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1. Introduction

When delivered properly to the target, the high peak
power and extreme brevity of femtosecond laser pulses
enable material removal through photo-ionization without
imposing thermal effects on the remaining structure [1].
This predominantly athermal ablation phenomenon is be-
yond the reach of ultraviolet excimer lasers and nanosec-
ond pulse lasers which necessarily deposit substantial heat
in the substrate resulting in heat affected zones (HAZ) [2].
Instead, the modification provided by femtosecond lasers
supports precision fabrication of devices that cannot be
achieved by any other practical technique.

Fabrication process impact includes dramatic reduction
of post-processing requirements for metal devices since
deleterious side effects, such as recast, dross, and HAZ, can
be substantially reduced. Moreover, precision modification
and machining of difficult-to-process materials, such as
polymers and brittle dielectrics, are enabled by femtosec-
ond laser methods. Key benefits include laser precision
machining of new classes of materials, higher device man-
ufacturing throughput speed and yield in many industrial
processes, and significantly reduced complexity and direct
labor versus incumbent device fabrication techniques.

Over the past several years, Raydiance has pioneered
the ultrafast laser microfabrication industry by first proving
that commercial grade femtosecond lasers are practical,
then by validating the need for these systems in high value
manufacturing lines. In this paper, we will describe the
three key aspects that have validated femtosecond laser
commercial microfabrication: compelling economics, un-
paralleled precision, and new materials flexibility. For
completeness, we start with a brief summary of femtosec-
ond laser machining along with an overview of commercial
grade femtosecond laser sources. These background topics
are followed by a review of the validation factors applied to
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manufacturing of modern fuel injectors for internal com-
bustion engines.

2. Femtosecond Laser Machining

There has been considerable dialogue in the laser mate-
rials processing community regarding the enabling pulse
duration for achieving athermal ablation—where the re-
maining material shows negligible HAZ [2]. The specific
solution is process dependent since the laser repetition rate
as well as the material feed rate influence spatial heat
build-up. It should be noted that even a femtosecond pulse
train, if applied too quickly to a confined target area, can
produce appreciable thermal effects. Nonetheless, there are
general trends that have been well documented, including a
pulse width requirement based upon the physical properties
of a given material.

The pulse width regime for nonthermal ablation is de-
fined by 1,<<(3°/D), where 1, is the laser pulse duration
full width at half maximum (FWHM) power, 6 is the opti-
cal skin depth, and D is the thermal diffusivity of the mate-
rial [3]. There is some variety in the pulse width require-
ments for different materials since the electron-phonon
coupling time can range from less than one picosecond to
several tens of picoseconds [4]. Moreover, this condition
holds for single pulse fluence near the ablation threshold.
Well above threshold, there is generally a downward
trend—to shorter pulse duration—required for athermal
ablation [5].

In addition to defining the inflection point where the
process transitions to being athermal, the laser pulse dura-
tion plays a large role in the material removal rate since
pulse energy that contributes to thermally damaging the
target substrate is not efficiently contributing to material
removal. As example, we illustrate a significant change in
slope for Nitinol machining rate versus pulse duration that
occurs near 1.2 ps. Complete details of this experiment are
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provided in [6] and are summarized here to help the reader
understand the importance of laser selection and pulse
width stability for machining efficacy.

In order to maximize relevance to real applications, we
chose Nitinol, a nickel-titanium shape memory alloy, as the
material for analysis since it is widely used for the manu-
facture of cardiovascular stents and other medical devic-
es—a primary commercial application for ultrafast lasers.
The raw tubing has typical dimensions for stents: 1.83 mm
(0.072”) outer diameter and 267 pm wall thickness. The
tubing is positioned in a standard stent cutting workstation
comprising a laser lathe style motion control system (Rofin
StarCut Tube), a Raydiance R-100 laser system, and beam
delivery head capable of coaxial gas flow to the target.
Machining time is measured by recording the signal from a
visible light photodiode that is positioned adjacent to the
ablation site. Strong visible spectrum light is emitted by
the ablation plasma, and with the use of a high speed oscil-
loscope, the rising and trailing edges of this emission pro-
vide accurate temporal markers for the start and stop of
machining [7].
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Fig. 1: Experimental set-up for the Nitinol machining rate
tests (top) and an example machining interval measurement
using the visible light photodiode to monitor plasma emis-
sion (bottom). SOP — state of polarization.

Fig. 1 top and bottom show, respectively, a functional
sketch of the Nitinol machining rate measurement set-up
and an example measurement of the machining time to cut
a washer. We cut washers, or little rings of material, from
the end of a Nitinol tube using continuous tube rotation
with a linear feed rate of 15 mm/s (0.6 in/s) in the plane of
beam focus, and we measured the total time to cut each
washer at the different pulse durations. We selected this
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simple machining routine for the comparison since it re-
moves pattern dependence and incubation effects [8] that
can skew observations of fundamental ablation rate.

The laser parameters are: 1552 nm wavelength, 44 pJ
pulse energy, 100 kHz pulse repetition rate (4.4 W average
power), 6 mm beam diameter entering the focusing lens,
beam quality M? < 1.2, and tunable pulse duration from
677 fs to 12.7 ps. Pulse duration is tuned by modifying the
inter-grating distance by <5 mm in our Treacy pulse com-
pressor. Pulse energy, and all other laser parameters, is
held constant as pulse width is tuned. Beam quality was
verified to be consistent over this small (<1% inter-grating
distance change) tuning range. The beam is focused using
a 50 mm focal length Gradium lens (Lightpath) to approx-
imately 20 pm spot diameter at the tube surface for a flu-
ence of 14 J/em®. The beam exits the delivery head (Laser
Mechanisms) through a nozzle to provide on-axis purge gas
(6 bar argon). The nozzle stand-off from the tube is 254
pum (0.0107).

Eleven washers were cut at each pulse duration from
677 fs to 12.7 ps in order to gather a modest statistical dis-
tribution. The mean washer cut-off times and the net flu-
ence deposited in the part (cut-off time x laser power) are
shown in Fig. 2. The independent error bars for each data
marker correspond to the standard deviation for each set.
The chart also shows linear trend lines leading away from
the inflection point near 1.2 ps. Above this point, the slope
of cut-off time versus pulse duration is four times higher
than below this point, indicating a strong shift in the fun-
damental ablation phenomenon. Moreover, it should be
noted that the washer cut-off time for 12.7 ps pulse dura-
tion is 2.5 times longer than at 677 fs. This is likely the
result of increasing proportion of pulse energy deposited as
heat for these longer pulse durations.
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Fig. 2: Nitinol washer cut-off time (left axis) and net flu-
ence applied (right axis) vs. laser pulse duration in the ul-
trafast regime [6].

The notable kink in the longer pulse dependency that
occurs near 5 ps is possibly the result of a phonon reso-
nance that impacts material removal rate, since the elec-
tron-phonon relaxation times for the constituent metals are
relatively close to this value, e.g. nickel has relaxation time
of 7 ps [9]. It should also be noted that the standard devia-
tion values (error bars) increase with increasing pulse dura-
tion. This is likely a result of the stochastic nature of ioni-
zation-induced laser ablation, and tighter confinement of
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pulse energy with shorter pulses yields a more determinis-
tic event [10].

The simple experiment comparing machining speed
(washer cut-off time) versus pulse duration reveals the crit-
ical difference in laser machining efficacy using femtosec-
ond-class lasers. This illustrates both the benefit of pro-
cessing materials in the femtosecond regime as well as the
need for highly stable and reliable femtosecond laser
sources to service the microfabrication industry. In the
next section, we describe what it means to be a commercial
grade femtosecond system and how the Raydiance platform
sets the standard for performance.

3. Commercial Grade Systems

Femtosecond lasers have existed in research laborato-
ries for more than three decades. In the late 1980’s, there
was a renaissance of femtosecond research applications
with the advent of the titanium sapphire solid-state laser
[11]. Still, femtosecond laser applications remained stuck
in the academic laboratory until only very recently, with the
emergence of higher energy and power, fiber-optic and thin
disk femtosecond laser architectures [12][13]. Raydiance’s
laser systems feature a fiber-optic architecture using erbi-

um amplifiers and telecommunications C-band components.

This architecture was chosen for benefit from the global
investment in optical telecommunications infrastructure for
the past two decades, and to leverage the robust, mature
supply chain for C-band components and systems [14].
Moreover, single mode, monolithic fiber-optic systems
benefit from intrinsic stability and excellent beam quality
owing to the guided wave beam path [15].
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Fig. 3: High-level schematic of the Raydiance fiber-optic
femtosecond laser architecture with computer controlled,
closed-loop stabilization of critical laser parameters such as
power and pulse duration. PC: personal computer. 2PA:
two-photon absorption.

Fig. 3 shows a high-level schematic of the primarily fi-
ber-optic laser architecture with closed loop software con-
trol of laser power and femtosecond class pulse duration.
Ultra-short optical pulses are initially generated with low
energy in a mode-locked fiber laser then amplified to the
50 wJ level using the well-known chirped pulse amplifica-
tion (CPA) technique [16]. In the R-100 laser system, the
pulse stretcher comprises a pair of chirped fiber Bragg grat-
ings (CFBQG) and a four-port fiber circulator. Three erbium
fiber amplifier stages provide the required net optical gain
for the system (~60 dB), and a fiber-pigtailed acousto-optic
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modulator (AOM) reduces the pulse repetition rate from 40
MHz to 100 kHz (or another sub-harmonic) between the
first and second amplifiers. Pulses are compressed in a
free-space, dual diffraction grating compressor, and the
amplifiers are protected from any subsequent back-
reflections using a high power, double-stage optical isolator.
The output signal is sampled by both an InGaAs photodi-
ode power monitor and a silicon photodiode used in two-
photon absorption (2PA) mode. The latter provides a rela-
tive measurement of pulse duration since shorter pulses
will produce stronger 2PA signal [17]. Finally, electrical
signals from these sensors are monitored by an internal
Linux based operating system residing in a single-board
computer inside the laser housing. This software control
system adjusts system dispersion (stretcher and compres-
sor) as well as amplifier pump current in order to maintain
constant output power and pulse duration.
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Fig. 4: Average laser power (thin, solid line) and pulse
width (thick, solid line) vs. clock time. Ambient tempera-
ture (dash line) is allowed to drift as part of stability testing.

Fig. 4 shows a typical long term operating measure-
ment for an R-100 laser unit during its factory burn-in test.
Over an 8-hour period, the room temperature changes by
7 °C, and the laser power set-point is shifted from 3.5 W to
5 W by user command. The power shift by command in-
cludes a complete cool down (60 minutes) to intentionally
stress the control system. Nonetheless, the laser pulse du-
ration is highly stable over the whole operating period. Fig.
5 shows pulse duration vs. clock time (same data as Fig. 4)
with a narrow vertical scale range. The pulse duration
mean is 701 fs and the variation is 4%. This variation
measurement is actually measurement instrument limited,
since intensity autocorrelators are not yet available in
commercial grade form factor. All measurements follow
ISO protocol for laser stability testing [18].
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Fig. 5: Closer detail of pulse duration vs. clock time.

The novel advances that provide this level of laser sta-
bility are autonomously-controlled laser average power and
pulse quality using embedded sensors and tuning elements.
Average power is detected after each fiber amplifier stage
by standard telecom optical performance monitors (OPM)
comprising ~1% power taps and InGaAs photodiodes. Av-
erage power is adjusted by controlling fiber amplifier pump
diode current and/or by controlling radio frequency (RF)
power injected into an output stage acousto-optic modula-
tor (AOM). Pulse quality is detected using the 2PA photo-
diode after the pulse compressor [17], and pulse quality is
adjusted by controlling the inter-grating distance in the
pulse compressor using a motorized linear translation stage.

Further details of the laser stability performance and
control system mechanisms are provided in [19]. The sali-
ent point here is that the advanced microfabrication capa-
bilities of femtosecond lasers are only accessible to indus-
trial manufacturing when the complexity of sustaining the
optimally compressed pulse, along with maintaining all
other system parameters, is managed by an internal, closed-
loop software operating system. Moreover, owing to its
well-integrated optical, electrical and software subsystems,
along with standard internet connectivity, the Raydiance
laser system has unique capabilities for remote telemetry
and service, which has proven very convenient for
Raydiance users as these systems have been deployed into
manufacturing facilities worldwide.

Fig. 6: Photograph of the Raydiance R-100 laser system
output module mounted on the mechanical test table during
standard shock resilience evaluation [20].

Another key attribute of commercial grade femtosecond
lasers is robustness against misalignment, or other deleteri-
ous changes, during shipment and delivery of these systems
into standard manufacturing work cells. To ensure unit-to-
unit reliability, Raydiance products are evaluated for me-
chanical resilience to shock and vibration following stand-
ard ASTM protocol [20]. Fig. 6 shows a photograph of a
Raydiance R-100 output module mounted on the top-to-
bottom shock testing table during the execution of the suite
of mechanical tests. System validation and test (SVT) pro-
cedures were executed before and after the shock and vi-
bration testing—with no manual re-optimization of the
laser—and confirmed that no discernable performance
changes to the laser had occurred. Table 1 lists several of
the key laser parameters that were measured and validated
as unchanged before and after testing.

Table 1: Key parameters validated before and after shock
and vibration testing of the R-100 laser system.

Parameter Spec. Tolerance | Before | After
Puls; <700 fs NA Pass Pass
Duration
Beam Quality | M’<1.3 NA Pass Pass
Power (W) 5 +5%, -0% | Pass Pass
Beam Egress 77.4 <0.75 Pass Pass
(mm)
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The numerous precision microfabrication applications
that are uniquely provided by femtosecond lasers are now
accessible to manufacturers of high value components ow-
ing to the development and deployment of commercial
grade femtosecond lasers. In this section, we briefly de-
scribed how Raydiance’s laser system architecture—based
on fiber optics and integrated software control system—
provides the essential stability and reliability performance
for consistent quality of precision in realistic manufactur-
ing settings. In the following sections, we describe the
dominant factors driving demand for femtosecond laser
processing in todays industrial, consumer and medical de-
vice manufacturing markets.

4. Compelling Economics

Ultrafast laser material processing may not be the best
solution for every single microfabrication challenge, since
there must be a balance of three critical factors: quality of
features, speed of processing, and overall expense of the
process. Nonetheless, the breadth of microfabrication ap-
plications where ultrafast laser processing has the
cost/benefit advantage is huge—both in terms of applica-
tions diversity and market volume.

Sixty four percent (64%) of the nine-billion-dollar
($9B) commercial laser market comprises lasers and work-
stations for materials processing [21]. Although ultrafast
lasers represent only ~3% of the pulsed laser market for
microfabrication, these lasers are recognized to have the
fastest growing gain in market share [22]. Just as the early
precision and speed advantages of continuous wave (CW)
lasers, and subsequently nanosecond pulse lasers, drove
demand for industrial deployment of these technologies,
the increasing demands for greater precision at faster ma-
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chining speeds is presently driving deployment of femto-
second laser workstations into high value manufacturing
situations.

Femtosecond laser penetration into commercial manu-
facturing opportunities relies on two critical factors:

1. The quality of the fabricated feature cannot be

achieved by any other practical means.

2. The cost benefit of switching to a femtosecond laser
solution is readily apparent using a standard return-
on-investment (ROI) calculation.

Commercial laser industry insiders typically consider
the cost of laser products in isolation from other cost fac-
tors when discussing commercial laser options with con-
sumers. This is not surprising, since this comparison fa-
vors incumbent technologies in their product portfolios.
Nonetheless, such a comparison is misleading since it ne-
glects critical factors such as the assortment of post-
processing steps required to remove HAZ and other defects
imposed by conventional lasers.

Comprehension of the full, end-to-end microfabrication
process is even more important when comparing femtosec-
ond laser solutions to non-laser techniques, such as me-
chanical machining and/or electrical discharge machining
(EDM). For sake of brevity, we summarize the key differ-
ences between the incumbent microfabrication techniques
and femtosecond laser solutions as:

e Mechanical: too slow, consumable tools, rough sur-

face finish, and inflexible geometries.

e EDM: too slow, consumable electrodes, thermal
damage, and inflexible geometries.

e CW, nanosecond, or picosecond laser: heat affected
zone (HAZ) imposes chemical post-processing, al-
so limits precision and flexibility.

While mechanical, EDM or alternative laser methods
may impose lower capital equipment costs in many appli-
cations, none of these achieves the required feature quality
at practical speeds in the most demanding microfabrication
situations. To illustrate this point, we conducted a simple
metal machining experiment to compare femtosecond laser
processing to the nearest neighbor alternative, picosecond
laser processing.

Fig. 7 shows a comparison of machined depth in stain-
less steel coupons using 700 fs pulses (top) vs. 10 ps pulses
(bottom). These pulse durations represent groupings of
commercial laser systems, ie. ‘femtosecond lasers’ and
‘picosecond lasers’, respectively. Here we distinguish
commercial purpose femtosecond lasers from scientific
purpose femtosecond lasers since the latter often feature
pulse duration of 100 fs or lower. The femtosecond and
picosecond pulses machined depths of 72 pm and 30 pum,
respectively. Consistency is ensured by using the exact
same laser source and beam delivery conditions for both
machining trials. The laser pulse duration shifts from 700
fs to 10 ps by adjusting the inter-grating distance in the
laser pulse compressor. The 2x2 mm pockets were milled
using a galvo scanner (ScanLab) with f-theta lens to main-
tain 82 pm spot diameter. 48 pJ pulses were delivered at
20 kHz repetition rate in a bidirectional raster fill pattern
with a progressive scan orientation (alternating angle) to
reduce pattern and incubation effects [8]. Nitrogen purge
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gas was directed at the coupons (off-axis, 25 psi at nozzle)
to hasten debris removal.

Fig. 7: Comparison of machined depth in stainless steel for
700 fs (top) vs. 10 ps (bottom) laser pulse duration. All
other laser process parameters are held constant, including
pulse energy, average power, wavelength, scanner pattern,
ambient atmosphere and state of polarization.

It is clear from this side-by-side comparison that the
700 fs pulses remove material much more effectively than
the 10 ps pulses when other process parameters are held
constant. Moreover, the discoloration of the picosecond
laser machined coupon (Color online) points to stronger
heat diffusion into the area surrounding the ablation site.
The disparate machining rate, and visible discoloration,
point to the picosecond pulses having deposited more ener-
gy as heat in the substrate vs. the femtosecond pulses. The
key here is that the 700 fs pulses have 14 times higher peak
irradiance than the 10 ps pulses for equivalent pulse energy.
Hence, the 700 fs pulses reach the ionization threshold
much sooner during the rising edge of each pulse, electron-
phonon energy transfer is diminished within the time frame
of the pulse [3], and little energy is wasted through heat
diffusion [4].

To further illustrate the criteria that motivates a manu-
facturer to upgrade to a femtosecond laser based material
processing solution, we provide a brief, high level descrip-
tion of fabrication of fuel injector spray holes for gas direct
injection (GDI) internal combustion engines.

In GDI engines, fuel is injected directly into the engine
cylinder where combustion occurs. The advantages of this
architecture are maintaining, or even increasing, the engine
power output while using a lean-burn to reduce both fuel
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consumption and CO, emissions [23]. Although there are
multiple motivations for switching to GDI engines in cars
and light trucks, a major reason the automobile industry is
making the transition is U.S. government-mandated year-
over-year improvement to fleet-wide automobile fuel effi-
ciency [24]. GDI engine designers have identified precise
control of the fuel spray pattern as a dominant factor in
engine performance, and the spray pattern depends directly
upon the geometry and surface quality of the machined
spray nozzle holes [25].

Drilling the GDI spray nozzle holes with the required
geometry and surface quality can, in principle, be achieved
by several means. The key to femtosecond laser penetra-
tion of this market opportunity is that it is both practical to
deploy in manufacturing and the cost-versus-benefit analy-
sis for the femtosecond manufacturing solution shows a
clear and compelling return on investment (ROI). The ROI
criteria apply both to the capital equipment initial invest-
ment payback period (< 12 months) as well as the en-
hanced production line yield and elimination of consuma-
ble components from the machining process.

Salient success criteria for drilling GDI fuel injector
spray holes include a +1.5% tolerance on the hole area
(£1.5 um tolerance on 200 pm hole diameter) and an aver-
age surface roughness (R,) < 200 nm. These figures of
merit are due to the +1.5% tolerance on fuel flow—which
is directly proportional to hole area—along with the re-
quirement for a consistent droplet spray pattern. Using a
laser trepanning set-up with our femtosecond laser, we
show deterministic drilling of GDI injector spray holes
with £1.4 pm tolerance on 200 um hole diameter and R, <
100 nm. Moreover, we drill these holes with per hole cycle
time <2 s.

In contrast, the incumbent EDM drilling technique has
standard tolerance of £3.0 um for holes in the diameter
range of 100 to 400 um. Hence, EDM-drilled holes are
typically flow-tuned, using an abrasive fluid in a post-
processing step, in order to reach the +1.5% flow tolerance
[26]. Furthermore, standard EDM drilling only achieves R,
< 500 nm [27] and requires cycle time of 4 to 6 s for the
GDI fuel injector hole size. Whereas the EDM-drilled hole
diameter tolerance can be decreased (in theory) by using
specialized electrodes, this option further increases the per
hole cycle time. The EDM process also requires costly
replacement of worn electrodes after a finite count of holes
have been drilled.

For the reasons of drilled hole quality and speed of fab-
rication, the femtosecond laser solution provides a clear
and compelling benefit to the economics of GDI fuel injec-
tor spray hole drilling. We have also analyzed the drilling
process figures of merit when using a ~10 ps laser and
found that the per hole cycle time increases to > 6 s in or-
der to hold to similar hole quality. As noted above, this
slower machining with a picosecond laser is the result of
greater fractional heat deposit per pulse which lowers abla-
tion efficiency and degrades drilled hole quality.

In this section we have illustrated the selection criteria
that justify femtosecond laser solutions based on the clear
economic benefit: superior fabricated feature quality while
processing at speeds, or cycle times, that far surpass other
practical methods. The next section will provide greater
detail of the fuel injector spray nozzle hole drilling capabil-
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ity that we have achieved as well as illustrate the new spray
nozzle geometry flexibility brought by femtosecond laser
machining.

5. Greatest Precision

Fabrication precision is, of course, relative to the re-
quirements of the industrial process being addressed.
Whereas electron beam lithography systems can provide <
10 nm linewidths [28], the price of these systems (>$4M)
makes them cost-prohibitive for most microfabrication
situations. In a growing number of micro-manufacturing
applications, commercial grade femtosecond lasers are
providing the required precision and cost efficiency. In this
section, we detail the precision micromachining capabili-
ties of our femtosecond laser systems with respect to the
fuel injector spray hole drilling application.

As noted in the previous section, precise control of the
GDI fuel spray pattern is a dominant factor in engine per-
formance, and the spray pattern depends directly upon the
geometry and surface quality of the machined spray nozzle
holes [25]. To maximize fuel economy and minimize
emissions, the SAE gas fuel injector steering committee
[29] recommends very tight control over:

Flow

Spray angle

Drop size distribution

Fuel mass distribution

Spray tip penetration

Control of these parameters in high volume production of
GDI fuel injectors is made deterministic and cost-effective
by the hole-drilling performance revealed below.

Fig. 8 shows a scanning electron microscope (SEM)
image (300x magnification) of a 200 um diameter hole
drilled through 250 pm thick stainless steel (316L) using a
Raydiance R-200 laser and a multi-axis galvo scanner for
laser trepanning. The 300x magnification SEM image re-
veals pristine substrate material (no heat affected zone),
negligible taper of the hole (nominally 0°), and excellent
surface roughness figure (R, < 0.1 um). Laser process
characteristics were: 45 pJ, 9 W (200 kHz) on target; heli-
um purge gas (60 psi); and 1.3 s total drilling time.

100um

0000008WD230mmE2 07 0kVAx300)

Fig. 8: Zero-taper, 200 pm diameter hole drilled in 250 um
thick stainless steel.
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We analyzed the reproducibility and repeatability of
this hole drilling process by measuring the diameters of the
through-hole entrance and exit faces for 99 consecutive
iterations of the process. The standard deviations for the
entrance and exit face diameters are, respectively, 0.488 um
and 0.233 pum. The maximum variations for the entrance
and exit face diameters are, respectively, 1.37 pm and 0.88
pm. We anticipate further optimization of the hole drilling
algorithm can yield maximum diameter variation < 1 pm
for similar hole geometry.

In addition to the basic zero-taper, circular hole drilling
required currently for GDI fuel injector fabrication, the
femtosecond laser trepanning solution enables new flexibil-
ity in terms of drilled hole geometry. Fig. 9 shows micro-
scope images of an elliptical profile through-hole (top) and
three side-by-side circular through-holes (bottom) having
zero taper, positive taper and negative taper. The elliptical
hole is drilled in 250 pum thick stainless steel (440) and is
shown from a top-down viewpoint to reveal the ~5:1 aspect
ratio (radii of 156 pm x 33.5 um). The side-by-side circu-
lar through-holes are shown from side view after the sam-
ple was cross-sectioned to reveal cylindrical taper of the
holes. These holes were also drilled in 250 pm thick stain-
less steel (440), and the taper angles, from left to right, are
0°, +6° and -6°. The white lines were added by the image
rendering software to guide the eye.

Fig. 9: Visible light microscope images of the top-down
view of an elliptical through hole (top) and cross-sectional
view of side-by-side circular through holes (bottom) with
zero taper, positive taper and negative taper, from left to
right, in stainless steel coupons.

Using the femtosecond laser trepanning process, a mul-
titude of through-hole geometries can be created, beyond
the simple ellipticity and taper control shown here. This
new flexibility is widening the design space for fuel injec-
tor spray hole geometry. While the basic zero-taper, circu-
lar hole geometry readily achieved with this process is suf-
ficient for current GDI fuel injector fabrication, the new
geometrical flexibility may enable greater control of spray
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patterns and improved engine combustion. In the next sec-
tion, we illustrate how the flexibility inherent with femto-
second laser processing extends beyond drilled hole geom-
etries in metals to address laser machining of polymers—
among other difficult-to-machine materials—as well as
non-machining applications such as laser marking.

6. Materials Flexibility

In this final section, we demonstrate precision machin-
ing of polycarbonate, for a microfluidics application, along
with gray-scale coloration of a polished stainless steel sur-
face. At present, these are not high production volume
applications for femtosecond laser processing. However,
they could become high production volume applications in
the near future and, moreover, represent the diverse array
of unique femtosecond laser application capabilities.

Soft dielectrics, e.g. polymers, are traditionally very
difficult to machine by mechanical or laser methods. Me-
chanical tools can deform the polymer substrate as it is
machined. Conventional lasers can melt and chemically
change the polymer material, causing change to the intrin-
sic viscosity (IV) and incompatibility with the end-
application requirements. In contrast, femtosecond abla-
tion can achieve precise machining with no appreciable
change to the remaining polymer material.

As example, Fig. 10 shows a visible light photograph of
a NASA check valve—a microfluidic system flow control
component—machined from a solid sheet of 275 um thick
polycarbonate [30]. The central circular feature is the
valve cap (1516 um diameter), and the curved struts (234
pum strut width) provide flexible suspension of the cap. The
fluid flow direction is normal to the image plane. The ma-
chining process used a Raydiance R-100 laser and a two-
axis galvo scanner with f-theta lens for raster scanning the
laser beam. Laser process parameters include: 45 uJ on
target, 10 kHz pulse repetition rate, 30 pm focal spot diam-
eter, and 1 minute total process time.

Fig. 10: NASA microfluidic check valve machined from
275 um thick polycarbonate using a Raydiance laser work-
station.

Conventional laser marking produces visible contrast
marks by machining surface reliefs and/ or by scorching
the material to yield discoloration by chemical change. In
contrast, femtosecond laser marking can produce surface
texturing with highly controllable degrees of light and dark
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contrast that depend only upon the number of pulses deliv-
ered to each spot on the material surface. Fig. 11 shows an
example of gray-scale coloration of a polished stainless
steel surface. Each square of the checkerboard pattern has
received a different number of pulses, and the squares ex-
hibit very different surface textures and macroscopic mark-
ing contrast. The inset images show higher magnification
of the surface morphology for the lightest (top, right) and
darkest (bottom, right) squares. In creation of these tex-
tures, there was no detectable material removal and no ob-
servable HAZ to the substrate.

Fig. 11: A grid (left) of gray-scale colorations by surface
texturing with a Raydiance laser on the surface of polished
stainless steel. The insets (right) reveal different surface
morphologies for light (top) vs. dark (bottom) zones of the
grid.

Femtosecond laser machining of polymers, surface tex-
turing metals for purpose of coloration, and many, many
other applications of femtosecond lasers for materials pro-
cessing have been shown in the academic literature
[31][32] over the past several decades. We show these ex-
amples in this section not as demonstrations of novel ef-
fects. Rather, we display these examples as evidence that
our commercial grade femtosecond laser systems can
achieve all the high-value processing effects relevant to
commercial markets. These are the benefits of using
pulsed laser light in the sub-picosecond regime and the
commercial grade form factor of fiber optics and autono-
mous laser control for reliable precision microfabrication
tools.

7. Summary

Precision manufacturing industries are now leveraging
femtosecond laser technology owing to the recent devel-
opment of our true commercial grade femtosecond laser
platform based on a fiber-optic photonics layer and auton-
omous, embedded software control system. The need for
stable, reliable femtosecond laser systems for realistic
manufacturing environments is clearly evident based on
pulse width dependency for process quality, speed, and
repeatability.  With femtosecond laser microfabrication
tools now accessible to industry, the relevance of femto-
second lasers to modern manufacturing has become clear
based on compelling economics, unparalleled precision,
and new flexibility with respect to materials. These new
capabilities are opening up enormous opportunities in au-
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tomotive components, consumer electronics, medical de-
vices, aerospace and bioscience applications. Femtosecond
laser materials processing simply provides faster, better and
cheaper ways of fabricating precision parts in a wide array
of high value applications.
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