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Alloyed aluminum backside contacts are known to improve silicon solar cell performance.
This enhancement is accomplished by gettering and by the repulsion of minority carriers
from the rear contact of the cell by a highly doped p+ layer causing a reduction in effective
surface recombination velocity. By examining how the p+ layer is influenced by
processing and by modeling gettering mechanisms, we are able to suggest ways in which
the design of processes for back contacts can be optimized.

Even in the best case, interfaces are roughened during the alloying step. Furnace anneals
result in standard deviation of junction depth roughly equal to the depth. The smoothest
surfaces are obtained by rapid thermal anneal. Short times are adequate to produce a thick
recrystallized p+ region at the back of the cell. Stresses caused by the difference in
thermal expansion between Al and Si are high (130 MPa for 2 pm Al), and remain high
after significant passage of time. Thicker films result in higher stresses. Stress relief is
correlated with cracking and delamination of the Al film. It is recommended that higher
processing temperatures be used because they result in a thicker p+ region for a given
amount of aluminum.

Gu.tering in solar cells during alloyed backside contact formation can occur in three ways:
by liquid phase gettering, by segregation gettering and by outdiffusion of impurities to the
surface. Segregation coefficients, k, are calculated for iron in boron-doped silicon as a
function of temperature and dopant concentration of the p+ region. For iron in Si with an
Al-doped p+ layer, k < 30. Segregation coefficients increase as temperature decreases and
as p+ doping increases. Gettering by outdiffusion occurs by similar processes as haze
formation. A pair formation model is used to rank precipitation tendencies based on
thermodynamic quantities. Lifetime measurements confirm that gettering is improved as
alloying temperature or process time is increased.

Thesis supervisor:  Lionel C. Kimerling
Thomas Lord Professor of Materials Science and Engineering
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Chapter 1

Introduction

Metal-semiconductor contacts are required for the usefulness of devices. High
contact resistance and high recombination rates at contacts due to the presence of
interfaces restrict device performance. In the case of solar cells, an alloyed backside
contact has been shown to improve cell efficiency over cells made with standard (low
temperature) contacts. In this introductory chapter the basic function of solar cells is
discussed along with the issues involved in aluminum backside contact formation on

silicon photovoltaic devices.

1.1 Silicon Solar Celils

textured surface

> ; ny e

p-type

rear contact

Figure 1.1 A schematic of a typical n-p-p+ solar cell

The basic solar cell, as shown in Figure 1.1, consists of a p-n junction and front
and rear contacts. The internal field created by the junction separates electrons and holes

excited by absorbed light and collects them into an internal circuit.
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Figure 1.2 Current-voltage characteristics typical of solar cells [1]

The potential difference built up between the two sides of the cell when illuminated
in an open circuit condition is referred to as the open circuit voltage, V.. The value of
Vo is constrained by the bandgap (V.. < E;) and depends on the difference in doping
between n- and p-type regions that form a homojunction. Another important parameter is
J«, the short circuit current density. In a solar cell it can be defined as the reverse light-
generated current density when the cell is illuminated in a short circuit condition. The
value of J,. depends on the effectiveness with which the junction collects electrons and
holes created by absorbed photons before they are lost to bulk or surface recombination.
Recombination centers are associated with defects such as impurities, dislocations and
grain boundaries. J also depends on the intensity and spectral distribution of the incident
light. In the ideal case the short circuit current is equal to the light generated current, I,
and V. would be given by

Voo = (kT/q) In[I/1, +1] Ly
where k is the Boltzmann constant and q is unit charge. Saturation current density, I, is
inversely related to minority carrier diffusion length and to dopant concentration. There is
a positive relationship between carrier diffusivities and I,. In the actual case, I. in the

above equation is replaces by I, the short circuit current.
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The fill factor, FF, is a measure of the squareness of the illuminated I-V curve. It

reflects the obtainable power from a cell and is given by

FF = Po/(Vc 1) (1.2)
where Py, is the maximum power. Cell efficiency, in tum, is given by
N = Py/Pin = (Vo I FF)/Pig (1.3)

if Pi, represents incident solar power.

Carrier lifetimes, T, are inversely proportional to recombination velocities and are

related to the diffusion length by L= Dt . Recombination processes include radiative
recombination, Auger recombination and recombination due to impurity traps and traps at
surfaces. Of particular interest are the traps associated with impurity or defect states in
the bandgap. Transition metal atoms and surfaces are particularly effective recombination
centers. Effective surface recombination velocity is denoted S and reflects the number of
trap states at a surface. Surface recombination is the dominant mechanism for efficiency
loss. Cell efficiency could be improved by reducing the number of these traps. Thinner
cells result in lower recombination rates, but absorption of incident light and mechanical
strength become issues.

Device design consists of the optimization of material choice and precessing so
that efficiency and reliability are maximized while cost is minimized. The cell ought to be
capable of collecting more useful energy than went into its production with minimal
environmental impact. This calls for simple processes. Silicon is chosen as a photovoltaic
material because it offers advantages including material abundance, an established
technology base, high quality and good surface passivation characteristics (with its oxide)
[2]. Its major drawback is that it is an indirect bandgap material, making solar energy

conversion less efficient.
1.2 Alloyed Contacts

An alloyed contact is formed by depositing a metal onto a semiconductor substrate

and annealing at a temperature high enough to form a eutectic liquid. If aluminum is
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deposited on Si, the temperature must therefore exceed 577°C, the eutectic temperature of
the system. Upon cooling, some of the silicon taken into the melt recrystallizes, doped to
the solubility limit with the mctal. This recrystallization continues until the eutectic point
is reached, at which point the rest of the liquid solidifies together. The result is a
structure, shown schematically in Figure 1.3.

................................
oooooooooooooooooooooooooo

p+ layer (recrystallized Si)’

Si p-type base

Figure 1.3 Schematic of alloyed junction structure

Occasionally the alloying procedure is incorrectly referred to as diffusion. Some
diffusion of Al into the Si substrate can occur during the alloying process, but diffusion
depth is insignificant compared to the doping caused by recrystallization of aluminum
doped silicon. For example, at 850°C Al is expected to diffuse to a depth of 0.02 microns
during a 30 minute anneal. Typical thickness. of the recrystallized layer is at least one
micron, and usually higher.

Alloyed junctions were first used in silicon technolbgy for integrated circuits.
While the high doping underneath the contacts resulting from this process was
advantageous, the method was dropped due to difficulties with reproducibility and
uniformity. The technology became impractical as demands on device performance
increased. These are the same issues facing solar cell manufacture today. The alloyed
junction has survived in solar cells because, despite the deleterious effects of the process

such as surface roughening and nonuniformity of the p-p+ junction, the overall effect on
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cell efficiency is positive. Note also that the Al-Si combination is not the only one
possible. Al doped with B is sometimes used to form an even higher doped p+ layer
because B has greater solubility in Si. [3] Alloyed junctions are also used in compound

semiconductor systems.

1.2.1 Alloyed Backside Contacts for Silicon Solar Cells

The benefit of using alloyed backside contacts has been known for many years.
The treatment results in improved open circuit voltage, short circuit current density and
cell efficiency. Alloying has resulted in a 5-10% improvement in the efficiency of celis
made on 10 Qcm p-type substrates. [4] The effect was first attributed to gettering of
impurities from the bulk [5] and then it was thought that the influence of the heavily doped
region at the back was the reason for improved performance. [6, 7, 8] Both the gettering
effect and the back surface field (BSF) effect have been shown to be important.

What is termed the back surface field effect is the reduction in effective surface
recombination velocity, S, at the rear contact. In the region heavily doped with Al, the
flow of minority carriers (electrons) to the back contact is restricted to the larger than
usual negative charge of the acceptors in the contact area. With fewer minority carriers in
the vicinity of the contact, recombination is reduced. As a result voltage output of the cell
is increased. For the BSF cells described here a typical value for S.r at the backside
contact is 1000 cm/s. Without the alloyed backside contact S would be on the order of
107 cm/s. It is still true that recombination is dominated by recombination at surfaces,
especially at the contacts. [5, 9]

For best results in controlling S. the p+ region should be uniform; however, it is
known that surface roughening accompanies the alloying procedure. King, et al. suggest
that spiking occurs during processing. [10] Selective dissolution of Si in Al during the
alloying step is the suggested cause for surface roughness of del Alamo, et al.. [11] The
results of this work suggest the latter, and that annealing conditions can be controlled to

minimize roughening. These results are given in Section 2.2.1.
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During the formatiion of an alloyed metal contact, there is an opportunity for
impurities to diffuse to the molten alloy and be held there as the metal coois. This is one
way gettering can occur in BSF solar cells and is the result of high solubilities of impurities
in aluminum compared to silicon. “Back surface field-induced” gettering has been shown
to exist for various treatments with B and Al such as ion implantation and doped silica-
film deposition followed by an anneal. {12] Such results are significant because they show
gettering independent of the molten metal layer.

Additional advantages of producing a backside contaci in this way are listed by
Wohlgemuth and Narayanan. [13] The doping of the backside with Al offsets the
possibility of forming a back p-n junction during the earlier P diffusion (to form the cell
junction.) It is also during the alloying step that ohmic contact is established with the rear

of the cell, making for a simple process.

1.2.2 Processing of BSF Cells

One goal of this thesis is to define the conditions that contribute to improving cell
efficiency so that optimum processing conditions can be defined in general. Much of the
previous work on Al backside alloyed contacts for Si photovoliaics has concentrated on
optimizing the process for a specific cell design. The variables have been deposited Al
thickness, alloying time and temperature. The relationship of these parameters to others in
the ceil design is not considered. As a result many apparently conflicting results have been
obtained. The issues are complicated in that most solar cells are made on polycrystalline
silicon, in which case grain boundary effects should be considered.

Reported processing schemes include T's from 650° to 1200°C and processing
times from 30 seconds (for rapid thermai annealing) to several hours. The most common
temperatures are between 750 and 950 degrees. Usually, process optimization is done for
a given solar cell structure. It is not surprising that results depend on factors other than the
rear contact processing alone.

The backside contact is formed in one of the last steps. Commonly Al is deposited

by screen printing an aluminum paste onto the back of the cell. This results in a somewhat
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different structure of the metal, as compared to evaporative or sputter deposited films,
because of outgassing of organic binders during the high temperature step.

The thickness of the highly doped region is relevant to performance. Lolgen has
modeled the relationship of surface recombination velocity to BSF thickness, finding that
as thickness increases, the S is lowered. He also reports that for a given BSF thickness,
the doping of the region is important. Higher doping of the p+ region is expected to
reduce S, reaching a minimum at about 5 x 10'° cm™. [14]

In this work all experiments are done using single crystalline CZ or FZ silicon
wafers. To ensure that all observed effects are due to the alloying step, no other
processing was performed on the wafers. Aluminum was deposited by e-beam
evaporation. Fumace anneals were carried out at temperatures ranging from 850°C to
1050°C, and rapid thermal annealing was done at 950°C and 1000°C. The annealing
ambient is either nitrogen or argon. Time at the alloying temperature is varied.

Good sources for general solar cell information are the books by Green [15, 16]
and the book by Hu and White [17].

16



Chapter 2

Backside Contact Metallization

Alloyed backside contacts are used in the manufacture of silicon solar cells because
of their positive effect on cell efficiency. This chapter details the results of work done
with the goal of illuminating the physical processes behind the observed performance

improvement.
2.1 Aluminum-Silicon Phase Equilibria

The phase equilibria between the two elements is the basis of understanding the
contribution of alloyed Al backside contacts to silicon solar cell performance. Figure 2.1
is the Si-Al phase equilibrium diagram.

Atomic Percent Silicon
o P M WD 40 S & W 8 % 1™

1500 -+ Y r+

@ 1414°C

1300

Temperature °C

g

sr741°%
128 _
so0JJ (A ! (sD—=f
! )
]
:
3004 et . T ey - e . -
o 105 20 30 490 F s0 60 70 80 20 100
Al Weight Percent Silicon Si

Figure 2.1 The Al-Si phase diagram [18]
During the alloying step temperatures exceed the Si-Al eutectic. This means that
the Si beneath the metallization is brought into the melt during the high temperature step.
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The amount of Si dissolved depends on the processing temperature and is proportional to
the aluminum thickness. This relationship can be derived from the phase diagram. [11] At
the annealing temperature, T, the melt should have a composition given by F, the
composition of the point on the liquidus corresponding to annealing temperature. (See
Fig. 2.1.) The amount of Si that must melt to reach this composition can be calculated for
a given thickness of Al.

WtAl =ty pai 2.1)
per unit area where wtAl is the weight, t, is the thickness, and py, is the density of

aluminum. The weight of silicon brought into the melt is given by

wtSi =tg psi = [F/(100-F)] wtAl =ty Pai [F/(100-F)] (2.2)
where tg; is the thickness of silicon brought into the melt. Thus,
tsi = (ta: pa/psi) [F/(100-F)] (2.3)

On cooling, the composition of the melt changes from F to E for T>T.. It is during this
cooling that Si recrystallizes, doped to the solubility limit with Al, and forms the p+ layer.
The remaining Si in the melt solidifies with the Al at the eutectic temperature. So, the
weight of the Si included in the eutectic is [E/(100-E)] wtAl. This expression gives the
thickness of the recrystallized Si to be

t sir = (ta Pavpsi) [F/(100-F) - E/(100-E)] 24)

5 L =
i A A J

£

=4
o
1

Melt Depth (for unit thickness Al)
2 8

g

T T T

0 800 90 1000 1100
Alloying Temperature

Figure 2.2 Theoretical curve relating deposited Al thickness and melt
depth as a function of alloying temperature (in °C).
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From Equation (2.4) we get the relationship between Al thickness and theoretical junction
thickness shown in Figure 2.2. This assumes that there is no diffusion of Al into the solid
Si and that the interfaces are planar. It is clear from these results that the lower the
processing temperature, the thicker the deposited Al layer must be to achieve the same p+
layer thickness.

2.2 Alloy Junctions

It is desired that we compare the results of Section 2.1 to what is found
experimentally. In the following sections the actual interface morphology and doping of

the recrystallized region are considered.

2.2.1 Interface Morphology

We have chosen to use microscopy to study the interface morphology and
structure of the highly doped region beneath the alloyed contact. Scanning electron
microscopy (SEM) was used to examine the eutectic structure on the rear of the cell. N-
type wafers were subjected to various alloying treatments so that electron beam induced
current (EBIC) could be used to view the p-n junction formed during processing. By
combining secondary electron images and images obtained by EBIC, junction depth and
uniformity could be shown.

Figure 2.3 is a cross sectional view of the contact area, showing the eutectic
structure and film roughens. Figure 2.4 is a cross sectional view of the contact region on
a (111) wafer. It is observed that faceting along (111) planes occurs during the alloying
step. This indicates that alloyed junctions formed on (111) wafers could be more uniform
than those on (100) substrates. Significant nonuniformities, however, are still found in this
case.

A combined EBIC-SEI image is shown in Figure 2.5. The structure shown here is
formed by alloying a 2 micron thick layer of Al on an n-type wafer at 950°C for 30
minutes. The resulting p-n junction appears in the image as a bright line. For this sample

average junction depth was measured from the images to be 1.8 microns, slightly greater
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Figure 2.3 SEM micrograph of the contact area showing eutectic structure on a (100) wafer.
This sample was prepared by annealing at 950°C for 30 minutes in nitrogen.

interface

Figure 2.4 SEM micrograph showing a cross sectional view of the contact area on a (111) wafer.
Processing was at 850°C for 30 minutes. Notice step formation and pitting along (111) planes.
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Figure 2.5 Combined EBIC-SEI image showing the junction formed by alloying for a
furnace annealed sample (950°C for 30 minutes.) The sample is beveled at 4 degrees
and shows the Al-Si interface (a) and the p+-n junction (b).

S g N
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Figure 2.6 Image showing the junction formed by alloying for a rapid thermal
annealed sample (1000° for 10 seconds) The sample is beveled at 4 degrees and shows
the Al-Si interface (a) and the p+-n junction (b).
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than that predicted from Equation (2.4). However the error in this value is quite large (on
tne order of the thickness itself,) not allowing for meaningful comparison. Note that in
general the junction follows crystallographic directions, suggesting preferential melting
along (111) planes. For all furnace annealed samples observed, similar roughness of
interfaces and junctions was seen regardless of processing time or temperature.
Nonuniformities can be caused by thermal instabilities or dirty interfaces.

The appearance of furnace annealed samples contrasts with that of rapid thermal
annealed samples. RTA results in much smoother interfaces and junctions, though
roughness is not eliminated. Figure 2.6 shows a beveled sample with a 2 um layer of Al,
annealed at 1000°C for 10 seconds. Even this time is sufficient to create a thick p+ layer,
measured to be 3.0 um. The reason the meit interface, revealed by EBIC as a p-n
junction, is more uniform for RTA samples is probably related to the rapid rise in
temperature not possible in a furnace. When this occurs, the system becomes superheated
resulting in a greater number of melt nucleation sites over the substrate surface. The
measured melt depth is much thicker than the phase diagram would suggest.

The roughness observed here reduces the effectiveness of the backside field in
retarding surface recombination. Because rapid thermal annealing produces the most
uniform results, it is the best alloying method in this sense. If gettering optimization
would benefit from longer anneals, a rapid thermal anneal at high temperature could be
followed by a lower temperature furnace anneal, where the Al-doped silicon would not all
be brought back into solution. In this case the even p-p+ junction should remain.

It has previously been reported, or simply assumed, that the thickness of the
recrysﬁllized layer is the theoretical one. (See for example del Alamo. [11]) This has
clearly been shown not to be the case, for reasons of roughness and nonequilibrium

effects.

2.2.2 Doping

The doping of the p+ layer was determined by spreading resistance. it was

approximately 4 x 10'® cm?, slightly below the solubility of Al in Si at the processing
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temperature.  This measurement was performed on a (111) p-type wafer, doped at
10"° cm™, deposited with 2 mm Al and annealed at 850°C for 30 minutes. The presence of
a n-p+ junction was confirmed in the case of n-type wafers with an alloyed Al contact.
Doping densities measured for these wafers by spreading resistance were also as expected.
Figure 2.7 is a detail of the phase diagram, showing the solubility of Al in Si as a function

of temperature.
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Figure 2.7 Solubility of aluminum in silicon as a function of temperature [19]

There is no evidence that Al doping densities follow a trend given by equilibrium
considerations. Even moderately rapid cooling results in doping densities that correspond
to solubility at the processing temperature. This is a desirable effect, providing more
unifor}nly doped layers.

The junction depth for the above sample is 1.8 microns. This corresponds to
average values for wafers processed under the same conditions measured by EBIC. It is
clear that spreading resistance yields an average value, given the interface roughness
observed by electron microscopy. Because of the severe nonuniformity of the p+ layer, it

is also possible that errors in measured doping level result from this technique.
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2.3 Process-Induced Stress

Differences in the coefficient of thermal expansion of silicon and aluminum cause
the Al to be in tension after cooling to room temperature. The thermal expansion
coefficients for Al is 23.1 x 10 °C”', compared to a value of 2.6 x 10 °C"! for Si. Once
the Al has solidified following the alloying step, thermal stresses begin to build up.

Thermal stress is given by
S =( E, )Aa.AT (2.5)
1-v,

where E; is the elastic modulus of the substrate, v is Poisson’s ratio of the substrate, A is

the difference in linear coefficients of thermal expansion and AT is the temperature
change. The stress is clearly thermal history dependent, not only because of the build up
of stress due to differences in thermal expansion, but also because at higher temperatures

Al is likely to flow plastically, allowing for stress relief.

2.3.1 Method of Stress Measurement

In response to stress caused by a film, a substrate will elastically deform to reach a
minimum energy configuration. Stress was monitored using a laser scanning system which
measures changes in radius of curvature. A schematic of the apparatus is shown in Figure
2.8.

<—Mirror Scan——

LASER Q. A X A

Figure 2.8 A schematic of the scanning laser stress measurement system
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Average stress is related to curvature by the Stoney equation [20]
o= Eh* (R -R,)
(1-v,)6t R/R,
where h is the substrate thickness, t is the film thickness, R, is the radius of curvature of
the substrate prior to Al deposition and R, is the radius of curvature after processing. It is
only necessary to know the elastic properties of the substrate and film and the substrate
thickness to measure stress. No knowledge of the microstructure of the film is needed to

carry out these measurements.

(2.6)

2.3.2 Measurements and Observations

Immediately after processing, measured stresses are substantial. For wafers with 2
microns Al, these are greater than 130 MPa. As shown in Figure 2.9, the initial decrease
in stress is rapid and the average stress drops to approximately 100 MPa in 24 hours.
Micrographs show that accompanying this stress relief is a change in microstructure that
includes cracking and delamination of the Al film. See Figure 2.10 for an example of the
cracking behavior. In the long term, even after 6 months, stresses of 60 MPa are

maintained. It was also found that the stress level correlates with the thickness of the Al
layer.
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Figure 2.9 Stress relaxation at room temperature after alloying step
for a (100) wafer with 2 microns Al
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Thermal cycling results in stress relief on heating followed by restoration to nearly
the previous value upon subsequent cooling. (Figure 2.11) Curves follow behavior usually
found for aluminum films on silicon substrates, with a slope of the cooling curve of
IMPa/s Apparently the effect of Si inclusions in the Al film on mechanical properties of
the metal is minimal.

Stress may influence the redistribution and precipitation of impurities. Because the
Al is in tension, the backside of solar cells are in compression, inhibiting diffusion there.
The tensile stress of the aluminum contact works to keep transition metal impurities in the
Al layer. Stresses do not start to build until below the eutectic temperature, so at higher
temperatures redistribution of impurities is not affected. Stress also influences the
precipitation of impurities. Precipitation would be enhanced if the change in volume to
the precipitate is negative, and hindered if the precipitate has lattice constants larger than
that of the unstrained Si lattice. Mechanical strains do have an influence in the gettering
process by affecting the critical size of precipitates and the co-precipitation process due to
elastic strain compensation. [21]

Stress can be minimized in two possible ways. First, slow cooling below the
eutectic would allow plastic flow of Al and prevent large stresses from building in the film.
Stress cannot be eliminated this way, but can be reduced if the cooling schedule is
compatible with other process considerations. Secondly, higher processing temperatures
rather than thicker aluminum layers should be used to produce thick p+ layers. Higher

doping of the recrystallized silicon would also resuit.
2.4 - Other Reactions During Alloying Step

The alloying step is commonly carried out in a nitrogen atmosphere. The original
patent on the BSF process assumes that nitrogen is an inert gas. [22] This is not the case
at elevated temperatures. In fact, we have found that after high temperature anneals or
long times at lower temperatures, there is nitride present in the metal film. X-Ray
diffraction shows peaks associated with AIN. When this compound forms it reduces the
conductivity of the backside contact layer. As a result, the alloying step should either be
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10 um

Figure 2.10 SEM micrograph showing cracking of the Al film 24 hours after processing

Average Stress (MPa)

Temperature (°C)

Figure 2.11 Stress variation in alloyed Al on Si caused by thermal cycling. For this wafer
aluminum thickness is 3.5 microns. The temperature was held at 500°C for 15 minutes.
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performed in argon or in nitrogen under conditions which do not permit appreciable
formation of nitride.

It is suggested by Joshi, et al. that annealing in an N, ambient alone results in
gettering. [23] Since they did not compare their results to annealing alone in other
atmospheres, it is possible that the observed improvement in lifetime is due to outdiffusion
in general and does not require the presence of nitrogen.

There is evidence that gettering occurs during the alloying step. This will be
discussed in greater detail in Chapters 3, 4 and 5. Improvements to minority carrier
lifetime will be discussed in Chapter 6.
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Chapter 3
Gettering of Transition Metal Impurities

This chapter provides a basic introduction to the issues related to gettering
associated with alloyed backside contact formation.

3.1 Overview

Gettering is the process of removing or controlling electrically active defects to
improve electrical performance in the active regions of a device. The processes involved
are as follows: (i) the release or dissolution of contaminants in the device area, (ii)
diffusion of contaminants, and (iii) the stable capturing of the contaminants at given sites.
It is important to maintain the stability of the last step in later processing steps since the
gettering process can be reversible. Gettering processes for solar cells must take into
account that bulk properties determine device characteristics. Thus gettering to surfaces
is desirable.

Possible gettering sites include dislocations, oxygen precipitates and grain
boundaries in addition to surfaces. Regions of higher defect solubility are also candidates
because a chemical gradient results in diffusion to these locations. Gettering by this
mechanism is termed segregation gettering.

Gettering may occur when supersaturated species precipitate out of solution. This
mechz;nism requires sufficient mobility of defects to either internal or external gettering
sites. Internal sites may be dislocations or oxides, whereas the external site is usually the
back surface. This type of process may occur during cooling from high temperature, or
during low temperature processing steps.

Haze is the near surface precipitation of metallic impurities and forms during
cooling from high temperatures as the supersaturated species outdiffuses and precipitates.
Studying haze can illuminate factors governing gettering to wafer surfaces because it

occurs by the same mechanisms.
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When there is a gradient in chemical potential gettering can occur. This may
happen during high temperature treatment when the gettering zone offers a higher
effective solubility. Because it happens at high temperature, this gettering mechanism is
especially useful for slower diffusing species. The possibility of gettering iron by diffusion
to a highly doped p-type region is discussed in Section 4.4. This is possible because the
solubility of iron depends on dopant concentration.

For a complete understanding of gettering the following issues should be
understood: solubility and diffusivity of impurities, reversibility of processes, influence of
point defect injection (important in gettering associated with P diffusion, for example),
effect of local strains, metal-dopant complexing and the effect of interfaces. Competition
of gettering sites should be considered. Processes should be designed so that the most
favorable sites are those to which you want defect species toc go. For a more complete
discussion of issues related to gettering consult Graff [24] or Kang and Schroder [25]
among other sources.

In the case of gettering associated with backside contact formation, several
mechanisms are operational. Segregation gettering takes two forms: Gettering to the
liquid phase and to the p+ recrystallized region. Outdiffusion and surface precipitation
occurs upon cooling. Liquid phase gettering is discussed in Section 3.2. Modeling of the
solubility enhancement of Fe in highly doped p-type silicon provides a basis for
understanding segregation to p+ regions. This is covered in Chapter 4. Chapter 5 is
concerned with developing an understanding of haze formation. This is used as a basis for

thinking about outdiffusion and precipitation of metals.
3.2 Liquid Phase Gettering

An evaporated aluminum layer is known to getter copper and nickel from Si below
the Al-Si eutectic. [26] Sana, et al. propose that pitting or damage of the Al-Si interface
provides gettering sites. [27] At temperatures above T, it is expected that liquid phase
gettering can occur because the liquid has high metal solubility. Gettering by this

mechanism occurs by diffusion of impurities from the back to the rear contact during
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alloying. Apel et al. studied the aluminum gettering of cobalt in Si finding a 90 percent
reduction in Co concentration after alloying for 30 minutes at 820°C. [28] From this they
derive a segregation coefficient k = [Co]assi/[Colsis, = 10*, where [Colaisiiand [Co]s; , are
the cobalt concentration after gettering in the Al-Si layer and Si, respectively. This figure
agrees with predictions of segregation coefficient based on equilibrium metal solubility.
[23] These results suggest that liquid phase gettering is the predominant mechanism of
gettering associated with alloyed backside contacts.
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Chapter 4
Modeling Solubility of Transition Metals

Because dissolved metals are charged species, solubility may be enhanced or
diminished by the presence of dopant atoms. This section describes a model developed to
calculate solubility based on dopant concentration. This model differs from previous
calculations in that Fermi statistics are used to calculate the fraction of iron ionized at high
temperatures. Due to the broadness of the Fermi function at elevated temperatures, a
significant portion of iron remains charged. Thus, solubility enhancement at high doping
ievels is shown to exist, even at high temperature. The results include the calculation of
the segregation coefficient of iron between p and p+ regions and the effect of doping and

treatment temperature on carrier lifetime at room temperature.

4.1 Background

Transition metal contaminants in Si, introduced during high temperature
processing, have a negative impact on cell performance. Processing temperature or base
doping determines the effect of metals because these factors influence solubility,
equilibrium defect states and thereby carrier lifetime. Here, iron is chosen as a
representative fast diffusing impurity because it is a common contaminant in
semicpnductor manufacture. Its solubility is modeled as a function of boron concentration
in a manner similar to that followed by M’saad. [29] Processing temperature is relevant as
it dictates intrinsic solubility.

For the case of a boron doped substrate with iron impurities, the following are the

equilibrium ionization reactions:

Fe(e,‘.) - Fei(sn (4.1)
Fe, - Fe' + ¢ 4.2)
B, —- B, +h* 4.3)
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e +h" < [bond] 4.4)
Electroneutrality must be maintained so that, assuming there is no pairing at high
temperature

[BJl1+n=[Fe'] +p 4.5)
Applying the law of mass action, the equilibrium of (4.1) is driven to the right by electron-
hole recombination (4.2). Because acceptors provide holes, the solubility of donors in Si
increases with boron concentration. Combining the above equations, we obtain

[Fe']1=Cp (4.6)
where C is a constant, for constant external iron activity. Reiss observed similar behavior
for Li in p-type Si. [30] Note that if there was an n-type donor, the solubility of iron
would decrease with dopant concentration because the donor ionization reaction liberates
an electron, inhibiting the iron ionization reaction.

At high temperature, the ionization of iron is not complete because the Fermi level
approaches midgap as the intrinsic carrier concentration exceeds doping levels. The total
iron concentration is simply given as the total of the concentration of charged and
uncharged iron species. Following the analysis of Reiss, the concentration of positively

charged iron is related to acceptor concentration as follows

2
[Fe*]= - N [____’l____] +(uve+]°)2 4.7
where [Fe']° is the maximum equilibrium concentration of positively charged iron when
[B]=0, N, the boron (or acceptor) doping density, and n; is the intrinsic carrier
concentration. In the model, values for [Fe*]° are obtained using Fermi statistics and the
following expression for equilibrium solubility of iron in Si for lowly doped material (N, =
10" em™.) [31]

C,° =5x 102 exp(8.2 - 2.94eV/T) (cm™) (4.8)
Fermi statistics imply the following relationship
[Fe'] = [Fe)/{1 + 2exp((ErEr)/kT))} 4.9)

The intrinsic carrier concentration is given by n; = (N.N,)'? exp(-E¢/2kT) where N(T) =
3.22 x 10" (T/300)* is the density of states in the conduction band (in cm>); N(T) =
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1.83 x 10" (T/300)** is the density of states in the valence band, and Ey(T) = 1.17 -
(4.73 x 10 THAT+636) is the energy gap of silicon in eV. [32]
For the temperatures considered here it is true that 2n/[Fe+]° >> 1 so that

1+,/1+(2n /[Fe*1°)? =2n, /[Fe*)° (4.10)
Thus, equation (4.7) can be simplified to
=N 4(n, /N, 4,
(P )= ])[1+J1+ (»,IN,)*] @.11)

With this equation the solubility can be calculated as a function of doping density. The

results are then used to determine room temperature properties.

4.2 Modeling Solubility

The model of iron contamination of boron-doped Si assumes that the bulk
solubility limit is reached during a high temperature processing step. The sample is then
instantaneously quenched to room temperature. At room temperature, iron pairs with
boron so that equilibrium concentrations of Fe* and Fe;B. are reached. The pairing
reactions are assumed to occur much more rapidly than either precipitation or
outdiffusion. At high temperatures, the fraction of ionized iron is calculated based on the
assumption that the bulk solubility values reported in the literature reflect total iron
concentration, and that the defect level associated with the iron interstitial remains in the
same relative position within the bandgap regardless of temperature.

As the temperature and intrinsic carrier concentration increase the Fermi level
moves towards midgap. As this occurs the ratio of charge states of the metallic impurities
shifts, as the Fermi level sweeps past the impurity level. Table 4.1 lists the percentage of
Fe in the Fe* state given by Equation (4.9) at various temperatures for low doping ([B] <
n;.) Recall that if the Fermi level is below the defect level the majority of Fe is positively
charged whereas if the Fermi level is above the defect level the majority of Fe is neutral.
Note that at high temperatures a significant portion of the iron is charged even though the
Fermi level is above the defect level. Because this is the case, it is expected that dopant

concentration has an effect on iron solubility.
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Table 4.1 Summary of parameters needed to model solubility enhancement

T [E(eV)| EJ2 n Ere Cs°=[Fe]L.r?_. [Fe']°

700 | 0.892 | 0.446 6.94 x 10" 0.31 1.08 x 10 9.82x 10°
900 | 0.810 | 0.405 3.41x 10" 0.28 426 x 10" 5.96 x 102
1000 | 0.768 | 0.384 6.41x10" | 027 4.18 x 10" 6.14 x 10"
1100 | 0.726 | 0.363 1.10 x 10" 0.25 2.94 x 10" 4.84 x 10"

Using Equation (4.11) and the previously tabulated values, the relationship of
doping density to [Fe'], [Fe°] and total iron solubility were calculated.
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Figure 4.1 Variation of the maximum concentration of Fe+ in Si with boron
concentration at different heat treatment temperatures
At low doping densities, where N,<n;, the material behaves intrinsically and there is
no effect of doping on Fe solubility. When N,>n;, [Fe*]=[Fe*]°Ny/n; and Equation 4.7
reduces to that of a straight line with slope [Fe*]°/n;. These two regimes can be clearly
seen in Figure 4.1. Figure 4.2 shows the relationship of doping density to total iron

concentration.
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Figure 4.2 Variation of the solubility of Fe with [B] in boron-doped
Si at different heat treatment temperatures

4.3 Redistribution of Fe on Cooling

As an interstitial diffuser, Fe is relatively mobile even at low temperatures. This
mobility provides an opportunity for pairing reactions to occur following the heat
treatment. The ionized Fe donor may pair with a stationary acceptor due to the
Coulombic interaction between the charged species. At room temperature the following

species are in equilibrium
i Fe;* + B, < (FeBy)° 4.12)
and the equilibrium constant [33, 34], K, is given by
K = [FeiB,)/[Fe:][B,] =10 exp(0.65 e V/KT) 4.13)

At room temperature K=8.3 x 10", The doping level plays a role in the metal defect
configuration by mediation of the pair equilibrium. At room temperature it is assumed
that all iron is positively charged and [Fe'] + [Fe'B] = [Fe'lix. The concentration of
interstitial iron after pairing can be calculated from the following equation
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- -1+K(FB],, -[Fe’],a))+\/(l+ K(N, -[Fe*),,)) +4K[Fe'],,

[Fe] 5K 4.14)
In the above [B} is given by [B)x = [Bs-] + [Fe'B7]. The expression for [FeB] is
+ - <+ 2 - 2 +
[FeB] = (A+X(N, +[Fe'l,) J(l + K(N,+[Fe’],))" —4K°N,[Fe'),, 4.15)

2K

Figures 4.3 and 4.4 show the equilibrium defect concentrations of Fe* and FeB,
respectively, at room temperature following an instantaneous quench from the high
temperature indicated.
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Figure 4.3 Concentration of unpaired Fe* as a function of [B] at room temperature following
annealing at the temperature indicated and equilibrium pairing reactions.
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Figure 4.4 Equilibrium concentration of FeB at room temperature
as a function of [B] after pairing reactions.

Equilibrium concentrations of the various defect species control the recombination
lifetime of the material. The Fe;B; complex introduces a shallow level at Ev+0.1eV,
distinct from the deep level of the interstitial Fe ion at Ev+0.4eV. [35] The Shockley-
Read-Hall (SRH) recombination lifetimes are inversely dependent on defect concentration
and capture cross section as given by:

Trei = 1/(Orei Vin [Fei]) 4.14)
and

Treibs = 1/(Oreins Vin [FeiBy]) (4.15)
where the values for the capture cross sections have been determined by Zoth and
Bergholtz as Og; = 5.5 x 10™ cm® and Gress = 5 x 10"° cm?. [36] The bulk lifetime is
given by:

1/%ui = 1/Te + 1/Tres + 1/Tauger (4.16)
where Tr. and Trs are the SRH recombination lifetimes for Fe and FeB, respectively.
Auger recombination, important at high doping levels, is signified by Tauer and is given by

Tauger = 1/C po° (4.17)
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under low injection conditions in a p-type semiconductor. The Auger recombination
coefficient, C, in Si is approximately 10”*! cm®s and p, is the carrier density.
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Figure 4.5 Minority carrier lifetime as a function of dopant concentration
given the caiculated values of defect concentration.

From the results shown in Figure 4.5, we see how high concentrations of Fe can
have a detrimental effect on device performance. It has been demonstrated how
contamination can be controlled by limiting the temperatures at which processing takes

place and by limiting acceptor concentration.
4.4 Segregation to Highly Doped Regions

The modeling of solubility as a function of dopant concentration allows the
prediction of the ability of a heavily doped region to getter metallic impurities. The
segregation coefficient is defined here as the total solubility in the bulk to the total
solubility in the gettering region. Figure 4.6 is a graph that represents the segregation
coefficient for Fe at various B concentrations and heat treatment temperatures. The
calculations assume that the base concentration is the undoped solubility value [Fe]°.
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Figure 4.6 Scgregation coefficient, k, for iron between a low-doped p region
and a p+ layer of the indicated doping concentration at the given temperatures

These segregation coefficients are quite small for doping below 10 cm™ indicating that
chemical segregation to the p+ region alone is not responsible for gettering behavior in
silicon solar cells. While the segregation coefficient is greater at lower temperatures, total
solubility is smaller; therefore, gettering temperature should be chosen with some
knowledge of the total contamination of the wafer. When the metal conceniration is low,
lower gettering temperatures should be used to get the maximum benefit of segregation to
the p+ region. If more metal is present, higher temperatures are necessary to dissolve
metal - precipitates. Figure 4.7 gives the segregation coefficient as a function of
temperature, assuming a base doping of 10" cm™ and doping in the p+ layer of 10" cm™.
Because k increases as temperature decreases, control of cooling rates is expected to be
important to the effectiveness of segregation gettering.

With the appropriate choice of dopant concentration in base and gettering regions,
coupled with an appropriate annealing temperature, control over metallic redistribution
can be achieved. Note that the calculations for segregation coefficient do not depend on
dopant species, but rather on dopant type (n or p) and concentration. The solubilities of



different dopants determine the maximum achievable segregation coefficient. Equilibrium
pairing reactions at room temperature and parameters affected by pairing do depend on
dopant species.
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Figure 4.7 Segregation coefficient versus temperature for Fe in B-doped Si. The base
doping is 10" cm™ and the doping of the p+ region is 10" cm™.

4.5 Implications for Processing

Iron contamination is seen to depend strongly on processing temperatures and
dopant concentration. This model demonstrates that control over metal contamination is
possible by attention to these parameters. We have calculated how pairing reactions at
low témperatures influence the recombination lifetime in the material, and thus how cell
performance may be affected by certain processing schemes. It is also worthwhile to note
that transition metals may be gettered to regions of higher acceptor concentration. Special
attention should be paid to cooling rates for maximum benefit of segregation to highly
doped regions.
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Chapter 5

Modeling Outdiffusion and Precipitate Formation

How metals in silicon behave upon cooling from high temperature processing steps
is of interest in all aspects of device fabrication. Solubilities are reduced as temperature
drops and the supersaturation of metal atoms creates a driving force for outdiffusion and
precipitation. In this chapter we are concerned with the theoretical prediction of haze
formation. Haze, the near surface precipitation of metals, occurs as a result of
outdiffusion. The occurrence of such outdiffusion is of interest with relation to the ability

to getter at surfaces.
5.1 Experimental Background for Haze Formation

Haze is defined as the near surface precipitation of metallic impurities during a
moderately fast cooling from high temperature. Outdiffusion is a way of overcoming
supersaturation at high temperatures for fast diffusing impurities. As a result, metal
concentrations are high near surfaces and precipitation occurs there. Precipitates near the
surface of a wafer can be revealed by chemical etching. It is the collective appearance of
the etch pits that results in the term haze. A thorough discussion of haze is included in a
review by Graff. [24]

A haze test can be performed to detect the presence of nickel and copper, two
comn{on wafer contaminants. It consists of a heat treatment at high temperature for a
short time, for example, 1050°C for 7 minutes in the case of 10 cm wafers of standard
thickness, in an inert atmosphere. The time chosen allows for impurity diffusion
throughout the thickness of the wafer. To compare haze test results a standard cooling
rate is chosen, usually 4 degrees per second.

Copper, cobalt, nickel, rhodium and palladium are haze forming impurities. Iron
will form haze only during subsequent low temperature anneals, although it does enhance

precipitation when other haze forming metals are present. No haze is observed in wafers
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contaminated with V, Ti, Mn, Cr, Pt or Au. Ranking of haze forming tendency is
performed experimentally by using a standard set of processing conditions. Nickel is first,
followed by Pd, Co and Cu. Iron forms haze precipitates when shower cooling rates are
used.

Haze forming tendency is related to the relative diffusivity and solubility of the
metal in Si. Outdiffusion is affected by cooling rate. Solubility, and its change in
temperature, are related to metal supersaturation on cooling as well as the distance that
must be traveled by metal impurities to form precipitate nuclei or contribute to their
growth.

The precipitates that form are silicides. {37] The metals that form haze are believed
to precipitate by a homogeneous mechanism. Iron, because it most readily precipitates in
the presence of other impurities, is assumed to precipitate heterogeneously. In Section
5.2.2 we see that this is probably not the case. The orientation, distribution and size of
precipitates depends on the relative lattice parameters of silicide and silicon. Silicides of
cobalt and nickel have lattice constants close to that of Si so their precipitation results in
the least strain energy. Large volume changes associated with the formation of Pd and Cu
silicides result in the emission of silicon selfinterstitials, as evidenced by dislocation loops

inside the precipitate or punched out into the surrounding lattice.
S.2 Historical Approaches to Modeling Precipitate Formation

Transition metals in silicon have high heats of solution compared to systems
usually modeled by nucleation theory. Metal solubility is very small and changes by orders
of magnitude over short temperature intervals. As a result, nucleation theory is not the
best way to model haze formation. However, we dc look to this classical approach to see
what it can reveal about the thermodynamics of silicide nucleation. We then tumn to pair
formation theory as a way of ranking precipitate formation tendency using thermodynamic

variables, finding close agreement with experimental observation.
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5.1.1 Nucleation Theory

Nucleation theory classically has attempted to explain the kinetics of the earliest
stage of phase transformations. Reviews of the theory are given by Russell and Christian
and Allen. [38, 39, 40] As in Figure 5.1, the relationship between time and the number of
particles can be represented for a system of fixed size undergoing precipitation from a

supersaturated solution.
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Figure 5.1 Schematic of variation in number of particles versus time during a precipitation reaction

Four regions are illustrated. Region I is the induction period during which the kinetics can
be described by:

I(t) = "I, exp (-T/t) 5.1
where "I(t) is the nucleation rate (number of particles nucleating per unit volume per unit
time) and 7 is the incubation time. Region II is the steady state nucleation regime. During
this time, the nucleation rate is exponentially related to the critical free energy change for
nucleation. In region III there is a decreasing rate of nucieation, as would occur as
superéaturation decreases. Region IV corresponds to the particle coarsening regime.
Here the number of particles decreases as the average particle size increases. For the
purposes of this study we only concern ourselves with describing the kinetics of
nucleation.

The driving force for precipitation reactions is the reduction in chemical free
energy that accompanies the phase transformation. The kinetics of nucleation are largely
dependent on interfacial free energies between the parent and product phases. Interfacial

energy is in turn dependent on the structure of the interface. Interfacial energy is low for



coherent interfaces (typically 10 to 100 mJ/m?) and highest for incoherent ones (about 500
mJ/m’.) The energies play a large role in determining the type of interface present during
the nucleation stage since the critical free energy barrier to nucleation, AG*, is
proportional to the interphase free energy per unit area, o, raised to the third power. The
value of AG* may be derived from
AG = (Ag, + Agw)V + 6(A) 5.2)
where Ag, is the chemical free energy change per unit volume transformed, Ag,, is the
elastic strain energy per unit volume transformed, V is the volume transformed and A is
the interphase boundary area.
The nucleation rate I (or J) in the is defined as the number of critical nuclei formed
per unit volume per unit time. The steady state nucleation rate is given by:
"I, = K exp(-AGJ/KT) 5.3)
or
J;=Z B* N exp(-AG*/kT) 5.4
where Z is the Zeldovich non-equilibrium factor, approximately 107, B* is the rate at
which atoms are added to the critical nucleus, N is the number of atomic nucleation sites
of a particular type per unit volume, and AG* is the free energy change associated with the
formation of a critical nucleus.
The critical nucleus has size n* and is given by the point at which the curvature of

the plot of AG v. n is zero, as illustrated in Figure 5.2.

AG

‘n*

Figure 5.2 Variation in free energy with the size of a precipitate nucleus.
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Nuclei of size greater than n* grow while smaller nuclei dissolve. The effect of thermal
fluctuations is that microclusters in the size range n* + &2, as defined by kT, (see Fig. 5.2)
do not have a standard statistical distribution. The net effect is that clusters of size greater
than n* do not all continue to grow and reach supercritical size. This effect is accounted
for in the Zeldovich factor.

Z=3" and 1= 8Y(2p*) = (2Z*p*)" (5.5)

Russell (1980, p. 249) shows that for homogeneous nucleation in the absence of
strain energy effects

ZB* = Dy X%/a® (5.6)
where D,y is the effective diffusion constant, X* is the concentration of B atoms present in
the matrix (considering a transformation from A-rich phase o to B-rich phase B) and a is
the lattice constant.

For an observable rate of homogeneous nucleation of 1 cm™ s Ag, must be less
than 70kT.

The alternative to homogeneous nucleation is nucleation at grain boundaries,
edges, corners or dislocations. This is termed heterogeneous nucleation. In these cases
the energy barrier to nucleation is generally lower due to the reduction of interfacial
energy of the critical nucleus. While this is the case, the number of nucleation sites is
reduced compared to the homogeneous case. The predominant nucleation mechanism is

therefore the one with the faster kinetics.

5.1.2 Modeling Based on Nucleation Theory

In order to determine if nucleation theory could provide a theoretical basis for
understanding haze formation behavior, we start with a combination of Equations (5.4)
and (5.6).

Js = Deir (X%a%) N exp(-AG*/kT) &N))
For these calculations X* is the metal solubility at high temperature, and a is the Si lattice

constant. N is the number of nucleation sites. Most metals are assumed to precipitate



homogeneously to form haze. In this case N is 5 x 10* cm™, the atomic density of silicon.
The goal is to compare nucleation rates for various transition metals. We have chosen to
compare results for Cu, Ni, Pd, Co, Fe, Cr and Ti. First, we look at the case where a
contaminated wafer, with the high temperature maximum concentration of metal, is
quenched to a lower temperature.

To approximate AG* we start with Equation (5.2). For nucleation the problem is
that of a strained coherent particle because it is assumed that this is the most favorable
condition, so G is taken to be that of a coherent particle (10-100 mJ/m®) assuming it is the
same for all particles. The quantity Ag, can be approximated by relation to the difference
in lattice parameters the Si lattice and the metal silicide.

(1+v) T\2
Ag,, =2l ——|u(e 5.8
gar [(1 Y )]u( 11 ) ( )
The solubility at different temperatures was used to calculate Ag, as follows
Ag, =kT In(AC/C,) (5.9)

Expressions used for the solubility and diffusivity of metals are listed in Table 5.1.
Lattice constants of the silicides were taken from Murarka. [41]

Table 5.1 Expressions for the solubility and diffusivity of some transition metals

Metal Solubility (cm™) Ref. Diffusivity (cm?/s) Ref.
Cu 5x10%exp(2.4-1.49/kT) 42 4.7x107exp(-0.43/kT) 43
Ni leozzexp(3.2-l.68/kT) 42 2.0x10'3exp(-0.47/kT) 43
Pd | 5x10%%xp(-0.73-1.61KkT) | 44 2.6x10%xp(-0.42" ™) 24
Co 5x10%exp(7.6-2.83/kT) 42 4.2x10%xp(-0.-. ) 45
Fe 5x10%%exp(8.2-2.94kT) | 42 1.3x10”%exp(-0.68/kT) 42
Cr 5x10%exp(4.7-2.79kT) | 42 1.0x10%exp(-0.43/kT) 43
Ti 5x10%exp(4.22-3.05KT) | 46 1.45x10”%exp(-0.43/kT) 46

When these calculations are carried out, even at small undercoolings, very high
nucleation rates result. In the case where the sample was quenched 5 degrees from
1050°C and allowed to relax, the fastest value was 2.6 x 10* s”'cm™ for Ni and the
slowest 2.9 x 10” s'cm? for Ti. This would indicate that for all metals considered,

supersaturation would last for no longer than a second. This trend continues for both
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small (5°C) and large (500°C) undercoolings. The nucleation rates calculated are so high
because there is no need to wait for diffusion to occur to form a critical nucleus. Values
for r*, given by r*=-20/(Ag, + Ags), are smaller than one angstrom, regardless of the
constants chosen for strain energy and surface free energy.

The results are clearly not physically consistent with the definition of precipitate
nucleation since the critical nucleus size is smailer than that of even a single atom. AG* is
controlled by the chemical free energy change associated with precipitation. We see that
the driving force to form precipitates of metals in Si is very large, larger than in classical
systems. It is driven by AH of the metals. The impurities are only soluble to a small
extent, and the solubility changes by orders of magnitude for relatively small changes in
temperature. As a result we observe that classical nucleation theory is not useful in
predicting haze forming behavior. What is leamed is that, based on the energetics of these
systems, when two or more metal atoms come together in a supersaturated system, it is
highly favorable for them to stay together and form the nucleus of a precipitate. Also, it is
seen that for all metals it is thermodynamically favorable to form nuclei by a homogeneous
mechanism, regardless of actual haze forming tendency, because the role of surface energy

is not significant.

5.3 Pair Formation Theory to Predict Haze

5.3.1 Pair Formation Model

" Because it is reasonable to look to pair formation to understand the nucleation of
metal silicides in Si, we turn to the Reiss model for pair formation. [47] The expression
for the time constant for pair formation is given by

7 = f/4AnRDN (5.10)
where f is the fraction of atoms paired or precipitated at equilibrium, R is the capture
radius, D is the diffusion coefficient and N is the density of sites available for pairing. The
rate of pair formation can be expressed as 1/1. The above equation represents the general

case, and 1/ can be thought of as a precipitation rate, the rate at which atoms are leaving
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solution. If we assume that each metal atom is a potential nucleation site, then before any
pairing takes place N is C,. If these atoms are equally spaced, then we can take R=C, .
The result is the following relationship.

_ t={/4nC°D (5.11)
The nucleation rate, the initial rate at which precipitates form, is thus proportional to
CZ2®D. The value of f can be calculated based on a comparison of high and low
temperature solubilities. In this way the model takes into account the parameters expected
to most influence haze formation behavior.

5.3.2 Calculations Based on Pair Formation

Two methods were used to do calculations. First, consider a rapid quench from
high to low temperature. In this example, high temperature is taken to be 1050°C and the
samples are instantancously quenched to S500°C. If it is assumed that the metal
concentration reaches the solubility limit at high temperature, calculations yield the
nucleation rates as shown in Table 5.2. If allowances are made for changes in metal
concentration as pairing reactions take place, it is found that for short times, on the order

of several minutes, pairing rates do not change.

Table 5.2 Rate of removal of metal atoms from supersaturated
solution at 500°C after a quench from 1056°C.

Metal Rate (s cm™)
Cu 1.0x 10°
Ni 1.3x 10
Pd 1.6x 10°
Co 2.6x10°
Fe 6.6 x 10°
Cr 113
Ti 1.6x 10*

An observable nucleation rate is considered to be greater than 1 s’ cm™. Since
here we are actually not looking at a nucleation rate, but at the rate of pair formation or

of addition of atoms to an existing precipitate, we are not seeing a nucleation rate, and can
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expect an observable effect for rate values that correspond to the number of atoms in a
precipitate. Typical nickel silicide precipitates are spherical with radii from 5 to 25 nm.
Iron precipitates are rod-shaped with dimensions on the order of 10x10x100 nm. [24]
Thus the typical silicide precipitate contains roughly 10* to 10° metal atoms per cubic
centimeter. This puts the observable dissolution between that for iron and cobalit.

Other calculations involve cooling from high temperature to room temperature at a
rate of 4K/s, the standard cooling rate for the haze test. Calculations involved taking
small steps in temperature as it related to time, and calculating the pairing rate and number
of atoms paired/precipitated during each step. After the first step, and in all subsequent
steps, N and R were adjusted by subtracting the number of pairs that had formed from the
high temperature solubility value and by letting R=N"'". Also after the initial step, what is
termed pair formation could really indicate the addition of one atom to a precipitate that
already existed. These calculations give pairing/growth rates as a function of temperature,
and the total number of precipitated atoms after the cooling step. Results are shown in
Figure 5.3 showing the predicted ranking of precipitation tendency. This ranking of
follows experimental observations for haze formation except in the case of copper. Table
5.3 gives values for the number of precipitated metal atoms after the scheduled cooling.
This is compared to the amount precipitated at equilibrium at room temperature. In all

cases significant supersaturation of metal remains following this cooling scheduie.

Table §.3 Number of atoms precipitated and the equilibrium number of atoms precipitated
for cooling from 1050°C to room temperature at 4°C/s.

g Equilibrium Number
Metal | Atoms Precipitated (cm™) Atoms Precipitated at
Room Temperature (cm™)

Cu 2.7 x 10" 12x 10"

Ni 40x 10" 4.8 x 10"

Pd 53x10° 1.8 x 10'¢

Co 7.6 x 10 1.7x 10"

Fe 4.4 x 4%’ 12x 10"

Cr 4.7 x 16° 1.3 x 10"

Ti 730 8.2 x 10"
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Figure 5.3 Rate of removal of atoms from supersaturated solution on cooling at 4°C/s from an annealing
temperature of 1050°C. Pairing rates are strongly dependent on temperature and drop off rapidly.

Note that this calculation does not consider the effects of outdiffusion; however, it
is reasonable to assume that outdiffusion would be influenced by metal diffusivity and
concentration which have already been considered (in some way) in this model. In the case
of outdiffusion, the surface acts as a bias to diffusion direction. The model also does not
include stress considerations which become important as the precipitates grow. Because
there is a large volume change associated with precipitation, this could explain why the

ranking of copper in the model is different from experiment.
5.4 Other Considerations

In gettering studies it is noted that precipitation occurs preferentially at

dislocations and other lattice defects. Based on the energetics of nucleation, we see no



reason for this to be the case. However, as a precipitate grows coherency strain and
surface energy considerations may influence preferential sites. When large volume
changes are associated with precipitation, strain energies and injection of vacancies or
selfinterstitials to the lattice may retard precipitate growth. When this is true, the
precipitates most likely to grow are those near surfaces or lattice defects where strain
energy may be compensated, surface energy change for the system upon precipitation is
reduced, or where there is a source or sink for intrinsic defects.

The precipitation of Fe is enhanced in samples also contaminated with Cu. Defect
equilibrium and strain energy effects can possibly explain this. For each copper atom
precipitated approximately 0.55 silicon interstitials are emitted. The precipitation of Fe
results in the absorption of 0.11 silicon atoms per metal atom. The energetics of strain
and Si interstitial supersaturation may be such that coprecipitation is favored.

At low temperature, when stress from the aluminum film is present, precipitation
and outdiffusion could be influenced. Precipitation at the rear of the cell which is under
compression becomes more favorable for iron silicide which has a negative change of
volume on formation, and less favorable for the other haze forming metals whose silicides
are larger than the silicon lattice. The effect should be strongest for Cu and Pd. This is

mainly an issue at low temperature where diffusion limited precipitation occurs slowly.
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Chapter 6
Effect of Alloying on Carrier Lifetime

The gettering mechanisms discussed in Chapters 3, 4 and 5 combined with the
lowering of the effective surface recombination velocity contribute to the increase in
minority carrier lifetime following the alloying step. Radio Frequency Photoconductance
Decay (RFPCD) was used to monitor lifetime improvements associated with this
processing step. It was found that lifetime improves with annealing time at a given
processing temperature. Higher processing temperature results in a faster increase in

carrier lifetime.

6.1 Measurement Procedure

RFPCD uses a pulsed light source to excite excess minority carriers and RF power
to monitor carrier decay. This is a contactless measurement system, capable of probing
bulk recombination lifetimes for carrier densities of greater than 10" cm™ for a 500 pm
thick wafer.

Measurements were carried out with the wafer immersed in an HF (48%) bath to
provide for surface passivation. All wafers were cleaned before measurement. After the
initial measurement on a clean p-type wafer, Al was deposited on both sides by e-beam
evaporation. The desired fumace anneal followed. The resulting structure consists of a
p+ layer on both sides of the wafer, capped by the Al with Si in the eutectic structure.
The metal was stripped in a concentrated HCI solution and the wafer was cleaned prior to

the post-anneal lifetime measurements.
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6.2 Effect of Time and Temperature on Lifetime

Lifetime measurements were taken before and after deposition of 2 micron thick
layers of Al on both sides of p-type wafers. First, the effect of varying process time is
considered. The alloying temperature was 850°C and annealing times varied from 3
minutes to one hour. There was considerable scatter in the results so we show the
maximum values for lifetimes corresponding to the alloying times in Figure 6.1. Lifetimes
higher than original values indicate gettering as well as the effectiveness of the p+ layer in
reducing the effect of surface recombination. Note that longer alloying times show an
increase in measured lifetime, but with decreasing benefit as time progresses. The degree
of scatter in the post-annealing lifetimes reflects the degree of roughness of the p-p+
interface and the back surface.
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Figure 6.1 Best value of bulk minority carrier lifetime versus annealing time at 850°C.

By annealing at higher temperatures, the improvement in lifetime occurs more
quickly. Figure 6.2 shows average measured lifetimes for wafers annealed for three
minutes at 850°C, 950°C and 1050°C. These wafers had all been deposited with 2
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microns of Al on both sides and annealed in a nitrogen ambient. Faster diffusion and
higher solubility at 1050°C cause significant gettering to occur in the short annealing time.
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Figure 6.2 Average bulk minority carrier lifetime versus processing
temperature for 3 minute annealing times

Surface roughening is severe, but the recrystallized p+ layer -effectively
compensates for this. Smoother surfaces, such as those achieved by rapid thermal
anneaiing, are expected to result in even greater measured lifetime values.

These results show that gettering of contaminants from these wafers is improved
by longer times at high temperature or by higher temperatures. This is expected, given
that adequate time must be allowed for defect species to diffuse to the contact region.
Higher temperatures may be required for very contaminated material, so that precipitates
can be fully dissolved. As time progresses, the advantage of continued annealing is
reduced. A balance must be struck between improved performance and processing time

and cost.
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Chapter 7
Solar Cell Process Design

The goal of the work done to understand gettering behavior and details of alloyed
backside contact formation is to provide insight into how to better manufacture solar cells.
A summary of the results leads to conclusions about what should be effective in improving
solar cell processing. It is suggested that further work be done to verify the ideas put
forth here.

7.1 Application to Back Surface Ficid

This work demonstrates several ways the processing of solar cells can be
performed to improve the performance of the back surface field. These relate to interface
morphology, doping of the recrystallized layer and stress due to the Al contact.

The smoothest interfaces observed for alloyed contacts result from rapid thermal
annealing. These are therefore the best choice for producing contacts. High temperature
RTA followed by remelting in a at lower temperatures may be useful for control of other
desirable effects, such as gettering, without compromising the uniformity of the junction.
Because it has been observed that junction depth is much greater than expected based on
the phase diagram, it is suggested that testing by EBIC be done to verify the distance of
the p-p+ juncticn from the Al contact.

’ Nonequilibrium effects are observed with relation to doping of the recrystallized
Si, even with moderately slow cooling. This is advantageous because it allows higher Al
concentrations in Si and provides for a more uniformly doped p+ region. It should be
verified that Al precipitates do not form upon cooling, especially if subsequent processing
steps are carried out at elevated temperature, as this would resuit in poorer cell
performance.

Slow cooling rates would help to minimize stress because relaxation occurs faster
at elevated temperature. An effective way to reduce stress is to use higher temperatures
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for the alloying step. This "vould allow the use of less Al for the same desired p-p+
junction depth.

7.2 Application to Gettering

The modeling of segregation coefficient and haze formation suggests applications
for processing related to gettering. With respect to segregation gettering, we see that
higher doping or lower temperature has the potential for more effect. High doping is
compatible with cell processing because of the asscciated advantage of reducing Sy. This
suggests high alloying temperatures. Slow cooling rates, or cooling and holding at
moderate temperature could improve gettering by taking advantage of high segregation
coefficients.

The results related to haze formation suggest some things about outdiffusion and
precipitate formation of transition metals. We find that solubility (as well as changes in
solubility) and diffusivity are key factors in understanding the causes of haze formation.
Calculations based on classical nucleation theory predict that iron does not require
heterogencous nucleation sites as has been assumed. Instead, we see that for Fe the
kinetics of nucleation are slower. This is responsible for behavior.

The difference in theoretical and experimental rankings of Cu precipitation and
growth may be due to stress related issues. While precipitation is energetically favorable,
growth may be hindered by strain energy associated with lattice mismatch. Nickel silicide
and cobalt silicide have small lattice mismatch with silicon, making it much easier for these
precipitates to form and grow. Calculations of interfacial strain energy associated with
silicide precipitates, or energies associated with forming dislocations to relieve strain,
could provide insight into this issue.

Cooling rates, especially at high temperature, will determine to what degree
outdiffusion and precipitation will occur. The highest precipitation rates are expected at
high temperature, and drop off rapidly (as does D) with cooling.

57



7.3 Conclusions

Because cooling rate and treatment temperature are important special attention
should be paid to cooling of the sample after the alloying step, as well as the parameters of
any subsequent processing steps. These factors are as likely to influence device
performance as the time and temperature of the alloying step itself. In general the
recommendations are for rapid heating to a high alloying temperature and slow cooling,

possibly coupled with subsequent anneal at a lower temperature.
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