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In the production of n-type Si solar cells, B diffusion is com-
monly applied to form the p* emitter. Up to now, Ag screen-
printing pastes, generally used to contact P emitters, had been
incapable of reliably contact B emitters. Therefore, a small
amount of Al is generally added to Ag pastes to allow for rea-
sonable contact resistances. The addition of Al, however, re-
sults in deep metal spikes growing into the Si surface that can
penetrate the emitter. Losses in open-circuit voltage are at-

1 Introduction Due to higher carrier lifetimes and the
absence of light induced degradation, n-type silicon (Si)
material shows a higher efficiency potential compared to
p-type material. Therefore, different industrially relevant
n-type solar cell concepts have emerged in the last years.
Commonly, the p" layer is realized in form of a boron (B)
emitter. With the use of B emitters different challenges had
to be overcome. For example, different passivation layers
than the ones used for phosphorous (P) emitters need to
be used on B emitters, as hydrogen-rich silicon nitride
(SiN,:H) layers show insufficient passivation quality. An-
other challenge to be solved is metallization of B emitters
by screen-printing which is the process commonly applied
in industry. Older generations of standard silver (Ag)
screen-printing pastes used for contacting P emitters are
not capable to reliably contact B emitters. Contact resistan-
ces above 50 mQ cm” are generally reported [1—4]. These
high values are attributed to a lack of Ag crystals on the Si
surface. For screen-printing metallization of P emitters
with standard Ag pastes, surface defects at the Si/contact-
interface are needed to facilitate the growth of Ag crystals
[5]. These defects can exist as, e.g., crystal defects or pre-
cipitates of electrically inactive P usually present at the

tributed to these deep metal spikes. In this investigation we
demonstrate, that state-of-the-art Al-free Ag screen-printing
pastes are capable to contact BBrs;-based B emitters covered
with different dielectric layers and reach specific contact re-
sistances <l mQ cm?. Bifacial n-type solar cells with Al-free
Ag pastes on both sides show efficiencies of up to 18.3% and
series resistances <0.5 Q cm”.

surface of P emitters with high P surface concentrations [6,
7]. An additional impact on the specific contact resistance
is given by the different current transport mechanisms of
the metal-semiconductor contact for different doping den-
sities (field emission, thermionic field emission and ther-
mionic emission). Lowly doped emitters with a reduced P
surface concentration are therefore difficult to contact.

In the last years new Ag pastes have been developed to
allow contacting of P emitters with dopant surface con-
centrations down to the lower 10*° cm range [8].

During diffusion of B emitters often a boron-rich layer
(BRL) forms at the Si surface. This layer is highly recom-
bination active and is therefore generally removed. The re-
sulting B emitters generally feature dopant surface concen-
trations below 10*° cm™ and no precipitates of inactive B
exist at the wafer surface. Therefore, Ag crystal formation
on B emitters is reduced. Part of the issue was solved in
2005, when Kopecek et al. proposed to add a small amount
of aluminium (Al) to the Ag screen-printing paste [1].
With the addition of Al the specific contact resistance can
be reduced from >100 mQ cm® to <10 mQ cm’. Further
investigations followed to optimize paste formulation
[2, 3]. Today Ag/Al screen-printing pastes allow contact
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resistances of below 4 mQ cm® and are commonly used to
contact B emitters by screen-printing.

However, with the addition of Al the contacting issue
was only partially solved. The contact formation process of
Ag/Al pastes to B emitters is totally differing from the one
of Ag pastes to P emitters [9]. For Al-free paste, metal
oxides contained in the glass are responsible for the melt-
ing of Ag at temperatures below the melting point of Ag
and the formation of Ag crystals at the Si surface [10]. In
Al-containing pastes these tasks are at least to a large part
undertaken by the Al. Facilitated by Al, deep metal spikes
grow locally into the Si surface. With a depth of up to se-
veral pm depending on paste and firing conditions they are
remarkably deeper than Ag crystals found below Ag
screen-printed contacts on P emitters [10]. As B emitters
generally feature a depth of around 500 nm, the spikes can
be deep enough to penetrate the emitter and affect the
space charge region enhancing metallization induced re-
combination [11]. Therefore, this spiking is made respon-
sible for ¥, losses limiting cell efficiency [12, 13], and the
influence of the spikes on cell characteristics is topic of
ongoing research [13, 14]. Hence, screen-printed metalliza-
tion exhibiting shallower Si penetration would be highly
desirable and paste designers work to improve the pastes in
this respect.

In 2015, Engelhardt et al. published a promising ap-
proach for B emitters diffused from SiO,:B layers deposit-
ed by inductively coupled plasma-plasma enhanced che-
mical vapour deposition (ICP-PECVD) [15]. They did not
change paste formulation but left the doping layer (SiO,:B)
on the wafer serving as passivation layer and used a com-
mercially available Al-free Ag screen-printing paste to
contact the emitter. With this concept specific contact re-
sistances around 1 mQ cm? have been reached on passiva-
tion layers of varying thicknesses. They attributed their re-
sults to a high defect density at the Si surface due to the
presence of the doping layer.

Another successful approach to contact B emitters by a
seed and plate process was presented by Kalio et al. [16].
They deposited Al-free Ag ink by aerosol jet printing and
thickened the seed layer by Ag plating. Depending on the
dielectric layer specific contact resistances below 5 mQ cm?
were reached.

In this work we show that state-of-the-art Al-free Ag
pastes are capable to reliably contact BBr3-based B emit-
ters coated with two different dielectric layers. Contact
formation of different commercially available Ag pastes is
investigated by means of transfer length method (TLM)
and scanning electron microscopy (SEM).

2 Experimental For the experiment two different
groups of 6 inch pseudo-square n-type Cz Si wafers with a
resistivity of around 5 Q cm were used. The wafers were
alkaline textured and cleaned. Then a = 50 /o B emitter
was diffused in a BBr;-based process. In the following,
two groups of wafers were processed differently: wafers of
group 1 received a thermal oxidation followed by a

PECVD of SiN,:H, to realize a SiO,/SiN,:H (7 nm/65 nm)
stack. As previously discussed, SiN,:H layers do not rea-
sonably passivate B emitters. However, the contact forma-
tion does not fundamentally differ for different dielectric
layers as analyzed in another experiment. For process sim-
plicity therefore a simple PECVD SiN,:H layer (75 nm) is
deposited on wafers of group 2.

After that, TLM test structures with a printed finger
width of 200 um were screen-printed with three different
commercially available Al-free Ag screen-printing pastes.
Paste Agl is a paste specially developed to contact P emit-
ters with low sheet resistance, pastes Ag2 and Ag3 are
standard Ag pastes from different suppliers. In the follow-
ing, contacts were fired in an IR belt furnace. For group 1,
three different peak firing temperatures were used. Group 2
was fired at only one temperature.

To enable TLM for determining the specific contact
resistance, TLM structures were isolated by sawing.

For analysis of the contact microstructure by means of
SEM, in the following contacts were etched back in diluted
hydrofluoric acid. Additionally, polished cross-sections
of contacts were prepared. To allow a comparison with
Al-containing pastes samples with Ag/Al contacts pro-
duced in a comparable process were prepared for SEM in-
vestigation as well. The samples were then analyzed with a
Zeiss Neon40EsB SEM.

Additionally, first bifacial n-type solar cells
(5 x 5 cm?) were processed with Al-free Ag screen-print-
ing pastes on front and back side. For the solar cells n-type
Cz Si base material was used. The cells were alkaline tex-
tured on both sides and feature a homogeneous P front sur-
face field (FSF) formed in a POCI; diffusion (60 Q/0) and
a 50 Q/o BBrs-based B emitter on the back side of the cell.
The FSF is passivated by 75 nm PECVD SiN,:H whereas
on the emitter side an Al,O3/SiN,:H stack is used (Al,O;
deposited by atomic layer deposition). Front side metalli-
zation of all cells is realized with the same Ag paste (Ag3)
for better comparison. For contacting the B emitter, two
different Al-free Ag pastes (Agl and Ag3) are tested. The
metallization fraction of the front and back side differed
and was 6.7% and 16.3%, respectively.

3 Results Relevant parameters for wafers of group 1
and 2 are presented in Table 1.

Emitter sheet resistances Rgy were obtained by TLM.
The B surface concentration Ng, maximum concentration
Npae and emitter depth di are extracted from the emitter

Table 1 Relevant parameters of dielectric layers and emitters.

group 1 group 2
dielectic layer Si0,/SiN, SiN,
Ry (Q/0) 60 48
Ng (cm™) 3.4 x 10" 7.3 % 10"
Nopax (cm™) 8.1x10" 9.9 x 10"
dg (Lm) ~0.6 ~0.6
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Figure 1 Emitter profiles of samples of group 1 (SiO,/SiN,) and
group 2 (SiN,) obtained by ECV measurement. The stronger B
surface depletion of the group 2 emitter is due to the high tempe-
rature step during thermal oxidation.

profiles shown in Fig. 1, measured by electrochemical ca-
pacitance voltage measurement (ECV). Due to the addi-
tional high temperature step and out-diffusion of B from the
emitter into the SiO, during thermal oxidation, the B emit-
ter of group 1 shows a stronger B depletion at the surface
compared to the group 2 emitter. For both emitters the B
surface concentrations are 1-2 orders of magnitude below
the dopant surface concentrations needed to reasonably
contact P emitters with standard Ag pastes [8].

Specific contact resistances g, of the different samples
measured by TLM are shown in Fig. 2. For all samples
median values as well as mean values (points) for g lie
well below 10 mQ cm?. These values are well below speci-
fic contact resistances of Al-free Ag pastes to B emitters
reported in the past. For all pastes data scattering decreases
with increasing firing temperature, indicated by the boxes
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Figure 2 Specific contact resistances measured by TLM after fir-
ing at different set peak temperatures. Samples of group 1 are
passivated with a SiO,/SiN, stack, group 2 with SiN,.
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in which 50% of the measured values are located. For paste
Agl very low individual values are measured. They are
due to the insensitivity of the TLM for very small g, val-
ues. This means that the very low values are quantitatively
not reliable and just indicate a very small g.. On group 2
wafers slightly lower contact resistances are obtained com-
pared to the values for paste Agl and Ag2 of group 1 fired
at 840 °C. This is very likely due to the influence of differ-
ences in the emitter parameters on contact resistance [17].
Typical g, values for commercially available Al-containing
Ag screen-printing pastes on wafers processed like the
samples of group 2 lie between 2 mQ cm’® and 4 mQ cm?.

To compare contact formation of Al-containing with
Al-free Ag screen-printing pastes, a SEM analysis was
conducted. Figure 3 shows SEM micrographs where the
upper images show an Al-containing contact (AgAl paste)
while on the images below an Al-free contact (paste Ag2)
can be seen. The images (a) and (b) show contacts etched
back in diluted hydrofluoric acid. On the Si surface of pas-
te AgAl, large AgAl crystals can be found containing Al
and Si (compare with [18]). They feature diameters of mo-
re than 2 um and appear locally distributed over the con-
tact area. On the Si surface of paste Ag2 smaller Ag crys-
tals can be seen that are homogeneously distributed over
the contact area. Images (c)—(f) show polished cross-
sections of contacts of the two pastes. The straight lines vi-
sible in the metal phase especially in (¢) and (f) are scrat-
ches remaining from the polishing process. For the AgAl
paste two regions can be distinguished in the contact
(Fig. 3c): homogeneous regions consisting of Ag and
glass, and inhomogeneous regions that contain Al (marked
by dashed red circles). Large Ag crystals can be found
grown into the Si solely below these Al containing regions
[9]. The metal spike shown in Fig. 3e has a depth of more
than 1 um and can therefore easily penetrate into the space
charge region, or even reach the base. For better visibility,
the position of the former Si surface is marked by the red
dashed line in the image. The Al-free contact shown in
Fig. 3d, however, shows a homogeneous structure over the
whole contact. The magnified image (f) shows the small
Ag crystals grown into the Si. They show a depth of less
than 100 nm in this case. The arrows highlight crystals that
most likely contribute to the current transport, as they are
separated from the bulk metal by a very thin glass layer.
Depending on paste and temperature, crystals penetrating
slightly deeper into the emitter can be observed.

The SEM analysis shows that contact formation of
Al-free Ag pastes to B emitters completely differs from
that of Al-containing pastes. The Ag crystals on the Si sur-
face penetrate considerably less deep into the wafer and
therefore the risk of shunting and degradation of the space-
charge region should be reduced.

The best produced solar cell in the first solar cell ex-
periment was metallized with paste Agl on the B emitter
side and Ag3 on the front side of the cell. It features an ef-
ficiency of n = 18.3% showing that principally solar cells
with B emitter can be contacted by Al-free Ag pastes on
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Figure 3 (a), (b) Top view SEM micrographs of contacts of AgAl paste (a) and Ag2 (b) etched back in diluted HF. (¢)—(f) SEM
micrographs of polished cross-sections of AgAl paste (c, ¢) and paste Ag2 (d, f).

both sides. The low contact resistances presented before
are confirmed by the low series resistance Rgeies Of
0.4Qcm’® and a reasonable shunt resistance Ry, Of
2 kQ cm’ is reached. Short-circuit current density and fill
fac-tor are 37.4 mA/cm” and 77.1%, respectively. A loss of
30 mV in open-circuit voltage V. can be observed due to
metallization (difference between implied V.= 660 mV
and V,.= 630 mV). This is comparable with the V. loss on
solar cells contacted with Al-containing pastes in the same
experiment and lies in the same order of magnitude as re-
ported in literature [12, 13]. It must be emphasized that the
solar cell process and firing parameters were not optimized
to the Al-free Ag paste in this first experiment.

4 Discussion The results show that state-of-the-art
Al-free Ag screen-printing pastes are capable to form a
reasonably good contact to B emitters formed in a BBr;-
based process through different dielectric layers. Espe-
cially, Ag pastes developed to contact lowly doped P emit-
ters (Agl) lead to contact resistances below 1 mQ cm?, but
for standard Ag pastes low o, values below 10 mQ cm’
were presented as well. The reason for the low contact re-
sistances can be found in the existence of Ag crystals at the
silicon surface. A comparison of the contact interface with
the one of Al-containing Ag pastes however, shows that
deep metal spiking can be prevented by the use of Al-free
pastes.

The reason for the improvement of Al-free pastes with
regard to contacting B emitters may be due to different fac-
tors. In contrast to the investigation of Engelhardt et al.
[15] where the doping layer was kept on the Si wafer serv-
ing as passivation layer, the dielectric layers were depos-
ited after emitter formation. Due to the presence of B in the

top Si layer and segregation of additional B into the SiO,
layer during thermal oxidation, the dielectric layer of
group 2 contains B atoms. The situation is therefore com-
parable as for the investigation in [15]. For the wafers of
group 1, however, no SiO,:B exists. Therefore, the expla-
nation that a high defect density at the Si surface is only
caused by the presence of the SiO,:B doping layer cannot
explain the observations.

Another explanation can be that changes in glass frit
composition facilitate the growth of Ag crystals on the sili-
con surface. The fact that the lowest contact resistance in
this investigation was obtained for paste Agl, especially
developed to contact lowly doped emitters, further sup-
ports this assumption. Modifications in actual emitters
compared to emitters processed in older processes can be
another explanation for the observations, e.g., the type of
thermal oxidation commonly applied after BBr;-diffusion
for better removal of the boron-rich layer [19] could alter
the Si surface and therefore improve the ability to contact
the wafer.

First solar cells produced with Al-free pastes on B
emitters show cell efficiencies of 18.3% and series resist-
ances below 0.5 Qcm? additionally demonstrating the
capability of Al-free pastes to reliably contact B emitters.
Despite the use of Al-free pastes on the B side of the solar
cell, V,. losses of around 30 mV are observed that are
comparable with the loss obtained with Al-containing
pastes. This could indicate that the observed V,. losses
cannot solely be attributed to the AgAl spikes observed for
Al-containing pastes. Other mechanisms like, e.g., in-
diffusion of metal from the paste or the contact into the Si
induce a degradation of the emitter or space charge region
and are a source of metallization induced recombination,



too. As the firing process was not optimized for the Al-free
pastes, low V. and FF values could additionally be caused
by the non-optimized firing conditions.

The ability to contact B emitters with Al-free Ag
screen-printing pastes allows to use only one screen-
printing paste on both sides of bifacial solar cells, or even
more attractive for both polarities of interdigitated back
contact (IBC) solar cells, reducing process complexity and
processing cost. With the prevention of deep spiking and
optimized firing parameters it could be possible to improve
cell characteristics compared to cells contacted with Ag/Al
pastes, especially the V. values.

5 Conclusion In this work we presented specific con-
tact resistances below 1 mQ cm? by contacting BBr;-based
B emitters with state-of-the-art Al-free Ag screen-printing
pastes fired through two different passivation layers. It was
shown that the low contact resistance can be attributed to
the presence of Ag crystals at the Si/contact interface. In
contrast to standard Ag/Al pastes where deep metal spikes
with depth >500 nm are observed especially for higher fir-
ing temperatures, the crystals below Al-free contacts only
show a shallow penetration into the silicon surface. First
bifacial n-type solar cells processed with Al-free pastes
on both sides show efficiencies up to 18.3% and very
low series resistances of 0.4 Q cm”. Despite the avoidance
of deep metal spiking, we still observe a 30 mV differ-
ence between implied V. and V. on cell level. This behav-
iour is not understood yet and subject to further investiga-
tion.
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