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ABSTRACT 

In this work, the effect of the various processing steps during the fabrication of c-

Si/SiOx/SiCx fired passivating contacts on the silicon bulk lifetime is studied, and the 

kinetics of defect deactivation by hydrogenation investigated. It is found that the firing step 

at 800 °C induces shallow bulk defects in Float-Zone (FZ) silicon wafers, which can 

subsequently be passivated with hydrogen provided by an a-SiNx:H/D reservoir layer upon 

annealing at 450 °C. Experimental results and numerical data treatment indicate a rapid 

passivation of the surface within less than 1 min, followed by a slower passivation of the 

shallow bulk defects. In situ lifetime measurements are consistent with a slow bulk lifetime 

improvement by showing similar lifetime evolutions for both p-type and n-type SiCx layers. 

The kinetics of the hydrogenation process seems to be limited by the available hydrogen 

supply at the c-Si/SiOx interface, rather than by its diffusion within the bulk of the wafer. 

Moreover, it is affected by the bulk doping, as well as the SiCx layer thickness. Finally, it is 

shown that hydrogenation is also possible with an a-SiNx:H/D reservoir layer deposited on 

one side of the wafer only, although resulting in a lower passivation level (τeff ~700 μs 
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compared to τeff ~1300 μs for symmetrical samples), and slower kinetics (τreac ~5 min 

compared to τreac ~0.8 min). 

1. INTRODUCTION 

Full area passivating contacts resisting high temperature treatments attracted a lot of 

attention in the past years. Their integration in c-Si solar cells has recently enabled to reach 

conversion efficiencies above 26% [1], [2] and first industrial production lines to fabricate 

cells featuring such contacts are currently being ramped up [3]–[5]. Such contacts typically 

consist of a thin (1.2-3.6 nm) silicon oxide (SiOx) layer, capped with a doped poly-silicon 

layer (poly-Si), that subsequently undergo a high-temperature treatment and a hydrogenation 

step. Lately, a special focus has been put on the so-called firing step, which is a rapid high-

temperature process used to form the screen-printed metallization, commonly used in 

industrial mass production. Compatibility of the passivating contacts with this process is 

crucial for a straightforward transfer of the technology from laboratories to industry [6]. On 

the one hand, this firing process has been reported to damage the sample’s passivation [7]–

[9], while on the other hand it has been investigated as a low thermal budget approach to 

form Fired Passivating Contacts (FPC) [10], [11]. The kinetics of the hydrogenation process 

has also been studied in more detail recently, providing further insight on the mechanisms 

at work and the factors limiting the passivation. Dingemans et al. investigated it in the case 

of hydrogen diffusing from Al2O3 layers deposited on c-Si/SiO2 stacks [12], and Polzin et 

al. for various hydrogenation approaches for their TOPCon architecture [13]. 

In this work, the evolution of the silicon bulk lifetime upon firing and hydrogenation is 

investigated, in order to discriminate between effective lifetime changes due to bulk or 

surface passivation variations and complement the findings of our previous study, where the 

impact of various processing steps on the hydrogen distribution near the surface was 

investigated [14]. As the final goal was to assess the surface passivation quality provided by 

FPCs, FZ wafers were used. The latter are widely used in research laboratories as FZ silicon 

is of high purity, resulting in high minority carrier bulk lifetimes [15]–[18]. In the case of 

the hydrogenation process, its kinetics is investigated, trying again to discriminate between 

evolution of bulk and surface lifetimes upon diffusion of hydrogen from an a-SiNx:H/D 

reservoir layer, which was reported to be a key step for good passivation of FPCs [10], [14]. 

Finally, the diffusion of hydrogen from a front a-SiNx:H/D layer through the whole wafer is 

investigated to provide additional insight into hydrogenation kinetics, and to test a 

passivation approach potentially interesting for a cell architecture featuring a p-type 

passivating contact at the rear side and the hydrogen reservoir in the a-SiNx:H layer doubling 

as anti-reflective coating on the front. 

2. EXPERIMENTAL 

2.1. Fabrication 

The samples for the present study were processed on (100) oriented FZ silicon wafers 

with a Shiny-Etched (SE) or Double Side Polished (DSP) surface finish and a diameter of 

10 cm. The SE wafers have a thickness of 200 μm and a resistivity of 2 Ωcm, while the DSP 

wafers are 280 μm thick and have a resistivity of 3 Ωcm. If not stated otherwise, they were 

boron-doped (p-type). The sample fabrication started with a chemical cleaning. Next, a SiOx 

layer was grown at the surface. This was done either chemically (HNO3, 69%, 80 °C, 

10 min) [19], [20], or by exposing the wafer to UV radiation in ambient air (2-3 min each 

side), leading to the formation of O3 oxidizing the silicon surface [21]–[23], both resulting 

in a ~1.3 nm thin tunneling oxide, or thermally (90 min at 900 °C in an oxygen ambient) 
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[24]–[27], resulting in a ~25 nm thick oxide. A 10-40 nm thick hydrogenated amorphous a-

SiCx layer (~2.5 at.% of carbon [10]) was then deposited by Plasma Enhanced Chemical 

Vapor Deposition (PECVD), using SiH4, H2, CH4, PH3 (n-doped layers) and B(CH3)3 (p-

doped layers) precursor gases. These depositions were performed in two similar tools, called 

Kai-M and Octopus. The samples were then fired for 3 s at 800 °C, crystallizing the 

previously amorphous layers into nano-crystalline nc-SiCx
1 and effusing most of the 

hydrogen contained in the layer after deposition, as reported previously [14]. Finally, the 

samples were hydrogenated. To do so, a ~70 nm thick a-SiNx:H/D layer was deposited by 

PECVD at 250 °C on one or both sides of the wafers, releasing hydrogen during a 

subsequent hotplate anneal at 450 °C for 30 min [28]. Deuterium was incorporated into the 

a-SiNx:H/D layers by replacing the H2 gas flow by D2 in the PECVD process. In some cases, 

the a-SiNx:H/D layer was removed after hydrogenation by dipping the samples in a 5% HF 

solution for 12 min. The fabrication process is schematically represented in Fig. 1. 

 

2.2. Characterization 

To assess the passivation quality of the fabricated samples, Quasi-Steady-State 

Photoconductance (QSSPC) measurements and photoluminescence (PL) imaging were 

performed. QSSPC was measured using a Sinton WCT-120 instrument, providing the 

effective minority carrier lifetime (τeff) as function of the minority carrier density (MCD), 

as well as the implied open circuit voltage (iVOC) at 1 sun [29]–[31], implementing the Auger 

correction published by Richter et al [32]. As for PL imaging, it was measured with an in-

house built setup. The samples are excited using an Ostech laser with a wavelength of 808 

nm, operated with a power of 1.2 suns, and the images are recorded with a PIXIS Princeton 

instrument silicon-based camera. 

In situ Modulated Photoluminescence (MPL) was used to track the evolution of the 

minority carrier lifetime in real time during the hydrogen diffusion step at 450 °C. In this 

setup, it is determined through the measurement of the phase-shift between the modulated 

laser illumination and the photoluminescence signal, as described by Desthieux et al. [33]. 

The chemical composition of some samples was measured by Secondary Ion Mass 

Spectrometry (SIMS), using a CAMECA SC-Ultra instrument with a 1 keV Cs+ primary 

ions bombardment. Oxygen, hydrogen and deuterium were analyzed as MCs+ ions, collected 

from an area of 60 μm in diameter, with a depth resolution of ~4 nm (not element dependent) 

[34]. 

 

 
1 Based on transmission electron microscopy observations, we assume this layer to be formed of 
nc-Si grains in an a-SiCx matrix [66]. 

 

 
Fig. 1: Schematic illustration of the fabrication process using a sacrificial a-SiNx:H/D layer for hydrogenation. 

Note that a chemical cleaning was performed prior to the oxidation. 
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3. RESULTS & DISCUSSION 

3.1. Shallow bulk defects created upon firing 

In order to assess the evolution of the bulk lifetime during the processing sequence, the 

deposited layers were removed from samples at various stages of the process, using HF to 

etch off a-SiNx:H/D and CP42 to etch off nc-SiCx. Subsequently, their surfaces were coated 

with amorphous silicon layers, providing excellent surface passivation [35]. Doing so allows 

to observe bulk defects, as in their presence the measured effective lifetime becomes bulk 

limited. As can be seen in Fig. 2, a ring shape appears after firing, indicating that bulk defects 

have been created [36]. These bulk defects can be passivated by hydrogen, as suggested by 

Fig. 2c and more clearly by Fig. 4 below. Hiller et al. and de Guzman et al. reported similar 

findings, using FZ wafers too, and they proposed that the defect could be due to Si-vacancies 

that capture N-atoms, leading to dangling bonds that can be passivated with hydrogen [15], 

[37]. The reason why the sample in Fig. 2c, that underwent a hydrogenation process, still 

displays some ring shape, is believed to be hydrogen effusion during the heating phase of 

the PECVD process prior to the deposition of the a-Si:H layers (200 °C under vacuum for 7 

min without any capping layer).  

 
In order to gain further insight into the defect properties, lifetime measurements were 

performed at various temperatures, ranging from 25 °C to 190 °C, on hydrogenated samples 

still capped with a-SiNx:H/D layers. Following the approach proposed by Murphy et al. [38], 

we find that the dominating limitation is a shallow bulk defect, as indicated by the negative 

slope of the linear region at high injection in Fig. 3a. Expressing this region through 𝜏 =
𝑎 + 𝑏 ⋅ 𝑥, extrapolation to 𝑥 → 1 yields the ambipolar lifetime 𝜏𝑎𝑚𝑏 = 𝑎 + 𝑏, and the ratio 

𝜉 defined by 𝜉 = 𝑏/(𝑎 + 𝑏) yields a quantity that is characteristic for the defect, but 

independent of its concentration [38], [39]. The two fitting parameters 𝑎 and 𝑏 do not 

uniquely determine the properties of the defect, but they can be used to obtain a functional 

dependence between the ratio of the capture cross sections, 𝑘, and the defect energy 𝐸𝑡 which 

is called Defect Parameter Solution Surface (DPSS). Thus, 𝑘 = −(𝑝1/ 𝑝0 + 𝜉)/(𝜉 − 1 +
𝑛1/𝑝0) where 𝑝0 is the doping concentration of the wafer and 𝑝1, and 𝑛1 are the parameters 

defined in the Shockley-Read-Hall (SRH) statistics [40], [41]. 

As the DPSS for the lifetime curves measured at various temperatures should intersect at 

the most likely values of 𝐸𝑡 and 𝑘 [42], Fig. 3b indicates that the energy level of the defect 

 
2 Chemical Polish: mixture of HF (50%), HNO3 (69%) and Acetic acid (99.9%), in volume ratios of 
10%, 73% and 17%, respectively. 

 

 
Fig. 2: PL images of samples at different processing stages which layers have been etched off by HF and 

CP4 and the surface repassivated using a-Si:H(i)/a-Si:H(n) stacks. Sample (a) has been etched and 

repassivated directly after PECVD of a-SiCx(p) layers, sample (b) after subsequent firing for 3 s at 800°C, 

sample (c) after subsequent hydrogenation by H-diffusion from an a-SiNx:H/D reservoir layer. 
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should be very close to either the conduction band or the valence band. After subtraction of 

the contribution of the shallow bulk defect, a residual about an order of magnitude higher 

than the original lifetime curves is obtained (Fig. 3c), meaning that our passivation after 

hydrogenation is mainly limited by these shallow bulk defects, and not by recombinations 

at the c-Si/SiOx interface as assumed so far (note that above Δ𝑛 = 2 × 1015 cm−3 the 

calculation of the residual is no longer trustworthy, hence the characteristics are shaded). 

This is a major finding, as it implies that the surface passivation of the present FPCs is much 

better than expected, and future work should focus on the passivation of bulk defects in order 

to further increase the minority carrier lifetime. 

In our previous study, it was shown that the effective lifetime of the samples stays low 

until the hydrogenation step is performed [14]. In the light of the results above, it can be 

concluded that in the as-deposited state, a low surface passivation is the limiting factor. After 

firing, both bulk and surface lifetime are low, and finally improve upon hydrogenation, with 

the bulk lifetime becoming the limiting one. 

 

 
The work performed by Grant et al. [36] and Hiller et al. [15] suggests that these bulk 

defects can be fully cured by annealing for 30 min at temperatures above 800 °C and to a 

lesser extent by rapid thermal annealing for 30 s. In our case, we mainly create defects with 

the fast firing process of 3 s at 800 °C (resulting in τeff ~50 μs), and we observe only marginal 

improvement when increasing the firing temperature up to 930 °C and/or prolonging the 

dwell time up to 30 sec (τeff, max = 279 μs, reached with 30 s firing at 860 °C). Moreover, the 

interfacial tunnel oxides seem to get damaged when moving to such harsh firing conditions. 

Possibly, a long furnace anneal of the wafers prior to the processing of the passivating 

contacts (similar to the “tabula rasa” treatment for n-type Cz wafers [43]–[45]) could avoid 

the formation of the shallow defects. This remains to be investigated and would allow to 

assess the full potential of the fired passivating contact. Potentially, this annealing of the 

defects could be integrated with the POCl3 diffusion of an n-type front contact, thus 

maintaining the advantage of a low thermal budget for the formation of the passivating rear 

contact. 

Further ideas to investigate are the use of nitrogen lean FZ material, which was reported 

to behave differently [36], or the implementation of FPCs on Cz wafers. Indeed, this ring 

shape issue seems to be inherent to FZ material as a preliminary test did not show them on 

Cz wafers after firing. However, the lifetime measured on these Cz samples after firing and 

a-Si:H(i)/a-Si:H(n) surface passivation stayed below 160 μs (iVOC < 675 mV). On the other 

hand, iVOC values up to 730 mV have been reported for FPCs on Cz wafers after 

hydrogenation [46]. Hence, further work is needed to understand the bulk lifetime evolution 

of Cz material upon firing and hydrogenation. 

3.2. Hydrogenation kinetics 

 
Fig. 3: (a) Linearized lifetime curves of QSSPC measurements at various stage temperatures and fits 

indicating shallow defects. (b) DPSS curves of the same samples. (c) Original lifetime curves and residuals 

after subtraction of Auger and shallow bulk contributions. 
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To investigate the evolution of the bulk and surface passivation during hydrogenation, a 

symmetrical test sample featuring a tunneling SiOx/SiCx(p)/a-SiNx:H/D stack was annealed 

on the hotplate at 450 °C in consecutive steps, and PL images were recorded in between. 

Fig. 4 shows that the PL intensity improves already after 30 sec in the outer regions of the 

wafer. As this is likely the region with fewer bulk defects [47]–[49], we conclude that the 

interface defects are already passivated after this short time. The ensuing improvement of 

the PL signal over the full wafer is thus related to a gradual passivation of the bulk defects, 

in agreement with the above finding that the shallow bulk defects are the ones limiting the 

effective lifetime after hydrogenation. This conclusion is further supported by the fact that 

for samples hydrogenated for 30 min at 350°C, such a ring shape is visible too (not shown 

here), indicating that even at such low temperature enough hydrogen was diffused to 

passivate the interface, but not enough to passivate the bulk. 

 
In order to allow for a quantitative comparison, the evolution of the passivation was also 

assessed by measuring the lifetime at regular intervals during the hydrogen diffusion on the 

hotplate. These curves were then fitted according to 𝝉𝒆𝒇𝒇 = [𝟏 𝝉𝒆𝒏𝒅⁄ + 𝑨 ∙ 𝐞𝐱𝐩 (−𝒕 𝝉𝒓𝒆𝒂𝒄⁄ )]−𝟏, as 

suggested by Mitchell et al. [50] and Polzin et al. [13], where 𝝉𝒆𝒇𝒇 is the measured effective 

minority carrier lifetime and 𝝉𝒆𝒏𝒅 and 𝟏/𝝉𝒓𝒆𝒂𝒄 fitting parameters, corresponding to the 

minority carrier lifetime reached after hydrogenation and the reaction rate, respectively. Fig. 

5 compares the kinetics of samples featuring 1.2 nm thin tunneling SiOx and 25 nm thick 

thermal SiO2, as well as n-doped and p-doped SiCx layers. 

The most striking difference in kinetics is between samples with a thermal oxide 

(saturating within ~1 min, τreac < 0.2 min) and those with a tunneling oxide (saturating within 

~5 min, τreac ~0.8 min). Most likely this is linked to the thermal history of the samples. The 

tunneling oxides are grown by UV-O3 treatment at room temperature or in HNO3 at 80 °C, 

whereas the thermal oxide is grown during a 90 min annealing at 900°C, which most likely 

cured the majority of bulk defects [36]. Thus, we hypothesize that for samples with thick 

thermal oxide mainly interfacial defects remain to be passivated, leading to a fast 

hydrogenation process, whereas for samples with tunneling oxide both interfacial and bulk 

defects remain to be passivated, the latter limiting the kinetics of the hydrogenation process 

as observed in Fig. 4 above. 

Interestingly, no significant difference was observed between samples featuring n-doped 

and p-doped SiCx layers, even though the position of the Fermi level was reported to have 

an influence on the charge-state of hydrogen [51], and hence on its diffusivity [52], [53]. 

 

 
Fig. 4: PL images taken at various time intervals during the hydrogenation process by H-diffusion from an a-

SiNx:H/D reservoir layer, showing the evolution of the passivation with time spent on the hotplate. The spot 

with lower PL signal near the center is due to local blistering of the a-SiNx:H/D layer. 
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This effect can however not be ruled out, as the nc-SiCx(p) layers are thicker and more 

crystalline than their nc-SiCx(n) counterparts. 

 
Fig. 5 shows almost instantaneous passivation in the case of thick thermal oxides. In order 

to slow down the kinetics and to gain further insight in what is speculated to be the 

hydrogenation of interfacial defects, some samples were annealed on the hotplate at 350 °C 

rather than 450 °C. The passivation saturates within 5 min, as can be seen in Fig. 6a. In the 

plot over n/p, the characteristics show a linear behavior only in the as-deposited state and 

for short treatment times. For longer hydrogenation times, the curvature increases and 

reaches similar shapes as those hydrogenated at 450°C, shown in Fig. 6b. Since linear 

behavior is the signature of shallow bulk defects, this trend corroborates the interpretation 

made earlier, that in the case of samples with a thermal SiO2, the kinetics of the 

hydrogenation process are limited by the passivation of interfacial defects. Note the the 

curves in Fig. 6b correspond to open squares in Fig. 5, and display the same behaviour: 

instantaneous passivation, and a small decrease after 10 min. 

 
Fig. 5: Evolution of effective minority carrier lifetime (at MCD of 𝟏 ∙ 𝟏𝟎𝟏𝟓𝐜𝐦−𝟑) during hydrogenation on 

hotplate at 450 °C for samples with nc-SiCx(p) or nc-SiCx(n) and ~1.3 nm tunneling SiOx or ~25 nm thermal 

SiO2. The dashed lines give the fits according to 𝝉𝒆𝒇𝒇 = [𝟏 𝝉𝒆𝒏𝒅⁄ + 𝑨 ∙ 𝐞𝐱𝐩 (−𝒕 𝝉𝒓𝒆𝒂𝒄⁄ )]−𝟏. 

 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

treac = 0.08 min

treac = 0.18 min

treac = 0.81 min

 HNO3-SiOx/SiCx(p)

 UV-O3-SiOx/SiCx(n)

 Therm-SiO2/SiCx(p)

 Therm-SiO2/SiCx(n)

L
if
e

ti
m

e
 (
m

s
)

Annealing time (min)

treac = 0.76 min

Commented [LMJ9]: HT736 



IEEE Journal of Photovoltaics (2022) 
 

8 
 

 

3.3. In situ lifetime measurements in real time 

So far, all kinetics measurements were performed by annealing the samples shortly on 

the hotplate in several steps and measuring the effective lifetime at room temperature in 

between. In order to go one step further and measure the evolution of the lifetime in real 

time during the hydrogenation process, in situ modulated photoluminescence measurements 

were carried out [33]. 

First, the evolution of the lifetime in a sample passivated with a SiOx/nc-SiCx(p)/a-

SiNx:H/D stack, that has been annealed for 30 min at 450 °C beforehand, was measured. 

This sample was subject to a new annealing experiment (30 min at 450 °C) during which 

the lifetime was monitored in real time by in situ MPL (see Fig. 7a). Large variations of the 

lifetime are measured during the heating and cooling phases: 𝜏𝑒𝑓𝑓 increases with 

temperature up to 350 °C and severely drops when the temperature exceeds 350 °C. During 

the cooling phase 𝜏𝑒𝑓𝑓 displays a “symmetrical” behavior, rising rapidly as the temperature 

drops below 350 °C again, and subsequently decreasing slowly with temperature. During 

the high temperature plateau (450 °C), the lifetime stays constant. The final lifetime 

measured by QSSPC is identical to the initial one meaning that the new annealing did not 

change the passivation of the sample. Consequently, these variations are reversible and are 

expected to result from two competing phenomena: reversible changes in the overall bulk 

and surface lifetimes (such as evolution of electron and hole trap capture cross sections) that 

increase with temperature [33], [54] against Auger or SRH recombinations that are boosted 

at high temperature (the intrinsic carrier density under thermal equilibrium at 450 °C being 

around 4∙1016 cm-3 [55], [56]). Further details can be found in [57]. Another possible 

explanation could be a temperature dependent steady-state between hydrogen supply, Si-H 

bond forming and breaking. A similar interpretation of their results was made by Dingemans 

et al., stating that passivation and dissociation processes take place in parallel, leading to a 

temperature-dependent equilibrium defect density [12], [58], [59]. Therefore, these 

variations are not related to the studied hydrogenation process. 

Fig. 7b shows the evolution of the lifetime during an annealing at 450°C for 30 min on 

samples with nc-SiCx(p) and nc-SiCx(n) layers capped with an a-SiNx:H/D layer (as-

deposited samples). Both samples display a similar behavior. At the beginning of the 

annealing step, the lifetime is very low and gradually increases during the temperature 

plateau at 450 °C until it saturates after 20 minutes. The second part of the graph (cooling 

phase) is similar to the one shown in Figure 7a. This can be interpreted as follows: at the 

 

   
Fig. 6: Auger-corrected lifetimes over n/p of samples featuring a thick thermal SiO2 measured at various time 

steps during the hydrogenation process at 350°C (a) and 450°C (b). The legend gives the total time (in minutes) 

the sample has spent on the hotplate. 
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beginning, the lifetime is limited by the bulk defects formed during the firing step, thus 

preventing the emergence of the first lifetime “peak” observed in Fig 7a. At 450 °C, the 

lifetime increases exponentially, which is consistent with the progressive hydrogenation of 

the bulk defects, until it saturates when the bulk is completely passivated. At that point, the 

lifetime is still low (around 250 µs) since it is limited by Auger and SRH recombinations 

due to the high temperature.  

In this setup, the hydrogenation seems to take longer than in the previous hotplate 

annealing experiments. This is most likely due to differences in the heating process. In the 

case of MPL, the samples are heated in a reactor, which heats up relatively slowly 

(~30 °C/min), while in the case of hotplate treatment, the samples are put directly on the 

hotplate pre-heated to 450 °C and thermalize within ~6 s. However, the curves measured by 

MPL can be fitted with the same formula as the ones from the hotplate experiment, 

indicating that a similar mechanism is at work. Doing so yields τreac = 2.37 min and τreac = 

2.92 min for the samples with nc-SiCx(p) and nc-SiCx(n), respectively. The passivation thus 

seems slightly faster for samples with a p-type layer, but otherwise the behavior is similar. 

 

 

3.4. Hydrogenation with a-SiNx:H/D on front side only 

The saturation of 𝜏𝑒𝑓𝑓 indicates that more than enough hydrogen is supplied by the a-

SiNx:H/D reservoir layers. Moreover, hydrogen was reported to diffuse quickly through c-

Si [60]. Therefore, hydrogenation with the a-SiNx:H/D layer on only one side of the wafer 

was investigated (see Fig. 8a). Note the the samples of this experiment featured interfacial 

oxides grown by UV-O3 treatment. The possibility to diffuse hydrogen from a front reservoir 

layer, through the wafer, to the back surface has been reported in literature [61]–[63]. Such 

an approach might be of interest, as it would simplify the production process of high 

efficiency solar cell architectures featuring a front a-SiNx:H layer as anti-reflective coating, 

but no such layer on the rear side [2]. As shown in Fig. 8b, the lifetime saturates at ~700 μs 

(corresponding to iVOC values ~705 mV) after about 1 hour of hotplate treatment and 

remains constant for at least 8 hours. Samples from the same experiment, that had an a-

SiNx:H/D reservoir layer on both sides, reached lifetimes of ~1300 μs (corresponding to 

iVOC values ~718 mV). Moreover, none of these samples displayed ring shapes in PL 

measurements performed after hydrogenation. These results indicate that the hydrogenation 

of both c-Si/SiOx interfaces, as well as the bulk, occurs also with the hydrogen source on 

only one side of the wafer, although to a lower level than with a-SiNx:H/D on both sides. 

 
Fig. 7: (a): MPL measurement of lifetime (at an excess carrier density of 𝟏 ∙ 𝟏𝟎𝟏𝟓 𝐜𝐦−𝟑) of a sample featuring 

nc-SiCx(p) and having already been hydrogenated previously. (b): MPL measurement as function of time 

during hydrogenation process. Two samples are represented, featuring nc-SiCx(p) and nc-SiCx(n) layers, in 

order to compare their kinetics. 
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In order to quantify the passivation of the rear side, the back surface recombination 

velocity was computed, applying the method presented by Sproul et al. [64], and assuming 

that the surface recombination velocity at the front side is equal to the one obtained on 

symmetrical samples with a-SiNx:H/D layer on both sides. As the calculation requires the 

bulk lifetime, which in our case changes over the course of the process (as shown above), 

only a lower limit is given, based on the assumption of τbulk = 3 ms after hydrogenation (as 

measured in Fig. 2a for the sample after SiCx(p) deposition); thus, one obtains Sfront = 

6.4 cm/s and Sback = 23.6 cm/s. However, it is unlikely that the bulk passivation is as good 

for a single side hydrogen source than for the case with a-SiNx:H/D on both sides, while the 

back surface passivation is not. Assuming Sfront = Sback = 6.4 cm/s, one obtains τbulk = 

1.036 ms. Hence, it is likely that the value of τbulk is somewhere in between 1 and 3 ms, 

while Sback lies between 6 and 24 cm/s. 

Finite elements simulations, shown in Fig. 8c, indicate that at 450 °C hydrogen can 

diffuse through the whole wafer in less than a minute, indicating that the hydrogenation 

process is not diffusion limited. A possible candidate for the factor limiting the 

hydrogenation is the available hydrogen supply. For these simulations, a Wolfram 

Mathematica script was written, using the diffusion coefficients given by Carlson et al. [60] 

for the 30 nm thick nc-SiCx(p) layer and the 280 μm thick c-Si wafer, and those given by 

Tuttle [65] for the 1.2 nm thick SiOx layer. For the initial conditions, a hydrogen 

concentration of 1.14∙1022 cm-3 in the a-SiNx:H/D layer was used, as has been measured by 

Elastic Recoil Detection Analysis (ERDA). For the other layers and the bulk, a concentration 

of 1∙1016 cm-3 was used, as different levels within the layers or lower concentrations in the 

bulk could no longer be solved by the script. Note also that the diffusion coefficient used for 

the nc-SiCx(p) layer was the one for amorphous silicon (5.77∙10-13 cm2/s), which is lower 

than what is expected for a nano-crystalline layer, and still results in very rapid diffusion of 

hydrogen from the front source layer to the back side. 

SIMS measurements on the rear side, shown in Fig. 8d, revealed the presence of hydrogen 

in the rear layers, but surprisingly no trace of deuterium could be found, neither after 30 min 

of diffusion, nor after 2 hours, even though it was incorporated into the a-SiNx:H/D reservoir 

layer too. Deuterium has a 1.41 times lower diffusion coefficient than hydrogen [60], but is 

otherwise expected to behave similarly to hydrogen; and in our previous studies, both 

hydrogen and deuterium were found to diffuse from the a-SiNx:H/D reservoir layer into the 

sample [14], [66]. Moreover, Mathematica simulations of deuterium diffusion showed 

results very similar to those of hydrogen. Thus, the absence of deuterium and/or the origin 

of the observed hydrogen remains an open question and further investigations are needed in 

order to fully understand the mechanisms at work. 
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Kinetics experiments were also performed on these samples, using wafers of different 

doping types and resistivities, as well as nc-SiCx layers deposited in different tools. The 

results in Fig. 9 show that the kinetics are significantly slower than in the previous case with 

a-SiNx:H/D layers on both sides of the wafer, providing a further indication that the process 

is likely limited by the supply of hydrogen. Moreover, the doping type of the wafer seems 

to play a major role for the hydrogenation kinetics, with τreac ~ 5 min for p-type wafers, 

against τreac ~ 2.5 min for n-type wafers capped with identical layers. As stated earlier, the 

wafer doping influences the charge state of diffusing hydrogen atoms [51], which in turn 

affects the diffusivity of these atoms as well as the efficiency of the chemical passivation 

process [52], [53]. However, the reported values indicate faster diffusion in p-type silicon 

than in n-type, whereas we observe faster passivation using n-type wafer. A possible 

explanation would be that the type and concentration of these defects varies with the wafer 

doping. 

Regarding the various nc-SiCx layers, the interpretation is complicated, as they differ not 

only in doping, but also in thickness, and most likely in crystallinity, all of which might 

impact the flow of hydrogen through these layers. Moreover, in the case of charged hydrogen 

atoms, electric fields built up at the interfaces might also influence the kinetics and 

distribution of hydrogen [67]. Further investigations are required to elucidate the 

mechanisms at work. Nevertheless, one results stands out: The thicknesses measured by 

ellipsometry for the nc-SiCx(p) layers deposited in the Kai-M, the nc-SiCx(p) layers 

deposited in the Octopus, and the nc-SiCx(n) layers in the Octopus, were ~41 nm, ~25 nm 

and ~11 nm, respectively. The corresponding τreac on 2 Ω∙cm p-type wafers are 5.17 min, 

 

  
Fig. 8: (a) Schematic illustration of the processed samples. The arrows represent the cross sections along which 

the simulations and SIMS measurements were performed. (b): Lifetimes (at MCD of 𝟏 ∙ 𝟏𝟎𝟏𝟓𝐜𝐦−𝟑) measured 

at various time intervals during the hydrogenation process, showing the evolution of passivation with time 

spent on the hotplate, for a sample featuring an a-SiNx:H/D reservoir layer on the front side only. (c) Simulated 

hydrogen concentrations, across the whole wafer and as a function of time, during diffusion at 450°C from a 

single side a-SiNx:H/D hydrogen source. (d) SIMS profiles of O, H and D at the back surface. The area 

highlighted in yellow indicates the SiOx layer, while the area highlighted in red to the left indicates the nc-

SiCx(p) layer. 
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2.33 min and 0.54 min. The last value is to be taken with care, as the lifetime values were 

low and hence the fit less trustworthy. Nevertheless, the trend indicates slower 

hydrogenation for thicker layers, which was to be expected, as hydrogen has a much lower 

diffusivity in these still partially amorphous layers than in crystalline silicon [60], turning 

them into a significant diffusion barrier, despite thicknesses below 50 nm. This conclusion 

is further supported by the fact that samples without nc-SiCx layer consistently displayed 

slightly faster hydrogenation (not shown here). 

 
When plotting the linearized lifetime curves of QSSPC measurements for this kinetics 

experiment, one observes again a linear behavior consistent with the presence of shallow 

bulk defects (see Fig. 10). In the plot of the residuals, there are apparently three different 

regimes. The curve before hydrogenation differs significantly from all the other ones, which 

could indicate that, in this case, the surface passivation is still the main limitation. The curves 

after 1 to 5 min of hydrogen diffusion overlap, with lifetime values about an order of 

magnitude higher than the original lifetime, indicating that the observed improvement of the 

lifetime is linked to the passivation of these shallow bulk defects. The subsequent curves 

overlap at a slightly higher value, but the reason for this additional improvement after 5 min 

is unclear. 

 

 
Fig. 9: Lifetimes (at MCD of 𝟏 ∙ 𝟏𝟎𝟏𝟓𝐜𝐦−𝟑) measured at various time intervals during the hydrogenation 

process, showing the evolution of passivation with time spent on the hotplate, for samples featuring an a-

SiNx:H/D reservoir layer on the front side only. The dashed lines give the fits according to 𝝉𝒆𝒇𝒇 =

[𝟏 𝝉𝒆𝒏𝒅⁄ + 𝑨 ∙ 𝐞𝐱𝐩 (−𝒕 𝝉𝒓𝒆𝒂𝒄⁄ )]−𝟏. In the legend, the first part gives details about the wafer (p- or n-type, 2 or 

10 Ωcm), and the second part about the SiCx layer (deposited in Kai-M or Octopus, p- or n-doped). 
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4. CONCLUSION 

The main finding of this work is the fact that firing induces shallow bulk defects within 

the FZ wafers which can subsequently be passivated with hydrogen, and that these shallow 

defects limit the kinetics of their hydrogenation process and the ultimately obtainable 

lifetime. Hence, the passivation potential of these contact structures might be higher than 

previously reported, since so far they seem to be bulk limited, rather than surface limited. 

The experimental results indicate a rapid passivation of the surface, taking place in less than 

1 min, followed by a slower passivation of the shallow bulk defects. A long thermal pre-

treatment of the wafers seems to be a possible way to improve the bulk, accelerating the 

hydrogenation process. 

In situ lifetime measurements by MPL were carried out during hydrogenation processes. 

They revealed that the lifetime improvement displays an exponential increase followed by 

saturation when the temperature of the sample reaches 450 °C. This plateau is expected to 

correspond to the best possible bulk defect passivation. No major impact of the nc-SiCx 

doping on the evolutions of the lifetime was found, which is consistent with a bulk limited 

hydrogenation process. Its kinetics seems to be limited by the available hydrogen supply at 

the c-Si/SiOx interface, rather than by its diffusion within the bulk of the wafer. Moreover, 

it is affected by the bulk doping, as well as the SiCx layer thickness. 

Hydrogenation is also possible with an a-SiNx:H/D reservoir layer deposited on 1 side of 

the wafer only, although resulting in a lower passivation level (τeff ~700 μs compared to τeff 

~1300 μs for symmetrical samples), and slower kinetics (τreac ~5 min compared to τreac ~0.8 

min). The rear surface recombination velocity achieved for UV-O3 SiOx/SiCx(p) stacks with 

an a-SiNx:H/D layer on the front only most likely lies between 6 and 24 cm/s. 
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