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ABSTRACT: Metallization-firing of Si solar cells is simple to perform, but it involves a complex synergism of many
mechanisms. (1) dissolution of (SiN:H) antireflection coating by the constituents of the Ag ink, followed by Si-Ag
interactions at the front contact; (2) diffusion of hydrogen from the interface into the bulk of the cell for impurity and
defect passivation; and (3) alloying of the back Al contact to form a back-surface field (BSF). Currently, the firing
conditions that yield the best cell efficiency are determined empirically. Such an empirical determination may not
represent the highest achievable cell performance. To achieve the highest efficiency, each of these functions must be
maximized. In addition, the finished contact must also meet other requirements such as mechanical strength,
minimum stress, and thermal cycling. We will review the current understanding of contact formation mechanisms
and describe the results of our recent work towards developing a coherent understanding of the physics of various
mechanisms involved in a fire-through process. We will also present a model for the resistance of a solar cell due to

the front contact.
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1 INTRODUTION

Fire-through metallization is the most common
method for forming front-metal contact on a silicon solar
cell. In this process, a solar cell is coated with an
antireflection film consisting of about 750 A of SiN:H.
A front metallization pattern of Ag-based ink is then
screen-printed on top of the SiN:H layer. In many cases,
an Al-based contact is also screen printed on the back
side of the cell so that both contacts can be co-fired.
Next, the cell is fired (=160secs) in an IR belt furnace in
which the cell experiences a temperature profile that
peaks typically at about 800°C. This process results in
interaction of Ag particles with Si to form an ohmic
contact at the front interface. In a co-firing process, an
ohmic contact is also formed at the back side due to Al-
Si alloying. Furthermore, during this step, H diffuses into
the bulk of the cell passivating impurities and defects.
Thus, optimization of contact formation involves
synergism of three processes:

1. Front contact formation to produce a uniform,
low-resistance, ohmic contact with high shunt resistance.
Such a contact will produce a high open-circuit voltage
(Voo) and high fill factor (FF).

2. Diffusion of H deep inside the material and
association of H with impurities and defects to passivate
them. Good bulk passivation will yield a high short-
circuit current density (Jsc) and high Voc.

3. Formation of Si-Al alloyed region on the backside
to produce a large field which can lead to a low surface
recombination on the backside with a concomitant high
Voc.

A metallization firing influences each of the
functions simultaneously. The best cell performance can
only be obtained if each of the functions is maximized.
However, one can intuitively argue that a process
condition that favors maximization of one of the above
function may not maximize the other two processes. For
example a mild firing may lead to formation of a good
front contact but may not diffuse H deep into the bulk.
Likewise, a strong firing is required to form a good BSF,

but it can cause shunting of the front junction and out
diffusion of H. Therefore, it is important to study details
of all three of these phenomena and examine how one
can select a suitable choice of inks and processes that can
maximize the cell performance. One approach to
maximizing the cell performance is to tailor the
parameters of the SiN:H, front-side ink, and back-contact
ink so that each of these functions can be maximized by
the same firing cycle, i.e., temperature-time (T-t) profile.
This approach requires detailed studies that can separate
the mechanisms of each function. This paper will
describe the results of our recent work to develop a
coherent understanding of the physics of various
mechanisms involved in a fire-through process. Because
this is ongoing work, we will present results that we have
obtained to date. We will also present brief reviews of
work published in the literature, which forms the basis of
current understanding.

It is important to point out that although the fire-
through process is not well understood, it is very
successfully used in commercial cell fabrication. As
discussed later in this paper, the success of the fire-
through process is, in part, due to the formation of the
back contact and the diffusion of hydrogen, which have
somewhat large process windows and seem to be less
sensitive to the process parameters. However, the front
contact formation is more critical and difficult to control.
This problem is because a good ohmic contact requires
Ag to interact with a very shallow layer of Si. In most
situations, Ag can locally go deeper toward a junction
resulting in the formation of “spikes.” Consequently, the
FF of solar cells with screen-printed, fire-through contact
is typically lower than those formed by photo
lithographically that defines a pattern in SiN:H followed
by direct deposition of the metallic contact.

2 EXPERIMENTAL PROCEDURE

SiN:H-coated, N+/P cells on single-crystal and
multicrystalline (mc)-Si wafers are screen printed with
front and back metallization patterns and fired in a static
optical furnace —a computer-controlled furnace that



applies a predetermined optical flux as a function of time
to the cell. We used Ferro’s (Ag-based and Al-based)
inks of different properties such as composition and
particle size, as metallization pastes. The resultant
temperature distribution over the cell is measured by
multiple thermocouples attached to the cells.
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K-type thermocouples were cement bonded on to the
wafers maintaining the same thermal mass (Fig 1). One
was directly below the busbar while the other was away
from it. The output was measured through special
software. Temperature distribution profile of the cell was
generated during actual firing.

The fired cells are analyzed by dark and illuminated
current-voltage (I-V) measurements to determine cell
parameters (V. Js, and FF), series resistance and shunt
conductance, and by a variety of analytical techniques
including secondary-ion mass spectroscopy (SIMS),
Fourier transform infrared (FTIR) spectroscopy, and
electron-beam methods.

To perform a detailed statistically meaningful
characterization of Si-metal interactions, we have
developed a new procedure for cross-sectioning large-
area solar cell samples using chemical-mechanical
polishing (CMP). This polishing technique generates a
large, planar cross-section of the composite (stratified)
device that can be analyzed by atomic force microscopy
(AFM), conductive AFM (C-AFM), scanning Kelvin
probe microscopy (SKPM), and other electron-beam
techniques to measure penetration and distribution of
metal into Si, and electric potential and field distributions
at the Si-Ag and Si-Al interfaces. Because this cross-
sectioning technique produces a highly planar surface, it
provides access to various components in a segregated
composition (such as glass, Ag, Si-Ag alloy in a contact).
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Figure 2. SEM images of a cross-sectioned, fired cell
showing: (a) Al back-contact, and (b) Ag front-contact.
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In comparison, a fractured cross-section (particularly
of a mc-Si sample) has artifacts that can interfere with a
good image quality.Fig.2a is an image of the Si-Al
interface of a cross-sectioned cell showing a planar view
of Al grains in a glass matrix. Fig. 2b is a similar image
of the Si-Ag interface (having a much finer particle size
of Ag). It is important to point out that a standard
procedure of wafer cleavage or breakage produces
fracture lines and non-planar regions of different layers
that are difficult to image with such clarity.

Fig.3 shows the Al-Si interface of a cross-sectioned
cell in which the unmelted Al was etched away; one can
see the Al grains, Si-Al alloy, as well as the BSF. We
have studied the formation of BSF and Al alloyed
regions for a host of T-t profiles. We found that such
regions are nonuniform, but they can produce wide BSF
regions.

These analyses are used to measure the following: (1)
Distribution of Ag penetration into Si (N+/P), change in
the particle size of Ag upon firing, and distribution of
solvent metal(s) in the glass matrix, and electric potential
and field as a function of depth from the Ag-Si interface.
These parameters and the temperature profiles at the
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Figure 3. Formation of Al-alloyed regions and the
BSF. Unmelted Al was etched.

metal allow us to establish the chemistry of Ag contact
formation; (2) Changes in the H distribution in the SiN:H
and near the Si surface; and (3) Dissolution rate of SiN:H
in glass, penetration of Ag and Al in Si. Each of these
mechanisms is also modeled theoretically to get further
insight into the physics of the process.

3 RESULTS AND DISCUSSION

The above characterization techniques have led to
some salient results, described below as examples.

3.1 Temperature distribution of a cell during firing:
Screen-printed cells can exhibit a large difference in
temperature between regions with and without front
metallization. Fig. 4 shows the cell temperature profiles
directly under the front metal, and away from it, during a
typical fire-through process. The optical flux density
profile is also shown. From Fig. 4, it can be seen that the
maximum temperature reached under the metal is less
than 800°C. This has significant importance in



identifying interactions between Si and Ag. This
temperature is much below the eutectic point of Ag-Si
(835°C)'""" and melting point of Ag (961.9°C).
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Figure 4. Measured temperature profiles (in °C) under a
busbar (green) and away from it (red) during a fire-
though process corresponding to the input optical flux
(blue).

The time duration at higher temperatures was only a
few seconds. It is believed that there can be no net
migration of Ag particles within the finger or busbar in
such a short amount of time. There is increase in the
particle size because the adjoining particles fuse together.
This can only be explained by invoking mechanisms that
can depress the eutectic melting point of Ag-Si, such as
the presence of other metals and interface energy. It also
suggests a need for carefully designed temperature
measurements during solar cell processing. A coherent
qualitative theory can relate the initial and the alloyed
particle sizes to T-t profiles. These results are verified by
experiment (see below).

3.2 Front-contact formation:

A good, front contact on a solar cell must have
several features, which include: (i) a uniform ohmic
contact at the interface typically produced by Si-Ag alloy
formation, with a large ratio of Si-Ag/Si area; (ii) a
continuous electric contact within the metallization
pattern for lateral transport of current with low
resistance; and (iii) a minimum coverage of the metal to
prevent “shadowing’ of the cell by the contact and
minimize Si-metal interface.

Silver paste (ink) used for front contact is composed
of many ingredients, which undergo a variety of
interactions during firing to yield proper electrical,
mechanical, and thermal properties.  Various ink
manufacturers have their proprietary compositions,
which can vary to accommodate different requirements.
In general, the paste consists of three major constituents:
(a) a fine powder of Ag, typically 0.1 to 0.3 [Im in size,
(b) a glass frit, which can be a mixture of several glasses
containing a host of metal oxides such as lead
borosilicate glass, B,O3, ZnO, BiO;,'*and (c) an organic
binder’. The metal pattern is applied via screen printing
which, consists of squeezing the ink through a screen
template that has an opening in the form of the metal
patternlo.

The formation mechanism of the fire-through contact

that lead to these steps is quite complex and
interdependent. There are many hypotheses that
speculate on chemical interactions that occur between
various constituents of ink during the firing step. While
Cheek et al'' suggested it was liquid phase sintering,
Ballif et al'? have suggested that Si and Ag get dissolved
in the glass frit and on cooling the Si recrystallizes and
the Ag crystallites grow randomly on silicon. This
explanation was based on the observations in over-fired
samples. Hillali et al'* have also suggested dissolution of
silver particles in glass layer and subsequent
recrystallization of the silver particles upon cooling. This
explanation however is counter intuitive because one
would expect that under normal firing conditions a
significant dissolution of Ag in glass cannot occur. This
conclusion was also reached by Schubert et al'* who
performed experiments that indicate it takes a long time
for silver particles to get dissolved at normal cell firing
temperatures. Schubert et al'® have suggested that the
lead oxide gets reduced by the Si. The generated Pb
alloys with the Ag. The Pb-Ag alloys dissolve <100>
silicon planes and inverted pyramids get formed. On
cooling Ag crystallizes on <111> planes of pyramid.
According to Schubert et al, Pb is the transport media of
the Ag. Although, we agree with the some part of this
model, in our studies, we did not see any pyramids for
optimal fired cells.

Young et al'® have suggested that metal oxide at
firing temperatures, in the glass is reduced by Si (i.e. xSi
+ 2MOy = 2M + x8Si0,). This effect would mean that
“solvent metal” (M) is present everywhere glass and Si
are in contact. It would also suggest the existence of a
thin layer of SiO, at the interface. However, a detailed
explanation as to what happens in the micro scale is
lacking.

Although there are many proposed mechanisms and a
great deal of work has been published, a coherent story
of the sequence of Si-Ag alloying requires answers to the
following questions:

1. What is the actual temperature at which Si-Ag
form an alloy and is this alloy formation aided by the
presence of M.

2. To what degree does the melting of Ag particles
occur?

3. Does Ag get dissolved in glass and re-precipitates
as proposed in some references.....?

4. How much Si is consumed in a typical contact
formation?

To answer these issues we have performed the
experiments as described in the next section, aimed at:

(1) Precise determination of temperature at the Si-
metal location during contact formation, so that one can
apply information from phase diagrams as a guide to
project the degree of melting and composition of the Si-
Ag alloy.

(i1) Identification of spatial distribution of various
constituents in the ink after firing. This problem arises
because interface analysis is typically done by cleaving a
fired sample. Because the wafers are typically
multicrystalline, the cleavage is typically irregular.
Cleavage quality is further degraded by stress in the
wafer produced by presence of ink. To overcome this
problem, we have developed a cross-sectioning



technique. Furthermore, many experiments are done in
unrealistic conditions that may not occur during a typical
contact formation. In this paper we describe some results
of our studies aimed at identifying the precise
temperatures at the Si-metal interface, metal distribution
inside the contact using a new cross-sectioning technique
that produces highly flat cross-sections.

Figure 5 is an SEM image of a part of metal finger
from a cell that was fired and the unmelted Ag was
etched away. It can be seen that Ag-Si interactions lead
to the formation of Ag-rich and Si-rich phases. Formation
of a Ag-rich phase depends on many factors, including
size of the Ag particles, process conditions, and ink
composition. Because the regions of Ag-rich phase form
ohmic contacts at the Si interface, it is desirable to have a
large fraction of Ag-rich phase to produce a cell with a
high FF. These results show that the current transport at
the front Si interface has two components: a direct Si-Ag
ohmic component, and a Si-glass-Ag tunneling
component.

2um
Figure 5. Formation of Ag-rich (white) alloyed regions
under a metal finger.
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Figure 6. SIMS profiles of H under the metal busbar and
away from it. Metal was etched before SIMS analysis.
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Figure 7. SIMS profiles of P profiles under the metal
busbar and away from it, showing consumption of P by
the metal.

A direct implication of lower temperature under the
front metallization manifests itself in the difference in the

hydrogen profile under and away from the metal busbar
(see Fig. 6). It is seen that H diffuses deeper in the
regions away from the metallization. Because
metallization alloys at the surface of N+ region, it can
consume. the heavily doped surface (see Fig. 7). These
results show that significant consumption of P occurs
during the Si-Ag interaction, and hydrogen diffusion is
retarded under the metal (creating a lower voltage
directly under the metal).

3.3 Potential, field, and current distributions at the Si-
Ag interface.

A cross-sectioned cell lends itself to measurements
by scanning large-area AFM, SKPM, and C-AFM,
without destroying the probe tips. The results provide
information on the grain size of the metal, quality of the
Si-Ag contact, and structure of the alloyed interface. Fig.
8 shows SKPM measurements at a Si-Ag alloyed region
(potential and field profiles are along the white line in the
topographic image). The potential plots are shown for
three bias levels across the N/p junction - -1V, 0 v, and
+.6 V. It can be seen that there are local variations in the
potential and field due to local compositional variations,
which remain unchanged with applied bias. The result of
bias is seen mainly as a voltage drop across the depletion
region. The Fig. 9 shows a C-AFM image identifying
glass phases as insulating regions of low current.
Analyses of such images for different T-t profiles show
that under optimum alloying conditions, a dense Si-Ag
alloy is formed at the interface.
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Figure 8. Topographic image, potential and field profiles
(along the white line) near Ag-Si interface taken by
Scanning Kelvin Probe Microscopy (SKPM).
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Figure 9. (a) Topographic image, (b) current image, and
(c) current trace at a Ag-Si interface showing Ag
particles (conducting) and the glass matrix.

3.4 Al alloying and BSF:
We have studied the formation of BSF and Al alloyed

regions for a host of T-t profiles. We found that such
regions are nonuniform, but can produce wide BSF

regions (see Fig. 3).
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3.5 Dynamics of H diffusion:

Our experiments show that there is bilateral flow of
hydrogen from SiN:H into Si and into air. This flow is
mediated by the damaged layer (and the H trapped in this
layer).It is important to determine the role of the Al back-
contact, which can confine H within the cell. Such
confinement may occur because of a physical barrier and
because of the BSF, which can either aid or retard H
ions. These results can play an important role in
passivation kinetics and may account for differences in
the cell performance between co-fired and separately
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Figure 10. Characterization of front contact/Si interface:
(a) SEM photo, (b) EDX Si content, (c) EDX Pb content,
(d) EDX Bi content, and (e) EDX Ag content.

contacts.Fig.10 above shows photos of the presence and
distribution of various constituent elements in the front
Because diffusivity of H at the firing temperatures is very
large, we expect that extended firing (i.e., higher
temperatures and/or longer times) can result in depletion
of H from the bulk of the cell (due to evolution into air
and possibly from the backside). contact of a standard
solar cell. A big eye-shaped cavity is observed at the Ag-
Si interface. We believe this is a void created by the
burn-off of a volatile organic vehicle. Based on the T-t
profile and the SEM images of the cross-sectioning, we
have come up with the contact formation mechanism that
is explained in the diagram below (Fig.11).
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Figure 11. Contact formation mechanism

The contact formation of screen printed solar cell
(Figure 11a) involves a series of interactions between the
ink, nitride, and Si. It is generally accepted that in the
initial stage of heating (up to 400°C), the frit softens®
and the softened glass dissolves the SiN:H layer under
the paste (Figure 11b). Furthermore, molten glass allows
some exchange of metal across the boundary of Ag and
glass. In particular, M can migrate toward Ag, forming a
thin liquid around the particles. As the temperature is
increased, many Ag particles agglomerate and fuse
together into bunches (Figure 1lc). At the peak
temperature, some of the agglomerates close to the
surface react with Si to form a thin alloy layer between
Ag particles and Si*'(Figure 11d). It may be pointed out
that the alloy formation is not continuous over the Si
surface, as shown in the next section. The composition of
this molten alloy depends on many factors such as the
composition of the glass frit (particularly metal ions) and
the highest temperature during firing etc. The thickness
of the layer depends on factors such as temperature, time,
and the concentration of P at the Si surface (sheet rho of
the N+ layer at the surface). The third stage of the
process involves the cool-down. During this stage the
molten constituents solidify. As the Si-Ag-M alloy
solidifies, it is likely to produce a grading in the
composition of interface between Si and Ag'.

The top part of the Fig. 10 is a schematic of the Ag
finger containing Ag particles and glass frit. The bottom
part is the SEM image of the area below the finger or
busbar after the Ag finger or busbar has been etched
away. In this figure the Ag rich and Si rich area can be
clearly seen. The top part explains the possible contact
formation mechanism as well as the current transport
mechanism. Parallel ohmic, schottky, & tunneling
contacts are formed. The amount of each will strongly
depend on the contact formation mechanism. As firing
temperature increases, there is increase in the particle
size because the adjoining particles fuse together. It can
be seen that Ag-Si interactions lead to the formation of
Ag-rich and Si-rich phases. Formation of an Ag-rich
phase depends on many factors, including size of the Ag
particles, process conditions, and ink composition.
Because the regions of an Ag-rich phase form ohmic
contacts at the Si interface, it is desirable to have a large



fraction of an Ag-rich phase to produce a cell with a high
FF. These results show that the current transport at the
front Si interface has two components: a direct Si-Ag
ohmic component, and a Si-glass-Ag tunneling
component.

4 CONCLUSION

Some of the important results obtained are: (i) Screen
printed cells can exhibit a large (~ 30°C) difference in
temperature between regions with and without front
metallization. Typically, the maximum temperature
reached under the metal is less than 800°C, which is
much lower than below the eutectic point of Ag-Si. (ii) A
direct implication of lower temperature under the front
metallization results in a lack of hydrogen diffusion
directly under the metal busbar. However, significant
consumption of phosphorous occurs during Si-Ag
interaction. (iii) Ag-Si interactions lead to formation of
Ag-rich and Si-rich phases. Because an Ag-rich phase
forms an ohmic contact at the Si interface, it is desirable
to have a large fraction of an Ag-rich phase to have a
high fill factor of the cell. (iv) Al-alloyed regions are not
uniform but can produce wide BSF regions. One
approach to maximizing the cell performance is to tailor
the parameters of SiN:H, front-side ink, and back-contact
ink so that each of these functions can be maximized by
the same firing cycle, i.e., temperature-time (T-t) profile.
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