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Abstract
Climate change has approached a major crisis limit worldwide due to exhaust emissions aris-
ing from the use of traditional transport fuels. Solar energy, therefore, appears to be the most 
promising alternative energy that can mitigate air quality and environmental degradation. 
Herein, we report numerical simulation of a novel model solid-state dye-sensitized solar 
cell consisting of solid-state layers with the configuration FTO/PC61BM/N719/CuSCN/Au 
using 1-dimensional solar cell capacitance simulator software (SCAPS-1D). The motiva-
tion underpinning the numerical simulation of the solar cell architecture proposed in this 
study was to optimize phenyl-C61-butyric acid methyl ester (PC61BM) performance as 
the electron transport layer. In this model, the effects of varying several parameters—tem-
perature, absorber thickness, defect density, and metallic back contact on the overall solar 
cell performance have been critically examined. After optimizing the input parameters, 
the optimal conversion efficiency was 5.38% while the optimized open-circuit voltage was 
0.885 V. Besides, 70.94% was the optimum fill factor and the peak short-circuit current of 
8.563 mA  cm−2 was achieved. Built-in voltage of ~ 1.0 V was estimated from the Mott–
Schottky curve and the cell band diagram. The power conversion efficiency obtained in this 
study is robust for this cell configuration, and is toxic-free compared to the lead-based per-
ovskite solar cells. These findings are therefore useful in the advancement and fabrication of 
high-performance dye-based photovoltaic devices for large-scale industrial production.

Keywords  Climate change · Solar energy · SCAPS-1D · Dye-sensitized solar cells · 
Numerical simulation

1  Introduction

The current world has witnessed massive environmental degradation as a result of 
exhaust emissions occasioned by the use of traditional transport fuels such as fossil fuels, 
coal, and petroleum gases (Wang et  al. 2017). Therefore, renewable energy resources 
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such as solar power and biodiesel that are known to mitigate environmental impacts have 
lately attracted intense research attention (Korir et al. 2020). In designing solar cells of 
practical importance, theoretical simulation efforts have been advanced towards sus-
tainable energy alternatives, energy security, and pollution reduction (Gustavsson et al. 
2017). Theoretical simulations complement experimental data, save time, and reduce 
costs in cell design and fabrication. Solar energy is a very promising energy alterna-
tive to any renewable or non-renewable energy sources currently available. The energy 
capacity from the sun in 1.5 days is approximate 1.7 × 1022 J—equivalent to the energy 
that can be extracted from three trillion barrels of all finite oil reserves in the earth’s 
crust (Crabtree and Lewis 2007). Statistics have shown that the annual consumption of 
energy worldwide is more than 4.6 × 1020 J, which is the sun’s energy amount in one hour 
(Crabtree and Lewis 2007). Energy from the sun is not only inexhaustible but also envi-
ronmentally benign. The earth receives 1.2 × 107 watts from the sun in one day and this 
energy can meet the world’s energy demands required for approximately 20 years (Chu 
and Meisen 2011). The exponential growth in the human population, advances in indus-
trial systems, human and environmental health, promotion of quality living standards, 
and climate change has advanced the need for sustainable energy resources (Caruso et al. 
2020). Thus, the development of solar infrastructure is projected to address the world’s 
energy demand in the future—in line with millennium sustainable development goals 
(Santika et al. 2019).

The (DSSCs) have attracted intense interest among research communities because of 
their attractive features—low toxicities, ease of fabrication, inexpensive cost of materials, 
good incident photon conversion efficiency (IPCE), flexibility, and good light-harvesting 
efficiency (LHE) under diffuse conditions (Gong et al. 2017). Generally, DSSCs are manu-
factured using a liquid electrolyte as an acceptor-type layer (Lee et al. 2017) and an n-type 
layer—the electron transport layer (ETL), which has a photoactive layer anchored onto its 
surface. Dye-sensitized solar cell (DSSC) consists of five main components: (i) electrolyte 
(ii) semiconductor (iii) counter electrode (iv) transparent conductive oxide layer (TCO) and 
(v) photosensitizer as presented in Fig. 1. Previous research findings have reported that the 
use of liquid state redox electrolytes in dye-based PV cells has posed challenges such as 
compromised stability of the electrolyte, sublimation, and evaporation of iodine/tri-iodide 
electrolytes (Dissanayake et  al. 2017). Therefore, all-solid-state layers in the cell device 

Fig. 1   Schematic diagram show-
ing the main components of 
DSSCs (Gong et al. 2017)
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help overcome the challenges encountered by using iodine/triiodide liquid electrolytes 
which is not only corrosive but also sublimes.

Solid hole transport layers (HTLs) have been used in DSSCs because of their out-
standing merits over the iodine/iodide system; no leakage of charge and no solvent vol-
atility, thus facilitating long-term stability the device (Manfredi et  al. 2014). Several 
HTLs used are less corrosive and thermally stable and include inorganics, p-conducting 
molecules, and organic polymers (Calio et  al. 2016). To overcome the challenges of 
liquid electrolytes, organic and inorganic HTLs have been explored, although their effi-
ciencies are still very low in addition to sealing-related problems (Syafiq et al. 2020).

Over the past decades, TiO2 material has been the most reasonable ETL finding 
numerous applications in PV devices with perovskite and dye photoactive layers with 
better cell performance. Still, it has been reported that it degrades with time due to pro-
longed Uv-illumination and the presence of oxygen vacancies, leading to activation of 
surface traps (Madan et al. 2020). Accordingly, there is a need to explore new materials 
that can be suitable ETLs in thin-film technology. Alternatives that have been studied 
as ETL materials are PC61BM, tin dioxide (SnO2), tungsten trioxide (WO3), carbon 60 
(C-60), and Zinc oxide (ZnO) (Almeida 2020; Zainudin et al. 2019; Nath et al. 2016; 
Vittal and Ho 2017).

Previous studies have reported solid-state dye-sensitized solar cell (ssDSSCs) mod-
eled with the N719 photoactive material, TiO2 mesoporous photoanode, and cae-
sium tin iodide (CsSnI3) as an HTL with direct bandgap having a hole mobility of 585 
cm2 V−1 s−1 and 1.3 eV bandgap energy (Shum et al. 2010). The cell achieved a PCE of 
8.5% and the highest record of photocurrent (Jsc) in ssDSSCs of 19.2 mA cm−2 (Shum 
et al. 2010). However, the cell was found to be unstable with time due to the oxidation-
induced degradation of CsSnI3 under ambient conditions (Shum et  al. 2010). Organic 
hole conducting materials such as poly(3-hexylthiophe) (P3HT) and poly(3-octylthio-
phene) (POT) that were initially used in fabricating ssDSSCs showed PCE less than 1% 
owing to the inadequate filling of pores of the polymer HTLs into the mesoporous TiO2 
film resulting in inefficient separation of charge besides low efficiencies in charge extrac-
tion (Lancelle‐Beltran et  al. 2008). With the optimization of TiO2 parameters such as 
porosity, layer thickness, and architecture, a ssDSSC with a TiO2/N719 dye/P3OT/Au 
configuration was reported with an efficiency of 1.3% with good stability (Lancelle‐Bel-
tran et al. 2006). Research findings have also indicated that the inorganic layer CuSCN 
does not easily decompose to SCN−1, stoichiometrically large quantities of SCN-1 do not 
create surface traps in CuSCN. The simulated ssDSSCs based on CuSCN are therefore 
more stable with useful lifetimes in addition to the most stable open circuit-voltage (Voc) 
(Perera and Tennakone 2003). The ssDSSCs fabricated by employing TiO2 as ETL and 
CuSCN as HTL were found to have a PCE of 2%—attributed to low hole conductance 
characteristics (O’Regan et al. 2002).

The PC61BM is known to be a comparatively feasible electron acceptor layer (Sun et al. 
2014). For instance, the cell configuration with ITO/PEDOT: PSS/CH3NH3PbI3/Al with 
PC61BM being the ETL gave typical current–voltage (J–V) characteristics of a PV module 
with a fill factor (FF) of 0.671%, PCE (ɳ) of 3.33%, 5.961 mA cm−2 as the short-circuit cur-
rent (Jsc), and 0.832 V as the open-circuit voltage (Voc) (Sun et al. 2014). On the other hand, 
the perovskite that did not contain PC61BM showed no meaningful photovoltaic character-
istics. Therefore, PC61BM has a higher electron affinity as well as a good electron acceptor. 
A ssDSSC fabricated with the configuration TiO2/N719dye/PC61BM/P3HT yielded a low 
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cell performance of 1.43% at standard test conditions (STCs) of 100 mW cm−2 and AM 1.5 
solar spectrum (Yue et al. 2011). The P3HT/PC61BM heterojunction layer transfers carriers 
and harvests photons from the sun, consequently improving the photoelectric response of 
DSSCs (Yue et al. 2011). The dye-based PV configuration simulated herein is based on the 
PC61BM electron transport compact layer.

The effect of changing the photoactive material’s density of defects of the photovoltaic 
conversion efficiency of a typical ssDSSC explored in this work is presented. Moreover, the 
effects of varying the back metal contact and the operating temperature are examined. The 
Nyquist plot, Mott Schottky curve, energy band diagram, and optical absorption graphs of 
the proposed PV configuration are also presented in this work. The solar cell parameters 
reported in this study are; the fill factor (FF), open-circuit voltage (Voc), power conversion 
efficiency (PCE), and short circuit current density (Jsc). Generally, this study’s results are 
projected to be more useful in the future fabrication and engineering of robust dye-based 
solar cells that are toxic-free and have longer lifetimes. Although the solar cell under inves-
tigation has relatively small power conversion efficiency, it can largely operate at practical 
temperatures in the range of 260–300 K, implying that it can be installed almost anywhere 
in the world. This work is envisaged to provide useful findings for the fabrication of high-
performance dye-based solar cells which can be injected into the production workflow.

2 � Numerical simulation methodology

Computational modelling techniques have been applied in photovoltaic (PV) technology 
to critically understand their working principles (Rouway et  al. 2020). Nonetheless, it is 
important to elucidate the mechanical, optical, and electrical properties and how these 
microscopic parameters affect complex solar cell systems (Messmer et  al. 2018). This 
study involves computational electronics using SCAPS-1D 3.3.08 code. The SCAPS-1D 
package is a numerical software developed at the department of electronics and informa-
tion systems (ELIS) by Professor Marc Burgelman and his co-workers at the University 
of Gent, Belgium (Burgelman et  al. 2013). When this software is launched, a new win-
dow—“action panel” is displayed. This panel contains the “working platform” and also 
the “action menu” (Jhuma et al. 2019). To carry out simulations, one needs to click on the 
“set problem,” which opens up in a new window. The new window allows for the construc-
tion of solar cell layers based on specific input parameters. After constructing the solar 
cell, the precise measurements to be conducted are specified; current–voltage (I–V), cur-
rent–voltage (C–V), current–frequency (C–f) and quantum efficiency (QE). By clicking on 
the “single-shot,” the code calculates the specified measurements. The input parameters 
used in this study are derived from experimental data. The performance of the proposed 
cell architecture is optimized by making reasonable estimates on layer thickness, tempera-
ture variation, and defect densities.

The SCAPS-1D has been employed under the air mass (AM 1.5G) at 1000  Wm−2 to 
investigate current–voltage (J–V) PV characteristics of ssDSSCs. The computer package 
gives recombination models; auger recombination, radiative recombination, and Shock-
ley–Read–Hall (SRH). In DSSCs, the SHR recombination model is dominant, and it usu-
ally occurs when electrons are trapped in an energy state in the forbidden region of the cell. 
SCAPS-1D has proven to be a powerful tool for simulating thin-film PV module electrical 
properties with heterojunction technologies (HJT), in which basic semiconductor equations 
are solved (Movla 2014; Burgelman et al. 2004). The major semiconductor equations are 
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the  continuity and the  Poisson. Equation  1 is the Poison equation, whereas Eq.  2 is the 
continuity equation for electron carriers, while Eq. 3 is the continuity equation for hole car-
riers. Equation 4 is the drift and diffusion equation for electron carrier, whereas Eq. 5 is the 
drift and diffusion equation for hole carrier in the conductor (Sobayel et al. 2018).

where �(x) , �0, �r, q , p(x) , n(x) , Nd , Na , ρp , ρn , vacuum permittivity, relative permittiv-
ity, electric charge, hole concentration, electron concentration, charge impurities of donor, 
charge impurities acceptor, holes distribution and electron distribution, respectively.

where Jn represents the current density of electrons, R describes the rate, whereas G 
describes the rate of electron generation.

where Jp is the hole current density, R and G, describes the rates of hole regeneration and 
generation, respectively.

The transports of the hole and electron carriers in a semiconductor material occur by 
both drift and diffusion, respectively as;

where Dn , Dp, μn and μp are the electron diffusion coefficient, the hole diffusion coefficient, 
electron mobility, and hole mobility of holes, respectively.

3 � Results and discussion

The ssDSSC employed in the simulation study is a planar heterojunction n–i–p 1-dimen-
sional cell structure. The architecture is FTO/PC61BM/N719/CuSCN/Au where; FTO 
is fluorine-doped tin oxide, PCBM is the electron acceptor layer, N719 dye is the pho-
toactive layer—di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-
dicarboxylato)ruthenium(II), CuSCN is copper (I) thiocyanate, and gold (Au) is the back 
contact. The structural assembly of the cell is shown in Fig. 2a. The n-region is the ETL 
layer (PC61BM), while the i-layer is the intrinsic region (N719 dye) which is the photo-
active layer, and the p-region is the HTL (CuSCN). Upon illumination, the electron–hole 
pairs are created in the photoactive layer (N719 dye)—Fig. 2b. At the i–p interface, the 
excitons are dissociated, and holes move to the p region while the remaining electrons dif-
fuse to the n-type region. Similarly, in the n–i interface, the excitons are dissociated, and 

(1)
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the electrons move to the n junction while the remaining holes shift to the p-type region. 
The movement mechanism of excitons is summarized in Fig. 2b.

A ssDSSCs can be modelled in the numerical simulator by constructing a stack of 
various semiconductor layers described by defect densities, the bandgap energies, the 
donor densities, the electron affinities, doping, or changing material’s physical param-
eters, and the thickness of materials (Decock et  al. 2012). The simulated device con-
tains all solid layers and input parameters of varying  thickness, bandgap energy (Eg), 
the electron affinity (χ), acceptor density (NA), relative dielectric permittivity ( �∕�r ), the 
donor density (ND), defect densities Nt, mobility of electrons (μe), hole electron mobility 
(μp), conduction band densities (NC) and the valence band densities (NV). The interface 
defect properties of the CuSCN/N719 dye are summarized in Table 1.

The selected input parameters used in this study were extracted from literature from 
experimental data presented in Table  2. The optimum defect density (Nt) of PCBM 
and HTL–CuSCN considered in this study was 2.0 × 1017  cm−3 and 1.0 × 1022  cm−3, 
respectively.

Upon simulation, the 1-dimensional solar cell capacitance simulator (SCAPS-1D) 
computational code gives the illuminated J–V characteristic curve unique for particular 
cell architecture. It provides an efficient way of obtaining the photovoltaic performance 

Fig. 2   a Device structure of the n–i–p primary dye-based solar cell and b band alignment—electron trans-
port layer, and the proposed hole transport layers

Table 1   The interface defects properties of the CuSCN/N719 dye interface

Defect type Neutral

Capture cross section electrons (cm2) 1.00 × 10−19

Capture cross-section of holes (cm2) 1.00 × 10−19

Energetic distribution Single
Reference for defect energy level Et Above the highest eV
The energy with respect to Reference (eV) 0.600
Total density (integrated over all energies) (1/cm2) 1.00 × 1012
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of a solar cell. Figure  2a, vide supra, shows the simulated solid-state dye-sensitized 
solar cell’s architecture with illumination incident on the front contact, entering the 
FTO, then the PCBM (ETL), absorber N719 dye, and finally through the hole transport 
layer (HTL)–CuSCN.

3.1 � Quantum efficiency of the model solar cell

The QE studies of a PV cell are characterized by external quantum efficiency (EQE) and 
internal quantum efficiency (IQE). The IQE is the ratio of the electron–hole pairs gener-
ated to the total number of absorbed photons also called quantum yield whereas the EQE 
is defined as the ratio of the collected charge carriers to number of irradiating photons on a 
PV device (Karmalawi et al. 2020). Figure 3 shows the EQE (%) of the simulated ssDSSCs 

Table 2   Material properties applied in the simulation of the model solar cell device (Rondan-Gómez et al. 
2020; Jahantigh and Safikhani 2019; Rai et al. 2020; Gan et al. 2020; Azri et al. 2019; Zhang et al. 2014)

FTO PCBM N719 dye CuSCN

Thickness (nm) 400 30 6000.00 200
Band-gap energy (eV) 3.50 2.0 2.33 3.60

Electron affinity (eV) 4.00 3.90 3.90 1.70

Relative permittivity(e
r
) 9.00 3.90 30.00 10.00

Effective density of conduction band N
C
 (cm−3) 9.20 × 1018 2.2 × 1021 2.40 × 1020 1.00 × 1021

Effective density of valence band N
V
 (cm−3) 1.80 × 1019 2.2 × 1021 2.50 × 1020 1.00 × 1021

The thermal velocity of electrons (cm/Vs) 1.00 × 107 1.00 × 107 1.00 × 107 1.00 × 107

The thermal velocity of holes (cm/Vs) 1.00 × 107 1.00 × 107 1.00 × 107 1.00 × 107

Electron mobility (cm2/s) 20 0.2 5.00 100.00

Hole mobility (cm2/s) 10 0.2 5.00 25.00

Density of acceptors (cm−3) 0.00 0.00 1.00 × 1017 1.00 × 1017

The density of donors (cm−3) 1.00 × 1019 2.93 × 1017 0.00 0.00

Total density N
t
 (1/cm3) – 2.0 × 1017 – 1.00 × 1022
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Fig. 3   External quantum efficiency (EQE) of the cell as a function of the photon wavelength
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explored in this work. The EQE of the device rises from 48.5% at 300 nm to a maximum 
of 97.6% at 370 nm but gradually decreases to 3.80% at approximately 610 nm. Typical 
dyes such as N719 have intense absorption spectra from ultra-violet to near-infrared thus 
making them highly desirable in DSSCs for optimal LHE. The N719 pigment absorbs solar 
radiance over the wavelength range of 300–900 nm owing to the transitions in metal-to-
ligand charge transfer (Aghazada and Nazeeruddin 2018; Barrera et  al. 2016). However, 
this dye is affected by low molecular coefficients that often result in intramolecular charge 
transfer within the same wavelength range. Nonetheless, the LHE of N719 dye-based 
ssDSSCs can be optimized by co-sensitizing N719 dye with organic dyes such as tripheny-
lamines (Sharma et al. 2013; Wu et al. 2014).

The spectrum (cf. Fig. 3) describes how solar radiance is converted into electricity as 
a function of measured wavelengths (Markvart and Castañer 2013) and is consistent with 
the optimum absorption spectrum of N719 dye (Han et al. 2010). For a general PV cell, the 
IPCE (QE) in most cases exhibits “square-like” plots as the value of IPCE largely remains 
constant over the wavelengths measured (300–900 nm) (Ranjusha et al. 2011). The pho-
toactive material (N719 dye) used in this study exhibits good electron affinity—convert-
ing nearly all of the absorbed photons into usable energy in the range 360–520 nm, and 
exhibiting relatively good compatibility with other semiconductor materials (n and p-type 
layers). However, from this study, it can be noted that energy losses due to charge carrier 
recombination before collection at the external circuit. The dye can absorb more photons 
that are efficiently photo-converted into electricity, but its EQE decreases gradually longer 
wavelengths. At approximately 610 nm, the cell becomes inefficient due to the inability of 
the absorber to absorb photons of longer wavelengths because of the high rate of charge 
recombination.

The quantum efficiency (QE) can be expressed as a function of wavelength. Equation 6 
gives the relation between QE and Jsc

From Eq. 6, �(λ) is the photon flux per wavelength.

3.2 � Effect of CuSCN/N719 interface defects

Figure  4 shows the modelled cell configuration using various semi-conductor layers for 
the simulated solid-state dye-sensitized solar cell reported in this study. The defects at 
the CuSCN/N719 interface were also considered in this work. At the top right of Fig. 4, 
the measurement specified for the numerical simulation include direction of illumination, 
direction of voltage applications, and current reference settings.

Previous studies have shown that the quality of the junction interface is critical in the 
overall performance of a solar cell architecture (Gan et  al. 2020). High defect densities 
increase the rate of charge recombination besides decreasing the quality of the PV layers 
(Devi et al. 2018). As can be noted in Table 3, the performance of the ssDSSCs decreased 
when the density of defects at the interface was increased. This is associated with increased 
recombination centers and the availability of more surface traps. This is consistent with 
previous studies reported in literature (Gan et al. 2020).

(6)Jsc = q∫ �(λ)QE(λ)d(λ)
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3.3 � Current–voltage (J–V) characteristics

The output of the simulation calculations under AM1.5 at 100Wcm−2 gave the 
results;Voc = 0.885 V , Jsc = 8.563 mA cm−2 , FF = 70.94% and PCE = 5.38% . The value 
of Voc (0.885 V), is the peak voltage at which current flows in the external circuit when 
the terminals of the ssDSSCs are not connected. This is the optimal voltage the PV device 
can produce. The value of ( Voc ) is dependent on the photogenerated current density. The 
Jsc (8.563 mA cm−2) refers to the current produced by the solar cell in the presence of illu-
mination when the solar cell terminals are in contact with each other (short-circuited). The 
FF (70.94%) is defined as the ratio between maximum obtainable power to the product of 
( Voc ) and the ( Jsc ) generated by the ssDSSCs. This parameter is useful in describing the 
quality of the photovoltaic device (Bartesaghi et al. 2015). The fill factor (FF) describes the 
“squareness” of the current–voltage (J–V) curve characteristics as presented in Fig. 5a. The 

Fig. 4   The constructed stack of layers for the simulated ssDSSCs in SCAPS-1D code

Table 3   The J–V characteristics of the simulated solar cell when the CuSCN/719 dye interface defect densi-
ties is varied

Defect densities on CuSCN/N719 
interface (1/cm2)

Voc (V) Jsc (mA cm−2) FF (%) PCE (%)

1.00 × 101 0.9704 8.924 67.18 5.82
1.0 × 103 0.9704 8.924 67.18 5.82
1.0 × 105 0.9704 8.924 67.18 5.82
1.0 × 107 0.963 8.909 67.57 50.80
1.0 × 109 0.900 8.656 70.54 5.50
1.0 × 1010 0.8875 8.578 70.90 5.40
1.0 × 1012 0.885 8.563 70.94 5.38
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absorption graph of the proposed device is presented in Fig. 5b. The value of PCE is cal-
culated as the ratio of maximum power Pmax and incident power Pin as expressed in Eq. 7. 
The current recombination curves show the rate of recombination of hole carriers (h+) and 
electron carriers (e−) during the photo-conversion of incident photons by the solar cell.

The absorption efficiencies of the layers of the simulated ssDSSCs as a function of wave-
length are presented in Fig. 5b. As reported in Fig. 5b, the layers; PCBM, CuSCN, FTO, 
and N719 have different absorption coefficients and have varying abilities in the absorp-
tion of photons. The layer with the highest absorption coefficient (PCBM) absorbs photons 
more readily. These photons get excited into the conduction band of the semiconductor. 
The absorption coefficients show how light of a given wavelength penetrates into the solar 
device before it is absorbed (Kabir et al. 2019). Wavelengths with lower energies than band 
gap energies lack adequate energies that can excite an electron from the valence band into 
the conduction band. The HTL–CuSCN has very low absorption power and therefore a 
poor absorber of photons compared to the layer with high absorption coefficient—PCBM 
(cf. Figure 5b). The expression showing the relationship between the extinction coefficient 
and the absorption coefficient is given by Eq. 7;

where �, k , and � is absorption coefficient, extinction coefficient and wavelength of pho-
tons in (nm), respectively (Kabir et al. 2019). The value of � is multiplied by 107 and the 
absorption coefficient is given in cm−1.

3.4 � Effect of temperature

The prevailing temperature conditions in a given environment plays a significant role in 
the performance of ssDSSCs (Kim et al. 2015). Solar cell devices are usually installed out-
doors; over time, they get affected by peak temperatures, especially during summer, lead-
ing to the degradation of their thermal stabilities (Kersten et  al. 2015). Generally, solar 
cells operate at temperatures above 300  K (Sobayel et  al. 2018). However, the present 
third-generation solar cells are also efficient under diffuse conditions and can be installed 
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on windows (Reynaud et  al. 2019). Therefore, it is necessary to investigate the effect of 
temperature variation on cell performance. In this study, the temperature in the range of 
260–310 K was investigated. The output in Fig. 6a illustrates that both the short circuit cur-
rent (Jsc) increased and the open-circuit voltage (Voc) decreased as the working temperature 
is increased from 260 to 300 K. As presented in Fig. 6b the PCE gradually decreased as the 
FF increased when the temperature is varied from 260 to 300 K. Increasing the tempera-
ture reduces the semiconductor useful lifetimes. Notably, PV devices are unstable at high 
temperatures hence these devices degrade and hence their performances are compromised 
(Lim et al. 2021).

The expression for efficiency of a solar cell device is given by Eq. 8;

Expression 9 gives the relationship of FF, Voc and Jsc;

As can be observed in Fig. 6b, when the temperature is increased from 260 to 310 K, 
there is a gradual increase in short circuit current, (Jsc) from 8.549 to 8.57 mA cm−2. This 
increase is associated with a decrease in the recombination of charge at the heterojunction 
barrier when the thermal activation energy increases as a result of increase in temperature. 
It is also noted that the Voc decreases from 1.046 to 0.868 V when the temperature rises 
from 260 to 300 K. This decrease is attributed to an increase in the value of dark saturation 
current J0 and ultimately high rates of carrier charge recombination. The Voc depends on 
JSC , as predicted by Eq. 10;

where Jsc is the photogenerated current in the presence of light illumination, J0 is the dark 
saturation current, T is the absolute temperature in Kelvins (K), kB is the Boltzmann con-
stant ( kB = 1.38 × 10−23 JK−1 ), q is the electronic charge 

(
q = 1.603 × 10−19 C

)
 and n , 

(8)PCE =
Pmax

Pin
=

Voc × Jsc × FF

Pin
× 100%.

(9)FF =
Pmax

Voc × Jsc
=

Jmp × Vmp

Voc × JSC
.

(10)Voc =
nkBT

q
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( 1 < n > 2 ) as the ideality factor. The term nkBT
q

 gives the thermal voltage or flow of ele-
mentary current.

The diffusion length of the charge carriers due to the photosensitizer plays an 
important role in determining the solar performance of the solar cell device (Kaiser 
et al. 2001). An increase in defect densities increases the rate at which charge carriers 
recombine. This problem can be minimized using a thicker absorber layer comparable 
with the depletion layer thickness (Kaiser et al. 2001). Figure 7a illustrates that when 
the thickness of the dye is increased from 1000 to 6000 nm, the overall cell efficiency 
starts to increase. It can be noted that the efficiency increases from 4.29% at 1000 nm 
to 5.38% when the absorber thickness layer is  increased to 6000 nm. A thin absorber 
layer only absorbs fewer incident photons, but as the layer thickness is increased, the 
PCE increases because more photons are absorbed hence the performance of the cell 
approaches an optimum value. On the other hand, the FF gradually increases from 
71.14 to 71.16% as the absorber layer thickness is increases from 1000 to 1500 nm and 
then decreases to 70.94% as the absorber layer thickness increases from1500–6000 nm.

3.5 � Absorber layer thickness

The performance of ssDSSCs is dependent on the thickness of the photosensitizer—in 
this case, N719 dye. The dye is responsible for absorbing photons that are converted at 
the p-i-n junction of the cell into electricity (Xiang et al. 2019). The pigments that are 
used in PV technology should absorb solar radiance within the visible and near-infra-
red (IR) regions of the spectrum (300–900 nm) (Cai et al. 2019). Absorber layer thick-
ness has a remarkable influence on Voc PCE, FF, and Jsc . In this work, the absorber 
thickness was varied from 1000 to 6000 nm using the SCAPS-1D computational code. 
The output in Fig.  7a indicates that the Jsc gradually increase as the absorber layer 
thickness increases. At 6000 nm, the Jsc reaches a maximum value of 8.885 mA cm−2 
whereas the power conversion efficiency increases gradually and attains a maximum of 
5.38%. Thicker layers of the absorber absorb more photons, resulting in the generation 

71

70

69

68

67

66

FF
 (%

)

310300290280270260
Temperature (ºC)

5.8

5.7

5.6

5.5

5.4

5.3

PC
E

(%
)

(a)

 FF
 PCE

71.15

71.10

71.05

71.00

70.95

FF
 (%

)

600050004000300020001000
Absorber thickness (nm)

5.2

5.0

4.8

4.6

4.4

PC
E

 (%
) FF

 PCE

(b)

Fig. 7   Variation in absorber thickness with a J
sc

 and V
oc

 , b FF and PCE



Simulated performance of a novel solid‑state dye‑sensitized…

1 3

Page 13 of 24  368

of electron–hole pairs (e− h+ pairs). When the absorber layer thickness is 1500  nm, 
Voc and Jsc are relatively lower (0.869 V and 7.557 mA cm−2, respectively) due to the 
incomplete absorption of  incident photons (Mohamed 2014). The power conversion 
efficiency at this thickness (1500 nm) is significantly low—4.29%. This can be attrib-
uted to the recombination of charge carriers (photogenerated charge) at the back con-
tact, usually positioned near the depletion region in the cell and the short diffusion 
length of the photosensitizer. These observations are consistent with other studies in 
literature (Yang et al. 2018).

3.6 � Effect of CuSCN and FTO thickness

The FTO and HTL play critical roles in the overall performance of the cell in the opti-
mization of PCE and photo-thermal stabilities. Increasing the thickness of CuSCN from 
100 to 1000  nm, the cell parameters; FF, PCE, Voc, Jsc remained constant at 70.94%, 
5.38%, 0.885 V, and 8.563 mA cm−2, respectively. This shows that the HTL is equally 
efficient at all the simulated thickness and can combine with the N719 dye more effec-
tively. On the other hand, increasing the FTO thickness from 100 to 1000 nm, the PCE 
gradually decreased from 5.44 to 5.31%. The FF remained constant from 100 to 700 nm 
layer thickness but increased to 70.95% when the thickness increased from 800 to 
1000 nm. Accordingly, thicker FTO layers show good chemical and thermal stabilities 
besides providing high electrical conductivity and optical transparency thus becoming 
highly attractive for use in ssDSSCs (Huang et al. 2009).

Table 4   The out parameters V
oc
, 

J
sc

 FF and PCE when CuSCN 
and FTO thickness are varied

Thickness 
in (nm)

Material Voc (V) Jsc (mA cm−2) FF (%) PCE (%)

100 FTO 0.886 8.655 70.94 5.44
CuSCN 0.885 8.563 70.94 5.38

200 FTO 0.886 8.619 70.94 5.42
CuSCN 0.885 8.563 70.94 5.38

300 FTO 0.886 8.589 70.94 5.4
CuSCN 0.885 8.563 70.94 5.38

400 FTO 0.885 8.563 70.94 5.38
CuSCN 0.885 8.563 70.94 5.38

500 FTO 0.885 8.541 70.94 5.36
CuSCN 0.885 8.563 70.94 5.38

600 FTO 0.885 8.521 70.94 5.32
CuSCN 0.885 8.563 70.94 5.38

700 FTO 0.885 8.504 70.94 5.34
CuSCN 0.885 8.563 70.94 5.38

800 FTO 0.885 8.489 70.95 5.33
CuSCN 0.885 8.563 70.94 5.38

900 FTO 0.885 8.475 70.95 5.32
CuSCN 0.885 8.563 70.94 5.38

1000 FTO 0.885 8.463 70.95 5.31
CuSCN 0.885 8.563 70.94 5.38
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As presented in Table  4, increasing the thickness of FTO from 100 to 1000  nm 
decreases the ( Voc ) values from 0.886 to 0.855 V while the photo-generated current (Jsc) 
decreased from 8.655 to 8.463 mA cm−2. A decrease in ( Voc ) is attributed to an increase 
in the rate of recombination of charge carriers and an increase in dark saturation cur-
rent, J0 . On the other hand, a decrease in open-circuit voltage, ( Voc ), and photogen-
erated current ( Jsc ) increases the fill factor (FF) (cf. Table 4). The optimum thickness of 
FTO is 100 nm. This is the thickness range at which the cell has good power conversion 
efficiency (PCE) of 5.44%, high Voc value (0.886 V) and Jsc value (8.655 mA cm−2).

3.7 � Effect of the back contact work function

The electrical properties of the back contact are very important in the performance of pho-
tovoltaic devices. Molybdenum (Mo) has been a good back contact material in thin-film 
PV systems. Nonetheless, it has not been the best alternative because of its low power con-
version efficiency (Altamura et al. 2014). Gold (Au) has proven to be the best performing 
back contact material although its application has been impeded by high cost and the fact 
that the atoms of Au diffuse to other solar cell layers, thus compromising its performance 
(Teixeira et al. 2019). To demonstrate the potential of the best performing, cheap, and reli-
able back contact, we investigated the performance of ssDSSCs by varying the metal back 
contact—having different metal work functions. The simulated materials were; copper 
(Cu), Au, nickel (Ni), platinum (Pt), Silver (Ag), and palladium (Pd)—Table 5. The metal 
front contact is selected to be flat bands and the SCAPS-1D software is able to automati-
cally give the work function of the metal.

As can be observed in Table 5, the performance of the cell is increased when higher 
metal work functions of the back contacts are used. Similarly, the FF values increases at 
high metal work function of the back contact, which also translates to increased power con-
version efficiency as shown in Table 5. Evidently, from the results reported in this work, 
the noble back contact metals include Au, Ni, Pt, and Pt. These metal back-contacts are 
competitive for use in solar cells. Gold (Au) and Pt are very expensive back contact materi-
als (Hall et al. 2021). As can be noted from Table 5, the preferred material to be used as the 
metal back contact in the simulated ssDSSCs is Ni owing to its competitive performance. 
Compared to palladium and other metal back contacts, nickel is readily available in nature, 
cheap, has a higher work function, reliable and exhibits good power conversion perfor-
mance (cf. Table 5).

Table 5   The ssDSSCs cell 
performance characteristics for 
different metal back contacts

Back contact metal 
work function

Voc Jsc (mA cm−2) FF (%) PCE (%)

Copper (4.65) 0.881 8.562 70.39 5.31
Silver (4.7) 0.885 8.563 70.85 5.37
Nickel (5.0) 0.885 8.563 70.94 5.38
Gold (5.1) 0.885 8.563 70.94 5.38
Palladium (5.3) 0.885 8.563 70.94 5.38
Platinum (5.65) 0.885 8.563 70.94 5.38
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3.8 � Effect of absorber defect densities and PCBM donor densities

In this work, the effect of N719 dye defect densities (Nt) on the performance of the pro-
posed model PV device was also investigated. It is evident that increasing the concentra-
tion of defect densities results in the decrease of the overall performance of the solar cell 
device. Besides, increasing the concentration of the defects on the absorber layer—N719 
dye from 1.00 × 1014 cm−3, the, Jsc decreased from 8.386 to 5.174 mA cm−2 at a defect den-
sity concentration of 1.33 × 1017  cm−3. In contrast, the Voc remained approximately con-
stant (0.886 V) when Nt is increased from 1.0 × 1014 to 2.0 × 1015 cm−3 then falls gradually 
to 0.87 V when the concentration of Nt is increased to 1.33 × 1017 cm−3. Figure 8a shows 
the plot of Jsc and Voc as a function of Log Nt . From Fig. 8b, the value of PCE decreased 
from 5.26 to 2.99% whereas the FF decreased from and 70.75 to 66.47% when the concen-
tration of Nt was increased from 1.00 × 1014 cm−3 to 1.33 × 1017 cm−3. At 1.00 × 1014 cm−3, 
the PCE of the device was 5.26% and at the concentrations of 1.33 × 1017 cm−3, the value 
of the PCE of the device decreased to 2.99%. Also, the FF of the device decreased from 
70.75% at 1.00 × 1014 cm−3 as the concentration of the absorber defects increased. Notably, 
at a high defect concentration of 1.33 × 1017  cm−3, the FF is 66.47%. The plot of FF (%) 
and PCE (%) as a function of Log Nt is presented in Fig. 8b.

The performance of the ssDSSCs was also investigated by controlling the concentra-
tion of the acceptor donors. When the concentration of donor densities ( ND ) of PCBM 
is 2.00 × 1015  cm−3, the cell has an overall efficiency of 5.17%. When the concentra-
tion of ND of PCBM is gradually increased, the cell performance rises to 5.44% at 
1.00 × 1017  cm−3. The efficiency of the cell decreases to 5.26% when the concentration 
of ND is 7.00 × 1017  cm−3. On the other hand, FF increases from 70.57 to 70.96% when 
the concentration of ND is 2.00 × 1015  cm−3 and 1.00 × 1017  cm−3, respectively. The FF 
then decreases to 58.22% when the concentration of ND is increased to 7.00 × 1017  cm−3. 
The Voc gradually increases (0.862–1.057  V) when the concentration of the ND of the 
ETL–PCBM increases  from 2.00 × 1015 cm−3 to 7.00 × 1017  cm−3. As can be wit-
nessed in Fig. 9a, the plots of Jsc , and Voc as a function of Log ND , the Jsc and Voc stead-
ily increased as the concentration of ND is increased but the Jsc sharply decreased when 
the concentration of ND was  increased to 7.00 × 1017  cm−3. The values of PCE (Fig. 9b) 
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increased as the concentrations of the secondary dopants increased, but the FF val-
ues remained approximately constant when the concentration of ND was increased from 
2.00 × 1015 cm−3–3.00 × 1017 cm−3 but sharply decreased when the value of donor density 
concentration 

(
ND

)
 increased to 7.00 × 1017 cm−3. The optimum donor density ND on the 

PCBM layer is 5.0 × 1017 cm−3 with a PCE of 5.44%, 8.565 mA cm−2 as the peak Jsc , FF of 
68.87%, and Voc of 0.922 V.

3.9 � Heterojunction and conductance‑voltage (G‑V) characteristics

At the p–n junction of a heterojunction cell, the charge-carriers diffuse across to either 
layer thus creating a depletion region with a corresponding potential Vib . This is referred to 
as built-in voltage given by Eq. 11.

(11)Vib = Eg2 −
(
Ef − EC2

)
+ X2 − X1 −
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where Eg , X , EC and Ef  are bandgap energy, electronic affinities of semiconductor mate-
rial, conduction band level and Fermi level, respectively. Figure 10 presents ssDSSCs band 
energy diagram where; ΔEv = ΔEC + ΔEg and the component ΔEg designates the bandgap 
energy of the material. As ascribed at the heterojunction, ΔEC jump from conduction bands 
of the n-type and p-type semiconductors is attributed to the difference in their electron 
affinities. From Fig. 10, the value of ΔEV is − 0.87 eV, implying an energy barrier to charge 
collection in the p-type layer of holes is created when the n-type layer is illuminated. On 
the other hand, the value of ΔEC is + 1.52  eV, indicating that there is no energy barrier 
towards the collection of electrons by the n-type layer generated by the p-type layer under 
illumination. The eVbi (0.88 V) is the built-in voltage and is obtained by considering the 
Eq. 12;

 
From the SCAPS-1D code, a solar device impedance can be measured under varied fre-

quencies, typically 1 MHz to below 0.1 Hz. Arguably, the characterization of impedance in 
solar cells is presented by the Nyquist plot, Fig. 11a. It is used to describe both the imaginary 
(y-axis) and real parts (x-axis) of impedance (Z). This plot is useful in describing the depend-
ence of solar cell performance on operating frequency and voltage. The operating voltage is 
dependent on the amount of PV ability to absorb the maximum number of photons. From 
the Nyquist plot, both the imaginary and real parts relate to the inverse of capacitance and 
conductance, respectively, which is consistent with experimental and theoretical studies previ-
ously reported in literature (Bouzidi et al. 2020).

Figure 11b shows the conductance–voltage (G–V) characteristics. The G–V plots are use-
ful in characterizing the densities of interface states. The present study was conducted at a fre-
quency of 105 Hz. The conductance represents energy losses due to the capture and emission 
of charge carriers by the interface traps. The curve presents interface states and traps in the 
interface states by considering a constant time of carrier capture with its corresponding energy 
position.

Characterization of capacitance–voltage measurements has been widely used to describe 
the density of charge carriers and as well as explain anomalies in interface states, deep levels, 
and also non-uniformities in polycrystalline and amorphous materials (Hailegnaw et al. 2020). 

(12)eVbi = EFn − EFp
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Figure 12 gives the Mott–Schottky plot of the simulated ssDSSCs. From the plot, it is possible 
to obtain the charge density distribution by using the expression 13;

where NC(W) , �0 , A, q, KS and 
d

(
1∕C2

)

dv
 are; charge density, permittivity of free space, 

surface area, electron charge, relative permittivity, and the Mott-Schottky slope, respec-
tively. The voltage modulation in the depletion region and C-V measurements represented 
by the Mott-Schottky analysis gives the built-in voltage and the photoactive layer acceptor 
defect densities (Almora et  al. 2016). Besides, the variation of alternating current (AC) 
helps in the derivation of the drive-level capacitance profile (DLCP) (Eisenbarth et  al. 
2010). The value of the Vbi obtained from the Mott Schottky curve (0.9  V) is approxi-
mately the same as the value obtained from the energy band diagram, 0.88 V, and is con-
sistent with literature findings (Olusola et al. 2018).

Table 6 compares various cell parameters arising from the use of various materials as 
electron transport compact layers. Whereas previous work on dye-based sensitized solar 
cells used inorganic TiO2 as the ETL, this work uses an organic material, PCBM, and still 
achieves robust power conversion efficiency (PCE).

The present simulation results provide critical information on how parameters can be 
varied for the actual fabrication of ssDSSCs with remarkable performance. The proposed 
PCBM as ETL has good semiconductor properties—good electron acceptor and high elec-
tron affinity which is ideal for solar cell designs and fabrication. The HTL layer (CuSCN) 
does not decompose to SCN−1; hence the cell device is stable, toxic-free, and has better 
cell lifetimes. The simulation results presented in Table 4 are an important guide in com-
paring organic and inorganic HTLs for improving the parameters of conductive polymers 
with secondary doping, and fabricating optimized SDSSCs for manufacturing workflow to 
allow for its large-scale production (Teixeira et al. 2019).

(13)
NC(W) =

2

qKS�0 A2

⎡
⎢⎢⎣
d

�
1∕C2

�

dv

⎤
⎥⎥⎦

Fig. 12   Mott–Schottky curve of the simulated ssDSSCs derived from C–V characteristics
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4 � Conclusions

In this paper, numerical simulation of ssDSSCs has been carried out using SCAPS-
1D software. The overall cell performance was optimized by making reasonable adjust-
ments on thickness, working temperature, N719 dye thickness, carrier densities, and var-
ious material defect density. The optimum PCE of the solar cell designed in this study 
was 5.38%, which is relatively robust compared to different solar cell architecture designs 
reported in previous experimental and theoretical studies. The optimal lowest working tem-
perature of this device is 260 K, with a PCE of 5.82%, Voc of 1.046 V, FF 66.01%, and 
Jsc is 8.549 mA cm−2. This demonstrates that the model solar cell can operate at various 
energy demands during winter and other low-temperature climates. The optimized power 
conversion efficiency was 5.38% at 300  K—suitable for humid subtropical climates in 
Latin America and Africa. This study has also established that Ni back contact can replace 
Au, Pt, Ag, or Pd as back metals because it gives similar power conversion efficiency and 
is less expensive than gold, silver, platinum and palladium, besides being readily avail-
able. Moreover, simulation of the cell design proposed in this work has also demonstrated 
that the optimum thickness of the N719 layer is between 5000 and 6000 nm at an opti-
mum working temperature of 300 K, whereas the optimal PCBM thickness is 30 nm. The 
best working thickness range for FTO is 100–300 nm, while that of the HTL (CuSCN) is 
200–1000 nm. Accordingly, solar energy has the potential to promote energy security if the 
fabrication conditions are properly controlled. Numerical simulation of solar cell designs 
saves on time and cost by providing critical information to solar cell manufacturers. Never-
theless, an experimental approach to the model ssDSSCs photovoltaic cell performance is 
recommended in order to complement the theoretical work reported in this study.
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