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A B S T R A C T   

In this contribution, we present an electron selective passivating contact metallised with a low temperature 
process to target front side applications in crystalline silicon (c-Si) solar cells. In addition to an interfacial silicon 
oxide (SiOx) and an in-situ phosphorous doped micro-crystalline silicon (μc-Si(n)) layer, it comprises an ultra- 
thin indium tin oxide (ITO) layer of 15 nm for lateral conductivity and a hydrogen rich silicon nitride (SiNx: 
H) layer which serves as hydrogen (H) reservoir and as anti-reflection coating. We use one single thermal 
treatment for 30 min at 350 ◦C to sinter the screen-printed paste, to recover sputtering damage induced during 
ITO deposition, and to diffuse hydrogen from the SiNx:H layer towards the c-Si/SiOx interface where it passivates 
interfacial defects. 

Applied to symmetrically processed textured samples, we find implied open-circuit voltage (iVOC) > 728 mV 
for optimal ITO thickness of 15 nm and annealing temperatures of 350 ◦C. The developed stack was applied on 
the front textured side of co-annealed (800 ◦C) p-type c-Si solar cells in combination with a tunnel oxide hole 
selective passivating contact on the rear side. We demonstrate solar cells with fill factor (FF) up to 81.9% and an 
open-circuit voltage (VOC) up to 719 mV. With a short-circuit current density (JSC) of 38.6 mA/cm2, we obtain a 
final cell efficiency to 22.8%. We find that the annealing of the SiNx:H/ITO stack strongly increases the ITO free 
carrier density penalizing the solar cell spectral response at high wavelengths.   

1. Introduction 

Recombination at the direct metal-silicon contact is the main effi-
ciency limiting factor for industrial as well as laboratory scale c-Si solar 
cells, mainly through suboptimal VOC [1–3]. Passivating contacts miti-
gate contact recombination losses by separating the metal electrodes 
from the active semiconductor. For example, silicon heterojunction 
(SHJ) solar cells can reach conversion efficiency up to 26.7% when 
combined in an interdigitated back contact design by passivating the 
wafer surface with a layer of hydrogen-rich amorphous silicon [4]. One 
of the main drawbacks of SHJ is their incompatibility with currently 
established PV manufacturing processes. Alternatively, tunnel oxide 
passivating contacts have enabled high conversion efficiency (>25.5%), 

while being potentially compatible with industrial processes at elevated 
temperatures [5,6]. These passivating contacts generally consist of a 
thin (1.2–3.6 nm) SiOx layer on which a doped poly-silicon layer is 
deposited. The poly-silicon is then crystallized by annealing at temper-
atures >800 ◦C, forming at the same time a buried doped region below 
the Si/SiOx interface [7–15]. In most cases, a hydrogenation step is 
performed to reduce the electronic defects at this interface, and thus to 
reach high VOC values [16–18]. One solution for the hydrogenation 
consists in depositing a hydrogen rich silicon-nitride SiNx:H layer fol-
lowed by a thermal treatment to diffuse H from the SiNx:H to the Si/SiOx 
interface [17–19]. 

On the short-term, passivating contacts are frontrunners to upgrade 
current industrial p-PERC and n-PERT solar cell technologies. Recently, 
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Trina solar has demonstrated an upgraded n-PERT process with con-
version efficiency up to 24.6% [20]. Despite this impressive result, to 
keep on increasing solar cell conversion efficiency, passivating contacts 
have to be employed also on the front side of the solar cell, in order to 
mitigate front side recombination losses [21]. In this respect, a simple 
approach consists in using a thin poly-Si layer combined with a trans-
parent conductive oxide (TCO) providing lateral conductivity [12–15]. 
However, if using SiNx:H for hydrogenation, it needs to be removed 
before applying the TCO. Moreover, passivating contacts suffer from 
higher sputtering damage compared to conventional silicon hetero-
junctions, especially when applied on textured surfaces. Damage can be 
partially recovered by a subsequent thermal treatment [22,23]. 

In this contribution, we present passivating contacts covered with a 
SiNx:H/ITO stack, and we demonstrate a thermal treatment that pro-
vides at the same time hydrogenation of the c-Si/SiOx interface as well as 
curing of the induced sputtering damage. In the presented approach, the 
SiNx:H is deposited as final layer after the annealing of the poly-Si layer, 
the sputtering of the ITO, and the screen printing of the Ag-grid. By 
optimizing the ITO thickness and thermal treatment, we demonstrate 
low-temperature contacted poly-Si layers with implied VOC (iVOC) up to 
730 mV. This result indicates that our SiNx:H/ITO stack is a valid so-
lution to recover sputter-induced damage and to provide hydrogenation 
of the c-Si/SiOx interface. Additionally, this contact design provides a 
process simplification as the SiNx:H does not need to be etched. Instead, 
it contributes to the anti-refection coating (ARC), enabling the use of 
thinner ITO and thus allowing for a reduction of manufacturing costs. 
The developed passivating contact and metallisation scheme was 
applied to the textured front side of p-type c-Si solar cells in combination 
with a full-area p-type passivating contact on the rear side. Solar cell 
conversion efficiency up to 22.8%, with 15 nm thick front ITO layer, 
were fabricated. 

2. Experimental 

Symmetrical test structures were fabricated on <100> oriented n- 
type float zone (FZ) wafers with thickness of 180 μm and resistivity of 2 
Ω cm2 on which standard wet cleaning and texturing was performed. 
After the growth of a thin (1–2 nm) SiOx by UV-Ozone (UV–O3) in 
ambient air [24–26], an in-situ phosphorous doped μc-Si(n) layer was 

deposited by plasma enhanced chemical vapour deposition (PECVD) at 
200 ◦C on both sides of the wafer, followed by an annealing in inert 
atmosphere at 850 ◦C in a tube furnace. After annealing, a set of samples 
was hydrogenated by depositing by PECVD at 250 ◦C a 70–80 nm thick 
SiNx:H layer followed by annealing at 450 ◦C for 30 min. After stripping 
of this SiNx:H layer in hydrofluoric acid (HF), ITO with nominal thick-
nesses of 15, 30 or 60 nm were sputtered. The process is illustrated in 
Fig. 1a (i.e. standard process). A second set of samples was processed by 
sputtering of ITO with different thicknesses directly on the annealed 
SiOx/μc-Si(n) stack, followed by the same SiNx:H deposition than the 
one used for the first set of samples. The process is illustrated in Fig. 1b. 
Both sets of samples were finally annealed at different temperatures on a 
hotplate in air. For the first set of samples (standard process), a 
post-annealing of 5 min at different peak temperature was used to cure 
sputtering damage. For the second set, a thermal treatment of 30 min 
was used to allow the H released from the SiNx:H to diffuse through the 
ITO/μc-Si(n) stack (H-through process). The minority carrier lifetime 
(τeff) was measured at 1015 cm-3 minority carrier density (MCD) for all 
samples by photo-conductance decay using a Sinton WCT-120, and iVOC 
was computed [27–29]. Contact resistivity (ρc) and sheet resistance 
(Rsheet) were assessed by means of transmission line measurements 
(TLM) [30,31]. For the sample preparation, symmetrical n-type textured 
(txt) wafer with tube annealed μc-Si(n) layer were prepared in order to 
compare the performance of standard and H-through processes. Ac-
cording to the first, wafers were hydrogenated by annealing of a SiNx:H 
at 450 ◦C for 30min, after stripping of the SiNx:H in HF, ITO layers of the 
three different thicknesses were sputtered on the full-area. The Ag pads 
were deposited and the wafers were cleaved close to TLM structure to 
avoid lateral current spreading during the measurement. According with 
the H-through process, SiNx:H was deposited on top of the TLM structure 
(ITO on full area + Ag pads). The samples were then cured in two 
different ambient (N2 and air) for 30 min for H-through process and 5 
min for the standard process. Moreover, the carrier concentration (NHall) 
and the Hall mobility (μHall) were measured by Hall-Effect, using a van 
der Pauw configuration with square samples [32]. For these measure-
ments, the wafer was isolated from the ITO layer by a thick (~30 nm) 
thermal oxide on which the ITO and SiNx:H/ITO layers were deposited 
directly. The corners of the structure were masked during the SiNx:H 
deposition to ensure a good electrical contact between the probes and 

Fig. 1. – a. Standard hydrogenation process b. H-through process 1. Cleaning of the n-type wafer 2. Oxide growth by exposure to UV-O3 and deposition of the μc-Si 
(n) contact by PECVD 3. Annealing in a tube furnace at 800 ◦C and creation of the buried junction 4a. Deposition of the SiNx:H by PECVD 5a. Diffusion of H by hot 
plate annealing at 450 ◦C 6a. Removal of the SiNx:H layer, sputtering of the ITO layer (15, 30 or 60 nm) and curing at different temperature to recover the sputtering 
damage 4b. ITO deposition by sputtering and SiNx:H deposition by PECVD 5b. Diffusion of H and curing of the sputtering damage. 
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the sample. Furthermore, absorption of the single ITO layer and of the 
SiNx:H/ITO stack were measured on glass substrate using a spectro-
photometer (PerkinElmer, lambda 950). 

Finally, solar cells with full-area passivating contacts were pro-
cessed. To this end, we used front side textured FZ p-type <100> ori-
ented wafers with a thickness of 190 μm and resistivity of 2 Ω cm2. After 
standard cleaning, a thin oxide was grown by exposure to UV-O3 as 
explained above. In-situ doped poly-silicon-based electron (μc-Si(n)) 
and hole selective (SiCx(p)) layers were deposited by PECVD, followed 
by annealing at 850 ◦C in a tube furnace. Subsequently, a 15 nm-thick 
ITO was sputtered through a mask to define the 2 cm × 2 cm cell area on 
the front side and an Ag-grid was screen-printed. The metallisation 
fraction of the Ag-grid was 2.35% and we used a low temperature paste, 
typically used for SHJ solar cells, dried at 210 ◦C for 30 min. Finally, a 
50–55 nm thick SiNx:H layer was deposited at the front side of the cells 
and a 70–80 nm thick layer was deposited at the rear. The SiNx:H 
thickness of the front layer is a bit thinner to ensure a good ARC with the 
ITO deposited before. The real refractive index of the SiNx:H was 2.1 at 
wavelength of 633 nm. The PECVD deposition was followed by 
annealing in N2 at temperature of 350 ◦C for 30 min. The SiNx:H was 
etched from the rear side only, and an ITO/Ag stack was sputtered 
through the same mask aligned with the front structure. The cell 
structure is illustrated in Fig. 2. Current - voltage (I–V) characteristics 
were measured at 25 ◦C with a source meter (Keithley, 2601A) by using 
an AAA Wacom sun simulator calibrated with a reference cell. The re-
gion outside of the cell was masked during the I–V measurements. Suns- 
VOC were measured with Sinton WCT-120 instrument [28] and the EQE 
of the cell was measured between the fingers. 

3. Results 

3.1. Surface passivation 

To demonstrate the feasibility of the H diffusion through the ITO 
layer, we prepared symmetrical samples with SiNx:H/ITO stacks and 
applied different annealing temperatures. Fig. 3a, b and c show, 
respectively, the minority carrier lifetime, iVOC values, and recombi-
nation current density (J0) obtained for annealing in air ambient. 
Compared to the values directly after ITO sputtering, annealing at 300 
◦C provides a slight increase in lifetime and iVOC and a decrease of J0. 
This suggests that this temperature is insufficient to provide enough H to 
the c-Si/SiOx interface and/or to fully recover from sputtering damage. 
However, if we suppose that no H diffusion occurs at 300 ◦C, this tem-
perature may be enough to recover the sputtering damage since the 
lifetime, iVOC and J0 values are close to the ones prior the ITO deposi-
tion. Increasing the temperature to 350 ◦C, resulted in a strong boost in 
lifetime and iVOC and a strong decrease of J0 for all ITO thicknesses 
shown. The highest lifetime (at injection level of 1015 cm-3) of >4.5 ms 
and iVOC up to 732 mV were reached for a 15 nm thick ITO film. At 400 

◦C, the lifetimes and iVOC still slightly increased, with thinner ITO 
enabling higher passivation gains. Finally, at 450 ◦C, the iVOC values 
decrease regardless of the ITO thickness. We interpret the result as fol-
lows: temperatures of 350 ◦C are required to provide a sufficient amount 
of H to passivate interfacial dangling bonds and partially recover from 
sputtering damage whereas at 450 ◦C a further recovery from sputtering 
damage is counterbalanced by H out-effusion from the c-Si/SiOx inter-
face. With respect to ITO thickness, we observe that thinner ITO layers 
yield higher lifetimes and iVOC values, as they possibly facilitate H 
diffusion. From Fig. 3c, we note that J0 continues to decrease even at 
450 ◦C, suggesting that higher temperature provides more H to the c-Si/ 
SiOx interface. This trend is no followed by the lifetime and the iVOC 
which decreases at temperature between 400-450 ◦C, we correlate this 
mismatch to a wafer bulk effect. In all cases, the values remain below the 
horizontal dashed lines that denote the lifetime and the iVOC of a stan-
dard hydrogenation process before ITO deposition (step 5a in Fig. 1), 
indicating that none of the annealing processes can fully recover the 
sputtering damage and/or diffuse the same amount of H in the oxide 
layer. Generally, this value represents the upper limit for the iVOC and is 
normally degraded after metallisation. 

However, the values for the lifetime and the iVOC obtained after 
annealing for the H-through process (step 5b in Fig. 1) is always higher 
than the corresponding values obtained with the standard hydrogena-
tion after deposition and curing of the ITO (step 6a in Fig. 1) shown in 
Fig. 4. Oppositely, the values for the J0, except for the sample with 60 
nm of ITO, are always below the values obtained with the standard 
hydrogenation for the equivalent process steps. In Fig. 4c, we note that 
the J0 values start increasing between 350 and 400 ◦C which could 
indicate an easier loss of hydrogen as the samples are no longer capped 
with SiNx, thus counteracting the curing of the sputtering damage. We 
conclude that the H-through process can enable higher passivation 
either by still ensuring diffusion of H, avoiding its effusion and/or by a 
better recovering of the sputtering damage probably due to its longer 
annealing time. We also notice that for both sets of samples, the lifetime, 
iVOC and J0 values after ITO deposition are approximately constant, 
suggesting that most of the sputtering damage happens during the 
deposition of the first 15 nm whereas the longer processes of the thicker 
layers add none or only little additional damage. 

3.2. Contact resistance 

For our front contact design we have to take into account two con-
tributions to the series resistance: (1) the lateral transport into the ITO, 
the passivating contacts and the wafer (2) the contact resistance that 
comprises the contact resistance between ITO layer, the Ag metallisation 
and the passivating contact. Due to the contribution of the wafer, it was 
not possible to isolate only the ITO contribution for lateral transport, the 
trends are only indicative. 

Fig. 5a and b show respectively Rsheet and ρc deduced from the TLM 
measurements after curing in air. For the standard hydrogenation 
without any SiNx:H capping on top of the ITO layer, Rsheet, stays <60 
Ω/square for curing at 350 ◦C, but it degrades quickly to Rsheet >100 
Ω/square for higher curing temperatures. Starting at 400 ◦C for 60 nm of 
ITO and starting at 350 ◦C for the two other ITO thicknesses, the TLM 
structures degrade after annealing. For these conditions, the TLM 
characteristic did no longer vary linearly with the pad distance which we 
attribute to Ag peeling, a critical degradation of the ITO, or possibly 
partial delamination of the film. Under these conditions, the Rsheet can 
exceed the one of the wafer. The ρc and Rsheet extracted for these tem-
peratures are shown in Fig. 5, but they are meant to illustrate degra-
dation of the ITO rather than real values. For the H-through process, 
Rsheet never exceeds the critical value of 100 Ω/square and stays below 
70 Ω/square. The values of ρc in Fig. 5b show a more drastic behaviour 
as the critical value is already surpassed for curing temperature of 350 
◦C. In contrast, ρc of the H-through samples stays below 50 mΩ⋅cm2 for 
curing at 350 ◦C and values above 100 mΩ⋅cm2 are only observed for the Fig. 2. Solar cell structure employing the H-through process on the front side.  
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Fig. 3. – a. Minority carrier lifetime (ms) at injection level of 1015 cm-3 as a function of the ITO thickness (nm) for H-through process b. iVoc (mV) deduced from the 
lifetime in function of the ITO thickness (nm) for H-through process. c. J0 (A/cm2) as a function of the ITO thickness (nm) for H-through process. Samples in a, b and c 
were annealed in air ambient. 

Fig. 4. - a. Minority carrier lifetime (ms) at injection level of 1015 cm-3 as a function of the ITO thickness (nm) for standard hydrogenation b. iVoc (mV) deduced from 
the lifetime in function of the ITO thickness (nm) for standard hydrogenation. c. J0 (A/cm2) as a function of the ITO thickness (nm) for standard hydrogenation. 
Samples in a, b and c were annealed in air ambient. 
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15 nm thick ITO when cured at 450 ◦C. 
Fig. 6a and b show respectively the Rsheet and the ρc after curing in N2 

ambient. In this case, the electrical properties of the ITO layer are pre-
served also for the standard hydrogenation as none of the Rsheet exceed 
60 Ω/square. The H-through samples behave similarly for the low curing 
temperatures, only those cured at 450 ◦C show an increase. All of the ρc 
shown in Fig. 6b stay below 70 mΩ⋅cm2, those of the H-through process 
are even below 55 mΩ⋅cm2. For the standard samples we tentatively 
interpret the different behaviour of Rsheet in Figs. 5a and 6a by a loss of 
carrier density due to saturation of oxygen vacancies. For the H-through 
process the loss appears to be less pronounced presumably because the 
SiNx:H capping layer protects the ITO layer. The behaviour of ρc in 
Figs. 5b and 6b corroborates this interpretation; as ρc is likely dominated 
by the Schottky contact between ITO and the metallisation [33], a loss of 
carrier density in the ITO will widen the tunnelling barrier and thus 
increase ρc. 

3.3. Solar cell results 

The TLM and QSSPC results of the previous sections suggest that an 
ITO thickness of 15 nm and an annealing temperature 350 ◦C promise to 
yield the best combination in terms of passivation as well as ρc and 
Rsheet. Accordingly, we processed solar cells by applying a full area SiNx: 
H/ITO/μc-Si(n) contact on the textured front side and a full area Ag/ 
ITO/SiC(p) on the planar rear side of a p-type wafer as shown in Fig. 2. 
The annealing time was fixed at 30 min to allow the H released from the 
SiNx:H to diffuse through the ITO/μc-Si(n) stack as explained in the 
experimental part. The J-V characteristics deduced from the I–V mea-
surements of the best cell obtained with the H-through process are 
shown in Fig. 7a. To understand the losses at the cell level, Suns-VOC is 
also displayed on this graph. We measure VOC of 719 mV and FF of 

81.9%. We attributed the loss of VOC to the rear contact since the iVOC 
measured previously on symmetrical n-type txt samples is above 728 
mV. A ρc of 16 mΩ⋅cm2 with a metallisation fraction of 2.35% at the 
front side induces more than 3% losses in the FF which can explain the 
difference between the pseudo FF (pFF) and the measured FF of the cell. 
The rear side is not the limiting parameter in terms of FF since the 
metallisation covers the full area. However, the conversion efficiency is 
limited by a relatively low JSC of 38.6 mA/cm2. We compare in Fig. 7b 
the EQE of our best cell with a cell made with a standard hydrogenation 
process on the textured front side, using a 5 min post-curing in N2 at 350 
◦C to recover from sputtering damage. We observe a decrease in the 
absorption in the near IR-region which we attribute to free carrier ab-
sorption in the ITO. Fig. 7c shows the mobility and the bulk carrier 
concentration measured by Hall-Effect after curing in N2 ambient. In the 
case of a standard hydrogenation, the mobility and bulk concentration 
are constant for the three different curing temperatures since the oxygen 
vacancies are supposed to stay constant during the annealing in N2 
ambient. Moreover, we observe a decrease in mobility and an increase in 
bulk carrier concentration after the first curing whereas in the case of the 
H-through process, this behaviour is not observed. This is related to 
SiNx:H deposition at 250 ◦C which can be correlated to an annealing in 
vacuum atmosphere at the same temperature. However, bulk carrier 
concentration still increases and the mobility still decreases with the 
annealing temperature. Already at 350 ◦C, the bulk carrier concentra-
tion is almost doubled compared to a standard process. The consequence 
of this increase can be observed in Fig. 7d where the free carrier ab-
sorption of the H-through samples layer systematically increases with 
the annealing temperature. We observed that absorption in the bandgap 
region is increased at the same time. 

Fig. 5. - a. Rsheet (Ω/square) as a function of the ITO thickness (nm) for the H-through and standard hydrogenation process b. ρc (mΩ⋅cm2) in function of the ITO 
thickness (nm) for H-through and standard hydrogenation process. Samples in a and b were annealed in air ambient. 

Fig. 6. - a. Rsheet (Ω/square) as a function of the ITO thickness (nm) for the H-through and standard hydrogenation process b. ρc (mΩ⋅cm2) as a function of the ITO 
thickness (nm) for H-through and standard hydrogenation process. Samples in a and b were annealed in N2 ambient. 
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4. Conclusion 

In this work, we demonstrated the feasibility of curing sputtering 
damage and hydrogenating interfacial defects of tunnel-oxide passiv-
ating contacts by designing of a SiNx:H/ITO stack and its thermal 
treatment. On textured test samples, we show iVOC > 728 mV for a 15 
nm ITO film capped with SiNx:H and annealed at 350 ◦C. Decreasing 
iVOC for increasing ITO thicknesses is possibly explained by increasingly 
impeded diffusion of hydrogen through the ITO layer. 

Secondly, we observed that Rsheet as well as ρc of uncapped ITO layers 
degrade severely for the curing conditions that are needed to recover 
sputtering damage of our μc-Si(n) contacts, i.e. 30 min at temperatures 
above 350 ◦C. The degradation is mitigated by the addition of a SiNx:H 
capping layer and by curing in N2 ambient instead of air. We suppose 
that the SiNx:H capping layer prevents the saturation of oxygen va-
cancies during the subsequent curing that act as dopants in the ITO 
layer. 

Finally, we integrated the developed ITO/SiNx:H/μc-Si(n) stack as 
passivating front contacts in solar cells with a hole selective passivating 
rear contact. The resulting device achieves an efficiency of 22.8% with a 
VOC close to 720 mV. We measure FF values up to 81.9% with a front 
contact that uses only 15 nm of ITO. Reducing drastically the amount of 
ITO is beneficial since indium is a rare material and it will reduce the 
fabrication costs. Measurements of the EQE suggest parasitic absorption 
in the near IR-region, associated to an increase of the free carrier con-
centration in the ITO by the hydrogenation process. Further improve-
ments in cell efficiency are expected by using a TCO with a different 
response to hydrogenation. 
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