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1. Abstract 
The origins of an increase in the series resistance of PERC multicrystalline silicon solar cells due to post-

firing thermal processes are investigated. This effect has been shown to be capable of reducing the fill factor 
of finished cells by up to 20%ABS, severely degrading their performance. It is observed that electric currents 
applied either during or after these thermal processes can greatly alter the series resistance, either causing 
RS to increase by more than an order of magnitude or suppressing the effect entirely. It is demonstrated that 
this behavior is in good agreement with the expected interactions of hydrogen with dopants and electric 
fields within silicon wafers. It is therefore speculated that at least part of the observed increase in resistance 
is due to the motion of hydrogen within the cell itself. 

2. Introduction 
There has been significant recent interest in post co-firing processes for silicon solar cells. These 

processes are often intended to getter or improve passivation of defects [1-4], or to mitigate degradation 
effects [5-8]. While these approaches have proven to be effective in improving the bulk lifetime and long-
term stability of devices, an unintended consequence has been a reported increase in device series resistance 
(RS) [5, 9, 10].  

Initial observations of this effect on heavily diffused emitters concluded that the increased RS was the 
result of a thickening of the glass layer surrounding silver crystallites at the Ag-Si interface [9]. However, 
more recently the authors have reported an unstable component to the RS increase that appears to be related 
to the motion of charged particles [10]. This unstable component has been shown to be most significant at 
temperatures between 450 and 500oC, while a more permanent increase in RS is observed at higher 
temperatures. Further investigation has revealed that this increase in RS is almost exclusively due to an 
increase in the contact resistance at the interface between the screen-printed silver fingers and the silicon 
surface [9, 10]. 

It has been suggested that this unstable increase in contact resistance is related to the motion of hydrogen 
[10]. This is in good agreement with recent simulations on the re-distribution of hydrogen at similar 
temperatures [11] which predicts that there will be a significant build-up of hydrogen at the metal contacts. 
The mechanism by which hydrogen might act to increase contact resistance is currently unknown, although 
possibilities include alteration of the glass between the screen printed silver and the silicon or through 
interaction with defects and silver crystallites underlying this glass layer [12-15]. 

This paper will further explore the phenomenon of increased contact resistance due to post-firing thermal 
processes. It is demonstrated how electric fields within the cells can be used to enhance or suppress this 
change in RS. The observed changes in RS and the expected behavior of hydrogen in solar cells is then 



compared [11]. It is found that there is a strong correlation between the experimentally observed increase 
in RS and the simulated build up of hydrogen at the surface.  

3. Methods and Materials 
Full size 156 × 156 mm PERC cells were fabricated on an industrial manufacturing line. The wafers used 

were p-type boron-doped 1.2 Ω cm high-performance (HP) mc-Si wafers. The wafers underwent the 
following standard treatments: acidic texturing (final thickness 180 µm), cleaning, POCl3 diffusion 
(90 Ω sq−1), rear-side etch, and finally plasma-enhanced chemical vapor deposition (PECVD). The layers 
deposited by PECVD were hydrogenated silicon nitride (SiNX:H) with a thickness of 75 nm and refractive 
index of 2.1 on the front n-type diffused side and a hydrogenated aluminium oxide (AlOX:H)/SiNX:H stack 
with thicknesses of 10 and 100 nm, respectively on the rear p-type side. Point openings in this stack were 
formed using laser ablation, and the wafers were then screen printed with aluminium paste over the entire 
rear surface and silver paste on the front in a grid pattern. This was followed by a standard drying and co-
firing step in an industrial belt-furnace to form the metal contacts and release hydrogen from the dielectric 
layers for bulk and surface passivation [10]. The wafers were then cleaved into smaller samples for further 
processing.  

Whereas in previous work [10] samples have been re-fired using a belt furnace, in this work samples 
were annealed on a heated stage in the dark as shown in Figure 1. The aluminium stage was PID temperature 
controlled via Labview and a mechanically affixed thermocouple as shown in Figure 1. The probes were 
connected to a Keithley 2401 source measuring unit (SMU) to allow for the application of external bias to 
the samples and for in-situ observation of I-V characteristics. The samples were I-V tested at room 
temperature using the same equipment. 

Figure 1: Experimental set-up for thermal processing and in-situ monitoring of I-V characteristics for solar cell samples. 

Room temperature characterization of RS was done through profiling the dark I-V curve and subsequently 
fitting using a two diode model [16, 17]. At elevated temperature, the change in series resistance (ΔRS.350) 
was evaluated by plotting the initial (lowest resistance) voltage as a function of current (V-I plot). This plot 
was then interpolated and subtracted from subsequent V-I measurements as shown in Figure 2. The average 
values and standard deviation of the change in series resistance was then calculated using the positive 
current values of the resulting curves using: 
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It is important to note that in some instances ΔRS.350 changed so rapidly that there were alterations during 
the time interval (0.7 s) for the measurement to be carried out. This not only introduced errors into the 
measurements themselves but meant that altering the measurement frequency lead to slight changes in 
behavior over the entire process. In order to keep this effect manageable measurements were performed 
every 5 minutes during the process. 

Figure 2: A) In-situ I-V curves of a sample annealed at 350oC with a 0.2 V forward bias for 4 hours sampled at 5 minute intervals. 
B) V-I curves at the start of annealing, after 4800 s and 12000 s and curves adjusted by subtracting the initial curve. 

In order to illustrate the effect of the increase in series resistance simple simulations were carried out 
using PC1D [18], with the results for cell fill factor and efficiency presented in Figure 3. The initial average 
RS value for our samples of 0.69  Ω.cm2 reduces the fill factor and efficiency by less than 5%relative compared 
to the case with no series resistance, while an increase of RS to 2 Ω.cm2 results in a 14%relative reduction and 
an increase to 10 Ω.cm2 results in a loss of more than 50 %relative. The parameters for these simulations may 
be found in Appendix A. 

Figure 3: Normalized Fill Factor and Power Conversion Efficiency as simulated using PC1D as a function of series resistance. 

0 5 10 15 20 25 30
0.0

0.2

0.4

0.6

0.8

1.0

Normalized Efficiency

R
S
 (Ω.cm2)

Normalized Fill Factor

-0.4 -0.2 0.0 0.2 0.4
-1

0

1

C
u
rr

e
n
t 

(A
)

Voltage (V)

0 1
0.0

0.2

0.4

V
o
lt
a
g

e
 (

V
)

Current (A)

 Initial
 4800 s
 4800 s adjusted
 12000 s
 12000 s adjusted

Initial 

Final 

A) B)



4. Results 
1. Transmission Line Measurements  

In order to accurately observe ΔRS.350 using in-situ measurements temperatures close to 350oC were used 
in this work, resulting in a longer timescale for the ΔRS.350 increase. It was therefore important to investigate 
whether the effects observed behaved in the same way as those reported in previous work [10]. In particular, 
it was necessary to check that increases in RS were caused by a change in the contact resistance at the screen 
printed metal fingers and that this increase was unstable under applied current at room temperature. This 
was done using transmission line measurements (TLM) [19] between the silver fingers of 3×2.2 cm samples 
cleaved from multi PERC cells without a bus bar. As in previous work, in order to stabilize the readings 
one of the contacts had its resistance minimized using a forward bias current prior to the measurement [10]. 

Figure 4 presents TLM results of samples annealed at 350oC for 2 h. After the anneal currents of 1 mA 
reverse bias, and then 1 mA, 5 mA, 25 mA and finally 50 mA forward bias were applied between the probes 
for 120 s each at room temperature. Figure 3 B) shows the evolution of the measured resistance during 
these processes, with each successive increase in applied current demonstrating an initial rapid drop in 
resistance followed by the establishment of an apparent near-equilibrium.  For both the initial measurement 
and measurements after forward bias currents in excess of 5 mA had been applied an excellent straight-line 
fit was obtained. In contrast, the measurements taken immediately after the smallest currents had been 
applied showed much greater variation. The significant change in the intercept of these curves indicates 
that the primary effect was an increase in the contact resistance, which in this case increased by more than 
an order of magnitude post-anneal.  

The fits presented in Table 1 after 1 mA reverse and forward bias current, and to a lesser extent after 5 
mA excluding the first point, show a slight increase in gradient. This would usually indicate a change in 
sheet resistance of the emitter, however it is considered unlikely that this occurred in these experiments. 
While there may be some effects that could de-activate phosphorous in the emitter during annealing, it is 
not plausible that they could have been reversed so easily at room temperature. This effect is therefore 
presently attributed to local variations in contact resistance across the wafer and between measurements. 
This is supported by the results after forward bias annealing with higher currents. It is important to note 
that while hydrogen deactivation across the whole area between metal fingers is rejected, this does not 
exclude the possibility that there is significant de-activation of phosphorous in the region immediately 
underneath the metal contacts. 

The behavior is almost identical to that observed in our earlier work [10] for samples re-fired at 
temperatures between 400-600oC, making it extremely likely that this is the same effect, albeit with a 
reduced rate due to the lower temperatures. Again, the primary influence of the thermal treatment has been 
an increase in the contact resistance between the screen-printed silver fingers and the silicon emitter, which 
is unstable at room temperature under an applied current. As in previous work, it was also observed that the 
resistance began to increase at room temperature once the forward bias was removed.  



Figure 4:A)  TLM measurements and fits after firing (before), after post-firing annealing in the dark at 353oC for 2 hours and 
after subsequent applications of currents of 1 mA reverse bias (1 mA RB) and 1, 5 , 25 and 50 mA forward bias (FB) for 120 s. B) 
Resistance measurements for a finger spacing of 0.52 cm (3rd point) during each bias application. 

Table 1: Intercepts and gradients for the fits to the data in Figure 3A 

Before 1 mA RB 1 mA FB 5 mA FB 25 mA FB 50 mA FB

Intercept 0.28±0.02 92±5 76±12 38±7 14.6±1.0 10.8±0.9
Gradient 32.34±0.07 40±8 48±13 31±7 34.7±1.2 35.5±1.3

2. Annealing under a Current-Controlled Bias 
The instability of RS at room temperature under applied current indicates that this effect may be altered 

by an applied current during annealing. In order to obtain more information on the nature of this effect, 
anneals were carried out at elevated temperature with a current-voltage source applying up to 1 A, voltage 
limited to 20 V in forward and reverse bias. The samples used were 30 x 20 mm samples cleaved with a 
busbar in the centre to allow good contact to be made to the front metal grid. 

Figure 5 presents the extracted RS, as measured at room temperature, after 2 hour anneals at a range of 
temperatures. It is clear that the extent to which RS increased was greater at higher temperatures within this 
range, and that applied current had a significant effect upon the process. Under forward current, the 
observed RS was comparable, or even slightly lower, than for those with no current at temperatures below 
300oC. For temperatures above 300oC RS after annealing with forward current began to increase rapidly 
with temperature, and was significantly worse than that with no applied current at temperatures above 350oC. 
In contrast, RS after annealing with a reverse current at temperatures above 300oC was significantly lower 
than that after annealing with either forward current or no current. Indeed, there was minimal increase in 
RS over the value of 0.69±0.11 Ω.cm2 observed before annealing. 

Perhaps the most surprising aspect of these results is the sharp departure of the behavior at elevated 
temperatures from that at room temperature under applied current. At room temperature, an applied forward 
current acts to reverse the increase in RS, wheras at elevated temperatures the increase in RS is much more 
severe when a forward current is present. In contrast, applying a reverse current at high temperatures 
appears to suppress the RS increase, while negative bias at room temperature has not been observed to have 
any significant impact. This leads to the supposition that there may be more than one effect at work when 
current/bias is applied to the cells. 
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Figure 5: RS as measured at room temperature after annealing in the dark for 2 hours at temperatures between 250oC and 400oC, 
either at open circuit (black circles), under 1 A forward bias (red squares) or under 1 A reverse bias. The sample processed under 
forward bias at the highest temperature showed very significant instability during room temperature measurements which caused 
the large uncertainties in the measured values. Samples with no anneal had RS values of 0.69±0.11 Ω.cm2.. 

3. In-Situ Measurement with Voltage-Controlled Bias 
In order to investigate the effect of an applied bias in more detail a second set of 30 x 30 mm samples 

with busbars were annealed under voltages of -0.2 to 0.2 V in the dark at 350oC, with in-situ measurements 
every 5 minutes. The observed ΔRS.350 is shown in Figure 6. Here, it is demonstrated that under a forward 
bias the increase in contact resistance is greatly accelerated while even a 0.2 V reverse bias is enough to 
almost completely suppress any change in contact resistance. Again, there is no obvious upper limit for the 
contact resistance. As has been previously observed, a 120 s, 1 A forward bias treatment applied at room 
temperature is capable of reversing much of this increase in contact resistance. 

One point of interest is that the difference between samples annealed with no bias and those subjected to 
a forward bias anneal was much more significant in the results presented in Figure 5 when compared with 
those in Figure 5. While not enough samples have been processed to date to rule out variation between 
samples, it is also possible that the lower forward bias currents involved in maintaining 0.2 V across the 
structure (once ΔRS.350 had begun to increase) mean that the current through the device was significantly 
reduced. This provides further evidence that there is likely more than one effect involved in this 
phenomenon, one that is dependent on the voltage across the n-p junction and another related to either the 
current or the excess carrier density within the sample. 
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Figure 6: A) In-situ ΔRS.350 observed during a 4 hour annealed in the dark at 350oC for samples with an applied bias between -
0.2 and 0.2 V. B) Room temperature measurement of RS for samples subjected to 4 hour anneals as in A) (after), and with subsequent 
application of 1 A forward bias for 120 s (FB). 

4. Reversibility of series resistance increase at elevated temperatures 
One of the signature traits that a process within a silicon solar cell involves hydrogen is the reversibility 

of that process [1, 20]. Given the clear influence of an applied bias at 350oC it was logical to investigate 
how reversing this bias would affect the behavior of the contact resistance. Samples were selected that had 
previously been subjected to a 4 hour anneal under either 0.2 V forward bias, 0.2 V reverse bias or 0 V bias, 
as shown in Figure 6, and subsequently forward biased at room temperature to minimize the contact 
resistance. These samples were then subjected to a 65 minute anneal at 350oC with an applied bias of 0.2 
V followed immediately by a 65 minute anneal with the bias reversed, with the ΔRS.350 presented in Figure 
6.  

There are two important observations from these results. Firstly, the effect is almost completely reversible, 
while 0.2 V forward bias leads to an increase in ΔRS.350, applying -0.2 V rapidly returns ΔRS.350 towards 
zero. Subsequent investigations confirmed that this could be repeated several times with the same general 
behavior repeated. This high degree of reversibility strongly implies that hydrogen is playing a role in the 
observed contact resistance changes. 

Secondly, the prior processing had a significant impact on the rate at which ΔRS increased under forward 
bias. The sample that had previously been annealed with a forward bias showed a much more rapid increase 
than had been observed in Figure 6, and also a greater rate than samples which had previously been annealed 
with either no bias or reverse biased. The sample that had previously been annealed without bias also 
showed a ΔRS.350 increase more rapid than for the samples with no prior post-firing processing. However, 
the rate of increase for the sample that had previously been reverse biased was much closer, albeit still 
slightly higher, than that of a sample with no prior post-firing thermal treatments.  

In contrast, the effect of a forward bias current at room temperature only temporarily reduces RS and has 
no significant impact on subsequent processing. This observation provides evidence that the effects 
occurring during annealing under bias are on a larger scale than those which occurs under applied currents 
at room temperature, most likely involving transport on the scale of µm rather than nm. This is further 
supported by room temperature measurements of RS of these samples at the conclusion of the process. Not 
only were all values close to the samples original values, but they remained stable at room temperature. 
This suggests that the application of a reverse bias at elevated temperatures could provide a (relatively) 
rapid means of mitigating an increase in contact resistance due to post-firing processing. 
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Figure 7: In-situ changes in ΔRS.350 observed during 65 minute annealing in the dark at 350oC with 0.2 V forward bias applied, 
immediately followed by the same process with the bias reversed. Samples had previously been annealed for 4 hours at 350oC with 
either 0.2 V forward bias (red squares), 0 V (black circles) or 0.2 V reverse bias (blue triangles), and then had 1 A forward current 
applied at room temperature for 120 s. 

5. Discussion 
Both the reversibility of ΔRS.350 and the susceptibility to electric fields lead to the conclusion that this 

effect is related to the motion of charged particles. Given the ability to alter the behavior at room 
temperature these particles must be highly mobile and found in significant concentrations in PERC solar 
cells. The most obvious candidate to explain these effects is hydrogen. This has also been suggested in 
previous work [10].  

The behavior under electric field may then be analyzed in terms of the motion of hydrogen within a 
silicon solar cell. In a recent paper the authors presented a simplified model for the transport of hydrogen 
across a p-n junction, including simulations of the re-distribution of hydrogen during thermal processing 
[11]. The model is not yet capable of handling non-equilibrium conditions, however, if it is assumed that 
hydrogen within the structure does not significantly alter carrier concentration profiles and electric fields it 
is possible to carry out simulations using profiles generated in an external solver, for example PC1D [18].  

Figure 8 presents the results of such simulations run at a temperature of 350oC, with an initially uniform 
concentration of interstitial hydrogen of 1×1015 atoms/cm3 and an example doping profile from [21]. To 
simplify the calculations, dimer formation and dissociation were not included in these simulations, meaning 
that hydrogen could only exist in interstitial form or bound to dopant ions. As expected, the primary effect 
of the applied bias was to alter the electric field observed across the junction with a reverse bias leading to 
a much stronger electric field penetrating deeper into the structure. This leads to enormous differences in 
the re-distribution of hydrogen across these structures, as observed in Figure 8 B) and C). 

As with previous simulations using this model [11] the critical point of interest is the “cross-over” where 
the majority of hydrogen changes from being in the negative to the positive charge state. On the surface 
side of this point hydrogen in the negative charge state will be rapidly swept towards the surface of the 
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structure by the electric field due to the electrically active phosphorous profile, which is largely unchanged 
by the applied bias. The hydrogen profile in this region will thus rapidly approach a local equilibrium 
resulting in a concentration profile such that there is minimal movement of H- under the action of the 
electric field (drift term) and concentration gradient (diffusion term). Hydrogen in this region will also be 
in local equilibrium with hydrogen bound to phosphorous ions. Because hydrogen is so susceptible to 
electric fields this results in a sharp decrease in H- concentration from the surface to the cross-over point. 
This is mirrored with H+ on the other side of the cross-over point, however, in this case the electric field 
varies significantly with applied bias. 

In the case where a forward bias is applied, the electric field on the bulk side of the cross-over point is 
relatively weak. Only a shallow concentration gradient of H+ towards the cross-over point is required for a 
significant flux of hydrogen into the emitter. This flux is driven by the transport of H+ to the cross over 
point and by the transport of H- from the cross-over point towards the surface as shown in Figure 8 B). This 
leads to a long-range redistribution with simulations showing the majority of hydrogen in the first 20 µm 
of the structure moving towards the emitter region and surface hydrogen concentrations exceeding 1017

atoms/cm3. In contrast, where a reverse bias is applied, the stronger electric field on the bulk side of the 
cross-over point means that a much greater gradient in H+ concentration is required for a net flux of 
hydrogen into the emitter from the bulk. As shown in Figure 8 C) this effect suppresses re-distribution of 
hydrogen from the bulk to the emitter.  

Figure 8: A) Electric fields in the first 2 μm of the model as calculated using PC1D [20] with applied biases of -0.2 V, 0V and 
0.2 V at 350oC. B) Concentrations of hydrogen in interstitial forms ([H+], [H-] and total [H] = [H+]+[H-]+[H0]), and bound to 
phosphorous ions ([HP]) in the first 2 μm of the model with a 0.2 V forward bias applied for 30 s. Inset: Total hydrogen 
concentration in the first 50 μm. D) Concentrations of hydrogen in interstitial forms ([H+], [H-] and total [H] = [H+]+[H-]+[H0]), 
and bound to phosphorous ions ([HP]) in the first 2 μm of the model with a 0.2 V reverse bias applied for 30 s. Inset: Total hydrogen 
concentration in the first 50 μm. 



There is a good correlation between the behavior of hydrogen in these simulations and the experimentally 
observed increase in contact resistances in this work. Although the mechanism by which hydrogen affects 
the contact resistance is unknown, it is reasonable to assume that the extent of this effect is dependent upon 
the hydrogen concentration at the surface. The simulations show how a reverse bias can suppress the build-
up of hydrogen in this region, while a forward bias will accelerate it, leading to a larger change in RS. 
Furthermore, due to the high mobility of hydrogen in silicon, it is clear that the subsequent application of a 
different bias will rapidly redistribute hydrogen within the structure, explaining the observed reversibility 
in contact resistance changes. This also predicts that applying fields at high temperatures should lead to the 
long-range redistribution required to explain the results in Figure 7. 

The effect of a forward bias current at low temperatures might also be explained in relation to hydrogen, 
in terms of the electric field at the contacts themselves. This electric field will be proportional to the current 
and the resistance at the contacts, and, by applying a forward bias, negative charges should be repelled from 
the contacts. As the majority of hydrogen should be in the negative charge state it would be expected that 
this should lead to hydrogen being swept away from the contacts. However, the hydrogen will not be pushed 
far from the surface, and, in agreement with the experimental results, will drift back to the surface once the 
applied current is removed.  

Under forward bias conditions at elevated temperatures these two effects are likely to be in competition, 
especially in the case where a 1 A forward current was applied. With the more modest currents flowing 
during 0.2 V forward bias annealing at 350oC, the long-range redistribution of hydrogen would appear to 
dominate over the local electric field at the contact repelling H-. Further investigation with a wider range of 
applied voltages may shed light on this effect, or what other mechanisms are involved. 

However, there is a significant discrepancy in the timeframes required for this re-distribution to take place. 
Simulations carried out for just 30 s show significant changes in the hydrogen profiles, while ΔRS requires, 
initially at least, up to hours to show a corresponding change. This is likely a consequence of the assumption 
within the simulations that the majority of hydrogen within the bulk is in interstitial form. In general, only 
a small proportion of hydrogen in the bulk will be in interstitial form at temperatures below 600oC [22, 23], 
greatly reducing the rate of hydrogen re-distribution. Given the high diffusivities of interstitial hydrogen in 
silicon, the rate of the overall process is therefore expected to dominated by the release of interstitial 
hydrogen from its bound form (e.g. hydrogen dimers, hydrogen-dopant pairs or extended hydrogen 
complexes). However the behavior will still follow that depicted in Figure 8, since the vast majority of 
hydrogen transport in silicon solar cells takes place in the interstitial form [22, 24]. The dimer parameters 
used in previous simulations [11, 22] do not match the timescale of the experimentally observed increase 
in ΔRS, which leads to the supposition that the majority of hydrogen in these multicrystalline samples takes 
other forms, with slower dissociation kinetics. Because the motion of interstitial hydrogen is so rapid, this 
leads to the expectation that by observing the kinetics of contact resistance changes at different temperatures, 
and with different p-type substrates, e.g. multi- vs mono-crystalline silicon, it may be possible to learn more 
about the states in which hydrogen exists in the p-type bulk of silicon solar cells. 

It is also possible that the reaction kinetics of hydrogen at the contacts themselves play a role in 
determining the rate of the overall series resistance increase. However, this is considered unlikely given the 
ability to rapidly reverse the effect either at elevated temperature as in Figure 7 or even at room temperature 
with an applied current. 

6. Conclusion 
In this work, it has been shown that the increased contact resistance of p-type multicrystalline PERC cells 

with post-firing thermal processes is highly dependent upon applied currents and voltages, which can act 
to either accelerate or suppress the effect. It was also demonstrated that the increase is contact resistance is 
highly reversible with applied voltage, and can be relatively quickly recovered with the appropriate 
treatment. 



While the evidence for hydrogen involvement in the increased contact resistance is not yet conclusive, it 
has been shown that there is excellent agreement between the experimentally observed behavior and the 
presence of hydrogen near the metal-silicon interface, as obtained from modelling of hydrogen transport in 
these structures. This modelling is able to explain the observed effects upon annealing under an applied 
bias, as well as the high degree of reversibility in the results. This not only provides an important insight 
into the problem of increased contact resistance, it is potentially a very useful tool for investigating the 
behavior of hydrogen in silicon at temperatures between 300 and 700oC. In particular, it may be possible to 
determine the kinetics of hydrogen release from complexes within the bulk, which in turn may provide 
better understanding of degradation mechanisms in multicrystalline silicon related to hydrogen. 

The re-distribution of hydrogen from the bulk of the device to the emitter is also of particular interest 
given several recent reports linking hydrogen to the degradation observed in multicrystalline silicon [25-
28]. These include a recent report which suggested that transport of an impurity, possibly hydrogen, from 
the sample bulk to the surface is responsible for the regeneration of this degradation [28]. Further 
investigations are underway examining whether there is a correlation between increases in contact 
resistance and reductions in bulk degradation in these samples. 
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8. Appendix A: Parameters for PC1D Simulation 
The simulations in Figure 5 were carried out using PC1D5 [18]. All parameters were kept at their default 

value unless stated otherwise below: 

Device 

Device Area: 243 cm2

Front Surface Texture: Angle=54.74o, Depth = 3 μm 

Exterior Front Reflectance: 7% fixed 

Emitter Contact: Resistance set to contact resistance for each simulation 

Base Contact: Resistance = 1×10-6 Ω 

Internal Conductor: 0.5 S 

Region 1 

Thickness: 180 μm 

P-type background doping: 1×1016 cm-3 

1st Front Diffusion: N-type, Erfc profile, Peak Doping = 2×1020 cm-3, Depth Factor = 0.1 μm 



2nd Front Diffusion: N-type, Erfc profile, Peak Doping = 1×1019 cm-3, Depth Factor = 0.3 μm 

Bulk Recombination: τn = τp = 100 μs 

Front Surface Recombination: J0 model, equivalent J0 = 20 fA/cm2 

Rear Surface Recombination: S model, Sn = Sp = 124.8 cm/s 
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