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Abstract

Passivating the contacts of crystalline silicon (c-Si) solar cells (SC) with a poly-crystalline
silicon (poly-Si) layer on top of a thin silicon oxide (SiOx) is currently sparking interest for
reducing carrier recombination at the interface between the metal electrode and the c-Si
substrate. However, due to the interrelation between different mechanisms at play, a
comprehensive understanding of the surface passivation provided by the poly-Si/SiOx
contact in the final SC has not been achieved yet. In the present work, we report on an
original ex-situ doping process of the poly-Si layer through the deposition of a B-rich
dielectric layer followed by an annealing step to diffuse B dopants in the layer. We propose
an in-depth investigation of the passivation scheme of the resulting B-doped poly-Si/SiOx
contact by first comparing the surface passivation provided by ex-situ doped and intrinsic
poly-Si/SiOx contacts at different steps of the fabrication process. The excellent surface
passivation properties obtained with the ex-situ doped poly-Si(B) contact (iVoc = 733 mV and
Jo=6.1fA cm™) attests to the good quality of this contact. We then propose further STEM,

ECV and ToF-SIMS characterizations to assess: i) the evolution of the microstructure and



B-doping profile through ex-situ doping and ii) the diffusion profile of hydrogen in the poly-Si
contact. Our results show a gradual filling of the poly-Si layer with active B dopants with
increasing annealing temperature (Ta), which strengthens the field-effect passivation and
enables an iVqc increase after annealing up to 800 °C. We also observe a diffusion of O from
the SiON:B doping layer to the interfacial SiOx layer during annealing, that likely enhances
the passivation stability of our ex-situ doped poly-Si contact with increasing Ta. Finally, we
conclude that the mechanism dominating the surface passivation changes during the
fabrication process of the poly-Si/SiOx contact from field-effect passivation after annealing
(performed for B-diffusion in the contact) to chemical passivation after following

hydrogenation of the samples (performed by depositing a H-rich silicon nitride layer).
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1. Introduction

In the currently industrialized p-type crystalline-silicon (c-Si) solar cells (SC), the charge
collection from the c-Si substrate to the metal electrode occurs by direct contacts between
the c-Si and the metal. This is performed either through a full area contact in the
Aluminium-Back Surface Field (AI-BSF) structure or through localized contacts in the
Passivated Emitter and Rear Cell (PERC) one [1]. However, these direct metal/c-Si interfaces
are highly defective and remain one of the main limitations of the performances of c-Si SC,
even when localized like in the PERC structure [2]. In this context, the concept of full-area
passivating contacts emerged with the aim of fully passivating the defective metal/c-Si
interfaces while ensuring an effective transport of charge carrier towards the metal
electrode [1]. One promising full area passivating contact consists of a stack of a highly-
doped polycrystalline silicon (poly-Si) layer on top of a thin silicon oxide (SiOyx) layer. This
poly-Si/SiOx contact has demonstrated excellent surface passivation properties and recently
enabled photovoltaic conversion efficiencies close to 26 % when integrated in small-area n-
type c-Si SC (2x2cm?) [3,4]. More recently, efficiencies up to 24.58% were also
demonstrated with an electron-selective poly-Si contact integrated at the rear side of large-

area n-type c-Si SC with screen-printed metal electrodes [5,6].



The fabrication process of the poly-Si/SiOx contact relies on the three following steps:
i) the growth of a thin SiOx layer at the c-Si surface, ii) the deposition of a Si-based layer
(generally doped with B or P either during deposition or right after) and iii) an annealing step
at high-temperature typically performed in the range 700-1000 °C. This last step targets to
crystallizing the Si layer (then referred to as ‘poly-Si’) as well as activating and/or diffusing
dopants. Among the possible techniques to deposit the Si-based layer, the Plasma-Enhanced
Chemical Vapor Deposition (PECVD) is particularly interesting as it enables for: i) single-side
deposition and ii) tuning of the layer’s properties (e.g. mechanical or optical) through doping
with additional elements (like C or O) [7,8]. However, a major drawback of this technique is
the high amount of hydrogen incorporated in the Si-based layer, responsible for so-called
‘blistering’ of the layer if the deposition conditions are not carefully optimized [8-11].

When successfully fabricated, the poly-Si/SiOx contact allows for low recombination
current densities (Jo=1-10 fA cm™) at the c-Si surface, resulting in an increase of the
open-circuit voltage (Voc=715-727 mV) of the final SC[3-5,12]. These excellent surface
passivation properties likely rely on the combination of [13,14]:

1. The thin SiOx layer along the interface providing chemical passivation of the c-Si

surface;

2. The high-doping density in the poly-Si layer featuring a sharp diffusion profile at the

c-Si surface providing field-effect passivation;

3. The diffusion of H in the structure, performed through an additional hydrogenation

step, providing further chemical passivation of the interface.

The robustness of the poly-Si layer against the subsequent implementation of a metal
electrode is also an important requirement to preserve a good surface passivation of the c-Si
in the final SC [15]. The passivation efficiency of the features described above (1-3) strongly
depends on the fabrication process of the poly-Si/SiOx contact [8,16,17]. This implies
convoluted interdependences between these different passivation features, which has, for
now, prevented the clear discrimination of their respective contributions to the global
surface passivation of the c-Si in the final SC.

In a previous study, we reported on an original ex-situ doping process of the poly-Si/SiOx
contacts [18]. This process relies on the deposition of an intrinsic Si layer by PECVD, which is
ex-situ doped through the deposition of a B-rich dielectric layer followed by an annealing

step at high temperature (700-850 °C). In the present work, we report on an in-depth study
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of the passivation scheme of this ex-situ doped poly-Si contact. We first compare the surface
passivation properties of intrinsic and ex-situ doped poly-Si/SiOx contacts at different steps
of the fabrication process. To get deeper insights, we then investigate: i) the evolution of the
microstructure of the as-deposited Si layer and of the thin SiOx layer through ex-situ doping,
ii) the resulting B doping profile as a function of the annealing temperature for poly-Si
crystallization and dopant diffusion, and iii) the H concentration profiles in intrinsic and

doped poly-Si/SiOx contacts after hydrogenation.

2. Material and methods

2.1. Sample preparation

All the c-Si substrates used in this study were n-type (100)-oriented c-Si wafers from
Czochralski (Cz) grown silicon ingots. For the passivation study, we used 180 um-thick
KOH-polished wafers with a size of 156x156 mm? and a resistivity in the range 3-6 Q.cm. For
physical and chemical characterizations that require flat interfaces, we used 275 pum-thick
4-inch wafers with mirror-polished surfaces and a resistivity in the range 2-3 Q.cm. In the
following, we refer to these two kinds of wafers as ‘KOH-polished substrates’ and ‘M-
polished substrates’, respectively.

A schematic of the fabrication process of the ex-situ B-doped poly-Si/SiOx contact is
presented in Figure 1. First, the wafers were cleaned through a standard RCA cleaning
sequence performed in an automated wet bench ‘V3 system’ from Akrion. A 2 min-long
rinsing step in ozonized deionized water was added at the end of the sequence to grow a
thin SiOx layer (1.410.1 nm) at the surface of the wafers. Then, a 25 nm-thick intrinsic Si layer
(without intentional doping) was deposited by PECVD using SiHs and H, as precursor gases
(with a ratio H2/SiH4 = 40) at a deposition temperature of 300 °C. In the following, this layer
is denoted ‘as-dep Si(i) layer’. For ex-situ doping, a B-rich silicon oxynitride layer (SiOxN,:B
denoted ‘SiON:B’) was then deposited by PECVD on top of the as-dep Si(i) layer using a
mixture of SiHs, N2O and H diluted B;He¢ and a deposition temperature of 300°C . A
subsequent annealing step was performed in a tube furnace under argon atmosphere in the
temperature range 700-850 °C to ensure the diffusion of B atoms in the as-dep Si(i) layer.
The samples were loaded in the tube furnace at a temperature of 400 °C and a ramp rate of

~10 °C/min was then applied to reach the desired annealing temperature (T.) for a 30 min



plateau. A ramp rate down of 10 °C/min was applied to unload the samples at 700 °C. In the
following, the resulting B-doped Si layer after annealing is referred to as ‘poly-Si(B)’.

Intrinsic poly-Si/SiOx passivating contacts were also fabricated using the same process
but omitting the deposition of the SiON:B doping layer (Figure 1). In the following, the
intrinsic layer after annealing is referred to as ‘poly-Si(i)’ in order to differentiate it from the
intrinsic layer after deposition (denoted ‘as-dep Si(i)’).

A hydrogenation step was then performed on both B-doped and intrinsic poly-Si/SiOx
contacts by PECVD of a H-rich silicon nitride (SiN:H) layer (deposited directly on top of the
SiON:B layer in the case of B-doped contacts as illustrated in Figure 1), followed by a firing
step in a belt furnace with a peak temperature of approximately 880 °C.

Annealing Hydrogenation
at T,=700 - 900°C SiN:H by PECVD + Firing

SiON:B
by PECVD =T
& doned | SiON:B | | SiON:B | SiON:B
-dope as-dep Si(i) poly-Si(B) poly-Si(B)
Poly-Si/SiO
pEcvD Y /510, E> E> )
%o‘(\ as-dep Si(i) a
V&
\‘b(\ e ™\
g [ no SiON:B [ SiNiH | \
as-dep Si(i) poly-Si(i) poly-Sifi)
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Figure 1. Schematic of the fabrication processes of B-doped and intrinsic poly-Si/SiOy contacts.

2.2.  Characterization

Spectroscopic ellipsometry (SE) measurements were performed on M-polished samples
to evaluate the thicknesses of the as-dep Si(i), poly-Si(i) and poly-Si(B) layers. The optical
functions of the layers were recorded from 1.5 to 5.2 eV using a UVISEL tool from Horiba
Jobin Yvon with a Xenon lamp as the excitation source. The software Delta Psi 2 associated
to this tool was used to fit the resulting data considering layers consisting of crystalline
clusters in an amorphous matrix (model adapted from refs. [19,20]).

The Scanning Transmission Electron Microscopy (STEM) was used to observe the
microstructure of as-dep Si(i), poly-Si(i) and poly-Si(B) layers of M-polished samples. The

STEM samples were prepared using a Focused-lon Beam (FIB) to obtain 80 nm-thick and



10 um-large lamellas. HRSTEM images were recorded using a Titan Themis microscope (from
FEI) operated at 200 keV. The Electron Energy Loss Spectroscopy (EELS) mode of this
microscope was used for further chemical analyses of the samples, more specifically to map
the oxygen distribution in the samples observed by STEM. EELS elemental maps were
calculated from EELS spectra acquired using a GIF Quantum spectrometer.

Electrochemical Capacitance-Voltage (ECV) measurements were carried out to estimate
the majority carrier concentration profile in poly-Si(B) layers, using an ECV CVP21 tool from
WEP with a 0.1 mol/L NH4F solution as etchant. In the following, the majority carrier
concentration measured by ECV is approximated as the active B concentration. Hall effect
measurements were performed using a HMS-5500 tool from Ecopia to assess the electrical
properties (conductivity, Hall mobility and charge carrier concentration) of the poly-Si(B)
layer on laser cut 2x2 cm? pieces of the samples.

Time-of-Flight Secondary lon Mass Spectroscopy (ToF-SIMS) measurements were
performed with a TOF.SIMS.5 equipment from IONTOF to measure the total B concentration
profile in the poly-Si(B) layer as well as H and O concentration profiles in both poly-Si(B) and
poly-Si(i) contacts. Bi* ions with an energy of 25 keV were used as the primary ion source. Cs*
ions with an energy of 1 keV were used as the sputtering ion source to measure in-depth
profiles. The analysed surface areas (™~ 80x80 um?) were centred within the sputtered
surface area (~ 300x300 um?). Since the samples analysed by ToF-SIMS consisted of stacks of
different materials, the ToF-SIMS sputtering rate was expected to differ from one layer to
another, thus, the ToF-SIMS sputtering time was not converted into thickness. The atomic
concentration was calculated by using calibration data obtained from reference samples.

The photo-conductance decay (PCD) technique was applied on symmetrical samples
made from KOH-polished substrates using a WCT-120 tool from Sinton Instruments to assess
the implied open circuit voltage (iVoc) at different steps of the fabrication process. In
addition to Vo, the emitter recombination current density (Jo) associated to a single surface
was also extracted according to the method of Kane and Swanson [21].

Symmetrical samples made from KOH-polished substrates were used for the PCD
measurements while one-sided samples made from M-polished substrates were used for SE,

STEM, ECV, Hall effect and ToF-SIMS characterizations.



3. Results & discussion

3.1. Surface passivation properties of poly-Si(i) and poly-Si(B) contacts

The development of the ex-situ doping process allowed for the fabrication of intrinsic
poly-Si/SiOx contacts by omitting the SION:B deposition before the annealing step. In this
first part, we compare the surface passivation of ex-situ doped and intrinsic poly-Si/SiOx
contacts in order to better understand the respective contributions of the chemical
passivation and field-effect passivation to the overall surface passivation provided by the
poly-Si contact. The ex-situ doping method used in this work relies on thermal diffusion,
which is less likely to induce damages of the poly-Si layer than ion implantation for example
[22]. Therefore, in the following, we assume that the only significant difference between the
poly-Si(i) and poly-Si(B) contacts is the presence of the SiON:B layer on top of the latter,
applied for diffusing B dopants in the poly-Si layer during annealing. We note that the
presence of this SION:B layer could also induce the diffusion of other elements (e.g. O) in the

doped structures.

Symmetrical samples were prepared with either B-doped or intrinsic poly-Si/SiOx
contacts on both sides of KOH-polished substrates. Samples were annealed at a temperature
(Ta) in the range of 700-850 °C. The passivation level provided by poly-Si(i) and poly-Si(B)
contacts was evaluated (in terms of iV, and Jo) as a function of T, after the different steps of
the process illustrated in Figure 1, namely, after annealing, after SiN:H deposition and after

firing. The results are shown in Figure 2.
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Figure 2. iVo,c measured by PCD on symmetrical samples (with poly-Si/SiOx contacts fabricated on
both sides of the c-Si substrate) as a function of the annealing temperature T.. The measurement was
performed on samples featuring intrinsic poly-Si layers (poly-Si(i)) (a) and B-doped poly-Si layers
(poly-Si(B)) (b) after annealing, after SiN:H deposition and after firing of the all stack. We note that
measurements after SiN:H and after firing were performed with the SiN:H capping layer (see inset

schematics).
After annealing (shown by the open symbols in Figure 2), one can observe that:

= The poly-Si(i) contact showed poor iV, values (< 530 mV) in the investigated T, range
whereas poly-Si(B) demonstrated decent Vo values (up to 688 mV for T, = 800 °C,
corresponding to Jo = 44.8 fA-cm?);

=  For T, from 700 °C to 800 °C, the poly-Si(B) contact demonstrated an increase of iVoc
from 628 mV to 688 mV followed by a decrease for T, =850 °C to 680 mV. For the
poly-Si(i) contact, iVoc fluctuated around 525 mV on the investigated T, range, with

only a slight decrease of the mean iVqc value observed for T, = 850 °C.

The low iVoc values obtained with the poly-Si(i) contact evidenced a poor chemical
passivation provided by the SiOx layer alone at this stage of process, as similarly reported in
ref. [14]. It thus emphasized the importance of the field-effect passivation related to the

high B-doping of the poly-Si layer to obtain iV, values greater than 625 mV after annealing.



Regarding the iVoc versus T, trend after annealing, one can note that:

For the poly-Si(i) contact the surface passivation is only provided by the thin SiOx
layer. Thus, the slight decrease of iVoc observed for T, > 800 °C could be attributed to
a degradation of the thin SiOx layer (homogeneity and/or bonding structure) along
the interface [16,23];

For the poly-Si(B) contact, the field-effect passivation related to the high B-doping has
to be taken into account. The increase of iVoc from T, = 700 °C to 800 °C could result
from an increased field-effect passivation due to the gradual diffusion of dopants in
the poly-Si layer. The decrease of iVoc at high T, (here for T, > 800 °C) is typical for
doped poly-Si contacts and is generally attributed to the afore-mentioned
degradation of the thin SiOy layer as well as a too deep diffusion of dopant in the c-Si

substrate, which could involve significant Auger recombination [24,25].

The contribution of Auger recombination in the doped c-Si(p*) region (Jo,auger) to the total

recombination current density (Jo) was evaluated using the software Edna 2, with the active

B doping profile in the c-Si measured by ECV as an input (see Figure 6) [26—28]. This analysis

was performed for samples exhibiting a significant B diffusion-tail in the c-Si, namely for

T2 =800 °C and 850 °C. As illustrated in Table 1, the contribution of Joauger was found to

represent 9.6% and 13.4% of the total Jo for T, = 800°C and 850°C, respectively. This indicates

that, while being significant, the Auger recombination can only partially account for the loss

of passivation observed with increasing T, from 800 °C to 850 °C, and that some other

interface mechanisms (e.g. SiOx degradation) may also take place with such a T, increase.

Table 1. Total recombination current density (Jo) and contribution of Auger recombination in the

doped c-Si(p*) region (Joauger) (Obtained by PCD measurements and calculated through Edna 2,

respectively) at different annealing temperature (T.). We note that both Jo and Joauger are mirroring

recombination at a single surface of the associated symmetrical samples.

Ta (OC) JO (fA'sz) JolAuger (fA'sz)
800 44.8 43
850 52.4 7.0




After SiN:H deposition (shown by the crossed-symbols in Figure 2), one can observe for both

poly-Si(i) and poly-Si(B) contacts:

= Anincrease of iVoc in the whole investigated T, range;

= Adecreasing gain in iVoc with increasing Ta.

The deposition of a SiN:H layers is known to provide both field-effect passivation due to
positive fixed charges and chemical passivation due to H-diffusion in the sample [29].
However, for both poly-Si(i) and poly-Si(B) contacts, the surface passivation properties (iVoc
and Jo) were found to be stable after etching of the SiN:H layer by dipping the samples for a
few seconds in a concentrated HF solution. Therefore, the iVoc increase observed here is
likely linked to the diffusion of H in the samples. Although the poly-Si(i) contact showed a
greater iVoc gain after SiN:H deposition (up to 160 mV for T, = 700 °C), the poly-Si(B) contact
showed a better stability of surface passivation at high T, > 750 °C with iV, greater than
675 mV (associated to Jo values lower than 45 fA-cm?). This latter observation probably
results from the additional field-effect passivation related to the high B-doping of the poly-Si

layer.

Regarding the second observation, as already mentioned, the bonding structure in the
SiOx layer and/or at the SiO4/c-Si interface is likely to change during annealing at high T,
which could change the ability of H to bond at the interface and thus decrease the efficiency
of the hydrogenation process to cure interface defects and enhance the surface passivation.
The diffusion of H in poly-Si(i) and poly-Si(B) contacts will be further investigated and

discussed in section 3.2.3.

Finally, the firing step performed after the SiN:H deposition allowed for further
improvement of the surface passivation as observed from the increase of iVoc for both
intrinsic and doped contacts, which probably results from the further diffusion of H in the
structures. After firing (shown by solid symbols in Figure 2), one can note similar trends to

those after SiN:H deposition:

= An overall higher surface passivation and better stability with increasing annealing
temperature provided by poly-Si(B) compared to poly-Si(i), likely resulting from the

additional B-doping related field-effect;
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= A better iVoc gain for samples previously annealed at T,<750°C compared to

samples annealed at T, > 800 °C for both intrinsic and doped contacts.

After firing, the only noticeable difference was a change of the iV versus T, trend for the
poly-Si(B) contact. In fact, the best iVoc value of 733 mV (corresponding to Jo = 6.1 fA-cm?)
was obtained for T, =700 °C and iV, then steadily decreased with increasing Ta, whereas

before firing, the highest iVoc was obtained for T, = 800 °C.

In conclusion, the comparison of iVoc measured on samples featuring poly-Si(i) and

poly-Si(B) contacts enabled to observe:

= After annealing, a negligible surface passivation provided by the SiOx layer alone,
thus, the importance of the poly-Si high-doping providing additional field-effect
passivation at this stage of the process;

= After SiN:H deposition and firing, an important gain of Vo for both intrinsic and
doped contacts, likely resulting from H diffusing toward the SiOy interface. This iVoc
gain rapidly decreased with increasing Ta, which could result from changes of the
SiOy/c-Si interface structure with increasing T., decreasing the efficiency of the

hydrogenation of the interface.

In the following part, additional characterizations are performed to further investigate these
results, with a particular focus on the impact of the SiON:B doping layer on the surface

passivation properties of the ex-situ doped poly-Si contact.

3.2. Further investigations of the impact of ex-situ doping on surface
passivation

3.2.1. Evolution of the layer microstructure during ex-situ doping
Firstly, we investigated by STEM the evolution of the microstructure of the as-dep Si(i)
layer through ex-situ doping. The analyses were performed on samples with the respective
as-dep Si(i), poly-Si(i) and poly-Si(B) layer on one side of M-polished substrates (denoted
sample 1, 2 and 3, respectively). The annealing step involved in the process of poly-Si(i) and

poly-Si(B) layers was performed at T, = 800 °C (see Figure 1).

Figure 3 shows the results of the STEM and EELS analyses of the three samples. After

deposition, the as-dep Si(i) layer appeared nanocrystalline with randomly oriented
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crystalline domains of a few nanometres (Sample 1, Figure 3a). We note that the high gas
flow ratio between H, and SiH4 applied during the PECVD step (H2/SiH4 = 40) likely explains
the deposition of an already nanocrystalline Si layer [30]. After annealing at 800 °C, the poly-
Si(i) layer still appeared nanocrystalline with a very similar microstructure to the as-dep Si(i)
layer i.e. randomly oriented crystalline domains in the nanometric range (Figure 3b). These
observations indicate that the microstructure of the intrinsic Si layer was set from the
deposition step and remained stable through a subsequent annealing step. The STEM
analysis of sample 3 (Figure 3c) showed that the poly-Si(B) layer is also nanocrystalline and
seems to feature slightly bigger crystalline domains compared to the as-dep Si(i) and
poly-Si(i) layers. Some crystalline domains even appear columnar along the 25 nm-thick

layer, one of which is emphasized with a circle inserted in Figure 3c.
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_as-dep Si(i) | d

Figure 3. HR-STEM images of the as-dep Si(i) layer after deposition (a), the poly-Si(i) layer after
deposition and annealing at T, = 800 °C (b) and the poly-Si(B) layer after deposition of the SiON:B
doping layer on top of the as-dep Si(i) layer and annealing at T. = 800 °C (c). The respective EELS
elemental maps of these samples (d) (e) and (f) are depicted beside the STEM images (we note that

STEM images and EELS maps were not measured exactly in the same areas).

The imaginary part of the dielectric function (&) measured as a function of the photon
energy (Epn) by SE can also provide information about the microstructure of the layers at a
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macroscopic scale, as a complement to STEM which is a very local technique. For crystalline
silicon the € versus Eph curve exhibits sharp peaks at 3.4 and 4.2 eV, while in amorphous
silicon a single broad peak is observed at 3.6-3.8 eV [19,20]. The & versus Eph curves
associated to the as-dep Si(i), poly-Si(i) and poly-Si(B) are shown in Figure 4. Although the
curves are not identical, they all exhibit a smooth shape with a kind of plateau between two
peaks centred around 3.3 and 4.2 eV, which is typical of a Si layer with nanometric grains
and featuring some surface porosity [19]. This observation is in good agreement with the
STEM results although it suggests that, at a larger scale, the microstructure of the different

layers appears quite similar.
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Figure 4. Imaginary part of the pseudo-dielectric function (&) versus photon energy (E,n) obtained by
spectroscopic ellipsometry (SE) measurement of the as-dep Si(i) layer after deposition, the poly-Si(i)
layer after deposition and annealing at T, = 800 °C and the poly-Si(B) layer after deposition of the

SiON:B doping layer on top of the as-dep Si(i) layer and annealing at T, = 800 °C.

The EELS analyses (coupled to STEM) enabled the mapping of the O distribution in the
poly-Si/SiOx contact. One can observe a peak of O distribution along the interface between
the as-dep Si/poly-Si layers and the c-Si substrate, corresponding to the thin SiOx layer
(Figure 3d, e & f). To better compare the EELS results obtained on the different samples, the
average O distribution profiles were extracted along an axis perpendicular to the samples
surface and were superimposed on the same graph (Figure 5). Since the EELS signal depends
on the counting time and the lamella thickness, the intensities of the O peaks obtained were
not quantitatively comparable and were thus normalized to their maximum value. This

representation enables to observe a larger full-width at half-maximum of the peak
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associated to sample 3 (featuring the poly-Si(B) layer) compared to the two other peaks. This
indicates a broader O distribution at the SiOy interface of sample 3 i.e. after ex-situ B-doping.
Moreover, for this same sample, one can observe a significant O distribution in the c-Si
substrate. These two observations likely arise from the presence of the SiON:B doping layer
that allows for O atoms to diffuse towards the interfacial SiOx layer and in the c-Si substrate

during annealing.
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—s— poly-Si(i)
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Figure 5. O distribution profiles assessed by EELS after deposition of the intrinsic Si layer (as-
dep Si(i)), after annealing at T, = 800 °C (poly-Si(i)) and after SiON:B deposition plus annealing at T, =
800 °C (poly-Si(B)). Each profile is an average of the profiles extracted from the respective EELS image
along the direction perpendicular to the sample’s surface (see arrow in the inset). The intensity of

the O peaks was normalized to their maximum value.

To sum up, the STEM and SE analyses presented in this section showed a similar
microstructure for the as-dep Si(i), poly-Si(i) and poly-Si(B) layers (after deposition, after
annealing and after ex-situ doping, respectively), emphasizing the stability of the layer’s
microstructure upon a simple annealing step at high temperature and upon ex-situ doping.
For the ex-situ doped poly-Si(B) sample, a broader O distribution was observed in the region
of the interfacial SiOx layer, which likely results from the diffusion of O atoms from the

SiON:B doping layer to the interfacial SiOx layer during annealing. Such an additional source
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of O during annealing could partly explain the better stability of surface passivation with
increasing T, demonstrated by the doped poly-Si contact compared to its intrinsic

counterpart (see Figure 2) [31].

3.2.2. Variation of the doping profile with increasing annealing temperature
The doping profile in the poly-Si layer and at the surface of the c-Si substrate is known to
play a role in the final surface passivation properties of the poly-Si/SiOx contact [17,32].
Thus, in this paragraph, we focus on the variation of the B-doping profile of the ex-situ

doped poly-Si/SiOx contact with increasing annealing temperature T..

For this study, samples with the ex-situ doped poly-Si/SiOx contact on one side of
M-polished wafers were fabricated with the annealing temperature T, varying in the range
700-850 °C. The active B concentration profiles were measured by ECV after etching the
SiON:B doping layer by dipping the samples in a concentrated HF solution. The total B
concentration profiles were measured by ToF-SIMS without previous etching of the SiON:B

layer.

Figure 6 shows the resulting active and total B concentration profiles represented with
symbols and dotted lines, respectively. The ToF-SIMS and ECV profiles were compared by
aligning the ToF-SIMS sputtering time corresponding to the poly-Si top surface (~ 460 s) with
the first point measured by ECV (etching depth of 0 nm). By doing so, we observed a good
match between the edge of total and active B profiles (especially for T, > 800 °C), exhibiting
that the c-Si substrate was reached (for a sputtering time of 560 s and an etching depth of

22 nm, respectively) and therefore indicating the approximate position of the thin SiOx layer.
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Figure 6. Active and total B concentration profiles measured by ECV and ToF-SIMS, respectively, on
ex-situ doped poly-Si/SiOy contacts after annealing at various annealing temperatures T.. The etching
depth on the bottom x-axis and the sputtering time on the top x-axis refer to the ECV and ToF-SIMS

measurements, respectively. The SiON:B doping layer was not etched before ToF-SIMS analysis but is

not represented in this graph.
Focusing on the active B profiles, the following observations can be underlined:

= For T, = 700°C and 750 °C, the profiles showed a gradient of the active B
concentration in the poly-Si(B) layer from 3x10%° cm™3 to 2x10'° cm’3;

* For T, =800 °C and 850 °C, the profiles featured a doping plateau around 2x10%° cm3
in the poly-Si(B) layer coupled with a shallow diffusion of active B dopants in the c-Si

substrate up to 25 nm and 80 nm, respectively.

These observations emphasize the gradual filling of the poly-Si(B) layer with active B
dopants with increasing T,, which is consistent with the diffusion-based doping process
applied here. The gradual filling of the poly-Si(B) layer with active dopants and the further
thin B diffusion in the c-Si for T, = 800 °C likely resulted in a strengthened field-effect at the
c-Si surface, which could explain the increase of iVoc observed after annealing from

Ta =700 °C to Ta = 800 °C (see Figure 2).

17



Comparing the total and active B profiles, one can observe an overall good agreement of
the profiles” shapes at each T.. The noticeable differences between total and active B

profiles are:

= A slightly higher active B concentration in the poly-Si(B) layer for the whole
investigated T, range as well as in the c-Si for T, = 800 °C and 850 °C;
= For T, = 700 °C, a B diffusion tail of approximately 25 nm measured by ToF-SIMS in

the c-Si, whereas no active B diffusion was revealed by ECV.

The active B concentration measured by ECV is likely overestimated since it could not be
higher than the total B concentration measured by ToF-SIMS. The active B concentration was
also evaluated by Hall effect measurements on similar samples after annealing at T, = 700 °C
and 750 °C (to ensure no B diffusion in the c-Si substrate) and was found to be ten times
lower (1.2x10'° cm™ and 1.5x10%° cm3, respectively) than the one assessed by ECV at the
poly-Si surface. We note that the active B concentration evaluated by Hall effect represents
a mean value of the gradient doping profile observed in the poly-Si layer for T, = 700 °C and
750 °C, which could explain the order of magnitude difference with the ECV surface
concentration. The overestimation of the active B concentration measured by ECV in the c-Si
could result from an increasing underestimation of the contact area between the electrolyte
and the sample’s surface with increasing etching depth [33]. Regarding the second
observation, the evaluation of steep doping gradient by ToF-SIMS can be challenging due to
some measurement artefacts (e.g. knock-on effects), which could explain the deeper B
diffusion length observed by ToF-SIMS as compared to ECV for T, = 700 °C.

Overall, these results emphasize the suitability of the ex-situ doping process to reach
active B doping concentration of at least 1x10° cm™3 in the poly-Si layer and thus ensure an
effective field-effect passivation at the c-Si surface. Compared to the conventional in-situ
doping of PECVD poly-Si layers, the ex-situ doping process applied here offers the advantage
of no addition of a doping precursor (e.g. BoHe) during deposition of the Si layer, which is
known to affect the layer’s properties [8,11]. This results in: i) an easier optimization of the
deposition conditions of the Si layer and ii) a better control of the doping profile that is then
decoupled from the Si layer deposition step. Moreover, compared to other ex-situ doping
processes (e.g. based on BBr; diffusion or ion implantation), the one proposed here involves

only one additional process step compared to in-situ doping, namely the deposition of the
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SiON:B doping layer by PECVD, which can be used as an anti-reflective coating and thus does
not require subsequent etching [34]. We also note that the as-dep Si(i)/SiON:B stack could in
principle be deposited through a unique PECVD step, which could make this ex-situ doping

process comparable to in-situ doping in terms of number of process steps.

3.2.3. Hdistribution in poly-Si(i) and poly-Si(B) contacts

In this last section, we detail our investigations of the H concentration profile in poly-Si(i)
and poly-Si(B) contacts. H and O concentration profiles were measured by ToF-SIMS after
SiN:H deposition on poly-Si(i) and SiON:B capped poly-Si(B) layers annealed at the lowest
(700 °C) and highest (850 °C) T, over the investigated range. The resulting profiles are shown
in Figure 7. For the sake of simplicity, the H and O concentration profiles were represented
in the region of interest that is the poly-Si contact and the c-Si top surface. Moreover, as the
ToF-SIMS sputtering time was not converted into thickness (as explained in section 2.2), the
O profiles were used to detect the interfacial SiOyx layer, which is located at a sputtering time

of 520 s and 570 s for poly-Si(i) and poly-Si(B) contacts, respectively.
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Figure 7. H and O concentration profiles (represented by black and blue lines, respectively) as
measured by ToF-SIMS on samples featuring the poly-Si(i)/SiOx (a) and the poly-Si(B)/SiOx (b)
contacts. Measurements were performed after SiN:H deposition on samples annealed at T, =700 °C

(solid curves) and 850 °C (dashed curves).
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Firstly, focusing on H concentration profiles (black lines in Figure 7), one can observe for

both poly-Si(i) and poly-Si(B) contacts:

= An accumulation of H at a sputtering time of 420 s, i.e. in an oxide layer detected at
the poly-Si top surface and in the SiON:B layer for poly-Si(i) and poly-Si(B) contacts,
respectively;

= An accumulation of H at the interfacial SiOx layer with a similar concentration of

approximately 3x10%2° cm for all the investigated samples.

Regarding the former observation, the H accumulation detected in the surface oxide and
SiON:B layers for poly-Si(i) and poly-Si(B) samples, respectively, could be due to the presence
of the SiN:H layer on top of these layers coupled to their amorphous nature that offers

available bonding sites for H atoms.

The latter observation confirms that H atoms diffused from the SiN:H layer to the
interfacial SiOy layer, likely providing further chemical passivation of the interface between
the poly-Si contact and the c-Si substrate. This result is in good agreement with results
recently reported by other groups [35—37]. We note that, in the frame of this study, the H
concentration profile was also measured on a monitoring sample before SiN:H deposition
and no accumulation of H was observed at the interface (not shown here). The similar H
concentration profiles measured in the interfacial SiOx layer for all the investigated samples
disproves the hypothesis that the decreasing iVoc gain with increasing T, after hydrogenation
would result from a lower accumulation of H at the interface. A different bonding structure
of H at the interface and/or structure of the interface could rather explain the different
surface passivation properties observed in section 3.1. We note nonetheless that the similar
H concentration observed in the region of the interfacial SiOx layer for both doped and
intrinsic contacts emphasizes that the SiON:B doping layer did not impede the diffusion of H
towards this interface. Overall, the only significant difference we could observe between the
different H profiles measured here was a higher H concentration in the poly-Si(B) layer after
annealing at T,=850°C. This result may indicate a higher concentration of defects

passivated by H in this layer, that could be B- and/or O-related [9].

Now focusing on O concentration profiles (blue lines in Figure 7), one can observe that

for both poly-Si(i) and poly-Si(B) contacts a peak of O was measured at the poly-Si top
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surface. For poly-Si(i) contacts, this O signal likely results from the oxidation of the poly-Si(i)
layer’s surface, that may have intensified during annealing of the layer due to high-
temperature and a potential residual O concentration in the tube furnace. For poly-Si(B)
contacts, the high and large O signal detected at the poly-Si surface corresponds to the
SiON:B doping layer. As mentioned, the O concentration profiles were used to locate the
interfacial SiOyx layer, which was detected at a sputtering time of 520 s and 570 s for poly-Si(i)
and poly-Si(B) contacts, respectively. One can observe that, for T, =700 °C, the O peak
related to the SiOyx layer appeared more intense and better defined for the B-doped poly-Si
contact than for its intrinsic counterpart. This observation could result from the diffusion of
O atoms from the SiON:B layer to the interface during annealing, resulting in a O-richer SiOx
layer for the poly-Si(B) contact, as already suggested by EELS analyses (see Figure 5). For
poly-Si(i) contacts, the modification of both O peaks shape toward thinner and better
defined peaks observed with increasing T, from 700 °C to 850 °C could result from a
reorganization of these interfaces at higher T, but would require further investigations to be

fully understood.

3.3.  Comprehensive understanding of the passivation scheme
In this last section, we propose a comprehensive understanding of the mechanisms that
yield the passivation of the interface of our ex-situ doped poly-Si contact based on the

different results presented above.

We first discuss the passivation scheme after annealing for dopant diffusion, which is
schematically depicted in Figure 8. In section 3.1, we compared the iV values obtained with
intrinsic and highly-doped poly-Si/SiOx contacts at different steps of the fabrication process.
After annealing, we obtained decent iVoc values only with the doped contact that also
demonstrated a better stability with increasing Ta. This allows us to conclude that, at this
stage of the process, the surface passivation is mostly ensured by field-effect passivation.

Moreover, for the doped contact, we observed:

» By means of ECV analyses (presented in section 3.2.2), a gradual diffusion of active B
dopants in the poly-Si layer and at the c-Si surface with increasing T,, which likely
explains the increase of iVoc with increasing T observed after annealing;

* By means of EELS and ToF-SIMS analyses (presented in sections 3.2.1 and 3.2.3,
respectively), a higher concentration of O in the interfacial SiOx layer compared to
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the intrinsic contact. This suggests a diffusion of O from the SiON:B layer to the SiOx
interface during annealing, and could (at least partly) explain the better stability of

passivation with increasing T, observed for the doped contact.

For the intrinsic contact, the slight decrease of iVoc observed for T, = 850 °C could result from
modifications experienced by the thin SiOx layer during annealing, e.g. a degradation of its

homogeneity along the interface at high Ta.

The passivation scheme after hydrogenation performed subsequently to the annealing
step is depicted in Figure 9. After hydrogenation, both intrinsic and doped contacts
demonstrated an increase of iVoc on all the investigated T, range. This increase was more
pronounced for the intrinsic contact than for the B-doped one. It was also more pronounced
at low annealing temperature. Thus, for T,= 700 °C, we observed an increase of iVoc of 100
and 200 mV for B-doped and intrinsic contacts, respectively, while for T,=850°C the
increase was only of 15 and 57 mV. These results indicate that, after hydrogenation, the
chemical passivation of the interface, ensured by the thin SiOx layer and the accumulation of
H, becomes of first importance. Therefore, at this stage of the process, it appears important
to have preserved the homogeneity of the SiOx layer which allows for H accumulation [35].
The investigation of H concentration profiles by ToF-SIMS presented in section 3.2.3
confirmed the accumulation of H in the interfacial SiOx layer, but did not allow us to observe

a clear difference of H concentration at the interface of samples annealed at low and high Ta.
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Figure 8. Schematic picture summarizing the respective effects of chemical and field-effect
passivation of B-doped (top) and intrinsic (bottom) samples after the annealing step used for
crystallization and doping of the poly-Si layer, as a function of the annealing temperature (T.). For the
sake of simplicity, only the extreme T, of the range investigated in this work are represented (i.e.

700 °C and 850 °C) with corresponding iV, values.

Chem. passivation © © . . Chem. passivation ®
Field-effect © High doping Field-effect © ©

Low T, (700 °C) High T, (850 °C)

Chem. passivation © © Chem. passivation ®

Field-effect ® i Field-effect ®
No doping

Figure 9. Schematic picture summarizing the respective effects of chemical and field-effect
passivation of B-doped (top) and intrinsic (bottom) samples after subsequent hydrogenation and

firing steps as a function of the annealing temperature (T.). For the sake of simplicity, only the
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extreme T, of the range investigated in this work are represented (i.e. 700 °C and 850 °C) with

corresponding iVqc values.

4. Conclusion

In this work, we reported on a hole-selective poly-Si/SiOx passivating contact fabricated
by depositing an intrinsic Si layer (denoted ‘as-dep Si(i)’) on top of a thin SiOx layer, followed
by ex-situ doping of the as-dep Si(i) layer through the deposition of a B-rich dielectric layer
(SiON:B) and an annealing step at high temperature (T, = 700-850 °C). We took advantage of
this ex-situ doping process to investigate the respective contributions of the chemical
passivation (provided by the thin SiOx layer and additional H diffusion) and the field-effect
passivation (provided by the high-doping of the poly-Si layer). Our results suggest a change
of the passivation regime during the fabrication process of the ex-situ doped poly-Si/SiOx
contact: after annealing, the surface passivation is mostly ensured by field-effect passivation
whereas after hydrogenation the chemical passivation of the interface through a

homogeneous SiOy layer that allows for H accumulation becomes of first importance.

To get further insights into the passivation scheme of our ex-situ doped poly-Si contact,
we performed further analyses by means of STEM, EELS, ECV and ToF-SIMS measurements.
We observed the stability of the as-dep Si(i) layer’s microstructure both after annealing at
high temperature (T, =800 °C) and after ex-situ doping. We then investigated the doping
profile obtained by ex-situ doping as a function of the annealing temperature (T.) and
observed a gradual doping of the poly-Si layer with increasing T, which strengthens the
field-effect passivation. We also observed a higher O concentration in the interfacial SiOx
layer of the doped contact compared to its intrinsic counterpart, resulting from the diffusion
of O from the SiON:B doping layer during annealing and likely explaining the better stability
of passivation with increasing T, of the doped contact. Finally, we investigated the H
concentration profile in both intrinsic and doped poly-Si/SiOx contacts and observed an
accumulation of H in the interfacial SiOx layer, confirming that the diffusion of H in the

samples provides a further chemical passivation of this interface.

The surface passivation properties obtained with the ex-situ doped poly-Si/SiOx contact
(iVoc =733 mV and Jo = 6.1 fA.cm™) are very promising for the following integration of this

contact in a device (e.g. at the rear side of a p-type c-Si solar cell) [12,15,36,38]. However,
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these best surface passivation properties were demonstrated with poly-Si(B) contacts
annealed at Ta =700 °C that feature a very shallow B diffusion in the c-Si and thus a high
resistivity. Therefore, our efforts are currently focused on finding a compromise between
high surface passivation properties and low resistivity of the poly-Si(B) passivating stack to

achieve a successful integration of this contact in a device.
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