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Abstract: We propose an optimization algorithm for multi-layered solar cells, such as heterojunction silicon solar 

cells, based on the knowledge of relative impacts of each of the device fabrication parameters on the device 

performance. Using the AFORS-HET modeling tool, we show that to identify these relative impacts it is possible to 

employ simpler device structures, which helps to avoid program instabilities when searching for fine-tuning ranges 

in a multi-parameter system. Our observations also show that step-by-step optimization of solar cells performance 

produces dissimilar results for different sequences of optimization steps. The difference is seen both in individual 

layer parameters of final optimized devices and their operational characteristics with the best result demonstrated by 

the descending order of fabrication parameters’ relative impacts on the device performance. 
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1 Introduction 

Heterojunction silicon (HIT) solar cells are currently demonstrating the highest performance out of all 
silicon-based technologies, at the same time relying on low temperatures of fabrication, outstanding light 
absorption properties and behaviour at high module operation temperatures and high cloudiness (Green et 
al. 2015, Masuko et al. 2014). This is achieved due to the smart use of the most beneficial properties of 
crystalline silicon (c-Si) (e.g. high charge mobility and lifetime) and amorphous hydrogenized silicon (a-
Si:H) (e.g. high optical absorption in the visible range). Significant advances in their performance lately 
have been facilitated by the strong fundamental understanding of materials properties and the possibility to 
fine-tune their structure using modelling techniques. Among the most widely used and easily available 
packages are AFORS-HET and PC1D (Jiang et al. 2011, Stangl and Leendertz 2012). Earlier studies 
employing these tools have focused on the influence on the device characteristics of electrode work 
functions and their doping density (Ghannam et al. 2016, Kirner et al. 2015), introduction of the p+ inverse 
layer to the hetero-interface (Ghannam et al. 2015), as well as the roles of the Fermi level position in doped 
a-Si:H and band offsets at the a-Si:H/c-Si interface (Shen et al. 2013). 

Both AFORS-HET and PC1D allow for automatic optimization of device fabrication parameters, such 
as layer thickness and doping. However, in the development of new and unimproved solar cell systems 
using multiple layers optimization of the final device configuration results in significant amount of time 
consumed both during simulation due to program instabilities and during laboratory works when searching 
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for fine-tuning ranges in a multi-parameter system. In this work we demonstrate an approach in which the 
search for fine-tuning ranges in layer thickness and doping in multi-layered solar cells proceeds via 
consideration of simpler systems. As a model system we employ a standard HIT solar cell with structure: 
p-a-Si:H/i-a-Si:H/n-a-Si:H/i-a-Si:H/n-a-Si:H (Fig. 1). 

 
Fig 1. Schematic structure of a heterojunction silicon (HIT) solar cell 

2 Method 
Finding of an efficient algorithm for optimization of such a complex multilayered system requires the 

knowledge of a relative influence of the fabrication parameters on the resulting device performance. This 
can be measured as a ratio of the maximum and minimum cell efficiency values upon variation of each 
fabrication parameter (R = Effmax / Effmin). 

Fine-tuning of the complex HIT structure requires initially considering wider optimization/parameter 
variation ranges. However this for a number of tested parameters leads to program instability and halting 
of calculations. To overcome this problem, we have divided the complex HIT structure into three simpler 
structures, namely: 

a) p-c-Si/n-c-Si (Fig. 2-a); 
b) p-a-Si:H/i-a-Si:H/n-c-Si (Fig. 2-b); 
c) n-c-Si/i-a-Si:H/n+-a-Si:H (Fig. 2-c). 

 
Fig 2. Schematic structures of basic silicon solar cell structures: a) Cell 1 – based on a p-c-Si/n-c-Si 

junction, b) Cell 2 – based on a p-a-Si:H/i-a-Si:H/n-c-Si junction, c) Cell 3 – based on a 
n-c-Si/i-a-Si:H/n+-a-Si:H junction 

Outer contacts in these devices are considered ohmic. Simulation studies were conducted using 
AFORS-HET which is optimized for consideration of the amorphous layers in such devices. 
3 Results and Discussion 

First, we consider a simple p-Si/n-Si junction cell with the following initial parameters: p-Si layer 
thickness – 0.1 µm, n-layer thickness – 300 µm, concentration of acceptors in p-Si layer – 1×1019 cm-3, 
concentration of donors in n-type Si – 1.5×1016 cm-3. Surface recombination rates for the silicon wafer were 
chosen to be 103 cm·s-1, which is a reasonable approximation for the case of a passivated surface. For 
comparison, the calculations were repeated for a non-passivated wafer with surface recombination rate of 
107 cm·s-1. These values represent parameters widely used in the literature on fabrication of crystalline 
silicon solar cells (Peymania et al. 2015). 
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The power conversion efficiency (PCE) of the simulated solar cell (Cell 1) is 24.62%, the short-circuit 
current (JSC) is 40.48 mA·cm-2, the open-circuit voltage (VOC) is 0.726 V, the fill factor (FF) is 83.7%. 

The most obvious parameters influencing performance in this device are as follows: 
1) thickness of n-type c-Si wafer, 
2) doping of n-type c-Si wafer, 
3) thickness of p-type c-Si emitter layer, 
4) doping of p-type c-Si emitter layer. 
The latter two parameters are insignificant for consideration of the HIT devices due to the absence of 

the intrinsic a-Si:H layer between the n-Si and p-Si, therefore we omit device optimization steps using these 
two parameters. 

For optimization of the crystalline p-n junction device performance through wafer thickness a wide 
range between 1 and 1000 µm was selected. Simulated device characteristics can be seen in Fig. 3. JSC and 
VOC rise with thickness, whereas FF remains relatively unchanged. The cell efficiency rises from 6.61% at 
1 µm up to 22.92% at 1000 µm. As such, variation of wafer thickness results in the ratio of maximum 
efficiency to minimum efficiency of R = 3.47. 

 
Fig 3. Influence of n-type c-Si wafer thickness in Cell 1 on: a) short-circuit current density (JSC), b) open-

circuit voltage (VOC), c) fill factor and d) efficiency (PCE) 
Optimization of the crystalline p-n junction device through wafer doping was done in a range between 

1.5×1016 cm-3 and 2.8×1019 cm-3 (Fig. 4). The latter value represents the effective conduction band density 
of states in silicon and, in an approximation, places a limit on the doping concentration (Lien and Wuu 
2009). 
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Fig 4. Influence of n-type c-Si wafer donor doping in Cell 1 on: a) short-circuit current density (JSC), b) 
open-circuit voltage (VOC), c) fill factor and d) efficiency (PCE) 

 
It is clear that across a wide range, an increase in doping leads to the reduction in cell output values. 

This is mainly due to the drop in JSC, whereas the FF remains stable. Across the whole range of optimization, 
the device efficiency varies between 16.43% and 22.55%, which results in R = 1.37. 

Now, we consider a p-а-Si:-H / i-a-Si:H / n-c-Si junction cell with the following initial parameters: p-
a-Si:H layer (emitter) thickness – 10 nm, i-a-Si:H layer (intrinsic) thickness – 10 nm, n-type crystalline 
wafer thickness – 300 µm, concentration of acceptors in the emitter layer – 7.47×1019 cm-3, concentration 
of donors in the substrate – 1.5×1016 cm-3. Electron and hole mobilities in amorphous silicon are assumed 
to be µn = 20 cm2/Vs and µn = 5 cm2/Vs. Surface recombination rates for the silicon wafer were chosen to 
be 103 cm·s-1, which is a reasonable approximation for the case of a passivated surface. For comparison, 
the calculations were repeated for a non-passivated wafer with surface recombination rate of 107 cm·s-1. 

Parameters influencing performance in this device include: 
1) thickness of i-type a-Si:H layer, 
2) thickness of p-type a-Si:H emitter layer, 
3) doping of p-type a-Si:H emitter layer, 
4) thickness of n-type c-Si wafer, 
5) doping of n-type c-Si wafer. 
The latter two parameters have already been considered for the case of the p-c-Si/n-c-Si junction 

device, therefore in this case we can omit device optimization using these two parameters. 
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Optimization of Cell 2 by variation of thickness of the intrinsic amorphous silicon layer was performed 
in a range between 1 and 80 nm. As can be seen in Fig. 5, towards 80 nm the device efficiency remains 
almost constant and does not demonstrate any significant change. The highest efficiency value of 15.23% 
is demonstrated at the width of the intrinsic amorphous layer of 1 nm, dropping to 3.82% at 80 nm. The 
results demonstrate that with an increase in thickness of the intrinsic layer, the efficiency is overall reduced, 
which is accompanied by the drop in JSC and FF, whereas VOC rises. This is consistent with an increase in 
the device series resistance due to the thicker intrinsic amorphous layer. At the same time, increased 
separation between the n and p-doped layers in the device may lead to a reduction in charge recombination 
across the junction, hence higher VOC. The ratio of maximum to minimum efficiency values in this case is 
R = 3.98. 

 

 
Fig 5. Influence of i-type a-Si:H layer thickness in Cell 2 on: a) short-circuit current density (JSC), b) 

open-circuit voltage (VOC), c) fill factor and d) efficiency (PCE) 
 
The influence of the emitter layer thickness on the performance of Cell 2 is demonstrated in Fig. 6. 

The emitter thickness was varied between 1 and 500 nm. Efficiency monotonously decreases from 1 nm, 
mainly influenced by the reduction in VOC and JSC, whereas the fill factor rises slowly across almost the 
whole thickness range after experiencing an abrupt drop between 1 nm and 50 nm. The value of R in this 
case is equal to 1.74. 
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Fig 6. Influence of p-type a-Si:H emitter layer thickness in Cell 2 on: a) short-circuit current density (JSC), 

b) open-circuit voltage (VOC), c) fill factor and d) efficiency (PCE) 
 
Doping of the p-type a Si:H emitter layer was found to be one of the strongest factors influencing 

device performance (Fig. 7). Variation in doping was performed in the range between 1×1016 cm-3 and 
1×1020 cm-3, approximately representing the effective conduction band density of states in amorphous 
silicon. This agrees with experimental values of boron concentrations in p-type amorphous silicon films of 
~5×1020 cm-3 and in p-type nanocrystalline Si:H films of ~7×1019 cm-3 (Neuhaus et al. 2000, Ramar et al. 
2014). Device efficiency experiences rapid growth between around 6×1019 cm-3 and 8×1019 cm-3 from 
values close to zero up to above 15%, reaching a maximum of 19.1% at the density of 1×1020 cm-3. Further 
increase in the doping level did not result in any efficiency changes. Across the whole range of variation in 
doping, R was found to be equal to 1539.52. 
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Fig 7. Influence of p-type a-Si:H emitter layer doping in Cell 2 on: a) short-circuit current density (JSC), 

b) open-circuit voltage (VOC), c) fill factor and d) efficiency (PCE) 
 
It is known that the i-n+ structure deposited on the rear surface of a solar cell based on the HIT structure 

creates the back surface field at the rear of the cell which reduces the hole flow towards the rear electrode 
and, therefore, recombination. This effect can be seen clearly The n-a-Si:H/i-a-Si:H/n+-a-Si:H junction 
(Cell 3) was modeled using the following parameters: n-type crystalline wafer thickness – 300 µm, 
concentration of donors in the substrate – 1.5×1016 cm-3, i-a-Si:H layer thickness – 3 nm, thickness of the 
n+ layer – 5 nm, concentration of donors in the n+ layer – 1×1019 cm-3. 

Parameters influencing performance in this device include: 
1) doping of n+-type a-Si:H rear layer, 
2) thickness of n+-type a-Si:H layer, 
3) thickness of i-type a-Si:H layer. 
Although the n-i-n+ junction device with initial parameters appears to generate carriers upon 

illumination the direction of current flow is opposite to that in the HIT device. It is therefore expected that 
improvement of this junction for the purpose of optimizing the HIT device should focus on ensuring that 
the former creates an ohmic contact for the transfer of electrons, separated by the p-i-n junction towards 
the rear electrode of the HIT cell. Fig. 8 shows dark I-V curves of the n-i-n+ junction upon variation of the 
n+-layer doping from 1×1016 cm-3 to 1×1020 cm-3. It is clear from the data that up to the doping level of 
around 1×1019 cm-3 the n-i-n+ junction represents a diode. Further increase of the doping results in the 
change in the behavior of the I-V curve from rectifying to ohmic. This transition occurs in the range between 
1×1019 cm-3 and 7×1019 cm-3. 
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Fig 8. Influence of n+-type a-Si:H rear layer doping on dark I-V curves of Cell 3: a) on the linear scale, b) 
on the logarithmic scale 

 
Fig. 9 demonstrates evolution of the energy band bending in the n-i-n+ structure upon the increase of 

doping in the n+ layer. As concentration of impurities in the rear layer is increased, band bending is reduced, 
resulting in the flat band situation at 7×1019 cm-3. This is equivalent to formation of an ohmic contact. 
Further concentration increase does not lead to any changes in the shape of the I-V curve. Therefore, it 
appears that doping of the n+-type a Si:H rear layer does not directly influence efficiency of the HIT cell, 
e.g. in terms of charge generation, but affects it via ensuring of an ohmic charge extraction from the device. 
This requires exceeding a certain threshold value, in this case, around 7×1019 cm-3. Based on this analysis, 
it is expected that, similarly, the role of such factors as thickness of the n+-type a-Si:H layer and thickness 
of the i-type a-Si:H layer is to provide an ohmic contact for unhindered transfer of majority carriers 
(electrons) from the n-type wafer. 
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Fig 9. Evolution of band bending within the n/i/n+ junction depending on the level of doping in the n+ 

layer 
Based on the above modeling results using the simplified solar cell structures it is possible to estimate 

and rank the level of influence of each of the fabrication parameters on the efficiency of the more complex 
HIT solar cell. The values of R = Effmax / Effmin for each of the examined parameters are given in Table 1. 
The optimum model parameters of the HIT solar cell determined by sequential optimization of the 
fabrication parameters in the order of descending value of R are given in Table 2. 
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Table 1. Ranking of fabrication parameters influencing performance of solar cells 
Fabrication parameter Parameter influence, R 

Doping of p-type a-Si:H emitter layer 1539.52 
Thickness of front i-type a-Si:H layer 3.98 

Thickness of n-type c-Si wafer 3.47 
Thickness of p-type a-Si:H emitter layer 1.74 

Doping of n-type c-Si wafer 1.37 
Doping of n+-type a-Si:H rear layer must exceed a threshold value to form an ohmic contact 

Thickness of n+-type a-Si:H rear layer must lead to an ohmic rear contact 
Thickness of front i-type a-Si:H layer must lead to an ohmic rear contact 

 
Table 2. Output characteristics of the optimized structure (descending order) 

 Name of layer 
Layer parameters p-a-Si i-a-Si n-c-Si i-a-Si n+-a-Si 

Thickness, µm 0.001 0.001 200 0.003 0.005 

Doping level, cm-3 
0.7×1020-
1.0×1020 

- 1.7∙1017 - 1020 

Final output characteristics: 
VOC = 734 mV, JSC = 33.6 mA/cm2, FF = 85.06%, PCE = 20.98% 

The presented approach to optimization of the HIT cell based on the descending sequence given in 
Table 1 was compared with optimization using the reverse, ascending order of optimization steps (Table 3) 
and with a random order of optimization steps (Table 4) (doping of the rear n+-type a-Si:H layer – thickness 
of the n-type c-Si wafer – thickness of the front p-type a-Si:H emitter layer – doping of n-type c-Si wafer – 
thickness of the front i-type a-Si:H layer – doping of the front p-type a-Si:H emitter layer – thickness of the 
rear i-type a-Si:H layer). 

Table 3. Output characteristics of the optimized structure (ascending order) 
 Name of layer 

Layer parameters p-a-Si i-a-Si n-c-Si i-a-Si n+-a-Si 
Thickness, µm 0.001 0.001 110 0.003 0.005 

Doping level, cm-3 1020 - 0.9∙1017 - 1020 
Final output characteristics: 
VOC = 759.8 mV, JSC = 32.0 mA/cm2, FF = 85.43%, PCE = 20.78% 

 
Table 4. Output characteristics of the optimized structure (random order) 

 Name of layer 
Layer parameters p-a-Si i-a-Si n-c-Si i-a-Si n+-a-Si 

Thickness, µm 0.001 0.001 40 0.003 0.005 
Doping level, cm-3 1020 - 1.7∙1017 - 1020 

Final output characteristics: 
VOC = 775.4 mV, JSC = 30.98 mA/cm2, FF = 85.31%, PCE = 20.49% 

It was found that although the used ranges of values for parameters used in the optimization approaches 
were the same, the descending order of optimization steps produced a higher resulting efficiency value of 
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20.98% compared to 20.78% for the ascending order and 20.49% for the random order. Although the 
difference in this case is not significant, due to the ideal nature of the device operation modeled by the 
AFORS-HET package, the resulting device parameters, notably, wafer thickness and wafer doping level, 
as well as operational characteristics vary quite notably. For example, the descending order results in the 
optimized wafer thickness value of 200 µm. This is quite different from 110 µm obtained for the ascending 
order and 40 µm for the random order of optimization steps. We expect that the difference in resulting 
device performance obtained via different routes would by more significant in less ideal systems, such as 
those with lower minority carrier lifetimes (Alpuim et al. 2003, Larbi et al. 2011, Varache et al. 2015). 
4 Conclusion 

In this paper, using an exemplar system of a high-efficiency heterojunction silicon solar cell we seek 
for an optimum algorithm of solar cell optimization using the AFORS-HET simulation tool (Alpuim et al. 
2003). Initially, we identified relative impacts of varying each of the device parameters, specifically, 
thicknesses and doping levels for each layer. This was done by considering simpler device structures 
comprising certain elements of the HIT structure. Then, we ranked these parameters by their impact on the 
device power conversion efficiency. Ultimately, we optimized a standard HIT solar cell using three different 
sequences of optimization steps: ascending order, descending order and random order. We demonstrate that 
different optimization sequences result in different final device parameters and their operational 
characteristics, with the descending order of optimization steps demonstrating higher efficiency than the 
ascending and random orders. We hope that the presented approach could find use in optimization of other 
types of solar cells with many optimization parameters, for example, such as multi-junction and cascade 
solar cells, both in simulation and laboratory studies. 
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