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Abstract

The majority of solar cells produced today are made with crystalline silicon wafers,
which are typically manufactured by growing a large piece of silicon and then sawing it
into ~200 um wafers, a process which converts one-half of the high-purity silicon into
waste sawdust. To bypass the sawing process, a new method for making high-quality
multicrystalline wafers without sawing is under development. This method begins
with a poorly-structured silicon wafer made by a low-cost method which is then coated
by a thin film capsule. The encapsulated wafer is zone-melted and recrystallized,
thus improving the crystal structure for a higher-efficiency solar cell without material
waste.

This work develops the wafer recrystallization process by gaining insight on three
major areas, motivated by the need to increase recrystallized grain size and control
thermal gradients. First, a novel method for measuring the temperature field in the
wafer within the high-temperature zone-melt furnace is designed and demonstrated.
Knowledge of the temperature gradients experienced by the wafer is important to
improve the furnace design to minimize the thermal stress and resulting dislocation
density in the recrystallizing silicon.

Secondly, a thermal model was created to determine the shape of the crystal-
melt interface during recrystallization as a function of processing parameters such as
wafer travel speed and thickness, because the orientation of the solidification interface
dictates the direction of grain growth and the subsequent grain boundary orientation,
which affects solar cell performance. A threshold wafer travel speed was found, above
which the crystal-melt interface becomes non-planar and grain boundaries will form
at the mid-wafer plane.

Lastly, to evaluate different wafer capsule materials, nucleation behavior of molten
silicon on various materials was studied through differential scanning calorimetry.
The level of undercooling reached by molten silicon in contact with variations of
silicon nitride and oxide was evaluated and the optimal capsule configuration was
determined; this configuration was demonstrated to improve recrystallized wafer
structure. These insights gained from this work will inform future design decisions in
tailoring the crystal structure for optimal solar cell performance.
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Chapter 1

Introduction

1.1 The Potential of Solar Power

The need for renewable energy sources has increased dramatically over the last decade.
According to 2008 reports, fossil fuels provide ~ 84% of the world’s energy [2], but
the international community is increasingly looking for alternative energy sources
that lack the harmful CO, production and reliance on a finite fuel supply. Solar
photovoltaics are a promising alternative source of energy but currently supply less
than one-tenth of one percent of the world’s energy consumption [2]. Approximately
124,000 TW of the sun’s radiation reaches the earth’s surface [16], several orders
of magnitude higher than the world’s energy consumption, reported at 16.2 TW
for the year 2007 [2]. If even a fraction of that radiation could be harvested through
photovoltaics, it could provide a substantial amount of renewable energy for the world.
The main barrier for increased usage of photovoltaics is its high cost compared to fossil
fuel energy sources, but research and development efforts to improve cell efficiencies
and lower costs have already contributed to an increase in photovoltaic production of
an order of magnitude between 1998 and 2007, and further gains are expected in the

future [1]. The current average price of photovoltaics is near $3/W,, and this price
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must drop to less than $1/W, in order to be competitive with fossil fuels [1,10].
While thin-film solar technologies have been growing since the late 1990s, silicon-
based solar cells, dubbed “first generation,” still dominate the photovoltaics market
with 67% of the market share in 2008 [1]. In order to keep up with the growing thin-
film sector, silicon-based photovoltaics producers strive to improve effiencies, reduce
the amount of silicon used, and decrease manufacturing costs [1]. Almost half of the
silicon-based production is made up of multicrystalline silicon technologies, including
cast and ribbon Si [1]. As shown in Figure 1-1, a significant fraction of the cost of
manufacturing a multicrystalline silicon-based solar module comes from making the

silicon wafer. This step in the manufacturing process represents a promising area for

cost reduction of the module.

Figure 1-1: Cost breakdown of multicrystalline silicon photovoltaics manufacturing,
average projected costs for 2010, with assumed average silicon prices of $60/kg. [10]

1.2 Bulk Multicrystalline Silicon Wafers

Bulk multicrystalline silicon wafers are traditionally manufactured by casting and
directional solidification, having gained popularity during the 1970s for their reduced
cost and complexity in production compared to Czochralski and float-zone techniques

for making monocrystalline silicon [4]. In the block-casting process, silicon is melted
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and poured into a silicon-nitride-coated quartz crucible, where it undergoes direc-
tional solidification from the bottom as heater settings are adjusted to cool the block.
Similarly, directional solidification in the Bridgman process is done in the same type
of crucible, but the entire crucible is moved into and out of a hot zone to melt and
resolidify the silicon from the bottom up [9]. The Si3Ny coating is needed as a release
layer for the silicon to prevent sticking to the crucible, since the different coefficients
of thermal expansion of silicon and quartz would cause breakage of the crucible upon
cooling. Both methods result in columnar vertical grains in a silicon block of >300

kg.

(a) Cast multicrystalline silicon. (b) Multicrystalline wafers with equivalent quan-
tity of silicon dust waste.

Figure 1-2: Cast multicrystalline silicon wafer manufacturing.

Silicon blocks must be cut into ingots and then sawed into wafers, a process which
typically wastes 50% of the high-purity silicon as dust [9]. Figure 1-2(b) shows a
number of silicon wafers and the equivalent quantity of Si dust that was wasted in
sawing them from a block. In the multi-saw process, shown schematically in Figure 1-
3, ingots are cut by a stainless steel wire with a silicon carbide powder slurry which
abrasively cuts through the thickness of the ingot. Besides kerf losses, the slurry
and wires are not reusable and add to the total cost of sawing. Saw damage must be
removed by etching wafer surfaces before solar cells can be made. These drawbacks to

the cast multicrystalline wafer-making process have led many researchers to develop
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methods which circumvent the sawing process altogether.

-—

Slurry and abrasive  Ingot

Main drive

Wire web

Figure 1-3: Schematic representation of multi-sawing process. [9]
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1.3 Silicon Ribbon Technologies

Development of silicon ribbon manufacturing processes began in the 1970’s and gained
needed momentum in the 1990’s [9]. Vertical growth techniques that have reached the
production stage include Edge-defined Film-fed Growth (EFG) and String Ribbon. In
these processes, the solidification interface moves parallel to the pull direction of the
ribbon from the melt, and the latent heat of fusion is removed from the interface by
conduction through the silicon, which radiates the heat to the environment. Crystal
pull speeds are on the order of 20 mm/min, réquiring high thermal gradients at the
solidification interface which lead to thermal stresses and resultant dislocations [11].
Wafers grown by these methods often have a large number of twinning defects and
high dislocation densities due to the large thermal gradient changes the silicon must
go through to drop from the melting point to room temperature [3]. In addition, the
wavy texture of the ribbon surface can often be challenging for processing steps in
creation of the photovoltaic cell.

In the EFG process, an octagonal tube of silicon is pulled from the melt through a
graphite die, shown schematically in Figures 1-4(a), creating eight panels of 10-12 cm
width and ~ 300 pm thickness. Graphite from the crucible and die typically dissolves
into the molten silicon, causing erosion of the crucible over time. Similarly, the String
Ribbon process also pulls a long ribbon of silicon from the melt, supported by two
silicon carbide strings which pass through the melt. A meniscus forms between the two
strings, and thermal control of the solidification interface is less stringent compared
to the EFG process, allowing for more cost-effective furnace designs [6]. The String
Ribbon process was commercialized by Evergreen Solar Inc., where multiple ribbons
are now grown simultaneously to increase throughput [15]. However, concentrations
of carbon from the string material, high internal stress and dislocation densities due
to thermal gradients, and limited pull speeds are still major challenges for further

improvement of this technique.
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Figure 1-4: Schematic representation of ribbon growth processes [9].

Another category of ribbon growth method utilizes a crystal growth interface
which moves perpendicular to the ribbon pull direction, referred to as horizontal
growth methods. The primary example of this approach is the Ribbon-Growth on
Substrate (RGS) method [8]. In this process, shown schematically in Figure 1-5, a
shaping die filled with molten silicon sits on a moving “cold” substrate such that the
silicon is cast onto the substrate and solidifies in a thin ribbon. Heat is extracted
by conduction through the substrate, which allows for much faster wafer pull speeds
than the vertical ribbon methods previously mentioned. RGS pull speeds are on
the order of 6000 mm/min [6]. During cooling, the substrate is ideally released
from the crystal and could be reused. In reality, achieving a clean release from
the substrate is very challenging, as silicon is highly reactive when molten [13]. In
addition, this method yields much smaller grain size than vertical methods, on the
order of millimeters rather than centimeters, due to the nucleation of new grains
on the substrate during solidification. Thermal stress should be much lower due to
temperature gradients existing primarily through the thickness of the wafer, but in
practice, dislocation densities are still higher than EFG and String Ribbon wafers,

indicating that these gradients are challenging to control [6]. RGS wafers typically
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have a very high concentration of oxygen and carbon as well, reducing their suitability
for solar cells with competitive efficiency.

Crucible
Substrate

-

S A o

---—-.-
o — —
! —————— -

Heterogeneous Heat removal
nucleation by conduction

7.8

Figure 1-5: Schematic representation of Ribbon-Growth on Substrate (RGS) process.

Other approaches for making ribbon-like geometries have been researched. The
Silicon on Dust Substrate (SDS) method is a two-step process developed by Serra et
al. [14]. In the first step, silicon is deposited from high-purity silane gas by chemical
vapor deposition onto a substrate of silicon dust, forming a nanocrystalline ribbon
which is detached from the substrate. Next, the ribbon undergoes free-standing zone-
melt recrystallization in a vertical elliptical-mirror furnace to form mm-wide vertical
grains [14]. However, this configuration has similar heat transfer characteristics to the
String Ribbon approach, where temperature gradients typically create problematic
dislocation densities.

The advantage to these ribbon growth methods is that they do not require sawing
of an ingot into wafers, therefore making better use of the expensive, high-purity
silicon. However, they still face challenges in terms of minimizing impurities incor-
porated during high-surface-area growth processes, controlling thermal gradients to
minimize dislocation densities, and balancing a high growth rate with crystal quality
and uniformity. In the following section, a new approach to manufacturing high-

quality wafers without sawing is described.
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1.4 High-Quality Multicrystalline Wafers Without
Sawing

Our novel approach for making multicrystalline wafers without sawing is shown
schematically in Figure 1-6. The important feature in this process is the decoupling of
the wafer geometry creation and the crystallization to produce good electronic prop-
erties. This process begins with a wafer of low crystal quality, created by a low-cost,
high-throughput process such as rapid solidification. The wafer is then coated with
a thin film capsule which can be deposited or thermally grown. Next, the encapsu-
lated wafer is sandwiched between two silicon carbide backing plates and this wafer
assembly is passed through a zone-melt furnace to recrystallize the wafer. The heat
of crystallization ris transferred away from the solidification interface both through
the solid silicon and through the backing plates, which radiate to the surroundings.
The thin film capsule, which has maintained the silicon in its wafer form during re-
crystallization, is now chemically etched away to reveal a multicrystalline wafer with
increased grain size and lower dislocation density. The use of backing plates allows
increased control over the heat transfer behavior around the recrystallizing wafer, and

the thin film capsule prevents sticking to the plates and also reduces in-diffusion of

impurities.
heaters recrystallized
thin film backing (O = Q' siicon
o oooo0o0o0 =A capsufe platew Y A\ |

C

O 000 O0OO0

— Aif ANy —=

Figure 1-6: Schematic representation of zone-melt recrystallization of multicrystalline
wafers without sawing.

Preliminary studies have shown the validity of this concept, producing recrystal-

lized wafers with a completely changed grain structure from the original wafer [7].
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Capsules made of 1-pum thermal SiO, layers are easily grown on the silicon surface
in a 1000°C furnace and then etched away in a dilute hydrofluoric acid solution af-
ter recrystallization.The presence of the backing plates, which can be made of either
solid silicon carbide or SiC-coated graphite, helps to maintain the flatness of the wafer
surface, since molten silicon has a high surface tension and tends to bead up when
unconstrained [5]. Because liquid silicon has a higher density than solid silicon, the
recrystallization upon exiting the furnace hot zone is also accompanied by a volume
increase, which often leads to small volumes of silicon bursting through the capsule
layer at the trailing end of the wafer. The capsule otherwise remains continuous
throughout the process. An example of a wafer before and after recrystallization is
shown in Figure 1-7. Elongated grains in the pull direction are clearly visible, and

some level of similarity is seen between the top and bottom grain structures.

bottom

25 mm

Figure 1-7: Multicrystalline wafer after encapsulation and zone-recrystallization, with
capsule removed and texture-etched to reveal grain structure. Right side of wafer was
the leading edge in the zone-melt furnace. (Image courtesy Christoph Sachs.)

The recrystallization furnace used in this process is a custom-designed in-house-
built furnace of high purity materials. A photograph of the furnace with the top

insulation blocks removed is shown in Figure 1-8. Six parallel heater elements are
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arrange in two horizontal rows, between which the wafer is passed, to create the hot
zone. These heater elements, which are spaced 25mm apart, are resistively heated in
pairs (left, middle, and right) and their temperatures are controlled with the feed-
back of three two-color pyrometers which monitor the temperature of the top row of
elements. Thus differently shaped hot zones can be created by adjusting the tem-
peratures of the different heater pairs. Two parallel Hexoloy bars are shown passing
through the center of the furnace, and the wafer assembly rests on these bars dur-
ing zone-recrystallization. The slider bar movement is motor-driven and samples are
typically pulled through the hot zone at a speed of ~10 mm/min. Furnace walls
are made from SiC-based porous insulation blocks to minimize proximity of metal
impurity sources. The recrystallization process is run in air, which has two major
advantages. First, no costly gas supply and furnace seals are needed to create an
artificial gaseous environment, and secondly, the oxygen content of air acts to oxidize

the silicon should any discontinuities be created in the oxide capsule.

h<— pyrometers

wafer pull
direction

Figure 1-8: Photograph of high-purity zone-recrystallization furnace with top insula-
tion removed.

After preliminary results and research [7], a few challenges remained in producing

silicon wafers with competitive electronic properties and suitable geometric proper-
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ties for solar cell manufacturing. One area for improvement was the nonuniformity
in the wafer thickness and surface texture of the recrystallized wafer. Because silicon
expands upon freezing and the oxide capsule is not rigid at silicon’s melting temper-
ature, wafers became thicker as the solidification front approached the trailing edge,
and the capsule became wrinkled, as shown in Figure 1-7. Some work was done to
find solutions to this geometry-control challenge by studying various backing plate
configurations and capsule supports [12].

Preliminary wafers also showed relatively high dislocation densities [7], which is a
result of the temperature field the recrystallized wafer experiences while exiting the
hot zone. In order to improve and optimize the temperature gradients of the wafer,
a more precise knowledge of the hot zone shape and size was needed. In this thesis, I
describe a novel method for characterization of a two-dimensional temperature profile
seen by a wafer, between two backing plates, in the furnace hot zone. This technique
can be used to measure the temperature profile of any thin wafer or silicon film,
without high-complexity auxiliary apparati or perturbation of the existing heat flows
in a high-temperature environment. This method is described in Chapter 2.

The electronic properties of the wafer depend on both the dislocation density
and the grain structure. Both of these characteristics are affected by the shape of
the solidification interface across the thickness of the wafer. Because the typical
wafer thickness is ~200 um and temperatures are near the silicon melting point of
1420°C, it is difficult to measure in-situ or characterize subsequently the shape of the
recrystallization interface during the process. A crystal-melt interface which creates
grain boundaries parallel to the plane of the wafer will degrade the performance of the
final solar cell, and excessive temperature gradients will lead to thermal stresses and
increased dislocations, which also contribute to carrier recombination. To improve
understanding of the factors that affect the shape of this interface, I created a thermal

model to find the equilibrium interface shape for different wafer travel conditions.
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This model is described in Chapter 3.

Because this recrystallization technique relies on zone melting of the wafer, the
manner in which the silicon resolidifies is critical to the final grain structure. Specif-
ically, high nucleation rates at the wafer edges and where molten silicon contacts
the capsule will lead to smaller grains and lower electronic quality. This nucleation
behavior depends on the properties of the capsule material surrounding the molten
silicon, and whether the interfacial energy between molten silicon and the capsule
creates a driving force for nucleation that is larger than that of silicon solidifying on
the already-solid region of the wafer after the molten zone. Growth of the existing
grains that first nucleated at the leading edge of the wafer is desirable over nucleation
of new grains along the length of the wafer, in order to produce elongated grains
with fewer grain boundaries. In order to characterize the nucleation behavior caused
by various possible capsule materials, I have studied the undercooling of molten sil-
icon in contact with these materials to quantify their potential to resist unwanted
nucleation. In addition to their maximum measured undercooling, indicative of the
material properties of the capsule, efforts are made to improve the consistency of
achieving such results by eliminating other causes of nucleation. These results are

described in Chapter 4.
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Chapter 2

Temperature Profile Measurement
of Silicon Wafers at High

Temperature

2.1 High-Temperature Measurements

Measurement of high-temperature environments often used in processing of silicon
wafers can be difficult due to the reactivity of many materials at these high tem-
peratures. Conventional invasive methods for measuring temperature above 1200°C
include platinum-rhodium thermocouples, which must be in contact with the object
to be measured [10]. Kreider et al. developed a platinum-palladium thim-film ther-
mocouple array method for measuring two-dimensional temperature fields on silicon
for rapid thermal processing applications, with an upper limit of 900°C [9]. Single-
point temperature measurements of silicon near or at its melting point have also
been conducted using optical fiber thermometry [3, 14}, which uses an optical fiber
cable threaded into the molten zone, connecting a carbon-coated fused quartz sensor

to a photo diode outside the furnace. However this method measures only a single
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physical location at any point in time, and a reaction between the molten silicon and
quartz can alter the temperature data. Furthermore, the silicon volume must be large
enough to surround a large sensor without significant perturbation of the temperature
field, so such a technique would not be appropriate for wafer or thin film geometries.

Non-contact methods for temperature measurement include radiation pyrometry,
which requires that either the emissivity of the object being measured is known, or
that two radiation wavelengths are measured to reduce the effects of emissivity on
the signal. Pyrometry can be even more challenging in a high-temperature furnace,
where the presence of the heating elements can affect the signal measured. It can
be difficult to have precise knowledge of the spectral emissivity of silicon samples
undergoing various process steps which may cause emissivity variations. Ripple py-
rometry, which measures both the sample radiation and the AC-modulated heater
radiation, decouples the emissivity and reflectivity of the sample in-situ to get a more
accurate measure of the sample temperature [12]. However this technique relies on
a quick response time of the system, and requires multiple measurements and signal
processing.

Thin films of silicon have been characterized near the melting point by Hatano
et al., who used the reflection and transmission of an excimer laser signal through
a partially-melted silicon film in conjunction with its conductance to determine its
time-dependent temperature and phase change behavior, however the setup is quite
complex and resolution is limited by the size of the laser spot [7]. Martan et al.
have also used infrared radiometry and time-resolved reflectivity methods to measure
the laser-induced melting of monocrystalline silicon [11], and these non-contact tech-
niques require unobstructed optical pathways for signal measurement and would not
be convenient in many furnace geometries.

In some cases, it is desirable to measure the two-dimensional temperature profile

of a thin sample without perturbing the existing heat flow conditions and external
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structure of the high-temperature environment. In this work, a new method has been
developed to characterize a two-dimensional temperature profile experienced by a
~200pm silicon wafer under steady-state conditions near the melting temperature of

silicon.

2.2 Design of Novel Technique

The premise for this temperature profile measurement technique is to utilize the tem-
perature dependence of the diffusivity of dopants in silicon. Solid state diffusivity
of impurities in crystals increases with temperature, and the diffusivities of common
dopants in silicon are generally well-known [5]. In addition, doping silicon with impu-
rities such as boron or phosphorus in controlled concentrations results in a predictable
change in electrical resistivity of the material [15,16]. Therefore, introducing a given
quantity of dopant atoms to the surface of a silicon wafer and allowing them to diffuse
in at a steady-state temperature field for a given period of time will result in a repeat-
able change in sheet resistance of the wafer. Thus it should be possible to determine
the temperature of the wafer during the diffusion process by measuring its final sheet
resistance. A schematic representation of the concept of this method is depicted in
Figure 2-1, showing that an imposed temperature profile will cause a boron surface
dopant to diffuse into the wafer by a distance dependent on the local temperature at
each point. For a single dopant, such as boron, diffusing into an undoped wafer, the
slope of the dopant concentration as a function of depth from the surface becomes
relatively small after an annealing step in the temperature range near silicon’s melt-
ing point, such that samples annealed at different temperatures in that range have
only small differences in their concentration profiles, since concentration gradients are
small. Thus the ability to distinguish two different anneal temperatures in that range

requires high resolution in the resistivity measurement, and allows less tolerance for
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sample variability which might reduce precision of the T-p relationship.

B dopant

X

Figure 2-1: Schematic representation of the effect of temperature variation on the
dopant penetration into a silicon wafer from an initial surface dopant source.

To increase the sensitivity of the resistivity measurement above 1200°C, the start-
ing wafer can be uniformly doped with an initial concentration of one type of dopant,
for example p-type dopant such as boron. Next, an n-type dopant can be deposited
on the wafer surface, and as it diffuses into the wafer during the anneal, a p-n junction
is formed where the two dopant concentrations are equal, as shown in Figure 2-2(a).
By measuring the sheet resistance of the top region of the junction (where the n-type
dopant source was deposited), a relationship can be distinguished between temper-
ature and measured sheet resistance. For this case, the measured sheet resistance
depends on the excess carrier concentration in the top region of the junction due
to the implanted ion species. The creation of this junction improves the sensitivity
of measured resistance to temperature because the resistivity is now based on the
difference in carrier concentrations between the two oppositely-charged dopants.

For a surface ion source diffusing into a uniformly doped wafer, at temperatures
near 1400°C the resistivity values begin to level out as a function of temperature,
giving the poorest resolution at the upper end of the temperature scale. To further
increase sensitivity of the relationship between temperature and resistance in this
range, two dopants of opposite type can be diffused in at the same surface, as shown

in Figure 2-2(b). A difference in diffusivity of the two dopants will cause one dopant
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Figure 2-2: Dopant concentration profile after initial implantation of dopant source.

to penetrate farther in from the wafer surface during an anneal of fixed time. The
progression of this dopant movement is illustrated in Figure 2-3. The sheet resistance
of the top region of the resultant junction will depend on the difference in concentra-
tions between the two dopants and the resultant excess of one type of charge carrier.
The presence of the second dopant source increases the change in resistance with
temperature in the high-temperature range.

An added benefit of this method is that two-dimensional temperature maps can be
generated by placing a large wafer into a high-temperature environment and measur-
ing the sheet resistance of the top region of the junction as a function of position, us-
ing a four-point probe of small probe-tip spacing. This feature is useful for situations
where temperature varies over small distances and precise knowledge of temperature
gradients may be critical to the quality of a wafer being processed. Wafer thickness
should not affect resistivity results, since dopant diffusion occurs within the top few
micrometers from the surface, such that the most convenient wafer thickness can be
chosen based on application. Because the resistivity depends on the high concentra-
tion of implanted ions very close to the surface, the starting wafer need not be high

resistivity and accordingly high-cost.
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2.3 Sample Preparation

Single-side polished Czochralski p-type silicon wafers with a starting resistivity of 20
Q-cm were used. Wafers were thermally oxidized for 3 hours at 1000°C in dry oxygen
to create a 100nm oxide layer to act as a protective layer during ion implantation.
Ion implantation was used to implant a uniform distribution of both boron and phos-
phorus ions across the entire front polished surface of each wafer. The implantation
doses were lel5 cm™2 and 2el5 cm™2 at implantation energies of 80 keV and 170
keV, for boron and phosphorus respectively, in order to place the concentration peaks
at the same depth from the surface. These doses were chosen such that the faster-
diffusing phosphorus atoms would have a higher concentration in the top region of
the wafer, and when the wafer is annealed at high temperatures, the concentration
of both dopants decreases at every depth on the top side of the junction, but the
top region of the wafer always remains n-type. This way the polarity of the junction
never changes, reducing ambiguity in data interpretation, but the presence of boron in
slightly lower concentration than phosphorus prevents a plateau of the profile change
at high temperatures.

Spin-on dopants were considered as dopant sources due to their low cost compared
to ion-implantation, and their relative ease of application. However, it is challenging
to apply a very uniform and repeatable surface layer of spin-on dopant for a non-
circular wafer. This lack of repeatability led to very scattered results which were
unsuitable for a precision measurements of the sheet resistivity field in a large wafer.

After implantation, a 160nm-thick layer of silicon nitride was deposited on the
front side of the wafer using plasma-enhanced chemical vapor deposition (PECVD),
in order to prevent further oxidation of the surface during the diffusion process as
well as outdiffusion of the dopants. Although the nitride layer will densify after
a high-temperature anneal, it is deposited on top of the existing oxide layer such

that submersion in a dilute hydrofluoric acid etch will reach the oxide layer through

35



pinholes and defects in the nitride, undercutting the nitride layer and completely
removing it. Implantation and diffusion processes were modeled using the TSuprem-
4 simulation program, to predict the changes in dopant concentration profiles under
different process parameters.

Calibration of the method was carried out by placing small samples, prepared as
described above, into a tube furnace of constant temperature for 30 minutes. Samples
were then etched in a dilute hydrofluoric acid solution with periodic agitation to
remove the nitride and oxide layers. Sheet resistance measurements were taken across
the front surface of the bare wafer using a Jandel square-array four-point probe, with

probe-tip spacing of 0.6mm.

2.4 Results and Discussion

2.4.1 Simulation of Diffusion and Resistance

After ion implantation, the boron and phosphorus profiles were mainly concentrated
at 150nm from the wafer surface according to simulation of the implantation in
TSuprem-4, as shown in Figure 2-2(b). The dopant profiles extend into the oxide
layer due to its presence during implantation, acting as a protective layer against
implantation damage and a screening layer to ion channeling. The dopants create
a p-n junction approximately 190nm from the front surface, with the n-type side at
the surface. As the wafer is annealed for 30 minutes at various temperatures, the
dopants diffuse deeper into the wafer depending on the different diffusivities of boron
and phosphorus at the given temperature. Phosphorus has a higher diffusivity than
boron above ~900°C [5], but it is implanted in a higher dose so that the top side of
the junction is always n-type. At higher annealing temperatures, the dopants diffuse
farther into the wafer, decreasing the measured sheet resistance as the junction moves

deeper into the wafer. The temperature dependence of this sheet resistance allows
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the characterization of the temperature profile experienced by the wafer by measuring
the final resistance of the material.

TSuprem-4 was used to model the behavior of the dopants during 30-minute
anneals at a range of temperatures, and to calculate the expected sheet resistance
of the top layer of the junction. The program was also utilized to determine the
most appropriate ion-implantation parameters and annealing conditions. The results
of this simulation with the chosen process parameters are displayed in Figure 2-4.
The simulation predicts a constant sheet resistance for annealing temperatures below
700°C, for which there is no significant movement of the dopants during 30 minutes
due to lower diffusivities in silicon. For example, the characteristic diffusion length
of boron and phosphorus at 700°C is approximately 1.3nm and 0.42nm, respectively,
which is small compared to the width of the implanted concentration profile, on the
order of hundreds of nanometers. However, due to the presence of an oxide layer on the
silicon surface during the anneal step, the concentration of phosphorus in the silicon
has increased where it contacts the oxide layer due to a segregation coefficient greater
than unity [2,6]. In contrast, the concentration of boron decreases at the silicon-oxide
interface due to a segregation coefficient less than unity. The segregation coeflicient
represents a comparison of the equilibrium solubility of the dopant in silicon versus in
silicon dioxide, which will dictate the concentrations on each side of the interface that
will yield equal Gibbs free energy values of the dopant at the interface [8]. The result
of both segregation behaviors are shown in Figure 2-5(a). This dopant redistribution
causes very large concentration gradients at the interface, thus driving faster diffusion
relative to other locations in the depth profile of concentration.

The consequence of this segregation is that the most significant diffusion of P and B
at temperatures below 900°C is the movement of dopants to decrease this steep surface
gradient, causing surface P concentration to decrease and surface B concentration to

increase. Figure 2-5(b) shows the profile at 750°C, where the dopants in the bulk wafer
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Figure 2-4: TSuprem-4 modeling results of sheet resistance variation in top layer of
junction with annealing temperature.

have not moved noticeably but the surface concentrations of boron and phosphorus
have increased and decreased respectively, compared to their profiles at 600°C. A
decrease in the excess number of n-type carriers at the surface actually leads to
an increase in resistivity, shown in Figure 2-4 by the increasing resistivity between
700°C and 900°C. For annealing temperatures around 900°C, shown in Figure 2-5(c),
the segregation-related gradients have mostly flattened out, and the phosphorus has
begun to increase again to smooth the gradient produced by the implantation process,
i.e. the concentration peak at 190nm. For anneals above 1050°C, shown in Figure 2-
5(d), bulk dopant concentrations are changing during the 30-minute timespan and
the junction moves further into the silicon. At this point the final sheet resistance
begins to diminish with temperature, above ~1000°C. In this higher temperature
range, the faster-moving phosphorus is driving the location of the junction farther

from the surface and resistance decreases.
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2.4.2 Calibration

To connect the simulated results with the actual prepared samples, calibration mea-
surements were carried out at a range of temperatures between 800°C and 1400°C.
These calibration measurements yielded the experimental relationship between tem-
perature and sheet resistance of the top layer of the p-n junction. Several different
samples were prepared and annealed at each temperature, and the results of this
calibration are shown in Figure 2-6. A comparison with the values predicted by
the T'Suprem-4 model shows an overall shift to higher sheet resistance values for
any temperature. However, the behavior of the resistance increase, maximum, and
decrease with increasing temperature as predicted from the simulations was clearly
shown by the calibration samples as well. One calibration sample was run with the
tube furnace set at 1400°C, which caused the sample to melt. Given that the known
melting temperature of silicon is approximately 1415°C, there may be a 15°C shift in
the tabulated temperatures from the actual temperatures of the calibration samples.
However, the overall relationship between resistivity and temperature still applies.
The higher measured resistance values compared to simulated values may be due
to oxidation occurring through the nitride layer during high-temperature anneal steps,
causing oxidation-enhanced diffusion (OED) [13]. Because both boron and phospho-
rus diffuse in silicon primarily by the interstitialcy mechanism [5], and the oxida-
tion reaction injects interstitials into the underlying silicon, the diffusivities of both
dopants in silicon are thus enhanced when oxidation occurs. Below 1000°C, small
amounts of oxidation may cause OED effects to be most pronounced at the surface,
causing a larger rise in resistivity than predicted by the TSuprem-4 model. Dopant
diffusion enhancement by oxidation depends on the fraction of diffusion due to the
intersticialcy mechanism, as opposed to the vacancy mechanism, for a particular
dopant. Several researchers have measured this fractional contribution for boron and

phosphorus, with varying results [13,17], but Antoniadis et al. suggest that phospho-
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Figure 2-6: Calibration data measured from prepared samples annealed at various
known temperatures.

rus may have a slightly higher fraction of intersticialcy diffusion [1]. In this case, the
diffusivity of phosphorus would be more affected by the process of oxidation, and the
phosphorus peak would diffuse more quickly than predicted, reducing the difference
in concentration between dopants and increasing the resistivity.

Visual observation of samples after annealing above 1300°C revealed a noticeable
change in color, indicating a change in the oxide layer thickness. This fact suggests
that oxidation is able to occur despite the protective nitride layer capping the wafer.
It is likely that lower-temperature annealing steps also incurred smaller amounts of
oxidation.

To verify whether oxidation was causing this resistivity shift from predicted data,
two samples were annealed for 30 minutes in a quartz tube furnace at 1000°C under
flowing argon. The sheet resistance of these samples was measured to be 170 Q/0,

which is lower than that of samples annealed at the same temperature in air. This
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supports the explanation that oxidation occurring in the air-annealed samples causes
an increase in diffusion of the dopants. However, the argon-annealed sample still has
higher resistivity than the simulations predict for that temperature.

To further determine the extent of oxidation, the depth profiles of air- and argon-
annealed samples were measured using secondary ion mass spectroscopy (SIMS). As
shown in Figure 2-7, both dopants have diffused farther from the wafer surface in the
air-annealed sample, indicating that even at 1000°C, the oxidation-enhanced diffusion
is enough to affect the underlyling dopant profile. The junction depth in the air-
annealed sample is 36 nm farther from the surface than in the argon-annealed sample,
and the phosphorus peak concentration is also lower for the sample annealed in air.
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Figure 2-7: Depth profile of B and P concentration in samples annealed for 30 minutes
in air (x) or argon (o) atmosphere at 1000°C.

Comparing the SIMS-measured depth profile of the argon-annealed sample to
the simulated results in TSuprem-4, shown in Figure 2-8, it is clear that there is a
significant difference in the profiles of both dopants between modeled and measured
concentrations. Specifically, the difference in concentration between phosphorus and

boron in the top 150nm for the modeled profile is much larger than the difference
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in concentration for the measured sample. This profile difference should result in
a higher resistivity for the calibration sample, and this is consistent with what is

measured and shown in Figure 2-6.
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Figure 2-8: Measured depth profile of B and P concentration in sample annealed for
30 minutes in argon atmosphere at 1000°C (o) compared to simulation results ().

Above 1000°C, the decrease in resistivity is due to a broadening of the n-type layer
of the junction and overall decrease of both dopant concentrations at any position
above the junction. The higher the temperature of the anneal step, the deeper the
junction is and the lower the sheet resistance measured. This behavior corresponds
well with the predictions of the TSuprem-4 model discussed previously.

It is clear that this technique in its current formulation is appropriate for measure-
ment of environments with temperatures above 800°C, due to the negligible movement
of the dopants in a 30-minute period at low temperatures. However a modification
could be made by using longer annealing times such that dopant diffusion length is
significant at the desired temperature range.

For a monotonic relationship between temperature and measured resistance, the

current method is restricted to temperatures above 1050°C for the parameters de-
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scribed here. This range of data is depicted in Figure 2-9, which is a subset of the
data shown in Figure 2-6. A quadratic fit was made to the calibration data in the

range of temperatures above 1050°C, given by
R,y = —.000617% + 1.1T — 290

This relationship was then used to relate subsequently measured sheet resistances to

corresponding temperatures between 1050°C and 1400°C.

2.4.3 Application of Technique

To apply this method in a high-temperature environment with a spatially-varying
temperature field, a rectangular wafer of 1-inch width and 4-inch length was prepared
using the procedures described in Section 2.3. This wafer was then placed centrally
in the hot zone of the recrystallization furnace described in Section 1.4, defined by six
resistive silicon carbide heater elements in two horizontal rows, with the wafer located
between the two rows. The total width of the hot zone was approximately 2 inches. A
schematic representation of the wafer’s position in the furnace is shown in Figure 2-10.
The temperature of the heater elements were set at 1585°C, controlled by a series of
two-color pyrometers. The prepared sample was placed between two silicon carbide
backing plates of Imm thickness and was used to characterize the temperature field
within the hot zone. Upon removal from the hot zone, it was observed that a small
oval-shaped zone became molten during the 30-minute anneal. This region can be
used as a reference point of known temperature.

The entire area of the sample can be measured using a four-point probe if a
correction factor is used to adjust the sheet resistance measurement near the wafer
edges. The correction factors, C.F., for rectangular- and square-array probes are

given by Catalano [4]. In general, C.F. deviates from unity only when the distance of
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Figure 2-10: Schematic of wafer in resistively-heated zone furnace.

the probe from the wafer edge is less than 4s, where s is the spacing between probe
tips. The formula for sheet resistance for a square-array four-point probe for samples

with thickness t < 5s, where s is the spacing between probe tips, is given by

4532 V
By == LCF.
"ol

Using resistivity correction factors near sample edges, a temperature map was gen-
erated from the sample resistance measurements. Shown in Figure 2-11, the temper-
ature reveals a hot zone of ~50 mm in length, corresponding to the location of the
three heater element rods above and below the sample. Temperatures are greater
than 1400°C in this hot zone. The measurement has revealed that the hot zone has a
central maximum near the center heating element. While the temperature-resistivity
relationship cannot be applied to the region that was molten during the process, it
can be used as a check to make sure the surrounding areas show temperatures ap-

proaching the melting temperature of silicon. Indeed, the measured points near this
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region show a reasonable approach to 1420°C. It is also clear that the wafer center
point is offset from the center of the hot zone, revealing more of the temperature

profile on the right side of the furnace.
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Figure 2-11: Measured data of temperature profile in hot zone along furnace length,
for heating elements set at 1585°C. Temperature colorbar shown in °C.

A second wafer was tested at different heater element settings to test the sensitivity
of the furnace profile to variations in heater element temperatures. In this case, the
elements were set to a constant temperature of 1530°C, and the characterization
sample was placed in the hot zone for 30 minutes as before. In this case, the entire
sample remained solid during the process. The resulting temperature map is shown
in Figure 2-12. This wafer reached a maximum temperature of 1389°C in the center,
with a ~50mm hot zone with temperatures above 1375 °C. A comparison with the
first sample shown in Figure 2-11 shows that the 55°C decrease in heater element
setpoint results in a 25°C decrease in hot zone temperature.

One common feature between both measured temperature profiles is the slight
curvature in the isotherms across the width of the wafer. The slightly lower tem-
peratures at the wafer edges are most likely due to a temperature gradient in the
cylindrical heater elements across their length, which is approximately 2 inches, and
the decrease in temperature as they touch the electrical contacts at the furnace walls.
Clearly, these measurements have revealed the temperature gradients surrounding the

hot zone of the furnace and their dependence on heater setpoints, and such parameters
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Figure 2-12: Measured data of temperature (°C) profile in hot zone along furnace
length, for heating elements set at 1530°C. Temperature colorbar shown in °C.

can be critical to the final quality of zone-processed wafers.

2.5 Concluding Thoughts

This new temperature profiling method has shown to be promising and useful for
measurement of the high-temperature range field of thin silicon geometries. Using
the specifications described in the previous sections, this method can be used for
temperatures above 1050°C. As described in Section 2.4, these parameters yielded a
non-monotonic behavior of sheet resistance with increasing temperature due to the
movement of surface concentrations due to segregation effects at the silicon-oxide in-
terface. Consideration was given to switching the dopant species such that the phos-
phorus implant dose was lower than the boron dose, such that segregation-related
movement at the surface would not cause an increase in sheet resistance for temper-
atures between 700 and 1000°C. If this approach worked in achieving a monotonic
relationship, it would increase the temperature range over which temperature pro-
filing could be useful. However, the segregation effects still complicate the results
— if the concentration of phosphorus is too close to the higher boron concentration,
the segregation effects will cause the phosphorus to increase at the surface, above the

surface level of boron, as shown in Figure 2-13(a). This behavior actually creates a
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second junction near the surface, and changes the polarity of the surface region as
the majority dopant has switched at the surface. Beyond the very surface, boron
is the majority dopant up to a distance of ~190 nm, as implanted, and this junc-
tion at 190 nm is only one that should be present for this measurement. After an
annealing step at a high temperature, these segregation effects diffuse away to leave
a single junction as is desired, but the lower temperature anneals are not sufficient
for this to occur. At a certain threshold temperature, the diffusivity of the dopants
is high enough to diffuse away those surface effects in the 30-minute period. If the
ratio of phosphorus to boron implant doses increases closer to unity, then the segre-
gation effects cause a much larger surface excess of phosphorus, which increases that
threshold temperature at which diffusion is fast enough to diffuse away the surface
effects. This behavior is reflected in Figure 2-13(b), where the threshold temperature
(the lowest-T plotted data point for X and O curves) is shown to increase as the
ratio of P:B increases. Conversely, reducing the dose of phosphorus will decrease the
effectiveness of its presence at all, approaching the result for implanting only boron
in an n-type wafer, shown in grey diamonds in Figure 2-13(b). Above ~1000°C, the
resistance-temperature curve has a very flat slope, as seen in Figure 2-13(b), making
it poorly suited to measuring those temperatures. Therefore this technique produces
better results when phosphorus is implanted in a higher dose than boron, and lower
temperatures can be profiled by choosing a longer annealing time period such that
dopants begin noticebably diffusing below 700°C.

In summary, a novel method has been developed and proven for characterizing
the two-dimensional temperature profile experienced by a silicon wafer in a high-
temperature environment. The simultaneous diffusion of two different dopants from
the surface of the wafer was simulated using TSuprem-4 and successfully calibrated
to show the same behavior of sheet resistance as a function of increasing tempera-

ture. The technique was successfully implemented to show the effects of variations
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Figure 2-13: Dopant concentration profile after initial implantation of dopant source.

in furnace heater conditions on the temperature fields experienced by silicon sam-
ples without altering the furnace geometry or heat flow conditions. This unobtrusive,
low-complexity method is promising for characterization of other thin-geometry high-

temperature environments in silicon processing where other methods are not suitable.
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Chapter 3

Thermal Modeling of Solidification

Interface

3.1 Motivation for Phase Transformation Model

The motivation for constructing a computer model of the silicon wafer solidification
stems from a need to understand the factors that influence the shape of the solid-
liquid interface within the wafer. Due to the sub-millimeter dimensions of the physical
system, experimental measurement of the solidification interface is prohibitively
difficult. Thus a thermal model of the heat transfer conditions imposed on a
recrystallizing wafer as it exits the hot zone of the furnace can give critical insight
into the behavior of the phase change interface in a 200um-thick wafer.
Understanding the factors that affect final grain structure of the wafer includes
knowing the direction of movement of the solid-liquid interface during solidification,
to understand where grain boundaries might form relative to the plane of the wafer.
A growth direction perpendicular to the wafer travel direction would result in grains
growing from the top and bottom surfaces and meeting in the middle to form a grain

boundary, as shown schematically in Figure 3-1. Such a grain boundary oriented
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parallel to the wafer plane would cause minority carrier recombination before carriers

could reach the current collectors at top and bottom surfaces of wafer.

travel direction
_—

molten Si

solid Si

Figure 3-1: Schematic representation of wafer cross-section showing of effects of
symmetrically curved interface on grain boundary orientations.

The thermophysical properties of silicon used in the following analyses are given
in Table 3.1. For quick reference, the variables and constants used in this chapter are

listed in Table 3.2.

| Property | Units | Solid | Liquid [  Reference |
density, p kg/m? 2330 2500 (6]
heat capacity, ¢, J/kg K 1000 912 (4,11]
thermal conductivity, ks; W/m K 22 60 4, 6]
melting point, T, K 1687 [4
heat of fusion, Ahy J/kg 1.8 x 10° 8]

Table 3.1: Thermophysical properties of solid and liquid silicon near Tp,.
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| Variable | Definition Value Units |
H half-thickness of wafer 100x10~° m
W width of wafer 25x1073 m
T, temperature of environment 1500 K
T, temperature at y = 0 ~Tnm K
Towg mean temperature of radiation 1600 K
€ emissivity of SiC 0.9 -
o Stefan-Boltzmann constant 5.67 x 1078 W /m?K*
o thermal diffusivity of silicon ksi/ pcy m?/s
hr heat transfer coefficient see Eq.(3.2.2) W/m?*K
u wafer pull speed see text m/s
L length of interface see text m
L, characteristic length of fin see Eq.(3.2.1) m
A, cross-sectional area see Eq.(3.2.1) m?
P perimeter of fin cross-section see Eq.(3.2.1) m
) latent heat multiplier see Eq.(3.4.1) -

3.2 Fin Approximation

Table 3.2: List of variables and geometric parameters.

A silicon wafer exiting the hot zone of the recrystallization furnace has many

similarities to a fin geometry, and may be analyzed within the fin framework. Figure 3-

2 depicts a representation of the wafer exiting the furnace hot zone, with the left size

at T,, where the silicon solidifies. Heat is primarily lost in the y direction through

radiation as the wafer moves in the x direction. In the basic case of a fin, where no

phase change occurs and therefore release of latent heat is not a factor, temperature

gradients in the fin are much larger in the  direction than in y. This fin approximation

is valid as long as heat transfer within the fin is much faster than heat removal from

the surface of the fin. This condition is quanitified by the Biot number, Bi, which

compares the heat transfer resistance inside and outside of an object. For a general

fin, the Biot number is given by
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where L. is the characteristic length, equal to A./P = (2HW)/2(2H + W) for a
rectangular fin. For the silicon wafer of thickness 2H = 200um and width W = 25mm,
L, =~ 1x107*m. The temperature difference between the wafer and the surroundings,
AT =T, — To, fits the criteria that (AT)? « T7,,, where Tyyy = (T) + Tp)/2. The
values of these figures can be found in Table 3.2. Satisfying this inequality condition
allows us to approximate the heat transfer coefficient, hg, for radiation from the fin
surface as

hg = 4ecT?

avg

(3.2.2)

Using these values, the Biot number is calculated to be Bi = 3.8 x 1073 « 1 for
a stationary wafer, indicating that temperature gradients in the y-direction can be

neglected within the wafer.

yT_) u
X

T
MmN\ IH solid Si

Te

Figure 3-2: Schematic representation of silicon wafer as a fin.

For the case of a moving wafer, u > 0, the speed of the wafer motion may cause
a non-zero y-gradient in temperature at a given z-location. The time constant of the
heat loss from the stationary wafer, given that Bi < 1, can be calculated as

H2

T=———"
aBi

(3.2.3)

where o = k/pc,. This characteristic time actually has no dependence on kg; because

the internal resistance to heat transfer is negligible when Bi <« 1. When the time
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constant of the wafer motion is of the same order as the characteristic time of heat loss,
the heat will accumulate in the wafer and cause a non-zero gradient of temperature
in the y-direction. This condition of comparable characteristic times occurs when the
wafer speed is greater than ~ 3.6 x 107*m/s = 21.6 mm/min.

The temperature gradients will be further perturbed near the liquid-solid phase
transition, where the addition of latent heat will provide a further quantity of heat to
be removed from the wafer thickness. Therefore, this fin analysis has provided a useful
insight into the relative magnitudes of different heat transfer mechanisms in the wafer
and at which wafer pull speeds the y-direction temperature gradient will become non-
negligible. This analysis will also provide a point of comparison for computational
thermal models discussed in later chapters. We are interested in determining the
relationship between the speed of the moving wafer/fin and the resulting shape of the

interface for a given radiation condition.
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3.3 Triangle Analytical Model

A most basic representation of the solidification interface would be to start with the
assumed curved interface shape and approximate it with a straight line between the
wafer edge and the wafer centerline, as indicated in Figure 3-3. Drawing a closed
control volume with a triangle shape, as shown in Figure 3-4, an energy balance can
be made to determine a relationship between the dimensions of the triangle and the
wafer travel speed. In this analysis, the height H of the triangle is assumed to be
100pm, half the width of the 200um wafer. The magnitude of the heat flowing into
the control volume, per unit depth into the page, can be calculated from knowledge
of the mass of silicon crossing the boundary in the z-direction and the latent heat of
silicon per unit mass, as well as the specific heat capacity of silicon. Conduction from

the liquid is considered to be negligible. The inflow of heat is represented as

Qin = Qsensible + Qtatent = PCmeHU + PAthU = [W/m] (331)

U —

liquid solid

Figure 3-3: Approximation of half-interface curve as straight line to form triangular
control volume.

The heat flux on the bottom boundary of the control volume is mainly controlled
by the radiation losses to the surroundings. In the recrystallization process, the silicon
wafer is surrounded by two silicon carbide backing plates as it travels through the
hot zone. Physical contact between the wafers and the backing plates is assumed

to be good, since both are flat and untextured. For this analysis, the heat transfer
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Qout, X

Qou’t, y

Figure 3-4: Triangular control volume with components of energy balance.

in the silicon carbide plates is assumed to be fast due to its relatively high thermal
conductivity, such that the limiting factor for heat transfer in the y direction is the
radiation of heat from SiC to the surroundings. For a 1-mm SiC plate with a thermal
conductivity of ~40 W/mK near the melting point of silicon [7], the Biot number of
the backing plate is calculated to be ~.02, confirming that the internal heat transfer
resistance is much less than the external resistance, and the assumption of negligible
temperature gradients in the SiC plate is valid. Thus the emissivity of SiC (e=0.9)
can be used to determine the radiative losses from the silicon wafer at this boundary.

In this case, the outward heat transfer in the y-direction can be represented as
Qouty = Qradiation = 6UL(’-Z-;;1 - T,;l) = [W/m] (332)

where L is the length of the control volume in the x-direction and the parameter used
to quantify the degree of curvature of the solidification interface. The temperature
of the surroundings, 7,, is assumed to be 1500K, based on measurements of the
inner furnace walls with a Type R thermocouple. The temperature of the wafer,
T, should be near to the melting temperature of silicon at this location, and an
approximation of T, = T, is made. The Stefan-Boltzmann constant, o, is given as
5.67 x 107 8Wm™2K .

The heat flux condition on the right-hand side of the control volume in Figure 3-4

includes a contribution from the flow of sensible heat across the boundary, as well
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as conduction through the silicon. This outward heat flux in the z-direction can be

represented as

or

Qout,m = Qsensible + Qconduction = pcpToutHU - kSzH% = [W/m] (333)

In order to estimate the temperature gradient in the z-direction, the overall
temperature gradient is assumed to be pefpendicular to the hypotenuse of the
triangular control volume, which is an isotherm at T,,. From the slope of this line,
a relationship is determined between the z- and y-components of the temperature
gradient, given by

oT or

H is a known quantity since the wafer thickness remains constant, and %% can be
determined from an energy balance at the wafer lower boundary, setting the radiation

heat loss equal to conduction in the y-direction through the silicon, as

ea(TH — T4 = kgi%% = [W/m? (3.3.5)

With this estimation of g—g and its assumed relationship to %};—, the conduction through
the solid silicon is estimated. For the outward convection of sensible heat, the
temperature 7,,; should vary as a function of y-position, and can be represented as the
average temperature along that boundary, assuming the constant g—z as mentioned.

o H

Tou =Tm——_
¢ oy 2

(3.3.6)

Given these representations of the fluxes into and out of the control volume, a

steady-state energy balance can be done to determine the relationship between length
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L and wafer travel speed u.

Qin = Qout,y + Qout,m (3.3.7)

oT
pey T Hu + pAhsHu = ea L(T; — T,) + pepTour Hu — kSiHé};— (3.3.8)

The relative magnitudes of the terms in equation (3.3.8) can be compared by
subsituting approximate values for each variable. Looking at the first two terms,
they have several factors in common, and both are equal to ~80 W/m, since the
sensible heat of silicon at 1687K is approximately equal to the heat of fusion. On the
right-hand side of the equation, the first term should be on the order of ~10 W/m,
using the values noted in Table 3.2. The second term is similar to the first term on
the left-hand side, on the order of ~80 W/m. If the temperature gradient in the x-
direction is determined as described above, the third term on the right-hand side is on
the order of ~30 W/m. However, this term will really depend on the magnitude of the
temperature x-gradient needed to remove the heat of fusion. Making the substitutions

mentioned in equations (3.3.4) and (3.3.5) and solving for u, we get

Hu(c [Tm — Tout] + Ahf)
L=g+ 257
- co (T3 —T3)

(3.3.9)

Using this relationship, one could determine the required wafer travel speed, u, to
achieve a certain curvature of the solidification interface with a length of L.

Given the wafer thickness of 200 um, the above equation was evaluated for
wafer pull speeds between 0 and 9 mm/min and the results plotted in Figure 3-
5. This analysis indicates that as soon as the wafer speed becomes non-zero, the
interface begins to curve from the initial planar shape. However, this relationship
is based on the assumption that the solidification interface has a constant slope
from the centerline to the wafer edge, and that the temperature gradients within

the wafer remain parallel to that interface. However, when the wafer is moving
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very slowly, the internal resistance to heat transfer by conduction should be low
enough that the released latent heat can easily be conducted away from the interface.
These approximations of a linear temperature gradient may be the cause for the
disagreement with the fin analysis of Section 3.2, which indicates that there should
be a range of low pull speeds for which no interface curvature is seen. For a more
rigorous and detailed analysis of the interface shape, computational simulations were

necessary.

400
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1501

Interface Length [um)
N
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Wafer Pull Speed [mm/min}

Figure 3-5: Relationship between wafer speed and curved interface length predicted
by triangular control volume approximation.
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3.4 COMSOL Model with Modified Heat Capacity

COMSOL Multiphysics was used to create a two-dimensional thermal model of the
wafer solidification. Because the latent heat of fusion is released only at the moving
interface between liquid and solid, and COMSOL, a finite element modeling program,
is not capable of representing a heat source at a non-stationary boundary, the latent
heat of fusion was first represented as a modified heat capacity, C, + Ahsd. This is
a well-known method for modeling solidification, referred to as the enthalpy method,
and is often used in simulations of casting or directional solidification [9,10,12].

In this approach, the latent heat of fusion was represented as a modification in the
heat capacity of silicon. Specifically, a Gaussian function is centered at the melting
temperature, as depicted in Figure 3-6. The equation for this “latent heat multiplier”

curve is given by
5 _ exp[=(T = T/ (T )
dT+/m

such that dT represents the half-width of the curve. This representation works well for

(3.4.1)

two-component solutions or alloys in which there is a “mushy zone” in the transition
from liquid to solid, and the latent heat is released over a range of temperatures
depending on the phase diagram of the particular system. This area under this
Gaussian curve represents the additional amount of heat that must be removed or
absorbed in order to solidify or melt a certain mass of material. In the case of a
pure material, the width of this “mushy zone” of solidification should narrow down
to a sharp spike of infinitely small width on the temperature scale. Computational
power limited the narrowness of the spike that was possible find a solution for, since
the mesh would have to be increasingly fine to resolve the interfacial features, so the
model began with a finite-width Gaussian representation and decreased that width
to find a convergence of the interface shape for smaller and smaller dT" values.

However, as the value of dT was decreased, the length of the interface L in
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Figure 3-6: Representation of modification peak added to heat capacity of silicon at
melting temperature.

the solution did not approach a steady value, but rather increased exponentially as
shown in Figure 3-7. This result indicates that the modified heat capacity approach
Is not appropriate for modeling the interface shape in this thin-wafer geometry
where the interface curvature has a characteristic length on the same order as the
object thickness. For a larger object undergoing directional solidification, a small
change in the width of the “mushy zone” may have a negligible effect on the overall
shape of the interface due to the large amount of material available to remove the
heat by conduction. Thus the enthalpy method should be restricted to large-scale
solidification models of casting or directional solidification. Another approach was

clearly needed to describe this problem of wafer solidification.
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Figure 3-7: Non-convergence of interface length solution with decreasing width of
latent heat gaussian.

3.5 Phase Field Modeling

One approach that was considered for solving this problem was the use of a phase-field
model to analyze the phase change. In the phase-field method, a variable called ¢ is
assigned to represent the phase of the material as a function of position, where ¢=1
represents the solid phase and ¢=0 represents the liquid phase. The model solves for
the equilibrium and evolution of ¢ as well as T for a given set of boundary conditions.
This decoupling of phase and temperature can allow for solutions to problems that
include materials subcooled below the equilibrium melting temperature, or dendritic
growth due to crystal anisotropy or interface curvature effects [3,13]. For the case
of alloys, a third variable representing concentration can be added. The advantage
of this approach is that the location of the solid-liquid interface need not be known
beforehand. The solution of the governing equations will include a region where ¢
transitions from 0 to 1, and the line representing ¢ = 0.5 is generally taken to be the
solid-liquid interface.

For a single-component system, where the composition is constant everywhere,
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the free energy functional F' is given by

F=[jﬂ¢ﬂ+§mm2@’ (35.1)

where f(¢, T) represents the free energy density and x can be considered as the phase
diffusivity for ¢, related to the surface energy and the interface thickness [1,2]. The
equilibrium condition requires a minimization of free energy in the system, so the

variational derivative of F' with respect to ¢ is set equal to zero [1]:

SF _0f .
55 =95 Ve=0 (3.5.2)

The time-dependent governing equation for phase is therefore given by

— 2= kv (3.5.3)

where M, represents the phase mobility based on interface kinetics. The value of My
depends on the interface thickness as well as the kinetic coefficient and the latent
heat of fusion. Note that phase is not a conserved quantity.
The free energy density, f, depends on two different functions, g(¢) and p(¢), and
is given by [1]
f=Wg(¢) + (1 —p(8)fe(T) + p(¢) fs(T) (3.5.4)

The double-well function g(¢) has minima at ¢ = 1 and ¢ = 0, and a maximum
between them representing the energy barrier between phases. The magnitude of this
potential energy hump is represented by W, which is related to the interfacial energy
between phases [2]. p(¢) is an interpolating function that connects the free energies
of the liquid and solid phases, f.(T) and fs(T') respectively. It basically serves to
raise or lower the free energy of the solid phase depending on whether T is above or

below T, [1].
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For the case of a pure element, the free energy of the liquid can be set to zero as

a reference point and the difference in free energies can be simplified as

A (T -Tp)

T (3.5.5)

fs(T) — fr(T)

where Ah; is the latent heat of fusion {1]. This equation shows that when T = T,
the free energies of liquid and solid phases are equal and both exist in equilibrium.
When T < T,,, the liquid free energy is higher than the solid free energy, so the
solid phase is more stable and there will be a driving force to solidify. Using this

simplification, the free energy density is written as

£ = wo(g) + ah, =T p() (3.55)

In addition to the phase equation, the heat equation also has an additional term
to represent the change of phase and the release of latent heat. This equation is given
by

oT Ahy 0¢

2
o —aVeT
ot oV + pc, Ot

(3.5.7)
The third term of equation (3.5.7) is non-zero only when there is a change in phase
per unit time, and the latent heat of fusion, Ahy, is released at the position where ¢
is changing. This dependence of the heat equation on ¢ and the dependence of the
phase equation on 7" makes the problem very interesting and non-linear.

Efforts were made to create a two-dimensional phase-field model using FiPy, which
is a partial differential equation solver written in Python by the Materials Science
and Engineering Laboratory at the National Institute of Standards and Technology
(NIST). This program is free for download, and is based on the finite volume approach.

Using FiPy, the heat equation and phase equation can be constructed and then

solved simultaneously, outputting a plot, for example, of the temperature field in
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a small region of the solidifying wafer with a line plotted at ¢ = 0.5 to demarcate the
phase boundary. A realistic value for the interfacial thickness would be on the order
of nanometers, which would require a very fine mesh to properly resolve, but the
disparity between that scale and the 100um wafer half-thickness made the problem
computationally demanding. Non-dimensionalization of the governing equations with
appropriate characteristic lengths and times can be carried out to bring the different
terms in each equation closer to the same order, thereby facilitating arrival at a good
solution.

This approach would be more suitable for a problem involving undercooling in the
melt, such as molten silicon being solidified on a cold substrate, where the temperature
and phase need to be specified as separate variables. The phase-field approach would
also be appropriate for a two-component system, such as silicon with an initial
concentration of an impurity, which could be modeled as a concentration variable,
or for a model of polycrystalline solidification, where the anisotropy of different grain
orientations could be included in the phase equation. The FiPy program is well-suited
to certain types of problems, but becomes rather cumbersome when implementing
convection boundary conditions and unusual geometries. In those cases, a better
approach might be to write one’s own code based on the finite volume method to
solve the PDEs, which would allow greater control over how boundary conditions and
solvers are implemented. For the problem of interest here, a thermal model without
inclusion of the phase parameter was more appropriate, where phase is assumed to
be solid or liquid based on temperature alone, and it is discussed in detail in the

following section.

70



3.6 Fixed Interface COMSOL Model

An alternative approach to modeling the solidification interface shape is to utilize the
boundary condition specified by the Stefan problem. The Stefan condition represents
a heat flux discontinuity at a moving phase boundary between liquid and solid in
order to satisfy conservation of energy. The rate of release of latent heat must be
equal to the rate of heat removal at the interface, thus dictating the velocity of the
interface. In order to apply such an energy balance, the location of this interface must
be known. Given that the velocity of the wafer in the recrystallization process will
be constant, the location of the solidification interface should be constant in time.
However, its exact shape is still unknown. A reference frame can be defined at the
steady-state location of the phase boundary and the Stefan problem can be applied to
a pre-determined interface shape. Then the interface shape can be adjusted manually
until the energy balance can be solved at each point on the interface.

COMSOL Multiphysics was used to create a two-dimensional thermal model for
the solid region of the wafer, as shown in Figure 3-8, with the solid-liquid interface
represented by the curved boundary on the left. The wafer movement is in the +z
direction at a speed of u, and the thickness of the wafer in the y-direction is 200um.
As the silicon crosses the curved boundary and enters the control volume, it solidifies
and releases the latent heat of fusion. Given appropriate boundary conditions and
material properties of silicon, COMSOL solves for the temperature field and heat
fluxes for a given interface shape. At each point along this interface, a differential
control volume can be drawn as in Figure 3-9, and the energy balance for this control

volume is given by the following equation.

oT oT
prAhsudy + prep rTrudy —%lu{a:——— pscpsTsudy — kS%lgdS (3.6.1)

The first term in Equation (3.6.1) represents the release of latent heat as a given
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Figure 3-8: Two-dimensional COMSOL model of wafer with fixed solidification
interface. White lines represent conductive heat flux streamlines.
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amount of silicon moves past the interface and changes phase. The second term
represents movement of sensible heat carried by liquid silicon to the interface. The
third term, representing conduction through the liquid, is neglected because it is
assumed that the material immediately to the left of the boundary is at constant
temperature of T;,,. This side of the equation can be calculated based on knowledge

of the material properties of silicon and the wafer speed.

u s/

sensible heat __)

sensible heat

ds
latent heat —___ dy \
conduction

—EV
olid

S

Figure 3-9: Schematic representation of energy balance at each point on the solid-
liquid interface.

The right-hand side of the equation is extracted from the COMSOL solution. The
hypotenuse of the triangular control volume is parallel to the solidification interface at
each point, with a length of ds. The temperature gradient normal to this ds boundary
is represented by 97"/0n, and the silicon crossing this boundary is solid, represented
by the S subscripts on the variables in equation (3.6.1). Comparing this outgoing
heat flux to the calculated incoming heat flux, and adjusting the interface shape until
they are equal, we can find the equilibrium interface shape for a given wafer speed
and radiation boundary condition. In the following results, the vertical heat loss was
assumed to be limited only by the radiation at the outer face of the silicon carbide
backing plates, which have an emissivity of 0.9, to an environment temperature of
1500K inside the furnace.

Examples of the curve fitting results for two different wafer speeds are shown in

Figure 3-10. Because a symmetric heating condition is being modeled, only one-
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half of the wafer’s heat flux needs to be solved, and thus the x-axis only shows

100 um of the wafer. The curve of black diamonds represents the calculated heat flux

normal to the solidification interface as determined by the COMSOL 2D model, as a

function of position relative to the centerline of the 200-um wafer. The black X curve

shows the analytical solution for the heat flux as represented by the left-hand side

of equation (3.6.1). For each curve length in the z-direction, L, the exact curvature

of the solidification interface as well as the wafer speeds are adjusted until the best

match is found between the two plotted curves. Curve fits are better towards the

wafer centerline, partially due to the decreasing number of mesh points between the

wafer edge and the solidification interface towards the wafer edge (distance from the

wafer centerline approaching 100 pm), especially when the interface is steeply curved.
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Figure 3-10: Sample curve fit for the two sides of equation (3.6.1) as a function of
position across half-thickness of wafer.
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The equilibrium interface shapes for increasing wafer speeds, u, are shown in
Figure 3-11. The y-axis represents the full 200um thickness of the wafer, and the
distance in the z-direction between the most extreme points of of the interface curve
will be referred to as the interface length, L. The wafer travel speeds which cause the

interface to take these shapes are plotted against L in Figure 3-12.
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Figure 3-11: Equilibrium shapes of interface with increasing wafer pull speed.

These results indicate that the interface remains flat (L = 0) for u <~ 22 m/s.
This value agrees well with the limit estimated by the fin analysis in Section 3.2,
which found a limiting value of 21.6 m/s for the assumption of negligible temperature
variation in the y-direction. At these low speeds, the latent heat of fusion is released
more slowly than heat is lost at the wafer surface due to radiation, so the isotherms
are not perturbed from a planar shape. Once the latent heat release magnitude is of
the same order as the radiation heat loss, the solidification interface must curve in
order to maintain an equilibrium solid growth rate.

The equilibrium interface shapes do not correspond to a particular known
equation, such as a parabolic or circular arc, but rather were custom-fit Bézier curves
that most closely matched the heat flux condition at the boundary. Parabolic curves

of different proportions were initially used in this approach, but the curve-matching
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Figure 3-12: Equilibrium length L of interface variation with wafer pull speed.

near the wafer edges was increasingly poor as wafer speed, and therefore interface
length, increased. Custom-adjusted curves were therefore required to obtain the best
matching of heat fluxes. Curve shapes are generally flattest at the centerline of the
wafer, with increasingly steep curves approaching the wafer surface as wafer speed
increases.

These equilibrium shapes can be understood by considering the reason that the
interface begins to curve. As the wafer speed increases, the rate of release of the latent
heat of fusion also increases. When the wafer speed reaches a certain threshold, the
latent heat released is so large that conduction from the interface is not large enough
to transport the latent heat from the entire wafer thickness to the edge. Solidification
occurs first at the wafer edge. As solidification proceeds inward from the edge, the
interface must incline in the +x direction in order to increase the area for heat removal
by radiation at the edge. As a result of this slanted interface, the isotherms in the
z-direction near the wafer centerline are compressed, since the interface must be at
T,, and the edge of the solidified wafer continues to cool due to surface radiation

to the surroundings. Therefore an increased temperature gradient in the x-direction
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also increases the conduction at the centerline, which remains flat if that conduction
becomes large enough to account for the large latent heat release for a particular
wafer speed. Thus the curved interfaces are generally more vertical near the centerline
rather than equally curved through the thickness, until the latent heat release rate
is large enough that the interface must be inclined from the edge to the centerline,
a condition which is being approached by the right-most curve for 27.3 mm/min in

Figure 3-11.

3.7 Implications For Wafer Recrystallization

Highly curved solid-liquid interfaces can be detrimental to the quality of the
recrystallized wafer. This model shows that the solidification interface should remain
flat as long as the wafer speed is less than ~ 23 m/s, for the given temperature of the
environment, T,. If the environment temperature is increased, radiation heat losses
will decrease and the transition speed will be lower. Thus, if interface curvature
is to be avoided, the wafer speed should be maintained below the limiting value as
described here. A lower transition speed would also be caused by using a thicker
wafer, which would release more latent heat per unit time for a given wafer speed.
One reason for the undesirability of high interface curvature is that the grain
growth direction is dictated by the normal vector to the interface at each point.
For a curved interface, the normal vectors point towards the centerline of the wafer,
indicating that any grains growing along these directions will meet at the centerline,
forming a grain boundary at this plane. However, the orientation of such a grain
boundary is particularly detrimental to solar cell performance, given that minority
carriers generated within the silicon bulk by photon absorption will need to travel in
the y-direction to reach the current collectors. Since grain boundaries cause carrier

recombination, carriers will likely recombine there before contributing to the output
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power.

High curvature may also lead to increased dislocations in the solidified wafer. In
the case of monocrystalline ingot growth by the Czochralski method, dislocation-free
growth is achieved by forcing a slightly concave interface, curving towards the crystal
[5]. However, a highly concave interface will lead to very high radial temperature
gradients in the cooling crystal, leading to stress which creates dislocations. The shape
of this Cz growth interface is controlled by heating inputs, melt size, and crystal pull
rate. Similar considerations should be made for the wafer recrystallization interface.

Asymmetric heating conditions from top to bottom of wafer may be used to cause
a slanting of the solidification interface, reducing the chances for grains growing
on opposite faces to meet in the center and form a grain boundary. Very large
temperature gradients again should be avoided, to prevent thermal stress leading
to dislocation production. Consider the case of an adiabatic boundary condition
on the top side of the wafer, which could be achieved by increasing the length of
the hot zone on the top side of the furnace only, such that the top is maintained
at a higher temperature while the bottom side begins to cool below T,,. This
asymmetric condition bears an important similarity to the solution to the half-wafer
with symmetric boundary conditions, as the centerline of the symmetric wafer was
represented by an adiabatic boundary. Thus one can infer that the solidification
interface shape for an adiabatic condition on the top of the wafer would have the same
overall shape as those shown in Figure 3-11 below the centerline, for ~100 ym <y <0.
However, the scale of these curves would be twice as wide in the y-direction, for the
full wafer width of 200 pum, as shown in Figure 3-13, and the corresponding wafer
speed that would give such a curve should be lower than those solved in this symmetric
case. Another way to understand this relationship is to consider the Biot number,
which would be twice the Biot number found in Section 3.2, since the characteristic

length would be the full wafer thickness of 2H = 200 um rather than just H. This new
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value of Bi for the adiabatic top boundary condition would increase the time constant
of heat loss by a factor of two, as it would take more time to cool the wafer to a lower
temperature. The time constant of wafer motion scales as 1/u, so it would match
the time constant of heat loss at a lower wafer speed than discussed in Section 3.2.
In general, the solutions found for the symmetric condition, shown in Figure 3-11,
are indicative of the types of curve shapes one could expect for an asymmetric heat
transfer condition. In this case, grains would generally be growing from the bottom
of the wafer towards the top, eliminating the centerline grain boundary that would
degrade the efficiency of the solar cell. Convection within the melt should not be an

issue for such a thin geometry.

travel direction
—_—
P A iR WA

molten Si

200 uym

T solid Si

Figure 3-13: Schematic representation of solidification interface shape for asymmetric
heat loss with adiabatic boundary condition at the top of the wafer.

This model has illuminated the relationship between the solidification interface
shape and the wafer pull speed for a given set of conditions, including surrounding
furnace temperature, wafer thickness, and backing plate properties. These parameters
could be adjusted within the model to find the growth conditions required to produce a
particular interface curvature at a certain speed which fits well with other processing
steps. The model has also predicted a limiting wafer speed, beneath which there

should be negligible interface curvature in the wafer.
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Chapter 4

Nucleation of Undercooled Silicon

at Various Substrates

4.1 Motivation for Nucleation Study

In any zone-recrystallization process, the preferred mechanism of solid silicon
crystallization is continuous growth from the already-solidified region of the crystal,
rather than nucleation of a new grain on the substrate material upstream of
the solid-melt interface. The character of this crystallization depends on the
temperature profile imposed upon the wafer, but also on the interfacial energy
between substrate and melt, which will lower the energy barrier for nucleation of
the solid. We can differentiate between different substrates by measuring the amount
of undercooling below the melting temperature that molten silicon will undergo before
heterogeneously nucleating on the substrate. A substrate that allows a large level of
subcooling before molten silicon nucleates will be less likely to provide nucleation
sites for a directionally solidifying wafer.

Several studies have attempted to measure the homogeneous nucleation behavior

of silicon by reducing contact with foreign materials that could cause nucleation.
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Studies have measured up to 350°C of undercooling for levitated silicon droplets [13]
and silicon surrounded by a liquid flux of SiO,-BaO-CaO [20]. Dutartre [5] found a
maximum undercooling of 240°C for silicon in contact with SiO, layers created by both
thermal growth and chemical vapor deposition, however the use of optical detection
of solidification and separate thermocouple measurement led to large margins of error
in undercooling determination, and the performance of other substrate materials is
still unknown. The goal of this research is to determine how much the nucleation
barrier, and thereby the level of undercooling, is reduced as a function of the substrate
material, as well as determine causes for and thereby reduce variability in this

undercooling.

4.2 Theory of Surface Energy and Nucleation
Behavior

Solidification is a discontinuous phase transformation which requires the formation
of a nucleus of the solid phase in order to begin. Nucleation is necessary due to the
positive free energy associated with the interface between solid and liquid phases. As
the system cools below the melting temperature of a pure material, the free energy
of the solid phase becomes lower than that of the liquid phase, and there exists a
driving force to convert to solid in order to reach the lowest-energy state. However,
there is an energy barrier to this transition stemming from the requirement to form
an interface between phases. In the classical case of a spherical solid nucleus of radius

r forming in a liquid system [18], the overall change in free energy is given by

AG = g-m"gAGv + dnrio (4.2.1)
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where o is the solid-liquid interfacial energy per unit area and G, is the volumetric
free energy difference between the solid and liquid phases. This change in free energy
must be negative in order for the nucleus to be stable and continue to grow. This
equilibrium between solid and liquid for a nucleus of a critical radius r* is shown in
Figure 4-1.

The free energies of solid and liquid bulk phases are temperature dependent,
generally defined as G = H — T'S. In equilibrium, Gl = G% at T,, and it can
be assumed that the difference between specific heats of the solid and liquid phases
is negligible for small AT = T — T,,. The volumetric free energy difference between
solid and liquid therefore depends on the level of undercooling below the melting

temperature as
L, AT
T,

G5 - GF = AG, = (4.2.2)

where L, is the latent heat of fusion per unit volume [18]. The equation shows that the
transformation from liquid to solid becomes more favorable as temperature decreases
below the melting point, T,,.

The barrier for nucleation can be decreased significantly by the presence of a
foreign particle or boundary, which can act as a favorable site for heterogeneous
nucleation. In the classical description of heterogeneous nucleation, the nucleation
barrier is reduced by the fact that a hemispherical nucleus can form at the wall, such

that the overall change in free energy becomes
AGhet = VsAG, + Asposp + Aswosw — Awrowt (4.2.3)

Thus the presence of a wall or impurity particle can facilitate the nucleation of the
solid (S) phase, as the last term in the above equation reduces the interfacial energy
contribution from the elimination of some interface area between wall (W) and liquid

(L). The amount by which the nucleation barrier is decreased should depend on the
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properties of the particle or wall material. The interfacial energy between wall and
liquid, owy, is often assumed to be equal to that between wall and solid, ogy, but
if it is in fact significantly greater than ogyw, then there is an additional benefit to
forming a solid nucleus that reduces the interface between liquid and wall. Another
way to look at this would be that a very small value of ogy would make nucleation
very favorable. For two different wall materials in contact with a liquid phase, any
difference in the energy of the liquid-wall or solid-wall interfacial properties would
make one wall material more favorable for nucleation. Different properties could

stem from different crystal structures or grain orientations of the wall material.

Gy

Figure 4-1: Volumetric free energy as a function of temperature for solid and liquid
phases. Dotted line includes increased energy of solid nucleus due to interfacial energy
gsy, [18]

One way to characterize the free energy change for heterogeneous nucleation at a

particular wall material is by contact angle 6 between the solid nucleus and the wall.
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This relationship can be represented by
4
AGhet = {571'1"3AGU + 4nr?a}S(6) (4.2.4)

where

5(6) = (2 + cosf)(1 — cosh)? /4 (4.2.5)

It can be shown that the smaller the contact angle, the greater the reduction in energy
barrier to heterogeneous nucleation. However, it is difficult to experimentally measure
the contact angle of a solid silicon nucleus forming at such high temperatures given
the high reactivity of molten silicon.

Another approach to measurement of interfacial energies is to study the liquid-
substrate behavior in a gaseous medium, such as air or vacuum. By measuring the
wetting angle of a liquid silicon droplet on various substrate materials, one could
determine the relative interfacial energies for different wall materials with regard to
molten silicon. Several researchers have measured the wetting behavior of molten
silicon using the sessile drop method [3,10,22], either in vacuum or inert atmosphere.
Whalen et al. reported a contact angle for molten silicon of 40° + 5° on SiC and 43° on
hot pressed SisNy at 2600°F (x1427°C), the latter decreasing to 10° as temperature
was increased to 2700°F. However, Croll et al. measured the contact angle of molten
silicon on substrates coated with various powder coatings, as often used in cast silicon
manufacturing, and obtained measurements of 10°, 80°, and 150° for powders of Si3Ny,
SiO,, and BN powders respectively [3]. It’s true that a powder substrate would yield
higher 6 values than a solid substrate, but the relative behaviors of the different
materials tested should be the same. This behavior would indicate that SizN, had
the lowest interfacial energy of the three powders tested, and BN the highest of
the three. However, because this study of liquid-silicon/substrate relationship was

conducted with the third phase being vacuum atmosphere, it is difficult to translate
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the findings into a prediction of the behavior of a liquid-silicon/solid-silicon /substrate
system, because changing that third component can have varying effects on the
relative interfacial energies which cause the wetting angles. However, this reported
data implies that silicon has a low interfacial energy with silicon nitride, which would
make it the most favorable material upon which to nucleate. In contrast, the data
indicates that Si-SiO, has a high interfacial energy, such that nucleation of solid
silicon would be less favorable.

In order to specifically determine the nucleation behavior of liquid silicon on
various substrate materials, this study measures the amount of undercooling below
the melting temperature that molten silicon is able to reach before it nucleates in
contact with the substrate. The larger the undercooling below T,,, the less likely
the substrate material is to cause new nucleation sites in a recrystallizing sample and

thereby initiate new grains of solid silicon.

4.3 Observation of Recalescence

One approach to measuring the undercooling level of molten silicon before nucleation
is to utilize the emissivity difference between solid and liquid silicon to optically
indicate the onset of freezing. The emissivity of solid and liquid silicon at infrared
wavelengths near T,,, are reported to be 0.65 and 0.20 respectively [2 1]. This property
as allowed many researchers to visually observe the solidification phenomenon through
microscopes or cameras [4,5,9,16]. If the silicon subcools below T}, before solidifying,
there will be a recalescence event, where the latent heat of fusion is released and the
silicon heats up to the melting temperature to change phase completely to solid [7].
Thus the solidification event can be observed both optically, in the emissivity change,
and thermometrically, in the temperature increase upon recalescence.

Efforts to observe the emissivity change and recalescence event using
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thermocouples and a video camera are described here. Puck-shaped samples of high
purity silicon (99.999%) were cut from a silicon rod of 8.28 mm diameter and etched in
an HF /HNO;/HCOOH solution to remove saw damage and subsequently annealed
in Oy to form a dry oxide coating. The puck is then placed on a SiC plate in a
small box furnace with a viewing window at the top. Silicon carbide was used
for its high-temperature stability and low likelihood of contaminating the silicon.
Resistive silicon carbide “Starbar Type RR” heating elements from I-Squared-R
Element Company were used in conjunction with an phase-angle-fired SCR power
controller from Watlow, which allowed better control of furnace temperature than
the simpler on-off heater control option, in order to have careful control of the sample
temperature and heating rates near T,,. An Omega controller was used to implement
PID control of the temperature according to a pre-determined program. A CCD
camera records an image of the sample through a filter stack, including an IR lens,
a cold mirror, a cobalt blue welding lens, and a neutral density filter with an optical
density of 1.

One challenge in measuring undercooling by recalescence and thermocouples lies
in finding appropriate thermal insulation of high purity for furnace construction, that
could withstand temperatures above 1400°C for extended periods of time. Ceramic
insulation options considered for use in the furnace were composed of Al;O3 and SiO,
and had rigid, non-flaky structures, preferably machinable. Among the insulations
considered was Fiberfrax Duraboard 2600, rated to 1427°C, which was conveniently
cuttable with a utility knife and underwent minimal degradation during extensive
testing, after an initial burnoff of binders. In an effort to avoid aluminum-containing
materials for purity purposes, a pure silica insulation was obtained from the Kennedy
Space Center gift shop — LI-900 is a highly porous matrix of silica fibers used
as part of the thermal protection on NASA space shuttles. However, the silica

could not withstand extended exposure to temperatures above 1400°C, softening and
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losing rigidity, and was deemed unsuitable for this furnace application. Another
possible candidate for furnace walls was Vesuvius Zyafoam 75, a rigid silica-based
insulation of slightly higher density than other insulations considered — this material
maintained rigid corners and precise cuts, unlike the Duraboard 2600, which tended
to erode with extensive handling. However, both materials were used together to
construct a working furnace. Other useful materials include Zircar A-R/H, a colloidal
alumina rigidizer used with softer insulation blocks, and Aremco Ceramabond, a high-
temperature ceramic adhesive useful for assembling sample-holder platforms.

Images of the Si puck during melting and resolidifying are shown in Figure 4-2.
The large purple circle represents the circular viewing window through which the

darker circular puck is seen in the center, in Figure 4-2(a).

melt front

/

-_— D

puck view window solid region

(a) Sample before melting. (b) During melting. (¢) During freezing.

Figure 4-2: Screenshots of oxide-coated Si puck melting and resolidifying.

When the sample is heated to the melting temperature, a wrinkle appears on the
puck surface indicating the melting front shown in Figure 4-2(b), as silicon shrinks
upon melting. This wrinkle is probably the deformation of the oxide coating as
the silicon volume decreases. The molten sample is then cooled until solidification
is observed by the appearance of a brighter region which grows across the sample,
shown partially frozen in Figure 4-2(c). Clearly, solidification can be observed with
this method, but the sample temperature must also be monitored simultaneously to

determine the undercooling level.
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To measure the sample temperature, a Type R thermocouple was used to measure
the temperature of the underside of the SiC plate holding the sample, and the
furnace was heated at 11.5°C/min, held constant for 3 minutes, and cooled down
at 10.0°C/min. The temperature was recorded using a Measurement Computing
USB-TC box for data acquisition. Deviations in the sample temperature from the
constant slope during heating and cooling indicated a change in phase, as shown in
Figure 4-3. From this data, it is evident that there is a significant lag in measured
temperature from the true temperature of the sample, and a more precise apparatus is
needed to measure the absorption and release of latent heat. In this case, differential
scanning calorimetry (DSC) would give an appropriate measurement of the desired

events.
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Figure 4-3: Thermocouple measurement of melting and freezing of Si puck.

4.4 DSC Experiments

Differential scanning calorimetry (DSC) was used to measure the level of undercooling
below the melting temperature for various substrates of interest. Samples were tested

on a Netzsch STA 449 Jupiter with DSC and thermogravimetric analysis (TGA)
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capabilities. The STA is equipped with a silicon carbide furnace tube which can reach
temperatures up to 1500°C. The sample is placed in a small round crucible with a
flat bottom, covered by a removable lid with a small hole in it for any reaction gases
to escape. This test crucible, along with an empty reference crucible, is placed on a
sample carrier assembly which consists of a platinum platform under each crucible.
Thin thermocouple wires are soldered to the bottom of each platform to measure
the sample temperature as well as the heat flow between the two crucibles. Using
the differential heat flow between crucibles and the sample mass, the STA software
calculates the amount of heat released or absorbed by the sample during a reaction,
along with the temperature at which the reaction occurs.

Samples consisted of double-side-polished float zone wafers cut into 4.2-mm
squares, and the substrate under investigation was applied as a coating on the sample.
Single-side polished wafers were considered, but surface roughness added a source of
variability in the potential results. Circular disks were also tried, but similar results
were achieved for squares, which were easier to prepare from large wafers. Another
sample option was silicon pellets from MEMC, with an almost-spherical shape that
would reduce the amount of shape-change the sample would undergo upon melting,
but the impurity levels and crystal structure of these pellets were unknown and
therefore difficult to make conclusions from. Thus laser-cut squares of double-side
polished wafers were primarily used for DSC experiments. Before application of the
coating to the wafer squares, they were cleaned using the standard RCA I process
and etched in an HF /HNO3/HCOOH solution. Figure 4-4 shows a photograph and

representative schematic of a prepared sample before entering the DSC.

4.4.1 Crucible Properties

Initial attempts to measure undercooling utilized alumina crucibles to hold samples

in the DSC. However, the oxide and nitride coatings routinely stuck to the alumina
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DSP FZ Si wafer substrate/coating

(a) Photograph. (b) Schematic.

Figure 4-4: Square cut of polished float-zone wafer prepared with applied coating
before testing by DSC.

when the silicon became molten, which often caused cracking of the crucible upon
cooling due to different coefficients of thermal expansion between the alumina and
the silicon. This sticking inhibited the reusability of the crucibles, and also damaged
the structural integrity of the crucible bottoms due to small cracks. Furthermore,
interaction between the alumina-coating reaction and the nucleation behavior of
silicon could not be ruled out.

To avoid this reactivity between alumina crucibles and silicon, custom crucibles
were fabricated in the lab from graphite grade R6510, provided by SGL Carbon. This
particular grade of graphite is used at SGL Carbon due to its thermal properties such
that it can be coated with a layer of silicon carbide and undergo large temperature
changes without thermal mismatch. Machined circular graphite crucibles were sent
back to SGL Carbon for purification and coating in two layers of 50 um each, for a
total of 100 pm, as is the SGL standard procedure for continuous coatings of SiC of
graphite. It should be noted that any graphite dust particles left inside the crucible
due to a lack of thorough cleaning can act as seed sites for the coating layer, and result
in undesirable surface roughness on the crucible where the sample would contact it.
Softened Si0, on the sample surface tends to stick to these large roughness features,

preventing release from the crucible after testing.
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In order to reliably prevent the sample from sticking to the test crucible, the
silicon carbide layer must be sufficiently oxidized to create a thick oxide layer which
will not stick to the SiO, coating on the sample. The pristine silicon carbine coating

texture is shown in Figure 4-5, just after the coating process at SGL Carbon.

Figure 4-5: Surface texture of silicon carbide coated graphite crucible before
oxidation.

To achieve this thick oxide layer, crucibles were oxidized for >12 hours at 1450°C
in air until a scaly-textured oxide layer formed in the bottom of the crucible interior.
The formation of this oxide layer with scaly texture was unique in that it did not
form uniformly over the entire SiC surface, but rather began in small circles radiating
from a center point, shown in Figure 4-6, and then gradually grew to cover the whole
surface with further dwell time at high temperatures. The non-scaly oxide layer can

be seen outside of the scaly colored circle in the image.
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Figure 4-6: Surface texture of silicon carbide coated graphite crucible with start of
scaly oxide growth.

4.4.2 Coating Preparation

Various coatings on the silicon samples were tested for their influence on nucleation.
The first coating was dry thermal oxide, grown at 1100°C under flowing dry oxygen
in a quartz tube furnace. Dry thermal oxidation produces an amorphous SiO, layer

and occurs via the following reaction [8].

Si(s) + Os(g) — SiOs(s) (4.4.1)

The second coating was wet thermal oxide, grown at 1000°C in a saturated steam
environment in a quartz tube furnace. Wet oxidation is often favored over dry
oxidation due to its fast growth kinetics, since HO has a higher solubility in SiO,
than O, by about three orders of magnitude [23].

The third coating was silicon nitride deposited by plasma-enhanced chemical vapor
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deposition (PECVD). The deposited amorphous nitride layer had a refractive index

of 2.1, and was deposited using a gas flow ratio, Rg, of 0.46, defined as

D
Rg=—"2"7"4 4.4.3
¢ (I)SiH4 + (DNH;; ( )

and therefore the film contains some concentration of H, on the order of 10-20% [11].

Each sample was placed in a crucible with an alumina cover in the DSC to be
heated and cooled in air at a rate of 10°C/minute. The crucible lid increased the
temperature uniformity of the sample for better accuracy of the heat flow data. The
difference in temperature between the onset of melting during heating and the onset

of freezing during cooling represents the undercooling for each sample.

4.5 Results of DSC Experiments

Figure 4-7 shows an example of data collectéd showing undercooling of the sample,
in this case, with a 1um dry oxide coating. The sample heats up along the lower
grey curve, and the sample melting is signified by a downward peak representing
the absorption of latent heat. Once the sample reaches 1450°C, it begins cooling at
10°C/min until the solidification peak is observed. In this particular data set, the
large undercooling of 125°C achieved by the sample led to a very rapid solidification
and therefore very fast release of latent heat. The exothermic nature of this sudden
reaction led to a slight increase in the measured temperature of the sample, shown
by the retrograde character of the solidification peak, before the sample continued to
cool according to the prescribed program.

The overall comparison of undercooling results for sample types with the highest
undercooling is shown in Figure 4-8. Most data sets, as seen further in the following
sections, contained a bimodal distribution of undercooling levels for a particular

sample type. The maximum undercooling measured can be considered as the true
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Figure 4-7: Example DSC results for 1um dry oxide coating with measured AT =
125°C. Grey curve represents heating, black curve represents cooling.
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measure of nucleation behavior for a particular material, and the lower-AT group
of data points were likely the result of other defects or impurity particles. The dry
oxide coating sustained the highest maximum undercooling levels, up to 141°C below
the melting point, indicating a high interfacial stability with the molten silicon which
should reduce the probability of unwanted heterogeneous nucleation. The wet oxide
overall showed slightly lower levels of undercooling with a maximum of 130°C, and the
silicon nitride coating consistently showed low undercooling levels below 17°C. This
finding indicates that a nitride substrate would be more likely to cause nucleation
of new grains at low levels of undercooling in a recrystallization process. However,
deposition of a nitride layer over an inner dry oxide layer reduced the undercooling
from the >100°C typical of dry oxide to a maximum of <60°C, the causes of which
will be discussed in the following sections. Variations in the processing and coating

thicknesses were investigated, as described below.
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3 1207 (4) PECVD SiN_
-?;.; 100} Z &) Si02 underSéNx
'_n O
© L
S 80
£
S 60F o )
8 v
T 40t d
£ . v
20t g |
[m} g v
0 A

Figure 4-8: Summary of undercooling levels measured on various coating materials
and thicknesses. Dry and wet oxide layers were grown in a two-part oxidation for a
total of 40 and 20 hours, respectively. The nitride consists of a 160nm layer. The
composite oxide-nitride coating includes a two-part dry oxidation and 40nm of silicon
nitride.
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4.5.1 Dry Oxide Coating Results

Undercooling results of silicon samples coated with various thicknesses of dry thermal
oxide are shown in Figure 4-9. The first data set shows samples coated with a 1-um
layer of dry oxide. The data shows a gap between samples with very high levels
(>100°C) of undercooling and samples with much lower (<60°C) undercooling. The
high AT samples prove that the dry oxide material is not the cause of nucleation at
lower AT, and that it is capable of sustaining large undercooling before solid nuclei
are stable enough to grow continuously. However, some samples may have another
factor, such as a foreign particle or a microcrack, that might cause nucleation before
a larger undercooling is reached. If no such factors are present, the sample is able to

cool more than 100°C below T,, before nucleation.
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Figure 4-9: Undercooling results for dry thermal SiO, coatings. Grey asterisks
represent mean values of each data set.

One hypothesis for causes of nucleation at low undercooling levels was the
deformation that some samples underwent while molten. Several of the large-AT
samples retained their rectangular shape throughout melting, as shown in Figure 4-

10. The surface texture became more wavy but the corners remained sharp. The
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sphere of shiny silicon in the middle was the last part to solidify, bursting through the
oxide. To probe this theory of deformation-caused nucleation, samples were prepared
with a thicker dry oxide layer of 2 ym, grown continuously in an oxygen atmosphere
at 1100°C for ~130 hours, to see if the increased coating thickness could consistently
constrain the sample shape. The results for this set of samples is shown in the
second column of Figure 4-9. It is clear that the proportion of samples with small
undercooling levels is lower than that of the 1um samples, and the mean value of
undercooling, shown as grey asterisks, has also increased. However, the thicker oxide
did not have a significant effect on reducing sample deformation, but the frequency

of high undercooling increased nonetheless.

Figure 4-10: Dry oxide-coated sample with large undercooling and minimal
deformation from original rectangular shape.

Another possible reason for the variation in undercooling data might be any
nonuniformity in the oxide coating, given that the thermal growth is conducted with
samples resting on a quartz sample holder. Regions of the sample in contact with
the holder may have more limited access to the oxygen environment and thus oxide
growth may be slower. To avoid this scenario, a batch of samples was prepared
with a two-part oxidation, with each sample rotated 180° after 20 hours at 1100°C,
for a total of 40 hours of growth. In this case, every point on the sample surface

should have at least 1 um of oxide. The data from this sample set is shown in the
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third column of Figure 4-9. While the variation in undercooling is larger, there were
no samples with AT<20°C, and the mean value of the set was higher than that of
the 2um samples, as shown by the grey asterisks. These results indicate that a full
2 pm oxide is not necessary to improve the consistency of high undercooling, which
is important because the long time required to grow such an oxide is not practical
in many industrial situations. Overall, dry oxide looks very promising because it will
not be a cause for nucleation unless the sample is recrystallizing wafer is cooled 120°C

below T,,, which is unlikely to occur in the zone-melt furnace.

4.5.2 Wet Oxide Coating Results

The undercooling behavior of wet thermal oxide coatings is shown in Figure 4-11. The
first wet oxide coating to be investigated was a 1-um wet oxide grown under saturated
steam conditions at 1000°C for 4 hours. Saturated steam conditions are achieved by
heating high-purity water to 89°C and bubbling high-purity O, gas through it and
into the quartz tube furnace. While the mean value of undercooling was 27°C, the
maximum value observed was 77°C. This high maximum indicated that wet oxide had
the potential to suppress nucleation, but that some other factors might be causing
some samples to nucleate at lower undercooling levels. The lower maximum AT value
could be related to the fact that fast oxidation under steam conditions can lead to
dangling bonds at the oxide-silicon interface, a high-energy situation which might
also favor nucleation [6, 8].

Another possible explanation was that the oxide coating was too thin to physically
constrain the deformation of the samples when molten, causing unwanted geometrical
irregularities that would trigger nucleation. An example of such deformation is
shown in Figure 4-12. Wet oxidation is known to yield a lower-density oxide
than the dry process, which could explain the difference in performance for similar

coating thicknesses. Thus a 2-um oxide layer was grown, using similar conditions to
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Figure 4-11: Undercooling results for wet thermal oxide coatings. Grey asterisks
represent mean values of each data set.

the aforementioned samples, but for 20 hours total. In this case, the maximum
undercooling level observed was significantly increased over the 1-um wet oxide,
showing AT = 123°C. This undercooling level comes much closer to what was seen
for the dry oxide levels, and the frequency of higher undercooling behavior increased
as well. The average AT for this set of samples was 79°C, indicating that the thicker
oxide coating improved the suppression of nucleation. These results indicate that any
interfacial dangling bonds due to the fast wet oxidation were not significant causes of
nucleation.

Similar to efforts undertaken with the dry oxide samples, a batch of samples were
oxidized in two parts under steam atmosphere, rotating their orientation relative
to the sample holder after 10 hours, for a total of 20 hours in the oxidizing steam
environment. The data collected from these samples are depicted in the third column
of Figure 4-11. Again, the two-part oxidation process improves consistency of high
undercooling levels in the wet oxide samples. This sample set shows a maximum of

AT = 131°C with the highest average undercooling of any other sample set. This
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Figure 4-12: Wet oxide-coated sample with “folding” deformation from original shape.

result reinforces the idea that a uniform oxide coating of the silicon is required for
the best performance in non-nucleation. This data also indicates that wet SiO, is
practically equivalent to dry SiO in terms of nucleation properties, which is beneficial
since wet SiO, can be thermally grown at higher rates and is therefore more conducive

to a high-throughput manufacturing process.

4.5.3 Silicon Nitride Coating Results

Undercooling results for silicon nitride coatings are shown in Figure 4-13. The
160nm silicon nitride layer was the first to be studied, yielding consistently low
undercooling results — less than 17°C. The 160-nm nitride-coated samples very
consistently deformed into more rounded shapes with rough, colorful surfaces and
poorly defined corners, as shown in Figure 4-14(a).

It was initially hypothesized that the thinner coating layer of the nitride was
allowing more morphological changes during melting that might influence the
measured undercooling for silicon nitride. To attempt to reduce this deformation,
a thicker nitride layer of 600nm was applied to a set of silicon samples. In this
case, the nitride was thick enough to maintain the rectangular shape of the sample

throughout the experiment, as shown in Figure 4-14(b). However, the 600-nm nitrided
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Figure 4-13: Undercooling results for silicon nitride coatings. Grey asterisks represent
mean values of each data set.

samples did not reach undercooling levels greater than 17°C below T,,, shown in
the second column of Figure 4-13, which indicates that the sample deformation was
not responsible for the low undercooling of the thinner nitride coating. In fact,
these results indicate that the nitride material itself is unable to sustain contact
with metastable supercooled silicon and causes nucleation of the solid phase before
AT = 17°C. These results imply that the SiN, substrate material will cause the most
nucleation during crystallization.

As described earlier, the nitride coatings caused much lower undercooling levels
than the thermal oxides, but the nitride material has a beneficial quality of releasing
from SiC crucibles without sticking. As such, a batch of samples was prepared with
an SiO,N,, coating composition deposited by PECVD to see if moving the coating
composition closer to that of silicon dioxide improved the undercooling behavior.
The SiO,N, coating was deposited with a 2:1 ratio of N:O gases in the PECVD
chamber, resulting in a layer with a refractive index of 2.0. The thickness of this
coating layer was 500nm. As seen in the data shown in the third column of Figure 4-

13, this oxynitride layer yielded the smallest undercoolings of any materials tested,
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(a) 160nm SizNy cating (b) 600nm SizN4 coating

Figure 4-14: Morphology of silicon nitride-coated samples for coating thicknesses of
160nm and 600nm after melting and resolidifying.

consistently less than 5°C below the melting point. This oxynitride coating also
had an interesting texture post-melting, with parallel wrinkles oriented at 45 degrees
from the sample edges, shown in Figure 4-15(b). This texture was much smoother
and more uniform in color than that of a post-melting nitride-coated sample, shown

in Figure 4-15(a).

(a) 600nm SiN, coating texture (b) 500nm oxynitride coating texture

Figure 4-15: Optical micrographs of morphology of silicon nitride and oxynitride-
coated samples after melting and resolidifying.

It has been noted that the nitride-coated samples did not stick to the silicon
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carbide crucibles in any circumstances, regardless of whether a thick scaly-textured
oxide layer was present on the SiC. Due to this behavior, several dry thermal oxide-
coated samples were coated again with a 160nm layer of SiN, to protect the outside
of the sample from sticking to the crucible while testing the nucleation properties of
the oxide in contact with the silicon. While these samples indeed released cleanly
from the crucible, they showed very small levels of undercooling between 19°C and
26°C, slightly higher than data for nitride coatings, but much less than the >120°C
undercooling levels seen for dry oxide prepared in the same batch. The data is shown
both in Figure 4-9 and Figure 4-13. It was suggested that the nitride layer might
react with or diffuse through the oxide coating at high temperatures and form an
oxynitride coating layer for the silicon, which would increase its tendency to cause
nucleation. Several samples were tested using a faster heating rate of 30 K/min to
minimize the total time spent above 1000°C, but no improvement in the undercooling
level was measured. However, both layers are still able to be etched away in a dilute
HF solution after recrystallizing, via undercutting of the nitride layer and etching
away the oxide layer, as evidenced by clean removal of both layers with flakes of SiN,
floating in the solution. This behavior indicates that the two capsule layers are still
separate and distinct. Therefore the original SiO, was probably in sole contact with
the silicon.

Another possible mechanism for the undercooling reduction caused by depositing
SiN over the oxide capsule is high-temperature stress between the layers which could
cause wrinkling or warping of their surfaces. Such wrinkles could create small features
that would be favorable nucleation sites for undercooled silicon if their dimensions are
on the order of the critical nucleus size for a particular temperature below T,,. An
image of the surface texture of a sample with SiN, over SiO, after recrystallization
in the DSC is shown in Figure 4-16(a). This side of the sample was facing the

SiC-coated crucible, and a wrinkled texture can be seen. These wrinkles, shown
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larger in Figure 4-16(b), consist of circular and straight features, which may have
resulted from the differing high-temperature behaviors of the two capsule materials.
It is known that silicon nitride deposited by PECVD undergoes a densification
process at high temperatures, during which the hydrogen incorporated in the film
may be released [2,19]. SiO, also undergoes softening above 1000°C which might
render it more susceptible to strain due to thermally-induced stress from thermal

expansion/contraction of SiN,.

Tmm 100um
(a) Entire recrystallized sample surface. (b) Magnified view of texture.

Figure 4-16: Optical micrograph of bottom surface of DSC-recrystallized silicon
sample coated with composite capsule of 160nm SiN, over SiOs.

To minimize the possible influence of this structural change on the underlying
Si0, capsule, the thickness of the nitride layer was reduced to 40nm. This alteration
resulted in an increase of the maximum undercooling level to 56°C, as shown
in the right-most column of Figure 4-13. This result supports the idea that a
densification and CTE mismatch of the composite coating layers was causing the
reduced undercooling, and that reducing the nitride layer thickness decreases its
ability to apply stress to the oxide layer. Since the nitride layer is only needed
as a release layer, its thickness can be reduced farther, to impart the least stress

on the oxide layer, as long as a continuous layer is present to prevent sticking to
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the crucible or backing plates. This capsule configuration looks the most promising
for achieving large recrystallized grains without adhesion to backing plates in the

zone-melt recrystallization furnace.

4.5.4 Surface Morphology

Optical microscopy revealed unique surface morphologies for the different coatings
after re-solidification. In the case of the dry oxide coating with large undercooling,
shown in Figure 4-17(a), there is an overall scale pattern, with each region having
a central point from which striations radiate outwards; these central points may
represent nucleation centers. These nucleation sites are very finely spaced near
the sample edge, indicating that nucleation was initiated in this region, and as the
released latent heat caused the sample temperature to increase, nucleation occurred
with lower frequency in the inner areas of the sample, resulting in larger distances
between nucleation sites there. Growth from each nucleus proceeded quickly enough
for nucleus boundaries to impinge on each other, forming polygonal regions on the
surface.

In contrast, samples coated with silicon nitride revealed many small colorful circle
morphologies, as shown in Figure 4-17(b), which suggest that these small portions
around each nucleation site froze more quickly before the sample temperature was
raised and the surrounding areas froze more slowly as heat was removed. However,
due to the small overall undercooling, nucleation sites did not grow fast enough to
touch the next nucleation site as in the dry oxide case, which is consistent with studies
of crystal growth velocity with undercooling level by Panofen and Herlach [16]. The
size of these nucleus circles should be proportional to the amount of sensible heat
removed from the molten silicon to subcool it to the temperature at which nucleation
occurred. These observations show further insight into the different behaviors caused

by different coating materials.

108



(a) resolidified 1-pm dry SiO2 coating (b) resolidified 160-nm SiN; coating

Figure 4-17: Optical micrographs of surface morphologies of undercooled and
resolidified samples.

4.5.5 Grain Structure

To get a closer look at the recrystallized grains in the DSC samples, they were
cross-sectioned and texture-etched. Samples were first embedded in clear epoxy and
polished to a smooth finish in preparation for etching in a 70°C NaOH solution to
reveal the grain structure. High undercooling should result in small grains in the
final structure [7,12], since the driving force for solidification is very high at such
temperatures and nucleation rates increase with undercooling level [13,16]. Faceted
grains have been observed by various researchers for undercooling levels below 85°C,
and as undercooling increases, more dendritic growth is seen [17].

The grain structure of a Si sample coated with 600nm SiN, that reached only
15°C below T,, before nucleation occurred is shown in Figure 4—18(&). Large, faceted
grains can been seen, consistent with findings for low-undercooling silicon in the
literature [1,17]. Samples with this level of undercooling typically took ~ 60 seconds
to completely solidify. Kuribayashi et al. have reported that silicon solidifying with

undercooling levels of up to 100°C typically solidify with stable {111} interfaces [12].
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500 pm

(a) Coated with 600nm SiN,, AT=15°C (b) Coated with dry oxide and 40nm SiN,,
AT=55°C

Figure 4-18: Grain structure in resolidified Si samples which showed low levels of
undercooling,.

Similar grain structures were seen for samples coated with a combination of dry
oxide and SiN,, an example of which is shown in Figure 4-18(b). Two or three main
grains are seen in this sample, and grain boundaries are slightly less faceted than those
with the lowest undercooling. This sample completed solidification in approximately
20 seconds, slightly faster than those with high levels of faceting, but is mostly likely
dendrite-free because it is in the undercooling range of AT <100°C [15].

The grain structure of a dry oxide-coated Si sample with ~120°C undercooling
before solidification is shown in Figure 4-19. In this case, the grains are much less
faceted and the grain boundaries are rougher, and these samples typically solidify
within 10 seconds. At first glance there appears to be two main grains within the
cross-section. However, a closer view of the structure, as seen in Figure 4-19(b),
reveals many small, irregular grains scattered throughout the sample. This increase
in grain density corresponds with the literature for mid-range levels of undercooling,
between ~100°C and 250°C [15]. Nagashio et al. have reported that the dendritic

growth of silicon undercooled by more than 100°C typically results in grain refinement,
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due to fragmentation of the higher-order arms of the dendrites into small spheres [14].
This fragmentation may occur when the silicon recalesces to the melting temperature
after nucleation, at which point the silicon tries to minimize the interfacial area
between solid and liquid by breaking off high-order dendrite arms into spheres. Thus
the small grains seen along the edge of another elongated grain in Figure 4-19(b) may
be the result of this fragmentation and refinement. Silicon undercooled by more than
250°C often undergo fragmentation of even lower-order dendrite arms, resulting in
even finer grain structure [14,15]. This grain refinement behavior is one reason to
avoid high undercooling in the silicon melt during the wafer recrystallization process,
where large grains are desired and the molten silicon should not actually reach high

levels of undercooling as it grows from the already-solid region at the leading edge.

500 um

(a) Grain structure of Si DSC sample. (b) Zoomed in view of fine grain structure.

Figure 4-19: Texture etched grain structure of high-undercooling 2-part dry oxide
sample, AT=120 °C. Black dotted lines are residual scratches from the polishing
process.
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4.6 Implications for Recrystallization of Wafers

The results of this nucleation study indicate that dry or wet thermal oxide films have
the highest potential for being good non-nucleating capsule materials. As long as the
silicon has begun to solidify in the part of the wafer which has exited the furnace
hot zone first, further nucleation of new grains should not nucleate on the rest of the
wafer due to the oxide capsule. In this situation it is reasonable to assume that the
molten silicon will not have a chance to subcool far below the melting temperature
since the leading edge has already provided a growing solid phase. Thus the SiO,
capsule should not be a source for new nuclei. However, a capsule of SiN, would be
a more favorable site for nucleation, which should manifest in an increased number
of grains in a zone-recrystallized wafer.

To test these findings in an actual zone-melt recrystallization process, silicon
wafers (1-inch width, 4-inch length) were prepared with a 160nm SiN, coating and
run through a recrystallization furnace between two supporting SiC backing plates by
Christoph Sachs. A 1-inch square piece was cut, polished, and etched in a saturated '
NaOH solution to reveal the grain structure of the wafer. The resulting grain structure
is shown in Figure 4-20(a). Grains are elongated and tend to increase in number
towards the trailing edge, which is on the left. This arrangement indicates that new
grains are nucleating as the solidification front moves towards the left. Multiple
points of the capsule are breached at the left side as silicon bursts through upon final
solidification. Grain widths range from ~0.2 — 2.2mm.

For comparison, another sample was recrystallized in the zone-melt furnace under
the same conditions, but with a coating of SiO, grown in a two-step oxidation and an
outer coating of SiN,. The capsule layers were etched off in a dilute HF solution, and
the wafer was subsequently etched in an NaOH solution to reveal the grain structure,
which is shown in Figure 4-20(b). In this case, the grains are elongated but much

wider due to decreased nucleation at the capsule. Grain widths range from ~1.8mm
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(a) SiN, capsule (b) SiN, over SiO; capsule

Figure 4-20: Grain structure in l-inch section at trailing edge of Si sample coated
with SiN, or composite capsule, recrystallized in zone-melt furnace. (b) courtesy of
Christoph Sachs

— 6.0mm and are generally increasing in width toward the trailing edge at the left
side of the image. This clear difference in grain structure shows the manifestation
of the different nucleation properties of the two types of capsule. The undercooling
data indicates that the molten silicon would have to be undercooled at least 30°C
in order for the oxide-nitride composite coating to cause new grain nucleation, and
this small shift in nucleation condition was enough to increase the resulting grain
size by a factor of ~3. Since the undercooling data indicates that a thinner SiN,
film would increase the required undercooling to cause nucleation, it’s probable that
using a film of <40 nm would further increase the grain size. However, this effect
depends on the level of undercooling reached by the recrystallizing silicon. If it is able
to solidify by the growth of existing grains without experiencing any undercooling of
more than 30°C, then the 160nm SiN, outer coating may be sufficiently thin to avoid
influencing nucleation of the molten silicon. For best results, the SiN, outer layer

should be reduced below 40nm to reduce inter-layer stresses and nucleation sources.
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Chapter 5

Conclusion

5.1 Summary of Work

The development of the new no-sawing silicon wafer manufacturing process has the
potential to dramatically decrease the cost of photovoltaics. In this thesis, three main
challenges in the development of this approach were addressed.

First, a novel method for measuring the two-dimensional temperature profile
of a silicon wafer in a high-temperature environment was designed, proven, and
applied to the zone-melt recrystallization furnace used in the no-sawing wafer-
making process. This temperature profiling method introduced a low-impact, low-
complexity way to measure a silicon wafer’s temperature near its melting point,
without introducing contaminating metals or altering the structure of the furnace
itself. This process exploited the temperature dependence of dopant diffusivity in
crystalline silicon and the well-known relationship between dopant concentration
and silicon resistivity in order to infer wafer temperature from a measured sheet
resistance. Both a donor and an acceptor dopant species were implanted at the
wafer surface to utilize their differing magnitudes of diffusivity with temperature

and increase the sensitivity of sheet resistance to a change in temperature. These
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behaviors were modeled using the TSuprem-4 program to understand and optimize
the dopant implantation parameters. Calibration data was successfully related to the
predicted relationship between temperatufe and resistance after 30 minutes in the
high-temperature environment, and implanted wafers were used to implement this
method to quantify the temperature gradients in our zone furnace. This method
has further potential to measure temperature profiles in other thin-geometry high-
temperature situations, and the parameters can be easily adapted to measure a
particular temperature range other than the one optimized here.

Secondly, a thermal model was developed to determine the shape of the crystal-
melt interface in a thin silicon wafer undergoing directional solidification, addressing
the inadequacy of traditional directional casting models for this thin geometry. The
wafer was first compared to a heat-transfer fin, with the hot end at the freezing
temperature of silicon as it exits the furnace hot zone. A threshold wafer travel
speed was estimated, above which the temperature gradients through the thickness
of the wafer can no longer be neglected. Next, a thermal model was created in
COMSOL Multiphysics, in which a curved boundary of prescribed shape represents
the crystal-melt interface, and a stationary reference frame is taken within the furnace,
at the location of silicon solidification. The heat flux moving away from this curved
boundary is matched to the analytical calculation of the quantity of heat flowing into
the boundary, plus the latent heat of fusion released by the phase change of silicon
occurring at the boundary. This new approach to modeling this irregular interface
shape was able to solve for the equilibrium wafer speed that successfully removed
the latent heat of fusion for a given interface length. Subsequently, the evolution
of the solidification interface shape was determined as wafer speed increased, and
the threshold speed above which the interface begins to curve matches well with the
fin analysis. These interface shapes provide critical insight into the grain growth

direction and subsequent grain boundary formation in the plane of the wafer.
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Thirdly, the nucleation behavior of subcooled molten silicon was studied based on
the effect of different coating materials in contact with the silicon. The tendency for
different coating materials to initiate heterogeneous nucleation was measured using
differential scanning calorimetry to measure the level of undercooling below silicon’s
melting point at which samples solidified. For the first time, the nucleation behavior
of silicon on silicon nitride and silicon dioxide was measured. It was found that silicon
nitride has the highest tendency to cause nucleation of molten silicon, with the lowest
undercooling levels of AT <17°C below T,,. Deformations of samples while molten
V\;as ruled out as the primafy cause for this low undercooling level for this material.
Despite its undesirable nucleation properties, silicon nitride has the beneficial quality
of easily releasing from SiC substrates after high-temperature processing. In contrast,
both wet and dry thermal oxides showed low tendencies to cause nucleation, reaching
up to ~130°C of undercooling before nucleation occurred. Sample cleanliness and
uniformity of the oxide layer were found to be important factors in improving the
consistency of achieving high levels of undercooling. These thermal oxides could be
released from SiC crucibles only with prior heavy oxidation of the crucible, so 160nm
of silicon nitride was coated over the oxide coating to improve release. However, it
was found that this composite coating layer reduced the undercooling levels to ~20°C
from that of the solitary oxide layer, due to the thermal stresses and resulting strain
between the two layers. This composite coating was still able to improve grain size
over the silicon nitride coating. To further reduce grain nucleation in the directional
solidification of the wafer, a very thin outer silicon nitride layer is recommended,
which allowed the undercooling level to increase to AT = 56°C for a 40nm SiN,
outer layer.

In summary, this work not only furthered the development of the new wafer
manufacturing method without sawing, but also increased our basic understanding

of interactions between molten silicon and its surroundings, which will impact a
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multitude of different silicon manufacturing techniques. Any crystalline silicon growth
process involving contact with a wall or substrate can utilize the knowledge gained
here to improve the quality of the resulting silicon crystal. A new approach for
modeling the crystal-melt interface for a thin-geometry directional solidification
process was introduced, when traditional methods used in casting models are
inadequate and more complex approaches are unnecessary. In addition, the novel
temperature field measurement technique is a new, non-disruptive, low-complexity
method which can be applied to a variety of non-traditional silicon manufacturing

scenarios, including wafer recrystallization and silicon thin film crystallization.

5.2 Future Work

Further extension of the work described in Chapters 2 and 3 would aim to improve
the no-sawing wafer recrystallization process. In particular, the effect of changing the
temperature gradients in both the travel direction and the direction perpendicular to
the wafer plane would be interesting to study. Gradients parallel to the travel direction
could be changed by altering the setpoints of the heater elements to create a more
gradual decrease in temperature that would minimize the formation of dislocations
in the cooling wafer, and the temperature profiling method developed here could
facilitate the diagnosis of different gradients. Furthermore, this method would be a
convenient way to measure the consistency of the temperature profile in the furnace
after making design changes or replacing heater elements or contacts.

In terms of temperature gradients perpendicular to the wafer plane, through the
thickness of the wafer, the thermal model described in Chapter 3 could be applied
to the case of an asymmetric heat transfer condition. This asymmetry could be
achieved by setting the top and bottom heater elements at different temperatures to

cause heat to be lost more quickly from one side of the wafer sandwich upon exiting
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the hot zone. This change would affect the radiation boundary conditions used in the
model. Asymmetry could also be imposed by using different backing plates on the top
and bottom of the wafer. Backing plate properties could be changed by using different
plate thicknesses, altering plate emissivities with coatings, or using different backing
plate materials. In some cases, it would be necessary to add the backing plate into
the COMSOL model in order to include its effect and temperature gradients within
the plate in the model.

Further development of the nucleation behavior study could expand to other
materials of interest in the silicon processing realm. For example, it would be
interesting to characterize silicon carbide in terms of silicon nucleation properties,
since silicon grown in contact with graphite often includes the formation or
precipitation of silicon carbide, which can cause the formation of smaller grains. It
would also be useful to investigate the properties of different types of silicon oxide,
such as an oxide layer deposited by PECVD using tetraethyl orthosilicate (TEOS)
or by application of spin-on glass. The effects of using a doped oxide layer would
also be of interest to measure, as well as the level of impurities in silicon at which
nucleation behavior is affected. Such extensions of the current work would increase

our understanding and ability to improve crystalline silicon growth processes.
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