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In this study, the optical properties of a silicon-based bifacial solar cell with an n*—p—p* structure were investigated using numerical
simulation in the Sentaurus TCAD environment. Various metal nanoparticles were embedded in the emitter layer in a linear
configuration to analyze their effects on light absorption and scattering. The study compared metal nanoparticles of platinum (Pt), gold
(Au), silver (Ag), aluminum (Al), and copper (Cu). All nanoparticles were modeled with the same diameter (5 nm), and the current-
voltage (I-V) characteristics were obtained for each configuration. The simulation results showed that platinum nanoparticles yielded
the highest short-circuit current density of 13.8 mA/cm?, while silver nanoparticles yielded the lowest, at 5.027 mA/cm?. Optimal
parameters were observed with nanoparticles of 5 nm in diameter. Furthermore, it was found that the photon absorption density for the
most efficient metal type was 1.81 times greater than that of the reference structure without nanoparticles. Additionally, the spectral
sensitivity of silicon shifted toward the ultraviolet region in the presence of metal nanoparticles. The study demonstrated enhanced
utilization of the visible light spectrum, and due to the embedded nanoparticles, the overall absorption coefficient of the bifacial solar
cell increased by a factor of 1.33, aligning more effectively with the visible spectral range.
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INTRODUCTION

Among renewable energy sources, solar energy is gaining an increasingly important role in the global energy system.
This form of energy is environmentally friendly and represents an inexhaustible energy source [1]. Enhancing the
efficiency of solar cells is currently one of the key research directions in science and technology. In particular, bifacial
solar cells, distinguished by their ability to absorb light from both the front and rear sides, can increase their overall energy
generation potential by up to 10-30% [2].

Silicon-based solar cells belong to the class of devices that are highly sensitive to environmental conditions. The
effects of light intensity [3], temperature [4], and the angle of light incidence on solar cell performance has been widely
investigated. It has been established that an increase in temperature leads to a slight rise in short-circuit current, while the
open-circuit voltage decreases significantly, resulting in an overall reduction of the power conversion efficiency [5].
Numerous comprehensive studies have been conducted to enhance the efficiency of solar cells and minimize losses. In
general, there are three primary loss mechanisms in solar cells: thermal [6], electrical [7], and optical [8]. In conventional
silicon-based solar cells, more than 30% of the incident light is reflected from the surface [9]. To reduce this reflection
coefficient, various anti-reflective coatings [10] and surface texturing techniques [11] have been developed. The surfaces
of silicon-based solar cells are commonly coated with SiNx or SiO., as these materials possess passivation properties and
have refractive indices between those of air and silicon [12]. In practice, surface texturing is achieved using alkaline or
acidic solutions, and silicon wafers with a (100) crystal orientation are typically employed [13]. Since the bandgap of
silicon is 1.12 eV, it mainly absorbs photons in the visible spectral range. According to the quantum efficiency function,
solar cell materials do not absorb photons with energies lower than the bandgap. If the photon energy is much greater
than the bandgap, the excess energy is converted into hot electrons. These high-energy hot electrons quickly lose their
excess energy through phonon emission, returning to the valence band and thus not contributing to the photocurrent.
Therefore, to modify the absorption spectrum of solar cells, luminescent materials [ 14] or metallic nanoparticles [15] are
often incorporated.

In converting solar energy into other forms, the device's optical properties play a crucial role. Surface texturing of
various shapes on solar cells has been effectively employed to enhance light absorption [16]. Due to multiple refractions of
sunlight at the surface, its energy is absorbed more efficiently. The presence of a p—n junction near the surface requires
maximizing light absorption in its vicinity [17]. Increased light absorption close to the p—n junction results in a higher
generation rate of charge carriers [18]. Therefore, surface textures with varying heights are fabricated on solar cells [19].
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These textures cause incident light rays to undergo multiple reflections within the structure, thereby increasing their
interaction with the surface. Consequently, the degree of light absorption by the surface is significantly enhanced.

Currently, methods for generating additional charge carriers near the p—n junction are being continually improved.
In particular, the use of metallic nanoparticles to enhance the optical and electrical properties of solar cells has emerged
as a promising approach [20]. Metallic nanoparticles such as gold (Au), silver (Ag), and platinum (Pt) can enhance light
scattering and absorption through the localized surface plasmon resonance (LSPR) phenomenon [21][22]. This effect
leads to a localized enhancement of the electric field around the nanoparticles, thereby increasing the number of photons
reaching the active layer [23]. Based on these mechanisms, numerous studies have confirmed that modifying solar cells
with metallic nanoparticles can broaden the optical absorption spectrum, enhance scattering angles, and ultimately
improve photogeneration efficiency [24][25]. For example, J. Zhu et al. demonstrated that the application of
nanostructures could double the light absorption in illuminated solar cellsError! Reference source not found..

In this study, the optical and electrical properties of bifacial silicon-based solar cells were investigated by introducing
metallic nanoparticles (Au, Pt, Cu, Al, Ag) into the emitter layer through numerical modeling using the Sentaurus TCAD
software package. Based on the simulation results, the effects of nanoparticle radius and material type on the photocurrent
density and current—voltage characteristics were determined. The results showed that the optimal selection of nanoparticle
parameters can significantly improve light absorption, thereby enhancing the overall efficiency of the solar cell.

MATERIALS AND METHODS

In this study, the effects of various metallic nanoparticles on the optical and electrical properties of a bifacial solar
cell were investigated. The selected nanoparticles included silver (Ag), aluminum (Al), copper (Cu), gold (Au), and
platinum (Pt). These materials were chosen due to their high nanoplasmonic activity as well as their strong light scattering
and absorption capabilities, which play a crucial role in enhancing light-matter interactions within the solar cell. The
device structure was based on a conventional n—p—p configuration, with both the front and rear sides designed to be light-
absorbing. The top and bottom contacts consisted of metallic layers that efficiently received incident radiation through
the intermediate layers. Metallic nanoparticles were embedded into the upper active emitter layer. In addition to the
nanoparticle material, the radius (ranging from 1 to 25 nm) was considered as a variable parameter, and for each radius
value, the optical and electrophysical characteristics of the solar cell were evaluated. During the optical simulations, the
nanoparticle-specific surface plasmon resonance frequencies and absorption coefficients were taken into account. All
numerical modeling procedures were performed using the Sentaurus TCAD software package.

During the simulation process, the following Sentaurus TCAD modules were employed as the primary tools:

SDE (Sentaurus Structure Editor) —used to design the geometric structure of the device, precisely defining the layers
and positioning the nanoparticles;

SProcess — applied for adjusting dopant profiles and determining the exact placement of nanoparticles;

SDevice — used for electrophysical simulations of the device, including the calculation of current—voltage (I-V) and
power—voltage (P—V) characteristics, electric field distribution, optical absorption levels, and photocurrent density;

Sentaurus Visual — employed for the visual analysis of the obtained results and for generating gradient maps of
parameter distributions.

In the optical simulation stage, the complex absorption coefficients corresponding to each metallic nanoparticle were
incorporated based on the optical models of the respective materials. The AM1.5G spectrum was adopted as the
illumination source.

The primary photovoltaic parameters of the solar cell were determined using the current—voltage (I-V)
characterization method, which enables the evaluation of output parameters for all types of solar cells. Fig. 1 presents the
equivalent circuit of the device.
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Figure 1. Equivalent circuit of a solar cell

Here, I,p, is the photocurrent, I is the total current in the circuit, I, is the current flowing through the diode, and I,
is the current passing through the shunt resistance. Applying Ohm’s law to the entire circuit shown in Fig. 1, the total
current can be expressed as:

Iph :I+Id+15h (1)
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The value of each current in the equation is determined separately. After that, the final working equation is obtained.
The final equation can be seen in formula (2) below.

U+IRg

la =1 [exp (T7a) = 1], 1on =

U+IRg

(@)

Rsn )

Here, I, is the maximum current through the diode, R is the series resistance, U is the output voltage, ¢ is the
electron charge, n is the ideality factor, & is the Boltzmann constant, and T is the temperature.

Formula 2 represents the complete current equation of the solar cell during the circuit connection process [27]. By
applying boundary conditions to this equation, modifications are introduced. For this purpose, the parameters at the
maximum power point from the current—voltage characteristic graph are used. To determine the maximum power point,
it is sufficient to take the product of the maximum current and voltage [28]. Fig. 2 shows the I~V characteristic of the
solar cell.
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Figure 2. Current—voltage (/-V) characteristic of the solar cell.

By determining the /-V characteristic of the solar cell, the short-circuit current and open-circuit voltage can be
identified. If the initial conditions are set, when the short-circuit current in the /-7 characteristic approaches zero, the
open-circuit voltage takes its maximum value. This can be seen below.

U=Uy; I =1 =0. 3)

Through the condition in this 3rd formula, we obtain the following equation.

Ly, =0+1, [exp (%) — 1] + %, “)
Lpn =1, [exp (%) - 1] + %. %)

The 5th formula above clearly allows the determination of the photocurrent passing through the solar cell. Based on
these formulas, the current—voltage characteristic of the bifacial solar cell with various metal nanoparticles introduced
was determined.

RESULTS AND DISCUSSION

Front-side illumination was applied to the bifacial solar cell with various metal nanoparticles introduced. For
comparison purposes, the output parameters of the solar cell without nanoparticles were measured (Fig. 3).

As shown in the graph, all metal types yielded high current densities, with the solar cell without nanoparticles
showing the lowest. Positive results were obtained for nanoparticles based on all tested materials. Among them, platinum
showed the best performance, reaching a current density of 13.8 mA/cm?, while silver produced the lowest value of
5.027 mA/cm?. Based on these results, it was decided to continue the experiments with platinum.

The output parameters of the solar cell with platinum nanoparticles increased. These output parameters are
significantly dependent on the shape and size of the nanoparticles. Therefore, in the experiment, platinum was taken in
spherical form. The spherical particle shape is associated with its ability to generate a uniform field and wave propagation
around itself. The sphere's radius was increased in steps of 1 nm. As a result, the dependence of current density on particle
radius was obtained (Fig. 4). The introduction of an atom or particle into the solar cell changes its current density. At the
same time, the open-circuit voltage depends only on the material type and environmental conditions.
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Figure 3. -V characteristics of the bifacial solar cell with various metal nanoparticles
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Figure 4. Dependence of the current density of the bifacial solar cell with platinum nanoparticles on the nanoparticle radius.

From the graph in Fig. 4, it can be seen that the current density of the bifacial solar cell with metal nanoparticles
shows a significant dependence on the nanoparticle radius. In this case, the nanoparticle size causes the current density to
increase in certain ranges and decrease in others. Accordingly, the optimal size of the metal nanoparticle was determined.
For platinum nanoparticles, the optimal size was found to be 5 nm. According to the results, the optimal-size current
density value was 2.96 times higher than that of the bifacial solar cell without nanoparticles. Measurements also showed
that for sizes larger than 5 nm, a decrease in current density was observed. This decrease at sizes larger than the optimal
radius is explained by the nanoplasmonic effect occurring in the structure. The occurrence of the nanoplasmonic effect
first influences the local electric field, then affects the surface. The spatial extent of the generated electric field should be
significantly larger than the nanoparticle size.

Below, the /-V and P-V characteristics of bifacial solar cells without and with nanoparticles are shown (Fig. 5).
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Figure 5. a) I-V characteristics of bifacial solar cells with and without platinum nanoparticles, b) P—V characteristics of the
bifacial solar cell with platinum nanoparticles

From the above graphs, it can be seen that the current density generated by the solar cell with platinum nanoparticles
is almost three times higher. Accordingly, the output power and the maximum power point were determined. The
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maximum output power was found to be 5.25 mW, with the current density and voltage at this point being 13.08 mA/cm?
and 0.401 V, respectively. The relatively small values of the output parameters indicate that the selected sample has a
small size. This is because, at smaller sizes, the effect of metal nanoparticles on the selected sample becomes more
significant.

The influence of nanoparticles is crucial in achieving higher output parameters. Since the nanoparticles are arranged
in a straight line within the emitter layer of the solar cell, an additional light spectrum is generated in that layer. Metals,
when exposed to incident light, perform the function of generating charge carriers through the light scattered back from
them. The light scattered from the nanoparticles interacts with each other, producing high intensity in that region. As a
result, the value of optical generation in that area increases.

The graph of optical generation as a function of solar cell thickness is shown in Fig. 6.
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Figure 6. Optical generation of a bifacial solar cell as a function of its thickness

It can be seen from Figure 6 that the nanoparticle embedded in the emitter layer increased the optical generation of
the solar cell by almost 1.81 times. In this graph, the optical generation of a solar cell without nanoparticles decreases
exponentially. If nanoparticles are not embedded into the emitter layer, light intensity is more absorbed towards the base.
Therefore, embedding nanoparticles into the emitter layer increases the light intensity in this layer, resulting in reduced
absorption in the base region.

The absorption of light is directly related to its spectrum. Secondly, it is strongly dependent on the thickness of the
solar cell. Thickness affects the internal interference process within the solar cell. The optical properties of light in a
material are determined by its absorption, transmission, and reflection coefficients. By increasing absorption, it is possible
to reduce the values of transmission and reflection coefficients. Therefore, in this research, the dependence of the
absorption coefficient on the wavelength of light was determined (Fig. 7).
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Figure 7. Dependence of the absorption coefficient of a bifacial solar cell on the wavelength of light

The above graph shows that the absorption coefficient of the solar cell with embedded nanoparticles is higher. It
was determined that this value is 1.33 times greater than the absorption coefficient of the solar cell without nanoparticles,
reaching 79.4%. For the silicon-based bifacial solar cell without nanoparticles, the absorption coefficient decreases as the
wavelength of light increases, which leads to inefficient utilization of long-wavelength light. In contrast, the absorption
coefficient of the nanoparticle-integrated solar cell shows good performance even at long wavelengths. Based on the
obtained results, it can be concluded that the introduction of metal nanoparticles into the bifacial solar cell optimizes its

optical properties.
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CONCLUSIONS

In this study, various types of metal nanoparticles were introduced into a bifacial solar cell. Among the embedded
metal nanoparticles, platinum was identified as the most optimal type. Platinum, a high-efficiency metal, was selected,
and its effect on the solar cell's optical properties was investigated. First, the optimal platinum nanoparticle radius for
maximum performance was determined. For 5 nm platinum nanoparticles, a current density of 13.8 mA/cm? was
achieved. This value was found to be 2.9 times greater than the current density of a solar cell without nanoparticles.
Optimal-sized nanoparticles were embedded in the emitter layer of the solar cell, and they were observed to enhance
optical generation.

In addition, the absorption coefficient values and corresponding graphs of the nanoparticle-integrated solar cell were
obtained. The results showed that absorption increased in the nanoparticle-embedded region and remained effective at
long wavelengths. It can be concluded that embedding metal nanoparticles into a bifacial solar cell is a promising
approach, as it optimizes its optical properties. In the future, determining the thermal and electrical conductivities of the
metal nanoparticles embedded in bifacial solar cells is expected to be even more promising.
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MOKPAIIEHHA TA OITHMI3AIIS ONTHYHNX BJJACTUBOCTEN IBYX®AIMIAIBHUX COHAYHAX
EJEMEHTIB HIJISIXOM JOOJAHHS METAJTEBUX HAHOYACTUHOK
Myponzxon M. Komisios!, Paiiimskon Anies!, ABaszéex A. Mip3zaaaimos?, C.P. Axnies?, Mypomxon K. A6ayBoxinos?,
Hagpy3s6ek A. Mip3zaauimos', Jlx. 3iliorainos!, Conikazxon I. Temipon!
! Anouarcancoruii deporcasnui ynisepcumem imeni 3.M. Babypa, Anousican, Ysbexucman
2 Anoudicancokuti OepoicasHutl nedazoziunul incmumym, Anoudsican, Y30exucman
3Anousicancoxa hinia Koxanocvkozo yuisepcumemy, Anousican, Ysbexucmar
*Anousicancoruti deporcagnuti mexnivnuii incmumym, Anoudican, Y30exucman

VY upoMy mociipKkeHHI OyII0 JOCTiKEHO 3MiHM ONTHYHUX BIACTHBOCTEH IBOCTOPOHHBOI'O COHSYHOTO €JIEMCHTAa Ha OCHOBI KPEMHIIO
31 CTPYKTYpOIO n'—p—p* 3a JOMOMOTOI0 YHCIIOBOIO MOJEIIOBAHHS 3 BUKOPUCTAHHSIM HporpaMHoro cepenosuma Sentaurus TCAD.
Pi3Hi MeraneBi HaHOYacTHHKH OyJi BOy/ZOBaHi B Inap emirepa B JiHiiHIN KoH(Irypamil Ui aHaii3y IXHBOTO BIUIMBY Ha HPOLECH
MOTJIMHAHHS Ta PO3CIIOBaHHS CBiTNA. Y MOCIHI/KEHHI MOPIBHIOBAIKCS MeTajeBi HaHO4YacTHHKU IuiatiHu (Pt), 3omora (Au), cpibna
(Ag), amrominiro (Al) Ta mizi (Cu). Bei Hano9acTHHKH OyiM 3MOZAEIBOBaHI 3 OAHAKOBUM JiaMeTpoM (5 HM), 1 4711 KOXKHOT KOHGirypariii
Oynau oTpumani BonbT-amnepHi (BA) xapakrepuctuku. Pe3ysibTaTH MOJENIOBAaHHS IMOKa3alH, 10 HAHOYACTUHKHU IUIATHHHU Jald
HaMBHITY LOIUTBHICTH CTPYMYy KOPOTKOTO 3aMHKaHHS - 13,8 MA/cM?, ToJli SIK HAHOYACTUHKH Cpibia Aanu HalHmwk4y - 5,027 MA/cM?.
OnrtuManbHi TapaMeTpH CIOCTEPIraucs A HAHOYACTUHOK AiaMeTpoM 5 HM. Kpim Toro, Oyio BUSBIEHO, IO OITBHICTh TOTJIMHAHHS
(oToHiB JuIs HalleekTHBHINIOrO TUITy MeTay Oyia B 1,81 pa3u OinbIIOI0, HIXK Y €TaTOHHOI CTPYKTypH 6e3 HaHoyacTHHOK. KpiM Toro,
CHEKTpaJIbHA Yy TJIMBICTh KPEMHIIO 3MIiCTHIIACS B yIBTPaQhioNeToBy 00IaCcTh Y IPUCYTHOCTI METAICBHX HAHOYACTHHOK. JlOCII/DKECHHS
NPOJEMOHCTPYBAJIO IOKpAIleHe BUKOPHUCTAHHS CHEKTPY BUIMMOTO CBIiTJA, 1 3aBASKM BOYZOBaHMM HAHOYACTHHKAM 3arajbHUM
Koe(IL[ieHT MOTIMHAHHS JBOCTOPOHHBOTO COHSYHOTO eJleMeHTa 301bmHBCs B 1,33 pasy, 1m0 e)eKTUBHILIE Y3T0PKYETHCS 3 BUANMUM
CIHEKTPAJIbHUAM [[ialla30HOM.
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