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We describe the optimization of an ultra-thin silicon oxynitride (SiOxNy) layer deposited by plasma enhanced
chemical vapor deposition (PECVD) as an interfacial layer for phosphorus doped polysilicon (poly-Si) passivating
contacts. Our results demonstrate the possibility of depositing the thin interfacial layer and the intrinsic amor-
phous silicon (a-Si) film in a single PECVD process. We found that the gas flow rates strongly influence the
properties of the SiOxNy layers, such as the refractive indices, chemical bond compositions and structural sta-

bilities, which significantly affect the properties of the resulting polysilicon passivating contact structures. The
passivation quality initially increased and then decreased with a decreasing N2O/SiH,4 flow ratio, in the gas flow
range of uniform deposition, while the contact resistivity decreased significantly. We found an optimal gas flow
ratio of N2O:SiH4:Ny = 25:9:361, with which we obtained uniform polysilicon passivating contacts with a high
implied open-circuit voltage (iVoc) of 711 mV and a low contact resistivity p. of 6.6 mQ cm2.

1. Introduction

Contact structures using doped polysilicon (poly-Si) layers and thin
dielectric films have been demonstrated as promising passivating con-
tact structures in high efficiency silicon solar cells [1-5] with conversion
efficiencies as high as 26% [6,7]. It has been shown that the ultrathin
interfacial layer plays a critical role in the electrical performance of
poly-Si passivating contacts [8,9]. The most common interfacial layer is
silicon oxide (SiOy) with a thickness of less than 2 nm, which can achieve
both low recombination current densities of <5 fA/cm? and low contact
resistivities of <10 mQ cm? [10-12]. Such thin interfacial oxide layers
can be formed in several ways that are generally separate from the sil-
icon film deposition process, for example, hot nitric acid oxidation
[13-15], high temperature thermal oxidation [16,17], ozone-based
oxidation [18,19], etc. However, these processes require an additional
step, and potentially increase the risk of contamination. Thus, fabrica-
tion schemes that integrate the growth of the interfacial SiOy layers with

the deposition of the polycrystalline or amorphous silicon layers have
been investigated [20-23]. Additionally, introduction of N or other
impurities in the interfacial layer can furtherly improve the electrical
performance and thermal stability of the poly-Si passivating contact [21,
24]. One study [25] has shown that the band gap of SiOxNy can be
affected by changing the N/O ratio, which results in a change of the
band bending and may affect the ability of carriers to tunnel through this
SiO4Ny layer [26]. Precise control and optimization of the chemical
composition of such interfacial oxide layers may therefore help to
improve their electrical properties. A controlled introduction of selected
impurities to the interfacial oxide is challenging when using the con-
ventional fabrication methods.

In this paper, we presented a single-side deposition process that
combines the deposition of thin silicon oxynitride (SiOxNy) films and
intrinsic amorphous silicon (a-Si) films in a single plasma enhanced
chemical vapor deposition (PECVD) chamber. This offers a simple, fast
and clean approach to fabricate poly-Si passivating contacts. At the same
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time, it allows us to manipulate the composition of the interfacial layer
and its thickness. In this process, N is introduced into the interfacial
layer using nitrous oxide (N3O), silane (SiH4) and nitrogen (Nj) as
precursor gases [27-29] to deposit SiOxNy layers. The different chemical
bond ratios of the interfacial layer can be adjusted by changing the gas
flow rates. Furthermore, by using this PECVD deposition method, other
impurities (e.g. C) could easily be introduced into the interfacial layer.
Additionally, the deposition via PECVD has a faster growth rate (a
thickness of ~2.2 nm was achieved within 10 s) compared to the con-
ventional oxidation methods (i.e. a 1.4 nm SiOy was formed in ~30 min
by hot nitric acid oxidation [15,30]). In this work, firstly, we study the
fundamental properties of the PECVD deposited SiOxNy layers, such as
their growth rates, refractive index values, uniformities, and chemical
bond compositions as a function of the precursor gas ratios. Subse-
quently, implementing these SiOyNy layers into n-type poly-Si passiv-
ating contacts using a similar doping approach to our previous studies
[31,32], we study their electrical performance to obtain an optimal
SiOxNy layer to achieve highly performing poly-Si contacts. The results
indicate that small variations in the gas flow ratios can significantly
change the atomic content of the interfacial layer, which affects the
stability and electrical performance of the corresponding poly-Si
passivating contacts.

2. Experimental methods

N-type commercial Czochralski (Cz) silicon wafers (1.3 Q cm) with a
thickness of ~180 pm were used both as passivation quality and contact
resistivity test samples. The flowchart of experimental details is shown
in Fig. 1. All samples were cleaned by standard RCA solutions, including
both alkaline and acid based solutions, after a saw damage removal step.
The SiO4Ny/intrinsic a-Si stack was deposited at 400 °C by an induc-
tively coupled PECVD system (Oxford Plasmalab 100, with N,O, SiHy4
and N as precursor gases for SiOxNy, and SiH4 and He as precursor gases
for a-Si). We adjusted the gas flow ratios over a wide range to ensure that
the properties of the SiOyxNy interfacial layer meet the requirements of
passivating contact structure uniformity and thickness. After identifying
the approximate range of optimal gas flows, five different SiOxNy layers
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Fig. 1. Flowchart of experimental details.
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were formed by modifying the gas flow ratio of N,O and SiH4 with
values (in sccm) of 30:9, 25:9, 20:9, 20:11 and 20:13. The gas flow of Ny
remained constant at 361 sccm. The deposition time was fixed at 4 s.
Subsequently, ~50 nm a-Si was deposited in the same chamber. The
thickness and refractive index of different as-deposited SiOyxNy films
were measured by spectroscopic ellipsometry (JA Woollam M2000D). In
addition, FTIR (Bruker VERTEX 80v) spectroscopy was used to study the
SiO4Ny film composition. A group of samples with an interfacial SiOx
prepared chemically by immersing in (68 wt%) nitric acid at 90 °C for
30 min [15,30], and intrinsic a-Si deposition (~50 nm) was used as a
reference.

Both, passivation and contact resistivity test samples were subject to
POCl; diffusion processes at 820 °C, 850 °C, and 880 °C. The deposition
time (25 min) and the drive-in time (30 min) were kept constant. After
diffusion, a subsequent 400 °C forming gas annealing (FGA) for 30 min
was performed and the phosphosilicate glass (PSG) was removed by 2%
HF solution. In some of our experiments, we have observed degradation
in the passivation quality after an HF dip. To minimise the likelihood of
such degradation, we perform the HF dip step after the FGA, since we
have found that the presence of the PSG has little effect on FGA. For the
implied open circuit voltage iV,. measurement, the passivating contact
layers were deposited symmetrically on both sides of the wafer. The iV,
values were obtained by Quasi-steady-state photoconductance (QSSPC)
under 1-Sun equivalent light intensity [33]. Contact resistivity p. was
extracted by the method proposed by Cox and Strack [34]. For the
contact resistivity samples, circular aluminium contacts were evapo-
rated on the side with poly-Si passivated contact layers, and full area
aluminium was evaporated directly on the c-Si rear side, which was
highly doped by phosphorus diffusion. In addition, a photoluminescence
(PL) imaging system (BT Imaging LIS-R1, captured at an illumination
intensity of 0.5 suns and an exposure time of 0.5s) was used to study the
uniformity of the passivation structures before and after the thermal
diffusion process. Electrochemical capacitance-voltage (ECV, WEP
Wafer Profile CVP21) was used to measure the concentration of elec-
trically active phosphorus dopants in the poly-Si/SiOyNy/c-Si structures.

3. Results and discussion
3.1. Uniformity of passivating contacts

We found that the surface passivation quality and uniformity were
strongly correlated to the gas flow of the precursors, especially for the
SiHj4. In this section, we study the impact of the gas flow on the surface
passivation uniformity and post processing stability (i.e. after HF dip) of
poly-Si contacts fabricated by this single PECVD process. Fig. 2 shows
the photoluminescence images of the samples coated with symmetrical
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Fig. 2. PL images after different process stages with the SiO,N, interfacial
layers deposited using different SiH, flow (keeping the N,O and N, gas flow
constant. The deposition time for 1 and 9 sccm was 30 s and 4s, respectively). A
chemical SiOy sample as a reference is shown. (PL images were captured at an
illumination intensity of 0.5 suns and an exposure time of 0.5 s).
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SiOxNy/a-Si stacks before and after thermal diffusion. Before thermal
diffusion, an array of dark spots, corresponding to the locations of the
gas outlets in the shower head, was observed in the PL images in all
samples with different SiH4 flows. In contrast, these patterns were not
observed in the reference samples with chemical SiOy layers. After
thermal diffusion, these dark spots disappeared for the samples with
high SiHy4 flow (9 scem), while for the samples prepared using a low SiH,
flow (1 sccm), they became brighter than the surrounding regions. We
hypothesise that a low gas flow may result in a non-uniform spatial
distribution of SiHj, radicals in the plasma. Interestingly, the subsequent
FGA process can improve the uniformity of the passivation. Unfortu-
nately, during the subsequent HF dip process, some silicon flakes
floating in the HF solution were observed, indicating poor adhesion
between the SiOxNy and silicon films. As a result, all samples with
different SiH4 flow rates show poor passivation qualities after HF dip,
with a more pronounced degradation for samples with a lower SiH4 flow
(1 sccm). The delamination can be related to material properties such as
density and intrinsic stress as well as to interfacial stress originating
from the different lattice constants and thermal expansion coefficients
[35]. These differences lead to the release of stress during the
high-temperature recrystallization process, which eventually resulted in
the delamination of the passivation layer during the HF dip.

Nevertheless, we found the poor passivation quality of the poly-Si
contacts after HF dip can be effectively improved by reducing the N,O
flow rate, as shown in Fig. 3. The decrease of N,O flow rate results in a
significant increase in the Si content of the film [27]. Thus, less stress is
introduced during the recrystallization process [35]. When the N3O flow
rate drops to 50 sccm, the delamination phenomenon is reduced
significantly, and no delamination has been observed by decreasing the
N0 gas flow to 20 sccm. We found that the final passivating contact
structure has a good structural uniformity when the NO flow rate was
less than 20 sccm.

Additionally, the influence of Ny flow on the uniformity of passiv-
ating contact structure is also investigated, as shown in Fig. 4. Compared
to the impact of SiHy flow, Fig. 2, Ny flow has less effect on the uni-
formity of SiOxNy based poly-Si passivating contact structures. Although
in principle N3 can also provide N during the deposition [36], the extent
of Ny decomposition is limited by the strong N-N bond. The N content in
the film is additionally limited by the deposition plasma power. How-
ever, increasing Ny can dilute the reaction gas precursors and therefore
affect the deposition rate of the interfacial layer. A higher N, flow leads
to a lower deposition rate. In order to precisely control the thickness of
the SiOxNy, we chose 361 sccm as an optimum N flow rate.
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Fig. 3. PL images after different process stages with the SiO,Ny interfacial
layers deposited using different N,O gas flow (keeping the SiH4 and N, gas flow
constant, the deposition time was 4 s). (PL images were captured at an illu-
mination intensity of 0.5 suns and an exposure time of 0.5 s).
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Fig. 4. PL images after different process stages with the SiO,Ny interfacial
layers deposited using different N, gas flows. The thickness of the interfacial
layer is indicated in brackets. (The deposition time was 4 s, the low PL signal in
the corner area is measurement artefact). (PL images were captured at an
illumination intensity of 0.5 suns and an exposure time of 0.5 s).

3.2. Influence of N,O and SiH,4 flow ratios

In order to achieve an ultrathin interfacial layer (<3 nm), a short
deposition time is required, which may compromise uniformity on large
area substrates. In this section we mainly focus on examining the uni-
formity of the film thickness, as well as the elemental composition of the
layers with various gas flows. During the formation of SiOxNy films, the
plasma reactions mainly contain SiH, radicals (n < 3, the number of
hydrogen atoms bonded to a single silicon atom), and O and N radicals,
which can react to form energetically favourable bonds [27]. Si bonds
are essential to form the solid phase, while the O and N can hardly bond
to the silicon substrate alone, due to the limited amount of dangling
bonds on the surface. Thus, the deposition rate of SiOxNy films strongly
depends on the number of SiH, radicals, which provide continuous
unsaturated Si bonds. This means that a low flow rate of SiH, results in a
low SiOxNy film deposition rate. The deposition rates were ~4 nm/min
for 1 sccm SiHy4, and ~38 nm/min for 9 sccm SiH4. However, a low SiHy
flow rate (e.g. 1 sccm) can lead to a significant decrease in SiH, radicals
present in the plasma, resulting in film uniformity issues on large surface
areas. Therefore, we investigated the film thickness and refractive index
behaviour for SiH,4 flow rates larger than 9 sccm and a fixed N flow rate
of 361 scem. Fig. 5a shows the influence of different NoO and SiH,4 flow
rates on SiOxNy thickness and their refractive indices, which were
extracted from ellipsometry measurements. The ellipsometry model we
used was a Cauchy film on a silicon substrate, with the mean square
errors (MSE) of the ellipsometry optical fitting below 2. For a fixed
deposition time of 4 s, the thicknesses of the SiOxNy layers were within
the range of from 2.1 to 2.4 nm. As indicated by the black line in Fig. 5a,
the change of N,O and SiH4 flow ratio has minor impact on the final
layer thickness. On the other hand, the refractive indices (at a wave-
length of 633 nm) are strongly dependent on the gas ratios, as indicated
by the blue line in Fig. 5a. With decreasing N»,O/SiH,4 ratio, the refrac-
tive indices decrease from 2.08 to 1.77, which is still higher than that of
chemical SiOy (a value closes to that of SiO2, ~1.46). This means that by
decreasing the NoO/SiH4 ratio, the concentrations of N and Si in the film
increase while the concentration of O decreases. As a reference, the
value for stoichiometric silicon nitride, SigNy4, is ~2.04, and a pure a-Si
layer has a refractive index of ~3.88 [37,38].

The contour plot of Fig. 5b shows the film thickness (colour bar) and
the refractive index (black numbers) on a 4-inch silicon wafer deposited
with gas flow ratio of NyO:SiH4 = 25:9. From these results, we find that
the PECVD deposition process can obtain good film uniformity in terms
of both thickness and refractive index, which have a variation of 10%
and 0.5% respectively, in a deposition time as short as 4 s. Nevertheless,
the as-deposited film is slightly thicker at the edge of the wafer than in
the centre of the wafer, with maximum difference of 0.2 nm.
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To further study the elemental composition of the SiN;Oy, films with
various gas flow ratio, we performed FTIR studies, as shown in Fig. 6. In
order to obtain clear and strong signals, films examined here have a
thickness of ~20 nm. The chemical SiOy is also included here as a
reference. Since it is a thin layer with a thickness of ~1.4 nm, only a
small Si-O peak around ~1020 em’! can be observed. As the N;O/SiH,
ratio decreases, the ratio of Si-N and Si-O bonds in the film increases
significantly. According to the strength of chemical bonds occurring
during plasma deposition [39], the most favourable chemical reaction is
between SiH; and O radicals, leading to the formation of Si-O bonds
[27]. A precursor molecule disiloxane ((SiH3)20) can be formed from
the reaction between oxygen atoms and silane, which contains the
planar Si-O-Si group that is the structural building block for stoichio-
metric SiO5 [40]. A large NoO/SiH4 flow ratio leads to an excess of O
radicals in comparison with SiH, radicals, so that the Si-O bonds
dominate in the final film. Either by decreasing the gas flow rate of N,O
or decreasing the gas flow rate of SiH4, SiH, becomes redundant and
starts to combine with N and H radicals, which results in the formation
of Si-N and Si-H bonds, even though less N2O leads to less N radicals
[28]. On the other hand, increasing SiH, radicals can also lead to a high
silicon concentration in the film, which results in a silicon rich SiOxNy
film [28]. This can be confirmed by the Si-H peak shifts in Fig. 6b, which
show the Si-H band shifting towards a lower wavenumber with
decreasing N2O or increasing SiH,4 [41]. As the N5O flow decreases or
SiH4 flow increases, the incorporation of nitrogen and silicon in the form
of Si-H, Si-N, N-H and Si-Si becomes more probable, which results in
films with higher refractive indices. This is consistent with the ellips-
ometry measurements in Fig. 5a. In addition, the increment of the Si-H

band is also accompanied by a slight decrease in the N-H band (~3377
cm™), which might be an indication that some N-H bonds are changed to
Si-H and Si-N bonds [28,29].

3.3. Impact of the SiOxNy films on the doping profiles of poly-Si contacts

The doping profile, which is strongly affected by the interfacial layer,
is essential to achieve high performing poly-Si passivating contacts [21,
42,43]. Fig. 7 shows the doping profiles (measured by ECV) of poly-Si
contacts based on PECVD SiOxNy (using a fixed N flow of 361 sccm)
with different gas flow ratios. A constant phosphorous doping of 3 x
10%° cm3 is observed in the poly-Si layer for all samples, including the
reference sample with the chemical SiOy. It is interesting to note that the
doping levels within the silicon substrates are different for samples with
the various SiOxNy layers. The shallowest doping depth is found in the
samples with chemical SiOy and SiOxNy with N2O:SiH4 = 30:9. The sheet
resistance values (Rg) extracted from conductance measurements
decrease with either increasing SiH4 or decreasing N;O flows. The
lowest Ry, of 26.2 Q/[] was obtained for N,O:SiH,4 flow ratio of 20:13
(with a thickness of 2.13 nm and refractive index of 2.08) and the
highest Ry, of 59.7 Q/[] was obtained for the sample with gas flow ratio
of 30:9 (with a thickness of 2.37 nm and refractive index of 1.77).
Compared to the sample with the nitric oxide (Rsy = 72.6 Q/[]), we
conclude that the thin chemical SiOx (~ 1.4 nm) forms a stronger barrier
for phosphorus diffusion. This may be due to: 1) the chemical SiOx layer
is denser than PECVD SiOxNy film; 2) phosphorus has a different diffu-
sivity in different dielectric films. It has been shown previously that a
silicon rich film can enhance the diffusivity of phosphorus and cause
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Fig. 6. FTIR spectra of ~20 nm as-deposited SiOxNy layers for different gas flow ratios, and a ~1.4 nm chemical SiOy layer as a reference shown by the yellow line in
(a); with a detailed view of the Si-H peak in (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)



W. Chen et al.

(a)
Interfacial layers
bae |

820 °C diffusion

N,O:SiH,|
—=—30:9
—e—25:9
—+—20:9
—v— 20:11

20:13
Chem

1 020

1019

1018

Phosphorus concentration (cm™)

1017 L

0.05

0.00 010 015 020 0.25

Depth (um)

Phosphorus concentration (cm™)

Solar Energy Materials and Solar Cells 232 (2021) 111356

(b)

N,0:SiH,=25:9

—=—820°C
—e—850°C
—~—880°C

1 020

1019 L

1018 L

1017 L

0.1

0.4 0.5

0.2 0.3
Depth (um)

0.0

Fig. 7. ECV doping profiles for samples with interfacial SiOxNy layers of different gas flow rates and chemical SiO, as reference after a 820 °C diffusion (a), and for
the SiO,Ny layers of N»0:SiH4 = 25:9 gas flow ratio varying the diffusion temperature (b).

higher doping concentrations in the silicon substrate [44]. In addition,
studies [21,42] have shown that adding N atoms to the interfacial layer
is beneficial to reduce the penetration of dopants. Based on the
measured refractive indices and FTIR results, the SiH4 flow rates of 11
and 13 sccm (n = 1.98 & 2.08) can result in Si rich SiOxNy films. In
addition, a shallower doping profile (high Rp) is obtained in the poly-Si
contact structure with high NyO gas flow. This might be due to the
changes in the ratio of Si-N, Si-O, Si-H and N-H bonds in SiO4Ny layers,
as discussed in relation to the FTIR results. Our experimental results
indicate that the effect of increasing the Si content (increasing pene-
tration of phosphorus) is more dominant than that of increasing the N
content (decreasing penetration of phosphorus) within our tested gas
flow range.

The doping concentration of the sample with NO:SiH4 = 25:9 flow
ratio was further studied as a function of diffusion temperatures, as
shown in Fig. 7b. Consequently, the Ry, decreased from 49.2 Q/[] at
820 °C to 19.8 Q/[] at 880 °C. When the diffusion temperature reaches
880 °C, the interfacial layer is no longer a good diffusion barrier for
phosphorus atoms. We suspect that a large degree of film break-up has
occurred at this temperature, similar to the break-up phenomenon
observed in chemical silicon oxide [45]. For chemical SiOy samples, the
Rg decreased from 76.2 Q/[] at 820 °C to 11.8 Q/[] at 880 °C, showing
a greater drop than the sample using SiOxNy as the interfacial layer. This
seems to show that SiOxNy has a smaller degree of break-up with
increasing temperature than SiOy, which may be due to the thicker
layers, or the addition of N.
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3.4. Performance of passivating contacts with different SiOxNy, layers

Fig. 8 shows the electrical performance, iV,. and p. of poly-Si
passivating contacts with five different SiOxNy interlayers, as dis-
cussed in section 3.3. The iV, values of a-Si/SiO4Ny/c-Si before and
after 820 °C diffusion are shown as a function of the N»O:SiH4 gas flow
ratios (N3 flow rate is fixed at 361 sccm), as indicated by solid lines in
Fig. 8a. For as-deposited structures (before thermal diffusion), the
passivation qualities of SiOyNy samples are higher than that of the
reference sample with chemical SiOx. This is mainly because the as-
deposited SiOxNy film contains higher hydrogen concentration (shown
in the FTIR result in Fig. 6) that is able to provide good surface passiv-
ation, which has also been reported in other works [46,47]. We suspect
that since the SiOxNy films used in these samples is a silicon rich layer
with refractive indices >1.77, the performance before and after high
temperature treatments is similar to the a-Si:H case. With either
decreasing N,O flow or increasing SiH4 flow, films with higher hydrogen
and Si concentrations are achieved, which results in high surface
passivation quality, a higher iV, After the high temperature thermal
diffusion and a subsequent FGA process, the highest iV, value of 711
mV is achieved for the sample with N,O:SiH4 = 25:9. In fact, the sample
with this interfacial layer also has a shallow substrate doping profile, as
shown in Fig. 7a. However, the 30:9 sample with the shallowest doping
profile has a slightly lower iV,. of 698 mV. Two factors may be
responsible for the slight decline in iV,.: 1) The change of gas flow ratio
can lead to a change of chemical composition in SiOxNy, as shown in
Fig. 6, thus affecting the band gap of SiOxNy [25], and therefore carrier
tunneling across the interface. 2) A lower N content results in a lower
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Fig. 8. Implied open circuit voltage and contact resistivity of final passivating contact structures. (a) SiOxNy layers of different gas flow ratios and chemical SiOy as
reference with a 820 °C diffusion temperature ; (b ) SiOxNy layers with a 25:9 gas flow ratio (N2O:SiH,) varying the diffusion temperature. (The thicknesses of

SiO4Ny are shown in Fig. 2a).
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dielectric constant, yielding a lower positive fixed charge [48], resulting
in a decrease in field-effect passivation. On the other hand, a very low
iV, value, <650 mV, is obtained for the two samples with higher SiH,4
flow rates (11 and 13 sccm). These have quite deep doping depths in the
silicon substrate and their passivation qualities were not further
improved by the subsequent FGA process. Regarding the subsequent
FGA process, the iV, of the 30:9, 25:9 and 20:9 samples improved
significantly (from 684 mV to 698 mV, 689 mV-712 mV and 676
mV-696 mV, respectively). Based on the results shown in Fig. 7a, less
phosphorus penetration (low doping at the interface between the silicon
substrate and the SiOxNy layers), and a lower extent of interfacial layer
break-up (low diffusion temperatures), have stronger responses to the
FGA process. Both the phosphorus penetration and the extent of inter-
facial layer break-up are strongly dependent on the elemental compo-
sition of the SiOxNy interfacial layers, as discussed in Section 3.2. In
addition, FGA was found to improve the iV, of SiO4Ny samples more
than that of the chemical SiO4 sample. This might point to a higher
amount of interfacial defects in the PECVD SiOxNy interfacial layers
compared to the chemical SiOy, which might originate from ion
bombardment during plasma deposition. Another reason might be that
chemical SiOy has a larger bandgap resulting in a stronger band bending,
making it less sensitive to FGA. In terms of their contact resistivity
values, as indicated by a red line in Fig. 8a, the contact resistivity p.
decreases from 68.2 mQ cm? (30:9) down to 1.8 mQ cm? (20:13). This
could be due to the deeper penetration of phosphorus into the substrate.
The ECV result of the sample with N,0:SiH4 = 30:9 is similar to that of
the chemical SiOx samples, but shows a significantly higher contact re-
sistivity. This indicates that the carrier selectivity of such passivating
contact structures can also be affected by the N concentration in the
interfacial layers. High N content may result in a higher contact re-
sistivity. In addition, the thicker layer of SiOxNy (2.37 nm) than that of
SiOy (1.4 nm) may also lead to a higher contact resistivity. Based on the
results of iV, (711 mV) and contact resistivity p. (6.6 mQ cmz), the
optimal SiOxNy deposition is achieved with gas flow rates of N0 = 25
scem, SiH4 = 9 scem and Ny = 361 scem.

In addition, the electrical performance of samples with N,O:SiH4 =
25:9 is further examined as a function of diffusion temperature in
comparison with chemical SiOx samples, as shown in Fig. 8b. With
increasing diffusion temperature, iV,. decreases, and the response to
FGA becomes weaker for both SiOxNy and chemical SiOx samples. We
attribute this behaviour to a higher break-up/pinhole density at higher
diffusion temperature. As shown in Fig. 7b, when the diffusion tem-
perature reaches 880 °C, the interfacial layer no longer acts as a good
diffusion barrier for phosphorus, indicating a high density of SiOxNy
break-up. However, at this high diffusion temperature of 880 °C, the iV,
of the SiOxNy sample reaches 670 mV, while a lower iV, of 640 mV is
observed for the chemical SiOx sample. On the other hand, the lowest
contact resistivity of SiOxNy samples is almost three times higher than
that of chemical SiOy samples (1.32 mQ cm? at 880 °C for chemical SiOy
samples and 3.8 mQ cm? at 820 °C for SiO4Ny samples). With the in-
crease of diffusion temperature, the deterioration of passivation quality
and the decrease of contact resistivity of SiOxNy samples is less pro-
nounced than those of the chemical SiOy. This might be mainly because
the SiO4xNy layer is thicker than the chemical SiOyx layer and it may
benefit from variations in the chemical composition of the interfacial
layer, e.g. the addition of N. Finally, an optimal iV,. of ~711 mV in
combination with a contact resistivity of ~6.6 mQ cm? was achieved for
the passivating contact structure with a SiOxNy layer, which is close to
values obtained using the chemical SiOy. Note that due to a suboptimal
a-Si deposition process, an overall lower performance was achieved in
the sample series presented here compared to our earlier work with iV,
performance of >740 mV using a similar process with chemical SiOy, as
shown in Ref. [49].

Solar Energy Materials and Solar Cells 232 (2021) 111356
4. Conclusion

In order to simplify the fabrication of poly-Si passivating contact
structures, reduce the potential contamination risk during transferring
processes, and allow variations to the film composition, we have
developed a simple PECVD deposition process that combines the depo-
sition of SiOxNy interfacial film and amorphous silicon films, achieving
excellent electrical performance.

We found that increasing the SiH,4 flow rate from 1 sccm to 9 sccm
can significantly improve the films structural stability. Additionally,
reducing the N,O:SiH4 gas flow ratio can reduce the stress between the
films, which makes the poly-Si contact structure more stable during
subsequent chemical processes, e.g. HF dip. For a precise control of the
thickness of such thin interfacial layers, a higher N5 flow is beneficial as
it lowers the deposition rate. We found that a chemically stable and
uniform passivating contact can be achieved by using gas flow ratio of
N2:N5O:SiH4 = 361:25:9. After phosphorus diffusion and FGA, a high
iVo value of 711 mV with a contact resistivity of ~6.6 mQ cm? was
realized. It is expected that by further optimising the intrinsic a-Si
deposition process, the diffusion condition and the hydrogenation step,
excellent SiOxNy based poly-Si contacts can be achieved.
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