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Fig. S1. Pinhole‑containing structure of bypass Esaki diode constructed by Sentaurus TCAD.
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Fig. S2. (a) Cell‑level forward IV characteristics with Jshunt at Vmpp and (b) reverse IV characteristics with Jrev at -5V for a conventional TBC cell without an integrated bypass diode, bypass diode integrated TBC_A with limited interdiffusion and low trap concentration and bypass diode integrated TBC_B with extensive interdiffusion and elevated trap concentration.
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Fig. S3. One‑dimensional profiles of the barrier tunneling generation rate and the SRH recombination rate along the vertical direction at a forward bias of 0.05 V.
Supplementary Tables
Table S1. Trap parameters for the polysilicon and oxide/polysilicon interface used in the TCAD simulations.

	Parameter
	Polysilicon bulk
	Oxide/Polysilicon interface

	Trap model
	Symmetric donor/acceptor

	Donor level
	0.5 eV below conduction band

	Acceptor level
	0.5 eV above valence band

	Concentration
	Variable (1 × 1016 - 1 × 1019 cm-3)
	1 × 1012 cm-2

	eXSection
	1 × 10-15 cm2

	hXSection
	1 × 10-15 cm2

	Huang‑Rhys factor
	10

	Phonon energy
	0.06 eV


Table S2. Full FoM matrix and corresponding simulated cell parameters of conventional TBC, TBC_A with limited interdiffusion and TBC_B with extensive interdiffusion
	Jsc
[mA cm-2]
	Jshunt
[A cm-1]
	Jrev
[A cm-1]
	FoM1
	FoM2

(α=0.1%)
	Jsc
[mA cm-2]
	Voc
[V]
	FF
[%]
	PCE
[%]

	Conventional TBC
	4.55×10-5
	7.82×10-11
	-
	-
	41.518
	0.7455
	86.13
	26.66 

	TBC_A
	4.27×10-5
	1.25×10-1
	2917.11
	2.92
	41.518
	0.7452
	86.09
	26.64 

	TBC_B
	8.97×10-5
	1.0×10-2
	11.58
	0.01
	41.517
	0.6907
	75.19
	21.56 


Table S3. Nomenclature of key symbols used in the FoM design framework.

	Symbol
	Definition
	Unit

	FoM1
	Electrical selectivity figure-of-merit: ratio of reverse to forward current
	—

	FoM2
	Geometric design figure-of-merit: ratio of Lshunt to Lrev
	—

	Jrev
	Reverse current density per unit overlap length at -3 V
	A cm-1

	Jshunt
	Forward shunt current density per unit overlap length at Vmpp
	A cm-1

	J0,shunt
	Saturation current density of the shunt pathway
	A cm-1

	Lrev
	Minimum overlap length required for hot-spot protection
	cm

	Lshunt
	Maximum permissible overlap length at acceptable power loss
	cm

	α
	Acceptable fractional power loss at the module level
	—

	Impp
	Current at maximum power point
	A

	Vmpp
	Voltage at maximum power point
	V

	Pmpp
	Power at maximum power point
	W


Table S4. Full FoM matrix across all simulated combinations of pinhole density, trap concentration, and interdiffusion depth at a temperature of 350 K.
	Pinhole density
 [cm-2]
	Trap concentration

[cm-3]
	Interdiffusion

depth [μm]
	Jshunt
@0.67V
[A cm-1]
	Jshunt
@0.585V
[A cm-1]
	Jrev
[A cm-1]
	FoM1
	FoM2a)

	1.00×1012
	1.00×1018
	0.05
	1.32×10-4
	2.56×10-5
	2.36
	92188 
	92.19

	1.00×1012
	1.00×1018
	0.10
	2.63×10-4
	5.15×10-5
	0.48
	9320 
	9.32

	1.00×1012
	1.00×1018
	0.15
	6.15×10-4
	1.17×10-4
	0.11
	940 
	0.94

	1.00×1012
	1.00×1019
	0.05
	1.99×10-3
	4.11×10-4
	2.36
	5742 
	5.74

	1.00×1012
	1.00×1019
	0.10
	5.64×10-3
	1.17×10-3
	0.48
	410 
	0.41

	1.00×1012
	1.00×1019
	0.15
	1.48×10-2
	3.47×10-3
	0.11
	32 
	0.032

	2.50×1011
	1.00×1018
	0.05
	4.99×10-5
	9.05×10-6
	1.10 
	121602 
	121.60

	2.50×1011
	1.00×1018
	0.10
	7.91×10-5
	1.48×10-5
	0.80 
	54172 
	54.17

	2.50×1011
	1.00×1018
	0.15
	1.11×10-4
	2.09×10-5
	0.69 
	33090 
	33.09

	2.50×1011
	1.00×1019
	0.05
	5.76×10-4
	1.21×10-4
	1.10 
	9121 
	9.121

	2.50×1011
	1.00×1019
	0.10
	1.33×10-3
	2.78×10-4
	0.80 
	2876 
	2.88

	2.50×1011
	1.00×1019
	0.15
	2.41×10-3
	5.29×10-4
	0.69 
	1305 
	1.31


a) FoM2 = α·FoM1 with α = 0.1%.
Table S5. Full FoM matrix across all simulated combinations of pinhole density, trap concentration, and interdiffusion depth at a temperature of 400 K.
	Pinhole density
 [cm-2]
	Trap concentration

[cm-3]
	Interdiffusion

depth [μm]
	Jshunt
@0.67V
[A cm-1]
	Jshunt
@0.50V
[A cm-1]
	Jrev
[A cm-1]
	FoM1
	FoM2a)

	1.00×1012
	1.00×1018
	0.05
	8.65×10-4
	4.05×10-5
	3.01 
	74399 
	74.40

	1.00×1012
	1.00×1018
	0.10
	1.62×10-3
	7.90×10-5
	0.63 
	7973 
	8.00

	1.00×1012
	1.00×1018
	0.15
	3.65×10-3
	1.75×10-4
	0.14 
	802 
	0.80

	1.00×1012
	1.00×1019
	0.05
	1.09×10-2
	6.23×10-4
	3.01 
	4833 
	4.83

	1.00×1012
	1.00×1019
	0.10
	2.83×10-2
	1.69×10-3
	0.63 
	372 
	0.37

	1.00×1012
	1.00×1019
	0.15
	6.42×10-2
	4.93×10-3
	0.14 
	28 
	0.028

	2.50×1011
	1.00×1018
	0.05
	3.68×10-4
	1.52×10-5
	1.38 
	90351 
	90.35

	2.50×1011
	1.00×1018
	0.10
	5.53×10-4
	2.41×10-5
	1.05 
	43791 
	43.79

	2.50×1011
	1.00×1018
	0.15
	7.58×10-4
	3.35×10-5
	0.85 
	25313 
	25.31

	2.50×1011
	1.00×1019
	0.05
	3.19×10-3
	1.88×10-4
	1.38 
	7312 
	7.31

	2.50×1011
	1.00×1019
	0.10
	6.95×10-3
	4.14×10-4
	1.05 
	2548 
	2.55

	2.50×1011
	1.00×1019
	0.15
	1.16×10-2
	7.68×10-4
	0.85 
	1104 
	1.10


a) FoM2 = α·FoM1 with α = 0.1%.
Table S6. The influence of contact resistivity on FoM1 and FoM2 and corresponding parameters at the cell level
	Finger width of n region 

[μm]
	Finger width of p region 

[μm]
	Contact resistivity of region 

[mΩ·cm2]
	Contact resistivity of region 

[mΩ·cm2]
	Jshunt@0.67V
[A cm-1]
	Jrev
[A cm-1]
	FoM1
	FoM2a)

	200
	200
	1
	1
	4.90×10-5
	1.66×10-1
	3.39×103
	3.39 

	200
	200
	1.5
	3
	4.89×10-5
	1.45×10-1
	2.96×103
	2.96 

	200
	200
	3
	3
	4.87×10-5
	1.35×10-1
	2.77×103
	2.77 

	200
	200
	6
	6
	4.84×10-5
	1.07×10-1
	2.20×103
	2.20 


a) FoM2 = α·FoM1 with α = 0.1%.
Table S7. The influence of finger geometry on FoM1 and FoM2 and corresponding parameters at the cell level
	Finger width of n region [μm]
	Finger width of p region [μm]
	Contact resistivity of region [mΩ·cm2]
	Contact resistivity of region [mΩ·cm2]
	Jshunt@0.67V
[A cm-1]
	Jrev
[A cm-1]
	FoM1
	FoM2a)

	300
	100
	1.5
	3
	4.58×10-5
	1.55×10-1
	3.38×103
	3.38 

	250
	150
	1.5
	3
	4.73×10-5
	1.50×10-1
	3.16×103
	3.16 

	200
	200
	1.5
	3
	4.89×10-5
	1.45×10-1
	2.96×103
	2.96 

	150
	250
	1.5
	3
	5.02×10-5
	1.40×10-1
	2.79×103
	2.79 

	100
	300
	1.5
	3
	5.16×10-5
	1.36×10-1
	2.63×103
	2.63 


a) FoM2 = α·FoM1 with α = 0.1%.
