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1. Introduction

Crystalline silicon (c-Si)-based solar cells are by far the dominat-
ing photovoltaic (PV) technology and have recently shown
outstanding efficiencies approaching the thermodynamic
limit with heterojunctions and passivating contact solar cell

concepts.[1–3] The success in global PV pro-
duction did not happen only due to the con-
stant increase in efficiency, but above all
due to the cost reduction of the industrial
fabrication processes used. Currently,
industrial fabrication starts the shift from
cells with diffused surfaces to advanced cell
concepts as, for example, passivating front
and/or back contacts or even with interdigi-
tated back contacts (IBC).[4] A hurdle is the
metallization process, which is carried out
ideally using the highly optimized screen-
printing process of metal pastes. The
knowledge about this contact formation of
a fire-through Ag paste for classical, dif-
fused c-Si cells has become very detailed
due to numerous investigations in the past
years (e.g.,[5–9]). To the best of the authors’
knowledge, however, there are no specific
contact formation models available of con-
tacting poly-Si/SiOx layer stacks by a fire-
through Ag paste. With this article, we
aim to close this lack of knowledge and,
in particular, highlight the fundamental dif-
ferences. Since basic mechanisms of con-

tact formation are similar to the classical case, we first
summarize the current state of knowledge about the contact for-
mation of a fire-through Ag paste.

A detailed model of contact formation was summarized by
Schubert,[10] then further elaborated and extended by others,[6–9]

and describes a paste that consists largely of Ag particles. In
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Metallization of polycrystalline-silicon/silicon oxide (poly-Si/SiOx) passivating
contacts with fire-through silver paste is a crucial process for implementation of
passivating contacts in industrial manufacturing of solar cells. For a microscopic
understanding of the metallization process, the contact forming interface between
the Ag crystallites and the poly-Si layer is investigated with high-resolution
transmission electron microscopy. For this purpose, multilayer atmospheric
pressure chemical vapor deposition poly-Si samples with a SiOx layer between the
individual poly-Si layers are fabricated, screen printed with a lead-free Ag paste, and
contact fired. Electron micrographs show that in this process the etching of the
paste and the subsequent Ag crystallite formation is stopped by this interface with
the SiOx layer. Additionally, energy-dispersive X-Ray mapping reveals the presence
of an oxide layer around the Ag crystallites. This finding differs significantly from
well-investigated classical cell concepts with contact formation on diffused crys-
talline silicon. Moreover, an analysis of the Ag crystallite orientation in correlation
to the neighboring Si crystallite orientation indicates no direct relationship. Finally,
it is shown that the use of this multilayer approach is favorable for integration into a
solar cell concept leading to a higher passivation quality at the metallized area and
lower contact resistivity.

RESEARCH ARTICLE
www.solar-rrl.com

Sol. RRL 2023, 7, 2300491 2300491 (1 of 9) © 2023 The Authors. Solar RRL published by Wiley-VCH GmbH

mailto:raphael.glatthaar@uni-konstanz.de
https://doi.org/10.1002/solr.202300491
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.solar-rrl.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsolr.202300491&domain=pdf&date_stamp=2023-09-12


addition to organic material and solvents, which are required for
the technical implementation of screen printing, there is also the
so-called glass frit component. Formerly, one of the important
components was PbO; nowadays, glass frits are based on TeO2

as the main material, which is more environmentally friendly.
Starting from temperatures of 500–650 °C in the fast firing pro-
cess, this component softens and etches the SiNx layer, which
serves as a surface passivation and antireflection coating.[7] Apart
from the etching process caused by the glass frit, which can etch
besides the SiNx and also the Si itself, another etching process
dominates at higher temperatures.[6,7] Therefore, Ag ions from
the Ag particles are dissolved in the fluidized phase and migrate
to the silicon surface and etch there with following reaction.

ðAgþ þ 2O2�Þ þ Si ! Ag þ SiO2 (1)

Due to the different atomic packing factors of the lattice
planes, c-Si substrates with {100} surfaces are etched anisotropi-
cally, resulting in inverted pyramids. During cool down, the Ag
atoms precipitate and grow with an epitaxial relationship to the
{111} Si planes and refill these inverted pyramidal struc-
tures.[8,11,12] These Ag crystallites then enable an electrical contact
between the c-Si and the metal finger. The charge carrier transport
from these Ag crystallites to the bulk Ag finger is then possible via
different current paths. Since this probably depends in detail on
the metallization system used, many dominant current paths have
been presented in the past. Besides direct Ag crystallite/Ag bulk
contacts,[9,10] there are current paths through the thin glass
layer[10,13] and multistep tunneling through Ag nanocolloids or
other highly conductive nanoparticles in the glass layer.[11,14]

The charge carrier transport from the Ag crystallites to the Ag
bulk is likely to be the same in other cell concepts such as the
passivating contacts. In contrast, the Ag crystallite formation
and thus the charge carrier transport from the Si (c-Si and
poly-Si) to the Ag crystallite are shown to be different in the
poly-Si/SiOx structures.[15] Scanning electron microscopy
(SEM) images of recently published investigations show that
the poly-Si morphology, and more importantly the poly-Si/SiOx

interface, impedes the Ag paste etching process and thus conse-
quently the resulting Ag crystallite growth into the underlying Si
base substrate.[15–18] This is especially true for planar surfaces
where Ag crystallites rarely penetrate the c-Si base substrate.
On textured surfaces Ag grows to larger crystallites and massive
etching into the base substrate is commonly observed at pyramid
tips and edges.[19,20] The stopping mechanism of the poly-Si/SiOx

interface is in those cases bypassed by a second or different etch-
ing mechanism. It remains unclear which properties of the poly-
Si/SiOx stack influence the crystallite formation. For example, the
different etching mechanisms of Ag and glass frit described ear-
lier can cause anisotropy of etching due to the different crystal
orientations in the poly-Si layer.[21] In addition, microstructural
analysis with SEM showed that an interface with a thermal oxide
can strongly slow down or even stop the etching process of the Ag
paste.[15] Since the Ag crystallite size can influence the contact
behavior, understanding the Ag crystallite formation is very
important to achieve an optimal contact. In the study, we
investigate the formation of Ag crystallites by applying SEM
and (scanning) transmission electron microscopy ((S)TEM) on
a five-layer poly-Si stack separated by native silicon oxides.

Atmospheric Pressure Chemical Vapor Deposition Technique:
Amorphous silicon (a-Si) deposition by atmospheric pressure
chemical vapor deposition (APCVD) is a high-throughput deposi-
tion technique that is promising for implementing passivating con-
tacts in existing solar cell production lines.[22,23] Besides the inline
concept, a fundamental technical deviation from other deposition
methods is the deposition temperature, which is >650 °C for
APCVD coatings.[24] Process temperature of other deposition tech-
nologies of a-Si like plasma-enhanced chemical vapor deposition
(PECVD) or magnetron sputtering is usually not above
400 °C.[25,26] This temperature difference results in some signifi-
cant changes in the deposited a-Si layer structure. In particular,
the crystallinity and the crystallite size of APCVD a-Si layers after
crystallization is rather larger than that of PECVD, low-pressure
chemical vapor deposition (LPCVD), or sputtered a-Si which has
mostly a crystallite size <20 nm.[24,25] This influences in particular
the conductivity, which especially increases with larger crystallites
(therefore less grain boundaries, which aremostly limiting the con-
ductivity) and has a much stronger influence on the conductivity
than, for example, the doping level.[24,27]

Due to the equipment design of inline APCVD tools, a layer
thickness change can be carried out on the one hand by varying
the belt speed or on the other hand by multiple drive-through
(DT) in the equipment. Using the DT approach, a native oxide
grows when the sample cools down under air atmosphere after it
passes the deposition section. When passing through again, this
intermediate SiOx (SiOx,inter) layer separates the first a-Si layer
from the second a-Si layer. At this point, it should be noted that
in industrial fabrication, an increase in film thickness with the
multiple DT approach will most probably not be achieved by sev-
eral complete passes of the tool with the attendant cooling of the
sample to room temperature, as is the case here with manual
handling. Rather, in the deposition zone, several injectors are
placed directly behind each other, which means that the auto-
matic formation of a thermal oxide between the two DT would
no longer be a consequence. However, if needed, the formation
of a thermal oxide between two a-Si layers would be easy to real-
ize by injecting oxide-forming gases.

The authors did not investigate the fabrication of a thin
SiOx,inter layer during a-Si deposition using other deposition
methods. However, for all CVD-based approaches and sputter-
ing, the implementation of such an interlayer is straightforward.
The CVD methods would need an oxygen-providing precursor
gas as CO2 or N2O besides O2 while the silane gas is already avail-
able for a-Si deposition. Reactive sputtering using a Si target and
O2 can also easily be implemented.

2. Results

2.1. Characteristics of APCVD a-Si Layer

To better demonstrate the contacting behavior of Ag on
poly-Si/SiOx passivating contacts, we prepared a sample with
a�250 nm-thick a-Si layer fabricated via five DT for the following
investigations. The STEM image in Figure 1a shows this layer
stack at a position where no contact formation occurs. Five
individual poly-Si layers with a thickness of �55 nm are visible
and separated by a thin intermediate SiOx,inter layer. In addition,
the a-Si layer consisting of cuboidal blocks with a width of
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100–200 nm can be seen. In order to obtain information about
the crystal orientation, we analyzed these individual grains via
electron diffraction. As an example, the convergent beam elec-
tron diffraction (CBED) images are shown in Figure 1b–d.
The diffraction image in Figure 1b was taken at position (b)
and shows a specific crystal orientation given by the specific
arrangement of Kikuchi lines (black, elongated features around
the central black spot). Measuring two diffraction patterns at
position (c) and (d) in the neighboring block yields the CBED
measurements in Figure 1c,d, respectively. It becomes evident
that both measurements show the same diffraction pattern indi-
cating that one block consists of single-crystalline Si domains.
Measurements at further positions (Supporting Information)
also show very clearly that individual blocks always correspond
to one Si crystallite. At this point, it should be noted that the crys-
tallite grain size in direct observation by electron microscopy can
differ significantly from measurements by X-Ray diffraction
(XRD) or Ramanmeasurements.[28] Especially when dealing with
complex sample structures and grain sizes in the same order of
magnitude as the investigated layer thickness or larger (in this
case, particularly wide), common methods are unable in
resolving them. As a result, TEM investigations are superior
in studying the actual distribution, even though conducting
larger experiments may not be feasible by TEM studies.

2.2. Silver Crystallite and SiOX Formation

In Figure 2, the APCVD poly-Si/SiOx layer stack is shown at a
position where a contact with the Ag paste is formed. In
Figure 2a, an energy-dispersive X-Ray spectroscopy (EDX)

analysis map shows the elemental distribution of oxygen
(O, red), silicon (Si, blue), and silver (Ag, yellow). On top of
the blue-colored poly-Si layer stack, the red area refers to the glass
layer. The yellow-colored Ag crystallites are located within the
upper two poly-Si layers. Moreover, the Ag crystallites do not
grow arbitrarily deep into the poly-Si layer stack, but always stop
at a SiOx,inter layer separating individual poly-Si layers. This stop-
ping behavior between the first and second or second and third
poly-Si layers is observed not only here, but at all locations ana-
lyzed by the authors. In the horizontal direction, it cannot be
ruled out that the Ag crystallites stop at the interface between
individual Si grains. The Ag crystallites have a lateral size of
up to 400 nm and a height that is thus a multiple of the thickness
of the poly-Si layer.

The differently thin SiOx layers are also apparent in Figure 2a
and in the inset, which shows the recording of an EDX line scan.
The signal height of the intermediate SiOx,inter layer is lower than
that of the thermally grown interface SiOx,thermal. This indicates
that these SiOx,inter layers are thinner than the 1.5 nm-thick SiOx,

(a)

(b) (c) (d)

Figure 1. a) High-angle-annular dark field–STEM (HAADF–STEM) image
of a layer stack realized with five APCVD DT. b–d) Diffraction images using
CBED at positions b, c, and d, respectively, marked in (a). Kikuchi pattern
in (c) and (d) are similar and thus show same crystallite orientation, (b) is
different to both (see also Figure S1, Supporting Information).

(c)

(a)

(b)

Figure 2. STEM images of a poly-Si layer stack deposited by five APCVD
DT. a) EDX map of oxygen (O, red), silicon (Si, blue), and silver (Ag, yel-
low), where the inset shows a line scan of the highlighted region (green
arrow, profile signal averaged in horizontal direction inside the black rect-
angle). While SiOx,thermal is grown in a controlled process in tube furnace,
SiOx,inter forms during cooling after the poly-Si deposition in air atmo-
sphere. The vertical SiOx is formed during the contact formation process
with Ag. b) High-resolution bright-field (BF-STEM) image of the interface
between the Ag grain and the underlying Si grain. c) EDX line scan of Ag,
O, and Si at the marked line in (b). The line scan of the BF signal indicates
a crystalline phase at the interface region between the Ag and Si grain (gray
highlighted area).

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2023, 7, 2300491 2300491 (3 of 9) © 2023 The Authors. Solar RRL published by Wiley-VCH GmbH

 2367198x, 2023, 21, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/solr.202300491 by Fritz-H

aber-Institut D
er M

ax-Planck-G
esellschaft, W

iley O
nline L

ibrary on [29/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.solar-rrl.com


thermal layer or less dense and thus might have more pinholes for
charge carrier transport. Furthermore, whereas in the STEM
image in Figure 1, the vertical and horizontal boundaries of a
single Si crystallite appear similar, the EDX image indicates that
there are no vertical SiOx regions around the Si crystallites. As
the Ag crystallite shown here is embedded in the poly-Si layers
with a SiOx interface layer, the vertical O signal around the Ag
crystallite must therefore be a result of the Ag crystallite forma-
tion process. By finding a higher oxygen peak at the Ag–Si inter-
face compared to the Si–Si grain interface (SiOx,inter) in the inset
of Figure 2a, it becomes evident that the oxygen signal is caused
by the Ag crystallite formation process. This existence of O is the
main difference to the Ag crystallites in classically diffused c-Si,
where no O at this interface was observed or could not be
detected.[8,11] Taking this investigation further, it follows
directly that the theoretical contact formation model between
Si and Ag crystallites changes from a Schottky contact to a
metal–insulator–semiconductor (MIS) contact. The authors car-
ried out temperature-dependent transfer length method (TLM)
measurements from 80 to 350 K on these samples. However,
they could not show with various approaches any tunnel-like
behavior at this Ag grain/Si grain interface. This may be either
because this effect cannot be resolved with standard macroscopic
tools or because the charge carrier transport is more complex.
Possibly, if the oxide is inhomogeneous or negligibly thick at
some positions around the Ag crystallite, charge carrier transport
could also be pinhole like at these positions. Besides Ag, O, and
Si, the STEM EDX mapping shows no other components of the
Ag paste in the poly-Si layer. Figure 2b shows the interface
between the Ag crystallite and the underlying Si crystallite in lat-
tice resolution. The transition area between the two crystallites is
about 5 nm wide. It can be assumed that this width originates
from the fact that the contact surface between Ag and Si crystal-
lite is tilted to the zone axis. Figure 2c shows an EDX line scan at
the contact area marked in Figure 2b. In addition to the Ag, O,
and Si signals, the signal from the BF image can also be seen
there. Due to the lattice resolution, this interface region can be
clearly identified. The Ag signal, which falls off linearly for the
most part in the interface, may indicate also that there is a tilting
of the interface between Ag and Si crystallites. Furthermore, due
to the intensity of the O signal, it can be assumed that O rather
accumulates in the Si layer to SiOx than at the Ag crystallite.

2.3. Stopping of Silver Crystallite at Poly-Si/SiOx Interface

This section deals with the abrupt stopping of the Ag paste
etching process and the resulting stop of the Ag crystals at
poly-Si/SiOx interfaces. This stop is present not only in a sample
with a fivefold poly-Si layer, but also in a sample with an 80 nm
poly-Si/SiOx,thermal layer stack from a single DT (Sample B).
Figure 3a displays this sample in an ion-milled SEM cross sec-
tion. Ag crystallites are visible only in the poly-Si layer and are
separated by a glass layer from the Ag bulk. The Ag crystallites
have in parts a rectangular shape and stop at the interface of the
SiOx,thermal layer, which makes this stopping behavior compara-
ble to the sample with the fivefold DT. This raises the question of
why the formation of Ag crystallites is stopped at the interface
with a SiOx layer.

A first explanation is that the presence of the SiOx layer forms
a barrier to the etching reaction (I) of Ag. This view is supported,
in particular, by a sample on which the 80 nm-thick poly-Si layer
is deposited on a �50 nm-thick-grown SiOx layer (Sample C in
Figure 3b). Again, the Ag crystallites exclusively grow in the
poly-Si layer. The Ag crystallites clearly stop above the SiOx while
etching of the SiOx layer is not observed.

Another possible explanation for the observed stop of Ag crys-
tallite growth is the change in crystal orientation at the interfaces.
At the firing temperature of�800 °C, the Ag paste etching mech-
anism can be seen as a solution of Si in Ag according to reaction
(1). It was observed that the etching process of the {111} crystal
planes is slower than that of {100} planes, leading mainly to
inverted pyramids when classical, diffused (100) c-Si samples
are contacted.[10,29] However, contact formation experiments
on planar samples with {111}-oriented surfaces showed no direct
etch stop, but lens-shaped Ag crystallites.[10,30] A complete etch
stop at the interface to an {111}-oriented Si crystallite is thus
hardly conceivable. However, the crystal orientation of the
respective Si crystallites will still have an influence on the etching
behavior.

In order to look for possible correlations, we determine in the
following the crystal orientation of two different Ag crystallites
and their immediately neighboring Si crystallites. On the one
hand, as in the classical case of contacted c-Si, we may find that
the Ag crystallites have a fixed crystal orientation with respect to
the Si surface due to the epitaxial growth there.[11,12] On the other
hand, Si grains with {111}-oriented planes could face the Ag crys-
tallite and thus may explain a slowed-down etching reaction in
this Si grain. However, due to the quasi-2D structure of the

(a)

(b)

Figure 3. SEM images of the cross section of a passivating contact with a
single DT (n) poly-Si layer. a) Sample B with thin thermal oxide of 1.5 nm
and b) Sample C with a thick thermal oxide of >50 nm.
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TEM lamella, only parts of all possible correlations between the
Ag crystallite and the Si neighboring crystallites can be found.

Using CBED diffraction studies, we have determined
individual grains of both the Ag crystal and the Si layers in
Figure 4a. The Ag crystal is segmented into four different indi-
vidual crystallites. The orientation of the twomarked grains (Ag 1
and Ag 2) and the underlying Si crystallites (Si 1 and Si 2) has
been determined as follows. First, the sample was tilted to the
next available low-order zone axis using Kikuchi lines within
the CBED diffraction pattern. Second, high-resolution STEM
images of the crystallites were acquired and from the correspond-
ing fast-Fourier-transform (FFT) images (Figure 4d–g) the zone
axis was identified using CrysTBox toolbox.[31,32] For the Ag 1
crystallite, the zone axis was determined as [011] (Figure 4d).
The Bragg reflex in the direction of the Si 1 crystallite indicates
that the Ag 1 crystal orientation toward this Si 1 crystallite has a
(200) surface. Next, the sample was further tilted to get into the
[332] zone axis for the Si 1 crystallite. In this tilted state, a high-
resolution TEM image of the interface between the Ag 1 and Si
1 crystallites is shown in Figure 4b. An FFT image in the Si
region (Figure 4e) shows that there is no low-order crystal
orientation in the direct direction of the Ag 1 crystallite. The

closest assignable plane according to the FFT image is the
(3–1–3) plane.

The same investigation is performed for the Ag 2 and Si 2
grains. While the zone axis [121] can be detected for the Ag 2
grain, tilting of the sample into a low-order zone axis of the
Si 2 grain was not possible (the required tilt angle could not
be reached because of the limited tilt range of the sample holder).
If the sample is tilted in a way that Ag 2 is in this [121] zone axis,
Figure 4c is obtained. The Bragg reflexes in Figure 4f show that
the Ag plane which is facing the Si 2 grain surface is the (-311)
plane. It is also noticeable that the interface between Ag and Si is
very wide (same interface as in Figure 2). This indicates that the
interface between the Ag and the Si crystallite may be slightly
tilted and thus overlap each other. An FFT image of the interface
(Figure 4g) shows that in addition to the Ag reflections, which
can still be seen very lightly, there are other reflections, probably
from an interface layer. The Bragg reflexes marked in blue are
different from those of the Ag 2 crystallite. Since it was not pos-
sible to assign them to a Si or any other Ag crystallite orientation,
we assume that the etching process could form a crystalline
phase of Ag, Si, and O. A detailed investigation of this interface
may be the subject of further research.

(a)

(b)
(d) (f)

(e) (g)

(c)

Figure 4. STEM images of a layer stack with five DT deposition. a) All Ag grains with different crystal orientations are marked as well as exemplarily two
neighboring Si grains. b) Interface between grain Ag 1 and grain Si 1 where the sample is oriented in zone axis [332] of the Si 1 grain. c) Interface between
grain Ag 2 and Si 2, where the sample is oriented in Ag-zone axis [121]. d) Diffraction pattern (FFT) of Ag 1 grain, while sample tilted was tilted in zone axis
[011] of Ag 1 grain. e) FFT of Si 1 grain recorded when the sample is tilted as in (b). f,g) FFT patterns of the Ag 2-Si 2 interface, respectively, while the
sample was tilted in the zone axis [121] of the Ag grain as in (c).
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Referring back to the origin of the Ag crystallites stop at these
interfaces, we can exclude that the Si grain has a direct (111)
plane to the Ag for both interfaces. Moreover, no fixed phase rela-
tionships between Ag and Si are observed at the investigated sites.

In addition, the FFT image can be used to determine the angle
to the nearest (111) plane. As shown in Figure 4e, for example,
the planes (11-3) and (2-20) are orthogonal to the zone axis (332).
With their orientation and by help of CrystTBox, the plane in the
interface between the Ag and Si crystallites was determined to
(4-2-3).[31,32] Since this plane is tilted only by 15.2° from the
(1-1-1) plane, the etch rate of Ag into the poly-Si may be signifi-
cantly reduced. However, a complete etch stop would only occur
by chance since the etching rate is only reduced for this Si plane.
If the different etch rates were the dominant effect for this stop-
ping mechanism, it would be more likely that the Ag crystallites
would generally end at {111} planes, also within individual Si
grains. Additionally, differently shaped Ag crystallites, such as
inverted pyramids, should also be visible in the cross-sectional
view. Nevertheless, we observe that all Ag crystallites always stop
at the interfaces of the poly-Si layers and never within a Si grain,
which also defines the cuboidal shape of the Ag crystallites.

In summary, the etching of the Ag paste into the poly-Si layer
stack can certainly be influenced by the orientation of the neigh-
boring Si crystallites. However, since Ag dissolves some crystal
planes more slowly and Ag etching never leads to a complete etch
stop, we suspect that the interface itself, and in particular the
presence of the grown silicon oxide, can greatly reduce the etch
reaction (1), which then leads to this abrupt stop of Ag crystallite
at the interface with the SiOx,inter.

2.4. Oxide Layer Around Silver Crystallite

The second fundamental difference in Ag crystallite formation
for APCVD-based passivating contacts compared to diffused
junctions is the appearance of the SiOx layer around the Ag crys-
tallites. In addition to the consequences for current transport
already mentioned above, the question of formation is of partic-
ular interest. Since an in situ observation of the etching process
at �800 °C is technically difficult to realize, a precise reaction
determination is only possible indirectly via the sample’s status
after this contact formation process.

The studies of the interface with Ag crystallite formation in
c-Si already indicate very clearly that there is no oxide around
the Ag crystallites, although the technical possibilities were prob-
ably less developed.[8,11] We identify the following explanations
for the formation of the SiOx layer around the Ag crystallites
in passivating contacts. A first mechanism may be caused by
the difference in thermal expansion of Ag and Si. While Ag
has an expansion coefficient at 20 °C of 18.9 μmm�1 K�1, that
of Si is only 2.6 μmm�1 K�1 at 20 °C.[33,34] Consequently, also
at higher temperatures, thermal stress must occur between Ag
and Si due to the different coefficients of expansion. This can
lead to stress between Ag and Si when cooling below the soften-
ing point where recrystallization of Ag takes place. However, the
question remains as to why this effect does not occur in the for-
mation of Ag crystallites in a c-Si substrate. We therefore assume
that this effect is not responsible for the formation of the oxides
around the Ag crystallite.

The following two explanations seem to be more feasible.
Based on the studies earlier on the crystal orientations of Ag
and Si and the corresponding interface in particular, no fixed cor-
relation between the two crystal lattices was observed. In contrast
to Ag crystallites in c-Si, it is never possible for Ag to grow with
an epitaxial relationship on all Si interfaces due to the different
orientation of all neighboring Si crystallites. Nevertheless, it can
be assumed that the Ag crystallite growth starts epitaxially at one
Si crystallite. In this case, there is a high probability of a mis-
match with all other neighboring Si crystallites. At those other
contact interfaces, stress, vacancies, or other crystal defects are
inevitably formed, facilitating the incorporation of O from the
glass layer or the atmosphere. By implication, however, this
would also mean that at least one interface to a poly-Si crystallite
does not have an intermediate layer of SiOx for each Ag crystallite
and has an epitaxial relationship between the corresponding Ag
and Si crystallites. The investigation did not find evidence of the
epitaxial relationship between Ag and Si crystallites in this TEM
lamella. However, due to the 3D nature of the Ag crystallites
within the poly-Si layer, this cannot be completely ruled out.
Alternatively, the recrystallization of Ag in the present case could
also start from a random position in the softened Ag phase dur-
ing cool down at the end of the firing process. In this case, Ag
would most likely encounter an arbitrarily oriented Si surface,
whereby no lattice matching between Ag and Si would be possi-
ble. The surface of the Ag crystallite and the Si grain then may
oxidize and a disordered interface layer with a high oxygen con-
tent would be formed.

2.5. Application of Multilayer Approach in Solar Cells

The multilayer approach of the poly-Si layer with multiple a-Si
DTs, as presented, can be a viable concept for improving passiv-
ation quality under metal contacts in solar cell applications. The
main idea is to create a controllable barrier for Ag crystallites,
preventing them from being in direct contact with the c-Si sub-
strate and thus causing highly recombination active defects at the
c-Si surface. To validate this DT approach, we prepared samples
with different metallized areas to determine the metal saturation
current density (J0,Met). The processing and characterization of
these samples was conducted along with the samples previously
published in ref.[15] (Sample group C), where fabrication and
characterization details can be found.

To investigate the effect of the multilayer approach, we pre-
pared three different sample groups: one group with a single
poly-Si layer of 50 nm thickness and two groups with a multilayer
stack with a total poly-Si layer thickness of 150 nm. The two mul-
tilayer groups differ in the number of DTs: the first group con-
tains 5 DTs with single-layer thickness of 30 nm, while the
second group contains 3 DTs with a single poly-Si layer thickness
of 50 nm. Note that as the number of DTs increases, the number
of SiOx interlayers increases accordingly. Thus, although the
3-DT samples may have some Ag crystallites reaching the
SiOx,thermal interface, this is impossible for the 5-DT samples,
although their total poly-Si thickness is comparable.

By analyzing the results shown in Figure 5a, it can be observed
that all sample groups achieve low contact resistivities (ρC) in the
range of 3–10mΩ cm2 at the highest set peak firing temperature.
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Specifically, the 150 nm-thick films tend to achieve the lowest
ρC values, and more DTs could be advantageous since lower
set peak firing temperatures can achieve low ρC. On the other
hand, J0,Met of the single-DT samples is higher than that of
the multilayer samples, remaining below�60 fA cm�2, as shown
in Figure 5b. Despite the relatively high uncertainty of the data
presented in this study, there is a possibility that the five DT sam-
ples could have slightly lower J0,Met values compared to the three
DT sample. The authors estimate that this effect may become
more statistically significant in a study with a larger sample size.
Furthermore, besides the more favorable solar cell parameters
achieved with the multilayer approach, the integration of the
SiOx,inter interlayer into the poly-Si has the potential to enhance
precise control of Ag crystallite size and formation. This improve-
ment could prove advantageous in industrial manufacturing
processes.

As discussed earlier, APCVD a-Si has a larger grain size com-
pared to other deposition technologies. However, in a study[35]

varying several process parameters for Ag contact formation
on poly-Si/SiOx passivation contacts, the authors could not find
any fundamental difference for different deposition techniques,
in particular for PECVD and APCVD (n) poly-Si layers. In gen-
eral, an influence of the poly-Si crystallite size and orientation on
contact formation and thus on solar cell performance could,
besides the here-performed TEM investigation, also not be
resolved with macroscopic examination methods in other
experiments.

3. Conclusion

We have investigated the formation of Ag crystallites in
poly-Si/SiOx passivating contacts. Overall, the Ag paste applied
shows similar etching reactions on passivating contacts as have
been widely studied on classically, diffused c-Si. Here, the focus
was on the Ag crystallite formation, which enables direct
metal–semiconductor contacts. However, the shape and position
of these Ag crystallites grown into the poly-Si layer are very

different from that in classical c-Si contact formation. The crys-
tallites are always located in poly-Si layers and stop at the under-
lying SiOx interfaces. The SiOx,inter layers formed during APCVD
a-Si deposition seem to play a more dominant role than the crys-
tal orientation of the underlying silicon. This barrier effect can
now also be used as a barrier layer for Ag crystallite formation.
Thus, it could be shown that the contact resistivity is lower and
the passivation quality is higher for the multilayer concept than
for the single poly-Si layer. Comparable thick poly-Si layers with
three and five DT indicate that the integration of more SiOx,inter

layers results in lower ρC and possibly also in better surface pas-
sivation. A second key finding is the presence of an oxide layer
around the grown Ag crystal. This is presumably formed during
cooling within the firing process and the result of a missing
correlation between the neighboring Ag and Si crystallites.
Consequently, the contact resistance between poly-Si and Ag
crystallites must be described, for example, via an MIS contact
or only locally allowed transport and then with current crowding
effects. This makes the formation of Ag crystallites in poly-Si pas-
sivating contacts significantly different from cell concepts based
on classically diffused c-Si.

4. Experimental Section

Sample Preparation and Precharacterization: Czochralski (Cz)-grown
n-type-doped (4.5Ω cm) crystalline silicon wafers in M2 size and a thick-
ness of 150 μm were saw damage etched in potassium hydroxide and
afterward cleaned with a wet chemical ozone and piranha cleaning.
While a 1.5 nm-thick thermal oxide was grown in a conventional tube fur-
nace for Samples A and B, 50 nm thermal oxide was grown for Sample C.
Phosphorous-doped poly-Si was deposited with APCVD tool at T> 650 °C.
For Samples B and C, a single layer with a thickness of�80 nm was depos-
ited. For Sample A, five of these single layers were deposited sequentially,
resulting in a total layer thickness of �270 nm. Subsequently, a wet chem-
ical ozone cleaning was done, before the samples were crystallized in a
tube furnace for 30min at 920 °C in N2 atmosphere. For hydrogenation
of the passivating contact in the fast firing step, first a 75 nm-thick SiNx layer
was deposited on both sides using a PECVD tool. For metallization, a lead-
free Ag paste comparable to commercial pastes was applied with standard
screen-printing technique. After a drying process, the contact formation was

(a) (b)

Figure 5. Solar cell parameters for multilayer poly-Si stack with different DTs integrated in precursor samples fired at different set peak firing temper-
atures. a) Contact resistivity (ρC) and b) saturation current density at the metallized areas ( J0,Met).
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performed in a conventional fast firing belt furnace at a measured sample
peak firing temperature of �825 °C. For Sample A, an implied open-circuit
voltage (iVOC) of 742mV was obtained using (photoconductance decay) PCD
measurement with a Sinton lifetime testerWCT-120 after SiNx deposition, but
prior to metallization and fast firing. After metallization, a contact resistivity
(ρC) of 1.8(11) mΩ cm2 was determined on the same sample utilizing a PV
tools TLM setup.

A different sample batch was used to evaluate the effect of the multi-
layer stack on the solar cell parameters. In addition to the infeasibility of J0,
Met evaluation with the TLM metallization pattern used for Samples A, B,
and C, the base resistivity of those three samples prevents proper evalua-
tion of J0,Met values under high injection conditions. For a comprehensive
description of the fabrication and characterization of the samples pre-
sented in Section 2.5, please refer to ref.[15] (Sample group C).

TEM Sample Preparation Using Focused Ion Beam (FIB): For the TEM
sample preparation, we used a ThermoFisher Helios NanoLab G3
FIB-SEM DualBeam system. It provides gallium ions with energies up
to 30 keV. We prepared the sample in the zone axis [110] of the Si substrate
as a reference. Taking into account the sample structure and the region of
interest located between the Si substrate and the Ag contact, we preferred
to perform the nonstandard upside-down ion-milling procedure, that is,
with an ion-milling direction from the Si substrate to the Ag contact,[36]

in order to ensure more homogeneous milling rates and to prevent
curtaining artifacts due to the existing voids/cavities in the Ag contact.
Figure 6 shows the principle of this technique. We finalized the
preparation with low ion-energy steps at 5 and 2 keV, respectively,
minimizing the damage layer on the lamella side walls and achieving
an estimated lamella thickness in the range of 25–40 nm at the poly-
Si/SiOx stack.

Measurements: The contact interface between the Ag finger and the
poly-Si/SiOx structure was investigated by SEM in cross-section view after
ion milling. Atomic structure resolution of the interface was achieved by
high resolution TEM. STEM was applied in combination with EDX in two
different TEMs, an aberration-corrected Jeol ARM 200 F (probe and image
corrected, for atomic-resolved imaging, Figure 1, 2(b)þ(c) and 4) and a
Thermo Fisher Scientific Talos 200 F (equipped with 4 SDD EDX detectors,
for EDXmapping, Figure 2a). The electron beam energy was for both micro-
scopes 200 keV and the beam current ranged between 50 and 350 pA. The
point resolutions of the microscopes were 0.8 Å (ARM) and 1.6 Å (Talos),
respectively. To achieve sufficient signal-to-noise ratio in case of EDX mea-
surement (Figure 2a), the multiple frame approach was applied, which
means that the electron beam was scanned across the region of interest
(�600� 900 pixel) 150 times, with an acquisition time of 20 μs and a scan-
ning step size of 500 pm per pixel. The signal was integrated later over all
frames. To compensate for sample drift during EDX acquisition, online drift
correction was applied by cross-correlation after each frame. To verify the
resolution capabilities of the Jeol ARM microscope, Si dumbbells
(136 pm) on the Si substrate could be clearly resolved by imaging
(HAADF and BF) and a simultaneouslymeasured EDX line profile. The crystal
structure and orientation analysis in Figure 4d–g was done using CrysTBox
Server 1.0.[31,32]
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Figure 6. SEM images showing the TEM sample. a) FIB preparation
with the upside-down technique. b) Final TEM lamella with a thickness
of 25–40 nm.
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