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Abstract: Hole transport layer-free perovskite solar cells (HTL-free PSCs)
are promising candidates for low-cost and scalable photovoltaic technologies.
Yet, their performance is still limited by insufficient light harvesting and
imperfect contact energetics. In this work, we focus on carbon-based HTL-
free PSCs (C-PSCs) and numerically design and study an architecture that
combines a double electron transport layer (DETL), a printable carbon back
electrode, and a nanostructured aluminum (Al) rear contact. On the front
side, a bilayer electron transport stack is employed to support efficient
electron extraction and favorable band alignment with the perovskite
absorber. On the rear side, a subwavelength graded Al grating is introduced
and decorated with plasmonic Al nanoparticles (NPs) located near the
perovskite/carbon interface. Three-dimensional finite-difference time-domain
(FDTD) simulations are performed to resolve the optical field distribution and
the resulting generation profile in the perovskite layer, enabling us to assess
how the nanostruciures affect the device photocurrent directly. Adding only
the graded Al grating increases the short-circuit current density (Jsc) from
16.71 (mA/cm?) for a planar reference device to 23.09 (mA/cm?2). When Al
NPs are incorporated into the grating, Jsc further rises to 23.58 (mA/cm?2),
and the power conversion efficiency (PCE) improves from 10.09% to 14.41%,
while the fill factor (FF) remains close to 81%. Finally, we investigate the role
of allowable additives in the printable carbon ink by systematically increasing
its work function from 5.0 to 5.5 (eV). This work-function engineering mainly
affects the open-circuit voltage, which increases from 0.743 to 1.08 (V),
whereas Jsc remains nearly constant at about 23.7 (mA/cm?). As a result, the
PCE increases from 10.09% to 21.61%, with a maximum FF of 84.26%.
Overall, the results indicate that combining a double electron transport layer
with Al-based nanophotonic light trapping and additive-assisted work-
function tuning of carbon electrodes provides a promising route toward high-
efficiency HTL-free C-PSCs.
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1. Introduction
Perovskite solar cells (PSCs) have quickly moved from a lab curiosity to one
of the most competitive thin-film photovoltaic technologies. Their high
absorption coefficient, long carrier diffusion lengths and compatibility with
low-temperature, solution-based processing have enabled certified power
conversion efficiencies (PCEs) above 26% in less than two decades, putting
them in direct competition with crystalline silicon for next-generation, cost-
effective solar modules [1, 2]. Despite this rapid progress, large-scale
deployment of PSCs is still hampered by concerns over material cost, long-
term stability and the complexity of typical device stacks. In addition, most
high-performance PSCs are based on lead-containing perovskites, and
although the intrinsic toxicity of lead remains a legitimate concern, using thin
active layers in planar devices substantially reduces the total amount of lead
per module compared with bulk or thick-film lead-based technologies, which
helps to mitigate the environmental impact tc some extent [3]. Conventional
high-efficiency PSCs typically employ an organic hole transport layer (HTL),
such as spiro-OMeTAD, together with a noble-metal back contact (Au or Ag).
While this architecture has enabled record efficiencies, it also introduces
several drawbacks: the HTL and metal electrode significantly contribute to
the total device cost, doped HTLs can accelerate chemical and thermal
degradation, and metal diffusion under operation can deteriorate the
perovskite absorber and interfacial layers [4-6]. These issues have motivated
the development of HTL-free device concepts in which the perovskite
absorber is directly contacted by an alternative back electrode.

Among the different HTL-free approaches, carbon-based HTL-free PSCs (C-
PSCs) are particularly attractive because printable carbon electrodes can
replace both the organic HTL and the noble-metal back contact, offering a
low-cost, chemically robust and scalable solution. However, the efficiency of
such devices still falls short of that of conventional HTL/metal architectures,
mainly due to incomplete optical absorption in the relatively thin perovskite
layer and unfavorable energy-level alignment at the perovskite/carbon
interface [7]. These limitations become even more critical when lead-
containing perovskites are implemented with absorber-layer thicknesses
below ~300 nm to reduce the total lead content and alleviate environmental
concerns, while high efficiency is still required to preserve the performance
advantage of lead-based devices over current lead-free alternatives [3, 8-10].
Improving the performance of HTL-free C-PSCs, therefore, requires
simultaneous progress on the electrical and optical sides of the device. On



the electrical side, the design of the electron transport region is crucial. A
single electron transport layer (ETL) often cannot simultaneously provide
optimal band alignment, low interfacial recombination and high electron
mobility. In contrast, DETLs, such as Sn0O,/ZnO bilayers, can combine the
favorable properties of two materials: the deeper conduction-band edge and
chemical robustness of SnO; with the higher electron mobility and improved
contact with the transparent conducting oxide provided by ZnO. Such DETL
structures have been reported to reduce interface defect densities, suppress
hysteresis and, in some cases, enhance device stability by providing a more
effective barrier against ion migration and environmental species [11, 12].
Incorporating a DETL into HTL-free C-PSC architectures is therefore a
natural strategy to mitigate charge-extraction losses that are otherwise
difficult to avoid. In line with this strategy, recent studies using dual-ETL
architectures have shown that proper optimization of the transition-layer
thickness and defect density can enhance photovoltaic parameters and
improve overall device efficiency [13].

A further key factor in C-PSCs is the work function and surface properties of
the carbon electrode. Printable carbon electrodes are attractive not only
because of their low cost and compatibility with scalable printing and coating
techniques, but also because of their chemical robustness, hydrophobicity
and mechanical stability, which can help protect the perovskite absorber and
improve the long-term durability of the back contact [14]. At the same time,
the carbon layer directly collects holes and forms an interface with the
perovskite, so its work function largely determines the energy-level
alignment at this contact. Poor matching between the work function of carbon
and the valence band of the perovskite can create an extraction barrier for
photogenerated hcles, reducing both the open-circuit voltage (Voc) and the
fill factor (FF). Experimental studies have shown that the addition of metallic
or alloy nanostructures (e.g., PtNi-based nanowires) to printable carbon
pastes can effectively tune the work function into the range of approximately
5.0-5.5 eV while maintaining the inherent advantages of carbon, leading to
improved hole extraction and enhanced device performance [15].

On the optical side, perovskite layers with thicknesses of only a few hundred
nanometers do not automatically harvest the full solar spectrum, especially
at longer wavelengths where the absorption length is larger. Simply
increasing the absorber thickness can introduce additional recombination
pathways, increase series resistance and raise the total amount of lead per
unit area. As a result, nanophotonic light-management schemes have
attracted considerable attention. Plasmonic nanoparticles (NPs), textured or
graded back reflectors and subwavelength gratings have been widely
explored as means to increase the optical path length, concentrate the



electromagnetic field and enhance light-matter interaction in thin-film
devices [16, 17]. Similar plasmonic concepts have also been successfully
applied in a broad range of optoelectronic components, including
photodetectors, light-emitting diodes and biosensors, where strong local field
enhancement is crucial for high sensitivity and performance [18-25]. In PSCs,
grating-based back contacts and metal NPs have been shown to boost the Jsc
by trapping and redirecting light within the absorber. However, most of these
nanophotonic designs have been investigated in devices with conventional
HTLs and metal back contacts; systematic studies that combine advanced
light management with carbon electrodes in HTL-free C-PSCs are still
relatively scarce [26, 27].

In this context, we numerically investigate an HTL-free C-PSC in which
optical and electrical limitations are addressed through an integrated device
design. The proposed architecture combines (i) a SnO;,/Zn0O double electron
transport layer to improve electron extraction and interfacial band alignment,
(ii) a printable carbon back electrode with a tunable work function to
facilitate hole collection, and (iii) an Al-based nanophotonic rear structure
consisting of a graded nanograting and plasmonic Al NPs positioned near the
perovskite/carbon interface. Three-dimensional FDTD simulations are used
to determine the optical-field distribution and spatial photogeneration
profile, while the electrical model is employed to evaluate the effects of the
nanostructures and carbon work function on the photovoltaic parameters.
The main contribution of this work is the systematic integration of these three
design strategies in an HTL-free carbon-based PSC, allowing light harvesting,
electron transport, and hole extraction to be optimized within the same
architecture. Moreover, the comparison of Al, Au, Ag, and Cu NPs shows that
Al provides the most favorable overall absorption response for the proposed
geometry, while offering lower cost, greater abundance, and better
compatibility with scalable fabrication. To the best of our knowledge, this
combined architecture has not been systematically investigated in HTL-free
C-PSCs. Taken together, these results establish a unified device-design
strategy for improving the efficiency of HTL-free C-PSCs with thin perovskite
absorbers while preserving the practical advantages of carbon electrodes.

2. Device structure and simulation method

I. Methodology
To comprehensively assess the impact of nanostructured aluminum
components on the performance of the PSC, a simulation-driven
optoelectronic modeling framework was employed. The optical response of
the different device configurations, including structures with and without



aluminum (Al) gratings and plasmonic Al NPs, was first analyzed using the
3D-FDTD method implemented in Lumerical. This approach solves Maxwell’s
equations on a spatially discretized grid and provides wavelength-dependent
quantities such as absorption spectra, near-field electric-field distributions,
and spatially resolved photogeneration rates inside the perovskite absorber.
The resulting position-dependent generation profiles were then coupled to an
electrical device model, in which the electrostatic potential and carrier
densities were obtained by self-consistently solving Poisson’s equation
together with the electron and hole continuity equations under the drift-
diffusion formalism. From these simulations, key electrical figures of merit
such as the current-voltage (J-V) characteristics, Voc, Jsc and FF were
extracted, allowing a direct connection to be made between the nanophotonic
design and the overall device performance [9, 28].

In the optical simulations, the computational domain was defined as a single
unit cell of the periodic nanostructure. Periodic boundary conditions were
applied along the x- and y-directions to mimic an infinitely repeating grating,
while perfectly matched layer (PML) boundaries were used along the z-
direction to absorb outgoing waves and suppress aitificial reflections at the
top and bottom of the simulation window {28]. lllumination was introduced
from the glass/ITO side of the cell using a normally incident broadband plane-
wave source representing the AM1!.5G solar spectrum, with an incident
power density of 1000 (W/m?). This configuration provides a realistic
description of how the nanostructured Al grating and embedded Al NPs
interact with incoming sunlight and redistribute the optical field inside the
device. In particular, the combined action of diffraction from the graded Al
grating and localized surface plasmon resonances (LSPRs) supported by the
Al NPs leads to enhanced light trapping and stronger carrier generation in
the thin perovskite layer, which is subsequently reflected in the improved
electrical response predicted by the coupled optoelectronic simulations [8,
9].

The graded Al grating enhances the optical path length through diffraction-
assisted light trapping, while the Al NPs provide additional scattering and
localized near-field enhancement. The resulting spatial photogeneration
profiles were transferred to the electrical model to evaluate their effect on
the photovoltaic response. The governing equations for optical absorption,
carrier generation, and charge transport are presented below.

pabs =2 e, | E17, ) F 1m(etr ) (1)



In Eq. (1), [, o, E, and Im (JJ (r, [1)), denote the angular frequency, the vacuum
permittivity, the electric field, and the imaginary part of the relative
permittivity at position r, respectively. The absorbed power density obtained
from this expression is the starting point for calculating both the local carrier
generation rate and the optically limited Jsc. In practice, Jsc is used as a key
metric to optimize the sizes of the grating features, the NPs and, where
applicable, any shell layers, and to compare the performance of different
device configurations.

J (1) =C7g0 //rg'gs(/) Lans(/)d/ (2)

In Eq. (2), q, h, and c are the elementary charge (1.602x10-19 C), Planck’s
constant (4.1356 x10-15eV.s~1), and the speed of light in vacuum (3 x 108
ms~1), respectively. Iam1.5 represents the photon flux density of the standard
AM1.5G solar spectrum, and [Jin corresponds to an incident power density of
1000 (W/m?2), i.e., one-sun illumination conditions. Using these quantities, the
carrier generation rate (G) defined in Eq. (3) can he evaluated, giving the
number of electron-hole pairs generated per unit volume and per unit time
from the absorbed photons.

G=——-—IEfW)|2{e(fW)} (3)

The Poisson equation describes the connection between the electric field
produced at a P-N junction and the space charge density, and it may be
represented as:

Ty (D _
b3

In this case, y (x) is the unidirectional electrostatic potential, q is the
electrostatic charge, and r is the relative permittivity of the semiconductor
material. Hole and electron densities are denoted by P(x) and n(x), whereas
trapped densities are shown by Piap(x) and niap(x), respectively. The
following are the electron and hole carrier continuity equations:

(4)
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Here, the current densities of electrons and holes are denoted, respectively,
by Jn and J,. The rate of photogeneration of electron-hole pairs is denoted by
the symbol (G). The electron and hole recombination rates, respectively, are
denoted by Rn and Rp. In the carrier transport model, which is used to
determine the electron and hole densities, the total current density J is found
to be equal to the combination of the drift and diffusion current densities:

J =]+, 7)
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Here, 1, denotes electron mobility, and p, represents hole mobility. Also, Dn
and Dp represent diffusion coefficients of electron and hole, respectively.

I1. Device structure

The PSC is conventionally composed of three primary components: an
electron-transporting layer, a perovskite absorber, and a hole-transporting
layer. In this work, the hole transport layer is intentionally removed and
replaced with a thin carbon electrode, which offers superior chemical
stability, hydrophobicity, and resistance to moisture-induced degradation
[14, 29]. Although eliminating the HTL can reduce hole-extraction efficiency,
this drawback is compensaied for through the integration of nanophotonic
structures, specifically, aluminum gratings, to enhance optical absorption.
The introduction of a graded Al grating establishes additional optical
pathways and increases the probability of photon-perovskite interaction
through diffraction-assisted light trapping. Moreover, the use of metallic NPs
has become an established strategy for improving solar-cell performance.
Various approaches, including dielectric diffraction gratings and plasmonic
metal NPs, have been explored because of their strong ability to scatter,
concentrate, and trap incident light. Metal NPs, in particular, can
significantly intensify the local electromagnetic field by supporting LSPRs, a
phenomenon in which incident photons excite collective electron oscillations
at the NP surface. This plasmonic enhancement increases light absorption in
the active layer and enhances the generation rate of electron-hole pairs,
thereby contributing to improved photovoltaic performance.

Figure 1(a) shows the basic planar structure of the device. To enhance its
optical performance, Al nanostructures are introduced near the rear side of
the solar cell, where they play an important role in light management. Among
these nanostructures, the Al gratings are particularly effective. Their periodic



pattern redirects incident light into lateral and oblique propagation paths
rather than allowing it to pass directly through the device. This increases the
effective distance traveled by light within the perovskite layer, leading to
stronger absorption, particularly in spectral regions where the absorber
exhibits relatively weak light harvesting. In the present model, the
contribution of the Al grating is therefore treated primarily as an optical
effect arising from diffraction-assisted light trapping and optical-path-length
enhancement. In addition to the grating, plasmonic Al NPs provide a further
optical contribution through LSPR excitation [30, 31].

Under sunlight illumination, plasmonic Al NPs can generate strong localized
electromagnetic near-fields around their surfaces, which enhances the
optical absorption in the adjacent perovskite and increases the
photogeneration rate [32]. In addition, both Al NPs and nanogratings
contribute to light scattering and optical path length enhancement, thereby
improving light trapping within the absorber. Accordingly, the Al grating
and Al NPs are expected to act synergistically: the grating primarily
increases the effective optical path length, while the NPs further intensify
local fields and scattering, thereby enhancing absorption and improving
device performance. Figure 1 illustrates the evolution of the proposed HTL-
free C-PSC architecture. The planar reference device shown in Figure 1(a)
consists of an ITO front electrode, a SnO,/Zn0O double electron transport
layer, a MAPDbI; absorber, and a carbon back electrode. In Figure 1(b), an Al
nanograting is introduced at the rear side of the perovskite absorber to
increase light trapping and the effective optical path length. Figure 1(c)
shows the NP-decorated structure, in which spherical Al NPs are positioned
between the grating elements to provide additional scattering and localized
field enhancement. The cross-sectional view in Figure 1(d) presents the
layer thicknesses and geometrical parameters of the optimized device,
including Al NPs with a radius of 11 nm.
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Figure 1. Perspective view of (a) the planar PSC structure, (b) the proposed Al grating
structure, (c) the proposed grating structure incorporating Al NPs, and (d) the cross-
sectional view of the layer configuration of the proposed device.

Table 1 summarizes the key electrical simulation parameters used for each
layer of the device, which are adopted from previously validated studies [7,
9, 33]. The listed parameters include the layer thickness (t), band gap (Eg ),
electron affinity (y ), relative permittivity (&r), conduction-band and valence-
band effective density of states (Cg,Vg), electron/hole mobilities (11n,11p),
donor/acceptor densities (N p, N4 ), and electron/hole thermal velocity (Vinn/
Vinp), the radiative recombination coefficient (Braq), and the electron and hole
Auger recombination coeflicients (C, and C,). Moreover, the wavelength-
dependent refractive index (n) and extinction coefficient (k) used in the
optical analysis were adopted from prior reports [34-37].

Table 1. Electrical Simulation parameters for all layers

Parameters ITO Sn0O, Zn0O MAPDI;
t (nm) 55 135 100 320
Eq4 (eV) 3.6 3.4 3.3 1.50
Y (eV) 4 4 4 3.93
Er 9 9 9 24.1
Cg (cm™3) 2.2 x 1018 2.2x 1018 | 3.7 x 1018 | 8 x 1018
Vg (cm~-3) 1.8 x 1019 1.8x 1018 1.8 x 1019| 8 x 1018
Vih.n (cm/s) 1 x 107 1 x 107 1 x 107 1 x 107
Vinp (cm/s) 1 x 107 1 x 107 1 x 107 1 x 107
n (cm?2/ Vs) 100 100 100 1
Hp (cm?/ Vs) 25 25 25 20
Np (cm-3) 1 x 1018 1x 1018 1 x 1018 -
N4 (cm-3) - - - 1 x 1013
Braa (cm3/s) - - - 3.27x101!
C»n,Cp (cmb/s) - - - 0.88x1029




For the optical model, ITO was included only through its wavelength-
dependent refractive index and extinction coefficient (n,k). In SCAPS, ITO
was implemented as a TCO front-contact layer to account for band alignment
and carrier extraction at the front interface [33]. To isolate the effects of
nanophotonic light management and carbon-electrode work-function
engineering, the absorber bulk and the internal interfaces were assumed to
be ideal, and no explicit bulk-defect, interface-defect, or trap-state
parameters were introduced into the electrical model. This idealized
assumption provides a common electrical baseline for comparing the
proposed device configurations, but it may lead to an overestimation of the
electrical performance relative to experimentally fabricated devices.

IT1I. Simulation results and discussion

To elucidate the role of nanophotonic engineering in HTL-free C-PSC, we
investigated a sequence of device configurations starting from a planar
reference and progressively introducing an Al rear grating and plasmonic
NPs. The goal is to enhance light trapping and near-field absorption while
maintaining favorable charge extraction at the perovskite/carbon interface.
Before analyzing the proposed nanophotonic structures, the numerical
framework was benchmarked against previously validated experimental
reports [38] for two device configurations, namely devices without and with
plasmonic NPs. As shown in Figure 2(a) and Table 2, the relative deviations
in Voc, Jsc, FF, and PCE are 1.43%, 2.82%, 5.54%, and 9.85%, respectively,
for the device without NPs. For the NP-containing device, the corresponding
deviations are 0.96%, 5.12%, 5.06%, and 0.65%. All deviations remain below
10%, demonstrating that the model reasonably reproduces both the baseline
photovoltaic response and the experimentally observed performance
variation following NP incorporation.

Nevertheless, numerical simulations generally represent more idealized
conditions than experimentally fabricated devices and cannot fully capture
fabrication-related challenges such as surface roughness, nonuniform defect
distributions, contact inhomogeneity, and additional interfacial
recombination. Therefore, the simulated results should be interpreted as
physically informed estimates of device performance rather than exact
experimental outcomes. Their principal role is to predict performance trends
and provide guidance for subsequent experimental design and optimization.
These assumptions and practical limitations are discussed in detail in the
newly added “Fabrication Feasibility and Practical Limitations” section.



Table 2. Quantitative comparison between experimental and simulated photovoltaic

parameters.
Device Parameter | Experim | Simulat Absolute Relative
configuration ental ion mismatch deviation (%)
Without NPs Voc (V) 0.980 0.994 0.014 1.43
Without NPs Jsc (mA/cm?) 17.40 17.89 0.49 2.82
Without NPs FF (%) 73.70 77.78 4.08 5.54
Without NPs PCE (%) 12.59 13.83 1.24 9.85
With NPs Voc (V) 1.04 1.05 0.01 0.96
With NPs Jsc (mA/cm?) 21.68 20.57 1.11 5.12
With NPs FF (%) 74.87 78.66 3.79 5.06
With NPs PCE (%) 16.88 16.99 0.11 0.65

Following model validation, the optical responses of the planar, Al-grating,
and NP-decorated Al-grating structures were compared, as shown in Figure
2(b). The rear Al grating markedly enhances absorption relative to the planar
device, particularly at wavelengths above 500 nm, by increasing light
confinement and the effective optical path length within the perovskite
absorber. The addition of Al NPs further modifies-the spectral response
rather than producing a uniform enhancement at all wavelengths. In
particular, the NPs reduce the pronounced absorption decrease around 600
nm and improve absorption over much of the 650-800 nm range. These
changes are attributed to the combined effects of localized near-field

enhancement, NP scattering, and coupling with grating-assisted optical
modes.
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Figure 2. (a) Comparison of the simulated and experimental J-V characteristics of the
devices with and without NPs reported in Ref.[38] and the simulated J-V curve of the
planar reference device. (b) Absorption spectra of the PSC for three configurations: planar
reference, Al rear grating, and NP-decorated Al grating with embedded Al NPs.

While the absorption spectra provide a clear indication of improved light
harvesting, the key question is how this enhancement translates into carrier
generation inside the device. Therefore, we next examined the spatial
distribution of the photogeneration rate. As shown in Figure 3, introducing



the Al grating leads to a higher and more widely distributed generation
profile within the perovskite layer compared with the planar structure,
indicating more effective light trapping and deeper optical penetration. With
the embedded Al NPs, the generation rate is further intensified, particularly
near the perovskite/carbon side, which is beneficial because carriers
generated closer to the collecting contact are more likely to be extracted
before recombination. Overall, Figure 3 confirms that the nanophotonic
design not only increases total absorbed power, but also reshapes where
photons are converted into electron-hole pairs within the absorber, an effect
that directly supports the enhanced photocurrent discussed later in the J-V
analysis.
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(a) planar structure, (b) grated Al structure, (c) grated Al structure with Al NPs.

Although the absorption spectra quantify the overall optical enhancement,
they do not identify its spatial origin. Therefore, the electric-field intensity
distributions were examined to distinguish the diffraction-assisted light
confinement produced by the Al grating from the localized field enhancement
associated with the Al NPs. Figure 4 compares the electric-field intensity
distributions of the grating-only structure (Figures 4(a-d)) and the NP-
decorated grating (Figures 4(e-h)) at 451, 565, 639, and 800 nm. In the
grating-only structure, the periodic field modulation near the rear interface
indicates diffraction-assisted light confinement governed by the grating
geometry. The addition of Al NPs preserves this overall field pattern while
introducing localized high-intensity regions around the particle positions. At
451 nm, the field distributions of the two structures remain relatively similar,
whereas the localized contribution of the NPs becomes more evident at 565,
639, and 800 nm. These results show that the grating primarily controls the
broadband redistribution and confinement of light, while the NPs provide an
additional localized near-field contribution. This complementary optical
response is consistent with the enhanced absorption and photogeneration
obtained for the NP-decorated structure.
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Figure 4. Simulated electric-field intensity distributions at wavelengths of 451, 565, 639,
and 800 nm. Panels (a-d) correspond to the grating-only structure, while panels (e-h) show
the NP-decorated grating at the same wavelengths.

To further optimize the nanophotonic design, we studied the influence of NPs
geometry and material on the device response. in ali simulations, the NPs
were positioned within the perovskite region between the Al grating features,
while the projected footprint area was kept nearly constant for all shapes to
enable a fair comparison. Metallic NPs can enhance light harvesting through
two complementary pathways: scattering-assisted light trapping, which
increases the effective optical path length, and plasmon-assisted near-field
enhancement, which locally amplifies the electromagnetic field. These effects
are particularly relevant at longer wavelengths, where the absorber typically
exhibits weaker optical losses. Figure 5(a) compares the resulting Jsc for
different NP shapes (circular/spherical, cylindrical, ring, and square). The
circular (spherical) geometry delivers the highest Jsc, indicating a more
effective conversion of optical enhancement into collected photocurrent
under the same footprint constraint. This outcome is consistent with the more
isotropic optical response of symmetric particles, which tends to promote
stronger and more uniformly distributed scattering and near-field localization
within the absorber. In contrast, the ring geometry yields a lower Jsc,
suggesting a less favorable overlap between the enhanced fields and the
absorbing region or a reduced net light-trapping contribution in this
configuration.

In addition to particle shape, the effect of NP composition was investigated
by comparing Al, Au, Ag, and Cu under the same dgrating-assisted
configuration. As shown in Figure 5(b), all four metals enhance absorption
relative to the planar reference; however, Al provides the most favorable



overall response across the 300-800 nm range, with a more pronounced
improvement at longer wavelengths. This result indicates that, for the
present device geometry, Al provides a suitable balance between plasmonic
near-field enhancement and scattering-assisted light trapping. Al also offers
practical advantages over Au and Ag, including lower cost, greater
abundance, and compatibility with scalable deposition methods such as
thermal evaporation and sputtering. Based on these optical and practical
considerations, spherical Al NPs were selected for the subsequent electrical

analysis.
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Figure 5. (a) Jsc for different NP shapes (equal footprint) integrated with the Al rear
grating. (b) Absorption spectra (300-800 nm) for different NP materials (Au, Ag, Cu, and
Al) compared with the planar reference.

After completing the optical analysis, we quantified the electrical response
by extracting the J-V characteristics using SCAPS-1D under standard one-
sun illumination (AM 1.5G). The purpose of this step is to translate the optical
improvements (enhanced absorption and photogeneration) into device-level
figures of merit. In addition, to maintain the practical relevance of the
electrical-contact assumptions adopted in the simulations, the work function
of the printable carbon back electrode was varied within the 5.0-5.5 eV
range, consistent with UPS-extracted values reported for carbon electrodes
modified by incorporating alloyed PtNi nanowires into a commercial carbon
paste (0, 1, 3, 5, and 7 wt%, yielding work functions of approximately 5.0, 5.1,
5.3, 5.4, and 5.5 eV, respectively) [15]. Figure 6 shows the simulated ]J-V
curves for Cases 1-8, and the corresponding photovoltaic parameters are
summarized in Table 3. A clear performance gain is first observed when
moving from the planar reference to the nanophotonic rear-contact designs.
Relative to the planar cell (Case 1: (Jsc=16.71 (mA/cm?), Voc=0.743 (V),
PCE=10.09%), introducing the Al rear grating (Case 2) significantly
increases the photocurrent to 23.09 (mA/cm?2) and boosts the efficiency to



(14.11%), while Voc and FF remain nearly unchanged. Adding Al NPs (Case
3) provides a further, smaller improvement in Jsc to 23.58 (mA/cm?2) and
increases the PCE to 14.41%. This confirms that the dominant contribution
of the grating/NP nanophotonic design is the enhancement of light

harvesting, which mainly manifests as a higher Jsc.
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Figure 6. J-V characteristics of all proposed free IiTL C-PSC configurations.
Table 3. Summary of the simulated electrical outputs for the planar, grating, and NP-
decorated grating devices.

WF Vec Jsc FF PCE
(eV) V) (ma/cm?2) (%) (%)

Structure

planar structure

)

o strue 5 0.743 16.71 81.30 10.09

Grated Al (Case 2) 5 0.751 23.09 81.38 14.11

Grated Al and NPs 5 0.751 23.58 81.38 14.41
(Case 3)

Grated Al and NPs 51 0.843 23.63 83.69 16.67
(Case 4)

EElen AUETCINIES  gp g ey 73,57 83.67 18.64
(Case 5)

Grated Aland NPs ;5 1419 2371 8414 20.33
(Case 6)

Grated Aland NPs 4 o4 2374 8429 2121

(Case 7)



Grated Al and NPs

(Case 8) 5.5 1.08 23.76 84.26 21.61

The efficiency improvement obtained by increasing the carbon electrode
work function is mainly rooted in better energy-level alignment at the
perovskite/carbon interface. As the work function is raised (from 5.0 to 5.5
eV), the Fermi level of the carbon contact becomes closer to the perovskite
valence-band level, which reduces the hole-extraction barrier and makes the
contact more selective for holes. With a smaller interfacial barrier, holes are
collected more easily, and interfacial recombination is suppressed. This
reduction in recombination increases the quasi-Fermi level splitting under
illumination, which is reflected directly as a strong increase in Vpc. At the
same time, Jsc changes only slightly because the optical generation is
essentially unchanged, the nanophotonic structure and light absorption
remain the same, while only the contact energetics are tuned. A modest
improvement in FF can also occur because improved extraction and reduced
interfacial losses lead to a more favorable curieit-voltage shape near the
maximum-power point. Therefore, the large PCE gain observed from Case 4
to Case 8 is driven primarily by the increase in Voc (and to a smaller extent
FF), resulting from enhanced hole ccilection and reduced recombination at
the carbon/perovskite contact. To further clarify the interfacial charge-
extraction mechanism responsible {or this behavior, the energy-band diagram
of the optimized HTL-free device is presented in Figure 7. As shown in Figure
7, the proposed device exhibits a favorable band alignment for directional
carrier transport. On the electron-transport side, the conduction-band levels
form a cascade from the perovskite absorber toward the ETL and front
transparent conductive contact, which facilitates electron extraction and
reduces carrier accumulation at the internal interfaces. On the back-contact
side, increasing the carbon electrode work function improves its energetic
matching with the valence-band edge of the perovskite, thereby lowering the
barrier for hole transfer. This more favorable alignment promotes hole
extraction toward the carbon electrode while suppressing undesired
recombination at the perovskite/carbon interface. As a result, the band
configuration provides a clear physical explanation for the enhanced charge
selectivity, reduced interfacial recombination, and the resulting
improvements in Vgoc, FF, and overall PCE observed in the optimized device.
Recent numerical studies employing related optimization strategies, particularly
dual-ETL engineering and transport-layer optimization, have reported PCEs of
22.11% for a lead-free PSCs and 32.83% for a CIGS-based device [39, 40]. These
findings highlight the potential of transport-layer engineering for improving



photovoltaic performance; however, a direct quantitative comparison with the
present work is not appropriate because of differences in absorber material and
thickness, device architecture, and optimization conditions.
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Figure 7. Energy-band diagram of the optimized HTL-free C-PSC

IT1. Fabrication Feasibility and Practical Limitations

Although the presert study is based on numerical simulations, the proposed
architecture can be fabricated using processing routes that are compatible
with current PSC manufacturing technologies. The device consists of a
conventional glass/ITO substrate, a SnO,/ZnO DETL, a MAPbI3 absorber, a
carbon back electrode, and an Al-based nanophotonic rear structure
composed of a graded Al grating and embedded Al NPs. Each of these
components has been individually demonstrated in previous experimental
studies, suggesting that the proposed structure is within the reach of current
fabrication capabilities. First, the ITO-coated glass substrate is cleaned and
prepared using standard procedures. Then, the SnO,/ZnO DETL can be
deposited using established low-temperature techniques such as spin
coating, spray pyrolysis, chemical bath deposition, or atomic layer deposition.
These methods are widely used in perovskite photovoltaics and are
compatible with both rigid and flexible substrates. Similarly, the MAPbI3
absorber layer can be prepared through one-step or two-step solution



processing, blade coating, slot-die coating, or inkjet printing, all of which
have been extensively demonstrated for scalable PSC fabrication [11, 12].
The carbon back electrode represents one of the most practical aspects of the
proposed design. Printable carbon pastes are commercially available and can
be deposited through screen printing, doctor blading, or roll-to-roll printing.
Moreover, modification of the carbon work function through metallic
additives, such as PtNi nanowires and other conductive nanomaterials, has
already been experimentally reported [15]. Therefore, the work-function
tuning investigated in this study can be implemented without introducing
major changes to existing carbon-electrode fabrication procedures. Similar
to previously reported grating-assisted plasmonic PSC architectures,
subwavelength Al gratings can be fabricated using nanoimprint lithography
(NIL), nanotransfer lithography (NTL), interference lithography, or electron-
beam lithography[27, 41-43]. Among these techniques, NIL is particularly
attractive because of its low cost, high throughput, excellent reproducibility,
and suitability for large-area fabrication. Following pattern definition,
aluminum can be deposited by thermal evaporation, electron-beam
evaporation, or magnetron sputtering, followed by lift-off or selective etching
to form the graded grating structure. The inicorporation of Al NPs presents
additional fabrication considerations. Al NPs with diameters in the 10-30 nm
range can be synthesized through cclloidal methods or generated directly by
physical deposition and thermal dewetting processes. Their placement near
the perovskite/carbon interface may be achieved by incorporating NPs into
an intermediate layer before carbon deposition or by controlled deposition
onto the patterned grating surface [44, 45]. Because the optimized NP radius
obtained in this study is approximately 11 nm, precise size control is
important to maintain the desired plasmonic response. Nevertheless, NP
dimensions in this range are routinely achieved in current nanofabrication
laboratories.

A practical concern is the progressive oxidation of the Al nanostructures. To
examine the sensitivity of the optical response to this process, a 3 nm Al,O3
shell was introduced around the Al NPs. This thickness does not represent
the initial state of the NPs; rather, it was selected as a representative partially
oxidized condition, whereas earlier stages of oxidation would correspond to
thinner oxide layers. As shown in Figure 8, the oxide shell slightly shifts and
smooths the spectral features, indicating a reduction and modification of the
plasmonic response. Nevertheless, the oxidized structure retains higher
absorption than the NP-free reference over most of the investigated spectral
range. Thus, partial oxidation is expected to weaken, but not immediately
eliminate, the optical advantage provided by the Al nanostructures. The



present analysis is intended as an illustrative oxidation scenario and does not
reproduce the time-dependent growth of the oxide layer during long-term

operation.
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Figure 8. (a) Optical absorption spectra of the planar reference device and the Al-NP-
integrated structure before and after oxidation. (b) Wavelength-dependent parasitic
absorption of a single Al NP.

Figure 8(b) quantifies the parasitic absorption associated with the Al NPs.
Spectral integration over the 300-800 nm range indicates that the absorption
of a single Al NP accounts for approximately 0.056% of the total integrated
absorption. Since the simulated unit cell contains 25 identical nanoparticles,
their cumulative parasitic absorption is estimated to be approximately 1.4%,
assuming a comparable absorption contribution from each nanoparticle.
Therefore, metallic dissipation remains limited relative to the total optical
absorption of the unit cell. Moreover, despite this loss, the incorporation of
Al NPs increases Jsc from 23.09 to 23.58 mA/cm? and the PCE from 14.11%
to 14.41%, demonstrating that the net optical benefit exceeds the associated
parasitic absorption.

Metallic nanoparticles may nevertheless introduce electrical loss
mechanisms that are not fully represented by the optical analysis. Direct
metal-perovskite contact can promote carrier quenching and additional
interfacial non-radiative recombination; therefore, dielectric shells have been
employed to electrically isolate metallic nanoparticles while preserving their
plasmonic response [46]. The naturally formed Al,0O3; layer may partially
reduce direct electrical contact in the present structure, although its effect
on interfacial recombination is not explicitly included in the SCAPS-1D model.
In addition, non-radiative plasmon decay may generate energetic carriers
within the Al NPs. However, because no dedicated hot-carrier extraction
pathway is included in the proposed architecture, these carriers are expected
to relax through electron-electron and electron-phonon scattering rather



than contribute directly to the collected photocurrent [47, 48]. Accordingly,
no hot-carrier contribution is included in the calculated Jsc, and the predicted
electrical performance should be regarded as an upper-bound estimate under
favorable interface conditions.

Long-term reliability is also affected by degradation mechanisms that are not
captured by the present optical model. Although the hydrophobic carbon
electrode can improve resistance to environmental exposure, moisture may
still penetrate through device edges, pores, or interfacial defects and
accelerate degradation of the MAPbI3 absorber; therefore, effective
encapsulation and edge sealing remain necessary. Thermal stress may
promote perovskite decomposition, defect formation, and deterioration of the
transport-layer/perovskite and perovskite/carbon interfaces. In addition, NP
agglomeration or thermally induced redistribution may alter particle spacing
and plasmonic coupling, broaden the optical response, and increase parasitic
losses. Excessive NP concentration has also been experimentally associated
with aggregation and reduced device performance [46]. Interfacial ageing
may further increase contact resistance and non-radiative recombination.
Because these processes are not explicitly included in the coupled optical-
electrical framework, the practical stability of the proposed structure must
ultimately be evaluated through damp-heat, thermal-cycling, continuous-
illumination, and operational-ageing measurements. Deviations in the grating
dimensions arising from lithographic imperfections may alter the resonance

conditions and reduce the predicted optical enhancement.
Table 4. Conservatively corrected photovoltaic parameters obtained by incorporating the
maximum experimentally observed relative deviation (5.54%) between simulated and
experimental results.

Structure WF (eV) Voc (V) Jsc (ma/cm?) FF (%) PCE (%)

planar structure (Case 1) 5 0.743 16.71 77.03 9.54
Grated Al (Case 2) 5 0.751 23.09 77.10 13.37
Grated Al and NPs (Case 3) 5 0.751 23.58 77.10 13.65
Grated Al and NPs (Case 4) 5.1 0.843 23.63 79.29 15.88
Grated Al and NPs (Case 5) 5.2 0.941 23.67 79.28 17.60
Grated Al and NPs (Case 6) 5.3 1.019 23.71 79.73 19.26
Grated Al and NPs (Case 7) 5.4 1.06 23.74 79.87 20.10
Grated Al and NPs (Case 8) 5.5 1.08 23.76 79.84 20.48

Bulk and interfacial defects strongly affect trap-assisted recombination,
carrier lifetime, and photovoltaic performance. In the present study, the
absorber bulk and internal interfaces were assumed to be ideal to isolate the
effects of the proposed nanophotonic structure and carbon-electrode work-
function engineering. Therefore, no systematic defect-density analysis was
performed, and the predicted performance may represent an ideal estimate.



The effects of bulk and interfacial defects have been investigated in related
SCAPS-1D studies [49], while a dedicated defect analysis remains an
important direction for future work.

Furthermore, the present simulations assume favorable interfaces and do not
explicitly account for fabrication-induced defects, surface roughness,
spatially nonuniform trap distributions, or process-related inhomogeneities.
To provide a conservative indication of the possible influence of these
nonideal conditions, a deviation-based sensitivity estimate was constructed
using the largest experimentally observed deviation among the
independently simulated primary photovoltaic parameters Voc, Jsc, and FF.
This value corresponds to the 5.54% deviation obtained for FF in the
validation analysis presented in Table 2. The resulting conservative estimates
are summarized in Table 4. This procedure represents the combined
influence of the idealized model assumptions and should not be interpreted
as a quantitative or defect-specific sensitivity analysis. Nevertheless, because
all constituent materials and fabrication procedures rely on experimentally
established technologies, the proposed nanophotonic architecture does not
require fundamentally new manufacturing approaches. Therefore, the design
represents a realistic pathway toward experimentally realizable high-
efficiency HTL-free C-PSCs.

Conclusion

In this work, we numerically investigated an HTL-free C-PSC in which optical
light management and contact energetics are improved in a coordinated
manner. Introducing an Al rear grating enhances light trapping and increases
absorption, while adding Al NPs on the grating provides an additional
contribution through localized field enhancement, leading to a higher
photogenerated current compared with the planar device. Relative to the
planar reference, the NP-decorated grating increases Jsc by ~41% and
improves the efficiency by ~43%, confirming that the nanophotonic rear
contact primarily boosts current by improving light harvesting. Once this
optical gain is established, the perovskite/carbon interface becomes the
dominant factor controlling the remaining losses. Increasing the carbon work
function from 5.0 to 5.5 eV improves energy-level alignment, facilitates hole
extraction, and suppresses interfacial recombination; consequently, the
performance improvement is mainly reflected in a strong increase in Voc
(with a modest FF enhancement), whereas Jsc changes only slightly because
photogeneration is already maximized by the nanophotonic design. Overall,
the combined approach yields a maximum simulated efficiency of 21.61%,
providing a clear design pathway for advancing high-efficiency HTL-free C-



PSCs by sequentially optimizing rear-side nanophotonics and the carbon-

electrode work function.
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