olar Roadmap

The fast-growing photovoltaics industry is demanding a host of solutions
from equipment suppliers, including improvements in throughput, yield and cost of
ownership. Laser applications are playing an increasing role in these efforts.

Finlay Colville, Corey Dunsky and Jim Hopkins, Coherent Inc., Santa Clara, Galif,, www.coherent.com

¢ first glance, equipment sup-
ply to the solar industry appears
similar to the esrablished mi-
croclectronics and display
sectors. However, the
rapid growth and constantly
changing dynamics within the
solar industry present a new
set of challenges for any
cquipment supplier look-
irig to become established
within the solar supply
chain. This is further
compounded by the vast
number of start-up cell
and panel manufacrur-
ers, many of which are
unknown to cstablished
semiconductor equipment
suppliers.
Alchough laser-based
tools have been accepted for
s0Ime timc I):\" NUMETOUS Solaf

High-
efficiency
concepts

end users, the processes involved
are specific to the solar industry
with a very different set of process
parameters. In this article, we review both
existing and emerging laser applicadons, and see
how and why laser processing will play an increas-
ingly enabling role in the solar roadmap. In par-
ticular, we look ar the new set of challenges placed
on suppliers cither currently engaged or looking ro
enter the equipment supply chain,

With a range of solar cell technologies competing with one
another for marker share, and different approaches being pur-
sued o lower the final module cost per watt (/%) to the con-
sumet, there can be very different demands placed on equipment
suppliers, depending on which type of end user {crystalline sili-
con or thin film) is engaged. However, we can broadly classify
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PV Production Metrics

Ramp-up
time

1. Although different
solar cell technologies
have different demands,
they can be broadly
classified.

these various production metrics into a few
generic categories (Fig. 1). Typically, equip-
ment specified by end users is driven by a
subset of these, the ecxact mix depend-
ing on the particular cell technology
and its cost-reduction roadmap.

High-efficiency
concepts
Increasing the efficiency
of solar cells and panels is
near the top of the wish
list of every solar manu-
facturer worldwide. Most
proposed roadmaps spell

roughput

out an increase of 3-5%
for crystalline silicon
{c-Si) solar cells to an

Equipment average value of 18-20%

Sxmpatibity over the next five years.
For thin-film solar panels,
overall efficiency is lower, but
similar increases are expected.
For example, changing from a
single-junction amorphous-silicon
(a-Si) architecture to tandem-junc-
tion a-Si/me-Si (micromorph) structures
provides ~4% efficiency gain through increased
spectral absorption to give ~10% overall panel ef-
ficiency.!

At this time, it is the established ¢-5i cell
manufac[\.ll‘cl‘s [hﬂl‘ Are most aggrt:ssively plll’ﬁll‘
ing high-efficiency cell concepts as part of their
iterative improvements within existing production lines and
capacity expansion plans. Laser technology is playing a key
role in novel front- and rear-surface stages.® For example, in
metal wrap through (MWT) devices, the thin meral contact
“fingers™ are moved to the rear surface. In emitter wrap through
(ENVT) devices, the power-conveying busbars are moved to the
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rear surface as well, leaving the frong
completely free of meral. This is made
possible by drilling tiny vias to conneet Ag comtacts
the front surface with rear-surface con-
racts, With MWT, this requires ~200
holes/wafer. With EWT, up to 20,000
of these viay are required on each wafer,
Laser drilling is the only process with
the potential to meer the commercial-
scale speeds required. Similarly, lasers
can he used o creare novel elements
such as laser-fired contacts (LECs),
which are necessary to support cerrain
advanced thin-wafer products.

n-type

layer
To fully meet these diverse processes,

equipment suppliers are required to

integrate lasers with high average pow-

ers {up to tens of warttg), with a choice

of infrared (IR}, visible or ulrravioler

{UVY ourput, nanosecond or picosec-

ond pulse characteristics, and excellent

beam quality with M? paramerters of

1.1 (M?* <1.0 denores the theorerical

perfectly focusable laser beam).

‘Green’ equipment

Today's equipment supply for solar manufacturing lines is com-
prised of different competing sohuions, some of which use toxic
chemicals and produce hazardous waste, For instance, screen
printing and wet ciching are widely used by well-established
manufacrurers that acquired existing turnkey production line
equipment adapred for solar. They typically chose this route to
enable early market entry and last manufacturing ramp-up. But
with solar being a replacement and “renewable” energy type
with near-zero carbon emissions, there is a strong drive to use

green manufacturing equipment whenever possible.

3. A 355 nm Q-switched DPSS laser scribed grooves ~20 pm wide and
~15 pm deep in a c-5i solar cell. Shorter-wavelength lasers enable
highly localized scribing capabilities.
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Laser Edge Isolation

p-type substrate

Laser-produced isolation groove

prtype substrate

v Processing to Support Solar Roadmap

2. In edge isolation of a ¢-5i solar cell, la-
sers scribe an isolation groove, typicaily 10-
20 ym deep, to eliminate shunt pathways

SiN AR coating
between the front and rear surfaces.

The use of DPSS lasers for edge
isolation not only enables greener edge
isolation, bur alse increases yields and
improves device efficiency, Specifically,
current-generation systems arc Now
relying more heavily on DPSS lasers
operating at either visible (532 nm)
or UV (355 nm) because of the sig-
nificantly higher absorption of ¢-Si

Back contact

ar these shorrer wavelengths.” Silicon
absorption is some four to five orders
of magnirtude stronger at 355 nm com-
pared with [R (1064 nm), allowing
highly localized frent-surface seribing
when using Q-switched UV DPSS
lasers (Fig. 3), In addirion to shorrer
penerration depths, UV wavelengths
allow narrower grooves to be scribed
in a colder process with minimized
peripheral thermal damage such as
microcracks, which are potendially yield-killing. This enables
the grooves o be placed closer to the cell edges, reducing the
“dead” area and thereby maximizing the efficiency of the cell.

Cost of ownership

Manufacturing costs for solar cells and panels are constantly
under review, as this crivically impacts on the $/W passed
through to final solar installers. Cost reduction is routinely
sought either by reducing raw material costs or through the use
of production line equipment with the lowest capiral expendi-
ture and running cost.

DPSS Power-Level Increases
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4. Avia Q-switched DPSS lasers have increased their power levels over
time to keep pace with increased throughput demands.
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Scribing Processes

1064 nm, 5-8 W

532 nm, 200-500 mW

5. Patterning is performed using a 1064 nm laser tor P1 to remaove the
TCO, while P2 and P3 rely on the selective absorption of a 532 nm laser.

PSS lasers provide an ideal solution here, due mainly to
their very low operating costs. Further, the solar indusery in-
stantly benefits from induscrially qualified laser designs already
'TI]‘_'SL'

legacy applications have set targer levels for uptime, spare-parts

in volume use within semiconductor production lin

availability and on-site service response. The sofar industry now
stands to gain considerably from this. For example, a high-power
laser operating in the UV speetral region with tens of watts out-
put offees fully loaded running costs of typically $3-5/hr when
operating at full power, and used 24/7 over five-vear periods.

Production yield

Although technically less demanding and involving fewer pro-
cess steps, solar cell production yields lag that of semiconduc-
tor vield levels by a considerable margin for a host of reasons.’

These include problems resulting from the installation and op-
timization of new precision equipment tocls operating within
a high-volume manufacruring environment and from the chal-
lenge in maintaining trouble-free operation with reasonable up-
time. S0 historically, within solar, yield oprimization has played
second fiddle to issues such as long equipment leadrimes and
the resulting rush o have equipment installed and producing
solar cells to meet marker demand. The bottom line: Yield lev-
els <90% are not uncommon within the solar industry, with
the leading suppliers now starting to report levels of >95%. Bur
clearly, photovoltaic (PV) manufacturing processes have not
evolved and settled to the extent required o produce semicon-
ductor yield levels.

There is also another development thar is poised ro impact
viclds and, hence. production cquipment selection over the
next 3-5 years: the move to thinner and larger waters. With
thicknesses soon to go below 200 pm, wafers will be mechani-
cally weaker than ever before. Pur simply, any contact technol-
ogy used with these britde wafers will cacry the risk of further
lowering yield levels in production. Therefore, the non-contact
nature of laser processing offers significant inherent advanrages,
bath to reduce water breakages and minimize the effects of
microcracking, currently one of the main contriburors 1o non-
canforming product cutput,

Throughput

Histarically, manufacturing cost reductions in the PV indusrry,
achieved by growing plant capacities and thereby decreasing
costs through cconomies of scale, are similar to those abserved
in the micreelectronics incdustry. Over the past decade, a 20%
reduction in maodule cost has been achieved with cach doubling
of worldwide manufacturing outpur. To pur this in perspective,
a state-of-the-art ¢-Si cell production line today can have an
hourly throughput exceeding 3000 wph. Manufacturing sives
penerally have a handful of parallel production lines with a toral
annual capacity up to several hundreds of megawates, a num-
ber expected o soon rise to the landmark gigawarc-level plane
size. Sealing cost reductions are similarly projected as chin-film
panel sizes inerease from Gen 5 to Gen 8 or bigger.

What dees this mean for suppliers of laser-based process equip-
ment? For many o8 laser processes, production line throughput
scales almost directly with average laser power level. Therefore, a
key driver here is increasing the average power levels from pulsed
DPSS lasers while mainwining characteristics thar determine

6. Prisma jasers use a high pulse repelifion frequency (PRF) to achieve the desired scalloped profile in scribing. The scan rate is >2 m/sec.
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Key Five-Year Roadmap Trends

for c-Si Cell Production

Current ‘typical'  Five-year trend
Cell efficiency 14-18% Increase by 2-3%
Wafer size 125 or 156 mm Wove to 210 mm
Watfer thickness 200-220 pm Transition 1o sub-200 pm
lomequipment  productanine  Cleaner production foos
Yield ievels ~B0% Increase to >85%

process vields and operating costs. These include beam qualicy,
product lifetime and pulse-to-pulse stability tevels. Figure 4 shows
how the power of Q-switched 353 and 532 nm DPSS$ lasers have
evolved to keep pace with Increased throughput demands.

Within thin-film pancl production, DPSS lasers are rou-
rinely used o generate discrete eell isolation and interconnec-
ton serips by seribing up ro a few hundred thin lines on cach
ol the three layers deposited during the panel production stage.
These scribing processes, often referred to as P, P2 and P3,
are collectively called laser patrerning (Fig. 5). Here, capacity
throughput increases cannot be satisfied merely by increasing
average laser power; rather, they also require the ability o scan
over large panels with high seribing uniformity across the dif-
ferent material layers.®

The limiting speed of optical scanning technology means
that multiple Jaser beams must be used in parallel, so average
power requirements are fairly modest. A much more critical
requirement is pulse repetition frequency (PREF). With a target
scan rate of 2 mfsec for large panels, the PRE has 1o be very
high (up to 100 kHz or higher) to achieve the desired scalloped
profile (Fig. 6) while retaining key characreristics, such as short
pulse widrhs and excellent pulse-to-pulse repeatabilicy.

Equipment compatibility, ramp-up time

Solar cell and panel end users roday have the option of pur-
chasing either complete turnkey production lines available
from a few suppliers worldwide or configuring various modular
turnkey inline 1ools to form a complete production line that
can be highly customized for their brand of solar cells. This
decision has a sirong bearing on the types and available suppli-
ers of equipment used, including those of lasers. In addition,
the rate of selar growth in the past few vears, coupled with the
number of new players entering the market, has placed extreme
demands on the suppliers of the full-line turnkey manufacrur-
g systems that were initially favored by solar manufacturers.
As a result, long delivery times and slow production ramp-ups
have sometimes been reported.

Looking forward, tt is important to undesstand that laser-
based systems are next-generation enabling tools that are for-
ward-compatible as the solar industry evolves. In contrast, tools
based on modified etching or screen-printing equipment rypes




L asers Enable High-Effi

are already reaching the end of the road for some applications.
This is certainly true for processing thin wafers, where several
contact-based processes are right on the edge of current capa-
bilites and, theretore, poorly aligned with roadmap objectives
to move below 180 um in thickness.” And while emerging laser
processes hold promise as upcoming enablers of the industry’s
cost and performance roadmaps. the lasers themselves are not
new. Indeed, microelectronies-qualified lasers are already pro-
duced in high volume with short leadtimes and supported by
existing worldwide service and support nerworks,

Summary

Final selection of laser equipment for PV manufacturing lines
requires a specific match of equipment to specific processes’
demands. as eutlined in this ardicle. The Table summarizes the
key ﬂw.uymr roadmap changes of the solar industry, of most
relevance to laser-based equipment suppliers. As the supply
chain expands o meet these demands, ir is anticipated that laser
processing in solar will move from the status of a competing
technology to that of accepted, incumbent technology, and will
be a key facror in how quickly the roadmap is achieved and the
solar industry as a whole continues to grow. st
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