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Numerical Analysis of the Combined Effect of BSF Thickness and Doping on the Performance of an a-Si:H/c-Si SHJ Cells Cell
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ABSTRACT 
	We numerically study how the rear n⁺-a-Si:H Back-Surface-Field (BSF) thickness and doping co-determine the performance of a-Si:H(n⁺)/c-Si(n)/a-Si:H(p⁺) silicon heterojunction (SHJ) solar cells. Using a two-diode formalism coupled to TCAD SILVACO-ATLAS drift–diffusion under AM1.5G and , we sweep a thin BSF window () and its doping () while keeping the optical stack and interface-defect sets fixed to isolate the electrical role of the rear contact. A thin, highly doped BSF reduces rear-surface recombination and strengthens carrier selectivity, yielding a small but systematic Voc increase ( in our setup), a modest  improvement consistent with lower effective series/recombination losses (), and a broadly stable . The resulting efficiency  peaks when combining a thin BSF with high doping; by contrast, too-thin layers under-passivate and too-thick layers introduce resistive and potential optical penalties. Modeling includes SRH and Auger recombination with fixed trap sets, standard mobility/bandgap temperature dependences, and constant front/back optical conditions, thereby attributing observed performance changes specifically to BSF thickness/doping. For clarity and design use, we report baseline vs. near-optimum KPIs (), indicating an absolute η gain of  percentage points under AM1.5G, 25 °C. A brief sensitivity note (series resistance; rear interface traps) explains how further increases in resistive or defect-related losses would primarily round the  knee (lowering ) and slightly reduce Voc, consistent with our trends. Overall, these results provide practical guidance for rear-contact engineering in SHJ cells and align with recent literature on passivating selective contacts, while deliberately keeping other surface-property variations outside the present scope.
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1. INTRODUCTION

The global rise of renewable energies has placed photovoltaic (PV) technologies at the heart of the energy transition. Owing to its technological maturity, scalability, and continuous cost reduction, crystalline silicon (c-Si) remains the dominant material, accounting for over 90 % of all solar cells produced worldwide [1, 2]. However, single-junction cells are approaching their theoretical efficiency limit (), motivating the development of advanced architectures such as silicon heterojunction (SHJ) devices that combine hydrogenated amorphous silicon (a-Si:H) with crystalline silicon (c-Si) [1-4].
SHJ cells exhibit high conversion efficiencies (), low-temperature fabrication, and excellent operational stability. Their symmetrical structure, comprising intrinsic a-Si:H(i) passivation layers and doped selective contacts (p⁺/n⁺-a-Si:H), reduces surface recombination and improves carrier transport [1,3,4-6]. Yet, the overall performance strongly depends on the opto-electronic properties of the doped front and rear layers (FSF and BSF), whose thickness and doping concentration directly influence the field passivation, series resistance, and carrier collection [3,7].
Among these layers, the Back-Surface Field (BSF) plays a crucial role by limiting rear-surface recombination and creating an electric field that drives minority carriers toward the junction [3,7,8]. An optimized BSF must thus combine high conductivity to minimize ohmic losses with effective passivation to reduce the reverse saturation current. Achieving the right balance between these competing effects depends strongly on the doping level and thickness of this layer [3,7,8,9,10].
In this work, we present a comprehensive numerical modeling study using TCAD SILVACO-ATLAS of a double-heterojunction a-Si:H(n⁺)/c-Si(n)/a-Si:H(p⁺) solar cell. The goal is to quantify the combined influence of BSF thickness and doping on the main photovoltaic parameters: the open-circuit voltage (​), short-circuit current density (​), fill factor (), and conversion efficiency ().
This analysis aims to identify the optimal rear-layer configuration and provide physical insight into recombination and transport mechanisms, thereby guiding the design of high-efficiency, cost-effective SHJ solar cells [11].

2. METHODLOGY 

ELECTRICAL MODELING AND SIMULATION OF A SOLAR CELL
2.1. Modeling
The electro-optoelectronic behavior of a photovoltaic (PV) cell is classically described by a two-diode equivalent circuit complemented by 
i. a light-generated current source  and
ii. series  and shunt  resistances. 
This framework links junction physics (diffusion and generation–recombination) to the measured  curve and serves as the reference tool for parameter extraction and for simulating PV modules and arrays [12–14].
· Photogenerated source : set by irradiance, spectrum, and temperature (through the EQE and optical losses) [12].
· Two diodes:  (ideality factor ) accounts for diffusion in quasi-neutral regions;  () accounts for generation–recombination in the space-charge region [13,14].
· Parasitic losses:  aggregates ohmic drops (contacts, metallization, TCO), while  models leakage (defects, edges, parasitic paths) [13,14].
Its operation can be represented by the equivalent electrical circuit shown in Figure 1, whose parameters are experimentally determined using the current–voltage characteristic.
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Figure 1: equivalent electrical circuit of a photovoltaic solar cell
By applying nodal analysis to the circuit, the output current of the cell is:
 
With:
· : cell output current (A).
· : photogenerated current (A).
· , : diode currents (diffusion for ; SRH in SCR for ) (A).
· : shunt current (A).




Where:
·  ,: saturation currents (A);
· V: terminal voltage (V); 
· : series resistance (Ω); 
· , : ideality factors; 
· q: elementary charge (C); 
· k: Boltzmann constant (); 
· T: temperature (K).
· : shunt resistance (Ω).
This formulation avoids mixing currents and current densities (a frequent source of inconsistencies) and aligns with the five-parameter models used under real-world conditions [12,13].
Parameterization and key physical effects.
1. Temperature:  increases strongly with T, degrading ; thermal laws (bandgap, mobilities, resistivities) are included [12].
2. Spectrum/irradiance:  is quasi-linear with irradiance but spectrum-dependent (EQE). The efficiency tables (2025) confirm the advantage of passivating contacts for high  and  [2].
3. Passivating contacts & SHJ: interface passivation and selective contacts lower  and improve , yielding gains in  and fill factor; recent reviews summarize these advances [1,5,6], and 2024–2025 studies show industrial improvements [15].
2.2. Electrical performance parameters of a photovoltaic cell
Under illumination, the current–voltage relation of a cell (or module) is read from the  curve, from which the key figures of merit are extracted: short-circuit current  (or current density ), open-circuit voltage , fill factor , and efficiency  [1,2,12].
2.2.1. Short-circuit current 
At zero voltage (), the delivered current reaches its maximum (short circuit). In the two-diode model, if resistive losses are small (, ), one obtains

: short-circuit current (A), proportional to irradiance and spectrum; in density form, .
: photocurrent generated by light (A).
Remark: Eq. (5) is the standard approximation in the limit , . In practice,  deviates from  if  or recombination increases [12,16].
2.2.2. Open-circuit voltage 
At zero current (), the maximum voltage is


With:
: diode ideality factor ( for diffusion;  for G–R in the SCR).
: Boltzmann constant ().
T: absolute temperature (K).
q: elementary charge  (C).
: (dark) saturation current of the diode (A).
: thermal voltage ( at ).
Note: Eq. (6) follows from the Shockley equation applied to PV cells; ​ grows roughly log-linearly with ​ and decreases with temperature [12,16].
2.1.3. Instantaneous power
The electrical power delivered is the product of voltage and current:


measured voltage (V)
 (A).
2.1.4. Fill factor (FF) 
The fill factor measures the “rectangularity” of the  curve:

: maximum extractable power (W).
: open-circuit voltage (V).
: short-circuit current (A).
Useful approximations. For a near-ideal cell (low , high ), empirical relations link  to , e.g., Green (1981) via ; such formulas and their modern refinements aid process control and quality assurance [17, 18].
At the maximum power point (MPP) (, ), one has

: voltage at MPP (V).
: current at MPP (A).
2.1.5. Conversion efficiency 
Efficiency is the fraction of incident optical power converted to electricity:

with:
G: irradiance (incident power density) ().
A: device active area ().
Practice:  is reported at STC and tracked under real conditions using  translation procedures (e.g., IEC 60891:2021); recent evaluations compare and refine these procedures [19,20].
Unless otherwise stated, simulations are run at  under AM1.5G. The front/rear optical stack (ITO/a-Si:H) and the c-Si optical properties are held constant across sweeps. Bulk lifetimes, front/rear interface trap parameters (a-Si:H defect-pool sets), and surface recombination parameters are kept fixed while varying only the rear n⁺-a-Si:H BSF thickness and doping. Electrical models include SRH (with fixed trap sets) and Auger; mobility and bandgap temperature dependences follow the ATLAS defaults. This isolates the electrical impact of the BSF from optical changes. A brief sensitivity note is added: increasing series resistance primarily reduces  (rounder  knee), while raising the rear interface trap density increases the effective dark saturation current, slightly lowering ; both trends are consistent with the observed improvements when using a thin, highly doped BSF.
3. SIMULATION DETAILS AND DESCRIPTION OF THE DOUBLE-HETEROJUNCTION SOLAR CELL 
The PV solar cell considered in this study is based on n-type crystalline silicon. It consists of four successive layers. The crystalline-silicon (c-Si) n-doped substrate ensures charge-carrier generation, while the front hydrogenated amorphous silicon (a-Si:H) emitter reduces interface defects. A transparent conducting oxide (ITO) layer is deposited on the emitter, forming the window layer; it serves as an optical window for incoming light while providing electrical conduction. Finally, the rear hydrogenated amorphous silicon layer (BSF: Back Surface Field) limits carrier recombination to improve the overall efficiency.
This baseline configuration is defined in the ATLAS simulator of the TCAD-SILVACO software [11], with the simulation parameters summarized in Table 1. Using the TCAD-SILVACO simulator requires entering the parameters of each material composing the solar-cell structure under study.

Table 1 : Material parameters used in the simulation
	                            Different later
Physical characteristics
	FSF (a-Si:H)
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With: D: layer thickness. : bandgap. : electron affinity. : dielectric constant. : effective density of states for electrons in the conduction band. : effective density of states for holes in the valence band. : electron mobility. : hole mobility. ,: electron and hole lifetimes.
The defects present in the two thin hydrogenated amorphous-silicon layers (rear BSF and variable for the front emitter) are listed in Table 2 below.

Table 2 : Defect-state densities and capture cross-sections in a-Si:H [21,22]
	Defect density
	Values of defect density 
	Values of defect density 
	Units 

	 
	
	
	 

	 
	
	
	 

	 
	
	
	 

	 
	
	
	 

	 
	
	
	 

	 
	
	
	 

	 
	
	
	 


densities of Gaussian-shaped acceptor and donor states, respectively.
 densities of acceptor and donor states at the band edges. 
energy of the Gaussian peak. 
width of the distribution.
 width of the tail distribution.
 capture cross section for electrons and holes, respectively. 
Figure 2 illustrates the classical architecture of a heterojunction photovoltaic solar cell. The different constituent layers responsible for converting light into electricity can be distinguished.
[image: ]
Figure 2: Schematic diagram of a heterojunction PV solar cell.

All simulations of the heterojunction PV solar cell were carried out under standard operating conditions: AM1.5 spectrum, light intensity of 0.1 W/cm², and temperature of  [23, 24].
4. RESULTS AND DISCUSSION
The study of the geometric and physical parameters on the opto-electrical characteristics (efficiency, open-circuit voltage, current density, and fill factor) of the BSF layer of a heterojunction PV solar cell makes it possible to determine the optimal geometry of the rear side as well as its doping level.
In this part, we investigate the effect of the BSF layer thickness on the performance of the PV solar cell using the ATLAS simulator of the TCAD-SILVACO software. The two key parameters of the rear hydrogenated amorphous silicon layer (n⁺-a-Si:H), namely its thickness and its doping level, are studied as the main variables.
First, we varied the thickness of the BSF layer from  to  for different values of the base thickness, while keeping the dopant concentration constant as well as the other physical parameters of the device. Second, we varied the doping level of this same layer, the BSF, while keeping those of the others fixed.
4.1. Effect of BSF (Back Surface Field) thickness on PV parameters
The BSF layer (Back Surface Field: (n⁺)-a-Si:H) is generally heavily doped and has the same doping type as the substrate. It is a decisive layer in the overall performance (efficiency, current density, open-circuit voltage, and fill factor) of a silicon heterojunction PV cell. It is intended to reduce minority-carrier recombination at the rear side and to facilitate their motion toward the junction. In what follows, we simulate a PV solar cell with several substrate thicknesses by varying the thickness of the BSF layer.
4.1.1. Effect of BSF thickness on the efficiency of the PV cell
Figure 3 shows the evolution of efficiency as a function of the variation of the rear-layer thickness of a heterojunction PV solar cell, for different substrate thicknesses.
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Figure 3: Evolution of efficiency as a function of BSF thickness and for different values of the base thickness.

The analysis of Figure 3 indicates that the efficiency of the PV solar cell is proportional to the substrate thickness. It also shows a similar trend in efficiency for different PV cells with varied substrate thicknesses. The efficiency of the PV cell remains unchanged for a BSF layer thickness between 2 and . By contrast, it increases very slightly by  in absolute value when the BSF thickness increases from  to . The maximum efficiency is found when the BSF layer thickness lies between  and , before it degrades beyond a thickness greater than .
Indeed, a thin BSF layer ( to ) allows losses due to rear-side recombination to persist. Conversely, an optimal thickness between  and  leads to good passivation and to the emergence of a electric field created by the heterojunction, crystalline silicon / hydrogenated amorphous silicon (c-Si/a-Si:H), which repels minority charges and thus reduces recombination. As a result, the efficiency produced by the PV solar cell increases [3, 7]. The thickness of the BSF layer must be well optimized. If the layer is too thin, it does not effectively block recombination through passivation. On the other hand, if it is too thick, it leads to an increase in resistive losses [3,7,25].
4.1.2. Effect of BSF thickness on the short-circuit current density of the PV cell
The short-circuit current density  quantifies the fraction of photogenerated carriers actually collected at . It reflects a trade-off between optics (c-Si absorption, reflection/ITO/a-Si:H losses) and electrical factors (surface/volume recombination, rear-contact selectivity).
Figure 4 highlights the evolution of the short-circuit current density as a function of the variation in the thickness of the rear layer of a heterojunction PV solar cell, for different substrate thicknesses.
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Figure 4: Evolution of current density as a function of BSF thickness and for different values of the base thickness
Analysis of Figure 4 shows that the short-circuit current density is inversely proportional to the substrate thickness. The behavior of the current density is not linear. Figure 4 also shows that this current density evolves very slowly for a BSF layer thickness:
· :  changes very little; rear-surface passivation remains insufficient, so recombination losses persist.
· :  reaches a maximum thanks to improved interface passivation and field-effect selectivity at the rear contact, typical for SHJ stacks near a few-nanometer optimum [1,3,7].
· : a slight decrease appears ( from  to  in our simulations) due to higher contact resistivity in doped a-Si:H and increased parasitic absorption; overall collection is penalized [1,3].
Substrate-thickness note.
Saying  is “inversely proportional” to wafer thickness is not general: for a given optical stack, a thicker wafer increases the effective optical path and tends to raise  (until saturation). If Fig. 4 shows the opposite, it likely reflects lifetime/recombination settings unfavorable to thicker wafers, insufficient rear reflectance, or an optical design (no texturing/mirror) disadvantaging thicker samples, trade-offs widely reported for SHJ [3,7,4,25].
Practical takeaway.
· BSF window: , tuned with doping/anneal/TCO.
· Above that, monitor contact resistivity and optical losses.
· Co-optimize optics (AR, texturing, rear mirror) and passivation to preserve ​ when adjusting BSF thickness [3,25].

4.1.3. Effect of BSF thickness on the fill factor (FF) of the PV cell
Figure 5 presents the trend of the fill factor (FF) as a function of the variation in the thickness of the rear layer of a heterojunction PV solar cell, for different substrate thicknesses.
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Figure 5: Evolution of the fill factor as a function of BSF thickness and for different values of the base thickness.
Observed trends.
· In your simulations, thicker wafers exhibit lower . This is not universal; in principle,  is mainly driven by , , diode parameters (via ), and recombination losses. The apparent thickness effect here reflects the chosen optical/recombination settings [2,5,6].
· As BSF thickness increases from  to ,  rises markedly (from  to ), consistent with reduced rear recombination (lower effective , higher ) and stronger carrier selectivity, yielding a more rectangular  curve [1,3,7].
· Typically, very thick doped a-Si:H can increase  and eventually cap or reduce ; your monotonic rise up to  indicates that recombination reduction still dominates, or that  is limited elsewhere (TCO/contacts) in this setup [3,17, 18].
Physical interpretation
· Very thin BSF (): incomplete passivation which leads to high rear recombination which leads to less rectangular  result in  [3,16].
· Moderate thickening (): a stronger electric field at the BSF and better passivation reduce rear recombination, improve the differential slope near MPP, and raise  [13,7].
· Excessive thickness: risk of higher  and optical losses, which can ultimately limit or reverse FF gains [3,17,18].
Note on substrate thickness
The observation “ decreases with increasing wafer thickness” is not a general rule. To isolate causes, you can:
i. keep ​ and ​ fixed while sweeping wafer thickness,
ii. enforce identical optical conditions (same AR coating, texturing, rear mirror), and
iii. compare  using  vs ​ empirical relations to separate recombination effects from resistive effects [17,18].
Takeaway
· In your dataset, thickening the BSF from  to  yields a strong  improvement ().
· For broader generality, watch for a potential optimum if ​ begins to dominate at larger thickness, and consider an  analysis for robust benchmarking [17,18].

4.1.4. Effect of BSF thickness on the open-circuit voltage of the PV cell
Figure 6 displays the evolution of the open-circuit voltage  versus rear n+-a-Si:H BSF thickness, for several crystalline-silicon substrate thicknesses.
[image: ]
Figure 6: Evolution of the open-circuit voltage as a function of BSF thickness and for different base thickness values.
Observed trends (Fig. 6)
· In these simulations, ​ decreases as the wafer thickness increases. This is not universal: from the standard relation (see Eq. (6)),

· Voc is governed by the effective saturation current  (volume/surface recombination) and by  [2]. An apparent thickness dependence typically reflects recombination settings (lifetimes, rear passivation) and/or optical conditions specific to the case studied [1,3,7].
· Conversely, increasing BSF thickness from 2 to 20 nm yields a slight rise in  (from  to ), consistent with reduced rear-surface recombination, i.e., a lower effective  thanks to improved passivation/selectivity at the rear contact [1,3,7].
· Beyond a certain BSF thickness, the  gain saturates: a very thick doped layer no longer significantly reduces  and may increase  or optical losses (not directly changing  in the quasi-static sense, but coupled to  shape) [3,7,17,18].
Takeaway
· In your data, thickening the BSF from  yields a small but positive  increase (), consistent with lower rear recombination.
· The apparent dependence on wafer thickness mainly reflects recombination/optical settings in this simulation; to isolate effects, keep recombination parameters constant and compare under identical optics (AR, texturing, mirror) [1,3,7,25].
4.2. Influence of BSF doping on PV parameters
The BSF (n+-a-Si:H) critically governs SHJ performance: its doping sets:
i. carrier selectivity and field-effect passivation at the rear,
ii. contact conductivity (thus ), and
iii. the defect density level correlated with high doping in a-Si:H. 
In this study, the BSF doping is swept from  to  in regular steps under identical conditions (AM1.5G, ). We monitor , , , and  [1,3,7,25].
4.2.1. Effet du dopage du BSF sur l’efficacité de la cellule PV
Figure 7 shows the efficiency trend as a function of the BSF layer thickness variation in a heterojunction PV solar cell with different substrate thicknesses.
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Figure 7: Efficiency as a function of BSF doping for different base thickness

As BSF doping increases from  to , cell efficiency rises from  to . This clear yet moderate gain is attributed to:
· lower rear-surface recombination thanks to stronger carrier selectivity and electric-field passivation at the BSF (reduced effective ​, slight increase in ​);
· reduced local series resistance at the rear contact due to higher conductivity in doped n+-a-Si:H, which improves  (a more rectangular  curve) [3,17,18].
Physical picture.
· Low doping (): limited selectivity leading to insufficient field-effect passivation, which increases rear recombination therefore reduces  and  [1,3].
· Intermediate–high doping () creates a stronger barrier for holes (minority at the n side) and improves conduction for electrons (majority) conduction, thereby decreasing  slightly increasing  increasing , and thus boosting  [3,7,17,18].
· Very high doping (beyond the practical optimum) introduces higher defect densities in doped a-Si:H, added optical losses, and/or unwanted tunnelling, so the efficiency saturates or even rolls off if  or defect-assisted recombination increases [1,3,7].
Practical takeaway.
BSF doping is a fine-tuning knob that must be co-optimized with layer thickness, interface passivation quality, and the TCO/metal stack to raise  and  without hurting ​ via optics. An  analysis (Green; Leilaeioun & Holman) helps separate recombination-driven from resistive gains in  [17,18,25].
4.2.2. Effect of BSF doping on the short-circuit current density of the PV cell
Figure 8 shows how the short-circuit current density  varies with the doping of the rear n+-a-Si:H BSF for different wafer thicknesses.
[image: ]
Figure 8: Evolution of short-circuit current density as a function of BSF doping


Observed trends (Fig. 8)
As BSF doping increases,  improves slightly: in your data, from  to  (gain ).
This small yet consistent gain stems from a stronger rear electric field and better carrier selectivity, which push minority carriers (holes on the n-type side) away from the rear interface and reduce recombination prior to collection [3,7,8].
Higher doping also increases n+-a-Si:H conductivity, easing transport near the rear contact; still, the impact on  is limited because  is dictated primarily by optics (absorption/EQE) and recombination, rather than by purely ohmic transport [3,23].
Cautionary notes
At very high doping, risks include higher defect densities in doped a-Si:H, added optical parasitics, or unwanted tunneling, which may cancel the  gain or even reverse it [21-22].
To isolate the electrical effect of doping on , keep constant: 
· the optical stack (AR, texturing, rear mirror),
· lifetimes and surface velocities at front/rear, and
· the BSF thickness; then compare EQE and integrated  [23].
Takeaway.
Increasing BSF doping strengthens field-effect passivation and selectivity, yielding a slight  uplift (here ). Optimization must be co-optimized with BSF thickness and optics to avoid adverse effects at very high doping [1,3,7,25].

4.2.3. Effect of BSF doping on the fill factor () of the PV cell
Figure 9 presents the trend of the fill factor () as a function of the doping level of the rear n+-a-Si:H BSF in a silicon heterojunction (SHJ) PV cell, for different wafer thicknesses.
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Figure 9: Evolution of the fill factor as a function of BSF doping for different base thickness
Observed trends (Fig. 9)
· Increasing the BSF doping from  to  produces a small but consistent improvement in , from  to  ( percentage point).
· This positive evolution indicates that, over this range, the benefits of stronger rear passivation and carrier selectivity still outweigh any adverse increase in transport/resistive penalties at the rear contact.
Physical interpretation
· A more heavily doped n+-a-Si:H BSF strengthens the electric field at the rear interface (field-effect passivation) and enhances carrier selectivity for electrons while repelling minority holes away from the rear, thereby reducing recombination prior to collection [1,3,7].
· At the same time, higher doping increases the conductivity of the doped a-Si:H and typically reduces the local series resistance at the rear contact. The combination of lower recombination (which tends to raise ​ slightly and improve the differential slope near MPP) and lower ​ leads to a more rectangular  curve and hence a higher  [3,17,18].
· In terms of standard metrics, tracking  as a function of  helps confirm that the measured improvement is consistent with reduced recombination and controlled series resistance, in line with analytical/empirical relations reported in the literature [17,18].
Limits and practical cautions
· At very high doping, counter-effects may emerge: 
i. higher defect densities in doped a-Si:H can increase recombination; 
ii. tunneling/barrier inhomogeneity may degrade RshR_{sh}Rsh​; and
iii. minor optical parasitics can accumulate. 
In such cases, the  gain may saturate or even reverse if ​ or  are compromised [3,17,18].
· Therefore, BSF doping should be co-optimized with BSF thickness, front/back passivation quality, and the TCO/metal stack, and assessed under identical optical conditions to isolate the purely electrical impact. For benchmarking, an ​ plot is recommended to separate recombination-driven from resistive contributions [1,3,7,17,18,25].
Takeaway
Within the studied range, raising BSF doping yields a modest, reproducible increase in  (). The trend is physically consistent with stronger field-effect passivation, better carrier selectivity, and lower rear-contact . To generalize beyond this window, maintain a joint optimization of doping, BSF thickness, interface passivation, and contact stack, and verify performance using  vs  diagnostics [1,3,7,17,18,25].
4.2.4. Effect of BSF doping on the open-circuit voltage of the PV cell
Figure 10 shows the evolution of the open-circuit voltage  as a function of the doping of the rear n+-a-Si:H BSF, for different wafer thicknesses. 
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Figure 10: Evolution of the open-circuit voltage as a function of BSF doping for different base thickness
Observed trends (Fig. 10)
Increasing BSF doping from  to  yields a modest rise in ​ from  to  (). This behavior agrees with

where a lower effective saturation current , due to stronger rear-surface passivation and higher carrier selectivity, increases ​ [3,7,16,18]. The gain is small because ​ depends logarithmically on ​.
Physical picture
· Low → mid doping: limited selectivity increasing rear recombination thereby raising , lower  [3,7]​.
· Higher doping (within the optimal window): stronger electric-field passivation at the BSF and improves selectivity thereby decreasing ​ decreases, ​ increases slightly [3,7,18].
· Very high doping: beware of defect-related recombination, tunneling, or barrier inhomogeneity, which can saturate or limit ​ improvements [3,7].
Practical note and metrology
The  increase in ​ contributes marginally to efficiency and complements  improvements. For reliable comparison, measure under standard conditions (AM1.5G, STC) and apply  translation procedures where needed, to isolate the doping effect from test conditions [19,20,25].
5. CONCLUSION 
The numerical study carried out using TCAD SILVACO-ATLAS enabled the modeling and optimization of the electrical behavior of a double-heterojunction solar cell based on hydrogenated amorphous and crystalline silicon.
The analysis focused on the influence of both the thickness and doping of the Back Surface Field (BSF) layer on the cell’s optoelectronic performance, specifically on the main parameters: open-circuit voltage ​, short-circuit current density ​, fill factor , and overall efficiency  [12,16].
Simulation results reveal that:
· an optimal BSF thickness between  and  provides the best trade-off between rear-side passivation and series resistance penalties, consistent with SHJ literature on few-nanometer a-Si:H layers [3, 7, 8, 9, 10];
· a too thin BSF () still allows significant recombination, while a too thick layer () increases ohmic losses, reducing overall gains [3, 7, 9, 10];
· increasing BSF doping from  to  improves overall performance by reducing the reverse saturation current and rear recombination, leading to a slight increase in ​ (from  to ), a stable ​, and a slight rise in  (from  to ).
These improvements result in a maximum efficiency of about  for the best configurations.
Hence, a heavily doped and optimally thin BSF proves crucial to enhancing carrier collection, rear passivation, and electrical stability of SHJ cells. The findings are in good agreement with recent experimental reports on high-efficiency silicon heterojunction devices [1-4,7,25].
For future work, the study can be extended to:
· the combined effect of doping, BSF thickness, and temperature,
· opto-thermal coupled modeling, and
· 3D carrier-transport simulations including interface traps and bulk defects.
Such developments would strengthen the understanding of efficiency-limiting mechanisms in SHJ cells and guide the design of ultrathin, high-performance heterojunction structures.
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