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A B S T R A C T   

Minimising charge losses at silicon interfaces is a major development area for highly efficient solar cells. Here we 
report on the interface improvements achieved by establishing a surface electric field during low-temperature 
firing of dielectric thin films. By inducing a corona electric field on the surface of a thin film stack, we 
observe significant modifications to the silicon-dielectric interface upon annealing, which correlate with the 
characteristics of interface defects. The passivation properties of the interfaces strongly depend on the polarity 
and strength of the electric field during firing, as well as the dielectric materials in the layer stack. We show that 
the surface electric fields not only influence surface carrier population but also affect the resulting chemical 
interface properties post-annealing. It is postulated that hydrogen migration plays a role in these observed ef
fects. Leveraging the corona-induced electric field enables fine-tuning of both the chemical and field-effect 
passivation in thin film surface dielectrics, resulting in recombination current densities as low as 2.8 fA cm− 2 

in research-grade float zone silicon, and 14 fA cm− 2 in industrial-grade textured silicon. The simplicity and 
versatility of the thin film electric polarisation enable a new strategy for controlling and exploiting the chemical 
enhancement of interfaces in solar cell devices, from current TOPCon and PERC devices to future multijunction 
silicon-based cells.   

1. Introduction 

Silicon solar cells have been extremely successful due to their high 
performance, low cost, and long stability [1–3]. Efficient cells, however, 
require stable and effective methods to avoid the recombination of 
photo-generated carriers, commonly termed passivation [4]. Surface 
recombination is particularly detrimental to the performance of the cell. 
Due to the crystal periodicity’s termination, many defects are normally 
located at the surface [5]. There are two methods to minimise surface 
carrier recombination. The first is to reduce the concentration of defects 
through chemical passivation, where a dielectric layer is deposited onto 
the surface to bind to the non-coordinated silicon bonds [5]. This 
eliminates the recombinative trap sites produced by such dangling 
bonds. This method can be further improved via thermal processing of 
such dielectric layers, to induce hydrogen migration towards the 
silicon-dielectric interface [6]. This process allows H to passivate any 
remaining Si dangling bonds. The second method is to use field effect 
passivation (FEP) to control the surface carrier concentration and limit 

the access of minority carriers to defect sites. FEP uses an electric field to 
control the population of charge carriers present at the interface, 
creating a space-charge region [7]. The electric field can be produced 
through the native charge that exists in dielectric layers [8]. However, 
the field can be further and more precisely manipulated either through 
the deposition of corona charges [9] or by incorporating stable fixed 
charges at the interface, such as potassium ions [10,11]. 

Hydrogen passivation is a well-demonstrated phenomenon [12–14]. 
Presently, hydrogenated dielectrics are ubiquitous in industrially man
ufactured solar cells [12,15,16]. Typical dielectrics used in commercial 
cells are hydrogenated amorphous silicon (a-Si:H), hydrogenated silicon 
nitride (SiNx:H) and aluminium oxide (AlOx), all typically grown via 
plasma enhanced chemical vapour deposition (PECVD). Atomic 
hydrogen is introduced to the dielectric during PECVD using 
hydrogen-containing precursor gases such as ammonia, silane, or tri
methylamine [17–19]. Once in the dielectric, hydrogen can exist in 
three charged states: positive (H+), negative (H− ) and neutral (H0) [20, 
21]. The predominance of one charge state over the other depends upon 
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the position of the Fermi level relative to the acceptor and donor levels 
of atomic hydrogen within the insulator or semiconductor [22]. It has 
been reported that H+ is the most stable charge state of hydrogen at the 
Si-SiOx interface [23,24]. In view of the existence of charged hydrogen, 
here we hypothesise that it should be possible to control H+ migration 
across a dielectric thin film by using an electric field [25]. Furthermore, 
the polarity of molecules in recently reported liquid passivation schemes 
may also be controlled by an electric field [26–28], thus changing the 
interface mechanisms. It is rather complex to unambiguously ascribe 
changes in surface passivation to the presence of H. This is especially 
cumbersome as the interfacial concentrations are much smaller than 
typical mass spectroscopy detection limits, and can have a strong op
toelectronic influence. We hence decided to use optoelectronic charac
terisation to identify the interface chemical passivation that arises from 
such hypothesised H migration behaviour. 

We investigate the impact that surface charge on SiNx has on the 
chemical passivation performance at the SiO2–Si interface. The interface 
passivation is evaluated via effective lifetime and capacitance-voltage 
measurements, and is found to be heavily influenced by the polarity 
and magnitude of the electric field. Under optimal interface chemical 
and charge-assisted passivation, a maximum lifetime of 6 ms is achieved 
in n-type 1 Ω cm float zone silicon, equivalent to a surface recombina
tion velocity (SRV) < 1 cm/s and current density J0s < 2.8 fA cm− 2. In 
contrast, when a surface electric field is set to non-optimal (presumed 
removal of interfacial hydrogen) conditions, the dielectric-Si interface 
worsens, and the lifetime reduces to ~300 μs, with SRV increasing to 
values as high as ~140 cm/s. We therefore find that the electric field 
condition of the dielectric thin films is crucial to fully exploit the 
maximum surface passivation performance. 

2. Sample preparation and methodology 

In this work we use three starting substrates. Substrate A was a 200 
μm thick, n-type 1 Ω cm Float Zone (FZ) 4-inch silicon wafer. Substrate B 
is textured FZ with the same conditions as A, except that B underwent 
texturing to form random pyramids before oxidation textured using a 
standard wet chemical KOH/IPA etch [29]. These were tested to 
investigate a commercially relevant surface finish and oxidation step. 
Sample Set C consisted of industrially sourced Czochralski M2 silicon 
wafers (156 mm pseudo squares), 135 μm thick, 5–10 Ω cm, textured 
and processed in high throughput industrial facilities, including oxida
tion furnaces or batch tube-based PECVD reactors. 

In substrate A, a 100 nm thermal SiO2 was grown at 1050 ◦C in ox
ygen and dichloroethylene at Fraunhofer ISE, followed by a forming gas 
anneal in a tube furnace at 425 ◦C for 30 min. Set A.1 were SiO2 control 
samples with no further treatment [29].Set B.1 had a 10 nm thermally 
grown SiO2, at 950 ◦C, before a forming gas anneal at 425 ◦C was carried 
out, identical to that applied to planar specimens A. Following this, 
wafers were cleaved into quarters, and four types of samples were 
created and tested. Sets A and B were all ¼ of a 4-inch wafer, with 
approximately 5 cm flat-edge length. Set C.1 had oxidation carried out at 
900 ◦C to produce a ~5 nm SiO2 nanolayer. Full wafers were used for 
subsequent testing. 

On sets A.2-4 and B.2-4, a single layer of ~64 nm SiNx was deposited 
on top of the oxide layer via PECVD (Oxford Instrument PlasmaLab 80+) 
with silane and ammonia as precursor gases. The deposited SiNx had a 
refractive index of n = 1.9 as measured using four-wavelength ellips
ometry on an FS1 Film Sense kit. In Subset C.2, PECVD of silicon nitride 
was carried out at 450 ◦C to produce a 60 nm layer with a refractive 
index of either 1.95, 2.1, or 2.4. The parameters for SiNx deposition at 
industrial facilities are not disclosed. 

Set X.2 were SiNx control samples, with no further treatment. Sets 
X.3 and X.4 had positive and negative corona charge deposited, 
respectively, on both sides of the wafer from a steel point electrode held 
20 cm above the wafer at ±30 kV. This was immediately followed by 
annealing at 450 ◦C in air, for 20 s, unless otherwise stated. This process 

was termed a corona-anneal (C-A). 
The effective lifetimes of all sample sets were recorded using a Sinton 

WCT-120 Lifetime Tester (ver 4.6.0). The transient method, with a 1/64 
s light pulse was used on all samples except where lifetimes remained 
below 200 μs? For such low lifetimes, the quasi-steady state method (1/ 
1 s light pulse) was used. All lifetime values are quoted at an injection 
level of 1015 cm− 3. To estimate the fundamental interface recombina
tion parameters, surface recombination at the oxide-silicon interface 
was varied by regulating the surface carrier population using a biased 
transparent gate. The recently established method in Ref. [30] was used 
to record effective lifetime as a function of gate bias. 

In this procedure, a semi-transparent gate electrode is produced on 
top of the dielectric to simultaneously control surface potential and 
measure effective lifetime on the Sinton Lifetime Tester. Undiluted poly 
(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) was 
coated over both sides of all finished samples with a standard paintbrush 
to form a nearly transparent thin film. After coating, the film was 
annealed at ~120 ◦C in air, for 2 min to increase the conductivity [31, 
32]. The PEDOT:PSS solution was 3.0–4.0 wt % in H2O from Sigma 
Aldrich. An analytical model was used to fit the experimental lifetime 
versus surface charge data and to quantify the interface recombination 
parameters. The model was adapted from Girisch and Aberle’s iterative 
formalism to calculate the density of carriers at the surface, with an 
extension to account for surface charge fluctuations [33–35]. Further 
details on the model are described in the Supplementary Materials. A 
schematic diagram of all processing in this work is shown in Fig. 1. 

To find the effective surface recombination parameters Seff and J0s, 
the surface effective lifetime, τs, was calculated assuming a bulk 
Shockley-Read-Hall (SRH) lifetime, τSRH [36]. This followed the iterative 
algorithm proposed by Kimmerle et al. [37] based on previous work by 
Mäckel and Verner [38] and by Kane and Swanson [39]. Values obtained 
via Kimmerle’s algorithm are quoted here. The procedure goes as fol
lows. Surface lifetime (τs) is given as: 

1
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where Auger and radiative recombination are described by Niewelt’s 
parameterisation [40], and the effective intrinsic concentration ni,eff (Δn)
is calculated using PV Lighthouse’s [41] implementation of Pässler’s 
model [42]. The surface saturation current density, J0s, is then calcu
lated as the average around the ± 10 % of the flattest part of the J0(Δn)
curve. The flattest part was defined by the minimum of dJ0(Δn)/dΔn. 

After finding an injection-independent J0s, the SRH term that best 
satisfies 
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is found numerically using a Nonlinear Least Squares minimisation in 
Matlab. Once a τSRH(Δn) is found, an average injection independent τSRH 
is found averaging the same range of Δn as previously done for J0(Δn). 
This procedure is iterated until τSRH and J0s change marginally. The 
resultant value of τSRH is then used in τs to find Seff . Thorough expla
nation of these algorithms can be found in the work of Hammann [43]. 
For completeness, the best fit of the experimental τeff obtained via the 
above algorithm is included. 

R.S. Bonilla et al.                                                                                                                                                                                                                               



Solar Energy Materials and Solar Cells 269 (2024) 112799

3

Fig. 1. Schematic diagram of the process flow for all samples reported in this work.  

Fig. 2. Effective lifetimes before and after polarised anneal, including positive and negative surface electric fields. (a) For n-type FZ Si flat specimens passivated with 
100/60 nm of SiO2-SiNx thin film stacks. (b) For n-type FZ Si textured specimens passivated with 10/60 nm of SiO2-SiNx thin film stacks. (c) For industrial n-type Cz 
Si textured specimens passivated with 5/60 nm of SiO2-SiNx thin film stacks. (d) Extraction of surface recombination parameters J0s and SRV (bottom), from fitting of 
τeff (top). Best fit shown by black solid lines. Intrinsic lifetime limits are included in solid lines, blue (sample A) and red (sample B). 
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3. Effect of surface electric fields during anneals 

We start by testing our previous findings where surface electric fields 
can impact the chemical passivation of SiO2-SiNx double-layer stacks 
[44]. The effective lifetime of symmetrically passivated SiO2-SiNx sam
ples, pre and post-corona anneal, is illustrated in Fig. 2. The grey shaded 
area indicates the range of lifetimes obtained after SiNx deposition. In 
Fig. 2a and b, we test high-quality FZ Si in groups A and B. One 
corona-anneal process was applied, with the corona discharge lasting 30 
s, prior to a 450 ◦C anneal. As seen in Fig. 2 a, samples treated with 
positive charge recorded improvements in lifetime, while the sample 
treated with negative corona anneal decreased in final lifetime, when 
compared to the as-deposited SiNx sample. The 30 s anneal was chosen 
to be sufficiently lengthy and dissipate the effects of corona-induced 
field effect passivation [45,46], as monitored by Kelvin Probe surface 
potential measurements. This means, the passivation obtained after 
annealing only originated from the obtained chemical passivation and 
the charge stored inside the SiO2-SiNx film stack. When samples are 
annealed without an added surface electric field, improvements in life
time are also observed, presumably as the SiO2-SiNx stack already con
tains a concentration of positive charge. 

To investigate the effectiveness of this technique in solar-relevant 
surfaces, textured wafers were similarly treated and tested using the 
optimal conditions found for positive corona charge. Textured wafers 
having only a thin oxide are of particular interest as they are commonly 
employed in industrial manufacture. Whilst these wafers benefit from 
increased light trapping due to the pyramidal arrangement [47,48], they 
experience greater recombination due to the increased surface area 
[47]. Additionally, the triangular pyramidal facets lie on the (111) 
planes, which possess a greater density of dangling bonds than the (100) 
plane of flat silicon [49]. Fig. 2 b illustrates lifetimes recorded for 
textured specimens in group B. It was found that the highest effective 
lifetime after a single positive corona-anneal was 1.4 ms at Δn = 1015 

cm− 3. This was achieved after 30 s of positive corona charge followed by 
a 20 s anneal at 450 ◦C. Here we have also tested FZ Si specimens 
without a forming gas anneal after oxidation. In such specimens the 
improvement after a single corona-anneal was only moderate, pointing 
to the importance of the presence of H during the anneal. We repeated 
the positive corona-anneal procedure twice, and we observed that the 
additional process produced substantial improvements in lifetime (or
ange upward triangles). Similar to group A, samples with negative sur
face potential degraded in lifetime, while samples without extrinsic 
positive fields showed only minor improvements (orange downward 
triangles). 

Our previous work showed that there exists an optimal surface 
electric field strength before annealing [44]. Increasing the corona 
concentration beyond a saturation point worsens the lifetime. Hence, 30 
s of corona discharge were found to work best for samples in groups A 
and B, which was equivalent to a total surface charge concentration of 
+1.64 × 1012 or − 1.96 × 1012 q cm− 2 for positive/negative corona 
(calibration included in the Supplementary Materials). One possible 
mechanism behind the deterioration of the passivation for excessively 
high positive surface electric fields is hot electron injection from the 
silicon to the oxide, as reported in Refs. [50,51]. Interface trap creation 
is reported to occur when electrons with energy ≥2 eV liberate hydrogen 
from defect sites [50,51]. However, Raskheev et al. asserted that only 
after hydrogen has been released from a defect site is it energetically 
favourable for the charged defect to capture a hot electron [24]. Another 
possible mechanism relates to the excessive concentration of H-forming 
defects, as reported in recent literature [52–54], and also observed by 
the authors. Section 5 will discuss the possible mechanisms involved, 
while an in-depth investigation into the relation to H kinetics will be 
addressed in future work. 

The results in Fig. 2a and b show that a potential improvement in 
surface passivation can originate from the different polarity of the 
electric field prior to the anneal. Since surface passivation can be both 

chemical and field effect in origin, these results could imply that 
hydrogen, which exists in the dielectric in H+ form, is migrating and 
chemically passivating the interface. When a positive electric field from 
the corona charge is present, it can promote hydrogen migration 
through the SiNx dielectric to the Si–SiO2 interface. At 450 ◦C, the 
hydrogen can diffuse rapidly through SiO2 as reported in Refs. [55,56]. 
This suggests a 20-s anneal should be enough to reach the interface. 
Once at the interface, the hydrogen can passivate defect sites, raising 
effective lifetime to values as high as 6.2 ms at Δn = 1015 cm− 3, in flat FZ 
Si. In contrast, the presence of a negative electric field results in low 
lifetimes of ~300 μs, which could be attributed to the inhibition of 
hydrogen migration through the dielectric, as well as the expulsion of 
hydrogen already located at interface states. It is noted here that due to 
the difficulties associated with measuring H, the above mechanisms are 
hypothesised rather than unambiguously ascribed to H migration. 

We then extended the findings to industrial-grade material processed 
in high-throughput equipment (group C). Fig. 2 c illustrates the recorded 
effective lifetimes after positive and negative corona-anneal processes 
were applied to oxide-nitride passivated M2 wafers. Contrary to previ
ous findings, a positive surface electric field did not improve the overall 
lifetime after annealing at 450 ◦C for 120 s. The longer anneal was 
chosen since the industrial SiNx retained the surface corona charge for 
longer periods. When a negative surface charge was present, a moderate 
improvement in effective lifetime was observed (orange triangles in 
Fig. 2c). This indicated the inverse process than that proposed for 
samples in groups A and B. Further investigation was then required to 
assess the differences found. Additionally, it is known that corona 
charge during the anneals can embed some additional charge concen
tration into the film stack, which controls the surface charge carrier 
populations (ns and ps) via field effect. For positive (negative) charge, 
this would lead to lower (higher) recombination at the n-type surface. To 
distinguish the chemical and the field effect passivation, a further 
experiment was conducted, as will be described in Section 4. It revealed 
that both chemical and field-effect passivation are jointly increasing or 
reducing the passivation quality. 

Prior to delving into the interface changes during corona anneals, we 
calculate the effective surface recombination parameters and illustrate 
them in Fig. 2 d. Here, the comparative surface recombination param
eters for the highest-performing planar and textured samples are shown. 
Fig. 2 d top shows the injection level-dependent lifetimes of each sam
ple, including the best-fitted model as per Kimmerle’s formalism [37]. 
The highest lifetime achieved in this work for a planar wafer is 6.4 ms at 
Δn = 1015 cm− 3 for a SiO2-SiNx double layer, followed by corona 
charging for 30 s at + 30 kV and annealing at 450 ◦C for 20 s. This is 
equivalent to an SRV <1 cm/s and a J0s, of 2.8 fA cm− 2, shown in Fig. 2 
d bottom. This is in good agreement with values in the literature where 
corona-charged SiO2-SiNx dielectrics on 1 Ω cm Si have produced SRV 
~0.15 cm/s [57]. The highest overall lifetimes for symmetrically pro
cessed textured FZ and Cz wafers are 1.4 ms and 3 ms, equivalent to an 
SRV< 5.6 and 1 cm/s at Δn = 1015 cm− 3, respectively. Textured surfaces 
are prone to a higher concentration of surface defects and as a result, the 
recombination can be more than one order of magnitude higher than 
that of planar surfaces [58]. This gives rise to an increase in both the 
surface saturation current and surface recombination velocity of 
textured wafers. The recombination parameters calculated here have not 
been corrected for the increase in surface area occurring on a pyramidal 
textured surface. Baker-Finch and McIntosh [59] reported this increase 
to be ×

̅̅̅
3

√
. When corrected for the larger surface area, the best per

forming textured specimen in this work has SRV<0.5 cm/s, and a J0s <

8 fA cm− 2. These are similarly low to those reported by Kho et al., where 
SRV and J0s values of <1 cm/s and ~5 fA cm− 2 were found, yet they 
required corona charged oxide-nitride-oxide stacks with an additional 
450 ◦C, 30 min FGA [60]. 
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4. Understanding changes in interface electrical characteristics 

4.1. Research-grade FZ Si with SiO2-SiNx passivation 

In this work, we proposed that charged hydrogen within the 
dielectric double layer would migrate under the influence of an electric 
field. The previous section has shown evidence of a strong dependence 
of surface passivation on the polarity of a surface electric field, with 
some conditions providing noticeable improvements. However, such 
gains can arise from enhanced chemical and field-effect passivation. The 
relative importance of these two effects is considered in the following. 

An examination of the interface parameters was conducted by using 
a semi-transparent PEDOT:PSS gate biasing experiment [30,61]. In this 
experiment, the surface recombination at the interface is controlled by 
regulating the carrier density via field effect. The dependence of effec
tive lifetime for an incremental sweep in surface voltage biases is 
recorded, identifying the minimum effective lifetime of each sample, as 
depicted in Fig. 3 a. Samples from group A that had (i) as deposited 
SiO2-SiNx, (ii) SiO2-SiNx annealed for 20 s at 450 ◦C in air, (iii) positive 
corona (30 s) annealed (450 ◦C 20 s) SiO2-SiNx, and (iv) negative corona 
(30 s) annealed (450 ◦C 20 s) SiO2-SiNx, were analysed. The minimum 
recorded lifetime is directly related to the capture velocities of electrons 
and holes for this Si–SiO2 interface. We note that this data set has been 
previously reported in Ref. [44], yet we include here a new analysis and 
understanding of these results as follows. 

The solid lines in Fig. 3 a illustrate a theoretical model of effective 
lifetime using an extended Shockley-Read-Hall formalism with the 
parametrisations in Ref. [35], as detailed in the Supplementary Mate
rials. The values used for all parameters required to model this experi
mental data are included in Table S2. Most notably, this 
parameterisation uses the capture velocities for electrons and holes (Sn0,

Sp0), and the concentration of fixed dielectric charge Qf to predict the 
overall lifetime observed on each sample. The minority carrier capture 
velocity Sp0 and the fixed dielectric charge Qf are plotted on Fig. 3 b. 

These results show that the positive corona-anneal provides addi
tional field-effect passivation, as evidenced by increases in dielectric 
fixed charge (Qf ). This finding has also been corroborated using 
capacitance-voltage measurements as detailed in the Supplementary 
Materials, Fig. S3. The charge concentration required in the gate to 
correctly model the observed lifetime behaviour is 5 × 1011 q cm− 2. This 
charge concentration is higher than that intrinsically obtained in the 
PECVD SiNx films (3 × 1011 q cm− 2), yet much lower than typically 
reported in the literature where 1012 q cm− 2 is achieved [62,63]. This, 
therefore, highlights the potential of extrinsic processes that exploit the 
surface passivation dielectrics by increasing stored charge. 

Results in Fig. 3 a also show that the chemical passivation is affected 
by a surface electric field during firing. In the control case, where the 
SiNx-SiO2 double layer is expected to have some positive charge already, 
Sp0 reduces by one third. However, under additional positive corona 
charge, that reduction in Sp0 is not as pronounced (Fig. 3 b and 
Table S1). Conversely, a negative electric field on the surface severely 
impacts the chemical passivation obtained after firing with Sp0 

increasing by 7 times. The observed changes in chemical passivation 
indicate three possible mechanisms. First, changes can occur in the 
density of recombination-active mid-gap interface sates (Dit− mg) leading 
to a reduced capture rate. Second, a reduction in the capture cross- 
section of holes σp at interface states is possible, since the fundamental 
hole capture rate is given by Sp0 = vthσpDit , with Dit representing the 
energy-dependent interface state density, and vth the carrier’s thermal 
velocity. Lastly, if H passivation of interface states is involved during 
corona anneals, it is possible that the state’s energy level within the 
bandgap is modified, thus changing their recombination activity. This 
distinction is not possible in the general model considered here, yet 
similar observations have been made by the passivation of H to bulk 
metal impurities in silicon [64–66]. Overall, the interface parameters 
extracted are in good agreement with those reported for this passivation 
stack in previous work [35,67,68], with a key novel finding: the polarity 
of the dielectric charge influences not just the field effect but also the 
final chemical passivation obtained on the Si–SiO2 interface after low 
temperature firing. 

4.2. Industrial grade Cz Si with SiO2-SiNx passivation 

Solar-relevant textured surfaces were also investigated to determine 
the effects that surface electric fields have on the final surface passiv
ation properties of Si–SiO2 interfaces. Group C specimens were used but 
instead annealed for 120 s at 450 ◦C in air, after 30s of positive or 
negative corona deposition. An additional C.4 SiO2-SiNx specimen was 
created with 60 s of negative corona charge applied to both surfaces 
followed by annealing at 450 ◦C for 120 s. This specimen is labelled as 
‘2x Negative Corona, Anneal’. Previous work has shown that dielectric 
thin films on textured surfaces present a higher concentration of pin
holes [69]. Hence, it was not possible to apply the transparent PEDOT: 
PSS gate to group C samples. Instead, corona discharge was used to 
regulate the surface carrier concentration (ns and ps). After processing 
both dielectric surfaces were biased with incremental additions of 
negative corona charge while τeff was recorded on the Sinton tester. 
Although Kelvin Probe can be used to measure the surface charge on a 
full-size 6-inch substrate, the dimensions of the instrument make it 
difficult to fit large specimens under the probe. To prevent damage to 

Fig. 3. (a) Effective lifetime as a function of gate bias for planar A specimens measured via the PEDOT:PSS transparent gate. Lines are model fittings using the 
energy-dependent Sp0 and Qf parameters schematically drawn in (b), and listed in Table S2. C-A refers to a corona-anneal. 
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the sample, 1 K Probe measurement was taken before depositing nega
tive charge to determine the reference contact potential difference. A 
calibration was used to calculate the increases in charge from the 
measured surface potential, after each corona deposition following 5 s or 
10 s charging periods (see the Supplementary Materials). The cycle of 
corona charging and Sinton lifetime testing was performed continuously 
to prevent artefacts from the dissipation of corona charge [45]. The 
whole experiment was completed within 90 min. The resulting lifetime 
versus surface charge relationships are illustrated in Fig. 4 a. 

The solid lines in Fig. 4 a indicate the best fitting obtained for these 
group C specimens after processing and measurement. The detailed 
parameters are provided in the Supplementary Materials, Table S3. The 
most relevant parameters, Sp0, Qf , are illustrated in Fig. 4 b. Here it is 
clear that annealing the industrial SiO2-SiNx passivated specimens 
without an extrinsic electric field result in degradation of the chemical 
passivation evidenced in the increased Sp0. This contradicts the obser
vations for research grade FZ Si in Section 4.1. Relative to the as- 
deposited SiO2-SiNx control, Sp0 increased by approximately ten times. 
Annealing the dielectric stack in the presence of an extrinsic positive 
field resulted in poorer levels of chemical passivation, despite a clear 
increase in field effect passivation as evidenced by the increased Qf . On 
the other hand, applying a negative surface field prevented the chemical 
degradation, compared to the original SiO2-SiNx control. Since negative 
charge seemed to have an important effect, we processed an additional 
sample with higher negative electric field intensity. The ‘2x negative 
corona, anneal’ specimen resulted in the best quality interface out of all 
5 specimen types processed. Relative to the as-deposited control, Sp0 

remained at approximately the same value providing excellent surface 
passivation, despite the smaller field effect component (Qf ∼ 1.5 × 1012 

q cm− 2). 
The results of Group A and Group C samples demonstrate that the 

surface electric field influences the chemical passivation of the interface. 
However, the mechanisms by which the interface properties change in 
Group A appear to be different than in Group C. In Group A, the negative 
electric field during annealing degrades the interface passivation. In 
contrast, for Group C negative surface fields during annealing showed 
improvements in the chemical passivation of the interface. To ensure 
that these effects where completely reproducible, the experiment in 
Fig. 4 was repeated and the intensity of the electric fields varied. The 
results of such experiment are included in the Supplementary Fig. S4 and 
Table S6, showing that the findings are completely reproducible and 
highly dependent on the electric field. 

A key difference between the two types of specimens is the properties 

of the SiNx dielectric. Starting with the intrinsic concentration of charge, 
the research grade PECVD contains much less charge than industrial 
PECVD SiNx. The density, stoichiometry, and structure (including H 
content) in the SiNx films also influence the desorption and mobility of 
hydrogen [70–72]. Most often such chemical and structural changes in 
SiNx are monitored via the film’s refractive index. Bredemeier et al. 
reported that the in-diffusion and out-diffusion of hydrogen at the sili
con interface were predominantly influenced by the SiNx film properties 
closest to the interface [71]. High refractive index (low density) films, 
for example, have a greater tendency to release dimers rather than 
atomic hydrogen [70,71]. To determine whether the nitride properties 
explain the difference in the observations, the effect of surface electric 
fields on the chemical properties was studied on films with three 
different refractive indices, and H desorption was enhanced by anneal
ing at a higher temperature of 600 ◦C. 

The density and stoichiometry of the SiNx was varied by regulating 
the silane to ammonia precursor gases, leading to films with n = 1.95, 
2.1, and 2.4. The refractive index is known to vary due to stoichiometry 
and increases with greater silicon density. The intrinsic film charge also 
depends upon film composition and increases with increased nitrogen 
content due to the formation of K-centres [73]. For each refractive index, 
3 types of specimens were produced: a control with no further pro
cessing, a substrate that was annealed at 600 ◦C in the presence of a 60 s 
positive corona field, and a substrate that was annealed at 600 ◦C in the 
presence of a negative corona field. The results of the surface-biased 
lifetime experiment are shown in Fig. 5. The interface recombination 
modelling parameters are given in Table S4. Fig. 5 a compares the results 
for three group C specimens where the SiNx refractive index was 1.95. 
Annealing in the presence of a positive surface field resulted in a sig
nificant reduction in chemical passivation, as seen by a lifetime minima 
100 μ s lower than the control, which resulted from an increase in Sp0 by 
20-fold. In contrast, annealing in the presence of a negative surface field 
improved the interface. Relative to the control, the Sp0 reduced by half. 
Fig. 5 b shows the results for a refractive index of 2.1. A similar pattern 
was observed as in Fig. 5 a, however, here the degradation due to pos
itive surface fields was less stark. The positively charged sample showed 
a smaller increase in Sp0 by tenfold. Annealing in the presence of a 
negative surface field showed a reduction in Sp0. Fig. 5 c shows the re
sults for the highest refractive index of 2.4. Here, the hole capture rate 
did not vary substantially for the positively charged sample, compared 
to the control. The sample that was negatively charged again showed an 
improvement in the chemical passivation. The Sp0 lowered by a factor of 
ten. These results show that the refractive index affects the mechanism 

Fig. 4. (a) Effective lifetime as a function of equivalent surface charge for textured type C specimens with n = 1.95 SiNx, measured via subsequent deposition of 
corona discharge. Lines are model fittings using the energy-dependent Sp0 and Qf parameters as schematically drawn in (b), and listed in Table S3. Group C samples 
with 5/60 nm SiO2-SiNx. C-A refers to a corona-anneal. 
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by which surface polarisation changes the chemical interface properties. 
This is particularly evident for samples annealed in the presence of a 
positive surface field. The detrimental effect of the positive polarisation 
is minimised as the refractive index increases and more H is available as 
reported in Ref. [71]. In all cases, annealing in the presence of a negative 
surface field improves the interface passivation. The results in Fig. 5 do 
not provide an explanation of the contrasting observations for Group A 
specimens where the refractive index of the SiNx film was 1.9. It is 
therefore hypothesised that the passivation or de-passivation mecha
nism is not solely related to the dielectric density or hydrogen content. A 
discussion of various possible passivation mechanisms is presented in 
Section 5. 

4.3. Industrial grade Cz Si with SiO2 passivation 

In this work, we hypothesised that hydrogen can be driven in and out 
of the Si–SiO2 interface after its desorption from a SiNx layer and field- 
induced migration. Section 3 showed that, in research-grade specimens, 
the presence of H inside the SiO2 obtained via FGA was fundamental in 
achieving outstanding passivation. The question arises to what extent 
the H already present inside the SiO2 can be electrostatically manipu
lated, making the SiNx film unnecessary for the observed interface 
passivation effects. To address this, we test Group C.1 substrates with a 

5 nm SiO2 dielectric on both surfaces, without a SiNx film. We use Group 
C as it is the most industrially relevant processed oxide. The oxide sur
faces were positively or negatively charged (30 s), then annealed at 
450 ◦C for 2 min. The results of the subsequent surface-biased lifetime 
experiment on these samples are provided in Fig. 6. The interface 
recombination parameters used to fit the data to a theoretical model are 
given in the Supplementary Materials, Table S5. From Fig. 6 a it is clear 
that the as-oxidised interface is highly recombination active. The 
modelled Sp0 was 3 × 103 cm/s before any processing which is over two 
orders of magnitude higher than with SiNx deposited. This highlights the 
importance of chemical passivation induced by the nitride, now well 
agreed to originate from the presence of hydrogen and broadly exploited 
in the research and industrial communities [74]. Annealing without any 
extrinsic electric field did not significantly alter the interface properties. 
Annealing the control with a positive surface field resulted in an unex
pected improvement to the interface properties as the Sp0 reduced by a 
third. Additionally, a slight increase in the dielectric’s positive charge 
was detected. Annealing in the presence of negative surface electric 
fields also demonstrated improvements in chemical passivation. The Sp0 

decreased by 30 %. Another unexpected finding was a sixfold increase in 
positive charge within the oxide film when the sample was annealed 
after negative corona deposition, as evidenced by the greater shift along 
the negative x-axis, and the modelled Qf parameter in Fig. 6 b. To ensure 

Fig. 5. Effective lifetime as a function of equivalent surface charge for textured type C specimens with SiO2/SiNx passivation stack, where the nitride had (a) n =
1.95, (b) n = 2.1, (c) n = 2.4 refractive index. The surface population was controlled via subsequent deposition of corona discharge. Solid lines are model fittings 
using the energy-dependent Sp0 and Qf parameters and listed in Table S4. 

Fig. 6. (a) Effective lifetime as a function of equivalent surface charge for textured type C.1 specimens with 5 nm SiO2 passivation on both surfaces, measured via 
subsequent deposition of corona discharge. Lines are model fittings using the energy-dependent Sp0 and Qf parameters as schematically drawn in (b), and listed in 
Table S4. C-A refers to a corona-anneal. 
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these results are reproducible and indicative of a trend, a fresh second 
set of specimens was produced that underwent identical positive and 
negative surface charging before annealing. The repeated surface-biased 
lifetime results are consistent with those in Fig. 6, and are included in 
the Supplementary Materials, Fig. S5. Overall, these results show that an 
electric field can also influence the chemical passivation on single-layer 
SiO2, yet to a much smaller extent than in the presence of SiNx. In 
alignment with the results for research grade specimens in Section 4.1, 
the interface improved upon positive corona annealing. More surprising 
was the fact that a high concentration of positive charge was embedded 
in the oxide film due to the annealing under a negative electric field. All 
results in Section 4 are next discussed in depth. 

5. Discussion 

Our work originates from the premise that hydrogen is primarily a 
charged species inside dielectric thin films, and thus its migration must 
respond to electrostatic stimuli. While it is impossible to ascribe all the 
changes in chemical passivation directly to hydrogen, the results pre
sented in Section 4 indicate that the obtained passivation at Si–SiO2 
interfaces depends on the intensity and polarity of an electric field. We 
therefore propose arguments for how H migration could account for the 
observed behaviours. Numerous reports exist concerning the role of 
hydrogen in silicon surface passivation. However, the mechanism of 
hydrogen passivating interface defects is still under debate [6,75–77]. 
The general observations in the field indicate that dangling bonds at the 
Si–SiO2 interface can be passivated by both molecular and atomic forms 
of hydrogen [13,20,78,79]. Atomic hydrogen has been reported to both 
passivate dangling bonds [20,80], or be responsible for de-passivation. 

It is widely reported that H+ is the predominant charge state within 
SiO2 generated through a reaction between holes and hydrogen [13,20, 
24,79]. The positive charge state is highly stable owing to the consid
erably higher energy level of H+ compared to the conduction band of 
silicon, which minimises the probability of neutralisation by electron 
injection [13,20,24]. In addition to H+, neutral H0 has also been re
ported to remain stable and passivate defects at the Si–SiO2 interface 
[80,81]. Lastly, some experimental studies show that dimers can also 
passivate silicon dangling bonds at the Si–SiO2 interface [13,79,82–84]. 

The passivation and de-passivation mechanisms occur spontaneously 
with a very small energy barrier [80]. Stathis et al. reported a greater 
probability of the passivation mechanism occurring than the 
de-passivation [80]. The activation energies associated with both 
mechanisms are reported to have little dependency on surface orienta
tion [79,85]. In the case of a textured (111) Si–SiO2 interface, passiv
ation by H2 can be defined by a single activation energy of 1.66 eV [79, 
82,85]. At a planar (100) face, the passivation activation energy is re
ported to range between 1.51 eV and 1.6 eV [79,86,87]. The activation 
energy of the de-passivation mechanism is ~2.6 eV for both (111) and 
(100) orientations [80,88]. Therefore, the behaviour of hydrogen is not 
expected to depend upon the interface orientation significantly. The 
primary difference between the two orientations is the density of elec
trically active defects present and the intrinsic positive interface charge. 
At the (100) Si–SiO2 interface, there are significantly fewer defects 
created than at (111) interfaces [89,90], resulting in a lower concen
tration of trapped positive holes. 

With these mechanisms in play, we now refer to the observations in 
Section 4, starting with the electrostatics occurring at single-layer SiO2 
film under a biased anneal. The results in Section 4.3 lead to three key 
conclusions. Firstly, there is an improvement in the interface properties 
upon annealing in the presence of both positive and negative surface 
electric fields. The observed improvements in chemical passivation can 
be explained by the capturing of the residual hydrogen in the oxide, 
regardless of the field. It is known that hydrogen can be introduced to 
SiO2 by water molecules [91,92], and through ions generated by corona 
discharge [93]. It is therefore not possible to assume zero hydrogen 
within the system by eliminating the SiNx capping layer. However, the 

SiNx layer is critical in achieving high passivation levels with the mi
nority capture rate decreasing by over two orders of magnitude. This 
corroborates widely known observations of H passivation thanks to 
nitride films. 

Secondly, when annealing in the presence of a positive charge, 
corona ions can inject their charge into the SiO2 thin film. However, the 
total injected positive charge is only a fraction of that placed on the 
film’s surface via corona. This means that either the positive charge 
injection is not as efficient as the corona leakage mechanisms reported in 
previous work [45], or that some of the corona charge injected gets 
quickly neutralised by the injection of hot electrons from the silicon 
conduction band [21]. Looking at the lifetime versus gate charge curve 
in Fig. 6 a, it appears that an additional defect in the upper half of the 
bandgap is created. This is evidenced by the dip in τeff at a gate charge of 
~+1011 q cm− 2. This newly generated defect is reproducible as seen by 
the repeated surface-biased lifetime results in the Supplementary Ma
terials, Fig. S5. In fact, this defect is also present in other experiments. To 
aid understanding, corona-annealed Si–SiO2 interfaces which show such 
defects have been displayed in Fig. S6. It is therefore likely that hot 
electron injection is responsible for the extra interface defects as also 
found in previous works [21]. We suggest future work can use the X-ray 
photoelectron spectroscopy to elucidate changes in structural properties 
of the Si–SiO2 interface. Previous work has shown such method practical 
in identifying chemical composition and oxidation states at the interface 
[28,94], which could provide information about the observed defect. 

Thirdly, annealing the oxide in the presence of a negative surface 
increases the positive charge inside the dielectric. Such accumulation of 
positive dielectric charge after depositing negative corona charge on 
SiO2 has been previously reported in Refs. [95–97]. It is believed that the 
positive charge arises from hole trapping reported to exist in high con
centrations at the Si–SiO2 interface, and are predominantly attributed to 
strained interfacial bonds [95–99]. Hole trapping can occur through 
three primary mechanisms: (i) Through the emission of an electron from 
a neutral state to the conduction band of SiO2, which leaves behind a 
hole [96]. Electron emission from such traps is reported to be the pre
dominant mechanism of creating trapped holes. (ii) Hot hole injection 
from the silicon to the SiO2 [100,101]. This mechanism becomes more 
likely with increasing negative field strength to overcome the valence 
band offset between silicon and SiO2. (iii) Direct tunnelling of an elec
tron from a neutral centre to the conduction band of silicon, which 
leaves behind a positively charged hole trap [96]. This mechanism is 
dependent upon the alignment of the energy levels and is restricted to 
trap centres in very close proximity to the interface [96]. Once the 
electric field is removed, carriers can tunnel back, and thus this mech
anism is unlikely. In Fig. 6 a. a positive dielectric charge exists even after 
the negative corona charge has decayed from the annealing. Mecha
nisms (i) and (ii) are likely in play. 

We now focus on the results for sample sets A and C with a nitride 
present, Sections 4.1 and 4.2. In the case of group A specimens, a pos
itive surface electric field leads to enhanced field effect passivation yet 
only at a Qf ~5 × 1011 q cm− 2. A marginal improvement to chemical 
passivation is seen since Sp0 reduces, yet not to the same extent as the 
control annealed sample without extrinsic corona fields. Negative 
electric fields, on the other hand, produce large interface chemical 
degradation as well as a small decrease in field-effect passivation. In 
group C specimens, a contradictory trend was observed. At annealing 
temperatures of both 450 and 600 ◦C positive surface fields resulted in 
degradation of the chemical properties, and negative surface fields 
resulted in improvements. It is clear that surface electric fields influence 
the chemical passivation properties of the interface. However, it appears 
that the mechanisms at play are different between specimens in groups A 
and C. We now attempt to reconcile the findings by proposing a series of 
H-related and charge injection processes that play a role in the observed 
results. 

A schematic picture of all mechanisms is given in Fig. 7. Starting with 
group A specimens, we note that a Dit in the order of 1010-1011 cm− 2 
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eV− 1 is expected in as-grown Si–SiO2 interface due to the low defect 
density in (100) surfaces [35,102]. Additionally, the oxide film was 
subjected to a forming gas anneal, which is well-reported to introduce 
significant quantities of hydrogen [58,92,103]. It is then proposed that 
the Si–SiO2 interface was very well passivated by the hydrogen intro
duced during the FGA and nitride deposition. The hypothesised mech
anisms are illustrated in Fig. 7b-e. Here, it is proposed that H+ and H−

drifted towards or away from the interface under the influence of elec
tric fields. Neutral atomic and molecular forms may also diffuse under 
high temperatures towards the interface. For group A samples, due to 
the excellent pre-existing passivation, the additional hydrogen migra
tion does not impact passivation further. Under a positive electric field, 
the charging of defects at the SiO2-SiNx interface results in small addi
tional positive Qf and better FEP (Fig. 7e). Annealing under negative 
surface electric fields (Fig. 7d) leads to heavy depassivation. It is possible 
that the pre-existing hydrogen is thermally dissociated from interface 
defect sites, likely due to electron injection from the SiNx surface, thanks 
to the corona ions conceding their charge. In fact, when examining Fig. 3 
a in detail, it is clear that a defect appears for a gate bias of ~ 0–1 V, 
leading to a decrease in τeff . This is the same defect identified earlier as 
originating from electron injection into the Si–SiO2 interface and is also 
displayed in Fig. S6 for clarity. 

Let us now concentrate on group C specimens, Fig. 7f-i. Here, we 
observe two key findings when the SiO2 film is polarised without a SiNx 
capping layer. Under negative electric fields, mild hydrogenation oc
curs, possibly as H− species are dragged to the interface. This occurs as 
holes are injected from the silicon surface into the oxide, which build a 
positive Qf and provide field effect passivation (Fig. 7f). Under positive 
electric fields (Fig. 7g), there appears to be a component of electron 
injection from the Si surface which causes degradation via an upper- 
midgap defect. Yet, substantial H passivation occurs from H+ migra
tion into the interface, overall resulting in an improved chemical 
interface. 

Consider now the case where SiNx is present in group C specimens. 

Improved chemical passivation is achieved purely due to the nitride 
deposition. Then, annealing under a negative electric field leads to little 
change in the chemical interface, with a small hydrogenation 
improvement arising, presumably from H− /H0/H2 species reaching the 
interface. The negative electric field also prevents the SiO2-SiNx film 
from gaining a net positive charge. This can occur due to two factors: 
electrons get injected from the corona ions into the dielectrics, neu
tralising the formed positive charge; or the negative electric field in
hibits the processes by which traps in the dielectric become positively 
charged. It is more plausible that the former mechanism is the primary 
contributor as the final positive Qf reduces in magnitude, the higher the 
negative corona ion concentration. Additionally, as occurred in the SiO2 
single-layer case, it is possible that some holes are injected from the 
silicon into the oxide. Still, such holes do not remain charged as the final 
Qf is positive but lower in magnitude when the nitride is present during 
negative corona annealing. 

Annealing the SiO2-SiNx in group C under a positive electric field 
leads to a surprising degradation of the chemical interface, observed in a 
marked increase of Sp0. The main mechanism believed to be at play is the 
injection of hot electrons from the Si into the Si–SiO2 interface. The role 
of electron injection in de-hydrogenation of the interface is reported in 
Refs. [24,104,105]. Such injection is enhanced by the intrinsic positively 
charged defects in the SiO2-SiNx and the added positive surface corona 
ions. The intrinsic defects in the SiO2-SiNx seem to govern the final 
concentration of positive charge, as the corona ions do not increase the 
final positive Qf , observed to be around 3–4 × 1012 q cm− 2. 

In light of these hypothesised mechanisms, the role of negative 
charge is primarily to prevent the injection of electrons from the Si 
surface into the SiO2, thus preventing the degradation of the chemical 
passivation in group C. It is also possible that, under a sufficiently high 
negative electric field, holes from the Si are injected into the SiO2 and 
can react with H species (H0 + h→H+), promoting passivation as re
ported in Ref. [106]. Overall, with a negative corona anneal mild 
passivating effects can occur via H0/H2/H− , without the detrimental 

Fig. 7. Schematic diagram of the mechanisms of charge and hydrogen interaction at Si–SiO2 interfaces, with and without the presence of a nitride capping layer. (a) 
The bare system of an n-type Si surface. Group A Si–SiO2 interface under a negative (b) and positive (c) surface electric field from corona ions. Group A Si–SiO2-SiNx 
interface under a negative (d) and positive (e) surface electric field from corona ions. Group C Si–SiO2 interface under a negative (b) and positive (c) surface electric 
field from corona ions. Group C Si–SiO2-SiNx interface under a negative (d) and positive (e) surface electric field from corona ions. 
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effects of electron injection as the silicon surface is now hole-rich. 
The main difference between groups A and C seems to be the pos

sibility of hot carrier injection from the Si surface space charge. In 
research-grade thicker SiO2, such a process seems to be inhibited by a 
superior Si–SiO2 interface. In the lower temperature and fast-throughput 
industrial SiO2, the initial interface is clearly inferior and thus benefits 
from H passivation. The lifetime data for samples An under negative 
corona anneal and samples B under positive corona anneal indicate that 
hot electrons are detrimental and can lead to depassivation of the 
interface. An electron-induced defect is observed in both cases, with 
high activity near the mid-upper bandgap region, Fig. S6. 

We note here that previous work by Jin et al. used a comparable 
experimental approach and revealed analogous surface-biased lifetime 
dependencies of hydrogenated Si–SiO2 structures [93]. They reported 
interface degradation under both low positive and negative surface field 
conditions, which they attributed to both the depassivation of silicon 
dangling bonds, and the generation of new defects by atomic hydrogen 
[93]. Contrary to the observations of Jin et al., there is no evidence of 
interface degradation for positive surface fields on group A specimens. 
Additionally, it was found that the passivation performance is improved 
in the case of group C specimens when they are negatively charged 
before annealing. It is proposed here that the dynamics of hydrogen and 
charge injection across the oxide-silicon interface are responsible for the 
observed changes in chemical passivation. 

We finally turn our attention to group C samples, where the refrac
tive index of the nitride is varied. The specimens in Fig. 5 c show a clear 
trend based on the refractive index of the SiNx film. Increasing the 
refractive index reduces the detrimental effect of positive surface fields 
during annealing. At the highest refractive index of 2.4, there was a 
negligible difference between the chemical passivation of the interface 
for the control specimen and the positively charged specimen. It is well- 
reported that hydrogen content within SiNx increases with increasing 
refractive index [71,72]. Bredemeier et al. reported that the maximum 
hydrogen concentration is desorbed in films where n = 2.4 [71]. It is 
hypothesised here that regardless of the field polarity, hydrogen is 
drifted or diffused to the silicon surface where it passivates dangling 
bonds. For group C specimens with the lowest n of 1.95, 
hydrogen-terminated dangling bonds are de-passivated by electron in
jection, similarly to the mechanism presented in Fig. 7 i. With increasing 
refractive index, the substantially higher concentration of available 
hydrogen swiftly passivates previously de-passivated dangling bonds, 
thus overriding the de-passivation mechanism by electron injection. 
This effect is most evident in specimens with a refractive index of 2.4, 
which are believed to have the greatest hydrogen concentration. It was 
also shown that irrespective of film density, annealing group C speci
mens in the presence of negative surface fields improved chemical 
passivation substantially, via the mechanisms previously suggested: in
hibition of detrimental electron injection, injection of holes, and 
migration of H0/H2. 

6. Conclusions 

This work demonstrates that: 

1. Hydrogen passivation is pivotal in improving silicon solar cell per
formance via reduced surface recombination, and hydrogenated di
electrics are crucial to cell manufacturing.  

2. The chemical passivation of Si–SiO2-SiNx interfaces is dependent on 
the polarity and strength of the surface electric field.  

3. A distinct difference in passivation quality is obtained after elevated 
temperature firing when positive or negative corona charge is 
deposited on the dielectric surface, with optimal processing being 
dependent on the surface electric field, the oxide-silicon interface 
quality, and the nitride hydrogenation and charge migration 
properties.  

4. The dielectric hydrogen content (presumed to be determined by the 
refractive index) influences passivation effectiveness, with higher 
refractive indices enhancing hydrogen passivation.  

5. Understanding the interplay of hydrogen and electric fields is crucial 
for optimising silicon solar cell performance. 

Additionally, we have shown that passivation can be improved to >1 
ms lifetimes on textured wafers, after optimal corona charging and 
medium temperature annealing. The best passivation quality achieved 
shows an SRV< 1 and 5.6 cm/s for research- and industry-grade speci
mens respectively, which equate to a J0s < 15 fA cm− 2 without cor
recting for the higher surface areas. The possibility of controlling the 
hydrogenation of a silicon solar cell can have extensive implications for 
future improvements in device performance, and industrial deployment 
of controlled hydrogenation. 
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[38] H. Mäckel, K. Varner, On the determination of the emitter saturation current 
density from lifetime measurements of silicon devices, Prog. Photovoltaics Res. 
Appl. 21 (2013) 850–866, https://doi.org/10.1002/pip.2167. 

[39] D.E. Kane, R.M. Swanson, Measurement of the emitter saturation current by a 
contactless photoconductivity decay method, in: Proc of the 18th IEEE 
Photovoltaic Specialists Conference, 1985, pp. 578–583. 

[40] T. Niewelt, B. Steinhauser, A. Richter, B. Veith-Wolf, A. Fell, B. Hammann, N. 
E. Grant, L. Black, J. Tan, A. Youssef, J.D. Murphy, J. Schmidt, M.C. Schubert, S. 
W. Glunz, Reassessment of the intrinsic bulk recombination in crystalline silicon, 
Sol. Energy Mater. Sol. Cell. 235 (2022) 111467, https://doi.org/10.1016/j. 
solmat.2021.111467. 

[41] PV LightHouse. www.pvlighthouse.com.au, 2022. Cells calculators. 
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