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Abstract

Perovskite solar cells have become excellent photovoltaic devices because of their extraor-
dinary optoelectronic properties. However, their practical use is limited by their low thermal
stability. This research focuses on the photovoltaic properties and thermal stability of three
inorganic perovskite materials: Bag.75Cag.25TiO3, BaaCeBiOg, and RbaYCulg. To predict device
performance, the density functional theory (DFT) method was first applied to determine the opti-
cal and electronic properties of the perovskite structures, which were then used as inputs for the
OghmaNano simulator. The study initially considered simple FTO/Perovskite/Au single-active-
layer cells without transport layers over the temperature range of 300-325 K. The Bag.75Cag.25TiO3
material showed the highest thermal stability, with the lowest PCE loss of about 3%, compared
with 6% for Ba;CeBiOg and 7.5% for RboYCulg. Subsequently, FTO/Perovskite/Perovskite/Au
bilayer devices were studied using perovskite—perovskite interface engineering over the temper-
ature range of 300-330 K. As the temperature increased, the open-circuit voltage decreased,
while the short-circuit current density remained almost constant, resulting in a relatively mod-
est reduction in PCE. Charge carrier generation, charge carrier recombination, charge carrier
density, quantum efficiency, and thermal stability were investigated for the bi-active-layer de-
vices FTO/Ba2CeBiOg/Rb2Y Culs/Au and FTO/Rb2Y Culs/Bao.75Cao.25T103/Au, without elec-
tron and hole transport layers, respectively. Combining DFT results, interface engineering, and
OghmaNano device simulations provides a powerful approach for designing simple, effective, and

highly thermally stable perovskite solar cells.
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1 Introduction

The history of semiconductors and photovoltaics goes back more than 150 years. Edmond Bec-
querel first discovered the photovoltaic effect in 1839, when he observed a photoelectric current
flowing between silver electrodes immersed in an electrolyte solution [1]. Since then, photovoltaic
technology has gone through three generations, with the first generation being crystalline-silicon
cells, which remain the most advanced and proven technology [2]. Then, the second generation
of thin-film cells was created to decrease the amount of materials used and production costs,
and increase flexibility [3| [4]. The third generation of solar cells, such as perovskite, organic,
dye-sensitized, and quantum dot solar cells, has been created to improve earlier technologies [5],
[6]. But stability and toxicity still pose problems [7].

Perovskite materials have a crystal structure ABXj3;, with A and B being cations of different
sizes and X being an anion like oxygen or halides [8]. Based on X, they are categorized as either
oxide or halide perovskites. Their flexible structure makes their properties optically, electrically,

and magnetically versatile for uses such as photovoltaics, fuel cells, light-emission devices, and

Ra+Rx
V2(Rp+Rx)

Rx represent the ionic radii of the A-site cation, B-site cation, and X-site anion, respectively [9].

catalysis. The structure of perovskites can be determined by: ¢ = , where R4, Rp, and
In general, a tolerance factor between 0.9 and 1 indicates a stable cubic structure, whereas lower
tolerance factors may give rise to distorted structures [10]. In addition, perovskite absorbers have
very high absorption coefficients of (10* to 10> cm~!), and bandgap tuning is possible by manipu-
lating either A, B, or Xions [11][12]. Also Stranks and co-workers observed that CH;NH3;Pbl;_,Cl,
has electron and hole diffusion lengths larger than 1um [13]. Although highly efficient, Perovskite
solar cells (PSCs) are highly unstable due to the reasons like instability in nature, humidity, oxy-
gen, temperature, and exposure to light [14] [15]. Humidity speeds up the degradation of per-
ovskites due to hydrolysis reactions and must be kept below 1% [16] [17]. Walsh et al. suggested
an acid-base reaction mechanism for moisture degradation of (MAPbI;) [18]. Also, thermal an-
nealing is needed to eliminate solvent residues and crystallize the perovskite [19], whereas high
temperatures lead to the decomposition of organic perovskites into Pbl,, CH3NH,, and HI [20].
Metal halide perovskites have come to prominence in photovoltaics after the emergence of
solid-state perovskite solar cells with efficiencies of 9.7% in 2012 [21].In PSCs, the perovskite
material is sandwiched between the electron-transporting layer and the hole-transporting layer.
When illuminated, electron-hole pairs are formed, which are transported by the ETL and the HTL,
respectively, and the electrodes collect this current. Since these materials have very good light-
absorption properties, very thin absorber layers are possible in PSCs. Perovskite oxides usually
follow the structure ABOj;, in which the A site is an alkaline earth or rare earth and the B site
is a transition metal bonded to oxygen [22| 23]. Ferroelectric properties exist in materials like
BaTiO3, whereas oxide perovskites Ba;YCuszOr can be superconducting and magnetic in nature;
such characteristics make them potential candidates for energy-related applications like solid
oxide fuel cells, batteries, and thermal energy storage [22| [24]. Two-dimensional (2D) perovskites
are made up of metal halide octahedral layers interspaced with bulky organic spacer cations. As

opposed to 3D perovskites, the 2D architecture makes them more environmentally stable and



optoelectronically tunable, hence appealing for solar cells and photodetectors, among others [25].
The conventional metal-halide perovskites 3D perovskites typically have ABX3 formula, where A=
MA*, FAT, or Cs™, B=Pb?* or Sn?*, while X is anions like I~, Br—, or Cl~[26]. They have high
absorption coefficients, bandgap tunability, low exciton binding energies, high carrier mobility,
and long carrier diffusion lengths [27H30]. However, the sensitivity to moisture, oxygen, heat, and
light, as well as ion movement, reduces stability and makes encapsulation necessary [28, [31].

The double perovskites have the chemical formula A;BB'Xs and comprise two different B-site
ions, allowing for more structural variation [32]. These materials typically offer better thermal
stability and electronically tunable properties. Halide double perovskites (HDPs), with the struc-
ture A,B'B”Xg, where A=Cs, B’=Ag, Na, Cu, Au, B”=Bi, In, and X=Br, Cl, or I, have been examined
as lead-free substitutes owing to their promising optoelectronic features and low toxicity [33, [34].
Similarly, the Oxide double perovskites (ODPs) with their chemical formulaA;B'B”Og¢ also exhibit
structural stability, tunable band gaps, and potential as visible light-driven photocatalysts [35].
Double perovskite structures can be predicted by calculating their tolerance factors and octahe-
dral factors (u), where stable structures will exist for t = 0.81-1.11 and p = 0.44-0.90 [36]. But Per-
ovskite single structures need 0.414 < 1 < 0.732 to have stable BX6 octahedra [37]. Many double
perovskites like Cs2AgBiX6 have indirect bandgaps, and this hinders their photovoltaic perfor-
mance [38]. Direct band gap behavior is also observed in other materials, such as Cs2AgInCl6
and ordered vacancy double perovskites [39, 40]. The Ag-Bi family of double perovskites also
exhibits a relatively broad bandgap, but it boasts a long carrier lifetime, small effective mass, and
thermal/photochemical stability [41].

Based on the literature reviewed, three lead-free perovskite materials, Bay 75Cag.25TiO3 as Ca
doped Perovskite material, Ba;CeBiOg as double oxide perovskite material, and Rb,YCulg as dou-
ble halid perovskite materal, were considered suitable and selected for further study because
the authors of the cited papers reported their structural stability and potential for photovoltaic
applications. In light of these findings, a detailed analysis of these materials was carried out
simultaneously using the OghmaNano simulation platform under the same device setup and
operating conditions, allowing their photovoltaic properties and stability to be compared un-
der consistent conditions. The analysis primarily focuses on the simulated photovoltaic prop-
erties, charge generation and recombination processes, photon absorption, and stability of the
selected materials. In addition, the results obtained from the simulations were used to de-
sign and simulate two optimized device architectures, FTO/RbyYCuls/Bag 75Cag 25TiO3/Au and
FTO/Ba;CeBiOg/RbyYCulgs/Au, to further investigate the photovoltaic properties and stability of
these material combinations. Ultimately, this study aims to evaluate the potential of these lead-
free perovskite materials for photovoltaic applications and to highlight material combinations that

can provide stable and efficient perovskite solar cells.



2 Methodology

This section explains the method we have used to model and simulate perovskite solar cells using
the OghmaNano simulator. The methodology mainly comprises the assessment of the photo-
voltaic performance of different perovskite active layers under the exact device configuration and
operating conditions, without the application of an ETL or HTL. The device simulated in our case
has two metal contacts: FTO (50 nm) on the front and Au (100 nm) on the back, respectively. At
the same time, the thickness of each active layer has been fixed at 500 nm. We have compared
Bag 75Cag.05TiO3, BasCeBiOg, and RbyYCulg under the same set of simulation parameters and
operating conditions to make sure that the comparison is fair and consistent. Besides this, it
also presents the simulation design, parameters, and procedures involved before and during the
evaluation of the candidate materials according to a set of simulated photovoltaic performance

criteria.

2.1 Design of the Study

In the present investigation, we employed Bag 75Cag.257i03, BasCeBiOg, and RbY Culs as novel
materials for the development of perovskite interfaces (respectively, single-perovskite Ca-doped
BaTiO3, double-oxide perovskite, and halide double perovskite) in combination with the active
layer materials. The basic design of the device simulated in this paper is FTO/Perovskite/Au.
Note that the simulation analysis was carried out on the active layer only by introducing the new
perovskite materials through an interfacial engineering method, and the device did not include an
electron transport layer (ETL) or a hole transport layer (HTL). Firstly, the optoelectronic properties
of the newly developed perovskite materials were determined by means of DFT simulations and
published articles, and afterwards, they were implemented into the simulation tool (the schematic
illustration representing the method and its sequence is given below; see Figure [I). Next, the
thermal stability of different active layers was investigated and compared. The cell structures
FTO/RbyY Culg/Bag.75Cag51Ti03/Au and FTO/BayCeBiOg/RbyY Culg/Au were studied in terms
of their efficiency, stability, charge recombination and generation, and photon absorption in these

experiments.
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Figure 1: Flowchart illustrating the material selection process and their implementation in the
OghmaNano simulator for perovskite solar cell simulations.



2.2 Simulation Parameters

The detailed parameters in this simulation, such as layer thickness, electron-hole mobilities,

electron affinity, dielectric constant, and environmental conditions, are shown in the table below.

Table 1: The detailed parameters of perovskite solar cells simulation based on different perovskite
structures as active layer in OghmaNano software

Parameters Bag.75Cao.25TiO3 [42445] BayCeBiOg [46449] Rb,YCulg [50]51]
Thickness (nm) 500 500 500
Electron mobility (m?/V.s) 1.2x10% 1.17x1072 1x10~2

Hole mobility (m?/V.s) 1.2x10~4 6.5x10~3 1.0x10~2
Effective density of electron states (m~%) 6x102* 1.0x102%° 5.0x102°
Effective density of hole states (m~—3) 6.0x10%4 1.0x10%° 1.0x10%°
Free electron to free hole recombination rate (m?/s) 1.0x10~1° 1.0x1071%° 1.0x1071%°
Electron affinity (eV) 3.8 3.9 4

Energy bandgap (eV) 1.775 1.75 1.67

Relative permittivity (a.u.) 11 4.4 4.5
Donor concenteration (m~?) - -
Acceptor concenteration (m™

%)

2.3 Simulation Method

All simulation tasks were performed at 300 K, with a series resistance of 11 Ohm and a shunt
resistance of 1x10° Ohm under the AM1.5G standard as the incoming light source. In this regard,
the data were collected from four simulation work structures. The first simulation work was
designed for the single active layer without a transporting layer for each of the double perovskite
materials. Then the temperature stability study were investigated from 300 K to 325 K, and the
efficiency of the cells was compared. Finally the new design of perovskite solar cells are achieved
with the idea of the double active layer in the cell.

The OghmaNano software is based on different standard techniques, including the bipolar
drift-diffusion model of the current flux density for electrons and holes, which are given by the

following equation [52H56]:

o0F, on
oL, Jp
Jp - QI}anE - quaix [2)
where
n = N, exp (Epk;Bj?F> (3)
Er—F,
p = N,exp <_M) (4)

where J,, and J, are an electron and hole flux densities, q is an elementary charge electron, n and
p are a free electron and hole concentrations, x, and p, represent the electron and hole mobility,
D,, and D, indicates the electron and hole diffusion coefficient, £. and E, shows the free electron
and hole mobility edge. Also, the equations of continuity for electrons and holes in position space

are indicated as follows,
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Figure 2: 3D Structure of single and double absorber layer PSCs (a),(b),(c) are single absorber layer
PSCs with the general structure of FTO/absorber/Au and (d),(e) are double Absorber layer PSCs
with the general structure of FTO/Double Absorber/Au, these images extracted from oghmanano
simulation software.
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where R, and R, are the net recombination rate, G is the free carrier generation rate. As well
as, the Poisson equation for calculating the internal electrostatic potential is given by,
q(n —p)

Vi = ———— (7)
€o€

where V? is Laplacian operator, ¢, the permittivity of the vacuum, ¢ is the relative permittivity,
and ¢ denote the voltage profiles.

charge carrier generation relation with absorption coefficient and flux density of Photons

Gopt(.% >‘) = Oz(y, >\) ¢(1/, )‘) (8)

where « is the optical absorption coefficient and ¢ is the photon flux density.
The equations to estimate the parameters of the solar cell such as Voc, FF and PCE can be

written as



T
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q Jo

The fill factor (FF) for solar cells is defined by the following equation:

Vinp X J,
FF =_™mpP 7" "Mmp (10)
VOC X ‘]SC
The equation for power conversion efficiency (PCE) in solar cells is given by:
PCE:pm _ (Jse X Voo X F'F) (11)

Din P;



3 Results and Discussion

This study looks into the photoelectric, optical, and thermal stability properties of a set of differ-
ent photovoltaic solar cells using three different active layers: Bag 75Cag.25TiO3, BagyCeBiOg, and
RbyYCulg. Initially, the photosensitization and light-response features of the materials have been
examined without electron- and hole-transport layers. Thereafter, their structural stability has
been assessed across a range of temperatures. Eventually, a number of solar-cell designs that
combine either two or three active layers have been analyzed for their potential to identify optimal
configurations that simultaneously provide a certain degree of photovoltaic efficiency while also

maintaining thermal stability.

3.1 Single Active-Layer PSCs without Transport Layers

In this part of the work, we have thoroughly studied the optical and electrical characteristics,
external quantum efficiency (EQE), photovoltaic behavior, as well as the thermal stability of per-
ovskite solar cells with a single active layer. A comparative analysis was undertaken for the
devices, considering different active-layer characteristics and their corresponding photovoltaic
outputs. The FTO/perovskite/Au architecture was used to fabricate all the PSCs without the

inclusion of additional electron-transport layers or hole-transport layers.

3.1.1 Optoelectronic properties of PSCs

The absorption spectra of all three materials in the UV-visible to IR regions are shown in Figure
[Bh. All three materials exhibit strong absorption mainly in the UV-visible region. Among them,
Rb,YCulg shows the highest absorption coefficient, with a maximum value of 1.31x10° cm~!, while

BayCeBiOg and Bag 75Cag 25 TiO5 reach maximum values of 2.23x10° cm~! and 1.66x10° cm™!

, re-
spectively. The higher absorption coefficient of Rb,YCuls indicates stronger light absorption and
is favorable for photovoltaic applications, as efficient absorption can be achieved with a relatively
thinner absorber layer. For all three compounds, the absorption coefficient decreases toward
longer wavelengths and becomes very small near the visible-to-infrared region. The absorption
edges are observed below approximately 600 nm and are associated with electronic transitions
between the valence and conduction bands [57]. Overall, Rb,YCulg exhibits the strongest absorp-
tion response among the investigated materials.

The refractive indices of the absorbers are presented in Figure [3b. The refractive index de-
scribes how light propagates through a material and relates to its optical polarizability [58]. The
static refractive indices are 2.13, 2.14, and 2.62 for RbyYCulg, Bay;CeBiOg, and Bag 75Cag.25TiO3,
respectively. Their maximum refractive indices in the UV region are 2.69, 2.44, and 3.09, re-
spectively. Bag 75Cag 25TiO3 exhibits the highest refractive index over a wide wavelength range,
particularly in the visible and infrared regions, indicating a stronger optical response and poten-
tially beneficial light-management properties. Thus, it RboYCuls shows the strongest absorption,
whereas it Bag 75Cag 25 TiO3 exhibits the highest refractive response.

The optical properties of the structures were analyzed with the help of OghmaNano under
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Figure 3: DFT-calculated optical analysis, including the absorption coefficient and refractive in-
dex, of the double-oxide perovskite Ba;CeBiOg, double-halide perovskite Rb,YCulg, and Ca-doped
single perovskite Bag 75Cag.25TiO3: (a) absorption coefficient and (b) refractive index. The cal-
culated optical and relevant optoelectronic parameters were incorporated into the OghmaNano
simulator as material inputs for the simulation of the proposed new perovskite solar cell struc-
tures.

the AM1.5G illumination regime at room temperature (25 °C). In this case, FTO acts as the front
contact for incident light, whereas Au acts as the back contact. According to Figure[dj, the trans-
mittance remains significantly low within the 300-900 nm spectral range, with a maximum value
of about 5 x 10~% arbitrary units, indicating that only a very small amount of light is transmit-
ted through the whole structure. The materials Ba;CeBiOg and Bag 75Cag.25TiO3 show different
transmission peaks near 500 nm. At the same time, Bag 75Cag.25TiO3 and Bay;CeBiOg demonstrate
an additional peak in the wavelength region of 650-655 nm. On the other hand, the reflectance
increases significantly over the 550-600 nm region, with Bag 75Cag.25TiO3 exhibiting the high-
est long-wavelength reflectance as shown in Figure [4p. This is consistent with the obtained
DFT optical properties, since the highest refractive index corresponds to Bag 75Cag 25TiO3, and
hence, a stronger optical response and increased light-matter interaction are expected. Moreover,
Rb,YCulg shows the highest absorption coefficient (1.31x10° cm~1!), corresponding to the strongest
light absorption among the investigated active layers. As a result, the very low transmission of
the complete structures can be attributed to the combined effects of the aforementioned optical
phenomena.

Spatial distributions of charge carriers generated in Figure [5|can be correlated with the theo-
retically obtained band gaps of the achieved perovskite materials. Calculated values of the band
gap for BayCeBiOg, Bag 75Cag 25 Ti03, and RbyYCulg compounds are 1.75, 1.775, and 1.67 €V, re-
spectively. The lower band gap of the latter compound means that it has an absorption edge of
700 nm, compared to 600 nm for Ba;CeBiOg and Bag 75Cag 25TiO3, respectively. Therefore, the
RbyYCulg compound may utilize a larger part of the light spectrum and contribute to improved
generation of photogenerated carriers. This is confirmed by the high generation rate of carriers
close to the illuminated FTO/Rb, Y Culg boundary, which reaches 7 x 10?2 cm=3 s~! (see Figure.
On the other hand, the generation rates of Ba;CeBiOg and Bag 75Cag 25 TiO3 continue to stay mostly

-3

on the level of 2 x 10?7 cm~2 s~! throughout the majority of the absorber layer. The significant drop

in the generation density with the entire thickness Rb,YCuls suggests that there is considerable

10
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Figure 4: Calculated (a) transmittance and (b) reflectance spectra of FTO/active-layer/Au struc-
tures with Bay;CeBiOg, Bag.75Cag.25TiO3, and RbyYCulg under AM1.5G illumination.

absorption in the illuminated part of the layer, while the almost constant generation densities
of BayCeBiOg and Bag 75Cag 25 TiO3 imply that the photogeneration mechanism is less localized in
these materials. Still, the increased generation found in RbsYCulg cannot be attributed only to
its smaller band gap, because the intensity and distribution of photogeneration also depend on
the wavelength dependence of the material’s absorption coefficient and the optical field inside the

active layer.
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Figure 5: Spatial distribution of the photocarrier generation rate within the active layers
of the simulated FTO/perovskite/Au solar-cell structures obtained from OghmaNano: (a)
F’I‘O/BagCeBiOG/Au, (b] FTO/BaO,75Ca0,25Ti03/Au, and (C) F’I‘O/RngCuIG/Au. The FTO, per-
ovskite, and Au layer thicknesses are 50, 500, and 100 nm, respectively.
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3.1.2 Efficiency and Performance of PSCs

The performance of the photovoltaic cells based on the FTO/active-layer/Au structures was also
evaluated in terms of their J-V characteristics and quantum efficiency (QE), which are shown
in Figures [6| and [7] respectively. In the absence of an electron transport layer (ETL) and a hole
transport layer (HTL), photogenerated carriers are extracted directly through the interfaces be-
tween the active layer and the FTO and Au electrodes. As shown in Table 2] the system based

2 while

on RbsYCulg produces the highest short-circuit current density, Jsc, of 17.599 mA.cm™
BayCeBiOg and Bag.75Cag.05TiO3 exhibit values of 11.995 and 4.997 mA.cm~2, respectively. In con-
trast, Bag 75Cag.25TiO3 shows the highest open-circuit voltage, Vo, and fill factor (FF), with values
of 1.37 V and 89.15%, respectively. However, its relatively low photocurrent results in a PCE of
only 6.09%. The Rb,YCulg-based device achieves the highest PCE of 15.53%, mainly owing to its

substantially higher Jsc, despite its lower Vo and FF.

Ba,CeBiO, Bag ;5Ca, 2, TiO; == Rb,YCul,
20

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
V (Volt)

Figure 6: Current density-voltage (J-V) characteristics of the photovoltaic cells based on different
active-layer material structures: Ca-doped single perovskite Bag 75Cag.25TiO3 (green line), double-
halide perovskite RbsYCulg (blue line), and double-oxide perovskite Ba;CeBiOg (red line), sand-
wiched between the FTO and Au contact layers without ETL and HTL materials, as simulated
using OghmaNano software.

The QE spectra follow a similar trend, with RbyYCuls exhibiting the highest QE over a broad
region of the visible spectrum, consistent with its highest calculated absorption coefficient of
1.31 x 10 cm~!. The strong optical absorption therefore promotes photon harvesting and con-
tributes to the higher photocurrent. However, the QE decreases in the 650-900 nm wavelength
range, which may be associated with increased surface reflection and enhanced carrier recom-
bination. In addition, the higher Jsc values obtained for the double-perovskite materials, par-
ticularly RboYCulg and BayCeBiOg, can be related to their calculated carrier mobility and carrier
concentration, as described by Equations (1)-({4). These electronic properties can facilitate charge
transport and contribute to more efficient carrier collection. Conversely, despite its high refrac-

tive index, Bag.75Cag.25TiO3 exhibits a relatively low photocurrent, which is associated with its low

13



QE over most of the investigated spectral range. Overall, the photovoltaic performance of the
cells without ETL and HTL is strongly influenced by the optical absorption, QE response, optical

losses, and electronic transport properties of the active layer.
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Figure 7: Quantum efficiency (QE) of Ba;CeBiOg, RbyYCulg, and Bag 75Cag. 25 TiO3 as a function of
wavelength in the range of 300-900 nm.

Table 2: Photovoltaic performance parameters of the perovskite solar cells without electron and
hole transport layers, with different active-layer materials sandwiched between the two contact
layers. The thickness of the perovskite active layer is fixed at 500 nm for all cells.

Parameters Ba,CeBiOg Bag 75Cag 25TiO3 Rb,YCulg
Jsc (mA/cm?) 11.995 4.997 17.599
Voc (Volt) 1.19 1.37 1.02
FF % 88.74 89.15 86.87
PCE % 12.71 6.09 15.53
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3.1.3 Thermal stability of PSCs

The temperature dependence of the photovoltaic parameters for the three perovskite materials is
illustrated in Figure (8] for the FTO/perovskite/Au structure without ETL and HTL layers. With
increasing temperature from 300 to 325 K, the open-circuit voltage (Vo¢) decreases for all three
materials. This behavior can be attributed to the temperature dependence of the band gap and
the increase in intrinsic carrier concentration, which enhances the reverse saturation current

and consequently reduces Voc, as described by Equation(9).
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Figure 8: Current density-voltage (J-V) characteristics of the perovskite solar cells at tempera-
tures ranging from 300 to 325 K: (a) FTO/Ba;CeBiOg/Au, (b) FTO/Bag 75Cag.25TiO3/Au, and (c)
FTO/RbyYCulg/Au.

On the other hand, a different temperature dependence is observed for the short-circuit cur-
rent density (Js¢). The Jsc of RbaYCulg and Bay;CeBiOg decreases slightly with increasing tem-
perature, whereas a slight increase in Jg¢ is observed for Bag 75Cag 25TiO3. This behavior may be
related to the relatively high dielectric constant of Bag 75Cag 25 TiO3, which can reduce the Coulom-
bic interaction between electrons and holes and thereby favor charge separation and collection.
As shown in Figure[9] the normalized values of Vo¢ and FF decrease with increasing temperature,
whereas Jgc remains relatively stable.

At 325 K, the normalized PCE values are approximately 0.97, 0.94, and 0.925 for Bag 75 Cag.25 TiO3,
BayCeBiOg, and RbyYCulg, respectively. Therefore, the corresponding PCE losses from 300 to
325 K are approximately 3%, 6%, and 7.5%, respectively. The smaller slope of the normal-

ized PCE line for Bag 75Cag.25TiO3 indicates that it exhibits the best thermal stability among

15



the three materials. In comparison, Ba;CeBiOg shows intermediate stability, while Rb2YCuls ex-
hibits the strongest degradation with increasing temperature. The enhanced thermal stability of
Bag 75Cag.25Ti0O3 may also be associated with Ca substitution, which can modify the defect struc-

ture and potentially reduce detrimental defect states and temperature-sensitive recombination.
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Figure 9: Temperature dependence of the normalized photovoltaic parameters of the three per-
ovskite solar cells from 300 to 325 K: (a) Vo, (b) Jse, (c) FF, and (d) PCE. The parameters are
normalized to their respective values at 300 K.

3.2 Double Active-Layer PSCs without Transport Layers
3.2.1 Efficiency and Performance of PSCs

The simulated photovoltaic results show a strong dependence of device performance on the com-
position and arrangement of the perovskite bilayer. Herein, all simulated results are applied at
room temperature without ETL and HTL layers between the FTO and Au contact, while each
active layer has a constant thickness of 500 nm. For the FTO/Rb;YCuls/Ba,;CeBiOg/Au struc-
ture, the following photovoltaic parameters were obtained: a short-circuit current density (Js¢)
of 22.965 mA/cm?, an open-circuit voltage (Voc) of 1.12 V, a fill factor (FF) of 87.73%, and
a power conversion efficiency (PCE) of 22.64%. But the FTO/Bag 75Cag.25TiO3/RbsYCulg/Au
structure exhibited a slightly higher open-circuit voltage of 1.15 V; however, its short-circuit
current density was lower, at 21.797 mA/cm?, and its fill factor was significantly reduced to
76.51% (see Table |3| and Figure . In comparison for the FTO/Ba;CeBiOgz/Rb,YCuls/Au and
FTO/RbyYCulg/Bag 75Cap 25TiO3/Au structures, the corresponding photovoltaic parameters were

obtained as follows: short-circuit current densities (Js¢) of 23.399 and 22.0796 mA/cm?, open-
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circuit voltages (Vo) of 1.11 and 1.14 V, fill factors (FF) of 87.66% and 87.24%, and power con-
version efficiencies (PCE) of 22.69% and 21.92%, respectively.
Table 3: Photovoltaic performance parameters of the perovskite solar cells without electron and

hole transport layers, with double active-layer materials sandwiched between the two contact
layers, FTO and Au. The thickness of the perovskite active layer is fixed at 500 nm for all cells.

Device Structure Jsc (mA/cm?) Voc (Volt) FF% PCE %
Ba;CeBiOg /Rb,YCulg 23.399 1.11 87.66 22.69
Rb>YCulg /Bas>CeBiOg 22.965 1.12 87.73 22.64
RngCuIG/Bao_75Ca0,25Ti03 22.0796 1.14 87.24 21.92
Bag 75Cag 25TiO3 /Rb>YCulg 21.797 1.15 76.51 19.19
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Figure 10: Efficiency parameters of the perovskite solar cells based on a perovskite bilayer: (a)
Jsc, (b) Voc, (c) FF, (d) PCE, at a temperature of 300 K.

This behavior is further supported by the spectral response, in which the Ba;CeBiOgz/Rb2YCulg
configuration maintains a relatively high quantum efficiency (more than 95%) over a broad portion
of the UV-visible spectrum (from 325 to 625 nm) as shown in Figure . Then, beyond 625 nm
and up to 900 nm, the quantum efficiency gradually decreased, reaching approximately 30%,
due to the reduced charge-carrier generation within the cell structures in this spectral region,
thereby contributing to enhanced photocurrent generation (see Figure [I2p). The charge-carrier

generation profiles also show distinct spectral characteristics for the two configurations.

17



Ba,CeBiO, / Rb,YCul; —— Rb,YCul, / Ba, :Ca, ,sTiO,

28 100
(@) 90 (b)
24
< 80
20
_ E- 70
& @ 60
g 3
g E 50
£12 £ 40
2 2
8 £ 30
g 20
4
10
0 0
0.0 02 0.4 0.6 0.8 1.0 12 300 400 500 600 700 800 900
V (Volt) A (nm)

Figure 11: Current density-voltage (J-V) characteristics and (b) quantum efficiency of the
perovskite solar cells with the two device structures: FTO/Ba;CeBiOg/Rb,YCuls/Au and
FTO/Rb2YCul6/Ba0.75Ca0.25TiO3 /Au.

3.2.2 Charge carrier generation and recombination of PSCs

For the Ba,CeBiOg/Rb,YCulg structure, the charge-carrier generation rate reaches a maximum
of approximately 22.5x10%* m~—3 s~! at around 400 nm. In contrast, the Rb,YCuls/Bag 75Cag.25TiO3
structure exhibits a considerably higher maximum generation rate of approximately 38x10?* m =3 s~1
near 620 nm, with additional peaks of approximately 28 x 10 m—3 s~! at 550 nm and 20 x
10 m~2 s~! around 700 nm. These results indicate that the two bilayer cell configurations
have different spectral distributions of photogenerated carriers. Nevertheless, the higher peak
generation rate of the RboYCuls/Bay 75Cag 25 TiO3 structure does not result in a higher Jg¢, indi-
cating that the overall photocurrent depends not only on the magnitude of carrier generation at
individual wavelengths but also on the spectral distribution and subsequent carrier collection.

Additionally, from Figure [I2p, the simulated recombination-rate profiles show a significantly
lower carrier recombination rate in the Ba,CeBiOg/Rb,YCulg configuration compared with the
Rb,YCulg/Bay 75Cag.25TiO3 configuration. At a carrier concentration of approximately 0.05x10%' m~3,
the recombination rate for the Ba;CeBiOg/Rb2YCulg structure is approximately zero rate, whereas
that of the Rb,YCulg/Bay 75Cag.05TiO3 structure is approximately 2 x 1071 m—3s~!. At higher car-
rier concentrations, the recombination rate remains approximately 0.5 x 10716 m=2 s~! for the
Rb,YCulg/Bag 75Cag 25TiO3 configuration. These results demonstrate substantially stronger re-
combination losses in the RboYCuls/Bag 75Cag 25 TiO3 configuration, particularly at low-to-moderate
carrier concentrations.

The total charge-density profiles further support this interpretation as shown in Figure[12c. At
0V, the total charge density is approximately 0.52x10?! m~3 for the Ba,CeBiOg/Rb,YCulg structure
and approximately 0.95 x 102! m~2 for the Rb,YCuls/Bag 75Cag 25 TiO3 structure. At approximately
1.0V, the charge density increases to approximately 0.8 x 102! m~2 and 1.4 x 10! m~3, respectively.
With increasing voltage, the difference becomes more pronounced. At 1.6 V, the charge density
reaches approximately more than 2.5 x 102! m~3 for the Ba,CeBiOg/Rb,YCulg configuration and
3.0 x 10*! m~2 for the Rb,YCulg/Bay 75Cag 25TiO3 configuration. The higher charge density in the
latter structure indicates greater carrier accumulation, which, when considered together with its

higher recombination rate, suggests less effective carrier extraction and increased carrier losses
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Figure 12: (a) Charge carrier generation, (b) charge carrier recombination, and (c) charge carrier
density in double-active-layer perovskite solar cells.

within the device, especially for the cells without transport layers. This behavior is consistent
with its lower fill factor and photocurrent. Therefore, these findings suggest that the higher PCE
of the Ba,CeBiOs/Rb,YCulg without ETL and HTL layers configuration is primarily associated
with more efficient carrier collection and reduced recombination losses rather than being solely
determined by the Vpc.

As illustrated by the photon absorption distribution in Figure the absorption profile is
closely related to the carrier-generation rate described by Equation At shorter wavelengths,
stronger photon absorption occurs near the illuminated surface, resulting in higher carrier gener-
ation. In contrast, longer-wavelength photons penetrate more deeply into the material, leading to
lower generation rates. For the FTO/Ba;CeBiOg/RbyYCulg/Au structure, the two maximum gen-
eration rates are approximately 1.5 x 10** m=3s~! and 0.6 x 103* m~3s~!, occurring mainly within
the Ba;CeBiOgz and Rb,YCulg layers at depths of approximately 200 nm and 600 nm, respectively,
over the wavelength range of 300-600 nm. Also, for the other device, the generation profile within
the 600-900 nm thickness range remains moderate over the 350-600 nm wavelength range. This
indicates relatively limited carrier generation in this region, suggesting that the device may benefit
from the incorporation of a hole-transport layer (HTL) to facilitate the extraction of accumulated
holes toward the back contact and thereby reduce leakage current.

In contrast, the FTO/Rb2YCul6/Ba0.75Ca0.25TiO3/Au structure exhibits a substantially higher

-1

peak generation rate of approximately 3.2 x 103 m—3s~!, concentrated mainly within the Rb,YCulg

19



T
o
-]

G (m?.s'x10%)

G (m?.s"x10%)

—

——

o

=
S
S

—

L ———
= =

37

1(/; ,[:‘,Q/(

|
! Il
§

1

==
S N
N
[=3
o

/A\ ) W

73

;é

=

N

)

=

S
&
i‘\

=

&

S
SN

4

&

S

Figure 13: Generation rate of charge carriers as function of device thickness and incident light
wavelength for both (a) Ba;CeBiOg/Rb,YCulg (b) RbyYCulg/Bag 75Cag.25TiO3 PSCs.

layer at depths of approximately 150-350 nm and over the wavelength range of 300-600 nm. This
indicates a high carrier-generation rate near the FTO/Rb,YCul; interface. The strong carrier
generation near the front contact suggests that incorporating an electron-transport layer (ETL)
may facilitate more efficient electron extraction toward the front contact and help reduce car-
rier accumulation and leakage current. Figure shows the dependence of the short-circuit
current density (Js¢) and open-circuit voltage (Vo) of the two perovskite bilayer solar cells,
Ba,CeBiOg/Rb,YCulg and Rb,YCulg/ Bag 75Cag 25 TiO3, on the illumination intensity. As the light
intensity increases, both the short-circuit current density (Js¢) and open-circuit voltage (Vo) in-

crease for both structures. Figure[I4|a) shows that the increase in Jg¢ with increasing light inten-

sity is more significant for the Ba;CeBiOg/Rb2YCul; structure than for the Rb,YCulg/Bag 75Cag 25 TiO3

structure. The nearly proportional increase in Jg¢, represented by the almost linear curve in Fig-

ure [14{a), indicates efficient photocarrier generation and collection as the illumination intensity

increases.
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Figure 14: Dependence of (a) short-circuit current density (Js¢) and (b) open-circuit voltage (Voc)
on illumination intensity for the Ba,CeBiOs/Rb,YCulg and Rb2.YCuls/Bay 75Cag 25 TiO3 perovskite

solar cells.
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In contrast, the Rb,YCuls/Bay 75Cap.25TiO3 structure exhibits a higher open-circuit voltage
(Voc), reaching 1.143 V, compared with 1.112 V for the Ba;CeBiOg/Rb,YCulg structure at the
highest illumination intensity (see Figure [I4b). At illumination intensities above approximately
0.8 suns, Vp¢ exhibits an approximately linear dependence on the logarithm of the illumination
intensity. As discussed previously, the dominant recombination mechanism in the solar cell can
be evaluated using the diode ideality factor, which is determined from the dependence Voo on
the logarithm of the light intensity. Ideality factors close to 1 indicate a dominant contribution
from radiative recombination, whereas values approaching 2 suggest a greater contribution from

trap-assisted Shockley—-Read-Hall (SRH) recombination.

3.2.3 Thermal stability of double active layers-based PSCs

Figures and |16|illustrate the influence of temperature on the photovoltaic performance of the
two perovskite-bilayer based PSC structures, Ba;CeBiOg/Rb>YCulg and Rb,YCulg/Bag 75Cag 25 TiOs3,
over the temperature range of 300-330 K. Figure shows that, as the temperature increases,
the J — V curves gradually shift toward lower voltages. As a result, both structures experience a

decrease in Vpc.
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Figure 15: Temperature stability of JV characteristics for the Ba.CeBiOs/Rb,YCuls (a) and
Rb,YCulg/Bag 75Cag 25TiO3 (b) perovskite solar cells.

The normalized parameters in Figure [16|reveal that Vo continuously decreases with increas-
ing temperature, while Jsc remains nearly unchanged. Moreover, the FF remains relatively high
over the investigated temperature range, particularly between 300 and 315 K. Both structures
exhibit nearly the same V¢ and PCE at approximately 320 K. As shown in Figure [16(d, the PCE
gradually decreases with increasing temperature, reaching its minimum value at 330 K. This de-
crease is mainly attributed to the reduction in V. At 330 K, the normalized PCE decreases to
approximately 0.93 for Ba;CeBiOg/Rb,YCulg and 0.937 for Rb,YCulg/Bag 75Cag 25 TiO3. Overall,
both structures demonstrate good performance and relatively stable behavior over the investigated
temperature range. However, the Rb,YCulg/Bag 75Cag.25TiO3 perovskite bilayer exhibits slightly
better thermal stability than Ba;CeBiOg/Rb,YCuls.
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Figure 16: Temperature stability of normalized efficiency parameters for the Ba;CeBiOg/Rb,YCulg
and Rb,YCuls/Bag 75Cag 25TiO3 perovskite solar cells: (a) Voc, (b) Jsc, (c) FF, and (d) PCE.
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4 Conclusion

This study investigated the photovoltaic performance, optical properties, charge-carrier behavior,
and thermal stability of Bag 75Cag 25TiO3, BasCeBiOg, and Rb,YCulg using DFT-derived parame-
ters and OghmaNano simulations. Single-layer devices were modeled using an FTO/perovskite/Au
structure without electron transport layers (ETL) or hole transport layers (HTL). All three materi-
als exhibited strong UV-visible absorption. Rb,YCuls showed the highest absorption coefficient,
approximately 1.31 x 10 cm™!, and achieved the highest individual power conversion efficiency
(PCE) of 15.53%, primarily due to its high short-circuit current density (J,.) of 17.599 mA/cm?.
Bag 75Cag.25TiO3 exhibited the highest open-circuit voltage (V,.) of 1.37 V and fill factor (FF) of
89.15%, but its PCE was limited to 6.09% by its lower photocurrent. It also demonstrated the best
thermal stability among the single-layer devices, with only approximately 3% PCE loss between
300 and 325 K. The bilayer structures provided improved photovoltaic performance. In particu-
lar, the Ba,CeBiOg/Rb,YCulg configuration achieved a PCE of 22.64%, with J,. = 22.965 mA/cm?,
Voe = 1.12V, and FF = 87.73%. This enhancement was attributed to more efficient carrier col-
lection and reduced recombination losses. Both bilayer structures (Ba;CeBiOg/RbsYCulg and
Rb,YCulg/Bag 75Cag 25 TiO3) maintained good thermal stability up to 330 K, with normalized PCE
values of approximately 0.93 and 0.937, respectively. Overall, perovskite-perovskite interface en-
gineering offers a promising approach for enhancing photovoltaic performance and thermal sta-
bility. Future studies should optimize layer thicknesses, incorporate suitable ETL/HTL materials,

and experimentally validate the most promising device structures.
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