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ARTICLE INFO ABSTRACT

As a result of the advances in technology and the need for energy, an urge to develop a stable, high performance
solar cell has initiated various scientific intentions to attain a cheaper and clean energy supply. In this work, a
hole transport free (HTL-free) perovskite solar cell (PSC) with an architecture: FTO/ZnO-g-C3N4/CH3NH3PbI3/
carbon was examined. The simulated device was validated with the already fabricated device in the literature.
The electron transport layer (ETL) was a blend with ZnO and graphitic carbon nitride, and named GT1, GT3 and
GT5 materials in different ratios. The band gap values of the proposed ETL were 3.06, 3.06, 3.10, and 2.97 eV for
pure ZnO, GT1, GT3 and GTS5 respectively. Simulations were carried out with an aid of a solar cell capacitance
simulator (SCAPS-ID) conducted at AM 1.5 G and 100 mW cm ~2. The optimal density defect of the absorber was
maintained at 1.0 x 10'? cm ™3, while the donor doping density of the ETL was achieved at 1.5 x 10?2 cm ™3
doping level. Utilization of palladium as the back contact led to achievement of a higher efficiency. The best
device (with GT5 as ETL) achieved a decent power conversion efficiency of (PCE) of above 14%, a fill factor (FF)
of 12.84%, a short circuit current density (J.) of 18.24 mA cm ™2 and an open circuit voltage (V,.) of 6.04 V. The
achieved PCE of above 14% was about 1.93% higher than the experimental value of PCE of 12.22%.
Nonetheless, the proposed ETL materials were chosen by mimicking the actual experimental investigation with
an aim of giving more insights theoretically. These results will help in further advancement and fabrication of
the high performance HTL-free perovskite solar cells (PSCs) for anticipated commercialization.
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1. Introduction cadmium telluride (Cd-Te); and copper-indium-selenide (CIS) and

copper indium-gallium-di selenide (CIGS). The third generation which

Due to the various efforts exhibited to meet the energy demands,
perovskite solar cells have emerged as a better option to counter the
problem by the conversion of sunlight into electricity compared to
other sources of energy such as windmills, biomass, geothermal energy,
petrol and nuclear power. The photovoltaic cells have sparked various
scientific attention due to their higher power conversion efficiency,
cost-effective and portability due to its architecture making it a reliable
source of energy [1].

The solar cell development has evolved from the first generation,
followed by the second generation and the third generation [2,3]. The
first generation involved the crystalline silicon cell including mono-
crystalline (mono c-Si), polycrystalline (poly c-Si) and amorphous si-
licon cells. The second generation involves the thin film solar cells
which are rationally engineered to achieve better optical and electronic
properties and are classified as amorphous silicon (a-Si) and a-Si/pc-Si,
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is the current involves the dye sensitized (DSSC). Perovskite (cell) and
the organic (OPV). The third generation of solar cells being made from
varieties of materials such as nanomaterials, silicon wires, solar inks
using conventional printing press technologies, organic dyes and con-
ductive plastics in order to improve the performance of the solar cell
technology making them more efficient, less expensive and nontoxic
[2]. Moreover, the categories of solar cells can either be single- or
double-layer photovoltaic (PV) systems [4]. Basically, single layer
system is a type of solar system or PV system which utilizes a single
layer photovoltaic cell to convert sunlight into electricity. Almost all PV
cells have a single p-n junction when the photogenerated charges are
separated and collected. However, a double layer PV system refers to a
system made of two separate layers of photovoltaic cell that are stack
on top of each other and usually have a gap or transparent layer in
between [5]. The importance of the characteristic double layer PV
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system is for instance; each layer can be a separate solar system or a
model that can be connected in series or parallel [4]. Double layer solar
system example includes the bifacial solar panel.

Perovskite solar cell (PSC) shows great potential of being more ef-
ficient than silicon based solar cell and for instance, hole transport
(HTL)-free based perovskite cells has sparked various scientific atten-
tion due to the high cost of the HTL-materials [6,7] and therefore, in to
evade the high cost, carbon can be considered as a suitable alternative
as the metal carbon contact due to its efficient chemical stability and
electrical conductivity [8]. The PSCs device designs play a vital role in
performance enhancement. Currently, HTL-free devices offer various
advantages over solar cell with HTL component, these includes low cost
of production, suppressed recombination losses, reduced toxicity of
materials, simpler fabrication process and thereby resulting in en-
hanced efficiency. Nonetheless, HTL have been investigated and yielded
high performance, although for instance Sb,S; [9] is toxic, spiro-
OMeTAD on other hand could be expensive and thus, increases the cost
of production. Other examples HTL that have been incorporated in PSCs
include; P3HT, PEDOT:PSS, PTAA, MoOs, CFTS [10]. The efficiency of
HTL-free photovoltaic cells depends more on the ETL materials as they
lead to charge extraction while simultaneously blocking the holes [11].
However, the performance of the HTL-free solar cell is relatively lower
than that of perovskite solar cell with the HTL-layer and the back
carbon contact [12].

The electron transport layer (ETL) helps to improve the charge ex-
traction and transport holes but on the other hand, unbalanced charge
extraction and interface problems commonly occur and therefore, the
introduction of interfacial control materials contributes to the im-
provement of the crystalline quality of perovskite films with increasing
grain size and light absorption intensity [13]. Graphitic carbon nitride
has been considered as having better optoelectronic properties as it is a
metal-free semi-conductor [14,15]. Graphitic carbon nitride (g-C3Ny4)
can be affected by limited sunlight absorption, low surface area and fast
recombination of photo induced electron-hole pairs and thereby leading
to low photocatalytic activity therefore element doping is considered to
tune the unique electronic structure and band-gap of g-C3N4 [16]. The
ZnO doped g-C3N4 materials for example, are suitable materials when
utilized as ETL because they are an n-type conductors, which can
conduct electrons (exhibits high electron mobility), and block the holes
thus, separation of excitons. On the other hands, a suitable HTL mate-
rials such as spiro-OMETAD and Cu,O are characterized by having high
hole mobility (hence, can transport holes effectively), p-type semi-
conductor in nature and has ability to block electrons. Other ETL ma-
terials such as InS, WS, SnS, [17,18] TiO, PCBM, SnO, and ZnO
[19,20] have been investigated but few studies have reported the used
of ZnO doped with g-C3N, in solar cells. The perovskite layer has a
structure consisting of (ABX3) where A represents the organic or in-
organic cations such as methylammonium (MA™) or C;*, and B are
metallic cations such as Pb?* or Sn?*, while X is a non-metallic anion
such as I, Br; and CI' [21,22]. The relatively high performance ex-
hibited by CH3NH3Pbls-based solar cells is attributed to the excellent
optical absorption, small effective charge carrier masses, dominant
point defects that only generate shallow levels, and benign grain
boundaries hence reduced recombination of excitons. Moreover,
CH3NH;PbIs-based devices has gained significant attention due to its
higher efficiency, cost-effectiveness and compatibility with the solution
processing techniques [23]. Despite the various merits, CH3NH3PbI;
suffers from toxicity and stability which can be reduced through use of
lead-less or lead-free stable materials and also interface engineering and
optimization.

Besides experimental investigation of materials, density functional
theory (DFT) has been extensively utilized in the investigation of the
structural, physical, electronic, optical, population analysis and ther-
modynamic properties of materials [24-26]. The obtained parameters
regarding a material can suitably be fed into a numerical simulator such
as SCAPS-1D and wxAMPS where photovoltaic performance can be
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evaluated. It is also worth to mention that DFT calculations are rela-
tively time consuming and expensive in the study of the optoelectronic
properties of materials, especially, the structural optimization stage,
[27-29] when compared to numerical simulations. Nonetheless, the
two computational methods have become very handy in the study of
solar cells.

It is therefore important to simulate PSC devices to provide more
insights that could otherwise be futile experimentally, thus, enhancing
their performance. Numerical simulations make it possible for re-
searchers to optimize the performance of the HTL-free solar cell
through the adjustments of the various parameters. Moreover, it also
aids in reducing the cost of experimental tests through prediction of
performance and thus saves on time and resources and also predicts the
stability of the solar cell in order to develop long-lasting and depend-
able solar cells [30].

In this work an HTL-free photovoltaic cell of the configuration;
fluorine-doped tin oxide (FTO)/ZnO-g-C3N,/CH3NH3Pbl3/carbon was
considered with the aim of obtaining a higher power conversion effi-
ciency (PCE) of the device. The combination of ZnO and graphitic
carbon nitride forms a heterojunction that reduces recombination losses
and thus enhances the overall performance of the solar cells and
thereby making it a promising material in obtaining higher efficiency
due to its enhanced charge separation high electron mobility, cost-ef-
fectiveness, stability, environmental friendliness and an improved light
absorption. Nonetheless, the proposed ETL materials were made by
mimicking the actual experimental investigation with the aim of giving
more insights theoretically. Simulations were carried out using the solar
cell capacitance simulator (SCAPS-1D) to optimize the photovoltaic
performance. The performance of the device was compared with the
already fabricated device experimentally. Different ETL materials
which consist of doped ZnO with g-C3N,4 was inserted and performance
evaluated. The effect of the various parameters affecting the device
including the density defect of the absorber (N,), n-doping of the ETL
(Np) and temperature was considered. The effect of different carbon
contacts was also investigated. The PCE current density (Js.), the fill
factor (FF) and also the open-circuit voltage (V,.) was discussed This
work is envisaged to offer pathways for the fabrication of highly effi-
cient HTL-free based perovskite solar cells in the near future.

2. Computational methodology

In this study HTL-free based perovskite solar cell was considered
and simulated using SCAPS-1D software developed by professor Marc
Burgelman and his team at the university of Ghent Belgium [31]. The
device consists of FTO coating glass/ETL g-C3N4/absorber
CH3NH3PbI3/carbon as shown in Fig. 1. SCAPS-1D aids in the numer-
ical simulation of the photovoltaic device and to solve the semi-
conductor equations which comprises of the Poisson equation, equa-
tions of continuity of holes and electrons [32] and drift-diffusion
equation (for both electrons and holes) [33]. The Poisson’s, and con-
tinuity equations for holes and electrons can be expressed in Egs.
(1)-(3), respectively.

d d
7(5@)&) =q[P(x) — n(x) + Ng+(x) — Ng=(x) + B(x) — n;(x)]
dx dx
1)
dp, B, — P dE dp, 2P,
n = G — n — Rl _— E n + D n
a P . e TR T g @
dnp np — Npgy d E dnp dznp
£ -6, - 22— _nul— —u,E—2 + D,
dt o TPl gy TS TP g ®3)

where g represents the electron charge, G is the rate generation, ¢ is the
electrostatic potential, ¢ is the dielectric permittivity, D represents the
diffusion coefficient, E stands for the electric field, n(x) is the number
of free electrons, P (x) is the number of free holes, P, (x)is the number of
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Fig. 1. The device architecture of the HTL-free perovskite solar cell under in-
vestigation. HTL = hole transport layer.

trapped holes, n, (x) is the number of trapped electrons, N+ represents
the concentration of donor ionized doping, N,- is the concentration of
acceptor ionized doping and x stands for the thickness. Meanwhile the
drift-diffusion equations for electrons and holes can be expressed in Eqs.
(4) and (5), respectively.

Ju = gu,ne + qD,0n @)

Jp = qupne + gDpdP (5)

In the following drift-diffusion equation, D, represents the electron
diffusion coefficient, Dp is the hole diffusion coefficient, u, is the mo-
bility of electrons and y,stands for the mobility of hole [34].

The simulation conditions were illumination of AM 1.5G with the
power of 100 mW cm ™2 and a temperature of 300 K. The various input
parameters of the device are summarized in Table 1 and Table 2. The
work function of the carbon back contact was 5.0 eV [35].

3. Results and discussion

HTL-free based PSC with an architecture FTO/(ZnO-g-C3N4)/
CH3NH3PbIs/carbon  was selected and simulations undertaken

Table 1
Different simulation input parameters of the modeled device
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Table 2

Basic input parameters of the various ETL (ZnO-g-C3N4) materials from ref. [37]
Parameter GT1 GT3 GT5
Eg (eV) 3.06 3.10 2.97
x (eV) 4.26 4.26 4.26
€ 9.0 9.0 9.0
N, (em™3) 2.0 x 10'® 2.0 x 10'® 2.0 x 10'®
N, (cm~3) 1.8 x 10'° 1.8 x 10° 1.8 x 10'°
tp (em?v=1ls™h 200 200 200
g (cm? v=1s™h 5 5 5
Np (em~3) 1.5 x 107 1.5 x 107 1.5 x 107
N, (em™3) 0.0 0.0 0.0
N, (cm~3) 1.0 x 10'® 1.0 x 10'® 1.0 x 10'®

ETL = electron transport layer.

Table 3
Photovoltaic performance of the devices with pure ZnO, GT1, GT3 and GT5 ETL
materials

Sample Voe (V) Jse (mA cm™2) FF (%) PCE (%)
Zn0 0.75 16.84 50.05 6.33
GT1 0.75 16.84 50.05 6.33
GT3 0.72 17.14 60.27 7.46
GT5 0.72 17.15 60.27 7.46

ETL = electron transport layer; FF = fill factor; Jec — current density; PCE = power

conversion efficiency; Voc = open-circuit voltage.

depending on different values of band gap. The quantum efficiency
(QE), current density-voltage (J-V) curve, temperature, density of de-
fect of the absorber, donor density of the ETL the back contact and
photovoltaic device parameters including; the (FF), (V,.), (PCE) and
(Jsc) were considered. Since thickness optimization is crucial in solar
cell performance, various layer thickness optimization was performed
as the initial step. As an example, the device with GT1 as the ETL was
used.

Typically, the thickness of the ETL was adjusted from 1.0 to
0.009 um keeping the thickness of other layers constant and the best
value obtained was 0.05 um. The thickness of the FTO was thereafter
varied from 1.2 to 0.001 pm maintaining other layer's value constant
and achieved the best value as 0.05 pm. The thickness of the absorber
was again varied from 2.0 to 0.1 um and the optimum value obtained
was 0.3 um, while, maintaining the other component's thickness con-
stant. The same procedure was conducted in other devices to attain an
optimum value of layers thickness. Therefore, for device with the GT3
as ETL material was optimized sequentially and obtained the best value
of the ETL, FTO and absorber as 0.001, 0.001 and 0.3 um, respectively.
Finally, the GT5-based device was afterward optimized sequentially
and thickness value of the ETL, FTO and the absorber varied and ob-
tained the best value as 0.001, 0.001, 0.3 um, correspondingly. Table 3
shows the performance of the devices with different band gap materials
as measured from the experimental work of ref [37].

Parameter FTO [36] ZnO [35] CH;3NH3PbI; (absorber) [35]
Band gap, E; (eV) 3.5 Varied 1.63
Affinity,  (eV) 4.0 4.26 4.10
Dielectric permittivity (relative), &, 9.0 9 9.6
Effective density of state at CB, N (cm %) 2.2 x 10'® 2.8 x 10'8 2.2 x 108
Effective density of state at VB, N, (cm™>) 1.8 x 10'° 1.8 x 10 1.8 x 10'°
Mobility of electrons, y, (cm* V™' s™1) 20.0 200 0.017
Mobility of holes, p, (cm?* V™' s71) 10.0 5 0.059
Density of n-type doping, Np (cm™%) 1.0 x 10*° 1.5 x 10" 1.0 x 10'2
Density of p-type doping, N4 (cm™3) 0.0 0.0 1.0 x 102
Density of defects, N, (cm ™) 0.0 1.0 x 10'® 1.0 x 10'°
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Fig. 2. The quantum efficiency versus wavelength and current density versus voltage for the devices with pure ZnO, GT1, GT3 and GT5 ETL materials. ETL =
electron transport layer.
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Fig. 3. The performances of the devices with pure ZnO, GT1, GT3 and GT5 ETL materials as a function of increasing the density of the defect of the absorber. (a) PCE,
(b) Jse, (€) Voo and (d) FF. ETL = electron transport layer; FF = fill factor; J,. = current density; PCE = power conversion efficiency; V,. = open-circuit voltage.

3.1. Quantum efficiency and J-V curves percentage of incoming photons transformed into charge carriers. From
Fig. 2(a) the device reveals a quantum efficiency of about 86% at

In order to attain a higher power conversion efficiency, the 300 nm and thereafter a slight increase to 90% for pure ZnO and GT1
Quantum efficiency of the device was reviewed to determine the with the best value at about 360 nm. The GT3- and GT5-based devices
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Table 4
Optimized extracted photovoltaic parameters of devices with different ETL
materials as a function of changing absorber density of defects
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Table 5
Effect of the n-doping of the ETL for the devices with pure ZnO, GT1, GT3 and
GT5 materials

Sample Voe (V) Jse (MA cm™2) FF (%) PCE (%) Sample Voe (V) Jsc (mA cm™2) FF (%) PCE (%)
Zno 0.78 18.10 63.17 8.87 Zno 0.75 18.18 73.76 10.09
GT1 0.78 18.10 63.17 8.87 GT1 0.75 18.18 73.76 10.09
GT3 0.78 18.17 72.77 9.99 GT3 0.75 18.18 73.71 10.08
GT5 0.78 18.17 72.77 9.99 GT5 0.75 18.18 73.71 10.08

ETL = electron transport layer; FF = fill factor; Jsc — current density; PCE = power

conversion efficiency; Voc = open-circuit voltage.

exhibited a quantum efficiency of about 93% implying that the device
generates a higher amount of current when irradiated by photons of a
particular wavelength. Simultaneous decrease in the quantum -effi-
ciency is then observed to about 700 nm and later declines and levels
off from about 750-900 nm as the device does not obtain light. From
Fig. 2(b), the voltage was varied from 0.0 to 0.8 V which shows a slight
increase in current generation from 0.0 to about 0.5V and eventually a
further increase up to 0.8 V as the passive oxide layer breaks [38] with
increasing voltage. The device attains a high current generation at
0.8V.

3.2. Effect of changing the density of defect of the absorber on performance

Essentially, high concentrations of the defect causes a higher re-
combination due to the generation of pinholes, higher degradation rate
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ETL = electron transport layer; FF = fill factor; Jsc — current density; PCE = power

conversion efficiency; Voc = open-circuit voltage.

of the film, reduced stability and reduced performance of the device
[39]. The density of the defect of the absorber therefore plays an es-
sential role on the performance of the devices. Fig. 3 shows the varia-
tions of the density defect of the absorber on the photovoltaic perfor-
mance of the device. The density of the defect was varied from 1.0 x
10%to 1.0 x 10'7 cm ™2 for devices with different ETL materials. From
Fig. 3(a) the density defect exhibits a higher PCE from 1.0 x 10%to 1.0
x 10 cm™? and finally a decrease in performance which could be
probably due to an increase in trap layers at the perovskite film at
higher density defect thereby resulting in increased non-radioactive
recombination [40]. The Js. (Fig. 3b) remains constant and thereafter,
decreases steadily and this was attributed maybe due to the existence of
more number of the trap sites [41]. Fig. 3(c) reveals that the V. re-
mains constant as density of defect increases and later a decrease which
could be due to recombination of charge carriers thereby hindering its
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Fig. 4. The performances of the devices with pure ZnO, GT1, GT3 and GT5 materials as a function of increasing n-doping of the ETL. (a) PCE, (b) Js, (c) V. and (d)
FF. ETL = electron transport layer; FF = fill factor; J,. = current density; PCE = power conversion efficiency; V,. = open-circuit voltage.
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Table 6
Effect of temperature on photovoltaic performance of the devices with pure
ZnO, GT1, GT3 and GT5 materials at an operational temperature of 300 K

Sample Voe (V) Jse (MA cm™2) FF (%) PCE (%)
ZnO 0.80 18.23 76.43 11.20
GT1 0.80 18.23 76.43 11.20
GT3 0.80 18.23 76.31 11.18
GT5 0.80 18.23 76.71 11.18

FF = fill factor; Jsc = current density; PCE = power conversion efficiency; Voc = open-circuit

voltage.

ability to convert sunlight to electricity [42]. From Fig. 3(d), the FF
remains constant as the density defect increases from 1.0 x 10% to 1.0
x 10 cm ™2 and thereafter a decrease possibly due to the increase in
resistance charge pathway [42]. Nonetheless, the optimal density of
defect was kept at 1.0 x 10'' cm ™2 level for ZnO and GT1 while GT3
and GT5 was maintained at 1.0 x 10" cm ™3 level.

Table 4 summarizes the best the photovoltaic performance of the
different devices with different ETL materials.

3.3. Impact of the donor density of the ETL

The n-doping of the ETL plays a critical role in the improvement of
the performance of the solar cell and therefore application of the si-
mulation has greatly improved the efficiency of the devices [43]. Fig. 4
shows the effect of the variations of donor density of the ETL on the
performance of the devices. The n-doping of the ETL was varied from

1.5 x 10'? to 1.5 x 10?? cm ™2 for the different band gap materials.
The n-doping of the ETL attributed to the increased power conversion
efficiency of the devices thus improving its ability to convert sunlight to
electricity. From Fig. 4(a) the increase in donor density of the ETL for
ZnO and GT1 results in a constant value of PCE from 1.5 x 102 to
about 1.5 x 10> em™ which could be due to increased conductivity [3]
and thereafter an increase in PCE as the donor density increased to 1.5
x 10%° cm ™2 followed by a constant value of PCE. The device with GT3
and GT5 as ETL materials shows a constant value of PCE of over 10%
from 1.5 x 10'2to 1.5 x 10?2 cm ™2 which could be attributed to the
improved separation efficiency revealing that the PCE was not affected
by the change in the doping concentration. Fig. 4(b) showed that, for
ZnO and GT1 devices, the current density remains constant from 1.5 X
10'2to 1.5 x 10'* ecm ™3 followed by an increase in current density as
the donor density increased to 1.5 x 10%! cm ™2 and thereafter a slight
increase to 1.5 x 10?2 cm ™~ probably because the less thickness of the
FTO (0.05 eV) allows more light to be transmitted to the absorber [41].
The V. (Fig. 4c) for ZnO and GT1 device, remains constant from 1.5 X
10'2 to 1.5 x 10'® cm ™2 as the recombination resistance neither de-
creased nor increased [44] and finally a decrease to 1.5 X 102 cm 2.
GT3 and GT5 unveiled a steady value of the V. from 1.5 x 10'%to 1.5
x 10'® ¢cm ™2 as the recombination rate is not affected and thereafter,
an increase before reaching to saturation at 1.5 X 10?2 ecm ™3, From
Fig. 4(d) the FF remains constant from 1.5 x 10'2t0 1.5 x 10" cm ™3
and thereafter increases before reaching to a constant value at 1.5 X
10%! cm ™2 probably due to reduction in series resistance, [44] thus,
achieving an optimum value of 76.43%. Meanwhile, GT3 and GT5-
based devices were not affected by changing the doping concentration
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Fig. 6. The performances of the devices with pure ZnO, GT1, GT3 and GT5 as ETL materials as a function of increasing the work functions. (a) PCE, (b) Js, (c) Voc
and (d) FF. ETL = electron transport layer; FF = fill factor; J, = current density; PCE = power conversion efficiency; V,. = open-circuit voltage.

Table 7
Photovoltaic performance for devices with pure ZnO, GT1, GT3 and GT5 ma-
terials and Pd back contact

Sample Voo (V) Jse (MA cm“z) FF (%) PCE (%)
ZnO 6.09 18.24 12.74 14.14
GT1 6.09 18.24 12.74 14.14
GT3 6.03 18.24 12.84 14.14
GT5 6.04 18.24 12.84 14.14

FF = ﬁu factor; Jsc = current density; PCE = power conversion efficiency; Voc = open-circuit

voltage.

from 1.5 x 102 to 1.5 x 10'° cm ™2 and thereafter it experienced a
slight increase to 1.5 x 10%? cm ™3, The optimum donor density of the
ETL was maintained at 1.5 x 10%*> ecm™2 in order to improve the

stability efficiency, the overall performance of the devices and ensure
cost-effective devices at the industrial level (Table 5).

3.4. Temperature variation and the effect on performance

The temperature increase adversely affects the performance of the
solar cell thereby leading to its inefficiency at higher temperature due
to increased recombination rates [45] but also more effective at lower
temperatures. In our case, simulations were conducted at 300 K but in
order to obtain the effect of the operating temperature on the devices,
the temperature was varied from 240 to 400 K. The devices achieved a
higher efficiency at 240 K.

From Fig. 5(a) the continued increase in the temperature from 240
to 400K led to a decrease in efficiency which could be due to the high
electron photon interaction. The J,. (Fig. 5b) decreases with increase in

Table 8

Performance evaluation of different devices with or without HTL materials
Device configuration Experimental/ Vo (V) Jse (mA cm™2) FF (%) PCE (%) References

simulation

FTO/TiO5/CH3NH;3PbI3/spiro-OMeTAD/Au simulation 1.48 15.15 90.91 20.34 [49]
FTO/1GZO/CH3NH3Pbl;/spiro-OMeTAD/Au simulation 5.32 25.55 14.68 19.95 [50]
FTO/ZnSe/CH3NH3Pbl3/C simulation 1.25 24.77 86.29 26.76 [51]
FTO/g-C3N4/CH3NH3PbI3/C experimental 0.79 15.36 0.64 12.22 [37]1
FTO/g-C3N,4/CH3NH3Pbl;/C simulation 6.04 18.24 12.84 14.14 This work

FF = fill factor; HTL = hole transport layel’; Jsc = current density; PCE = power conversion efficiency; Voc = open-circuit voltage.
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temperature which could be attributed to better absorption rate of
photons therefore leading to more generation of excitations for the
different band gap materials. From Fig. 5(c), the V,. decreases with
increase in temperature possibly due to the electron hole recombination
leading to decreased efficiency for the different band gap materials. The
FF (Fig. 5d) decreased with increase in temperature which may be due
to increased series resistance and decreased shunt resistance [46] for
the different band gap materials.

Nonetheless, Table 6 shows the efficiencies of the devices at optimal
operational temperature of 300 K.

3.5. Effect of utilization of different back contacts on device performances

The back contact in an HTL-free perovskite eliminates the need for
the HTL in methylammonium lead iodide due to the suitable barrier
height of electrons by blocking the electrons while collecting the holes
[47]. In order to optimize the performance of the devices, a suitable
back contact material was investigated through the work functions of
the back contact materials. The carbon back contact was adjusted from
various work functions such as Pd (5.3 eV), Ni (5.0 eV), Ag (4.7 eV), Au
(5.05eV), and Cu (4.65eV) [3]. From Fig. 6(a) increase in the work
function results in an increase in PCE possibly due to better alignment
of the energy levels at the interface between the back contact and the
perovskite layer [46]. Palladium obtains a higher efficiency of 14.14%,
gold (Au) garnered a PCE of 10.9% while nickel (Ni) obtained 10.09%
whereas silver (Ag) and copper (Cu) obtained a relatively lower effi-
ciency. Palladium, gold and nickel are preferred as the best back con-
tact due to their higher performance, but Au is expensive and therefore
Pd and Ni could be used in place of Au as they are less expensive. The
increased work function (Fig. 6b) resulted in an increased current
density and palladium obtained a higher value. Fig. 6(c) reveals that V.
slightly increased with increase in the work function from 4.65 to
5.05 eV and thereafter a drastic increase to 5.3 in the work function of
palladium possibly due to the good alignment of the interfacial energy
and the reduction of the recombination [48] leading to a higher built-in
potential. From Fig. 6(d), it shows that the increase in the work function
attributed to an increase in FF and thereby Au (5.05eV) obtaining a
higher value of the fill factor followed by a drastic decrease in the FF
until 5.3 eV of palladium. From these results, it can be resolved that
optimization of the back contact improves the efficiency of the devices
(Table 7).

3.6. Comparative study

In order to evaluate the performance of our modeled FTO/g-C3N4/
CH3NH;3PbI3/C device, other similar devices were compared with it as
presented in Table 8. Generally, the HTL-based solar cell showed a
higher efficiency than HTL-free based devices as depicted in Table 8.
Despite the relatively higher performance exhibited by HTL-based de-
vices, it requires higher cost of fabrication due to the incorporation of
the HTL layer. Although, FTO/ZnSe/CH3NH;PbI;/C configuration,
showed higher PCE in the HTL-free based devices, ZnSe is relatively
more expensive when compared to g-C3N,4 or ZnO. Therefore, the in-
corporation of the g-C3N, will lower the cost of production sig-
nificantly.

4. Conclusions

In this paper, the devices with an architecture FTO/ZnO-g-C3N4/
CH3NH3Pbl3/carbon was simulated using SCAPS-1D. The modeled de-
vice achieved a higher PCE of 14.1% than the previous experimental
works that achieved a PCE of 12.22% with an increase of 1.93%. The
various parameters such, density of the defect of the absorber, n-doping
of the ETL, temperature and the back contact plays a crucial role in
improving the performance of the HTL-free perovskite solar cell and
thereby attributed to a significant increase in the power conversion
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efficiency. Simulations were performed and thicknesses of various
layers optimized and consequently attributed to the increase in the
performance. The density of the defect of the absorber obtained was an
optimal value of 1.0 x 10'! cm ~ 2 for devices with ZnO and GT1, while
for GT3 and GT5 devices, the density level of 1.0 x 10'? cm™2 was
sufficient. The n-doping of the ETL was maintained at an optimum
value of 1.0 X 10%2 cm 3. The devices were more stable at 240K at-
taining an efficiency of 11.20% for ZnO and GT1, while GT3 and GT5
obtained a slightly lower efficiency of 11.18%. Remarkably, palladium,
gold and nickel were preferred as the best back contacts with palladium
obtaining the supreme performance and hence, Au which is expensive
can be suitably replaced with Pd and Ni. The best device (GT5-based
device) thickness of the absorber and the ETL was maintained at 300
and 1.00 nm, respectively and a more stable device ultimately achieved
a PCE of over 14.14% with a FF of 12.84%, a J. of 18.24 mA cm ™~ 2 and
a V. of 6.04V with palladium utilized as the back contact. These re-
sults will exhibit an aid in the further fabrication of the HTL-free solar
cell in order to obtain a significantly higher efficiency.
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