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Abstract — In situ phosphorus (P)-doped polycrystalline silicon (poly-Si) films by low pressure
chemical vapor deposition (LPCVD) were studied in this work for the fabrication of poly-Si
passivating contacts. /n situ doping was targeted for enabling the full potential of the high-
throughput LPCVD technique, as it could allow leaner fabrication of industrial solar cells
featuring poly-Si passivating contacts than the more common ex situ doping routes. By careful
optimization of the deposition temperature and the flows of the carrier gas (Hz) and the dopant
precursor (PH3), high doping in the poly-Si layers was achieved with active P concentrations
up to 1.3:10%° cm™. While reduction in the deposition rate (74ep) and thus in the throughput is a
known problem when growing in situ P-doped films by LPCVD, this reduction could be
limited, and the resulting r4ep was equal to 0.078 nm/s. The developed poly-Si films were
characterized both structurally and in terms of their passivation potential in poly-Si contacts.
The latter yielded recombination current densities down to 1.5 fA/cm? in passivated (Jop) and
25.6 fA/cm? in screen-printing metallized (Jo.m) regions on saw-damage removed (SDR) Cz-Si
surfaces, respectively, accompanied by a contact resistivity (pcm) of 4.9 mQ-cm?. On textured

Cz-Si surfaces, the corresponding values were Jop = 3.5 fA/cm?, Jom = 56.7 fA/cm?, and pem

= 1.8 mQ-cm?. Optical impact of the developed poly-Si films was also assessed and a short
circuit density loss of 0.41 mA/cm? is predicted per each 100 nm of poly-Si applied at the rear

side of solar cells.

Keywords — passivating contacts, solar cells, polysilicon, LPCVD, in situ doping,

phosphorus doping



1 Introduction

The silicon (Si) photovoltaics (PV) industry is currently dominated by the passivated emitter
rear cell (PERC) technology (Fischer et al., 2021), which is reaching its limits due to high
contact recombination dominating the cell performance (Yan et al., 2021). Thus, passivating
contacts are widely considered as the next technological development to be applied to state-of-
the-art Si solar cells for further power conversion efficiency (1) improvements (Fischer et al.,
2021). Among several competing technologies, contact passivation based on a stack of heavily
doped polycrystalline silicon (poly-Si) and ultrathin silicon oxide (SiOx) films has received a
particularly high level of interest and acceptance both in the PV research community and
industry. As a result, a record efficiency of 26.1% (Haase et al., 2018) and average production
efficiencies of 24% (Chen et al., 2021; Xiao, 2020) have already been demonstrated for solar

cells incorporating these poly-Si passivating contacts.

The promise and the rapid adoption of poly-Si passivating contacts follow from a few
advantageous properties: (i) excellent electrical properties in terms of effective repelling of
minority carriers and transport of majority carriers to the contacts, which allow the
simultaneous achievement of low recombination current density (Jo) and contact resistivity (0c)
values (see Fig. 1), (ii) compatibility with standard high-temperature processes in existing PV
production lines, and (ii1) reliance on conventional materials which have the potential to be
fabricated by lean process flows, with a high throughput (Chen et al., 2019; Feldmann et al.,
2018; Yan et al., 2021). The latter aspect is particularly important for achieving a low levelized
cost of electricity with solar cells incorporating poly-Si passivating contacts and is therefore

the focus of this work.
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Figure 1. Schematic of a typical n-type poly-Si passivating contact structure at the rear side of an industrial n-
type silicon solar cell with screen-printed contacts. Repelling of the minority carriers i.e., holes (h) by the
passivating contact leads to a low recombination current density (Jo). Effective extraction of the majority carriers
i.e., electrons (e) to the contacts yields a low contact resistivity (pc).



For fabrication of the poly-Si/SiOx structure used for contact passivation, various industrially
viable approaches have been proposed in the literature, with the two main techniques for
realizing the poly-Si film being low pressure chemical vapor deposition (LPCVD) and plasma
enhanced chemical vapor deposition (PECVD) (Yan et al., 2021). Among these options, the
primary choice of the PV industry has been the use of LPCVD systems so far (Fischer et al.,
2021). This is motivated by (i) the high wafer throughput of LPCVD equipment, (ii) the
simplicity of realizing over 100 nm thick blister-free poly-Si films (Yan et al., 2021), and (iii)
the possibility of growing the ultrathin SiOx film in sifu, by thermal oxidation before poly-Si
deposition. Nevertheless, the LPCVD-based approach which is currently common in the PV
industry and research community is still inherently a two-step process despite the in situ
oxidation. This is because the high level of doping required in the poly-Si film is obtained by
an ex situ doping step, either by diffusion or ion implantation of dopants (Yan et al., 2021).
Dopant diffusion consists of deposition of a dopant-rich layer followed by a dopant drive-in
process, and thus can be quite time-consuming, while ion implantation requires an extra
annealing step for the activation of the implanted dopants. Hence, the choice of ex situ
techniques for doping complicates the fabrication by LPCVD. This is an important
disadvantage in comparison to the competing PECVD-based approach, which mostly relies on
in situ doping (Feldmann et al., 2018). The promise of the simpler in sifu approach is also
reflected in recent market predictions, which forecast a significant increase in the market share

of this doping method (Fischer et al., 2021).

This work proposes a leaner LPCVD-based process for the fabrication of poly-Si films for
contact passivation, by performing in situ doping during poly-Si growth. Particularly,
phosphorus (P)-doped films are studied, as n-type poly-Si passivating contacts have shown
more promise and found more acceptance by the PV industry than their p-type counterparts
(Feldmann et al., 2018; Yan et al., 2021). The proposed in situ approach offers two potential
advantages compared to the standard ex situ doping methods. First, the need for extra doping
steps becomes obsolete, allowing for simpler fabrication of solar cells with poly-Si passivating
contacts. Second, tuning of the thickness of in situ doped poly-Si films without altering the
doping level can be achieved in a more straightforward manner, by a simple adjustment of the
deposition duration. By contrast, changes in the thickness of ex sifu doped poly-Si films would
require the doping process, e.g. diffusion of dopants, to be reoptimized to preserve the original
doping profile. The simplicity of poly-Si thickness modification could be useful for the PV

industry to achieve evolutionary increases of solar cell efficiencies by reducing the poly-Si



thickness and thus the associated free carrier absorption (FCA) related optical losses (Firat et

al., 2019).

The proposal of combining LPCVD with in situ P-doping, however, needs to address the
challenges this approach faces, because of which ex situ P-doping methods have been prevalent
so far. These challenges are the result of the complications arising from introducing the dopant
precursor phosphine (PH3) during the LPCVD process. The first issue is that a trade-off exists
between the active P concentration (Np,act) in the poly-Si films, which needs to be typically
above 1-10*° cm™ for achieving low Jo and p. values, and the deposition rate (rdep) (Kamins,
1998). Since fabrication of heavily in situ P-doped poly-Si films by LPCVD with a high
throughput has also been of interest in the field of Si microelectronics, a vast amount of
research has already been devoted to better understanding and addressing this trade-off. It was
found that a higher deposition temperature (74ep) yields a higher rqep, as the Si precursor silane
(SiH4) decomposes quicker, but simultaneously a lower Np.ac, since desorption rate of PH3
from the film surface increases (Learn and Foster, 1987). Moreover, it was shown that
increasing the PH3 flow (QOp) enhances Npact, as more P is incorporated in the poly-Si, while it
reduces r4ep, since PH3 competes with SiH4 for adsorption at available surface sites and thereby
inhibits film growth (Meyerson and Yu, 1984; Mulder et al., 1990). Furthermore, importance
of post-LPCVD annealing for grain growth and dopant activation i.e., Npact enhancement was
demonstrated (Ahmed and Ahmed, 1992; Mulder et al., 1990). In addition, use of disilane
(S12He) instead of silane as the Si precursor was investigated as a strategy to enhance r4ep of in
situ P-doped LPCVD poly-Si films (Grahn et al., 1997; Madsen and Weaver, 1990). Based on
this knowledge, this paper addresses the problem concerning the trade-off by targeting the
optimal balance between Np.act and raep specifically for application of the in situ P-doped
LPCVD poly-Si films in passivating contacts for Si solar cells. The second challenge of
combining LPCVD with in situ doping is the difficulty of depositing highly uniform poly-Si
films in terms of thickness and doping level, which was also studied by Si microelectronics
researchers (Ahmed and Ahmed, 1992; Meyerson and Olbricht, 1984). While discussion of
this second problem is beyond the scope of this paper, Naber et al. (2019) has already reported
an industrial in situ P-doped LPCVD solution which demonstrates the fabrication of highly
uniform poly-Si films for passivating contacts, and thus, together with the findings of this work,

the potential of this manufacturing route for the PV industry.



This paper reports on a systematic investigation of the impact of LPCVD process parameters
on in situ doped poly-Si properties, with the aim of achieving a high Np act while minimizing
the drop in r4ep compared to the growth of undoped films. Findings of thorough structural and
electrical characterization performed throughout this investigation are presented. Moreover,

the resulting poly-Si films are incorporated in a poly-Si passivating contact structure, the

potential of which is studied by assessing the Jo and p. values obtainable.

2 Materials and Methods

The work on the LPCVD-based in situ P-doping process was performed in four stages: (i) study
and development of the poly-Si films, (ii) investigation of the impact of a post-LPCVD
annealing process on the developed films, (iii) assessment of the performance of these films in
passivating contacts, and (iv) characterization of the optical impact of the films when used at

the rear side of a typical Si solar cell structure.

2.1 Development of In Situ P-Doped LPCVD Poly-Si Films

The film development was undertaken in a single-wafer ASM Epsilon 2000 reactor. The in situ
P-doped poly-Si films were prepared by LPCVD using 100% SiH4 as the Si precursor, 0.1%
PH3; diluted in H; as the dopant precursor, and H» as the carrier gas, on mirror-polished single
crystalline Si (c-Si) substrates with a 100 nm thick thermally grown SiO». No post-LPCVD

annealing was applied to these samples.

Starting with the baseline process shown in Table 1, the development consisted of studying the
impact of (i) the Tuep, (ii) the level of dilution with the carrier gas i.e., the Hz flow (On), and
(111) the QOp, on Np.act, Fdep, and further structural properties of the poly-Si films. The pressure
(p) and the flow of the Si precursor (QOs) were not changed. The complete list of the process

parameters used during the film development is presented in Table 1.

Table 1. The process parameters used for the growth of the in sifu phosphorus-doped polycrystalline silicon films
by low pressure chemical vapor deposition, at various stages of the film development.

Parameter Studied | p [Torr] Taep [°C] QOu [slm] QOpr [scem] 0Os [sccm]
Baseline Process 40 700 25 500 200
Tep 40 550-720 25 500 200
On 40 590, 650, 700 15,25 500 200
Orp 40 590 10 0-300 200




The carrier concentration and thereby the Npact in the poly-Si films was determined by Hall
measurements, which also provided the Hall mobility of electrons (unn). The total
concentration of P (Np) in the films was assessed by secondary-ion mass spectroscopy (SIMS).
Using the depth-resolved profiles of Np acquired by SIMS, average values of Np in poly-Si
films were calculated. For determining r4ep, poly-Si film thickness (#poly) was measured by
spectroscopic ellipsometry and divided by the deposition duration. A #,01y of 150 nm was
targeted for all films but not achieved always as rqep Was often unknown prior to the

depositions. Hence, #po1y of the films varied between 20 nm and 600 nm.

The poly-Si films were also characterized structurally by Raman spectroscopy, X-ray
diffraction (XRD), and cross-section transmission electron microscopy (TEM). The Raman
spectra were used for qualitative assessment of the crystallinity of the films under study. The
XRD results were quantitatively analyzed by extracting the full width at half maximum of the
peak related to (111)-oriented crystallites, and subsequently determining the crystallite size of
the poly-Si films by utilizing the Debye-Scherrer equation (Langford and Wilson, 1978). The
TEM images were used for a qualitative assessment of the grain size of the poly-Si films

(Joubert et al., 1987).

2.2 Impact of Annealing on the In Situ P-Doped LPCVD Poly-Si Films

To study the impact of post-LPCVD annealing on the developed in situ P-doped poly-Si films,
samples with the same design as described in Section 2.1 were prepared, using Tgep = 590°C,
Oun = 10 slm, and Qp = 200 sccm. In a first experiment, the samples were subjected to 30 min
long anneals at annealing temperatures of 800°C and 900°C, in the LPCVD equipment used

for poly-Si deposition, in an airtight H> ambient, at 40 Torr or atmospheric pressure.

Subsequently, two samples were prepared and annealed at 900°C for 30 min in a different
furnace which is not airtight, at atmospheric pressure. One of these samples was annealed in
an O, ambient and the other in an N> ambient. The poly-Si film of the latter sample was covered
with a 1.4 nm thick SiOx layer grown wet-chemically in an ozonated H>O bath, prior to
annealing. The samples from both experiments were investigated by SIMS and Hall
measurements. Moreover, the poly-Si films were characterized structurally by Raman

spectroscopy and XRD measurements.



2.3 Development of Poly-Si Passivating Contacts

The aim of the third stage of development in this work was to determine the process window
and choices allowing the highest passivating contact quality in terms of Jo and p.. For this
purpose, symmetrical samples were fabricated as illustrated in Fig. 2a), following the process
flow in Fig. 2b). The quality of the passivating contacts was assessed both on saw-damage
removed (SDR) and random-pyramid textured (TXT) wafers. The parameters of these
substrates are shown in Fig. 2a). These wafers were cleaned and thermally oxidized with a 1.3
nm thick SiOx layer. Following the oxidation, the developed in situ P-doped poly-Si films were
deposited by LPCVD, using the selected parameters: Tqep = 590°C, On = 10 slm, and Qp =200
sccm. The samples were then subjected to the post-LPCVD annealing process, designed
according to the results of the study on the impact of annealing on the poly-Si films. This
consisted of coating the samples with a wet-chemical SiOx film and annealing in an N> ambient,
in a furnace which is not airtight. After annealing, the samples were hydrogenated by
deposition of ~80 nm thick PECVD SiNy:H films onto the poly-Si films. The fabrication was
completed by screen-printing Ag fingers onto one side of the samples, followed by drying and
firing-through of the Ag paste for contacting the poly-Si film. Firing was performed in a belt
furnace with a speed of 150 inches per minute and a set peak temperature (7peax) adapted to the
wafer surface morphology. Tpeak Was chosen as 870°C for SDR and as 840°C for TXT samples,

as the TXT wafers absorb and heat up more.

b)
Saw damage removal Texturing
~80 nm PECVD SiN,:H
1.3 nm Thermal SiO,
~1.3 nm thermal SiO, In Situ P-doped LPCVD poly-Si (Varying t,,,)
238.9 cm?, ~160 uym, ~3.2 Q-cm Annealing (Varying T, & tn )
(100) SDR or TXT n-type c-Si
. PECVD SiN,:H for hydrogenation
~1.3 nm thermal SiO,
Ag screen-printing & drying

~80 nm PECVD SiN,:H Firing (Tpeak spr = 870°C & Tenr x7 = 840°C)

Figure 2. a) Design of the symmetrically passivated samples. b) Process flow followed for fabricating the samples
in a).

Two experimental splits were introduced while preparing the samples. The first split was made
at the LPCVD step, by varying the deposition duration for growing films that are 100 nm, 150
nm, and 200 nm thick. This screening of #p01y was performed only for the TXT samples and for

a single annealing condition at a temperature (7an) of 900°C for a duration (fann) of 60 min.



The second experimental split was regarding the post-LPCVD annealing process: Tann 0f 800°C

or 900°C, and fann of 30 min or 60 min were chosen. For this split, #01y was fixed at 150 nm.

The screen-printed Ag finger grid included regions with varying metallization fraction (MF)
and non-metallized regions, designed to allow a full characterization of the passivating contacts
(see Fig. Sla) in Supplementary Information). At the non-metallized regions, minority carrier
lifetime (T) measurements were performed. The resulting injection level (An) dependent
lifetime data were used for extracting the Jo of the poly-Si passivating contact in passivated

3, as well as 7 at An = 10'° cm™, the implied open circuit voltage

regions (Jop) at An = 10" cm’
(iVoc), and the implied fill factor (iFF). Furthermore, Jo of the passivating contact in metallized
regions (Jo,m) was determined by using the lifetime data together with photoluminescence (PL)

images of all regions with varying MF, following the method in (Comparotto et al., 2017).

The same samples were also used for measuring the p. of the poly-Si passivating contacts by
transfer length method (TLM) measurements. It is important to note that the original TLM

measurements yielded the p. between the Ag fingers and the poly-Si (0cm). To determine the
Pe across the total Ag/poly-Si/SiOx/c-Si stack, which is denoted pc: and accounts for the

contribution of the carrier transport through the SiOx layer unlike pcm, TLM measurements

were repeated after introducing dicing saw cuts at both sides of each Ag finger (see Fig. S1b)

and S1c) in Supporting Information).

2.4 Optical Impact of the Poly-Si Passivating Contacts

The final investigation in this work focused on the optical losses due to parasitic absorption in
the poly-Si films when applied at the rear side of Si solar cells. For this purpose, non-metallized
solar cell precursors were prepared with boron-diffused front emitter and poly-Si passivating
contacts at the rear. A detailed description of the design and fabrication of samples of this type
is available elsewhere (Firat et al., 2019). In this work, two sets of samples were prepared for
studying the impact of (i) #yoly and (ii) the Np.act level on the resulting optical losses, which are
mainly due to FCA. For the first set, the poly-Si films were deposited using Taep = 590°C, On
=10 slm, and QOp =200 sccm, with varying fpo1y of 100 nm, 150 nm, and 200 nm. For the second
set, fpoly Was selected as 150 nm, while the LPCVD parameters were Tqep = 590°C, On = 10

slm, and a varying QOp of 20 sccm, 50 sccm, and 200 sccm. The variation of QOp allowed



determining the impact of the Np .t level in the poly-Si, which depends on QOp. All samples of
this study underwent a post-LPCVD anneal at 900°C for 60 min.

The samples were characterized by reflectance measurements. A short circuit current density
(Jsc) value was determined for each sample by PC1D simulations, based on the measured
reflectance data. The optical losses due to the poly-Si films (AJs) were then determined by
comparing the simulated Js of the samples with poly-Si passivating contacts to the simulated
Jsc of reference samples with no poly-Si but POCls-diffused back surface fields (BSF) instead.
A detailed description of the data analysis and simulation method used can be found in the

literature (Firat et al., 2019).
3 Results and Discussion

3.1 Development of In Situ P-Doped LPCVD Poly-Si Films

The baseline process introduced in Table 1 was used in our previous work and yielded a low
Np.act of 2.6:10" cm™, resulting in a poor-quality passivating contact (Firat et al., 2019). This
work aimed at improving this process to obtain films with Np act over 1:10*° cm™ to enable the
fabrication of excellent passivating contacts, while also limiting the drop in r4ep compared to

the deposition of intrinsic poly-Si to a minimum, to ensure a high process throughput.

The findings regarding the impact of varying T4ep on Npact and r4ep of the poly-Si films are
depicted in Fig. 3a). These lead to two conclusions: decreasing Tdep from 720 °C to 590 °C (1)
yields an increase in Npac of ~3 times, and (ii) reduces rgep exponentially. The latter
observation is well-known and shows that, for the range of Ty values used, the deposition is
limited by the reaction rate of the decomposition of SiH4, which increases exponentially with
T4ep (Learn and Foster, 1987). The activation energy of this deposition process was extracted
as 1.65 eV and is in agreement with the literature (Kamins, 1998). The increase in Np act with
decreasing Tuep is attributed to reduced PH3 desorption during poly-Si growth (Learn and
Foster, 1987).

The impact of T4ep on the structure of the poly-Si films can be qualitatively understood using
Raman spectroscopy, as shown in Fig. 3b), where the spectra are normalized to the same
maximum intensity. Even though only a few spectra are depicted for clarity purposes, the

following discussion is valid for all Tqep studied. While a peak at a Raman shift of 521 cm!



was detected for all samples indicating polycrystalline content, a significantly elevated baseline
was found for Tyep < 570 °C, showing the partly amorphous structure of the corresponding
films (Igbal and Vepiek, 2000). For T4ep of 590°C and above, the films are fully crystalline,
but a surprising side-peak was found at a Raman shift close to 500 cm™. This peak is attributed
to scattering at grain boundaries inside the poly-Si film (Gao and Yin, 2017), the strength of
which indicates an abundance of grain boundaries and thus a small grain size. The grain size
could not be measured directly in this work, as TEM images of the developed poly-Si films
indicated grains of irregular shapes and sizes. Instead, XRD measurements were performed to
determine the average crystallite size, which is a lower bound and an indicator for the average
grain size, allowing for sample-to-sample comparison (Joubert et al., 1987). For the poly-Si
films grown at varying Tqep, the crystallite size by XRD was found to be between 15 and 24
nm, which, surprisingly, did not seem to be a function of 74ep. In accordance with the small
crystallite size, unn by Hall measurements is also quite low, between 3.3 and 9.4 ¢cm?/Vs.
Interestingly, unlike the crystallite size, unn, was found to depend systematically on, in
particular, increase with, Tgep. This is attributed to reduced impurity scattering due to the
significant decrease in Npact With increasing Taep, because in poly-Si, impurity scattering is
known to limit umn for Npact > 10'® cm™, which is the case for the films studied in this work

(Kamins, 1971; Mandurah et al., 1979).
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Figure 3. a) Active dopant concentration (Np,act) in the poly-Si films and the poly-Si deposition rate (r4cp) as a
function of the deposition temperature (74ep). b) Raman spectra of poly-Si films normalized to the same maximum
intensity, deposited at various 7gep.

Next, the impact of reducing On was studied and it was found in Fig. 4a) that lower QOu leads
to a higher Npac, while Np increases only marginally, which indicates enhanced dopant
activation. Moreover, a lower Oy also yields a higher r4ep by ~40-50% as depicted in Fig. 4b).

These increases are attributed to two types of impact of On on the in situ doped film deposition.



First, lowering On reduces the dilution of the precursors PH3 and SiH4, which might increase
the rate with which P and Si atoms are incorporated into the poly-Si film. Second, H is a
product of the decomposition reactions of PH3 and SiH4, which are thus accelerated by
lowering Oun (Kamins, 1998). Structurally, reduction in On does not yield significant changes
as found by Raman spectroscopy and XRD measurements; the films were polycrystalline with
crystallite sizes of 16-22 nm. Based on these findings, the lowest On which could be reliably
controlled in the deposition tool, equal to 10 slm, was selected for further development.
Moreover, the difference between Np.ct and Np in Fig. 4a) shows that only ~15-25% of the P
atoms in the poly-Si were electrically active, which implies that the Op of 500 sccm used in

this study so far was too high, suggesting a reduction in Qp.
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Figure 4. a) Total (Np) and active (Npact) dopant concentration in poly-Si films as determined by SIMS and Hall
measurements, respectively, as a function of the deposition temperature (7qp) for two different H, flows of 15
and 25 slm. b) The corresponding poly-Si deposition rates.

According to the findings in Fig. 3 and Fig. 4, Taep = 590 °C and Ou = 10 slm were selected for
further film development, in order to achieve a high Npa.t while limiting the drop in 74ep. For
these parameters, screening lower QOp as suggested above led to the results in Fig. 5. From the
Npact values in Fig. 5a), it is evident that a maximum exists at a Op of approximately 200 sccm,
beyond which, interestingly, Np act decreases. While a similar decrease in Np was measured by
SIMS beyond a Op of 250 sccm and might partly explain the reduction in Np,act, another reason
might be the decrease in the poly-Si grain size with increasing QOp, indicated by the TEM images
of the samples with Op = 0 and 50 sccm, which are depicted in Fig. 5b) and c), respectively.
These images show that (i) significantly larger grains with sizes up to 100 nm and beyond are
observed in Fig. 5b) for Op = 0 than in Fig. 5¢) for Op = 50 sccm, and (i1) the grains are of

irregular size, leading to difficulties in quantitatively determining a precise grain size value.



Therefore, the crystallite size determined by XRD was also investigated as a more quantitative
measure, which follows a decreasing trend with increasing QOp as shown in Fig. 5d). We would
like to note that the trend in crystallite size has an irregularity at Op = 150 sccm. This
irregularity is not well-understood but could be due to a process drift, as samples with Op <
150 sccm and QOp > 150 sccm were processed in two different experimental runs. Thus, overall,
the observed behavior of the crystallite size in Fig. 5d) further corroborates the reduction in the
grain size with increasing Op. Such lower grain size probably led to the segregation of a higher
portion of P to the grain boundaries, where P is known to be electrically inactive (Kamins,
1998). Hence, enhanced grain boundary segregation of P together with the saturating or
decreasing trend of Np might have reduced Np act beyond a Qp of 200 sccm, explaining the data
in Fig. 5a).
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Figure 5. a) Total (NVp) and active (Np.ct) dopant concentration as determined by SIMS and Hall measurements,
respectively, as a function of the PH3 flow (Qp), in poly-Si films deposited at 590°C with a H, flow of 10 slm. b)
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sccm. d) Crystallite size from XRD and electron Hall mobility (#u,n) of the poly-Si films as a function of QOp. €)
Raman spectra of the poly-Si films normalized to the same maximum intensity, for various Qp. f) Poly-Si
deposition rate (74) as a function of QOp.
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The reduction in the grain size with increasing Qp also explains the corresponding decrease in

uun, depicted in Fig. 5d), since poly-Si films with smaller grains would have more grain

boundaries acting as barriers to electrical transport. The impact of the reduction in the grain

size is also observed in the Raman spectra in Fig. 5e), where the side peak at a Raman shift of

~500 cm!, which is attributed to a smaller grain size, starts to appear for Op > 150 sccm. The



Raman spectra also show an elevated baseline signal particularly for Op > 150 sccm, which

indicates an increasing amorphous content in the deposited films.

Most importantly, Fig. 5 shows that an Np et > 1:10*° cm™, which is considered necessary for
the fabrication of high-quality passivating contacts, can be achieved in the in situ P-doped poly-
Si films by LPCVD, for T4ep = 590 °C, On = 10 slm, and Qp between 100 and 300 sccm.
Interestingly, reducing Qp from its baseline process value of 500 sccm was necessary to achieve
such high Npct. Such reduction is also beneficial in terms of the deposition process throughput,
as Fig. 5f) shows an increase in r4ep for decreasing Op, which is due to the presence of fewer
PH; molecules blocking adsorption sites for SiHs during the film growth (Kamins, 1998;
Meyerson and Yu, 1984; Mulder et al., 1990). For further development in this work, Op was
selected as 200 sccm, as this leads to the maximum Npa«t value of 1.3-10%° cm™. The
corresponding r4ep s 0.078 nm/s, which increases the duration to deposit a typical 150 nm thick
poly-Si film to ~32 min, which is only ~17 min longer than the case of Opr = 0 i.e., intrinsic
poly-Si deposition. Thus, this result demonstrates that fabrication of in situ doped poly-Si films
can be less time-consuming than ex sifu doped films because the extra doping step would lead
to an overall longer process despite the shorter LPCVD step. Moreover, r4ep of the in sifu doped
films can be further boosted by up to 50% without a significant loss in Np.act by exploring the
QOp range of 100-200 sccm, as Fig. 5a) and 5f) indicate. It is important to note that the limited
rdep drop was demonstrated with a single-wafer tool here; nevertheless, it is expected that

processes achieving similar r4ep can also be developed with industrial equipment.

3.2 Impact of Annealing on the In Situ P-Doped LPCVD Poly-Si Films

Annealing of in situ doped poly-Si films is generally considered necessary for increased
activation of dopants and for obtaining low Jo and p. values for the passivating contact (Yan et
al., 2021). However, since a high Npct in the poly-Si films was achieved in this work without
annealing, the initial efforts of incorporating these films in passivating contacts included a
process design without annealing (Firat et al., 2020). While an excellent passivation quality
with Jop, < 5 fA/cm? was obtained using such non-annealed films, the pem values remained
above 37.6 mQ-cm? and were thus too high for application in high-efficiency bifacial Si solar
cells, for which our target value is below 5 mQ-cm?. Thus, the impact of post-LPCVD

annealing on the in situ doped poly-Si films was studied in this work.



Initial findings for passivating contacts annealed in the airtight LPCVD equipment in H»
ambient at p = 40 Torr, however, also indicated high p.m values, which surprisingly increased
with increasing annealing thermal budget (Firat et al., 2020). This was attributed to loss of
dopants to the ambient during annealing, which is verified in this work by means of SIMS
measurements, as shown in Fig. 6a). Both the overall reduction in Np and the gradual drop

towards the surface are clear signs of loss of P to the ambient. In addition, Hall measurements
showed that Np act drops as well, for Tamn = 800°C, to 5.7-10" cm™. For Tam = 900°C, the poly-

Si film was too resistive, and no Hall measurement could be performed.

The reason behind the dopant loss is identified as the lack of oxide formation at the surface of
the poly-Si film during annealing in the airtight LPCVD equipment, as the presence of a surface
oxide layer is necessary for containing the dopants in the poly-Si according to the literature
(Murarka, 1984). The low pressure of the annealing ambient is excluded as cause for the dopant
loss, since annealing in the same airtight equipment at atmospheric pressure still led to a similar
P loss (data not shown here). By performing the annealing in an equipment which is not airtight
and ensuring that, during the process, the poly-Si film surface is covered by an oxide,
successful mitigation of the dopant loss is demonstrated as shown in Fig. 6a). This leads to a
flat profile of Np across the entire poly-Si film with only a slight drop compared to Np before
annealing, both in O2 and N, ambient. Both anneals also yield a slight increase in Npact from
1.3:10%° cm™ to 1.5-10%° cm™, which is attributed to further dopant activation. As annealing in
O, ambient partly consumes the poly-Si film due to oxidation, annealing in N> ambient,

combined with pre-coating poly-Si with a wet-chemical SiOx layer, is preferred for the rest of

this work.
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Figure 6. a) Total dopant concentration (Np) in poly-Si films after various annealing procedures, as determined
by SIMS measurements. b) Raman spectra of the poly-Si films before and after annealing.



Annealing without dopant loss was found to modify the poly-Si films structurally as well.
Raman spectra in Fig. 6b) show that the baseline signal due to the amorphous content of the
film fully disappears after annealing, indicating full crystallization. Moreover, annealing
probably led to grain growth, indicated by an increase in the crystallite size of poly-Si films
from 30 nm to 35 nm. As expected, these structural changes boosted un,, which more than

tripled from 7.8 cm?/Vs to 28.4 cm?/Vs.

Given its benefits, the post-LPCVD annealing process without dopant loss was used for the
passivating contact development in this work. Further development of annealing-free single-

step fabrication of in situ doped passivating contacts was identified as a target of future work.

3.3 Integration of the Developed In Situ P-Doped LPCVD Poly-Si Films in Passivating
Contact Structures

The developed in situ doped poly-Si films were combined with thermally grown interfacial

SiOx films and treated with the developed post-LPCVD annealing process for the realization

of passivating contacts. The choice of thermal oxidation for the fabrication of the SiOy layer

was made based on the findings of our initial experiments comparing oxides grown by various

techniques, which showed the superior performance of thermal SiOx (Firat et al., 2020).

The performance of the resulting passivating contacts is summarized in Fig. 7 and Fig. 8.
Comparison of different annealing thermal budgets in Fig. 7 shows that a Tann of 900°C is
superior to 800°C for obtaining an excellent passivation quality, as this cut both Jop and Jom
approximately by half (see Fig. 7a)). Moreover, a Tann of 900°C is necessary for obtaining a
sufficiently low pem < 5 mQ-cm? (see Fig. 7b)). Furthermore, when performing pe;
measurements, 7amn = 800°C led to non-Ohmic contacts for which no pc; value could be
extracted. This not only illustrates further the need for post-LPCVD annealing as discussed in
Section 3.2, but also shows that Tann must be high enough, for example 900°C, for facilitating
proper carrier transport through the SiOx layer. For Tann = 900°C, in contrast to Tann = 800°C,
Ohmic contacts with pc; of 20.1-66.9 mQ-cm? were obtained. While these p values are quite
high compared to pcm, they are acceptable for application of these passivating contacts at the
rear side of bifacial Si solar cells, where a blanket poly-Si layer is normally used. This is
because pc: is associated with a full-area contact and thus needs to fulfill less stringent

requirements than pcm, which applies to the significantly smaller contact area between Ag



fingers and the poly-Si film. In addition to Tann, increasing tann from 30 min to 60 min was also
found to be beneficial, albeit less critical, for reducing Jo p, Jo,m, and pcm. Interestingly, a similar

impact on pc; could only be found for the case with an SDR surface.

The positive impact of higher Tann and zann on the performance of poly-Si passivating contacts
is attributed to three factors. First, Np,act in the poly-Si film increases slightly upon annealing
as shown in Section 3.2. Second, annealing, particularly for higher thermal budgets, enhances
the diffusion of P from the poly-Si into the c-Si substrate as known from the literature (Kamins,
1998). These lead to a reduced minority carrier concentration at the interface between the
passivating contact and the c-Si substrate and thus decrease Jop and Jo,m. Furthermore, higher
Nbp,act in the poly-Si reduces pcm, while higher doping at both sides of the interfacial SiOx layer
yields favorable band bending, which enhances tunneling through SiOx and reduces pc;
(Steinkemper et al., 2015). Lastly, the interfacial SiOx film undergoes structural reconstruction
during annealing. This leads both to a reduction in the interface defect density at the c-Si/SiOx
interface, which suppresses recombination of minority carriers and thus Jop and Jom, and to
formation of pinholes or nanopits in the SiOx film, which facilitates the transport of majority
carriers and thus reduces pc (Galleni et al., 2021; Liu et al., 2019). Despite these benefits of
annealing, it is important to note that extreme thermal budgets can degrade passivation during
annealing by yielding a pinhole density in the interfacial SiOx that is too high and diffusion of

P into the Si bulk that is too excessive, which is the reason for not considering higher Tann in

this work.
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Figure 7. Impact of annealing temperature and duration on poly-Si passivating contacts in terms of: a)
recombination current density in passivated (Jop) and in Ag screen-printed (Jo,m) regions, and b) contact resistivity
of screen-printed fingers to the poly-Si (0.,m) and of the total passivating contact stack of Ag/poly-Si/SiOx/c-Si
(Pc,t), obtained on saw-damage removed (SDR) and textured (TXT) wafers.



In addition to the impact of annealing, Fig. 7 shows that the rougher surface morphology of
TXT wafers leads to higher Jo, and Jo,m, but lower pem and pct, compared to SDR wafers. This
is expected given that the surface area of TXT wafers is larger than that of SDR wafers by a
factor of ~1.7. However, the measured values differ mostly by a factor of 2 to 3, which means
that the differences cannot be fully explained by the increased surface area of TXT wafers.
While further study is needed to determine the additional reasons, potentially poorer thickness
homogeneity and integrity of the interfacial SiOx layer on rougher TXT surfaces can be

speculated as possible causes for this.

Despite the differences, it is evident from Fig. 7 that excellent passivating contacts can be
obtained both on SDR and TXT surfaces with the in situ P-doped poly-Si films developed in
this work. Upon annealing at 900°C for 60 min, Jop < 5 fA/em? and pem < 5 mQ-cm? are
achieved simultaneously, on both surfaces. Moreover, Fig. 8 shows that the passivating
contacts can be further improved by increasing #poly for the case of TXT samples, which is
expected to be applicable for SDR surfaces as well. First, it is evident from Fig. 8a) that Jom
can be decreased by about an order of magnitude by increasing #poly from 100 nm to 200 nm.
This suggests that thicker poly-Si films are better in preventing damage from aggressive
screen-printed metallization, which might occur due to local Ag spiking through the
passivating contact during the fire-through process (Ciftpinar et al., 2017). In addition to Jo,m,
thicker poly-Si layers seem to also yield slightly lower Jo and pcm, as shown in Fig. 8a) and
8b), respectively. Furthermore, pc« was found to increase with increasing #yoly (see Fig. 8b)).

The reasons behind the findings regarding Jop, pcm, and pc are not well-understood.
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Figure 8. Impact of the poly-Si film thickness (#y01y) on poly-Si passivating contacts in terms of: a) recombination
current density in passivated (Jop) and in Ag screen-printed (Jo.m) regions, and b) contact resistivity of screen-
printed fingers to the poly-Si (p.m) and of the total passivating contact stack of Ag/poly-Si/SiOy/c-Si (Oc,),
obtained on textured (TXT) wafers.

Concluding the poly-Si passivating contact development, the figures of merit characterizing
the best passivating contacts obtained on SDR and TXT surfaces are summarized in Table 2.
These show that, apart from the excellent Jo and p. parameters, the developed passivating
contacts enable outstanding v > 7 ms, iFFF > 86% and iVoc > 740 mV on both surfaces. It is
important to note that the results in Table 2 are on par with the data reported in the literature
for typical high-quality passivating contacts with poly-Si films fabricated by the standard
industrial process combining LPCVD and ex situ doping (Jo = 1-4 fA/cm? and p. = 0.5-5
mQ-cm?) (Ciftpinar et al., 2017; Padhamnath et al., 2020; Yan et al., 2021). Hence, the findings
presented in this paper clearly show the promise of combining the LPCVD technique with in
situ P-doping for fabricating poly-Si films for contact passivation of Si solar cells. To
demonstrate the full potential of this process, integration of the developed passivating contacts

in industrially processed solar cells is planned as future work.

Table 2. Summary of all figures of merit of the best passivating contacts obtained on SDR and TXT surfaces, for
poly-Si film thicknesses of 150 nm and 200 nm, respectively.

J(],p JO,m Pe,m Peit
Surface  fpoly [nm] | 7 [ms] iFF [%] | iVoc [mV]
[fA/em?] | [fA/em?]  [mQ-:cm?]  [mQ-cm?]
SDR 150 9.4+1.9 | 86.5+0.3 | 747.2+0.2 | 1.5+0.2 25.6 4.9+1.3 40.0+3.3

TXT 200 7.240.1 = 86.0£0.1 | 740.9+0.4 | 3.5+0.4 56.7 1.8+0.1 36.0+0.7



3.4 Optical Impact of the Poly-Si Passivating Contacts

While poly-Si passivating contacts offer excellent electrical properties as shown in Section 3.3,
it is important to also consider and characterize the optical losses caused by parasitic absorption
in the highly doped poly-Si film of the contacts. As poly-Si passivating contacts are mostly
used at the rear side of Si solar cells, optical losses arising from such application are studied

here.

The Jsc losses (AJsc) due to increasing #yoly are depicted in Fig. 9a). As expected, thicker poly-
Si films lead to higher AJs. due to increased parasitic FCA in the heavily doped poly-Si films.
In the #poly range studied, the increase in AJsc seems to be linear, and applying a linear fit to the
data reveals a AJs of 0.41 mA/cm? per 100 nm increase in fpoly, for Np act = 1.5-10%° cm, which
is in reasonable agreement with our previous work (Firat et al., 2019). This result shows that a
trade-off exists between AJs. and the electrical figures of merit in Fig. 8, among which Jom
decreases strongly with increasing fpo1y. Hence, #p01y may not be increased arbitrarily to improve
the passivating contact electrically, but it needs to be optimized considering the associated

optical losses as well.
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Figure 9. Simulated optical losses due to poly-Si films at the rear side of Si solar cell structures in terms of short
circuit current density (AJs) as a function of a) poly-Si thickness (#y01y) for a PH; flow of 200 sccm and of b) PH3
flow (Qp) for a o1y 0f 150 nm.

For a given o1y, the FCA and the corresponding AJ,. are expected to depend on Np_act, which

can be altered by varying Qp as shown in Fig. 5a). This is demonstrated here, as the findings
in Fig. 9b) show that a Op of 50 sccm or below, which reduces Np et below 1:10%° cm™, limits
AJsc to ~0.1 mA/cm? and below. Hence, thicker poly-Si films yielding lower Jom could be

optically tolerated for such reduced Npact. Furthermore, reducing Op would yield the additional



benefit of an increased rqep (see Fig. 5f)) and thus process throughput. Given these potential
advantages, the feasibility of fabricating passivating contacts with a lower Npac level was
assessed by fabricating a test sample with a Op of 50 sccm and a Tann of 900°C. While the
resulting passivating contact delivered excellent passivation with Jop, < 5 fA/cm?, pem was
found to be greater than 50 mQ-cm?, which is too high for use in typical bifacial Si solar cells.
Nevertheless, exploring the Op range of 50-200 sccm might yield sufficiently low pcm while
still allowing a reduction in AJ,c as well as an increase in 74ep. Such optimization of Op towards
lower values may also be assisted by improving screen-printing pastes for poly-Si passivating

contacts, which might enable low pem for Npact below 1:10%° cm™.

4 Summary and Outlook

For the fabrication of heavily P-doped poly-Si films for contact passivation of Si solar cells,
the PV industry mainly relies on the high-throughput LPCVD technique combined with ex situ
doping methods. As this is an inherently two-step process and prolongs the fabrication, a leaner
approach is targeted in this work, which relies on in situ P-doped LPCVD-based poly-Si films.
When developing the in situ doped films, particular attention was paid to the challenge of
obtaining a high Npacc while keeping the drop in r4ep due to the introduction of the dopant
precursor to a minimum. By means of a systematic investigation of the impact of the LPCVD
parameters Taep, On, and Op on electrical and structural properties of the poly-Si films, a high
Np.act of 1.3:10%° ¢m™ was obtained for Taep = 590 °C, On = 10 slm, and Qp = 200 sccm. This
was achieved with a limited drop in r4ep, with the resulting rqep being 0.078 nm/s. Impact of
post-LPCVD annealing on these films was also studied, which resulted in the development of
an annealing process that further crystallizes the films, yielding a slight increase in Npact to

1.5:10%° cm? and a uun of 28.4 cm?/Vs.

The developed poly-Si films were also incorporated in poly-Si passivating contacts, the
performance of which was assessed both on SDR and TXT surfaces for varying annealing
thermal budget and #,0y. Among the parameter range explored for annealing, increasing both
Tann and tann was found to provide lower Jo and p. values, and thus to be beneficial for the
passivating contact performance. Similarly, increasing #yly also enhanced the passivation
quality obtainable, particularly in form of a reduced Jom. By using the optimum annealing
condition with Tann = 900°C and fann = 60 min, excellent passivating contacts with Jop < 5
fA/cm? and pem < 5 mQ-cm? were demonstrated on both SDR and TXT surfaces. Parasitic

absorption losses caused by the developed passivating contacts were also investigated,



predicting a Jsc loss of 0.41 mA/cm? per a 100 nm increase in #yoly, when using the contacts at

the rear side of Si solar cells.

The findings of this work will be followed up by integrating the developed passivating contacts
in Si solar cells, to demonstrate their potential in terms of the high efficiencies they can enable.
Moreover, further optimization of the in situ doping process during LPCVD will be undertaken
to increase rdep and decrease Jsc losses while preserving the excellent passivating contact
properties by exploring slightly higher Tyep and slightly lower Op values. Lastly, an effort will
be made to develop passivating contacts using in situ doped LPCVD-based poly-Si films
fabricated by a simple single-step process, i.e., by a process which does not involve a post-

LPCVD anneal.
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