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ABSTRACT- Bifacial silicon heterojunction (HJ) solar cells have attracted considerable attention due to their high
efficiency and capability to utilize illumination from both front and rear sides. In this work, a bifacial HJ solar cell with the
structure IMAI/n-a-Si:H/c-Si/p-a-Si:H/ITO is numerically investigated using COMSOL Multiphysics. The device performance is
analyzed under front-side, rear-side, and simultaneous bifacial illumination by considering the effects of interface-trap density,
donor concentration, and emitter thickness of the n-type amorphous silicon layer. An asymmetric interface-trap configuration is
adopted, with10 °(cm ~2)at the n-a-Si:H/c-Si interface and 10 °(cm ~2) at the c-Si/p-a-Si:H interface. Based on the investigated
parameter ranges, a donor concentration of 5.10 2°(cm ~3) is selected as the reference value, while an emitter thickness of 5 nm
provides the best photovoltaic performance within the investigated thickness range. Under the selected parameter set, the
simulated device exhibits conversion efficiencies of 26.6%, 20.09%, and 27% under front-side, rear-side, and simultaneous
bifacial illumination, respectively. The rear-to-front efficiency ratio is 75.5%, indicating a pronounced front-rear asymmetry. The
results indicate that the front-side photovoltaic response remains higher than the rear-side response, which is consistent with the
asymmetric interface conditions and the resulting non-uniform recombination and carrier-transport behavior across the device
structure. Overall, the findings highlight the importance of interface engineering and appropriate selection of emitter properties in
controlling the photovoltaic performance of bifacial heterojunction solar cells.

Keywords: Bifacial HJ Solar Cell, Heterojunction, Interface-Trap Density, Ratio for Front and Rear Asymmetry, COMSOL
Multiphysics.
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fabricated the world’s first practical silicon p—n junction solar
cell, the use of silicon-based solar cells has continued to
increase [1]. Devices based on electronic semiconductors,
particularly  crystalline silicon (c-Si) and thin-film
semiconductor materials, are widely used for photovoltaic
energy conversion [2-4]. Crystalline silicon solar systems are
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exhibit superior electrical properties, achieving efficiencies of
up to 20%. However, due to the high cost of wafer-based
crystalline technology, monocrystalline photovoltaic modules

1. INTRODUCTION
Driven by the accelerating global energy crisis and the
pressing need for sustainable alternatives, solar energy has

become one of the most compelling renewable resources,
offering a clean, virtually inexhaustible, and environmentally
responsible solution for future energy production. This
growing interest has led to the development of various solar

are less cost-effective [5],[6]. Consequently, recent research
has focused on developing alternative technologies that can
achieve high efficiency while reducing manufacturing costs.
Among these promising technologies are heterojunction solar
cells (HJSCs), which are formed by combining two
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semiconductor materials with different energy band gaps.
Heterojunctions were first studied in 1974 by Fuhs [7], and in
1983 the first solar cell based on this structure was fabricated
[8],[9]. Bifacial solar cells are of significant interest due to
their higher efficiency potential and the increasing demand to
enhance photovoltaic power generation. The bifacial
architecture, which incorporates metal grid lines on both the
front and rear surfaces, enables light absorption from both
sides. Under specific operating conditions, this configuration
can generate up to 20% more power compared to conventional
single-sided solar cells [10-14].

In this work, a bifacial heterojunction solar cell with the
structure IMAI / n-a-Si:H / ¢-Si / p-a-Si:H / ITO is numerically
investigated using COMSOL Multiphysics. The device
performance is analyzed under front, rear, and bifacial
illumination by considering the effects of interface defect
density, donor concentration, and emitter thickness. An
asymmetric defect configuration is assumed at the front and
rear interfaces to reflect realistic non-uniform interface
conditions. The simulations indicate that a donor concentration
of 5.102°cm™2 and an emitter thickness of 5 nm correspond to
the optimum conditions considered in this study. Under these
conditions, the simulated conversion efficiencies reach
26.60%, 20.09%, and 27% under front-, rear-, and bifacial
illumination, respectively. The resulting rear-to-front
efficiency ratio is 75.53%, which is close to the experimentally
reported value of approximately 77%. This agreement
indicates that the simulated front—rear performance asymmetry
is consistent with that observed experimentally in bifacial
silicon solar cells.

2. THE NUMERICAL RESOLUTION
EQUATIONS

2.1. The equations governing the system under
consideration

The modeling and simulation of solar cells in one-dimension
(1D) using COMSOL-Multiphysics software are based on the
numerical solution of the fundamental drift-diffusion (DDM)
equations in semiconductors, implemented through the finite
element method [15]. These equations consist of the
following: the Poisson equation (1), the continuity equations
(2), and the transport equations for electrons and holes (3) [16-
17]:

div(e- gradV)=—q-(p—n+dop+n,) (1)
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Where:

&o: Absolute dielectric constant.

&, : Relative dielectric constant.

y(x): Electrostatic potential at the x position of the solar cell.
q: Electron elemental charge.

n/ p: Electron/hole.

N7 /N, : Donor/acceptor concentrations.

x: The position in the cell.

Jnp : is the current density of electrons and holes.
Gn,p: is the rate of electron and hole generation.

R, : is the recombination rate of the electron and hole.
Un p: mobilities of electron and hole.

E: Electric field.

D,, ,, : Diffusion constant for electrons, holes.

We assumed ideal Ohmic contacts at the external electrical
contacts, and COMSOL Multiphysics® automatically
determined the band offsets at the hetero-interfaces from the
specified material properties. Table 1 summarizes the material,
mobility, and doping parameters used in the simulations, along
with their corresponding references.

The semiconductor equations were solved under steady-state
conditions using a Stationary nonlinear solver with automatic
variable scaling.

G, %) =a@)-0() - (1 -R@))- e *M* )

In this context, o(y) represents the absorption coefficient
corresponding to wavelength y. @(y) is the flux of incoming
photons per square centimeter per second for each bandwidth
unit, and R(A)is associated to the fraction of photons that are
reflected by the surface. The total photo-generation rate,
G(y,x) is obtained by the integration of Eq. (4) across the full
spectrum of sunlight wavelengths. The complete multilayer
cell structure was included in the optical calculations, the
wavelength-dependent optical properties and layer thicknesses
were used within the Beer—Lambert absorption model to
determine the local photo-generation profile over the
wavelength range of [280-1300] nm under the standard
AMI1.5G solar spectrum. The wavelength-dependent refractive
index n and extinction coefficient k of the constituent
materials were used to determine their optical absorption
properties. The optical constants were obtained from
Refractivelndex.INFO [19], while the AM1.5G solar spectrum
was taken from ASTM G173. The optical model accounted
for the absorption of the constituent layers. Separate photo-
generation expressions were defined for the three illumination
conditions  considered in  this work:  front-side
illuminationGyp, prone, rear-side illuminationGyp geqr, and
bifacial illumination G, ¢¢. For each illumination condition,
the corresponding photo-generation rate was applied to the
semiconductor domains in the COMSOL Semiconductor
interface. The resulting photo-generation profiles were
subsequently coupled to the semiconductor transport equations
to calculate the photovoltaic response under front, rear, and
bifacial illumination.
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2.3. Illumination Conditions and Bifacial

Efficiency Definition

For the optical simulations, the standard AM1.5G solar
spectrum at 1-sun irradiance, corresponding to an incident
power density of 100 mW /cm?, is considered for each
illuminated surface. Under front-side illumination, the front
surface is exposed to 1-sun AM1.5G irradiation, whereas
under rear-side illumination, the rear surface is exposed to 1-
sun  AMI.5G irradiation. For simultaneous bifacial
illumination, both the front and rear surfaces are
simultaneously exposed to 1-sun AM1.5G irradiation. Thus,
the total incident power density under bifacial illumination is
given by:

w
Pin,total = Pin,Front + Pin,Rear =100 + 100 = 200 Tmz (5)

The conversion efficiency is calculated from the maximum
output power according to:

P

Eff = Zax X 100 (6)
mn

For simultaneous bifacial illumination, the bifacial conversion

efficiency is therefore determined by considering the total

incident power from both illuminated surfaces:

Pmax,bifacial

Eff,bifacial - Pin,FTont+Pin,Rear X 100 (7)
Accordingly, when both surfaces are illuminated under 1-sun
AMI1.5G conditions, the denominator corresponds to a total

incident power density of Py, ;orq = 200 mW /cm?.

2.4. Interface Recombination Modeling

Interface recombination was modeled in COMSOL using the
Shockley—Read—Hall (SRH) recombination framework for a
single discrete interface-trap energy level. The interface-traps
were introduced at the n-a-Si:H/c-Si interface, which was
treated as a recombination-active boundary rather than as a
bulk interface-trap region. The interface-trap parameters were
defined as model variables in COMSOL and assigned to the
corresponding interface. The interface-trap density N; was
varied over the investigated range, while the remaining trap
parameters were maintained at their reference values during
each parametric study. The trap energy level, carrier-capture
cross-sections, and thermal velocities were specified according
to the parameter set used in the corresponding simulations.
This procedure allows the individual effect of the investigated
interface parameter on the photovoltaic performance to be
isolated.The SRH formulation accounts for trap-assisted
carrier recombination through the discrete interface state [20],
[21]. The corresponding equations used to describe the
interface recombination are given in eq (8)—(12).

(t)
( —CN(l)exp( TEC) (8)
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These relations were implemented at the n-a-Si:H/c-Si hetero-
interface in COMSOL Multiphysics using a Weak
Contribution applied to the corresponding boundary.

€const [jS test(down(N ) +](2)test(up(N )
]S(i,)test(down(Ph)) —](Z)test(up(Ph))]
(13)
Where e,(ll), e is electron and hole emission rate from trap

p
(l) (l)

level into the valence band, N, effective density of states

corresponding to the conduction and valence bands, Et()trap

energy level, E. conduction-band minimum, E\(,l)is the
effective density of states in the valence band, and c is a
constant. (often includes capture cross-section and thermal
velocity), Kp boltzman constant, T temperature, Ng trap
density of the interface surface, f; Occupation probability of

the trap, n®, p® electron and hole concentration, ]S(}l), Js(i)’

]S(;), ]S(? hole and electron recombination /generation current

density.

The superscript (i), where i = 1, 2, specifies whether the
emission rate is evaluated on the left or right side of the
boundary, respectively.

3. SOLAR CELL DEFINITION

f g 1 illustrates the architecture of the investigated
heterojunction (HJ) solar cell (a), together with representative
physical and electrical outputs obtained from the numerical
model, including the band diagram (b), carrier concentration
distributions (¢), and current density—voltage (J-V)
characteristics (d). The device structure consists of IMAI/n-a-
Si:H/c-Si/p-a-Si:H/ITO, where the n-a-Si:H, ¢c-Si, and p-a-Si:H
layers serve as the emitter, absorber, and back-surface-field
(BSF) layers, respectively. The IMAI layer acts as the front
transparent conductive layer and consists of a laser-treated
ITO/Mo—-Ag/ITO composite layer [22]. In the present
numerical model, the IMAI composite is represented as a
single effective layer, while the rear ITO layer serves as the
rear transparent conductive layer, enabling illumination from
both sides of the device. The IMAI and rear ITO layers were
explicitly included as conductive material domains in the
numerical model. The layer thicknesses used in the
simulations were fixed at 80 nm for the front IMAI layer, 10
nm for n-a-Si:H, 230 pm for c-Si, 10 nm for p-a-Si:H, and 200
nm for the rear ITO layer. The optical properties of the
constituent layers were included in the optical model through
their wavelength-dependent refractive index and extinction
coefficient, and the resulting absorption was used to determine
the photogeneration profiles under front, rear, and bifacial
illumination.The front electrical contact was set as the voltage
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reference with (V = 0V), while the rear contact was assigned
a terminal voltage V. The J-V characteristics were obtained
by sweeping the rear-terminal voltage from 0 to 0.9 V with a
step size of 0.01 V. Both external contacts were modeled as
ideal Ohmic contacts. The n-a-Si:H/c-Si and p-a-Si:H/c-Si
heterojunctions were modeled using the thermionic-emission
formulation available in the Semiconductor Module. The
coupled semiconductor equations were solved using a finite-
element formulation, with Maxwell-Boltzmann statistics
adopted for the carrier-density formulation. A mesh-
convergence study was performed to ensure adequate
numerical resolution of the thin semiconductor layers and
heterointerfaces. As shown in table 1, the maximum element
size was progressively reduced from 0.461 to 0.15, while the
calculated Jg¢, Vo, FF and Eff exhibited only negligible
variations, indicating that the solution was mesh-converged
within the investigated range. Particular attention was given to
the nanometre-scale amorphous layers and the n-a-Si:H/c-Si
and c-Si/p-a-Si:H heterointerfaces. Accordingly, the Finer
mesh was selected for the subsequent simulations. The
electron and hole mobilities were treated as constant material
parameters throughout the donor-concentration sweep, and no
doping-dependent mobility model was employed. The
remaining material, electrical, doping, and device parameters
employed in the simulations are summarized in fable 2.

Table 1. Mesh Parameters and Refinement Levels Used
in the Numerical Simulation

Mesh (Finer) Jsc(mA | Voc(V) | Efr(%) FF (%)
Maximum /em?)

element size

0.461 44.123 0.7209 25.921 81.5
0.35 44.118 0.7211 25.928 81.5
0.25 44.107 0.7214 25.941 81.53
0.15 44.106 0.7216 25.945 81.52
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Figure 1. Schematic structure of the HJ solar cell (a) and simulated
distributions of carrier concentration (b), recombination rate (¢), and
J-V characteristics (d)
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Table 2. Input Parameters of Various Layers Used in Simulation

Input Parameters ITO [22]23] IMAI [22] n-a-Si:H [23][24] p-a-Si:H [23][24] ¢-Si [23][24]
Layer thickness (um) 0.2 0.08 Value [0.05-0.01] 0.01 230
Relative permittivity £ 39 3.8 11.9 11.9 11.9

Electron affinity y (eV) 3.8 4.05 3.8 3.8 4.05
Band gap E,(eV) 3.8 3.7 1.74 1.7 1.12
The conduction-band 2.1 x 102° 2.2 x 102° 1 x 1020 1% 1020 2.8 x 10%°
density of states
N (cm™3)
The density of states in 2.1 x 102 2.2 x 1020 1% 1020 1% 1020 1.04 x 1019
the valance band
Ny(cm™3)
Electron mobility
un(cmZ/V. s) 21 45 10 10 1040
Electron mobility
10 10 1 1 412.9
Br(cm?/V.s)
Doping concentration of 18 Value [1 X 10%°1 x
donors Ny(cm™3) 0 5x10 10%1] 0 0
Acceptor doping 20 21 16
concentration N,(cm~3) 1x10 0 0 910 1510
Layer density p (c/cm?) 7.14 10.10 2.328 2.328 2.328
The interface-trap parameters used in the numerical model are Table 3. Interface-trap parameters used in the
listed in table 3. In the present device, Ny, is systematically numerical model
varied at the n-a-Si:H/c-Si  heterointerface  from Input P : val
10°¢cm™2to 107¢cm™% to investigate the influence of sl =
; . g . } Surface-state densityNg,(cm™2) [10° — 1017][25]
interface-state density over a broad range, covering different
. .. . Defect energy level E;(eV) E, + AE,
interface conditions. This range was selected based on the Encray Jevel offset AE, (V) 01
wide variation of interface-state densities considered in L t - . P
numerical studies of silicon heterojunction solar cells Electron capture cross-section oy, 1077°[26]
[23],25]. The parameters of the other interfaces remain Hole capture cross-section oy, 10716[26]
constant throughout the simulations. The traps are represented Thermal velocity vy, (cm.s™1) 107[23]

by a single discrete energy level rather than a continuous
energy distribution; therefore, Ny is expressed in cm™2.The
bulk trap-assisted recombination was modeled using the
Shockley—Read—Hall (SRH) formulation, with the trap energy
level assumed to be approximately at midgap. The parameters
E;, oy, 0,, and vy, denote the trap energy, electron and hole
capture cross-sections, and carrier thermal velocity,
respectively. At the n-a-Si:H/c-Si interface, interface
recombination was also modeled using the SRH formalism
with a single discrete interface-trap level. The interface-trap
energy was defined as (Ee=
E, + AE,), with (AE;=0.1 eV). The corresponding interface-
trap density, carrier capture cross-sections, and thermal
velocity are given in table 2.

4. RESULTS AND DISCUSSION

4.1 Effect of n-a-Si:H/c-Si Interface-trap Density
on HJ Silicon Solar Cells under Front and Rear

INlumination

This improvement in solar cell performance with decreasing
interface-trap density Ny 1is associated with improved
electronic properties of the n-a-Si:H/c-Si interface. Lower
defect densities reduce trap-assisted recombination (Shockley—
Read—Hall) and help preserve favorable band bending and
energy band alignment, thereby facilitating the transport and
collection of photo-generated carriers [25]. In this work, the
interface-trap density Ny; at the n-a-Si:H/c-Si front interface is
systematically  varied under asymmetric  front-rear
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illumination conditions to evaluate its impact on device
performance over the investigated range 10° to 1017 cm™2.

To isolate the effect of front-interface recombination, an
asymmetric configuration is adopted in which the rear c-Si/p-
a-Si:H interface is kept constant at N;; = 10%cm™2. , while the
front interface-trap density is varied. The front interface-trap
density is initially set to Ny, = 10%m™2 , for the baseline
configuration [23],[25]. The investigated Ny, range extends to
high trap densities to characterize the device response under
progressively severe interface trapping and to evaluate its
limiting sensitivity and asymptotic behavior. The upper values
should therefore not be interpreted as representative
experimentally achievable interface-state densities. The
simulations were carried out under standard operating
conditions, where the temperature was fixed at 300 K, and the
standard AM1.5G solar spectrum was used as the illumination
source.

The results, as shown

in fig. 2(a)—(d),

indicate that
]Front Rear Bifacial
SC s JSC H SC

Specifically, decreases slightly with
increasing Ny, whereas the decrease in Vgromt, vfRear |
yorectl  pecomes more pronounced, indicating  that

recombination-induced voltage degradation is the dominant

loss mechanism , and efficiency E/f]f""t, Eﬁfear , Effif actal

the degradation decreases gradually. However, beyond Ng; <
1013¢m™2 | they progressively approach a saturation regime,
indicating that the device enters a recombination-limited
region where further increases in interface-trap density have a
marginal effect on performance. In addition, the fill factor
FFFront ppRear - ppBifacialeyhibits increasing interface-trap
density Ng may therefore increase transport and
recombination losses and contribute to an increase in the
effective series resistance effects at high interface-trap density
levels.

The obtained trend is qualitatively consistent with previous
numerical results [23],[25],[26] , where the short-circuit
current remains nearly unchanged at low interface-trap
densities and begins to decrease when the interface-trap
density reaches the order of 102 cm™2. This behavior is
generally attributed to the increasing contribution of interface-
related recombination as the interface-trap density becomes
sufficiently high. Although the device structures and material
systems considered in the two studies are different, the similar
trend supports the physical interpretation of the influence of
interface-trap density on carrier recombination and
photovoltaic performance.

Rear

E
Interestingly, the bifacial ratio : Ratio(Eff) = EFfoW exhibits
r

an increasing trend from 74.23% to 77.32% as T Ny, increases,
this behavior is explained by the stronger degradation of front-
side performance compared to rear-side response, which
enhances the apparent front-rear asymmetry of the device
under high recombination conditions. This is evident in the
results in Table 4, where we observe that the difference, T
AJsc = JEEo = JEE, 1 AVe = VAP — VBT, 1

AEs; = E)ff”’”t - E)B/far , T AFF = FFfront — FERear ith
| Ng; decreasing , Overall the results demonstrate that low
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interface-trap densities ~ 101° cm™2 are essential to achieve

optimal photovoltaic performance, while higher interface-trap
densities significantly deteriorate device efficiency. These
findings highlight the critical role of interface engineering in
minimizing recombination losses and optimizing bifacial
heterojunction solar cell performance.

2
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Figure 2. Variation of Js¢, Vo, FF, and Efy with n-a-Si:H/c-Si
Interface-Trap Density under Front and Rear Illumination

Table.4 Front—Rear Performance Differences (A)gc,
AVgc, AEs;, AFF) and Front-to-Rear Ratio at Selected
Interface-Trap Densities

Rear — to
Interface-Trap | AJgc(mA AEss o - i
Density(cm™2) | Jem?) Voc(V) %) AFF (%) fro(wot/z)Ratw
1010 6.012 0.091 | 6.834 | 1.56 74.23
1013 5.942 0.0659| 5.117 | 1.7 75.09
10'® 591 0.0511| 4.501 | 1.43 77.32
4.2. Effect of n-a-Si:H Layer Doping

Concentration on HJ Silicon Solar Cells under

Front and Rear Illumination

The wvariation in solar-cell performance with donor
concentration may be associated with changes in the electrical
properties of the n-a-Si:H emitter layer. Increasing the donor
concentration can modify the electrostatic properties of the
heterojunction and facilitate carrier transport and collection,
which may influence the recombination losses and the
resulting photovoltaic performance.

In this work, the donor concentration Ny of the n-a-Si:H layer
was systematically varied under asymmetric front- and rear-
side illumination conditions to evaluate its effect on the device
performance over the investigated range 1.10*%t0 5.102°cm ™3
,To isolate the effect of emitter doping, all other structural and
material parameters were kept constant throughout the
simulations. In addition, a fixed interface-trap density of Ny, =
10'° em™2 was assumed at the front interface, while the rear
interface-trap density was set to Ny, = 10° cm™.

The simulations were carried out under standard operating
conditions, with the temperature fixed at 300 K and the
standard AM1.5G solar spectrum used as the illumination
source.
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The results, presented in fig. 3(a)—(d), JEFo™, JRear — jBifactal
and ggont’ , VOBCLfaCLal , E]fiflfactal
show that the photovoltaic parameters vary slightly with
increasing donor concentration N;. This behavior is attributed
to the enhanced electronic transport properties of the n-a-Si:H
layer and the reduced impact of Shockley—Read—Hall (SRH)
recombination at the hetero-interfaces, leading to improved
carrier collection and photovoltaic performance.

V(;?cgar nd EfF}'ont ERear

The slight decrease in FFFront pFRear ppBifacial ‘may reflect
a limited increase in transport- and recombination-related
losses at higher doping concentrations. Nevertheless, the
overall improvement in the photovoltaic parameters indicates
that the beneficial effects of increased donor concentration
generally outweigh these losses. This behavior is consistent
with previous findings reported in the literature [23],[27],[28].

Interestingly, the rear-to-front efficiency ratio: Ratio(Eff) =

EFFT
E}-‘;ont
T Ny (as the donor concentration increases), reflecting a slight
reduction in the relative difference between the front- and rear-
side efficiencies. This behavior is also evident in the results
presented in Table 5, where the differences between the front-

and rear-side photovoltaic parameters decrease with increasing

exhibits an increasing trend from 74.23% to 75.1 % as

donor concentration.T Afgc = JEront — jRear 1 Ay, =
VOFgont Rear 1 AEff — fFfront Rear T AFF =
FFFront FF Rear with T Ny (increases), Overall, the results

indicate that increasing the donor concentration in the n-a-Si:H
emitter layer generally improves the photovoltaic performance
of the bifacial heterojunction solar cell over the investigated
concentration range, particularly in terms of the photovoltaic
parameters.

These findings highlight the important role of donor
concentration in influencing carrier transport and the balance
between recombination and transport processes, thereby
affecting the photovoltaic performance of bifacial
heterojunction solar cells. Based on the overall photovoltaic
response obtained over the investigated concentration range~
5.102°cm™3 was selected as the reference donor
concentration for the subsequent simulations.
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Illumination
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: Table 5. Front—Rear Performance Differences (Afsc,
AVOC, AEgs, AFF) and Front-to-Rear Ratio at Selected
Doping concentration

Doping Rear — to
concetratio %:fl%n AVoc(V) f/Eff( AFF ( — front
(em™3) ) Ratio(%)
1.10%° 6.012 | 0.091 6.834 | 1.56 74.23
1.10%° 6.012 | 0.0871 6.723 | 1.55 74.73
5.1020 6.003 | 0.0856 6.644 | 1.4 75.09
4.3. Effect of n-a-Si:H layer Thickness on HJ

Silicon Solar Cells under Front and Rear

Illumination

Finally, the effect of the n-a-Si:H emitter-layer thickness on
the photovoltaic performance of the HJ silicon solar cell was
investigated. The emitter thickness was varied systematically
over the range of [5—10] nm under asymmetric front-side and
rear-side illumination conditions. All other structural and
physical parameters were kept constant to isolate the effect of
emitter thickness. To isolate the effect of the emitter thickness,
a fixed interface-trap density of 101° ¢cm™2 - eV ~'was assumed
at the front interface, while a rear interface-trap density of
10° cm™ - eV~ .was used at the rear interface. The
simulations were performed at 300 K under the standard

AM1.5G solar spectrum. The calculated photovoltaic
parameters are presented in Fig. 4(a)—(d). The results show
that, ]Sront Slggar géfaCial nd VFront VRear Vofz:ifaCial

and Ef Front E;?fear EBLfaaal FFFront’FFRear' FFBifacial (e

photovoltaic parameters exhibit a slight decrease with
increasing thickness of the n-a-Si:H emitter layer. This
behavior may be attributed to the longer transport path that
hoto-generated carriers need to traverse before reaching the
relevant hetero-interface and electrical contact. Increasing the
emitter thickness may therefore increase transport and
recombination losses and contribute to an increase in the
effective series resistance, consequently reducing the
photovoltaic performance. Conversely, a thinner emitter layer
may facilitate carrier extraction by reducing the transport path
and the associated losses. Therefore, the 5 nm thickness should
be interpreted as the best-performing thickness within the
investigated range rather than as evidence of a global
optimum. This behavior is consistent with previous findings
reported in the literature [23],[27],[28].

Interestingly, the rear-to-front efficiency ratio : Ratio(Eff) =

Rear
EFfrfW exhibits an increasing trend, rising from 73.63% to
ff
74.23% as the thickness of the n-a-Si emitter layer increases.
This indicates that the rear-side efficiency becomes relatively

closer to the front-side efficiency at higher emitter thicknesses.

The observed variation in the front-rear efficiency asymmetry
reflects the different sensitivities of the front- and rear-
illumination configurations to changes in emitter thickness.
This is also evident from the results presented in table 6,
where the difference between the front- and rear-side
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front-rear differences further indicate that the two illumination
configurations respond differently to changes in emitter
thickness. A wider thickness range would be required to
determine whether a better-performing thickness exists outside

photovoltaic parameters decreases as the n-a-Si:H emitter-
layer thickness increases.T AJsc = JEFo™t — jRear 1 AV, =
F t R — pFront Rear —
Vogon - VOCEG.T ) T AEff —_ ff - Eff ) T AFF —_
FFFront _ pEpRear  (Qyerall, the results indicate that a thinner

n-a-Si:H emitter layer is favorable for photovoltaic  the investigated range.
performance within the investigated range. The variation in the
140 —: Front sid illumination 12 I Front sid illumination|
130 gy Rear sid illumination 1.1 %%z Rear sid illumination
120 i Bifacial  illumination 1.04d ~1Bifacial illumination|
o 1o 09 A o o
g 100 0s] A L '\'5'°\f\"9 S gD
B S g SE OF
2 80 ] E/ 077 13?% 1% 5 1-\51 J?’.}
g 70 8 0.6 - - 3
= 804 °e1 B
o 50+ 0.4 o
= 404 o3l | &
304 i 2
20 027
10 01 B = = B
o 0.0 = ? - : -
5 6 7 8 g
Thickness layer n-a-si:H (nm)
40 4 I Front sid illumination 120 4 Front sid illumination
1 [EEmRear sid illumination b sz Rear sid  illumination
35 [Bifacial illumination 110 7 Bifacial illumination
| 100
e 7 ™ ™ o - D
S 90 AR5 L A oo AR5 U0 A KO A
7 e 12057 a7 0% a8 adyt ey
— = 804 g g W H
= -\ | q
S & | S o
S F et 60
= ]
5 E 50
40
30
20
10 : _
|| o £ 4 f
5 6 7 8 9 10 5 7 8 g 10

53
Thickness laver n-a-si:H (nm) Thickness laver n-a-si:H (nm)
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“Z Table 6. Front—Rear Performance Differences (AJ scs AVoc, AEgg, AFF) and Front-to-Rear Ratio at Selected thickness
layer

Thickness .
layer(nm) A sc(mA/cm?) | AVye(V) AEf£(%) AFF (%) Rear — to — front Ratio(%)
5 6.345 0.0915 7.073 1.59 73.63
7 6.215 0.0912 6.974 1.58 73.88
10 6.012 0.091 6.834 1.56 74.23

4.4. SRH Recombination Analysis of the Bifacial
Solar Cell

To further elucidate the physical origin of the electrical
behavior associated with the most interface- trap-sensitive n-a-
Si:H/c-Si interface, the spatial distribution of the volumetric
Shockley—Read—Hall (SRH) recombination rate was analyzed
within the c-Si absorber, as shown in fig. 5. The SRH
recombination rate is described by the Shockley—Read—Hall
model as [29],

np—nl-2
Tp(m+ng)+ta(p+p1)

(13)

Ry =

Where ny = n;.exp[(Er — E;)/kgT]

p1 = ny.exp[(Er — E;) /kgT]

where n and p are the electron and hole concentrations, n; is
the intrinsic carrier concentration, 7, and 7, are the carrier
lifetimes, and n; and p, are the trap-related -carrier
concentrations and E; is the trap energy level, kg is the
Boltzmann constant, and E; is the intrinsic Fermi level. Fig.5
presents the spatial distribution of the volumetric SRH
recombination rate as a function of the x-coordinate within the
c-Si absorber for asymmetric interface-trap conditions, with
101% cm™2 at the front n-a-Si:H/c-Si interface and 10° cm™2
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at the rear c-Si/p-a-Si:H interface. The profile illustrates how
the asymmetric interface conditions influence the spatial
distribution of carrier recombination within the c-Si layer. The
non-uniform distribution of the SRH recombination rate
indicates that recombination is spatially dependent within the
absorber rather than being uniformly distributed across the c-
Si layer. This behavior may be associated with the influence of
the interface conditions on the carrier concentrations and
carrier transport near the front and rear surfaces, which
consequently affects the local SRH recombination rate inside
the absorber. Therefore, the SRH recombination profile
provides a physical link between the interface-defect
conditions and the resulting electrical behavior of the bifacial
device. In particular, it helps explain how the asymmetric
defect conditions at the two interfaces can modify the
recombination distribution within the c¢-Si absorber and
contribute to the observed front—rear performance asymmetry.

b (L7 s )

Lines Graph: Shockley Read Hall recombinatior

Shivekley-Read-Hell resombination tenn (1im™st

v 0 [ et B ST A
1 10" w0 107
x-coorelinate (W

Figure 5. Spatial distribution of the volumetric SRH recombination
rate within the c-Si absorber under asymmetric interface-trap
conditions

5. VALIDATION OF COMSOL-
SIMULATION J-V CHARACTERISTICSAND

EFFICIENCYRATIOAGAINST NUMERICAL

LITERATURE

This section assesses the reliability of the COMSOL
Multiphysics model through comparison of the simulated
photovoltaic parameters with experimentally reported data
from the literature. The simulated current density—voltage (J—
V) characteristics under front and rear illumination conditions
are shown in fig.6
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Figure 6. Comparison of the photovoltaic parameters (Jsc, Voc, FF,
and E ) under front- and rear-side illumination for the silicon
heterojunction (HJ) solar cell

The fill factor FF, photovoltaic conversion efficiency Eff,
short-circuit current density Js., and open-circuit voltage V¢
are key performance parameters used to evaluate solar cell
behavior. The photovoltaic of current density ratio is defined
and calculated using the following expression:

Rear illumunation

Ratio(Jsc) = ]gsfonmuuw (14)

The photovoltaic of open circuit voltage ratio is defined and
calculated using the following expression:

Vg%ar illumunation
Ratlo(VOC) = Vf)r(’:o‘rltillumu‘nation

(15)

The photovoltaic of conversion efficiency ratio is defined and
calculated using the following expression

Rear illumunation
Ratio(Eff) = ROt Tmmaron (16)
The photovoltaic of fill factor ratio is defined and calculated
using the following expression:

. pFRear illumination
Rath(FF) = FrFront illumination (17)
The simulated photovoltaic performance was compared with

the experimental results reported for industrialized bifacial
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silicon solar cells fabricated on large-area CZ monocrystalline
silicon wafers. The reference cells employed industrially
relevant processing techniques, including BBr; and POCl;
diffusions, PECVD SiN, deposition, and screen-printed
contacts. The reported front- and rear-side efficiencies were
16.6% and 12.8%, respectively, corresponding to a rear-to-
front efficiency ratio of approximately 77.1%, derived from
these reported values. For the present simulated cell, the
corresponding rear-to-front efficiency ratio is 75.5%, which is
close to the approximately 77.1% ratio derived from the
experimental results reported by Yang et al. [30], for an
additional experimental comparison, Ref. [31] reported front-
and rear-side efficiencies of 20.05% and 19.07%, respectively,
corresponding to a rear-to-front efficiency ratio of
approximately 95.1%.as shown in fig. 7. This comparison
provides an independent benchmark for assessing the front—
rear performance asymmetry of the present model. However,
the reference devices differ from the present structure in terms
of cell architecture, contact materials, fabrication technology,
and modeling assumptions. Therefore, these comparisons are
regarded as literature-based numerical benchmarks rather than
as direct experimental validation of the complete simulated
device.

Table.7 Photovoltaic performance parameters under
front, rear, and bifacial illumination

Ilumination Isc 0 0
condition (mA/cm?) Voc V) | Egy (%) | FF(%)
Bifacial 89.76 0.74 27.00 81.50
Front Sid 44.50 0.73 26.60 81.66
Rear Sid 38.16 0.65 20.09 80.30
Rear — to
— front Performan{ 85.76 89.53 75.51 98.33
ratio (%)
F i Ref
ront Sid 1 34.90 0.62 1660 | 77.20
[30]
Rear Sid Ref [30] | 26.80 0.61 12.80 78.20
Front Sid Ref
[;)]n ! 13817 0.655 | 2005 | 78.83
Rear Sid Ref [31] | 36.16 0.651 19.07 79.49
120 I E; Fron]
I £, Rear
— Ratio
100 05,11
80 7552 7711
9
% e0
=
40-]
26.6
204 0.0 166 20.0519,07
12.8
]
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Figure 7. Bifacial HJ Ratio: Comparison with References
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The simulated, Jg¢,Voc, FF and Eff values were compared
with the experimental results reported in Refs. [30] and [31],
as summarized in table 7. To quantitatively assess the
differences between the present model and the experimental
reference, the absolute deviation AX,,, and relative deviation
68X were calculated using:

AXabs = |X5im - Xref| (18)
sx = Ksim=Xrerl o 10 (19)
Xref

Where (X) represents Jg¢, Voc, FF and Ef¢ and the subscripts
“sim” and “ref” denote the simulated and reference values,
respectively. For front-side illumination, the relative
deviations in Js¢, Voc, FF and Ez with respect to Ref. [30] are
27.51%,18.06%,5.78%, and  60.24%, respectively,
corresponding to absolute deviations of 9.60mA/
cm? 0.112 V, 4.4percentage points, and 10.00 percentage
points For rear-side illumination, the corresponding relative
deviations are 42.39 %, 6.56 %, 2.69%, and 56.95%, with
absolute deviations of 11.36 mA/cm?,
0.04 V, 2.10 percentage points , and 7.29 percentage points
respectively.

The observed differences between the simulated and
experimental photovoltaic parameters can be primarily
attributed to differences in device architecture, material
configuration, and modeling assumptions. The present model
considers an asymmetric bifacial HIT solar cell with distinct
front and rear carrier-selective layers and contact
configurations, whereas the experimental bifacial crystalline-
silicon solar cells reported in Refs. [30] and [31] have different
device structures and material configurations. Consequently,
the compared devices may exhibit different optical absorption,
carrier transport, recombination, contact, and interface
characteristics under front- and rear-side illumination. In the
present model, the use of n-a-Si and p-a-Si carrier-selective
layers, 1TO-based contacts, and distinct front and rear
interfaces results in different carrier-collection and
recombination conditions on the two sides of the device. These
structural asymmetries are particularly relevant to the rear-side
photovoltaic response and can contribute to the observed
differences from the experimental references. Therefore, the
comparisons with Refs. [30] and [31] should be regarded as
independent experimental benchmarks for quantitatively
assessing the present model rather than as direct validation
against identical device structures.

For front-side illumination, the absolute deviations in
Jsc:Voc, FF and E;p  are 6.33 mA/cm?, 0.075 V, 2.83
percentage points, and 6.55 percentage points, corresponding
to relative deviations of 16.58%, 11.45%, 3.59%, and 32.67%,
respectively. For rear-side illumination, the corresponding
absolute deviations are 2.00 mA/cm? 0.001 V, 0.81
percentage points, and 1.02 percentage points, with relative
deviations of 5.53%, 0.15%, 1.02%, and 5.35%, respectively.
The relatively small deviations observed for the rear-side
Jsc:Voc, FF and E¢; indicate a closer agreement between the
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present simulations and the experimental results reported in
Ref. [31], particularly under rear-side illumination. Overall,
the comparisons with Refs. [30] and [31] provide independent
experimental benchmarks for quantitatively assessing the
simulated photovoltaic parameters. The differences observed
between the simulated and experimental results are consistent
with variations in device structure, material properties, contact
configuration, and modeling assumptions, and therefore the
comparisons support the quantitative assessment of the present
model without implying complete experimental validation of
an identical device.

5, CONCLUSIONS

This work presented a numerical investigation of a bifacial
silicon heterojunction (HJ) solar cell based on the IMAl/n-a-
Si:H/c-Si/p-a-Si:H/ITO structure using COMSOL
Multiphysics. The device was analyzed under front-side, rear-
side, and simultaneous bifacial illumination conditions, with
particular emphasis on the effects of interface-trap density,
donor concentration in the n-type amorphous silicon layer, and
emitter thickness. The results demonstrate that the
photovoltaic performance is strongly governed by interface
recombination asymmetry and emitter design. In particular, the
asymmetric interface-trap configuration, with 10*° cm™ at the
n-a-Si:H/c-Si front interface and 10° cm™2 at the c-Si/n-a-Si:H
rear interface leads to a pronounced front-rear asymmetry in
carrier collection and photovoltaic performance. The
parametric variations of donor concentration 5 X 10%°cm™
and emitter thickness 5nm indicate that the selected
parameter values can influence the electrical characteristics of
the device by affecting carrier transport and collection. Based
on the investigated parameter ranges, the selected parameter
set yields simulated conversion efficiencies of 26.6% under
front-side illumination, 20.09% under rear-side illumination,
and 27% under simultaneous bifacial illumination. The
corresponding rear-to-front efficiency ratio is 75.5%,
indicating that the rear-side photovoltaic response remains
lower than the front-side response. The spatial analysis of the
volumetric Shockley—Read—Hall recombination rate within the
c-Si absorber further demonstrates the non-uniform nature of
carrier recombination under asymmetric interface conditions.
This provides a physical interpretation of the front—rear
performance asymmetry and highlights the role of interface
conditions in determining the carrier transport and
recombination behavior of the bifacial device.

Overall, the results highlight the importance of precise
interface engineering and appropriate selection of emitter
properties for controlling recombination losses and improving
the performance balance of bifacial heterojunction silicon
solar cells. The comparison with previously reported
numerical and experimental results provides an independent
benchmark for the present simulations and supports the
physical consistency of the developed numerical framework,
while the remaining differences can be attributed to variations
in device architecture, material parameters, interface
properties, and modeling assumptions. Since the investigated
parameters were varied using a one-factor-at-a-time (OFAT)
approach, the present study evaluates individual parameter
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sensitivities and does not account for parameter interactions or
establish a global multi-parameter optimum.
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