
5. Contact formation

In consistence with several investigations (e.g. [73,74,76,77]) the microstructure analysis of
silver thick film contacts to crystalline silicon solar cells revealed that silver crystals have grown
into the silicon. Although separated from the bulk of the finger by a glass layer it is likely that
these crystals are indispensable for the current transport from the emitter into the thick film
finger (see also chapter 6). However, most of the investigations on silver thick film contacts to
silicon published so far solely focus on the properties of the formed contact. To develop lead
free and highly efficient silver pastes it is necessary to investigate the contact formation process,
in particular the growth process of the silver crystals, in detail. In this section the experiments
and results are presented and summarised in a model of contact formation. The approach is
to investigate competing processes during contact formation separately. The role of lead oxide
will be considered most carefully. The role of the other paste constituents will be investigated
in more detail in chapter 7. After a review of existing hypotheses, the wetting properties, basic
reaction and dissolving processes of a typical lead borosilicate glass are investigated. The main
focus is on the growth process of the silver crystals. Interactions of the subsystems silver-
silicon, silver-glass, glass-silicon, glass-silicon nitride and glass-silver-silicon will be studied.
The subsystem silver-silicon nitride will not be investigated because from a thermodynamical
point of view this subsystem does not interact.

5.1. Review of existing hypotheses

The interaction of the glass frit with silicon is the key point in electrical contact formation.
Although experimental evidence is missing, two main hypotheses exist in literature.
1. Some authors assume that during peak firing silicon [80,81], silver [72,75] or both [77,82]

is dissolved in the glass. During cooling down the silicon is assumed to recrystallise epi-
taxially [80,81]. Silver is supposed to start to randomly grow on the silicon so that inverted
pyramids are formed [73,75,77,82]. This hypothesis is mainly based on SIMS studies of
the incorporation of elements contained in silver pastes in silicon below a thick film con-
tact [83]. The recrystallised silicon layer beneath the contact is supposed to determine the
contact properties at least partly [80,81].

2. Another assumption is that etching occurs via a redox reaction between silicon, well known
as a reducing agent [84], and the metal oxides contained in the glass [85]. The resulting
metals are supposed to diffuse into the silicon and to damage, in the worst case, the junction
[85].

A supersaturation of silicon ions in a silicate glass and a subsequent recrystallisation is not
likely because silicon is, in form of SiO2, a glass component. Dissolution of silicon ions in glass
should rather change the glass frit properties like viscosity, transformation point and reactivity
[86]. Dissolution of silver is a likely mechanism and is studied in more detail in section 5.3.1
and 5.4.2.
The redox reaction between silicon and the metal oxides in the glass is also a likely mechanism.
To the knowledge of the author, so far, however, no experimental evidence for the existence of



44 Chapter 5: Contact formation

such a reaction in a solar cell metallisation process was published. Therefore, this hypothesis
will be investigated in detail in section 5.3.3.

5.2. Wetting behaviour

To guarantee a homogeneous and mechanically stable contact the wetting properties of a typical
lead borosilicate glass to silicon, silicon nitride and silver are important. If the wetting of
silver and/or silicon would be inefficient, the adhesion of the silver thick film contact would
be poor [81]. The inefficient wetting of the silicon nitride would lead to an inhomogeneous
penetration of this layer and consequently to a reduced contact area, which would affect the
electrical properties of the contact. Additionally, a bad silver wetting would not lead to an
enhancement of silver particle sintering. The microstructure investigations (chapter 4) revealed
a continuous glass layer at the contact interface separating silicon from the silver finger. The
existence of this glass layer indicates that the penetration of the SiNx layer was homogeneous
and so the wetting of the SiNx layer and the silicon is expected to be efficient. The enhancement
of sintering (chapter 3) indicates good silver wetting, too. In reference [87] we measured the
contact angle of a typical lead borosilicate glass to silicon and silver. It was found that this glass
wets both, silver and silicon, similarly well at temperatures above 700◦C with an approximate
contact angle of 30◦. The contact angle was measured at room temperature using the cross
section SEM picture. Similar good wetting behaviour of lead borosilicate glass on silver was
reported in [88]. Glass on SiNx coated silicon showed a similar behaviour as on silver [63].

5.3. Basic reactions and dissolving processes

5.3.1. Glass - Silver

As silver is covered by a liquid glass during the contact formation process, the interaction
of the silver-glass system was investigated qualitatively. The dominant interaction of a lead
borosilicate glass with silver in air atmosphere is silver dissolution in the glass (see e.g. [63,88]).
Most effective silver dissolution was obtained using temperatures above the melting point of
the silver and long dwell times of about 1 hr. Then up to 4 wt.% silver was dissolved in a
lead borosilicate glass extracted from a commercially available paste as EDX measurements
revealed. In a more detailed study Forti et al. [89] showed that a lead silicate glass used in thick
film pastes for the microelectronics dissolves 3 wt.% silver in 30 min at 850◦C, in 15 min at
900◦C and in 10 min at 925◦C. The composition in wt.% of the glass frit was specified to be
PbO:SiO2:Al2O3 = 68:31:1. In typical lead glasses used for solar cell processes the SiO2 content
is lower leading to a lower glass transformation point which might lead to a faster dissolving at
somewhat lower temperatures. Therefore, tests with lead borosilicate glasses with a higher PbO
and a lower SiO2 content (e.g. PbO:SiO2:B2O3 = 85:9:5) were performed. Mixtures of glass and
silver with 1 wt.% Ag, 5 wt.% Ag, 10 wt.% Ag were deposited on ceramic substrates (Alsint)
consisting of Al2O3 and fired in a tube furnace at 800◦C with a dwell time of 30 min. It was
found that the silver powder was partly dissolved but silver particles still remained undissolved
even in the case of 1 wt.% Ag. From these tests it can be concluded that lead silicate glass
is able to dissolve silver depending on the glass composition, temperature and dwell time (for
details see [63]). Further experiments in the sections below have to clarify whether this process
is dominant during the fast firing sequence in solar cell processes.
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5.3.2. Glass - Silicon Nitride

In reference [87] we investigated the etching behaviour of a commercially available silver thick
film front side paste in d-PECVD SiNx, deposited on polished, <100> oriented silicon (SiNx
layer thickness: 130 nm). It was found that the etch rate rapidly increases with increasing
firing temperature and is very similar to the etch rate of the same paste in silicon. Significant
penetration into SiNx was observed at temperatures higher than 625◦C. Reaction products were
not observed in these experiments. However, it is likely that etching into SiNx occurs via a
reaction with the metal oxides contained in the glass, mainly with lead oxide. Crystalline lead
oxide reacts with Si3N4 via subsequent oxidation and reduction processes under N2 emission
[90]. Oxygen is known to act as a catalyst for this reaction [90]. An increased oxygen partial
pressure in the atmosphere during peak firing was reported to have a beneficial effect on the fill
factor of industrial mc silicon solar [91].

5.3.3. Glass - Silicon

A well known property of silver thick film pastes is the etching into silicon (see e.g. [92,93]).
Average results of etching depth measurements of the reference silver thick film paste into pol-
ished <100> and <111> oriented silicon substrates without coating resulted in an etching depth
of ≈110 nm and ≈80 nm, respectively. The peak temperature in this experiment was 800◦C
and the ramp up rate 6.7 K/s (for details see [87]). From the microstructure analysis (chapter
4) it is known that silver crystals grow into silicon. The silicon surface below silver thick film
finger after removing the finger and the crystals is consequently covered by etch pits with the
shape of inverted pyramids. Therefore, etching depth measurements of silver pastes into silicon
always measure the combined etching depth of glass and silver.
In this section the etching behaviour of the glass contained in silver thick film pastes is studied
separately. At first, the temperature dependency of the glass - silicon interaction is investigated,
followed by microstructural analyses.

Etching

Cheek et al. [81] reported an etching depth of 3-4 µm of molten lead borosilicate glass into
silicon without silver during a solar cell firing process. However, the firing profile used in this
investigation differs from the fast firing profiles used today. In the following experiment 0.4 g
glass frit1 was mixed with a binder system and deposited on etch polished <100> oriented,
p-type silicon substrates. The samples were fired in the RTP furnace with a ramp up rate of
20 K/s to 6 different peak temperatures between 650◦C and 900◦C. Dwell times as well as ramp
down rates were also varied. After firing, the glass was completely removed in buffered HF.
The etching depth was measured using a DEKTAK surface profiler.
In Figure 5.1 the average etching depth is plotted versus peak temperature. In this firing process,
similar to a fast firing sequence in the solar cell industry, the glass frit significantly starts to etch
at temperatures above 650◦C. At 800◦C the Pb glass etches ≈400 nm deep into <100> oriented
silicon. Long dwell times as well as slow ramp up rates increase the etching depth strongly. At
650◦C and a dwell time of 120 s the etching depth is ≈240 nm .

1A lead borosilicate glass was used. Basic composition: 81 wt.% PbO, 11 wt.% SiO2 , 4 wt.% B2O3 and additives
like Al2O3.
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Figure 5.1.: Etching depth of Pb glass in <100> oriented silicon in dependence of the peak temper-
ature

This experiment shows that a lead borosilicate glass alone can deeply etch into the silicon.
The glass frit content (and its composition) in a silver thick film paste consequently determines
the etching behaviour of such a paste. In the following the etching mechanism of the glass is
investigated in more detail.

Reaction

To study the reaction of silicon with lead borosilicate glass, different glass pastes were prepared
by mixing glass powder with a binder system (ethyl cellulose + terpineol) or only with a solvent
(in general isopropanol) and deposited on polished silicon substrates with different orientations.
The samples were fired either in a tube or in the RTP furnace. In both cases the temperature of
the samples were monitored.
In Figure 5.2(a) a typical BE-SEM cross section picture of a sample fired in a tube furnace at
780◦C for 4 min is shown. At the silicon - glass interface precipitates have been formed. Near
the interface the precipitates are small, whereas in the middle of the picture a large sphere is
visible. EDX analysis revealed that these precipitates consists of lead, only (Figure 5.2(b)). It
is likely that the following redox-reaction occurs:

2PbOglass +Si→ 2Pb+SiO2 (5.1)

This reaction is exothermal with H = -473.6 kJ/mol under standard conditions [84]. The forma-
tion of metallic lead was confirmed by XRD-analysis of the glass powder before firing and after
reaction with silicon (Figure 5.2(c)). The glass powder shows the typical spectrum of a high
leaded glass. After reaction with silicon Pb peaks occur, indicating the existence of metallic
lead. Thus for the first time it was shown that the redox reaction between silicon and lead oxide
in the glass (equation 5.1) occurs in a solar cell firing process.

Microstructure

It is interesting to note that hardly any inverted pyramid structures were found in the cross
section pictures of the glass - <100> silicon interface. Figure 5.3(a) shows an overview of an
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Figure 5.6.: SEM cross section picture of paste 1 on <100> silicon with EDX analysis

(a) Paste 1 (1 wt.% Ag) (b) Paste 2 (5 wt.% Ag)

(c) Silver foil on glass

Figure 5.7.: (a) and (b) SEM cross section pictures of silver impurified glass frit paste on silicon
(ramp up: 20K/s, 750◦C, 120s, ramp down: 20K/s). The lead rich precipitates in the bulk of the
glass vanish with increasing silver content in the paste. (c) Cross section of lead borosilicate glass
on silicon with (right side) and without (left side) Ag-foil on top. Pb precipitates are clearly visible
on the left whereas at the Si-glass interface on the right precipitates are not detectable.
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removed to analyse the surface of the silicon below the paste. The crystals (regular white
squares) are clearly visible confirming the growth of inverted pyramids (Figure 5.8). The EDX

(a) Paste 1 (1 wt.% Ag) (b) Paste 2 (5 wt.% Ag) (c) Paste 3 (10 wt.% Ag)

Figure 5.8.: SEM top view pictures on the <100> silicon surface after mechanical removal of the
glass (ramp up: 20K/s, 800◦C, 120s, ramp down: 1K/s). In all cases crystals have been grown. The
size of the biggest crystals varies between 1.5 and 2 µm. The white crosses mark the location of the
EDX analyses presented in Figure 5.9(a).

analysis confirmed the findings above: A little amount of silver added to a glass frit paste leads
to the growth of crystals onto silicon consisting of silver and lead. With increasing silver content
in the paste the amount of silver in the crystals increases. In Figure 5.9(a) the EDX spectra of
typical crystals grown below paste 1, 2 and 3 are shown. As the surface of the investigated
structure is not polished, the quantitative analysis is subject to error. The interpretation of
the silicon peak in the spectrum is difficult because this peak might occur due to the limited
resolution of the EDX analysis. The intensity of the silicon peak decreases with increasing
crystal size. Therefore, in Figure 5.9(b) the weight per cent ratio of the detected silver and lead
is given, clearly showing the decrease of the lead fraction with increasing Ag amount in the
paste. The crystals below paste 3 contain only a very minor amount of lead. As lead and silver
do not form a compound, it is likely that both elements occur separated in the crystals. With the
SEM and EDX analysis it was not possible to locate the two phases. Nevertheless, these results
give a first hint that the silver crystals growth is related to the formation of lead during the firing
process.

(a) (b)

Figure 5.9.: EDX analysis of crystals below silver impurified glass frit paste
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Differential Thermal Analysis

To study the reaction during, firing differential thermal analysis (DTA)5 was applied to a number
of samples. To obtain maximum signal, <100> oriented silicon was crushed into powder and
mixed with glass and silver. The used crucibles consisted of an Al2O3 ceramics. An empty
crucible served as reference. Each sample was heated up at least twice in air to study the
reaction. The analysis of the second heating step provides information about the formed reaction
products during the first heating step. In Figure 5.10(a) the results of two different samples of
the second heating step are presented. The first sample is a mixture of glass frit and 10% silicon
powder (dashed line). To the second mixture 5% silver powder was added. In case of mixture 1
the melting of lead precipitates formed during the first firing step is clearly visible (endothermic
peak at T = 322◦C). When adding a small amount of silver powder (mixture 2) additionally an
endothermic peak at T = 298°C is measured. This temperature is only slightly lower than the
melting temperature of a lead-silver eutectic (Teutectic(Ag-Pb) = 304◦C [101]).
The used glass frit consists of 81 wt.% PbO. If the redox-reaction is complete, half of the
silicon is consumed and oxidised to SiO2. Consequently, 68 wt.% of the mixture’s weight is
then lead. The shifting of the melting point of the lead towards lower temperatures indicates
that lead and silver form a liquid alloy during the first heating cycle. On cooling down both
phases recrystallise according to the phase diagram (Figure 5.10(b)) ending up in the eutectic
composition which melts during the second heating cycle. Again the existence of a lead - silver
phase after firing was confirmed suggesting that this phase is formed during contact formation.

(a) (b)

Figure 5.10.: (a) DTA analyses of glass - silicon and glass - silver - silicon systems. (b) Ag-
Pb Phase diagram [101] (Reprinted with permission of ASM International™. All rights reserved.
www.asminternational.org)

X-ray diffraction analysis

To study the reaction products regarding their crystal structure, x-ray diffraction (XRD) analy-
sis was performed. Paste 0, 1 and 2 were fired on <100> oriented silicon with a heating rate of
20 K/s, a peak temperature of 800◦C, a dwell time of 0.5 s and a cooling rate of 20 K/s. The
samples were analysed with a Siemens D5000 XRD measurement system. In Figure 5.11 the
results are presented. The analyses of paste 0 confirmed again the formation of crystalline lead

5A Netzsch (STA 449C) differential thermal analysis system was used. For details about the measurement method
see e.g [100].
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during firing on silicon occurring in at least three different orientations. Adding a small amount
of silver to the glass - silicon system results in the occurrence of only one orientation of lead
crystals. Only the <110> orientation is present. Additionally, silver peaks of various crystal
orientations occur. The analyses of paste 2 (5 wt.% Ag) showed no lead peaks confirming the
SEM and EDX analyses of the paste - silicon cross section.

(a) Full spectra (b) Detail of XRD spectra

Figure 5.11.: XRD analysis of paste 0, 1 and 2 fired on <100> FZ silicon

The results of the different measurements so far suggest four important conclusions:
1. Pyramidal growth of crystals on <100> oriented silicon and hence anisotropical silicon etch-

ing occurs when adding silver powder to a glass frit paste. Only minor amounts are neces-
sary to start the reaction confirmed by cross section and top view SEM analysis.

2. The composition of the crystals depends on the amount of silver in the glass paste. >5wt.%
Ag is sufficient for Ag:Pb weight per cent ratios of Ag:Pb > 2:1 shown by EDX analysis.

3. Crystalline lead precipitates, resulting from the redox reaction between glass and silicon, are
only present when a minor amount of silver is added. At higher mixture ratios of glass and
silver lead is not present in a crystalline structure after firing as confirmed by XRD and EDX
measurements. This is in consistence with the TEM cross-section analysis of other authors
[73,74,76,79]. Ballif et al. [73] reported the existence of lead precipitates in the glass layer
of a silver thick film contact to silicon only when overfiring the cell. Khadilkar et al. and
Hilali et al. [74,76,79] reported the existence of silver precipitates but did not found lead
precipitates in their investigations.

4. The occurrence of both, lead and silver, in the crystals suggests that a lead - silver phase is
formed during firing. DTA analysis proved the existence of such a lead - silver eutectic after
firing.

Lead, resulting from the redox reaction between glass and silicon, can thus be seen as the key
factor for the silver growth on silicon. If this hypothesis is valid, silver growth onto silicon at
T < 830◦C should be promoted by lead independent of additional components.

Lead promoted silver growth

To test the relevance of lead for the silver crystal growth, two pastes were prepared. Paste 1
consisted of silver and lead (wt.% ratio 2:1), Paste 2 of silver and crystalline lead oxide (wt.%
ratio 9:1). After drying, both pastes were fired on etch polished <100> oriented silicon (ramp
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up: 20K/s, Tpeak = 800◦C, tpeak = 120 s, ramp down: 20 K/s) in air atmosphere. The adhesion
of paste 1 was poor. The paste flaked off after firing. In contrast the adhesion of paste 2 was
very good. In Figure 5.12 SEM top view and cross section pictures are presented. Below both
pastes crystals are visible. EDX measurements confirmed that they consist of lead and silver.
Below paste 1 the lead content in the crystals is higher than for paste 2 as expected from the
results above. Here, only a minor amount of lead was detected with EDX.

(a) (b)

Figure 5.12.: (a) Top view on silicon surface below paste 1 (Ag+Pb). Crystals have been grown
into silicon, consisting of lead and silver. (b) Cross section of paste 2 (Ag:PbO = 9:1). Again, silver
crystals are visible.

Discussion

As even lead, contained in paste 1, is covered by a native PbO layer, it is useful to reconsider
the interaction of crystalline PbO and silicon. PbO is reduced by silicon resulting in crystalline
lead and silicon dioxide which is assumed to form a glass with the excess metal oxide [102].
This reaction starts at T = 600°C, well below a possible direct interaction between silver and
silicon. Due to the short reaction time both pastes are therefore expected to provide a liquid
lead phase during firing as well as a lead silicate glass without any additional components
except silver. For kinetic reasons it is likely that silver interacts with liquid lead. This process is
very fast as simple experiments indicate. Mixtures of silver powder and lead become fluid in a
reducing atmosphere (Ar-H) at temperatures between 400◦C and 800◦C. At high temperatures
the liquid lead - silver alloy is supposed to interact with silicon resulting in inverted pyramids
filled with silver. However, it cannot generally be excluded that the silver growth mechanism
is via dissolution of silver in the lead silicate glass and a subsequent redox reaction between
the silver ions in the glass and silicon. The most important aspect for further development of
environmentally friendly and highly efficient silver thick film pastes for solar cells is, though,
that lead, in a glass or as a liquid at high temperatures, is the key component which enables the
growth of silver crystals on the silicon at temperatures well below the silver - silicon eutectic.

5.4.4. Influence of the phosphorous surface concentration

As pointed out in chapter 2.2.2, 40-70 Ω/sq emitters with high surface concentrations, exceed-
ing the solubility limit of phosphorus in silicon, are currently necessary to establish an ohmic
contact to the n-type region of the solar cell. The high phosphorous surface concentration in
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these emitters leads to recombination losses that in turn lead to current and voltage losses.
Recently, several successful attempts were reported to contact emitters with sheet resistances
up to 100 Ω/sq with silver thick film pastes [103]. It was also reported that the surface texture
influences the contact resistance on emitters with high sheet resistances [104]. In both papers
diffusion drive-in steps were not reported. Therefore, a P surface concentration well above
1020 cm−3 can be assumed. In this chapter the influence of the P surface concentration on the
silver thick film contact formation processes is investigated. Hilali et al. [103] assumed the
crystal growth to be dependent on the P concentration in the emitter, however, the hypothesis
was not systematically examined.
The main focus in the following investigation is on the influence of the phosphorous concentra-
tion on the silver growth on silicon.

Sample Preparation

Simple solar cell structures with emitters differing in the phosphorous surface concentration
were processed. To exclude shunting or damaging of the space charge region by the metallisa-
tion paste we used drive-in steps in order to obtain deep profiles for the emitter P concentration.
Four POCl3 pre-deposition steps (820◦C low POCl3 flow; 820◦C high POCl3 flow; 860◦C high
POCl3 flow; 950◦C high POCl3 flow) were performed on <100> oriented, 12.5x12.5 cm2 semi-
square Cz silicon (thickness: 330 µm, ρ = 1.5 Ωcm) after saw damage etching (NaOH, 80◦C)
and cleaning. After P-glass etching the wafers were divided in a reference and a “drive-in”
group. Wafers belonging to the latter group were used to fabricate deep emitters with varying
phosphorous surface concentrations by performing a drive-in diffusion at 950◦C for 240 min
in N2 atmosphere to avoid pile-up effects. PECVD-SiNxx was deposited and the wafers were
cut into 5x5 cm2 samples. Then front contacts were screen-printed using a commercially avail-
able, leaded Ag paste, optimised for 40 - 60 Ω/sq emitters with high P surface concentrations.
After printing the Al back contact, the samples were fired in the RTP furnace to ensure an
accurate control of the process parameters. The fill factor optimised firing profile was used.
To study temperature dependent effects, the peak firing temperature was varied in the range of
Tpeak = Toptimal - 25K to Tpeak = Toptimal + 50K . Due to the statistical nature of the contact
formation processes, three samples per firing parameter and emitter were processed. The py-
rometer of the RTP furnace was carefully calibrated using two of the samples with 11 Ω/sq and
83 Ω/sq emitter. The wafers were fired facing the pyrometer.

Emitter characterisation

The fabricated emitters were characterised after P-glass etching by sheet resistance measure-
ments and electrochemical capacitance voltage (ECV) measurement. The results are summa-
rized in Figure 5.13. The variation of Rsheet of emitter 4 after drive-in even on one wafer
was quite high which might be due to an inhomogenous diffusion due to the low POCl3 flow.
The electrical active P concentration was determined by ECV measurements on one wafer of
each group. The reference emitters showed a 12 nm to 400 nm deep plateau at ND = 1 to
3× 1020 cm−3. The chemical P concentration in the plateau is expected to be a factor 1.2
to 2 higher (see chapter 2.2.2). After drive-in, the resulting profiles of emitter 1 and 2 show
similar electrical active surface concentrations but a Gaussian shape, indicating a lower chem-
ical surface concentration because no P-source was present during the drive-in step. Emitter
3 and 4 show Gaussian shapes, too, with P surface concentrations of ND ≈ 4× 1019cm−3 and
ND ≈ 3× 1019cm−3, respectively. For these emitters it can be assumed that the chemical and



58 Chapter 5: Contact formation

Figure 5.13.: Rsheet (mean values of three samples) and electrical active P concentration as a func-
tion of depth of the 8 studied emitters

the electrical P concentration depth profiles are identical with the electrically active P profiles.

Cell parameters

The solar cells were characterised by IV-measurements to determine the global cell parame-
ters, I-LIT (Illuminated Lock-In Thermography) to identify shunts, and TLM (transfer length
method) measurements to determine the contact resistance. In Figure 5.14 the fill factors (av-
erage over three cells) and specific contact resistances (average over 19 fingers of one cell per
group) of the “drive-in emitter” cells are presented. Apart from the cells with the highly doped
drive-in emitter 1, all samples show very low fill factors due to very high contact resistivities.
The contact resistivities of emitter 2-4 are difficult to measure and scatter so that the values
given in Figure 2 are only approximate. Dark IV analysis and ILIT measurements revealed that

Figure 5.14.: Fill factor and specific contact resistance ρC of “drive-in emitter” cells

the fill factor loss is related to the high contact resistance. Although the shunt resistance was
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difficult to extract due to the high series resistance, even drive-in emitter 4 - cells showed shunt
values in the range of 500 Ωcm2 < Rshunt < 1500 Ωcm2.

Crystal growth versus doping concentration

The contact formation was investigated by SEM and EDX analysis using the TLM samples.
Cross-section investigations of the contact show only limited parts of the finger. To account
for the statistical nature of the contact formation process, the focus was set on the analysis of
the silicon surface below the silver finger. The silver grid was removed by dipping the samples
in diluted HF (2%) for 3 min. This etching procedure guarantees that only the glass layer and
the bulk of the silver finger fall off, whereas the silver crystals grown onto the silicon are not
affected. 5-10 fingers distributed over an area of 2.5 x 2.5 cm2 selected from each solar cell
were analysed at randomly chosen positions. Firstly, the crystal growth in dependence of the
P surface concentration at the optimal peak firing temperature (810°C) was investigated. In
Figure 5.15 a selection of representative SEM pictures is presented. As the number and size of
the grown crystals is similar on reference emitter 1, 2 and drive-in emitter 1 (size around 500
nm, coverage: ≈9%), only SEM pictures of reference emitter 2 are shown. On all other “drive-
in” emitters less and smaller crystals have grown (size: 200-300 nm, coverage: 1.3% - 5%).
The differences in Ag crystal growth on those emitters are little. On reference emitter 3 and 4
the crystal growth is comparable to the growth on the corresponding drive-in emitters.

(a) emitter 2:
pre-dep.

(b) emitter 2:
drive-in

(c) emitter 3:
pre-dep.

(d) emitter 3:
drive-in

(e) emitter 4:
pre-dep.

(f) emitter 4:
drive-in

Figure 5.15.: Dependency of crystal growth on the P surface concentration at the optimal peak firing
temperature. The top view on the silicon surface after removal of the silver finger is shown.

It can be concluded that crystal growth mainly depends on the excess phosphorous at the surface.
The sheet resistance is not the key parameter. The minor differences between reference emitter
3 and 4 and the corresponding drive-in emitters can be explained by the glass frit etching into the
silicon. As the highly doped plateau is only 10 - 15 nm deep for these emitters, it is likely that
the effective P surface concentration for silver crystal growth is lower. The activation energy for
initiating Ag crystal growth on silicon can be assumed to be lower in the case of highly doped
emitters, i.e. crystal growth at a constant peak firing temperature with a given paste system is
less effective in case of emitters with lower excess phosphorous at the surface.

Crystal growth versus peak temperature

Increasing the peak firing temperature leads to the growth of more and larger Ag crystals on all
emitters. The difference in crystal growth between the optimal fired reference and the drive-in
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emitters gets smaller (see Figure 5.16). The average sizes of the crystals grown on drive-in
emitter 3 are ≈350nm at 835◦C and ≈450nm at 860◦C.

(a) emitter 2:
pre-dep, 835°C.

(b) emitter 2:
drive-in, 835°C

(c) emitter 2:
drive-in, 860°C

(d) emitter 3:
pre-dep., 835°C

(e) emitter 3:
drive-in, 835°C

(f) emitter 3:
drive-in, 860°C

Figure 5.16.: Dependency of crystal growth on the peak firing temperature and the P surface con-
centration. The top view on the silicon surface after removal of the silver finger is shown.

In Figure 5.17 the silver coverage is plotted as a function of emitter and temperature. The values
given are only approximate but clearly show the tendency that crystal growth is more efficient
the higher the temperature is. Although the peak temperature in this experiment exceeds the Ag-
Si eutectic of 840°C, it is likely that due to kinetic reasons the eutectic reaction between silver
and silicon is not dominant, as the experiments in the previous chapter showed (see chapter
5.4.1).

Figure 5.17.: Approximate silver coverage of silicon surface beneath the thick film paste

5.4.5. Influence of the surface texture

Recently it was reported that the surface texture influences the contact resistance on emitters
with high sheet resistances [104]. As industrial solar cells are often textured, this hypothesis was
investigated on a microscopic level6. Two experiments were performed. In the first experiment

6Assuming the same finger width, the (geometrical) contact area is enlarged in case of textured surfaces compared
to plain surfaces. If the transfer length (see Schroder [59] for details) is LT > 1/2Wf , with the finger width Wf ,
then the electrical contact area is enlarged, leading to a slightly lower contact resistivity.
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(a) (b)

Figure 5.18.: (a) ECV profiles of the pre-deposition diffusion (Rsheet = 110± 11 Ω/sq ) and the
drive-in step (Rsheet = 102±11 Ω/sq ). (b) Fill factor versus temperature.

the influence of an isotextured surface on the solar cell efficiency of mc industrial solar cells with
a lowly doped, high efficiency emitter was tested. In the second experiment, the crystal growth
on lowly doped, textured surfaces was tested. The influence of the diffusion was eliminated
by using phosphorous doped, polished Cz substrates with a bulk doping concentration of 6×
1019 cm−3.

Experiment 1: Sample preparation

Neighboured mc silicon substrates (thickness: 325 µm) were successively etched in acidic or
alkaline solution to obtain alternating isotextured and quasi not textured surfaces. After a POCl3
pre-deposition step at 820◦C the phosphorous glass was etched in diluted HF and a drive-in step
at 950◦C for 30 min under O2 flow was performed. The obtained emitter profile was measured
with ECV on etch polished, FZ and Cz references and is shown in Figure 5.18(a). After the
drive-in step the surface phosphorous concentration dropped to ≈ 4× 1019 cm−3. The SiNx
layer was deposited, optimised for the two surfaces. After printing and drying front and back
contacts using the standard, commercially available thick film pastes, the cells were fired in a
conveyor belt furnace with varying parameters.

Cell results

In Figure 5.18(b) the fill factor in dependence of the cell’s peak temperature is shown. Although
the absolute level of the fill factor is lower than on 50 Ω/sq emitters (FF50 > 75%) it can be
stated that for all investigated temperatures the fill factor was highest on the isotextured cells
(FF(iso, max) = 64%, FF(NaOH, max) = 34%). A slight tendency for better fill factors towards
higher temperatures might also be deduced. The fill factor is not limited by low shunt values.
Even on the cells with NaOH etched surfaces shunt values above 1×104Ωcm2 were fitted from
the dark I-V curves. Therefore, the textured surface seems to be beneficial for contacting lowly
doped emitters with a standard silver thick film paste.
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Experiment 2: Sample preparation

To test the influence of the surface texture on the crystal growth, polished, <100> oriented
n-type wafers with a bulk doping of ND = 6× 1019 cm−3, measured with ECV, were used to
exclude differences in the diffusion profile due to texturing. Half of the wafers were alkaline-
etched to obtain a pyramidal surface with <111> oriented surface planes. After printing the
front grid using the same Ag paste as in the previous experiments, the samples were fired in the
RTP furnace at fill factor optimised parameters varying the peak temperature. SEM and EDX
analysis were performed after removal of the fingers in diluted HF (2%) for 6 min.

Crystal growth versus surface texturing

In Figure 5.19 representative SEM pictures are presented. The crystals start to grow on the side
surfaces of the pyramids at lower temperatures compared to the <100> oriented surface. This
experiment indicates that the Ag crystal growth depends besides temperature and P concentra-
tion on the orientation of the silicon7. The activation energy for Ag crystals to grow on <111>
oriented surfaces is supposed to be lower in comparison to the energy required to start growing
on <100> Si surfaces.

5.5. Model of contact formation

Based on the results of this chapter, the following microscopic model for the contact formation
of silver thick film pastes to a phosphorous doped silicon emitter during a solar cell firing pro-
cess is proposed.

T < 550◦C
After drying, the organics contained in the silver thick film paste are combusted. During the
burn-out process initial sintering of the silver particles might occur. The viscosity of the glass
frit decreases.

550◦C < T < 700◦C
At temperature above 550◦C the lead borosilicate glass frit, typically contained in the paste,
is fluid enough to wet the silver particles and the silicon nitride layer. Rapid silver particle
sintering presumably due to a rearrangement process assisted by the liquid glass frit starts at
≈ 580◦C. Silver is dissolved in the glass. However, at temperatures below the melting point of
Ag (940◦C) this process was found to be slow compared to the fast heating and cooling ramps
in the firing process. At T>625◦C significant penetration of the glass frit into the silicon nitride
layer was observed presumably due to a reaction of the silicon nitride with the metal oxides
(mainly lead oxide) contained in the glass (Figure 5.20(b)).

700◦C < T < 800◦C
As soon as the silicon nitride layer is penetrated, a redox reaction of PbOglass with silicon oc-
curs resulting in the reaction products SiO2 and Pb (Figure 5.20(c)). SiO2 is assumed to be
dissolved in the silicate glass whereas lead is liquid at these temperatures and does not wet the
silicon. In this temperature range silver crystals are assumed to start growing. It is likely that

7As mentioned before, the dwell time at Tpeak also influences the crystal growth. Similar prepared samples were
fired at the same temperatures for 30 s. More and bigger crystals were found to have been grown (see Figure
6.6).
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(a) polished, Tpeak=810°C (b) textured, Tpeak=810°C

(c) polished, Tpeak=850°C (d) textured, Tpeak=850°C

Figure 5.19.: Ag crystal growth on polished <100> Si surfaces and on alkaline textured Si surfaces
with ND,sur f ace = 6×1019 cm−3 at different peak firing temperatures.

two processes occur:

1. Silver growth from silver saturated glass
The silver, dissolved in the glass, is reduced by silicon. The dissolution of silver in glass is a
slow process but might be accelerated by the simultaneous occurring redox reaction of the silver
ions with silicon.

2. Silver growth via liquid lead phase
Many hints indicate that metallic lead, the reaction product of the glass - silicon interaction,
plays the dominant role for the fast transfer of silver to grow into silicon.
As soon as liquid lead comes into contact with the silver grains of the finger, the silver melts
to form a liquid silver - lead phase (Figure 5.20(d)). According to the phase diagram this alloy
consists of ≈72 wt.% Ag at 800◦C. The liquid silver is supposed to be highly reactive. It might
be dissolved by the surrounding glass and subsequently reduced by the silicon leading to the
growth of the inverted crystals on <100> oriented silicon. The dissolving process of silver and
glass would be enhanced by the formation of the silver - lead phase.
Another possible mechanism would be the dissolution of [100] silicon planes in the liquid sil-
ver similar to the direct reaction between silver and silicon at elevated temperatures. Inverted
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(a) (b) (c)

(d) (e) (f)

Figure 5.20.: Simplified model of contact formation. (a) Schematic cross section of Ag thick film
paste on <100> Si after combustion of organics. (b) Glass etches through SiNx layer. (c) Redox
reaction between Si and glass. Pb is formed. (d) Liquid Pb starts to melt Ag. (e) Ag - Pb melt reacts
with Si. Inverted pyramids are formed. (f) On cooling down Ag recrystallises on (111)-Si planes.

pyramids are formed on <100> oriented silicon substrates (Figure 5.20(e)). The task of lead
would then be to lower the temperature of the silver - silicon interaction. On cooling down,
silver recrystallises on the [111] planes of the inverted pyramid (Figure 5.20(f)). The lead -
silver interaction would occur at the silver grains in contact with the glass layer. Therefore it
is likely that lead is dissolved in metallic silver present in the system. At 800◦C up to 5 wt.%
lead can be dissolved according to the phase diagram. The amount of lead which is needed to
dissolve enough silver to lead to a 15% coverage of the silicon surface with inverted pyramids
in a standard firing process, is quite low8. Only 0.8 wt.% Pb relative to the amount of Pb in the
glass or 0.03 wt.% Pb relative to the total amount of silver is necessary. The consumed silicon
due to the redox reaction between glass and silicon would lead to an etching depth of 1 nm.
Even a 50% coverage with larger crystals (diameter: 500 nm) would consume only 0.2 wt.% Pb
relative to the total silver weight and cause an etching into silicon of 8 nm. This minor amount
of lead is likely to be dissolved by the silver of the finger.
On cooling down, lead precipitates according to the phase diagram. The excessive lead is sup-
posed to be oxidised again and dissolved by the surrounding glass or, most likely, is located
at the bottom of the silver grains of the finger above the glass layer (Figure 5.20(f)). Lead or
lead oxide precipitates were indeed found at the bottom side of silver fingers (chapter 4.2.2).
Lead was also found in or on the silver crystals grown into silicon, when adding only a small

8Paste parameters: weight: 1.89× 10−4 g, area: 120 µm x 1 cm, frit content: 5 wt.%. Silver crystals: shape:
inverted pyramids on <100> oriented silicon, diameter: 300 nm, depth: 212 nm, coverage: 15%. Frit: 81 wt.%
lead oxide.




