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To improve the photovoltaic conversion efficiency (PCE) of silicon heterojunction (SHJ) solar cells, this study focuses
on optimizing the physical parameters of the sun-side-doped layer and proposes strategies to address the challenges posed
by Fermi level pinning in wide bandgap designs. Using AFORS-HET simulations, we systematically investigate the effects
of bandgap width, doping concentration, and defect state distribution on the energy band structure, interface electric field,
and carrier transport dynamics. The results reveal that maintaining the Fermi level within 0.3 eV of the conduction band
is essential for optimal device performance. A wider bandgap (> 1.8 eV) enhances the utilization of short-wavelength
light and significantly suppresses interface recombination, leading to an increase in short-circuit current density (Jsc) by
0.8 mA/cm?. This benefit comes with a delicate balance between minimizing defect state density and improving doping
efficiency. This study provides theoretical insights into the optimization of doped layer physical parameters and proposes
practical solutions, including nano-crystallization and low-doping interface strategies, to improve the performance of SHJ
solar cells and support industrial applications.
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1. Introduction

Silicon heterojunction (SHJ) solar cells have emerged
as leading candidates for high-efficiency photovoltaic devices
due to their superior photoelectric conversion efficiency (PCE)
and potential for cost-effective manufacturing.!'-3! As com-
mercialization advances, SHJ solar cells consistently set new
PCE records.*! However, the actual efficiency still falls short
of the theoretical limit of 28.5% for SHIJ solar cells.[5~7!

Addressing this challenge requires continuous advance-
ments in materials and device designs, particularly in optimiz-
ing the doped layers on the sun side, which play a critical role
in light absorption, carrier transport, and interface recombi-

3891 An optimal-doped layer should: (i) have

nation control.!
a low optical absorption coefficient to minimize parasitic ab-
sorption; (ii) exhibit low activation energy and defect density
to reduce recombination and enhance carrier transport; (iii)

feature a band offset that facilitates selective carrier extraction.

TThese authors contributed equally to this work.
fCorresponding author. E-mail: duchunhua@iphy.ac.cn
$Corresponding author. E-mail: hchen@iphy.ac.cn

CSTR: 32038.14.CPB.addcc4

Extensive studies have explored the use of alternative materi-
als to hydrogenated amorphous silicon (a-Si:H), including hy-
drogenated amorphous silicon carbide (a-SiC,:H) and hydro-
genated amorphous silicon oxide (a-SiOy:H), to mitigate para-

n.['%12] Incorpo-

sitic absorption and enhance carrier collectio
rating nanocrystals further reduces the absorption coefficient
while enhancing doping efficiency and conductivity.['>!13] Re-
placing a-Si:H with a-SiO,:H films reduces short-wavelength
absorption coefficients, increasing short-circuit current density
(Jse) by 0.13 mA/em?.1"*1 A dual-layer doped structure based
on p-nc-SiO,:H and p-nc-Si:H facilitates efficient hole collec-
tion, achieving an SHJ solar cells with a fill factor (FF) rang-
ing from 83%-86%.1>! Using p-nc-Si:H thin layers grown by
VHF-PECVD as the sun-side-doped layer increases Js. due
to reduced parasitic absorption, while improving open-circuit
voltage (Vo) and FF due to better passivation and electrical
contact, leading to a PCE improvement of 7.2%.!1°! Addition-
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ally, employing n-nc-SiO,:H as the front-doped layer mini-
mizes parasitic absorption, resulting in a PCE of 26.74% and
a Ji of 41.16 mA/cm?.117]

Optimizing doped layer materials requires a balanced
consideration of multiple physical properties. For instance,
reducing optical absorption to suppress parasitic losses often
demands widening the bandgap, while enhancing conductiv-
ity may involve introducing nanocrystallinity. These strate-
gies, however, can simultaneously alter the electronic band
structure of the doped layer, including not only the bandgap
width but also the absolute positions of the valence and con-
duction bands. Such changes inevitably affect the band align-
ment at the SHJ device interface and influence carrier transport
dynamics.!"®191 Therefore, precise control over the physical
parameters of the doped layer is essential to ensure optimal
device performance, and the need for a systematic investiga-
tion into the physical properties of doped layers is highlighted.

This work focuses on addressing the limitations imposed
by Fermi-level pinning in wide-bandgap-doped layers, which
restrict their practical application despite their theoretical ad-
vantages. To overcome the high costs associated with experi-
mental iterations, we employ AFORS-HET software to simu-
late SHJ solar cells.?°-2%] This software facilitates precise pa-
rameter optimization and comprehensive evaluation of strate-
gies for enhancing PCE.[?>-2 We systematically investigate
the effects of bandgap width, doping concentrations, and de-
fect state distributions on the energy band structure, carrier
transport, and recombination dynamics. Our results high-
light the potential of wide-bandgap-doped layers to reduce
parasitic absorption and enhance carrier extraction efficiency.
Furthermore, we propose physical optimization strategies, in-
cluding defect state management and doping control, to miti-
gate Fermi-level pinning. We also introduce design principles
involving nano-crystallization and buffer-layer approaches to
minimize recombination losses and improve PCE. These find-
ings offer a new perspective on doped-layer engineering and
provide practical guidelines for optimizing SHJ solar cell per-
formance.

2. Methods

A set of a-Si:H and a-SiC,:H films were prepared using
silane (SiH4), methane (CH4), and hydrogen (H,) gases in a
capacitively-coupled PECVD (13.56 MHz) system, maintain-
ing a working pressure of 120 Pa. The films were grown on
glass substrates, using applied RF power of 25 mW-cm™2, at a
low growth temperature of ~ 200 °C. The samples were grown
with the varying Hp-dilution ratio R(H,) = [H,]/[SiH4+CHy4]
from 5 to 120 and CH4 ratio R(CHy) = [CH4]/[SiH4] from
0 to 2. The initial base vacuum in the PECVD reactor be-
fore plasma ignition was retained at ~ 107> Pa. The typical
thickness of the samples deposited on the glass substrates was

maintained at 40 nm—-200 nm. If a post-annealing process is
mentioned, the annealing is carried out in a nitrogen atmo-
sphere at a temperature of 300 °C for 2 hours. The optical
transmission data were recorded using a Shimadzu UV-3600i
Plus, UV-VIS-NIR spectrophotometer. The crystallinity of the
grown film network was estimated using a Raman spectrom-
eter (Jobin Yvon JY-T64000) with a 532-nm laser at a low
power density of ~ 2 mW-cm™2.

When performing simulations of SHJ solar cells, the dis-
tribution of carriers and electric fields inside the solar cell is
obtained by solving a set of partial differential equations, in-
cluding the one-dimensional (1D) Poisson’s equation and the
continuity equations.

The 1D Poisson’s equation, which is to be solved at each
x, reads

£&o(x) 029 (x,1)
q ox?

= px1) =n(x1)+Np (x)

—Na (x)+ptrap(xat)7 (1)

where €& and €& are the relative and vacuum dielectric con-
stants, ¢ is the electron charge, p and n are the hole and elec-
tron densities, Np and N are the donor and acceptor doping
concentrations, and Py is the total charge trapped by defects.
And the 1D continuity equations are

19 () _ _9
57 =Gy (x,1) = Ry (x,t) atn(x’t)v (22)
19j,(x1) J
+;T = Gp (x,t) _RP (X,[) - atp(x’t)’ (2b)

where G is the carrier generation rate, R is the carrier recom-
bination rate, and j is the current density.

To investigate the impact of physics parameters of the
sun-side-doped layer on SHJ solar cell performance, an n-
SiC,:H layer will be introduced into the simulated structure
as the doped layer on the sun side, as the basis of all the pa-
rameter changes. Additionally, the insertion of a hydrogenated
intrinsic amorphous silicon (i-a-Si:H) layer between the p-c-Si
wafer and doped layer (n-SiC,:H or p-a-Si:H) was considered.
The focus of our investigation was on the band gap width, de-
fect state distribution, and doping level of the n-SiC,:H layer.
Figure 1(a) is a schematic diagram of the simulated SHJ solar
cell structure. The SHJ solar cells were simulated based on
p-doped monocrystalline Si wafers (150 pwm).

In the simulation, AM 1.5 radiation was used as the illu-
mination source with a power density of 100 mW-cm~2. The
main simulated parameters of the different layers are listed in
Table 1.12627] The main defects of a-Si:H and n-SiC,:H de-
posited by PECVD include band tail states caused by periodic
damage and dangling bonds incompletely passivated by hy-
drogen atoms, which were characterized by the Urbach tail
and Gaussian models, as shown in Fig. 1(b). It was assumed
that the position of the characteristic energy of the Gaussian
defect state in the band gap is linearly related to the width of
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the band gap. The position of characteristic energy (calculated
from the characteristic energy to the conduction band bottom),
along with the specific values of the total density of different
defect states are provided in Table 2. Meanwhile, the band tail
states are set to fixed values.

For the p-c-Si substrate, oxygen defects with a density
of 1 x 101 cm3-eV~!, located at 0.56 eV above the valance

(a)

W ITO.
Eg: 1.4 eV~2.2 eV L | n-SiCz:H

Doping concentration:

(d) 3000

1X1019 cm—3~1x102! cm—3 c-Si
Distribution of defects:
D1~D5 p-a-Si:H
J ITO
c) 0.5
,(\) [SH4J:[CH,):[Hy]
< —o— 2:4:100
| 0.4F 2:2:100
% 20:0:100
o 20:0:100 annealed,
? 0.3F 2:0:240
5
~ 0.2
2 01
3
0 : s

1 2 3 4
Photo energy (eV)

band top, were assumed. A flat band was applied to the front
and back contacts to negate any contact potential. The surface
recombination velocity of both electrons and holes was set at
1 x 107 cm-s~!. During the simulation process, all these pa-
rameters were taken into account except for instances where

specific variables were to be considered.

oy %% @ (b) E- N Band tail

Dangling
bonds

v ] Band tail

R(H) =50
/ff? 2000} a-Si—Si
E
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-
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Fig. 1. (a) Cross-sectional schematic diagram of an SHJ solar cell, illustrating the main variables used in the simulations. (b) Schematic
depiction of the defect distribution within the n-SiC,:H layer on the sun side of the SHJ solar cell. (¢) UV-VIS-NIR transmittance data and

(d) Raman spectra of PECVD-deposited films under varying gas flow rates.

Table 1. The main input parameter values for AFORS-HET simulation.

Parameters c-p-Si i-a-Si:H p-a-Si:H n-SiC,:H
Layer thickness (nm) 1.5 10° 10 10 10
Dielectric constant 11.9 11.9 11.9 11.9
Electron affinity (eV) 4.05 3.8 3.85 3.85
Band gap (eV) 1.12 1.72 1.74 1.4~22
Effective conduction band density (cm ) 2.8x 10" 1x 1020 1 x 1020 1 x 1020
Effective valence band density (em™3) 1.04 x 10 1% 1020 1 x 1020 1 x 1020
Electron mobility (cm?-V~1.s71) 1041 20 20 20
Hole mobility (cm?-V~1.s71) 418 5 5 5
Acceptor concentration (cm ) 2 x 10" 0 1 x 1020 0
Donor concentration (cm™3) 0 0 0 1% 10" ~1x 102!
Layer density (g-cm™>) 2.328 2.328 2.328 2.328
Thermal velocity of electrons (cm-s~!) 1 x 107 1x107 1 %107 1x107
Thermal velocity of holes (cm-s~!) 1% 107 1 x 107 1x 107 1x 107
Auger recombination coefficient for electron (hole) (cm®-s~—!) 22x10731 (9.9 x 1073%) 0(0) 0(0) 0(0)
Direct band-to-band recombination coefficient (cm?-s~1) 0 0 0 0
Table 2. The main input of defect state distributions of n-SiCy:H layer.
Band gap (eV) 1.4 1.6 1.8 2.0 22
Characteristic energy of dangling bonds (doner) (eV) 0.41 0.47 0.52 0.58 0.64
Characteristic energy of dangling bonds (acceptor) (eV) 0.49 0.56 0.63 0.70 0.77
Defect state distribution D1 D2 D3 D4 D5
The total defect density of dangling bonds (cm™3) 1x 10" 5% 101 1 x 102 5% 1020 1 x 10!
Sigma (eV) 0.21 0.21 0.21 0.21 0.21
The total density of band tail state (cm ) 1x 1020 1 x 1020 1x 1020 1% 1020 1% 1020
Urbach energy (eV) 0.068 0.068 0.068 0.068 0.068
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3. Results

We used the UV-VIS-NIR transmittance data of the pre-
pared a-SiCy:H, a-Si:H, and pc-Si:H thin films to investigate
their optical properties across a range of gas flow ratios, which
are detailed in Fig. 1(c). Tauc’s relation was employed to es-
timate the optical bandgap of the films, and the Urbach en-
ergy can also be obtained by fitting the optical absorption
spectrum. 28! Figure 1(c) shows that as the R(CHj) increases
from O to 2, the optical bandgap of the films rises from 1.78 eV
to 2.05 eV. When R(H;) reaches 120, the optical bandgap dra-
matically increases to 2.25 eV, without the presence of CHy
gas. In films that underwent low-temperature annealing af-
ter deposition, the optical bandgap decreases to 1.50 eV, with
the lower inverse slope reflecting an increase in disorder due
to the removal of H atoms.>”) The corresponding Urbach
energy increases with increasing R(CHy), decreases with in-
creasing R(H), and also decreases after annealing, ranging
from 63 meV to 342 meV.

Figure 1(d) presents the Raman spectra of the Si—Si bond-
ing band in pc-Si:H films prepared at different H, dilution ra-
tios, R(H>) = 50 and 120. The main peak are at ~ 480 cm ™!
for the a-Si-Si component, ~ 501 cm™! for the nc-Si-Si com-
ponent, and at ~ 520 cm™! for the c-Si—Si component. >8] As
R(H») increases, the relative area ratio of the a-Si—Si compo-
nent peak decreases, while the crystalline component grows.
The crystallization rate is calculated based on the ratio of the
crystalline component peak area to the total peak area. Across
the range of R(H,) from 5 to 120, the crystallization rate varies
from 0 to 76.20%. The physical parameters measured from all

the films provide a basis for numerical simulations described
later.

We conducted numerical simulations to investigate how
variations in bandgap width, doping concentration, and defect
state distribution influence the Fermi-level position and overall
device performance. Figure 2 illustrates the simulation results
based on two defect density groups, D1 and D3, with doping
concentrations ranging from 1 x 10! cm™3 to 1 x 10?! cm™3.

For low-defect density layers (D1 group), devices with
doping concentrations below 5 x 10! cm~3 exhibited a sharp
drop in both V,,. and FF as the bandgap widened from 1.4 eV
to 2.2 eV. This parameter region is referred to as a dead
zone in this article, as indicated by the dashed box in Fig. 2.
While, higher doping levels (> 5 x 10! cm™3) successfully
suppressed the dead zone, enabling stable performance even
at wider bandgaps.

Compared with the D1 group, the simulation results of
the high-defect density group (D3) exhibit a similar varia-
tion trend, as shown in Fig. 2(b). However, the doping level
required for SHJ solar cells to avoid the dead zone signifi-
cantly is significantly higher in the D3 group. With increasing
bandgap width, this required doping level continues to rise.
Specifically, unlike the D1 group, where lower doping concen-
trations maintain stable performance, the D3 group requires a
doping concentration of 1 x 10%° cm~3 to sustain normal effi-
ciency at bandgaps of 1.4 eV and 1.6 eV. Beyond this range, as
the bandgap increases, the overall efficiency sharply decline,
leading to the formation of a dead zone. The formation of the
dead zone and its deep relationship with the position of the
Fermi level will be further discussed later.

(@ (b)
o 41.0r, :::—\ T
g 40.8}1 ! E 30}
< 40.6} | <
< ! 1 < 20
2 40.4f. ! :
~ 40.2}, ”W E 10}
< 40.002 SAE
800 ' soof;
— ve— > '
< 600}« , 14 eV E 600}
g 400} ! 18V | < 400}
= . ' 1.8 eV i '
Saofl SE0Y | a0l
04 0 :
80f ) —t ~ 8o
< I / X 60}
= oor! ! & 40}
S 40': : 20!
20 oL ;
e — _25f
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A 5L ! oo // | A~ 5f | x10%
0 oo ' o1 081050104 0 L 0510 5.0 100
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Doping concentration (1020 cm—3)

Doping concentration (1020 cm—3)

Fig. 2. Simulation results of SHJ solar cells with varying bandgap widths and doping levels, corresponding to defect distributions of (a) D1

and (b) D3.
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Furthermore, when the doping concentration exceeds a
certain threshold, above 5 x 10! cm ™3 for the D1 group and
above 5 x 10%° cm ™3 for the D3 group, the efficiency curves of
the solar cells split into two distinct groups, with efficiencies
of 25.0% and 25.5%, respectively. This divergence is more
pronounced in the magnified images embedded in Figs. 2(a)
and 2(b), which is mainly attributed to the difference in Jg.
Similar trends can be observed in the magnified Jy. curves for
the D1 and D3 groups. To further investigate these phenom-
ena and provide practical guidance for optimizing solar cell
design and fabrication, a more detailed analysis is presented
in the subsequent sections.

4. Discussion

To investigate the origin of the dead zone, we performed
detailed simulations focused on the boundary region of the D3
group, specifically SHJ solar cells with a doping concentra-
tion of 1 x 10%° cm™3. Figure 3(a) displays the /-V and P-V
curves under illumination, with P-V curves shown in lighter
shades for clarity. As the bandgap widens, the J in the I-V
curves exhibits a slight increase. However, a gradual transition
from a standard /-V shape to an S-shaped curve is observed.
This S-shaped distortion shifts the power peak leftward in the

0.05 0.05
% 004 {0.04
=z §
P <
= 0.03f 10.03 =
>
£ &
£ 0.02 10.02 &
= 5
5] o
£ 0.01 -0.01 A
O

Carrier concentration (cm~2)

109 ' = )
105 107 106 10° 1074
Position (em) g _p (eV)
(c)2:2 ] 1.5
1.3
> 2.0 11
2L
> 0.9
% 1.8 0.7
= 0.5
g ,
m 1.6 03

0.1

1.4k =
0.1 0.5 1.0 5.0 10.0

Doping concentration (1020 cm—3)

P-V curves, reducing the FF from 82.1% at 1.4 eV to 65.6%
at 2.2 eV. Previous studies attribute this phenomenon to band
mismatches at the heterojunction interface. 3"’

Figure 3(b) further illustrates the distribution of n-type
carriers within the doped layer as a function of bandgap width.
A larger bandgap reduces the carrier concentration, impairing
transport efficiency and lowering overall device performance.

Variations in bandgap width, doping levels, and defect
distributions directly influence the Fermi level position, as
shown in the heatmap in Fig. 3(c). The energy difference (6 E)
between the Fermi level and the conduction band edge de-
creases as the color transitions from red to blue. In Fig. 3(c),
the dashed region highlights the parameter range associated
with the dead zone observed in Fig. 2(b). Devices enter the
dead zone when OF exceeds 0.3 eV, whereas maintaining
OE below this threshold (blue regions) prevents performance
degradation. This highlights the strong correlation between
Fermi-level position and the performance of the SHJ device.

As the bandgap widens, the likelihood of Fermi-level pin-
ning increases due to the displacement of dangling bond en-
ergy levels further from the conduction band. This necessitates
higher doping concentrations to compensate for defect states,
creating a delicate tradeoff between minimizing defect density
and enhancing doping efficiency.

n-SiCx:H i-a-Si:H c-Si

F1.6 eV

—3F2.0 eV
E
_4 -
_6 : f M—r
—SfEzey o
gfstey
-5 J Ev Efn
—6 : R—
0.01 0.1 1.0 10.0

Position (1075 cm)

Fig. 3. (a) The I-V and P-V curves, and (b) the distribution of n-type charge carriers in SHJ solar cells simulated with varying bandgap widths,

corresponding to the defect distribution of D3 and a doping concentration of 1 x 1

0% cm—3, respectively. (c) Heatmap of the Fermi level

position corresponding to the same defect distribution (D3). (d) Energy band diagrams under identical conditions.
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Figure 3(d) presents the corresponding band diagrams for
varying bandgap widths. The conduction band offset (marked
by double arrows) decreases as the bandgap widens, contribut-
ing to the development of the S-shaped /-V curves and further
reductions in FF.[!]

While widening the bandgap reduces parasitic absorption
and optical losses, it introduces structural challenges that re-
quire careful consideration. Specifically, higher doping con-
centrations may increase defect densities, leading to stronger
Fermi-level pinning and performance degradation.

Although the simulated doping concentrations range from
1x10% ecm3to 1 x 102! cm™3, we emphasize that this anal-
ysis serves as a qualitative investigation to capture general
trends in electrical behavior. In deposition processes, the to-
tal number of dopant atoms introduced into the film can in-
deed reach the 102! cm—3 level. However, in amorphous and
nanocrystalline silicon, the effective doping efficiency is typ-
ically limited due to compensation by defect states, result-
ing in the Fermi level remaining not less than 0.1 eV away
from the conduction or valence band edges. Nevertheless, re-
cent studies have demonstrated that post-deposition treatments
such as light soaking can significantly enhance dopant activa-
tion and improve effective doping in hydrogenated amorphous
silicon, suggesting potential pathways to overcome this limi-

5.13%21 In practical scenarios, fig-

tation in practical application
ure 4(a) shows that defect state densities scale linearly with
doping concentrations, ranging from D1 to D5. As depicted
in Fig. 4(b), this correlation amplifies Fermi-level pinning ef-
fects, particularly in wide-bandgap configurations. Therefore,
optimizing doping profiles and minimizing defect densities
through nano-crystallization techniques is essential for main-
taining electrical performance.

To further investigate the underlying mechanisms respon-
sible for the bifurcation of solar cell efficiency curves into
high- and low-performance categories as the bandgap width
varies, we performed detailed simulations. We simulated the
external quantum efficiency (EQE) curves, shown in Fig. 5(a),
which revealed a distinct segmentation in EQE behavior as the
bandgap width varied. Notably, SHJ solar cells with larger
bandgaps exhibited higher EQE values, especially in the short-
wavelength region.

We also simulated the evolving trends of J;. and PCE
under different bandgap widths while maintaining the de-
fect state distribution of D1 and a doping concentration of
1 x 10%° cm™3, as shown in Fig. 5(b). A sharp performance
transition was observed around a bandgap width of 1.7 eV.

The differences in EQE at short wavelengths primarily
result from variations in parasitic absorption and carrier trans-
port dynamics in the light-receiving regions. Figure 5(c) illus-
trates the corresponding band diagrams of the sun side under
different bandgap conditions. As the bandgap of the doped
layer increases, the relative alignment between the valence

band of the doped layer and the intrinsic layer shifts. Specifi-
cally, at 1.4 eV and 1.6 eV, the valence band of the doped layer
lies above that of the intrinsic passivation layer. However,
when the bandgap widens to 1.8 eV, the positions are reversed.
Simultaneously, the quasi-Fermi level gradient for holes at the
interface is inverted, which facilitates the extraction of photo-
generated carriers from the illuminated surface region (includ-
ing the doped and passivation layers). This trend is consistent
with the EQE results shown in Fig. 5(a). Notably, a sharp im-
provement in Jy is observed when the bandgap reaches around
1.7 eV, which corresponds to a critical transition point in the
interface band alignment. This transition enhances carrier se-
lectivity and extraction efficiency, especially in the front-side
layers, contributing to the observed performance jump.

Figures 5(d) and 5(e) illustrate the simulated carrier distri-
butions and recombination rates for bandgap widths of 1.6 eV
and 2.0 eV, respectively. In structures with narrower bandgaps,
insufficient band offsets lead to potential barriers that trap mi-
nority carriers at the interface, causing elevated recombination
rates. In contrast, wider bandgaps reduce carrier recombina-
tion, resulting in more efficient carrier extraction.

(a) — 41.2
£ 10.8)
~
<
£ 40.4f
~£ 40.0
760F —— =
ool T —~—1.4 eV
> ——1.6 eV
E 720} 13 e¥
5 ——2.0 e
L& 700¢ —~—22 eV
680
O — o,
X 70t
& 60r
50
X oaf T—— ‘
S
O 20¢
1 1 1 1 1
6501 0.5 1.0 5.0 10.0
Doping concentration (1020 ¢cm~3)
E.—F; (eV)
(b) 2.2 c 1.5
0.6 1.3
2 200 o5 1.1
= - : 0.9
oy :
& 1.8F 4 0.7
¢ 04 0.5
& 1.6} 03 0.3
1.4 e —-0.1
0.1 0.5 1.0 5.0 10.0

Doping concentration (1020 cm—3)

Fig. 4. (a) Simulation results of SHJ solar cells, and (b) heatmap of the
Fermi level position, where the defect distribution in the n-SiC,:H layer
is linearly correlated with the doping concentration.
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Fig. 5. (a) External quantum efficiency graph, (b) Jic and PCE trends, and (c) energy band diagram of SHJ solar cells with varying bandgap widths,
corresponding to the defect distribution of D1 and a doping concentration of 1 x 102 cm~3, respectively. Carrier distribution and recombination rates under

the same conditions are simulated for bandgap widths of (d) 1.6 eV and (e) 2.0 eV.

These simulations highlight that wider bandgap-doped
layers significantly enhance carrier extraction and separa-
tion on the sun side, particularly for short-wavelength light.
The improved transport dynamics and reduced recombination
losses, observed through EQE and recombination rate anal-
yses, underscore the potential of wide-bandgap materials to
optimize SHJ solar cell performance. However, it should be
noted that the AFORS-HET simulation tool used in this study
does not explicitly account for tunneling effects, particularly
those assisted by band tail states. This limitation may lead
to discrepancies between simulation and real device perfor-
mance, especially under strong interfacial electric fields or
large band offsets where tunneling plays a non-negligible role.

As discussed earlier, incorporating a wider bandgap in
the sun-side-doped layer significantly enhances carrier trans-
port and separation at the front surface, thereby improving
the overall photoelectric conversion efficiency of SHJ photo-
voltaic devices. However, the use of wide-bandgap materials
also increases the likelihood of Fermi-level pinning, particu-
larly when compared to traditional a-Si:H doped layers. This
effect can degrade device performance, emphasizing the need
for careful material and process optimization.

Simulations reveal that achieving optimal performance
with wide-bandgap doped layers requires a delicate balance
between minimizing defect state density and optimizing dop-
ing efficiency. Specifically, Fermi-level pinning becomes
more pronounced as the bandgap widens, necessitating higher
doping concentrations to compensate for defect states and

avoid performance degradation. At the same time, exces-

sive defect densities amplify recombination losses, especially
at the interface between the wide-bandgap doped layer and
the a-Si:H passivation layer. Despite these challenges, wider
bandgaps effectively reduce parasitic absorption and improve
short-wavelength utilization, provided that a stable band align-
ment and low recombination rates can be maintained.

To address these challenges, several optimization strate-
gies can be employed. Nano-crystallization has proven to be
an effective approach, as it reduces the density of dangling
bonds, enhances doping efficiency, and improves doping lev-
els at the same concentration. Additionally, interface engi-
neering is critical for mitigating recombination losses caused
by band offsets at the interface between the doped layer and
the passivation layer. As shown in Fig. 5, reducing the dop-
ing concentration at this interface, or introducing a thin in-
trinsic wide-bandgap buffer layer, can smooth transitions and
suppress recombination. Furthermore, strict quality control
is essential for wide-bandgap doped layers, as their photo-
sensitivity serves as a key metric for evaluating material per-
formance. These insights highlight the importance of care-
fully engineered materials and deposition processes to balance
bandgap widening and carrier transport efficiency.

The findings above provide clear design principles and
process guidelines for optimizing wide-bandgap doped lay-
ers in SHJ solar cells. These strategies, derived from system-
atic simulations, are relatively straightforward to implement in
large-scale industrial production. By reducing costs and im-
proving efficiency, these methods are expected to accelerate
the commercialization of SHJ photovoltaic technologies.
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5. Conclusion and perspectives

The results demonstrate that wider bandgap doped lay-
ers in SHJ solar cells effectively optimize carrier extraction
on the sun side while reducing parasitic absorption. Simu-
lation data indicate that these layers are more susceptible to
Fermi level pinning caused by excessive defect states. When
the Fermi level is maintained within 0.3 eV of the conduction
band, the adverse effects of Fermi level pinning on device per-
formance is significantly reduced. Consequently, the critical
role of nano-crystallization in enhancing the applicability of
wide-bandgap-doped layers is highlighted. Additionally, the
introduction of lower doping levels or intrinsic transition lay-
ers within wide-bandgap-doped layers is proposed as a viable
strategy to optimize carrier extraction and concurrently sup-
press carrier recombination.
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