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Abstract: In the search for sustainable and cost-effective
solutions for energy generation, thin-film solar cells,
composed of cadmium telluride (CdTe) and silicon (Si),
have emerged as a powerful option. This study, using
SCAPS-1D  simulation  software, investigates the
performance and optimization of these solar cells in detail.
The main focus is on the effect of the thickness of five
different buffer layers, including CdS, In,S;, ZnO, ZnSe,
and ZnS, which are applied in thicknesses ranging from 10
to 100 nm. The proposed FTO/ZMO/CdTe/CdSixTe,/p-
Si/ZnTe:Mo/Au structure included a CdSicTe, interlayer to
reduce the lattice mismatch between CdTe and Si. The
theoretical simulation resulted in SCAPS-1D environment
showed that by optimizing the structural parameters under
idealized conditions, a predicted energy conversion
efficiency of 28.42% could be theoretically achieved. These
results represented theoretical limits and required
experimental validation for practical implementation with an
open circuit voltage of 0.838 V, a short circuit current of
43.46 mA/cm2, and a form factor of 86.11%. This research
demonstrated that an interface state density of less than 10°
cm~2 was essential for optimal performance. The findings of
this research pave the way for the development of a new
generation of solar cells with high efficiency and low
manufacturing cost.
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Introduction

The global surge in energy demand, coupled
with pressing environmental concerns, has
made the development of renewable energy
technologies not just a priority but an

imperative. Photovoltaic technology is
poised to play a central role in the future
energy landscape. Among the various
photovoltaic technologies, second-generation
thin-film solar cells have attracted significant
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attention due to their potential for low cost
and large-scale manufacturing. Cadmium
Telluride (CdTe) solar cells have emerged as
one of the most successful commercial thin-
film technologies. CdTe possesses a near-
ideal direct bandgap of ~1.45 eV and a high
absorption  coefficient (>10° cm™ 1),
allowing for efficient light absorption with
very thin material layers. However, despite
their commercial success, laboratory-record
efficiency for CdTe cells stands at 22.1%,
which remains significantly below the
theoretical ~ Shockley-Queisser limit  of
approximately 30% for a single-junction
device. A promising pathway to overcome
the inherent limitations of single-junction
solar cells is the implementation of multi-
absorber structures. These structures can
capture a broader range of the solar
spectrum. Combining CdTe (bandgap ~1.45
eV) with Silicon (Si, bandgap ~1.12 eV)
offers a complementary approach. The CdTe
layer can effectively absorb high-energy
photons in the visible spectrum (350-750
nm), while the Si layer can harness the
lower-energy photons in the near-infrared
region (750-1100 nm). This synergy
promises a significant boost in overall
photocurrent and efficiency. The primary
challenge in realizing a monolithic CdTe/Si
tandem cell is the substantial 19.3% lattice
mismatch between both materials. This
mismatch induces crystal defects at the
heterojunction interface, which acts as
recombination centers for photogenerated
charge carriers, severely degrading voltage
and overall performance.

Methodology

This study employs numerical simulation,
using the well-established SCAPS-1D (Solar
Cell Capacitance Simulator in  One
Dimension) software. SCAPS-1D solves the
fundamental ~ semiconductor  equations
(Poisson's equation and the electron and hole
continuity equations) under illumination and
bias, providing detailed insights into the
device's electrical characteristics.

Device Structure and Model Assumptions
The proposed cell stack was as follows:

e Front Contact: FTO (Fluorine-doped
Tin Oxide) acted as the transparent
conducting electrode.

e Window/Buffer Layer: ZMO
(ZnMgO). Five alternative buffer
layers (CdS, In,Ss3, ZnO, ZnSe, ZnS)
were investigated with a thicknesses
from 10 to 100 nm.

e Primary Absorbers: A thin layer of
CdTe was followed by the novel
CdSixTe, interlayer, and a thick p-
type Silicon substrate.

e Back Contact: A ZnTe:Mo layer was
used to form a back surface field,
topped with a Gold (Au) metal
contact.

Key simulation assumptions included:

e Illumination: standard AM1.5G solar
spectrum (1000 W/m?) at 300 K,

« Boundary Conditions: ohmic contacts
at both front and rear electrodes,

e Recombination Models: Shockley-
Read-Hall (SRH) recombination in
the bulk and at interfaces, Auger
recombination in the heavily doped
Si, and radiative recombination,

e 1D Geometry: the effects related to
lateral inhomogeneity, grain
boundaries (in polycrystalline layers),
and surface roughness were not
considered, representing an idealized
scenario.

Parameterization

The input parameters for each layer
(thickness, bandgap, electron affinity,
dielectric constant, carrier mobilities, doping
densities, and defect densities) were
carefully  extracted  from  reputable
experimental and theoretical literature. A
critical acknowledgement is that certain
parameters, especially bulk and interface
defect densities, are highly dependent on
fabrication  conditions and can be
challenging to reproduction exactly in a
laboratory setting.

Results and Discussion

Optimization of Layer Properties

A systematic parameter sweep was conducted
to identify the optimal configuration for
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maximum efficiency:

o CdTe Absorber: the thickness of the
CdTe layer was found to be critical.
For low bulk defect densities (<
2x10° com~3), efficiency was
relatively insensitive to thickness.
However, for higher defect densities,
performance degraded significantly
with increasing thickness beyond 0.1
pum  due to enhanced bulk
recombination. The optimal CdTe
thickness was identified as 0.1 pm.

o Silicon Absorber: the doping density
(N_A) of the p-Si layer was
optimized. Increasing doping
improved the open-circuit voltage
(V_OC) and fill factor (FF) up to a
point, but very high doping (>10"
cm” 3) began to reduce the short-
circuit current (J_SC) due to reduced
carrier mobility and increased Auger
recombination. The optimal acceptor
density for Si was found to be 2x10"
cm™ 3. The optimal Si thickness was
determined to be 200 um, balancing
optical absorption and electronic
quality.

o Buffer Layer Comparison: among the
five Dbuffer layers studied, ZMO
yielded the best overall performance
in the final optimized structure,
facilitating good electron transport
and collection.

Critical Role of Interface Quality
The study placed significant emphasis on the
impact of interface defects, characterized by
their density (N _t):
e ZMO/CdTe
performance
interface state densities up to ~10
cm” 2. Beyond this, especially above
10" cm~ 2, a severe degradation in FF
and efficiency was observed,
primarily due to increased shunting
paths. For high efficiency, the
interface state density at ZMO/CdTe

had to be kept below 10" cm™ 2.
e Si/ZnTe:Mo Interface: a similar trend
was observed. The performance
started to degrade sharply when the

Interface: the cell
remained stable for

15

interface state density exceeded 10"
cm~ 2 The V_OC and efficiency
were particularly sensitive,
underscoring the need for a high-
quality, low-defect interface (< 10°
cm™ 2) for effective hole collection.

Spectral Response and Loss Analysis
The External Quantum Efficiency (EQE) of
the optimized cell was analyzed. The
proposed CdTe/Si structure demonstrated a
remarkably broad spectral response from 350
nm to 1100 nm.

e The CdTe layer dominated
absorption in the short-wavelength
region (350-550 nm), achieving an
EQE > 85%.

e Both absorbers contributed in the
mid-wavelength range (550-750 nm),
with a peak EQE of ~92% at 650 nm.

e The Si layer was responsible for the
long-wavelength response (750-1100
nm), with the EQE gradually falling
from 80% at 800 nm to 15% at 1100
nm.

This wide spectral coverage was the key

reason for the high generated photocurrent.
Loss analysis indicated that reflection, non-

useful absorption in the FTO, and
recombination were the primary loss
mechanisms, which could be further

mitigated with advanced anti-reflection
coatings and improved passivation.

Ultimate Performance and Comparison
After comprehensive optimization of all
parameters, the simulated current-voltage (J-
V) characteristics of the proposed
FTO/ZMO/CdTe/CdSixTe,/p-
Si/ZnTe:Mo/Au cell under ideal conditions
were:
e Open-circuit voltage (V_OC): 0.838
Vv
e Short-circuit current density (J_SC):
43.46 mA/cm?
o Fill factor (FF): 86.11%
e Power conversion efficiency (n):

28.42%
This theoretical efficiency substantially
surpassed the record efficiencies for

conventional single-junction CdTe (22.1%)
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and advanced silicon (e.g., HIT, 26.7%)
solar cells. It was also competitive with other
emerging  tandem  technologies  like
Perovskite/Si.

Conclusion
This computational study successfully
proposes and analyzes a novel monolithic
CdTe/Si thin-film solar cell architecture. The
introduction of a CdSicTe, interlayer was
shown to be a crucial enabler for mitigating
the lattice mismatch issue. Through rigorous
numerical simulation with SCAPS-1D, the
device  structure  was  systematically
optimized, revealing a theoretical potential
for achieving a power conversion efficiency
of 28.42%. The findings highlighted that
while high efficiencies were theoretically
possible, they were critically contingent
upon achieving high material quality,
specifically:
1. Low bulk defect densities, especially
in the CdTe absorber
2. Exceptionally low interface state
densities (< 10° cm~2) at all
heterojunctions
These results provide a strong theoretical
foundation and a clear design roadmap for
experimentalists. Future work must focus on
the experimental realization of this structure,
which  will require advanced thin-film
deposition techniques, precise control over
interface properties, and effective passivation
strategies. Bridging the gap between this
simulated performance and a practical,
manufacturable device remains the key
challenge and the most promising direction
for subsequent research. This work ultimately
positions the CdTe/Si tandem cell as a highly
competitive candidate for the next generation
of high-efficiency, cost-effective
photovoltaics.
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