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Abstract

The increasing demand for high-efficiency photovoltaic technologies has intensified re-
search into tandem solar cells (TSCs) as a promising strategy to surpass the performance
limits of single-junction devices. In this study, a comprehensive optoelectronic simulation
using a Silvaco ATLAS TCAD simulator is employed to design, optimize, and compare
two tandem architectures: all-organic and hybrid organic/silicon TSCs. The all-organic
configuration consists of polymer donors comprising a PBDB-T:F-M top sub-cell stacked
with a PTB7-Th:COi8DFIC:PC71BM bottom sub-cell, while the hybrid configuration in-
tegrates a PBDB-T:F-M organic top cell with a crystalline Si bottom cell. Calibrated de-
vice models, validated against experimental data of the individual sub-cells, are used to
evaluate tandem performance and guide systematic optimization. The two tandem archi-
tectures employ the same PBDB-T:F-M wide-bandgap organic top absorber (Eg~1.60 eV),
while the rear sub-cell consists of either the PTB7-Th:COi8DFIC:PC71BM organic absorber
(Eg~1.20 eV) or crystalline silicon (Eg~1.12 eV). The initial organic/organic tandem device
accomplishes a power conversion efficiency (PCE) of 15.70% and JSC of 10.96 mA/cm2,
whereas the organic/silicon tandem structure exhibits a higher initial PCE of 16.85% and JSC

of 12.26 mA/cm2. Following absorber-thickness optimization, the all-organic and hybrid
OSC/Si tandems achieve PCEs of 19.44% and 21.13%, respectively. Rather than constituting
a simple efficiency ranking, the comparison reveals distinct optical, electrical, and techno-
logical trade-offs. The hybrid architecture benefits from the broader spectral utilization and
efficient carrier collection of thin crystalline Si, whereas the all-organic configuration offers
advantages associated with low-temperature solution processing, reduced material con-
sumption, and potentially fully solution-processed photovoltaic fabrication. The calibrated
comparative framework therefore provides design guidance for selecting and optimizing
TSCs according to both performance and application requirements.
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1. Introduction
Solar energy stands as one of the most promising renewable energies [1,2], presenting

a clean, abundant, and sustainable means of meeting the raising energy demands [3–5].
Among the various solar technologies currently in use, silicon-based solar cells have
consistently dominated the market [6]. Crystalline silicon (c-Si) PV cells presently hold
approximately 90% of the global PV market, driven by their high PCE, reliability, cost-
effective manufacturing, and the well-established versatility of silicon in technologies
including microelectronics and silicon photonics [7–9]. The greatest certified efficiency
for c-Si cells has reached 26.7%, nearing the theoretical limit [10]. In addition to their
market dominance, c-Si solar cells are considered ideal bottom-cell candidates in tandem
architectures owing to their inherent material advantages. With a narrow bandgap of
1.12 eV, Si facilitates effective absorption of a large fragment of the solar spectrum.

Driven by the pursuit of higher efficiency and wider usability, researchers are explor-
ing alternative materials and advanced designs like thin-film solar cells (TFSC), which use
less material and offer lightweight, flexible applications [11]. To enhance the performance
of TFSCs, researchers have explored new materials and device structures, including organic
solar cells (OSCs), Copper Indium Gallium Selenide (CIGS), and perovskite solar cells
(PSCs). In recent years, OSCs have appeared as promising alternatives because of their
advantages such as lightweight structure, mechanical flexibility, and compatibility with
low-cost solution-processing techniques. Organic photovoltaic devices typically utilize con-
jugated polymers or small molecules as active materials capable of absorbing sunlight and
transporting charge carriers. The introduction of the bulk-heterojunction (BHJ) architecture
significantly improved exciton dissociation and charge transport by creating nanoscale
donor–acceptor interfaces [12]. Early OSCs demonstrated relatively low efficiencies below
10%, primarily due to limited absorption and charge-transport properties [13,14]. Nonethe-
less, the development of non-fullerene acceptor materials has dramatically improved device
performance in recent years. For instance, some studies reported OSC efficiencies exceeding
17% through optimized polymer donor and acceptor materials [15], while other investi-
gations demonstrated efficiencies reaching 18% using advanced morphology control in
non-fullerene acceptor systems [16]. More recently, further improvements in molecular
design and device engineering have enabled single-junction OSCs to achieve efficiencies ap-
proaching 20%, indicating significant progress toward commercialization [17]. In addition,
state-of-the-art organic photovoltaic devices have even reported efficiencies of approxi-
mately 20.19% through the development of rigid dimer acceptor structures that reduce
non-radiative recombination losses [18].

To surpass the efficiency limits of single-junction solar cells, researchers have increas-
ingly explored tandem solar cell (TSC) architectures, which combine multiple photovoltaic
materials with diverse bandgap energies to capture a wider portion of the solar spectrum.
In tandem structures, the top cell absorbs high-energy photons while lower-energy photons
are transmitted to the bottom cell, thereby reducing the thermalization losses inherent in
single-junction solar cells, and overcome the theoretical Shockley–Queisser (S-Q) efficiency
limit [19]. Numerous TSC architectures, including two-terminal (2-T) and four-terminal
(4-T) arrangements, have been extensively investigated through both experimental and nu-
merical studies. The 4-T configuration permits straightforward fabrication via mechanical
stacking; however, it introduces system-level complexity due to the independent electrical
outputs of each sub-cell. In contrast, the 2-T configuration, while requiring precise current
matching and more advanced fabrication procedures, enables more efficient incorporation
into PV modules. It employs a single transparent interlayer electrode, which reduces
parasitic optical losses [19].
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Various tandem architectures have been proposed, including all-organic and all-
perovskite TSCs along with hybrid TSCs such as silicon-based tandem systems [20–22], and
chalcopyrite-based systems [23–27]. In all-organic tandems, polymeric semiconductors are
particularly attractive because they offer solution processability, mechanical flexibility, and
tunable optical constants and bandgaps, features that also support their wide applicability
in optoelectronic devices [28–31]. In all-organic [32,33] and all-perovskite [34–36] tandem
configurations, both the front and bottom sub-cells are fabricated from structurally or
chemically similar materials but are engineered to exhibit different bandgap energies.

Representative all-organic devices have reported efficiencies of 16.4% in a monolithic
2-T architecture [37], 20.6% (certified 20.3%) in a 2-T tandem [38], 19.9% in a 2-T tandem [39],
and 16.94% in a 4-T configuration [40]. Theoretical modeling predicts that tandem con-
figurations incorporating a silicon bottom cell and a top cell having a bandgap energy
of approximately 1.7 eV could potentially achieve PCEs as high as 43% [41]. This effi-
ciency represents an idealized theoretical limit under restrictive radiative/detailed-balance
assumptions. For organic/Si tandems, both experimental and simulation studies have
examined 2-T and 4-T arrangements [42–44]. Recent TCAD work has also extended cali-
brated optoelectronic optimization to other hybrid tandems, including monolithic lead-free
perovskite/Si and perovskite/u-CIGS tandems [45,46]. These studies further emphasize
the importance of coupled optical–electrical optimization and current management.

Despite these promising attributes, the integration of organic and Si cells in tandem
architectures remains relatively unexplored compared with other tandem technologies,
with only limited experimental and theoretical investigations reported to date [42–44].
Previous investigations have demonstrated the feasibility of combining organic absorbers
with silicon; however, a systematic and experimentally calibrated comparison between
all-organic (OSC/OSC) and hybrid organic/Si (OSC/Si) two-terminal tandems under an
identical optoelectronic modeling framework remains limited. This highlights a significant
research gap in the development and performance optimization of organic/silicon TSCs.
In the present work, two monolithic two-terminal tandem architectures sharing the same
PBDB-T:F-M organic top sub-cell are directly compared. In the first configuration, a PTB7-
Th:COi8DFIC:PC71BM organic absorber is employed as the bottom sub-cell, forming an
all-organic tandem, whereas in the second configuration the organic bottom sub-cell is
replaced by crystalline silicon to form a hybrid organic/Si tandem. The motivation for
introducing Si as the rear absorber is based on its narrower bandgap, broader spectral
response, and higher carrier mobilities, which are expected to enhance collection of the
photons transmitted through the wide-bandgap organic top sub-cell. Thus, the working
hypothesis is that the Si bottom junction can increase the tandem photocurrent and overall
conversion efficiency, even though its smaller bandgap may introduce larger thermalization
losses and may slightly reduce the total tandem VOC. This hypothesis is evaluated through
experimentally calibrated optoelectronic simulations.

The main contributions of this work are as follows. First, the individual organic top
cell, organic bottom cell, and crystalline Si cell are calibrated against experimental J-V and
EQE data before their incorporation into the tandem structures, providing a common exper-
imentally anchored modeling framework. Second, simultaneous optimization of the top-
and bottom-absorber thicknesses is performed. Finally, energy-loss decomposition, spatial
current-density distributions, and energy-band profiles are analyzed to identify the physi-
cal mechanisms responsible for the different performances of the two tandem architectures.
A distinctive aspect of the present work is the explicit distinction between the current-
matching condition and the maximum-efficiency condition. In monolithic two-terminal
tandem cells, current matching is commonly employed as an important optical design
criterion. However, matching the generated photocurrents does not necessarily maximize
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the electrical output power. Therefore, in this work, absorber-thickness variation is used to
independently determine both the strict current-matching point and the maximum-PCE
point through coupled optical–electrical simulations. The resulting comparison reveals
that the two operating conditions do not necessarily coincide, providing insight into the
trade-off between optical current balance and electrical device performance. This aspect is
less frequently emphasized in previous optimization studies of organic-based two-terminal
tandem solar cells. Through this combined approach, the study provides a physics-based
explanation of why the hybrid organic/Si tandem achieves superior conversion efficiency.

2. TCAD Methodology and Device Structures
2.1. Silvaco ATLAS TCAD Simulation Framework

Relying on experimental trial and error to optimize TSCs is both costly and inefficient,
frequently leading to unnecessary resource expenditure. As a result, simulations play a vital
role in analyzing and refining TSCs before physical fabrication. Nevertheless, the accuracy
and credibility of these simulation outcomes must be validated by comparing them to ex-
perimental data. In this work, both the all-organic and hybrid organic/Si TSCs are modeled
using the ATLAS device simulator (version 5.32.1.R) within the Silvaco TCAD framework.
Atlas numerically solves the fundamental semiconductor transport equations, namely, the
carrier continuity equations for both electrons and holes, using the drift-diffusion model in
conjunction with Poisson’s equation. To accurately represent physical processes, recom-
bination mechanisms such as the Shockley–Read–Hall (SRH) and Auger mechanisms are
activated, accounting for trap states within the energy gaps of different layers and the high
carrier concentrations that may arise during device operation. All TCAD simulations are
conducted under standard AM1.5G solar illumination conditions (1000 W/m2) at a fixed
temperature of 300 K. Figure S1 presents a schematic flow chart outlining the fundamental
components of the Silvaco simulation process. Further details regarding the assumptions,
limitations, and methodological constraints of the simulation framework are provided in
the Supplementary Material (Supplementary Note S1). In addition, the assumptions and
practical considerations associated with the ITO interconnecting layer, linking the top with
the bottom cells, are addressed in Supplementary Note S2.

2.2. Calibration of Individual Organic Top and Bottom Cells and Si-Cell

The experimental data used for calibration in this study were obtained from previ-
ously published measurements. The top and bottom organic sub-cells are based on the
experimental devices reported by Firdaus et al. [47]. That study also provides an experi-
mentally demonstrated double-junction organic tandem based on the same material family,
allowing an additional benchmark of the initial OSC/OSC tandem discussed later. The
silicon calibration data were taken from the thin silicon heterojunction study in Ref. [48].

In this phase of our study, we calibrate the simulated solar cell models by benchmark-
ing them against their experimentally fabricated counterparts to confirm the reliability
of the simulation framework. This validation process involves a detailed comparison of
key photovoltaic parameters, including PCE, J-V characteristic curves, and EQE spectra,
between experimental measurements and simulation outputs. Table 1 summarizes the
fundamental physical properties of all materials utilized in the simulations of the top OSC,
bottom OSC, and Si solar cell. In addition to bulk recombination, which was represented
through the carrier lifetimes listed in Table 1, interfacial recombination was also included
in the simulations. Surface recombination velocities (SRVs) were assigned at the relevant
organic absorber/transport-layer interfaces. Initial values on the order of 1 cm/s were
adopted for the OSCs and slightly adjusted during calibration to reproduce the experimen-
tal characteristics. For the Si solar cell, no explicit interface recombination was introduced
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because the simulated structure exhibits predominantly homojunction-like carrier trans-
port, without a distinct heterointerface comparable to those present in the organic sub-cells.
Accordingly, recombination in the Si device was primarily described through the bulk
recombination mechanisms and carrier lifetimes included in the model.

Table 1. Key input parameters of the top OSC, bottom OSC and Si solar cell materials [47–51].

Parameter ZnO (ETL) Top OSC
Absorber

ZnO NP
(ETL)

Bottom OSC
Absorber

MoO3
(HTL)

Poly-Si
(Doped)

Si
Absorber

Poly-Si
(Doped)

Thickness 50 nm 130 nm 50 nm 110 nm 10 nm 100 nm 30 µm 200 nm

Electrical bandgap
(eV) 3.3 1.6 3.1 1.2 2.3 1.12 1.12 1.12

Electron affinity
(eV) 4.1 3.7 4.1 4 3 4.05 4.05 4.05

Relative dielectric
permittivity 9 3 9 10 3.5 11.7 11.7 11.7

CB effective DOS
(1/cm3) 2.2 × 1018 1.0 × 1020 1 × 1020 1.0 × 1022 1.0 × 1017 2.8 × 1019 2.8 × 1019 2.8 × 1019

VB effective DOS
(1/cm3) 1.8 × 1019 1.0 × 1020 1 × 1017 1.0 × 1022 1.0 × 1017 1.04 × 1019 1.04 × 1019 1.04 × 1019

Electron mobility
(cm2/Vs) 200 6.04 × 10−4 200 4.9 × 10−4 1.620 × 101 1000 1000 1000

Hole mobility
(cm2/Vs) 25 2.86 × 10−4 25 4.9 × 10−4 1.620 × 101 500 500 500

Donor density
(1/cm3) 1.0 × 1018 0 1.0 × 1020 1 × 1014 0 4 × 1018 1 × 1015 4 × 1018

Acceptor density
(1/cm3) 0 1 × 1014 0 0 1 × 1018 0 0 0

Carrier lifetime (s) 1 × 10−5 1 × 10−3 1 × 10−5 1 × 10−3 1 × 10−5 5 × 10−6 250 × 10−6 5 × 10−6

The parameters summarized in Table 1 have different origins. Device structures, ab-
sorber compositions, and experimentally reported layer thicknesses were retained from
the corresponding fabricated reference cells [47,48]. Material properties available from
experimental reports or the established literature were directly adopted and kept fixed
during calibration. The material parameters corresponding to the ETL and HTL were
adopted from Refs. [49–51]. Parameters that were not experimentally reported, particularly
effective defect-related quantities and, where required, doping concentrations, were esti-
mated within physically reasonable ranges and adjusted during calibration to reproduce
the measured J-V and EQE responses. A detailed classification of the parameters according
to their origin, experimental, literature-derived, estimated, or calibrated, is provided in
Table S1 of the Supplementary Material.

These material parameters serve as input values in numerical modeling and signif-
icantly influence the optical absorption, charge transport, and PV performance of the
simulated device structures. After incorporating all relevant material properties and physi-
cal modeling parameters, we perform simulations of the J-V and EQE characteristics for
the top OSC, the bottom OSC and Si-bottom solar cell. The calibration was performed by
simultaneously comparing the simulated and experimental J-V and EQE characteristics, as
well as the extracted JSC, VOC, FF, and PCE. This multi-observable calibration reduces the
degree of parameter ambiguity compared with fitting the J-V curve alone.

Figure 1a illustrates a schematic of the top OSC structure, highlighting the fundamental
thin-film layers, whereas Figure 1b presents the band-edge levels of the various materials
used, depicted prior to contact. The cell assembly comprises ITO/ZnO/PFN-Br/PBDB-
T:F-M/Ag. In this cell, the absorber blend consists of PBDB-T and F-M. PBDB-T is a
high-performance conjugated polymer donor known for its strong absorption coefficient,
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deep-lying HOMO level, and high carrier mobility. F-M serves as the acceptor component,
enabling effective exciton dissociation and charge transport when paired with the polymer
donor PBDB-T. The effect of the ultrathin PFN-Br interlayer was modeled through an
effective SRV assigned at the ZnO ETL/organic absorber interface. The fabrication details
of this OSC are provided in Ref. [47]. This solar cell adopts a heterostructure design without
an HTL, representing an HTL-free configuration. In this architecture, the organic thin-
film blend PBDB-T:FM functions as the photoactive absorber with a thickness of 130 nm.
A 50 nm ZnO layer serves as the ETL, while the front indium tin oxide (ITO) and rear
electrodes have work functions of 4.3 eV and 4.7 eV, respectively. The resulting simulated
and experimental curves for our single-junction top cell are displayed in Figure 1c for
EQE spectra and Figure 1d for J-V characteristics. Notably, the bulk and interface defect
parameters of the OSC were fine-tuned to optimize the alignment between simulated
results and empirical data, ensuring a high-fidelity model fit.

  
(a) (b) 

  
(c) (d) 

Figure 1. (a) Top OSC arrangement and (b) corresponding energy-band diagram, (c) EQE validation,
and (d) J-V validation of the initial top OSC.

Additionally, for the bottom OSC [47], Figure 2a presents its schematic layout, illus-
trating the different layers, while Figure 2b depicts the band-edge levels of the materials
prior to contact. The organic bottom-cell device architecture is composed of a multilayered
structure starting with a 100 nm-thick Hsolar transparent conducting electrode. This is fol-
lowed by a 50 nm thick electron transport layer of zinc oxide nanoparticles (ZnO NP). The
active layer, a bulk heterojunction with a thickness of 110 nm, consists of a ternary blend of
PTB7-Th, COi8DFIC, and PC71BM. PTB7-Th is the polymer donor in this ternary organic
blend, widely used for its strong light absorption and effective hole-transport properties
in bulk-heterojunction devices. COi8DFIC and PC71BM act as the acceptor components,
with COi8DFIC serving as the non-fullerene acceptor and PC71BM as the fullerene acceptor
that can help optimize charge transport and blend morphology. Above the organic blend,
a 10 nm layer of molybdenum trioxide (MoO3) serves as the HTL, and the structure is
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completed with a silver (Ag) top electrode. The resulting simulated and experimental
curves for our single-junction bottom cell are displayed in Figure 2c for EQE spectra and
Figure 2d for J-V characteristics.

  
(a) (b) 

  
(c) (d) 

Figure 2. (a) Bottom OSC arrangement and (b) corresponding energy-band diagram, (c) EQE
validation, and (d) J-V validation of the initial bottom OSC.

Finally, for the rear Si cell, Figure 3a presents a detailed schematic diagram illustrating
the arrangement and composition of its various layers. Figure 3b further provides the
corresponding band-edge energy levels, prior to electrical contact, of the Si substrate and
the poly-Si layer, as well as the front and rear contact materials. The device is constructed
on an n-type thin-film Si wafer with a thickness of 30 µm, which had been fabricated in
earlier work, as described in [48]. While this thickness is comparatively larger than that of
typical ultra-thin wafers, it still exhibits notable mechanical flexibility, a property confirmed
by experimental results reported in [48]. This combination of mechanical robustness
and flexibility makes it well-suited for integration into tandem structures. The resulting
simulated and experimental curves for our silicon cell are displayed in Figure 3c for EQE
spectra and Figure 3d for J-V characteristics.
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(a) (b) 

  
(c) (d) 

Figure 3. (a) Si-bottom-cell arrangement, (b) corresponding energy-band diagram cell, (c) EQE
validation, and (d) J-V validation of the initial Si cell.

The results illustrated in the J-V and EQE curves that compare the experimental vs
simulation results detailed in Table 2 clearly highlight the success of the calibration process,
as indicated by the strong correlation between the simulated outcomes and experimental
measurements. To further provide a quantitative assessment of the J-V calibration quality,
the root-mean-square error (RMSE) was calculated between the simulated and experimental
current densities at corresponding voltage points according to

RMSE =

√√√√ 1
N

N

∑
i=1

[
Jsim(Vi)− Jexp(Vi)

]2

where Jsim and Jexp are the simulated and experimental current densities calculated at
voltage Vi, and N is the number of samples. The resulting RMSE values were 0.357, 0.886,
and 0.0941 mA/cm2 for the top OSC, bottom OSC, and Si cell, respectively. These relatively
small deviations, together with the agreement in the extracted photovoltaic parameters
and EQE spectra, support the use of the calibrated models for the subsequent tandem-
cell analysis.
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Table 2. PV parameters of both experimental and simulated organic and Si cells.

PV Parameters JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Top OSC
Experimental 15.40 0.98 71.70 10.90

This work 15.75 0.97 70.00 10.73

Bottom OSC
Experimental 25.50 0.71 70.40 12.70

This work 24.94 0.69 67.50 11.65

Bottom Si cell
Experimental 26.80 0.63 76.50 12.90

This work 26.77 0.63 78.20 13.10

3. Results and Discussion
This section presents a comparative performance and physics-based analysis of the

proposed OSC/OSC and hybrid OSC/Si TSCs, developed using experimentally calibrated
TCAD models. First, the initial configurations of both tandem architectures are established
and their baseline J-V and EQE characteristics are evaluated to provide a common reference
for the subsequent optimization. Next, an energy-loss analysis of the individual constituent
cells is presented to identify the dominant optical and electrical loss mechanisms and to
clarify their influence. The effects of the top- and bottom-absorber thicknesses are then
systematically investigated to determine the thickness combinations that maximize the PCE
of each architecture. The analysis is subsequently extended to examine the relationship be-
tween strict current matching and maximum-efficiency operation. Although ideal tandem
performance requires matched photocurrents, slightly mismatched conditions may yield
higher overall efficiency. Therefore, both operating regimes are evaluated and compared to
quantify efficiency limits and current-balance constraints in OSC/OSC and OSC/Si TSCs.
Next, the internal device physics is examined through spatial current-density distributions
and energy-band alignment profiles. These results provide insight into voltage addition,
carrier transport, recombination behavior, and charge extraction mechanisms. Finally, the
intrinsic challenges associated with each architecture are discussed, highlighting material
limitations in OSC/OSC tandems and optical–electrical coupling and interface constraints
in OSC/Si devices. This comparative analysis establishes clear design considerations for
optimizing fully organic and hybrid TSCs.

3.1. Initial Configuration and Baseline Performance of Organic/Organic and Organic/Si
Tandem Cells

The schematics of the proposed organic/organic and organic/Si tandem solar cell
configurations are presented in Figures 4a and 5a, while the complete energy-band diagrams
are illustrated in Figures 4b and 5b, respectively. These designs strategically combine a
wide-bandgap organic top cell with a narrow bandgap organic or Si bottom cell to optimize
light absorption. In the subsequent simulations, the top and rear cells are interconnected
utilizing an ITO interlayer, which serves as a shared electrode to facilitate seamless current
flow between the two sub-cells and to ensure proper boundary conditions are maintained.

Figure 6a,b present the simulated J-V characteristics of the two investigated tandem
configurations, while Figure S2 provides a direct comparison between their performances.
In addition, Figure 7a,b illustrate the EQE spectra of both devices. The extracted pho-
tovoltaic parameters are listed in Table 3. As shown in the table, the organic/organic
TSC exhibits a VOC of approximately 1.7 V, a JSC of 10.96 mA/cm2 and PCE of 15.7%. In
contrast, the organic/Si tandem configuration demonstrates a slightly lower VOC of 1.63 V
but achieves a higher JSC of 12.26 mA/cm2 resulting in a boosted PCE of 16.85%. The
higher VOC observed in the organic/organic TSC can be attributed to the larger combined
bandgap of the stacked organic sub-cells, which increases the built-in potential of the device.
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However, the organic/silicon tandem structure benefits from the superior charge-transport
properties and broader spectral absorption of silicon, leading to improved photocurrent
generation and overall device efficiency.

  
(a) (b) 

Figure 4. (a) Basic organic/organic tandem arrangement and (b) corresponding energy-band diagram.

  
(a) (b) 

Figure 5. (a) Basic organic/Si tandem arrangement and (b) corresponding energy-band diagram.

  
(a) (b) 

Figure 6. (a) OSC/OSC J-V curve for front vs rear vs tandem. (b) OSC/Si J-V curve for top vs bottom
vs tandem.
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(a) (b) 

Figure 7. (a) OSC/OSC EQE curve for top and bottom. (b) OSC/Si EQE curve for top and bottom.

Table 3. TSC parameters of OSC/OSC and OSC/Si.

PV Parameters JSC (mA/cm2) VOC (V) FF
(%) PCE (%)

Organic/organic tandem 10.96 1.70 83.76 15.70

Organic/Si tandem 12.26 1.63 84.31 16.85

It is worth noting that additional experimental support is available for the initial
all-organic tandem configuration. The organic sub-cell structures employed in the present
model were adopted from the same experimental study in which the same organic tandem
device was demonstrated. The reported experimental tandem exhibited an average VOC

of about 1.66 V, and PCE of about 16.3%. The corresponding initial OSC/OSC tandem
simulated in the present work yields a PCE of 15.7% and VOC of approximately 1.70 V,
showing reasonably close agreement with the experimentally demonstrated tandem and
providing additional confidence in the adopted modeling framework. In contrast, the
OSC/Si tandem investigated here represents a proposed material combination and device
architecture for which no directly corresponding experimental tandem has been reported.

3.2. Energy-Loss Analysis

To evaluate the energy losses in the analyzed standalone cells, we categorize the
various loss mechanisms in accordance with Refs. [52,53]. Notably, a quantitative anal-
ysis of energy losses is a critical preliminary step in the design of the proposed tandem
structure, as it enables the identification of the dominant mechanisms limiting device
performance. The total energy losses can be split into different components, as addressed
in the Supplementary Materials (Note S2).

Figure 8 shows energy-loss components for the three cells, while Table 4 compares all
the distributed energy components of the top OSC, bottom OSC and bottom Si cell. For
the top OSC, the transmission loss was determined to be 43.052 mW/cm2, compared to
22.86 mW/cm2 for the bottom OSC and 18.42 mW/cm2 for the silicon cell. This reduction in
transmission losses for the bottom cells can be attributed to their broader spectral absorption
range. In terms of absorption losses, the top OSC exhibited a value of 31.486 mW/cm2,
while the bottom OSC and silicon cells showed slightly higher values of 34.93 mW/cm2

and 31.20 mW/cm2, respectively.
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(a) (b) 

 
(c) 

Figure 8. Spectral power density distribution illustrating the energy-loss elements in (a) the initial top
OSC cell structure, (b) the initial bottom OSC cell structure and (c) the initial bottom Si cell structure.

Table 4. Comparison between the distributed energy components of the top OSC, bottom OSC and
bottom Si cell.

W/cm2 Etrans Eabs Eth EVOC EFF Econv

Top OSC 43.052 31.486 6.823 6.937 3.253 7.430

Bottom OSC 22.86 34.93 14.93 11.16 4.91 10.20

Bottom Si 18.42 31.20 19.50 13.07 3.66 13.14

Thermalization losses are significantly lower in the top OSC (6.823 mW/cm2) com-
pared to the bottom OSC (14.93 mW/cm2) and the silicon cell (19.50 mW/cm2), which can
be primarily explained by the wider bandgap of the top sub-cell. Furthermore, the three
devices demonstrated comparable values for EVoc and EFF, with the top OSC exhibiting
marginally reduced losses. The converted energy (Econv) is found to be 7.43 mW/cm2 for
the top OSC, 10.2 mW/cm2 for the bottom OSC, and 13.14 mW/cm2 for the silicon cell.

3.3. Thicknesses of Both Organic/Organic and Organic/Silicon Absorber Layers

Notably, when the front absorber layer is excessively thin, insufficient absorption of
high-energy photons occurs, leading to a limitation in JSC. In contrast, an overly thick
front absorber increases series resistance, thereby decreasing the fill factor. Moreover,
excessive front-layer thickness diminishes the spectral irradiance transmitted to the rear
sub-cell, consequently reducing its JSC. In addition, a thicker organic layer increases the
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carrier-transport distance and, because of the comparatively low effective mobilities of the
bulk-heterojunction absorber, increases the sensitivity to recombination and incomplete
carrier collection. This interpretation is specific to the organic absorber. The thickness of the
rear absorber also exerts a significant influence on device performance. An increased rear
absorber thickness enhances the absorption of low-energy photons, contributing to higher
JSC and VOC. However, when the rear absorber becomes too thick, carrier recombination
losses intensify, and FF degradation can occur, resulting in a saturation or decline in overall
device performance.

In our analysis of thickness variations, the thickness of the top PBDB-T:F-M absorber
layer (tTA) in the OSC/OSC TSC was varied from 50 to 350 nm in increments of 25 nm, while
the thickness of the bottom PTB7-Th:COi8DFIC:PC71BM absorber layer (tBA) was adjusted
between 200 and 400 nm using the same step size. Figure 9a presents the dependence of
tandem PCE on tTA for multiple values of tBA. On the other hand, for the organic/silicon
TSC, Figure 9b shows an analogous analysis in which the thickness of the top PBDB-T:F-M
organic absorber (tTA) was similarly varied from 50 to 400 nm with 25 nm increments,
whereas the thickness of the Si bottom absorber (tBA) was varied from 30 µm to 100 µm in
steps of 10 µm.

 
(a) (b) 

Figure 9. (a) Impact of thickness of both PBDB-T:F-M/PTB7-Th:COi8DFIC:PC71BM layers on the
PCE of OSC/OSC TSC, and (b) impact of thickness of both PBDB-T:F-M/Silicon layers on the PCE of
OSC/Si TSC.

For the OSC/OSC TSC, the results clearly demonstrate that the PCE exhibits a strong
dependence on the thickness of the PBDB-T:F-M top absorber for each selected bottom-
absorber thickness. In all cases, the PCE increases with tTA up to an optimal value, beyond
which it decreases. Moreover, the maximum achievable PCE increases as tBA becomes
larger. For tBA = 200 nm, the maximum PCE slightly exceeds 18%, reaching its optimum of
approximately 18.2% at a top-absorber thickness of around 125 nm. When tBA is increased
to 400 nm, the PCE attains a higher peak of about 19.5% at a tTA of roughly 150 nm. These
results indicate that thicker bottom-absorber layers shift the optimal top-absorber thickness
toward higher values.

In the organic/silicon TSC, the PCE strongly depends on the thickness of the PBDB-
T:F-M top absorber. For all silicon bottom-absorber thicknesses, the PCE rises with tTA

until reaching an optimum and then decreases. As the silicon bottom absorber becomes
thicker (from 30 µm to 100 µm), the maximum PCE increases. At 30 µm, the device achieves
~16.75% PCE at ~125 nm top thickness, whereas at 100 µm, the peak improves to ~21.5% at
~175 nm. Thus, increasing the silicon absorber thickness shifts the optimal top-absorber
thickness to higher values.
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The selection of absorber thicknesses for the maximum-efficiency configuration was
based on identifying a practical optimum that provides high PCE while avoiding unneces-
sary increases in material consumption. As the bottom-absorber thickness increases, the
PCE initially improves; however, beyond a certain thickness, the additional efficiency gain
becomes marginal. Therefore, a bottom-organic absorber thickness of 350 nm was selected
for the OSC/OSC tandem, since further increasing the thickness to 400 nm results in only a
very small PCE enhancement. Similarly, an 80 µm Si bottom absorber was selected for the
OSC/Si tandem because further increases in Si thickness provide only limited improve-
ment in PCE while requiring additional absorber material. Thus, the selected thicknesses
represent practical near-optimal design points that balance photovoltaic performance and
material utilization.

3.4. Current Matching vs Maximum Efficiencies for Both TSCs

To achieve current matching in both TSC configurations, a series of optical–electrical
simulations were performed in which the absorber-layer thicknesses were systematically
varied. For the organic/organic TSC, the thickness of the top-absorber layer (tTA) was
varied from 50 nm to 250 nm in increments of 25 nm. The bottom-absorber layer (tBA) was
scanned from 100 nm to 400 nm with a step size of 50 nm. For the organic/silicon TSC, tTA

was likewise varied from 50 nm to 250 nm, while the silicon bottom absorber was varied
from 30 µm to 100 µm in increments of 10 µm.

The resulting JSC of both the front and rear sub-cells were evaluated, as illustrated
in Figure 10a for the organic/organic TSC and Figure 10b for the organic/silicon TSC.
In the organic/organic TSC, increasing tTA leads to an increase in the top-cell JSC and a
corresponding decrease in the bottom-cell JSC. This behavior arises because a thicker top
absorber captures a larger fraction of incident photons, thereby decreasing the transmitted
spectrum available to the bottom sub-cell. Furthermore, increasing tBA improves the JSC of
the bottom sub-cell as expected for thicker absorber layers. Current matching is achieved
at the intersection point where the JSC values of the two sub-cells become equal.

(a) (b) 

Figure 10. (a) Illustrating current-matching conditions for organic/organic TSC; (b) illustrating
current-matching conditions for organic/silicon TSC.

A similar trend is observed for the OSC/Si tandem, where increasing the top-absorber
thickness enhances the top-cell current while reducing the bottom-cell current. Meanwhile,
increasing the Si thickness improves the bottom-cell current owing to enhanced absorption.
Analysis of the data presented in Figure 10 indicates that, for the organic/organic TSC, the
optimal current-matching condition is obtained at a top-absorber thickness of tTA = 89.5 nm
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and a bottom-absorber thickness of tBA = 350 nm, resulting in a matched JSC of 15.4 mA/cm2.
For the OSC/Si TSC achieves optimal current matching at tTA = 124.5 nm and tBA = 80 µm,
corresponding to a matched JSC of 16.69 mA/cm2.

To provide further physical insight into the absorber-thickness optimization, additional
spatial photogeneration profiles are presented in Figure S3 of the Supplementary Material
for the OSC/OSC tandem. The results show that increasing the top-absorber thickness from
89.5 to 150 and 250 nm extends the photogeneration region within the top sub-cell, allowing
a larger fraction of the incident photons to be absorbed before reaching the rear sub-cell.
Consequently, the photogeneration rate in the bottom organic absorber progressively
decreases as the top absorber becomes thicker. The 89.5 nm configuration, corresponding to
the current-matching condition, allows greater photon transmission to the bottom sub-cell,
whereas the 250 nm top absorber produces stronger optical attenuation and noticeably
suppresses rear-cell photogeneration. The 150 nm configuration provides a more favorable
balance between photon harvesting in the front cell and sufficient photogeneration in
the rear cell, consistent with the maximum-PCE condition obtained from the coupled
optoelectronic optimization.

Figure 11 displays the J-V characteristics under maximum-efficiency conditions for the
two device architectures. Specifically, Figure 11a corresponds to the all-organic TSC with
an active layer thickness of tTA = 150 nm for the top-absorber and tBA = 350 nm for the
bottom absorber. In contrast, Figure 11b represents the hybrid organic/silicon TSC, where
the top absorber thickness is maintained at tTA = 150 nm, while the silicon bottom absorber
has a significantly larger thickness of tBA = 80µm. These results highlight the effect of
absorber material and thickness on charge transport and overall device performance under
optimized efficiency conditions.

  
(a) (b) 

Figure 11. J-V curves at maximum efficiency for (a) optimized OSC/OSC TSC, and (b) optimized
OSC/Si TSC.

Figure 12 depicts the J-V characteristics under current-matching conditions, which are
critical for tandem device optimization due to the series electrical configuration of sub-cells.
For the all-organic TSC (Figure 12a), current matching is achieved at tTA = 89.5 nm and
tBA = 350 nm. Meanwhile, the organic/silicon TSC (Figure 12b) requires a slightly thicker
top-absorber layer of tTA = 124.5 nm, with the silicon bottom layer thickness remaining at
tBA = 80µm. The shift in optimal thickness values reflects the differences in absorption
coefficients and carrier generation profiles between organic and inorganic materials.
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(a) (b) 

Figure 12. J-V curves at current matching for (a) optimized OSC/OSC TSC, and (b) optimized
OSC/Si TSC.

Finally, Figure S4a and Figure S4b present the EQE spectra under current-matching
conditions for the all-organic and organic/silicon TSCs, respectively. These EQE pro-
files provide insight into the wavelength-dependent photo response of each sub-cell and
confirm the spectral complementarity required to achieve effective current matching in
tandem configurations.

Table 5 summarizes the photovoltaic parameters of the organic/organic TSC under
two operating conditions: maximum efficiency and current matching. At the maximum-
efficiency point, the TSC exhibits a JSC of 14.5 mA/cm2 and a VOC of 1.72 V. Under current-
matching conditions, the device achieves a higher JSC of 15.4 mA/cm2, while the VOC

slightly decreases to 1.70 V. Although current matching does not correspond to the absolute
maximum efficiency, the associated performance loss is minimal. Current matching occurs
at a top-absorber thickness (tTA) of 89.5 nm, yielding a tandem PCE of 18.68%. By compari-
son, the highest PCE of 19.44% is obtained at a larger tTA of 150 nm. These results indicate
that the tandem device maintains nearly equivalent performance under current-matching
conditions at reduced absorber thickness, with only a minor efficiency trade-off.

Table 5. PV metrics of the 2-T Organic/Organic TSC at maximum-efficiency and at current-
matching conditions.

Cell Thickness JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Maximum
Efficiency

Organic/organic

Top 150 nm 16.46 0.98 71.76 11.53

Bottom 350 nm 33.57 0.70 56.78 13.41

Tandem 14.50 1.72 77.92 19.44

Current
Matching

Organic/organic

Top 89.5 nm 15.40 1.02 68.82 10.88

Bottom 350 nm 15.40 0.69 77.75 8.38

Tandem 15.40 1.70 70.27 18.68

Table 6 presents the corresponding photovoltaic metrics for the OSC/Si TSC under
maximum efficiency and current-matching conditions. At maximum efficiency, the tandem
cell delivers a JSC of 16.34 mA/cm2 and a VOC of 1.64 V. Under current-matching conditions,
the JSC increases to 16.69 mA/cm2, while the VOC remains unchanged at 1.64 V. Similar
to the organic/organic configuration, operation under current-matching conditions leads
to only a slight reduction in efficiency. Current matching is achieved at a tTA of 124.5 nm,
resulting in a tandem PCE of 20.95%. The maximum PCE of 21.13% is attained at a thicker
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front absorber layer of 150 nm. This demonstrates that the organic/silicon TSC device can
operate close to its peak efficiency under current-matching conditions while employing
thinner absorber layers, incurring only a marginal efficiency penalty.

Table 6. PV performance metrics of the monolithic organic/silicon TSC at maximum-efficiency and
at current-matching conditions.

Cell Thickness JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Maximum
Efficiency

Organic/silicon

Top 150 nm 16.46 0.98 71.76 11.53

Bottom 80 µm 36.30 0.636 76.20 17.58

Tandem 16.34 1.64 78.97 21.13

Current
Matching

Organic/silicon

Top 124.5 nm 16.69 1.02 73.10 12.44

Bottom 80 µm 16.69 0.62 82.48 8.48

Tandem 16.69 1.64 75.44 20.59

3.5. Current Densities and Band Energy Profiles for Both TSCs

To better understand the operation and charge carrier dynamics of the OSC/OSC and
OSC/Si TSC, the current-density and energy-band profiles are presented in Figures 13 and 14.
These results provide insight into charge transport and energy alignment within the devices.
Figures 13a and 14a illustrate the current-density profiles across the thickness of both TSC
structures, organic/organic and organic/silicon, under CM conditions. These figures
provide a detailed visualization of the current flow within the devices, emphasizing the
interaction between the sub-cells and the recombination interlayer junction. In these plots,
three current components are presented: the electron current density (Jn), the hole current
density (Jp), and the total current density (J).

  
(a) (b) 

Figure 13. (a) Current density across the thickness of organic/organic TSC at current-match condition
and (b) energy-band profile of the OSC/OSC TSC.

For the front organic sub-cell, Jn gradually declines toward the recombination junction
due to electron–hole recombination and charge transfer processes. The sharp fall beneath
the interlayer indicates an active recombination region, facilitating effective inter-band
charge transfer between the two sub-cells. Similarly, in the bottom sub-cell, Jp decreases
toward the recombination interlayer, reflecting analogous recombination behavior. The
trends observed in Jn and Jp collectively demonstrate a balanced recombination and charge
transfer process between the sub-cells. The distinct discontinuity at the recombination in-
terlayer signifies a region of significant carrier interaction, confirming the efficient coupling
of the sub-cells in both tandem configurations.
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(a) (b) 

Figure 14. (a) Current density across the thickness of organic/silicon TSC at current-match condition,
and (b) energy-band profile of the OSC/Si TSC.

Figures 13b and 14b present the band energy profiles of both TSCs under the same
conditions. These profiles provide an in-depth visualization of the band alignment, charge-
transport barriers, and potential gradients across the various layers of the tandem structures.
The noticeable band bending within the photoactive layers indicates the existence of built-
in electric fields, which serve as the primary driving forces for charge separation and
transport. Furthermore, the band diagrams reveal the lack of a significant voltage drop
at the recombination junction, as evidenced by the close alignment of the electron and
hole quasi-Fermi levels (EFn and EFp). This alignment implies that the recombination
interlayer facilitates efficient charge transfer between sub-cells with minimal energy loss,
thereby contributing to the overall high performance and low interfacial resistance of both
tandem configurations.

3.6. Organic/Organic Versus Organic/Si Tandem Solar Cells

From a device-physics standpoint, the high performance of the hybrid OSC/Si tandem
is mainly a consequence of stronger spectral complementarity and more efficient carrier
collection in the bottom sub-cell. In both tandems, the PBDB-T:F-M top absorber acts as a
wide-bandgap front junction. The decisive difference appears in the rear junction. When
the bottom cell is the ternary organic blend, the tandem benefits from low-temperature
processability and reasonable spectral extension into longer wavelengths, but the rear cur-
rent remains limited by the intrinsically lower carrier mobilities, lower dielectric screening,
and stronger sensitivity to trap-assisted recombination that is typical of organic semicon-
ductors. By contrast, replacing the organic rear junction with silicon introduces a bottom
absorber with a broader effective absorption window, substantially higher carrier mobilities
and more robust collection of photogenerated carriers. This is why the OSC/Si tandem
delivers higher JSC and PCE even though its total VOC is slightly lower than that of the
OSC/OSC structure.

This comparison is consistent with the calibrated energy-loss analysis and with the
thickness-dependent trends observed in this work. The organic top cell exhibits relatively
large transmission loss. In an OSC/OSC tandem, the bottom organic cell can recover only
part of the transmitted flux, since its optical absorption and electrical extraction remain
constrained by finite thickness, moderate mobility, and recombination losses. However,
in the OSC/Si tandem, the Si cell converts a larger fraction of the transmitted red and
near-infrared photons, thereby reducing the effective spectral loss of the tandem as a
whole. Although silicon experiences larger thermalization and voltage losses because
of its smaller bandgap, these penalties are overcompensated by the much larger usable
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photocurrent and more efficient charge extraction. Therefore, the hybrid tandem achieves a
more favorable balance between transmission loss, carrier collection, and series-connected
current generation.

The current-matching behavior further reflects the underlying transport mechanisms.
In a monolithic two-terminal tandem, the current is limited by the weaker sub-cell, and
therefore thickness optimization is fundamentally important to control the optical distri-
bution while preserving electrical extraction. In the OSC/OSC tandem, increasing the
top-organic thickness rapidly increases the front-cell photocurrent but simultaneously
deprives the bottom organic cell of photons. Since the rear organic cell is already transport-
limited, the current-matching window remains relatively narrow. This explains the stronger
trade-off between optical gain in the top cell and electrical penalty in the bottom cell. In the
OSC/Si tandem, the silicon bottom junction acts as a much stronger current reservoir. Once
sufficient photons are transmitted through the front cell, silicon can sustain a higher rear
current because of its superior absorption depth and collection efficiency. As a result, the
current-matched and maximum-efficiency operating points remain closer to each other, and
the efficiency penalty associated with current matching is smaller in the hybrid structure
than in the all-organic device.

From the fabrication perspective, the all-organic tandem offers an important tech-
nological advantage because both sub-cells can be produced through low-temperature
solution-based processing on lightweight and flexible substrates. Nevertheless, the fabri-
cation window is narrow. Since both photoactive junctions are organic, the deposition of
upper layers can partially dissolve or restructure previously deposited layers [33,37–40].
The hybrid OSC/Si tandem follows a fundamentally different integration mechanism. In
this case, the silicon bottom cell is usually fabricated first using a mature wafer-based or thin
silicon process, after which the organic top sub-cell is integrated by direct low-temperature
deposition or by lamination approaches. This route benefits from the technological maturity
of silicon photovoltaics. However, the integration challenge becomes more severe at the or-
ganic/inorganic interface. Surface textures that are beneficial for single-junction silicon light
trapping are often unfavorable for very thin organic layers, because excessive roughness
can lead to thickness nonuniformity [43,48]. Therefore, OSC/Si tandems require especially
careful optimization of refractive-index matching and low-damage transparent contacts.

Although flexibility is frequently regarded as an inherent advantage of all-organic pho-
tovoltaics, it should not be considered an exclusive differentiator in the present comparison
because the crystalline Si absorber adopted here is only 30 µm thick, a thickness regime
compatible with mechanically flexible Si photovoltaic devices. The more distinctive advan-
tage of the OSC/OSC architecture therefore lies in its compatibility with low-temperature
and potentially fully solution-processed fabrication.

Overall, the comparison reveals a clear physical trade-off between the two tandem
concepts. The OSC/OSC architecture is more compatible with fully solution-processed,
lightweight, and mechanically flexible photovoltaics. However, its performance remains
more sensitive to interfacial recombination and current-matching constraints. The OSC/Si
tandem, on the other hand, sacrifices some voltage advantage but gains substantially in
rear-cell current generation, charge-transport robustness, and total conversion efficiency.
In other words, the all-organic tandem is more attractive when processing simplicity, low
weight, and flexibility are the primary targets, whereas the hybrid organic/silicon tandem
is the more promising route when the goal is to maximize efficiency. These considerations
explain the simulated superiority of the OSC/Si design in the present study and provide
practical guidance for future device engineering in both tandem platforms.
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3.7. Comparison with Previously Reported Organic-Based Tandem Solar Cells

To further assess the performance and distinctive features of the proposed TSCs,
Table 7 compares the present results with representative previously reported all-organic
and hybrid organic/Si tandems. The comparison considers the absorber materials, tandem
configuration, investigation approach and connection, as well as principal PV parameters.

Table 7. Comparison of the proposed TSCs with representative previously reported all-organic and
hybrid organic/silicon tandems.

Ref. TSC Top
Absorber

Bottom
Absorber Method JSC

(mA/cm2)
VOC
(V)

FF
(%)

PCE
(%)

[37] OSC/OSC PM6:m-DTC-2F PTB7-Th:BTPV-4F:
PC71BM Exp., 2-T 14.5 1.65 68.5 16.40

[38] OSC/OSC PBDB-TCl:AITC:
BTP-eC9 PFBCPZ:AITC Exp., 2-T 13.3 2.02 76.6 20.6

[39] OSC/OSC PM6:BTP-eC9 PM6:BTP-eC9 Exp., 2-T — — — 19.9

[40] OSC/OSC PM6:L8-BO PTB7-Th:O6T-4F Exp., 4-T — — — 16.94

[42] OSC/a-Si PDPP3T:PC61BM a-Si Exp., 2-T 7.59 1.45 76.0 8.32

[43] OSC/c-Si PBDB-T-2F:Y6 c-Si TOPCon Exp., 2-T 15.81 1.08 55.57 8.32

[43] OSC/c-Si PBDB-T:ITIC c-Si Exp., 4-T — — — 15.25

[44] OSC/c-Si PBDB-TCl:AITC c-Si TCAD, 2-T 19.28 1.81 79.31 27.60

This
work OSC/OSC PBDB-T:F-M PTB7-Th:COi8DFIC:

PC71BM TCAD, 2-T 14.50 1.72 77.92 19.44

This
work OSC/c-Si PBDB-T:F-M c-Si TCAD, 2-T 16.34 1.64 78.97 21.13

As summarized in Table 7, the reported performance of organic-based tandems varies
considerably depending on the absorber combination, terminal configuration, intercon-
nection strategy, and degree of device optimization. Several experimental all-organic
TSCs have demonstrated PCEs approaching or exceeding 20%, whereas reported hybrid
organic/Si devices show a wider performance range depending on the organic absorber,
silicon structure, and integration approach. The present work is distinguished not by
targeting a record simulated PCE, but by providing a direct comparison of all-organic and
hybrid organic/c-Si two-terminal tandem architectures within experimentally calibrated
TCAD framework.

4. Conclusions
In this work, two different TSC architectures were proposed, designed, and systemati-

cally compared using comprehensive optoelectronic TCAD numerical simulations. The
first configuration was an all-organic tandem solar cell composed of PBDB-T:F-M as the
top sub-cell and PTB7-Th:COi8DFIC:PC71BM as the bottom sub-cell, while the second
configuration combined an organic top sub-cell (PBDB-T:F-M) with a crystalline silicon
bottom sub-cell. The initial organic/organic TSC structure, based on conventional and
experimentally calibrated layer configurations, achieved a PCE of 15.7%, whereas the
organic/silicon tandem device exhibited a significantly higher initial PCE of 16.85%. Fur-
ther optimization of absorber thicknesses in both structures led to substantial efficiency
improvements. For the organic/organic tandem cell, a top-cell thickness of 150 nm and
a bottom-cell thickness of 350 nm resulted in a maximum PCE of 19.44%. In contrast, the
organic/silicon tandem configuration reached a higher maximum PCE of 21.13% with a
150 nm organic top absorber and an 80 µm silicon bottom cell.
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Under current-matching conditions, a slight reduction in efficiency was observed
compared to the maximum-efficiency scenario. The organic/organic tandem cell achieved a
PCE of 18.68% at a top-cell thickness of 89.5 nm, only slightly lower than its peak efficiency,
demonstrating that near-optimal performance can be maintained with thinner absorber
layers. Similarly, the organic/silicon tandem cell reached a PCE of 20.59% at a current-
matched top-cell thickness of 124.5 nm, which is only slightly lower than its maximum
efficiency obtained at 150 nm.

Overall, the results clearly indicate that organic/silicon tandem solar cells consistently
outperform all-organic tandem configurations in terms of efficiency. Nevertheless, both
architectures demonstrate strong potential, particularly due to the use of low-cost, earth-
abundant, and environmentally benign materials. These findings highlight the viability of
tandem solar cell designs as a promising pathway toward high-efficiency and sustainable
photovoltaic technologies.

Beyond the numerical efficiency improvement, the present results provide several
practical design implications for the experimental development of organic-based TSCs. In
particular, the analysis demonstrates that strict current matching should not necessarily
be treated as the sole optimization criterion, since the maximum-PCE condition results
from the combined optical and electrical response of the tandem and may occur at a
different absorber-thickness combination. Therefore, experimentally selecting absorber
thicknesses should consider not only photocurrent balance but also carrier transport and
recombination. The identified thickness ranges can consequently serve as useful starting
points for experimental fabrication while avoiding unnecessary increases in absorber
material once the efficiency gain becomes marginal.

Several limitations should nevertheless be recognized. Although the individual or-
ganic and Si sub-cells were calibrated, the complete tandem structures remain primarily
simulation-based, particularly the proposed OSC/Si architecture. In addition, the organic
bulk-heterojunction layers were described using an effective drift–diffusion framework,
while detailed morphology-dependent exciton transport, field-dependent mobility, explicit
interface-recombination mechanisms, and fully coherent optical-interference effects were
not independently resolved. The ITO interconnecting layer was also treated under a low-
loss assumption, whereas practical devices may exhibit additional parasitic absorption.
Future work should therefore focus on experimental fabrication and validation of the
proposed tandems, detailed optimization of the interconnecting layer and interfaces, and
incorporation of more advanced organic-transport and optical models. Such developments
would provide an important bridge between the present calibrated TCAD predictions and
experimentally realizable high-efficiency TSC devices.
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//www.mdpi.com/article/10.3390/cryst16080545/s1, Figure S1: Flow chart of the Silvaco simulation
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Figure S2: J-V curve for OSC/OSC vs OSC/Si tandems; Figure S3: Spatial photogeneration profiles
across the OSC/OSC tandem solar cell for top PBDB-T:F-M absorber thicknesses of (a) 89.5 nm,
corresponding to the current-matching condition, (b) 150 nm, corresponding to the maximum-PCE
condition, and (c) 250 nm, representing a comparatively thick top absorber; Figure S4: EQE curves
of front and rear sub cells at current matching for (a) optimized OSC/OSC TSC, and (b) optimized
OSC/Si TSC; Table S1: Classification, and justification of the material and device parameters used in
the calibrated top OSC, bottom OSC, and Si solar-cell models.
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