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Abstract

This study examines the influence of device architecture and substrate materials on the
external quantum efficiency (EQE) of high-performance solar cells. A diverse array of
photovoltaic technologies was evaluated, including formamidinium lead iodide
CHsN2Pbls (FAPI) perovskite cells and various silicon-based designs, such as Passivated
Emitter and Rear Cell (PERC), Back Integrated Contact (BIC), and Bifacial structures.
Quantum characteristics were determined through wavelength-dependent photocurrent
measurements utilizing a precision monochromator system. Our results reveal that device
structure is a primary determinant of charge carrier collection efficiency; specifically,
Bifacial and PERCs achieved superior short-circuit current densities (Js) of 40.98 mA/cm?
and 39.42 mA/cm?, respectively. Notably, the EQE(A) profile of Bifacial cells under n-side
illumination exhibits a near-ideal rectangular shape, indicating an optimized spectral
response throughout the operating spectrum. Furthermore, the analysis investigates the
role of surface recombination velocity and the efficacy of advanced passivation layers—
specifically AlOs and SiNx—in enhancing quantum performance by mitigating
recombination state density. Our findings demonstrate that the strategic integration of
advanced passivation layers (Al20s and SiNx) with optimized architectures, such as PERC
and Bifacial designs, is paramount for maximizing charge carrier collection and achieving
record-high current densities reaching 40.98 mA/cm?2. A comprehensive analysis of solar
cell performance involves spectral response (SR) and external quantum efficiency (EQE)
as functions of wavelength. Additionally, SR-based current density analysis enables more
accurate evaluation of cell parameters than standard I-V characterization.

Keywords: external quantum efficiency (EQE); silicon solar cells; perovskite FAPI; PERC;
bifacial cells; surface passivation

1. Introduction

The continuous evolution of photovoltaic (PV) technologies is fundamentally
propelled by the dual imperative of enhancing conversion efficiencies and achieving cost-
effective manufacturing. While crystalline silicon remains the dominant material in the

Energies 2026, 19, 3109

https://doi.org/10.3390/en19133109



Energies 2026, 19, 3109

2 of 13

PV market, innovative architectures such as Passivated Emitter and Rear Cell (PERC),
Back Integrated Contact (BIC), and Bifacial structures have emerged to overcome the
limitations of standard solar cells [1-3]. Simultaneously, perovskite solar cells,
particularly those based on formamidinium lead iodide (FAPI), represent a promising
frontier due to their exceptional optoelectronic properties and potential for high energy
yield [4-6].

2. Experiment

The relationship between SR and EQE is fundamentally described by the following
equation (where g is the elementary charge, A is the radiation wavelength, h is Planck’s
constant, and c is the speed of light [7-10]):

A
SR(A) = %EQE()L) 1)

For a more detailed analysis of the effective light absorption, the internal quantum
efficiency (IQE) is introduced, which accounts for the reflection losses described by the
wavelength-dependent reflection coefficient, Rre(A) [11,12].

Despite their fundamental significance, neither EQE nor IQE can be quantified
through direct measurement; instead, they must be derived from wavelength-dependent
photocurrent data. This study aims to provide a comparative analysis of the impact of
device structure and material composition on the quantum characteristics of various PV
technologies. By evaluating both laboratory-fabricated silicon and perovskite cells, as well
as commercial references, this research investigates how different passivation strategies
and layer configurations influence the spectral response and short-circuit current density
).

It is critical to underscore that deriving current parameters from SR/EQE
measurements offers significantly higher precision than conventional current-voltage (I-
V) characterization. This methodology facilitates the granular calculation of J« for discrete
wavelength intervals, thereby providing an exhaustive assessment of device efficiency
and carrier collection behavior across the solar spectrum.

External quantum efficiency can be expressed as

FQE() = I @
aNpn (1)
where J(A) is the current density generated by the solar cell due to absorption of radiation

at a given wavelength, and Nyu(A) is the incident photon flux, defined as the number of
photons per unit area and time at a given wavelength [m?/s-nm]. The photon flux is
related to the incident optical power pin in the wavelength range from A1 to A2 through

A c
Pin = [ Nyn(@) - hEda 3)

When the analysis is focused on the radiation effectively absorbed by the cell,
described by the factor (1 — Rr(A)), where RrefA) is the wavelength-dependent reflection
coefficient, the internal quantum efficiency (IQE) is introduced:

_ J&)
IQE() = qNpr(D[1—Ryef ()] @)

Combine the above relations with the following:

Pi]ns(c/l) - (‘I_/l) EQE() = (Z_i) IQE(2) - (1 - R,s (D) )

SR(2) = he

where [« denotes the short-circuit current density of the solar cell.

It is worth emphasizing that determining the cell current from SR/EQE
measurements allows for greater precision than standard I-V characteristic measurements
[1]. This method enables the precise calculation of the short-circuit current density (Js) for
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each wavelength range separately, which provides a more comprehensive overview of
the device’s efficiency [4].

To accurately evaluate the overall impact of antireflective coatings or surface
texturing on reflection reduction, the effective reflection coefficient Rett is commonly used.
It is defined as [4]

J300" Rref()Npn()d2
Reff = 300f312(?0f1\’ph(:)d/1 (6)
Neither EQE nor IQE can be measured directly; instead, they are determined
indirectly using Equations (2) and (4) [5]. In practice, the photocurrent generated by the
tested solar cell I(A) is measured as a function of wavelength. Simultaneously, the
photocurrent of a calibrated reference photodiode Ipdiose(A), with a known quantum
efficiency EQEpn-dioie(A), is recorded.
To evaluate these phenomena quantitatively, the external quantum efficiency is
formally defined as the ratio of generated current density J(A) to the incident photon flux
Npi(A):

_ Iph(z-)
EQE = [m] EQEyh-aioae(4) @)

If the current-voltage (I-V) characteristics under AM1.5 illumination (Figure 1) are
measured over a wavelength range of, for example, 300-1200 nm, the short-current
density Jsc obtained from the I-V curve should correspond to the current density
calculated from the integrated EQE spectrum according to Equation (2), which serves as
an important consistency check of the measurements.
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Figure 1. AM1.5 radiation spectrum and photon flux for the above spectrum depending on the
wavelength of radiation in the range of 300-1200 nm.

The abrupt decrease in photon flux in the 850-950 nm range is a characteristic feature
of the standard AM1.5 solar spectrum, primarily caused by atmospheric water vapor
absorption and the presence of molecular oxygen (O2) absorption lines (Fraunhofer lines),
specifically the ‘y’ line (898.765 nm) and the ‘Z’ line (822.696 nm).
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The EQE measurements were performed on a monochromator stand in the IMMS
Photovoltaic Laboratory. Monochromator from the Photon Institute (Krakow, Poland)
using a Czerny Turner configuration with two coated mirrors [9]. The spectral range and
resolution are determined by installed diffraction gratings. The measurement system
utilizes a monochromator with dual light source entrances, incorporating both Xenon and
Halogen lamps to cover the UV to IR spectral range. Measurements were realized at a
temperature of 25 + 2 °C and humidity of 50 + 15%. Lock-in signals were measured using
an 8-channel, 24-bit, synchronous ADC converter ADS131E08IAG automatically selecting
ranges of 100 mA, 10 mA, 1 mA, 10 pA, and 1 A per 24 bits. This means the measurement
accuracy for these ranges is 8.4 mA, 0.84 mA, 0.084 mA, 8.4 pA, and 84 nA, respectively.

The solar cells at IMMS were characterized by the light current—voltage (I-V) meas-
urements at Solar Simulator S5200 AAA class EM Photo Emission Tech. Inc. (Moorpark,
CA, USA) with Solar Cells I-V Curve Tracer SSI-V CT-02 PV. To ensure consistency meas-
urement at the 800 nm transition point between the silicon (Hamamatsu Photonics, Shi-
zuoka, Japan) and germanium (Thorlabs, Newton, NJ, USA) photodiodes, a calibration
overlap was performed. This phenomenon does not affect the accuracy of the measure-
ment data, as the system is calibrated using a reference silicon photodiode with known
quantum efficiency, ensuring high consistency with certified Fraunhofer ISE data. The re-
sults from both sensors demonstrated high agreement at this wavelength, confirming the
integrity of the combined spectral data. The data were obtained under AM1.5 global spec-
trum at 100 W/m? light intensity at temperature of 25 °C. The reference cell No 005-2013
was calibrated at ISE Fraunhofer-Freiburg, Germany.

3. Results

The solar cells investigated during experiments are listed in Table 1. Metal contacts
that cover only 3-5% of the cell surface are designated with the metal type PC, ‘partial
coverage.” This coverage was strictly accounted for in the calculation of current density
relative to the active area of the cells. For other layers used exclusively for a given type of
contact, the above designation is also used. Passivated emitter rear contact (PERC), pas-
sivated emitter rear locally diffused (PERL) and back integrated contact (BIC) are exam-
ples of silicon solar cell technologies that have made Bifacial solar cell operation a reality.
Perovskite technology is promising and gaining research interest since it is less susceptible
to self-heating and produces more energy.

Table 1. The solar cells were investigated experimentally. The short circuit current density Jsc value
given in the table was calculated from EQE according to Formula (5). Note: The symbols and abbre-
viations in the ‘Symbol” column are used as unique identifiers for each solar cell type in all subse-

quent figures.

No Description Symbol Structure Jse [mA/cm?]
1 Fraunhofer n-type Si 5-2013 o—Dblack (Ref) Al(PC)/SiO2 | p-Si/n-Si | Ag 27.72
2 Back Integrated Contact Si e —red (BIC) n-Si with n*/p* back contacts (SiNx/Ag/Al) [13] 34.48
3 Bifacial Si (n-side) 4 —green (Bifacial-n) Ag/SiNx/SiOz | n + Si/n-Si/pSi | Al20s/SiNx/Ag+Al [8] [14] 40.98
4 Bifacial Si (p-side) 0—green (Bifacial-p) Al + Ag/SiNx/AL20s | pSi/n-Si/n + Si | SiO2/SiNx/Ag 3341
5 Perovskite FAPI (n-i-p) m—black (FAPI) FTO/c-TiO2/m-TiO2/FAPI/Spiro/Au [2,3] 16.16
6 Classic Cell Si +—orange (Classic) Ag/TiO2/SiO2 | n-Si/p-Si | Al [6] 33.32
7 PERC Si o —blue (PERC) Ag/SiNx | n*/p-Si/p* | AlOs/SiNx/Al [10,11] 39.43

The Fraunhofer n-type Si 5-2013 is ISE Fraunhofer monocrystalline Cz-5i n-type ref-
erence solar cell with certificate number ID 005-2013 fully encapsulated with 4 cm? surface.
The data delivered by ISE were obtained under reference spectrum AM 1.5 G IEC60904-
3Ed.2 with irradiance 1000 W/m? at temperature 25 °C. The full encapsulation of the
Fraunhofer n-type Si 5-2013 significantly influences its optical coupling, as the protective
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layers affect both light reflection and transmission, which is directly reflected in the final
registered photocurrent value. The I-V characteristic data for 7 PERC Si are enclosed ac-
cording to data given by Haibing Huang [10].

The photovoltaic performance parameters extracted from the light current-voltage (I-
V) characteristic curves under standard test conditions (AM1.5, 1000 W/m?2) are summarized
in Table 2 [1,7]. The data highlights the technological superiority of the PERC architecture,
which achieved the highest conversion efficiency of 20.68% and a short-circuit current den-
sity (Jsc) of 39.43 mA/cm?, significantly surpassing the performance of the Classic Cell Si [2].

Table 2. The results are extracted from light I-V characteristic curves.

Area w Voc Tepp Vepp Propp FF Exe

No Solar Cell [cm?] [mA]/cmZ] [mV] [mA] [mV] [mW] [%] [%]
1 Fraunhofer n-type 5152013 4 27192 630.1 101.8 541.1 55.1 80.37 13.77
6 Classic Cell Si 25 33.230 601.5 757.6 497.9 3772 75.50 15.09
7 PERC Si 242 39.430 6613 8864.0 565.0 5008.1 79.38 20.68

Furthermore, to verify the operational current and conversion efficiency under con-
ditions resembling actual device operation, steady-state power output measurements
were performed. The results of this analysis confirm the stability of the generated power
over time and provide additional validation for the operational current and efficiency
summarized in Table 2, ensuring that the reported parameters are representative of the
cells” performance in a steady state.

The data summarized in Table 2 confirm the advantage of SR analysis over general
I-V measurements [1,2]. Due to the division of the spectrum into 50 nm intervals, it is
possible to precisely compare the contribution of specific wavelength ranges to the total
current density for various cell structures, such as PERC and Bifacial [3]. This allows for
the identification of specific spectral regions where a given material or structure exhibits
its highest efficiency [4,6].

To validate the accuracy of the measurement system, the EQE characteristics for the
reference Fraunhofer n-type Si 5-2013 cell were measured and compared with the certified
data provided by ISE Fraunhofer. As shown in Figure 2, the experimental results obtained
at IMMS demonstrate high consistency with the reference values [7]. After calculating the
short-circuit current density (J«) according to Formula (5), the difference between the re-
sults obtained at IMMS and ISE was determined to be 1.96%, which is within the +2% error
range specified for the Fraunhofer reference cell [1,7].
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Figure 2. Comparison of EQE data for Fraunhofer n-type Si 5-2013 cell measured at ISE Fraunhofer
and IMMS Krakow.

After calculating the current density Js« from EQE measurements according to For-
mula (5), the difference between the results obtained in IMMS and ISE is 1.96% which is
within the error range of +2% given in specification of the Fraunhofer n-type Si 5-2013
solar cell. Classic Cell Si was fabricated with TiO:z as an antireflective coating according to
the procedure elaborated at Photovoltaics Laboratory in IMMS [6]. The dependence of
EQE and reflectance on wavelength for this cell is illustrated in Figure 3 [7].
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Figure 3. The dependence of EQE and reflectance on wavelength for Classic Cell Si. The effective
reflectance (Es) in the range of 300-1200 nm is 8.17%.

Back Integrated Contact Si solar cells have the front and back contacts located to-
gether on the rear surface, reducing to zero contact shading on the front. The industrial
PERC solar cell with overall structure Ag (PC)/SiNx-ARC/n*Si/p-Si/p*Si/Al203/SiNx/Al
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(PC) has the front Ag-based contact fired through SiNx-ARC directly to n* Si emitter and
back Al contact is similarly metallized with p* Si [10]. The spectral distribution of the cur-
rent density Js(A) for both BIC and PERCs is compared in Figure 4.

Bifacial solar cells (BSC) can simultaneously collect direct and albedo radiation reach-
ing both the front and back side of a cell. Because the aluminum back metallization is
eliminated by reducing infrared absorption, the decrease in cell working temperature
leads to additional increases in maximum power output [6]. They are more applicable to
an east—west-oriented PV installation or in city environments, where reflection from con-
crete—glass walls is significant. In the case of Bifacial solar cells, the measurement was
performed in two steps, firstly on side n (Bifacial Si n-side) and next on side p (Bifacial Si
p-side). The spectral dependence of EQE and the current density distribution Js«(A) for
both illumination sides are illustrated in Figure 5.

The perovskite FAPI (n-i-p) solar cell No. 5 was prepared on a fluorine-doped tin oxide
(FTO) glass. Next, blocking titanium dioxide (TiO2) layer and mesoporous (mp) titanium
thin TiO: layer were spincoated. The FAPI perovskite layer was spin-coated on this
FTO/TiOz2/mp-TiO: substrate and heated to ensure the formation of the black-colored FAPI
phase. A 2,2'7,7'-Tetrakis [N,N-di(4-methoxyphenyl) amino]-9,9"-spirobifluorene (Spiro-
OMeTAD) film was used as a hole-transporting layer. The whole process was completed by
the deposition of a gold electrode [3]. The comparison of the spectral current density distri-
bution Js(A) for the Perovskite FAPI cell (No. 5) and the PERC Si cell is illustrated in Figure
6.
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Figure 4. Dependence of the current density distribution on the wavelength for Back Integrated
Contact Si and PERC Si.
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Figure 5. (a) Spectral dependence of EQE and (b) J:«: on wavelength for Bifacial cell measured on
illuminated one side—n (Bifacial Si n-side) or p (Bifacial Si p-side).

To provide a deeper insight into the spectral performance of the investigated devices,
the photocurrent contribution from specific wavelength intervals was analyzed. The data
summary of the current density values generated by each cell in 50 nm radiation wave-
length ranges, calculated from the EQE results according to Formula (2) for AM1.5 condi-
tions, is presented in Table 3. This detailed distribution confirms that the superior perfor-

mance of the Bifacial Si (n-side) cell is primarily due to its high collection efficiency in the

visible and near-infrared regions, specifically reaching a peak value of 3.578 mA/cm? in
the 551-600 nm range.

The highest photocurrent density value of 3.578 mA/cm? in the 50 nm wavelength
range can be obtained from the Bifacial Si n-side solar cell, i.e., measured from the n-type
emitter side.

—=— Perovskite FAPI
14 —— PERC Si
0.00 T T T ¥ T y T T T ! T X T T
300 400 500 600 700 800 900 1000 1100 1200
A [nm]

Figure 6. Dependence of the current density distribution on the wavelength for the Perovskite FAPI
cell and PERC Si.
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Table 3. The data summary of the current density values generated by the cell in each radiation

wavelength range calculated from the EQE measurement results after multiplying by the photon

flux Npn(A) for AM1.5 conditions and elementary charge q value according to Formula (2).

Fraunh. Back Bifacial Si  Bifacial Si Perovs. FAPI Classic Cell .
Wavelength n-Type Integrated (n-Side) (p-Side) (n-i-p) Si PERC Si
Si 5-2013 Contact Si

A [nm] [mA/cm?]
301-350 0.526 0.710 0.897 0.055 0.598 0.496 0.805
351-400 1.353 1.694 2.034 0.677 1.361 1.553 1.950
401-450 2.035 2.421 2.867 1.592 1.836 2.428 2.821
451-500 2.323 2.652 3.132 2.199 1.981 2759 3.094
501-550 2542 2.859 3.578 2.743 2.074 3.014 3.293
551-600 2714 3.020 3.528 3.193 2.138 3.154 3.433
601650 2.746 3.042 3.539 3.262 2.143 3.181 3.446
651-700 2.629 2.924 3.409 3.208 1.978 3.042 3.293
701750 2.458 2.734 3211 3.055 1.702 2.834 3.102
751-800 2.346 2671 3.113 2.963 0.268 2.693 2.997
801-850 2.228 2617 3.067 2.897 0.002 2.852 2.891
851-900 1.233 1.570 1.835 1.709 0.000 1.476 1.714
901-950 1187 1.836 2224 2.007 ] 1.594 2.005
951-1000 0.905 1.976 2.442 2.159 - 1.526 2213
1001-1050 0.332 1.241 1.595 1.391 - 0.761 1.494
1051-1100 ] 0.263 0.345 0.301 ] 0.124 0.340
1101-1150 - 0.058 0.076 0.067 - ] 0.080
Total current den- /g 34.495 41.206 33.479 16.230 33.575 39.237

sity [mA/cm?]

The short-circuit current density (Js) values presented in Table 1, which were calcu-
lated from EQE measurements [1], and the values in Table 2, derived from light I-V char-
acteristics [2], show high consistency, serving as an important validation of the experi-
mental setup [3,4]. A detailed breakdown of the photocurrent contribution from specific
wavelength intervals, illustrating how material composition and structure influence car-
rier collection across the spectrum, is provided in Table 3 [5,6]. This approach integrates
the data from the various tables into a logical framework and underscores the rigorous
verification of the results against the certified Fraunhofer reference cell, which yielded a
high level of consistency within 1.96% [4].

The slight discrepancies in the Jic values for the PERC Si solar cell reported in Tables
1-3 arise from differences in the applied methodologies, namely direct I-V measurements,
integration of the continuous EQE spectrum, and summation over discrete spectral inter-
vals (50 nm), respectively. Such variations are methodologically expected and fall within
the normal range of measurement uncertainty, thereby confirming the consistency and
reliability of the obtained result.

4. Results and Discussion —Surface Recombination Effects on EQE
4.1. Impact of Surface Recombination and Passivation Mechanisms

The analysis of spectral response (SR) provides a more granular understanding of
charge carrier dynamics compared to integrated current-voltage (I-V) measurements.
Specifically, the ability to derive within discrete spectral intervals is instrumental in iden-
tifying how physical phenomena, such as surface recombination, curtail the collection ef-
ficiency in various device layers [6,7].

https://doi.org/10.3390/en19133109
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Experimental data and PC1D simulations demonstrate that surface recombination
remains a critical bottleneck for external quantum efficiency (EQE), particularly in the
short-wavelength regime (300-500 nm) [4]. The high density of recombination centers at
the Si lattice boundary (1 x 10 cm2) was effectively mitigated through the application of
advanced passivation stacks, as evidenced by the significant EQE enhancement in the
short-wavelength regime (300-500 nm) for our PERC and Bifacial samples [5,9]. These
defects lead to a reduction in charge carrier concentration near the surface and cause the
bending of energy band edges—upwards for n-type or downwards for p-type semicon-
ductors —to satisfy condition of constant Fermi energy [6,8,10].

The recombination process occurs through levels in the forbidden energy band: fast
states at the semiconductor—oxide boundary (with equilibrium established in ~10-8 s) and
slow states within the passivating layer itself [8,14]. For non-passivated Si surfaces, the
number of recombination centers (Nit) is approximately 1 x 103 cm2 [8,9]. Simulations
performed using the PC1D program for the Classic Cell Si confirmed that for high surface
recombination velocities (S = 105-107 cm/s), there is a drastic drop in EQE for photons ab-
sorbed near the surface [3,4,6,10].

To mitigate these losses, advanced passivation layers such as Al2Os and SiNx are im-
plemented to saturate incomplete bonds [7,11,12]. While SixNy:H is suitable for n-type Si
due to its positive Qrf charge, Al2Os (deposited via ALD) provides excellent passivation for
p-type surfaces through a high negative fixed charge (Qr) [9,14-16]. These mechanisms
explain the superior short-wavelength response observed in the PERC and Bifacial struc-
tures compared to the classic configuration [3,4,6,12]. Specifically, as shown in Table 3, the
PERC Si cell achieves a photocurrent density of 0.805 mA/cm? in the 301-350 nm interval
compared to 0.496 mA/cm? for the Classic Cell Si; this 62.3% enhancement in the short-
wavelength region directly correlates with the reduced surface recombination velocity af-
forded by the Al:Os passivation layer used in our PERC architecture.

For a standard silicon cell with an 80 Q/o emitter, the front surface recombination
velocity (SRV) primarily determines the carrier collection probability before they reach
the p-n junction [1]. At high SRV values (typically 10° to 107 cm/s for non-passivated sur-
faces), a high density of recombination states (Di) at the silicon interface leads to a sub-
stantial loss of high-energy photons absorbed near the surface [7].

4.2. Comparative Analysis of Device Architectures

The comparative analysis reveals that while device architecture dictates the overall
collection probability, material-specific absorption limits—particularly in the infrared re-
gion for FAPI perovskites —remain the primary constraint on total quantum performance
compared to silicon-based benchmarks [2,14]. The key findings of this study are summa-
rized as follows:

e  Superiority of Advanced Silicon Architectures: Both Bifacial (n-side) and PERCs
achieved the highest short-circuit current densities, reaching 40.98 mA/cm? and 39.42
mA/cm? respectively [2,3]. The Bifacial cell, when illuminated from the n-side, ex-
hibited an EQE profile closest to an ideal rectangular shape, indicating exceptionally
efficient charge carrier collection across a broad spectral range [3,6].

e Influence of Contact Geometry: BIC architecture, while eliminating front-side shad-
ing, showed lower spectral response compared to PERC, highlighting that optimiz-
ing the internal passivation and emitter profile is as critical as minimizing optical
shading [2]. While the BIC architecture eliminates front-side shading, the front met-
allization in PERC, Bifacial, and Classic Cell Si covers approximately 3-5% of the sur-
face area. To account for this partial coverage (PC), all J« values were normalized to
the actual active area, enabling a consistent comparison of quantum performance.
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e Impactof Device Encapsulation on Optical and Current Parameters: The comparative
analysis also accounts for the influence of the encapsulation approach on solar cell
performance. Full encapsulation, exemplified by the Fraunhofer reference cell
(Fraunhofer n-type Si 5-2013), significantly alters the optical coupling of the device
by affecting both light reflection and transmission at the protective interfaces. This
factor is essential when evaluating the performance of certified, fully protected de-
vices against non-encapsulated experimental laboratory structures, as the encapsu-
lation layer directly influences the absolute density of the generated photocurrent.

e  Silicon vs. Perovskite FAPI Performance: Although perovskite FAPI cells represent a
promising technology due to their potential energy yield, their current spectral re-
sponse (reaching a Jsc of 16.16 mA/cm?) remains significantly limited in the infrared
region compared to silicon-based devices [2,3,12].

e  Methodological Validation: The precision of our monochromator-based measure-
ment system at IMMS is confirmed by a minimal deviation of 1.96% from the certified
Fraunhofer reference standards, ensuring that even granular current variations in the
nanoampere range are accurately captured [15,16]. The lower EQE values observed
in the 300-750 nm range, as reflected in the Jsc data in Table 3, are attributed to the
current stage of laboratory development, necessitating ongoing advancements in in-
terface optimization to match optimized literature benchmarks.

5. Conclusions

In conclusion, this study demonstrates that the transition from conventional silicon
architectures to advanced configurations, such as PERC and Bifacial cells, is a fundamen-
tal prerequisite for maximizing photovoltaic conversion efficiency [1]. Our experimental
findings reveal that device architecture and material composition serve as the primary
determinants of quantum performance [2]. Specifically, the Bifacial (n-side) and PERC
structures demonstrated superior performance, achieving short-circuit current densities
(Jsc) of 40.98 mA/cm? and 39.42 mA/cm?, respectively.

The research underscores the pivotal role of advanced passivation strategies in miti-
gating surface recombination losses [1,17,18]. The implementation of Al2Os and SiNx lay-
ers was shown to effectively reduce the density of recombination states, thereby broaden-
ing the spectral response across a wider wavelength range [4]. Notably, the near-ideal
rectangular EQE profile observed in Bifacial cells under n-side illumination serves as a
benchmark for optimized light management and exceptionally efficient charge carrier col-
lection [4-7].

A significant methodological contribution of this work is the validation of spectral
response-based analysis as a superior diagnostic tool. We have shown that SR-based cur-
rent density analysis provides a more granular and accurate evaluation of cell parameters
than standard I-V characterization [8,9]. The reliability of this approach is rigorously con-
firmed by the high level of consistency (within 1.96%) achieved between the measure-
ments conducted at IMMS and the certified Fraunhofer reference cell [10].

Furthermore, while emerging perovskite FAPI technologies exhibit significant poten-
tial for high energy yields, their current performance remains limited in the infrared spec-
trum compared to silicon-based benchmarks [7,12]. This discrepancy, particularly in the
visible spectral range, highlights the necessity for ongoing advancements in bandgap en-
gineering and interface optimization to enhance carrier collection efficiency [12]. This
study establishes a rigorous diagnostic framework utilizing spectral response analysis to
pinpoint efficiency bottlenecks, demonstrating that interface optimization is more critical
than optical shading reduction for next-generation silicon and perovskite architectures
[1,13].
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