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Abstract
The formation of highly doped selective emitters improves the efficiency of silicon-based solar
cells by lowering the contact resistance at the interface between the silicon front surface and the
metal contacts. The use of laser doping in which a laser locally melts the silicon substrate and
rapidly incorporates the dopant into the silicon can provide faster processing speeds, lower
energy inputs, and higher diffusion rates than other methods of forming selective emitters. A
mathematical model, which solves for the temperature, velocity, and dopant concentration fields,
is used to investigate the characteristics of the molten region during laser doping with a
continuous-wave green laser (λ = 532 nm) moving over the sample at speeds up to 8 m/s and
laser output powers ranging from 5 to 20 W. The calculated liquid pool widths and dopant
distribution profiles are validated with published experimental results. The effects of fluid flow
and diffusive movement on the final shape of the dopant distribution profiles are discussed, and
figures are provided to illustrate each effect. Process maps are produced to illustrate how the
size of the molten pool dimensions, the average dopant concentration, the relative shape of the
dopant distribution, and silicon sheet resistance are impacted by the combination of power and
scan speed. The molten pool depth and width are important in determining the diffusion profile
and the front-side contact width during plating.
High power solid state fiber and disk lasers combine faster processing speeds, deeper
weld penetrations, and lower levels of work piece distortion. Both transmissive optics and
reflective optics systems are commonly used. When using transmissive optics at high laser
powers and prolonged periods of operation, changes in the focal length and beam diameter have
been observed, and these changes adversely affect consistency of the processed materials. In this
study, the properties of beams delivered using both transmissive and reflective optics systems
from the exit of the process fiber through the final focusing optics have been characterized using
commercial diagnostic tools. In the transmissive optics system, changes of nearly 8 mm in focal
length have been measured with a 500 mm focal optic at 12 kW output power over several
minutes of continuous operation. At powers above 4 kW, damage to the anti-reflective coating
on a transmissive collimator resulted in a doubling in the beam diameter at the original focal
position when using a 200 mm focal optic and a quadrupling of the beam diameter with a 500
mm focal optic. On the other hand, the performance of the reflective optics was not impacted by
either increases in power or time at powers up to 12 kW during prolonged laser operation.
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Chapter 1: Introduction
Background and Motivation
Laser Diagnostics of High Power Lasers
The output power of 1 µm wavelength solid state lasers has increased significantly in
recent years, and systems capable of up to 50 kW in output power are now commercially
available [1]. In addition, these lasers have a more compact footprint and much higher wall plug
efficiencies than previous conventional lasers. By utilizing fiber optic delivery of the laser light,
these systems also provide significant flexibility to the end user in terms of automation and the
more efficient use of available factory floor space. With these many advantages, high power
fiber and disk lasers are gaining in acceptance among manufacturers, particularly in the
shipbuilding and automotive industries, and show great promise for deep penetration welding
and high rate deposition processes.
It is unclear, though, what the impact that these high laser power densities will have on
the transmissive and reflective optics systems currently in common use. Transmissive optics are
fabricated from a transparent glass or ceramic, such as fused silica or CaF2 [2], and use the
refractive index of the lens material and the lens curvature to focus the beam. Cooling of the
individual lenses in these optics systems is usually performed using circumferentially flowing
water mounted in the individual optics supports. The advantages of these optics systems include
low weight, ease of use, and ability to change optics in the same processing head. Reflective
optics, on the other hand, use highly polished metal, such as copper, with a precise curved
surface that directs and focuses the beam to the workpiece. Each optic surface acts as a mirror to
manipulate the laser light as it passes through the optics system. These mirrors are water cooled
just below the reflective surface, which when combined with the high thermal conductivity of the
metal, leads to uniform cooling of the optics surface.
An important consideration in evaluating laser optics systems is their ability to operate
effectively at both high powers and long durations without compromising the laser system
performance. Changes observed in the weld or deposition geometries would be indicative of
instabilities in the optics systems.

When using transmissive optics at high laser powers,

variations in the beam properties during continuous laser operation have been observed [3,4],
resulting in unexpected changes in weld cross section size and shape. For example, Figure 1
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shows three autogenous laser weld cross sections made at sharp focus and an output power of 12
kW with a 200 mm focus transmissive collimator and a 200 mm focal length transmissive
focusing optic in 12.5 mm thick steel samples over a period of 90 seconds. The differences in
the weld cross section profiles are particularly pronounced after 60 and 90 seconds of operation,
as the weld depth fluctuates and the profile changes.

(a)

(b)

(c)

Figure 1(a-c). Micrographs showing weld cross sections obtained at times of (a) 30 seconds, (b)
60 seconds, and (c) 90 seconds. These welds were made at focus with a 200 mm focal length
transmissive optic and 12 kW of output power.
Other researchers have investigated the effects of high power laser beams on transmissive
optical elements. Klein [5] determined from the mechanical strength, thermal properties, and
optical properties of laser window materials their ability to withstand high incident intensities
without causing distortions in the laser beam. This research led to recommendations on the best
edge thickness and material for the window, which separates the laser resonator and the rest of
the optical system. Reitemeyer et al. [3] examined the individual effects of a transmissive
collimator and focus optic on the effective focal length of the beam produced by an 8 kW
continuous wave multimode fiber laser. Decreases in focal length of more than 3.1 mm, or 84%
of the optics Rayleigh length, were observed and attributed to thermal lensing, which was taken
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as increased curvature of the lenses and the changes in the refractive index (dn/dT) with each
mechanism having the same impact.

Another research group [6] used a novel indirect

measurement technique to characterize the focus shift of a transmissive optic system at up to 4
kW of laser output power and observed a 0.5 mm decrease in effective focal length of the optics
system. A reflective optic head has been investigated [4] as a means of mitigating thermal
lensing effects, and results showed considerable increased beam stability at powers up to 16 kW.
When using transmissive optics, changes in the beam properties are typically attributed to
thermal lensing, [5-7] which is generally believed to be caused by thermal gradients that develop
across the optics. Since the optic components are made from a glass or ceramic material, the low
thermal conductivity of the material does not allow the energy to be rapidly dissipated through
heat conduction. In order to mitigate any potential heating issue, the lenses are circumferentially
water cooled. However, temperature gradients can form across the lens when operating at high
laser powers as a result of uneven cooling. The resulting temperature increase increases the
curvature of the lens and the refractive index, thus decreasing the focal length of the optics.
Changes in the focal length of the optics can also be attributed to changes in the refractive
index of the optics materials with temperature. The refractive index of a material (n) is equal to
the square root of the product of the permeability (µ), which is typically equal to one for optical
materials, and the dielectric constant (ε). The refractive index is temperature dependent [8] and
is expressed as a function of the thermo-optic coefficient (dn/dT), with units of °C-1 and having
either a positive or negative sign. In the case of fused silica, the thermo-optic coefficient is
positive and not constant [9], which implies that with any significant heating of the material, the
refractive index will increase, also resulting in a shorter focus length of the system.
Beam diagnostic tools allow beam characteristics to be investigated in greater detail and
determine the magnitude of these changes in beam properties.

There are several ways to

measure the beam intensity distribution, [10-20] ranging from inexpensive burn paper for
characterizing the beam shape to commercial tools that provide a more comprehensive analysis
of the beam shape, width, and power density distribution (PDD). These commercially available
tools include direct and indirect methods for measuring the PDD. Indirect diagnostic tools
attenuate the beam in some fashion before rapidly recording the intensity distribution using a
CCD or CMOS camera. Even though these cameras provide very rapid data collection, they can
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only handle a few watts of laser power, and the beam is usually directed through a highly
reflective window to drastically reduce the laser power incident on the camera.
Direct tools are able to record the entire beam profile without the need to attenuate the
beam. Several commercially available direct diagnostic instruments, such as the Primes® Focus
Monitor and Beam Monitor, are spinning probe diagnostic tools which use a small aperture that
moves through the beam profile and collects the intensity value at discrete positions. Because
the probe is manufactured from a reflective metal and moves quickly through the beam path,
these instruments can sustain high incident laser powers without the need for attenuation of the
beam.
The ability of the optics to produce a stable and consistent beam is an important quality
control issue and a key characteristic for laser operators and process engineers to consider when
evaluating the industrial use of these high power systems. In this study, the beams produced by
selected transmissive and reflective optics systems operating at laser powers up to 12 kW over
several minutes of operation have been characterized using commercially available diagnostic
tools. Their performance was then compared to reflective optics systems. By combining these
results with the modeling of optics performance using ray tracing tools, the origins of these
changes in optics performance are evaluated and recommendations for the selection of
appropriate optics systems are provided, so that process engineers and laser operators can make
informed decisions concerning the selection of the appropriate optics systems for high power
laser operations.

Laser Processing of Photovoltaics
Photovoltaic electricity generation is a major growth industry with expected world-wide
installed power generation expected to increase fivefold from now to 2020 [21]. In a typical
solar cell, a uniform n-type emitter is diffused into the front surface. Figure 2 shows a schematic
diagram of a conventional silicon-based photovoltaic device [22]. This n-type layer limits
contact resistance between the silicon and metal contact. Doping levels are controlled in order to
maximize light collection and improve efficiency.
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Figure 2. Schematic diagram of a conventional silicon-based photovoltaic device.

One of the limiting factors that reduce the use of photovoltaic cells is the cost of
manufacturing relatively high efficiency cells. The primary interest in this thesis is the formation
of selective emitters through the process known as laser doping. Selective emitters are structures
that are formed on the front surface of silicon wafers, increase the performance of the device, and
can lead to cost savings by requiring less metal for the contact grid. These structures have been
known to increase efficiency, but only recently has a laser been used to perform one of the
diffusion steps. Laser doping is a novel process, where a laser is used to heavily dope a localized
region below the surface of the silicon. The use of a laser leads to faster processing times due to
fast diffusion rates in the liquid phase.

Objectives
In order to understand the physical processes that occur during laser doping, a well-tested
numerical heat transfer and fluid flow model is adapted to simulate the laser-silicon interaction
during the formation of a selective emitter with a continuous wave, green (532 nm) laser beam.
During laser doping, a molten pool develops, bulk fluid motion occurs, and mass transfer
increases the dopant concentration throughout the pool. The molten pool geometry is important
because these dimensions determine the depth and width of the selective emitter. Fluid motion
and mass transfer influence the final distribution of dopant in the selective emitter, and this
distribution will have a direct effect on the electrical properties of the wafer surface. The
numerical model is validated with independent experimental data in terms of molten pool width
5

and depth, concentration profile, and sheet resistance. With a general understanding of the laser
doping process, the variation of process parameters, travel speed and output power, on pool
geometry dimensions, dopant distribution characteristics, and sheet resistance is examined with
the aid of process maps. The major mechanism of mass transfer, either convection or diffusion,
that drives the movement of dopant into the pool is examined through dimensional analysis.
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Chapter 2: Literature Review
Selective Emitters and Photovoltaic Devices
A selective emitter is a ‘structure’ that is formed on the front surface of crystalline silicon
wafers to enhance the efficiency of a photovoltaic cell. The high concentration of n-type atoms
that characterizes a selective emitter decreases the contact resistance between the silicon surface
and the metal contacts, which collect charge carriers during operation. A typical solar cell is
made from a wafer with either a high concentration of n-type atoms, which decreases contact
resistance, or a low concentration dopant on the front side, which enhances the collection of
photons at lower wavelengths (~ 400 nm). Additionally, the metal contacts are formed by
screen-printing with expensive silver pastes. With a selective emitter, the best of both extremes
is realized because a high dopant concentration is confined to where only the metal contacts are
formed, while a low concentration is present on the rest of the surface enabling better collection
of visible light photons. These two regions of concentration and the position of the metal contact
are shown in Figure 3. Since the selective emitter is highly conductive, self-aligning plating
methods from solution can be used to form the metal contacts. This eliminates the need for
silver pastes and can reduce costs in terms of materials.

Figure 3: A schematic of the selective emitter structure contains the heavily and lightly
doped regions and the metal contact.

Methods for Forming Selective Emitters
The four main methods for forming selective emitters include acid or plasma etching [23,
24], buried contact diffusion [25], diffusion masking [26], and laser doping [27]. Three of the
methods are shown in Figure 4, where the white area is the silicon wafer, the blue area is the
7

lightly diffused region, and the red area is the heavily diffused region. Acid and plasma etching
involves two diffusion steps. A light n-type diffusion step is followed by a heavy diffusion step.
After diffusion, the front and back metal contacts are formed. Then, the heavily doped region
between the contacts is etched away with an acid solution, hydrofluoric and nitric acids in the
case of [23], or a plasma in a vacuum chamber.

Acid and plasma etching

Buried contact diffusion

Diffusion Masking

Figure 4: The final structures, without metal contacts, of the selective emitter during
different formation methods are shown. The white area is the silicon wafer, the blue area is
the lightly diffused region, and the red area is the heavily diffused region.
Buried contact diffusion requires forming grooves (20–30 µm wide and 50 – 100 µm deep) on
the silicon wafer surface with either a mechanical grooving machine or a laser beam. Then,
diffusion is carried out with a surface film dopant source. After a light etch to remove any
remaining dopant film, top-surface metallization is performed, and the metal completely fills the
grooves. In the case of diffusion masking, an oxide mask is formed on the silicon surface. This
mask is then patterned into the grid shape using a pulsed laser to ablate the oxide. A heavy
diffusion step forms the selective emitter in the now unmasked regions. The oxide mask is then
removed through an etching step, and a second diffusion step forms a lightly doped layer on the
rest of the surface. Laser doping is discussed in the next section and offers several advantages
over the other three methods.

Laser Doping and the Laser-Silicon Interaction
The fourth method for forming selective emitters is laser doping, which is distinctly
different from the other methods in one major way. The heavy diffusion step occurs in the liquid
state. With a laser beam, the dopant source, anti-reflection coating, and silicon substrate are
heated and dissociate or melt.

While the molten silicon is present, the dopant atoms are

incorporated into the molten pool through convection and fluid motion and liquid state diffusion,
which has a diffusivity value that is four orders of magnitude greater than solid state diffusion.
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The laser can be used in either pulsed or continuous wave (CW) mode. The surface of the
silicon wafer is lightly doped in a diffusion step prior to laser doping. This method of forming
selective emitters provides several advantages over the other methods, including the elimination
of a high temperature diffusion step. Compared to the other methods, the selective emitter
region can be much narrower, on the order of the beam diameter, < 20 µm, which after plating
leaves more surface for light collection and, therefore, greater device efficiencies. Since the
laser is the heat source, the entire wafer is not exposed to high temperatures during processing,
and with the using of high speed scanning optics, the laser doping proceeds very rapidly. Laser
doping offers several benefits and can reduce costs in terms of time, energy, materials, and
device efficiency. Accordingly, several research groups have investigated laser doping as a way
to form selective emitters.
Sugianto et al.[28] investigated the use of green lasers (λ = 532 nm) and near infra-red
lasers (λ = 1064 nm) to selectively dope silicon. The group used a liquid spin-on-dopant as the
dopant source and used the laser to fire through the dopant source and anti-reflection coating and
into the silicon in order to achieve doping. The green laser with a travel speed of 0.5 m/s was
found to perform best under the continuous wave conditions examined. An efficiency of 18.5 %
was measured at an output power of 15 W and 0.5 m/s. The experimenters concluded that a
green laser scanning over the silicon surface at speeds up to 6 m/s had been demonstrated as a
fast processing method for forming quality selective emitters.
Tjahjono et al.[27] considered a Q-switched, 532 nm wavelength laser operating at 2 kHz
for laser doping. A dried spin-on-dopant was used as the dopant source. The group also
investigated the use of two different anti-reflection coating (ARC) materials, silica and silicon
nitride. With the silica ARC layer, the group demonstrated an efficiency of 17.5 %, which was
greater than the conventionally produced reference cell without a selective emitter. The silica
ARC layer gave better performance than the silicon nitride layer.
Kohler et al.[29] used a novel rectangular laser beam with dimensions of 300 x 5 µm, in
order to perform laser doping. The laser fired through a phosphosilicate glass layer (dopant
source) to form the highly conductive part of the selective emitter. Compared to conventional
cells, which were not laser doped and did not have a selective emitter, these laser doped samples
exhibited a 0.5 % percent increase, absolute. Additionally, with a simple heat transfer numerical
model, they showed the processing parameters required for certain peak temperatures and molten
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pool depths.

With these findings, it was concluded that this laser doping process can be

implemented into an industrial setting (i.e. take less than 2 seconds to laser dope) as soon as
pulsed green disk lasers achieve 600 W of output power.

Selective Emitter Characteristics and Laser Doping Parameters
There are several important selective emitter characteristics to consider when performing
laser doping. Of these characteristics, the width and dopant depth have been shown to affect
photovoltaic device performance. The width of the molten pool will define the width of the
selective emitter, and this width will have an impact on the amount of front surface shading
produced by the metal contacts. Consequently, smaller widths are desirable from a device
efficiency perspective.
The depth of the molten pool will determine how far the dopant atoms diffuse into the
silicon. From the literature, researchers have found that measurable amounts of dopant atoms at
deeper depths lead to lower sheet resistances. Three authors [30, 28, 31] have investigated the
relationship between the dopant depth and the sheet resistance. In all three cases, the sheet
resistance was found to decrease with increasing dopant depth, which varied from 0.1 µm to
greater than 3.5 µm. Sugianto et al. [28] used a CW 532 nm laser with speeds and powers
ranging from 0.1 to 10 m/s and 9 to 15 W, respectively and found that the sheet resistance
decreased by 86% when the depth increased from 2.4 µm to 3.5 µm. Schulz-Ruthenberg et al.
[30] identified an 8% decrease in sheet resistance with an increase in depth of 0.30 µm from 0.43
µm with a 532 nm laser with various pulse lengths between 10 and 400 ns and powers ranging
from 1 to 6 W. Paviet-Solomon et al. [31] performed laser doping with a 515 nm wavelength
laser and a pulse duration of 20 ns and output powers ranging from 0.5 to 5.5 W. This research
showed a 56% decrease in sheet resistance when the depth increased to 1.45 µm from 0.18 µm.
Other researchers [32, 33] have investigated the effect of dopant depth on the open circuit
voltage (VOC), short circuit current (ISC), and the internal quantum efficiency (IQE) in the depth
range of 0.2 to 0.5 µm. Both VOC and ISC are directly proportional to the solar cell efficiency,
and the IQE is proportional to ISC. Jager et al. [32] found that deeper dopant depths lead to
higher open circuit voltages (VOC) and therefore better performance. It was also found that
deeper depths lead to lower IQE values at wavelengths below 800 nm [33]. The IQE is related to
the short circuit current, so in this case deeper dopant depths lead to lower performance.
10

Researchers have shown that the dopant concentration profile can be controlled by the process
parameters and that the profile has an effect on the performance of the silicon wafer in service.
Two other characteristics that can define a selective emitter are the average dopant
concentration within the molten pool and the dopant concentration profile shape. The average
concentration will be related to the volume of the molten pool and the time allowed for diffusion,
while the dopant concentration profile will also be dependent on allowed time and the
dimensions of the pool that will define dopant travel distances. These two parameters are easily
modified and measured and should be considered in future work. Several groups have shown
that the dopant concentration profile can be easily adjusted depending on the processing
parameters such as pulse length and pulse energy or output power and travel speed [34, 35].
These profiles varied between nearly uniform profiles along the depth of the molten pool and
typical graded profiles, where the concentration slowly decreases along the depth of the pool.
Empirical relationships have been developed to calculate the sheet resistance if the dopant
concentration profile is known [36, 37].

In this case, the sheet resistance is inversely

proportional to depth, dopant concentration, and electron mobility.

Previous Laser Doping Modeling Efforts
Efforts have been made by researchers to model the dopant distribution profile produced
through laser doping by numerically solving heat and mass diffusion equations [34, 38]. The
main goal for numerically modeling the dopant concentration profile has been to show that
numerical models can predict with reasonable accuracy the concentration profile. Kohler et al.
used a two dimensional numerical model to solve for the temperature profiles and dopant
distributions during laser doping with a 532 nm laser with a pulse length of 65 ns and a
rectangular beam with dimensions of 200 x 5 µm, Figure 5.

Good agreement between

experimental and numerical results was found under various processing conditions such as pulse
energy, pulse separation length, and number of scans.

11

Figure 5: Kohler et al. [34] used a rectangular beam to laser dope silicon.
Poulain et al. used the commercial COMSOL® software, which is designed to simulate a variety
of physical processes, to solve heat and mass transport equations to determine the temperature
and dopant distribution profiles that result from laser doping of silicon with a 355 nm laser beam
and a 10 ns pulse length. Good agreement between the calculated and experimental values was
found at higher pulse energies (5 J/cm2). In both cases, researchers were able to successfully
simulate heat transfer and dopant incorporation during laser doping. Although both sets of
researchers were able to develop and validate a model, fluid flow arising from the Marangoni
effect and the temperature coefficient of surface tension was not considered. Fluid flow is
expected to enhance mixing of the dopant and molten silicon to a certain extent depending on the
fluid velocity and time available for mixing. In addition, the research only investigated the use
of a pulsed laser beam to determine the dopant profile and did not discuss the size and shape of
the molten pool. The work behind this thesis uses a three-dimensional numerical heat transfer
and fluid flow model that solves for temperature and velocity fields to investigate the size and
shape of the molten region and the evolution of the dopant distribution during the formation of
the selective emitter by laser doping.
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Chapter 3: Experiments and Model Development
High Power Laser Diagnostics
A Primes® Beam Monitor and a Primes® Focus Monitor1 were used to characterize high
power laser beams produced by an IPG Photonics2® YLR-12000 solid state ytterbium fiber
laser, which operates at a wavelength between 1070 nm and 1080 nm and has a maximum output
power of 12 kW. The beam was delivered to different sets of transmissive and reflective optic
systems through an Optoskand®3 300 µm diameter process fiber with a divergence angle <200
mrad at powers ranging from 500 W to 12 kW. All of the optical setups were monitored for
times up to ten minutes. Over this period of operation, the beams were characterized at selected
time intervals, and changes in the beam properties were monitored.
A Precitec® YW50 welding head was used in this study as the transmissive optic system
and is composed of a collimator and a focusing lens. Collimators are primarily defined by the
distance between the process fiber and the entrance to the collimator. The magnitude of this
distance is designed to ensure that the beam divergence from the process fiber is sufficient to
produce a beam that is the correct size for the collimating lens. A 200 mm focal length
Precitec4® collimator (COL YW50 200 QBH ZK) was used. The collimator was characterized
at three different powers (4, 8, and 12 kW) and distances ranging from 100 mm to 500 mm from
the collimator exit plane using the Primes® Beam Monitor to determine the degree of
collimation of the beam. Precitec® 200 mm and a Precitec® 500 mm focal length fused silica
focusing lenses were also analyzed in this study. The beam was monitored at locations both
above and below the focal point in order to measure the beam propagation parameters. The 200
mm focus length system was not characterized at an output power higher than 8 kW in order to
not exceed the limit on the allowable peak power density (10 MW/cm2) of the Primes® Focus
Monitor.
A reflective optics system produced by Laser Mech®5 was also analyzed as part of this
study. This system consisted of a 125 mm focus length collimator (part # PLFXT0020) and a
600 mm focus length focusing mirror (part # PLFPCXXXX). The optical mirrors in this system
1

Primes GmbH, Pfungstadt, Germany
IPG Photonics Corporation, Oxford, MA
3
Optoskand AB, Molndal, Sweden.
4
Precitec Group, Gaggenau, Germany
5
Laser Mechanisms, Novi, Michigan.
2
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are made from polished copper and use parabolic surfaces to direct, collimate, and focus the laser
light. This system was characterized in the same manner as the transmissive optics, with the
collimated beam being characterized at different distances from the collimator exit and the beam
exiting the focus optic being characterized at several locations above and below the sharp focus
setting.
In two of these optics systems, a different focal length collimator and focus optic
combination is used. The combination of different focal length collimator and focus lens in the
optical system leads to the introduction of an optical magnification factor [29] that affects the
magnitude of any change in focus length of the system. Abt et al [7] showed that the change in
focal length of the laser system (∆flaser) is proportional to the square of the quotient of the focus
length of the focusing optic (ffoc) and the focus length of the collimating optic (fcol), as shown in
Equation (1):
∆f laser

 f foc
~ 
 f col

2


 ~ β 2


(1)

where β is the optical magnification. The impact of the optical magnification factor becomes
more prominent when dealing with long focal length optics, in which the collimator typically has
a much smaller focal length than the focusing optics. In these systems, the larger optical
magnification factor can cause larger shifts in the focal length compared to an optical system
with a magnification factor of one.
The optics systems of interest in this study were characterized using a pair of beam
diagnostic tools. The Primes® Beam Monitor characterized the beam exiting the process fiber
and collimator, and the Primes® Focus Monitor was used to characterize the beam near the focal
point. These Primes® systems, which can be classified as rotating pinhole diagnostic devices,
provide relatively fast data collection and comprehensive characterization results. In the case of
the Primes® Beam Monitor, the beam enters the device through a 100 mm diameter opening and
strikes a small mirror attached to the end of a hollow spinning aluminum rod, which then directs
a small amount of laser light to the photodiode detector. This device measures the beam
diameter at a single distance from the fiber or collimator exit and is best suited for measuring
beam diameters between 12 mm and 90 mm [40].

14

The Primes® Focus Monitor operates on the same principle as the Beam Monitor but
uses a pinhole, with a diameter of approximately 30 µm, instead of a small mirror, allowing it to
measure beam diameters between 0.1 mm and 6 mm. This tool takes measurements along
multiple planes in the beam path to determine the focus position. Using the data obtained during
these measurements, the focus distance, beam width at focus, divergence angle, and Rayleigh
length are calculated. Because of the small size of the pinhole and the coatings used in the probe
tip, the peak power density of the beam which can be measured with this device is limited to 10
MW/cm2.
During the collection of the beam data by the Primes® diagnostic instruments, nearly all
of the beam energy passes through the diagnostic measurement area and not to the instrument
detector. At high powers, a great deal of heat can be generated by directing the laser into a
graphite block (150 mm diameter and 60 mm thick). In order to ensure that the heat radiated
from the graphite block is sufficiently dissipated and does not introduce potential error into the
measurements, it was submerged in circulating water, as shown schematically in Figure 6. In the
experimental set up, cold water flows continuously into the tub using 15.9 mm diameter hoses
and circulated using a Pacific Hydrostar® pump at a maximum rate of 125 L/min to maintain a
nearly constant water level. In addition, the characterization measurements were spaced to
ensure that any heat accumulated during a measurement was dissipated before the next. For
characterization of the initial propagation parameters, the laser was operated for up to 15 s in
order to perform a measurement and then allowed to cool for 60 s.

For consecutive

measurements where the laser was operated continuously up to 10 minutes, the system cooled for
5 to 20 minutes depending on the operation time.
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Figure 6: Schematic diagram showing the experimental setup used to obtain beam
diagnostic data and mitigate any error associated with excess heat caused by the
interaction of the beam with the graphite block.
After the data are obtained by each diagnostic tool, the Primes® Laser Diagnose
Software computes the beam width and other beam parameters. All beam measurements are
made in a square measurement window comprised of a user defined number of pixels where the
intensity counts are recorded. The measurement resolution of this device is a function of the
measurement window size and the number of pixels within the window and is expressed in terms
of length per pixel (mm/pixel). Only changes in beam diameter greater than the 30 µm diameter
pinhole or the measurement resolution (whichever is greater) can be considered to be significant.
Any changes below this value are a result of small calculation differences resulting from minute
changes in the recorded power density distributions between any two measurements. Typical
resolution values range from 16 µm to 125 µm for the Focus Monitor and 100 µm to 500 µm for
the Beam Monitor.
Collection of the power density distribution in one plane along the beam propagation
direction allows several parameters (beam diameter, peak power density, kurtosis) to be
calculated using statistical methods. If several beam distributions are collected at selected planes
along the propagation direction, the beam can be reconstructed mathematically and beam
propagation parameters, such as the focus length, diameter at focus, divergence angle, and
Rayleigh length (i.e. the distance from focus where the beam area doubles) can be calculated.
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The width of the laser beam is the primary beam characterization parameter. There are
numerous ways to determine the beam width [13, 41, 42]. Usually, the beam diameter is a
measure of how much energy is contained within a one dimensional beam profile of the power
density distribution, as shown in Figure 7. Two common definitions involve the 1/e2 and the full
width at half the maximum (FWHM), both of which define how fast the energy density decreases
from the peak energy density. In both definitions, the energy distribution is assumed to be either
a standard Gaussian or top hat distribution. However, the beam does not always take these
specific forms but is some combination of the two and may contain other asperities, e.g.
astigmatism, making it difficult to easily define a universal beam diameter.
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Figure 7: A one dimensional laser beam power density distribution with the ISO definition
of beam width is shown.
A more comprehensive beam width definition has been codified in ISO 11146 [42]. In
the ISO procedure for determining the beam diameter, the beam center or 1st moment is defined
as the mean of the distribution, and the 2nd moment is similar to the variance of a probability
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distribution. From the variance, the standard deviation is determined, and the beam diameter is
defined as being four times the standard deviation as shown in Figure 7. The 2nd moment, or
variance, definition is the output from the Primes® diagnostic tools.

Experimental Data from Literature
The experimental procedure, system, and data that are used to validate the model were
published by Sugianto et al.[28] The system consisted of a 180um thick n-type silicon wafer
coated with a 75 nm SiNx passivation and anti-reflection (AR) layer, and 45 mass% phosphoric
acid solution spin-on-dopant with an approximate thickness of 0.5 µm. A schematic of the
layout of the silicon wafer and layers is shown in Figure 8.

Figure 8: The material system consisted of a silicon substrate, an AR coating of SiNx, and a
doping layer of phosphoric acid.
To perform the laser doping, a Spectra-Physics Millennia Prime® laser operating at a
wavelength of 532 nm with a maximum output power of 15 W in a continuous wave mode was
used. The reported beam diameter was 20 µm with a Gaussian intensity distribution at the
surface of the sample.

Heat Transfer and Fluid Flow Model
For mathematical modeling, a well tested finite difference based model is employed [43-49]
to solve for the temperature and velocity fields in the molten pool. A typical calculation domain
was 1000 µm x 250 µm x 250 µm with irregular sized rectangular control volumes of 245 x 95 x
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55. Minimum grid spacings of 0.2 µm were used in the molten region to achieve a maximum
resolution of variables. The equations of the conservation of mass, momentum, and energy are
solved in the model. Figure 9 shows the computational domain with the six surfaces identified
and three axes labeled.

Figure 9: The computational domain consists of the south symmetry plane and the top
plane where the heat source is implemented.
The conservation of mass, or continuity, equation is shown below:

∂ (ρ u i )
=0
∂xi

(2)

where ρ is the density of the liquid, ui is the velocity in the ith orthogonal direction (i = 1, 2, or 3),
and xi is the distance along the ith axis. The conservation of momentum is solved using the
Navier-Stokes equation, which is expressed as:

ρ

∂ (ρ u j )
∂t

+

∂ (u j u i )
∂ xi

=

∂
∂ xi

 ∂u j
 µ
 ∂ xi


 + S j


(3)

where uj is the velocity component in the jth direction, t is time, µ is the viscosity, and Sj is the
source term for the jth direction.
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The conservation of energy is:

ρ

∂ (u i ∆H )
∂ h ∂ (u i h )
∂ (∆H )
∂  k ∂ h 
+
−ρ
=
−ρ
∂t
∂ xi
∂t
∂ xi  C p ∂ xi 
∂ xi

(4)

where h is the sensible heat, k is the thermal conductivity, Cp is the specific heat, and ∆H is the
latent heat of fusion.

These equations are discretized, and then the dependent variables,

enthalpy, velocity, and dopant concentration are calculated using the tri-diagonal-matrix
algorithm (TDMA) [50].
The energy distribution of the beam at positions x and y is defined using the following
relationship [51]:
H in =

(

)

 f x2 + y2 
qfη

 −
exp
π rb2
rb2



(5)

where q is the total beam power, η is the absorption of the material at the given wavelength, rb is
the radius of the beam at the sample surface, and f is the distribution factor, which determines the
peak intensity of the beam. Since the beam has a Gaussian distribution, the value of f is set to
two for these simulations. Due to the relatively low concentration of phosphorus in silicon in
this work, less than 0.05 wt.%, the binary Si-P system has not been considered here. These low
concentrations will not impact the liquidus and solidus temperatures like the conditions
considered in similar recent research [52]. Table 1 lists the properties and values used in the
calculations.
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Table 1: The properties and values used in the calculations are listed.

AR and Dopant Layers and Model Development
The energy to heat and dissociate SiNx and heat and vaporize the acid solution is accounted
for by calculating the area and length of the molten pool. The area of the pool and the thickness
and density of the layers are used to calculate the energy needed to heat and vaporize or
dissociate the layers. In order to determine the amount of energy deposited over the length of the
pool, laser power, pool length, and scan speed are considered. The ratio of the energy needed for
heating and transforming the layers to the energy deposited over the length of the pool is
subtracted from the energy absorbed by the silicon, as shown below:
H in' = H in (1 − ratio)

(6)

The ratio is defined below:
ratio =

A( ρ SiN x hSiN x E SiN x + ρ acid hacid E acid )

(7)

qηL / vbeam

where A is the area of the molten pool, ρ is the density of the layers, h is the thickness of the
layer, E is the energy per unit mass to heat and transform the layers, L is the length of the molten
pool, and v is the beam scan velocity. A schematic of the pool area and length is shown in
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Figure 10, which illustrates the energy needed to vaporize and dissociate the layers, proportional
to the area, and the energy deposited by the beam, proportional to the length of the pool and the
velocity of the beam. With thicker layers or a larger molten pool area, more energy will be
required to heat and melt the layers. Also shown in Figure 10 is the area/time ratio vs. travel
speed at several powers. The surface area of the molten pool is proportional to the amount of
energy required to heat and vaporize the layers, and time (length of the pool/beam travel speed)
is proportional to the amount of energy deposited over the length of the pool. The ratio increases
with travel speed because there is less time and, therefore, less energy at any given power level.
At higher powers, the area of the molten pool increases, so the ratio also increases.

Figure 10: This schematic shows how the energy needed to heat and melt the layers was
subtracted from the total input energy.

When considering another material besides the base material, phosphorus in this case,
many times a binary alloy must also be considered. One of the main differences between a pure
material and an alloy is the presence of liquidus and solidus temperatures in the alloy. These
temperatures are determined by the binary alloy phase diagram shown in Figure 11 [64]. The
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highest concentration of phosphorus is less than 0.06 wt%. This puts the alloy within the solid
solubility of silicon, and such a low concentration will not lead to significantly different solidus
and liquidus temperatures. In this case, the melting temperature of silicon 1687 K is the solidus
and liquidus temperatures. If the concentration of the second component is greater or there is a
lack of solid solubility, then a binary alloy must be considered [52].

Figure 11: The Si-P binary phase diagram is shown. With very low concentrations of
phosphorus, the solidus and liquidus temperatures are assumed to be equal because of the
solid solubility of phosphorus in silicon.

Model Validation on Pure Silicon
The model was validated with pure silicon using an IPG near IR (λ = 1070 nm), fiber
laser. The power ranged from 20 W to 40 W, and the scan speed and beam diameter were kept
constant at 25 mm/s and 130 µm, respectively. Figure 12 shows the top surface of the silicon
after laser processing.
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Figure 12: Micrograph shows experimental laser scans on silicon at various powers with a
130 µm beam at a travel speed 25 mm/s.

The molten pool widths at 20, 30, and 40 W were 26, 88, and 129 µm, respectively. At
the two higher powers, a substantial number of cracks were apparent within and just outside of
the molten region. In order to validate the model with pure silicon, the experimental and
calculated molten pool widths are compared in Figure 13. Good agreement is obtained at the
two higher powers, but at 20 W, the widths are much different. With general agreement between
the numerical model and physical experiments, the model can be modified and then validated
with faster scan rates with a frequency doubled laser.
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Figure 13: The experimental and calculated molten pool widths show moderate agreement,
especially at the higher two powers.
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Chapter 4: Results and Discussion
High Powered Laser Diagnostics
Characterization of Process Fiber
The process fiber transports the beam from the laser to the collimating and focusing
optics. Properties of the fiber are specified in the diameter of the fiber core and the divergence
of the beam out of the fiber exit. With the Primes® beam monitor, the diameter of the beam was
measured at several distances from the end of the process fiber. The results are shown in Figure
14. The blue line shows how the beam diameter will change for a beam divergence of 200 mrad,
which corresponds to the upper limit of the manufacturer specified divergence. The measured
beam diameters increase as a linear function of distance. Initially changes in power, however, do
not have a measurable effect on the beam diameter or divergence.
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Figure 14: Graph showing the beam diameter measured at several distances from the exit
of the 300 µm fiber (fiber end plane) for three different laser power levels immediately
after the laser is turned on. The blue line represents the calculated beam diameter for a
fiber divergence of a manufacturer specified 200 mrad.
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The slope of a line fitted to the beam diameter measurements at four distances, gives the
half angle of divergence. Based on these measurements, the angle of divergence at time zero is
160 mrad, which is much lower than the manufacturer specified value of < 200 mrad. This
difference in divergence angle has a measurable impact on the size of the beam entering the
collimator. For example, at a distance of 200 mm from the fiber exit, the beam is measured to
have a diameter of 32 mm, as compared to a beam diameter of 40 mm if a value of 200 mrad is
used. As a result, the beam is much smaller than expected, and only 44% of the lens clear
aperture is filled, as compared to 69% with the 200 mrad beam divergence. At high laser
powers, this smaller and more concentrated beam can lead to localized heating of the collimating
and focusing optics producing a different beam size than expected.
Figure 15 shows how the full angle divergence changes as a function of time at three
powers with the error bars representing the maximum error from the measurement resolution that
could be carried through in the divergence angle calculation. At each power, the angle decreases
with time, and as the power increases, the decrease in the divergence angle becomes larger.
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Figure 15: Graph showing changes in the divergence angle of the beam exiting the 300 µm
process fiber as a function of time at three different powers.
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These changes in divergence angle at these high powers result in a change in the beam
diameter entering the collimator. For example, at 6, 9, and 12 kW, the angle decreases 5, 9, and
8 mrad, respectively, with continuous operation. At 9 kW and 12 kW, this change in divergence
angle can result in a beam diameter change of approximately 2 mm at 200 mm from the end of
the fiber, where the beam enters the collimator. Since the lens size is optimized for the diameter
of the beam incident on its surface, the focusing potential of the lens is decreased, and the lens
may heat more than it should because the laser energy is confined to a smaller area.

Characterization of the Focus Optics
The focus optics direct the collimated laser light to a very small region (less than 1 mm in
diameter) on the workpiece over a certain focus length, so focus optics are typically
characterized by the diameter of the beam at the focus position and the focus length. An
important concern is the stability of the optics with time since lasers in a manufacturing setting
can by on for more than an hour. The 200 mm focus length optics showed very little change
with time.

However, welding and deposition processes are frequently performed using

defocused beams, and changes in beam properties under these conditions can result in undesired
changes in weld or deposition properties. The impact of prolonged exposures to high laser
power at locations 6.35 mm above and below the focus position, which is about 2.5 times the
Rayleigh length, have been examined. Figure 16 shows the changing beam diameter with time at
8 kW and the beam profiles obtained at the beginning and end of the three minute run.
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Figure 16: Graph showing changes in the beam diameter with time at 6.35 mm above and
below focus with the 200 mm focal length optics at a power of 12 kW. The initial and final
beam profiles at each position are also shown.

At these times, the changes in beam diameter are -0.124 and +0.130 mm for positions
above and below focus, respectively. These changes in beam diameter are much larger than the
measurement resolution (0.030 mm) and correspond to a 1 mm decrease in effective focus
length. The beam diameter measured above focus decreases because the focus position of the
system is moving closer to the measurement plane, and the beam is moving ‘into focus’ at that
position. Conversely, at positions below focus, the beam is moving further out of focus, and the
beam diameter increases.
The beam exiting the 500 mm focus length optic was also monitored at focus over three
minutes of continuous operation at various power levels, and the results are shown in Figure 17.
All measurements in this figure have a 30 µm resolution. At powers of 4.5 and 9 kW, the beam
diameter showed a minimal change over the three minutes of monitoring, but at 12 kW, the
diameter increases 0.158 mm, which is a 20% increase over the initial diameter. This increase
corresponds to a nearly 8 mm decrease in effective focal length, which is 60% of one Rayleigh
length.
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Figure 17: Graph showing changes in beam diameter at focus at different power levels
with the 500 mm focus optic configuration. The beam profiles obtained at times of 0
minutes and 3 minutes at 12 kW of output power are also shown.

The two dimensional beam profiles at 0 minutes and 3 minutes for the 12 kW power level
show that the general shape of the beam also changed from a top hat to a Gaussian beam profile.
A Gaussian beam will have a higher peak power density than a top hat beam of the same
diameter and power. A changing beam profile means a changing intensity distribution, which
can have a major impact on process results if the process is sensitive to the beam power density
distribution. This profile change is the reason the peak power density, which depends on the
diameter and shape of the beam, did not decrease more than 5%, while the average power density
decreased 30%. The beam profile changes because the beam is moving out of focus at the
measuring plane. Under normal conditions, the optics produce a top hat beam at focus, but at
locations outside of focus, the beam takes a more Gaussian type distribution.
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Impact of Damage to Transmissive Optics
Under normal operating conditions, the laser optics can become damaged, and due to the
nature of commercial optics (i.e. assembled in an enclosed head), this damage may not be
immediately obvious to the laser operator. Any damage to the optics can have detrimental
impact on the quality of the laser processed workpiece. A collimator was damaged in service at
the Applied Research Lab. Some of the anti-reflection coating was removed, leaving a nonuniform covering on the lens. The propagation parameters were characterized with the damaged
collimator and normal focus optics. Instantaneous parameters were unchanged, so the focus
length, beam diameter at focus, and Rayleigh were the same as the undamaged case at time zero.
Changes in the beam diameter at initial focus were monitored as the laser was allowed to
run continuously for up to seven minutes. The 200 mm focal length optics were operated
continuously for six minutes at 0.5, 4, 5, and 6 kW. Figure 18 shows the diameter changes over
six minutes using these optics. At 500 W, there was no measurable change in beam diameter.
As the power level increases to 4 and 5 kW, changes in the beam diameter begin to appear, and
by 6 kW, the beam diameter more than doubled in size after six minutes of laser operation. In
addition to the dramatic increase in beam diameter, the beam profile changed as well, as shown
in Figure 18. The area of maximum intensity in the beam profile at 6 kW became oblong during
continuous operation, and the lower part of the profile lost a significant amount of power. These
changes in the beam profile will have an undesired impact on the quality of the resulting weld or
clad that may or may not be detectable during processing.
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Figure 18: Graph showing the measured changes in the focused beam diameter as a
function of time at selected powers for the 200 mm focus optics using a damaged
collimator. The measured beam profiles at selected times at powers of 4 kW and 6 kW are
also shown.

The 500 mm focal length optics with the damaged collimator was also characterized at
powers of 6, 9, and 11 kW during continuous operation of four to seven minutes. Figure 19
shows the diameter changes during continuous operation of the laser. As expected, the diameter
change is greater at higher power, with the beam diameter doubling in size after 7.5 minutes at 6
kW and quadrupling in size after four minutes at 11 kW. There was also a beam profile change
as shown in Figure 19. The beam at 11 kW starts out in a nearly top hat profile and in less than
one minute is no longer circular, and the beam shape cannot be described as either strictly
Gaussian or top hat. After four minutes, the beam has a ‘hole’ in the center of its profile where
very little energy is located and three areas of high peak intensity.
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Figure 19: Graph showing measured changes in the beam diameter as a function of time
with the damaged collimator and the 500 mm focus length optics at selected powers. Beam
profiles obtained at several times at a power of 11kW are also shown.

Characterization of Reflective Optics
Reflective optics transform the beam by redirecting the light off of highly reflective
curved surfaces, which collimate and focus the beam. Since the reflective optics are typically
manufactured from a conductive metal like copper and are cooled from the inside directly below
the exposed surface, these optics may perform much better than transmissive optics at high laser
powers. In order to determine if the reflective optics performed better, the collimator and focus
optics were characterized in a similar manner to the transmissive optics.

The collimator

produced a parallel beam that did not change with time.
The Laser Mech® 600 mm focal length reflective optics system was then characterized
with the Primes® Focus Monitor. The laser output power does not have a measureable effect on
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the beam propagation parameters. Figure 20 shows the beam diameter measurements when the
laser was allowed to run continuously. Some of the beam diameters do change more than the
resolution, which is 47 µm in this experiment, but no trend is observed that is similar to the
transmissive optics trend.
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Figure 20: Graph showing the changes in beam diameter at focus during 6 minutes of
continuous operation at selected powers with the 600 mm focal length reflective optic
configuration.

The relatively large changes can be attributed to the large Rayleigh length (35 mm), or waist, of
the reflective optics, which is four times larger than that produced by the transmissive optics. As
described earlier, any change in focus length is very sensitive to the difference in focus lens and
collimator focal lengths. If the focus length of the Laser Mech® optical assembly was changing,
that change should be much larger than the Precitec® optical assembly changes based on the
magnitude of the optical magnifications of each optics setup, which is 4.8 for the reflective
system and 2.5 for the transmissive system. The Laser Mech® reflective optics provide a very
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stable beam over extended operational times for materials processing. No change in beam
parameters was detected during any measurements, thus yielding consistent and predictable
process quality.

Rapidly Scanning Green (λ = 532 nm) Laser Beam
Molten Pool Geometry
The molten pools that form during laser doping at 2 and 4 m/s and 13.5 W of
output power are displayed in Figure 21. The temperature contour is drawn at 1687 K, the
melting temperature of silicon, the vectors show the fluid velocity within the pools, and the scale
of the axes is in microns.
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(a)

(b)
Figure 21: Molten pool profiles with fluid velocity vectors made with an output power of
13.5 W and travel speeds of (a) 2 m/s and (b) 4 m/s. The axes are in microns and the
temperature contour is drawn at 1687 K, the melting temperature of silicon.

The molten pool becomes longer, narrower, and shallower at the higher velocity, which is
expected and typical in these types of processes. Additionally, the average fluid velocities
decrease at the higher travel speed due to the lower spatial temperature gradients present within
the molten pool. From Figure 21, three fluid circulation loops are present within the pool, two in
the x-z plane and one in the y-z plane, which is perpendicular to the other two and partially
hidden in the figure. These loops will be important in describing some of the dopant distribution
profiles later on in this thesis. The relatively high fluid velocities, with maximum velocities on
the order of 3 to 4 m/s, leads to a large degree of mixing the dopant into the liquid silicon.
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The heat transfer and fluid flow model was validated under several conditions. The
experimental and calculated molten pool widths, dopant concentration profiles, and sheet
resistances were compared. Figure 22 shows the these two sets of values at 13.5 W output power
and beam travel speeds of 2, 4, and 7 m/s. The results show agreement between the experimental
and calculated values. The calculated and experimental top surface micrographs are shown in
Figure 23. In this figure, the differences in molten pool width appear minimal.

Figure 22: Comparison between the experimental and calculated pool widths shows fair
agreement.
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Figure 23: A comparison of the experimental top surface micrographs and calculated
velocity fields and melting point contour.

With the validated model, several figures can be constructed that show various important
selective emitter characteristics as a function of process parameters. The width and depth of the
molten pool define the width and depth of the selective emitter. Shading losses on the front side
of the solar cell will be partially determined by the width of the selective emitter because the
emitter is plated with metal contacts, which collect charge carries and do not absorb light. The
depth determines the dopant depth, which correlates with the some important properties such as
sheet resistance and open circuit voltage.
The depth and width of the molten pool are important considerations when determining
process parameters for laser doping because both dimensions affect the efficiency of the solar
cell. Narrow widths and larger depths are the most desirable for selective emitters. Figure 24
shows a process map for molten pool width in microns with axes of laser power and travel speed
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for a 14 µm diameter beam. The two solid lines indicate the limits of the process map at 1687 K,
the melting point of silicon, and 3514 K, the silicon boiling temperature.

Figure 24: The molten pool width in microns for a 14 um beam as a function of laser
power and travel speed shows a range of achievable widths.

The width of the molten region can range from 16 µm to less than 6 µm, so molten pool width
can be tuned from slightly greater than the width of the beam to less than half the beam width.
Figure 25 shows a process map for the maximum molten pool depth. Achievable depths vary
from less than one to greater than six microns. The two process maps show that a minimum
width and a maximum depth are not simultaneously achievable for the process parameters shown
here. A larger aspect ratio (depth/width) is desirable because deeper depths and narrower widths
are the goal. Figure 26 shows the aspect ratio as a function of laser power and travel speed. The
highest values occur at higher powers and lower speeds, but there is no maximum value at any
point for these process parameters. The aspect ratio at 17 W and 1 m/s is about double compared
to 6.5 W and 1 m/s. The aspect ratio is higher at the higher power and lower speed corner of the
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map. Some compromise between width and depth will be necessary during the design of process
parameters.

Figure 25: The molten pool depth in microns for a 14 um beam as a function of laser
power and travel speed shows a range of achievable depths.
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Figure 26: The aspect ratio (depth/width) as a function of power and travel speed does not
show a maximum, and the highest values occur at the high power and low speed portion of
the map.

Concentration Profile
Fluid velocities play an important role in determining the final dopant distribution profile in
the selective emitter. Because the temperature coefficient of surface tension is the main driving
force for fluid motion, three main circulation loops are important with one loop orthogonal to the
other two. The effect of these loops on the dopant distribution is apparent in Figure 27 and
Figure 28, which show the molten pools made with a 15 W beam and select y-z planes of interest
at 0.7 and 3.0 m/s, respectively. The phosphorus concentration contour labels are fractions of the
surface concentration, 2.7 x 1019 atoms/cm3.
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Figure 27: The evolution of the dopant distribution at 15 W and 0.7 m/s is shown. The
single planes at the arrows are shown for clarification.
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Figure 28: The evolution of the dopant distribution at 15 W and 3.0 m/s is shown. The
single planes at the arrows are shown for clarification.

The leading circulation loop in the x-z plane drives the dopant forward and down and
does not appear to have much of an effect on the final dopant concentration distribution. The
orthogonal loop carries dopant to the outer edge of the molten pool and down to the bottom,
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while the second loop in the x-z plane drives dopant to the back of the pool. The final two loops
will have the largest impact on the dopant distribution. If the beam travel speed is low as is the
case in Figure 27, then the final loop will be the most important because there will be enough
time for the dopant to re-distribute itself in a uniform manner, and the effects of the other two
loops will not be apparent in the final dopant profile. Depending on the travel speed of the beam,
the importance of each loop will vary because at high speeds, the beam will be too fast for fluid
motion to have any significant impact, but at lower speeds, complete mixing can occur leading to
flat dopant distribution profiles. Fluid motion can also lead to large, instantaneous concentration
inhomogeneities within the molten pool. For example at 3.0 m/s in the central plane, the
concentration varies by from 0.5 to 0.01 over a 3 µm range at a depth of 1.5 µm. The effect of
diffusion can also be observed, especially at the 0.001 contour in Figure 28. This contour is
continuously moving deeper into the pool, which implies that fluid motion and diffusion have an
equal magnitude as mass transfer mechanisms at that point in the pool.
The experimental and calculated dopant concentration profiles were compared. Figure 29
shows this comparison for a laser power of 15 W and travel speeds of 4 and 6 m/s. The points
represent the experimental data, and the dashed lines are the dopant distribution at the center of
the molten pool and the maximum concentration at each depth.

44

(a)

(b)
Figure 29:
Agreement between the calculated and experimental phosphorus
concentrations for an output power of 15 W and travel speeds of (a) 4 m/s and (b) 6 m/s is
good. The second dashed line takes into account poor lateral resolution of the SIMS
measurement.
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The second dashed line (maximum) is plotted because experimental profile was measured with
Secondary Ion Mass Spectroscopy (SIMS), which may be measuring the maximum
concentration at each depth if the ion beam size is on the order of the molten pool width [65]. In
other words, the lateral resolution of the SIMS measurement is small. Agreement between the
experimental and calculated results is good, although the depth is slightly underestimated at 6
m/s. The two dashed lines are not identical because fluid flow enhances mixing and does not
allow for homogenous doping at every point in the molten pool. Effects of fluid flow on the
final dopant concentration can be readily observed in Figure 30, which shows, for the same set of
conditions, the cross-sectional pseudo-single plane with concentration contours as a fraction of
the top surface dopant concentration and fluid velocity vectors a plane midway between the
points of maximum width and maximum depth.
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(a)

(b)
Figure 30: The cross-sectional pseudo-single planes for an output power of 15 W and
travel speeds of (a) 4 m/s and (b) 6 m/s show the concentration contours as a fraction of the
surface concentration and fluid velocity vectors a plane between the point of maximum
width and the point of maximum depth.

The fluid velocities clearly lead to higher dopant concentrations at the wings of the pool and
decrease the concentrations at the center. This effect is not as important at 6 m/s travel speed
because of the slower fluid velocities and less time available for diffusion. Figure 30 also
reveals the dopant concentration inhomogeneities at various depths. For example, for the travel
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speed of 4 m/s at a depth of 2.5 µm, the concentration varies by nearly an order of magnitude,
from 0.01 to 0.1, across the width of the molten pool.
The final average dopant concentration and the dopant concentration profile shape are
easily tunable with process parameters, much in the same way as the molten pool dimensions.
The average dopant concentration will have an impact on the conductivity at the interface
between the silicon surface and metal contact electrode. The dopant profile shape has not been
shown to have an effect on the performance of the selective emitter in service, but this shape
takes many forms from uniform to Gaussian and many combinations in between and may be
shown to have an effect in the near future. Figure 31 shows the average concentration in
atoms/cm3 as a function of laser power and travel speed.

Figure 31: The average concentration of dopant (atoms/cm3) is shown as function of beam
speed and laser power.
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The average concentration decreases with increasing speed and power. At higher speeds,
there is less time for diffusion, which leads to a lower overall average. With increasing power,
the volume of liquid silicon increases, which decreases the average concentration because there
is more solvent to dissolve phosphorus. A comparison with the other process maps shows that
relatively lower average concentrations are present with higher aspect ratios.
One measure of the dopant concentration profile shape is the degree by which the profile
differs from an ideal or given distribution. For these calculations, the profile for a certain set is
measured against a perfect uniform dopant profile (i.e. the concentration at every point is equal
to the surface concentration, 2.74 x 1019 atoms/cm3). The equation for this profile measurement,
which is called the concentration fill factor (FFc) by [34], is shown below in equation 7. C(z) is
the concentration profile, d is the depth of the molten pool along the z axis, w is the width of the
molten pool along the y-axis, Cs is the surface concentration, and Acs is the cross-sectional area
of the molten pool.
w

d

0

0

∫ ∫ C ( z ) dy dz
FFC =

(8)

C s Acs

The maximum is 1.0 and the minimum is 0.00073 if there is no diffusion. Figure 32 shows the
FFc as a function of output power and travel speed. The maximum for these parameters occurs at
lower speeds and lower powers. Higher values of FFc imply more homogeneous and uniform
dopant concentration profiles, so higher average dopant concentrations and more uniform
profiles are common at lower powers and speeds. The opposite is true at higher powers and
higher speeds, where the concentrations are more Gaussian, and the average concentrations are
lower.
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Figure 32: A measure (FFc) of the dopant concentration profile shape is shown as a
function of laser power and travel speed.

Dimensionless Analysis
There are two mass transfer mechanisms, diffusion and convection. Diffusion is caused
by a concentration gradient and occurs through the random movement of atoms. Convection
results from the bulk motion of the fluid. Many times the dimensionless Peclet number is used to
determine which mechanism is dominant. The Peclet number is determined as:
Pe =

U L (v max / 4) ( w / 2)
=
D
D

(9)

where U is the characteristic velocity of the fluid, L is the characteristic length that the fluid has
to travel, D is the diffusion coefficient, vmax is the maximum velocity at the top of the molten
pool in the y-axis direction, and w is the width of the pool. Twenty-five percent of the vmax is
taken as the characteristic velocity because that value is close to the average velocity in the ydirection at the top surface. The half-width of the molten pool is taken as the characteristic
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length. If the Peclet number is greater than 10, then convection is the dominant mass transfer
mechanism, and diffusion can be ignored. At values less than 0.1, diffusion is much more
important than convection. At intermediate values, both mechanisms are significant. Figure 33
shows the Peclet number as a function of travel speed at various powers. In almost every case,
the Peclet number exceeds 10, which indicates convection is the dominant mass transfer
mechanism. The values decrease with speed because the pool dimensions and fluid velocities
decrease with speed. With increasing power, both the width of molten pool and the fluid
velocities increase, which increases the Peclet number.

Figure 33: The dimensionless Pelcet number decreases with travel speed and increases
with output power. Relatively high Peclet numbers indicate convection is the dominant
mass transfer mechanism.

Because the fluid velocities are relatively high and convection is the dominant mass
transfer mechanism, one may expect the pool to be well mixed, with the dopant concentration
everywhere in the molten pool not less 50% of the surface concentration. If the fluid has time to
go from the center of the pool to the edge ten times, then the pool should be well mixed. The
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amount of available time is the length of the pool divided by travel speed. The ratio of time for
ten cycles to available time is a good indicator of whether the pool will be well-mixed. This
ratio is greater than one for all cases examined here and greater than 5 for the majority of cases.
Since the ratio is greater than one, there will not be enough time for the fluid to cycle and the
pool to become well mixed.

Sheet Resistance
Sheet resistance is a common measure of the quality of the highly doped region of the
selective emitter. After laser doping, resistance in the former molten region should drop since
more dopant atoms have been introduced.

Values below 30 ohms/square are considered

acceptable [28]. Sheet resistance is determined using an empirical formula [36]:
Rsh =

1

(10)

d

q ∫ C ( z ) µ ( z ) dz
0

where q is the charge of an electron and µ(z) is the electron mobility, which is a function of the
concentration profile [37]:

µ ( z ) = µ min +

µ max − µ min

(11)

α

1 + (C ( z ) / C sub )

µmin, µmax, and α are fitted values of 130 cm2/V-s, 500 cm2/V-s, and 1.25, respectively. Csub is
the background concentration of the substrate, 2.0 x 1016 atoms/cm3.

With the validated

concentration profiles, the sheet resistance values can also be validated.

Figure 34 is a

comparison between the calculated and experimental sheet resistances at various travel speeds
and an output power of 15 W. The two sets of values show good agreement. The up C values
are determined from the maximum concentration at each depth, while the down C values are
determined by the concentration profile at the center of the molten pool.
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Figure 34: A comparison between calculated and experimental values of sheet resistance
shows good agreement. The up arrow concentration is the maximum concentration at each
depth. The down arrow indicates the concentration at the middle of the cross section.

With a calculated dopant concentration profile and the empirical relations, the sheet
resistance values were calculated for a range of process parameters and are shown in Figure 35
with units of ohms/square.
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Figure 35: Calculate sheet resistance values in ohms/square are shown as function of laser
power and travel speed.

Lower travel speeds and higher powers produce the lowest resistances because there is more
dopant, in absolute terms, within the molten pool, which makes the selective emitter more
conductive. If this process map is compared with the dopant concentration profile map, lower
resistance values are associated with more uniform profiles. These results agree well with the
literature, which suggests that deeper depths produce lower sheet resistances.
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Chapter 5: Summary and Conclusions
The use of a mathematical model that solves the equations for conservation of mass,
momentum, and energy has been applied to the formation of a selective emitter with the laser
doping process. Due to the geometry of the sample in terms of surface layers, modifications to
the model that account for the heating and melting of these layers have been made. With
experimental molten pool widths, dopant distribution profiles, and sheet resistance values the
model has been validated. Five selective emitter characteristics have been investigated as a
function of process parameters, and all five have been presented in the form of process maps
with axes of output power and travel speed. The major findings of this work are expressed
below.
•

The molten pool geometry and dopant concentration profile under laser doping
conditions has been predicted and validated with independent experimental data.

•

Process maps for the molten pool geometry, concentration profile characteristics, and
sheet resistance were developed.

•

The maps show that desirable selective emitter properties (narrower widths and deeper
depths) are not achieved simultaneously. A high aspect ratio and low sheet resistances
are achieved at lower speeds (< 2 m/s) and higher powers (> 14 W).

•

The volume average dopant concentrations are sensitive to speed at higher powers, and at
lower powers show little change with speed.

•

Dimensionless Peclet number calculations show that convection dominates mass transfer.

•

Low sheet resistance values ( 5 ohms) are obtained at high powers and low travel speeds.
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Chapter 6: Future Work
The work presented in this thesis described how numerical modeling can be applied to
the laser doping process in order to predict selective emitter geometry and properties. Future
work should investigate how silicon material defects (dislocations, vacancies, and interstitials)
affect the performance of photovoltaic devices. These defects should then be tied to certain
conditions during processing such as spatial temperature gradients, thermal cycles, and
solidification rates that can be easily calculated with a heat transfer and fluid flow model. This
thesis and other work have proven the utility of numerical modeling to laser processing of
silicon. With reliable process-properties-performance relationships, numerical modeling can
fully capture laser processing of silicon and provide insights and into current processes and
future processes. This work will not necessarily be easy because it will require micro/nanocharacterization techniques such as transmission electron microscopy to be related to macroscale properties. This additional work could also be transferred to other material systems where
laser processing at the micron scale is necessary.
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