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Doped polycrystalline silicon (poly-Si), when coupled with a thin SiO interlayer, is of large interest for crys-
talline silicon (c-Si) solar cells due to its outstanding passivating contact properties. To reach high levels of
surface passivation, it is pivotal to hydrogenate the poly-Si and the underlying c-Si/SiO, interface. This can be
done by capping the poly-Si with a hydrogen-containing dielectric layer such as Al,O3 or SiN,, followed by a
thermal anneal. On the basis of recent research, this work addresses several aspects of such hydrogenation by

dielectric materials, including the effect of the annealing ambient, the thermal stability and reversibility of
hydrogenation, the poly-Si doping level and c-Si surface texture. Additionally, the implementation of hydroge-
nation of poly-Si by dielectric materials in solar cells is discussed.

1. Introduction

Currently, there is tremendous interest within the crystalline silicon
(c-Si) solar cell community in passivating contacts that are based on
stacks of ultrathin SiO, and doped polycrystalline silicon (poly-Si).
These poly-Si passivating contacts, that are also known by the abbre-
viations TOPCon [1] and POLO [2], have thus far led to ¢-Si solar cells
with efficiencies as high as 25.7% and 26.1% on laboratory scale for
both-side contacted and interdigitated back-contact (IBC) solar cells,
respectively [1,2]. Moreover, poly-Si passivating contacts are currently
being introduced in large-scale mass production [3].

The success of poly-Si passivating contacts can be understood from
the extremely low contact resistivity p. and recombination current
density Jy values that can be achieved, which together are the two main
figures of merit for passivating contacts [4,5]. Reported values of Jy and
pc are well below 10 fA/cm? and 1 chmz, respectively [1,6].

A cross-sectional transmission electron microscopy image of a typical
poly-Si passivating contact structure is shown in Fig. 1. Manufacturing
of such passivating contact is in fact very versatile as the various com-
ponents can be effectively prepared in many different ways. Firstly, the
ultra-thin SiO; oxide can be formed by e.g., thermal-, UV-ozone-, or wet-
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chemical oxidation of the c-Si surface [7,8]. Next, the poly-Si is typically
prepared using low-pressure chemical vapor deposition (LP-CVD) or by
plasma-enhanced CVD (PE-CVD) of hydrogenated amorphous silicon
(a-Si:H) followed by solid-phase crystallization (SPC) [1,2,9,10]. The n-
or p-type doping of poly-Si, required to achieve selective extraction of
respectively electrons or holes from the c-Si bulk, can be realized in-situ,
by admixing dopant gases during deposition, or ex-situ, through diffu-
sion or by ion-implantation of dopants [11-14]. For ion-implantation or
in-situ-doped poly-Si, a subsequent high-temperature anneal (typically
above 850 °C) is required to activate the dopants [14].

Finally, to further improve the levels of surface passivation provided
by the poly-Si, it is crucial to passivate electronically active Si dangling
bonds at the ¢-Si/SiO, interface by hydrogenation [15]. Since the poly-Si
is devoid of hydrogen after preparation, typically an external source of
hydrogen is needed. This hydrogenation step can be realized in several
different ways as well. Feldmann et al., have achieved hydrogenation of
poly-Si contacts by exposing them to a remote hydrogen plasma [16,17].
Furthermore, hydrogenation of poly-Si can also be achieved by having a
hydrogen-containing capping layer on top of the poly-Si, such as Al;Os3,
SiN,, or a transparent conductive oxide (TCO), typically prepared by
atomic layer deposition (ALD), PE-CVD or sputtering, followed by a
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Fig. 1. High-resolution cross-sectional transmission electron microscopy image
of a typical c-Si/SiOy/poly-Si/Al,O3 passivating contact structure on top of c-Si.
The SiO, was prepared by thermal oxidation, whereas the p* poly-Si was pre-
pared by in-situ doped PE-CVD. The 30-nm thick Al,O3 capping layer, prepared
by atomic layer deposition, provides hydrogen to the c-Si/SiO interface during
the anneal.

thermal annealing step [9,18,19]. Such hydrogenation step is reminis-
cent of e.g., the hydrogenation of the c-Si/SiO3 interface by Al;03 and a
subsequent anneal [20]. There, the Al,O3 serves two purposes: i) it is a
source of hydrogen for the hydrogenation, and ii) it retains the hydrogen
in the underlying film. Notably, the importance of hydrogenation of
poly-Si passivating contacts has also been observed by other research
groups in the last few years [21-28].

In this work, we provide an overview of recent insights regarding the
hydrogenation of poly-Si passivating contacts through dielectric mate-
rials. To this end, experimental results that have been obtained on a
variety of different types of poly-Si passivating contacts, e.g., p- and n-
type poly-Si prepared by LP- and PE-CVD are used. The overview draws
from insights that have been published elsewhere as well as from our
own recent work.

Specifically, first the mechanism behind hydrogenation and the
accompanied improvement in chemical passivation is discussed. Subse-
quently, it is shown how Al,O3 and SiNy dielectric layers can strongly
improve the thermal stability of the contacts and that these layers can be
removed after hydrogenation without impairing the improved lifetime.
Also, the process of hydrogenation is shown to be completely reversible.
Next, the role of the poly-Si doping level is discussed. Finally, we will
discuss the implementation of hydrogenation of poly-Si by a dielectric
material in solar cells.

2. Experimental details

The samples studied in this work consist of symmetrically-passivated
lifetime samples. n-type CZ-grown wafers were used as substrates.
Thermal oxidation was carried out to form a tunnel oxide. PE-CVD a-Si:
H layers were in-situ B-doped and post-deposition crystallized by
annealing in N3 at 850 °C for 30 min. LP-CVD was used to grow intrinsic
poly-Si, which were subsequently ex-situ doped by POCls-or BBr3-
diffusion. LP-CVD and doping were both performed in a Tempress Sys-
tem tube furnace. ALD Al,Og3 layers were grown at 200 °C using trime-
thylaluminum (TMA) and H3O as precursors. ALD layers were either
grown by temporal ALD in an Oxford Instruments OpAL reactor or by
spatial ALD using a Levitrack system of Levitech. Silicon nitride
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depositions were performed by PE-CVD in a MAiA tool of Meyer Burger.
Selected samples received a few second firing treatment on a firing belt
at various firing temperatures.

The level of surface passivation was evaluated by quasi-steady-state
photoconductance decay (QSSPC) measurements using a Sinton lifetime
tester. The implied open-circuit voltage (iV,.) was evaluated at one sun
illumination, whereas the Jy values were extracted using the method of
Kane and Swanson [29]. The doping level of the poly-Si was determined
by electrochemical capacitance-voltage (ECV) profiling (WEP wafer
profiler, CVP21). SIMS profiling was performed using a Cameca IMS 7f
instrument. The resulting profiles were quantified using implanted Si
standards. It should therefore be noted that the reported hydrogen
concentration is calibrated in the poly-Si and the c-Si wafer but not per
se in the Al,O3 layer.

3. Principles of the hydrogenation of poly-Si by dielectrics

The importance of hydrogenation in attaining a high level of surface
passivation is demonstrated in Fig. 2, which shows the iV, of an n-type
c-Si wafer passivated on both sides by p* poly-Si contact. As can be seen,
the passivation level of as-deposited poly-Si can be enhanced by thermal
annealing. Although the passivation is enhanced slightly by annealing in
Ny, it can be further enhanced by annealing in forming gas (FGA). The
higher passivation level that is achieved when annealing in forming gas
indicates that hydrogen plays a role in the surface passivation. Inter-
estingly, much higher surface passivation levels can be achieved when
30-nm of Al»O3 is deposited on top of the poly-Si, followed by a thermal
anneal. In this case, the final passivation level is much less dependent on
the annealing ambient as similar levels of passivation are achieved when
annealing in an Ny or forming gas ambient.

The mechanism behind the effective hydrogenation from ALD Al,03
can be visualized from secondary ion-mass spectrometry (SIMS) mea-
surements, shown in Fig. 3. The figure shows the total hydrogen depth
profiles for samples (a) without and (b) with an Al,O3 capping layer.
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Fig. 2. The effect of the presence of an Al,O3; capping layer and annealing
ambient on the implied open-circuit voltage for n-type Si passivated by p* poly-
Si contact. Annealing was carried out for 1 h at 400 °C. Data are adapted from
Schnabel et al. [30].
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in Ny [20]. Our previous work with isotope labeling experiments has
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Fig. 3. Interface hydrogenation of poly-Si passivating contacts as studied by
secondary ion-mass spectrometry. The poly-Si was prepared by PECVD, fol-
lowed by SPC. Data are adapted from Schnabel et al. [30] For sake of clarity,
the data from the original figure after forming gas annealing has been omitted

from panel b).

Profiles are shown in the as-crystallized state and after annealing in
either N or a forming gas environment.

As can be seen (Fig. 3a), as-crystallized poly-Si features a low
hydrogen concentration, and also at the ¢-Si/SiO interface only low
concentrations of hydrogen can be found. After annealing the poly-Si in
N, or even forming gas, the hydrogen concentration near this interface
remains similarly low. However, when the poly-Si is capped with AlyO3
— which typically contains 2-3 at. % of H [20] - a distinct peak in the
hydrogen concentration appears near ¢-Si/SiO, surface after annealing
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Fig. 4. Temperature stability of the passivation induced by p* poly-Si with and
without a 30 nm ALD Al,O3 capping layer. The symmetrical lifetime samples
have been subjected to consecutive anneals of 10 min.

demonstrated that the hydrogen that is present near the c-Si/SiOq
interface at least partially originates from the Al,O3 capping layer [30].
The presence of this hydrogen near this interface correlates with the
increment in the surface passivation level of Fig. 2. This passivation level
is enhanced because the H provides so-called chemical passivation, i.e.,
it reduces the interface defect density. It should be noted that the role of
H in improving the chemical passivation of interfaces is not exclusive to
SiO9/poly-Si contacts, as similar observations have been made for
example for the c-Si/Si03/Al503, c-Si/SiO2/poly-SiCy and c-Si/SiOy/Z-
nO/Al;03 systems [20,31,32].

4. Thermal stability and reversibility of poly-Si hydrogenation

In addition to providing hydrogenation of the poly-Si passivating
contact, there are also a few other useful aspects to the use of dielectrics.
Firstly, the presence of a dielectric capping layer can strongly enhance
the thermal stability. Fig. 4 shows the iV, for symmetrical n-type life-
time samples that have been passivated by PE-CVD p* poly-Si. After
crystallization, the poly-Si samples with and without a 30 nm ALD Al,03
capping layer have been subjected to a forming gas anneal at 400 °C. For
both sample types the passivation quality is observed to improve, with
the strongest enhancement for the sample capped by ALD Al;03. When
exposing the same samples consecutively to higher annealing tempera-
tures in Ny, the iV, immediately drops for the sample without an Al,O3
capping layer. However, in the presence of such a capping layer, the iV,
remains stable and even increases slightly for annealing temperatures up
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Fig. 5. Experiment showing the stability and reversibility of hydrogenation for
symmetrical lifetime samples capped with n- or p-type poly-Si. Implied open-
circuit voltage is measured at several instances, i.e., for as-prepared poly-Si
(1), which subsequently has been capped by SiNy (2), followed by a high-
temperature firing step (3). Next, the SiNy is stripped from the poly-Si by HF
(4), and the sample is again fired for one (5) or multiple times (6). Next, a new
SiN,. capping layer is deposited on the poly-Si sample (7), followed by a firing
step (8). The error bars denote the standard deviation of five measurements on
different parts of the wafer.
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to 650 °C. Apparently, the Al;O3 can retain the hydrogen within the
underlying SiO»/poly-Si stack by supplying hydrogen and preventing
the effusion of hydrogen. At annealing temperatures above 650 °C, the
passivation for samples with an Al;O3 capping layer deteriorates. This
can be explained by the fact that at this temperature, effusion of mo-
lecular hydrogen from the AlyO3 takes place [20], which most likely
impairs its function as an effusion barrier. Naturally, it can be expected
that the final passivation quality will not only depend on the anneal
temperature, but also on the (total) anneal time, as is also the case with
e.g., Al,O3 surface passivation layers [33]. The use of dielectrics for
enhancing the thermal stability of passivation layers is also not unique
for the SiOy/poly-Si stack. For example, SiNy has been shown to enhance
the thermal stability of a-Si:H passivation layers significantly, up to 500
°C [34].

Secondly, the dielectric can be used as a sacrificial hydrogenation
source and thirdly, the process of hydrogenation is reversible [35]. These
two aspects are demonstrated in Fig. 5 for the case of a 75 nm PE-CVD
SiN, capping layer on both n* and p* poly-Si prepared by LP-CVD. As
the figure shows, the application of the SiNy dielectric enhances the
passivation of the as-prepared poly-Si, reaching an outstanding iV, of
741 mV for n" poly-Si and 726 mV for p* poly-Si. Note that in this case
the hydrogenation of the poly-Si takes place during the deposition of the
SiNy dielectric layer, most likely due to the higher deposition tempera-
ture of 375 °C as compared to the 200 °C for ALD Al;03. Moreover, the
passivation is quite resilient to the subsequent ~800 °C firing step. The
fact that the SiNy can be used as a sacrificial layer is evidenced by the
only minor decrease in iV, after stripping the SiN, from the poly-Si by
prolonged soaking in hydrofluoric acid (HF). Note that this small
decrease in iV, is not per se due to a reduction in passivation quality,
but can (partially) stem from a reduction in light-coupling after removal
of the SiNy antireflection coating. Similarly, ALD Al,O3 has previously
been shown to act as a suitable sacrificial hydrogenation layer on top of
SiO4/poly-Si and on thermally-grown SiO; [20,36].

After stripping the SiNy, the passivation scheme is no longer stable
under firing conditions, as evidenced by the steep decrease in iV, upon
repeated firing. Interestingly, when redepositing a SiNy on the poly-Si,
the passivation is almost fully recovered and the stack is stable under
firing conditions again. This notion of reversibility is particularly inter-
esting from a processing point of view, as it means that even though the
passivation through hydrogen might be lost during a certain high-
temperature processing step (such as during dopant activation for in-
situ doped poly-Si), it can in principle be reintroduced in a following
processing step. For example, Naber et al. rely on this principle in a
TOPCon solar cell process flow [14].

5. The effect of the doping level of the poly-Si

The extent of surface passivation in general relies on a combination
of chemical passivation, i.e. the reduction of surface defect states, and
field-effect passivation, which arises from induced band-bending at the c-
Si interface [37]. In the case of poly-Si contacts, the high level of
chemical passivation originates from the hydrogenated c-Si/SiOy inter-
face, as has been discussed in section 2, whereas the field-effect passiv-
ation originates from heavy doping of the poly-Si. This doping shifts the
Fermi level in the poly-Si, leading to a work function difference between
the ¢-Si wafer and the poly-Si. Heavy doping of the poly-Si is therefore
generally beneficial for surface passivation, provided that excessive
dopant in-diffusion through the SiO, into the wafer is avoided, which
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Fig. 6. Recombination parameter of n" poly-Si passivating contacts as a
function of the phosphorus doping concentration in the poly-Si, before and after
hydrogenation induced by the deposition of SiN, and a subsequent high-
temperature firing step. The lines are guides to the eye. Data are adapted
from Stodolny et al. [10].

would otherwise lead to enhanced Auger recombination.

The beneficial effect of heavy (n-type) doping on the passivation
quality is shown in Fig. 6. As can be seen, the recombination current
density, Jo, decreases with increasing doping level of the poly-Si, both
for planar and textured wafers. In all cases, hydrogenation by the
deposition of a SiN, dielectric layer and subsequent firing improves the
surface passivation further. Although for very highly doped poly-Si
contacts, i.e., with a strong field-effect passivation, hydrogenation is
less crucial, yet it still helps in reducing the Jp and to reach recombi-
nation current densities well below 10 fA/cm? For lowly-doped or
intrinsic poly-Si, proper hydrogenation appears to be more critical due
to the absence of significant field-effect passivation.

In the context of field-effect passivation, it is also instructive to
consider the role of field-effect passivation provided by the fixed charge
in the dielectrics used for hydrogenation. For instance, the SiNy and
Al,Og3 dielectrics discussed so far are known to exhibit positive and
negative fixed charge, respectively when deposited on silicon [38,39].
These fixed charge polarities should render Al,O3 suitable for enhancing
the passivation of p* poly-Si contacts, whereas SiNy should be more
suited for n™ poly-Si contacts. However, since the doped poly-Si layer is
typically made thicker than the Debye length therein in order to make a
selective contact, the effect of any fixed charge on the band bending at
the c-Si interface will be screened. For example, for highly doped poly-Si
with a doping density of Ng = 10%° cm™3, the screening length is only
0.4 nm. Therefore, the effect of fixed charge in the dielectric capping
layer is expected not to play any role for carrier-selective, highly doped
poly-Si contacts. However, for thin poly-Si passivation layers with a
lower doping density, such as can be of interest on the front side of solar
cells, the fixed charge in the dielectric capping layer could in principle
play a role in the field-effect passivation.
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6. Hydrogenation of poly-Si in solar cells

For wide-scale implementation of poly-Si passivating contacts in
solar cell manufacturing it is desirable that the c-Si surface passivation
provided by poly-Si is maintained after the high-temperature firing step,
which is commonly used in solar cell production for metallization. To
study the stability against the firing step in more detail, Fig. 7 compares
the passivation level for 6 nm spatial ALD AlyO3 and 75 nm SiNy single
layers and stacks thereof on top of 200 nm LP-CVD p* poly-Si, for
different firing temperatures. To prevent blistering, the Al;O3 thin films
were annealed in nitrogen ambient at 425 °C for 20 min prior to sub-
sequent SiNx deposition or firing. As can be seen, the Al,O3 single layer
yields high levels of passivation before firing, but exhibits relatively
poor thermal stability after firing. The hydrogenation from the SiNy
single layer is, on the other hand, activated after firing and is more
thermally stable. However, the use of an Al,03/SiNy layer stack provides
the best passivation, in particular at higher firing temperatures. This is
thought to originate from the combination of very effective hydroge-
nation from Al;O3 with the thick SiNy layer acting as a dense capping
layer that is stable under firing conditions. These results demonstrate
that both the dielectric layer stack and the firing conditions matter when
aiming to reach high levels of surface passivation.

It is emphasized that dielectrics used as capping layer for poly-Si can
serve more purposes in solar cells than enabling hydrogenation of poly-
Si contacts alone. For instance, when poly-Si is employed at the rear side
of bifacial solar cells, a SiN, capping layer can also serve as an anti-
reflection coating to enhance the bifaciality. Naturally, another pur-
pose of the dielectric capping layers can, in certain solar cell configu-
rations, also be the direct surface passivation of the c-Si. The dielectric
layers can thus be used for hydrogenation of the poly-Si contacts while
also passivating parts of the c-Si which are not contacted with poly-Si.
For example, this can be the case in poly-Si IBC solar cell configura-
tions that feature gaps between the n* and p* poly-Si fingers, or when
applying poly-Si contacts selectively below the metal fingers at the front
side of PERC/nPERT solar cells.
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Fig. 7. Passivation levels obtained by p™ poly-Si on textured n-type Cz by
Al,03, SiN,, or Al,03/SiNy in combination with an industrially applied high-
temperature anneal step (‘firing’). Data are adapted from Mewe et al. [40]
The error bars denote the standard deviation of five measurements on different
parts of the wafer.
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7. Conclusions

Several important aspects of the hydrogenation of poly-Si passivating
contacts by dielectric layers have been addressed. It has been shown that
dielectric capping layers, such as AlyOs3, SiN, or Al;03/SiN, stacks are
very effective to further enhance the surface passivation offered by poly-
Si, as they provide additional hydrogen to the c-Si/SiO; interface. After
the hydrogenation step, the dielectric can be removed without impairing
the improved passivation. Yet, it is advantageous to maintain the
dielectric capping layer on the poly-Si as it enhances the thermal sta-
bility of the passivating stack. Moreover, it is shown that hydrogenation
by dielectrics is beneficial for surface passivation regardless of the poly-
Si doping level, albeit that its effect is more pronounced for more lowly-
doped poly-Si samples as they exhibit lower levels of field-effect
passivation. Depending on the specific solar cell architecture and pro-
cess flow used, hydrogenation of poly-Si can be realized best by either
Al,O3 or SiN, layers, or by Al;0O3 and SiN, based stacks. In any case,
optimization of the hydrogenation of poly-Si aids in achieving poly-Si
contacts with excellent passivation quality.
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