulation are in close agreement with the real parameters of the device and the software is perfectly calibrated for simulating
NFA-OSC. The calibrated cell is simulated to design NFA-OSC with inorganic CuI as the HTL by optimizing the material parameters of
the device.

3. Results and discussion

3.1. Influence of the thickness of active layer

Thickness of active layer is a crucial parameter in the output performance of solar cell. The active layer thickness is varied in the
range from 50 nm to 350 nm and the effect on output is studied as shown in Fig. 3. The Jsc and PCE increases significantly upon
increasing the thickness and reaches a maximum value of 20.153mA/cm2 and 13.58% at the active layer thickness of 200 nm. This
can be due to the improved light absorption and increased photogenerated carriers due to increased thickness. On further increasing
the thickness, both PCE and Jsc starts to decrease. Above 200 nm, the carrier diffusion length is more than the active layer thickness
and it leads to increase in recombination current and decreased output. Similarly, Voc increases upon improved active layer thickness
and beyond the optimum value, it starts to decrease. Voc depends on the dark I–V characteristics of the cell. The small variation in
Voc can be attributed to the change in dark saturation current with the variation in active layer thickness. FF is dropping continuously
upon increasing the active layer thickness. This can be due to the increase in series resistance of the cell with the improved thickness
of active layer.

3.2. Influence of defect density of active layer

The defect density (Nt) has been varied in the range 1010 −cm 3
–1014 −cm 3

. The effect of defect density is analysed using the Shockley-
Read Hall recombination equation [60].

=
−

+ + +

R
n

τ n n τ p p
np

( ) ( )
i

p t n t

SRH
2

(1)

where n, p refers to the mobile electron-hole concentration, and nt , pt being the trap defect concentration with ni, the intrinsic

Table 1
Numerical parameters used in the simulation.

Parameters HTL Active layer ETL

Thickness (nm) 40 100 [36] 5 [36]
Eg (eV) 2.98 [52] 1.2 [37,43] 2.98 [53]
χ (eV) 2.1 [54] 4.03 [36] 4 [43]
ϵr 6.5 [55] 3.65 [36,43] 5 [43]
μn (cm2/vs) ×

−1.69 10 4
×

−3. 1 10 4 [36] ×
−2 10 6 [43]

μp (cm2/vs) ×
−1.69 10 4 [56] ×

−3.2 10 4 [36] ×
−1 10 4 [43]

NA (cm−3) ×2 1018 [57] 0 0

ND (cm−3) 0 0 ×9 1018

NC (cm−3) 1022 [58] 1019[43] 1019 [43]
NV (cm−3) 1022 [58] 1019[43] 1019 [43]
Nt (cm−3) 109 [43] 1012 109 [43]

Fig. 2. Simulated output from SCAPS a( ) −J V curve (b) EQE curve.
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concentration. The lifetime τ is given by the relation [61]:

=τ
σV N

1
tth (2)

with σ being the capture cross section and Nt , the trap defect density and Vth being the carrier thermal velocity. The exciton diffusion
length is given by =L Dτ where D is the diffusion constant.

The output device performance with variation of Nt is given in Fig. 4. As Nt increases, the lifetime of carriers decreases leading to
increased recombination rate effecting the output performance. Table 2 shows the variation of electron diffusion length and lifetime
upon changing the defect density. The device output is improved upon reducing the defect density below 1011 −cm 3

with a Jsc of
16.168mA/cm2

, Voc of 0.9956 V, FF of 76.15% and PCE of 12.26%. But, we cant set the defect density to be 1011 −cm 3 as it is
impossible to realise diffusion length corresponding to this value in organic materials [61]. Thus we have chosen the optimised value
to be 1012 −cm 3.

Fig. 3. Effect of active layer thickness on output parameters.

Fig. 4. Effect of defect density of active layer on output parameters.
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3.3. Influence of defect density at interface layers

We have defined two interfaces; HTL/Active and Active/ETL. The simulations are done by varying the defect densitis of both
interfaces between the range 107 −cm 2–1011 −cm 2. The increase in defect density leads to more traps and degrades the cell output. It is
always preferable to have low interface defect densities for better output performance. The effect of variation of defect densities at
both interfaces are shown in Figs. 5 and 6 . As it appears from the figure, the Active/ETL interface has no effect on the output

Table 2
Variation of diffusion length and lifetime of electron with defect density.

Nt (
−cm 3

) 1010 1011 1012 1013 1014

Ln (μm) 0.19 0.059 .019 .0059 .0019
τn(μs) 1100 110 11 1.1 0.11

Fig. 5. Effect of defect density at HTL/Active interface on output parameters.

Fig. 6. Effect of defect density at Active/ETL interface on output parameters.
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parameters of solar cell, the reason being the illumination of the device from the front contact for the simulated conventional solar
cell structure. The photogenerated charge carriers have higher density in HTL than in ETL and the defect density at HTL/Active
interface has a strong influence on the output device performance and also is in agreement with the fact that lower defect density
leads to better output.

3.4. Influence of HTL (CuI) properties

Hole transporting layer has a crucial impact on the output of OSC. Suitable selection of HTL provides better charge transport and
charge collection at respective electrodes. We have studied the effect of input parameters of HTL layer such as thickness, doping
concentration, electron affinity and mobility on the solar cell output.

The thickness of HTL layer has been varied from 30 nm to 50 nm and the effect on output parameters is shown in Fig. 7. The
variation of thickness of the transport layer has negligible influence on the device output providing a consistent output for the entire
range showing majority of the charge separation takes place in the active layer itself.

The effect of doping density of the hole transport layer on output parameters is shown in Fig. 8. As it appears, increasing the
doping concentration of HTL results in improving the device output. This can be explained on the basis of increased conductivity of
the cell leading to a reduced series resistance upon increasing the doping density. The reduction in series resistance is also visible in

Fig. 7. Effect of thickness of HTL layer on output parameters.

Fig. 8. Effect of doping density of HTL layer on output parameters.

K.S. Nithya and K.S. Sudheer Optik - International Journal for Light and Electron Optics 217 (2020) 164790

6



the significant improvement in the fill factor of the solar cell upon increasing the doping concentration.
The effect of mobility of the hole transport layer is shown in Fig. 9. The hole mobility of HTL layer is being increased from

−10 6 cm2/Vs to −10 2 cm2/Vs and effect is studied. As it appears, the output confirms the increase in conductivity of the material due to
mobility effect.

The electron affinity of HTL is varied in the range 1.8–2.6 eV and the effect on output performance is shown in Fig. 10. PCE of
12.18% is achieved for optimum value at 2.2 eV. The optimum electron affinity reduce the bandgap effect providing better energy
alignment and contributes to improved charge transport between the active layer and transport layers of non-fullerene organic solar
cell [43].

3.5. Influence of ETL properties

The effect of ETL layer on the organic solar cell output is studied by varying its properties. The thickness of ETL layer is varied
from 2 nm to 10 nm and the effect on the output parameters is shown in Fig. 11. The variation has little impact on output parameter
similar to the case of HTL thickness.

The mobility of ETL layer is varied in the range from −10 6 to −10 2 cm2
/Vs and the effect on output is shown in Fig. 12. The mobility

influences the material conductivity and gives improved output.
The influence of doping density of ETL on the output parameters is shown in Fig. 13. The electron affinity is varied in the range

Fig. 9. Effect of hole mobility of HTL layer on output parameters.

Fig. 10. Effect of electron affinity of HTL layer on output parameters.
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from 3.9 eV to 4.3 eV and an improved efficiency of 11.87% is achieved at optimized value of 4.1 eV. The effect is shown in Fig. 14.
The optimized device parameters are summarized in Table 3. Simulating with optimized parameters, we obtained promising

resuts, Voc of 0.9773 V, Jsc of 20.1525mA/cm2
, FF of 79.59% and PCE of 15.68%. We compared the optimized results with the initial

simulations in Table 4. Optimisation show that output of non-fullerene organic solar cell can be further enhanced with the use of
inorganic CuI as the HTL.

4. Conclusion

The proposed structure of NFA-OSC with CuI as the HTL is simulated using SCAPS 1-D. We studied the effect of technological
parameters on the output performance of the solar cell. The results have exhibited that the cell performance is improved upon
increasing the thickness upto 200 nm and a lower defect density is crucial for better output performance. The defect density at HTL/
Active interface has an impact on the output while that of Active/ETL interface is insignificant because of higher carrier density at the
former. The transport layer characteristics are optimised in the simulation to improve efficiency. The cell performance with the
optimised numerical parameters are Voc=0.9773 V, Jsc= 20.1525mA/cm2 , FF= 79.59% and PCE=15.68%. The optimised result
is encouraging for the use of CuI as an alternative to PEDOT:PSS, which is highly degrading and acidic for solar cell. We have
successfully designed a NFA-OSC with inorganic CuI HTL with excellent efficiency upon optimization and the simulated results

Fig. 11. Effect of thickness of ETL layer on output parameters.

Fig. 12. Effect of electron mobility of ETL layer on output parameters.
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promises to elevate the device performance of OSC in the near future.

Conflicts of interest
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Fig. 13. Effect of doping density of ETL layer on output parameters.

Fig. 14. Effect of electron affinity of ETL layer on output parameters.

Table 3
Optimized numerical parameters.

Parameters ETL Absorber HTL

Doping density (
−cm 3

) 1020 – 1020

Electron affinity (eV) 4.1 – 2.2
Thickness (nm) – 200 -

Hole mobility (cm2 −V 1
−s 1) – – −10 2
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