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A B S T R A C T   

Silicon heterojunction (HJT) solar cells have world-leading efficiencies due to outstanding surface passivation. 
Yet, maintaining their performance during the lifetime of a photovoltaic module requires excellent quality and 
stability of the surface regions. It is well known that HJT solar cells can show an increase or reduction in per
formance under illumination, and this instability has been related to changes in the surface regions. This work 
investigates the stability of surface passivation in HJT solar cells by modelling the injection-dependent minority 
carrier lifetime of a range of symmetrically a-Si passivated silicon wafers. Fixed charges and defects at the 
interface are varied in the model to find the best fit to the injection-dependent lifetime before and after a high- 
intensity illumination treatment. The results indicate that the laser process induces an increase in field effect 
passivation at the surface, which is then reduced upon storage in the dark. The results show that lifetime 
spectroscopy is a useful tool to investigate the nature of a-Si passivation degradation.   

1. Introduction 

A key advantage of the heterojunction (HJT) architecture is its 
ability to yield open circuit voltages (VOC) exceeding 750 mV and fill 
factors (FF) approaching 90% [1]. However, achieving this in mass 
production while ensuring long-term stability when deployed in the 
field is a formidable challenge. The device architecture relies on 
extremely high-quality electrical passivation of the surfaces, and any 
changes to that complex structure can result in a subsequent reduction in 
efficiency (i.e., long-term instability). The key to overcoming this chal
lenge is understanding the interface properties better and how they may 
change in response to processing and exposure to field conditions. The 
nature of the mechanisms limiting the passivation quality of a-Si 
passivation was intensely studied in the early 2010s. However, with an 
order-of-magnitude improvement in surface passivation since the 2010s, 
this calls for a reexamination of the issue. 

More recently, silicon heterojunction performance has been shown 
to increase after an illuminated anneal, manifested as an increase in VOC 
[2]. Efficiency gains of 0.3% absolute [2] and 0.4% absolute [3] were 
reported, with the increase attributed to an improved passivation of the 
c-Si/a-Si interface. In current industrial HJT solar cells, it is unclear 

whether this improvement is related to the i/n-Si or i/p-Si layer and if so, 
it is unclear if it is caused by interface defects [4–7] or field effect 
passivation [8,9]. In addition, subsequent work has shown that this 
improvement is not stable, with Yang et al. showing a decrease in the 
open circuit voltage after dark annealing at elevated temperatures [10]. 
That work did not provide any detailed physical explanations of the 
mechanisms, particularly relating to possible changes in the fixed 
charge, field effect or interface defects at the surface. This calls for 
re-evaluating the physics of surface passivation degradation in HJT cells, 
particularly where those cells have received a performance boost due to 
post-processing, high-intensity irradiation treatments. Critical to this is 
the development and validation of techniques to enable better sample 
characterization, particularly of these surface regions. Traditional 
methods of measuring interface defects or surface charge in dielectric 
passivating films, such as capacitance-voltage measurements cannot be 
used to measure a conductive a-Si contact. The degradation is, however, 
noticeably clear when measuring the injection-dependent effective mi
nority carrier lifetime (referred to as lifetime from now onwards). By 
fitting lifetime measurements with a detailed model, one could, in 
principle, infer the relative impact of defect densities and field-effect on 
the passivation quality. 
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Historically, the challenge for modelling has been to describe both 
the recombination rate and associated charge properties at the interface 
precisely. Initially, Garin et al. [11] used a model of the surface 
recombination rate, making use of fixed a-Si charges and charged 
interface defects with occupancy described by the Shockley-Read-Hall 
theory [12,13]. However, dangling bond states, which drive surface 
recombination, have three different charge conditions. The 
Shockley-Read-Hall theory is thus not applicable for such defects, as it 
only describes monovalent defects (defects with two charge states). 
Olibet et al. [14] suggested modifications to that effect, but their 
description was limited to using an approximate expression of the 
recombination rate [15]. The recombination rate of multivalent defects 
is well described by the formulation of Sah and Shockley [16], and this 
recombination rate was successfully used by Leendertz et al. [17,18] to 
describe recombination at dangling bonds in a-Si. Leendertz et al. 
demonstrated [18] that modelling the recombination rate via a Gaussian 
distribution of states with three charge states (two energy levels corre
lated by an energy of 0.15 eV) is superior to previous approaches by 
comparing to AFORS-HET simulations [17] and experimental mea
surements. This paper essentially uses this modelling approach together 
with a fit optimisation method to obtain charge density and interface 
defect density parameters from lifetime measurements. The results of 
this process are used to explain the changes in surface passivation during 
illuminated annealing of heterojunction solar cells. 

In this paper, we provide a possible explanation of the origin and the 
physics of increases in open circuit voltage and implied fill factor of 
heterojunction solar cells following illuminated annealing. Using 
advanced lifetime spectroscopy analysis, we show that this approach is 
only partially stable and that its lack of stability stems from a progressive 
reduction in the field effect passivation. 

2. Sample preparation 

The samples used in this study were n-type Czochralski (Cz) grown 
wafers with a thickness of 140 μm and a resistivity of 2 Ω cm sourced 
from an industrial production line. To study the nature of passivation 
degradation, the samples were divided into five groups as shown in 
Table 1. 

Group 1 - HJT cell: These cells had an n-type wafer with intrinsic 
hydrogenated amorphous silicon (i-a-Si:H) passivation layers on both 
sides. The front and rear sides had phosphorus-doped (n-a-Si:H) and 
boron-doped (p-a-Si:H) hydrogenated amorphous silicon layers, 
respectively. Additionally, an indium-doped tin oxide (ITO) layer ~ 80 
nm thick was deposited on both sides, and a screen-printed H-pattern 
silver grid was printed on both sides of the cells. Group 2 - Cell pre
cursor: The samples in this group featured an n-type wafer with i-a-Si:H 
passivation layers on both sides. The front and rear sides had n-a-Si:H 
and p-a-Si:H passivation layers, respectively. Group 3 - i/n-Si symmet
rical lifetime test structure: This group featured an n-type wafer with i-a- 
Si:H and n-a-Si:H layers on both sides. Group 4 - i/p-Si symmetrical 
lifetime test structure: This group featured an n-type wafer with i-a-Si:H 
and p-a-Si:H layers on both sides. Group 5 - i-Si symmetrical lifetime test 
structure: This group featured an n-type wafer with i-a-Si:H. The 
thickness of i-a-Si:H, n-a:Si:H and p-a:Si:H layers of samples in all groups 
were about 5 nm. This preparation allows the separation of the role of 
different layers (intrinsic, doped) on passivation instabilities. All 

deposition processes were carried out at the industrial production line. 
The samples received an illuminated anneal at 175 ◦C with a laser in
tensity of approximately 6 W cm− 2 for 30 s on the front side (the side 
with n-a-Si:H passivation layer) and then stored in the dark at room 
temperature for several weeks. It is important to note that no substantial 
changes were noticed when illuminated annealing was done from the 
rear side (the side with p-a:S:H) in all groups. Therefore, these results 
were excluded from this study. The lifetime was measured using tran
sient photoconductance with a Sinton WCT120 system. The lifetime was 
modelled based on previously published work [17,18], with a surface 
recombination velocity model assuming a Gaussian distribution of 
defect states centred around midgap where the defects are multivalent 
(three charge states) dangling bonds. The fit of the lifetime provides 
insight into the possible evolution of the interface defect density and the 
field-effect passivation component during degradation. 

3. Lifetime fitting methodology 

3.1. Modelling recombination 

Defects at the a-Si/Si interface can capture electrons and holes, thus 
acting as recombination centres, limiting the lifetime. Reducing the 
interface defect density improves the chemical passivation component 
of surface passivation. Doping of the a-Si induces band bending at the a- 
Si/Si, leading to field effect passivation. In the context of a-Si surface 
passivation, the charge is a metric that captures the field-effect 
passivation. 

This paper aims to separate the changes in surface recombination 
due to (1) changes in field-effect passivation (i.e. changes in surface 
charge) and (2) changes in degradation due to chemical passivation (i.e. 
changes in the number of interface defects). To this effect, we calculate 
the surface recombination rate as a function of the charge and the 
interface defect density distribution by applying the method described 
in [19–21]. This fitting procedure is the most advanced 
lumped-parameter modelling procedure and has been successfully 
applied to model amorphous silicon passivation. To calculate the 
recombination rate requires the electron and hole concentration near 
the a-Si/Si interface ns and ps [22]: 

ns = nd exp
(− ψS

kT

)
, ps = pd exp

(ψS

kT

)
(1)  

where nd and pd are the electron and hole carrier concentrations deep in 
the wafer bulk (where the energy band is flat) and ψS is the surface 
potential. 

Numerically solving the charge neutrality equation allows the 
calculation of the surface concentrations [22]: 

pS + nS − pd − nd +(NA +ND)
ψS

kT
=

Q2

2qεSikT
(2)  

where εSi is the dielectric constant of Si, q is the fundamental electric 
charge and Q is the total charge concentration. The charge concentra
tion is the sum of the charges in the a-Si, at the interface and in the 
space-charge region of the crystalline silicon wafer. There are two ap
proaches to treat charges; 1) calculating the full injection-dependent 
charge distribution in the a-Si and at the interface or 2) assuming an 
injection-independent fixed charge concentration. Both yield compara
ble results especially at injection above 1014 cm− 3 [18], and to speed up 
numerical simulations, we follow the second approach and simulate 
charges as injection-independent fixed charges. 

Fig. 1 illustrates the physics of recombination at dangling bonds at 
the silicon/amorphous silicon interface [17,18]. Dangling bonds have 
three charge states (thus four different capture coefficients), where the 
two energy levels are separated by a correlation energy U [23]. For 
modelling the surface recombination rate, we use an energy-dependent 
defect density (a Gaussian distribution centred at midgap) [23,24] and 

Table 1 
Structures of the five sample groups used in this study.  

Sample i-layer n-layer p-layer metals 

Group 1 yes yes yes yes 
Group 2 yes yes yes no 
Group 3 yes Yes both sidess no no 
Group 4 Yes no Yes both sides no 
Group 5 yes no no no  
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energy-independent capture rates (cn,+, cn,0, cp,0, cp,-) which allow 
calculation of an energy-dependent recombination rate [25]. Integration 
of this recombination rate over the bandgap enables the calculation of 
the recombination velocity S [26], which is subsequently used to 
calculate the effective lifetime: 

τef f =
1

1
/

τint + 1
/

τbulk + 1
/

τsurf
with τsurf =

W
2S

(3)  

With τint the intrinsic lifetime (i.e., Auger and band-band radiative), 
τbulk is the wafer bulk SRH lifetime (here assuming an injection inde
pendent lifetime of τbulk = 25 ms, where the bulk has virtually no impact 
on the measured lifetime here). The model was validated against pre
vious models from [17,18] and we use all the parameters of [18]. 

3.2. Illustration of the method 

Key to the method is the fact that the charge and interface defect 
density have different impacts on the injection dependent lifetime. The 
series of theoretical curves shown in Fig. 2 demonstrates how changes in 
(a) the total charge at the surface and (b) the maximum interface defect 
density (Dit) result in differences in the injection-dependent effective 
lifetime. 

An increase in charge results in an increase in the injection depen
dent minority carrier lifetime, especially at low injection. On the other 
hand, an increase in Dit leads to a uniform reduction in the injection- 
dependent lifetime. From the shape of the injection-dependent lifetime 
curve, fundamental information about Dit and charge can be inferred. 
Note that determining the absolute values of Dit and fixed charge from 
lifetime spectroscopy is challenging as their values will depend on the 

assumption of the defect parameters: capture parameters cn,+, cn,0, cp,0, 
cp,-, correlation energy U, gaussian distribution centre EC-ET and 
gaussian distribution width. Figure A1 in the appendix shows that a 
deeper defect, or one with a wider defect distribution, also leads to a 
uniform decrease in the lifetime. In addition, Figure A2 in the appendix 
shows that a larger charge capture cross section leads to an injection- 
dependent decrease in the lifetime and a larger correlation energy an 
injection-dependent increase in the lifetime. 

While determining absolute values of Dit and charges are chal
lenging, tracking their relative changes during processes (illumination, 
annealing, dark storage …) is possible provided one assumes that the 
defect parameters remain constant during processes and only the charge 
and defect density change. The values presented in graphs below thus 
assume the values from [17,18] apply to our sample. 

3.3. Inferring charge and interface properties via fitting optimisation 

Determining the charge and interface defect density from the lifetime 
curve is an inverse problem. In other words, we are trying to determine 
the cause or inputs (interface defect density and charge concentration) 
based on observed effects or outputs (injection-dependent minority 
carrier lifetime). To achieve this, we fit the lifetime curve with the 
models described in Section 3.1 and calculate the Root Mean Square 
Error (RMSE). We optimise the parameters (charge and interface defect 
density) by minimising the RMSE to below a suitable threshold. We use 
the Nelder-Mead optimisation method to find the minimum for its 
ability to converge rapidly to low RMSE (believed to be the global 
minimum) [27]. The only variables during fitting were the max interface 
defect concentration and the charge. A typical solution space for that 
type of fitting is shown in Appendix 4. 

Note that during all the simulations, we keep all defect parameters 
constants (capture parameters cn,+, cn,0, cp,0, cp,-, correlation energy U, 
gaussian distribution centre EC-ET and gaussian distribution width) with 
the values from [17,18]. Obviously, changing the defect parameters 
when the lifetime evolves would allow for a perfect fit for every sample. 
This approach is, however, nonphysical and against the purpose of our 
goal here as we intend to extract meaningful information from our 
fitting. 

4. Results and discussion 

4.1. Efficiency improvements post laser annealing in heterojunction solar 
cells 

Fig. 3 shows the evolution of the a) current voltage curve of a het
erojunction cell and b) injection dependent minority carrier lifetime of a 
heterojunction cell precursor before and after treatment. The laser 

Fig. 1. Illustration of the models for silicon dangling bonds at the silicon/ 
amorphous silicon interface. 

Fig. 2. Impact of a) the charge concentration and b) the interface defect density on the injection dependent minority carrier lifetime.  
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process leads to a visible improvement of the cell efficiency (23.8%– 
24.4%) due to an increase in both open circuit voltage (742.8 mV–743.1 
mV) and fill factor (82.3%–83.6%). The change in open circuit voltage is 
due to an increase of the lifetime at medium/high injection. The increase 
in fill factor is partly driven by a change in the injection-dependent 
lifetime curve, which becomes flat at low injection instead of going 
down. 

Having shown the improvements achieved using illuminated 
annealing, we proceed to look at where they originate from using 
symmetrically passivated structures. 

4.2. Efficiency improvements are driven by both an increase in field effect 
passivation and chemical passivation of the i/n-Si layer 

4.2.1. Measured light and elevated temperature surface passivation 
improvement of the i/n-Si layer 

Fig. 4 shows the injection-dependent lifetime of a sample with a) i/n- 
Si stack and b) i/p-Si stack before and after illuminated annealing. The 
minority carrier lifetime of the i/n-Si passivated samples increases 
significantly whilst the lifetime of the i/p-Si remains almost constant. 
This indicates that efficiency improvements in such cells are driven by 
changes in the i/n-Si contact not the i/p-Si contact or the bulk. 

Note that the fit quality, though reasonable, could be improved with 

more accurate input parameters. In particular, the interface defect 
density distribution, capture cross section and correlation energy could 
be measured directly on the sample instead of taken from the literature). 
This could be done via transient capacitance spectroscopy techniques 
(electrically, optically or thermally stimulated) on a-Si transistors (not 
diodes as i-Si/Si contacts are conductive). 

The results of the lifetime measurement indicate that the efficiency 
enhancements originate from the i/n-Si layer. The results of the lifetime 
curve fitting, shown in Table 2 below, provide some insight into the 
physical reason for this. Figure A3 in the appendix, shows the solution 
space for charge and interface defect density and gives an indication of 
the uncertainty of these two quantities. For all our samples we find that 
the relative uncertainty remains small except when either the interface 
defect density or charge become very small in which case the 

Fig. 3. a) Current-voltage curve of a heterojunction cell and b) injection-dependent minority carrier lifetime of a heterojunction cell precursor before and 
after treatment. 

Fig. 4. Injection-dependent minority carrier lifetime before and after illuminated anneal for an a) i/n-Si passivated sample and for a b) i/p-Si passivated sample. The 
line is the modelled lifetime used to extract changes in charge and interface defect density. 

Table 2 
Fitting results (charge and interface defect density) and RMSE.  

Sample Condition Q (cm− 2) Dit (cm− 2) RMSE (a.u.) 

i-n/Si Initial − 4.15 × 1010 2.51 × 1010 1.13 × 10 − 01 

i-n/Si Post Process − 4.11 × 1011 9.61 × 1010 7.75 × 10 − 02 

i-p/Si Initial 1.01 × 1011 2.74 × 1011 2.40 × 10 − 01 

i-p/Si Post Process 2.25 × 1011 7.36 × 1011 4.1 × 10− 02  
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uncertainty becomes large due to the lifetime being insensitive to these 
parameters. 

The fit in Fig. 4 provides a general trend on the evolution of the 
charge and interface defect density based on the lifetime. The analysis of 
the injection dependent lifetime spectroscopy data using the method 
introduced in Section 3.3. reveals that the most likely explanation for the 
increase in lifetime in the i/n-Si passivated sample is a combination of a 
fivefold decrease in the intrinsic defect density combined with a tenfold 
increase in the effective charge. 

4.2.2. Possible mechanism for selective chemical passivation improvement 
A possible mechanism for the enhancement of chemical passivation 

is due to the migration of hydrogen to the surface during illuminated 
annealing [28]. The migration of hydrogen leads to the passivation of 
dangling bonds which reduces the interface defect density and improves 
the chemical passivation [29]. 

The fact that this effect only occurs for the n-type layer could be 
related to the charge transition levels of hydrogen being in or close to the 
upper half of the bandgap (ED = EC − 0.16 eV and EA = (EC + EV)/2 −
0.064 eV) and the fundamental difference between the c-Si:i/n-Si 
interface and the c-Si:i/p interface. The c-Si:i/p-Si interface is in inver
sion [30], with the Fermi level close to the valence band and at thermal 
equilibrium, H+ is thus the majority species [31]. The c-Si:i/n-Si inter
face is in accumulation [30] with the Fermi level close to the conduction 
band and at thermal equilibrium in the dark H− is thus the majority 
species [31]. During annealing the fermi level moves towards mid-gap 
due to an increase of the intrinsic carrier concentration. For c-Si: 
i/p-Si, this means little change as H+ remains the dominant species, 
while for c-Si:i/n-Si an increasing fraction of the interstitial hydrogen 
becomes H+ [31]. This trend still holds under illumination, though now 
the fraction of neutral hydrogen increases (but remains well below that 
of H+ [31]. 

If hydrogen passivation is driven by coulombic interaction, it is 
challenging to happen during illuminated annealing at the c-Si:i/p-Si 
interface. Indeed, both hydrogen and most dangling bonds are in a 
positive charge state. Conversely, at the c-Si:i/n-Si interface, under 
conditions of high temperature and illumination, a considerable pro
portion of dangling bonds assume a negative charge state and hydrogen 
adopts a positive charge state, potentially facilitating hydrogen 
passivation. 

4.2.3. Possible mechanism for field effect passivation improvement 
Illuminated annealing can improve the conductivity (dark and 

photo) of amorphous silicon films [32]. This has been attributed to a 
decrease of acceptor state concentration in amorphous silicon [32], 

leading to a shift of the Fermi level upwards (decrease in doping in 
p-type and increase in n-type). This increase in n-type doping would 
increase the band bending in the silicon and thus the field effect 
passivation. 

In the next section, we will show that these improvements are partly 
unstable and explore the nature of instabilities in this passivation stack. 

4.3. Dark degradation of surface passivation is driven by a loss of field 
effect passivation 

Fig. 5a shows the injection-dependent lifetime of a sample with i/n- 
Si stack after different lengths of time in dark storage. The fit parameters 
in Fig. 5b show that the charge decreases significantly during dark 
storage. The interface density (not shown here) remains almost constant 
(±12% which is within the uncertainty of the technique) during dark 
storage. 

The lifetime of the i/p-Si passivated sample does not change after 
dark storage and is thus not shown here (See appendix A0.3). The life
time of the i-Si passivated sample decreases significantly during dark 
storage and this is explored in the next section. 

4.4. The instability of intrinsic a-Si degradation after treatment is driven 
by loss of chemical passivation 

Fig. 6a shows the injection-dependent lifetime of a sample with i-Si 
after different lengths of time in dark storage. Unlike the i/n-Si stack, the 
i-Si passivation stack does not provide any field effect passivation due to 
the lack of dopants in the amorphous layer. The loss in charge (either 
interface or a-Si charge) observed for the i/n-Si stack can thus not 
explain the decrease in surface passivation quality. This is confirmed in 
Fig. 6b, showing that the decline in surface passivation quality is 
explained by an increase in interface defect density following dark 
storage. The decrease in lifetime has been observed before, and because 
the samples are stored in the dark, dark degradation of surface passiv
ation cannot be explained by the Staebler-Wronski effect [33]. 

5. Conclusion 

This work confirms that implementing an illuminated annealing 
process can increase the efficiency of heterojunction solar cells. Based on 
measurements taken from the lifetime test structure, it has been 
observed that the improvement results from enhanced passivation of the 
i/n-Si layer. This has led to an increase in fill factor from 82.3% to 83.6% 
and a slight rise in the open circuit voltage from 742.8 mV to 743.1 mV 
after an illuminated annealing process. Based on measurements on 

Fig. 5. i/n-Si: Evolution of a) the injection dependent minority carrier lifetime and b) the charge for a sample after laser processing after different length of storage in 
the dark. The line is the modelled lifetime used to extract changes in charge and interface defect density. 
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lifetime test structures, the improved passivation leads to a change of the 
shape of the injection-dependent lifetime, yielding an improved fill 
factor. 

Modelling suggests that this improved passivation will likely stem 
from a fivefold decrease in the intrinsic defect density combined with a 
tenfold increase in the effective charge in the i/n-Si layer. We also 
demonstrate that this improvement is partly temporary due to a subse
quent decrease in the charge. Field-effect passivation has a stable 
component and a temporary component. Our results show that passiv
ation engineering must consider both permanent and temporary 
passivation mechanisms. 
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Appendix 

A.1 Impact of the width and the energy of the peak of the Gaussian distribution 

The impact of charge and Dit is intuitive. To get a better intuition into the impact of the of the width of the Gaussian distribution and the depth of 
the defect energy level, we simulate their impact on injection-dependent lifetime in Figure A1. A wider distribution (Figure A1a) and deeper defects 
(Figure A1b) understandably lead to lower lifetimes. 

Fig. 6. i-Si: Evolution of a) the lifetime and b) the intrinsic defect density for a sample after laser processing after different length of storage in the dark. The line is 
the modelled lifetime used to extract changes in charge and interface defect density. 
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Fig. A1. Modelled impact of a) the width of the Gaussian defect distribution and b) the depth of the peak of the Gaussian defect distribution on the injection 
dependent minority carrier lifetime. 

A.2 Impact of the capture cross section and correlation energy 

To get a better intuition into the impact of the defect capture cross section and the defect correlation energy (energy between the two levels of the 
multivalent defect), we simulate their impact in Figure A2. Larger charged capture cross sections (Figure A2a) lead to lower lifetime, especially at low 
injection. Larger correlation energies (Figure A2b) lead to higher lifetimes, with the effect being more pronounced at low injection.

Fig. A2. Modelled impact of a) the charge capture cross section and b) the correlation energy on the injection dependent minority carrier lifetime.  

A.3 Example solution space 

Though the fitting is performed using the Nelder-Mead algorithm, it is useful to visualise the solution space to investigate whether it is narrow 
around the optimal value or if a wide range of values allows for the observed injection-dependent effective lifetime. Figure A3 shows the solution space 
after brute force fitting the lifetime. 
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Fig. A3. Solution space after performing a brute force fitting of the lifetime.  

The solution space is relatively narrow around the optimum value. When the charge or interface defect density becomes low, injection-dependent 
spectroscopy becomes insensitive to charge or interface density and thus the values from the optimisation. 

A.4 Stability of i/p-Si 

Figure A4 shows the evolution of the lifetime of the i/p-Si samples after treatment. The lifetime remains almost constant after processing.

Fig. A4. i/p-Si: Evolution of the lifetime and for a sample after laser processing after different length of storage in the dark. The line is the modelled lifetime used to 
extract changes in charge and interface defect density. 
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