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Highlights:

o Blister-free boron-doped poly-Si layers are obtained by PECVD through optimization of the
deposition temperature and gas ratio.

e The process developed is approaching the industrial standards (large area KOH-polished
wafers, SiOx growth included in standard RCA cleaning, semi-industrial PECVD tool).

e High and homogeneous surface passivation properties are obtained (iVoc = 734 mV and
Jo =7 fA-cm?).

e Conductive spots detected by C-AFM are not mirroring pinholes within the interfacial SiOx

layer.



Abstract

Passivating the contacts of crystalline silicon (c-Si) solar cells with a poly-crystalline silicon (poly-Si)
layer on top of a thin silicon oxide (SiOy) is currently sparking interest for reducing recombination at
the interface between the metal electrode and the c-Si substrate. Hole-selective poly-Si/SiOy structures
could be particularly relevant to passivate the rear side of mass-produced p-type c-Si solar cells (i.e.,
PERC solar cells). In this study, we elaborate on the optimization of a hole-selective passivating
structure consisting of a boron-doped poly-Si layer on top of a chemically grown thin SiOx. The
poly-Si layer is prepared by Plasma Enhanced Chemical Vapor Deposition, which enables single-side
deposition. However, if not optimized, this deposition technique leads to degradation of the poly-Si
layer through a “blistering” phenomenon due to high hydrogen incorporation in the layer. To tackle
this, a study of the interplay between process parameters and blistering is undertaken in order to obtain
highly passivating and blister-free poly-Si/SiOy structures. By addition of a hydrogenation step, the
implied open circuit voltage (iVo) provided by the structure is further improved, leading to a
maximum value of 734 mV demonstrated on symmetrical samples made from large area wafers. We
also conduct a Conductive-Atomic Force Microscopy (C-AFM) study with the aim of investigating the
pinholes formation in the SiOy interfacial layer that could explain the transport of free charge carriers
within the poly-Si/SiOx structure. We show that the current levels detected by C-AFM are affected by
an oxide layer that grows at the poly-Si top surface. We also demonstrate that conductive spots
detected by C-AFM are not likely to mirror conductive pinholes within the SiOx layer but are rather

linked to the poly-Si layer.
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1. Introduction

Industrial homojunction crystalline silicon (c-Si) solar cells reach conversion efficiencies above
21%][1]. However, to collect photo-generated charge carriers these cell structures involve localized and
direct interfaces between the c-Si substrate and the metal electrodes. These interfaces are highly
defective and induce photo-voltage losses because of charge carrier recombination. Moreover, for
PERC solar cell structures, a lateral transport of charge carriers is needed to reach the localized metal
contacts which affects the cell series resistance[2]. A way to overcome these issues is to implement a
full area “passivating” contact, which consists of a highly-doped layer to ensure a good contact
selectivity on top of a thin buffer layer for chemical surface passivation of the c-Si substrate. A first
version of passivating contacts consisting of a highly-doped amorphous silicon (a-Si) layer on top of a
thin intrinsic a-Si layer was implemented in the a-Si/c-Si heterojunction solar cell structure and
enabled to reach conversion efficiency of 25.1% on a large area two-side contacted structure[3].
However, due to the presence of a-Si layers, the process temperature of heterojunction solar cells must
remain below 250°C which prevents temperature-activated phenomena (as gettering of impurities or
hydrogenation effects) to occur during the process, leading to the need for high quality c-Si wafers[4].

A promising way to passivate contacts while ensuring high-temperature stability is to use a
highly-doped polycrystalline silicon (poly-Si) layer on top of a thin silicon oxide (SiOy) layer. The
SiOy layer growth (thermal or chemical) is followed by the deposition of a-Si or poly-Si layers either
by Low-Pressure Chemical Vapor Deposition (LPCVD)[5-7], or by Plasma-Enhanced CVD
(PECVD)[8-13]. Recently, the fabrication of poly-Si layers using Physical Vapor Deposition (PVD)
was also demonstrated[14]. A consequent annealing step is performed to crystallize the deposited layer
and/or activate dopants. Doping of the poly-Si layer can be performed in-situ by addition of a dopant-
rich precursor gas (e.g. BoHs or PH3)[8,11-13] or ex-situ (e.g. by diffusion[5,7] or ion
implantation[15,16]). An additional hydrogenation process is generally performed to further enhance
the surface passivation properties[11,12,17]. Poly-Si/SiOx passivating structures demonstrated
promising performances when integrated in solar cell devices with conversion efficiencies > 25.8%

obtained on small area devices (~2x2 cm?)[18,19]. Conversion efficiencies > 21.3% were also



achieved on a large area device (~156x156 mm?) with screen-printed metallization[7,13]. Despite the

promising performances, these are some remaining challenges:

The integration of hole-selective poly-Si/SiOx structures at the rear surface of existing mass
produced p-type c-Si solar cells (i.e, PERC) could be one of the next significant evolutionary
steps of the photovoltaic industry. So far, hole-selective poly-Si/SiOyx structures have been
mainly formed with boron-doped poly-Si layer (poly-Si(B)) and have historically demonstrated
lower passivation performances compared to their phosphorus counterparts[17]. Despite recent
progress achieved with poly-Si(B)/SiOyx passivating structures on both planar and textured
surfaces[20-22], boron (B) is suspected to cause more defects in the structure, especially at the
interface with the SiOx layer[23], due to low B diffusivity in SiOx leading to B atoms piling-up
at the SiOx layer[24,25].

The use of PECVD is interesting for single-side deposition of the poly-Si layer, but also for
optimizing the properties of the layer, notably by adding alloying elements like carbon or
oxygen[12,26]. However, due to the H-rich precursor gases, the deposited a-Si:H layer is likely
to blister, resulting in a severe degradation of the poly-Si layer after annealing[10,11]. Solving
the blistering issue requires a fine tuning of the deposition conditions (especially the deposition
temperature and the gas ratio)[10-12].

The transport mechanism of charge carriers through the poly-Si/SiOx structure has recently
been actively investigated but is still not fully understood yet[27-31]. Two hypothetical
transport regimes have been identified: a regime of charge carriers tunneling through the SiOx
layer[32], and a regime of direct transport through pinholes formed in the SiOy layer upon
annealing[33]. The poly-Si/SiOy structure was notably studied by means of Conductive-Atomic

Force Microscopy (C-AFM) with the aim of detecting pinholes in the SiOy layer[34,35].

This contribution focuses on poly-Si(B)/SiOx structures prepared by PECVD with the aim of

integrating the structure at the rear side of a p-type c-Si solar cell (see Fig. 1). First, we address the

optimization of the deposition temperature and gas ratio that enabled to obtain blister-free

poly-Si(B)/SiOy structures while insuring good surface passivation properties. Surface passivation

properties were improved by optimizing the annealing temperature and by addition of a post-process



hydrogenation step. Then, Conductive-Atomic Force Microscopy (C-AFM) measurements were
performed to investigate the formation of conductive pinholes in the SiOx layer. We first evaluated the
impact of an oxide present at the poly-Si top surface on the current levels detected by C-AFM. We
then investigated the possible link between conductive spots observed on C-AFM current maps and

conductive pinholes in the SiOy layer.

p*)\poly:S
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Fig. 1. Schematic of a p-type c-Si solar cell where the (p*) poly-Si(B)/SiOy structure discussed in this paper is
integrated at the rear surface. The cell features a front (n*) c-Si emitter that is coated with an anti-reflective
hydrogen-rich silicon nitride layer (SiN:H). Local Ag metal contacts are formed on the front side. The rear

contact consists of a full-area metal layer (e.g. Ag, Al).

2. Experimental
2.1. Sample preparation

In order to optimize the deposition parameters, single side poly-Si(B) passivating structures were
fabricated using 275 um-thick double-side-mirror-polished 4 inch n-type Czochralski (Cz) (100) c-Si
wafers (resistivity (p) of 2-3 Q-cm). A thin SiOy layer (~1.3 nm) was grown on the wafers surface by
integrating a 10 min-long ozonized DI-H,O rinsing in our wet chemical cleaning. A hydrogen-rich
boron-doped a-Si layer (a-Si:H(B)) was single-side deposited by PECVD on top of the SiOx layer,
using a 13.56 MHz PECVD reactor. Precursor gases consisted of silane (SiH.), hydrogen (H>), and H.-
diluted diborane (B:Hs). The a-Si:H(B) layer thickness was targeted in the range 20-30 nm. The

samples were annealed in the range 700-900°C in a tube furnace under argon atmosphere in order to



activate dopants and crystallize the a-Si:H(B) layer. Samples were loaded at 400°C with a ramp rate of
~10°C/min to reach the annealing temperature (T,) for a 30 min plateau and were unloaded at 700°C
with a similar ramp rate down (for T.> 700°C). In the following, we use the term “poly-Si” to refer to
the layer after annealing. For the C-AFM study, samples “without interfacial SiOyx” were prepared the
same way except that the c-Si wafer was dipped in hydrofluoric acid (HF) prior to the PECVD step
(delay <5 min) in order to remove the interfacial SiOx layer, leading to a poly-Si(B)/c-Si stack.

The effect of the poly-Si annealing temperature and hydrogenation on surface passivation
properties was evaluated on symmetrical samples made from the afore-described mirror-polished
4 inch c-Si wafers and also from 180 pm-thick KOH-polished 156 mm pseudo square (psq) n-type Cz
(100) wafers (p =6 Q-cm). The process was similar to the one previously described except that the
a-Si:H(B) layer was deposited by PECVD on both sides of the wafer. The annealing step was followed
by a hydrogenation step consisting of the deposition of H-rich silicon nitride layer on top of the poly-
Si layer followed by a firing step in a conventional belt furnace (Tsiing ~ 760°C). A subsequent
chemical etching of the SiN:H layer was performed on these samples by dipping them in a

concentrated HF solution for approximately 1 min.

2.2. Characterization techniques

The thickness of SiOx, a-Si:H(B) and final poly-Si(B) layers was measured by spectroscopic
ellypsometry (SE) (Jobin Yvon tool, HORIBA) on mirror-polished c-Si wafers. For the fitting model
of the poly-Si(B) layer, we considered a layer consisting of a mix of crystalline clusters in an
amorphous matrix (adapted from ref.[36]). The thickness of the layer measured by SE after deposition
and after annealing were in good agreement with the targeted thickness (within £2 nm of error) so to
simplify the following, only the targeted thickness will be mentioned. The imaginary part of the
dielectric function obtained as a function of the photon energy through SE measurement was used to
verify the amorphous nature of a-Si:H(B) layers after deposition (curve featuring a broad peak
centered around 3.3 eV) and the crystallization of the poly-Si layer after annealing (curve featuring

two peaks centered around 3.4 and 4.2 eV)[36].



Optical microscopic observations of the poly-Si(B) layer after annealing were performed with a
BX61 tool (Olympus). The resulting images were analyzed using the software ImageJ to assess the
blister diameter and density.

Electrical properties (conductivity, Hall mobility and charge carrier concentration) of the poly-
Si(B) layer were evaluated by Hall effect technique (HMS-5500 tool, Ecopia) on laser cut 2x2 cm?
pieces of samples. Electrochemical capacitance-voltage (ECV) measurements were carried out to
estimate the majority carrier (approximated as the active boron) concentration profile in the poly-Si(B)
layer using a ECV WEP CVP21 tool with a 0.1 mol/l NH4F solution as etchant.

The effective carrier lifetime was measured by photo-conductance decay (PCD) technique using a
WCT 120 tool (Sinton Instruments), in order to obtain the implied open circuit voltage (iVoc) and the
recombination current density (Jo) (extracted using the method of Kane and Swanson[37]). The surface
passivation properties provided by the poly-Si(B)/SiOx structure were evaluated on symmetrical
samples fabricated from mirror-polished 4 inch c-Si wafers and from 156 psq KOH-polished c-Si
wafers. On the latter, we performed a five-point mapping of the PCD measurement (one measurement
in the center and four measurements at approximately 4 cm of the edges) to evaluate the spatial
homogeneity of surface passivation properties after annealing. The PCD measurement was also
performed after SiN:H chemical etching.

Conductive atomic force microscopy (C-AFM) measurements were carried out with an AFM
Combiscope AIST-NT (HORIBA) with an integrated Resiscope module on samples made from
mirror-polished c-Si wafers. C-AFM measurements were conducted in contact mode using PtSi-FM
tips (Nanosensors) placed at the poly-Si(B) surface, under air and dark conditions. A polarization of -1
V was applied between the tip and the second contact. C-AFM measurements were performed in two
different configurations:

e In transversal configuration i.e. the voltage was applied between the AFM tip and a silver

contact located at the back side of the c-Si.

e In lateral configuration i.e. the voltage was applied between the AFM tip and a silver contact

localized at the poly-Si(B) surface (resulting in a short-circuit of the layer).



The resulting current maps were analyzed using the software ImageJ to assess the density of

conductive spots.

3. Results and discussion
3.1. Optimization of the poly-Si(B)/SiOx structure
3.1.1 Blistering reduction

Several studies have shown that poly-Si/SiOy structures fabricated by PECVD of a-Si:H layer on
top of SiOx are prone to blistering[10-12]. The blistering phenomenon is observed during the
deposition of the a-Si:H layer and also during the annealing step to form poly-Si. Even though a
fundamental understanding of the phenomenon is still lacking, some hypotheses have been proposed.
Blistering during PECVD might be related to adhesion properties of the a-Si:H film to the SiOx layer
coupled with a high amount of H incorporated in the layer, leading to the accumulation of H;
molecules at the a-Si:H(B)/SiOx interface[38]. Blistering during the annealing step is likely due to
rapid release of H at high temperature[39]. As a consequence, a severe degradation of the final
poly-Si(B) layer is observed if the deposition and annealing conditions are not optimized[10,11].

In this part we address the optimization of the PECVD parameters in order to minimize the
incorporation of H in the a-Si:H(B) layer, reducing therefore blistering of the final poly-Si(B) layer. In
all the work presented here, the annealing step was performed by placing the samples in the furnace at
low temperature (400°C) followed by a slow ramp-up rate (~10°C/min) to reach the targeted annealing
temperature (Ts) in order to mitigate blistering during annealing. As a first step, 30 nm-thick a-Si:H(B)
layers were deposited on top of SiOx using a deposition temperature Tqep = 220°C and a gas ratio
R = H,/SiH4 = 6 which resulted in a severe blistering of the layer after both deposition and annealing at
T, =700°C (see Fig. 2). The first way to minimize the incorporation of H in the a-Si:H(B) layer was to
increase the deposition temperature (Tqep) leading to the reduction of H incorporation in the deposited
layer[39,40]. In this study, the increase of Tgep from 220°C to 300°C (limit of the PECVD equipment)
enabled to reduce the blister diameter from 20 pm to 8 um after deposition and from 30 um to 13 um

after annealing (Fig. 2, Step 1), however, the blister density remained unchanged (1.5 mm-2).
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Fig. 2. Optical microscope images of 30 nm-thick poly-Si(B) layers after deposition and after annealing at 700°C

(at a x20 magnification). The deposition conditions were varied: Step 1. Increase of the deposition temperature

Taep, Step 2. Increase of the gas flow ratio R = Ha/SiH.. For each set of conditions, the diameter of the blisters (@

blisters) and their density were evaluated.

The second way to reduce the blistering was to increase the gas flow ratio R = Hy/SiH4 during the
deposition step[11]. It is to note that high R during the PECVD step could lead to microcrystalline
deposited layers, however, as the deposited layer was in-situ doped with B, it remained amorphous
(which was verified by spectroscopic ellipsometry (SE))[41]. The increase of R led to a reduction of
the blister density after deposition and after annealing from 1.5 mm to 0.6 mm2 for R from 6 to 50
respectively (Fig. 2, Step 2). Increasing R to 65 enabled to obtain blister-free poly-Si(B) layers. Fig. 3a
depicts the deposition rate as a function of the gas ratio R. Increasing R led to the decrease of the
deposition rate which is assumed to promote H atoms diffusion toward the top surface of the layer
during the deposition step, thus mitigating the blistering phenomenon. Fig. 3a also depicts the iV
(assessed on mirror-polished samples) as a function of the gas ratio R. For R=25 to R =50, an
increase of Vo of 90 mV was observed, concomitantly to blistering reduction. When further
increasing R to 65, a drop of 20 mV in iV was observed. This drop was attributed to the excessive H.
concentration in the plasma causing radiation induced charges in the SiOx layer[42,43]. An optimal gas
ratio of R = 50 was found to reduce the blister density (0.6 mmfor a poly-Si thickness of 30 nm) and

preserve decent iV after annealing at 700°C. The remaining blistering was avoided by decreasing the



thickness of the poly-Si(B) from 30 nm to 20 nm which resulted in blister-free layers for the optimal
deposition conditions Tgep = 300°C and R = 50.

In this paragraph, we address the evaluation of the conductivity and carrier mobility of the poly-Si
layer over Tgep and R = H./SiH4 optimizations. The lateral conductivity and carrier mobility of 30 nm-
thick poly-Si(B) layers were evaluated by Hall effect measurements as function of Tqpand R (see Fig.
3b). Hall effect measurements were performed on samples annealed at T.=700°C to ensure a
negligible B in-diffusion in the c-Si (see Fig. 4). For the different Tqp and R conditions investigated,
the Hall carrier density was measured constant at 1.1+0.2x10?%°cm=. As a consequence, the
conductivity trend was dominated by the carrier mobility in the layer (see Fig. 3b). The poly-Si(B)
conductivity increased from 160 S-cm™ for Tgep = 220°C and R = 6 to 220 S-cm™ for Teep = 300°C and
R =50. This increase is likely to result from the reduction of the poly-Si(B) blistering leading to a
better lateral transport of charge carriers through the layer.

In conclusion, the optimization of the deposition temperature and gas ratio enabled to reduce the
blistering of 30 nm-thick poly-Si layer. A further reduction of the poly-Si thickness to 20 nm enabled
to obtain blister-free poly-Si(B) layers. In the following, the poly-Si(B) layer was systematically
deposited with Tqep = 300°C, R = 50 and targeting a thickness of 20 nm to obtain blister-free layers. A

sheet resistance value of 1300 ohm/sq was evaluated by four probe measurement on the 20 nm-thick

poly-Si layer.
L (] paor . .
680 lie
~0.20fm [} 220} .
' 1660 4 I
g \g E 200+ I . LI
c - A )
@ 0.15¢ ® 1640 S 2 180t | % L {122
g E 2z I £
< 1620 ¢ > 160 10 S
solwp = 2 S 140} J . 2z
" | S i =
= \ 600 S 120} o
A [ . O lg =
0.05r ¢ ~~a 1580 100 |
. . o Ppoly ~ 1.1x10% cm’® | 4
6 25 50 65 80 80 — : - -
R Tyep > 220°C 300°C 300°C 300°C 300°C 300°C

R> 6 6 25 50 65 80

Fig. 3. Deposition rate of the a-Si:H(B) layer and iV, (measured on symmetrical samples made from

mirror-polished c-Si wafers) as a function of the gas flow ratio R = H»/SiH. (a). Conductivity and carrier



mobility of 30 nm-thick poly-Si(B) layers measured by Hall effect technique as function of the deposition
temperature (Tqep) and gas ratio (R) optimizations (b). Samples were annealed at T. = 700°C. The carrier density
of poly-Si(B) layers (ppoly) Was evaluated by Hall effect measurement and was constant with an average value of

1.1+0.2x10%0 cm=.

3.1.2 Impact of annealing temperature on surface passivation properties

In this part we address the impact of the annealing temperature (T.) on the resulting poly-
Si(B)/SiOx surface passivation properties. Several studies evidenced an optimal T, to maximize the
surface passivation provided by the poly-Si(B)/SiOy structure. This optimum corresponds to a trade-

off between two T-activated phenomena:

e The shallow in-diffusion of dopants from the poly-Si layer to the c-Si substrate, which

enhances the field-effect passivation at the c-Si surface[44,45]

e The degradation of the interfacial SiOx layer which decreases the chemical passivation

properties (interface state density (Di) increase)[17,46,47]

The poly-Si(B)/SiOx samples were first fabricated on mirror polished c-Si wafers. The a-Si:H(B)
layer was deposited with optimized deposition conditions (T¢ep = 300°C and R = 50). Samples were
then annealed at T, = 700°C, 800°C or 900°C. The crystalline nature of the poly-Si layer after
annealing was verified by SE. A poly-Si(B) thickness of 20 nm was targeted, resulting in blister-free
layers after annealing. For each T,, the active B concentration profile of the poly-Si(B) layer was
measured by ECV, the resulting profiles are depicted in Fig. 4.

For T, = 700°C, the Hall effect measurement resulted in a Hall carrier density of 1.3+0.2x10% cm.
From the B concentration profile obtained by ECV in the poly-Si(B) layer, a carrier density of
1.740.1x10%° cm™® was evaluated which is in good agreement with the Hall carrier density. The
increase of T, to 800°C and 900°C resulted in a significant B in-diffusion in the c-Si substrate (30 nm
and 160 nm-deep, respectively). As a consequence, the evaluation of the poly-Si(B) electrical
properties via Hall effect measurement was not possible due to the current flowing in the p*-doped part

of the c-Si.



For each T,, surface passivation properties were evaluated, the resulting iV, values are indicated in
Fig. 4, with their associated B concentration profiles. An optimal T, of 800°C was found to maximize
the iVoc value to 690 mV and minimize the Jo value to 30 fA/cm?. When increasing T, up to 900°C a
decrease of iV, to 630 mV was observed as well as an increase of Jo to 260 fA/cm?, attributed to the

combination of the deep B in-diffusion in the c-Si and the degradation of the SiOy interfacial layer.
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Fig. 4. Hole concentration (approximated as the active boron) profiles measured by electrochemical

capacitance-voltage (ECV) on samples annealed at different temperatures (T2).

Using the same deposition conditions we studied the impact of T, on surface passivation of 156 psq
KOH-polished c-Si wafers, which corresponds to the area and topography targeted for device
integration of the poly-Si(B)/SiOx passivating structure. Fig. 5 depicts the average iVoc and Jo values
measured after annealing as function of T. in the range 700 — 850°C (on five samples per T, value
investigated). A similar trend as in the case of mirror-polished samples was observed: from

a=700°C to 800°C the iV value increased from 661 mV to 689 mV respectively. For T, =850°C,
the iV value dropped to 664 mV. An optimal T, value of 800°C was found to maximize iV, and
minimize Jo after annealing. The PCD technique was performed on 5 points per sample to evaluate the
spatial homogeneity of the surface passivation properties after annealing. A spatial dispersion of 3 mV
and 2.5 fA-cm? was evaluated for iVo. and Jo respectively, showing the good homogeneity of the

poly-Si(B)/SiOy fabrication process on large area wafers.
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Fig. 5. Surface passivation properties (iVoc (a) and Jo (b)) provided by the poly-Si(B)/SiOy structure as function
of the annealing temperature T, evaluated on symmetrical samples (made from KOH-polished 156psq c-Si

wafers) after annealing, SiN:H deposition and firing (dpoy = 20 nm).

3.1.3 Impact of the hydrogenation step

The surface passivation properties provided by the poly-Si(B)/SiOx structure fabricated on
KOH-polished c-Si wafers were further improved by depositing a hydrogenated silicon nitride (SiN:H)
layer on top of the poly-Si(B) (both sides), followed by a firing step. The resulting iVoc and Jo values
measured after SiN:H deposition and after a subsequent firing step are plotted in Fig. 5. The SiN:H
deposition did not impact significantly the iV, value over the entire T, range although slightly
decreasing the Jo values. For every sample annealed at T, < 800°C, performing a subsequent firing step
resulted in an increase of iVo. above 700 mV as well as a decrease of Jo below 10 fA-cm? A
maximum iV, of 721 mV was reached for T. = 750°C, corresponding to a Jo value of 5.3 fA-cm?.
After firing, one can note that the lower the Ta the greater the absolute gain in iVoc and Jo.

By fabricating similar samples using better quality KOH-polished 156psq n-type Cz c-Si wafers, an
average iVo of 731 mV was obtained after annealing at T,= 700°C with a best value of 734 mV

(corresponding to a Jo of 7 fA-cm™). This is among the best values obtained so far with p*-poly-Si



symmetrical samples on planar surface (in the range 732-735 mV for iV, and 1-10 fA-cm? for
Jo)[14,20,21,23]. Values of 720 mV and 10 fA-cm2were also demonstrated on textured surface[22].
As mentioned in the introduction, we aim to integrate the poly-Si(B)/SiOy structure at the rear side
of a p-type solar cell with a full area rear metallization[14] (see Fig. 1), which implies the removal of
the SiN:H layer prior to metal deposition. After chemical etching of the SiN:H layer, the surface

passivation properties remained good on all the Ta range investigated (iVo. average loss <4 mV).

3.2 Investigation of transport mechanisms within the interfacial oxide

The transport mechanism of charge carriers through the poly-Si/SiOx structure has recently been
actively investigated[27—-31]. It has been found to be process dependent and two hypothetical transport
regimes have been identified: a regime of charge carriers tunneling through thin SiOy layer (< 2 nm)
exposed to moderate temperature annealing (T, < 800°C)[32], and a regime of direct transport through
pinholes formed in the SiOy layer upon annealing, generally achieved by growing a thicker SiOy layer
(> 2 nm) and exposed to high temperature annealing (T, > 1000°C)[33]. C-AFM measurements on
poly-Si/SiOy structures have been reported in the literature with the aim of detecting the presence of
pinholes in the SiOy layer[34,35]. Localized regions of higher current intensity (conductive spots)
were observed on the resulting C-AFM current maps. However, a clear link between these conductive
spots and the presence of pinholes within the SiOy layer has not been established yet.

In the present study, we first evaluated the impact of an oxide present at the poly-Si top surface on
the current levels detected by C-AFM. Then, we investigated the link between conductive spots
observed on C-AFM current maps and the presence of pinholes in the interfacial SiOx layer by
performing measurements in different configurations (transversal or lateral), with and without SiOx

layer at the poly-Si/c-Si interface.

3.2.1 Impact of the surface oxide on the C-AFM measurement
Despite the inert atmosphere imposed during the annealing step, an oxide layer of approximately

3 nm was measured by SE at the surface of our samples (i.e. at the poly-Si(B) top surface) probably



due to the tube furnace used during annealing which is not being sealed (no load lock). A preliminary
study consisted in evaluating the impact of this oxide on the current levels detected by C-AFM.

A first C-AFM measurement was performed in transversal configuration (i.e. the voltage was
applied between the AFM tip and a contact located at the back side of the c-Si) on a sample featuring a
20 nm-thick poly-Si(B) layer annealed at 700°C (deposited on n-type mirror-polished c-Si wafer). The
oxide at the poly-Si(B) top surface was then removed through a HF-cleaning step and followed by
several transversal C-AFM measurements performed from 30 min to 5h after HF-cleaning, the
samples being stored under air in the meantime. The resulting current maps measured after annealing
and at different times after HF-cleaning are depicted in Fig. 6. From the current maps, the surface
distribution of the detected current was extracted (Fig. 7). After annealing, the current distribution
curve features a peak at 3.9 pA corresponding to the mean current intensity (Imean) and a maximum
current intensity (Imax) detected at 5.8 nA. The C-AFM measurement performed 30 min after
HF-cleaning showed an increase Of Imean and Imax up to 0.25 nA and 114.7 nA respectively. The C-AFM
measurement performed 2h after the HF-cleaning step showed then a decrease of Imean and Imax (down
to 4.9x102 nA and 88.7 nA respectively) due to the re-growth of an oxide layer at the sample’s
surface. The measurement performed 5h after cleaning showed similar values of Imean and Imax than
after 2h, indicating that the surface oxide layer did not evolve significantly in between these two
measurements.

These results emphasized the impact of the oxide at the surface of the samples after annealing that
decreased the current levels detected by C-AFM. To avoid any misinterpretation due to a different
surface state, C-AFM measurements presented in the following part were performed with a constant

delay between the HF-cleaning and the measurement.
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Fig. 6. Current maps obtained by C-AFM measurement in transversal configuration on a 20 nm-thick poly-Si(B)
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Fig. 7. Surface distribution of the detected currents extracted from C-AFM current maps measured at the
poly-Si(B) surface in transversal configuration after annealing at 700°C and at different times after HF-cleaning

the poly-Si(B) surface (from 30min to 5h).

3.2.2 C-AFM investigation of the pinholes formation within the SiOy layer



C-AFM measurements performed on poly-Si/SiOx structures result in the detection of localized
regions of higher current intensity (conductive spots). Moreover, Lancaster et al. detected higher
current levels when performing C-AFM on poly-Si/SiOx structures annealed at 950°C than on
structures annealed at 800°C[34]. They proposed that this observation could result from a lower
resistance of the SiOx layer as the density of pinholes in the SiOy layer has been observed to increase
with increasing Ta[48]. To investigate the possible link between these conductive spots and pinholes in
the interfacial SiOx layer, C-AFM measurements were performed on samples annealed at different
temperatures. 20 nm-thick poly-Si(B) layers were deposited with optimized conditions (Tgep = 300°C
and R = 50) on n-type mirror-polished c-Si wafers. The annealing temperature was varied in the range
700°C to 900°C. C-AFM measurements were performed with a constant delay of 2h after HF-cleaning
the samples’ surface. Fig. 8a and Fig. 8b depict current maps obtained in transversal configuration on
poly-Si layers annealed at 700°C and 900°C. The density of conductive spots (> 1 nA) was found to
increase from 55 um™ to 215.4 um respectively. The current levels were found to increase with
increasing T, from 700°C to 900°C which is in good agreement with observations of Lancaster et
al.[34], and could result from a lower electrical resistance of the SiOx layer due to conductive pinholes
forming in the layer upon annealing at higher T.. Moreover, the increase of the conductive spots
density with increasing Tais consistent with the increase of pinhole density with increasing T.[48] and
could lead to the hypothesis that the conductive spots detected by C-AFM are mirroring pinholes

within the interfacial SiOx layer.
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Fig. 8. Current maps obtained by C-AFM measurement in transversal configuration at the surface of samples
with an intentionally grown SiOy layer at the poly-Si(B)/c-Si interface after annealing at 700°C (a) and at 900°C
(b). The same measurement was performed on a sample without interfacial SiOx layer (annealed at 700°C) (c).
C-AFM measurements were systematically performed 2h after HF-cleaning the samples’ surface to ensure a

similar surface state during the measurement.

To further investigate the correlation between conductive spots and pinholes in the SiOy layer, we
performed C-AFM measurements on a sample featuring a similar poly-Si(B) layer without interfacial
SiOy layer. This sample was fabricated by dipping the c-Si wafer in HF prior to the a-Si deposition
step in order to remove the interfacial SiOy layer, leading to a poly-Si/c-Si stack (T. = 700°C). The C-
AFM measurement was performed 2h after HF-cleaning the sample’s surface. The pattern of the
resulting current map was similar to the one obtained in the case of an intentionally grown interfacial

SiOx layer (Fig. 8a), with a density of conductive spots in the same range (50.8 um?, Fig. 8c).



However, lower current levels were detected, although the resistance of the poly-Si/c-Si stack was
expected to be lower due to the absence of interfacial SiOy layer. The slightly lower current levels
obtained could result from a larger resistance of the poly-Si layer as the crystalline structure of the
poly-Si layer is expected to depend on the surface state of the c-Si wafer (oxidized or HF-cleaned)
before deposition. Despite the lower current levels, the detection of conductive spots when performing
C-AFM measurements on a sample without interfacial SiOx layer is disproving the hypothesis that
conductive spots could mirror pinholes in the SiOy layer.

To further investigate on the conductive spots observed on current maps, additional C-AFM
measurements were performed on similar samples in lateral configuration (i.e. the voltage was applied
between the AFM tip and a silver contact localized at the poly-Si(B) surface), with and without SiOx
layer at the poly-Si/c-Si interface (T, = 700°C). C-AFM measurements were performed with a delay of
5h after HF-cleaning the samples’ surface. Resulting current maps are depicted in Fig. 9. The current
maps showed conductive spots (> 1 nA) with a density of 24.9 um?2 and 11.2 um™ with and without
SiOy respectively. The current levels detected on the sample with interfacial SiOx (Fig. 9a) were
slightly higher than the ones detected without SiOx layer (Fig. 9b) which is consistent with the
transversal C-AFM measurements on similar samples (Fig. 8a and 8c respectively) and supports the
hypothesis that it is related to change in the conduction properties of the poly-Si layer. The lower
current levels and lower conductive spots densities detected in lateral configuration (Fig. 9) compared
to measurements in transversal configuration (Fig. 8) are resulting from the longer delay between the
samples HF-cleaning and the lateral measurements (measured 3h later). A qualitative comparison of
the lateral and transversal current maps is nevertheless possible. One can notice a similar current
pattern in both configurations although in lateral configuration, the current is expected to flow
principally in the poly-Si layer. These observations suggest that the conductive spots observed on C-
AFM current maps are linked to the poly-Si microstructure rather than mirroring pinholes in the SiOx
layer. Conductive spots could be the result of a different local conduction in the poly-Si layer, e.g. the
crystalline grains would conduct differently than the grain boundaries (or remaining amorphous

phases), as it was observed in ref. [49].
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Fig. 9. Current maps obtained by C-AFM measurement in lateral configuration on 20 nm-thick poly-Si(B) layers
(Ta=700°C) with (a) and without (b) SiOy layer at the poly-Si(B)/(n)c-Si interface. C-AFM measurements were

performed 5h after HF-cleaning the samples’ surface to ensure a similar surface state during both measurements.

4. Conclusion

In conclusion, we presented highly passivating and blister-free poly-Si(B)/SiOx structures
fabricated by PECVD with the aim of passivating c-Si solar cell contacts. First, the blistering issue
appearing because of the high H content of the a-Si:H deposited layer was overcome by optimizing the
deposition temperature and gas ratio. For poly-Si(B)/SiOx structures made on KOH-polished 156 psq
c-Si wafers, the surface passivation properties were further improved by addition of a hydrogenation
step leading to a maximum iV, value of 734 mV.

The poly-Si(B)/SiOx samples were then studied by means of C-AFM with the aim of investigating
the formation of conductive pinholes in the SiOx layer. We showed that the growth of an oxide at the
poly-Si top surface affects the current levels detected by C-AFM. We observed similar C-AFM current
patterns in transversal configuration on samples with and without interfacial SiOx layer as well as in
lateral configuration where the current is expected to flow principally in the poly-Si layer. These
observations disprove the hypothesis that conductive spots detected by C-AFM would mirror pinholes
within the SiOx layer but rather suggest that the conductive spots would relate to the poly-Si

microstructure.
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