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1 Introduction

For the past few years the world of energy has been changing, at least in appearance.
Catchwords like greenhouse effect, climate change, renewable energy and solar power
are broadcasted almost daily; even the idea of supplying Europe with solar energy
from the Sahara is currently being re-investigated [1]. However, at present the world is
still dependent on fossil fuel. In the current BP statistical world energy review 2009
[2], renewable energies (with the exception of hydroelectricity) are not even included
as a significant source of energy, but their rapidly growing share is at least alluded. It
appears that people, including politicians, are aware of the finiteness of the traditional
hydrocarbon fuels and their negative impact on the environment. The European
commission in 2007 set an ambitious target called 20, 20 by 2020 for its future climate
and energy policy, with the goal to reduce greenhouse gas emissions by 20%, reduce
the overall energy consumption by 20% and to ensure that renewable energy represents
a 20% share of total energy use by 2020 [3]. This implies a share of as much as 35% of
total electrical consumption. According to EPIA, photovoltaics can provide up to 12%
of the European electricity demand by 2020 [4]. This promising prospect of a PV
powered future is only possible if the average cost reduction for PV systems, of 8%
annually, is continued or even accelerated [4]. PV systems, namely solar cells, are
technology driven products and the price decrease is based on new developments and
further improvements. The most effective way of reducing the costs is to increase the
solar cell efficiency. The optimization of the solar cell metallization, in particular of
the front side contacts, is a topic of current research as it has the potential to reduce the
material costs combined with an increase in the overall energy conversion efficiency.

The European production capacity for electricity is 3360 TWh (in 2007) [5]. Assuming
the same amount for the year 2020, and a 12% share of that being PV energy produced
from standard silicon solar cells with an average output power of 4W,, 100 billion
solar cells are required. For the front metallization of a single solar cell about 0.2 g of
silver is required, which accumulates to an amount of more than 20.000 tons of silver,
equal to the present annual world silver production. This simple calculation
demonstrates that mass production can lead to a material shortage and it is wise to start
by now reducing the consumed amount of silver per cell and looking for alternative
materials.
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Two layer concept

Seed-layer

Conductive layer

emitter

base

Fig. 1-1: Scheme of two layer front side contact.

At Fraunhofer ISE different promising metallization technologies are currently under
investigation, such as electro-less and light-induced plating, evaporation, laser
sintering, fine line screen-printing, and aerosol-printing of suitable contact metals [6].
All of these techniques are seed layer processes, where initially a thin metal layer
responsible for the contact formation is deposited, and a further thick metal layer is
responsible for the current transport [7, 8] as seen in Fig. 1-1. The contact formation is
separated from one step into two production steps. This has the advantage, that the
contact layer and the conductive layer can be optimized individually.

The formation of the contact layer (seed layer) on silicon solar cells can be
distinguished into two types: (i) a low-temperature process where the metal layer is
deposited directly on the emitter and a metal silicide can be formed at moderate
temperatures T<400°C, and (ii) a high-temperature process where the contact metal is
deposited on the anti-reflection or passivation-coating and fired through at
temperatures above 650°C. The seed layer is responsible for a low ohmic contact to the
semiconductor and a good mechanical adhesion. The second layer, which is
responsible for the current transport, can be processed by multiple printings of highly
conductive silver inks or by plating of conductive materials like copper or silver. One
very promising way to create a high-performance contact under industrially feasible
conditions is the combination of the aerosol-printing technology (AP) for seed layer
deposition [9] and succeeding light-induced plating (LIP) [8], to produce the
conductive layer.
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Outline of this thesis

Within this thesis, crystalline silicon solar cells are improved by optimizing the front
side metallization with the emphasis on the development of an ink suitable to contact
n-type emitters with a reduced doping concentration. The developed inks are deposited
as a seed layer on the cell front side and fired in a high-temperature step through the
anti-reflection coating and into the emitter. The chemical reaction and the physics
behind the contact formation on n-type silicon are studied. The influence of the single
ink components and process parameters on the contact is investigated. Based on these
results, an optimized seed ink for the metallization of solar cells (SISC) is developed
and used to refine the current contact model and to study their performance on

different types of solar cells.

In Chapter 2 and Chapter 3 the theoretical background for this work is given. The IV
characteristic of a solar cell and the corresponding two-diode model are introduced,
from which cell parameters important for metallization like fill factor, series resistance,
shunt resistance and saturation current density can be extracted, and their influence on
the cell efficiency is explained. Further on the theory of metal semiconductor contacts,
their physical limitations and especially the difference between evaporated contacts
and printed and fired contacts are given. The present contact model and the possible
current paths for thick film printed and fired contacts are reviewed. Chapter 4 presents
the characterization methods which are mainly used within this thesis. Differential
thermo gravimetric measurements (TG-DTA) are used in order to understand and to
simulate the high temperature contact formation. The electrical contact quality is
studied by contact resistance measurements; here the transfer length model (TLM) is
used. Finally the solar cells are characterized by illuminated /V curves and by IV

characteristics determined from SunsVoc measurements.

With Chapter 5 and Chapter 6 the experimental part of this thesis begins. In Chapter
5 all important aspects of fine line aerosol printing are summarized. The working
principle of an aerosol system is explained. The ink properties, defined by the printing
system, are analyzed experimentally and theoretically and the printed line quality with
respect to the printing parameters is studied. Chapter 6 highlights the importance of the
second layer, the conductive layer, which in this work is deposited by light-induced
plating (LIP). The interaction of seed layer and conductive layer and the influence of
the conductive layer on the cell performance is experimentally determined and

compared to simulations.
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In Chapter 7 the contact formation is shifted form the wafer surface of a silicon solar
cell into an alumina crucible of a DTA measurement. The contact formation is
simulated under controlled conditions to determine the function of the single ink
components. The opening of the diclectric layer, the “etching” of silicon under
different atmospheres and the conditions for silver crystallite growth are systematically
investigated in order to reveal the secret of high temperature contacts. Based on the
results of Chapter 7, different inks are developed and optimized in Chapter 8.
Relatively basic ink formulations consisting of silver and bismuth oxide or leaded
glass are tested on real solar cells. The electrical solar cell and contact parameters, and
the contact microstructure, are used to interpret the contact formation.

Front side contacts produced with the developed and optimized seed layer ink for the
metallization of solar cells (SISC) are investigated in Chapter 9. The current contact
model is adopted and the differences between seed layer and thick film contacts are
illustrated. This comparison is continued in Chapter 10, where the optical properties

of fine line printed and plated contacts are studied.

Finally, the results on different substrates obtained during this work are summarized in
Chapter 11. The simulation tool “GridSim” is used to find the right front side grid.
These optimized grids are than applied using aerosol printing and light-induced plating
on large area multi-crystalline silicon solar cells and high efficiency float-zone silicon

solar cells.
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All important parameters which can be extracted from // measurements are explained
within this chapter. Parameters relating to metallization, e.g. fill factor (FF) and series
resistance (Ry) are discussed in more detail.

Silicon solar cells are more or less large area diodes with a shallow emitter and a
relatively thick base. The simplest way to describe a solar cell is therefore the equation
of a ideal diode [10]:

j = j{exp{%}—l]—uﬁ) 21

with ¢ being the elementary charge, & the Boltzmann constant, 7 the temperature and j,
the saturation current density, which consists of the saturation current density of the
base and emitter j,=jg,+7g.. If the solar cell is illuminated, the photo current has to be
taken into account and the /) characteristic is shifted to negative values, which means
that the current flows in the opposite direction of the forward biased diode. The IV
characteristic for both the dark and illuminated states is shown in Fig. 2-2. As a solar
cell is not a simple diode, the model needs to be extended by the recombination in the
space charge region (jy,), the parasitic shunt resistance (R,), and the losses caused by
the series resistance (Ry). The equivalent circuit diagram is given in Fig. 2-1. The
second diode represents the saturation current density in the space charge region.

N Rs
|Ph lO‘\ |02 |Rp V—’ I
RS
D: l V

Fig. 2-1: Equivalent circuit diagram (two diode model) of a solar cell
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The current generated by a solar cell can better be approximated by the two-diode
model [11]:

, , (V-JR, , (V-JR, V-jR . )
j(V):J(’{eXE{q ri .k.JTi )J_l}j‘)z[ex{q yfz.k.]TA )]—1]+ Rj w77

where jj; considers the saturation current density in the emitter and base and jj, the

saturation current density in the space charge region (SCR). Additionally the factors n;
and n,, which are called the ideality factors, describe the quality of the single diodes
and should be n=1 and ny=2. In the ideal case, both are influenced by the
recombination mechanism and the injection level. In real solar cells the factors can be
quite different from these ideal values.

30 30
NE 201 420 —
3] 1 IS
<é 10+ 4110 g
= dark /V- 1 S
S 0 arl curve 0 E
‘® mop o ] y
& -10- V. xi vy 1 H-107
S mpp” < mpp 2,1 c
£ / 5
c i kel
© -20- / 1-20 5
5 ] 1 3
o .

-30 -//mPF / 1-30 8‘

f_-——rr - L mpp ]
illumi 1V~

404 /sc' . illuminated Icurve 40

T T T T T T T T T T
0 100 200 300 400 500 600 700
voltage V [mV]

Fig. 2-2: Illuminated and dark 1V-curve and the power density vs. voltage of a solar
cell, illustrating the IV-parameters.

2.1 IHluminated 1V characteristic

The efficiency of a solar cell (see, Eq.2-3), which is defined as the ratio of the energy
at the maximum power point (P,,,,) to the power of the incident light (Pp;), is the main
parameter to describe the quality of a solar cell. The efficiency is obtained from an [V
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measurement, while the solar cell is illuminated and kept at defined conditions:
temperature: 25°C, light intensity 1000 W/m?, spectrum AM 1.5g. From a measured
illuminated 7V curve, as shown in Fig. 2-2. The cell power P is the product of current
density and voltage and at its maximum defined P,,, and the current density at this

point is called j,,, and the voltage V,,,, respectively. Two more important cell

P>
parameters are the open-circuit voltage V,. and the short—circuit current density jy,

which can be determined by the intercept of the /V curve with the x- and y-axis.

_ P’”PP — le’l"]ml’l’ _ ‘]chocF F 2-3
P, Ph P, Ph P, Ph

The ratio of maximum power (P,,,,) and the value (V,.j.) is called the fill factor, FF,
which is described in Eq.2-4. The fill factor can be regarded as the ratio of two
squares, giving rise to the name: the largest square fitting under the IV-curve, and the
square defined by V,. and j..

FF = Vmppjmw 2-4

VOC jSC

The fill factor is an important factor especially for the metallization of solar cells, as
the quality of the formed metal-semiconductor junction influences the shape of the /1
characteristic and therefore the value of the fill factor. In Fig. 2-3 the influence of R
and R, on the fill factor are illustrated. In both cases the maximum power point is
shifted and the size of the inner square is reduced, while the values for j. and V,. are

not affected in a certain range. Typical values for the FF are 76-85% [12].

According to Green [10] it is possible to determine an ideal FF;; from the measured

open circuit voltage, which is free of ohmic and recombination losses:

FE, = o~ In(v,, :0.72) 25
Voo T

with v,. the normalized voltage, v,.=V,/(nkT/q) an n the ideality factor, which should
be close to one.
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Fig. 2-3: Effect of series resistance (left-hand) and parallel resistance (right-hand) on
1V-curve. The maximum power point is directly influenced by RS and RP and hence the

fill factor [13].

Another FF can be obtained by a IV characteristic from SunsVoc measurements: The
pseudo fill factor (pFF) as it can be determined without a current flow and is therefore
free of series resistance losses. The pFF can be measured right after formation of a pn-
junction, assuming the measurement probes have an ohmic contact to the rear and front
sides of the cell [14]. This kind of pFF only includes losses due to an inhomogeneous
emitter formation, and is close to the ideal FF;,. If the pFF is measured after the
metallization, and the metallization does not influence the pn-junction, both pFF have
the same value. Usually this is not the case, as the metallization, especially in a firing
step, can create additional recombination losses or local shunts and the measured pFF
is lower than the FF;, but higher than the value of the real FF, as it is still free of series
resistance losses. By measuring the individual FFs, the losses introduced during cell
fabrication, especially the metallization can be distinguished. Examples are shown in
Table 2-1 for an industrially produced large area 15.6x15.6 cm? multicrystalline silicon
solar cell and for a 2x2 cm? monocrystalline high-efficiency solar cell. The difference
between the ideal FF;,; and the pFF is based on an imperfect junction formation, i.e.
recombination in the space charge region, introduced by the metallization (jy,) or by
local shunts (R,). By comparing the pFF with the FF the losses due to the series
resistance R; can be extracted. As the series resistance losses are mainly responsible
for a reduced FF, see Fig. 2-4 they are described more in detail below. A rule of thumb
for the relationship between FF and R; is given by Pysch [15]. He has shown that an
increase of 1 Qcm? in R, reduces the FF by 5% absolute.

In total, by comparing the different FFs it can be distinguished whether the
metallization creates any shunts or recombination centers in the SCR or if the contact
formation is insufficient and the series resistance is increased.
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cell type Ve FFy, pFF FF n
mV (%] [%] [%] (%]

multi-Si 622 83.1 81.4 78.8 16.7

mono-Si 645 83.7 83.3 80.7 20.0

Table 2-1: Fill factors for two different types of solar cells. The ideal FFy; is calculated
from Voc according to [10]. The pseudo FF (pFF) is measured using SunsVoc and the
FF is determined from an illuminated 1V measurement.

T T

_ 100 EEidBEE . .
X @g}qjqr]gtjonjormg{tion, recombination
2 sl and shunts E? g R;) |
1]
(%}
o
w60} 4
TS
[}
=
& 401 \pFF-FFY 1
[ due to series resistance losses

20 4

0
multicrystalline monocrystalline
industial cell high efficiency cell

Fig. 2-4: From the normalized differences in the FF, the losses in FF can be allocated
to different IV parameters. It is possible to distinguish between them; either the
metallization creates shunts in the solar cell, or the contact formation is incomplete,
indicated by high R,.

2.2 Dark IV characteristic

The dark /7 measurement represents directly the diode characteristic of a solar cell and
the cell parameters jy;, joo n;, 1z, and R, and R, can be extracted. The measured 7V
characteristic is therefore plotted semi-logarithmic and fitted to the ideal 2-diode
equation Eq.2-2, as shown in Fig. 2-5. For the metallization especially the ohmic
resistances R, and R, and the saturation current density ji, are of interest, as they are
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affected by the contact formation. In order to achieve high efficiencies, R, should be
below R;<0.5 Qcm? and R,>10 kQcm?. The series resistance as extracted from a dark
IV curve is always lower as the “real” Ry as the contribution of the emitter is reduced
[16, 17]. The dark IV fit is therefore not the best way to determine R;. The most
reliable method, according to Pysch, who gave a comprehensive review of the
common R; measurements, is the comparison dark and light fit on the point of
maximum power [18].

The influence of j,; and jj, on the FF is shown by Gotzberger [19], see Fig. 2-6. For
FF>80% j, should not exceed a value of 10 A/cm? while j,; is smaller than j,;<10"
11

Alem?.

T T T
L j,,=8x10™ Alem’
107 F i,=2x10° Alem’ R .
E n1=1 S\
— L n=2
‘:% ,| R=0300m’
< 107 F R=47x10°qom’ E
= ;
=
2]
@ I
Q3
T 107F E
et E
= ;
()
=
3
(&)
10k E
I’ -~ R
-5 N I I
10 . : !
0.0 0.2 0.4 0.6

voltage [V]

Fig. 2-5: Dark 1V measurement together with a 2-diode fit. The sections from which the
cell parameters are extracted are labeled.
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Fig. 2-6: Fill factor as a function of jo; and jo». R, is kept constant at R,=10° Qcm?, R,=0,
and n;=1 and n,=2 [19].

For some solar cells the ideal 2-diode model is not suitable to fit the measured 7V
characteristic and the value of n,>2. These measurements show a “hump” [20] in the
region of the maximum power point, reducing the FF and V,.. This behaviour can be
explained by local, nonlinear shunts with a diode characteristic and for a correct fit a
third diode is introduced, which represents some local shunts [21]. According to
Huster [22], the typical origins of diode shunts in industrial solar cells are point-like
Schottky contacts of the silver paste to the base. These contacts can occur due to
mechanical emitter damage by handling or printing or due to penetration of the glass
frit containing silver through the emitter [23]. They can also be intentionally
introduced by damaging the emitter using a diamond scratch [24] or a dicing saw [22].

2.3 Series resistance and optical metallization losses

The motivation behind this work is the reduction of the solar cell losses created by the
front side metal grid. Two main loss mechanisms are related to the front side
metallization, optical shading losses and electrical series resistance losses. Both have
to be balanced, see Fig. 2-7. Finer contact structures reduce the shaded fraction, but
when the contact area and the cross section of a conducting finger are reduced, R, is

increased. The optical losses are studied in detail in chapter 10.
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Fig. 2-7: Simulation of the optical and electrical losses of a solar cell.

The series resistance of a standard solar cell with a full metalized rear side and a metal
grid on the front side can be separated into eight fractions, summing up to R;. An
overview of the single resistances is given in Fig. 2-8. Within this work the focus is on
a further reduction of the contact resistance to the emitter (r;) and on a reduced line
resistance in the finger (rs), as both are necessary in order to reduce the total losses.
The analytical description of optical and electrical losses is summarized by Mette [25].

] ry: resistance of rear side layer
%
4=, . .
! % ;. contact resistance of rear side to base
s % % r,: resistance of base
Ty . .
[ - r3: resistance of emitter
r Ay . . .
2 0 r,4: contact resistance of front grid to emitter
Mg . .
v rs: line resistance of finger

rs: line resistance of busbar
r7: contact resistance soldering joint

rs: line resistance of tab

Fig. 2-8: Solar cell cross-sectional diagram showing the series resistance contribution [25].



3 Metal — semiconductor contacts

The metal-semiconductor (ms) contact has been a topic of research for more than 100
years and goes back to the early work of Braun (1874), who discovered the asymmetric
nature of electrical conduction between metal contacts and semiconductors [26]. This
phenomenon was explained decades later by Schottky, who introduced a kind of
barrier height which is formed as soon as a metal and a semiconductor are in a close
contact, see Fig. 3-1 [27, 28]. In honor of his work, metal-semiconductor contacts are
often called Schottky-contacts and the bending in the band diagram the Schottky-
barrier. In the 1950s and 1960s the research into ms-contacts was driven by their
technical importance in semiconductor technology and later microelectronics. The
theoretical understanding of ms-contacts was further increased by the work of
Bardeen, Crowell and Sze [29-32]. A summary of the physics of metal-semiconductor
contacts is given by Rhoderick and Williams [33].

For solar cell applications, the ms-contact plays an important role: the metallic contact
should be as small as possible and the voltage drop over the barrier should be
negligible compared to the voltage drop over the total device. The contact should not
degrade device performance to any significant extent, it should not inject minority
carriers into the device and the contacts should be made in a reproducible manner. A
summary of the contact requirements and a review of the contact theory, especially for
contacts on solar cells, is given by Schroder and Meier [34].

Vacuum level
1754
ﬁu ] @5

c
L[ i

E,
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\\Y

Metal Semiconductor

Metal Semiconductor

Fig. 3-1: Energy band diagram of a ms-contact on a n-type semiconductor before and
after an intimate contact is formed [25].
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31 Schottky contacts — barrier height

If a metal and a semiconductor are in direct contact a constant electrochemical
potential is formed within both materials; in steady-state conditions the Fermi energies
Er in both materials are at the same level — thus the conduction band E, and valence
band E, of the semiconductor are bended to balance in the difference between the
metal work function and the semiconductor electron affinity. The formed Schottky
barrier ¢ can be described as the difference in metal work function ¢, and
semiconductors electron affinity y,, (see Eq.3-1), where gd), is the potential necessary
to excite an electron from the Fermi level to the vacuum level, and gy; is the potential
defined by the difference between the conduction band and vacuum level.

Ppn =P — Xsontye @, =E, — (B — X,), p-type 31

For a metal semiconductor junction, the different combinations are possible (see, Fig.
3-2). The metal can be in contact with an n-type or a p-type semiconductor, where the
metal work function is either larger or smaller than the electron affinity. Therefore two
kinds of contacts can be distinguished, a rectifying contact (Fig. 3-2a) and d)) and an
ohmic contact (Fig. 3-2b) and c)). The difference is visible in the /V-characteristic,
which is linear for ohmic contacts, where the current can flow in either direction with a
negligible small voltage drop, and nonlinear for rectifying contacts, where the current

can flow easily only in one direction.

For the contact to an n-type semiconductor as shown in Fig. 3-2b) where y; is greater
than ¢, the electron can flow from the semiconductor into the metal without any
barrier and ¢ becomes zero or negative. A negative or neutral barrier can also be
formed on p-type silicon when ¢, is larger than y,. In general, as long as the majority
charge carriers are accumulated at the contacts, the contact obtains an ohmic behavior.
However, Fig. 3-2b) and c) are very uncommon in practice, and the majority of ms-
contacts are of rectifying nature and the /V-characteristic is not linear. In fact, for a real
contact the direct proportionality between potential barrier and metal work function,
and for n-type silicon, could never be measured. Even if a relation between barrier
height and metal work function was found experimentally (see Fig. 3-3), it was less
strong than expected. The influence of the metal work function seems to be less
important. Surface states at the interface layer, acting as donors or receptors, play an
important role for contact formation as first proposed by Bardeen [30]. It is also

assumed by Tove that the formation of a dipole determines the measured barrier height



3 Metal — semiconductor contacts 19

[33, 35, 36]. Similar results are found by Cowly and Sze where the role of the dipole is
played by an insulating interface layer [31]. With common metals an ohmic contact to
n-type emitters seems not to be possible, as common metals like Al, Ag, Au, Pt or Ni
form rather high barriers (0.6-0.9 eV). Even if the height of the Schottky barrier is
reduced due to image force lowering, which should be less than 0.2 eV for
Np<10® cm?, relatively high (> 0.5 e¢V) barriers exist on heavily doped silicon.
Therefore, these contacts are ohmic in a different way. A current flow is possible (see
below), and according to the definition of an ohmic contact given by Meier and
Schroder, “the contact should supply any current that the device requires in its normal
mode of operation”, therefore rectifying contacts can appear ohmic.

a) b)

Fig. 3-2: Contact barriers for semiconductor of different types and work functions.



20 3 Metal — semiconductor contacts
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Fig. 3-3: Measured barrier heights as a function of metal work function for different
metals, evaporated on n-type silicon [34].

Image force lowering

The height of the Schottky barrier is lowered due to the electrical field in the
semiconductor at the contact interface. The different potentials on a Schottky barrier
are shown in Fig. 3-4. The applied potential is overlaid by the image-force potential,
the shape of which is equal to a coulomb potential. An electron ¢, located at the
position x above a metal surface, forms an image charge ¢" inside the metal at the
position —x. The image force F(x) of the coulomb potential of both carriers attracts the
electron above the metal surface. The same principle can be applied for a metal-
semiconductor interface and leads to a reduction of the barrier height for both electrons
and holes [33]: The conduction band bends downward and the valence band bends
upward respectively. To account for this effect, the barrier height ¢z must be modified

1 32
q3ND(Vbi _kBT/Q) !

A = 8z’e’

The image-force lowering is proportional to the electrical field, which depends on the
doping concentration Np and the built-in potential V;; and & is the dielectric constant
of the semiconductor.
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Fig. 3-4: Image force barrier lowering on a ms-contact [32].

3.2 Current transport mechanism and contact resistance of a
Schottky barrier

An overview of the current transport in metal-semiconductor junctions is given by [32,
33, 37-39]. For the transport of charge carriers in the metal-semiconductor junction,
three mechanisms can be distinguished: (i) the thermionic emission (TE), which
describes the thermal activation of charge carriers over the barrier and is valid for low
doping concentrations Np<1x10'7 cm™, (ii) the field emission (FE), which describes
the tunnelling of charge carriers through the barrier, and is valid for high doping
concentrations Np>1x10% ¢cm?, and (iii) the thermionic field emission (TFE), which is
a combination of both and is valid for doping concentrations in between [32, 37, 38].
For silicon solar cells in general, with typical emitter doping concentrations of 1x10'
em3<Np<5 x10*! em’®, the dominant transport mechanism for the charge carriers are
the TFE and the FE; for industrially fabricated solar cells in particular, where the
surface doping concentration is generally far above 1x10%°cm?, the dominant
mechanism is the tunnelling process (FE). Both theories predict mainly a dependence
on the doping concentration (Np) and the barrier height (¢g) of the metal-silicon or
silicide-silicon junction. The higher the doping concentration and the lower the barrier
height, the better the electrical contact. A simulation of the contact resistance as a
function of Np corresponding to different theories for silver as a contact metal with a
barrier height of 0.78 eV [32] is given in Fig. 3-6 [23].
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Metal Semiconductor Metal Semiconductor Metal Semiconductor

Fig. 3-5: Current flow mechanism on a metal semiconductor junction — a)
thermionic emission, b) thermionic field emission, c¢) field emission [25]

For the different current transport mechanisms a current density, dependent on the
applied voltage and the barrier height, can be given and the specific contact resistance
can be subsequently calculated by [38]. In all given equations the lowering in the
barrier height due to image forces is considered.

AR

ov

V-0

p. =

Thermionic emission (TE)

The current transport in a ms-contact on a lowly doped silicon with moderate barrier
height is dominated by the thermionic emission, which means the thermal activation of
the charge carriers over the barrier and only electrons from the n-type emitter with
energy larger than the barrier can contribute to the current transport. If the Schottky
barrier is too high, the contact changes its behavior from ohmic to rectifying. The
current density can be given by [32]:

S —Ady,) qV 34
C AT exp| - I =) | (V)
Jre p T p T

With A"~ (m"/m,)-120 Am?K? being the effective Richardson constant, m" the
effective electron mass and m, the free electron mass.
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Using Eq. 3-3 the resistivity can than be calculated as:

q(#s, —Adg,) 2
kT

k
(TE) =——c¢x
pTE) AT p

Thermionic field emission (TFE)

When the doping concentration is high, the depletion region width becomes smaller.
Therefore, electrons can tunnel through the barrier, in addition to the thermionic
emission process. Electrons with sufficient energy are activated over the barrier and
electrons with less thermal energy are then able to tunnel through the thinner barrier.
The TFE therefore is a combination of the field emission and the thermionic emission

[38, 40, 41] and the current density can be expressed as:

3-6
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And the specific contact resistance is given as:
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Ey represents a characteristic energy which is related to the tunnelling probability and
depends on the doping concentration. The increase in Ey) with Np reflects the barrier
becoming thinner at higher doping levels, leading to increased carrier tunnelling.

Field emission (FE)

The tunnelling of charge carriers through the barrier is described by the field emission,
which is the case either for very high doping concentrations or very low temperatures.
The tunnelling is now possible without any thermal activation, as the barrier is thin

enough and the current can be given by:

T 3-10
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Jre % CXP : (exp(—j - lj
h\/mtunnelgs (¢Bn - A¢Bn) kT
and the resistivity for the field emission is equal to [38]:
k q4(Bp, = Adp) 0y
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The ratio kT/Eg, used in C; and C,, is a measure of the relative importance of the
thermionic process in relation to the tunnelling process [38]:



3 Metal — semiconductor contacts 25

- For kT/Egy >> 1 the thermionic emission (TE) dominates the current transport on a
barrier (Ny<10'7 cm™)

- For highly doped semiconductors or very low temperatures, kT/Eqy << 1 the current
transport can be described by the field emission (FE), which is the main transport
mechanism (for Np>10%° cm™).

- In the case that the thermionic and tunnelling processes are comparable, kT/Eqy = 1
the current transport on a Schottky barrier is described by the thermionic field emission
(TFE) (10" cm™<Np<10* cm™)
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Fig. 3-6: Simulation of the theoretical resistivity p. as a function of doping
concentration (Np) [23] for silver as a contact metal with a barrier height of
$=0.78 eV. The areas for the different current transport mechanism are marked and
the region for contact resistivities for printed and fired contacts on silicon solar cells is
illustrated.

The contact resistivities for all three current transport mechanisms are summarized as a
function of doping concentration in Fig. 3-6. All are dependent on Np and the different
areas where they are valid are marked. The resistivity is strongly reduced for higher
doping concentrations (Np>10"® cm™), which is the doping level of n-type silicon
emitters. As the resistivity of industrially produced silver contacts — printed and fired —
(area labeled in Fig. 3-6) is reduced due to a reduced contact area, the doping level has
to be very high (Np>10%° cm™) to guarantee an ohmic contact behavior. In general, the
experimentally determined values for the resistivity fit very well to the theory. In Fig.
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3-7 p. is plotted over Np for Al-n-Si contacts, measured at RT additionally to the
theoretically expected values for ¢z=0.7 eV and ¢z=0.6 eV [38].
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Fig. 3-7: Resistivity as a function of the doping concentration for different barrier
heights (left) and in combination with experimentally determined values for Al contacts
on n-doped silicon (right), taken from [38].

The influence of the barrier height on the resistivity is shown in Fig. 3-7 [34], where p.
is plotted as a function of Np for different barrier heights. For common materials, the
barrier height varies from 0.5 eV<¢p< 0.8 eV. Some average values are given in Table
3-1. The reported barrier heights are widely scattered e.g. for Ni between 0.55 eV and
0.74 ¢V, depending on the experiment. Half of the data are around 0.6 ¢V, therefore,
the given values are average values taken from [42]. The results for silver vary
between 0.62 eV and 0.78 eV and are only slightly higher than for nickel. The contact
formation using metals which form silicides is supposed to be preferred. However, the
difference in barrier height between metal-silicon or silicide-silicon contacts is
negligible; sometimes higher, sometimes lower and rarely exceeding 0.05 eV [35, 42].
The formation of silicide has therefore only a minor impact on the electrical contact
parameter. The advantage of silicide is more a mechanical aspect, as the metal, if it
forms a silicide, is chemically connected with the semiconductor and the adhesion is

increased. That is also the reason why silver contacts evaporated on silicon do not



3 Metal — semiconductor contacts 27

adhere, as silver does not form silicides in this case. Additionally, it should be
mentioned that the barrier height on p-type silicon is, in general, lower than on n-type.

o [eV] Ag Al Au Cr Cu Mg Ni Pd Pt Ti
n-type ~0.7 | ~0.7 | ~0.8 | ~0.55 | ~0.65 | ~0.55 | ~0.60 | ~0.75 | ~0.8 | ~0.5
p-type ~0.5 | ~0.5 | ~0.3 ~0.5 ~0.5 ~0.5

Table 3-1: Barrier heights for selected metals which are used for the metallization of
semiconductors. Metals, commonly used for the metallization of silicon solar cells are
highlighted [42].

3.3 Printed and fired contacts

Industrially fabricated solar cells are mainly metalized by printed contacts. The reason
for this is based on the simplicity and process speed of printing systems. The time
frame for the contact formation on a solar cell is currently about 1.5 s per wafer with
the trend to even shorter processing times. Therefore, metallization processes using
photolithography, as it is commonly used in microelectronics, is too time consuming
and can not be used to process solar cells. Currently several metallization methods are
under discussion, see below. The most promising are fine line printing of silver
contacts, which have to be fired, or the electroless plating of e.g. nickel. Regardless of
all new metallization concepts, the dominant technology is still screen-printing of a
metal paste and subsequent contact firing in a furnace at temperatures between
600°C<T<900°C. The high temperatures are necessary to open the ARC and to support
the reaction between the ink components and the silicon. The paste consists of a
solvent system, which is defined by the printing system, and inorganic powders, metal

powder and glass frit, responsible for the actual contact formation.

The first printed and fired contacts on silicon solar cells were studied by Ralph 1975
[43] and Frisson 1978 [44]. In the same year, Lin [45] evaluated the contact quality on
n'-Si and p-Si and Riemer [46] measured the contact resistance and gave a still valid
overview of the requirements of printed and fired contacts: low contact resistance to
silicon, low line resistance, negligible effect on the silicon substrate, good line
resolution, good solderability, good adhesion and low cost. Riemer additionally
mentioned the complexity of the contact formation in a firing step: “The evaluation of
thick film materials is complicated, by the infinite number of variables that can be

considered...”[46]. He separated the problem of contact formation into three areas: the
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composition of the ink, the processing conditions, and the properties of the silicon
wafers. According to Mertens and Cheek, the firing of the front silver contacts is the
most critical processing step in the cell manufacturing [47, 48]. Today, firing is still a
critical process step and the right process parameter has to be carefully evaluated:
when a new contact ink or paste is tested, or the substrate layout or structure has been
changed, the firing sequence needs to be optimized each time. Several process steps
are combined in a firing step: the front contacts are formed (see below and chapter
[49]); at the rear side and next to an ohmic contact, a highly doped p'-region, a so-
called aluminium BSF is formed, which reduces the surface recombination at the rear
side [50]. Finally, the bulk carrier life time is increased, especially for me-Si, due to an
enhanced hydrogen passivation by the fired SiN,H,-ARC coatings [51-53]. During the
1980s, two types of cell metallization were distinguished [47]: first, the ARC is
initially deposited on the wafer and the Ag front metallization is fired through the
dielectric coating, or second, the ARC is deposited after the firing of the front side
contacts. Only the first sequence, the firing through the ARC, is used today. It has the
advantage that the cell is protected by the dielectric layer and impurities can not
diffuse into the cell while it is exposed to high temperatures. The thermal budget of a
solar cell was reduced over the years, while Mertens 1984 [47] used 10-12 min,
Prudenziati 1988 [54] produced his cells with a reduced peak time of about 4 min. At
present, belt furnaces are generally used, where the wafers are exposed to the peak
temperature for less than 3 s. A typical firing profile is shown in Fig. 3-8.

Zone 1 A 3

Contact formation .
T~800°C Eutectic temperature
of the Al-Si melt

Tp=577°C °
Burn out T~500°C

temperature

time

Fig. 3-8:Typical temperature profile for a printed silicon solar cell.
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It starts with a burn out where all organic paste ingredients which are not volatile are
thermally decomposed. During the peak zone, where the wafer is heated within
seconds up to temperature of T~800°C, the actual contact formation occurs. The
cooling is usually as fast as the heating process and the wafer is rapidly cooled to RT.
A step in the measured temperature profile during cooling indicates the re-

crystallization of an aluminium-silicon phase at the eutectic temperature of Tg,=577°C.

34 Review of the current contact model

The contact formation of printed and fired silver contacts has been investigated during
the last few years [55-64]. The interface between front contact and silicon surface was
studied in detail by analyzing fired front contacts. Mainly scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and atomic force
microscopy (AFM) images together with electrical parameters of solar cells were used
to explain the role of the glass, the grow of silver crystallites and the possible current
flow. The dissolution or etching of silicon by the liquid lead-silver-glass melt and the
growth of the silver crystallites is dependent on the crystal orientation of silicon. Solar
cells processed by Cheek et al. performed better on (111)-Si than on (100)-Si and had a
considerably reduced contact resistance [45, 48]. The results were explained by the
fact that (111)-silicon oxidizes three times faster than (100)-silicon. The silicon oxide,
formed during the firing under oxygen, is etched by the molten glass. Cheek’s results
were confirmed by Khandilkar, who took SEM-images of different contact interfaces
on (111)-Si and (100)-Si. The crystal orientation of the substrate also defines the
silver-crystallite shape.

On (111)-silicon, the crystallites are quite shallow and lens-shaped, whereas on (100)-
Si the crystallites are pyramidal. Ballif proved the epitaxial growth of the Ag-
crystallites along the Si-lattices by high resolution TEM studies, again on contacts
fired on (111)-Si and (100)-Si. The shape of the crystallites fits very well to the crystal
orientation as modeled by Pysch [65].

Most of the studies were performed using commercially available pastes. Mertens et al.
were one of the first who reported in the mid-1980s cell results with “homemade”
pastes. It took more than 20 years before Schubert investigated the contact formation
by studying the reactions between the single ink components, silver, glass and silicon
in different combinations, with the aim to understand the reaction mechanisms and to
develop, together with a paste manufacturer, a lead-free front contact paste [23].
Within his work, he suggested a contact model which is based on his results and on the
investigation of the authors mentioned above:
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The contact formation is separated into several sections defined by the temperature.
During the burn out step at temperatures T<550°C, the glass frit melts and wets the
contact interface. At temperatures between 550°C<T<700°C the ARC is removed by
the molten glass. The actual contact formation occurs at temperatures of
700°C<T<800°C. Here the lead oxide, incorporated in the glass frit, reacts with silicon
at the same time lead is formed, which is able to melt surrounding silver grains. The
liquid lead-silver phase dissolves the (100)-Si planes and the formation of inverted
pyramids starts. Schubert proposed that the presence of lead lowers the temperature for
the interaction between silver and silicon. During cooling, silver and lead separate
according to the phase diagram. Silver recrystallizes on the (111)-Si planes of the
inverted pyramids and lead is found at the bottom side of the silver fingers.

100]-Silicon

Fig. 3-9: Model of the contact formation as published by Schubert [23].

The contact model also reveals the main difference between an evaporated and
printed/fired contact: in the case of an evaporated contact, the metal is in an intimate
contact with the silicon and the metalized area is equal to the contact area. Both are
unfortunately not the case for printed/fired contacts. The silver crystallites are
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separated by an insulating glass layer and the effective contact area is reduced to the
area covered by the crystallites. In Fig. 3-6 the resistivity for printed and fired silver
contacts is marked. The difference from the theoretically assumed resistivity and the
measured resistivity can be explained by the reduced contact area, (see chapter 9)

35 Possible current paths on printed contacts

Another controversially discussed topic is the current transport mechanism. Several
possible current paths between emitter and front side grid are explained by [57, 66],
and were extended for light-induced plated (LIP) contacts by [25, 65]. The following
mechanisms are proposed: first, the current transport between emitter and front side
contact is possible via single Ag-crystallites, which are either in direct contact with the
bulk silver or covered by a thin glass layer, and tunnelling is the transport mechanism
for the charge carrier. It is also possible that current flows between the emitter and the
bulk silver on contact areas where the ARC is opened and the bulk silver is in direct or
indirect contact with the emitter, and again, a direct or a tunnelling contact can be
imagined. These main transport mechanisms are enhanced if the printed and fired
contacts are additionally plated. Mette and Pysch measured a reduced contact
resistance for plated contacts [25, 65]. This reduced contact resistance leads to the
assumption that current flow between LIP-silver and silver crystallites/emitter is likely.
Detailed SEM studies have shown that in the surrounding of a screen printed and fired
contact, a narrow glass layer was found. During the firing process either glass leaks out
of the printed contact structure and exceeds the actual contact width, and/or a layer of
glass is left behind as the contact shrinks in width. The LIP-silver is grown on this
narrow glass layer and further contact points and additional current paths are possible.
Again, the current can flow via crystallites formed under the glass layer, and also
directly from the opened emitter into the LIP-silver, either direct or via tunnelling
trough the thin glass layer. The tunnelling is likely, as a large number of metal
precipitates were found in the narrow glass layer. Another advantage of LIP is the
increasing density of the initially porous sintered bulk-silver, which leads to a reduced
distance between emitter and bulk silver, and therefore to a reduced contact resistance.
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Fig. 3-10: Possible current paths on a fired and plated, screen printed front side
contact [25]

The main current path is still under discussion. Most of the above shown current paths
are related to Ag-crystallites grown into the emitter. The theory of a high quality
contact formation due to the epitaxial growth of the Ag-crystallites is generally
accepted [56, 57, 67]. However, it is suggested that the formation of silver crystallites
indicate an over-fired contact with a reduced contact and cell quality [58]. It is
suggested by Li and Young to keep the firing temperature in a range where the ARC is
opened by the glass frit, but the emitter is not affected and no silver crystallites are
formed. This “smooth” contact formation has the advantage that the pn-junction is not
affected by the penetration of metal impurities. In this case, the proposed current path
is defined by a multiple tunnelling process between the opened emitter and the bulk
silver, as shown in Fig. 3-10 (current path 6). Metal that precipitated within the glass
layer formed during the firing step is responsible for the effective tunnelling through a
>15 nm thick glass layer. Improved glass conductivity due to the presence of metal
precipitates was reported by Roy [68].

It is therefore not entirely clear in what way the contact inks and the firing process
should be optimized, and the open question is: is it preferable for the current transport
to have a large contact area by a widely opened SiN, coating and the contact is based
on a tunnelling process, or is it advantageous to have local contact points (Ag-
crystallites) where a direct connection between silicon and silver is possible?
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Within this chapter, the characterization methods used to understand the contact
formation, the electrical contact parameters, and the contact influence on the solar cell
are introduced. Information on the chemical reaction behind the contact formation can
be gained by thermal gravimetric - differential thermo analysis (TG-DTA). The
measurement was used to study the reaction between the individual ink components
with silicon. In order to describe the electrical contact quality, the contact resistance
and resistivity were determined using the transfer-length method (TLM). The influence
of the metal contacts on the solar cell, especially on the pn-junction, was tested with
SunsV,. measurements, an easy and fast method to determine the solar-cell IV-
characteristic without the influence of the series resistance. Further on, the processed
contacts were analyzed by several imaging methods like optical microscopy, confocal
microscopy, scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and atomic force microscopy (AFM).

4.1 Contact resistance measurement (TLM-method)

The best values to describe the electrical quality of an ms-contact are the contact
resistance or the resistivity (the specific contact resistance). The contact resistance can
be determined in several ways [69-71], All methods are based on a 4-point
measurement, where a current is applied between two points and the resulting voltage
is probed on two further points. The resulting resistance is overall independent of the
measurement. Different structures have been proposed to construct a test: the Kelvin
structure [72], Meier Schroder structure [34], square metallization pattern [46], a
dotted pattern [73], and finally the TLM or ladder structure [69, 74], (see Fig. 4-1).
Most measurements are developed for planar, evaporated contacts. In this work, most
contacts to be analyzed are printed and fired contacts on a rough surface. A suitable
measurement, especially for these contacts, is the transfer length method (TLM) as it is
a relatively simple test structure where equidistant fingers are cut out of a solar cell.
However, for a reliable result, the contact geometry must be known exactly and the
voltage measurement needs to be quite accurate, as the contact resistance is only a
small fraction of the measured resistance, see below. The method was originally
introduced by Shockley [74] and further refined by Berger and Murrmann [69, 75, 76],
who developed a test structure from which the front (R.) and end (R,) contact
resistance can be measured; both are necessary to determine the resistivity (o.).
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Fig. 4-1: TLM-structure with the resistor network for the front contact resistance
(right) and the end contact resistance measurement (left).

41.1 Measurement of R and the normalized contact resistance R;-W

The applied constant current / has to overcome two times the ms-junction (2xR,) and
the emitter in between (R,,,). The measured resistance Ry, is therefore equal to:

V.
R, = ]"’“ =2R +R, =2R

S
e T RSH W 41

i+l
with R, the contact resistance and Rgy the emitter sheet resistance.

If the measurement is repeated for varying distances between the contacts (s), the
values for Ry, can be plotted on a linear curve. From the intercept R., and from the
slope Rgy can be extracted. An example for a TLM-measurement on a sample with
equidistant contact pads is shown in Fig. 4-2. The measured value of R, is only the
total contact resistance for this specific structure. For the determination of a global
value, the specific contact resistance p,, i.e. the electrical contact geometry needs to be
known. That means in addition to the contact width (W), the length of the contact,
within which most of the applied current has entered the contact, the so-called transfer
length (L7) are required (see Fig. 4-3). However, for a comparison of similar contact
structures e.g. printed silver contacts of similar contact length (w,), a useful value is
the normalized contact resistance R. W, which is the actual contact resistance
multiplied by the contact width [37]. In this work, both values are used in parallel.
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Fig. 4-2: TLM-measurement, where the measured resistance Ry is plotted as a
function of the spacing (s) between the contact pads. From the slope the emitter sheet
resistance Rsy and from the intercept the contact resistance R. can be determined.

4.1.2 Determination of the specific contact resistance g,

The specific contact resistance, the resistivity p. which is independent on the contact
geometry can be determined if the effectively used contact area is known. The current
enters the contact laterally and is not homogenously distributed over the contact area,
but concentrated at the edges. If the current would be homogenously distributed over
the contact area, p. could be easily calculated by weighting the measured contact
resistance R, with the contact area w. W. Unfortunately this is not the case and the
resistivity is dependent on the current flow under the contact, the current crowding
[76, 77]. The distance at which the current density has dropped to 1/e from the initial
value is called transfer length (L7), (see Fig. 4-3).
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Fig. 4-3: Schematic drawing of the current entering the metal contact (left) and the
potential distribution over the contact, assuming the current is entering the contact
from both sides (right).

The distribution of the current and the according potential under the contact can be

described by: [78]

d0_Wyp  wa YO _R
d  p a —w

C
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with Ry the emitter sheet resistance under the contact.

Both equations can be combined to a differential equation of the second order:
2
dV(z) R,
dz*

As a constant current /, is applied between two contacts, the equation can be solved

V(z)=0. 4-3

C

using the following boundary conditions: The current at the contact position /=0 is [,
and all current enters the contact within the contact length /., the current at the end of
the contact /(1,)=0 and the contact width w>>/. and Ly and the line resistivity of the
contact metal is negligible. The differential equation can then be solved and R, can be

calculated to:
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Assuming the sheet resistance under the contact Ry is the same as next to the contact
Rgy, the resistivity and the transfer length can be calculated as R, and all the
geometrical values are known. However, it is very likely that the emitter concentration
under the contact changes, either by the formation of silicides or due to the etching of
the paste components into the emitter. Therefore an additional measurement where the
end contact resistance R, is determined is necessary. The voltage drop is measured
between a finger of the current — circuit and an adjacent finger, as illustrated in Fig.

4-1. The end resistance is defined as:

_Vw,) _ RyL; 1
10 W

w, 4-6

sinh
T

If R, and R, have been measured experimentally, the transfer length can be determined

by the ratio of R, and R,

C

R w
—& =cosh| == |. 4-7
Re T
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Furthermore, the sheet resistance under the contact Ry, from Eq.4-6 and finally the

resistivity p. using Eq.4-5 can be calculated:

2
P. =L Ry 8
Two limiting cases are useful to simplify Eq.4-4 [37]

1) We > ]5LT 9RL‘ = LTRS/W = pc/LTW
2) w.<0.5L; DPPR.=p/wW

For the first case, where the contact structure exceeds the transfer length, R, is
dependent on Ly or put another way, R. is independent of the contact length /. as all the
current enters the contact metal near the edge and the rest of the contact is inactive. In
the second case, where Ly is larger than the contact length /. the entire contact area is
used for the current transfer and the transfer length L7 is substituted by the /. The
relation between R,, p, and contact length /. is illustrated in Fig. 4-4. With increasing
contact length /. the contact resistance R, is strongly reduced in the beginning, in the
range where Ly is the important factor for the current transfer, approaching a constant
value as soon as /. exceeds Ly (case 1). The resistivity p. is steadily increased, as it is
always weighted by the contact area, which is increased for wider contacts. For small
contact length /. the resistivity increases almost at a constant rate due to the additional
contact area being almost compensated by a more effective current transfer, rising with
a constant slope as soon as /.>>Ly. The contact length can therefore be reduced until it
is in the range of the transfer length before the contact resistance, which is the limiting
parameter for the solar cell, is increased. This is assuming the series resistance is

constant, which is the case for the two layer contact concept in particular.
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Fig. 4-4: Illustration of relationship between contact length w. and contact resistance
and resistivity for a constant transfer length, taken from [25].

4.2 I~V characteristic - SunsV,; — measurement

Lse-Voe curves measured independent of the light intensity are a versatile tool to
investigate the physics of silicon solar cells. Since Ise-Voc curves are unaffected by the
series resistance R [79], the pseudo fill factor pFF, and the pseudo efficiency as an
upper limit for the cell performance can be determined. Especially the series-
resistance-free pseudo fill factor of the Ise-Voc curve is an excellent measure for the
diode quality determined by shunts and junction recombination. It is the upper limit

when optimizing the series resistance of silicon solar cells.

The standard /V-curve measured under constant illumination can be described by a
single diode:

q
I1=1)exp —\V —-IR -1|-1 -
0 p[ l’lkT( s )j Ph 4-9

The cell is connected to an external resistive load which is varied between short circuit
and open circuit conditions. The current flow and the resulting voltage are measured.
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In this case, the series resistance influences the measurement and follows all cell
parameters, like FF and efficiency.

In the case of an [ -V,. characteristic where the light intensity is varied, the
measurement is free of series resistance losses, as the voltage is measured under open
circuit conditions and alternating the current is measured under short circuit
conditions:

I=1)exp| —=V,. |-1|-1, 4-10
nkT

An elegant way to measure a [-V,. characteristic is the SunsV,-measurement as
proposed by Cuevas and Sinton [80]. The measurement, called the quasi-steady state
open-circuit voltage method (qssV,.), is a fast and easy method to measure the /,.-V,.
characteristic of a solar cell under varying illumination, Fig. 4-5. To illuminate the
solar cell, a flash light is used. The short-circuit current of the cell is not actually
measured at every light intensity. Instead, the incident light intensity is measured with
a calibrated reference solar cell. This incident light intensity can be converted to a
measure of current by using the short-circuit current or the modelled photogeneration
of the test sample (fsuusyoc=/scii-suns))- The light is varied in a way that the resulting
voltage at the solar cell can be measured in a quasi steady state. The /V-curves of a
solar cell measured under a constant light intensity (IV-curve) and under a varying
light intensity (SunsV,.) are shown in Fig. 4-6. From the comparison of both curves at
the point of maximum power voltage, the series resistance R, can be determined [79].
Cuevas and Sinton have described the observation of a SunsVoc measurement with a
reversal point [80]. For illumination densities above this reversal point, the voltage is
decreasing with increasing illumination densities. They attributed this to the Schottky-
barrier formed between the p-type silicon and the rear-side aluminium. This effect was
investigated in detail by Glunz [7], who studied the cell response (V,.) at very high
illumination for different rear sides. He found the SunsV,. measurement to be a helpful
tool in order to qualify of the back contact junction. It is further proposed by Cuevas to
use the SunsV,. method to acquire useful cell data, directly after pn-junction
formation. As long as it is possible to form an ohmic point contact on the cell, e.g. by a
sharp probe, an IV-curve can be measured without any metallization. It is therefore
possible to use the SunsV,. measurement to quantify the influence of the contact

formation on the solar cell efficiency.
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4.3 Thermal gravimetric - differential thermo analysis (TG-
DTA)

The combination of thermo-gravimetric (TG) and differential-thermo analysis (DTA)
was used to study the reaction mechanism behind the front-contact formation in a
firing step. The thermo-gravimetric measurement is used to determine the mass and the
mass variation respectively of a sample, in dependence on the temperature and/or time.
A schematic diagram is shown in Fig. 4-7 (TG-curve). The sample is heated up in a
thermally stable crucible, e.g. platinum or ceramic. The sample holder is connected to
a sensitive balance which measures the mass changes. A thermocouple close to the
sample measures the temperature (see Fig. 4-8a). The mass of a sample can change by
evaporation, combustion and chemical reaction e.g. oxidation or reduction processes.
Important for the measurement is the used atmosphere, the reaction gas. Chemical
reactions can be studied in oxidizing- (O,), reducing- (N,/H,), or under inert- (N,, Ar)
atmospheres. The evolving reaction gases from the sample can be additionally
analyzed if the exhaust of the TG is coupled e.g. with a mass spectrometer (MS). The
reaction information gained from a TG-measurement is the mass loss, the reaction
temperature and the reaction kinetics. From this information one can draw a conclusion
on the reaction that has occurred.

1 TG Curve .

DTA Curve

T T T T TN

] \
\"4

1 Exothermic peak i

mass loss/DTA-signal

time/temperature

Fig. 4-7: Signals, determined from a TG-DTA measurement.
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Additional information on the reaction characteristics can be given by the differential-
thermo-analysis (DTA). The DTA uses the temperature difference between sample and
reference during a controlled temperature program. The measurement system is the
same as for a TG-measurement, aside from the sample holder. A DTA-sample holder,
shown in Fig. 4-8b), consists of two cups where each is connected to a thermocouple.
The sample holder again is placed in a furnace on a sensitive balance. During a
controlled temperature program, the measured temperature on reference, usually an
empty cup and sample, can be different and is dependent on the chemical reactions or
phase changes of the studied sample. It can be distinguished between exothermic
reactions where additional reaction heat is produced (e.g. due to condensation energy)
or endothermic reaction, where reaction heat is “consumed” (e.g. during melting). The
difference in thermal voltage, as measured by the thermocouples, is plotted as a
function of temperature/time (see Fig. 4-7 DTA-curve). A signal including some
characteristic temperature points is shown in Fig. 4-9.

a) b)

Sample

1L

Furnace

Balance

Fig. 4-8: Schematic setup of a thermo gravimetric (TG) measurement (left) and a DTA-
sample holder (right) [81].
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Fig. 4-9: Characteristic points in a DTA-signal



5 Aerosol printing technique

The metal aerosol printer is a Maskless Mesoscale Material Deposition (M3D)
technique from Optomec INC., USA. The system was designed to close the gap
between photolithographically defined structures (<100 nm) and thick film printed
features (~100 um) for microelectronic applications. Using a well designed ink,
features as small as 10 pum can be deposited contactless on flexible and thin substrates
[82]. The technology became available in 2004 and was designed for the rapid

prototyping of electronic equipment, legacy repair and for laboratory experiments [83].

In 2004, one of the first systems was installed at Fraunhofer ISE by A. Mette and P.
Richter [9, 84] to deposit front side contacts on silicon solar cells. This was the first
time that an aerosol system was used to process solar cells. The system was chosen due
to its flexibility and its ability to perform contactless fine line printing. The deposition
of different line widths and line distances, front side grids and test patterns is
straighforward, as CAD-drawings can be translated into machine code and be directly
printed. Additionally, the system is used to study the contact formation of fine line
printed contacts on silicon solar cells. A variety of different materials and inks can be
tested, as it is relatively easy to change the ink. Nevertheless, before we could start the
processing and printing of solar cells, some obstacles had to be overcome. The main
problem, beside some minor hardware issues in the beginning, was the lack of a
suitable ink. As soon as the right ink parameters like particle size, viscosity, and solid
load were determined, we were able to study a variety of different ink compositions in
order to optimize the contact formation with a shallow, thin ink layer. After
optimization of both, contact ink and printing parameter, lines with below 20 pm could

be deposited.

51 Printing system
The main parts of the system are illustrated in Fig. 5-1-Fig. 5-4. The deposition of

material is a two step procedure. Initially an aerosol is created in a nebulizer,
concentrated in a virtual impactor and finally focused and deposited using a printing
head.

An aerosol can be generated from an ink, either by compressed air nebulizers or by
ultrasonic nebulizers. The utilized atomization technique depends on the ink
parameters, or to put it another way, the atomization technique defines the ink
requirements. Inks with a low viscosity u#<10 mPas and a small particle size
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distribution d5,<50 nm can be atomized ultrasonically. Slurries and suspensions, as
mostly used for contact inks, can be atomized by compressed air. The diameter of the
aerosol droplets may range from less than d,;,<10 pm up to 100 um or more,
depending on the nebulizer. Different compressed air atomization techniques are
available, like Collison, DeVilbiss, Lauterbach, Laskin, Wright, or Lovelace
nebulizers; an extended list and description of the different atomizer types is given by
Raabe [85]. They are characterized by aerosol parameters like output rate, aerosol
density, air volume, droplet size and size distribution. In general, the application
determines the choice of a nebulizer. For an aerosol printer, the requirements are: a
high aerosol density (10'®m™) [86] produced with small gas flow rates (50-120
ml/min), and a mean droplet size in the range of 1-3 pm. These requirements can only
be fulfilled by an ultrasonic atomizer, as the gas flow rates are too small for any
pneumatic atomization. In order to allow the use of a pneumatic atomizer, an
additional device, called a virtual impactor, is used to concentrate the aerosol. In our
aerosol printing system, the nebulizer used for slurries with viscosities up to 1000
mPas is a so-called Collison atomizer. It was introduced in 1932 by W. E. Collison
[87], mainly for medical purposes. The working principle is illustrated in Fig. 5-3. The
atomizer consists of one or more orifices of various diameters, e.g. 0.3 mm, set at right
angles to a vertical liquid feed channel within a cylindrical metallic rod. Compressed
air is accelerated by the orifice over the liquid feed channel, and due to the Venturi
effect, ink is pressed into the channel and atomized by the air stream. Most of the
liquid, including large droplets, is collected by impaction and remains in the ink jar.
The produced droplet size distribution depends on the requirement and is in the range
of 2 um. Since the atomization gas is used as a transport gas for the aerosol and the
flow rates with 1-4 I/min are too high for a direct deposition, the aerosol has to pass a
virtual impactor; about 95% of the gas is separated from the aerosol. A schematic
drawing of the virtual impactor is given in Fig. 5-4.
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Fig. 5-1: Schematic drawing of an Fig. 5-2: Simulation of the print head.
aerosol printing system with its main The aerosol is focused by the sheath
components and gas flows. gas to a dense aerosol jet.

Virtual impactors are technically used to separate small particles or droplets from large
ones [88]. In principle, they consist of two oppositely directed funnels called jets. The
jets are separated by a small gap. The jet diameter and the jet distance define the
particle separation. Larger droplets, which possess a higher inertial momentum, follow
the main gas stream and overcome the gap between the two jets, whereas small
droplets, or in this application simply air (atomization gas) with a small initial
momentum, is guided out of the system. The two jets are encapsulated and a vacuum
pump helps actively to separate the gas from the droplets. The remaining concentrated
and condensed aerosol is forwarded into the deposition head, Fig. 5-2.
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Inside the deposition head, the condensed aerosol is focused and forwarded into the
nozzle. The technique is based on a principle which is used in optical aerosol particle
counters [89]. The print head consists of two interconnected tubes ending on top of a
nozzle. The aerosol flows through the inner tube with a low velocity. A second gas
stream, called sheath air, flows laminar in the outer tube having a higher velocity. On
top of the nozzle, the sheath gas surrounds the aerosol and streams through the nozzle.
The sheath gas focuses the aerosol and prevents it from touching the wall. As a result,
a narrow and dense aerosol jet exits the tip and is deposited as a thin line on the
substrate. The line width can be influenced by the ratio of sheath gas flow to
condensed aerosol flow. By increasing the sheath gas flow rate, the line becomes
narrower. The simulation, see Fig. 5-5, which is based on water vapour (aerosol) and
nitrogen gas (sheath gas), shows this tendency. The optimum for the ratio (generation
gas:sheath gas) was found at 1:4, which is quite consistent with the experimentally
determined ratio. If the sheath gas rates getting too high, no significant change in line
width is observed; on the contrary, the aerodynamic behaviour of the gas streams
changes and sheath gas and aerosol are partly mixed. The result is a very narrow line
with a broad overspray. The material output is reduced as well and if the sheath gas
rates are too high, the aerosol flow can be totally stopped. For a good line definition,
the ratio should be kept in the range of 1:3 — 1:5. The line width can be effectively
influenced by the nozzle diameter. A set of nozzles with openings between 100 pm
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and 300 pm are available. The jet diameter is more than 10 times smaller than the
nozzle opening itself. Depending on the ink and the substrate, the line width can be 3-
10 times smaller than the nozzle opening. For the metallization of textured solar cells,
a factor of 5 is typical, as the inks tend to wet the textured substrate. The wetting is
more distinct for an alkaline texture than for an acidic texture. The structured pyramids
present no barrier to the ink; the wetting is even reinforced by the pyramids as the
liquid ink is driven into the valleys by capillary forces. The wetting and the broadening
of printed lines can be minimized if hot melt inks are used [90]. These inks condensate
as soon as the ink droplets touch the cold solar cell surface. Another option to avoid
wetting is the evaporation of ink solvents directly on the wafer surface by heating the
substrate. Both methods give similar results, and line width below w,<20 um can be

achieved on textured solar cells using a 100 um nozzle opening (see Fig. 5-7).

~109um

Fig. 5-5: Simulation of the aerosol flow in a single head dependent on the gas flow
rates, 1.5 — 5 (sheath gas:aerosol gas). The simulated aerosol is water vapor and the
nozzle opening was 200 pm.

Currently there are two printing systems available at ISE: one for laboratory use and
one for industrial fabrication. In 2004 only a single nozzle system was available. The
metallization of a single 15.6x15.6 cm? cell took about 20 min, which is by far too
long. Currently, the industrial requested printing time for a solar cell is about 1-1.5 sec.
Therefore, an upscale of the system was necessary. Instead of printing the whole front
side grid with one nozzle, one nozzle for each contact finger should be applied. For a
proof of concept, a 10-nozzle head was successfully tested at ISE, with a nozzle
distance of about 4 mm. The reduced printing time to 1-3 min per wafer is in a range
where the lab fabrication makes sense. Process times below 1 min are possible, if only

the fingers are printed; the double process time can be estimated if additionally the bus



50 5 Aerosol printing technique

bars are aerosol printed by multiple path printing. The front side grid and the inks can
then be optimized on a sufficiently large number of wafers. For an industrial use it is
still too slow and further improvements were necessary. Since the number of nozzles
could be increased from one to ten without problems like clogging, a further increase
to 40 nozzles was realized as well. The printing principle is still the same, instead of
ten, 40 nozzles are switched in parallel in a single print head. All nozzles are fed by
one aerosol chamber. The construction is more compact, the aerosol paths are shorter,
the atomizer works more efficiently and the printing speed can be increased up to
100 mm/s, resulting in a process time of about 3 sec for a large wafer. The company
Manz Automatisation has recently begun to deliver a fully integrated aerosol printer

for mass production.

By increasing the number of nozzles, the system became faster; however, it lost one
very important feature, its flexibility. Only straight lines of fixed distance can be
printed. For experimental use, the single or the ten nozzle system is still preferred. An
often-requested application is the filling of laser groves or the ink deposition on
predefined structures, like an opened dielectric layer or a selectively diffused emitter.

deposition head

Fig. 5-6: Picture of a single-nozzle
deposition head. It is used for the
flexible deposition of front side grids
or test structures and to print on
predefined structures like selective
emitters or laser grooves, as the
alignment with a single nozzle is
quite accurate.

Fig. 5-7: Microscopic picture of an
aerosol printed line. The 100 um
wide nozzle opening is symbolized by
the red circle. The deposited line is,
as expected, about 5 times thinner
than the nozzle opening.
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Fig. 5-8: Picture of a ten nozzle print Fig. 5-9: Picture of a 40 nozzle head, as it
head. The upper tube supplies the is principally used in the aerosol printer
head with aerosol; the lower is the offered by Manz Automatisation.

sheath gas inlet.

5.2 Ink requirements

The ink requirements had to be determined before we could start with the ink
preparation and especially before different inks could be tested and optimized. When
we started working with the aerosol printer, there was no ink available which could be
used in an aerosol printer to contact a solar cell. Due to the lack of a suitable ink, our
first promising solar cell results could be achieved using commercially available
screen-print paste as it is used in a standard production process. Such a paste has solid
loads up to 80m% and viscosities higher than 10 Pas. To transfer a screen-print paste
into an aerosol ink, it has to be diluted to reduce the dynamic viscosity below p<I Pas.
The solid load drops due to the dilution from 80m% to approximately 60m%, which is
still sufficient for a seed layer print. With such an ink we could already achieve very
good solar cell results [9]. However, printing uptime and especially printing speed
were limited. Printing was stopped about every 10-20 min due to clogging of the
nozzle. The line definition was also quite poor and line widths below 80 pm were
hardly possible. After adapting the viscosity according to specification, the particle
size had to be adjusted as well to guarantee a stable printing process and the deposition
of fine, well defined lines.
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5.2.1 Particle size

The particle size is crucial for both, the aerosol generation and the deposition. During
the pneumatic aerosol generation, large particles are separated from small ones. The
larger particles are atomized against the wall of the jar and remain in the ink vessel,
whereas smaller droplets, loaded with smaller particles are carried by the gas flow
towards the deposition head (see Fig. 5-3). To find the optimum particle size for a
highly silver loaded aerosol ink, a diluted screen-print paste with a wide particle size
distribution, and a second paste with a narrower and smaller particle size distribution
were analyzed in a laser particle analyzer before and after printing, (see Fig. 5-10 and
Fig. 5-11). The size distribution of the diluted screen print ink originally contained
particles from under 100 nm up to diameters of more than 6 um. However, the printed
and deposited material contains only particles smaller than 2 um, with an average
particle size of around d,=500 nm. Only small particles are atomized, whereas the
large particles remain in the ink vessel. Obviously, larger particles are atomized
incidentally, as clogging was one of the main issues when using a diluted screen print
ink. If an ink with an original particle size distribution below 1 um is atomized, no
separation in particle size and no clogging were observed. Whether the particle size is
in the right range or not can easily be controlled by measuring the solid load of the ink,
which should be the same before and after deposition. The diluted screen print ink lost
about 1/3 of solids after printing; only small particles and solvents were atomized.
Therefore, the ink composition, i.e. the ratio of silver:glass, has changed as well, as the
silver and glass particles are probably not homogenously distributed. In case of the
monodisperse sub-micrometer ink, the solid load before and after printing and the size
distribution remain constant with an average value of d,= 250 nm. For an efficient
atomization, the particle size should be as small as possible, at least <1 um.
Furthermore, a narrower particle size distribution or the use of monodisperse particles
is preferred, as the aerosol generation and the material deposition are more
homogeneous under these conditions. This has the beneficial effect of generating more
aerosols without any ink deposition in the system — clogging can be avoided, thus the
printing speed can be increased as well as the system uptime.
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The deposition head requires the right particle/droplet size distribution. Whereas for
the aerosol generation, a lower limit in particle size does not exist; the smaller the
particles are, the more aerosol is generated; the droplet size in the deposition head is
limited, (see Fig. 5-15 ). For the simulation, steel particles of different sizes (5 um,
1 um and 0.1 um) were assumed at optimized gas flows. Particles that are too large
cannot be focused by the sheath gas, resulting in contact with the print head and the
nozzle. The particles are deposited inside the printing head, making piling up and
clogging of the tip unavoidable. For particles/droplets far smaller than 1 pm, the



54 5 Aerosol printing technique

diameter of the aerosol jet is increased. The motion of a particle, and the forces which
interact between the carrier gas and the particle, especially in a slowly converging
micro-capillary as it is the case in an aerosol tip, were studied by Akhatov [91, 92].
The aerosol flow can be described in total by seven forces: the Stokes drag force,
which represents a steady viscous drag force; the Basset force, which represents a non-
steady viscous drag force; virtual mass force, which represents the inertia of the fluid
around a particle added to that particle; fluid pressure gradient force, gravity force, the
Magnus force, which represents a steady lift force of a viscous fluid on a rotating
particles; and the Saffman force, which represents a steady lift force induced by the
local shear flow of a viscous fluid. The dominant forces are the Stokes and Saffman
force. Especially the Saffman force is responsible for the formation of a collimated
aerosol beam [93]. It describes a force perpendicular to the direction of flow and was
first observed by Poiseuille [94] for red blood cells, which tend to avoid vessel walls
when flowing trough capillaries. That means, that particles/droplet in an aerosol
system tend to move towards the centre of the aerosol beam. As the Saffman force is
proportional to the square of the particle size, larger particles (~1 pm) are more
affected than smaller particles (~0.2 nm) and are therefore more focused than smaller
ones [91]. Schulz [95] showed theoretically and experimentally the influence of the
Saffman forces on the diameter of the aerosol beam. He built a nozzle which enforces
the Staffman forces, consisting of converging and diverging nozzle and he could
reduce the diameter of the aerosol beam and consequently the deposited line width
below w,.<10 um [95].

The optimum was found for particles/droplets in the range of 1 um. The motion of
small particles in gasses such as aerosol can be described theoretically by Stokes’ law.
The Newtonian resistance law is generally used to describe the motion of spheres
passing through a gas, and is primarily used for spheres with high inertial forces and
high Reynolds numbers Re>1000. The Reynolds number is the ratio of initial to
viscous forces. For an aerosol where the Reynolds number is rather small Re<1
(laminar flow) and made up of quite small particles, the forces on a particle are
dominated by viscous forces and can be described by Stokes’ law:

F, =3muvd 5.1

with the viscosity g, the velocity of a spherical particle /" and its diameter d,.

A special application of Stokes’ law is the description of curvilinear particle motion,
which is characterized by a dimensionless number called Stokes’ number (Stk). It
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describes the motion of a particle around an obstacle. When Stk>>1, particles continue
moving in a straight line when the gas turns; when Stk<<1, particles follow the gas
streamlines perfectly. The Stokes number is dependent on the geometry and for the
special case of inertial impaction, (see Fig. 5-14), it is given by:

U B ppd;UCc
Dj /2 9IUdnoz

where 7is called the relaxation time of the particle, characterizing the time required for

5-2

Stk =

a particle to adjust or “relax” its velocity to a new condition of forces. C, is the
Cunningham correction factor and corrects the assumption in Stokes’ law that the
relative velocity of the gas at the surface of a sphere is zero, which is especially not the
case for small particles <I pm. p, is the density of the particle, d, is the particle
diameter and u is the viscosity. U is the particle velocity at the nozzle exit and d,,,, is

the nozzle diameter. Detailed information is given by Hinds[96]

The inertial impaction finds many applications in the collection and measurement of
acrosol particles. In an aerosol printer it is used twice: the virtual impactor and the
acrosol deposition can be described as inertial impactions. All inertial impactors
operate on the same principle, as shown in Fig. 5-14, where an aerosol is passed
through a nozzle and the output stream (jet) directed against a flat plate, called the
impaction plate. The gas flow represented by the stream lines is deflected by the
impaction plate and is bent by 90°. Larger particles, i.e. particles with a large inertia
momentum, are unable to follow the streamlines and collide (impact) on the plate,
whereas small particles (with small inertia momentum) can follow the streamlines and
remain airborne and flow out of the impactor. In the case of the virtual impactor, the
impaction plate is replaced by a jet, which collects and separates the larger particles
from the smaller particles and the major gas flow (see Fig. 5-4). The remaining larger
particles at this point have the right size distribution for the next impactor, the
deposition on a substrate. Here they are supposed to be deposited in a possible straight

motion.
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Fig. 5-14: Schematic drawing of an inertial impactor.

The trajectory at the nozzle orifice is determined by the particle/droplet size. Large
particles with a large inertial momentum and a high Stokes number (>>1) tend to
maintain a straight line from the nozzle opening to the substrate. Particles with a low
Stokes number predominately follow the gas stream lines. Instead of impacting on the
substrate they follow the shear flow tangent to the substrate. As a virtual impactor is
used right before the deposition, all droplets should be in the right range for being
deposited; however, it can happen that the droplets change their diameter. The critical
lower limit in droplet size <0.5 um can be reached, if particles are used which are
smaller than 0.5 pm together with volatile solvents. If the droplets dry during printing,
the initial nano-sized particles determine the deposition quality. To avoid the
contamination of air with metal aerosols, non-volatile solvents like glycol ether are
used for the ink preparation.

In conclusion, the deposition of well-defined fine lines on silicon solar cells is
possible, if droplet size is in the right range; around 1 pm. For an efficient atomization,
the particles should be as small as possible, and a non-volatile solvent is required to
avoid both the drying of the ink inside the atomizer jar and the drying of the droplets
on their way from the atomizer towards the deposition head.
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Fig. 5-15: Simulation of aerosol flow inside the deposition head for different particle
sizes. Monodisperse spherical steel particles were assumed for the simulation with a
diameter of a) 5 um, b) 1 um, ¢) 0.1 um.

5.2.2 Viscosity and throughput

The viscosity predominately determines the amount of ink which is atomized and
therefore deposited on the substrate. The viscosity is only of interest for atomization,
and for the definition of the deposited line. In general, the lower the viscosity, the more
ink is deposited and the higher can be the printing speed.
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It is difficult to determine a limit for the viscosity, as the atomization is also dependent
on the rheology. Ideally the inks should behave Newtonian or sheer thinning. For these
liquids the viscosity should be below 1 Pas, better <0.5 Pas at small sheer rates <10 s,

measured with a rheometer with cone-plate geometry.

The deposited amount of ink is given by the throughput of dry material and has the
unit [mg/nozzle/min]. It is strongly dependent on the ink viscosity, as shown in Fig.
5-17. All ink parameters related to the ink, like throughput or ink density, are
determined for the deposited and dried ink, as only the solid ink components are of
interest for the contact formation. The solid load of inks is not constant and can vary
during the deposition. The ink amount is determined by measuring the ink mass after
printing on a glass plate for a defined period of time. The ink on the glass plate is dried
at a temperature of about 7=250°C for 5 min. In addition to the throughput of wet and
dry material the solid load of the ink is known. From the dry throughput, the ink
density per area p, with the unit [g/m?] can be determined from the line width and
printing speed. The minimum amount of ink per area (the ink density) has to be
experimentally defined for each contact ink by printing at different speeds or by
multiple path printing. As soon as the required ink density is known, the printing speed
can be adjusted according to the throughput. The throughput is a strongly ink-related

parameter, whereas the ink density is more dependent on the printer settings.

P

Pa=—"_— -
4 W, XV 33

where ¢, is the dry throughput, w the line width and v the printing speed.

For example, if a new ink is tested, the maximum throughput for a stable aerosol
printing process is measured. In the next step, the necessary ink density is determined
by multiple layer printing and finally the optimum or maximum printing speed is
defined. There are inks which require a density less than 3 g/m? (see chapter 9), but
there are also inks where 6 g/m? is still too little. In Fig. 5-18 an area is marked for
different, successfully tested ink densities. The results are based on experimental data
from more than 30 tested inks. The ink densities in this graph are calculated based on a
printing speed of 100 mm/s, as it is required for an industrial production. By changing
the line width, the necessary throughput can be drastically reduced. The highest
throughput measured at ISE was 1.0 mg/min for an ink which demands an ink density
of about 6 g/m?. According to Fig. 5-19, the printing speed for this ink is limited to
50 mm/s. With a proper ink, printing speeds of 100 mm/s and more are possible.
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The maximum printing speed can be assumed as follows:

For example, the necessary ink density is set at p,~4 g/m? and the line width at
w=50 pm. To get the maximum possible printing speed, we need to calculate the
theoretically possible throughput. Therefore, the volume of aerosol passing through a
nozzle is calculated (¢,.,) as well as the density of the aerosol (p,.,,) and multiplied
with each other.

. 4(d
_ % _ Jet P - drp 54
¢d - ¢aero Paere = 2 w gas ndrp 3 2 s

The diameter of the aerosol jet inside a 200 pm wide nozzle is assumed to be
d;e=10 pm. The gas flow rates for the 200 um nozzle are set at 100 ml/min (sheath
gas) and 25 ml/min for the aerosol gas, which gives a total gas flow of
Peas=125 ml/min. With the nozzle opening, the gas speed can be calculated as v,=66
m/s. The aerosol jet dj,=10 um can transport a volume of ¢,,,=0.3 ml/min. The
aerosol density can be calculated with the droplet density pd,p=1010 em”. The droplet
diameter d;,=1 um and the ink density p;,=2.3 g¢/ml and gives a value of
Puero=12 mg/cm™. If we now multiply the aerosol density of 12 mg/cm™ by the aerosol
volume of 0.3 cm™/min, we get the desired ink throughput of ¢,=3.7 mg/min. The ink
has a solid content of about 60m%, therefore the throughput is reduced to the dry
throughput of 2.2 mg/min. With the desired ink density of 4 g/m?, the line width of
w=50 um, and the calculated throughput of 2.2 mg/min, the theoretically possible
printing speed is V,,,,=180 mm/s.

The uncertainties in this calculation are the aerosol density, and especially the aerosol
jet diameter and the droplet size. In theory, a printing speed of above 100 mm/s should
be possible.
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band, within a contact formation is

possible.

5.2.3 Ink preparation

The aerosol inks used for this study are mixed according to the properties determined
above. The main components of a metal ink for a contact formation on silicon solar
cells in a fast firing step are silver, which acts as a contact and conductive metal, a
glass frit, which promotes the contact formation and improves the adhesion, and/or a
low melting oxide, such as lead oxide or bismuth oxide, which can substitute the glass.
The advantages or disadvantages of using the pure oxide or a glass frit are described
later in chapter 8. Besides the inorganic ingredients the ink contains: organic solvents,
dispersant agent, and eventually additives to adjust the rheology. The size distribution
of all used solids should be below 1 pm. Small particles can in general be produced in
two ways (see Fig. 5-20): In a so-called top-down method or in a bottom-up method.
The first one means the mechanical grinding of large particles until the required size
distribution is achieved, and the bottom-up method describes the wet chemical
formation of solids from solutions.

The contact promoter, lead oxide or bismuth oxide, was either added directly to the ink
or in the form of a glass frit. The pure oxides were purchased whereas the glass was
manufactured. The mixture of oxides is filled in an alumina crucible heated in a
furnace to 1000°C (above the melting point of lead oxide or bismuth oxide). The
reactive oxide melt solves the further metal oxides, silicon dioxide and boron oxide,
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and a glass is formed. The hot liquid glass is poured into cold water and fritted. The
solid glass frit of about 1 mm in size is grinded in a ball mill down to a particle size
distribution of a dgp<1 um. The milling of particles in the sub-micrometer range is not
easy and often agglomerates are formed. We used a zircon oxide jar, 1-3 mm ZrO balls
and milled the glass in a dispersion of glycol ether, the same solvent as used for the ink
fabrication, to minimize the agglomeration. Milling times of about 4 hours are

necessary to achieve the desired size distribution.

Small metal particles, e.g. silver from a few nanometers up to around 1 pm can be
produced wet-chemically with bottom-up methods [97]. These syntheses are either
based on the precipitation of metal particles from a metal salt solution using reducing
agents, or on electrochemical pathways or the controlled decomposition of metastable
organometallic compounds. Quite well-defined nano-sized crystallites can be formed
by the use of reverse micelles [98]. The chemical reduction of transition metal salts in
the presence of stabilizing agents to generate metal colloids in aqueous or organic
media, was first published in 1857 by Faraday [99]. The formed nano-sized particles
and colloids can be protected from agglomeration by two methods:, electrostatic
stabilization and steric stabilization [100]. The electrostatic stabilization is based on
the Coulombic repulsion between the particles, caused by the electrical double layer
formed by ions adsorbed at the particle surface. The electrostatic stabilization is
effective in media with high dielectric constants like water. In our ink, the steric
stabilization is more effective. It is achieved by the coordination of sterically
demanding organic molecules that act as protective shields on the metallic surface.
This way, nano-metallic cores are separated from each other and agglomeration is
prevented. Silver particles, sterically stabilized in the size range of 0.1-1 um, as
required for aerosol printing, were produced in a method described by Velinkov [101].
The metal source, silver nitrate (AgNO3), was solved in water and added to a variable
amount of stock solution of gum arabic (stabilizer). The reducing agent citric acid was
also solved in water and added to a solution of gum arabic. Under vigorous stirring, the
silver solution was quickly added to the acid solution. As a result of the size-dependent
extinction of the silver particles, the colour of the solution turned from transparent to
black and then to dark brown-gray as the scattering contribution increased. The size of
the particles can be controlled by changing the amounts and ratios of reaction agent, as
well as by varying the pH value from the acid solution using NaOH. After several
hours of stirring, the particles were washed with water and separated by sedimentation.
Silver particles prepared by this method are shown in Fig. 5-21. In Fig. 5-22.

commercially available nano-sized spheres are shown.
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Fig. 5-20: Schematic preparation methods for small particles

Fig. 5-21: SEM-image of small silver Fig. 5-22: SEM-image of almost
spheres, prepared at ISE monodisperse sub-micrometer spheres

As the amount of silver particles necessary for the fabrication of a metal ink exceeds
our production capacity, we purchased silver powders in the required size range of
<1 um from Alfa Aesar and Heraeus.

The first inks were prepared using basic lab equipment like beaker glass and spatulas.
The solvents were first poured in the beaker and the solids were slowly added under
ultra sonic dispersion. By this method, it was possible to prepare 20-30 ml of ink,
which is a sufficient amount for first aerosol printing tests. The used solvents should
have a low vapor pressure, at least lower than 32 Pa, which is the vapor pressure of 1-
Methyl-2-pyrrolidon, a solvent with a low viscosity and a relatively high boiling point.
Other solvents used for aerosol inks are glycol ether or terpineol. In general, a low
vapor pressure is important to get a constant atomization and to avoid a drying of the
ink inside the atomizer. Additionally, all organic ink compounds should either
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evaporate during a drying step of the printed substrate at T=250°C or they should
totally combust into CO, and H,O during the firing step - typically at temperatures
below T<600°C.

The quality of the ink can be further improved, especially by amending
deagglomeration of the solid particles, which in particular is necessary for highly solid
loaded inks. Therefore, we are now using dispersing tools such as a three-role mill and
an ultrasonic horn. The solvents and the inorganic powders are mixed together using
an agitator, or better an Ultra Turax. The viscosity of the ink at this stage is still too
high, as many of the particles are still agglomerated. A low viscosity can be achieved
when the ink is homogenized on a three mill chair. Finally, the remaining agglomerates
are solved using an ultrasonic horn and the final ink is stirred at room temperature for
24 hours before it is used in the printing system. Now the ink preparation is more
reproducible and higher quantities can be produced as well.

5.3 Chapter summary

Metal aerosol jet printing is demonstrated to be a reliable technique to create a seed
layer for the front side contacts of silicon solar cells. Several parameters are
determining the quality of the deposited line and the printing process itself. Next to the
system settings like the ratio of aerosol flow to sheath gas flow, substrate temperature
and nozzle diameter, the ink is the most important parameter for a good printing result.
It has to fulfil the requirement of a contact ink for a solar cell and the requirement of
the printing system. Up to now it is beneficial for the contact performance, if the ink
contains solid metal particles, from which an electrical contact is formed in a firing
step. For the atomization and the printing a particle free ink would be beneficial. An
upper limit for the particle size used in an aerosol ink was found to be at d<0.5 pm. In
general, the smaller the size distribution, the better the printing results. Additionally, it
is beneficial for the atomization and the printing, if the particles are well homogenized
and dispersed into a low viscous ink (n,;s<I Pa s) at a low sheer rate. The more aerosol
can be generated from an ink, the more ink can be deposited and the higher is the
printing speed. If the well homogenized, sub-micrometer particles are dispersed in a
nonvolatile solvent, and if the solid load is higher 50m% and the viscosity at low sheer
rates is lower 0.5 Pas, a stable printing of well-defined lines is possible. The printed
line width is above all defined by the nozzle opening, and is about 5 times smaller than
the nozzle opening itself - e.g. line widths below 20 pm can be deposited using a
100 pm nozzle.






6 Light-induced plated contacts

All metal contacts studied within this work have one thing in common: they are all
seed layer contacts and therefore they need to be thickened in a second metallization
step. The light-induced plating (LIP) is a plating technique which is used at Fraunhofer
ISE to thicken the seed contact layer and to increase the line conductivity of front
contacts [8]. LIP has been used at Fraunhofer since 1992 to establish the second layer
of a two-layer contact, the conductive layer, on high-efficiency p-type solar cells [102].
In a subsequent growth step, the seed layer is reinforced by means of an
electrochemical deposition of a highly conductive metal (e.g. silver, copper). The light-
induced plating utilizes the photovoltaic effect of the solar cell for the metal deposition
on the front side contact. The cell is immersed into the electrolytic plating bath and
irradiated at the front side, which leads to a very homogeneous current density in the
front side grid. Only the rear side of the cell has to be contacted and connected to a
metal-anode, which is much easier than individually contacting the fine front side
lines. This simplifies the process considerably — and the plating technique could be
transferred from the laboratory into industry. In 2005 an in-line plating machine was
developed in cooperation with, an equipment fabricator (Schmid GmbH) and a
chemical supplier (Rohm & Haas). The main difference between the in-line LIP and
the LIP equipment applied for lab-type solar cells is the electrolyte used. It can be
distinguished between two types of electrolyte solutions, a cyanide bath and a cyanide-
free bath. In order to minimize the health risk, the cyanide-free baths are favorable for
an industrial application. However, until recently the best plating results, in
homogeneity and especially in line conductivity, could only be achieved using the
cyanide bath. During this work, two different cyanide-free plating solutions were
tested and the results on large area mc-Si solar cells are compared with the results
achieved using a cyanide bath. The difference in cell performance weather a cyanidic
or a cyanide free plating solution is used, can be neglected especially for new
electrolytes. The line conductivity for all three baths is measured and the differences
are explained using SEM images. Additionally, the total loss of a solar cell that is
induced by the front side grid is simulated for different line conductivities and the
optimum is determined. Finally, large area (15.6x15.6 cm?) mc-Si solar cells were
produced and gradually plated, using cyanide and a cyanide-free bath. The measured
IV-parameters are discussed in detail.
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Fig. 6-1: Schematic drawing of the LIP process. The positively charged metal cations
are deposited onto the negative n-doped front surface (cathode), induced by the
photovoltaic effect under illumination [8].

40um seed layer

80um contact after light induced plating

1
O 12.8mm x 40.0um

Fig. 6-2: Cross section of an aerosol printed and light induced plated contact. The
contact width increases during plating by two times the plating height. The seed layer
as well as the geometric structures used to describe the contact is highlighted.
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6.1 Working principle

The solar cell, as a photovoltaic device, generates electrons under illumination. This
effect is directly used in a light-induced plating process. In the case of a p-type solar
cell with an n-doped emitter, the solar cell surface is negatively charged under
illumination and the positively charged silver ions are attracted by the solar cell front
side potential and deposited along the metal fingers, see Fig. 1-1. The insulating
antireflection layer therefore acts as a mask, while the seed layer contact acts as the
cathode. Silver is therefore locally deposited to form the front contact grid. In order to
close the current circuit, the rear side of the cell is electrically connected with the silver
anode. Silver atoms from the anode are oxidized to Ag'-ions; the cations are
transported by the electrolyte towards the solar cell surface, where they are reduced to
silver by photo-generated electrons. The driving force is the electrochemical potential
between the Ag-anode and the cell surface (cathode). In total, three potentials have to
be considered: the potential of the anode, of the front and the rear side of the solar cell.
The plating condition can be controlled primarily by two parameters; by an external
voltage applied at the rear side, and the light intensity, which controls the potential at
the front side. For a deposition with an optimum current flow from the anode to the
cathode (/;;p), the potentials have to be adjusted, so that the voltage drop between rear
side and anode is slightly above half the voltage drop between anode and front side
[25]. In this case, silver is oxidized at the anode, at the cell rear side (along the silver
pads) it is both oxidized and reduced, and at the front side it is reduced. At the rear
side, the dissolution and deposition of silver is balanced and at the front side, silver is
only deposited. The current density, which is equal to the number of silver ions
deposited per unit area, determines the morphology and the plating quality — with high
current densities resulting in a fast, however often inhomogeneous deposition [103].
Therefore it has to be adjusted by limiting the current /;;. For a cyanide bath, an
optimum current density of j;;7=1.1A/dm? was determined by Mette [25]. The current
1;;p can be calculated by:

IL[P = JLIP ’ Ametal_area 6-3

where Al arca 1S the area of the front side grid (size of the cathode).

Further parameters which influence the plating quality are the pH-value and the
temperature of the plating bath; both are defined by the used electrolyte and the used
complex agent respectively. The complex agent is responsible for stabilizing the
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oxidized silver ions in the electrolyte bath and to avoid their precipitation. At the same
time, the complex agent influences the reduction of the silver ions and therefore the
deposition in terms of morphology, deposition rate, and finally line conductivity.
Although the silver deposition from a cyanide (complexing ion) bath runs produces the
best results so far, the toxicity is a big disadvantage. Understanding the mechanism
behind the deposition and finding adequate replacements for the cyanide bath are
subjects of current research [103]. Meanwhile, several cyanide-free plating baths are
commercially available. Their influence on the contact quality, even if deposited under
optimum conditions, can be seen in Fig. 6-5. The resulting line conductivity and the

influence of the line conductivity on the cell parameters are studied below.

6.2 Simulation

The respective influences of the line conductivity or resistivity on the total loss of a
solar cell can be simulated. Total loss means the combination of series resistance
losses and shading losses caused by the front contact grid. The individual loss
mechanism can be found in chapter 3, and an extensive overview, including all
equations and further simulations is given by Mette [25]. The contact structure used for
the simulation is shown in Fig. 6-2. The contact cross section is simplified to a square
with the width of the seed layer, and two half circles with a radius equal to the contact
height. Assumed is a growth of 1:2 (height:width), which means the contact grows one
unit in height and simultaneously two units in width. The simulation, shown in Fig. 6-3
was performed for an infinitely thin and 30 pum wide seed layer with a resistivity of
p~=1 mQcm? on an emitter with the sheet resistance Rg;=60 /sq. The simulated grid
has 80 fingers and 3 bus bars (1.5 mm each) on a 15.6 cm x 15.6 cm mc-Si solar cell.
The total loss is plotted as a function of contact width (seed width + plating) and
plating height (left) and as a function of the contact distance (right). Additionally, the
calculated minimum between optical losses and electrical losses is marked. At small
plating heights, the total loss p,, is dominated by electrical losses and is strongly
dependent on the amount of deposited silver. At large plating heights the loss
mechanism is dominated by optical losses, due to an increased line width. The total
loss curve is not symmetric, i.e. beyond the optimal plating height the dependence of
the total loss is higher at smaller finger heights. Thus, concerning the total cell loss, it
is more favorable to plate too much silver than too little. The solar cell efficiency is
very stable over a broad range of plated silver mass (see below). High line conductivity
of the plated silver, or in general of the front contacts, is beneficial in two ways: the
total losses were diminished, and the amount of required silver is smaller. For
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example, if the line resistivity is reduced from por =3x10"® Qm, which is a reasonable
value for a standard screen-printed contact, to ,0f=1.9X10'8 Qm, which is a good value
for plated silver, the optimum line height can be reduced from 14 pm to 11 pm, which
is a reduction of 21%, the line width shrinks by 10%, and the cross section from
730 um? to 520 um?. As the cross section is nearly directly proportional to the amount
of plated silver, 28% less silver is consumed and at the same time p,,, is reduced by
approximately half percent. Compared to the plating height, the finger spacing
(distance) is hardly dependent on the line resistivity. While the line resistivity is
reduced by more than 100%, the finger distance only varies in a range of 5% (0.1 mm).
The line distance is therefore negligible for the calculation of the optimum plating
height. Parameters that have a strong influence on the line distance are the resistivity of
the metal-semiconductor contact, the emitter sheet resistance and the seed layer width.
Appropriate simulations for the line distance can be found by Mette [25] or in chapter
11.

contact width [um]
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Fig. 6-3: Simulation of the optimum plating height for a specific seed layer. The total
loss as a function of plating height and different line resistivities is plotted (left) and as
a function of line distance for different line resistivities (vight).

6.3 Structure and conductivity

The line resistivity of aerosol-printed and subsequent light-induced plated fingers is
shown in Fig. 6-4. The aerosol seed layer is thin enough (<1 um) and its contribution
to the resistivity is negligible, as the plated silver has a height of 15 um. The growth
mechanism and the morphology of the LIP-silver depend, among other factors, on the
used electrolytes. Three different plating solutions were tested, one cyanidic and two

non-cyanidic electrolytes. The plating parameters, such as light intensity, applied
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potential, pH-value, and temperature were kept in an optimized range for each
electrolyte. The strong influence of the used electrolyte on the line resistivity can be
explained by SEM-images (see Fig. 6-5). Also, the influence of an annealing step
becomes clear. Both the macroscopic shape of the plated finger and the
microcrystalinity are influenced by the different electrolytes. The silver layer deposited
from the NCN1-electrolyte shows a botryoidal morphology. The several clusters can
reach the value of the height of the finger, thus, more than 10 um in diameter. The
clusters, although very fine grained, can be distinguished. As the resistivity is
determined by the smallest cross section, the current flow is mainly limited by these
deep incisions. For the measurement of the resistivity we determined an average cross
section and the botryoidal structure is levelled. Assuming that the resistivity of a single
cluster is high and in the range of bulk silver, due to the rough morphology and the
cluster boundaries, the line resistivity is limited, even if the contact losses across the
cluster boundaries can be reduced by annealing. Thus, a large fraction of plated silver
does not contribute to the current flow.
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Fig. 6-4: Line resistivity for three different plating baths, two non-cyanide and one
cyanide bath, before and after an annealing step of 10 min at T=350°C.
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Fig. 6-5: SEM images of contact fingers, plated in different electrolyte solutions, from
top to bottom: CN, NCN1, NCN2. The left column shows a top view of the contacts and
the right column close-up views.

In case of the NCN2-solution, the several Ag-clusters are pyramidal or trigonal to
some extent. They are much smaller, below 1 um and deep incisions which would
reduce the cross section and the measured resistivity are not visible. The LIP-silver
grows homogeneously at the surface at the ratio of 1:2 (height:width), resulting in a
roundish-shaped contact. The surface roughness is determined by the small Ag-clusters
and almost all the plated silver contributes to the current flow. The measured resistivity
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of pr =2.2x10"* Om can only slightly be improved by an annealing step, indicating the
dense silver deposition and the excellent conductivity between the single Ag-grains.

The best values for line resistivity can be achieved with the cyanidic electrolyte. The
measured average value of ,Q,-=1.9X10'8 Qm is already close to the resistivity of bulk
silver (pr =1.59x10" Qm). The surface is smooth, i.e. Ag-clusters can no longer be
distinguished. The structure would possibly reveal single Ag-grains in a SEM-image of
a polished cross section. The grain boundaries between the grains are hardly visible,
and an influence of an annealing step on the resistivity is barely measureable.
However, further investigations have to be performed to reveal the correlation between
layer structure (on different scales) and electrical properties.

In conclusion, the cyanidic plating solution is the best choice in terms of electrical and
optical properties. Also the process stability is much higher for cyanidic electrolytes.
However, the health risks in industrial production have to be taken into account. A
good alternative to the cyanidic electrolyte is the plating solution NCN2, which results
in a line resistivity close to that of cyanidic plating.

6.4 Solar cell results for differently plated cells

The simulation in Fig. 1.3 illustrates the importance of the line resistivity of plated
silver. In order to study the influence of the line resistivity on the IV-parameters of a
real solar cell, me-Si solar cells were processed up to the front side metallization. The
front side of the 15.6 cm x 15.6 cm mc-Si solar cells were aerosol-printed and fired,
and then the contacts were successively plated in two different LIP-solutions. The CN
and the NCNI1 plating solutions are used as they showed the largest difference in line
resistivity, see above. The front contact grid consists of 80 fingers and 2 bus bars, each
2 mm in width. The cell IV-parameters were measured and the fill factor (FF), as well
as the series resistance (Ry), in dependence on the mass of LIP-silver is shown in Fig.
6-6. A continuous increase of the FF with the mass of plated silver was observed,
together with a steady decrease in R,. In the case of the CN solution the FF reached its
saturation at a silver mass of approximately 100 mg per wafer, whereas similar FFs
were reached for the NCNI1 solution at about 130 mg. The line resistance is
continuously reduced with the quantity of deposited LIP silver and both the values for
R and for the FF are improved. When a LIP-silver mass of about 200 mg is exceeded,
an improvement for both electrolytes was hardly measureable and the FFs were

constant in the tested range.
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The short-circuit current density (j,.) is quite sensitive to the mass of plated silver and
decreases linearly with the deposited silver amount (see Fig. 6-7). For both plating-
solutions a slope of about -1.6 (mA/cm?®)/g was observed. From the measured current
densities, jg i (after a short LIP-dip, the seed layer became conductive without a
significant increase in line width), and jy. rp (after final LIP), an effective finger width
(wep) can be calculated. If the area of the seed layer metallization is known (Agcive ini)s
the initial non-metalized area (Acive cer) and the corresponding optically effective
metalized area for the grid fingers (4, ;) for all values of j,. can be determined and
transferred into an effective finger width. It is well known that the optical effective
width of a contact finger can be considerably smaller than its geometrical width [104,
105].
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In Fig. 6-7 the calculated effective finger width for the NCN1-LIP is shown. The real
finger width, determined from a microscopic picture, for a contact plated with 360 mg
NCNI1-LIP is about w=100 um. Its effective width determined from the current density
is about w,;=87 um, which is a reduction of 13%. This reduction will be even greater if
the cells are encapsulated into a module, due to the internal reflection at the glass-air
interface [105].

The effective width for CN-LIP contacts is even smaller and the average j,.-values for
the CN-LIP are about 0.2 mA/cm? above the average current density of the NCN1-LIP,
even if they are built up with the same amount of LIP-silver. The 0.2 mA higher j.
values in case of CN-LIP can be translated into a reduction in effective contact width
by 10 um. However, an increased cell efficiency of the CN-LIP cells over the NCN1-
LIP could not be observed within reasonable statistics by this experiment as the
number of tested cells was limited. The cell efficiency reaches its maximum at about
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200 mg for both solutions. Passing this point, the gain in efficiency due to an
increasing FF is compensated by the steady decrease in j,. The cell efficiency is
constant over a broad range and starts to decrease due to the growing shading losses at
LIP quantities of 350 mg for CN-LIP and 450 mg for NCN1-LIP respectively. As
expected from the simulation, the cell efficiency is quite resistant to high quantities of

LIP silver.

In a further experiment with more than 20 wafers per LIP-solution, an increase in the
cell efficiency of A477=0.1-0.2% absolute was found, if the cells are plated in a CN-LIP
instead of using the NCN1-LIP; for the NCN2-LIP the difference in cell efficiency is

negligible.
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Fig. 6-6: Fill factor (FF) and series resistance (Ry) as a function of the amount of
plated silver for both NCN and CN plating solutions.
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Fig. 6-7: Current density j,. and cell efficiency n as a function of LIP silver mass and
contact height from the constant decrease in j., an effective contact width is calculated.

6.5 Chapter summary

The thickening of a seed contact is necessary and the used light-induced plating is a
quite elegant way to create the conductive layer. The LIP-plating has two advantages:
The working principle is quite simple, in that the current generating function of a solar
cell is used to build up the front contact grid; therefore it is sufficient to contact the cell
only at the rear side. Second, an operating in-line machine is commercially available.
Within this chapter, the quality of different plating solutions in terms of electrical
contact performance is studied. Different specific line resistivities, from close to bulk
silver for contacts plated in a cyanide bath (p=1.9x 10 Qm) up to resistivities
comparable to screen-printed contacts (NCN1-LIP, p, =3.2x10" Qm) were found. The
optimum mass of LIP-silver necessary to metalize a solar cell is determined
theoretically by simulating the losses of a solar cell that are caused by a front side grid
for different line conductivities. A line resistivity of pr =1.9x10"® Om compared to Pr
=3.0x10"* Qm saves almost 30% of consumed silver. In addition, measuring the short-
circuit current of successively plated solar cells as a function of plated silver mass, the
effective optical finger width is determined to be about 13% smaller than the
geometrical contact width. Finally, the amount of deposited silver was experimentally
varied and cell efficiencies over 16% were achieved on large area mc-Si solar cells.
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7 Contact formation — Chemical reactions

Before an ink can be designed, the basic reaction of the ink components and the solar
cell needs to be understood. The front contact ink typically consists of several
components of which each has a special function. The metal, silver, acts as a contact
and a conductive material and the glass frit or the metal oxides as a reaction and
adhesion promoter. The presence of at least 4 different materials and the relatively
short time frame for the contact formation are responsible for the complexity of the
process. Within this chapter, the principal chemical reactions, important for the contact
formation are clarified. The single ink components are systematically reacted with
silicon under controlled condition. The contact firing is therefore simulated using
thermal gravimetric - differential thermo analysis (TG-DTA) in combination with mass
spectroscopy (MS). From this measurement, the reaction character, endothermic or
exothermic, the reaction process, redox reaction or melting, the reaction temperature
and the reaction products are studied to reveal the secret of high temperature contact
formation. The achieved knowledge is used to interpret the contact formation and to
explain some fundamental aspects of contact firing, like the opening of the ARC layer,
the etching of silicon and the contact firing under different atmospheres.

Fig. 7-1: lllustrative figure of a silver ink; the image is part of a colored window at the
gothic cathedral in Freiburg and shows a miner in the Schauinsland silver mine. Silver
and lead is refined from the ore galenite. The material of the window itself is leaded
glass. Both the silver and the leaded glass are the main components of a front contact
ink.
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Fig. 7-1 is an illustrative figure of a silver ink as it shows all important materials used
in a front side silver ink. A silver mine worker mines the ore galenite from which silver
and lead, both important materials for a contact ink, are gained, and the material, the
glass itself, is made of leaded silica glass as it is used for a glass frit. The investigated
materials are silver, leaded glass and lead oxide, as they are the main components of
the silver front side ink, and silicon and silicon nitride/oxide, which are the solar cell
materials. To study the reaction between the single reaction agents, all materials are
purchased or milled in powder form. The powdered material as it is experimentally
used is shown in Fig. 7-2. The silver was purchased form Alfa Aesar and from Heraeus
and has a particle size distribution below 1 um. The melting point of bulk silver is
T=960°C. The melting point can be significantly reduced if the particle size is reduced
to nanoscopic dimensions [106]; however, the particles used in our experiment are still
too large to reduce the melting point. The silicon powder and the glass frit were
prepared in a ball mill. The source for the silicon powder was originally a silicon
wafer. The silicon wafer was roughly crushed in a mortar and finally milled to a
powder using a ball mill. For the reaction with silicon nitride, silicon powder was
sputtered with a 1 um thick amorphous layer of SiN, as it is used as a passivation layer
on solar cells [107, 108].

Ag - powder | Si - powder glass/PbO - powder

Fig. 7-2: material powders as they are used to study the reaction mechanism in a TG-
DTA experiment. From left to the right, silver powder, silicon powder and glass
powder.

The glass was produced in a furnace from the single oxides SiO,, PbO, and B,0; at a
temperature of 1000°C. At higher temperatures, the glass melts and becomes a clear
low viscous liquid. The liquid glass was poured in cold water in order to cool the glass
and form millimeter-sized solid glass frits. The fritted glass was then milled in a ball
mill to reduce the particle size below dgy<l um. The silicon oxide determines the glass
matrix in which lead and boron are incorporated. The glass formation and the glass
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structure was first studied by Goldschmidt [109] and Zachariasen [110]. The silicon
dioxide forms a three-dimensional glass network which consists of randomly edge
connected SiOy-tetrahedra. SiO, is a so-called glass former. Other oxides able to form
a glassy network are e.g. GeO,, P,Os, Na,O, K,O or CaO. Technical glasses can
contain a large amount of basic oxides, so-called glass modifiers which break up the
glass structure and separate the tetrahedrons from each other and determine the
properties of the glass. The melting point can be reduced from about 1500°C for pure
Si0,-glass to 400°C-800°C. Typical modifiers are Na,O, MgO, CaO, BaO or K,0. A
detailed overview of the glass chemistry and structure in general is given by Rao [111]
and Krebs [112], and more specific for leaded glass as it is used here, by Rabinovich
[113]. Lead oxide as it is used in the glass frit can act as a network modifier as well as
a network former, depending on the concentration [112]. Also, the conductivity of the
glass is influenced by the lead oxide content [114]. In our example, glass, the network
is built up by SiO, and B,03, whereas PbO is used as both modifier and former, as the
concentration is high enough. In general, high amounts of PbO can be solved in the
glass systems, e.g. 67 mol% with SiO, or even 77 mol% with B,O; [115]. The glass
we used contains 61 mol% PbO, 27 mol%, SiO,, and 12 mol% B,0;. The used glass
composition is given in Table 7-1. The glass transition temperature is at about 500°C-
600°C. High amounts of lead or lead oxide are necessary as it is the key material for
the contact formation; therefore the fraction of lead in the glass is as high as possible.
The boron oxide is used to define the glass transition temperature and the viscosity,
and to increase the chemical stability.

glass Si [at%] Pb [at%] O [at%] Ag [at%] B [at%]
Original 10 24 57 - 9
EDX1 36.5 8.3 55 0.2 -
EDX2 25.5 12.9 61.3 0.3 -

Table 7-1 Original glass composition in at% in comparison to the glass composition
after the redox reaction.
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Material Melting point | Eutectic temp. | properties ref

[°C] [°C]
Ag 961 (Ag-Si) 937 Contact metal [116, 117]
PbO 884 (Ag-PbO) 825 [118]
Bi,04 824 [116]
Pb 327.5 (Pb-Ag) 300 Glass modifier | [119][117]
Bi 271 (Bi-Ag) 250 Glass modifier | [119][117]
Si 1410 Cell material [119]
Si3Ny 1900 ARC [116]
SiO, 1610 ARC, glass | [118,119]

former

Table 7-2: Melting points and eutectic temperatures for the used materials and
compositions.

7.1 Experiments, based on lead oxide

The powders are weighted and filled in the Alumina crucible of the DTA-sample
holder. The ratio and the mass of the single reaction agents are given below, where the
reactions are described in detail. The temperature is determined by a thermocouple
(type S). The TG-DTA measurements are carried out under inert conditions, apart from
the reaction where the influence of oxygen on the contact formation is studied. The
used inert gases are nitrogen with a flow rate of 70 ml/min and argon (40 ml/min).
Argon is used for the experiments where the TG-DTA measurement was coupled with
MS-measurements [120] in order to detect the evolving nitrogen from the reaction with
SiN,. Two different temperature programs were used. For the reaction with abundant
silver, the reaction agents were heated up to T=900°C with a heating rate of 10 K/min
and a cooling rate of 20 K/min. The relaxation time at the start of heating was 5 min at
RT. In order to accommodate for the possible presence of silver, the peak temperature
was reduced to T=830°C, below the eutectic temperature of silver and silicon of
T =836°C, as the temperature at contact firing is typically below the Ag-Si eutectic.
After a relaxation time of another 5 min, the reaction agents were heated at a rate of
10 K/min up to a temperature of 830°C. This temperature was kept constant for 15 min
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before the samples were cooled at a rate of 20 K/min to RT. The reaction products are
analyzed with SEM/EDX measurements and the equation for the redox reactions
between lead oxide and silicon or lead oxide and silicon nitride are given.

In a first experiment, the reaction between glass/PbO and silicon was studied in order
to explain why the reactive component is lead oxide and why it is typically
incorporated into a glass matrix. In a second experiment, silver was added as a third
reaction agent in order to simulate the contact formation. In a third experiment the
question was answered of how the antireflexion coating is opened and why it is
difficult to form a low ohmic contact on a surface passivated with a thick thermal
oxide. Finally, the influence of different firing atmospheres is explained and also the
importance of redox reactions for the contact formation.

7.1.1 Reaction between silicon and glass frit - metal oxides

For the contact formation between silver and silicon at high temperatures just below
the silver —silicon eutectic, a glass frit is needed [23, 58, 61, 62, 121, 122]. The glass
frit etches through the passivation layer into the silicon surface, it promotes the silver
crystallite growth and it increases the adhesion of printed silver contacts. The
commonly used glass frits can consist of a variety of different metal oxides as SiO,,
Al 05, MgO, Na,O, CaO, K,0, P,0s, TiO,, Bi,03;, PbO, ZnO, B,0;...[123] [124],
whereas the reactive components are lead oxide and/or Bismuth oxide [58] [60] [47].
Mertens already contacted solar cells by using the pure oxide PbO or Bi,O; in
combination with silver particles in a contact ink [47]. To understand the contact
formation we used pure PbO and a quite simple glass frit with the composition: SiO,,
PbO and B,0;, as proposed by Schubert [23], see Table 7-1. Both the reactions of pure
lead oxide and the reaction of the glass frit with silicon were studied. A ratio of
glass/PbO:Si of 1:1 was chosen and therefore 50 mg silicon and 50 mg of lead oxide or
glass frit was filled in the DTA-sample holder in the following order: silicon below,
and lead oxide or glass above, similar to a printed contact on a solar cell. In Fig. 7-3,
both reactions between silicon and lead oxide and silicon and glass frit can be seen. In
the case of lead oxide, an abrupt exothermal reaction takes place at about 680°C. At
that temperature, far below the melting point of PbO, the lead oxide reacts with silicon
under the formation on lead and silicon oxide, as the SEM analysis of the reaction
products reveals. For a reaction in the case of the lead glass, a distinct starting point
can not be given. The reaction with the glass probably starts at about 500°C with the
melting of the glass, followed by a redox reaction between the embedded lead oxide
and the silicon at about 600 to 700°C. For a more detailed analysis, the glass frit is
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separately measured and the DTA-signal is plotted together with the glass frit-silicon
signal in one diagram, see Fig. 7-4. Therefore, 70 mg glass frits are filled in the DTA-
crucible and heated up twice. During the first heating, the glass frit components are
still reacting with each other or the single milled frits are melting at different
temperatures, visible as endothermic peaks at 350°C and 500°C. During the second
heating, only a small peak at 400°C is visible, which might indicate the glass-transition
temperature, and from a temperature beginning at 570°C in both heating cycles, a
broad endothermic peak appears which is related to a continuous melting of the glass.
If silicon is present at the first heating cycle, both signals, the pure glass signal and the
glass-silicon signal have the same shape up to a temperature of T=570°C. Up to this
temperature, the DTA-signal is dominated by the reactions in the glass frit itself. At
higher temperatures the DTA-signal for the glass-silicon mixture is further reduced
(exothermic reaction) in two steps — the glass frit reacts with silicon. It is very likely
the lead oxide from the glass frit, which reacts with silicon between 570°C and 680°C.

During cooling small exothermic signals are visible for both mixtures (PbO-Si and
glass-Si) at a temperature T=320°C, which can be attributed to the melting point
(condensation) of lead, which was produced during the reaction. Together with the
SEM analyses of the reaction products, we are able to confirm the redox reaction 7-1
as proposed by Young and Schubert [58] [23].

2PbO + Si — 2Pb + SiO, 71

It looks like the reactive component in a contact metal paste is the glass frit, in
particular the lead oxide, incorporated in a glass. Usually, a glass frit is used in contact
inks instead of the pure reactive oxide. The idea to transfer the lead oxide into a glass
frit, instead of using the oxide directly, has several advantages. On the one hand, the
glass becomes liquid at a lower temperature than the pure oxide melts, it wets the
entire contact area homogenously, and the reactive oxide or oxides are brought in close
contact with the silicon, whereas on the other hand the redox reaction given in 7-1
occurs in a broad range of temperatures, making the contact formation during a fast

firing step more controllable.
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Fig. 7-3: Reaction between Si-PbO and Si-glasspyo, The abrupt jump in the DAT-signal
when the temperature changes e.g. from heating to cooling is related to the
measurement and can be neglected.
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Fig. 7-4: Reactions during heating for the pure glass and in combination with silicon.

In order to verify 7-1, the reaction products were analyzed by SEM and EDX. In Fig.
7-5 and Fig. 7-6 SEM images of the reacted silicon-glass sample are shown. The
reaction agents glass and silicon are sintered together and a solid ball consisting of not

reacted silicon particles and spherical inclusions, which are glued together with glass,
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has been formed. The EDX analyses, see Fig. 7-7, confirmed exactly the mentioned
redox reaction. The spherical precipitates are pure silver, which initially was not
present but was produced by a reduction of lead oxide (glass frit). At the same time,
silicon needs to be oxidized to silicon dioxide. The EDX analyses from the glass gives
a composition of: 9.2at% (Pb), 34.2at% (Si) and 56.6at% (O). In comparison to the
original composition, see Table 7-1, the lead content is reduced (originally 24at%) and
at the same time the silicon content is increased (originally 10at%). The composition

has changed according to the reaction 7-1.

Fig. 7-5: SEM image of the Fig. 7-6: Close up view of image Fig.
crucible content. The glass frit has 7-5. Labeled are positions where EXD
react with silicon. was measured.
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Fig. 7-7: EDX measurements from the reaction products (glass-silicon), see Fig. 7-6.
From left to right: position 1(silicon), position 2(lead), position 3(Si-rich glass)

7.1.2 Reaction between silicon, metal oxides and silver

In a second experiment the reaction of a simple contact ink (lead oxide/glass + silver)
with silicon was investigated. Therefore 176 mg of the milled glass frit, 49 mg silver
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powder, and 25 mg silicon were filled in the reaction crucible in the following order:
first silicon, second glass frit, and final silver. For the reaction with the pure oxide, the
glass frit was replaced by 150 mg of lead oxide. In both experiments, the content of
lead oxide, either pure or in the form of a glass frit is kept constant at 150 mg. The
used ratio of glass/oxide:silver of 3:1 is quite different from the composition in a
contact ink/paste (silver:glass ~15:1). For distinct DTA-signals, the glass/PbO content
should be as high as possible and with a realistic ratio; the glass content was too small
for a clear signal, as the capacity of the DTA-sample holder was limited - larger
sample holders having the disadvantage that the measurement is less accurate. In a
comparison measurement the influence of different silver:glass(oxide) ratios was 1:3
and 9:1. The peak positions in the DTA-signal were exactly at the same temperatures.
As the peak size is less important in this experiment, a ratio of 1:3 (silver:glass/oxide)
was chosen in order to get a good signal to noise ratio. In Fig. 7-8 the TG-DTA signals
for the Ag-PbO-Si and Ag-glass-Si compositions are shown.
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Fig. 7-8: DTA-measurement of the reaction agents PbO (150 mg), Si (25.5 mg), Ag
(49.6 mg) and glassppo (176.5 mg), Si (25.5 mg), Ag (49.6 mg). Additionally, the mass
signal and the temperature profile are shown. Next to the labeled reaction peaks, steps
in the measured DTA-signal are visible every time the heating rate changes. These
steps can be neglected as they are related to the measurement unit.
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The DTA-signal during heating up to 830°C has a similar shape as the DTA-signal
from the experiment without silver and is dominated by the reactive glass. The
influence of silver becomes visible during cooling.

Two further exothermic peaks are visible in both signals, at 300°C and at 600°C. The
peaks in the Ag-PbO-Si sample are larger than the peaks where glassp,o is used instead
of pure PbO, even if in both samples the content of PbO and also the mass of silver and
silicon was the same. This indicates that during the reaction between Si and PbO, more
energy is released compared to the reaction of Si and glass, and therefore higher
amounts of metals can be solved, which condensates during cooling (exothermic
peaks). The two exothermic peaks are in close relation to the Ag-Pb phase diagram. A
lead-rich eutectic exists at Tg,=304°C and a silver-rich phase with a lead content
between 1% and 3% exists in a temperature range of 300°C-961°C, the melting point
of silver. The experiment with Ag-PbO-Si was repeated three times; see Fig. 7-10
under the same conditions (temperature program, measurement setup, gas atmospheres

and sample mass) in order to prove the reproducibility.

Eutektikum bei L
. i |e2r-c ]
o ca. 304°C : — w
2. \ o 1
e o \ S, [ |soo"c ]
= © |a00°C
@ — c L il
5 ca. 98 at% Ag, 2 at% Pb %
o <|
£ L = ]
) fa)
= e ,
! i 800 760 660 560 480 360 260 100
n‘; a » o temperature [°C]
Ag [at. %]
Fig. 7-9: Phase diagram Ag-Pb. A Fig. 7-10: Repetitions of the
lead-rich phase condensates in the experiment with Ag-PbO-Si. The
eutectic point at Tg,=304°C and a used masses and also the reaction
silver-rich phase between 300°C and parameters were kept constant as
961°C depending on the lead content. good as possible.
[117]

The peak position for the silver-rich phase can vary in a range of 480-700°C repeating
the experiment, whereas the peak at 300°C is fixed. The origin for the different silver
condensation temperatures is not clear and might be related to the reaction dynamic,
whereas the lead-rich phase always condensates at the eutectic point.
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The measured mass signal does not show a significant change, as the reaction agents
are not volatile in the measured temperature range; the slight initial mass loss is related
to the evaporation of water and the combustion of carbon-components from the glass
frit. The reaction occurs under inert conditions, and oxidation can be excluded.

In both experiments, Ag-PbO-Si (samplel) and Ag-glassppo-Si (sample2), the content
of the crucible was analyzed by SEM images and EDX measurements. When the
DTA-crucible after the reaction was opened, two separated phases were found for both
samples, a metal phase shown in Fig. 7-11 and a silicon-glass phase shown in Fig.
7-12, Fig. 7-13 and Fig. 7-14. The metal phase consists of silver and lead, which are
again separated in an Ag-rich and a Pb-rich phase. It is noticeable that all the silver has
been molten even if the temperature is kept far below the melting point of silver and
below the silver-silicon eutectic. The energy necessary to solve the silver has to be
provided by the exothermic reaction between PbO and Si. The silver-rich phase re-
crystallizes in the form of cubic silver crystallites within the amorphous lead-rich Ag-
Pb eutectic. The EDX analysis of the reaction products are in good agreement with the
expected Ag-Pb phase according to the Ag-Pb phase diagram, see Fig. 7-9. For the
silver-rich phase a content of 98.1at% Ag is found, and for the Pb-rich eutectic a
composition of Ag:Pb of 3.9:96.1at%.

The silicon-glass phase is characterized by silicon particles and metal precipitates
embedded in a glass matrix. The glass in samplel has been formed during the redox
reaction and for sample2, where glass is already present, its composition has changed,
see Table 7-1. The glass close to the silicon particles has a reduced lead content and
increased silicon content, whereas the glass in the middle of two Si-particles contains a
higher lead content. During the redox reaction, silicon is oxidized to silicon dioxide,
which is incorporated into the already existing glass layer (increased Si content). At
the same time, lead oxide is reduced to lead and an Ag-Pb phase can be formed. The
Ag-Pb melt condensates in the form of silver—lead precipitates which, in case of larger
precipitates, can consist of the above described two metal phases. A layer of small
metal precipitates is found in the glass layer, especially in the vicinity of silicon
particles quite large Ag-Pb precipitates are homogenously distributed over the glass

phase.
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Fig. 7-11: SEM image of the
condensed Ag-Pb melt. The silver-
rich phase re-crystallizes in cubic
structures, whereas the lead-rich
phase condensates amorphously and
fills the gaps between the Ag crystals.

Silicon

o

Fig. 7-12: Silicon-rich phase of the
Ag-PbO-Si samplel. Silicon particles
are still visible, PbO is reduced toPb
(metallic Pb-Agg, precipitates) and a
glass  layer  gluing  everything
together has been formed.

Fig. 7-13: Silicon-phase of sample2
(Ag-glasspyo-Si). The EDX positions
are labeled and summarized in Table
7-1.

Fig. 7-14: SEM image of the glass
and silicon-rich phase from the same
crucible. Silicon pieces are still
visible. The Si is embedded in a glass
layer. Around the Si particles, a thin
layer of small Ag-Pb precipitates are
visible. Between them, larger, mainly
Pb precipitates are found.
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7.13 Opening of the anti-reflection coating

In general, the metal paste or ink is deposited on the antireflection or passivation layer
and not on silicon directly [125], [126]. Before a contact corresponding to the above
mentioned reaction can be formed, the dielectric layer first needs to be opened. The
ARC is opened during the firing step by a reaction between the ink components and
the dielectric layer. Most industrially produced solar cells are coated with a silicon
nitride layer. For some high efficiency applications, silicon dioxide is used to passivate
the cell surface. The reaction between lead oxide (glass frit) and both coatings, silicon
nitride and silicon dioxide, has been studied by DTA measurements. In case of SiN,,
shown in Fig. 7-15, a strong exothermic reaction similar to the reaction with pure
silicon is observed, whereas for the reaction of lead oxide and silicon dioxide only a
small endothermic peak is visible, see Fig. 7-16. According to the binary phase
diagram for the system PbO-SiO,, introduced by Geller et al. [127], the system PbO-
SiO, melts in the eutectic temperature of Tg,=710°C and re-crystallizes at T=800°C.
For a thick SiO, layer (d>100 nm) the described contact formation is hardly possible as
the only possible mechanism to open the thick oxide during a firing step is a melting
process. The formation of silver crystallites, important for the electrical contact, could
not be observed on a SiO,-passivated solar cell and contact resistant measurements
were not possible. To achieve a good electrical contact on a solar cell passivated with a
thick SiO, layer, the dielectric layer either needs to be opened in advance or the firing
temperature has to be increased. Experiments have shown that in a combination of a
thin oxide and thick nitride layer, used as a thermally stable passivation layer [128-
130], the reaction energy released from the opening of the nitride is enough to
penetrate the thin silicon dioxide (d<15 nm) and to form an electrical contact under
standard firing conditions.
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Fig. 7-15: DTA — MS measurement of SiN, and PbO. A strong exothermic reaction at
685°C under the evolution of nitrogen is responsible for the opening of the ARC-layer.
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Fig. 7-16: DTA-measurement of PbO and SiO;.
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The reaction between the PbO (glass) and SiN; is given as

4PbO +2SiN, — 4Pb +28i0, + xN,(T) 72

To prove the evolution of nitrogen, the exhaust gasses are analyzed by mass
spectroscopy measurements (MS). The signals for nitrogen (28) and for oxygen (32)
are detected. The oxygen signal is used to exclude any external effects on the
measurements and did not show a signal. Simultaneously with a sharp decrease in the
mass signal, a peak in the N,-signal indicates the evolution of nitrogen gas. For the
case where glasspyo instead of pure PbO (as shown here) is used, the Nj-signal was not
a sharp peak but a broad signal between T=570°C and T=800°C. The starting
temperature for the evolution of nitrogen is consistent with the temperature where
glasspy starts to react with silicon, see Fig. 7-4. The silicon nitride is oxidized under
the evolution of nitrogen and lead oxide is consecutively reduced to lead.

The opening of a silicon nitride layer during a firing step is based on the same redox-
reaction 7-2 as the contact formation itself, whereas the opening of the SiO, layer is
more a melting process and therefore unlikely. As the reaction mechanism for these
two investigated dielectric layers already show significant differences, it is worthwhile
to study the reaction mechanism for further passivation layers like TiO,, SiC, Si-rich
SiN,, a-Si or Al,O;.

7.14 Different firing atmospheres

The firing of solar cells in industrial production occurs mainly under ambient air
atmosphere. A positive impact of excess oxygen during the firing step on the electrical
contact is reported by Huljic and Grupp [131] [132]. They studied the contact
resistance as a function of the oxygen concentration during firing. They fired solar
cells in a rapid thermal furnace (RTP) under different atmospheres, from inert
conditions (100% N,) up to 100% oxygen and plotted the IV-parameter as a function
of the O, content. For elevated O, concentrations they found the best cell results,
whereas for cells fired under inert conditions especially the fill factor was drastically
reduced. These results can be explained by DTA-measurements under different
atmospheres. The presence of oxygen has not, as it was expected, a detrimental
influence on the contact performance, due to the oxidation of ink components and the
formation of an insulating layer, but rather it is even necessary for the contact
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formation itself. The reaction mechanism for both the opening of the dielectric layer
and the contact formation on silicon is based on a redox reaction, which is supported in
an oxidizing atmosphere. One of the suggested contact mechanisms is the etching of
silicon under the influence of a reactive lead-silver melt [23]. In order to investigate
this mechanism we tested the system Ag-Pb-Si in a TG-DTA-measurement under inert
and oxidizing atmospheres. For a better understanding of the reaction, we initially
studied the system Pb-Ag as both metals contribute to the contact formation. The
reactions between Ag (49.5 mg) and Pb (139.7 mg) under different atmospheres are
shown in Fig. 7-17. Under inert conditions (N,) the observed reactions are quite clear:
The first endothermic peak at T=327°C corresponds to the melting point of lead
(Tmp=326°C), and at a temperature of about 300°C the melt re-crystallizes at the
eutectic temperature for Ag-Pb (Tg,=304°C). The eutectic has probably been formed
around 500°C; a distinct point can not be given. The mass signal is more or less
constant. An oxidation is not possible and both agents are not volatile in the measured
range of temperature. The reaction mechanism for the same system Ag-Pb under
synthetic air looks quite different. At temperatures between 150°C and 320°C, silver
oxides, formed already at RT and especially when the sample is heated, are thermally
reduced to silver, and for temperatures above 320°C only metal silver is present.
During cooling, at around 300°C where the Ag-Pb ecutectic is expected, only a small
signal can be observed. The formation of an Ag-Pb eutectic is not possible, as most of
the lead is oxidized. The mass signal confirms the observed reactions from the DTA-
signal. Initially, when heating starts the sample mass is increased due to an oxidation
of lead and silver. Up to a temperature of 320°C the mass is almost constant as the
oxidation of lead and the reduction of silver oxide are balanced. From a temperature of
320°C up to the beginning of cooling at T,,,,=830°C, the mass is constantly increased
due to the oxidation of lead to lead oxide.
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Fig. 7-17: Reaction between Pb and Ag under inert and oxidizing atmosphere.
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Fig. 7-18: DTA-measurement of the reaction agents Pb — Ag — Si, tempered under inert
atmosphere.

In the next experiment, where the contact formation on silicon under different
atmospheres was studied, silicon was added to the mixture of lead and silver.
Therefore, a mixture of lead (139.7 mg) and silver powder (49.5 mg) with the same
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ratio and mass as in the previous experiment are brought into reaction with silicon
(25.6 mg) in a crucible and the DTA-signal and the mass-signal are monitored. From
the phase diagrams of Ag-Si and Pb-Si, a reaction can not be expected within the
studied range of temperature (T<850°C). If a reaction between the liquid Ag-Pb melt
occurs, it should be visible in the DTA-signal. Fig. 7-18 shows the reaction of the three
agents under inert (N,) atmosphere and Fig. 7-19 under ambient air.

Under inert conditions, the melting of lead at 325°C is visible, probably the formation
of a Ag-Pb melt from 500°C-800°C, and the condensation of the Ag-Pb melt at the
eutectic point at 300°C. The DTA-signal is the same as for the pure metals and a direct
reaction between the liquid Ag-Pb phase and silicon could not be observed. Therefore,
an etching of the Ag-Pb melt into the silicon can be excluded. The same reaction
agents (same ratio and mass) heated up under synthetic air behave completely different
and the signal looks like a combination of Ag-Pb (under air) in Fig. 7-17 and Ag-PbO-
Si (N,) in Fig. 7-8. It starts with a small exothermic peak, which indicates the
reduction of naturally formed silver oxide, followed by the melting of lead. At a
temperature of around 500°C a broad endothermic peak is visible, similar to the Ag-Pb
system, which is abruptly interrupted by a strong exothermic reaction which starts
around 700°C. Lead oxide reacts according to 7-1 and 7-2 and both lead and silicon
dioxide are formed. The reduced lead can again be oxidized and the oxidation of
silicon is continued or lead oxide is added to the silica glass which is formed during
the reaction. The additional amount of oxygen becomes visible in the mass signal.
Responsible for the gain in mass is the oxidation of lead to lead oxide and the
oxidation of silicon, which ends either due to the consumption of one agent or because
of the start of cooling. In case of the material system Ag-Pb the gain in mass is 4%
whereas the gain in mass for the system Ag-Pb-Si is almost 7%. Oxygen from air is

transported via the oxidized lead to the silicon and forms SiO,.
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Fig. 7-19: DTA-measurement of the mixture Pb — Ag — Si tempered under synthetic air.
The temperature profile, the mass signal and the DTA-signal are shown.

During cooling two peaks are observed: one is characteristic for the formation of Ag-
crystallites and a second for the Ag-Pb eutectic at 300°C. The size of the peak at
300°C is smaller than the eutectic-peak Ag-Pb (N,) but larger than the peak Ag-Pb
(syn. air), see Fig. 7-17. That means that metallic silver and lead are still present. One
part, the silver-rich phase, re-crystallizes around 630°C and another part in the form of
the Ag-Pb eutectic at 300°C. It is interesting that the peak at around 600°C is only
visible in all DTA-measurements if oxygen either in form of lead oxide or lead in an
oxidizing atmosphere is present during the reaction with silver and silicon. Lead oxide
together with silicon forms a glass, which is probably responsible for the separation of
the Ag-Pb melt in two phases, a silver-rich phase and the Ag-Pb eutectic.

In conclusion, the presence of oxygen during the firing step promotes the contact
formation and enhances the growth of silver crystallites. Ag-crystallites are found on
silicon samples, contacted with a mixture of metal silver and lead, and fired under

ambient air [23].



96 7 Contact formation — Chemical reactions

7.2 Reaction with bismuth oxide

Due to the health and environmental risks with the use of heavy metals like lead,
cadmium or mercury, the EU-commission announced the directive “Restriction of the
use of certain hazardous substances in electrical and electronical equipment —
RoHS”[133], which in general regulates the use of hazardous substances. Currently, a
maximum concentration of 0.1 m% lead (in homogenous materials) is accepted for the
production of electronic components. As the amount of lead used in silicon solar cells
exceeds this value, solar cells have been excepted from this directive until now. In
2006, when the EU-directive was published, paste manufacturers worked on the
development of lead-free contact pastes [123, 134]. A detailed survey is given by
Hoornstra und Schubert [60], who developed a lead-free front and rear side paste.
However, since then, only little work on this topic has been published and also the
industrially used contact inks/pastes still contain lead. In the future, it is very likely
that solar cells will be included in the directive and lead-free alternatives are
unavoidable. In particular solar cell producers, as suppliers of sustainable energy,
should seriously be interested in using environmentally friendly and sustainable

materials for the production of their products.

Lead oxide incorporated in a glass frit is in common screen print pastes the key
component in terms of contact formation. In most lead-free pastes, the leaded glass is
substituted by bismuth glass. Bismuth oxide can be used to replace the toxic lead in the
contact inks as it has similar properties to lead oxide [115]. In order to obtain a deeper
understanding of the role of a low melting oxide during the front contact formation in a
firing step, the basic reaction between Bi,O; and Si/SiN, together with silver are
studied in TG-DTA measurements; additionally, metal inks based on silver and

bismuth oxide were prepared and tested on solar cells, see chapter 8.

The reaction between bismuth oxide and silicon or silicon nitrite is investigated by TG-
DTA and compared with the reactions of lead oxide and Si or SiNj, respectively. In
Fig. 7-20 and Fig. 7-21 the reactions are illustrated. Bismuth oxide reacts in a similar
way with Si or SiN, as with lead oxide. The reaction temperature in the case of Bi,O;
is slightly higher and approximately shifted by 30-60°C. The exothermic character of
the reactions is similar. As soon as the activation energy is reached, a strong
exothermic reaction between the metal oxides and the Si or SiN, occurs. Bismuth
oxide can be used to open the passivation coating (SiN,) and it reacts with silicon,
which is the precondition for the formation of contact Ag-crystallites. Therefore, Bi,0;
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is a possible substitute for lead oxide in a front contact paste and the reaction
mechanisms can be given as:

Reaction with silicon

2Bi,0, +38i — 4Bi +3Si0, 73

Reaction with silicon nitride

2Bi, 0, +3SiN_ — 4Bi +3Si0, +3 XN,(T) 74

Silicon or silicon nitride are oxidized by the metal oxide, which is reduced to metallic
bismuth at the same time. The oxidized silicon probably forms a glass layer, whereas
the metallic bismuth helps to solve high amounts of silver. The solved silver can re-
crystallize in the form of Ag-crystallites, which are needed for a high quality contact.
The elemental formula of lead oxide and bismuth oxide are different and for the
oxidation of silicon or silicon nitride, 1/3 more oxygen is present compared to the
reaction with PbO. In theory, the metal lead content in the contact paste can be reduced
by 1/3. Reduced glass content results in a thinner insulating glass layer at the metal-

semiconductor interface and a lower contact resistance can be expected.

In order to prove the capability of bismuth oxide to act as a contact promoter in a
contact ink, its reaction with silver needs to be investigated as well, in particular the re-
crystallization during cooling. In Fig. 7-22 the reaction between the metal oxides (PbO
or Bi,O3) with silicon and silver is shown. The reaction with lead oxide is used as a
reference as it is known that a good electrical contact can be formed by this reaction.
The DTA-sample holder is filled with Si (25.5 mg), Bi,0; (156.7 mg) and Ag
(29.6 mg). The molar mass is the same as for the experiment with lead oxide. The
contact formation starts during cooling with the condensation of Ag-crystallites.
Similar to the reaction with lead oxide, mainly two exothermic peaks are visible, at
temperatures around 600°C and at temperatures below 230°C. The peak at 600°C
agrees with the Ag-Bi phase diagram, which is quite similar to the diagram of Ag-Pb,
see Fig. 7-23.
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Fig. 7-20: Reaction between Bi,O;
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Fig. 7-21: Reaction between Bi,O;
and SiN, under inert conditions. The
corresponding reaction with lead
oxide is given as well (dashed line).
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Fig. 7-22: Re-crystallization of Ag-Pb phases (silver rich and lead rich) and of Ag-Bi

phases (silver rich and bismuth rich).

A silver-rich phase exists in a broad range of temperatures, depending on the bismuth
content. At 600°C a composition Ag:Bi of 96:4 is expected. In the SEM/EDS analysis
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two metal phases were found, a silver-rich 96 at% (Ag) and a bismuth-rich phase
90 at% (Ag). For the silver-rich phase, the composition of 96:4 Ag:Bi corresponds to
the re-crystallization at 600°C, whereas the Bi-Ag eutectic contains a higher amount of
silver than expected. The condensation temperature of the bismuth-rich phase is too
low compared to possible theoretical values; nevertheless, they are probably related to
the eutectic temperature of Ag-Bi (250°C) and/or to the melting point of bismuth
(271°C). 1t is not clear as to why the temperature of the assumed melting point and
eutectic is shifted by 50°C to lower temperatures. The condensation temperature of
bismuth in the experiment Bi,O3-Si was 214°C, which is also below the expected
melting point for bismuth of 271°C.
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Fig. 7-23:Phase diagram for the system Ag-Bi [117]

The performed measurement indicates the usability of Bi,O; as a contact promoter in a
silver ink, even if the reaction temperatures are slightly higher and the temperature for
the re-crystallization lower compared to lead oxide. The reaction mechanism seems to
be similar to the reaction with lead oxide and the contact formation with a lead free ink
should be based on the same mechanism as for a lead containing ink. To prove this
result, front contact inks, based on silver and bismuth oxide, were prepared and tested
on silicon solar cells (see next chapter).

7.3 Presence of phosphorous in the contact ink

An often-discussed topic is the formation of a selective emitter during the firing step. It

would combine the advantages of a lowly doped emitter, (see chapter 9) with the
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necessity of a high emitter doping for the contact formation using printed silver
contacts. The addition of phosphorous components or elemental P to the front contact
pastes would be the easiest way to form a highly doped region directly under the
contact. Ideally, the P diffuses during the firing step in the lowly doped emitter region
and decreases the emitter sheet resistivity and increases locally the surface doping
concentration Np. Actually, some commercially available contact pastes contain
phosphorous for this reason [123] and Hilali [135] and Rohatgi [136] presented
slightly improved cell efficiencies if self-doping contact pastes are used. However, in
both experiments the silver pastes were fired above the silver-silicon eutectic (835°C).
Rohatgi has proven by SIMS measurements that P is incorporated into the silicon
surface if P containing silver pastes are fired above the eutectic for 2 min. Higher P
surface concentrations are found for pastes without a glass frit, which is in agreement
with the results from Meier [137].

We tried to test whether elemental P, as part of silver paste or directly deposited on a
silicon solar cell, with both a lowly and highly doped emitter can influence the emitter
sheet resistivity. The used samples were shiny etched Cz-wafers with emitter sheet
resistivities of Rg=50 C¥/sq. (Np=6x10%° cm™®) and Rg=120 Q/sq. (Np=7x10'8 cm™).
On each sample, three different inks were deposited, pure phosphorous, phosphorous
mixed with a front side silver ink and phosphorous mixture with pure silver powder. In
the case of the mixtures, the phosphorous content was 3 m% by mass. The samples
were fired in an in-line furnace at a temperature of 800°C (below the Ag-Si eutectic of
835°C) and at 850°C, above the Ag-Si eutectic. The peak temperature is applied for
less than 5 sec. The fired wafers were cleaned in nitric acid in order to remove the
silver and dipped in a low concentration HF (5%) solution for 5 min at RT to remove
the formed phosphorous glass layer. The emitter sheet resistance was analyzed by 4-
point probe measurements, sheet resistance imaging and inductive sheet resistance
measurements before the inks were deposited and fired, and afterwards the samples
were cleaned.

The results were quite surprising, as with none of the used methods we found an
indication for an increased P content in the samples. Independent of the initial doping
concentration, firing temperature and ink, the sheet resistance was not reduced after the
firing step. To the contrary, phosphorous seems to diffuse out of the emitter into the
formed phosphorous glass and the measured Rgy was even reduced. The diffusion of P
at room temperature into a native oxide layer is reported by [138]. During cleaning in
HF the native oxide layer is removed and probably some of the surface phosphorous as
well. The measurement methods we used are not sensitive to the surface; therefore, a
local diffusion into the silicon surface can not be excluded even if it is very unlikely.



7 Contact formation — Chemical reactions 101

The diffusion coefficient for P in silicon even at 1100°C is ~10™" cm?/s [139] and
therefore more than 10000 times lower than the diffusion coefficient for silver in
silicon (2.7x10® cm?/s) [140]. The formation of a selective emitter by diffusion is not
possible during a fast firing step. The formation of a selective emitter from a P
containing silver ink is only possible at high temperatures (>835°C) applied for a long
temper period, as reported by Meier and Porter [137, 141-143]. They proved the
presence of a selective emitter due to the formation of an Ag-Si-P melt where P is
incorporated during re-crystallization. Additionally, they found that the formation of a
selective emitter was not possible if glass was already present in the contact ink, as the
P is absorbed by the liquid glass and incorporated into the glass layer instead of the
silicon. As almost all front side contact inks contain a glass frit (necessary for the
opening of the ARC coating and for the contact formation below the Ag-Si eutectic),
the addition of P in a standard Ag paste is not useful for the formation of a selective
emitter. The addition of P might have an influence on the properties of the glass frit
during firing and therefore on the contact formation, as phosphorous tends to be
oxidized to P,0Os, which is known as a glass former. However, the formation of a thick
glass layer on the contact interface has more a detrimental than a positive effect on the
electrical contact quality. Solar cells contacted with inks which contain elemental
phosphorous show quite indifferent results. The [V-parameters were either not affected
by the addition of P or they changed for the worse; at the least a positive effect on the
electrical contact properties could not be observed. In general, the mechanical adhesion
was improved, which promotes the theory that from the additional P a thicker glass

layer is formed.

7.4 Chapter summary

The fundamental reactions between a silver contact ink and an n-type silicon surface
are investigated by thermal gravimetric - differential thermo analysis (TG-DTA).
Contact inks are mainly consisting of silver particles and a lead-oxide glass frit. The
important components for the contact formation are lead oxide as a contact promoter
and silver as a contact metal. The reaction mechanisms between lead oxide and silicon
and with dielectric coatings like (SiN, and SiO,) are clarified. Lead oxide reacts
exothermically with Si or SiN, at a temperature of about 680°C, the contact formation
with silicon is actively promoted, and silver contact crystallites are formed from liquid
Ag-Pb. This is hardly the case if SiO, is used as a passivation layer as the reaction of
PbO with SiO, is a slow melting process. The presence of oxygen during the firing

step is unavoidable, as the opening of the passivation layer as well as the etching of
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silicon are based in reduction and oxidation processed. It is even possible to form an
electrical contact to silicon under oxidizing atmosphere using only the metals silver
and lead. It is also shown, that the toxic lead oxide can be replaced by bismuth oxide.
The general reaction mechanisms, important for the contact formation are similar.
Bismuth oxide reacts exothermically with silicon and SiN, at slightly higher
temperatures than lead oxide does. Finally, the presence of phosphorous is studied, in
order to prove the possibility of forming a selectively doped emitter during the firing
of the front side paste. However under no condition a measureable impact of P present
in the silver ink could be found. Based on these basic results different contact inks

were fabricated and tested on silicon solar cells, see next chapter.
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Relatively simple contact inks were produced in order to test the chemical reaction
studied above on a real wafer and to understand the contact formation. First, a two
component system based on silver and bismuth oxide was used to prepare aerosol inks,
which were than deposited on solar cells. Bismuth oxide was used as a reactive metal
oxide as it is nontoxic and has similar properties as the toxic lead oxide. Solar cells,
contacted with “homemade” inks, were already produced by Mertens [47]. He tested
different silver particles, spheres and flakes, together with different oxides (PbO and
Bi,03) or glass-based inks where lead oxide or bismuth oxide were part of the glass
composition. In his study, the best cells contacted with bismuth oxide-based inks
performed almost as good as the best cells, contacted with a commercial silver ink. In
our experiments we could confirm that bismuth oxide is a good alternative to lead
oxide. The etching behavior seems to be more aggressive resulting in an increased
saturation current density jo, and a reduced shunt resistance R;,. However, as soon as
the pure oxide is incorporated in a glass system, the reaction of contact formation
seems to be more moderate and the firing step is less critical. For an ink, based on a
leaded glass system, the optimum glass content was determined. This ink is used for all
further studies and called “seed layer ink for the metallization of solar cells” (SISC).

Fig. 8-1: SEM images of a textured Si-wafer surface (left a) and of the same Si-surface
after the deposition of bismuth oxide, firing and cleaning (right b). The deposited and
fired ink (pure Bi;Oz-powder) has been removed by chlorine and fluoric acid.
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8.1 Experiment

Two component contact inks, based on silver and bismuth oxide, were prepared with
different Bi,0; concentrations, from 0 mass% (pure silver ink) up to inks with 90 m%
Bi,0;. The solid content for all inks was kept constant at 67 m%. Ag-powder and
Bi,O;-powder were the only inorganic components used. Organic solvents and
dispersant agents were used to adjust the ink rheology. In total six inks were prepared
with different ratios of Ag:Bi,0; and labeled AgBi_x, see Table 8-1. Ag-powder from
Alfa Aeser and bismuth oxide powder from Sigma Aldrich, both with a mean particle
size below 1 um, necessary for the aerosol print [144], were mixed. The solids were
dispersed in a mixture of glycol ether and n-methylpyrrolidone using an ultrasonic
bath.

name Bi,04 Ag
[m%] [m%]

AgBi0 - 100
AgBil0 10 90
AgBi30 30 70
AgBi50 50 50
AgBi70 70 30
AgBi90 90 10

Table 8-1: Composition of the silver-bismuth oxide inks

The inks were deposited on 5x5 cm? Cz-silicon wafers. The cells’ front sides were
textured and passivated with a PECVD-SiN, layer with the emitter sheet resistance of
Rsy=50 Q/sq. The rear side was metalized with an Al screen print paste. The front side
grid was printed using the aerosol jet technology. The aerosol-printed front side
contacts were co-fired with the screen-printed Al-rear side in an RTP furnace at
different temperatures, followed by a thickening step in a light-induced plating bath.
The printed contact width was w.<50 um and after plating of 12 um in height, the
contact width was increased to w=75 um. Five cells of each ink were fabricated and
fired at 5 different temperatures between 700°C and 820°C with a delta of 30°C.
Finally, the cell performance is determined by IV-measurements and the contact
resistance was analyzed using the transfer length model (TLM). The contact
microstructure and the contact interface are studied by SEM/EDX measurements of
etched contacts and on an ion-polished cross section. The etching behavior of AgBi x
inks was studied on polished samples by AFM measurements. Therefore, polished 2x2
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cm? samples are aerosol-printed with the different inks, fired in an RTP furnace, and
finally cleaned by an HNOs/HF etching sequence.

One of the successfully studied AgBi_x inks was used to process large-area 15.6x15.6
cm? mc-Si solar cells. The ink consists of 90 m% Ag-powder and 10 m% Bi,0;, called
AgBil0. The cells were aerosol-printed, co-fired in an in-line furnace at different
temperatures, thickened by LIP and characterized by IV, TLM-measurements and
SEM images. The samples, used for all further experiments on large-area multi-
crystalline silicon solar cells, had an acidic textured front side, passivated by a
PECVD-SiN, coating, Al-screen printed rear including Al-Ag connectors, and the
POCI;-diffused emitter had a sheet resistance of either 65 (/sq or 80 Q/sq. As the
contact formation with pure oxide inks is quite temperature dependent, the metal
oxides were incorporated into a glass frit. Two glasses, one based on lead oxide, called
glasspyo and one based on bismuth oxide, called glassgjo3, were produced and milled
into a glass frit which then could be added to a silver ink, similar to the pure oxides.
Several seed layer inks with different glassp,o-contents were produced and deposited
on mc-Si solar cells in order to study the dependence of the glass content on the
contact performance. Again, the IV-parameters were compared with the contact
resistance and structure and the optimum glassp,o content was determined. Finally, a
lead-free seed layer ink based on a bismuth glassg;jyo; was produced (with the optimum
glass content) and deposited on solar cells, which then were fired at different

temperatures.

8.2 Seed layer inks, based on silver and bismuth oxide

The impact of pure BiO; on a textured solar cell, fired under typical conditions
(ambient air T=800°C) is shown in Fig. 8-1a) before and b) after firing. The reaction is
very aggressive and the silicon surface is heavily attacked by the bismuth oxide. The
etching, or better the oxidation of silicon to silicon dioxide by a metal oxide is the
prerequisite for the use of the metal oxide, as the reactive component in a silver contact
ink, assuming the current contact model is valid. Six inks with different Bi,O3 contents
(see Table 8-1) are therefore deposited by aerosol printing on 5x5 cm? samples and
fired at different temperatures. The IV-results are summarized in Fig. 8-2.
Surprisingly, the cell performance is almost independent of the Bi,O3 concentration;
even inks with a Bi,O; content of 90 m% gave comparably good IV-results. Only for
the ink AgBi0 (pure silver ink) a contact formation on silicon was not possible. The
contacts did not adhere and the total front side grid was lifted off after contact firing or
during the LIP step. The silver particles sinter together and form a conductive layer,
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but as expected silver does not form a metal silicide and a direct or even intimate
connection between silver and silicon is not possible, at least for the used firing
conditions (below the Ag-Si eutectic). The presence of a contact promoter like bismuth
oxide is necessary as it is able to solve/etch the silicon in a redox reaction and forms a
glass layer which improves the contact adhesion. At the same time, Ag-crystallites are

epitaxial re-crystallized and a close contact between silver and silicon is formed.
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Bi,O3 T Vo Jse FF n Joi n; Jo2 ny Rs Rp
[m%] | [°C] [mA/en??] %] | [pAen?] [nA/en?’] [Qem?] | [Qem?]

90 730 605 324 713 152 1.24 1 374 2.48 0.52 1270

70 730 594 358 76.5 163 1.77 1 258 2.25 0.69 2855
50 730 598 359 748 16.1 1.42 1 53.7 2 1.24 2639
30 730 598 35.7 76.5 163 1.67 1 32.3 2 1.02 3215
10 730 595 35.8 734 15.6 1.53 1 72.9 2 1.28 2407

Table 8-2: IV-parameter for 5x5 cm? Cz-Si solar cells, contacted with different AgBi x
inks and fired at 730°C.

The solar cell IV-parameters are strongly dependent on the firing temperature and the
optimized firing temperature is in a quite small window around 730°C. If the firing
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temperature is reduced by only 30°C to 700°C, the activation energy for the redox
reaction Eq.7-1 is too low and a contact formation is not possible, independent of the
Bi,0; content. At 30°C higher temperatures (760°C), the FFs are already slightly
reduced, not due to a reduced contact quality but more likely due to a dark saturation
current in the space charge region j,,, see Fig. 8-4 where the [V-dark curves are plotted
for different firing temperatures. Solar cells fired at 700°C have an increased series
resistance (no contact formation) and with an increasing temperature, the “ideal” two-
diode curve is more and more determined by an increased recombination and reduced
parallel resistance. Only for the solar cells fired at 730°C a reliable fit of the dark V-
parameter (R,, Ry, jo;, jo2) Was possible; the data for this are given in Fig. 8-4 and Fig.
8-5. With increased bismuth oxide content, the series resistance is reduced but at the
same time, the values for j,, are slightly increased as well. High oxide contents seem to
be beneficial for the contact quality but detrimental for the pn-junction. The strong
dependence of the dark saturation current density on the firing temperature is evidence
for the diffusion of metal impurities into the contact. As the only materials present are
silver and bismuth oxide, it is either the bismuth or the silver which diffuses into the
silicon surface and the related damage in the crystal structure increases the
recombination and therefore the saturation current density. Silver can diffuse,
especially if no glass layer is initially present at the interface, which acts as a diffusion
barrier for impurities [145]. The influence of an annealing step can be seen in Fig. 8-6
and Fig. 8-7. The cell efficiencies of optimum fired cells (T=730°C) is more or less
unaffected by the annealing. However, the cells fired at too high temperatures are very
sensitive to the additional tempering step. The recombination is strongly reduced
during an annealing step of 10 min at 400°C under forming gas and the gain in
efficiency is proportional to the firing temperature. Crystal defects introduced during
firing in the space charge region seemed to be annealed e.g. a cell fired at 790°C had
an efficiency of n=12% after firing and of n=16.6% after the annealing. The gain is
based on an increased voltage from V,.=582 mV to V,=611 mV and an increased fill
factor from 57% to 75%. The gain in the FF can also be based on an improved contact
interface, as studied by Nakajima and by Schubert [146, 147], however, in this case the
series resistance was unaffected and the improved cell parameters are related to a
reduction in the dark saturation current density jj,. In conclusion, the cell efficiency is
more affected by the firing condition than by the bismuth oxide content.
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The fact that the IV-parameters are not affected by the bismuth oxide content can be
explained by contact resistance measurements and by the microstructure of the contact
interface, see Fig. 8-8. The contact resistance has a maximum at bismuth oxide
concentration of 30 m%-50 m% and is reduced for lower and higher bismuth
concentrations. One explanation is the number of Ag-crystallites and the assumed
thickness of a formed glass layer. As the inks do not contain any glass, the only
insulating glass present at the contact interface was formed during the contact
formation. Bismuth oxide etches silicon under the formation of a bismuth-silica glass.
That means, the more the silicon is etched, the thicker is the glass layer. The printed
contact height for all contacts is the same and in the range of 1 pm. The amount of
Bi,0; per contact area is therefore defined by the ink composition. For a low oxide
concentration, the contact interface is only slightly etched and some Ag-contact
crystallites are visible and the SiNy layer seems to be hardly etched by the oxide. The
glass layer therefore is quite thin and an effective contact between the crystallites and
the bulk silver is possible, as demonstrated in the following chapter. With an
increasing Bi,0O; content, the SiN, layer as well as the silicon is etched more strongly,
and even if more Ag-crystallites are visible, the contact resistance is increased as the
glass layer is probably too thick. At even higher Bi,O; concentrations, the contact
resistance is reduced again. The surface is etched even more and more glass is
produced. But now, almost the whole contact area is covered by silver crystallites and
the probability for a contact between Ag-crystallite and bulk silver is increased. The
best values for the contact resistance could be achieved with high oxide
concentrations; however, the adhesion of the contacts containing high amounts of
Bi,0; is strongly reduced and the diffusion of impurities is increased with the BiyOs
content. Therefore, for all further investigations, the ink AgBil10 with an oxide content
of 10m% was used.

8.2.1 Contact analysis and microstructure

The different etching behavior of the inks was studied by taking SEM-images of the
contact interface. The structure of the interface helps to interpret the IV-parameters
measured above and to obtain a better understanding of the contact formation.
Therefore, the metal contacts were etched successively in nitric acid to remove the
bulk silver and in fluoric acid to remove the formed SiO,-glass. The Ag-crystallites as
long as they were formed during contact firing, remained. The number and size of the
crystallites can be used to interpret the quality of a contact. In Fig. 8-8 the influence of
the firing temperature on the contact interface, formed using ink AgBil0, is shown as
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well as the influence of the bismuth oxide content on the contact interface at a constant
firing temperature of 730°C. At 700°C no Ag-crystallites are visible and an electrical
contact could not be measured; the measured surface roughness is due to ink
components which could not be removed during the etching steps but the SiN,-coating
on the cell surface was not affected. At 730°C Ag-crystallites grown into the silicon
surface are visible and the SiNy coating is locally removed, which indicates that the
redox reaction between bismuth oxide and silicon starts at this temperature. The redox
reaction also seems to be responsible for the crystallite growth. With increasing
temperature the size of the crystallites is increased even more, and at the same time
diffusion of impurities is an issue. The same trend as shown for an increasing
temperature can be found on interfaces produced with varied oxide contents. The more
oxide is present at the interface, the larger is the density of Ag-crystallites. Both an
increase in temperature and oxide content supports the redox reaction responsible for
the contact formation.

T=730°C 10 m%
§ .3_ ._ 2 -~
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Fig. 8-8: SEM images of contact interfaces. The bulk silver and the glass layer were
removed and the silver-crystallites are left over. The dependency on the firing
temperature (left) and on the bismuth oxide concentration (right) is shown together
with an EDX analysis of one of the silver-crystallites.

On a cross section of the metal-semiconductor interface, the distributions of the
elements and the contact structure are studied by EDX-analysis. A cross section was
produced from a contact printed with the ink AgBil0 and AgBi70. The contact was
first cut by a dicing saw, the cross section was mechanically polished and finally
treated in an ion polisher. An image of a total contact cross section can be seen in Fig.
8-9 and a close up view in Fig. 8-11. The different contact layers are given additionally
in different colors. The contact cross section for the contact AgBi10 was analyzed by
EDX-mapping of the elements silver, bismuth, oxygen and carbon. Both contacts were
fired at 730°C and have similar cell results and also similar contact resistances,
nevertheless, their interfaces are quite different, see Fig. 8-10 and Fig. 8-11. In both
cases, the plated silver is clearly visible as it has a dense and homogenous structure,
whereas the seed layer consists of more phases and additionally roundish cavities are
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present. The cavities are formed during the firing step, and they are either grown from
the evaporation of nitrogen from the SiNy coating or more likely from the combustion
of hydrocarbons, the organic ink components. The EDX analyses revealed an increased
concentration of carbon around the cavities, see Fig. 8-13. The combustion of the
organic ink components is not perfect and occurs at temperatures that are too high
where the glass layer is already liquid, and the formed combustion gasses (CO, and
water) are not able to evaporate, resulting in cavity formation.

EDX-analyses

g 10 pm L
e T o]

Fig. 8-9: Contact cross section of a seed layer printed and light induced plated contact.
The contact was fired at T=760°C and printed with the ink AgBil0 (10 m% Bi,O;). The
cross section was prepared by ion polishing. The EDX analyzed area is labelled.

The seed layer in the case of AgBi70 mainly consists of non-reacted or re-crystallized
bismuth oxide, as it is the main component of the layer. The Bi,Oz grains have a
geometric structure, which is more characteristic for a crystallite than for a glass layer.
This more than 1 um-thick layer (thickness of the printed seed layer) separates the Ag-
crystallites from the bulk silver and the LIP-silver. Ag-crystallites are clearly visible
and almost the whole contact surface, see also Fig. 8-8, is covered by the crystallites.
The Ag-crystallites are covered by a thin glass layer, which has been formed during the
contact formation. In case of the ink AgBil0, silver crystallites are hardly visible in the
cross section even if they are present, as we know from Fig. 8-8. The layer on the
interface to the silicon also consists of Bi,O3, which again is either pure re-crystallized
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bismuth oxide or a glassgj,03. The thickness of the Bi,O; layer is comparably thin and
it looks like if at some positions a direct contact between bulk silver and silicon surface
is possible. In the EDX-mapping of the contact cross section, bismuth is only found in
the presence of oxygen. Pure Bi is probably not present on the contact interface and is

either present in the form of crystalline Bi,O5 or in the form of a glassgj,o3 layer.

For both inks, AgBil0 and AgBi70, a quite low contact resistance RxW<I1 Q cm was
measured. This was not expected, as the interfaces, especially the thickness of the
Bi,0s-layer is totally different. The thickness of the oxide layer under contacts printed
with ink AgBi70 is almost 1 um thick. The low values for the contact resistance can
either be explained by the overcompensation for the negative effect of a thick Bi,Os
layer by an extremely high density of Ag-crystallites or by the conductivity. The
conductivity of a crystalline bismuth oxide layer seems to be better than the
conductivity of a glassgpo; layer as otherwise an electrical contact would not be

possible. For this investigation, further studies are necessary.

Even if the contact resistance is improved for higher bismuth oxide contents, it is
preferable to keep the fraction of oxide as low as possible, as the electrical cell
parameter jj, and R, are negatively influenced. Additionally, a boundary between the
seed layer and the plated silver is visible for the ink AgBil0, whereas the boundary
becomes a gap of a view nm in the case of contact ink AgBi70. The LIP silver
preferable growth on silver and not on oxide. As only a little amount of silver is
present at the contact, the LIP-growth is not homogenous, see Fig. 8-10. This interface
reduces the mechanical adhesion with increased bismuth oxide content.
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Fig. 8-10: Cross section of contact, Fig. 8-11: Close up view of Fig. 8-9.

printed with the ink AgBi70 (70 m% The formed glassgio; layer, the bulk

Bi;0;). Most of the seed layer consists silver and the LIP silver are colored,

of re-crystallized bismuth oxide. most of the seed layer consists of
silver and the formed glass layer is
quite thin.

Silver Silver
+
Bismuth

Fig. 8-12: EDX-mapping for the elements silver (yellow) together with bismuth (red)-
(left) and oxygen (green) (right). Evidence for the presence of pure bismuth was not
found, but bismuth exists together with oxygen.

Carbon

Fig. 8-13: EDX-mapping for the element carbon. In the surrounding cavities, an
increased carbon concentration indicates the formation of the hollows due to an
incomplete combustion of the organic ink components.
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8.2.2 AFM-measurements

The etch depth of Bi,O; into silicon was investigated by AFM-measurements.
Therefore 2 cm x 2 cm, diffused silicon samples with a polished (100)-oriented surface
were used, as a deeper etching on (100)-Si surfaces is expected. The junction depth on
the studied samples is about ~0.4 pm. The reported etching depth of Ag-crystallites for
optimum fired contacts on a (100)-Si surface is in the range of 100-150 nm [56] and
therefore about twice as deep as on samples with a (111)-Si surface [62].

The samples were printed with the different AgBi_x inks, fired, and cleaned, so that
only the imprints in the silicon surface were measured. All samples were fired at the
optimum firing temperature of 7=730°C in an RTP furnace. A representative area of 5
pm x5 pm was profiled and the maximal etching depth was determined by measuring
the difference between the highest and lowest points. The samples were covered by a
nitride layer and the highest point under the contact, still covered by the nitride layer,
was leveled by measuring the height next to the contact where the surface (SiNy
coating) is not affected by the ink. The highest point was set to zero and the deepest
point was found by line scans of the total investigated area. In Fig. 8-14 an SEM image
of the profiled region together with one line scan is given.

height [nm]

-120
0

length [um]

Fig. 8-14: SEM image of a polished (100)-Si surface with an emitter sheet resistance of
Rsy=90 Ysq, after the ink AgBi90 was fired and removed. The surface is heavily
attacked and the geometric footprints of the removed Ag-crystallites are visible.

The etching depths depending on the Bi,O; concentrations are summarized in Table
8-3. A relation between the etching depth and the oxide concentration was found and
the imprints for the ink AgBi90 are, with a depth of 128 nm, twice as deep as for the
ink AgBil0 (62 nm). This explains the reduction of R, and probably the increased jj,,

as the surface is stronger etched with increasing Bi,O3 contents, albeit the etching
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depth is for all inks below the junction depth of ~0.4 um and direct evidence for the
penetration of the emitter was not found; however, it can not be excluded as only a
limited area of the contact was analyzed.

The etching depth of Ag-crystallites on samples with a different diffusion was studied
as well. In Table 8-3 the results for samples with emitter sheet resistances of Rgy=55,
70, and 90 €)/sq is summarized. The samples were metalized with ink AgBi30 and
fired at 7=730°C. A relation between the emitter doping and the imprint depth was not
found. The etching depth is for all emitters in the same range of 80-100 nm. The
sample surfaces, independent of the emitter sheet resistance, are heavily attacked and a
dense network of geometric footprints of Ag-crystallites is found. The doping profiles
can be seen in chapter 9 Fig. 9-14. The thickness of a defect-rich layer at the sample
surface, caused by the phosphorus diffusion, obviously does not influence the etching
if pure bismuth oxide is used. Also the number of imprints seems not to be dependent
on the emitter diffusion, at least not in the studied range. Bismuth oxide is therefore a
very effective contact promoter and even on emitters with a high sheet resistance it
should be possible to perform a low ohmic contact.

ink etching depth
[nm]
AgBi 10 61,6
AgBi 30 93,2
AgBi_50 99,7
AgBi_70 104,9
AgBi 90 128,9

Table 8-3: Etching depths for different inks, fired on a 55 (Ysq emitter at the
optimized temperature of T=730°C
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Rsy etching depth
[¥/sq] [nm]
55 89
70 82
90 97

Table 8-4: Etching depth of Ag-crystallites on (100)-oriented silicon with different
emitter sheet resistances. The emitters were contacted with the ink AgBi30 and fired
at T=730°C.

8.2.3 1V-results on 15.6x15.6 cm? mc-Si solar cells

Motivated by the results obtained on small 5Scm x 5 cm Cz-silicon solar cells the
performance was tested of ink AgBi10 on large-area me-Si solar cells. The ink with the
lowest oxide content was used, as comparably good values for the contact resistance of
RxW<1 Q) cm were obtained by a moderate etching of the contact interface. The cells
with an emitter sheet resistance of Rg;=65 Q/sq were metalized by aerosol seed layer
printing and light-induced plating. In advance of the plating step, the cells were co-
fired in an in-line furnace in order to prove the industrial feasibility. Five cells were

fabricated at each temperature.

The efficiency, the series resistance (R;) and the shunt resistance (R,) are plotted as a
function of the firing temperature in Fig. 8-15. The cell performance is again strongly
dependent on the firing temperature and a maximum was found for a furnace set
temperature at 7=880°C. Up to temperatures of 880°C the cell efficiency is increasing
due to an improved series resistance. As all cells have the same base material, the same
amount of plated silver, and are fabricated under the same conditions, the series
resistance represents the contact resistance and therefore the contact quality. With
increasing firing temperature the contact quality seems to be improved as the series
resistance drops, but at the same time, the shunt resistance is reduced as well. For
firing temperatures below 7=880°C, the values for R, are above 5000 Qcm? and a
detrimental effect on the cell efficiency is barely visible. For firing temperatures
T>880°C the shunt resistance drops to values of only R,=2000 Qcm? whereas the
series resistance remains constant, therefore reducing the cell efficiency. The best solar
cell, fired at the optimized temperature of 7=880°C, achieved an efficiency of
17=16.3% and had a FF of 77.9%.
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The metallization of an industrial solar cell and the formation of a low ohmic contact
with a simple two-component ink (silver + bismuth oxide) is possible. On the one
hand, bismuth oxide is an effective contact promoter with a strong etching behavior. A
high density of Ag-crystallites can be formed on the contact interface if Bi,O; is
present and the formed glass layer is thin enough to guarantee a low ohmic contact. On
the other hand, the etching of the ink is almost too strong and with increasing firing
temperature the IV-parameter jj, and R, are worsened. The production window for a
good electrical contact is very small and solar cells have to be fired at an accurate
temperature with a deviation of only A7=20°C. As soon as an electrical contact has

been formed, the shunt resistance is additionally reduced to values of R,<7 kQcm?>.

In a further experiment, the bismuth oxide was incorporated into a glass system. The
exact composition of the glass system is proprietary. According to the basic chemical
reaction between silicon and a glass frit, the reaction is supposed to be less aggressive
and occurs also in a broader range of temperatures. Solar cells, metalized with an ink
based on silver and glass, should have a wider production window in terms of being
less sensitive to the temperature variation. During firing, the glass frit becomes liquid
at moderate temperatures below the contact formation temperature, wetting the silicon
surface. The reactive glass components are homogenously distributed on the contact
interface and the redox reaction can be better controlled. Improved values especially
for the shunt resistance and j,, are expected, as the etching depth should be reduced

and the glass frit additionally acts as a diffusion barrier for metal impurities.

Large-area mc-Si solar cells with an emitter sheet resistance of Rgz=80 Q/sq were
produced and metalized. The seed layer ink was a lead-free ink, based on silver and a
bismuth based glassgjyo3 frit. The cells were fired in a belt furnace with a temperature
deviation of A7=100°C. Four cells at each temperature were fired, starting from
T=850°C to 950°C. As it is expected that a shunting of the cell is strongly reduced due
to the presence of the glass frit, the temperatures are higher than in the previous
experiment where an effective contact formation was observed for set temperatures
T>820°C. The efficiency and the FF as a function of the temperature and the dark 7V
curves for different temperatures are shown in Fig. 8-16. The FF and also the
efficiency are less dependent on the temperature compared to the results using the pure
oxide. The dark [V characteristic does not show either a connection between j,;, and
firing temperature. The FF are on a quite high level of 78% with a standard deviation
of 0.3%, and the efficiency is constant at around 16.5% (47=0.1%) for solar cells fired
at 7=880°C-920°C. For higher and lower firing temperatures (7=850°C and 7=950°C),
the values for FF and m are only slightly reduced. For temperatures below 7=850°C,
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the activation energy, necessary for the contact formation, is too low and for high
temperatures 7>950°C the contact formation is too effective; the density and size of
Ag-crystallites is increased but simultaneously the formed glass layer is getting too
thick and therefore the contact performance is decreased. This experiment clearly

demonstrates the advantages of using a glass frit instead of the pure oxide.
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The use of a glass system instead of the pure metal oxide improves the cell results and
also the process stability. The next section answers the question of how much glass can
be added to a contact ink. The glass system used to study the dependence of the glass
amount on the contact quality is based on leaded glassp,o. As the optimum firing
temperature for a silver ink containing a glass frit has its optimum on a broad plateau
around 7=900°C, it was kept constant at this temperature for all different inks with
different glass contents.

8.3 Seed layer inks, based on silver and glass system

As the reactive component in a front contact paste/ink is the metal oxide, here
incorporated in a glass frit, the amount of glasspyo used in an ink influences the contact
formation. With an increasing glass content, the size and the number of Ag-crystallites
and also the fraction of the opened SiNy-layer is increased, see SEM images from Fig.
8-19. These images show that increased glass content has a similar effect on the
contact interface as increased bismuth oxide content. An improved contact
performance with increased glass content can be expected, albeit the TLM and also the
IV-measurements show a different image (see Fig. 8-17 and Fig. 8-18). These results
are comparable to the results of the experiment where the Bi,O; content was varied,
apart from the fact that in the case of the bismuth oxide experiment, the contact
resistance was reduced with increasing glass content which is not the case for the glass
frit experiment. The contact resistance is increased as soon as more than 10 m% of
glass is added to the silver ink. The increased glass content supports the redox reaction
and more Pb is formed, more Ag can be solved, the number and the size of Ag-
crystallites are increased but at the same time, SiO, is formed and the thickness of the
insulating glass layer is increased. If too little glass <Im% (of the total ink) was
present, no crystallites were formed, the SiN,-layer was hardly opened and the
measurement of a value for the contact resistance was not possible. For glass loadings
of more than >30m% the SiN,-coating was totally removed, a high number of large
Ag-crystallites was found, which were covered by a thick insulating glass layer, and
again high contact resistances were measured. The optimum glass content, represented
by a sufficiently large number of Ag-crystallites and a possible thin glass layer, is
found somewhere in between. No significant difference in the contact resistance is
observable in the range of 2 m% to 10 m% of glassp,o. Remarkable is the broad range
in which the glass content can be varied. The contact and the cell performance are
quite stable between 2 m% and 30 m%. Even if one third of the ink consists of glass,
FFs of more than 78% were measured. Similar to the experimental results for high
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oxide contents, the values for jj, and R, are reduced with increasing glass content,
albeit on a higher level and the effect is less detrimental for the cell efficiency.

The glass content has of course an influence on the mechanical adhesion; it is the
adhesion promoter, the “glue”, for fired silver contacts. As the contact consists of two
layers, the seed layer and the plated LIP-silver and has therefore two bonds, where the
contact can be detached in a pull test. It has to be distinguished whether the junction
between seed layer and wafer and/or between LIP-silver and seed layer silver is the
weak bond. For low glass contents <2m% the adhesion was reduced as well as for
contacts where the glass contents exceeds 20m%. In the first case the contacts were
detached under a tape test on the interface seed-silicon thus, the total contact was
removed. The amount of glass was just too little and the adhesion between seed layer
and silicon is too weak. For the contacts with high glass content, the weak bond is the
junction seed layer-LIP silver. In this case, the problem with adhesion is the same as
for the contacts with high oxide loadings, see above, the seed layer contains too high
amount of non-metallic materials and the LIP-silver can not form an intimate metallic
bond. Therefore, also for the mechanical adhesion the optimum glass content seems to
be somewhere between 2% and 10%.
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emitter sheet resistance is plotted as a control parameter for the measurement.
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Fig. 8-18: IV-parameter for large area mc-Si solar cells contacted with a seed layer
ink, based on leaded glasspyo as a function of the glass concentration.

The experimental data determined an optimum value for the glass content of 2 m% -
10 m%. The glass is necessary to form the electrical contact; however, too much glass
is detrimental to the electrical performance. The thickness of the glasspyo layer is
dependent on the glass content in the ink and also on the contact height. What is the
necessary height of the glass layer? In order to give a lower bound for the glass
content, the glass frit theoretically consists only of lead oxide. Assuming a seed layer
printed contact with a height of 1 um, printed with an ink containing 5 m% pure PbO
(density ppyo=9.53 g/cm?®) and 95m% silver (p,,=10.49 g/cm?), the resulting glass
layer thickness can be calculated as dy,=58 nm, which is hardly sufficient to open the
ARC coating. Theoretically, only for the opening of the 70 nm thick SiNy-layer
according to Eq.7-2, a layer of at least 60 nm pure PbO would be necessary. The
70 nm thick SiN-layer (density pprcvpy=2.4 g/cm?) is oxidized, resulting in an 76 nm
thick amorphous SiO,-layer (density py.si02=2.2 g/cm?®), which is solved and added to
the glass layer. In total, an insulating glass layer of more than 100 nm after the reaction
is present if the whole SiN, coating is opened. This means that an ohmic contact is
impossible. If a glass frit is used instead of the pure oxide, the resulting insulating layer
is even thicker. How is it possible that even with inks, containing less than 5 m% of
glass frit, low ohmic contacts can be achieved? Fortunately, the contact formation is
quite inhomogeneous and the thickness of the glass layer at the contact interface varies
strongly, from a few nm up to several 100 nm. On areas with a thick glass layer, an
electrical contact between bulk silver and emitter is impossible, whereas on contact
points (grown Ag-crystallites), the glass layer is quite thin and either a direct or a
tunnel contact is possible. Additionally, it is not necessary to open the whole

passivation layer to create a low ohmic contact, as shown in the next chapter. Using the
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ink developed here an maximum efficiency of 16.8 % was achieved for large-area
multicrystalline silicon solar cells see also chapter 11.

Fig. 8-19: SEM images of the contact interfaces for increasing glass content top to
bottom. The pure Ag-crystallites (left) are visible if silver and the insulating glass layer
are removed in an acid bath. On the right pictures the increasing glass thickness is
visible.
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8.4 Chapter summary

In the present chapter, different contact inks have been fabricated and tested on silicon
solar cells. The inks only contain as solid components silver and a metal oxide or a
glass system. In the first part of the chapter the influence of a reactive metal oxide,
bismuth oxide, on the metal-silicon interface is studied by microscopic analysis. The
electrical contact and cell parameters are used to interpret the observation. Bismuth
oxide as an additive to silver is a rather effective contact promoter, the etching of
silicon is even too strong and finding the right firing parameter is difficult. The formed
contacts tend to shunt the pn-junction and/or defects are generated in the space charge
region resulting in a strongly increased value for jj,. Never the less it was possible to
fabricate multi-crystalline silicon solar cells with an efficiency of n=16.3%. The used
ink was based only on silver and bismuth oxide. Further more the advantages of using
a glass frit instead of the pure oxide was tested for both, leaded glass and bismuth
oxide based glass. It was found, that the cell results are less dependent on the firing
temperature which can be explained by the moderate reaction between the bismuth
glass and the silicon. The contact formation occurs in a broader range of temperature
and the values for jj, and R, are not related to the temperature. Finally the optimum
glass content is determined for an ink using a leaded glass system. For a seed layer
application where the deposited ink height is only 1pum, the glass content is less critical
and can vary in a broad range of 2-20m%. Using the ink developed here a maximum
efficiency of 16.8 % was achieved for large-area multicrystalline silicon solar cells.
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The properties of fine-line printed, fired, and plated (SFP) contacts are investigated in
this chapter. The investigated contacts are two layer contacts which are formed by a
combination of fine-line aerosol print and light-induced plating (LIP). For seed layer
print the optimized ink SISC (Seed layer ink for the metallization of Solar cells),
developed during this work is used. A cross section image of a SFP contact is shown in
Fig. 9-2. The thinly printed seed layer is different from the LIP silver due to its coarse
structure; it is additionally highlighted in a red circle. The contact is composed of
conductive LIP-silver, printed bulk silver, a glass layer, and a layer of silver
crystallites grown through the dielectric layer into the emitter. Unfortunately, the
metalized area is not equal to the contact area; therefore the effective contact area
needs to be determined. In the first part of this chapter the interface between seed layer
and silicon surface is discussed. Responsible for an electrical contact are small silver
crystallites, formed directly on the interface. The Ag-crystallites are in direct contact
with silicon. In Fig. 9-1 a schematic drawing of two types of crystallites is shown. In
case of typel the silver crystallite is isolated from the bulk silver by a thin glass layer.
In case of type2 the crystallite is in direct contact with the silver finger. The two types
of contacts are used to explain the discrepancy between the theoretically expected and
experimentally determined resistivity, which is about a factor of 10°.

bulk silver bulk silver

Fig. 9-1: Model of the microscopic contact area. The electrical contact is determined
by a small contact area between Ag-crystallite and bulk silver, both of which are
usually separated by a thin glass layer (typel, left). Crystallite and bulk silver can also
be in direct contact (type2, right).

The microscopic analysis is additionally used to learn more about the growth
mechanism of silver crystallites in silicon. The SEM and TEM images are interpreted
based on the results of chapter 7. Possible current paths are discussed and compared to
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the results with thick film contacts. The most efficient and in many cases the only
possible current path is via Ag-crystallites. Additionally, the influence of the emitter
doping on the growth of silver crystallites is investigated. From standard screen printed
solar cells it is known that a slightly reduced doping concentration makes an effective
contact formation impossible. In case of the SISC ink it was possible to contact solar
cells with an emitter sheet resistance Rgy of more than 120 €¥/sq. In general, effective
crystallite growth is observed on a POCI; diffused emitter as long as the surface
concentration is higher than Np>10"" cm™. It is suggested that a defect-rich layer on
the surface of the emitter, consisting of SiP clusters, is responsible for the growth of
Ag-crystallites.

In the second part of the chapter, the influence of the contact geometry, especially the
seed layer height on the electrical contact properties like line conductivity and contact
resistance, is investigated before and after plating. The question of how much ink per
contact area is required in order to achieve a low ohmic contact on a standard silicon
solar cell is answered. The relationship between contact resistance and contact height
is measured by using the transfer length model (TLM). By taking SEM images of the
metal-semiconductor interface, it is then proven that a contact height of less than 1 pm
or a minimum total ink amount of only 4-6 mg is sufficient to contact a large area
(15.6 cm x 15.6 cm) silicon solar cell. It was found that a possible thin contact layer is
beneficial for both: the finger conductivity, as the fraction of LIP silver is increased,
and the contact resistance, as the contact formation is more effective. Finally, the
results are summarized, the main aspects are highlighted, and outlook for further work

is given.

9.1 Contact formation and microstructure

The contact formation for fine-line printed contacts is principally the same as for thick-
film contacts. A detailed analysis of the contact formation using thick film pastes is
given by G. Schubert [23, 54] and a review is given by Refs. [66, 148]. However, there
are some distinct differences. For fine-line contacts, both the line width and the line
height are reduced. The amount of ink necessary to contact a 15.6 cm x 15.6 cm large
solar cell is about 20 times lower than the amount of paste deposited in a screen print
process, meaning as well, that the amount of ink per contact area is more than 10 times
lower as the contact area is smaller; therefore, the contact formation needs to be more
effective. The reduced ink density has the advantage that more oxygen, which
promotes contact formation, can reach the interface. At the same time, volatile reaction

products like nitrogen from the SiN, coating, and carbon dioxide and water, formed by
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the combustion of organic ink components, can be released easier. Furthermore, due to
the reduced contact height (reduced ink density), less reaction partners per contact area
are present and the ink composition, i.e. the ratio of silver:glass, must be adjusted. The
main difference between these contacts, however, is the different application. Whereas
a thick-film contact has to have a high lateral conductivity, and at the same time a low
resistivity, the seed layer printed contact only has to be optimized for superior contact
properties as the lateral conductivity is done in a further process step. In this chapter
the contact formation of a seed layer printed, fired and plated (SFP) contact is
described. SEM and TEM images are used to investigate the microstructure in order to
understand the contact mechanism and current transport on an optimized SFP contact.
In Fig. 9-2: a cross section of a SFP contact is shown. The relation of seed layer
thickness, especially after firing, to LIP thickness illustrates the negligible contribution
of the seed layer to the line conductivity.

mag HV pressure 50 pm
30.00 kV14.19e-4 Pa Fraunhofer ISE

Fig. 9-2: SEM image of a SFP-contact cross section. The aerosol printed, fired seed
layer is marked. More than 97% of the contact consists of LIP silver.

The contact formation and the microstructure can be investigated by taking SEM or
TEM images of the contact interface either from a top view or from a cross section
image. The sample preparation for a top view of the contact interface is shown in Fig.
9-3 a)-e): the different layers of an SFP were removed by a HNO3/HF sequence. We
start with a complete finger Fig. 9-3 a) and remove the formed contact layers stepwise.
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Fig. 9-3 a) and b) are untreated samples, b) is after firing of the seed layer and a) after
light induced plating. No further sample preparation is necessary for taking SEM
images. The bulk silver (printed and fired silver + plated silver) can be removed in
nitric acid. Therefore, the samples are etched in HNO; 69% at 90°C for 10 min, the
result can be seen in Fig. 9-3c). The contact silver crystallites, which are protected by
the glass layer, are remaining and are visible through the thin glass layer. In a further
etching step the glass layer is removed in fluoric acid (HF 5%) at room temperature
(RT) within 4 min. During this HF etch, the SiN,-coating can be thinned as well [149],
therefore, all samples saw the same etching sequence, additionally it was proven by
SEM images that next to the contact area the SiNy-coating is still present. The
remaining silver crystallites are now clearly visible, including their geometric
structure, see Fig. 9-3 d). The silver crystallites can be removed by immersing the
sample in nitric acid again (HNO;, 69%) at 90°C for 10 min followed by a further HF
dip (HF, 5%) at RT for 1min. Fig. 9-3 ¢) shows the plain silicon surface with the
footprints of the removed Ag-crystallites.

a)

n-emitter
p-base

b)

Seed layer
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Fig. 9-3: SEM-images of the contact interface; the contact layers are sequentially
removed

9.1.1 Effective contact area

The theoretical value for the resistivity of silver with n-type silicon is in the range of
p~1x107 Q em?-1x10"* Q cm? for doping concentrations above N>1x10%° em™ [23].
The measured values for p, for printed and fired contacts on highly doped emitters are
in the range of p~1x10~ Qcm?. The resistivity for a single silver crystallite on a
35 Q/sq emitter was determined by Ballif and Huljic [55, 150], using conductive AFM
and found to be p,=2x107 Qcm?. According to these measurements, only 0.01% of the
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contact area needs to be covered by Ag-crystallites in order to explain the measured
values, which are on the order of 1x107 Qcm?, see Fig. 9-4. However, about 1-20% of
the contact area is typically covered by Ag-crystallites. In Fig. 9-5 the silicon surface
after removal of the silver contacts is shown. The geometric imprints are the footprints
of contact Ag-crystallites; their shape is dependent on the crystal orientation [62, 65].
On (111)-oriented silicon surfaces, the Ag-crystallites have a triangle foot print and a
flat, lens-shaped appearance. On (100)-silicon surfaces, the footprint is square-like and
the crystallite has the shape of an inverted pyramid. The top of the crystallites (outside
the silicon surface) is randomly mostly spherically shaped, except for when they are in

close contact with the bulk silver.

p, [Qcm?]

Giv. by factor 2x10°

i
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T T
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-3
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Fig. 9-4: Resistivities of SFP contacts as a function of Np, determined from TLM-
measurements. The theoretical p. is illustrated by the bold line. The red squares are the
real measurements (small squares) divided by a factor of 2x10°.

In the example given, about 10% of the contact area is covered by silver crystals.
Assuming these 10% consist of direct silver-semiconductor junctions (type2), the
measured values for p. should be much lower. To explain the discrepancy in o,
theoretically and experimentally determined by TLM measurements, as seen in Fig.

9-4, TEM images on a contact cross section were performed. To give an estimation of
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the real effective contact area, a TEM measurement of a contact cross section was
performed. The TEM image of a metal-silicon interface can be seen in Fig. 9-7. The
contact crystallites, which are grown through the anti-reflection coating into the silicon
surface, are either of type2 and in direct contact with the conductive silver (bulk
silver), or, more likely, of typel and covered by an insulating glass layer. The
measureable contact is either a metal-insulator-metal-semiconductor junction, where
contact resistance is determined by the tunneling process of the charge carriers through
the glass, or a metal-semiconductor junction with a very small contact area. The
presence of a glass layer between the contact crystallites and the contact bulk silver
was reported by several authors [22, 54, 56, 59, 61, 62, 65, 66, 146, 151]. In this work
the resistances of SFP contacts were measured, which were processed on emitters with
different surface doping concentrations Np (see below). The measured values show the
expected dependence on Np, however, at a much higher level than predicted. A factor
of 2x10° separates the theoretical values from the experimental values. This
discrepancy can be explained by taking the effective contact area into account. The
TLM-measured value for p, implies that the actual metal-semiconductor contact area is
equal to the metalized area. However, for the investigated SFP contact this is not the

case, see Fig. 9-5.

Fig. 9-5: SEM image of the Ag-crystallite (right) and imprints (left) in a (111)-oriented
surface, after removing the metal contact. The SiN,-layer is still present apart from the
positions where an Ag-crystallite has grown through the nitride and into the silicon.

Direct contact is only possible on very distinct positions. The size of the crystallite
imprints on the silicon surface were determined by taking several SEM images on 6
different contact positions, randomly distributed over one solar cell. In total, 40
footprints were analyzed and the average contact size was determined to be
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A.=0.156 um?, together with an area density of about 0.77 crystallites per um?, which
is a coverage fraction of about 10%. In Fig. 9-6 an SEM image is shown on one of the
investigated contact interfaces. Only the contact silver was removed; nevertheless,
some of the Ag-crystallites were removed as well, which means that not all of the
crystallites are covered by an insulating glass layer, but rather some are potentially
type2 contacts. Type2 contact points cover about 1% of the contact area and if the area
of the foot prints is used for the calculation, the resistivity is still too low to explain the
discrepancy of 10°. However, if we are assuming that the potential contact area
between bulk silver and silver crystallite is not defined by the footprints (silver-silicon
junction) but by the direct silver-silver junction, the difference of 2x10° can be
explained. The area for a direct silver-silver junction is approximated by a circle with a
radius of 10-20 nm from a TEM image Fig. 9-7. As the determination of the direct
contact area is quite inaccurate, the only conclusion which can be drawn is that the
relatively small number of type2 contacts is already sufficient to explain the measured
contact resistance. All typel crystallites are either inactive or their contribution to the
current flow is rather small. Not only the crystallite size and density, but moreover the
thickness and conductivity of the intermediate glass layer is important for typel
contacts. G. Schubert [23] has proven that the contact resistance is strongly limited by
the intermediate glass layer. When the layer is removed and the Ag-crystallites are
contacted directly by liquid conductive silver, all crystallites are type2 contacts and a
resistivity could be measured in the range of the theoretical expectations.

Additionally, it must be taken into account that if all the current is flowing over such a
small area, it is very likely that the contact resistance is also determined by the
spreading resistance under these contacts [37].



9 Contact formation and electrical properties

133

AMU

Fig. 9-6: SEM image of the contact interface. The bulk silver is removed in nitric acid
and the contact Ag-crystallites covered by a thin glass layer are visible a). On some
positions where no glass layer is present, the Ag-crystallites are also removed and a
direct contact to the bulk silver was possible.

Bulk-silver

100 nm

Fig. 9-7: TEM image of a seed layer printed and fired contact. Visible is the Si-
substrate; the SiN,-coating, penetrated by the contact Ag-crystallites; a glass layer,
filled with Ag-Pb precipitates; and the bulk silver, which is in close contact with the Ag-
crystallites. Only in the position where an Ag-crystallite has grown, an electrical
contact is possible.
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9.12 Silver crystallite growth

For the growth mechanism of Ag-crystallites two theories predominate. The first
possible mechanism describes the growth of silver crystallites from silver which is
solved in the liquid glass and transported to the silicon interface [47, 56, 150]. During
cooling, the silver from the glass and the solved silicon re-crystallize and the
geometrically shaped silver crystallites, which grow epitaxial on the silicon lattices, are
formed [56]. The second proposed reaction mechanism is the “etching” of silicon by a
redox reaction Eq.7-2 and Eq.7-3 where silicon is oxidized by a metal oxide and the
produced silicon oxide is solved in the glass, while the reduced lead can solve high
quantities of silver, which re-crystallizes during cooling in the form of Ag-crystallites
in the opened, previously etched silicon position [58].

The origin of Ag-crystallites is very likely the condensation of liquid silver from a
liquid Ag-Pb phase, which has been formed during an exothermic reaction between
PbO and either Si or/and SiN,. The amount of lead produced during the contact
formation of a single crystallite can be estimated: The footprint of a single Ag-
crystallite was determined by averaging the size of 100 footprints from SEM images to
be 0.156 um?. The shape of the footprint is simplified as a cycle and the shape of the
crystallite as a half dome with a volume of \/'Ag_cy:2,3><10'20 m’. The average mass of a
single crystallite can than be calculated to mAg_Cry=2.43X10'13 g (density p,=10.5
g/em?).

The amount of lead, which is formed during the “etching” of SiN and silicon for one
Ag-crystallite can also be estimated: The depth of the imprints is the thickness of the
SiN, coating plus approximately 50 nm of dissolved/etched silicon; in total 120 nm.
The single volumes are Vsin=1.1x10" m® and V=0.78x10""* m® which is equivalent
to a mass of msiN:2.6><10’14g and msi:1.8X10’14 g. During the contact formation,
according to Eq.7-2 two mol Pb are formed while 1 mol Si (M=28 g/mol,
ps=2.33 g/lem®) or SiN, (M=42 g/mol, psy=2.4 g/cm®) are oxidized. The amount of
formed lead is therefore in total mp,=5.3x10"" g, which is almost two times more than
the mass of silver necessary to form a single Ag-crystallite. Therefore, sufficient lead
is present and together with the contact silver, an Ag-Pb phase can be formed.

Another option for the silver source, from which the Ag-crystallites can be grown, is
silver that has been solved in the glass. Glass was heated together with silver up to
800°C and kept at this temperature for 30 min. The hot liquid glass was poured in cold
water to freeze the solved silver in the glass. A content of 1.7at% of silver could be
solved in the glass. Other authors found similar results with 3at% at 900°C [54] and
8.5at% at 1000°C (2 hours) [23]. As the reaction time for the contact formation is only
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a few seconds and not several minutes or hours, the content of solved silver in the glass
is negligible. For a seed layer contact (height 1 pm, width 50 um, printed with an ink
containing Sm% PbOyy,), about 17m% of silver has to be solved in the glass to form
the observed number of Ag-crystallites (Ag-crystallite density 0.77 pm™, crystallite
volume VAg,Cry:2.3><10’2O m®). This is by far too much to explain the crystallite
formation by silver solved in glass. The formation of Ag-crystallites from silver rich
glass, reported by [61] is a possible mechanism; however, it can be excluded as the
main source of silver for the Ag-crystallite growth.

Proposed is a combination of these two effects for the reaction mechanism. The source
for the Ag-crystallites is definitely the silver-lead melt, which can be incorporated into
the liquid glass. The Ag-Pb melt is formed during the redox reaction of lead oxide with
Si/SiN;. The PbO from the glass frit reacts exothermically with the SiN, layer or
directly with the silicon. During the redox reaction, silicon is anisotropically etched
(see Fig. 9-8). The formed SiO, is dissolved in the glass, together with the highly
reactive lead, allowing a high amount of silver to be solved due to the high lead
content. It is especially silicon from defect-rich surfaces which tends to be oxidized
and solved; see below. In Fig. 9-10a)-d), our understanding of the crystallite formation
is explained. The Ag-crystallites are formed from the liquid Ag-Pb-glass phase. They
crystallize during cooling, corresponding to the Si-lattices, and an intimate contact
with the silicon is formed. An explanation for the formation of a direct silver-silicon
contact, as observed in high resolution TEM studies by Refs. [56], [62], can be given
by the formation of a local Ag-Si eutectic. Even if the reaction temperature is below
the eutectic temperature of 835°C, a formation is possible, due to the additional energy
supplied by the exothermic redox reaction. Another explanation is the dissolution of
silicon into the reactive Ag-Pb-glass melt. During cooling, the locally solved silicon
re-crystallizes along the Si-lattice in a diamond structure at the same time silver
recrystallizes as face-centered cubic and forming a direct Si-Ag junction. The lead and
the glass on top of the Ag-crystallite are still liquid at this point and silver, solved in
the Ag-Pb-glass, diffuses towards the crystallite and grows on top of the silver seed
crystal. The diffusion of silver in liquid glass is quite high [54]. The more silver is
solved, either in the glass or in the form of the Ag-Pb eutectic, the larger the crystal
grows. The bulk silver is solid at each state of the firing step, as the temperature is far
below the melting point of silver. The crystallites are increased until the bulk silver
limits the growth or until the viscosity of the glass phase is too high and a further
diffusion of silver to the crystallites becomes impossible. The silver-lead phase
crystallizes in the form of small precipitates in the glass layer. The crystallites, if they
reach the bulk silver, have a flat surface and appear to be in close contact with the bulk
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silver above, but a small glass layer is usually present. Otherwise, all Ag-crystallites
would have been removed during a HNO; etch, rather than just a few (see Fig. 9-9 and
Fig. 9-6).

Fig. 9-8: Glass-frit ink on textured (111)-Silicon: etching of the pure glass is visible
after the samples were tempered for 5 min at 800°C in a box furnace. The glass layer
was removed by fluoric acid (HF 5% at RT for 30 min)

Fig. 9-9: Silver crystallites and footprint of silver crystallites at the contact interface,
after removing the bulk silver in an HNO3 etching step. The growth of most Ag-
crystallites seems to be limited by the bulk silver, as they have levelled surfaces
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In Fig. 9-9, all described Ag-crystallite characteristics are visible: locally opened SiNy
layer, mostly circles of differing diameters, remaining silver crystallites with a flat
surface, and an imprint from a crystallite, removed in a single HNO; etching step.
These results can also explain the improved contact resistance if a slow cooling after
fast firing of a contact is applied [152][23]. This step gives the crystallites more time to
grow, as the solidification of the glass layer is reduced and more silver is able to
diffuse from the glass to the crystallites.

a) b)

bulk silver bulk silver

c) d)

bulk silver bulk silver

Fig. 9-10: Schematic drawing of contact formation. a) At temperatures above 700°C
the glass is liquid and the redox reaction Eq.7-1 takes place. The formed SiO, is added
to the glass melt together with the liquid lead. High quantities of silver are dissolved.
During cooling, at temperatures <600°C the dissolved silver recrystallizes epitaxial on
the Si-lattice. Dissolved silver diffuses toward the Ag-crystallite, the size of which is
enhanced. d) The viscosity of the glass melt is too high, diffusion has become
impossible, the Ag-crystallite is in close contact with the bulk silver, separated by a thin
glass layer.
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An additional proof of the redox-reaction theory can be given by using the results from
chapter 7 with emphasis on the crystallite growth. The Ag-crystallites are formed
during cooling at temperatures around 500-700°C, indicated by an exothermic peak in
the DTA-signal. In Fig. 9-11 different examples are given for reactions between Ag-
PbO/glass-Si. The eutectic is formed in all cases as expected at around 300°C. The
second peak at higher temperatures, which is responsible for the crystallite formation,
is only visible under the presence of oxygen, here in the form of lead oxide. These
reactions were carried out under argon gas atmosphere to exclude the influence of
gaseous oxygen. The DTA-signals for the reaction with glass or with PbO as a
replacement are more or less the same. Both peaks are clearly visible. For the system
Si-Pb-Ag, where metal is present but not the metal oxide, only the eutectic can be
found. It appears that the reaction, which is responsible for the Ag-crystallite
formation, needs the presence of both silicon and a metal oxide. In a further
experiment, under the presence of synthetic air (oxygen) the reactions of the metals
Pb-Ag and Si are investigated. If the presence of both oxygen and silicon is responsible
for the crystallite formation, we would expect no peak for the system Pb-Ag apart from
the melting point or eutectic, as silicon is missing. However, we would expect a second
peak for the system Pb-Ag+Si. The data can be seen in Fig. 9-12. Even if no metal
oxide or glass is initially present, the DTA-signal during cooling shows the same
reactions as the system Si-PbO-Ag as during heating under synthetic air; Pb is oxidized
to PbO, which then reacts with silicon. Therefore, it is possible to create a contact on a
silicon wafer without the initial presence of any glass. G. Schubert fired under ambient
air a mixture of lead and silver deposited on a Si-wafer, finding a high density of
crystallites at the metal semiconductor interface [23]. Silver inks deposited on a wafer
and fired under argon or nitrogen atmospheres, however, do not form a contact on
silicon [131, 132].
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Fig. 9-11: DTA-measurement for different ink compositions under inert conditions
during cooling.
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Fig. 9-12: DTA-measurement of Ag-Pb-/Si during cooling from 800°C to RT under
synthetic air.

From this we can conclude that for the contact formation of silver on silicon, the
presence of a metal oxide, initially present or formed during firing, is necessary. Firing

under oxygen atmosphere is essential as it promotes the oxidation reaction. The
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additional reaction energy, set free from the oxidation of Si to SiO,, helps to solve
silver and is probably also responsible for the solution of Si in an Ag-Si eutectic and
for the formation of Ag-crystallites. The redox-reaction theory is supported by the
following effects: larger Ag-crystallites with higher crystallite density are found either
by higher firing temperatures [153], longer temper times [152], higher glassp,o
contents in the ink, oxidizing atmosphere during firing, or the presence of a defect-rich
silicon surface (high Np).

However, the detailed growth mechanism of the crystallites in the silicon surface,
either from an anisotropic etching of glassp,o and the crystallization of silver from a
Ag-Pb-melt or from a re-crystallized locally solved silicon and the Ag-crystallization
from a formed silver-silicon eutectic, is not entirely revealed; especially not for the
contact formation on a real solar cell. It is not only a reaction between the materials
glasspyo, silver and silicon, also structure, surface defects, dopants, and doping
concentration on silicon playing an important role for the crystallite formation, as

shown below in 9.2.

9.13 Current transport

In contrast to the Ag-crystallite formation, it is rather easy to explain the possible
current paths on an SFP contact. Several current paths on a fired thick-film contact
which is additionally plated are proposed, also see chapter 3. The transport of the
charge carriers on a seed layer printed contact can be simplified to one. From our
understanding, the main contact points are the Ag-crystallites as these are the only
contact points between bulk silver and silicon. The rest of the contact area is covered
by a SiN, coating. The crystallites are homogenously distributed over the whole
contact area, covering about 10% (for an optimized contact R.xW<I Qcm?).
Therefore, only 10% of the SiN, coating needs to be opened, which is advisable for
two reasons. First, the more the SiN, is dissolved, the thicker is the insulating glass
layer and the worse is the contact resistance. Additionally, a locally penetrated SiNy
coating helps to reduce the surface recombination, even under the contacts. The glass
content or the printing height should be adjusted in such a way as to allow the local
opening of the SiN, coating. The locally opened SiN,-layer allows us to determine the
main current transport mechanism. The only possible contact positions are the Ag-
crystallites, as the rest of the contact area is covered by the insulating SiN,-coating (see
Fig. 9-5 and Fig. 9-7). Even if the SiN, coating is partly or totally removed during the

contact formation (see Fig. 9-33 and Fig. 9-34), the contact resistance is not improved.
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Therefore, the only effective way for the current to pass from the solar cell emitter into
the bulk silver is via the Ag-crystallites. All other current paths can be excluded.

9.14 Annealing

An annealing step often helps to improve the contact performance. Direct metal-
semiconductor junctions and the contacts where the crystallites are separated by a thin
glass layer are probably the positions where the contact can be further improved by an
annealing step. In Fig. 9-13 the results of contact resistance measurements for different
annealing temperatures and atmospheres are given. One sample is annealed under
forming gas (FGA) and another under ambient air for 15 min. After annealing, the
quality of both contacts is improved. Even if the contacts are starting at different levels
in contact resistance, they reach their lowest values at annealing temperatures of
250°C, independent of the atmosphere. The positive influence of an annealing step
under FGA is reported by [23, 154] and can be explained by the reduction of metal
oxides on the surface of the glass layer [155, 156]. The number of small precipitates is
increased and the conductivity of the insulating glass is improved. It is reported that
silver, which is solved in the glass, forms small precipitates and a conductive silver
layer on the glass surface [157]. As we find similar results for a contact annealed in air,
we believe that in addition, the boundary between Ag-crystallite and the bulk silver is
improved, especially for contact positions where the crystallites are in close contact
with the bulk silver. The contact resistance for both structures, annealed in air or in
FGA ambient, is strongly increased at annealing temperatures above 300°C or 350°C
respectively. The temperature range between 300 and 350°C is the temperature where
lead, and also the silver-lead eutectic, becomes liquid. At annealing temperatures
above 300°C, the eutectic melts and the contact is restructured. It is possible that the
liquid eutectic, which is formed close to the silicon surface, diffuses and some large
precipitates are formed from many smaller ones or the liquid precipitates are moving
from the soft glass into the bulk, reducing the conductivity of the glass layer. It is also
possible that the eutectic found on top of an Ag-crystallite, melts and diffuses into the
bulk, decreasing the distance between Ag-crystallite and bulk silver [23]. In summary,
fine line printed contacts can be improved by an annealing step up to temperatures of
280°C.
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Fig. 9-13: Contact resistance measurements (TLM) of two samples, annealed at
different temperatures and different atmospheres. The contacts are two layer contacts
(fine line print + LIP).

9.2 Contact formation on different emitters

The full potential of silicon solar cells can be reached if low-ohmic contacts are
formed using fine-line printed contacts especially on solar cells with a reduced emitter
doping concentration. One of the technological efforts in PV research is to reduce the
line width in order to reduce shading and recombination losses. These, however, make
the effective contact formation even more complicated. To make use of the advantages
of a fine contact structure, on an emitter with a reduced doping concentration, it is
necessary to improve the electrical performance of the metal-semiconductor junction.
Otherwise, the gain in current (j,.) and voltage (V,.) is overcompensated by a reduced
fill factor (FF) due to an increased series resistance (Ry).

In this experiment we have investigated the contact performance of the seed layer
metallization ink SISC on different materials and emitters. Solar cells were produced
and analyzed on Cz-wafers with different emitter sheet resistivities. In advance some
preliminary studies on silicon samples with different surface doping concentrations
and different emitter profiles were performed. A short review of the defects on highly
doped silicon samples is given and discussed with our results according to the Ag-
crystallite growth.



9 Contact formation and electrical properties 143

9.2.1 Emitter doping and Ag-crystallite growth

Important for the formation of low ohmic contacts during a firing step is the number,
or better the density, of silver crystallites at the metal-semiconductor interface. The
Ag-crystallites have been studied in detail and also their function as main current paths
was suggested, but their growth conditions, especially the influence on the emitter
surface, are not clear yet. For the metallization of screen printed, or in general printed
and fired contacts on solar cells, low sheet resistivities Rgy<100 €)/sq, and high doping
concentrations Np>10% cm™ are necessary [150]. One reason for this is the theoretical
dependence of the resistivity on the doping concentration (see chapter 3) but also the
reduced number of silver crystallites. Their density seems to be dependent on the
emitter sheet resistance and the emitter doping concentration at the surface,
respectively [65]. Also the presence of a dielectric layer seems to have an influence on
the quality of the contact [48]. In a first experiment, different emitters were prepared in
a POCl, diffusion tube furnace on polished Cz-Si wafers. Four emitters with a shallow
error function profile and one emitter with a deep diffused, GauB-like profile were
processed. The emitters with shallow profiles have surface doping concentrations
between 2x10% cm™ and 8x10%° em™, resulting in sheet resistances between 50 (V/sq
and 120 Q/sq. The GauB profile was achieved in a further diffusion step, also resulting
in a sheet resistance of 120Q/sq and a surface doping concentration of
Np=7x10'"® cm™. Additionally, two further samples were used to study the crystallite
growth from a silver front side ink under standard firing conditions. One sample has an
epitaxial grown emitter with a surface doping concentration of Np=10*" cm™ and a
sheet resistance of 30-40 ()/sq [158]. The other sample is non-diffused p-type silicon
with a doping concentration of 10'® cm™. The profiles of the diffused emitter can be
seen in Fig. 9-14 and Fig. 9-15. The surface doping concentration Np is of special
interest for the contact formation and the Ag-crystallite growth. The shallow emitters
possess a high Np as they are diffused from an infinite P source. During the tube
diffusion, a layer of phosphorous silica glass (PSG) is formed on top of the silicon
wafer when P,Os or POCIl; was used as a P source. The emitter’s surface P
concentration even exceeds the amount of P which can be built into the Si-lattice
substitutionally. Thus, there is more P present than is electrically active. The total P
concentration is determined by secondary ion mass spectroscopy (SIMS) and the
amount of electrically active P is determined by measurement of the electrochemical
capacitance-voltage (ECV); see Fig. 9-14. The limit for electrically active P is 2-
3x10%° em™ [159, 160] (see also Fig. 9-15). With an ECV measurement, only the
concentration of electrically active P is determined.
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diffusions. for two shallow emitter profiles and

for the diffused emitter.

The extra phosphorous, which does not sit on a silicon site and acts as a donor, forms
small SiP precipitates [160-167] or additionally P-related defects [138]. One of the first
studies on SiP-crystallites are the crystallographic investigations from [161]. The form
of the SiP precipitates is either orthorhombic [161, 164] or monoclinic, depending on
the conditions of growth [164, 165]. For diffused silicon samples, the SiP precipitates
grow on the silicon surface on the interface to the PSG layer [166, 168]. The size and
the density are dependent on the doping concentration and the diffusion temperature
[163]. He found a SiP-crystallite density on the surface of 1x10'° cm™ for samples with
a doping concentration of 2x10% cm™. The average size is about 200 A. Seibt and
Solmi found SiP-structures with a dimension of about 150 nm. If we are comparing
this data with the results for the Ag-crystallites (Ag-crystallite density ~1x10% cm™,
average size d,=400 nm), it might be possible that the SiP crystallites are the nucleus
for the growth of Ag-crystallites. In Fig. 9-16 and Fig. 9-17, TEM images of SiP-
crystallites are shown. Ying et al. [169, 170] did some X-ray photoelectron
spectroscopy (XPS) measurements on highly doped POCI; emitters with a surface
doping concentration of ~10% cm™. He observed significant amounts of unoxidized P
and a new chemical state of Si, having an unstable bond and a reduced binding energy
compared to lattice Si. The detailed structure of the related P or Si defects is not
explicitly mentioned, but an overview of the different possibilities of defect states is
given. Ying also investigated the oxidation behavior of P-doped and non-doped Si-

surfaces and found a thicker native oxide layer for the doped samples, which has
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grown in a shorter time. Both the faster oxidation and the lower binding energy of Si
and P in highly doped Si-surfaces make a relation between Ag-crystallite growth and
surface defect density (SiP-precipitates) very likely.

Fig. 9-16: TEM image of SiP Fig. 9-17: TEM image of a SiP
crystallites on the surface of a heavily crystallite [166]

diffused and annealed  (100)-Si

surface [159]

The relation between surface defects and doping concentration Np is experimentally
investigated by depositing the seed layer ink SISC on silicon samples with different N
and firing them in a belt furnace at a wafer temperature of about 800°C. SEM images
of the contact interface are shown in Fig. 9-18, where bulk silver and glass layer are
removed so that only the Ag-crystallites are present. Especially on the shallow emitter
profiles with a high doping concentration, the Ag-crystallite density is high. A
difference in density on a sample with an emitter sheet resistance of Rgy=120 ()/sq or
Rg=50 Q/sq is barely observable. Mette [25] found a reduced crystallite density for a
contact on a 90 Q/sq in comparison to a 40 Qsq emitter. The paste he used was a
standard front contact paste and not the SISC ink as it is used here. The density of
crystallites on a deep diffused emitter with a surface concentration of Ny=8x10'® cm™
is significantly reduced, but crystallites are still present. According to the ECV
measurement (Fig. 9-15), all P is active and therefore integrated into the Si-lattice. The
presence of SiP crystallites or P-precipitates is rather unlikely. However, as the emitter
was also created in a POCI; diffusion, a high defect density on the surface might still
be present and the Ag-crystallite growth during a firing step is possible. Additionally,
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on a sample where the P concentration at the surface is higher than Ny>1x10%° cm™ but
the number of defects is reduced, almost no crystallites were found after firing. This
silicon sample has an epitaxial grown emitter [158]. Therefore, it is more likely that
the number and structure of Si defects, rather than the presence of phosphorus, are
responsible for the Ag-crystallite growth. Finally, on n-type bulk silicon with a doping
concentration of Np~10"® cm™ (defect etched and polished wafer), some roundish,
shallow structures could be found, but no Ag-crystallite. From these results we can
conclude that the most important factor for an effective contact formation (high
crystallite density) is not the sheet resistance, and only slightly the surface doping
concentration, but the way the emitter is produced: the density of surface defects. More
detailed studies on the interaction between doping concentration and silver crystallite
growth are still necessary, especially for the contact formation on lowly doped

emitters.
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Fig. 9-18: SEM images of the contact interface at surfaces with different emitter sheet
resistivities and different surface doping concentration. a)-c) flat POCI; emitter d)
diffused POCI; emitter e) epitaxial gown emitter f) bulk silicon
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9.2.2 AFM-profiles

In a further experiment the size and especially the depth of the Ag-crystallites grown
into the silicon were determined. The Ag-crystallites on the above investigated
samples were totally removed so that only the footprints were visible. The surface
morphology was profiled using atomic force microscopy (AFM). In Fig. 9-19 a 3d-
mapping of several AFM line scans is shown. The geometric structure of the inverted
pyramids with a square footprint is clearly visible. Small crystallites are forming a
perfect inverted pyramid, whereas larger crystallites have the shape of a frustum of
pyramid. From a single scan (red line) the crystallite profile can be determined,
especially the crystallite depth. The depth strongly depends on the crystallite size.
Samples with different doping concentrations were investigated and several crystallites
were scanned; however, a clear tendency was not observed. The deviation in crystallite
size and depth was too large for a reliable result on all emitters. The surface roughness
after firing and etching additionally leads to a strong depth variation. Furthermore, the
height of the deposited ink influences the crystallite size. Small crystallites (inverted
pyramids) were found in positions where very little ink was deposited, e.g. at the edge
of a printed finger. If the crystallite growth was not limited by the material, larger
imprints were found. The depth, however, seems to be limited by the wafer material.
From a certain pyramidal depth, the crystallites are not found to be growing in depth,
but rather in lateral directions; see Fig. 9-20. The crystal depth seems to be related to
the thickness of the defect-rich layer at the surface. The deepest crystallite found for all
investigated samples had a plateau at a depth of about 150 nm.
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b)

Fig. 9-19: AFM image and line scan of contact imprints a) and the measured profile
from the line scan b)

(100) (11

Fig. 9-20: Redraw of [62], Schematic of Ag-crystallite imprints grown into a (100)-Si
surface with different depth.

9.23 Results on large-area industrial cells on Cz-Si

Silicon solar cells were processed on 12.5 cm x 12.5 cm Cz silicon wafers (ppq.=1-
3 Q cm) with an alkaline texturing, PECVD-SiN, coating, an Al-BSF rear side, and
different emitter sheet resistances (Rsy). Half of the cells had seed and plate (SFP)
contacts and the other half of the cells were conventionally screen printed (SP), using
the silver paste PV 154. The seed layer was aerosol printed with the silver ink SISC,
which was developed and fabricated at Fraunhofer ISE and subsequently silver plated
in an in-line LIP machine. To investigate the influence of the emitter surface doping
concentration on the silver crystallite density and the contact resistance, different
emitter profiles were processed in a POCI; tube furnace. The profiles and the surface
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doping concentrations are equivalent to the samples above. The sheet resistance and
the surface concentration vary from 2x10% - 8x10%° cm3, resulting in sheet resistivities
between 40 Q/sq and 130 Q/sq The parameters of the cells were determined by
measuring the [V-characteristic as well as the electrical contact properties using the
transfer-length model (TLM). Further on, the metal contacts were etched off and the
crystallite density on the metal-semiconductor interface was determined using SEM

images.
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Fig. 9-21: Comparison of measured resistivity and FF of screen-printed (SP) using
standard silver paste and SFP contacts using SISC ink on different emitter sheet
resistances.

The relation between resistivity p. and the FF is shown in Fig. 9-21, where both
parameters are shown as a function of the emitter sheet resistance Rgy and emitter
doping concentration Np for screen-printed contacts and for SFP contacts. SFP
contacts on a 40 Q/sq emitter have a p,. below 1 mQ cm?, whereas the values for the
screen-printed contacts are in the range of 2-3 mQ cm?, which is still low enough so
that it does not significantly contribute to R and therefore the FFs are constant at 78%.
However, for p, values greater than 6-7 mQ cm?, Ry is increased and thus the fill factor
will be reduced. At an emitter sheet resistance of 130 /sq, the values for p. for an SFP
contact are 4-5 mQcm? and the FF=78% are still at a high level, whereas the FFs for
the screen-printed cells are reduced to values around 50%. The resistivity for the
screen-printed contacts using standard Ag pastes, increased dramatically for sheet
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resistivities higher than 60 €/sq and the cell FF’s are reduced. The SFP contacts also
depend on Np, albeit at a much lower level, and emitters with a sheet resistance of
130 Q/sq can still be contacted without influencing the IV-parameters of a solar cell.

Fig. 9-22: Contact interface on a 40 Q/sq emitter (left) and 130 Q/sq (right) metalized
with Fraunhofer ISE’s SISC ink. The crystallite density on a highly doped and on a lowly
doped emitter is more or less constant.

Fig. 9-23: SEM image of the removed contact of a 40 (Vsq cell (left) and 130 Qsq
(right) metalized with standard screen-printing paste. A relatively low crystallite density
and a widely opened SiN, layer characterize the contact interface.

The contact interfaces of SP and SFP contacts are shown in Fig. 6-7 for contacts on an
emitter with a resistivity of 40 Q/sq and 130 Q/sq. The contact interface is different for
both contacts. The SFP contacts have a much higher density of Ag-crystallites, which
are randomly distributed over the contact area and not concentrated at the pyramid
edges. The SiN, passivation layer is, in the case of screen printed contacts, widely
opened whereas the SiN, coating for the SFP contacts is closed apart from the contact
points where an Ag-crystallite has been grown. The crystallite density obviously
depends on the used ink and printing method, whereas the doping concentration or the
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sheet resistance only has a minor influence on the crystallite growth. As the number of
crystallites for both contacts is independent of the sheet resistance - at least in the
tested range - we can conclude that it is preferable for a low ohmic contact to have a
high number of Ag-crystallites instead of having a widely opened SiN, layer. The
current flow from the emitter into the bulk silver is more effective via point crystallites
than via a widely opened SiNy coating. The IV-parameters for average screen-printed
solar cells and a solar cell with an SFP contact are shown in Table 1 for emitter sheet
resistivities of 40 Q/sq and 130 Q/sq.

Ry We Wr A A, Voc Jsc FF n

[Q/sq]  [um] [um] [mm?]  [mm?] mVv [mA/em?]  [%]  [%]

SP 40 100 100 10.1 10.1 612 34.7 78.1  16.6
SP 130 100 100 14 14 613 354 523 114
SFP 40 30 70 6.0 9.1 611 35.0 784 16.8
SFP 130 30 70 6.3 14.4 625 353 79.6 17.6

Table 9-1: IV-parameters for solar cells fabricated on 12.5x12.5 cm? 1-3 Qcm, p-doped
Cz-silicon wafers with AI-BSF, for screen print contacts and seed and plated contacts.
The cell thickness is 170 um.

As expected, the values for V,. and j,. increase with increasing sheet resistance, as the
emitter recombination is reduced and the quantum efficiency is increased for short
wavelengths, see Fig. 9-24. The difference in j,. and also in V,,. for the different
printing technique independent of Ry, can be explained by the shaded/contacted area,
A, and A, where A, is the area of the total contact finger (seed layer width + plating)
and 4, is the area covered by the fired contacts. For screen printed contacts 4, is equal
to 4. The shaded area is of interest in order to interpret the values for j,., as the current
is rather sensitive to the shaded area. For example, the screen-printed cells have a
lower j,. on highly doped emitters compared to the SFP contacted cell, which is
consistent with a larger A, for the SP contacts. On lowly doped emitters, the values for
Jse for the SP contacts are higher than on SFP cells, as the shaded area is smaller. The
contact distance for each solar cell was optimized according to the printed line width
and the sheet resistance. The screen-printed lines have a width of about 100 um and
therefore the contact fingers have distances of 2.4 mm (40 Q/sq) and 1.5 mm
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(130 ©/sq). The contact width for the seed contacts is 30 um, resulting in finger
distances of 2 mm (40 Q/sq) and 1 mm (130 Q/sq). Similar cell efficiencies for SP and
SFP contacted solar cells can be obtained on highly doped emitters, whereas the cell
efficiency on solar cells with a high sheet resistance is dominated by the resistivity,
and the SFP contacted cells can benefit from an increased V. and j,. as the values for
the FF are on a high level.
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Fig. 9-24: IQE measurements of the best high-efficiency cell on FZ-Si (open triangles)
plotted together with IQEs of the Cz-Si cells with different emitter sheet resistivities
(closed symbols). The typical reflection is shown for an AlI-BSF and a passivated rear
solar cell.

The measurement of the internal quantum efficiency as a function of the wavelength
reveals the advantages of using an emitter with a high sheet resistance. Due to the flat
emitter profile with the relatively high surface doping concentration, all IQEs are
reduced at short wavelengths. Nevertheless, there is a strong difference in IQE for the
different emitter sheet resistivities. In the short wavelength region, the IQE is increased
with increasing values for Rgy. The cells with an emitter of Rgy=40 ()/sq and 60 Q/sq
have a very strongly reduced IQE of below 80% for a wavelength of A=350 nm. The
difference in IQE for samples with an Rgi>90 Q3/sq can be neglected, as the difference
in Np for these samples is also rather small (Rgy=90 Q/sq, Np=3x10% ¢cm™ and
Rgi=120 Q/sq, Np=2.5x10%° cm™®). The IQE for Rg;y>90 Q/sq is above 90%, see Fig.
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9-24. For long wavelengths, which represent the rear side of the cell, the IQE is the
same. In addition, in Fig. 9-24 the IQE of a high efficiency solar cell with a
Rsy=110 Q/sq is shown. This cell has a passivated rear side and a higher optical
reflectivity due to the evaporated Al-mirror. On the front side, the IQEs are similar to
the described solar cells, however, on the rear side, the advantages of improved
passivation (thermal grown oxide with LFC contacts) compared to the Al-BSF are
visible. The high efficiency cells are described in detail in chapter 11.

9.3 Contact geometry

An aerosol system was used to deposit the seed layer contact structures on silicon
substrates. The line width strongly depends on the used nozzle diameter (see
chapter 5). For these experiments a nozzle opening of 200 um was used, resulting in a
line width below 40 um, as seen in Fig. 9-26. The line height of a single aerosol
printed seed contact is in the range of h=1 um and depends on the initial ink particle
size. With nanoscopic inks, line heights below 100 nm are possible as well, and a thick
film contact more and more becomes a thin film contact. The impact of the line height
on the contact formation is studied below. All the described contacts need to be fired in
order to form an electrical contact. The firing step also influences the contact
geometry. The contact shrinks, due to the evaporation of solvents and binders and due
to the sintering of the silver particles. The single silver particles sinter into clusters and
islands and form an interrupted conductive layer. The contact cross section is reduced
by about 30%, which correlates with the solid load of the printed ink. Even if the silver
particles are in the range of 100 nm and a homogenous silver layer is formed during
the firing step, the contact cross section is by far too small for an effective current
transport. The cross sectional area of a front side contact needs to be approximately
between 500 and 1000 um? in order to transport the current without significant losses.
Here the area is only a few um? and a thickening (see chapter 6) is unavoidable, if only
a single seed contact is deposited. The contact height can be varied by printing at
different printing speeds, by multiple path printing, or by using different inks, such as
hotmelt inks [90].
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Fig. 9-25: Contact cross section of a single aerosol printed front side contact, before
and after firing.

Fig. 9-26: Image of a single aerosol Fig. 9-27: Image of a single aerosol
printed front side contact. printed and fired front side contact.

The effects of multiple-layer printing on the contact geometry were studied on seed
layers, deposited on shiny-etched wafers. The line height was varied by multiple
printing (1-15 layers). The printed lines were fired in an in-line furnace and finally
plated in a cyanidic (CN) plating bath, using the light-induced plating process. The
contact geometry, especially the cross sectional area, was determined by confocal
microscopic measurements and verified with microscopic pictures from polished
contact cross sections. The contact geometry for multiple aerosol-printed lines can be
seen in Fig. 9-28 and Fig. 9-29. The lines were printed on top of each other.
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Fig. 9-30: Aspect ratios (finger height:width) for single — 15 layer aerosol printed
fingers as printed and after firing.

The height of the single printed line is limited to 1 um, which is about two times the
diameter of the silver powder used in the contact ink. Hence, finer contacts can be
obtained with an ink containing finer particles. The lines are deposited at a printing
speed of 30 mm/s; at higher speeds the line height can be reduced even more, but line

interruptions are unavoidable. Each further printing step increases the line height by
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another micrometer. The contacts grow faster in height than in width, indicated by a
linearly increasing aspect ratio as shown in Fig. 9-30. The line width is increased, as
the ink tends to wet the silicon surface. This can be avoided and an ink deposition in
layers is possible if the rheology of aerosol inks is further improved.

94 Resistance and line conductivity of SFP contacts

The electrical properties like line resistivity p; and resistance RxW were investigated
on multiple-layer printed seed contacts, too. These parameters are of special interest
for the metallization of solar cells, as both contribute directly to the series resistance
and therefore to the fill factor [24]. For the determination of the line resistivity, the
contacts printed on polished wafers from the geometrical studies are used. The line
resistivity is determined after firing and after plating. The line resistance for all contact
structures was measured using a 4-probe measurement and the specific line resistivity
was calculated, taking into account the determined cross section area.

The resistivity was studied on alkaline textured solar cells in order to get a value for
RxW_dependent on the contact height for industrial solar cells. The resistivity of each
contact structure was determined by a TLM measurement. The influence of the ink
density on the contact resistance was analyzed by taking SEM images of the metal-

semiconductor interface.

94.1 Line conductivity

The specific line resistivity was determined from the measured line resistance, taking
into account the cross sectional area. For the single printed contact no value can be
given, as the contact is not continuous (see Fig. 9-27). For all other contacts, the values
are illustrated in Fig. 9-31. A constant growth in the cross section, together with a
steady decrease in line resistance, should lead to a constant resistivity; however, the
measured resistivity decreases with every printing step. There are two reasons for this
phenomenon: first of all, the sintering behavior of the silver particles is supported by a
higher ink density, as the silver particles can find a neighbor particle in all directions.
The single silver particles do not melt together, as the firing temperatures are usually
below the melting point of silver, but they do form metal bonds to intimate neighbor
particles. The more particles are in an intimate contact, the higher is the conductivity.
Multiple current paths are possible, which reduces the line resistivity. Second, the
influence of the glass frit on the line resistivity decreases during the firing step. The
glass melts, segregates from the silver, diffuses towards the silicon surface, and the

remaining pure silver forms a continuous conductive layer. The contact can be built up
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line by line and achieve resistivities comparable to screen printed contacts. However,
more than 15 lines (15 um contact height) are necessary until the conductivity is
reached which can be compared to screen printed contacts. In conclusion, the higher

the seed layers, the lower the specific line resistivity before plating.
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Fig. 9-31: Specific line resistivity as a function of printing layers after firing and after
CN-LIP. The dashed line marks the conductivity of bulk silver, and the crosshatched
area the resistivity of screen printed contacts.

The contact we are looking for is supposed to be a seed layer, which has to be
thickened in an LIP process to reach its final resistivity. Therefore, the multiple printed
contacts were plated with the same amount of silver and the line resistivity was
measured. In Fig. 9-31 the advantage of a thin, subsequently plated seed layer is
obvious. In general, the resistivity for all plated contacts, independent of the seed layer
height, is reduced. However, the best conductivity was achieved for the single printed
seed layer, which initially was not measureable. Generally, the less material is
deposited for the seed layer, the lower is the total line resistivity after plating. In the
case of the single printed contact, a line resistivity of p,=1.85X10'8 Qm is measured,
which is already close to the value of bulk silver (p=1.59% 10 Qm). The resistivity of
a contact structure with a flat seed layer is dominated by the conductivity of plated
silver. As the conductivity of LIP silver is much higher than the conductivity of printed
silver, aerosol- or screen-printed, it is advisable to keep the fraction of printed silver as
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small as possible. The crosshatched area in Fig. 9-31 represents the resistivity of screen
printed contacts. As long as the seed layer height is below 10 um, the two layer contact

structure is superior in resistivity compared to screen printed contacts.

9.4.2 Contact resistance

In a further experiment the influence of the seed layer height on the contact resistance
was investigated. Contact structures were printed at different speeds and heights
(different ink densities) on randomly textured Cz-wafers. The height of the lines was
varied from 1 pm to 9 um. The height can hardly be measured on textured wafers, as
the height of the pyramids exceeds the deposited line height; therefore, the results on
polished wafers were used to determine the line height. After printing, the cells were
fired in an in-line furnace and subsequently plated by LIP. To be independent of
printing parameters like line width, printing speed and, material output, a value for the
deposited ink mass, the ink density [g/m?], was defined. For this we measured the ink
output of the printer, the line width and the printing speed. From this data an area

density can be calculated by (9-1),

VX W (4-1)

with (ink density p [g/m?], throughput d [mg/min], printing speed v /mm/s], and line
width w [um]).

For example, a 45 pm wide line printed with a speed of 20 mm/s and a material output
(dry) of d = 0.2 mg/min, results in an ink density of p= 3.7 g/m>. A solar cell with an
area of 15.6 cm x 15.6 cm and a grid of 80 fingers and 2 busbars (1.5 mm) can be
contacted using only 4.4 mg ink. In Fig. 9-32 a top view of such a fired seed contact is
shown.

The surface texture is still visible and the contact area is not totally covered by the ink;
nevertheless, this is an example for a contact with a normalized contact resistance
RxW below 0.5 Qcm. The contact resistance was measured using the transfer length
model (TLM) [34, 37]. The measured resistance was multiplied by the width (W) of
the test structure in order to get the normalized contact resistance RxW [37], which is
independent one the dimension of the TLM test sample and only dependent on the
contact width w. All measured contact resistances are shown in Fig. 9-33.
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Fig. 9-32: Image of a single printed and fired seed contact Even with an incompletely
covered contact surface a normalized contact resistance RxW<0.5 Qcm is reached.
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Fig. 9-33: Contact resistance measurements for different ink densities (calculated from
line width, material output and printing speed) and contact heights. The emitter sheet
resistance is monitored additionally to prove the reliability of the TLM measurement
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To check the reliability of the TLM measurement, the emitter sheet resistance, also
obtained by TLM measurement, is plotted, too. The measured sheet resistance for
every test structure was around 48 Q/sq +/- 5 Q/sq, which is consistent with the
expected Rgy for these cells (45 Q/sq<Rgsy<50 €/sq).

The contact structures were measured after an LIP step. The plated silver is necessary
for reliable TLM results, as it is not possible to contact and measure a thin seed layer
directly. The contact resistance of the non-plated contacts can only be measured when
there is enough ink present and the seed layer height exceeds about 4 pm. In this case,
we did not find a difference in contact resistance for plated or unplated fingers. The
positive effect of a plating step on a fired seed layer contact [171] could not be
investigated in this experiment, as the seed layer is too thin and no leaking glass layer
was found next to the contact with additional edge crystallites, which can support the
current flow if they are contacted by plated silver.

Although a decrease in the contact resistance with rising ink density was assumed, we
found an opposing behavior. The contact quality decreased as the height of printed
contacts is increased. With increasing ink mass per contact area, the measured
resistance increases. At a contact height of 4-5 pm (corresponding to an ink density of
12 g/m?) or higher, the contact resistance remained at a constant level of (about 0.8
Q cm), which is comparable with a good screen printed contact. To understand the
correlation between ink density and resistance, the contact silver was etched off; Ag
and the glass frit were selectively removed by an HNOs/HF sequence, so that the
remaining Ag-crystallites could be investigated. SEM images were taken from the
metal semiconductor junction, see Fig. 9-34a)-e). A constantly high density of silver
crystallites, which are mainly responsible for a high quality contact, could be found
independently of the contact height. Thus, it is not the crystallite density which
degrades the contact quality with a rising ink density. Additionally, an increasing
opening of the SiN,-passivation layer was observed, as can be seen in Fig. 9-34. In
contrast to the common understanding, the contact resistance increased with increasing
opening of the SiN,-layer [153]. The higher the ink density was, the more SiN, was
etched off. A higher ink density is equivalent to a higher amount of reactive ink
components (glass) per contact area. The higher amount of glass at the contact
interface has two effects: first, the glass itself forms a thicker insulating layer, and
second, the glass etches the SiN,-layer and an even thicker glass layer is formed during
firing. The SiN,-layer is oxidized to SiO, by the metal oxides in the glass. The SiO, is
solved in the glass and the thickness of the insulating glass layer increases even more.
On the one hand, the contact area should be as large as possible (opened ARC); on the
other hand, the resulting insulating glass layer should be as thin as possible. In
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conclusion, a good contact resistance can be achieved by keeping the SiN,-layer non-
etched apart from the points where silver crystallites are formed; see Fig. 9-34a). In
this case, the glass layer is very thin and mainly determined by the initial amount of
glass, the content of which should be as low as possible. From our experiments we can
conclude that the current between solar cell and metal grid can only flow via the Ag-
crystallites, while all other suggested current paths seem to be of no significance [25,
55].

Thus, the thinner the printed contact (low ink density) is the lower is the resistance. For
a good front side metallization, the ink density of the seed layer should be as low as
possible: just enough to form a high density of silver crystallites, achieve a good
adhesion, and a good ability for plating. For ink densities below 2.5 g/m? no
continuous line could be achieved after LIP. One further interesting aspect is the
influence of an annealing step on the contact performance. All annealed cells show a
significant reduction in the contact resistance. The annealing was performed at
T=300°C under forming gas (FGA). The positive effect of an FGA step on the contact
resistance was found by several authors [146, 154, 172-174]. The most likely process
is the reduction of metal oxides in the glass layer to metal precipitates at the glass
surface, which increases the total conductivity of the glass layer. This theory is quite
consistent with our results. As the insulating glass layer is, after an annealing step, no
longer the critical barrier for the current transport, the contact resistance is determined
by the effective contact area. The number of crystallites is approximately the same for
all contact heights, and therefore, the measured contact resistance is almost constant.
However, it also can be explained by an improved effective contact between the silver
crystallite and the bulk silver just by an improved sintering due to the post anneal (see

above).
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Fig. 9-34 SEM images of silver crystallites on the metal-semiconductor interface a-e
with increasing ink density. a) Single printed contact with v = 20 mm/s (low ink density
<10g/m?). A high crystallite density is visible, but the SiN, coating is mainly
untouched. c) Medium ink densities (10-20 g/m?), the crystallite density is
approximately the same, but additionally the SiN, coating is strongly etched. e) High
ink density (>20 g/m?), the surface and the whole SiN-coating is etched away, but the
number of silver crystallites or imprints is still constant. f) close-up of (c), showing the
opened SiN, coating.
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9.5 Chapter summary

In this chapter the contact formation between contact ink and silicon and the growth
mechanism of Ag-crystallites is investigated. The crystallite growth can be
summarized briefly as: lead oxide (glass frit) is the reactive component which first
opens the SiN,-layer and reacts with the silicon. During the reaction, lead is formed
and silver can be solved. At peak temperatures of about 800°C, the Ag-Pb phase and
the glass are liquid. During cooling, first, silver re-crystallizes from the Ag-Pb phase
on the opened silicon surface; as the glass is still liquid, silver can easily diffuse to the
crystal seeds and the formation of relatively large Ag-crystallites is possible. Second,
the glass solidifies and encapsulates the liquid lead, which third, condensates in the
form of small lead precipitates. Due to the growth of the Ag-crystallites, the glass layer
on top of an Ag-crystallite thins and either a direct or a tunnel contact is possible. The
Ag-crystallites are homogenously distributed over the contact area and it can be
distinguished between contact of typel and type2. About 1% of the contact area
(silver-silicon) is covered by type2 contacts and about 10% by typel contacts.
Nevertheless, type2 contacts are mainly responsible for the current transport. After the
bulk silver is removed in a nitric acid etching, it can be distinguished between typel
and type2. Typel contacts are protected by the insulating glass layer, whereas from the
type2 contacts only the foot prints are visible after etching. The theoretical limit for
silver contacts on silicon solar cells is described in dependence of the doping
concentration. The huge difference of about 10° between the calculated and the
measured value for p. is based on the small contact area between Ag-crystallite and
bulk silver from type2 contacts. Even after firing, the whole contact interface is
covered by an insulating dielectric layer, apart from the position where Ag-crystallite
has grown. Therefore, the only possible current path is via silver crystallites, which is
rather effective as our studies on different diffused emitters have shown. An effective
contact formation with the SISC ink is possible on an emitter with a sheet resistance as
high as Rg~=130 Q/sq and FFs of FF=80% could be achieved.

Regarding the electrical properties of a two layer contact, it is beneficial for both the
line resistivity and the contact resistance to keep the seed layer as thin as possible. The
best results on 15.6x15.6 cm? wafers were achieved with 2-3 g/m? (ink per contact
area), which is equal to only 3-5 mg of ink per wafer. The fraction of the seed layer of
the total contact cross section needs to be minimized, while the fraction of the LIP
silver should be maximized to achieve the lowest values for the line resistivity of about
p=1.9x10" Qm. Additionally, contact formation between the seed layer and the
emitter of a solar cell is more efficient for a thin (h<2 pm) than for a thick (h=2-9 um)

seed layer. In SEM images the influence of the seed layer thickness on the contact
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interface was investigated. For a low contact resistance it is important to etch very little
material from the wafer (SiN,-layer, Si) for keeping the resulting glass layer as thin as
possible. For a good front side metallization, the printed line height of the seed layer
should be as low as possible, just enough to form a low ohmic contact, to achieve a
good adhesion, and to provide a good ability for plating.

Further work needs to be done in order to understand the relation between SiP clusters
or surface defects in general and the Ag-crystallite growth. The number of type2
crystallites can probably also be increased by reducing or changing the glass
component and it is worth studying the contact formation on emitters with a strongly

. 1 -
reduced surface concentration Np<10'® cm™.






10  Optical contact properties

One main efficiency loss in industrial solar cells is the shading of the cell caused by
the metal front side contacts. With the aerosol-printing technique plus additional light
induced plating (LIP), not only the geometrical contact width is reduced compared to
screen-printed contacts, but also the shape of the finger changes, which can have an
influence on the effective optical width (see Fig. 10-1). The roundish edges of the
contact are hardly visible in an optical microscopic top view, as the light is reflected
into the cell area, whereas the middle section of the finger is strongly reflective. The
geometrical width is visibly reduced to an optical width. In this work the effective
shading of different finger types is analyzed with two different measurement methods.
The essential parameter for characterizing the finger is the effective width, which can
be reduced drastically compared to the geometrical width due to total internal
reflection at the glass-air layer and the reflection from the roundish edges of the
contact fingers into the cell. This parameter was determined with different methods. It
could be shown that for aerosol-printed fingers the effective optical width is only 38%
of its geometrical width, while for standard screen-printed fingers it is 47%. The
measured values are compared to a theoretical model for an aerosol-printed and plated
finger and are in good agreement. Blakers [104, 175] and Stuckings [176] have already
analyzed this effect for contact fingers with a seed layer width of 3.5-8 um and
postplated silver, using measurements of the global short-circuit current and global
reflection. They have observed a great reduction of the effective optical width of the
contacts to about a third of the geometrical width.

The main motivation is to analyze, whether the SFP contact fingers, fabricated with the
industrially feasible aerosol jet printing technology, will also show such a dramatic
reduction, and to compare the optical performance of these fingers with the standard
industrially screen-printed contacts. To achieve this goal, we have used the methods
suggested by Stuckings and Blakers, in addition to locally resolved measurements of
the reflection.
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Fig. 10-1: Geometrical width and optical contact width visualized in a microscopic top
view image on an SFP contact

10.1  Theoretical Considerations

For the calculation of shading losses of the solar cell, the determining factor for the
fingers is not the geometrical width, but the effective (optical) width. It is the fraction
of the geometrical (measured) width that actually shades the solar cell. The effective
width can be significantly smaller than the geometrical width, because light can be

reflected from the finger to the cell and therefore contribute to the power generation.

Blakers [104, 175] has calculated the effective shading of a roughly half-circular
encapsulated finger to be 36%. The nearly optimum half-circled shape was achieved
by a very narrow seed layer and a subsequent silver electroplating step. He compared
this value with j,. measurements of cells covered with isopropanol and found excellent
agreement. Stuckings [176] also calculated the theoretical effective width of a half-
circular encapsulated finger and found a similar value of 34%. He compared this value
to reflection measurements and determined experimental values between 30% and
35%, which is in good agreement with the theoretical value. In this work, on the one
hand the finger structures are quite different from the previously investigated ones due
to the wider seed layer, and on the other hand the striking question is, whether the
aerosol-printed fingers are beneficial compared to the screen-printed ones.
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Assuming that the light hits the finger perpendicular to the encapsulated cell (see Fig.
10-2), there are three different cases for the light to be reflected:

e [ direct reflection onto the silicon surface
e II: total reflection can occur at the boundary layer glass-air
e [II: the light can be reflected out of the module.

For cases I and I, the light can contribute to current generation and therefore reduce
the effective width. In order to determine the lateral x-position for the simple case of a
half-circular-shaped finger, where total reflection occurs, the refractive index of the
glass has to be measured. In the wavelength range of 600-1000 nm a value of Ny =
1.528 + 0.007 was determined. With the refractive index for air n,; = 1 and Snells law

: nair
o = arcsin| —4-— (10-1)

n glass

the critical angle for total reflection is o = 40.9°. The (upper) angle B is half of the
alternate angle of o, 3 = 20.4°. This angle can be found as well between the silicon and
the tangent of the half circle. The gradient of the tangent is -tan(f) = -0.37 and can be

set equal to the derivation of the equation of a half circle ( f (x) =+1-x : )

' _ —X _
£1(x) Sk 0.37 102

If the origin is set at the middle of the circle, it follows that the light hitting the finger
at a position -0.35 > x > 0.35 (assuming a unit circle) will result in total reflection. The
situation changes to case I at a tangent smaller than -1 with an x-position of 0.71. Thus,
the fraction of the area of a half-circled finger can be assigned: I = 29.3%, II = 35.8%,
and I1I = 34.9%.
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1 I I

air

glass

Fig. 10-2: Three different cases for the reflection of the light from the finger. The
pottant between the silicon and glass is not illustrated because it has about the same
refractive index as the glass and therefore no influence on the optics.

For the seed-printed and plated fingers, however, the cross-section looks slightly
different. As can be seen in Fig. 10-3, the flanks are indeed similar to a quarter of a
circle, but the finger has a 30 pm wide middle section due to a wider seed layer.
Therefore, the model was extended by an additional 4™ part, describing this middle
section. This shifts the area fractions to: I = 16.7%, II = 20.5%, III = 19.9%, IV =
42.9%.
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Fig. 10-3: Sketch for the aerosol-printed and plated fingers with the four areas that
have different reflection properties
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Area IV is assumed to be a lambertian emitter, i.e. in each angle the same amount of
light is reflected. The waviness in the micrometer range and also the rough
microstructure of the plated silver make the assumption reasonable (see Fig. 10-4).

Tt
4.00um

Fig. 10-4: Microstructure of the plated silver surface

Light that is reflected from the metal with an angle > 40.9° hits the glass-air interface
and is 100% reflected back to the silicon. In order to calculate the part of the reflected
light at smaller angles, the light is divided into two halves: one half is s-polarized and
the other half is p-polarized [177]. For the varying angles of incidence ¢ the Snell’s
law of refraction is applied:

Rref = u (10-3)
o + 71

with 1o = H/E the optical admittance and the index O for air and 1 for glass. Fig. 10-5
shows that for small angles, the reflection is smaller than 5% and just before o = 40.9°
increases rapidly.
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Fig. 10-5: Simulated data for the reflection at the interface glass-air, according to
Macloed [177].

The effective width EW illustrates the fraction of the absorption and the loss of
reflection of a finger and is 100% minus the light that reaches the silicon. The amount
of light that reaches the silicon is 100% minus the losses of area III (Ly;) and IV (L),
multiplied by the reflection of the silver:

EW =100%—(100% —L,, — L, )-R,, (10-49)

The fraction of the angle of the light being reflected out of the module is

1 2 a ) a
da = £d¢£d9s1n9= = 0059]0 =0.245 (10-5)

with @, the spherical coordinates.

With the data of Fig. 10-5 about 96% of the light with an angle <a leaves the module
and 42.9% of the covered area of the finger is IV; it results that
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Ly, =0.245-0.429-96% .

Because of the rough microstructure, not all of the light of area III leaves the module
directly. Half of it is assumed to behave like a lambertian surface, so that

Ly, =0.623-0.199-96% . (10-6)

In this model, multiple reflections between finger and the interface are neglected, as
well as the absorption within the glass layer. The measurement for the reflection of the
plated silver between 600 nm and 1000 nm is shown in the next section and is Ry, =
83.7%. The effective width (EW) of an aerosol-printed and plated finger with an
encapsulated glass layer above then results in EW = 34.7% (of the geometrical width).

10.2  Optical contact width — geometrical width

For this experiment, four p-type Cz-silicon textured wafers with industrial emitter
(60 ©/sq) and AI-BSF were processed with different fingers (see Table 10-1). Two
cells received a 50 pm wide seed layer with the aerosol printer. Afterwards the fingers
were thickened by about 20 um by LIP. These two cells differed in their finger
spacing: one cell had a line spacing of 1.955 mm (Awd); the small spacing was half of
it, about 1 mm (Asd). The two screen-printed cells are identical, though one was plated
additionally, which is the reason why the geometrical width is greater. The finger
widths are based on microscope measurements. After LIP the cells were encapsulated
into a module using EVA. Cross section images of the different fingers can be seen in
Fig. 10-6.
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Fig. 10-6: a) Cross-section of an aerosol-printed and plated finger, exhibiting a
geometrical width of 72 um. The seed layer width was approximately 50 um and the
plated silver about 20 um. b) Cross-section of a screen-printed finger and plated finger.
In this example, the screen printed finger exhibits a geometrical width of 100 um and
125 mm, including a layer of LIP silver.

Abbreviation Explanation Geometrical Fraction of finger
finger width coverage of the
GW [um] global measurement
area pGW [%)]
+
Awd Aerosol-printed cell 65+4.9 3.25
with wide line
distance
+
Asd Aerosol-printed cell with 706=4.4 7.06
small line distance
+
S Screen-printed cell 1248+4.3 6.24
+
S+LIP Screen-printed cell + LIP 135.8+3.9 6.79

Table 10-1 Explanation of the four different cells that have been processed
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10.3  Global measurement

At this measurement as proposed by Stuckings [176], a 0.5 cm wide and 1 cm high
area is illuminated with a wavelength-dependent spectrum between 600 nm and 1000
nm and the reflection is measured. The encapsulated cells have been measured,
including 5 horizontally adjusted fingers in the measurement area. For the sample Asd
10 fingers were included. In Fig. 10-7, the wavelength-dependent reflection R, for the
four cell types is plotted. Additionally, the following samples were studied: one sample
without metal, one completely covered with screen-printed silver, and one completely
of plated silver. As expected, the reflection increases with the covered metal fraction.
Comparing the completely covered samples, it can be concluded that the plated silver

reflects more light than the screen-printed silver.

The optical loss (OL) of a metal finger can be calculated using the following equation,
according to the method of Stuckings [176].

OL =R, (cell) = R, (without metal)A,, + 0, A, (10-7)

Optical loss is the reflection of a cell (incl. the metal fingers) minus the reflection
without metal plus the absorption of the silver finger olps. Aas equals 100% -
R .f(completely screen-printed silver) respectively R.¢ (completely plated silver). The
reflections are weighted with the covered areas A.r and A, which are determined

from the microscope pictures. Schematically the calculation is clarified in Fig. 10-9.



176

10 Optical contact properties

without metal
completely screen printed silver
completely plated silver

90 T
80+
__ 70k
X 6k
& sl
8 4[——Awd
E sl Asd
S+LIP
2f—s5
1k
O 1
600 700

800 900 1000

wavelength A [nm]

Fig. 10-7: Reflection curves of the global measurement of the four processed cells of
Table 1 and additionally one cell without metal, one completely covered with screen-
printed silver, and one with completely plated silver
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Fig. 10-8: Curves for the optical loss (OL) for the four different cell types (left) that
are calculated according to equation (8) and effective width EW for the four different

cells (see Table 1) (right)
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Fig. 10-9: Drawing for clarifying the optical loss OL: the reflection signal of the
sample without metal is subtracted and the absorption of the silver is added to the
reflection signal of each of the four cells

The data for the optical loss and the according effective width is plotted in Fig. 10-8,
showing how much light is lost by each type of area. Regarding the fraction of the
optical loss to the reflection of a flat finger that reflects all the light, or differently
expressed the fraction of OL to the fraction of the finger coverage (pGW), we receive
the effective width (EW).

OL
EW = PGW (10-8)

The effective widths of all fingers are clearly under 60%, which means that just up to
60% of the finger area is effectively shading the cell and at least 40% of the light
striking the finger is still producing current (see Fig. 10-2). Furthermore, the effective
widths for the SFP contacts are smaller than for the screen-printed fingers. However,
the optical contact area is also reduced significantly for screen-printed fingers. The
highest values for the effective width could be found for screen-printed and plated
fingers. There are two reasons for this: on the one hand, the reflectivity of the finger
surface is increased and also the area is more smooth; therefore, more light is totally
reflected in the middle part of the finger and can not be used in the solar cell. The other
reason is the geometrical aspect ratio. The width of a screen printed and plated finger
is rather ineffectively increased, which means the area (I) and (II) where most of the
reflected light is directly used is comparably smaller than areas (III) and (IV) (see Fig.
10-3). Averaging the data, seed layer printed and plated cells have an effective width
of 36%, the screen-printed finger 42%, and the additionally plated screen-printed
finger has an EW of still only 50%.
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10.4 LBIC measurement

Usually the LBIC method is used to measure the spatially resolved IQE by scanning a
cell with a laser beam [178]. In this experiment, the laser beam with a wavelength of
833 nm and a diameter of 6 um scanned a finger (of the four different cells above) 10
times with a displacement of 3.1 pum while measuring the reflection. The data of two
fingers is shown in Fig. 10-10. Comparing them, the screen-printed finger looks wider
than the aerosol-printed finger and has a higher maximal reflection. The average
reflection in the case of the SP contact in the middle of the finger is about 50%, which
means even if the light beam illuminates only the metal contact, only 50% is reflected
directly. As the plated silver has a higher reflectivity than the screen printed silver (see
Fig. 10-7), and the reflection in the middle of the finger is <40%, the optical contact
width is probably reduced. The surface roughness is additionally visible from the LBIC
measurement. The screen printed contacts have a higher surface roughness than the
plated fingers, as the measured signal for the different scans is noisier in the case of the
SP contacts.
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Fig. 10-10: Locally resolved reflection signal using a LBIC setup of an aerosol-printed
and plated finger (left) and for a screen-printed, non-plated finger (right).

In order to compare the data with the measurement setup above, the following
procedure was applied: The 10 scans were averaged and the signal was integrated and
divided by GW. The loss by reflection is shown in Fig. 10-11. Beside the loss by
reflection, the loss by absorption of the silver has to be included. The amount is only
ir=(100% - loss of reflection)R .. Therefore, the effective width is EW =100% -o;p,
which is plotted in Fig. 10-11 as well. The trend observed for this data is the same as
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for the global method. The aerosol-printed cells are optically narrower than the screen-
printed cells. The aerosol-printed cells have an EW of 43% (average of Awd and Asd)
and the screen-printed, as well as those with LIP, have an EW of 52%.
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Fig. 10-11: Loss by reflection and effective width EW for the LBIC measurement of the
four differently processed cells

Method Aerosol-printing Screen-printing
Theoretical value 345 -
Global measurement 36.0 41.9
LBIC measurement 42.8 523

Table 10-2 Calculated and measured effective widths for the three different methods for
the aerosol and screen-printed cells. The screen-printed column includes the mean
value for screen-printed cells and those with a plating step.

10.5 Chapter summary

The effective reflection of different types of metal fingers, screen printed and seed and
plated (SFP), have been analyzed by theory and experiment. The theory showed that
the effective shading area is significantly smaller than the geometrical one for a
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metalized front side finger. The effective widths for a SFP contact and a screen-printed
contact were experimentally determined from LBIC measurements and from reflection
measurements. Averaging the values for the SFP contact, the effective width is 38%,
which is slightly higher than the values found by Blakers [104, 175] (36%) and
Stuckings [176] (30-35%) received for contacts with a very narrow seed layer and
electroplating. The effective width of a standard screen-printed contact is significantly
reduced as well, and values between 40% and 50% were determined.



11 Results on silicon solar cells

During this work, silicon solar cells were produced on different substrates. The
essential results are summarized within this chapter. Industrially relevant large-area
multicrystalline silicon solar cells are fabricated as well as high-efficiency lab-type
solar cells. All presented cells are metalized on the front side using the ink SISC in
order to demonstrate the variety of applications. The contact performance of the ink
was already investigated in previous chapters. Here the focus is on the cell design and
in particular on the layout of the front side grid. The optimum between shading and
electrical losses can be calculated using the simulation tool “GridSim” [25]. The
theoretically found results can be confirmed experimentally by printing several
different front side patterns on solar cells. The flexibility of the used printing
technique, the aerosol print, is a clear benefit for this experiment, as it is possible to
print any contact structure more or less directly from a CAD-drawing. The line width
can be varied by using nozzles of different diameter. In the first experiment, the solar
cell parameters of me-Si solar cells are studied as a function of the metalized area. The
metalized area is successively reduced. A significant reduction of the metalized area is
possible if a different cell concept is used, where the front side metallization is partly
transferred to the rear side as it is the case for metal-wrap-through (MWT) solar cells
[179]. This type of solar cells is predestined for fine line printed contacts. In a last
experiment, float zone (FZ) silicon is used to test the ink performance on a high-
efficiency cell structure with passivated rear surface.

11.1  Results on large area silicon solar cells

11.1.1  Grid variation on mc-Si — reduced metalized surface fraction

The layout of the front side grid, especially line distance can be optimized with respect
on the shading losses by printing thinner contact fingers with increasing the finger
distance and on electrical losses by increasing the number of the contact fingers and
their line conductivity. The width of a single finger (wy) is first of all dependent on the
seed layer width (w.) and on the plated silver height (%;;5). The simulations in Fig.
11-1 are based on a large area 15.6x15.6 cm? mc-Si solar cell with a sheet resistance of
Rg=60 Q/sq. The front side grid has three bus bars, a contact resistivity of
p~=1 mQcm? and as an upper estimation for in-line plated silver fingers a line
resistivity of ,01:3x10"8 Qm. The total loss (p.), electrical losses and optical losses, is
strongly dependent on the seed layer width, the line distance and only little on the LIP-
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silver height. As already shown in chapter 9, it is hardly possible to deposit too much
LIP silver on a contact grid. The finger distance (d;) can also vary in a range of
+0.5 mm without a significant increase in p,,. For the experiment three different seed
layer widths are realized: w,=20 um, 30 um, and 50 um, see Fig. 11-2. For each seed
layer width, the optimum finger distance is calculated and varied around the minimum
by +0.2 mm. The grid layouts are summarized in the caption of Fig. 11-4. Three
identical cells are produced resulting in nine cells per group (same seed layer width)
and in total 27 solar cells.
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Fig. 11-1: Simulated optical and electrical power losses (p.,) for a large area mc-Si

solar cell as a function of the deposited LIP silver and finger distance for different seed
layer widths.

The grid was varied on a multicrystalline 15.6x15.6 cm? sized solar cell. The cells have
a rear side aluminium BSF and silver contact pads for the interconnectors. The front
side is acidic textured and the 80 Q/sq. POCl; emitter is passivated by a PECVD SiNy
antireflection coating. After printing, the cells are fired in an inline conveyor belt
furnace at a set temperature of T,=900°C and subsequently light-induced plated. The
plating height was for all cells around /;;p=12-14 pm. The finger width can be
determined by adding two times /;;p to the seed width.
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Fig. 11-2: Images of the deposited seed layers. The width was varied from w.=20 um to

w.=50 um by using different nozzle openings.
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Fig. 11-3: The short circuit current density j,. is strongly dependent on the metalized
area whereas V,. is almost constant.
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Fig. 11-4: The FF is more dependent on the number of fingers than on the total
metalized area. The efficiency 1 is continuously reduced as the local benefit in FF is
overcompensated by a reduced ji.

The [V parameters are shown as a function of the metalized area in Fig. 11-3 and Fig.
11-4. The best correlation can be found between metal area and jy., as the current
density is rather sensitive to shading losses. The open-circuit voltage is slightly
reduced with an increasing metallization fraction; however, the average reduction is
only within one mV. Thus the higher recombination losses under the metal contacts
hardly limit V,.. For the FF, the important parameter is not the total amount of silver
but the number of fingers which is increased within each group. The FFs of each group
increased as well as an increased metal fraction is equal to an increased number of
fingers. The efficiency, however, is clearly dependent on the metalized area and the
gain in FF with a larger number of fingers is overcompensated by a reduced current
and the overall efficiency is reduced for increased metalized area. In Table 11-1 the
results are summarized for the average values for each group and the best cell. The
best cell printed with a seed layer width of w,=20 um achieved an efficiency of
17=16.8%. The quite low contact resistance of only p.=2 mQcm? together with the high
number of fingers (119) allow a fill factor of FF=78.5% and in parallel high values for
Js«=34 mA/cm?. In total, the best way to increase the cell efficiency is to reduce the
metalized area, without reducing the number of contact fingers. This appears only to be
possible with the deposition of even finer lines. The front side grid can be separated in
contact fingers and bus bars. The fraction covered by the fingers is about 40-50% (for
fine line printed fingers) of the total metalized area and thus the bus bar covers almost
50%. The shading losses drastically can be reduced if the influence of the bus bars is
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diminished. This is possible by using a larger number of smaller bus bars [25] or by
using a multi-wire electrode as an interconnector as it is the case for the Day4™
technology [180, 181]. The most elegant solution, however, is to remove the bus bars
completely from the front side. This is realized in a cell concept called metal-wrap-
through solar cell MWT) [179].

W, fq Voc Jsc FF n

[um] [mm] mV [mA/cm?] [%6] [%6]
Ave 20 621 33.8 79.0 16.6
best cell 20 1.3 621 34.0 79.5 16.8
Ave 30 621 33.8 78.2 16.4
best cell 30 1.5 620 33.6 80.0 16.7
Ave 50 620 33.6 78.4 16.3
best cell 50 1.7 621 33.9 78.7 16.6

Table 11-1: Results for large area mc-Si solar cells, metalized with different contact
widths and finger distances.

11.1.2  Metal-wrap-through solar cell on mc-Si

In addition to fine line printing, the metalized fraction on the front side can be reduced
by a new cell design called metal wrap through (MWT) solar cells [179]. In this case,
the bus bars are transferred from the solar cell front side to the back side. This is
realized by drilling small holes, vias in the cell, placed along the former bus bars. The
metalized vias are interconnecting the front-side grid with the bus bars at the rear side.
In order to avoid shunting of the cell, the emitter region is expanded from the front side
through the vias to the bus bar region on the rear and isolated by laser ablation, see Fig.
11-5. On the cell front side, only small metalized holes with a diameter d,;,<200 pm
are contributing to the shading losses, see Fig. 11-6 and Fig. 11-7. The processes and
layout of a mc-Si MWT-solar cell developed by Clement [182] are used to test the
combination of fine line printing and MWT concept. Due to a design and process
sequence which is very similar to that of conventionally processed screen-printed solar
cells, the rear contact MWT solar cell is a very promising alternative. The absence of
the front bus bars leads to a gain in active cell area and thus an efficiency gain
compared with conventionally processed screen-printed solar cells, especially if the

front side grid is realized by fine line printing.
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Fig. 11-5: Schematic of a MWT-solar cell from [183].

To achieve fine line printed front contacts different approaches will be discussed. First,
a new, readily implementable screen-printing technique [184] which allows a
significantly reduced printed finger width on textured surfaces in comparison to
conventional screen printing is presented. This can be reached by using a heated print
nest that keeps the wafer at a defined temperature while printing, leading to less
spreading effects of the printed structure. Second, a two-step metallization process
including seed layer printing and light induced inline silver plating [8] is shown. For
the seed layer metallization step two different techniques are compared: screen-
printing and metal aerosol jet printing [9].

The presented metallisation techniques are applied to conventional and MWT solar
cells. For solar cell processing a conventional process flow including Al-BSF as rear
metallization is chosen. For MWT solar cells only two additional laser process steps
(via hole drilling and rear contact isolation) and one screen-printing step (via hole

metallization) compared with the conventional cell process are used.
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Fig. 11-6: images of a conventional solar cell (left) and a MWT solar cell (right).
Instead of the bus bars, which are covering about 3% of the front side, only hole-
contacts (vias) are visible with a negligible contribution to the front side shading [185].

Fig. 11-7: The fine line printed front side contact is deposited on a metalized via in order
to connect the front side grid with the rear side (left). Rear side of a MWT-solar cell

(right).
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With a one step metallization process based on screen-printing cell efficiencies up to
16.4% are reached for MWT solar cells. Front contacts with line widths of about
80 um and heights over 10 um are realized. An efficiency gain up to 0.5% absolute is
achieved by the use of MWT cells instead of conventional solar cells, see Table 11-2.

By the use of a two-step metallization process efficiencies up to 16.7% are achieved
with both, fine line screen-printed and aerosol jet printed seed layers and up to 16.8%
for MWT solar cells. For all cells an emitter sheet resistance of about 80 /sq is used.
Contact widths of 30 um to 60 um are reached before and 70 pm to 100 um after light-
induced silver plating as well as contact heights of 10 um to 20 um after light-induced
silver plating. The finger geometry depends on the applied metallization technology.
However, due to the two-step metallization process a clear efficiency increase is
reached compared with the one-step metallization process; visible in the increased
current density j,. of about 1 mA. Another increase by 1mA to a value of
J«=35.9 mA/cm? is achieved by applying the two layer metallization to MWT solar
cells. Moreover, primary low values of the pseudo fill factor limit the efficiency of
MWT cells in comparison with conventional cells, especially for emitters with high
sheet resistances. But a further optimization of the via pastes [186] should allow higher
pseudo fill factors and thus efficiencies over 17%.
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Cell Print- Voc jsc FF n FFO PFF
type | technology mV [mA/cm?] [%%6] [90] [90] [%%]
One-step metallization, Rsy=65 Q/sq
conv. Screen- 612 33.7 77.3 15.9 83.0 80.9

printing
MWT Screen- 615 34.8 76.8 16.4 83.0 80.6
printing
Two-step metallization, Rs=80 €/sq
conv. Screen- 616 34.9 77.9 16.7 83.0 81.0
printing
(fine line)
conv. Aerosol 615 34.7 78.1 16.7 83.0 80.7
MWT Aerosol 615 35.9 76.0 16.8 83.0 79.5

Table 11-2: IV parameters of MWT solar cells in comparison with standard solar cells
produced on 12.5x12.5 cm? mc-Si wafers. Standard screen printed cells are compared

with two sep metalized fine line screen print and aerosol print solar cells [182].

11.2

Results on high-efficiency solar cells

In order to test the performance of fine line printed contacts, the developed SISC ink
was deposited on a high-efficiency cell structure, shown in Fig. 11-8. The advantage of
a passivated rear side with the benefit of an industrially feasible two-step front side
metallization is combined within these cells. Neither the formation of a selective
emitter nor the opening on a dielectric layer is necessary which makes the process flow
rather simple, compared to photolithographically defined cell structure.
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Fig. 11-8: Schematic of the used high efficiency cell structure

The cell structure, used in this experiment, shown in Fig. 11-8 is rather simple and all
processes are transferable into an industrial production. Silicon solar cells with
different emitter sheet resistance were produced on float zone silicon wafers (thickness
250 um, p-type, resistivity 0.5 Qcm). On each wafer seven 4 cm? solar cell were
produced. The single diffused shallow n-type emitter was processes in a POCl; tube
furnace. The textured front side is passivated with a 70 nm thick PECVD-SiN, anti
reflection coating on which the front contacts are directly aerosol jet printed. After
firing in a conveyer belt furnace at set temperature of about 7,=830°C the contacts
were plated using LIP. The rear side of the cells is passivated by a 100 nm wet
thermally grown silicon dioxide on which a layer of 3 um aluminium is evaporated.
The point contacts on the rear are created by laser contact firing (LFC) [187]. Finally,
to improve the passivation of the oxide thermally grown in a wet ambient and to
improve the contact performance on the rear and on the front, the cells are annealed

under reducing atmosphere for 10 min at a temperature of 7=350°C.

The comparison between the new metallization processes of aerosol printed- and
plated (LIP) contacts and the standard high efficiency photolithography process
presently used in our laboratories is depicted in Fig. 11-9 and shows the reduced

complexity of the process.
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1 Front and rear passivated solar cell 1 Front and rear passivated solar cell
2 Spin coating ot photo resist 2 Aerosol seed layer print

L 20 2 2 v v v v v
3 Masking and UV-illumination 3 Contact tiring
4 Photo resist development

4 Light induced plating

5 Etching of the contact openings
6 Evaporation of the front contact metals
7 Photo resist stripping
8 Light induced plating

Fig. 11-9: Process flow of a photolithographically defined cell metallization (left) and of
fine line printed and fired contacts (right).

11.2.1  Grid optimization

In this experiment, the deposited seed layer width is in the range of 20 pm < w, <
30 um. During plating in a cyanide plating bath approximately 20 um of silver was
grown on the fired seed layer resulting in a line width of about 60 um. A cross section
of such a contact structure is depicted in Fig. 11-10. The contact-less printed seed layer
has a height of only 2 um after printing and of 1-2 pm after contact firing,
respectively. The contact resistivity on an emitter with a sheet resistivity of
Rg=75 Q/sq. as it is used in this experiment of p.=2 mQ cm? is measured and for the

line resistivity after plating a value of p=2*10® Q m was found.
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Fig. 11-10: Contact geometry: microscopic 3d image (left) and microscopic image of a
cross section (right).

The electrical data together with the grid layout are used to simulate the front side grid
in order to determine the optimum finger distance, see Fig. 11-11. The optimum is
found around a finger distance of d=1.8 mm. Experimentally with 3 identical wafers
on which seven solar cells are produced, the finger distance is varied from d~=1.2 mm
to d/~=2.4 mm within Ad=0.2 mm steps. The relation between /V parameters and finger
distance is interesting. While a clear trend between the FF, j. and the finger distance
can be seen, the efficiency is more or less on a constant level, see Fig. 11-12. The
increase of the FF and the decrease in j,. show a linear behaviour. Using these linear
fits and the almost constant open-circuit voltage of V,=644.6mV (+1.3mV), the
calculated efficiency is hardly influenced by the finger distance and a mean value of
19.9% is found. The fact, that an optimum is apparently visible around a finger
distance of d=1.8-2.0 mm is related to statistical effects and the fact that these cells are
predominantly placed in the middle of the wafer. For these cells efficiencies as high
as N=20.2% are measured. In conclusion, within the tested range, the finger distance
has an influence on /V parameters, however, not on the cell efficiency. In order to
reduce the amount of silver it is recommended rather to reduce the number of fingers
than to increase it.
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Fig. 11-11: Simulated power loss including optical and electrical losses caused by the
front side grid for a 2x2 cm? high efficiency solar cell.
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Fig. 11-12: IV parameters for high efficiency solar cells as a function of the finger
distance. FF and j are strongly dependent on the number of fingers (left) whereas the
efficiency is hardly affected as the total loss p,, is varied by less than 1%.

11.2.2  Best solar cell results

The best value for the energy conversion efficiency of 7=20.6% was achieved on a
2x2 cm? FZ-Si solar cell with a sheet resistivity of Rgy=110 )/sq. On each wafer seven
4 cm? cells were aerosol printed. The printed finger width was w.<20 um after printing
and 45 um after LIP, respectively. The busbar for all cells has the same shape and
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covers about 1.5% of the active cell area. In total, an area of 5.6% is covered by the
front side grid. Due to the round shape of the plated fingers, incoming light can be
reflected from the finger onto the active solar cell area, see Fig. 11-10. Thus, the
optical width of the contact is considerably smaller than the geometrical width [104]
which decreases the shadowing losses drastically. In chapter 10 it is shown that the
optical width of an aerosol-printed and plated contact embedded in a module is only
43% of its geometrical width [188]. The contact resistance is determined by TLM
measurements. A contact resistivity on a Rgy=110 /sq. emitter of p, =2 mQ cm? is
measured and for the line resistivity after plating a value of p=2x10"* Q m was found.
The optimized finger distance is calculated including the optical width to d=1.1 mm,
which is close to the experimentally determined value of d=1.0 mm for the best cell.

20.3% 19.8% &

20.2% 20.3%| 20.6%"

20.4%  20,5%% =

Fig. 11-13: High efficiency wafer with seven aerosol- printed, fired and plated solar
cells.

The independently confirmed /V-parameters for the best cells are summarized in Table
11-3. The very good values of V. around 650 mV are due to a high-quality passivated
rear, achieved by the wet thermally grown oxide combined with laser-fired point
contacts and the reduced contact area at the front side. The values for the short circuit
current density j,. have some potential for a further increase. The texturing of the cell
front side was not homogenously, see Fig. 11-10 and the amount of plated silver can
also be reduced. The low series resistance of R=0.5 Qcm? result in a fill factor of
FF>80%. The pseudo fill factor of pFF=83% indicate, that the quality of the pn-
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junction is hardly affected by the metallization and the difference between FF and pFF
can be explained by the series resistance losses.

The improved performance of the lower doped emitter is clearly reflected in the short-
wavelength region of the quantum efficiency, see Fig. 11-14. The quantum efficiency
for the Rg=110 Q/sq emitter is close to one and thus close to the performance of a
high-efficiency lab-type cell. For the simulation of this cell, the emitter profile is
defined by a surface doping concentration of Np=10?" cm™, an error-function like
profile and a junction depth of 290 nm. The calculated emitter sheet resistance of
Rg=111 Q/sq. is consistent with the value determined by TLM measurement and 4-
point probe measurement. The front side recombination was set to Sp=10000 cm/s
which is similar to the values found by Cuevas [189] for oxide-passivated samples.
Using this set of parameters the IQE measurement can be described accurately. Also
the open-circuit voltage, V,=660 mV and the short-circuit current j,,=38.4 mA/cm?
extracted from the simulation under one-sun simulation are consistent with the /V-
measurements. In order to evaluate the efficiency potential of our front side structure,
we set the bulk and rear side recombination to zero in the simulation and found a value
for V,=676 mV, j,.=39.5 mA/cm? and a maximum efficiency of 7=21.8%. This shows
the very high potential of this simple front structure with a single, shallow emitter
diffusion, a single passivation layer, and a firing step for the contact formation. The
solar cell is not limited by the front side metallization as in the case of industrial

standard screen-printing with low sheet resistance emitters and high shading losses.
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Fig. 11-14: Higher emitter sheet resistances having a higher IQE in the short wave-
length region, even if single diffused shallow diffusion profiles are used. The IQE for the
Rsy=110 sq. emitter is additionally simulated using PCID.

No. Rsy A Voc Jsc FF | pFF | n Rs Pc
[Q/sq.] | [em?] | mV | [mAlcm?] | [%0] | [%0] | [%6] | [Qcm?] | [mQcm?]

21.1% 110 4 661 38.7 80.1 83.2 20.5 0.5 2.0

21.3* 110 4 658 37.5 81.4 82.8 20.6 0.5 2.0

Table 11-3: 1V parameters of the best solar cells, including a printing and firing step for
the metallization. *The values are independently confirmed by Callab ISE.

11.3  Chapter Summary

The best large area 15.6x15.6 cm? mc-Si solar cell produced within this work achieved
an efficiency of 7=16.8%. The quite low contact resistance of only p.=2 mQllcm?
together with a high line resistivity of p=3x10™ Q m allow a fill factor of FF=78.5%
even on an emitter with a sheet resistance of Rg,=80 €/sq. The finger distance was
reduced to d=1.3 mm, never the less high values for j,,=34 mA/cm*> were realized.
This was possible as the metalized area was drastically reduced by depositing seed
layers with widths of only w,=20 pm (finger width w=50 pm). Using a standard front
side grid, a further reduction of the metalized area is hardly possible as the busbars are
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covering about half of the contact area. With a new cell design where the busbars are
located on the rear side, called metal wrap through (MWT) solar cells [179], fine line
printing is predestined. Compared to a standard cell, the current density jy. is increased
by 1 mA/cm? to a value of j,,=35.9 mA/cm? by applying the two layer metallization to
mc-Si MWT solar cells. Fine line printed MWT solar cells on mec-Si material
(12.5x12.5 cm?) achieved efficiencies up to 77=16.8%. Higher efficiencies are expected
for the future as currently the cells are limited by the quality of the via metallization
which reduces the pF'F and therefore the FF to a value of FF=76%.

The high-efficiency solar cells fabricated on FZ-wafers combine the advantages of an
advanced front side metallization with a passivated and local contacted (LFC) rear
side. Both processes are industrially feasible. In a first experiment the front side grid
was optimized on 2x2 cm? solar cells with a Rsg=75 Q/sq. Within the tested range of
finger distances (1.8 mm<d,<2.5 mm), the cell efficiency is hardly affected as the gain
in j,. is compensated by the loss in FF. Within this experiment solar cells were
produced with an efficiency of 7=20.2%.

In order to test the performance of the SISC ink the same high efficiency cell structure
was used, however, with an higher emitter sheet resistance of Rg~=110 Q/sq. The
reduced contact area together with a negligible contact resistance of only p,=2 mQ cm?
makes it possible to benefit from an increased V,,. of 661 mV and j,. of 38.4 mA/cm?.
On 2x2 cm? solar cells with a Rgy=110 ()/sq. emitter record cell efficiencies of
17=20.6% were measured and independently confirmed. Thus, using the metal ink
developed in this work, it is possible to contact lowly doped emitters with an excellent
blue response and high efficiency potential. Up to this point this was only possible
using non-industrial techniques as evaporation of Ti or by the use of selective emitter,

i.e. a local highly diffused area under the contacts.
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In this thesis, the contact formation on the front side of crystalline silicon solar cells is
optimized. The cell efficiency is increased and at the same time the amount of
consumed contact metal is reduced. In order to achieve this goal the optical and
electrical losses had to be reduced by achieving contact fingers with a high aspect ratio
(height:width), higher line conductivity and lower contact resistivity. This is only
possible if the contact resistivity and the line resistivity are optimized individually as is
the case for the two-layer metallization. The conductive layer is produced using the
already established technique of light-induced plating (LIP), where line resistivities
close to bulk metals can be achieved. The challenge was to develop a seed layer with a
reduced contact area and a low contact resistivity, which ideally is deposited on the
passivation layer and fired through in a high-temperature step similar to the standard

process for screen-printed contacts.

Special attention was paid to improving the aerosol jet printing system used for the
contactless deposition of fine lines on silicon solar cells. The system was analyzed to
determine the ink requirements, including viscosity, vapour pressure and particle size.
Simulation and measurement show that the optimum deposited particle/droplet size is
around d,=0.5 pm. With an optimized ink, contact fingers with a line width w, below
20 um were deposited on randomly textured surfaces. Although thinner contact lines
will reduce the shadowing losses, the requirements for a low specific contact resistivity

are very high due the reduced contact area.

Thus, the main focus of this thesis is on the development of a seed layer ink for low
ohmic contacts in particular on n-fype emitters with a high sheet resistivity
(Rsy>100 Q/sq). The fundamental reactions between a silver contact ink and the
silicon surface were investigated by thermal gravimetric-differential thermo analysis
(TG-DTA). Contact inks are mainly consisting of silver particles and a lead-oxide
glass frit. The important components for the contact formation are lead oxide as a
contact promoter and silver as a contact metal. The reaction mechanisms between lead
oxide and silicon and with dielectric coatings, like SiN, and SiO, were clarified. Both,
the opening of the dielectric layer and the “etching” of silicon are redox-reactions,
where lead oxide is reduced to the metal and silicon dioxide is formed and added to the
glass. Lead oxide reacts exothermically with Si or SiN, at a temperature of about
680°C and the reduced metal can solve high amounts of silver, which re-crystallizes
during cooling in form of a silver- and lead-rich phase according to the phase diagram.
As the reactions are temperature-controlled and based on an oxidation process, both
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high temperatures and the excess of oxygen promote the reaction. In general, low
melting oxides like lead oxide or bismuth oxide are responsible for the reaction with
silicon and therefore necessary for the contact formation. The observed strong
reactivity of the pure metal oxides with silicon can be moderate if the oxides are
incorporated into a glass frit that makes the contact formation less sensitive to the
firing temperature. It was additionally demonstrated that bismuth oxide is a suitable
replacement for the toxic lead oxide as the same reactions occur at similar

temperatures.

Based on these principal investigations, contact inks were formulated and fabricated
with respect to the requirements for aerosol printing and tested on crystalline silicon
solar cells. First the influence of the reactive metal oxide on the contact interface was
studied. Inks, based on silver and bismuth oxide, were formulated with different ratios
and aerosol jetted on solar cells. The [V parameters were rather more sensitive to the
firing temperature than to the oxide content. As the printed seed layers are very thin
h.<2 um, the oxide content is less important but as soon as the firing temperature
exceeds the activation energy, a strong reaction between bismuth oxide and silicon
occurs. The etching of silicon becomes even too strong, making finding of the right
firing parameters difficult. The formed contacts tend to shunt the pn-junction and/or
metal impurities are diffused into the space charge region, resulting in a strongly
increased value for jj,. Nevertheless, it was possible to fabricate multi-crystalline
silicon solar cells featuring a standard industrial design with an efficiency of n=16.3%.
Furthermore, the advantages of using a glass frit instead of the pure oxide were tested
for both leaded glass and bismuth oxide-based glass. It was found that the cell results
are less dependent on the firing temperature which can be explained by the moderate
reaction between glass and silicon. The contact formation occurs in a broader range of
temperature and the values for jj, and R, are not related to the temperature. For a seed
layer application where the deposited ink height is only 1 um, the glass content, similar
to the bismuth content, is less critical and can also vary between 2-20 m% without a

significant reduction in cell performance.

The developed seed layer ink for the metallization of silicon Solar cells (SISC) was
used to analyze the contact microstructure and the possible current paths on a thin
printed contact. The measured contact resistivity was improved by reducing the seed
layer height. The contact formation for a thin contact is more efficient than for a thick
printed contact, as the reactive ink components are in direct contact with the cell
surface and environmental oxygen supports the reaction. High density of silver
crystallites, which are responsible for the contact are found, even if less than 5 mg of

ink per wafer (15.6 cm x15.6 cm) is deposited, which is only 2-3% compared to screen
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printed contacts. It was shown that for seed contacts the dielectric layer was only
locally opened under the metalized area. The local “etching” has the advantage that
only a small amount of glass is formed during the contact formation and the glass layer
thickness at the metal-semiconductor interface is rather thin. On each point were the
SiN, coating was opened, a silver crystallite was grown, forming a point contact. The
only possible current path is therefore via the silver crystallites, as the rest of the
contact area is still covered by the dielectric layer. The contact resistivity for
differently doped emitters was experimentally determined and on an emitter with a
sheet resistivity of Rg=130 /sq a contact resistivity of p.<5 mQ cm? was measured,
which is an order of magnitude lower compared to a standard thick film contact.

The best large area 15.6x15.6 cm? mc-Si solar cell produced within this work achieved
an efficiency of 7=16.8%. The quite low contact resistance of only p=2 mQcm?
together with a high line resistivity of p=3x10™ Qm allow a fill factor of FF=78.5%,
even on an emitter with a sheet resistance of Rgy=80 Q/sq. The finger distance was
reduced to d/~=1.3 mm, but nevertheless high values for j,=34 mA/cm* were realized.
This was possible as the metalized area was drastically reduced by depositing seed
layer widths of only w,=20 pum (finger width w=50 pum).

The high-efficiency solar cells, fabricated on FZ-wafers combine the advantages of an
advanced front side metallization with a passivated and local contacted (LFC) rear
side. In a first experiment the front side grid was optimized on 2x2 cm? solar cells with
an emitter sheet resistance of Rgz=75 Q/sq.. Within the tested range of finger distances
(1.8 mm<d<2.5 mm), the cell efficiency is hardly affected as the gain in jg is
compensated by the loss in FF. Within this experiment solar cells were produced with
an efficiency of 7=20.2%.

On the same high efficiency cell structure with an emitter sheet resistance of
Rg=110 Q/sq a contact resistivity of only p.=2 m{) cm? for a contact width w.<20 um
was determined and a record cell efficiency for a printed and fired solar cell of
7720.6% and FF=81% were measured and independently confirmed.

For future work it would be interesting to study the relation between surface defects
and crystallite growth and to answer the question weather the dopants or the crystal
defects are responsible for the growth of contact crystallites. Also the role of dopants
on the contact formation needs further investigations in particular on p-type emitters.
Additionally, a replacement for the contact and conductive material silver is needed. A
promising and intensively studied contact material is Nickel, however only little
information about Nickel as a high temperature contact metal can be found in literature
so far.



Deutsche Zusammenfassung

In der vorliegenden Arbeit wurde das Vorderseitenkontaktgitter von kristallinen
Siliciumsolarzellen optimiert. Dabei wurden durch schmalere Kontaktstrukturen die
metallisierte Fliche und damit die Abschattungsverluste verringert, ohne jedoch die
elektrischen Verluste zu erhéhen. Dies ist mdglich, indem eine zweistufige
Vorderseitenmetallisierung verwendet wird, bei der im ersten Schritt eine diinne
Kontaktschicht aufgebracht wird, welche in einem zweiten Schritt galvanisch verstérkt
wird. Dies hat den Vorteil, dass der Kontaktwiderstand unabhingig von der lateralen
Fingerleitféahigkeit optimiert werden kann. Die Herausforderung bei dieser Arbeit war
es, eine Kontaktschicht zu entwickeln, die trotz stark reduzierter Kontaktflache einen
geringen elektrischen Widerstand aufweist und idealerweise, dhnlich einer Standard-
Siebdruckmetallisierung, in einem Hochtemperaturschritt, durch die dielektrische
Passivierungsschicht gefeuert werden kann.

Die diinnen Kontakte wurden mit einem Aerosol-Drucker aufgebracht. Dieses
neuartige kontaktlose Druckverfahren wurde speziell fiir die Metallisierung von
kristallinen Solarzellen optimiert, hinsichtlich hoher Abscheideraten (Druck-
geschwindigkeit), Druckstabilitit und des Druckes diinner Linien auf texturierten
Substraten. Die Anforderungen fiir eine Aerosol Tinte wie Viskositét, PartikelgroBle,
geeignete Losemittel wurden untersucht und flieBen bei der Tintenformulierung mit
ein. Simulation und Messung ergaben, dass die optimale Tropfchengréfe und damit
maximale Partikelgrofe bei 0.5 pm liegt, ebenso wurde eine obere Grenze fiir die
Viskositdt gefunden, die 1 Pas bei geringen Scheerraten nicht iiberschreiten sollte. Mit
einer angepassten Tinte konnten auf alkalisch texturierten Solarzellen Linienbreiten
von weniger als w.<20 um gedruckt werden. Obwohl schmalere Kontaktstrukturen die
optischen Verluste reduzieren, steigen dadurch die Anforderungen an den spezifischen
Kontaktwiderstand, da nur eine reduzierte Kontaktfliche zur Verfiigung steht.

Deshalb ist der Schwerpunkt der Arbeit die Entwicklung einer Kontakttinte zur
Verbesserung des Kontaktwiderstandes am Metall-Halbleiteriibergang auf n-Typ
Silizium vorzugsweise bei einer reduzierten Dotierkonzentration bzw. einem erhdhten
Schichtwiderstand (Rs;>100 Q/sq) des Emitters. Zundchst wurden die fundamentalen
Reaktionen zwischen Kontaktmaterialien und Solarzelle mittels differentieller
Thermoanalyse untersucht. Eine Vorderseitenmetalltinte besteht maBgeblich aus
Silberpartikel und einem niederschmelzendem Glas, wobei der Hauptbestandteil der
Glasfritte Bleioxid oder Wismutoxid ist. Das Offnen der Antireflexschicht und auch
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das ,,Atzen* der Kontakttinte in Silicium basiert auf Redoxreaktionen, bei denen Blei-
bzw. Wismutoxid zum Metall reduziert und Silizium bzw. Siliziumnitrid bei
Temperaturen um T=680°C zu Siliziumdioxid oxidiert werden. Das entstandene
metallische Blei oder Wismut 16st Silber und die entstandene Si-Pb/Bi Phase erstarrt
beim Abkiihlen, entsprechend den Phasendiagrammen. Das bei der Reaktion
entstandene SiO, verbleibt in der Glasschicht an der Kontaktgrenzflache. Je mehr
Silicium oxidiert wird, desto dicker ist spéter die isolierende Glasschicht und umso
hoher der Kontaktwiderstand. Weiterhin wirken sich Temperatur und Sauerstoffgehalt
der Umgebung reaktionsférdernd aus. Am stirksten verlaufen die Kontaktbildungs-
reaktionen wenn reine Oxide (PbO, Bi,03) verwendet werden, was eine kontrollierte
Kontaktbildung nahezu unméoglich macht. Um die Kontaktbildung besser kontrollieren
zu konnen, werden die Oxide in ein Glassystem iiberfiihrt und damit der
Reaktionsbereich, bei dem eine Kontaktbildung stattfinden kann, auf 100°C erweitert.
Es wurde auch gezeigt, dass Wismutoxid in der Lage ist, das giftige Bleioxid zu
ersetzen, da dieselben chemischen Reaktionen bei dhnlichen Temperaturen ablaufen.

Bei der Auswahl der Prozessparameter und vor allem der Tintenformulierung ist ein
Gleichgewicht zwischen guter Kontaktbildung und geringer Schéidigung der
Emitterschicht zu finden. Basierend auf den Reaktionsmechanismen bei der
Kontaktbildung, wurden Aerosoltinten hergestellt und auf Siliciumsolarzellen getestet.
Bei allen untersuchten Tinten wurde ein Zusammenhang zwischen Kontaktwiderstand,
Zellparameter und Kontaktstruktur (REM-Aufnahmen) hergestellt. Untersucht wurde
der Einfluss des Oxid/Glasanteils auf die Kontaktbildung bei verschiedenen
Temperaturen. Bei Tinten, die im Wesentlichen aus Silber und Wismutoxid bestehen,
ist die Kontaktbildung vor allem von der Feuertemperatur und weniger vom
Oxidgehalt abhéngig. Die Auftragshohe der Kontakttinte ist sehr gering (1-2 pm) und
daher ist der Oxidanteil im Vergleich zu einem Dickschichtkontakt weniger kritisch,
sobald jedoch die Aktivierungsenergie fiir die Reaktion zwischen Bi,O3 und Silicium
erreicht ist, wird die Zelloberflache unter den Kontakten stark angegriffen. Die IV
Parameter der Solarzellen werden daher sehr von der Feuertemperatur beeinflusst und
eine Schidigung des pn-Ubergangs und lokale Kurzschliisse sind kaum zu vermeiden.
Dennoch ist es gelungen, multikristalline Silicium-Solarzellen auf groBer Fléche
(15.6x15.6 cm?) und industriellem Design mit einem Wirkungsgrad von m=16.3%
herzustellen. Der Vorteil eines Glassystems im Vergleich zum reinen Metalloxid
wurde mit zwei Gldsern, eines basierend auf Bleiglas das andere auf Wismutglas
bestitigt. Sobald das Oxid im Glas gebunden war, konnten stabile Zellergebnisse iiber
einen Bereich von mehr als 100°C unabhingig von der Feuertemperatur gemessen
werden. Der Glasanteil hat dhnlich wie der Wismutoxidanteil nur einen geringen



204 Deutsche Zusammenfassung

Einfluss auf den Kontaktwiderstand und variiert im Bereich von 2-20gew% ohne

signifikante Auswirkung auf die Zellparameter zu haben.

Die in dieser Arbeit entwickelte Kontakttinte mit der Bezeichnung SISC dient dazu,
um die Kontaktbildung, die Mikrostruktur und mogliche Strompfade an schmalen
Kontakten zu untersuchen. Es wurde gezeigt, dass sich der Kontaktwiderstand durch
den verringerten Auftrag reduziert. Die reaktiven Tintenbestandteile sind néher an der
Zelloberflaiche und auch Sauerstoff aus der Umgebungsluft kann besser die
Grenzschicht zwischen Tinte und Zelle erreichen. Bei optimal gefeuerten Kontakten ist
die Dichte der Silberkristallite am Kontakt trotz geringer Auftragshdhe sehr hoch und
bedeckt ca. 10% der Kontaktfliche. So ist z.B. zur Kontaktierung eines 15.6x15.6 cm?
groBen Wafers eine Tintenmasse von lediglich 5 mg notwendig. Die geringe
Auftragshohe hat zur Folge, dass die Antireflexschicht unter den Kontakten nicht
vollstindig, sondern nur lokal gedffnet ist, wobei jede Offnung durch einen
Silberkristallit gefiillt ist. Fiir den Strom vom Emitter in den Kontaktfinger ergibt sich
somit nur ein moglicher Strompfad iiber die Silberkristallite, da die iibrige
Kontaktflache von der Passivierschicht bedeckt ist. Der Kontaktwiderstand ist zum
einen von der Flachendichte der Silberkristallite als auch von der Dicke der
Glasschicht zwischen Kristallit und Silberfinger abhéngig, weshalb der Glasanteil in
der Tinte tendenziell gering sein sollte. Der Einfluss des Emitterschichtwiderstandes
auf den Kontaktwiderstand wurde fiir verschieden dotierte n-Typ Emitter
(40 Q/sq<Rsy<130 Q/sq) experimentell bestimmt. Auf einen Emitter mit einem
Schichtwiderstand von Rgy=130Q/sq und einer Oberflichenkonzentration von
Np=2x10%" cm™ wurde ein Wert von p<5mQcm? gemessen. Das anhand von
Verlustrechnungen gezeigte Ergebnis, dass es gilinstiger ist, viele schmale
Kontaktstrukturen zu drucken, als wenige, dafiir breitere, wurde experimentell
bestitigt. Die beste industrielle groflachige (15.6 cm x 15.6 cm) Solarzelle, bestehend
aus multikristallinem Material, die in diesem Experiment produziert wurde, erzielte
einen Wirkungsgrad von 7=16.8%. Der dabei erreichte Kontaktwiderstand von nur
p=2mQcm? und laterale Fingerwiderstand von p=3*10"Qm ermdglicht einen
Fillfaktor von FF=78.5% auf einem Emitter mit einem Schichtwiderstand von
Rg=80 Q/sq. Aufgrund der reduzierten Kontaktbreite w,=20 pm und damit auch
Fingerbreite w=50 um wurde bei einem Fingerabstand von d=1.3 mm ein
Kurzschlussstrom von j=34 mA/cm? erreicht.

Hocheffizienz-Solarzellen aus FZ-Silicium wurden dazu verwendet, das Potential der
entwickelten Tinte zu demonstrieren. Die 2x2 cm? groflen Zellen besitzen eine
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passivierte, mit LFC kontaktierte Riickseite, einen flachen POCI; Emitter und eine
einfache SiN, Passivierung. Zundchst wurde auf diesen Zellen mit einem
Emitterschichtwiderstand von Rg;=75 Q/sq das Vorderseitenkontaktgitter optimiert.
Dabei hat sich gezeigt, dass der Fingerabstand im Bereich von 1.8 mm<d<2.5 mm
verandert werden kann, ohne dass sich der Wirkungsgrad veréndert, da der Gewinn im
Kurzschlussstrom j;. durch die Verluste im FF fiir groBere Fingerabstdnde kompensiert
wird. Wirkungsgrade von m=20.2% wurden erreicht. Auf Hocheffizienzzellen mit
gleicher Zellstruktur, nur mit einem erhéhten Emitterschichtwiderstand von
Rs=110 Q/sq, wurde ein Kontaktwiderstand von p,=2 mQcm?, bei einer Kontaktbreite
w.<20 um und einem Fingerabstand von d=1 mm, bestimmt. Daraus resultiert ein
Fiillfaktor von FF=81% und ein Wirkungsgrad von 7=20.6%, welches den hochsten
bisher verdffentlichten Wert fiir eine gedruckte und gefeuerte Solarzelle darstellt.
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List of symbols, acronyms, indices and constants

symbol description unit
u dynamic viscosity Pas
Ay cross section area of finger m?

d, Particle diameter m
dyoz Nozzle diameter m

et diameter of aerosol jet m
Eyy characteristic energy for metal semiconductor interface eV
Ec energy level of conduction band edge eV
Ep Fermi- energy level eV
Er energy level of trap eV
Ey energy level of valence band edge eV

height m

1 electric current A
Jj current density Am?
Joi, recombination current density in emitter and base A m?
Jo2 recombination current density in space charge region A m?
Ja current density of the active cell area Am?
Jrip current density of bath A m?
Jmpp current density at maximum power point Am?
Jmpp.a current density at mpp of the active cell area Am?
Jph photo-generated current density Am?
Jse short-circuit current density Am?
/4 contact length for p. test structure m

wr finger width m

W, contact width (seed layer width) m

m mass kg

n density of free electrons m?
n,n; diode ideality factors

d,, crystallite density m
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Np concentration of donor atoms m?>

p power loss fraction %

De fraction of front side covered by metallization pattern %

De electrical loss fraction %

Py electric power loss W m

P power gain of corresponding unit cell W m?

Py electric power density at maximum power point W m?

Ds shading fraction caused by front metallization pattern %

q elementary charge C

r area weighted resistance Qm?

R resistance Q

R, contact resistance (in this work R, always corresponds to the O
resistance for a contact of side length /. = 1 cm)

Ry effective series resistance Q

Riine resistance of the contact finger per unit length Qm’!

Ty shunt (or parallel) resistance Qm?

7 series resistance Qm?

Ry, emitter sheet resistance Q/sq

T'Si/siv coverage fraction of silicon to SiN

'Si/SiNk ratio of etched SiN area

Ry sheet resistance under contact Q/sq

s finger separation distance m

S surface recombination velocity ms’

Shack surface recombination velocity on the rear ms!

Sey effective surface recombination velocity ms"

Shont surface recombination velocity on the front ms’

t time s

T temperature °Cor K

ty, tr transparency factor of busbar; finger

Troir boiling temperature of hotmelt paste °C

ez time transparency factor finger edge zone and middle zone

Tpaste temperature of hotmelt paste °C

Tyiates Thes  temperature of printing plate; nest °C

Tsereen screen temperature °C
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Pn
Py
Poas
B

Mbath

Tshear

voltage v
voltage active cell area \%
built-in voltage v
voltage at maximum power point of active cell area v
voltage between conduction band and Fermi level v
open-circuit voltage A%
theoretical paste volume m?
voltage drop at the series resistance v
velocity of print through process m/s
thermal velocity Cms"
width m
distance, penetration depth m
number representing the irradiance in suns

incident power density of photons W m™
electron affinity of the semiconductor eV
dielectric constant of the semiconductor c2J''m’!
potential barrier to n-silicon

potential barrier of metal

gas flow rate cm®/min
throughput of dry ink gm’”
efficiency of solar cell

efficiency of plating bath

potential

wavelength m

line resistivity Qm
contact resistivity Qm?
particle density m?
area density of material (ink per contact area) kg m™
density of material kg cm™
minority carrier lifetime S

shear stress s
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constant description value

A* effective Richardson constant (m*/m,)-120 A m™ K
¢ velocity of light 299792458 ms™!
F Faraday constant 96485 C mol™

h Planck’s constant 6.62608-107* J s
k Boltzmann’s constant 1.3806-10% J K
m* effective electron mass 1.08-m

My, molar mass of silver 107.87 g mol’
N¢ effective density of states of conduction band ~ 2.84-10" cm™

n; intrinsic carrier density 1.00-10" cm?

Ny effective density of states of valence band 2.68-10" cm™

q, m elementary charge of electrons 1.602:10"° C

Zaq oxidation number of silver 1

acronym description

AFM atomic force microscopy

Al-BSF aluminium back surface field

AM1.5g air mass 1.5 global spectrum

AR aspect ratio (height to width)

ARC antireflection coating

Cz monocrystalline silicon produced with the Czochralsky method
D diode

TG-DTA differential thermogravimetric analysis

EDX energy dispersive X-ray

FE field emission

FIB focused ion beam

Fz monocrystalline silicon produced with the floating zone method
1w current-voltage

LFC laser-fired contacts

PECVD plasma enhanced chemical vapour deposition

PSG phosphorus silicate glass
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SEM
SIMS
Sp
TE
TFE

TEM

TGA

scanning electron microscope
secondary ion mass spectroscopy
screen printed

thermionic emission

thermionic field emission
transmission electron microscope

Thermogravimetric analysis
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