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Abstract:

The interplay between hydrogenation and passivation of poly-Si/SiOx contacts to n-type Si wafers
is studied using atomic layer deposited Al2O; and anneals in forming gas and nitrogen. The
poly-Si/SiOx stacks are prepared by thermal oxidation followed by thermal crystallization of
a-Si:H films deposited by plasma-enhanced chemical vapor deposition. Implied open-circuit
voltages as high as 710 mV are achieved for p-type poly-Si/SiOx contacts to n-type Si after
hydrogenation. Correlating minority carrier lifetime data and secondary ion mass spectrometry
(SIMS) profiles reveals that the main benefit of Al,O3 derives from its role as a hydrogen source
for chemically passivating defects at the SiOx; Al2O3 layers are found to hydrogenate poly-Si/SiOx
much better than a forming gas anneal. By labelling the Al>O3 and the subsequent anneal with
different hydrogen isotopes, it is found that Al,O3; exchanges most of its hydrogen with the ambient
upon annealing at 400°C for 1h, even though there is no significant net change in its total hydrogen
content.
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The photovoltaics market is currently dominated by crystalline silicon (c-Si) solar cells [1], with
most companies manufacturing diffused homojunction solar cells with ever higher efficiencies. In
contrast, the recent burst of c-Si laboratory cell efficiency records above 25.0% has been enabled
by a move away from such diffused junctions, over to so-called passivated or carrier-selective
contacts [2, 3], which utilize band offsets and tunneling in addition to doping and band bending to
achieve carrier selectivity [4].

Specifically, doped a-Si:H/intrinsic a-Si:H stacks [5], and doped poly-Si/SiOx stacks [6-9], are
commonly employed, with the doped layer used to provide carrier selectivity, while the intrinsic
a-Si:H or SiOx layers provide passivation to the c-Si surface while still allowing for charge
transport. The well-passivated surface allows for higher open-circuit voltages than are possible
with diffused junctions, and future generations of high-efficiency, large-volume c-Si modules are
likely to utilize this technology. A number of groups working on poly-Si/SiOx contacts apply
hydrogenation treatments, such as hydrogen plasma treatments or post-annealed SiNx:H or
AlOs:H coatings, to further improve passivation [6, 9-12]; however, it is not entirely clear how
this improvement comes about. Al,Os:H is a particularly promising hydrogen source as it
performed better than a remote hydrogen plasma in our initial trials, is already used in Si PV
manufacturing [13, 14], and has other applications in a solar cell, such as enabling local rear



contacts. It is therefore of interest to study in detail the passivating mechanism of Al,O3:H on
poly-Si/SiOx, and the role of hydrogen in the process.

In this letter, we study the interplay between hydrogenation and passivation of p-type poly-Si/SiOx
contacts on n-type Si wafers, using Al2O3:H and anneals in forming gas and nitrogen. Minority
carrier lifetime data is compared to secondary ion mass spectrometry (SIMS) profiles of hydrogen,
and deuterated alumina (Al203:D) is used to gain more insight into the hydrogenation chemistry.
We achieve implied open-circuit voltages at 1-sun (i¥,.) in line with state-of-the-art poly-Si/SiOx
passivated contacts and elucidate the role Al2O3; and post-deposition anneals play in achieving
excellent passivation.

Symmetric passivated contact structures were prepared as shown schematically in Fig. 1(a). Saw-
damage etched 170 um thick 3 Qcm n-type Czochralski-grown (Cz) (100) Si wafers, and single-
side polished 400 um thick 3 Qcm (100) n-Cz-Si wafers were used for lifetime and SIMS
measurements, respectively. After RCA cleaning [15] both types of wafers were oxidized in 6:1
N2:0z at 700°C for 5 min, resulting in a 1.4 nm thick thermal oxide. Then, ~20 nm boron-doped a-
Si:H was deposited on both sides of the wafers by plasma-enhanced chemical vapor deposition,
and crystallized by annealing in N> at 850°C for 30 min [9]. Due to the consensus in the literature
that p-type poly-Si/SiOx contacts tend to be the limiting factor in a solar cell as they exhibit a
higher recombination rate than n-type poly-Si/SiOx contacts [9, 11, 16, 17], we focus on the
former.
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Figure 1. Schematic (a) and cross-section HAADF STEM micrographs (b),(c) of symmetric p-type poly-Si/SiOx samples with
Al2Os prepared for this study.

Some samples were maintained as-crystallized, while others had Al>O3:D deposited on both sides
by thermal atomic layer deposition (ALD) at 200°C, using Al(CD3)3 and D20 as precursors. SIMS
(Fig. 4(a)) showed 10x less hydrogen than deuterium in the bulk of these films, but with equal
hydrogen and deuterium concentrations at the AlO3:D surface and at the Al2O3:D/Si interface.
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Elastic recoil detection showed a depth-averaged deuterium concentration 2.5x higher than the
hydrogen concentration. As-crystallized and Al,Os-coated samples were then exposed to 400°C
anneals in nitrogen and/or forming gas (FGA, N2:10vol%H>) for up to 1 h; some forming gas
anneals were performed with deuterated forming gas (99.7% nominal isotopic enrichment). The
purpose of using deuterated Al>O3 and/or FGA is to separate hydrogen from different sources in
SIMS, and to take advantage of the much lower SIMS detection limit for deuterium [18]. Minority
carrier lifetimes achieved with hydrogen and deuterium treatments were equivalent, so hydrogen
and deuterium can be considered chemically equivalent within this study.

Photoconductance decay measurements performed with a Sinton WCT-120 lifetime tester were
used to measure minority carrier lifetimes and iV,., which equals the quasi-Fermi level splitting at
1-sun and thus represents an upper limit on solar cell voltage [19-22]. Figure 2(a) shows the results
for three representative samples: all curves exhibit the same shape, shifting to higher lifetimes and
higher injection levels as passivation improves. The saturation current density jo and the bulk
lifetime 7, extracted according to Ref. [23] (see also [24]), both improve as iV,. improves,
justifying the use of iV, as the main metric in this letter. Dynamic SIMS was performed using a
Cameca IMS 7f instrument with low-energy 1.5keV O." primary ions for improved depth
resolution, and profiles were quantified with implanted Si standards. This means absolute
hydrogen and deuterium concentrations are only correct within the poly-Si and the c-Si wafer.

I T LA | T rorrrrT T LI | T TrTTTT
— 102 L| m p-poly-Si, as-crystallized V=690 mV .
210 g% o p-poly-Si+ 1h FGA ;""_4? Ao (a) 3
@ El A Iy-Si + Al 1h FGA 0= ]
£ o p-poly-Si + Al;O3 + i G =
kS i - V=711 mV
4 2 a il £ 1
2 s & f’ﬁ ) jo=17 fAfem®
g 10‘3 L Apth 4 i T=5.8 ms —
& o ey K By ]
O Ko T
2 4 n aa
b =% .,
2 2 jo=85 falem® Pag—g
s 1,=0.8 ms e
104T T rJ-. P s .““1.{...‘. PR,
10" 10" 10" 10" 10"
Minority Carrier Density (cm°)
720 [ | I I I I -
as-cryst. N, FGA &(b)
710+ o o) o . i
700 e i
= P
g 6901 e I S— a
3 eg0l P - ]
> - — g
670 A = Treatment applied to p-poly-Si/SiOy
-3~ Annealing only
660 o AlOz + Np
A
650 " . i . A|203 + FGA
as-cryst. 20 min 60 min 20 min 60 min

Annealing Treatment

Figure 2. (a) Representative injection-level dependent lifetime curves along with Kane-Swanson fit lines and Vo, jo (per side),
and 7 values. The labels point to the injection level at 1 sun. (b) Implied open-circuit voltages of symmetric p-type poly-Si/SiOx
lifetime samples as a function of annealing treatment (black), Al203 and N2 annealing time (red), and Al2O3 and FGA annealing
time (blue). Lines are a guide to the eye, connecting cumulative anneals. Each data point represents the mean of three identically
processed samples.



Figure 1(b),(c) shows high-angle annular dark field scanning transmission electron micrographs
(HAADF STEM images) of the layer stack on a polished wafer, acquired with a JEOL ARM200
probe corrected transmission electron microscope, operated at 200 kV. The thermal oxide between
the wafer and the poly-Si is indeed 1.4 nm thick and remains almost atomically flat after
processing. The poly-Si layer is 22 nm thick on average, but exhibits some film thickness
inhomogeneity, and is conformally coated by A1, O3; with a homogeneous thickness of 18 nm. It is
therefore likely that the AloOs/poly-Si interface will be sharp in SIMS, whereas the poly-Si/SiOx
interface will be somewhat smeared out.

The effects of Al,O3 deposition, and N> and FGA annealing, on the iV, of symmetric p-type poly-
Si/Si0x samples is shown in Fig. 2(b). Before any treatment, the as-crystallized samples exhibit a
mean iV, of 667 mV. Annealing in N> for 20-60 min yields a 10 mV increase, and subsequently
annealing in FGA increases iV, by a further 10-12 mV, suggesting a positive effect of hydrogen
on passivation. Depositing Al>O3 alone does very little, but deposition of Al,O3; and subsequent
annealing at 400°C in N> or FGA increases iV, by 40 mV or more, up to 710 mV. This value
compares favorably with champion iV, values of 691 mV [17], 696 mV [10], and 725 mV [25]
presented in other recent works on p-type poly-Si/SiOx emitter contacts to n-type Si wafers, and
highlights the efficacy of the annealed Al,O3; approach for maximizing the cell voltages that such
contacts will allow (also for n-type poly-Si/SiOx [9]).

To determine how hydrogen is involved in these iV, improvements, SIMS depth profiles were
acquired and are shown in Fig. 3. Since hydrogen and deuterium had been found to be chemically
equivalent, the sum of H and D concentrations is of interest to understand passivation. In Fig. 3(a),
H and D are shown separately because all samples have much more H than D, so [H]=[H]+[D],
but in Fig. 3(b), [H]+[D] is shown for clarity, with the separation of H and D presented in Fig. 4.
The raw oxygen signal is shown as a reference for identifying boundaries between layers.

Figure 3(a) shows that the H profiles of all samples without Al,O3 exhibit a steep decay in the first
10 nm, which is an artefact attributed to surface adsorbates, as well as a small peak at the position
of the SiOx. It is conceivable that SIMS is more sensitive to H in oxides than c-Si, and it is plausible
that small amounts of H are present at the SiOx in as-crystallized samples, originating from the
a-Si:H precursor deposition. However, these peaks are not particularly pronounced, because the
SIMS background level for hydrogen is >10'° cm™ (Fig. 3(a)). On the other hand, the background
level for deuterium is below 10'® cm™. From the deuterium profiles, we see that deuterium is only
present at levels exceeding the SIMS background in the sample annealed in deuterated forming
gas (FGA:D), revealing an in-diffusion profile at the surface of the poly-Si and a ~10'° cm™ peak
at the SiOx. The use of deuterated forming gas therefore allows us to correlate the 10 mV
improvement in iV, after FGA:D (as compared to N> annealing, Fig. 2(b)) with the in-diffusion
of hydrogen isotopes from the FGA:D, which was not evident from hydrogen profiles alone. The
reason for the 10 mV iV, improvement upon N> annealing is unclear, but may be related to in-
diffusion of background hydrogen from the ambient.
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Figure 3. Hydrogen and deuterium SIMS profiles (left axis) and unquantified oxygen signal (right axis) in p-type
poly-Si/SiOx contacts as a function of annealing without (a) and with (b) an Al,O3:D layer. For (b), only a summed
H+D profile is provided for clarity; isotope effects are shown in Fig. 4. The vertical axes of both panels in this
figure are identical.

Turning to the SIMS profiles of samples prepared with AlOs (Fig. 3(b)), it is apparent that
deposition of Al,O3 at 200°C alone does not appear to provide any hydrogen or deuterium to the
SiOx, whereas a subsequent anneal for 1 h at 400°C leads to a clear H+D peak. This correlates well
with the effect on iV, and demonstrates that a key way in which Al,O3; improves the surface
passivation of poly-Si/SiOx is by acting as a hydrogen source that leads to improved chemical
passivation of the SiOx and its interfaces to Si. The peaks also indicate that even though poly-Si
itself is also known to contain defects that react with hydrogen [26, 27], enough hydrogen is
supplied to overcome the poly-Si and provide some hydrogen to the SiOx. Why the N, anneal
produces a larger peak than the FGA anneal is not entirely clear, but possible reasons include a
thinner poly-Si layer in that sample, allowing more H or D to diffuse through to the SiOy, or a
smoother poly-Si in that sample, leading to both H+D and O peaks being higher and narrower.

Effective passivation of bare silicon wafers (without poly-Si) by Al,Os also requires an activating
anneal [28, 29], which has been attributed primarily to hydrogen diffusion to the Al>Os/c-Si
interface, passivating defects, as well as oxygen diffusion to the interface, improving the thin SiOx
interlayer between AlOs and c-Si, and a negative fixed charge of several 10'> cm™ that yields
improved field-effect passivation. Removing the AlbO3 (with HF) from a p-type poly-Si/SiOx
sample annealed in N> for 1h has no effect on iVo,, jo, and , indicating that, in contrast to Al>2O3
passivation of bare Si wafers, field effect passivation from fixed charges in the Al,O3 was
negligible in our samples. This is reasonable as the areal doping concentration of the p-type poly-
Si is ~10' cm™, allowing it to screen such a fixed charge in the ALLO; (Debye length is below
0.5 nm). Diffusion of oxygen to the SiOx, making it more stoichiometric, seems unlikely as any



oxygen expelled from the Al,O3 would probably oxidize the poly-Si instead. We conclude that of
the mechanisms proposed to explain activation of AlxOs/c-Si passivation, only hydrogen
passivation seems to apply to the Al2O3/poly-Si/SiOx/c-Si system.

Comparing hydrogenation from FGA and AlO; by examining iV, changes and SIMS profiles
(Fig. 2(b), Fig. 3) reveals that the anneals alone had a much smaller effect on passivation and SiOx
hydrogen content than post-annealed Al>O3. On the other hand, for post-annealed Al,Os, the
annealing ambient seems not to be important. To determine how exactly the Al,Os3 interacts with
the ambient in which it is annealed, we examine the separate H and D profiles of samples coated
with Al2O3:D before and after annealing, both in N> and in FGA with hydrogen (FGA:H, Fig. 4).
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Figure 4. Hydrogen and deuterium SIMS profiles (left axis) and unquantified oxygen signal (right axis) of p-type
poly-Si/SiOy with an Al,O3:D layer. (a): before annealing, and after a N, anneal at 400°C for 1 h. (b): after annealing
in FGA:H at 400°C. The vertical axes of both panels in this figure are identical. The elevated D concentration
within the wafer for the “as-deposited” dataset in panel (a) is tentatively attributed to knock-on of D from the
Al>,O3:D and is not otherwise interpreted.

Initially, the as-deposited Al>O3:D contains substantially more D than H (except at the surface and
interface to the poly-Si, which is tentatively attributed to adsorption before and after ALD). Once
it is annealed, most of the D is lost, and replaced with H. In the case of FGA:H annealing, this can
be attributed to isotope exchange with H supplied by the FGA:H, but in the case of N> annealing,
the effect is more puzzling, and more pronounced. It is tentatively attributed to isotope exchange
with species adsorbed on the Al>Os.

Interestingly, regardless of the origin of the hydrogen that has been exchanged into the Al>O3,

the isotope ratio at the SiOx mirrors that within the Al,O3, and the total [H]+[D] content changes
by less than a factor two upon annealing, indicating that there is little net in-diffusion, but rapid
isotope exchange at near-constant [H]+[D] (see also Fig. 3(b)). After annealing, the D profiles in
the Al2O3 decrease towards the sample surface (sputter depth of 0 nm in Fig. 4) and the H profiles
decrease away from it, confirming that isotope exchange occurs at the surface. This isotope
labelling experiment reveals that the exchange of hydrogen between Al2O3 and the ambient is



rather rapid, and that Al,O; excels in delivering both hydrogen it contained, and hydrogen it
absorbed, to the underlying layers. The chemistry of hydrogenation from Al>O3 upon annealing is
thus shown to be more complicated than simple thermally activated diffusion of hydrogen
incorporated into Al2Os3 during growth into the underlying layer.

However, the net in-diffusion of hydrogen isotopes from the ambient into Al,O3 is small compared
to the amount already present in pristine Al,Os (Fig. 3(b)) — and, as discussed previously, the net
in-diffusion from FGA into poly-Si is small compared to the hydrogen isotopes supplied by Al,O3
(Fig. 3). Typical ALD Al,Os contains ~3at% hydrogen [29], or ~3x10?! cm™, whereas applying
the ideal gas law yields 1x10'° cm™ H» for FGA (at 400°C). It is therefore entirely possible that
ALOs3 hydrogenates poly-Si/SiOx better than FGA simply because it provides a greater volumetric
hydrogen concentration. Another factor is that hydrogen in FGA is present as H> molecules,
whereas hydrogen in Al,Os is present as OH [28], and has been proposed to diffuse through Al,O3
as atomic hydrogen [30]. An examination of the literature on MOS devices with poly-Si or Al
gates [31] reveals some parallels to our results: poly-Si-gated devices exhibit lower trap densities
after annealing in N2, even more so after FGA, whereas Al-gated devices improve upon annealing
irrespective of the ambient. The former is attributed to passivation by H» from the ambient or
poly-Si grain boundaries, whereas the latter is attributed to a reaction of Al with trace amounts of
water at the Al/S10; interface, producing AlOx and atomic hydrogen that rapidly passivates Si0,/Si
defects (termed “alneal”). Atomic hydrogen also diffuses through poly-Si much more readily than
molecular hydrogen [26], so the type of hydrogen present in Al,O3 could provide another
explanation for its better hydrogenation of the SiOx.

In conclusion, the passivation of p-type poly-Si/SiOx contacts to c-Si can be improved by applying
an Al,Os3 layer, followed by post-deposition annealing in N2 or FGA. This enables iV, values as
high as 710 mV for p-type poly-Si/SiOx contacts to n-type Si. This improvement remains if the
AlL20Os is etched off, and correlates with hydrogenation of the SiOx, demonstrating that Al2O3 is
chiefly a hydrogen source for chemically passivating defects. Al,Os; layers hydrogenate
poly-Si/SiOx much better than a forming gas anneal, either because they create a higher volumetric
hydrogen concentration at the poly-Si surface, or because they supply hydrogen in a form that
reaches the SiOx or passivates it more readily. Using isotope labelling, it was shown that Al>O;
rapidly exchanges hydrogen with the ambient, even in the absence of a significant net uptake or
release of hydrogen. Irrespective of whether its hydrogen originated within it, or diffused into it,
ALOs3 has been shown to excel at hydrogenating the underlying layers.
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