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Abstract

We numerically map the joint impact of base thickness (e) and donor density (Np) on silicon heterojunction (SHJ) cells under
AML1.5G using SILVACO ATLAS (drift—diffusion with SRH/Auger and field/concentration-dependent mobilities). Optics is
treated by 2D specular ray tracing (no texturing), so results constitute a conservative baseline at small e. To isolate e and Np, the
a-Si:H/c-Si interface is held fixed across parameter sweeps. We identify an absorption—collection trade-off: Js. increases from
thin to moderate e and then saturates or declines; V. decreases with increasing e and high Np due to enhanced recombination.
The fill factor peaks at small e under low-to-moderate Np. Efficiency exhibits a robust optimum at moderate thickness (e.g., e =
120-160um) and intermediate Np, whereas heavy doping shifts the optimum but ultimately degrades V,/FF via Auger (and, in
extended models, band-gap narrowing). From a design standpoint, we delineate a practical window that balances resistivity and
recombination while avoiding heavy doping. Limitations: absence of light trapping and fixed interface, mean our absolute
metrics are conservative, but trends and optima are robust. Planned extensions include Lambertian/textured optics, interface

sweeps, and calibrated BGN/contact models to raise absolute values without altering the identified trade-offs.
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1. Introduction

Silicon heterojunction (SHI/HIT) solar cells pair a crystal-
line silicon (c-Si) wafer with ultrathin a-Si:H layers that
deliver excellent surface passivation and selective, transparent
contacts, enabling very high V,., record FF, and certified
efficiencies beyond 26% on industrial wafers [1-4]. As rec-
ords approach the intrinsic c-Si limit under AM1.5G (~29%),
understanding losses and design trade-offs becomes critical
[5]. Two tightly coupled levers dominate: wafer thinning and
base-doping optimization. Thinning reduces material use and
transport lengths but can increase NIR escape without
light-trapping, lowering J. if not mitigated [6]. Base doping

governs resistivity and recombination; at high density, Auger
processes strengthen and band-gap narrowing (BGN) emerges,
shaping V,., FF,and n [7, 8].

Here we map the joint influence of base thickness
e (20 — 400 um) and donor density Np (10%* —1 x
107 ¢cm™3) via TCAD (SILVACO ATLAS, 300 K, AM1.5G).
Optics uses 2D specular ray-tracing (SOPRA n,k for
Si/Al/ITO/a-Si:H/a-SiC) without texturing to provide a con-
servative J,. bound; the a-Si:H/c-Si interface is fixed to
isolate e and Np. SRH and Auger recombination with Fermi
statistics and field/concentration-dependent mobilities are
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enabled; J,., V,., FF, and n are extracted from simulated
J —V curves. The results identify optimal ranges of thickness
and doping, explain trends via the absorption-collection
trade-off and concentration-dependent recombination, and
position the outcomes relative to recent records and physical
limits [1-5].

2. Electrical Modeling of a Solar Cell

2.1. Electrical Characteristics (Single-diode
Model)

The equivalent circuit of a photovoltaic (PV) cell (Figure 1)
consists of a photocurrent source I, in parallel with a diode,
together with a series resistance R, (internal ohmic losses:
metallization, TCO, semiconductor) and a shunt resistance R,
(leakage currents due to recombination and bypass paths).
This single-diode model is the standard compact description
of the illuminated I —V curve and of performance parame-
ters (Js¢,V,e,FF1) [9, 10].

1 I:ghl{ @

Figure 1. Equivalent circuit of a PV cell (source Iy, diode, R;,
Rsh)-

Yl v

O

Under illumination, the nodal equation reads:

Ipy = Lpp = Iqg — Isp 1)
where 1, is the diode current and I, the current through the
shunt branch.

The diode current follows the Shockley equation including
the series ohmic drop:

14
Iy =1, [exp (A—st) - 1] (2)
while the shunt current is:
V+IpyRs
Iy = R:: (3)

with I, the reverse saturation current of the diode, n the
ideality factor (= 1-2), and Vy = <&~

q
Boltzmann constant, T: absolute temperature, q: elementary

charge). Combining (1)-(3) yields the implicit I — V equation

the thermal voltage kg:

159

of the single-diode model with Rgand Rg;,:

oy = o — Io [exp (%) 1]

V+IpyRs

Ren (4)

These relations underpin five-parameter PV module mod-
els and associated identification methods (translation across
STC/NOCT, temperature/irradiance extrapolation). Analyti-
cal forms and closed-form solutions (e.g., using the Lambert
W function) exist for evaluating I(V), yet numerical solution
of the implicit (4) is common in simulation practice [10]. For
performance analysis, one extracts: J,. (at V =0), V. (at
L, = 0), the fill factor (FF), and the efficiency (). (in
current-density form, with G the AM1.5G irradiance).

Note that R, tends to reduce FF (rounding the [ —V
knee), while a low Ry, increases the slope near short-circuit
and degrades J,./FF [10].

2.2. J-V Characteristic of a Solar Cell

A cell’s performance is assessed from its current—voltage
characteristic J(V) under illumination (Figure 2). From this
curve one extracts the standard PV figures of merit: the
short-circuit current density J,., the open-circuit voltage V.,
the fill factor FF, and the efficiency n [11]. The power curve
is P(V) =V J(V); its maximum at the maximum power point
(V,., J.m) Characterizes the cell’s conversion capability.

l\ l)l“ - [lll * \‘vlll
Py Puissance Idéale

Jsc \ o (FF=1)

Jm B
5 /" Pointde / \
e / puissance
°'s / maximale
B /
< < /
w 8 7/
Z /
a / .

Tension (V) Vin Voc

Figure 2. J(V) characteristic and power curve of a photovoltaic cell
[12].

2.2.1. Short-circuit Current Density J.

By definition, J;,. = J(V = 0). Under short circuit, photo-
generated carriers are separated by the internal field and
collected at the contacts; the current is limited by

1) optical losses (front-surface reflection, transmission,

parasitic absorption in front layers/encapsulation) and

2) electrical collection, notably the minority-carrier diffu-

sion length and bulk/surface recombination.

In the linear regime, J,. increases approximately propor-
tionally with irradiance, consistent with its integral definition
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via the EQE:

Jse=q fl @ 1,56 (D) EQE(D)d ®)

STG,G = 1000 Wm™2

where @, 5 IS the photon spectral flux specified by IEC
60904-3 [11].

2.2.2. Open-circuit Voltage V.

Voc is the voltage that drives the net current to zero (J = 0):
the photogenerated polarization exactly balances the diode
current. In the limit R¢ -» 0 and R, — oo (single-diode
model), one obtains the classical expression [9]:

V,. = nVyIn (’]—0+ 1)

(6)

with J, the saturation current, n the ideality factor (= 1 —
2), and V; = kT /q the thermal voltage. This highlights the
sensitivity of 1. to recombination (which sets J,).

2.2.3. Fill Factor FF
By definition,

FF = JmVm
JscVoc

O

where (J,,, V) denotes the maximum power point. FF de-
creases when series resistance R, increases (rounding of the
knee) and when shunt resistance R, decreases (larger slope
near short circuit) [10]. For an ideal diode (no R, Ry,), a
useful analytic approximation links FF to v,. = V,./(nVy)
[10]:

2098

Voc—In(voc+0,72)

FF =~ (8)

Voct1

often used for quick estimates of the FF limit from V..

2.2.4. Power Conversion Efficiency n

The efficiency is the ratio of the maximum electrical power
delivered by the cell to the incident power per unit area. In
current-density form,

_ JmVm __ JscVocFF

R ©9)

where G is the irradiance. Under standard test conditions
(STC), G=1000 Wm™2 and the spectrum is AM1.5G as
defined by IEC 60904-3 [11]. This expression makes explicit
the multiplicative contributions of Jg., V.., and FF to over-
all performance.

3. Simulation Parameters

3.1. Device Architecture

We model a classical crystalline-silicon heterojunction
(SHJ) solar cell in which a crystalline-Si (c-Si) base is
sandwiched between thin, highly doped hydrogenated
amorphous-Si layers: a front p+ a-Si:H emitter (FSF) and a
rear n+ a-Si:H back-surface field (BSF). This multilayer
stack (p+)-a-Si:H/(n)-c-Si/(n+)-a-Si:H is widely used to
combine excellent surface passivation with selective carrier
transport and has enabled state-of-the-art device efficiencies
above 26% in large-area cells. [3, 13, 14]

A schematic of a conventional heterojunction photovoltaic
(PV) solar cell is shown in Figure 3.

2102

Figure 3. Schematic structure of the heterojunction PV solar cell to be simulated.
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3.2. Simulation Environment and Governing
Physics

All simulations are performed with SILVACO ATLAS at
T =300 K. We solve Poisson’s equation self-consistently
with the electron and hole continuity equations. Recombina-
tion includes Shockley—Read-Hall (SRH) and Auger mecha-
nisms; Fermi statistics are used. Field- and concentra-
tion-dependent mobility models (keywords fldmob/conmob)
are enabled. Unless stated otherwise, contacts are ohmic with
a contact resistivity of 0.5.2 - cm? and surface recombina-
tion velocities s, =s, = 10> cms™" . (General ATLAS
methodology and usage of v5.28.1. R are documented and
broadly adopted in recent device-simulation studies.) [15-17].

3.3. Optical Model and IHlumination Conditions

The optical response is computed via 2D specular
ray-tracing under AM1.5G illumination with an incident
irradiance of 100 mW cm™2 (STC). Optical constants n, k
for Si, Al, ITO, and a-Si:H/a-SiC are taken from the SOPRA
database. No Lambertian texturing is included in this baseline
(front and rear reflections are treated as specular, front.
refl/back. refl). A front aluminum grid (100 pm wide over an
850 pm 2D pitch) is included, causing =12% geometric
shading. AM1.5G and STC conventions follow IEC 60904-3:
2019. [4, 5, 11, 18].

3.4. Interface and Defect Modeling (Scope of this
Work)

Because SHJ performance is very sensitive to interfacial
dangling-bond states at the a-Si:H/c-Si junction, we

3.6. Material Parameters Used in the Device Deck

acknowledge that the interface defect density Dit and cap-
ture cross-sections a,/a, critically affect ;. and FF. To
isolate the causal impact of base thickness e and base doping
Np, we keep the interface model fixed throughout this study
(parameters summarized in Table 2) and do not sweep Dit or
o\sigmaoc. This choice preserves the relative trends we report;
absolute values may shift when interface parameters are
re-optimized. A dedicated follow-up will explicitly vary Dit,
o,/ 0y, and passivation conditions. [19].

3.5. Study Plan, Outputs, and Interpretation
Note on High J,. at e = 30 um

We sweep the c-Si base thickness e and donor density
Np € [10%*,1017] cm™3, keeping all other layers and dopings
fixed. From illuminated J —V curves over 0 — 1V, we
extract the figures of merit: Ji., V., fill factor (FF), and
efficiency n; is normalized to 100 mW ¢m™2. As a method-
ological note: a high . observed near e = 30 um can be
physically consistent with:

1) reduced bulk recombination due to the shorter carrier
transport path in thin wafers, provided lifetime remains
high, and

2) still-adequate absorption across the blue/visible spec-
trum where Si is strongly absorbing; the remaining
near-IR deficit is mitigated if front-surface parasitics
(a-Si:H/TCO) are controlled.

Our specular model likely underestimates absolute J.
versus textured devices but preserves the thickness trend,
which is consistent with light-trapping literature and with
quantified front-stack parasitic-absorption analyses in SHJ [2,
11, 13, 18, 20].

Table 1. Material Parameters Used in the Simulation.

Diffe_rent Layers_ FSF_ Sub_strate BSF_ Units
Physical Properties (a-Si:H) (c-Si) (a-Si:H)

Thickness 0,1 250 0,1 (Mm)
Bandgap (Eg) 1,7 1,12 1,7 (eV)
Electron affinity () 3,9 4,05 3,9 (eV)
Electron lifetime T, 1.107° 1.1073 1.107° S

Hole lifetime T, 1.1076 1.1073 1.107¢ S
Electron mobility u, 1 1 1350 cm?/V.s
Hole mobility p, 0.5 0.5 450 cm?/V.s
N.(eff. DOS, CB) 2.10%0 2,8.10%° 2.10%0 cm?

161
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Different Layers

FSF

Substrate

BSF

Physical Properties (a-Si:H) (c-Si) (a-Si:H) Units
N, ((eff.DOS, VB)) 2.1020 1,04.10° 2.1020 cm?
Relative permittivity €, 11,9 11,9 11,9

Parasitic front-stack absorption and its impact on J,. are consistent with SHJ measurements and modelling [5, 13].
The defects present in the two thin hydrogenated amorphous silicon layers of the BSF and the varied front emitter are listed in

Table 2 below.
Table 2. Simulation Parameters of Defect State Densities and Electron (Hole) Capture Cross-Sections.

Quantity “A” (acceptor-like) “D” (donor-like) Units
Gaussian DOS peak Nga, Ngp 1,5.10° 1,5.10 cm?®

Tail DOS prefactor Npa, Nrp 1.10% 1.10% cm?
Gaussian peak energy Ega, Egp 0,62 0,78 Ev
Gaussian width Wga, Wgp 0,15 0,15 Ev

Tail width Wrs, Wrp 0.033 0.049 Ev
Electron capture oy, 1.10% 1.10-%® cm

Hole capture op 1.10% 1.10% cm?

3.7. Extraction and Reporting

Figures of merit {J.,V,.,FF,n} are extracted from the
simulated illuminated / —V curves (0 — 1 V). Efficiency n
is computed with input power fixed at 100 mW cm™2.
Where discussed, we reference recent SHJ performance
records (Kaneka IBC-SHJ >26% and subsequent 26.81% SHJ
reports) solely as context for plausible ranges and trade-offs in
Jse'Voe, @nd FF under modern front-stack designs [3, 14, 21].

3.8. Choice of Parameter Ranges

We sweep the base thickness e = 20 — 400 um to span
ultra-thin wafers (material savings, stronger transport con-
straints) up to standard industrial thickness, capturing the
visible/NIR absorption transition without texturing. The
donor density is varied over Np=1x10"—1x
1017 cm™3 to cover the regime from lightly doped (se-
ries-resistance limited) to moderately heavy doping where
Auger recombination and band-gap narrowing (BGN) begin
to penalize V,, and FF. These bounds reflect current SHJ
practice and common TCAD modeling windows, ensuring
both relevance and physical realism. 4. Results and Discus-
sion.

162

4. Effect of Substrate Donor Density for
Different Base Thicknesses

4.1. Impact on the Short-circuit Current Density

Usc)

Under AM1.5G, the short-circuit current density is given
by equation (5) and results from a balance between optics
(spectral absorption, front-side parasitics) and electrical
collection (transport vs. recombination). In our specular
optical framework (no Lambertian texturing) with = 12%
front-grid shading, J. is set by strong visible absorption and
efficient bulk collection, while NIR absorption losses become
significant at very small thickness [3, 13].

Figure 4 illustrates the evolution of J,. as a function of the
donor density N, for different base thicknesses e (20 —
400 pm) under AM1.5G, using a specular optical model and
keeping the a-Si:H/c-Si interface fixed. A quasi-plateau
around J,. ~ 38.4 mAcm™2 is observed for e > 80 um at
moderate doping, followed by a clear decrease beyond
Np = 5x 10° cm™3.
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Figure 4. Variation of the short-circuit current density J;. of an SHJ cell versus N, (substrate) for different base thicknesses e.

An examination of Figure 4 reveals that:

1) Thin bases yield the lowest J,.: 20 pm (lowest), then
30 um. The main cause is incomplete near-IR absorp-
tion in a specular model (short optical path) despite fa-
vorable carrier collection due to shorter transport dis-
tances [4, 5].

2) For moderate doping Np € [1 x 10, 5 x 10'] cm™3,
a quasi-plateau at Jsc ~ 38.4mAcm™? appears for
80 — 400 um: beyond ~80 pm (non-textured model),
absorption is already near saturation and further thick-
ness adds only a marginal photocurrent gain [4, 13].

3) From Np = 5x 10> ¢cm™ upward, J,. decreases
markedly for all thicknesses. Heavy doping increases
Auger recombination, shortens the minority-carrier
diffusion length, and, in more complete models, intro-

duces band-gap narrowing (BGN); collection degrades
more strongly in thicker bases (longer paths), hence the
trend “the larger e, the lower J,.” at high doping [7, 8].

These trends agree with recent literature on:

1) light trapping and absorption limits in thinned c-Si [4,
51,

2) front-stack parasitics in SHJ [13], and (iii) the growth of
Auger/BGN at high doping [7, 8].

4.2. Impact on the Open-circuit Voltage (V)

Figure 5 illustrates the evolution of the open-circuit voltage
Vo as a function of the donor density N, for different base
thicknesses e (20 — 400 um), under AM1.5G, using a spec-
ular optical model and keeping the a-Si:H/c-Si interface fixed.

0.78 1 —n
° _ \l
0.77- e AN
0, ( ]
0.76 \.
o) v v—v —,
> \ —1—20 pm
o 1 =o—30 um
>o 0.74 \v 40 pm
0.73 =v—380 pm
S « . ) 150 ym
S — —<—300 ym
0.72 4 \4\ 400 pm
0.71 4 <
R | T T R |
1E14 1E15 1E16

Doping concentration (cm”

)

Figure 5. Variation of V. of an SHJ cell versus N, (substrate) for different base thicknesses e.
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An analysis of Figure 5 shows that:

1) For Np € [10%%, 10®] cm™3, V, is nearly constant
for all thicknesses considered.

2) Beyond N, =~ 10 cm™3, V, decreases markedly for
all thicknesses.

3) At low doping (N, = 10* ¢m™32), thinning the base
from 400um to 200um increases V,, from
0.723V to 0.781V; at higher doping (N, =5 X
10 cm™3), V,c ranges from 0.708V to 0.767V
depending on thickness.

4) The maximum observed value, V,, = 0.781V, is ob-
tained for e = 20 um when Nj, is moderate (1 x 104,
5x 10, 1 x 105, 5 x 10> cm™3).

Physical interpretation.

The open-circuit voltage follows the usual approximation.

V. =~ kq—Tln (’]—0 +1) (10)

where J, (saturation current) aggregates bulk (SRH, Auger)
and interfacial recombination [6, 7].

1) Thickness effect. At low doping, reducing e decreases
the active volume and transport paths, which lowers J,
(less SRH bulk recombination) and raises V., a typical
trend for thinned c-Si devices with high-quality
front/rear passivation [3].

2) Doping effect. At high doping, J, rises sharply due to
Auger recombination (carrier-concentration dependent)
and, in more complete models, band-gap narrowing

(BGN). These mechanisms decrease V,. irrespective of
thickness, explaining the drop above 10'¢ cm™3 [6-8].
3) Consistency with Jo. and n. The maximum V,. at
small e (20 um) does not necessarily coincide with a
maximum J.. (limited by NIR absorption in a specular
model) or with the maximum efficiency 7. The J,. and
n sections thus show optima at moderate thickness
~ 30um) , consistent with the absorption—
recombination trade-off.

4.3. Impact on the Fill Factor (FF)

Consistent with 4.1.1 (J,.) and 4.1.2 (V,¢), our simulations
distinguish three doping regimes:

1) Low: Np < 10*° cm™3

2) Moderate: 5 x 10> — 1 x 10'® cm™3

3) High: >1x 10 cm™3 (onset of the marked V,,

drop); a systematic degradation of FF and n appears
beyond ~ 2.5 x 106 cm™3.

Increasing doping reduces the bulk share of the series re-
sistance (higher base conductivity) but raises Auger recom-
bination (and, in more complete models, band-gap narrowing,
BGN), which degrades the differential slope around the MPP
and thus FF [3,7, 8, 13].

Figure 6 shows the variation of FF versus donor density
Np for different base thicknesses e (20 — 400 um) using a
specular optical model and a fixed a-Si:H/c-Si interface.

87 -
| s : —
86 - \°\’\0§
85 v
] v/ T~
—~ 841 —
S\i 1 v v /4\_‘ g
& 83—- < °
S 2_ v
S 827 —u—20 pm .
@ g1 —e—30 um
"_" | 40 pm
—_ 80 - /4 —v—2380 um
(I
| g 150 uym
79 —<— 300 pm
1 400 pm
78
AR AR AR
1E14 1E15 1E16

Doping centration (cm'3)

Figure 6. Variation of the FF of an SHJ cell as a function of N, for different base thicknesses.

General trend from our simulations.
1) At low doping (Np < 10%° cm™32), thinning the base

from 400 um to 20 um increases FF from ~78.2%
to ~86.7% : collection improves (shorter transport
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paths), the bulk component of R is smaller, and V.
remains high (see 4.1.2).

2) At moderate doping 5 x 105 —1x 10 cm™3, FF
stagnates or rises slightly depending on e: the conduc-
tivity gain can still outweigh added recombination.

3) At high doping = 1 x 106 cm™3), Auger recombina-
tion dominates and FF decreases; beyond 2.5 X
10%® ¢cm™3, the drop becomes general across all thick-
nesses.

The maximum FF (= 86.7%) occurs at e = 20 um un-
der low doping, consistent with the maximum V. atsmall e
(4.1.2) and with the limitation of J,. at 20 um by incomplete
NIR absorption in a specular model (4.1.1).

4.4, Impact on Efficiency (n)

Efficiency n = Js. V,. FF/G

(with G = 100 mW cm™2, STC) reflects the combined
trends of J.., V,., and FF [1, 16]. The near constancy of V.
up to ~10%cm=3, the decrease of J,. beyond ~ 5 x
10%° cm™3 (especially for large e), and the simultaneous
drop of J,. and V,. for Ny = 106 cm™3 explain the pres-
ence of an efficiency optimum at moderate thickness.

Figure 7 shows the evolution of the power conversion ef-
ficiency n as a function of the base donor density N, for
several base thicknesses e (20 — 400 pm) under the same
modeling framework (specular optics, fixed interface).

] ° Py ®
O
25.0 1 e
| " " - .\, —u—=20 pum
—e—30 pm
i /V\
24.5 . B ] 40 um
—v—380 pm
< 24.0 150 um
< 1 ® —<—300pum
3\ 23.5 \ 400 pm
c : <
g 23.0 1 4/ \4 M
W 225 /
] <_—_</4
22.0
l <
21.5 — — —
1E14 1E15 1E16

Doping concentration (cm'3)

Figure 7. Variation of the efficiency n of an SHJ cell versus N, for different base thicknesses.

Key results:

1) At Np =~ 10 ¢m™3, thinning from 400 to 30 um
increases n (~21.67% — ~25.17%): the absorption—
transport balance is favorable. Below 30 ym, n de-
creases because J,. is penalized by unabsorbed NIR
(specular model without texturing) [13].

2) For N, < 10'® cm™3, n is broadly stable or slightly
rising depending on e, as lower R (higher conductiv-
ity) can compensate.

3) At Np > 2.5 x 10 cm™3, n decreases for all thick-

nesses (Auger/BGN = lower V,. and FF, smaller J.).

The observed optimum is n = 25.17% for e = 30 um
and Np =~ 10'* cm™2, a compromise between absorption
(better than at 20 um in a specular model) and low recom-
bination [8].

Overall, our AM1.5G simulations (specular optics, fixed
a-Si:H/c-Si interface, T = 300 K) show that J,. results from
an absorption—collection trade-off: it exhibits a quasi-plateau
at ~384mAcm™% for e>80um at low-to-moderate

165

doping (10 — 5x 105 ¢m=2), then decreases when
Np = 5 % 10 cm™3. The open-circuit voltage V,. remains
nearly constant up to ~ 10%¢ cm™3, then falls for all thick-
nesses due to recombination (Auger and, in extended models,
band-gap narrowing, BGN). The fill factor (FF) peaks at
~ 86.7% for e = 20 um under low doping, whereas the
efficiency n is maximal at ~ 25.17% for e = 30 um and
ND =~ 10 ¢m™3, a compromise between improved absorp-
tion (relative to 20 um in a non-textured/specular model) and
low recombination losses. Finally, at high doping (= 10—
2.5 %10 ¢m™2), rising Auger/BGN simultaneously de-
grades J,., V,., FF, and hence 7. These findings will serve as
a baseline when, in Section 4.2, we invert the roles to analyze
the effect of base thickness e at fixed doping.

We now examine the influence of base thickness e at fixed
Np, in order to disentangle the “absorption/transport” con-
tributions associated with e from those driven by doping.
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5. Effect of Base Thickness for Different
Base Doping Levels

5.1. Impact on the Short-circuit Current Density

Usc)

Figure 8 illustrates the evolution of ;. as a function of the

base thickness e (20 — 400 um) for different donor densi-
ties Np, under AML1.5G, using a specular (non-textured)
optical model and a fixed a-Si:H/c-Si interface. This frame-
work highlights the expected absorption—collection trade-off
in thinned c-Si and the influence of front-stack losses
(TCO/a-Si:H) in modern SHJ devices [4, 5, 13].

38.5 —_
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Vnd V—v—
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Figure 8. Variation of the short-circuit current density J;. of an SHJ cell versus thickness e for different values of Nj,.

An examination of Figure 8 reveals that:

1) As thickness increases from 20 to ~70 um, Jg. rises
markedly for all N, values.

2) Beyond ~70 — 80 um, J,. decreases as e increases:
the recombination volume (SRH/Auger) grows and
outweighs the absorption gain, consistent with
non-textured absorption limits [4, 5].

3) The higher the doping Np, the stronger the drop in J,,
at large thickness (shorter lifetimes, reduced diffusion
lengths due to Auger) [7].

4) An optimal/plateau value of J,, ~ 38.46 mAcm™2 is
observed for Np =1x 10 cm™3 at thicknesses
~80 — 200 um, where absorption is nearly saturated in
a non-textured model [4, 13].

Physical interpretation:

1) Thickness effect. Increasing e raises optical generation
(more absorbed photons) and hence Jg. up to saturation.
In a specular (non-Lambertian) model, NIR light re-
mains partly unabsorbed at small e; conversely, at very
large e, bulk-collection losses due to recombination
become dominant, explaining the subsequent decrease
of Js [4,5].

2) Doping effect. Increasing Nj reduces resistivity (better
conduction) but enhances Auger recombination (and

effective SRH), shortening the minority-carrier diffusion
length; at very high doping, band-gap narrowing (BGN)
is also expected to penalize collection [7, 8].

3) Role of front-stack losses. Parasitic absorption in the
front stack (a-Si:H/TCO) limits J,. and helps explain
why, even at moderate e, the absorption gain remains
bounded without texturing [13].

5.2. Impact on the Open-circuit Voltage (V)

In our baseline physics deck, the observed V,. roll-off at
high Np is primarily driven by Auger recombination;
band-gap narrowing is acknowledged and will be includ-
ed/calibrated in the extended model, expected to accentuate
the high-doping penalty without changing the qualitative
trend.

Figure 9 illustrates the evolution of the open-circuit voltage
V,. as a function of the base thickness e (20 — 400 um) for
different donor densities Np, under AM1.5G, using a specular
(non-textured) optical model and a fixed a-Si:H/c-Si interface.
This framing highlights the link between V. and the satura-
tion current J, (bulk SRH/Auger + interface) via V.

(kT/@)In(sc/Jo + 1) [6,19].

~
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Figure 9. Variation of the open-circuit voltage V,. of an SHJ cell
versus thickness e for different values of Np.

Figure 9 shows:

1) For all doping levels, V,. decreases as thickness e in-
creases; for example, at N, = 10* cm™3, V. drops
from 0.781V (at 20 um) to lower values as e grows.

2) At a given thickness, the lower the substrate doping, the
higher V,.: for e =20 um, the maximum V,. of
0.781V is observed for N, = 1 x 10'* cm™32 and re-
mains high for N, = 5 x 105 cm=3.

3) The optimal value identified here is 1, = 0.781V for
e=20um and N, =1x10* cm™3 (also high at
5 x 105 cm™3).

Physical interpretation.

1) Thickness effect. As e increases, the recombination
volume (SRH + Auger) grows, which raises J, and
reduces V,.. At small thickness, shorter transport
paths lower J, and support higher V,., provided
front/rear passivation and the interface are of high
quality [6].

2) Doping effect. Increasing N, enhances Auger recom-
bination (strong carrier-concentration dependence) and,
in more complete models, band-gap narrowing (BGN);
both increase J, and thus decrease V,., irrespective of
e [6,7,19].

3) Cross-consistency. These trends are consistent with
those obtained for J,. (Section 4.2.1): at high N, re-
duced diffusion length and increased Auger recombina-
tion simultaneously degrade J. and V,., contributing
to the observed limits on FF and n (Sections 4.1.3 and
4.1.4) [6-8, 19].

5.3. Impact on the Fill Factor (FF)

Figure 10 shows the evolution of the fill factor (FF) as a
function of the base thickness e (20 — 400 pm) for different
donor densities Np, under AM1.5G, within a specular
(non-textured) optical framework and with a fixed a-Si:H/c-Si
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interface, a context in which FF results from a trade-off
between series resistance, recombination, and the J — V knee
near the maximum power point [3, 6, 8, 13, 19].

Fill Fackr FF (FF)
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Figure 10. Variation of the fill factor (FF) of an SHJ cell versus
thickness e for different values of Np.

An analysis of Figure 10 shows that:

1) For all doping levels, the maximum FF = 86.7% oc-
curs at e =20 um; as thickness increases, FF de-
creases progressively.

2) For large thicknesses, FF is lower when the substrate is
very highly doped (Np = 5x 10 cm™3) or very
weakly/moderately doped ( Np =~ 1x 10'* —5 X
10%° cm™3); an intermediate doping level generally of-
fers a better compromise.

Physical interpretation

1) Thickness effect. Reducing e lowers the bulk contribu-
tion to the series resistance R, (higher effective base
conductivity over a shorter distance) and limits collec-
tion losses, which sharpens the | —V knee near the
MPP and raises FF; at larger thickness, increased ohmic
and bulk-recombination losses degrade the differential
slope and thus FF [3, 13, 19].

2) Doping effect. Excessively high doping enhances Auger
recombination (and, in more complete models, band-gap
narrowing, BGN), which worsens the slope around the
MPP and reduces FF [6, 8]. Conversely, too low a
doping increases Ry (higher base resistivity) and can
limit selective-contact transport, which also penalizes
FF [3,13,19].

3) Role of the front stack and selective contacts. Parasitic
losses and transport barriers in the front stack
(a-Si:H/TCO) and at selective contacts influence the
J —V shape and thus FF; electrical optimization of
these layers is known to significantly increase FF in
SHJ devices [3, 13, 19].
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5.4. Impact on Efficiency (n)

Figure 11 shows the evolution of the efficiency n as a
function of base thickness e (20 — 400 um) for different
donor densities Np , under AM1.5G, using a specular
(non-textured) optical model and a fixed a-Si:H/c-Si interface.
This framework highlights the coupling n = J,.V,.FF/G and
the characteristic absorption <> recombination/transport
trade-off in thinned c-Si cells [2, 13].
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Figure 11. Variation of the efficiency n of an SHJ cell versus

thickness e for different values of Nj.

An examination of Figure 11 reveals that:

1) For 20 — 40 um thicknesses, the higher the substrate
doping, the lower the efficiency at fixed e, due to in-
creased recombination (Auger/BGN) that degrades V.
and the ] —V knee (FF) [7, 8].

2) The optimal efficiency 25.27% is obtained at e =
30um for low doping, Np=1x10"-5x
10 cm — 3.

3) For higher dopings (N, =1 x 10%¢,2.5 x 106,5 x
10 ¢m™2), the maximum efficiency shifts to e ~
40 um; beyond 40 um, n decreases for all cells.

4) At large thickness, efficiency is lower when the substrate
is very highly doped (~ 5 x 10 cm™3) or very weak-

ly/moderately doped (~ 1 x 10'* — 5 x 10> cm™3; an
intermediate doping generally provides the best con-
duction/recombination compromise.

Physical interpretation

1) Thickness effect. In a specular model, increasing e
improves absorption and thus j,. up to saturation (no-
tably in the visible/blue). At very large e, bulk collec-
tion losses (SRH/Auger) increase and eventually reduce
n; at e=20um, NIR remains partly unabsorbed
without texturing, explaining why the optimum lies
around 30 — 40 um [4, 13].

2) Doping effect. Raising N, reduces Ry (higher base
conductivity) but strongly increases Auger recombina-
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tion and, in more complete models, band-gap narrowing
(BGN), which lowers V. and penalizes FF; conversely,
too low a doping increase R, and can limit selec-
tive-contact transport. Hence an n optimum at inter-
mediate doping and moderate e [7, 8, 13].

3) Link with J,. and FF. The n = 25.27% optimum at
e =30 um (low Np) aligns with a high J. still only
mildly penalized by unabsorbed NIR and with FF
supported by limited ohmic losses; at high N, the op-
timum that shifts to e ~ 40 um reflects the balance
between improved conduction and increased recombi-
nation [4, 7, 8, 13].

Within the fixed framework (specular optics without tex-

turing, constant a-Si:H/c-Si interface, T = 300K ), the
cross-analysis of J., V,., FFand n as a function of thickness
e and for different dopings Ny highlights:

1) Js. increases as e grows from 20 to ~ 70 — 80 um,
then saturates/declines at larger thickness: without tex-
turing, the absorption gain is eventually offset by bulk
collection losses. A quasi-plateau of ~ 38.4 —
38.5 mAcm™? is observed for Ny = 10** ¢m™2 in the
80 — 200 pm range.

2) V,. decreases overall with increasing e for all Ny: the
larger recombination volume raises J, and lowers V..
At small thickness (e.g., 20 um), V,. reaches ~
0.781 V at low doping.

3) FF is maximal at e = 20 um (~ 86.7%) and then de-
creases with e; at larger thickness it is degraded by both
higher series resistance and increased bulk recombina-
tion.

4) Efficiency n shows an optimum at moderate thickness:
~2527% at =30um N, = 10" —5x 10 cm™3;
for higher dopings, the optimum shifts toward e =
40 um and then declines beyond that.

5) The doping effect is ambivalent: increasing N, lowers
R, (better conduction) but raises Auger recombination
(and, in extended models, BGN), which degrades V.,
FF, and hence 7. Conversely, too low a doping inflates
R,. Thus, an intermediate N, combined with moderate
e maximizes 1.

Limitations & Outlook.

The most impactful limitation is the absence of

light-trapping/texturing, which underestimates absolute Jg.
and n at small e. Two additional simplifications: fixed
a-Si:H/c-Si interface and idealized contacts, may shift abso-
lute metrics but not the relative e — Nj, trends. We will:

1) add Lambertian/textured optics and ARC,

2) sweep interface defect densities/cross-sections, and

3) include calibrated BGN and contact resistances;

we expect absolute gains with the same design window.

6. Conclusion

Using TCAD (SILVACO ATLAS, 300 K, AM1.5G), we
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investigated the coupled influence of base thickness e and
base doping N, on SHJ cell performance under specular
optics (no texturing) with a fixed a-Si:H/c-Si interface. The
main findings are:

1) Js. increases from e = 20 to ~ 70 — 80 um, then sat-
urates/declines at larger e due to bulk-collection losses;
a quasi-plateau of ~ 38.4 — 38.5 mA cm™3 appears at
low doping for e = 80 — 200 pm. At e = 30 um, J,
remains high in our model because visible-range ab-
sorption already dominates and collection benefits from
shorter paths, hence efficiency can peak at this thickness
despite the absence of texturing.

2) V,. is nearly constant up to N, ~ 10 ¢cm™2 and then
drops for all thicknesses as doping increases (Au-
ger/BGN); at small e (e.g., 20 um) and low doping, we
obtain V. = 0.781 V.

3) FF is maximal at e = 20 um (~ 86.7%) and decreases
with e, due to combined increases in bulk series re-
sistance and recombination.

4) Efficiency shows an optimum at moderate thickness:
n=~252—253% at e=30um for N, =10"—
5 x 10%* cm™3; for higher dopings, the optimum shifts
toward e = 40 um before n declines.

Design implications. A robust operating window emerges
around e = 30 — 40 um with low-to-intermediate doping
(avoid N, = 10 ¢m™3). In this region, the absorption—
transport compromise maximizes n while maintaining high
V,. and FF.

Limitations and outlook. We intentionally adopted

1) no texturing (which underestimates J,., especially at
small e), and

2) a fixed interface (which may shift absolute values
without changing relative trends).

Future work will incorporate light trapping (textur-
ing/ARC), interface sweeps (defect-state density, capture
cross-sections), and refinements (calibrated BGN, realistic
metallization/grid and contact resistance, temperature de-
pendence) to raise absolute metrics and refine predictions
without overturning the relative trends and the optimal win-
dow identified here.

Abbreviations

a-Si H-Hydrogenated Amorphous Silicon
Al Aluminum

AM1.5G  Air Mass 1.5 Global spectrum (STC reference)
ARC Anti-reflective Coating

ATLAS SILVACO ATLAS Device Simulator
BGN Band-gap Narrowing

BSF Back-surface Field

c-Si Crystalline Silicon

Dit Interface Defect Density

EQE External Quantum Efficiency

FF Fill Factor

FSF Front-surface Field (p* a-Si: H Emitter)

G Irradiance (W m2)

IEC International Electrotechnical Commission

ITO Indium Tin Oxide

J Current Density

J-vV Current-voltage

Jm Current Density at Maximum Power Point

Jsc Short-circuit Current Density

kg Boltzmann Constant

Hn, Uy Electron, Hole Mobility

Np Donor Concentration (Base Doping)

n, k Refractive Index and Extinction Coefficient

NIR Near-infrared

N¢, Ny Effective density of states in CB/VB

x Electron Affinity

E, Band-gap Energy

& Relative Permittivity

n Power Conversion Efficiency

PV Photovoltaic

q Elementary Charge

R, Ry Series resistance, Shunt Resistance

SRH Shockley—Read—Hall (Recombination)

STC Standard Test Conditions (1000 W m2,
AM1.5G, 25<C)

TCAD Technology Computer-Aided Design

TCO Transparent Conductive Oxide

Tny Tp Electron, Hole Lifetime

On,s Oy Electron, Hole Capture Cross-section

Vin Voltage at Maximum Power Point

Ve Open-circuit Voltage

Vr Thermal Voltage (kBT/q)
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