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ABSTRACT

Front side recombination in tunnel oxide passivated contact solar cells is frequently described by the recombination parameters joe
for the passivated and joe met for the metallized front region. The combination of Al-free metallization pastes and current-assisted
contact formation has shown significant reduction of joe mer. Such new metallization approaches enable shallower doping profiles
and higher sheet resistances Rgheer, Which in turn also reduce jo.. In this study, we provide insight into how to reduce the overall
front side recombination, by tailoring the boron dopant profile from atmospheric pressure BBr; diffusion processes. The limitation
of the dopant dose in the profile leads to a higher Ry of the resulting profile. The newly developed homogeneous boron emitter
features jo. =14 fAcm 2 at a Ryyeer =161 Q5q Y, a 62% decrease from the initial value, and an even lower jo. =8 fA cm™ is
determined for an emitter with 330 Qsq™". An increased contact resistivity on the front side still poses a challenge for Ag front

side pastes despite the use of current-assisted contact formation. Application of an alternative AgAl paste in industrial-type

fabricated TOPCon solar cells results in a maximum conversion efficiency of 24.5%.

1 | Introduction

Reducing the overall carrier recombination in silicon-based solar
cell concepts is a common approach to improve the conversion
efficiency of such devices. Over the last decades, significant
changes have been made to the underlying solar cell architec-
tures to reduce carrier recombination at the rear side of the
device. Such has been done in the transition from solar cells with
Al back surface field to the well-known passivated emitter and
rear cell (PERC) by minimizing the area fraction of direct contact
between rear metal and Si wafer from roughly 100% to only a few
percent. The next evolution step has been the implementation of
passivating contacts, such as the tunnel oxide passivated contact
(TOPCon) [1] solar cell, which utilizes highly doped silicon layers

in combination with an ultrathin tunnel oxide layer [2, 3], to
effectively diminish carrier recombination underneath the metal
contact. Common to all these solar cells is the use of a diffused
junction at the front side of the solar cell, which consists of a sili-
con region highly doped with a dopant of the opposite doping type
than the wafer itself and which requires effective surface passiv-
ation by dielectric layers. Typically, contacting such profiles is real-
ized by screen-printed metal pastes and a short contact firing step.
Over the years, tremendous improvements have been made espe-
cially by metal paste manufacturers, which allowed reducing the
necessary dopant concentration in the underlying dopant profiles
with each paste generation further and further while maintaining
low contact resistivities [4-8]. As lower surface concentrations and
lower dopant density in general allow for improved surface

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

properly cited.
© 2025 The Author(s). Solar RRL published by Wiley-VCH GmbH.

Solar RRL, 2025; 9:¢2400808
https://doi.org/10.1002/s0lr.202400808

1of 8


https://orcid.org/0000-0003-0030-3661
mailto:sebastian.mack@ise.fraunhofer.de
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/solr.202400808
https://doi.org/10.1002/solr.202400808
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsolr.202400808&domain=pdf&date_stamp=2025-02-16

passivation and reduced Auger recombination, the front side
recombination parameter jo. decreased as well. Nevertheless,
recombination at the emitter side dominates the overall recombi-
nation in TOPCon solar cells nowadays [9] and therefore lowering
this recombination path is an important approach for increasing
the conversion efficiency of TOPCon solar cells.

For fabrication of p-type emitters in n-type solar cells, several
technologies have been evaluated, such as, for example, high-
temperature diffusion processes at atmospheric or low-pressure
using BBr; [10] or BCl; precursors [11], rapid vapor-phase direct
doping in H,/B,Hg gas mixtures [12], deposited boron-containing
glasses [13] or other layers [14] followed by a drive-in at elevated
temperatures, ion implantation [15, 16] and thermal activation,
or also screen printing of Al pastes and contact firing [17].
General approaches to reduce recombination in diffused emitters
are increasing the emitter sheet resistance [18] (as a result of
reduced dopant dose per area unit and thus reduced Auger
recombination) or reducing the surface dopant concentration,
which reduces surface recombination [19]. Of course, for a fixed
sheet resistance or doping dose, also the profile can be tailored,
leading to either very shallow profiles with high peak concentra-
tion or quite the contrary to deep emitters with low concentra-
tion. Also selective boron emitters have received increased
attention over the last years [6, 20-23].

The use of an efficient surface passivation is another method to
decrease the recombination parameter jo.. Typically, this is real-
ized by the implementation of dielectric layers, which reduce the
interface trap density, or comes along with a high fixed charge
density, ideally both. For boron emitters, the state-of-the-art pas-
sivation layer is a stack of Al,05 and SiN,, either with or without
an ultrathin SiO, layer between crystalline silicon wafer and the
Al,O; layer. Often, atomic layer deposition (ALD) is used as the
technology of choice for Al,O; layer deposition [24], but also
other technologies such as plasma-enhanced chemical vapor
deposition (PECVD) [25] or atmospheric pressure CVD [26] have
been evaluated. Among other investigated approaches for boron
emitter passivation are stacks of wet chemical or thermal SiO,
and SiN, dielectrics [27, 28].

Screen printing of Ag-based metallization pastes followed by
contact sintering is the dominant metallization technology. Ag
pastes are the standard for rear side metallization in TOPCon
solar cells with n-doped polysilicon layer, whereas for contacting
the boron emitter on the front side, AgAl pastes have been used
until recently. A major step for reducing recombination at the
front metal contacts has been the introduction of Al-free metal-
lization pastes and current-assisted contact formation [7], as, for
example, laser-enhanced contact optimization (LECO) [9, 20, 29-32],
which requires the development of suited doping profiles and
passivation layers. During LECO, a combination of reverse bias
voltage and intense laser illumination leads to microscopic
changes at the contact sites, which result in lower contact resis-
tivity on both front and rear [32].

This work reports on the development of boron diffusion processes
under atmospheric pressure toward higher sheet resistances, with
the goal of reducing the recombination parameter jo.. In addition,
we investigate the impact of the process ambient during tempera-
ture ramp-down after the drive-in step and how it affects the surface

near-doping profile and thereby contact resistivity. Selected pro-
cesses, that is, for emitter diffusion and passivation, are included
into TOPCon solar cell experiments, as apart from recombination
properties, also optical properties as well as the compatibility with
screen-printed metallization pastes need to be ensured.

2 | Sample Fabrication
2.1 | Symmetric Samples

Symmetric samples are used for determination of the recombina-
tion parameter jo.. Sample fabrication begins with alkaline tex-
turing of phosphorus-doped M2-sized Si wafers with a thickness
of 180 pm and 1.5 Q cm resistivity. After cleaning of the wafers,
an atmospheric pressure tube furnace process using a BBr; liquid
precursor forms the boron emitter. Removal of the borosilicate
glass layer is the first step for efficient surface passivation, fol-
lowed by cleaning, both-sided deposition of an Al,O; layer by
ALD in single-slot configuration in a tube furnace. A subsequent
outgassing step in another tube furnace removes volatile compo-
nents from the Al,O; layer, which could otherwise lead to
blistering. The next step is the deposition of SiN, layers on front
and rear by PECVD. A final short firing step in a conveyor
belt improves the passivation properties by hydrogenation of
the interface. Quasisteady-state photoconductance (QSSPC)
measurements in a Sinton lifetime tester (WCT—120) yield the
injection-dependent minority carrier lifetime, typically for three
identically processed samples. For extraction of jye, the measure-
ments are analyzed by application of the slope method [33].

Selected samples are removed from processing after boron diffu-
sion to determine the electrically active dopant profiles by means
of electrochemical capacitance voltage (ECV) profiling or the
homogeneity of the sheet resistance Rgpce by means of four-point
probe (4pp) measurements.

2.2 | Solar Cells

For industrial TOPCon (iTOPCon) solar cell fabrication,
phosphorus-doped M2-sized Cz-Si wafers are used. Processing
starts with saw damage removal and random pyramid formation
in KOH solution, in separate process baths, differing in concen-
tration and additives. The before-mentioned conventional tube
furnace diffusion at atmospheric pressure takes place using a
BBr; liquid precursor [18]. A diluted HF/HCI solution removes
the rear BSG layer in an inline tool, followed by rear emitter
removal in KOH solution in a batch system, which in addition
ensures an efficient isolation of the wafer edge. Importantly, the
front BSG layer needs to be kept intact, thus requiring a certain
BSG thickness. The TOPCon interface oxide on the rear side is
formed by thermal oxidation. This is followed by deposition of an
in situ phosphorous-doped Si layer of around 80 nm thickness by
means of PECVD.

Inline wet chemical etching using diluted KOH removes the
amorphous Si wrap around at the front side as well as on the
edges of the wafers, ensuring a very high shunt resistance and
sufficient reverse bias stability. Due to the high selectivity of
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KOH, the front BSG layer is not etched during that process.
hydroflouric acid (HF) treatment in the same tool removes the
BSG layer, which is followed by wet chemical cleaning of the
wafers and thermal annealing for crystallization of the
TOPCon layer and achieving a very shallow drive-in of phospho-
rus through the interfacial oxide into the Si wafer. Our route for
passivation consists of ozone cleaning, deposition of an Al,O3
layer by ALD in single-slot configuration in a tube furnace
(i.e., on both wafer sides), a subsequent outgassing step in
another tube furnace, and the deposition of a SiN,/SiO.N,, layer
stack on the front and a SiN, layer on the rear by direct-plasma
PECVD. Single-step screen printing of a commercial Ag paste on
the rear using a 12 busbar (BB) layout and an Ag paste on the
front side in a 0BB layout with finger openings of 24 pm in com-
bination with contact firing in an inline conveyor belt furnace
form the metal contacts. Finally, the important current-voltage
characteristics are extracted in an industrial cell tester, which
also includes our LECO unit [32].

Figure 1 shows a schematic of the cross section of the fabricated
iTOPCon solar cells.

3 | Results and Discussion
3.1 | Tailoring of Boron Dopant Profiles

The sheet resistance Rgpee¢ Of @ doped Si layer is a result of mobil-
ity and doping concentration N. Typical boron emitter diffusion
recipes include a deposition of the dopant source and a drive-in of
the dopant at a higher temperature. In-diffusion can be con-
trolled by, for example, changing the dopant concentration of
the source, decoupling of source and Si wafer between deposition
and drive-in, and different drive-in parameters, such as plateau
temperature or duration.

To investigate the effect of different doping profiles on recombi-
nation parameters, we vary Rgheer from around 120 Q sq_1 ini-
tially, denoted with Em0, up to 330 Qsq~". This was realized
by limiting the in-diffusion of dopant by means of the growth
of a thermal oxide while leaving the temperature-time profile
of the process unchanged. The results of this approach are visible
in Figure 2, which shows doping concentration profiles for those
processes, extracted from ECV measurements. It is important to
mention that the ECV profiles have been scaled to the 4pp mea-
sured sheet resistance in the center of the wafer Rgpeetcenter-
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FIGURE 1 | Schematic cross section of the fabricated iTOPCon
solar cells.

Poly-Si (n) Tunnel SiO,

1019

1018

107 o 1

Doping concentration N (cm™)

1016 L L L L L L
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Depth D (um)

FIGURE 2 | Doping concentration profiles of boron in the emitter
determined by ECV, for samples from various BBr; diffusion processes.
The profiles are scaled to match the locally determined sheet resistance
Rsheetcenter- Table 1 lists the characteristics of the different profiles.
ECV = electrochemical capacitance voltage.

Table 1 summarizes the characterization results of all diffusions.
The variations performed in this survey decrease the total dopant
dose per wafer area from initially Q = 6.6 X 10" cm™ down to
Q=1.5% 10" cm™2. Specifically, it results in dopant profiles with
both lower surface concentration and reduced depth. The maxi-
mum concentration decreases from Ny, =1 X 10" cm ™ for the
reference process EmO to only Npa, =3 % 10"® cm™ for process
Em6. Similarly, the profile depth D, which is determined at a car-
rier concentration of 1x 10" cm™, decreases from initially
around 1.2 pm by roughly 0.2 pm. The surface near region of
the profile, described by the surface concentration Ng,s and
the maximum concentration Np,.x, can have a strong impact
on the resulting contact resistivity to screen-printed metallization
later in the cell process. In addition, junction depth can strongly
affect jo, and jo,-related recombination [34], as well as the blue
response, so dopant profiles must not only be optimized only
with respect to joe, but also lateral conductivity, transparency,
contact resistivity, and production throughput.

Apart from the local dopant concentration obtained from ECV
profiling, the dopant homogeneity over the wafer surface is of
utmost importance for solar cells. To determine homogeneity,
we apply 4pp measurements, with a 20 X 20 mapping, excluding
the corners as well as the center of the wafer, because that
position is reserved for ECV measurements. Figure 3 shows
the results of a wafer from diffusion process Em2, with an aver-
aged Rynee = 166.1 Q sq~ %, as well as the denoted minimum (Min)
and maximum (Max) values. The low standard deviation
6=52Qsq"" makes the process compatible for cell processing.
As the wafer is placed in diamond-shape orientation within the
diffusion tube, one corner of the wafer is located at the highest
position. At this position, denoted as “top” in Figure 3, a lower
Rsheet is determined, which most probably is a result of either
locally increased temperature, other gas flow conditions, or a
combination of both.
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TABLE 1 | Summary of doping profile characteristics of the tested emitters.
Maximum
4pp 4pp Surface doping doping
Rgheet,mean  Rsheetcenter  ToOtal dose concentration concentration Depth D Recombination
Process (Qsq™) @sq™hH Q@™ ecm™>) Noyr 10®¥ cm™3)  Nypay (10" cm™) (pm) Jjoe (FA cm™?)
EmoO 121 118 6.6 4.6 10.3 1.17 21.4
Eml 138 136 5.7 4.8 9.8 1.15 19.2
Em2 166 159 4.4 3.5 8.2 1.10 14.7
Em3 216 203 3.2 3.0 6.1 1.02 12.4
Em4 233 219 2.9 2.3 5.5 1.00 12.8
Em5 290 270 2.0 1.7 4.0 0.98 10.8
Emé6 329 330 1.5 1.4 31 0.94 10.5
Rsheet (Q Sq-1): 166.1 Y (%) 5.2 1019 T T T T T
Min/Max: 117.7 / 185.4 —
7 a— u . . T 185 <
3
247 173 C y
E 48} g |
£ 159 2
c 72f x S -
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FIGURE 3 | Sheet resistance mapping by 4pp of a wafer after emitter u
diffusion Em2 and BSG layer removal. BSG = borosilicate glass. m  Em2, Rampdown in oxidizing ambient
v Em2N, Rampdown in N,
0 1017 1 1 1 1 1
?};{.2 I Ill)npact of Process Atmosphere During 0.0 02 04 06 0.8 10
amp-Lown Depth D (um)
As pointed out in Section 3.1, BBr; diffusion processes typically FIGURE 4 | Doping concentration of two boron emitters determined

consist of two steps, namely, formation of the dopant source and
the following drive-in. The first step, formation of the dopant
source, controls the homogeneity of the dopant source, and a
too short step will result in an inhomogeneous emitter, as will
be detectable both over the wafer and also by measuring Rgpeet
along the diffusion boat. The drive-in step is performed at ele-
vated temperature to drive in and redistribute boron within
the wafer and thus, affect the emitter depth as well as the maxi-
mum and surface dopant concentration. Typically, the drive-in is
performed under oxidizing ambient, to prevent boron-rich layer
formation [35] and accelerate dopant redistribution by exploiting
oxidation-enhanced diffusion. Here, the creation of Si interstitials
during thermal oxidation enhances the interstitial-assisted diffu-
sion of boron [36-38]. In addition to this, also the process ambi-
ent during ramp-down has an impact on the dopant profile at the
surface of the sample, which is especially relevant with respect to
contacting.

Figure 4 shows dopant profiles of two emitters, Em2 with an
oxygen-containing ambient during ramp-down and emitter
Em2N with a ramp-down in nitrogen with the same total gas-
flow as Em2. Apart from the ramp-down atmosphere, all other

by ECV, with a ramp-down in oxidizing ambient or in nitrogen. The
profiles are scaled to match the locally determined sheet resistance
Riheet,center- ECV = electrochemical capacitance voltage.

process parameters are left unchanged. Em2 features a strong
depletion of boron at the surface, with the surface concentration
Ny=2x10"®cm™ representing around 30% of the maximum
concentration of Ny, =7 X 10" cm™.

The physical reasons for the depletion at the surface are the
higher solubility of boron in SiO, compared to Si, as well as
the ongoing oxidation of silicon at the interface during ramp-
down to doped SiO,, around twice the thickness of the consumed
Si layer, which forms a sink for boron. Also, boron is a slow dif-
fusing impurity in SiO, [39]. Here, it is important to remember
that the segregation did form already during the drive-in step and
continued during ramp-down, but the actual temperature at
which this oxidation takes place has also been reported to affect
boron depletion at the surface [40]. In contrast to this, the ramp-
down in N, in process Em2N results in a dopant profile with an
almost constant doping concentration within the first 200 nm.
The absence of further oxidation after exchange of the process
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ambient leads to a diffusion of boron from the maximum concen-
tration toward the Si/SiO, interface, to compensate for local dif-
ferences in dopant concentration (Fick’s first law). According to
early studies, the segregation coefficient m is temperature depen-
dent, but as m < 1 [41], sometimes m ~ 0.3, a diffusion of boron
from SiO, into Si is less likely. The absence of further oxidation
during ramp-down leads to less boron getting consumed in SiO,,
which results in a 9Qsq ™" lower Ry,eer for Em2N than Em2.
Here, Em2N is characterized by joe=15.8fAcm™ at Rgpeer=
170 Qsq ™", compared to jo =14.7fAcm™ at Ryeee =179 Qsq "
for Em2. There is a small difference in Rgce; of Em2 compared
to the value shown in Table 1, but the diffusions have been
performed in different experiments.

3.3 | Emitter Recombination

For solar cells, which will be addressed in the following section, a
low ji. is vital for achieving a high V.. However, j,. needs to be
balanced with other loss channels such as lateral resistance from
Rsneet, and contact resistivity, or metallization-induced recombi-
nation. Figure 5 sums up the findings, showing jq. plotted versus
Riheetcenter fOr the different emitters (see Table 1) as well as the
impact of improved passivation parameters, which have been
tested for selected diffusions only. The QSSPC measurements
have been performed in the center of three identically processed
wafers per group. As a guideline, a restricted in-diffusion of
boron and thus lower doping dose leads to a lower jo.. For
EmO and Em2, an optimization of the SiN, PECVD parameters
settings (power, gas flows, times) also allows for slightly reducing
Joe at @ given Rgpeet center- FOIr emitter EmO, this results in a 36%
decrease of jo. from initially 22 fA cm™2 to 14 fA cm™ with the

25 T T T T
m  Emitter variation
™ *  Optimized passivation

&
= -
p 20
- ]
< *
o) *
]
&
D 15+ u E
. .
c ]
S i .
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o | |
E 10 u i
3
3) = n
14

5 n 1 n 1 " 1 " 1 "

100 150 200 250 300 350

Sheet resistance Ry, et conter (2 59™)

FIGURES5 | Recombination parameter jo. per side plotted versus sheet
resistance Rgpeetcenter a0d the impact of optimized PECVD passivation.
The samples feature a textured surface, passivated by a stack of ALD
AlO,/PECVD SiN,, and have been measured after hydrogenation in a
firing furnace (three samples per process group). ALD = atomic layer
deposition; PECVD = plasma-enhanced chemical vapor deposition.

improved PECVD parameters. The lowest jo.=8 fAcm™? is

achieved at Rgpeet center = 330 Q sq~ %, but also Em4 and Em5 seem
to enable jo. =10 fA cm ™2 as a lower bound, at least for some
samples within the groups.

‘We have also used blue wafers, i.e. solar cells without metalliza-
tion, to determine the implied open circuit voltage iV, from
QSSPC measurements after a firing furnace step. The results have
been published elsewhere [42]. For Em2, an iV,. =727 mV has
been reached. A decrease of j,. by changing of the emitter to Em4
has led to iV,. =730 mV, and the implementation of Em6 with
a high-quality wafer to an impressive iV,.=740 mV, which
indicates the potential for emitters with higher Ryeet-

3.4 | Application to Solar Cells

While test structures can help to set up a process or facilitate the
extraction of values for simulations, in the end, an optimized
process also needs to show an advantage on cell level, which
is the ultimate test structure. We selected some promising groups
for solar cell fabrication, deciding for emitters Em2, Em4, and
Em2 with a cool-down after the drive-in solely in nitrogen,
denoted as Em2N. EmO was ruled out, as in earlier experiments
in which we compared EmO to Em2, solar cells with Em2 showed
an advantage of Ay =0.1% absolute.

The solar cell results, which are also denoted I-V results as an
abbreviation of current-voltage, after LECO treatment, are plot-
ted in Figure 6 versus the contact firing set temperature. It is
apparent that a firing set temperature of 790°C is beneficial with
respect to solar cell efficiency », with maximum efficiencies of
24.0% for both Em2 and Em2N, and a standard deviation of
below 0.1% for the process groups featuring five to six cells each.
As shown above, the ramp-down in N, leads to an increase in
surface concentration and thus a lower sheet resistance and a
higher dopant dose in the emitter. On the one hand, this is
expected to result in a slightly higher fill factor (FF) due to higher
lateral conductance (<0.1%,ps higher FF expected from lower
Rgheer)- On the other hand, the cells with Em2N diffusion exhibit
a 1 mV reduced V. due to higher Auger and increased surface
recombination, which is a function of Ny, [43, 44]. Both effects
level out in terms of efficiency. The median front contact
resistivity p. over 132 data points is almost identical with
pe=3.0 mQcm? for Em2 and p.=2.9 mQcm? for Em2N, as
determined from transfer length measurements (TLM).
However, solar cells with Em2N feature a 0.2%,s higher pseudo-
fill factor (pFF) due to a 0.3 nA/cm? lower jo,, which is the major
cause for the increase in FF compared to Em2 at 790°C firing.
Possible reasons for the higher pFF might be a different hydro-
genation of both process groups, due to differences in the doping
profile or a local accumulation of electrons at the surface. Please
note that the solar cells have not been treated by a postfiring
illumination or thermal process as published by others [5, 45].
The more pronounced dependance of js. and V,. on the firing
set temperature for Em2N compared to Em2 indicates an inter-
action of the doping profile with hydrogen passivation.

Solar cells with emitter Em4 and a higher Rgpce; benefit from less
recombination and thus reach a 2 mV higher V,,.. However, this
group suffers from a reduced FF of only 80%, even after LECO
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FIGUREG6 | Mostimportant I-V data of iTOPCon solar cells measured after LECO treatment at an industrial cell tester for different emitter diffusion

recipes and firing set temperatures.

treatment. This trend in FF is even more pronounced when firing
at a lower set temperature of 770°C. The reduced FF for Em4 is a
result of a higher series resistance of 0.73 Q cm?, compared to
0.64 Q cm? for both Em2 groups, at a firing set temperature of
790°C. Apparently, the Ag paste, which is used for contacting
of the emitter, struggles with achieving a low p. in case of the
Em4 samples.

In terms of jg., all solar cells are on the same level between 41.4
and 41.5 mAcm™2, only Em2N fired at a set temperature of
770°C yields lower jg. values, as discussed above. In addition, the
cells feature a low reverse current density at —12 V jieyo=
0.1 mA cm ™2, which ensures sufficient reverse bias stability for
integration of the cells in solar modules.

In order to address the high p. of the Ag paste, we also fabricated
solar cells, where we implemented a commercially available
AgAl metallization paste on the front side instead of an Ag paste.
The results of I-V measurement of our champion M2 iTOPCon
cell featuring emitter Em2 are shown in Table 2, with the

measurement being performed at Fraunhofer ISE CalLab
PVCells on a reflective chuck, neglecting grid resistance (nomen-
clature “grn | grn, hrc” [46]). We find a conversion efficiency
n =24.5%, a notable increase toward the results in Figure 6, with
a high Ve =722mV, j. =41.5 mA cm™2, and especially a higher
FF of 81.5%. TLM measurements reveal p.=1.5Q cm? for the
AgAl paste, a reduction to half of the value determined for
the Ag paste.

Compared to other published works [6, 20, 22, 31, 47, 48], which
partly include selective boron emitters, the main difference lies in
FF, which is lower in our case. Thus, future activities will focus
on reducing carrier recombination and increasing diode ideality,
to boost V. and pFF, for example, by improved hydrogenation of
bulk and interfaces, in addition to other means to increase V.,
for example, by further improvements of emitter passivation,
and reducing metallization-related recombination at the front
contacts joe.mer- Compared to values of others [9, 29], our solar
cells with Ag front side paste suffer from a factor of 3 higher con-
tact resistivity on the front side, which needs to be reduced.

TABLE 2 | [-V data of our M2-sized champion cell with AlO,/SiN,/SiON, ARC, polysilicon layer deposited by PECVD, and AgAl front side paste.
Calibrated measurement at Fraunhofer ISE CalLab PVCells, using a GridTouchTM unit with 30 wires. Measurement on a golden chuck, neglecting grid

resistance, nomenclature grn | grn, hrc [46].

Front side paste Area (cm?®) n (%)

Voe (mV) Jse (mA cm™?) FF (%)

AgAl 244.6 24.5

722.2 41.6 81.5
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In other experiments that we conducted, metallization pastes for
the front side, which include Al, typically lead to a lower contact
resistivity and thus a higher FF, with the drawback of increased
Joe,met and thus a lower V.., compared to pastes without addition
of Al components. If p, is on a low level, this points toward the
use of Ag pastes in industrial manufacturing to exploit the higher
Voe» @ step that at least some manufacturers seem to have taken
already. Apart from that, the use of Ag pastes has other advan-
tages, such as reducing the need for deep emitters to prevent
emitter shunting by the metallization paste, which allows for
decreasing diffusion temperatures and process times and posi-
tively affecting throughput of diffusion equipment and quartz
ware lifetime. Also, recent publications indicate that solar
modules with AgAl metallization pastes might be more prone
to contact corrosion [30] during damp heat testing. We assume
that almost all TOPCon cell manufacturers will choose Ag front
side pastes without Al. Recent results in our laboratory also indi-
cate that the combination of a newer Ag front side paste and run-
ning LECO with higher power settings (which has been made
possible by hardware changes) has led to a lower Ry than it
was possible for the experiments described in Sections 3.2
and 3.4.

4 | Summary

This paper highlights the need to reduce the front side recombi-
nation parameter jo. by optimization of boron emitter diffusion
processes in TOPCon solar cells. This is realized by controlling
the total dopant dose in the profile. The optimization described in
this paper yields a decrease of jo. by 36% to 14 fA cm™? for process
Em2 (Rgpeet = 166 2sq™1) and below 10 fA cm™ for processes
With Rgnee above 230 Q sq . In the TOPCon solar cell, this allows
for a certified solar cell efficiency of 24.5% with the developed
Em2 process. The potential in V,. and js. for emitters with
Rgheet > 200 Q sq~* could not yet be fully exploited due to a higher
contact resistivity p. at the front side, which leads to a lower con-
version efficiency for emitters with high sheet resistance. Future
work will address LECO contact formation for improvements

in pe.

Another investigation in this paper addresses the impact of the
surface near concentration of boron in the emitter. Ramping-
down in nitrogen gas instead of an oxygen-containing ambient
leads to a flat dopant profile in the first 200 nm in silicon and
thus a more than factor 3 increased surface concentration.
Besides a slightly reduced V,. due to higher surface and Auger
recombination surprisingly, this only marginally affects contact
resistivity. Another observed effect is a higher pFF value and a
stronger dependance of js. and V. on the firing set temperature
for the flat profile with higher surface concentration, which
indicates an interaction with hydrogen passivation and needs
to be investigated in more detail.
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