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ABSTRACT

The application of excimer laser in the fabrication of
photovoltaic devices has been investigated extensively.
Processes included junction formation, laser assisted CVD
metallization, and laser assisted CVD surface passivation.
Results demonstrated that implementation of junction formation by
laser annealing in production is feasible because of excellent
control in junction depth and quality. Both metallization and
surface passivation, however, were found impractical to be
considered for manufacturing at this stage.
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SECTION 1.0
INTRODUCTION AND SUMMARY

The objective of the overall program described in this report was
to develop a solar cell process sequence that incorporates three
process steps which use pulsed excimer lasers, to verify that
this sequence yields high efficiency cells at a low cost, and to
document the feasibility of carrying this technology from the
laboratory bench scale to factory scale. The three process steps
are: junction formation, surface passivation, and front
metallization. Since the processes chosen for investigation have
been described previously in the literature, the program was
intended to be an application study instead of a research study.l
It was found, however, that many different parameters had to be
investigated. As a result, the exploratory experimental matrix
covered here was far more extensive than originally planned.

For the junction formation process step, dopant application by
both ion-implant and spin-on techniques was studied, using wafers
that were either texture etched or chemical-mechanically
polished. The pulsed excimer laser was used to drive in the
dopant, anneal damage out of the silicon, and activate the dopant
in the junction. For the surface passivation process step, a
thin oxide layer was deposited on the silicon surface using
excimer laser-assisted chemical vapor deposition. For the
metallization process step, narrow metallic lines were deposited
on the silicon surface using excimer laser—-assisted chemical
vapor deposition and photodecomposition of metallic gases.

Two experimental facilities were assembled, one for junction
formation and one for laser chemical vapor deposition (CVD). The
junction formation process used an XeCl laser at 308 nm, a beam
homogenizer, and a computer controlled x-y motorized table
assembly that moved the wafer. The laser CVD processes used an
ArF laser at 193 nm, an optical mirror and line focus assembly
that traveled on an x-y motorized table, and a stationary wafer
process chamber and gas handling system. Gases studied were WFg
and Al1(CH3)3 for metallization, and SiHg4 plus N30 for
passivation. A liquid spin-on material, silver neodecanocate,
also was investigated in the laser metallization process study.
All of the equipment operated satisfactorily.

The principal question studied in the laser junction annealing
experiments was how to produce a uniform, shallow junction that
was fully activated and had no residual deep crystal damage or
surface damage and was not contaminated by impurities. This high
quality junction required a uniform laser beam, optimum laser
pulse duration (25 to 30 nsec), 50% beam overlap in both the x
and y directions to overcome effects of laser beam edge
nonuniformities, and an energy density of 1.5 J/cm2, with little
overlap margin on either side. Also, the wafers had to be
handled very carefully to keep them extremely clean and free of
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dust before and during laser processing.

It was concluded from these investigations that excimer laser
junction annealing can be applied to large area wafers and yield
high efficiency solar cells (15.5% to 16.0% on 2 cm by 2 cm
cells). However, much care is required in processing to prevent
the molten wafer surface from being contaminated or distorted,
making this process step too costly for a factory process.

The principal question studied in the laser CVD metallization
experiments was how to deposit the desired material so that it
was bonded to the substrate, did not affect the underlying
junction, and was deposited rapidly enough to be economical in a
factory process. Gridlines of both W and Al that were about
10008 thick were successfully deposited, and some of these passed
the tape adherence test. However, analysis of the deposits using
Auger spectroscopy revealed that both the W and Al deposits
consisted of metal oxides. 1In addition, the process time of
10008 per minute per gridline was definitely not adaptable for
production.

Similar to laser-assisted metallization, the objective of the
surface passivation study was to deposit silicon oxide film onto
silicon solar cells in order to improve the Vg¢ by deactivating
the surface states. Main concerns included the deposition rate,
purity of the film, adhesion, and effect on passivation.
Satisfactory results were obtained in all areas except that the
data were insufficient to prove effectiveness in passivation, a
topic that is likely to respond to future investigation.




' SECTION 2.0
SELECTION OF PROCESS SEQUENCE

Three parallel processes were used in the early stage of the
program: one with ion implantation as the dopant source, the
other with spin-on liquid dopant (Fig. 2-1). P-type substrates
grown in-house were predominantly used because of their
availability, their well-characterized properties, and because
they represented typical production quality substrate material.
Both n-type and p~type Czochralski substrates were used based on
3-in. and 4-in. round slices as well as 4-in. squares. Float
zone material was also used occasionally as a control sample
material.

NaOH Etch NaOH Etch Chem-Mech Polished
Spin-On Dopant Ion Implant Ion Implant
| I
| I 6 )
l | Cleaning
Laser Anneal Laser Anneal Laser Anneal
Metallize Metallize Metallize
Test Test Test

Fig. 2-1. Laser annealing process sequences used in the early
stages of the program.

After a series of experiments using liquid dopant sources without
promising results, the process was discontinued. Instead, ion
implantation was substituted for n+ deposition on mechanically
polished wafers as baseline experiments.

Optimized laser annealing parameters were derived by an iterative
method. Variables include laser energy density, pulse duration
time, beam uniformity overlap percentage, and substrate
temperature. Wafer cleaning and cell fabrication followed
conventional methods, such as organic solution rinses, acid
rinsing, and evaporated contacts.

In the later stages of the program, laser-assisted pattern
writing for front grid lines and surface oxide growth for
passivation were investigated. The second phase of the laser
annealing process is shown in Fig. 2-2.
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Chem-Mech Polish

v

Dopant Incorporation by Ion Implant

v

Laser Anneal

v

Laser Assisted Surface Passivation

v

Laser Assisted Metallization or
Lithographic Metallization

¥

AR Coating

v

Test

Fig. 2-2. Second phase process sequence.




SECTION 3.0
LASER PROCESS EXPERIMENTAL DETAILS

3.1 EXCIMER LASERS

Two laser facilities were utilized for the excimer laser process
studies. One facility was based on a small-scale
commercially~-available laser, the EXC-1 produced by
Spectra-Physics, that provided about 20 mJ per pulse at 308 nm or
at 193 nm at repetition rates up to 100 Hz. The second facility,
used only for laser annealing studies, was based on a large scale
Xx-ray preionized discharge laser that provided 1.5 J per pulse,
but was limited to a low-repetition rate of about 30 pulses per
hour. Both laser facilities were equipped with x-y translation
tables for wafer motion and with diagnostics to determine laser
pulse energy and waveform. The pulse duration of the small laser
was varied from 6 nsec to 40 nsec, whereas that of the large
laser was about 90 nsec. The beam size of the small laser was 1
cmxl cm square, which was reduced optically to about 1 mmxl mm
for laser annealed junction formation, and to 1 cmx0.1 mm for
laser CVD metallization. The beam size of the large laser was 3
cmx3 cm and was reduced optically to about 1 cmxl cm for laser
annealing.

3.2 [LABORATORY LAYOUT

The initial layout of the laboratory area for the small laser is
shown in Fig. 3-1. Two processing stations are shown, the
excimer laser annealing facility, and the laser photodeposition
facility that was used for surface passivation and fine grid
metallization studies. A five foot square exhaust hood was
installed as well as a separate exhaust port to vent exhaust
gases from the scrubber, from the excimer laser, and from the
laser annealing process station. The scrubber, the low pressure
process chamber, the gas cabinet, and the control console were
built during the course of the project.

The initial laboratory layout for the small excimer laser shown
in Fig. 3-1 was modified several times throughout the program to
accommodate placement of optical components between the excimer
laser and the wafer location. The optical arrangements are
described in Section 3.3.

A high energy x-ray preionized excimer laser, located in another
laboratory, also was used for experiments on laser annealed
junction formation. The laser was designed for experimental
research on various excimer lasers, and was adapted to the laser
annealing experiments reported here with minimal changes. The
laboratory set-up for the large laser is shown schematically in
Fig. 3-2.
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Fig. 3-1. 1Initial laboratory arrangement for excimer laser
processing of silicon wafers.

The laser and energy storage supplies occupied the central area
of the room. The control panels and screen room for diagnostics
were located well away from the regions of high voltage, high gas
pressure, and high laser intensity. Regular monitoring of the
Xx-ray generation by the device was done in order to maintain a
safe working environment for personnel. The output of the laser
was transported to the x-y translation table by a dielectric
coated UV reflective mirror that permitted passage and return of
a He-Ne alignment laser.

The excimer laser discharge chamber was made of Lucite with a
Teflon liner, supporting two aluminum electrodes. One of the
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electrodes was milled very thin (~1.5 mm) to transmit x-rays with
very little loss. The electrodes were pulse charged to just
below the self-break voltage, and the x-ray preionizer acted as
the switch, ionizing the laser gas and causing voltage breakdown.
A dielectric pulse forming line then provided current to the
discharge at its self-sustaining voltage for about 75 nsec. The
discharge volume was 75 cm long by 4 cm between electrodes by 3.5
cm wide. The laser chamber included 4" diameter AR coated
windows at each end. An external 20 m radius of curvature total
reflector and a 30% reflective flat output coupler formed the
optical cavity. To provide sharp beam edges, a rectangular
aperture was located adjacent to the output coupler.

A focusing lens was positioned to form an image of the laser
aperture at the wafer, and to provide a size reduction of about 3
to 1. The lens could be adjusted axially to vary the spot size,
thereby providing variation in energy density on the wafer.
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Fig. 3-2. Laboratory layout for large excimer laser
annealing process.




Since the large laser was originally fabricated for single pulse
experiments the construction materials limited the gas lifetime.
The laser output remained constant (within 10%) for about 30
pulses, before requiring replacement of a portion of the gas to
bring the energy per pulse back to its original value. A period
of 1 to 2 minutes was required to recharge the electrical power
supplies between laser pulses.

The large laser processing station used a two-axis, DC motor
driven table that held the wafer vertically. The table position
was sensed by an integrated shaft encoder, and direction, speed
(feedrate), and position were determined by a programmable
controller. The motion controller was not interfaced to an
external computer as in the case of the small excimer laser
processing station, and both table positioning and firing of the
large laser were performed manually. To avoid the possibility of
electronic damage to the controller during the high voltage
electrical discharge of the large laser, the controller was
turned off during laser firing. The battery backed-up internal
memory of the controller permitted the operator to return the
table to the last position processed and then to advance to the
next area to be annealed.

3.3 OPTICAL SYSTEMS FOR SMALL SCALE LASER
3.3.1 1Initjal Laser Annealing SetUp

The following description of the first optical system used for
laser annealing of silicon wafers by the small scale EXC-1 laser
refers to Fig. 3-3. The laser source, optical train components,
x-y motorized stage, and ancillary components were located on a
3' by 8' table with a magnetic top surface. The optical
component holders were secured to the table with magnetic bases.

The laser source was an EXC-1 excimer laser which provided 6 to
40 nsec (FWHM) duration output pulses at repetition rates up to
100 Hz. The output wavelength used for laser annealing was 308
nm and the average laser output energy per pulse was about 20 mJ.
The output beam had a square cross section of 1x1 cm. The light
output was essentially incoherent and thus interference effects
at the work surface were absent. The beam divergence was
approximately 10 mrad full angle.

The excimer laser output beam was steered to the proper height
with the beam elevator consisting of mirrors M1 and M2 shown in
Fig. 3-3. The mirrors were coated with a dielectric multilayer
stack selected for high reflectivity and independence of
reflectivity with polarization at the design wavelength and angle
of incidence (45°). Thus the originally unpolarized light
remained unpolarized. A square aperture (not shown) was placed
between the laser and the subsequent optical elements to create
an image at the work surface with sharp edges. Aperture
insertion loss was 20% to 50% depending on aperture size. The
light was directed to an overhead support stand (not shown) which
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held lenses L1 [focal length (f.1.) = 35 cml and L2 (f.1. = 10
cm) as well as a 90° bending mirror M3. The spacing between L1
and L2 could be varied, thus changing the effective focal length
of the combination. The distance of L2 from the work surface
could be adjusted, which allowed variation of the image size at
the work surface, and permitted variation of the energy density
of the laser spot at the wafer. The energy density also could be
varied in a controlled manner by insertion of neutral density
filters (not shown). The overhead 90° bending mirror M3 was
angularly adjustable to allow proper centering of the light
through L2 to ensure that the light was normal to the wafer
surface. After proper alignment and positioning of all optical
components, the optical throughput was 65% (without aperture),
the main losses occurring at the four uncoated surfaces of lenses
L1 and L2.
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Fig. 3-3. Excimer laser annealing facility.

The two-stage motorized x-y annealing platform was located
directly beneath the overhead optical support stand. The
motorized stages executed excursions up to 6" and 4",
respectively, in the x-y directions at table speeds of up to
1"/sec. The wafer was held securely in place in a horizontal
position with an aspirator-based vacuum chuck system. Vapor and
dust from the annealing process when spin-on dopant was used were
removed by a vacuum system. A glass plate was used as the top
surface on the wafer holder table and allowed wafer processing up
to and including the edge, thus eliminating any wasted material.
The entire x-y stage and wafer holder were enclosed in a
Plexiglas box to exclude dust during the processing. A gas purge
of the wafer surface was employed during processing to reduce the
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chance of foreign material being deposited on the surface during
annealing.

Two stepper motor controlled stages and a stepper motor sequencer
and power supply were used and were automated using an LSI-11
based computer as master controller along with appropriately
designed electronics for control of laser triggering and table
motion. The control program used the parallel interface for I/0
control of the sequence and laser firing. The control program
was written in Macro-11 assembly language to optimize timing and
execution speed.

The control program executed several distinct scan patterns
designed for round and square wafer geometries, as shown in Fig.
3-4. The first pattern is a standard raster scan with user
selectable pulse overlap in both directions. Both table speed
and wafer size were selectable. Based upon the input values of
effective spot size and table speed, the computer controlled and
fired the laser at the correct frequency and allowed for table
acceleration time. The total number of scan lines required to
cover a given annealed area was also computed and used to control
the scan. User input to the program was over the serial
interface to the terminal as shown in Fig. 3-3. A given scan
also could be aborted from the keyboard if desired. The annealed
area resulting from the first scan pattern is square or
rectangular. For circular wafers, to anneal as large an area as
possible with minimum process time, a diagonal type annealing
pattern (shown in Fig. 3-4) was employed. Control of all
experimental parameters was available through the terminal. The
control signals sent by the computer to the sequencer are shown
in Fig. 3-3. A single power supply was used for both motors by
multiplexing the sequencer output using relays in the control
box. The scan patterns did not require that both motors be
operated concurrently, so this scheme was quite satisfactory.

3.3.2 Small Scale Excimer Laser with Optical Beam Homogenizer

Initial laser annealing tests using the small laser indicated
that the spatial intensity distribution was quite nonuniform.
Beam profile measurements, described later, confirmed that the
intensity was high in the center, decreasing toward the edges.
To improve the spatial uniformity of the laser spot on the wafer,
the optical system was modified to incorporate a fused silica
beam homogenizer, also known as a kaleidoscope. Three small
rectangular (~1.7x1.7x100 mm) kaleidoscopes were purchased. One
was mounted in a five-axis (three-translation plus two angles)
holder; the other two kaleidoscopes were set aside as spares.

The holder was designed to support the kaleidoscope on thin wires
near each end of the kaleidoscope. This resulted in the correct
index of refraction conditions for total internal reflection
along the entire length of the kaleidoscope and hence optimal
light throughput. A section of rectangular channel tubing
surrounded the kaleidoscope and served to protect three of its
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long optical surfaces. Propagation of the beam through the
kaleidoscope could be observed by fluorescence seen through the
one exposed surface and the exposed ends.

The optical arrangement that incorporated the beam homogenizer is
shown in Fig. 3-5. Alignment was performed using the same HeNe
laser beam that was used to align the excimer laser cavity, thus
ensuring colinearity. The light throughput using this setup was
measured and found to be 78% with the input beam focused very
close to the front surface of the light pipe. This throughput
was measured for a single input lens and kaleidoscope, or a total
of four optical surfaces. The theoretical value based on Fresnel
losses is 81.5%, indicating a close approximation of the maximum
expected value. For reasons to be discussed, such optimal
focusing could not be implemented during high repetition rate
laser operation because of observed damage to the kaleidoscope.
Thus the actual throughput used for wafer processing was 65% for
both lenses and kaleidoscope (the best value expected would be
73%) . A photograph of this optical arrangement is shown in Fig.
3-6, and is the setup used for laser annealing of wafers to
produce twenty-five 4 square cm cells at more than 15.5%
efficiency.

Major damage to the kaleidoscope was observed when the beam was
focused too near the front surface of the kaleidoscope or the
laser pulse repetition rate was too high. One kaleidoscope was
fractured, and a second one exhibited small cracks and bubbles at
the input end indicating light absorption leading to thermal
fracture and melting of the glass. Three strategies were
implemented to overcome these difficulties: 1lowering the
repetition rate of the laser to reduce thermal loading; moving
the focus of the input lens further from the front surface of the
kaleidoscope (with about 10% loss of intensity throughput); and
taking care to keep the input end of the kaleidoscope clean. The
third kaleidoscope operated satisfactorily for three months, and
the two damaged kaleidoscopes were repaired.

The necessity of lowering the laser repetition rate to assure
survival of the kaleidoscope required that the table speed be
reduced appropriately. Previously the control program required
user determination and entry of table speed. Since the table
speed was controlled by a very non-linear potentiometer, accurate
determination of this parameter was time consuming.
Consequently, this operation was placed under computer control.
The computer used the given row length and software timed length
between indexing and completion pulses to determine the table
speed to an accuracy of about 0.1%. This value was then used to
determine laser repetition rate.

The propagation of the excimer beam through the kaleidoscope and
complete lens system was studied using a ray-trace code. The
purpose of this study was to determine the expected beam
uniformity and its dependence on lens design and demagnification.
This code was specifically written to allow entire planes of rays
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to be propagated through the optical system in three dimensions.
An additional feature of this code included the ability to output
spot diagrams of the beam at user selected planes in the optical
system. These diagrams proved very useful in evaluating optical
distortion, spot size, and distribution of rays in the plane.

DIAGONAL PATTERN RECTANGULAR PATTERN

shhiixiatalnln

ARSRURRRRRRRARARS

ROUND WAFER SQUARE WAFER

Fig. 3—-4. Scan patterns.

Three cases of interest were modeled using the code. The
position of the optical components in each of these cases is
shown in Fig. 3-7. For the energy densities required, a
demagnification of the kaleidoscope output of about 2:1 was
needed. Experimentally, it was known that the imaging for such a
low £ number case was somewhat unsatisfactory. The spot diagrams
showing the beam at the kaleidoscope output, at the plane of best
geometric image for Case 1, are shown in Fig. 3-8. The axial
position of best focus was determined by examination of several
planes spaced 0.5 mm apart near the paraxial focus.

Not surprisingly, it was found that better homogenization results
when the input beam had a significant inherent angular
divergence. Since the small excimer laser has about 5 mrad half
angle of divergence, the kaleidoscope technique is suited to
homogenize the beam, as had been shown experimentally. The
drawback of the large angular divergence of the beam is the lack
of focusability which requires that the kaleidoscope front face
be placed quite close to the focus of the input lens. The ray
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trace code showed that significant numbers of rays are lost from
the corners of the beam if the face is positioned more than 8 mm
from the focal plane.
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Fig. 3-5. Optical layout for laser annealing of wafers
using the small excimer laser and beam homogenizer.

Figure 3-8(b) shows the spot diagram at the image plane for the
case of a single 13 mm focal length lens. A significant number
of rays fail to be collected within the main dark square
measuring 0.8x0.8 mm (2:1 size reduction). By analogy with the
usual geometric minimum blur circle, one might call this a
smallest blur square. Some pinhole distortion at the spot
boundary is also noted. The failure to collect the marginal rays
adequately would be expected to be improved significantly by
substituting the single lens with an equivalent two lens (Petzval
type) combination. The best spacing between the two lenses was
tested using the ray trace code. For each case several planes
near the predicted paraxial image plane were plotted. The object
to image distance for each case was based on the desired 2:1 size
reduction. The two extreme cases of the lens spacing of 0 and 40
mm were tested first. The former case showed only fair
performance for this system and was not studied further.

Figure 3-9(a) shows the results obtained at a position of 14 mm
from the final surface for Case 2 (see Fig. 3-7). One observes
that in contrast to the single lens case all rays except a few in
the corners are reimaged within the desired spot area. The lens
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positions for Case 2 were chosen to give a lens combination whose
equivalent focal length was 13 mm and whose secondary principal
plane was approximately 3 mm from the front surface of the second
lens. An additional advantage of the lens combination is the
fact that the wafer surface may be displaced +0.5 mm without a
significant degradation of image quality. This Is an improvement
on the single lens case.

Figure 3-9(b) shows the image plane results for Case 3 (Fig.
3-7), the image not as sharp as in Case 2 and with less
positioning tolerance. However, the blur square size is improved
over that of a single lens. More of the total energy of the beam
will hit the correct area on the wafer positioned at this
location.
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Fig. 3-6. Photograph of laser annealing optical arrangement
showing excimer laser at right and 4" square wafer
on x-y table at left.
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3.3.3 oOptical Arrangement for Metallization and
fati

This section describes the optical system used to carry out
studies of laser photochemical vapor deposition for the
passivation and metallization process steps. The optical
assembly used for laser vapor CVD processing is shown in Figs.
3-10 and 3-11. The laboratory layout was similar to that shown
in Fig. 3-1, with the excimer laser shifted to the opposite end
of the optical table. The 193 nm laser beam was reflected off a
45° turning mirror and directed to the metallization processing
optical assembly (Fig. 3-10). The beam enters Fig. 3-10
perpendicular to the page and parallel to the axis of motion of
the upper motorized translation stage (Fig. 3-11 shows a
3-dimensional view of the motorized table motion). The beam then
was deflected 90°, making it parallel to the axis of motion of
the lower translation stage. The beam was then reflected
downward through a cylindrical focusing lens and through the UV
window of the metallization process chamber. The wafer was
located in a fixed position inside the chamber, and the optics
were adjusted to provide best focus of the laser beam at the
plane of the wafer and proper orientation of the line focus
relative to the direction of motion of the motorized translation
stages.
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FPig. 3-7. Optical systems studied by ray tracing. Distances
indicated are in millimeters.
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The 45° turning mirrors were 2-inch diameter, large enough to
accommodate the full laser beam. The cylinder lens was mounted
on an x-y-z translation stage to center the lens with the center
of the laser beam, and to adjust the focal plane relative to the
wafer. The lens was mounted in a rotary stage to align the line
focus with the direction of travel of one or the other of the
motorized translation stages. In this way long metallization
lines could be made up of line segments laid down end to end on
the wafer. Line segments 1 to 2 cm long and 50 to 100 microns
wide could be made using this optical arrangement.

OPTICAL BEAM POSITIONING ASSEMBLY

- Is
- (=

l Opuicet Table

Fig. 3-10. Scale drawing of optical assembly for
metallization process step.

The whole optical assembly was mounted on rigid rails and could
be rolled aside to permit access to the gas chamber in order to
change wafers. With the optics moved to one side, the top flange
holding the UV window could be unbolted and removed, permitting
the previous wafer to be removed and a new wafer installed.

An objective cylinder lens was employed to form a line focus for
the metallization process step and was analyzed using
three-dimensional, extended source, ray trace code. Two
commercially available lenses were studied. The first was a
plano-cylinder lens with a nominal paraxial focal length of 100
mm. This lens was found to produce a minimum blur square 90
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microns in size at a working distance of 83.5 mm. The second
lens was a best form lens also with a nominal focal length of 100
mm. This lens produced a blur square size of 40 microns at a
working distance of 72 mm. Both lenses were studied assuming an
input beam from an extended source of 1.2x1.2 cm with 0.1 mrad
half angle beam divergence. These parameters are those expected
of the EXC-1 using unstable resonator optics. Thus it appeared
that the inherent laser and lens performance would meet the
metallization line width requirements, when used at this f number
of six. The superior performance of the best form lens indicated
that this lens would be the best choice. '

Fig. 3-11. Isometric view of optical assembly of metallization
process step showing motion of translation stages.




The specification of unstable resonator optics for the EXC-1 at
193 nm was calculated, and a suitable vendor for the optics and
coatings was located. The cavity optics consisted of a 200 cm
radius of curvature plano-convex high reflector and a 75 cm
meniscus output coupler with a dot high reflection coating 3.75
mm in diameter. The latter was AR coated for 193 nm on the
second surface, and the two optics were designed to be separated
by 62.5 cm, providing for a cavity magnification of ~2.7. Both
substrates were made of suprasil quartz. However, the unstable
resonator optics were not installed because stable resonator
optics produced satisfactory line widths.

Many of the optics holders and motorized translation stages used
for laser CVD were already available from the buildup of the
laser annealing optical assembly. The common components for the
two processes were not duplicated because of cost. The
changeover from the metallization process to the laser annealing
process required a period of 2 to 3 days for rearrangement and
realignment of the optical assemblies, and to change the laser
from 193 nm ArF operation to 308 nm XeCl operation.

3.4 LASER DIAGNOSTICS

The output beams of the excimer lasers and optical beam handling
systems used for wafer processing were measured to determine
energy per pulse, pulse duration and waveform, and spatial
distribution of intensity at the wafer location. In some
experiments, the energy of each laser pulse was monitored during
wafer processing and recorded on floppy disk memory to allow
computer analysis of statistical variations when a large area
wafer was processed by a large number of small spots distributed
over the surface. The diagnostic equipment and techniques used
for these measurements are described below.

3.4.1 Laser Pulse Energy Measurements

Average power measurements of the small laser (EXC-1) output at
308 nm and 193 nm were made as a function of repetition rate
using a Scientech calorimeter type power meter. At the same
time, the laser pulse repetition rate was measured using a
Systron Donner pulse generator and Triplett frequency meter, and
the energy per pulse was then determined. The 1" diameter
Scientech sensor was placed at the laser output location and also
at the wafer location, thereby measuring directly the optical
loss introduced by the intervening beam handling optics. The
laser pulse energy at 308 nm was found to be independent of
repetition rate from low repetition rate (~1 Hz) up to more than

50 Hz, the highest value used in the laser annealing process
step.

In order to monitor the pulse energy from the small laser during
processing, a photodetector was set up to intercept the low
intensity laser signal transmitted through the high reflectivity
mirror of the excimer laser optical cavity. This detector signal
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was fed into a high sensitivity FET op-amp integrator, which
provided a measurement of the total energy in each pulse of the
laser. The op-amp drift was measured and found to be less than
0.15 mV/sec. Since the signal from the photodiode was greater
than 100 mV, sensitivity was excellent. The time constant of the
integrator was set to distinguish individual pulses at repetition
rates up to 100 Hz. The Scientech power meter had a time
constant of ~14 sec and thus could not be used to detect
individual pulse energy values at moderate rep rates. The
integrator output was digitized by a 12-bit A/D converter and fed
to the computer for processing and memory storage. Tests showed
that 1ight level changes of 1 part in 4000 were readily
distinguished using this diagnostic once the dark current offset
of the integrator was nulled. The digitized information was
readily transferred directly to the PDP-11 computer for analysis
and storage on magnetic media. Software was written to collect
the data while performing the laser annealing process.

A Scientech volume absorption calorimeter having a 4 inch
entrance aperture was used to determine the energy of individual
laser pulses from the large excimer laser. The calorimeter was
placed at the laser output and also at the wafer location.
During laser annealing process experiments the laser pulse energy
was checked periodically to verify reproducibility from pulse to
pulse and to assess the need for replacement of the laser gas.

3.4.2 Ppulse Duration and Temporal Waveforms

Temporal pulse waveform measurements at 308 nm were made by
inserting a fast PIN photodiode into the output beam and
recording on a 1 GHz bandwidth oscilloscope. The reproducibility
of the output of the small laser was determined by recording a
number of waveforms on a single Polaroid film. The response time
of the detector and oscilloscope was less than 1 nsec, which
readily resolved the pulses, ranging from 6 to 40 nsec for the
small laser and about 90 nsec for the large laser. At 193 nm a
Hammamatsu vacuum photodiode was used together with a 400 MHz
bandwidth oscilloscope.

3.4.3 Spatial Intensity Distribution Measurements

Three methods were used to obtain data on the spatial
distribution of laser intensity at the wafer surface location.
One method utilized the photodiode described above which was
illuminated by the portion of the laser spot transmitted through
a tiny pinhole. The pinhole was scanned over the spot area and
variations in pulse waveform were recorded. The second method
was to take an imprint pattern of the laser spot on a wafer or on
photosensitive paper. Various attenuating filters were inserted
in the beam and the resulting changes in the imprint patterns
with filter attenuation were used to infer spatial intensity
variations.
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A reliable, quantitative method of measuring beam profiles was
developed, using a reticon array with associated frame digitizing
features. In the configuration selected, the reticon diagnostic
digitized and stored light intensity data at the rate of ~400
kHz. The array was designed to characterize short time duration,
(compared to the frame time) pulses, typical of excimer lasers
used for laser annealing. These arrays are particularly useful
for studying light intensity distribution in the UV regime, since
they possess a quartz window and adequate wavelength response
down to 0.2 microns. This is in contrast to their major
competitor, CCD arrays, which typically respond only to
wavelengths greater than 0.4 microns.

The array consisted of 32 x 32 individual pixels spaced on 100
micron centers. Each individual photodiode current was stored on
an integrated capacitor and read out (through an integrated shift
register) every 4 msec, thus zeroing the array. By initiating
the triggering of the excimer laser on the end-of-frame signal
provided by the reticon array, a single shot of video information
was collected, representing the laser pulse. Since the PDP-11
computer could not digitize and store information at the high
speeds required to minimize array dark count, a special timing
and digitizing board was designed around an AMD6108 8 bit A/D (1
MHz maximum rate) and fast (150 nsec) video memory. The
available amount of video memory was sufficient to store 8
successive frames of spatial intensity information. The
individual photodiodes had a dynamic range (manufacturer's data)
of nearly 2000:1; thus the sensitivity of the array was limited
by the 1 bit quantization error (measured) of the A/D converter
to about 0.5 to 1 percent.

During the testing phase of the array, dark count data were
collected and stored in a data file. These data were then
averaged and used to subtract the dark count from the actual
laser beam intensity profile. The pixel-to-pixel variation in
response was tested by uniformly illuminating the array with a
diffuse light source. The resulting variation was less than 5%.
These data were also stored to provide appropriate response
scaling. This information was then transferred to the PDP-11
computer and saved in a diskette data file. The information was
then transferred to a VAX 11/780 computer where a Gaussian curve
fit routine could be used to extract pertinent information on the
spatial size and ellipticity of the pulse. Also, a contour
plotting routine was employed to give direct visual information
concerning the two dimensional energy distribution. Such
information is shown in Fig. 3-12 which is the output of a small
HeNe laser. The output was Gaussian as expected, and the profile
was found to be slightly elliptical.

3.5 EXPERIMENTAL MEASUREMENTS

In this section, the diagnostic measurements made to characterize
the beams produced by the excimer lasers with their associated
optical arrangements are described and the wafer processing
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procedures, operating parameters, and observations are presented.
The laser annealing experiments are described first, followed by
metallization experiments and finally surface passivation
experiments.

RELATIVE
INTENSITY
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3200

Fig. 3-12. Application of reticon array to intensity profile
measurement of a single mode HeNe beam.

3.5.1 Junction Formation by Excimer Laser Annealing

Excimer laser annealing of single crystal silicon wafers was
conducted in three phases. The first phase was an exploratory
period using the small EXC-1 excimer laser to investigate a
number of process variables, including textured wafers, spin-on
techniques for introducing dopant into the junction, and various
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laser parameters such as energy density and pulse duration. Some
parameters already were selected based on prior work. For
example, a laser wavelength of 308 nm was selected because in
previous laser annealing studies it had yielded high solar cell
efficiencyl® and because XeCl excimer lasers that provided 308 nm
output exhibit the longest gas lifetime and are more convenient
to operate than other excimer lasers.

The second phase was a study of the application of a large scale
excimer laser to junction formation. Results showed improvement
over previous results on the small scale laser due to improved
beam uniformity. However, work with the large scale laser was
dropped because the output pulse duration was long (90 nsec)
producing junctions that were too deep, the laser beam was not as
uniform as required, and the pulse repetition rate was too slow
(2 minutes between pulses).

The third phase used the small scale laser again, but modified by
adding an optical beam homogenizer to provide good uniformity in
laser intensity over a square spot on the wafer. This approach
yielded the best solar cell efficiencies, good reproducibility in
the laser annealing process step, and allowed optimization of
most of the process variables.

The characteristics of the laser beam for each of these phases
are discussed next, followed by a tabulation of the parameters
used for each of the laser annealing experiments and the final
processing of fifty 2-inch quadrants.

3.5.1.1 Laser Pulse Duration and Waveform

The pulse duration of the small laser was varied from 6 nsec to
40 nsec, and the pulse duration of the large laser was 90 nsec.
This wide range of pulse duration permitted an investigation of
the effect of pulse duration on various laser annealing and
junction formation processes.

The pulse duration of the small laser was varied by selection of
the gas mixture and by modifying the electrical pulse forming
network (PFN) used to drive the discharge in the laser gas.
Typical pulse waveforms used in the first phase of the laser
annealing experiments are shown in Fig. 3-13. The use of helium
diluent produced a single pulse of short duration (~6 nsec FWHM).
Changing the gas mixture to a neon diluent produced a double
pulse with the two peaks separated by about 25 nsec. The two
peaks in laser output are correlated with two peaks in discharge
current through the laser gas.

The relative amplitude of the two peaks could be varied by
changing the amounts of Xe and HCl in the laser gas mixtures.
This effect is illustrated in Fig. 3-14, which shows pulse
waveforms from the small scale excimer laser during the third
phase of laser annealing experiments. The waveforms shown are
for 10 overlapping pulses in each case, indicating good

3-20




o

reproducibility of each of the waveforms for the two processing
runs. In both cases, the full width half maximum pulse duration
is 30 nsec. However, the second peak is larger in Fig. 3-14(a),
whereas the first peak is larger in Fig. 3-14(b). This
difference in pulse waveform produced a significant difference in
threshold laser energy density on the wafer that induced surface
damage. It was found that surface damage during laser annealing
resulted in reduced solar cell efficiency; optimum processing
required the laser energy density to be near, but below, the
damage threshold. Here we note that the laser pulse waveform is
one of the variables that influences the surface damage in laser
energy density.

2 nsec/Div

a. Short pulse using helium diluent

10 nsec/Div

b. Long pulse using neon diluent

Fig. 3-13. Laser pulse shapes used in first phase of
laser annealing process studies.
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a. Batch 23: low damage threshold, 1.2 J/cm2

b. Batch 24: higher damage threshold, 1.5 J/cm2

Fig. 3-14. Excimer laser pulse waveforms.

One of the better wafer processing results was obtained using the
laser waveform shown in Fig. 3-15(a). It is seen that the second
peak is considerably lower than the first peak. 1In order to
study the effect of removing the double pulse, the PFN of the
EXC-1 laser was modified to produce the waveform shown in Fig.
3-15(b). A further change in the PFN produced the longer pulse
waveform (40 nsec) of Fig. 3-16(a). These changes did not lead
to improvements in results, although other variables such as the
wafer cleaning procedure also were changed during this period of
testing. However, it was determined by spreading resistance
measurements that the junction produced by the 40 nsec pulse of
Fig. 3-16(a) was too deep. Based on these results, the PFN was
again changed to produce the pulse waveform shown in Fig. 3-16(b)
which was used for subsequent laser annealing experiments.

The junction formation by laser annealing task was completed by
processing fifty 5 cm square wafers over a period of three
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working days. The pulse waveforms obtained at intervals during
this period are shown in Fig. 3-17. The waveforms varied
somewhat from one batch to the next, and from the beginning to
the end of a batch; however, the pulse duration (FWHM) remained
30 nsec to within a few nanoseconds.

The pulse waveform produced by the large scale excimer laser is
shown in Fig. 3-18. The 90 nsec duration resulted in a higher
surface damage threshold limit (about 2.0 J/cm2), deeper heat
penetration, and a junction dopant profile that was deeper than
desired.

a. Laser pulse waveform used in processing Batch #26

%

N

b. Laser pulse waveform after modifying EXC-1 pulse forming line

Fig. 3-15. Excimer laser pulse waveform.

3.5.1.2 Spatial Distribution of Intensity

In the course of the laser annealing study, it was found that the
laser intensity spatial profile must be very uniform. During the
first phase experiments, the small scale laser was applied
directly to the wafer, with focusing optics to image a plane near
the output aperture of the laser onto the wafer. The spot size
at the wafer needed to achieve 1 to 1.5 J/cm2 laser energy




density was about 1 mm square, requiring a low £ number focusing
lens. It was found that both the laser beam itself and the lens
introduced nonuniformity in the spatial distribution of intensity
at the wafer. Quantitative profile measurements of the laser
beam were made using the reticon array, but it was not used
directly at the wafer spot. Photosensitive paper imprints and
wafer imprints were used which showed that the intensity was
quite high in the middle and fell off significantly toward the
edges. Also, the edges were not straight line images of the
rectangular aperture used at the laser, due to geometrical
aberration of the image by the low f number lens.

To improve the uniformity of intensity over the spot area at the
wafer when using the small laser, the optical beam homogenizer
described in Section 3.3 was used. It was important to select
the correct size homogenizer, to assure good optical gquality in
manufacture, and to limit the angular spread of the output beam
so that the reimaging optics would not introduce lens distortion.
An experimental study of two beam homogenizers obtained by two
different suppliers was carried out using a He-Ne laser beam and
the reticon array.

The optical setup used for testing is shown in Fig. 3-19. To
closely approximate the behavior of the excimer laser, the small
HeNe (w 5=0.45 mm) beam was expanded by a telescope and then
focused into the beam homogenizer (a 3 mm x 3 mm x 100 m
kaleidoscope). The £/4 input optics resulted in the fairly
uniform beam shown in Fig. 3~20(a). This profile was taken at
the output of the kaleidoscope and measured 3x3mm. To test the
ability to reduce this object size to an image size compatible
with the desired energy density at the work surface, an £/1 optic
was used at a 2:1 conjugate ratio with the resulting image shown
in Fig. 3-20(b). The image was square and possessed a rapid
drop-off in intensity at the edges. The uniformity of the beam
could be improved if the input and output faces of the
kaleidoscope were better polished. An imperfection in at least
one of the faces was observed to lead to spurious light
scattering. The conclusion from this experiment was that £/4
input optics are sufficient to homogenize the beam to the *7%
level. Figure 3-20(b) indicated that beam overlapping of 100-200
microns at the work surface should be sufficient.

In another series of experiments, a 5x5 mm kaleidoscope was used
with the identical optical train. The resulting output was too
large to record in a single shot on the reticon, but by scanning
the array across the optical field the output (using £/4 output
input optics) was found to be as uniform as that shown in Fig.
3-20 for the 3x3 mm kaleidoscope. The difficulty with the 5x5 mm
kaleidoscope stems from the large size reduction ratio required
to achieve energy densities of ~1.2 J/cm2 at the work surface.
Thus, although the 5x5 mm kaleidoscope was of superior optical
quality, it was not suitable for the laser annealing desired in
this work.
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a. PFN arranged for 40 nsec pulse duration (Batch 35)
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b. PFN arranged for 25 nsec pulse duration (Batch 37)

Fig. 3-16. Excimer laser pulse waveforms with modified
driver and preionizer circuits.

Three 1.7x1.7x100 mm kaleidoscopes of better optical quality were
subsequently obtained and used with f/1 optics to reduce the
image size to about 1 mm square. The smaller kaleidoscopes had
beveled edges to prevent chlpplng during the polishing process,

mA A A i~k glish sn 311 iy csurfacees Roam nrofilec at the
ultu lluu u ‘l‘nﬁl‘ yu*‘-ull A T3 d A e A e D A AL b VAN N A r~

wafer using one of these kaleidoscopes are shown in Fig. 3-21.
Figure 3-21 is a reticon profile exhibiting the sharp edge
drop-off (<100 microns) found (experimentally) near the best
focus. Also of interest in this figure is the well-defined
plateau region, which contained nearly all of the pulse energy.
The ray trace computational studies indicated that movement of
the wafer plane more than 0.5 mm in either direction resulted in
loss of this edge sharpness.

The optical ray tracing analysis described previously in Section
3 showed that a sharper focused image of the kaleidoscope output
aperture could be obtained at the wafer by using two lenses
rather than one. Furthermore, previous experiments had shown
that better solar cell results were obtained if the laser spot
was sharply focused on the wafer than if it was defocused. For
these reasons, the single lens focusing arrangement was modified
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by adding a second lens. The spacing between the lenses,
distance from the beam homogenizer, and distance to the wafer
each could be varied individually by micrometer driven slides.
The added lens had a focal length of 40 mm and diameter of 25 mm.

a. After Batch #59

b. Before Batch #60

c. After Batch #62

Fig. 3-17. Laser pulse waveforms during annealing of
ion-implanted wafers.
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FPig. 3-18. 1Intensity vs time from large x-ray preionized
excimer laser using XeCl at 308 nm.
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Fig. 3-19. Optical setup for kaleidoscope testing.

The resulting laser spot using two lenses was found to be
considerably more uniform, based on measuring the spot size
dimension on photosensitive paper as a function of beam
attenuation using neutral density filters. The intensity fall
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off at the edge occurred over a dimension of 0.05 mm for a spot
size of 1.0 mm. This spot edge definition was better than the
0.10 mm resolution element size of the reticon array. However,
wafer processing using this sharper focus produced tiny damage
sites on the wafer at laser energy densities that previously had
produced only slight damage at the edges of the spot. Also
multiple damage lines were seen at the edges. These effects are
thought to be due to larger local intensity gradients in small
regions of intensity nonuniformity at the output of the
kaleidoscope. The multiple edge lines are due to nonregistry of
multiply reflected beams within the kaleidoscope, and tiny damage
sites distributed over the spot area are due to imperfect
polishing of the kaleidoscope surfaces.

RELATIVE
INTENSITY

3200

Pig. 3-20a. Beam profile at exit plane of kaleidoscope
using £/4 input optics.
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Pig. 3-20b. Beam profile demagnified 2x and reimaged.




After observing these damage effects, the optical imaging
assembly was returned to the single lens configuration used
previously.

Pig. 3-2la. Excimer laser beam profile after kaleidoscope
homogenization.

3200

Fig. 3-21b. Beam profile showing edge falloff of excimer
laser spot at wafer near best focus with single
lens imaging.

An effort was made to measure the intensity distribution of the
large laser using the reticon array. Unfortunately, due to the
presence of the high voltage switches and the e-beam discharge,
the electrical noise prevented successful operation of the
unshielded array and computer. Due to the high speed signals
present on the reticon array board, cable lengths were limited
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and thus both array and motherboard had to be located less than 3
feet away from the actual location chosen for beam profiling. 1In
order to duplicate as closely as possible the conditions during
actual laser annealing operations, we could not optically relay
the image of the output aperture to the existing screen room.
Thus the screen room could not be used to house electronics. To
eliminate the electrical noise, construction of a portable
Faraday enclosure for both the reticon array and computer was
initiated. 1Initial tests were still subject to excessive noise.
However, after obtaining good junction formation results in the
early Phase 3 experiments with the small laser, further work on
the large laser was stopped.

3.5.1.3 Laser Repeatability

The digital photodiode described previously was used to monitor
the individual per pulse energy as a function of repetition rate.
Figure 3-22 shows one of the results obtained using this probe.
An energy increase of ~5% was sometimes seen as the laser warmed
up, reaching a plateau after about 1000 pulses. The same
behavior was observed at 10 Hz rep rate. The short term energy
fluctuation appeared smaller at 20 Hz than at 10 Hz (not shown).
When necessary in wafer processing, the laser was operated at 20
Hz for one to two minutes to reach steady output before directing
the beam on the wafer.
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Fig. 3-22. Laser energy vs shot number for 1000 shots
at 20 Hz repetition rate.

The raster scanning software was modified to allow real-time
monitoring of the laser output energy during processing of a
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wafer. Figure 3-23 shows results obtained with the photodiode
probe synchronized with laser processing of a wafer. The
detector was placed to view the weak 308 nm output transmitted
through the high reflectivity cavity mirror of the excimer laser.
It was found that the signal was slightly modulated by the motion
of the wafer table due to feedback from laser reflection off the
wafer and the glass wafer holder induced by each laser output
pulse. The reflection and fluorescence retrace the optical train
to the laser and are transmitted through the UV coated laser
cavity mirrors to the detector.
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Fig. 3-23. Monitor of laser pulse energy during laser annealing
of 4" diameter wafer. Regular modulation of the
detector signal is due to reflections, not to laser
energy variations.

For the results shown in Fig. 3-23, the motorized table was
programmed for a 4.2 inch long scan pattern in steps of 0.020",
beginning just off a 4 inch diameter round wafer. Each row of
spots was spaced 0.021". Each cross in the figure represents a
laser pulse. The low initial signal level was due to background
noise from the room lights, before the laser was activated.
During the early portion of the record, the laser spot was near
the edge of the wafer and the detector signal corresponds to the
laser spot hitting the glass plate most of the time. Later in
the record, the scan of the laser spot was near the middle of the
wafer and the detector signal corresponds to the spot hitting the
wafer most of the time. The first 7000 pulses of the run are
shown here. The complete wafer required 27,000 pulses.

In the complete scan of the wafer, there were no laser pulse
dropouts. The modulation of the detector signal was 10% of the
basic signal, and the variability of the laser energy remained




within *5% for the complete scan of the wafer. Monitoring
records of the small scale excimer laser such as this one were
made for an equivalent total of more than 106 pulses and no laser
dropouts occurred. The programming software was designed to
remember the extreme high and low values of laser energy and
these fell within *5% of the mean for an interval that
corresponds to a 4" square wafer.

3.5.1.4 Wafer Processing

This section presents a description of the experimental procedure
used in laser annealing of wafers for junction formation, a
tabulation of the laser parameters for each of the 62 batches of
wafers that were processed, and a discussion of key observations
that were made in the course of the study. Major changes in the
experimental setup are noted in the remarks column of the
parameter tables.

Table 3-1 shows an overview of the excimer laser annealing
parameters during the course of the project. Unless otherwise
noted, each batch represents one wafer being processed. A given
wafer may have been of 3" or 4" diameter as noted in the
dimensions in Section 4.0. 1In general, each wafer was processed
to form three or four 2 cm x 2 cm cells depending on the original
wafer size. The tables in Section 4.0 give a detailed listing of
the final values found for the solar cell parameters in each
batch.

The experimental procedure began with rechecking mirror alignment
of the excimer laser and operating the laser for about 15 minutes
at 20 Hz to establish steady performance. The rest of the
optical arrangement was then checked for proper alignment using
first a He-Ne laser arranged collinear with the excimer beam, and
then the excimer laser. The laser energy per pulse was then
determined, both at the wafer and directly out of the laser.
Next the optical system was adjusted to establish a sharply
focused spot having dimensions that yielded the desired laser
energy density (J/cm2) at the wafer. The focus and spot size at
the wafer were determined using the imprint pattern observed on
photosensitive paper and also on an ion implanted wafer. The
pulse waveform was recorded both before and after a batch of
wafers was processed.

The wafers were prepared for laser annealing. With no further
cleaning, a wafer was placed on the x-y table using nylon
tweezers and contacting only the edge of the wafer. To remove
dust specks on the surface, a helium gas stream was used. Later
(after Batch 56) an electrostatic cleaning device was included in
the gas stream used to remove residual surface dust from wafers.
Also, after Batch 56, a plastic enclosure was used over the
wafer, the x-y table, and the optics to minimize dust during
laser processing of the wafer and to permit a controlled
atmosphere (N; or He or Ar) at the wafer surface.
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The laser was rechecked for power output and, if not within 5% of
the original power output, adjustments were made either on the
laser or the optical beam handing system to re-establish the
desired laser energy density. The computer commands were entered
to determine step size between laser pulses, row length to cover
the wafer, and x-y table speed to obtain ~20 Hz laser repetition
rate. The automated laser processing scan of the wafer was
initiated. During wafer processing, any visible fluorescence
from the wafer and from the adjacent glass surface was observed
by eye, and the photodiode monitor of laser pulse energy was
watched to assure proper operation of the laser. The laser
annealing process could be observed by the change in reflection
characteristics on the wafer as laser annealing changed the state
of the silicon surface material from amorphous to single crystal.
After completion of laser annealing, the wafer was carefully
removed from the x-y table, placed in a sample box and shipped
the same day by overnight mail for further processing and
testing.

Sixty-two groups of wafers in total were excimer laser processed
for purposes of junction formation during this project. Details
of the laser and x-y table operating parameters are listed in
Table 3-1 for each set of experiments. Various laser energy
densities and spot overlap factors were investigated, as well as
a number of different types of wafers and surface dopant
application methods. Wafers that were ion implanted showed
little or no luminosity of the surface when laser annealed,
whereas spin-on materials exhibited significant luminosity due to
laser heating. The imprint of the laser beam, with its residual
spatial nonuniformities, was readily visible on textured wafers
and on wafers that had spin-on material on the surface.
Following these observations of surface damage on textured and/or
spin-on material, further studies were directed toward polished
wafers that were ion-implanted with phosphorus or boron dopant.

Using the small laser, the total number of laser pulses
accumulated was more than 106, The spot pattern could be
recognized on all samples due to a change in surface reflection
characteristics. We saw no evidence of a single missed spot.
With the large laser there was an occasional missed spot due to a
trigger or switch malfunction. However, during processing the
wafer was inspected after each laser pulse and the missing spot
was filled in before moving on to the next spot.

The beam homogenizer was added to the small laser optical
arrangement after Batch 20. We found that the input end of the
rectangular quartz kaleidoscope could be damaged by high laser
repetition rate or by focusing the laser to too small a spot in
the quartz. For this reason wafer processing was limited to
laser repetition rates of less than 25 Hz, and the optical
throughput was less than optimum because of clipping of the beam
at the entrance aperture of the kaleidoscope.

After annealing with the large laser, the wafer from Batch 18
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showed slight surface damage in some areas, indicating a
threshold for damage of about 2.0 J/cm2 when using a 90 nsec
pulse duration. 1In the case of the small laser with a 30 nsec
pulse duration, damage was observed on the surface of the wafers
at about 1.5 J/cm2, especially at the edges of the spot. One
factor affecting the damage threshold is the laser pulse shape.
The damage threshold was lower (about 1.2 J/cm2) for the pulse
shape shown in Fig. 3-14(a), whereas it was about 1.5 J/cm< for
the laser pulse shape of Fig. 3-14(b). The high intensity late
in the pulse of Fig. 3-14(a) may have produced excessive
vaporization and surface damage.

Good solar cell results were obtained from the wafers processed
in Batch 24. Just prior to this test the laser had been
disassembled to determine the reason for excessive shot-to-shot
variability. The screen electrode was smoothed and the laser
mirrors were cleaned. In addition, the resistor in series with
the corona bar was reduced, thereby increasing the strength of
the UV preionization and improving the reproducibility of the
electrical discharge in the laser gas.

Even better solar cell results were obtained from the wafers
processed in Batch 26, although there were slight residual damage
marks on the wafer surface at the edges of each laser spot. The
laser pulse waveform used in these experiments is shown in Fig.
3-15(a). The overall pulse duration was 30 nsec, with the higher
intensity during the early part of the pulse. The laser spot was
sharply focused on the wafer, was square, and the overlap was set
carefully to 50 percent in both directions. Highest cell
efficiency was obtained with a 5 keV, 2.5x1015 c¢m~2 phosphorus
ion implant using Cz wafers that had been cleaned prior to the
laser processing.

Following Batch 27, a careful study was made of the laser
intensity distribution, both spatial and temporal, at the exit of
the kaleidoscope and also at the location of the wafer surface.
Particularly close attention was directed at the edges of the
spot to see if the intensity or pulse shape was altered in a way
that would induce surface damage specifically at the edge of each
spot. A fast response photodiode recorded the laser intensity
from the portion of the laser beam transmitted through a 25
micron pinhole, mounted on an x-y-z micropositioning assembly.
In addition, the surface damage on 5 keV ion implanted wafers was
examined as a function of the laser parameters such as energy
density, laser pulse waveform, and edge sharpness of the spot on
the wafer. The following observations were made:

1. No indications of laser intensity or pulse waveform changes
near the edges of the spot were seen other than the expected
falloff in intensity at the edges.

2. The top and bottom of the spot showed more abrupt intensity

changes than did the sides. The damage to the wafer was more
severe at the top and bottom edges. The laser output had greater
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beam spread up and down, filling the kaleidoscope better and
making the intensity gradient sharper at the output of the
kaleidoscope.

3. Surface damage appeared to be essentially the same whether
single spots were used, or multiple spots with 50 percent
overlap.

4. By significantly defocusing the spot on the wafer it was
possible to eliminate the edge damage that was observed. With
higher laser energy density in the central portion of the spot
(1.6 to 1.7 J/cm2) a speckle pattern of surface damage was seen,
but with no edge damage noticeable.

5. Wafers with higher ion implant dose showed greater
susceptibility to damage than wafers with low dose. Any surface
film on the wafer reduced the damage threshold.

6. Slight luminosity was seen on the wafer surface as the laser
spot impinged when the laboratory was darkened. The luminosity
may have been due to vaporization of Si, P, or a thin residual
surface layer such as SiOjp.

It was concluded from these observations that the edge surface
damage was due to vaporization of the surface and the resulting
sharp pressure gradients at the edge of the spot caused by the
sharp laser spot intensity gradients. Only at the edge could the
vapor move laterally, causing movement of the surface melt layer
during the brief (100 nsec) melt time. A simple calculation of
the distance traveled by acoustic waves in the vapor during a
period of 50 nsec yields an estimate for the width of the edge
damage region of approximately 30 microns, which corresponds well
to the width of the edge damage lines that were observed on these
wafers.,

Experiments confirmed that two effects, namely laser intensity
gradients and volatile surface contaminants, played a role in the
amount of surface damage produced. For constant laser processing
conditions, variations in the wafer cleaning procedure influenced
the amount of surface damage, indicating that sometimes there was
some volatile material present on the surface at the time of
laser processing. Similarly, wafers that were cleaned the same
way showed that the amount of damage produced was very sensitive
to the laser energy density, even over the narrow range from 1.4
J/cm2 to 1.5 J/cm2, and to the sharpness of focus.

After obtaining good solar cell results from the wafers of Batch
26, later results were not as good and an effort was made to
duplicate the results of Batch 26. Differences in laser
parameters between Batch 26 and later experiments may have been
responsible for this change in results. The following changes in
the laser had been made:

1. The pulse waveform for Batch 26 was shown in Fig. 3-15(a)
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whereas the later waveform was shown in Fig. 3-15(b). The
overall pulse duration in the two cases is 25 nsec but there is
some difference in the waveforms.

2. Following Batch 37, the optical arrangement for focusing the
output of the beam homogenizer onto the wafer was intended to
improve by adding a second lens. Improved focus produced sharper
images, which could have larger gradients in intensity at the
wafer surface if the output from the beam homogenizer is
nonuniform. The quartz surface at the output of the homogenizer
was well polished, but still showed many fine scratches and tiny
marks.

3. After Batch 37 and before Batch 43, the beam homogenizer
being used was damaged and was replaced with one that had not
been as well polished on the ends by the supplier. The finely
structured nonuniformities on the output end were focused onto
the wafer and may have contributed to surface damage.

Following Batch 56, we modified the optical arrangement to
reproduce the setup used for Batch 26. The second lens, having
short focal length, was removed, and a high quality beam
homogenizer was substituted for the one with poor quality. No
change in pulse waveform was attempted. The resulting laser spot
appeared very uniform across the central region covering 80 to 90
percent of the linear span. However, the intensity at the edges
of the spot decreased over a larger distance than when the dual
lens arrangement was used for refocusing the output of the beam
homogenizer onto the wafer. The laser spot size was
approximately 1 mm by 1 mm, and the linear dimension for the
laser intensity to fall from 90% to 10% of the maximum value was
about 0.1 mm.

The observed damage on wafers that were laser annealed was
similar to that obtained in Batch 26; there was very little or no
damage over the central portion of each spot, with noticeable
short line segments of damage at the four edges of each spot.
These observations regarding surface damage indicate that the
differences were due primarily to the optics and not to the
differences in pulse waveform or to surface cleanliness.

At the time of installation of the high quality beam homogenizer,
the square output face was not oriented to be in registry with
the directions of travel of the motorized table carrying the
wafer. As a result, the edges of the spots were about 5° off
from being parallel and perpendicular with the directions of
travel. This effect reduced the uniformity of overlap of the
laser spots and led to regions of nonuniformity in the integrated
laser energy dose applied to the wafer surface. This
misalignment was noticed after Batch 58 and was then corrected.

In order to reduce the possibility of accumulation of dust

particles on the wafer during the laser annealing process, a dust
cover was placed over the optical assembly and wafer translation
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tables. This enclosure was purged with high purity air from a
high pressure gas storage tank. The air was introduced into the
enclosure through an electrostatic air filter. Visual
observation of the helium-neon alignment laser showed no evidence
of dust in the air in the enclosure. However, even with these
precautions, and the use of dust free air flow over the wafer to
remove surface dust prior to installation on the translation
table, luminous specks were occasionally observed on the wafer
surface during the laser annealing process. These specks of
luminosity occurred when the UV laser impinged on dust or other
material clinging to the surface. These regions can produce
shadowing of the laser beam, additional surface damage on the
wafer, and impurities incorporated into the junction. All of
these effects can degrade performance of the final solar cells
produced by the use of laser annealing to form the junction.

3.5.2 UV Laser Metallization

Laser photodeposition experiments for the metallization process
step were investigated using both tungsten and aluminum
containring gas carriers. The excimer laser was operated at 193
nm and was characterized with regard to energy per pulse, pulse
waveform, optical attenuation from the laser to the wafer, and
focal line dimensions at the wafer. Procedures for operating the
WFg and Al(CH3)3 gas supplies were established. Several wafers
and glass slides were processed at various laser energy densities
and gas compositions and pressures in order to determine the
sticking characteristics and the chemical composition of the
lines that were deposited by this method. Both W and Al lines
that were ~10008 thick and which could pass the adhesive tape
adherence test were successfully deposited. However, analysis of
the metal deposits using Auger spectroscopy revealed that both
the W and Al deposits consisted primarily of metal oxides.
Efforts to reduce the oxidation using flowing gas during the
wafer processing were not successful and the source of the oxygen
contamination is not known.

Laser sintering of silicon wafers plated with titanium,
palladium, and silver layers was investigated to see if laser
heating of the surface would bond the plated metal to the
silicon. Laser photodecomposition of silicon wafers coated with
a solid organic-silver compound was also investigated to see if
silver could be deposited on the wafer using a pulséd UV laser.
Several wafers were processed at various energy densities,
pressures, and temperatures in order to determine the adhesion
properties and chemical composition of the photodeposited lines.

3.5.2.1 Excimer Laser Characteristics

Shortly after beginning laser CVD metallization experiments
(following Batch 5) a corona bar failure on the laser required
repair. Along with repair of the corona bar, the laser was
cleaned and the anode electrode profile was modified by
substituting a new standard EXC-1 anode which had a more rounded
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contour. These changes produced better 193 nm laser performance
and the laser was characterized in this form.

The energy per pulse was typically 20 mJ and the pulse waveform
was a double peak having a 30 nsec full width, half maximum
duration, as shown in Fig. 3-24. The gas lifetime was limited to
250 to 500 shots before the energy fell off by 25% due to gas
contaminants that build up in the laser chamber. The gas life
steadily improved with the number of gas fills. Gas life is much
better (by a factor of 100 to 1000) on lasers that have been
operated with Fy, but not with HCl, in the gas mixture.

The laser beam attenuation was a factor of 2 between the laser
output and the wafer surface. This loss was made up of 20%
reflectivity from each of 3 turning mirrors (including aperture
clipping), 10% absorption in ambient air at 193 nm, 85%
transmission through the uncoated gquartz window, and 90%
transmission through the cylindrical lens.

The focal spot size at the wafer was 1 to 2 cm long by 0.1 mm
wide. With the laser operating at 20 mJ per pulse and 50% loss
through the optics, the average laser energy density incident on
the wafer was 0.5 to 1.0 J/cm2, This value was high enough to
bring the silicon surface to or near the melting point. A 50%
attenuator at 193 nm was available to decrease the applied energy
density by a factor of 2.

\ a. Fresh gas 21 mJd
pulse energy

b. After 250 pulses
20 mJ pulse energy

Nl

Pig. 3-24. Laser pulse waveforms measured after Batch 9, and
obtained after laser repair following Batch 5.

3-48




3.5.2.2 Gas Supply Procedure

A static gas fill approach was used initially in the
metallization experiments. After evacuating and flushing all
lines and the process chamber with argon, an intermediate gas
storage chamber was pressurized (to 5 psia) with WFg and another
chamber was pressurized (to 8 psia) with Hy. Either of these
gases could be added into the process chamber at low pressure (~1
torr) by first filling a short line segment to the pressure of
the intermediate chamber and then transferring this limited
volume of gas into the process chamber. Higher partial pressure
of either gas was obtained by repeating the procedure. If both
gases were introduced, a brief time (a few minutes) for mixing in
the chamber was allowed, which is sufficient when the total gas
pressure was under 20 torr. The chamber was pumped down to less
than 5 mtorr and the observed outgasing rate was less than 1 to 2
mtorr per minute.

The A1(CH3)3 was stored as a liquid with an inert gas
overpressure. For each usage the inert gas was exhausted and an
intermediate line was filled with Al1(CH3)3 to its vapor pressure
(9 torr at 20°C) and then transferred into the chamber. Hj also
could be added as described above. Following the day's
experiments the storage bottle of Al1(CH3)3 was repressurized with
argon to about 1 atm.

Later experiments used a steady flow through the chamber in order
to reduce the depletion of WFg and to minimize contamination by
02. The mixture ratioc was set by adjusting the mass flow of each
constitutent with the flow controllers on the gas handling
system. The total pressure was then set by manually turning the
pump-out valve on and off while monitoring the total pressure
with a mechanical pressure gauge (0-50 torr).

3.5.2.3 Wwafer Processing

The same remarks found in Section 3.5.1.4 regarding batch size
and number of cells apply in this section.

The first experiments utilized WFg as the process gas. Review of
the literature yielded the ultravilot optical absorption curve?2
shown in Fig. 3-25. At 193 nm the absorption cross section is
3.5x10~19 cm2, requiring a partial pressure of 85 torr to reach
an absorption coefficient of 1 cm~l. Much lower pressures were
used to minimize the production of particles in the gas following
photodecomposition by the laser. The absorption coefficient for
Al(CH3)3 at 193 nm is much larger.3

The x-y table carrying the optics was controlled by manually
entering commands to the stepper motor control box. A series of
adjacent lines parallel to each other could be applied to the
wafer at any desired spacing. In initial experiments the lines
were spaced by 0.2 inches to assure that each line was
independent. Spacing closer than 0.1 inches led to overlap of
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deposition on the window, which interfered with passage of the
laser beam through the window when one line followed a previous
line.
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Fig. 3-25. WFg absorption cross section.

The parameters used in the initial metallization experiments
conducted without flowing gas are listed in Table 3-2. Both W
and Al lines that were ~1000A thick and which could pass the tape
adherence test were successfully deposited. However, analysis of
the metal deposits using Auger spectroscopy revealed that both

the W and Al deposits consisted of metal oxides rather than pure
metal.

Wafers were then processed using the best conditions identified
in the static gas experiments, except that extra effort was
expended to eliminate oxygen from the system. All of the gas
lines were pumped out and flushed several times, the chamber was
passivated by exposure to WFg or Al(CH3)3, and the gas was flowed
during processing to eliminate contamination from small air
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leaks. The parameters used in these metallization experiments
are summarized in Table 3-3.

A preliminary investigation was also made of fine line
metallization by using the pulsed ArF laser (X = 193 nm) to
either sinter a plated metal onto the silicon wafer or to
photodecompose a solid metal organic compound that had been
applied to the wafer. The wafers for sintering had been plated
with layers of Ti, Pd, and Ag. The sintering was done at room
temperature in air and laser energy densities of ~1.5 and 0.8
J/cm2 with various numbers of shots investigated. Visible marks
were made on the metal surface by the laser. The parameters
investigated are listed in Table 3-4.

The photodecomposition experiments were done with wafers coated
with silver neodecanoate. The wafers were processed in air at
atmospheric pressure and at both room temperature and ~70°C to
promote better adhesion. Two apertures were placed in the laser
beam outside of the cavity in order to obtain a sharper focus and
to improve the uniformity by removing weak light at the edges of
the beam. This light probably arises from a diamond mode
parasitic oscillation involving reflection from the laser
electrodes. Exposing the silver neodecanoate to the laser caused
dust to be ablated from the wafer and left visible lines of
shiny, reflective material deposited on the wafer. 1In addition
to a number of lines, several grids of lines were deposited to
form cells for evaluation. The parameters used in these
experiments are summarized in Table 3-4.

3.5.3 UV Laser Passivation

Passivation of Si solar cells by photodepositing SiOy from a
SiH4/N20 mixture using an ArF () = 193 nm) laser was
investigated. Energy densities of 0.02 J/cm2 and 0.5 J/cm2 were
investigated by using both an unfocused and loosely focused spot.
Best results were obtained with the unfocused spot. The spots
were overlapped by 50% in order to achieve better uniformity.
For these experiments, the ArF laser beam impinged normal to the
wafer surface rather than parallel to it as reported by Boyer, et
al.4 The conditions investigated are listed in Table 3-5.
Because of time limitations the range of parameters was not
extensive.

The first samples of Si0Op that were deposited were found to
contain a few percent nitrogen. In an effort to eliminate this
impurity, O2 and SiH4 were mixed by diluting 2 torr of SiH4 in 30
torr Ar and 02 mixtures. Time limitations prevented optimization
of the SiH4/Ar/02 mixtures. It should be noted that Mishima, et
al have reported depositing SiO3 by photolysis of SizHg diluted
in N plus O2 using a low pressure mercury lamp.® Later samples
of Si0y deposited with SiH4/N20 mixtures did not show the
nitrogen impurity.
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SECTION 4.0
SOLAR CELL EXPERIMENTAL INVESTIGATIONS

Several major areas were to be investigated: junction formation,
surface passivation, and metallization. Each area had many
variables of its own to be determined for optimum cell
performance. Remarks regarding batch size and number of cells
per wafer are found in Section 3.5.1.4.

4.1 JUNCTION FORMATION

Starting parameters to be determined included surface condition,
dopant source and methodology, laser energy density, and laser
beam overlap percentage. Some of the parameters are related and
inseparable experimentally.

4.1.1 Liquid Dopant and Surface Morphology

A spin-on liquid dopant source was used in an effort to achieve a
shallow junction in order to improve the short wavelength
response. Both p-~type (boron glass) and n~-type (phosphorus
glass) were applied on n- and p-type substrates, respectively.
It was found immediately that p-type boron glass required a high
laser energy density (>2 J/cm2) because of its slower diffusivity
in silicon, but this badly damaged the surface, causing poor fill
factor and low V.

The annealing experiment was then continued with only a
phosphorus spin-on dopant source on p-type Cz wafers of 0.7
ohm-cm base resistivity. Surface preparation included
texturization and chemical polishing. The threshold laser energy
was found to be different for the two due to differences in
surface reflectivity, as expected. The use of the textured
surface was an effort to achieve lower required annealing energy
density and better AR effects due to the pyramidization.

4.1.1.1 Textured Surface

Energy density as low as 0.4 J/cm2 (70% overlap) was found
sufficient to melt the texturized surface. However, the cells
were almost all badly shunted (Table 4-la). A companion wafer
(2x4 in.) that had been laser annealed at the same settings went
through an additional furnace heat treatment at 650°C for 30
minutes before metallization. The cell efficiency improved to
11.7% (Table 4-~1b). Such a low temperature heat treatment is
believed to provide stress relief of the melt-recrystallized
surface. Cell performance of a cell prepared with 0.7
J/cm2annealing with 50% overlap showed further improvement.
Highest cell efficiency was about 11.6% before AR coating (Table
4-1c). Heat treatment of the 0.7 J/cm2 annealed wafer did not
show obvious improvement. A possible explanation could be that
0.7 J/cm2 was sufficient to cause more complete surface regrowth
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with less relievable stress. 1In fact, SEM photographs of these
two samples indicated much more surface melting with 0.7 J/cm2
than with 0.4 J/cm2 (Fig. 4-1).

Table 4-1. Textured Cz p-type wafer with spin-on source, laser

annealed.
a. At 0.4 J/cm?2 with 70% overlap.
Cell Voc Jsc FF Eff
ID (V) (mA/cm2) (%) (%)
B5B 1 0.429 28.32 59.60 7.24
2 0.406 28.26 57.30 6.56
3 0.399 28.24 55.40 6.25
4 0.434 27.89 57.60 6.97

b. At 0.4 J/cm2 with 70% overlap followed by
furnace heat treatment at 650°C for 30 minutes.

Cell VOC Jsc FF Eff
ID (V) (mA/cm2) (%) (%)
B5BT 0.555 28.95 69.50 11.18

1

2 0.560 29.04 67.40 10.96
3 0.563 28.54 69.10 11.10
4 0.560 28.90 68.90 11.15
5 0.573 28.66 71.40 11.73
6 0.544 29.08 65.00 10.27

c. At 0.7 J/cm2 with 50% overlap.

Ce:l.l VOC Jsc FF Eff
1D (V) (mA/cm2) (%) (%)

B5A 1 0.534 29.94 69.30 11.08
2 0.536 29.56 68.60 10.87

3 - - - Dead Cell - - -
4 0.459 26 .34 63.00 7.74
5 - - - Dead Cell - - -
6 0.549 30.43 69.66 11.64

High energy density, e.g. at 1.2 J/cm2, yielded lower cell
efficiency (~8.7%) due to severe reduction in Jgc (21 mA/cm2)
because of loss in texturing. SEM photos (Fig. 4-1c) also
revealed that heavy melting-resolidification took place after
high energy density annealing. The effective energy density at
the surface was increased by approximately 40% due to the second
reflection from the textured surface.
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4-1. 500x SEM photos of textured wafers with spin-on liquid
g at (a) 0.4 J/cm2, (b) 0.7 J/cm2, (c)



4.1.1.2 Chemically Polished Surface

In parallel with the textured wafer experiment, 20% NaOH etched
wafers (Cz 0.7 ohm-cm p-type base) were used which had spin-on
liquid do fant followed by laser annealing at energy densities of
0.9 J/cm 1.2 J/cm2, and 1.6 J/cm2 with 50% overlap. Results
are summarlzed in Table 4-2. The data represent the average cell
efficiency weighted over four samples in each case. Also
included are the results of post furnace annealing at 650°C for
30 minutes to test for a stress relief effect.

Table 4-2. Cells fabricated from polished Cz p-type wafer with
spi%;on source laser annealed at energies 0.9, 1.2, and 1.6
J/cme.

[ Control |

Cell |-=---—--mmmmmmmmmm e I
ID | Voc Jsc FF Eff | Voc Jg FF Eff

I (V) (mA/cm2) (%) (%) |

- — o S - - - - . — —— Gt G S — W -

B7-1 annealed at 1.2 J/cm2

(1F) 0.586 20.65 75.3 9.1 0.587 19.90 76.0 8.9

(2F) 0.582 21.15 68.8 8.5 0.589 20.54 73.0 8.8

B7-II1 annealed at 1.6 J/cm2

|
|
I
B7-11I annealed at 0.9 J/cm2 I
I
|
|
(3F) 0.588 19.40 75.9 8.6 |

0.587 18.60 79.7 8.5

As indicated by the data, the shallow junction formed by
annealing at 0.9 J/cm2 (1F) on these reflective surface wafers
improved the Jgc in comparison with other groups.

However, the fill factor was lowered as a result of increased
series resistance. Deeper junctions of groups 1lF and 3F had much
better £ill factor yet lower Jgc, confirming the statement above.

Furnace annealing at 650°C for 30 minutes (before metallization)
1mproved the £fill factor slightly, especially on group 2F (0.9
J/cm2), but degraded the Jsc by approximately 3-4%. The results
suggest that thermal stress relief appears effective only for low
laser energy density annealed surfaces, which is similar to the
observation for the textured surface.

For control purposes, caustic etched wafers with a doping layer
from liquid dopant were subjected to thermal diffusion at 820°C
for 1.5 hours. Results are summarized in Table 4-3.

Cell efficiency of the thermally diffused wafers on average was
better than those laser annealed due to higher Jg¢, suggesting
that the junction depth of thermally diffused cells with spin-on
dopant was even shallower with less absorption in the emitter
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(Fig. 4-2). The lower Vgoc was probably due to high recombination
in the junction as indicated by the dark I-V. 1In fact, all cells
with emitters diffused both thermally or laser assisted with
liquid dopant had high dark recombination current. One of the
possible sources of recombination centers could be from the
liquid dopant. The usage of liquid dopant was then halted.

Table 4-3. Cell performance of thermally diffused caustic
polished Cz wafer with spin-on source as dopant.

Cell VOC Jsc FF Eff
IiD (V) (mA/cm2) (%) (%)
B5-C 1  0.531 22.87 64.4 7.8
2 0.563 23.33 71.1 9.3

3  0.559 23.43 71.8 9.4

4 0.585 22.43 60.2 7.9

5 0.540 23.00 71.4 8.9

4.1.2 JIon Implanted Emitter and Laser Uniformity
4.1.2.1 Conventional Mass Analyzed 31p+ Ion Implant

In the early stage of the program, ion implants were processed
for 4-in. diameter p-type caustic polished Cz (~0.33 ohm-cm)
wafers at 10 keV with dosage of 5x1015 atoms/cm2 and 1x1015
atoms/cm2 respectively. Laser energy density (EXC-1, the small
laser) was set at 0.4 J/cm2 and 0.7 J/cm2, respectively, with
pulse duration 4-6 ns. Cell characterization indicated low Jg¢,
Vocr and fill factor as the result of insufficient implant damage
removal by such low laser energy densities. Typical results are
listed in Table 4-4.

On L5A #7, the extremely low Vo~ was due to insufficient surface
concentration (1x1015 atoms/cms), which also affected the shee