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OFAT sampling and Pearson-correlation procedure

The Pearson correlation coefficients reported in Table 1 of the main manuscript were obtained using a one-factor-at-a-time (OFAT) sensitivity analysis performed with the automated PC1D simulation framework.
[bookmark: _GoBack]For each of the nine candidate design parameters, 100 simulation cases were generated by varying only the selected parameter over its predefined screening range, while all remaining parameters were maintained at their baseline values. The resulting open-circuit voltage (Voc), short-circuit current density (Jsc), and fill factor (FF) were extracted from each simulation.
For each parameter, the Pearson correlation coefficients between the sampled parameter values and the corresponding photovoltaic performance metrics were then calculated using the standard Pearson correlation formula. This procedure was repeated independently for each candidate parameter. The resulting correlation coefficients were subsequently used to compute the joint-sensitivity score Sp according to Eq. (1) in the main manuscript.

Supplementary Table S1. Baseline device-model parameters and simulation settings used for virtual-device construction.
	Baseline device and simulation parameters
	Baseline value
	Unit

	Device Area
	1
	cm2

	Front Surface Charge
	10.0×1012
	cm-2

	Front Surface Coat Thickness
	75
	nm

	Front Surface Coat Index
	2.01
	-

	Emitter Distance
	0.3
	µm

	Front Texture Angle
	54.74
	º (degrees)

	Device Base Contact
	0.5
	Ω

	Device Internal Conductor
	10.0×10-5
	S

	Front Texture Depth
	3
	µm

	Dielectric Constant
	11.9
	-

	Band Gap
	1.124
	eV

	Free Carrier Absorption
	Enabled
	-

	Intrinsic carrier concentration at 300 K
	1.0E10
	cm-3

	Diffusion Length
	56
	µm

	Base Thickness
	56
	µm

	Substrate Thickness
	500
	µm

	Front Surface Recombination Velocity
	1.0×105
	cm/s

	Rear Surface Recombination Velocity
	1.0×105
	cm/s

	Base Bulk Recombination
	1000
	µs

	Excitation Mode
	One-sun transient simulation with 16 time steps
	-

	Base Circuit sweep
	Sweep from -0.8 to 0.8 V
	-

	Internal/External optical reflectance
	10
	%

	Collector Circuit
	Zero
	-

	Constant Intensity
	0.1
	W/cm²

	Spectrum
	AM 1.5G
	-

	Temperature
	25
	°C

	Background Doping Concentration
	6.0×1016
	cm-3




Supplementary Table S2. Exact sampled values used in the PC1D coarse-grid search, local refinement, and one-dimensional sweeps.

Panel A. PC1D coarse-grid values
	Variable
	Exact coarse-grid values
	Number of levels

	t
	30, 40, 50, 60, 70, 80, 90, 100, 110, 120 μm
	10

	T
	285, 290, 295, 300, 305, 310, 315, 320, 325, 330 K
	10

	ND
	5.0, 5.2, 5.4, 5.6, 5.8, 6.0, 6.2, 6.4, 6.6, 6.8 ×1016 cm−3
	10

	Sf
	500, 900.824, 1622.968, 2924.018, 5268.051, 9491.175, 17099.759, 30807.751, 55504.731, 100000 cm/s
	10

	Sr
	500, 900.824, 1622.968, 2924.018, 5268.051, 9491.175, 17099.759, 30807.751, 55504.731, 100000 cm/s
	10



Panel B. PC1D local-refinement values
	Variable
	Local-refinement levels

	t
	30, 33, 36 μm

	T
	285, 286, 287 K

	ND
	6.70, 6.75, 6.80 ×1016 cm−3

	Sf
	500, 600, 700 cm/s

	Sr
	500, 600, 700 cm/s





Panel C. One-dimensional sweep settings
	Variable
	Lower bound
	Upper bound
	Interval or spacing
	Number of points

	t
	3 μm
	75 μm
	3 μm
	25

	T
	270 K
	298 K
	1 K
	29

	ND
	6.0×1016 cm−3
	7.5×1016 cm−3
	5.0×1014 cm−3
	31

	Sf
	1 cm/s
	1.0×104 cm/s
	Piecewise logarithmic
	25

	Sr
	1 cm/s
	1.0×104 cm/s
	Piecewise logarithmic
	25


For Sf and Sr, each sweep combines 13 logarithmically spaced points from 1 to 500 and 13 from 500 to 10,000 cm/s, with the shared value of 500 counted once, giving 25 points.

Supplementary Table S3. Representative local PC1D refinement configurations used to identify the refined optimal case. 
	Case
	Design Variables
	Performances
	Objective Function

	
	t [µm]
	T [K]
	ND [cm-3]
	Sf [cm/s]
	Sr [cm/s]
	Voc [V]
	Jsc [mA/cm2]
	FF
	η [%]

	H-1
	30
	285
	6.70E16
	500
	500
	0.6661
	32.0721
	0.8193
	17.5043

	H-2
	30
	285
	6.70E16
	500
	600
	0.6661
	32.0682
	0.8193
	17.5002

	H-3
	30
	285
	6.70E16
	500
	700
	0.6660
	32.0642
	0.8193
	17.4961

	:
	:
	:
	:
	:
	:
	:
	:
	:
	:

	H-89
	33
	285
	6.70E16
	700
	600
	0.6646
	32.1480
	0.8191
	17.5012

	H-90
	33
	285
	6.70E16
	700
	700
	0.6645
	32.1440
	0.8191
	17.4973

	H-91*
	33
	285
	6.75E16
	500
	500
	0.6649
	32.1566
	0.8196
	17.5249

	H-92
	33
	285
	6.75E16
	500
	600
	0.6649
	32.1526
	0.8196
	17.5209

	H-93
	33
	285
	6.75E16
	500
	700
	0.6648
	32.1487
	0.8196
	17.5169

	:
	:
	:
	:
	:
	:
	:
	:
	:
	:

	H-241
	36
	287
	6.80E16
	700
	500
	0.6594
	32.2099
	0.8175
	17.3642

	H-242
	36
	287
	6.80E16
	700
	600
	0.6594
	32.2059
	0.8175
	17.3604

	H-243
	36
	287
	6.80E16
	700
	700
	0.6593
	32.2020
	0.8175
	17.3566


*Refined optimal configuration identified by local high-resolution refinement. Blue entries indicate configurations satisfying all imposed constraints


Case representation and decision rules

Each simulation case k is represented by the following structured case record:




where



is the design-variable vector,


is the corresponding performance vector, and



After the first feasible case has been identified, the current best feasible design following k evaluations is updated as



Each component of xk is constrained to the corresponding admissible range specified in Table 2 of the main manuscript.
The optimization workflow applies the following decision rules throughout the design exploration process:
1. The joint-sensitivity score Sp is computed for each candidate parameter using Eq. (1) in the main manuscript. 
2. A candidate parameter is retained as an effective design variable only when Sp ≥ 0.90, indicating that its absolute Pearson correlation coefficient is at least 0.90 for each of Voc, Jsc and FF. 
3. Parameters that do not satisfy the criterion are not retained as effective design variables and are maintained at their baseline values throughout the subsequent search.
4. The retained design variables are explored using the hierarchical coarse-to-fine sampling strategy described in the main manuscript. 
5. The SCAPS-1D assessment independently performs reduced-resolution coarse exploration and constraint-enforced local refinement, after which the independently derived refined configuration is compared with the PC1D-derived refined configuration.
Computational-cost estimation

The full-domain comparison grid retained the local linear increments for t, T, and ND and used 32 logarithmically spaced levels for each of Sf and Sr. The surface-recombination grids were specified for computational-cost estimation and do not represent an exact extension of the local additive sampling intervals. The resulting full-domain variable-specific discretization scheme is summarized in Supplementary Table S5. The corresponding measured and estimated computation times are summarized in Supplementary Table S4. Under these assumptions, the total number of possible design configurations is obtained from Eq. (10) in the main manuscript. The estimated execution time was calculated using the measured average PC1D simulation time of approximately 1.1 s per case, assuming sequential execution without parallel processing.

Supplementary Table S4. Measured and estimated computation times for the implemented searches and hypothetical full-domain fine-grid scenarios.
	Search or assessment
	Number of configurations
	Average time per case
	Total serial computation time
	Basis

	Implemented PC1D coarse-to-fine search
	100,243
	1.1 s
	110,267 s, 
approximately 30.6 h
	Measured

	Implemented SCAPS-1D coarse and refined search
	1,011
	60 s
	60,660 s, 
approximately 16.9 h
	Measured

	Illustrative 20-level full-domain grid
	3,200,000
	1.1 s
	3.52×106 s, approximately 40.7 days
	Estimated

	Full-domain variable-specific fine-sampling extrapolation
	54,028,288
	1.1 s
	5.94×107 s, 
approximately 687.9 days
	Estimated


The hypothetical full-domain searches were not executed. The assumed per-case time was set equal to the measured average PC1D serial execution time. All estimates assume sequential execution without parallel processing.

Supplementary Table S5. Full-domain variable-specific fine-sampling definitions used for computational-cost extrapolation.
	Design variable
	Full admissible range
	Sampling definition
	Number of levels

	t
	30–120 μm
	Δt=3 μm
	31

	T
	285–330 K
	ΔT=1 K
	46

	ND
	5.0×1016 cm−3–6.8×1016 cm−3
	Δ ND =5.0×1014 cm−3
	37

	Sf
	500–100000 cm/s
	Logarithmic spacing
	32

	Sr
	500–100000 cm/s
	Logarithmic spacing
	32


Both lower and upper bounds are included. The resulting full-factorial grid contains 31×46×37×32×32=54,028,288 configurations











Supplementary Algorithm S1. Automated PC1D-based coarse-to-fine optimization workflow

The proposed workflow consists of a preliminary variable-selection stage followed by an automated PC1D-based hierarchical optimization procedure. Variable selection is performed before the PC1D optimisation loop, whereas the SCAPS-1D cross-solver assessment is performed independently afterwards. The complete procedure is summarized in Algorithm S1. 
	
1. Input:
Candidate design variable set
Parameter bounds
PC1D device model
Performance constraints
Objective function


2. Step 1: Joint-sensitivity screening
FOR each candidate parameter
Vary the selected parameter
Keep remaining parameters at baseline values
Perform PC1D simulations
Extract Voc, Jsc and FF
Calculate Pearson correlation coefficients
Calculate joint-sensitivity score Sp
END FOR
Retain each parameter satisfying Sp ≥ 0.90 (threshold)
Fix remaining parameters at baseline values


3. Step 2-1: Global coarse-grid search
Generate all combinations of selected design variables
Initialize candidate optimal case
FOR each generated design case
Assign design variable values
Construct PC1D device model
Execute PC1D simulation
Extract performance indicators
Evaluate objective function
Check design constraints
IF case satisfies constraints
Store case in feasible dataset
IF objective value improves
Update candidate optimal case
END IF
ELSE
Store case in infeasible dataset
END IF
END FOR


	
4. Step 2-2: Local high-resolution refinement
Define refined search region around candidate optimal case
Generate high-resolution design combinations
Repeat PC1D evaluation and constraint handling
Identify and store the PC1D-derived refined optimal case


5. Step 3: Independent SCAPS-1D cross-solver assessment
Generate the reduced-resolution SCAPS-1D coarse grid
Evaluate all coarse cases and record their feasibility status
Select the highest-efficiency coarse case as the refinement reference, irrespective of its feasibility status
Generate a local refined grid around the coarse reference case
Evaluate all refined SCAPS-1D cases
Identify the highest-efficiency feasible case as the SCAPS-derived refined optimal case
Compare the SCAPS- and PC1D-derived refined configurations


6. Output/Return:
PC1D-derived refined optimal case
SCAPS-derived refined optimal case
Cross-solver comparison of design-variable settings and performance indicators
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