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Abstract—Ensuring high-quality front contacts in terms of low
contact and line resistance while keeping the recombination losses
low in p-type silicon solar cells has been challenging for the devel-
opment of silver pastes. In this work, three silver pastes were used
to create a contact on a lightly doped emitter of 90 Ω/sq, produced
in a tube furnace by POCl3 diffusion, with an electrically active
phosphorus surface concentration of 8 × 1019 cm–3. The peak fir-
ing temperature (Tpeak ) and belt speed (vbelt ) of the firing step
were varied to study how the silver pastes performed. No shunting
was produced after firing as pseudo fill factor exceeded 83%. Effi-
ciencies up to 19% were measured. When firing at higher vbelt , a
higher Tpeak permitted higher efficiencies due to better sintering
and contact formation as well as a better passivation. A selective
etching procedure was applied in order to investigate the contact
interface. It was found that contact imprints were preferably lo-
cated at pyramid tips for all groups. The paste producing larger
and deeper contact imprints led to the lowest contact resistance
(4 mΩcm2) but higher line resistance (0.46 Ω/cm) and higher satu-
ration current density (30 fA/cm2 above) compared with the other
two pastes.

Index Terms—Firing, metallization, photovoltaic cells, scanning
electron microscopy, silicon, silver.

I. INTRODUCTION

THE metallization of silver (Ag) and aluminum (Al) is a
critical step within crystalline silicon (c-Si) solar cell pro-

cessing. By February 2016, silver represented 7% of the nonsili-
con price and one of the most expensive materials for fabrication
[1]. Silver price and continuous growth of Ag consumption by
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PV has produced that a reduction of the metalized area is the
preferred approach instead of its immediate replacement. So far,
the most used technology relies on screen-printing (SP) of Ag
and Al containing pastes [2]. The development of Ag pastes can
contribute to the further increase of solar cell efficiency, involv-
ing the change in paste composition for best performance. Some
of the advantages of this technique are the high degree of in-
dustrialization, reliability, and cost-effectiveness. This approach
exhibits, however, challenges for solar cell performance. Reach-
ing very low contact resistances, creating minimal shadowing,
and producing low recombination losses are some of them. The
series (Rser) and shunt resistance (Rshunt), ideality factor (n),
and the saturation current density (J02) are the parameters af-
fecting the fill factor (FF), and thus, the efficiency (η) of a solar
cell [3].

Since cost reduction and high performance are pursued, the
reduction of silver paste use for the front side contact is one
approach for success. It can be achieved in the short term by
printing narrow fingers, while ensuring a good contact quality.
With regard to the paste components, the replacement of lead,
due to hazardousness and restrictions (RoHS), has given impulse
to further paste modifications. In the long term, other metals such
as copper could be used as an alternative solution. However, the
optimization of the silver paste is still been carried out delaying
the full implementation of copper.

Standard p-type Si solar cells face the compromise of ex-
hibiting a high doping concentration for ensuring a low contact
resistance and, a low doping, to obtain high Voc due to less re-
combination and high Jsc values due to a good blue response.
This combination can be addressed by the implementation of a
selective emitter structure [4], which consists of a higher doping
concentration beneath the metallization grid and a lower doping
level in the blue areas. Nevertheless, implementing a homo-
geneous emitter is attractive since pastes for c-Si solar cells
can be further developed. One direction is the metallization of
emitters with low doping concentration. One of the remark-
able improvements of the Ag paste is to produce high-quality
contacts on lightly doped emitters (LDE) [5]. Contacting LDE
with decreasing lower P surface concentrations is essential to
minimize surface recombination and to enable higher solar cell
efficiencies.

In this work, a new emitter profile has been implemented to
study how three different commercial Ag pastes perform on an
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LDE. The pastes were design to lead to low contact resistances
on such emitters. The used emitter was produced by POCl3 dif-
fusion (P diffusion) resulting in a very thin phosphorus silicate
glass (PSG). After the metallization of the Ag pastes, a firing
step with varying peak firing temperature (Tpeak) and belt speed
(vbelt) followed. Characterization consisted of microscopy stud-
ies of selected samples and the measurement of the solar cell
performance. The details are found in Section IV (Materials
and Methods). The experiment is based on the hypothesis of
producing high efficiency after metallizing an LDE.

A. Ag Paste

The Ag paste is composed of organic and inorganic compo-
nents. Organics are burned off during the firing step leaving an
inorganic layer. The inorganic layer contains Ag powder and
metal-oxide glass frit. The glass frit is usually composed of
SiO2 , PbO, and B2O3 [6]. While a frit such as PbO reduces the
melting point supporting the etching of SiNx during the firing
step, B2O3 increases the chemical stability of the glass system.
Indeed, B2O3 and PbO can reduce the viscosity of glass [7]. The
glass frit chemistry of the paste will determine melting charac-
teristics during firing step [6]. There are two ways by which Ag
paste can penetrate this layer during the firing step. First, PbO
oxidizes SiNx producing Pb, SiO2 and setting N2 free. Second,
Ag dissolves as Ag2O etching SiNx and producing SiO2 , Ag,
and N2 [8]. The liquid phase obtained from the molten glass
is the basis for the oxidation–reduction resulting in nano- and
microprecipitates in the contact interface [9]. Previously, it was
established that Ag crystallites can be formed without the sup-
port of liquid Pb and that the higher content of PbO increases the
reactivity [10]. A fundamental study [11] reports that the glass
frit with its transition temperature (Tg ) plays a critical role in the
contact formation. Tg is the temperature below which the glass
frit becomes hard and brittle. In that work, it was found that a
high Tg results in thinner glass between Ag bulk and the n-type
Si. Moreover, if a high Tg glass frit crystallizes fast after SiNx
etch, it results in smaller Ag crystallites at the contact interface.
This small Ag crystallite precipitation can be beneficial due to
the lower current density (J02) and higher Voc [11].

After the firing process is complete, the implementation of the
original paste leads to a contact structure in which the following
components are found: An interfacial glass layer, pyramidal Ag
crystallites penetrating Si emitter, metal and Si precipitates, and
spherical Ag colloids in the glass. As a result, different current
paths are possible. The final structures in the contact interface
depend on the chemistry of the paste, processing parameters,
and crystal orientation of the Si surfaces [12]. According to
[13], the necessity of two models to explain the current path
between n-type Si and the Ag bulk arises from the fact that two
surface orientations of Si, namely <100> and <111>, lead to
different crystallite shapes.

B. Current Transport Models

Research in the field of metallization of Si solar cells has
resulted in two main models explaining the current conduction
from n-type Si emitter and the Ag bulk. First, the current path is

given by the charge flow through Ag crystallites grown into Si
emitter, in direct contact with Ag finger or separated by a thin
glass layer [5], [14], [15]. Second, the current path is given by a
multistep tunneling into the Ag finger across nano-Ag colloids
in a thin glass layer close to the Si emitter [16], [17]. There is
evidence that these two current transport models can actually
coexist, as both nanocolloids and Ag crystallite precipitation
were found [18].

C. Phosphorus and Contact Formation

The study and understanding of P-diffusion and PSG can be
relevant since depending on this process step, excess P dop-
ing or electrically inactive P atoms exist in Si lattice. It has
been established that excess inactive P atoms in the Si lattice
can produce strain and Si bond weakening, supporting the nu-
cleation and growth of Ag crystallites [19]. Quantitatively, it
was found that the density of Ag crystallites is proportional to
the electrically inactive P and independent on Rsheet . Using a
silver paste, Ag crystallite density was independent of emitter
doping, but the Ag crystallite size increased by increasing the
thickness of the dead layer (i.e., more electrically inactive P).
This outcome is crucial since the decrease in contact resistivity
correlates with the increasing density of Ag crystallites. Con-
versely, a high concentration of electrically inactive P atoms
can increase the size of Ag crystallites inducing recombina-
tion losses expressed as Voc drop due to a deeper metal growth
and penetration across the p-n junction. Fundamental studies
regarding Voc drop due to phosphorus precipitation are found
in [20]. Furthermore, the presence of glass-free regions is re-
quired for direct contacts and depends on the paste chemistry,
surface texture, and not on emitter. Investigations regarding the
role and existence of direct contacts were shown in [21]. It is
pointed out that direct contacts play the major role while sup-
porting the current transport between the n-type silicon and Ag
bulk.

D. Contacting LDE

In order to produce an electrical contact on an LDE with a
low P surface concentration, Ag pastes can contain other oxides
such as ZnO, Al2O3 , P2O5 , CeO2 , TiO2, or MgO, as well as
alkali elements like Na, Li, K, and fluorides such as AlF3 and
BiF3 [22]. These compounds can be used to control the etching
process [5], [23], [24]. Moreover, varying the Ag particle size
from 100 nm to 10 μm and the shape such as flake or spherical,
the features of the contact interface can be adjusted. The use of
a paste with larger Ag particle size can lead to more dissolution
of Ag in the glass, resulting in larger Ag crystallites. However,
as mentioned, too big Ag crystallites can potentially produce
shunting in the p-n junction. It was founded that small spherical
Ag particles can provide higher FF and Voc values [5].

An investigation of 2013 using industrial Ag pastes showed
absolute efficiency gains up to 0.3%, reaching a maximum
η = 18.6% on p-type Cz monocrystalline Si solar cells. Those
solar cells exhibited a high density of Ag crystallites with a very
narrow interfacial glass layer enabling an electrical contact on
an LDE. It was found that bigger and deeper Ag crystallites
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with a thin and discontinuous interfacial layer led to the higher
η values. This result was supported by the existence of direct
contact between the Ag crystallites grown in the n-type Si emit-
ter and the Ag bulk. The contact quality was ensured for surface
concentration as low as 1.7 × 1020 cm−3 [25]. According to
ITRPV 2016, the state-of-the-art efficiency for CZ p-type Al-
back surface field (BSF) solar cells was 19.5% in 2015, 19.7%
in 2016, and expected to be above 20% in 2020 [1].

The dominant current transport mechanisms on LDE may dif-
fer from that on highly doped emitters (HDE). It was reported
that for LDE, only high Tpeak values have enabled a low contact
resistance, based on the Ag crystallite mechanism. For HDE,
the two current transport mechanisms were found to be possi-
ble, namely Ag crystallites and nano-Ag colloids at low Tpeak .
Consequently, both doping profile and Tpeak play a big role in
defining optimal firing conditions.

An “optimal firing” was defined as the condition, where a few
Ag crystallites and Ag colloids within an ultrathin interfacial
glass film are found, leading to the maximum achievable FF
of a c-Si solar cell [18]. When FF deviates from the optimal
value, due to a low density of Ag crystallite and nonexistence of
nano-Ag colloids, an “overfiring condition” was defined [26].

Based on the findings described, it is possible to establish that
the existence of nano-Ag colloids and a thin glass layer may not
be enough to ensure a low contact resistance on LDE.

II. MATERIALS AND METHODS

Three Ag pastes were screen printed on a 90 Ω/sq emitter,
which was created by POCl3 diffusion resulting in an emitter
profile with a very narrow dead layer. The purpose was to reach
highest solar cell performance after SP and firing [27]. Each
emitter/silver paste combination has an optimal firing condition,
where best efficiency has to be found. In the following, the
procedure is described.

A. Solar Cell Processing and Characterization

Solar cells were processed starting with p-type boron doped
monocrystalline Si wafers of 15.6 × 15.6 cm2 size, 1.5–2 Ωcm
resistivity, and 200 µm thickness. A wet-chemical process was
used to remove the saw damage and to texture the Si wafer
surface. This step was achieved by an alkaline etching in a
RENA batch composed of potassium hydroxide mixed with
isopropyl alcohol at 80 °C. A cleaning step before p-n junction
formation in RENA indus process consisted of a deionized water
(DW) bath until 1.5 MΩ was measured in the water, an HCl bath
at 3% and room temperature (RT) for 5 min, a DW bath until
1.5 MΩ was obtained, HF bath at 2% and RT for 2 min and DI
bath until 1.5 MΩ was achieved. Wafers were blown with N2
and dried for 12 min at 110 °C in N2 ambient.

After texturing and cleaning, POCl3 diffusion, plasma en-
hanced chemical vapor deposition (PECVD) SiNx passiva-
tion/antireflexion deposition, SP, and cofiring followed. P diffu-
sion led to the emitter profile shown in Fig. 1. PECVD standard
recipe was used for all wafers. The metallization consisted of
the SP of three different industrial Ag pastes using a Baccini
screen-printer. Thus G1, G2, and G3 were defined according

Fig. 1. Emitter profiles measured by electrochemical capacitance voltage.

TABLE I
Tp eak AND vb elt USED FOR FIRING G1, G2, AND G3

Group Tpeak (°C) vb e l t (m/ mm) a

G1 875, 890, 905, 910 7, 8
G2 860, 875, 890, 905, 910, 920, 930 7, 8, 9
G3 860, 875, 890, 905, 910, 920, 930 7, 8, 9

to the Ag paste used. While G1 contains silver powder in the
range 80–90%, organics up to 1%, glass compounds up to 10%,
Pb-glass up to 1%, and others up to 10, G2 is made up of silver
between 60% and 90% and glass frit up to 3%. In the case of G3,
silver powder ranges 75–100%, Pb glass is found up to 2.5%,
zinc oxide is present up to 0.5%, and others up to 15%.

For the firing step, the peak firing temperature Tpeak , and the
belt speed vbelt were varied in a CentroTherm firing furnace.
Table I shows the used Tpeak and vbelt values.

Fig. 1 shows three different doping profiles for comparison.
An LDE of 90 Ω/sq with a thin PSG, which was used for this
work, an LDE with a thick PSG of 90 Ω/sq, and a HDE with an
Rsheet of 50 Ω/sq. The surface concentration for each case was
7.5 × 1019 cm−3, 1.5 × 1020 cm−3, and 5.6 × 1020 cm−3.

The solar cell illuminated and dark IV characteristics were
determined with a flasher from h.a.l.m. elektronik Gmbh. The
device provides series and shunt resistances, pseudo fill factor
(pFF), and saturation current densities (J01, J02). Electrolumi-
nescence (EL) was used to find optimum Tpeak and vbelt . The
best solar cell samples correspond to Tpeak and vbelt values of
890 °C and 7 m/ mm for G1, 910 °C and 8 m/mm for both G2
and G3, shown in Fig. 2.

Selected solar cells of each group, according to EL, were
cleaved via laser beam on the rear side and broken per hand to
obtain stripes of 15.6 × 1 cm2 size. The specific contact resis-
tance (ρc ) was determined with the transfer length method. The
line resistance (Rline) was measured from busbar to busbar.



730 IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 7, NO. 3, MAY 2017

Fig. 2. Electroluminescence images for (a) G1, (b) G2, and (c) G3.

B. Sample Preparation for Scanning Electron Microscopy
(SEM) Analysis

In order to perform the interface analysis of the resulting
contacts, the stripes were treated with aqua regia (AR) for 1 h
to remove the metal from the silver (Ag) bulk. AR bath was
applied at RT consisting in 3:1 mixture of HNO3 at 65% and
HCl at 32%. Subsequently, HF bath at 5% at RT to dissolve the
glass layer and a second AR step to remove the Ag crystallites
formerly underneath the glass [28] were applied followed by
SEM [29].

III. RESULTS

A. Microscopy After Chemical Treatment

After applying AR for 1 h, Ag fingers were completely re-
moved for G1 and G2. However, some Ag residues remained at
G2. Even after 1 h AR application, Ag fingers were not com-
pletely removed for G3. For all groups, the glass covered the
pyramid tips and a thick inhomogeneous glass layer is seen on
the surface [see Fig. 3(a)–(c)]. Some crystallites at the pyramid
tips are also distinguishable.

Sequentially after applying an HF step [see Fig. 3(d)–(f)], Ag
crystallites seem to be at the pyramid tips for G1 with clusters
of Ag particles along the edges. These clusters do not contain
crystallites necessarily. G2 exhibits a numerous amount of large
Ag crystallites at pyramid tips, around the tip, and at the edges.
For this group (G2), large Ag clusters of sintered particles at
different positions such as edges at mid height of the pyramid
and valleys were found. In the case of G3, Ag imprints are
already found after HF application. It seems to be fewer amounts
of Ag residues compared to G1 and G2. It could also mean that
the glass layer at the pyramid tips is thinner than in the case
of G1 and G2 or some of the tips are completely free of glass,
which means that the Ag at the tips was already etched after the
first AR etching step. This observation agrees with the lower ρc
of G3 (4 mΩcm2).

After applying a second AR step [see Fig. 3(g)–(i)], small
contact imprints at the pyramid tips of very defined geometries
(triangles) were found for G1. There were small fractions of Ag
rest left for this group. G2 shows small contact imprints without
a well-defined geometry as for G1. There are large amount of Ag
rests in spite of two AR steps of 1 h each. Finally, for G3, large
contact imprints at the pyramid tips were observed. They seem
to be deeper than for G1 and G2. There were small imprints
at the edges and small fractions of Ag rest left. For all groups,

contact imprints were found at the pyramid tips and edges close
to the pyramid tip.

When selective etching is applied to remove the Ag finger
(Ag bulk), the crystallites, which were located at the pyramid
tips, are taken away as well. This effect is obtained since no
glass layer protects the Ag crystallites against the etching. The
glass exists more abundantly in the valleys between pyramids
and Ag crystallites preferably grow at the pyramid tips. It is
at these locations (the tips) where direct contacts are found.
In [21], it was quantitatively demonstrated that Ag crystallites
located at the pyramid tips support the current conduction be-
tween the Si emitter and Ag bulk to a larger extent. Apply-
ing liquid conductive silver paint to Ag crystallite exposed in-
terface, low ρc were measured. These values were as low as
1.5 mΩcm2 for the case when only Ag crystallites protected
under the glass remained and less than 1 mΩcm2 for the case
when all the Ag crystallites grown into the n-type Si remained.
Thus, from these results, only 0.5 mΩcm2 is roughly the con-
tribution of Ag crystallites located at the tips of pyramids to the
ρc value due to Ag crystallites located from tip to bottom of Si
pyramids.

B. Line and Contact Resistance

The line resistance for G1 reached the local minimum at
890 °C and 7 m/min (Rline = 0.42 Ω/cm). Rline can be even
smaller, however, at a higher temperature (910 °C). G2 and
G3 exhibit a linear behavior for which a higher temperature
leads to lower Rline values. The general tendency is that, for a
constant vbelt , Rline decreases as Tpeak increases. For a given
Tpeak value (e.g., 910 °C), Rline of G2 and G3 obtained with
vbelt = 9 m/min are shifted to higher values compared to those
achieved vbelt = 7 m/min. At 8 m/mm, Rline still is decreased
as Tpeak increases.

Samples from G1, G2, and G3 resulted in specific contact
resistance (ρc) values of 5.3 ± 1.5 mΩcm2, 4.1 ± 1.1 mΩcm2,
and 4.1 ± 2.1 mΩcm2, respectively. The deviation indicates that
in principle, all pastes can potentially reach ρc values below
5 mΩcm2. These values represent the macroscopic behavior of
the Ag/n-type Si contact. A microscopic characterization has
shown that ρc values of Ag crystallites range between 0.2 and
0.4 μΩcm2 [14], [15].

C. IV Measurements

Fig. 4 shows the IV measurements with regard to the peak
firing temperature, belt speed, and group. The FF improved for
all groups as Tpeak increased. For G1 and G2, same levels for
the FF were found (maximum of 78.2% in average for the whole
Tpeak range used). For G3, the low temperature range suggests
no complete sintering, correlating with the Rline values. These
Rline values explain the lower FF of G3 in comparison with
the FF of G1 and G2. At 910 °C, the FF started to reach a
maximum. At 8 m/min and 910 °C, FF was slightly higher than
at 7 m/min for G2 and G3. The vbelt had more impact in G3
as the higher vbelt = 9 m/ mm led to 77.65%, which is much
below its maximum FF. However, at 9 m/ mm, an increase of
Tpeak resulted in the maximum FF for G3. In the case of Jsc , a
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Fig. 3. SEM images (a), (b), and (c) are after AR treatment for groups G1, G2, and G3, respectively. The SEM images (d), (e), and (f) are after AR and HF
treatments for groups G1, G2, and G3, respectively. The SEM images (g), (h), and (i) are after AR, HF, and AR treatments for groups G1, G2, and G3.

common decreasing tendency was found as Tpeak increased for
all groups. The Voc curves of each group did not exhibit the same
behavior with regard to Tpeak as only G3 shows a clear optimum
Voc at 890 °C. For G1, Voc decreased as Tpeak increased and
in this case the optimum Voc and Jsc were at the lowest Tpeak
(875 °C). For G2, also the best Voc and Jsc were found at the
lowest Tpeak (860 °C). For G3 at 7 m/min, lowest and highest
temperature indicates, as documented in an incomplete BSF
formation and an overfiring condition, respectively [27]. The
belt speed of 8 m/ min at 910 °C of G2 and G3 produced a
higher Voc and Jsc value than those found at 7 m/ min. This
result can be related to a reduced recombination due to a less
chance of growing too big Ag crystallites and introducing traps
into the bulk. Studies with regard to the Voc degradation have
shown a connection with the metal penetration into the silicon
material. One of these investigations based on simulation came
to the conclusion when metal particles penetrate close to the
p-n junction, recombination via defects occur deteriorating Voc
[30]. Particularly, it was established that shallow emitters exhibit
the largest Voc drop with respect to the implied Voc before
metallization, whereas deep emitters result in a slower Voc drop.
A complete BSF formation allows for improving the quantum
efficiency and thus the Jsc . For the FF, the deterioration can be
also influenced by the diffusion of Ag particles into silicon at
moderate temperatures (400–700 °C) [31].

IV. DISCUSSION

During the firing step several phenomena occur in the solar
cell.

1) H atoms introduced in the PECVD-SiNx diffuse into the
bulk Si and passivate defects (more effective in mc-Si
material). The emitter saturation current density (J0e) can
be reduced by 45% when measuring after firing and after
PECVD deposition (no fired solar cells) [28].

2) Quality of the SiNx passivation improves.
3) The Ag contact to n-type Si is created.
4) Ag particles are sintered.
5) An Al-BSF is formed passivating the rear side of the solar

cell.
Thus, the influence of Tpeak and vbelt can have detrimental

effects on both 1) contact quality and 2) recombination. For 1),
an incomplete sintering can lead to high Rline values and the
growing of a thick glass layer isolates the Ag bulk and Ag crys-
tallites increasing ρc . To the recombination currents, while J01
corresponds to losses in the emitter and bulk, and at the front
as well as the rear surface, J02 is associated to recombination
in the space charge region (SCR). For 2), the introduction of
surface states can lead to higher surface recombination veloci-
ties, the growing of too big Ag crystallites can penetrate the p-n
junction reaching the SCR and resulting in higher J02 values,
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Fig. 4. IV measurements: (a) Efficiency, (b) FF, (c) Vo c , and (d) FF as a function of Tp eak and vb elt for G1, G2, and G3.

the partial or incomplete creation of the Al-BSF can contribute
to an increase of J01.

The macroscopic behavior expressed in the IV measurements
can be understood by direct comparison of further performance
parameters, i.e., average and standard deviation values for Rser ,
Rshunt , Rline , J01, and J02 shown in Table II. These resistance
and recombination current densities of the selected samples from
G1, G2, and G3 for SEM are shown in Table III.

The effects of SP metallization and firing can materialize in
three loss categories: ohmic, recombinative, and optical. From
a theoretical basis, while Rser , Rshunt , and J02 can affect the
FF, J01 and J02 are related to the lowering of Voc .

According to the results shown in Table II summarizing av-
erage values, the Ag paste defining G3 resulted in the lowest
FF explained by the highest Rser , which is corresponded by the
highest Rline , and the highest J02 . It was for this paste (G3) that
a higher glass content was found, explaining the higher Rline .

TABLE II
SUMMARY OF SOLAR CELL MEASUREMENTS FOR G1, G2,

AND G3 AFTER SELECTING FIRING PARAMETERS

Group FF (%) R s e r (Ωcm2) R l in e (Ω/cm) J02 (nA/cm2)

G1 78.23 ± 0.22 0.80 ± 0.04 0.42 ± 0.01 32.30 ± 1.5
G2 78.33 ± 0.33 0.77 ± 0.04 0.42 ± 0.01 32.92 ± 3.1
G3 78.29 ± 0.15 0.82 ± 0.02 0.46 ± 0.01 33.56 ± 1.7
Group Vo c (mV) Js c (mA/cm2) J01 (fA/cm) η (%)
G1 644.8 ± 0.4 37.6 ± 0.05 358.1 ± 5.7 18.98 ± 0.07
G2 644.8 ± 0.8 37.7 ±0.07 356.9 ± 11 19.03 ± 0.10
G3 642.9 ± 0.6 37.7 ± 0.08 385.9 ± 7.1 18.96 ± 0.06

The Ag paste used for G2 led to the highest FF also supported by
the lowest Rser and Rline . The resistances were more dominant
than J02. However, according to Table III, the sample prepared
from G2 for SEM analysis exhibited the lowest J02.
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TABLE III
SUMMARY OF SOLAR CELL MEASUREMENTS OF PREPARED

SAMPLES FROM G1, G2, AND G3

Group FF (%) R s e r (Ωcm2) R l i n e (Ω/cm) J02 (nA/cm2)

G1 78.25 0.78 0.42 33.26
G2 78.51 0.74 0.42 31.45
G3 78.44 0.78 0.47 32.11
Group Vo c (mV) Js c (mA/cm2) J01 (fA/cm) η (%)
G1 644.6 37.7 358.0 19.00
G2 644.8 37.6 361.7 19.03
G3 642.5 37.6 398.0 18.94

The influence of Ag paste defining G3 produced a 2 mV
lower Voc with respect to G1 and G2, explained by a higher
recombination. Indeed, defining ΔJ01 = J01,G3 − J01,G2 , the
relative difference ΔJ01/J01,G2 results as high as 8.2% from
Table II and 10% from Table III. It means that J02 of G3 could
be in the order of 10% higher than J02 of G2 supporting ΔVoc =
2 mV when comparing Voc of G1 or G3 with that of G2. In terms
of Jsc , similar photo current were obtained with G1, G2, and G3.

V. CONCLUSION

In view of minimizing surface recombination and enabling
higher solar cell efficiencies for crystalline silicon solar cells,
three industrial silver pastes were used to produce a contact
on an LDE. This emitter profile exhibited a sheet resistance of
90 Ω/sq and a surface concentration of 8 × 1019 cm−3, created
by phosphorus diffusion. According to the silver paste for the
screen-printed, three groups (G1, G2, and G3) were defined and
solar cells were produced. For the firing step, a wide range of
peak firing temperatures (Tpeak) from 860 °C to 920 °C and
three belt speed (vbelt) values of 7, 8, and 9 m/mm were used.

The microscopy analysis on prepared samples found large
and deep contact imprints, correlating with the saturation cur-
rent density. This result agrees with previous evidence of the
necessity of bigger and deeper Ag crystallites with a thin and
discontinuous interfacial layer in order to achieve high η.

Contact imprints were preferably located at the pyramid tips
for all groups. These contact locations can be a condition for
producing good quality contacts on LDEs. This statement is
supported since there is evidence that the main path contributing
to the current transport in c-Si solar cells is via silver crystallites
gown in n-type emitter in direct contact with the silver bulk.

Solar cell performance clearly showed a dependence on Tpeak
and vbelt . While FF increased with higher Tpeak and constant
vbelt , Jsc decreased. With a higher vbelt , a higher Tpeak was
enabled for higher efficiencies due to better sintering and con-
tact formation as well as a better field passivation. The pFF was
above 83% for all groups indicating no shunting. However, dif-
ferences in the FF and open circuit voltage (Voc) accounted for
contact quality and recombination losses for each group. These
values were in agreement with the series resistance (Rser) and
line resistance (Rline) mostly affecting the FF and the saturation
current density (J01) having an impact on Voc . Indeed, the high
Rser of G3 led to the lowest FF among the groups. The higher
Rser value of G3 was dominated by a higher Rline . While the
Voc of G1 and G2 were similar, G3 exhibited a 2 mV lower Voc

due to the higher saturation current density (J01) of G3 (up to
30 fA/cm2 above that of G1 and G2). The Voc was more sensi-
tive to the Ag paste used. While G1 and G2 led to a decreasing
Voc tendency with Tpeak at constant vbelt , G3 showed a clear
optimum. As a result, efficiencies of each group followed this
pattern.

Overall, efficiencies up to 19% with an FF of 78.6% were
achieved on an LDE of 90 Ω/sq and a surface concentration of
8 × 1019 cm−3.
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