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Introduction
Ultrafast lasers—that is, lasers that pro-

duce optical pulses with a duration of less
than a picosecond—are playing an in-
creasingly important role in many science
and technology disciplines. Ultrafast,
time-resolved measurements are well es-
tablished in physical chemistry, where
fundamental time scales of chemical reac-
tions become accessible,1 and in solid-state
physics and electrical engineering, where
carrier dynamics and transport are probed
on picosecond time scales directly rele-
vant to the operation of modern high-
speed devices.

Applications in materials research have
been slower to emerge, because only
within the past decade have commercial
instruments reached a level of reliability
and sophistication that make them practi-
cal tools for scientists and engineers who
may not be experts in laser technology
and the manipulation of short-duration,
high-intensity optical pulses. The rapid
development of ultrafast laser technology
is a principal motivation for this issue of
MRS Bulletin: the time is ripe for ultrafast
lasers to take on a rapidly expanding role
in studies of the science of materials and in
materials characterization, materials mod-
ification, and microfabrication. Ten years
ago, very little materials research was con-
ducted using high-intensity, ultrafast
lasers. With the commercial availability of
off-the-shelf ultrafast tools, a small revolu-
tion in materials research is underway.

Ultrafast optical pulses of �1 ps dura-
tion are generated by mode-locked laser
oscillators. The phases of the longitudinal
optical modes of the laser cavity are
locked together by either an active ele-
ment (e.g., an acousto-optic modulator) or
by passive effects such as Kerr-lensing in
the gain medium or the use of a saturable
absorber. Mode-locking produces short-
duration optical pulses with a high repeti-
tion rate determined by the length of the
optical cavity. The wide bandwidth of op-
tical gain in sapphire doped by Ti enables
extremely short-duration pulses.

Ti:sapphire lasers dominate the market,
but Ti:sapphire laser oscillators are, of
course, actually a set of three lasers.
Continuous-wave (cw) diode lasers
pump a cw solid-state laser, which is
frequency-doubled and used to pump the
Ti:sapphire oscillator. Ultrafast laser oscil-
lators and amplifiers that can be directly
pumped by diode lasers, such as Er:glass-
fiber lasers and Yb:tungstate lasers, are
becoming more common and may lead to
more compact and less expensive instru-
ments, but they have a more limited range
of output wavelengths and a longer pulse
duration than Ti:sapphire.

The typical repetition rate of a laser os-
cillator is 80 MHz. Therefore, a laser oscil-
lator with an average power of 1 W
produces optical pulses with an energy of
approximately 10 nJ. This pulse energy is
sufficient for metrology using picosecond

acoustics, for experiments that probe heat
transfer or carrier dynamics, and for many
forms of optical spectroscopy; it is not
generally sufficient for materials modifica-
tion, except with pulses that are tightly
focused by high-numerical-aperture
microscope objectives. Higher-energy
pulses are available from so-called
“extended-cavity oscillators” that oper-
ate with a lower repetition rate, on the
order of 10 MHz, but this technology is
currently limited to �100 nJ in commer-
cial Ti :sapphire lasers and �1 μJ in
Yb:tungstate lasers.

Optical pulses from laser oscillators
must therefore be amplified to reach ener-
gies of �1 μJ. The ability to amplify ultra-
fast lasers was an elusive goal for 20 years
following the development of the ultrafast
oscillator in the mid-1960s. In 1985, high-
intensity ultrafast lasers emerged with the
development of the chirped-pulse ampli-
fier.2 In a chirped-pulse amplifier, pairs of
diffraction gratings are used to temporally
stretch the optical pulse prior to amplifica-
tion and then temporally compress the
pulse after it leaves the amplifier. Twenty
years later, Ti:sapphire chirped-pulse am-
plifiers that produce 1–2 mJ optical pulses
at 1 kHz repetition rates are available
from a number of commercial suppliers.
Higher-repetition-rate (�100 kHz) lasers
with microjoule energy pulses are desir-
able for many applications in materials re-
moval and modification. These types of
lasers are becoming more common. The
relative simplicity of amplifiers that are di-
rectly pumped by diode lasers is driving
the development of systems based on
Er:glass and Yb:tungstate. A remarkable
feature of the articles in this issue of MRS
Bulletin is the huge range of pulse energies
that are used in the research: from �1 nJ
optical pulses applied in metrology to the
1 J energies used for a relativistic optics
phenomenon called plasma wakefield accel-
eration of electrons that may one day re-
place synchrotrons as bright sources of
x-rays5,6 and γ-rays.7

How Fast Is Ultrafast?
A simple illustration of the time scale

represented by a femtosecond (one-
quadrillionth of a second) is the fact that
light travels around the Earth about seven
times in a second, but only about 300 nm
in a femtosecond (see Figure 1).

The answer to the question “How fast is
ultrafast?” in materials research more ac-
curately depends on the characteristic
time scale of the application or the science
being studied. For example, for the gener-
ation of high-frequency longitudinal
acoustic waves in metal films, an impor-
tant time scale is the optical absorption
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depth divided by the speed of sound,
typically 1–5 ps. Thus, optical pulses with
duration of �1 ps are usually sufficient
for observing the sharpest possible
acoustic signals.

Each of the articles in this issue of MRS
Bulletin will answer the question differ-
ently, and in many cases the answer is
complicated by the existence of multiple
processes, some of which are not well
characterized.

It is often stated that the ultrafast regime
is reached when the pulse duration is less
than the time scale of electron–phonon

coupling. This statement has truth to it but
sometimes oversimplifies reality. The laser
pulse directly excites the electronic de-
grees of freedom in a material, and it takes
time for the energy absorbed by the elec-
trons to be transferred to the lattice. The
complete description of this process is
complex, even for the relatively simple
case of a laser pulse incident on the sur-
face of a metal. Energetic electrons trans-
fer energy to other electronic excitations
and to the motions of the atoms (i.e., the
phonons), and despite the popularity of
so-called “two-temperature” models that

assume the electrons and phonons are in-
dependently in thermal equilibrium at
two different temperatures, the time scales
for these processes are not always well
separated.3 Furthermore, ballistic trans-
port and rapid diffusion of hot electrons
can distribute energy in a metal over
much longer length scales than the optical
absorption depth. Because many scatter-
ing events are needed to transfer energy
from the highly excited electron system to
the motions of the atoms, the time scale
for the heating of the lattice can be much
greater than 1 ps, depending on the mate-
rial under study and the density of the en-
ergy deposited in the material.

The first article in this issue describes in
detail the mechanisms and characteristic
time scales of near-threshold laser ablation
in metals and semiconductors. Reis and
co-authors summarize the x-ray dif-
fraction results obtained last year at the
Stanford Linear Accelerator Center. This
experiment tour de force—the publication
in Science4 has 51 authors associated with
18 institutions—represents a diffraction
study of ultrafast melting with the fastest
time resolution to date. During the initial
200–400-fs period following the laser
pulse, a significant fraction (10–15%) of
the valence electrons are excited to higher
electronic states; this strong excitation
greatly reduces the attractive part of the
interatomic potential and allows the
atoms to freely drift with their room-
temperature thermal velocities until the
electrons relax, 400–600 fs later. Atoms can
drift as much as half of the unit-cell di-
mension, even though the center of mass,
collectively, is still in the original position,
without thermal expansion. Yet, once the
electrons relax (600 fs to 1 ps), the system
evolves in the same way as it would if
the lattice of atoms was heated instanta-
neously by the laser pulse. Large-scale
molecular dynamics (MD) and associated
hydrodynamics simulations that are de-
scribed later in the first article bear this out
as well.

The articles that follow Reis et al. ex-
pand on these ideas and discuss specific
applications of ultrafast lasers in the char-
acterization and fabrication of materials.

Antonelli et al. describe how the rapid
heating of the near surface of metal films
by nanojoule ultrafast optical pulses can
be used to generate strain and tempera-
ture fields for measurements of the me-
chanical and thermal properties of thin
films and interfaces. Conversely, if the me-
chanical properties are known, the geom-
etry of thin-film structures can be derived
from the spectra of acoustic echoes and os-
cillations. This approach, termed pico-
second acoustics, is widely used in the

Figure 1. Illustration of ultrafast processes in nature and technology. A femtosecond, the
duration of the shortest ultrafast laser pulse, is an extremely short period of time; light can
travel around the Earth about seven times in a second, but only about 300 nm in a
femtosecond. Adapted from Reference 8.
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microelectronics industry for measuring
the thicknesses of metal interconnects and
interlayer dielectrics.

King et al. describe their efforts to de-
velop an ultrafast imaging tool to observe
the time-dependence of phase transforma-
tions and shock-driven mechanical proc-
esses related to the interaction of ultrafast
light and materials. This article discusses
progress on two distinct types of instru-
ments, an ultrafast transmission electron
microscope and a laser-produced, rela-
tivistic electron beam with MeV energies
that is subsequently used as a source of
high brightness x-rays and γ-rays.

Itoh et al. illustrate how bulk dielectrics
can be modified with ultrafast lasers to
produce waveguides, Bragg reflectors, op-
tical devices, and microfluidic channels by
direct-writing in three dimensions. Again,
a thermal mechanism is identified as the
root cause of these materials modifica-
tion processes. In all cases, the extremely
sharp thermal gradients produced by ul-
trafast laser pulses permit such structures
to be created—something that would
not be possible for laser pulses of longer
than 10 ps.

Tull et al. describe the morphological
changes that an ultrafast laser can produce
at surfaces and interfaces. They describe
the use of high-intensity ultrafast light to
produce “black silicon” by taking advan-
tage of laser-induced periodic structures
and accelerating the process by machining
in a halogen gas environment. This mor-
phological variant of Si strongly adsorbs
light in the IR, something flat Si does not
do. The authors also describe another
morphological modification of a Si–SiO2
interface. Here, the ultrafast light is ab-
sorbed at the Si surface and the softened

glass is blown into a bubble by the spalla-
tion of a thin layer of ejected molten Si,
again a thermal mechanism. These bub-
bles have highly reproducible heights and
can be accurately joined to form tubes ca-
pable of transporting fluid.

Finally, Haight et al. describe the use of
ultrafast lasers to repair lithographic
masks at the 20–200-nm scale. This is, to
the best of our knowledge, the first ap-
plication of ultrafast lasers for nanoscale
fabrication in a manufacturing facility.
Here, the deterministic threshold is ex-
ploited  to either photo-dissociate precur-
sor molecules to deposit a thin line or
ablate unwanted material below the dif-
fraction limit.

These articles describe but a few of the
exciting materials research topics that are
actively being studied today with ultrafast
lasers. Unfortunately, the number of top-
ics in materials research that we could not
include because of space constraints is
very large: the much more mature field of
ultrafast spectroscopy,8 new areas of spec-
tral and temporal pulse shaping,9 ultrafast
interactions with organic and biological
materials,10 high-harmonic generation as a
source of UV and soft x-rays, ultrafast
generation of particle beams,11 terahertz
spectroscopy and imaging,12,13 and abla-
tion mechanisms in dielectric materials14

(which are quite different from those in
metals and semiconductors). Our hope is
that the selection of topics will illustrate
the breadth of this new area of ultrafast
lasers in materials research and the appli-
cations that have already been generated.

References
1. Ahmed H. Zewail, J. Phys. Chem. A 104
(2000) p. 5660.

2. D. Strickland and G. Mourou, Opt. Commun.
56 (3) (1985) p. 219.
3. G. Tas and H.J. Maris, Phys. Rev. B 49 (1994)
p. 15046.
4. A.M. Lindenberg, J. Larsson, K. Sokolowski-
Tinten, K.J. Gaffney, C. Blome, O. Synnergren,
J. Sheppard, C. Caleman, A.G. MacPhee, D.
Weinstein, D.P. Lowney, T.K. Allison, T.
Matthews, R.W. Falcone, A.L. Cavalieri, D.M.
Fritz, S.H. Lee, P.H. Bucksbaum, D.A. Reis,
J. Rudati, P.H. Fuoss, C.C. Kao, D.P. Siddons, R.
Pahl, J. Als-Nielsen, S. Duesterer, R. Ischebeck,
H. Schlarb, H. Schulte-Schrepping, Th.
Tschentscher, J. Schneider, D. von der Linde, O.
Hignette, F. Sette, H.N. Chapman, R.W. Lee,
T.N. Hansen, S. Techert, J.S. Wark, M. Bergh, G.
Huldt, D. van der Spoel, N. Timneanu, J. Hajdu,
R.A. Akre, E. Bong, P. Krejcik, J. Arthur, S.
Brennan, K. Luening, and J.B. Hastings, Science
308 (2005) p. 392.
5. P. Sprangle, E. Esarey, A. Ting, and G. Joyce,
Appl. Phys. Lett. 53 (22) (1988) p. 2146.
6. A. Rousse, K.T. Phuoc, R. Shah, A. Pukhov,
E. Lefebvre, V. Malka, S. Kiselev, F. Burgy, J.P.
Rousseau, D. Umstadter, and D. Hulin, Phys.
Rev. Lett. 93 135005 (2005).
7. G. Mourou and D. Umstadter, “Extreme
Light,” Sci. Am. 286 (5) (2002) p. 80.
8. D.D. Dlott, in Annu. Rev. Phys. Chem. 50
(1999) p. 251.
9. A.M. Weiner, Prog. Quantum Electron. 19
(1995) p. 161.
10. N. Shen, D. Datta, C.B. Schaffer, P. LeDuc,
D.E. Ingber, and E. Mazur, Mech. Chem. Biosys-
tems 2 (2005) p. 17.
11. R.A. Bartels, A. Paul, H. Green, H.C.
Kapteyn, M.M. Murnane, S. Backus, I.P.
Christov, Y. Liu, D. Attwood, and C. Jacobsen,
Science 297 (2002) p. 376.
12. M.C. Beard, G.M. Turner, and C.A. Schmut-
tenmaer, J. Phys. Chem. B 106 (2002) p. 7146.
13. B.B. Hu and M.C. Nuss, Opt. Lett. 20 (1995)
p. 1716.
14. R. Stoian, M. Boyle, A. Thoss, A. Rosenfeld,
G. Korn, I.V. Hertel, and E.E.B. Campbell, Appl.
Phys. Lett. 80 (2002) p. 353. �

David G. Cahill Steven M. Yalisove



Ultrafast Lasers in Materials Research

MRS BULLETIN • VOLUME 31 • AUGUST 2006 597

He joined the Michigan
faculty in 1989 after a
postdoctoral appoint-
ment at Bell Laborato-
ries. He has made
important contributions
to the fields of surface
science, thin-film growth,
evolution of thin-film
morphology, and most
recently, the interaction
of high-intensity femto-
second laser pulses with
materials.

Yalisove can be
reached at the Univer-
sity of Michigan,
Department of Materials
Science and Engineer-
ing, 2300 Hayward St.,
Ann Arbor, MI 48109-
2136 USA; tel. 734-764-
4346 and e-mail
smy@umich.edu.

G. Andrew Antonelli is
a laser research scientist
in the Assembly Capital
Equipment Develop-
ment Group at Intel
Corp. and an adjunct
assistant professor of
physics at Brown Uni-
versity. He received BSc
and MSc degrees in
physics from Davidson
College in 1995 and
Brown University in
1997, respectively. He
performed his doctoral
research on picosecond
laser acoustics under the
guidance of Humphrey
J. Maris at Brown Uni-
versity and obtained a
PhD degree in physics
in 2001. Since that time,
he has worked in vari-
ous capacities for Intel,
making significant

contributions to the
areas of thin-film
metrology, low-k dielec-
tric materials, and laser
micromachining. His re-
search interests include
laser ablation, picosec-
ond laser acoustics, syn-
thesis of low-k dielectric
materials, and experi-
mental methods of
studying the thermal,
mechanical, and fracture
properties of thin films. 

Antonelli can be
reached at Intel Corpora-
tion, 5000 W. Chandler
Blvd., Mail Stop CH3-
111, Chandler, AZ 85226
USA; tel. 480-552-5641
and e-mail george.a.
antonelli@intel.com.

Michael Armstrong is a
postdoctoral fellow at
Lawrence Livermore
National Laboratory. He
holds BA degrees in
music performance and
in physics from New
Mexico State University
and a PhD degree in
physics from the Uni-
versity of Rochester. His
primary interests are ul-
trafast phenomena in
condensed-phase chemi-
cal reactions, molecular
coordination in macro-
molecules and phase
transitions, nonlinear
optical phenomena, ul-
trafast electron imaging
and diffraction, and the
development of instru-
ments to examine ultra-
fast regimes. 

Armstrong can be
reached at Lawrence
Livermore National

Laboratory, 7000 East
Ave. L-353, Livermore,
CA 94551 USA; tel. 925-
423-5702, fax 925-423-
7040, and e-mail
armstrong30@llnl.gov.

James E. Carey is a
postdoctoral researcher
in the Division of Engi-
neering and Applied
Science at Harvard Uni-
versity and a member
of the Mazur research
group. He received
his BSE degree in
engineering physics
from the University of
Michigan in 1999 and
his MSC degree in engi-
neering sciences and
PhD degree in applied
physics from Harvard
in 2001 and 2004, re-
spectively. He is cur-
rently investigating the
material and optical prop-
erties of femtosecond-
laser-microstructured
silicon for use in pho-
todetectors and
photovoltaics. 

Carey can be reached
at Harvard University,
Department of Physics,
9 Oxford St., Cambridge,
MA 02138 USA; e-mail
jcarey@fas.harvard.edu.

Brian C. Daly is an assis-
tant professor of physics
at Vassar College in
Poughkeepsie, N.Y. He
holds a bachelor’s de-
gree in physics from the
College of the Holy
Cross and a PhD degree
in physics from Brown
University. From 2002
to 2005, he worked as a

research fellow at the
Center for Ultrafast Op-
tical Science at the Uni-
versity of Michigan. His
experimental interests
include time-resolved
ultrafast studies of
phonon transport in
crystals, thin films, and
nanostructures. 

Daly can be reached
at Vassar College,
Department of Physics
and Astronomy, 124
Raymond Ave., Pough-
keepsie, NY 12604 USA;
tel. 845-437-7351, fax
845-437-5995, and e-mail
brdaly@vassar.edu.

Kelly J. Gaffney has
been a member of the
Stanford Synchrotron
Radiation Laboratory
faculty at Stanford Uni-
versity since 2004. He
received his PhD degree
in chemistry from the
University of California
at Berkeley in 2001. His
research to date has cen-
tered on experimental
investigations of ultra-
fast structural dynamics
in a variety of materials
and environments. Dur-
ing his PhD work with
Charles Harris, Gaffney
studied electron dynam-
ics at interfaces. As a
postdoctoral fellow in
Mike Fayer’s laboratory
at Stanford University,
he used ultrafast vibra-
tional spectroscopy to
study the dynamics of
energy transfer and
structural relaxation in
hydrogen-bonding
fluids. Since accepting

his current position at
SSRL, he has focused his
attention on the devel-
opment and extension
of ultrafast x-ray science
to the study of struc-
tural and chemical
dynamics.

Gaffney can be
reached at Stanford
University, Stanford
Synchrotron Radiation
Laboratory, SLAC,
Menlo Park, CA 94025
USA; tel. 650-926-2382,
fax 650-926-4100, and
e-mail kgaffney@
slac.stanford.edu.

George H. Gilmer is
a staff physicist at
Lawrence Livermore
National Laboratory.
His research includes
the development of
theories, atomistic
computer models, and
special-purpose com-
puters to study solidi-
fication, thin-film
deposition, crystal
growth mechanisms,
crystal surface struc-
tures, and effects of
extreme conditions
and energetic particles
on surface and bulk
material. 

Gilmer received a BS
degree in mathematics
and physics from
Davidson College and a
PhD degree in physics
from the University of
Virginia. He worked as
a postdoctoral research
associate at Cornell Uni-
versity, a professor of
physics at Washington
and Lee University, and

G. Andrew Antonelli Michael Armstrong James E. Carey Brian C. Daly Kelly J. Gaffney



598 MRS BULLETIN • VOLUME 31 • AUGUST 2006

Ultrafast Lasers in Materials Research

a distinguished member
of technical staff at Bell
Laboratories before tak-
ing his current position
at LLNL. He is a fellow
of the American Physi-
cal Society. 

Gilmer can be
reached by e-mail at
gilmer1@llnl.gov.

Richard Haight is a re-
search staff member in
the Physical Sciences
Department at the IBM
T.J. Watson Research
Center. After receiving
his PhD degree from the
State University of New
York at Albany in 1983,
he spent two years as a
postdoctoral fellow at
Bell Laboratories and
joined IBM Research in
1985. His interests in-
clude femtosecond
electron dynamics in
materials, photoelectron
spectroscopy with fem-
tosecond high harmon-
ics, nanomachining with
ultrashort light pulses,
and applications of pho-
toelectron spectroscopy
to nanoscale and device
physics. 

Haight is a fellow of
the American Physical
Society and the Optical
Society of America. 
Haight can be reached
at the IBM T.J. Watson
Research Center, 1101
Kitchawan Rd., Route
134, Yorktown Heights,
NY 10598 USA;
tel. 914-945-3805,
fax 914-945-2141, and
e-mail rahaight@
us.ibm.com.

Kazuyoshi Itoh is a fac-
ulty member in the De-
partment of Material and
Life Science, Graduate
School of Engineering,
at Osaka University. He
received his BEng and
MEng degrees in applied
physics from Osaka in
1971 and 1975, respec-
tively, and his DEng
degree from Hokkaido
University in 1984. His
current interests involve
applications of ultra-
short optical pulses to
biophotonics, optical
signal processing, and
materials processing. 

Itoh served as an
editor in chief of the
Japanese Journal of Ap-
plied Physics from 2002
to 2004 and is a fellow of
both the Optical Society
of America and the In-
ternational Society for
Optical Engineering.
He is president of the
Optical Society of Japan.

Itoh can be reached at
Osaka University, Grad-
uate School of Engineer-
ing, Dept. of Material and
Life Science, 2-1 Yamada-
oka, Suita, Osaka 565-
0871, Japan; tel. 81-6-6879-
7850, fax 81-6-6879-7295,
and e-mail itoh@mls.
eng.osaka-u.ac.jp.

Wayne E. King is
division leader of the
Materials Science and
Technology Division,
Chemistry and Materi-
als Science Directorate,
at Lawrence Livermore
National Laboratory. He
earned a BA degree in

physics and mathe-
matics from Thiel Col-
lege in 1975 and a PhD
degree in materials sci-
ence and engineering
from Northwestern
University in 1980.
He spent the following
year as a postdoctoral
scientist at Argonne
National Laboratory
and then joined the
technical staff. In 1987,
he moved to LLNL,
where he is currently
leading a new effort to
construct the dynamic
transmission electron
microscope, which
can take images with
nanometer spatial
resolution and nanosec-
ond time resolution. 

King is author or
co-author of more than
80 journal articles, the
editor of one book, and
the founder of the
Frontiers of Electron
Microscopy in Materials
Science (FEMMS) Series
of international con-
ferences that have
been held biannually
since 1986.

King can be reached
at Lawrence Livermore
National Laboratory,
L-353, Livermore, CA
94551 USA; tel. 925-423-
6547, fax 925-423-7040,
and e-mail weking@
llnl.gov.

Peter Longo is an advi-
sory engineer in the
Lithography Develop-
ment Department at the
IBM T.J. Watson Research
Center. He received his

master’s degree in com-
puter science from
Union College in 1987.
He has developed con-
trol system software and
hardware for electron-
beam, ion-beam, x-ray,
and femtosecond-laser-
based tools to deliver
advanced capability to
IBM’s manufacturing
divisions.

Longo can be
reached at the IBM T.J.
Watson Research
Center, PO Box 218,
Yorktown Heights, NY
10598 USA; tel. 914-945-
3578, fax 914-945-2141,
and e-mail peterlon@
us.ibm.com.

Victor Malka is research
director at CNRS, a
lecturer at École Poly-
technique, and head of
the Laser Plasma Accel-
erator Group at the
Laboratoire d'Optique
Appliquée (LOA) in
France. He received his
PhD degree in atomic
physics for warm dense
plasma from the Univer-
sity of Paris XI and ac-
cepted a permanent
position at CNRS. He
has worked on implo-
sion experiments,
laser–plasma interac-
tions for inertial fusion,
and laser–plasma inter-
actions in the relativistic
regime. He concentrates
his research on relativis-
tic interactions, compact
accelerator design, and
new science and appli-
cations for laser-based
particle beams in medical

science, radio biology,
materials science, and
chemistry. 

Malka has published
more than 100 articles
and letters in refereed
scientific journals and is
a member of the Scien-
tific Council of the Euro-
pean Physical Society. 

Malka can be reached
at Laboratoire d’Optique
Appliquée (LOA), CNRS–
École Polytechnique–
ENSTA, Chemin de la
Hunière 91761 Palaiseau
Cedex, France; tel. 33-1-
69319903 and e-mail
victor.malka@ensta.fr.

Eric Mazur is Harvard
College Professor and
Gordon McKay Profes-
sor of Applied Physics
at Harvard University.
He obtained a PhD de-
gree in experimental
physics at the Univer-
sity of Leiden in the
Netherlands in 1981 and
joined the Harvard fac-
ulty in 1984. His work
includes spectroscopy,
light scattering, and
studies of electronic and

George H. Gilmer Richard Haight Kazuyoshi Itoh Wayne E. King Peter Longo

Bryan W. Reed



Ultrafast Lasers in Materials Research

MRS BULLETIN • VOLUME 31 • AUGUST 2006 599

structural events in
solids that occur on the
femtosecond time scale.
He is also interested in
education, science policy,
outreach, and the public
perception of science. 

Mazur can be reached
at Harvard University,
Department of Physics,
Cambridge, MA 02138
USA; tel. 617-495-8729,
fax 240-255-622, and
e-mail mazur@physics.
harvard.edu.

Joel P. McDonald is a
graduate student in the
Applied Physics Pro-
gram at the University
of Michigan. He com-
pleted his undergradu-
ate degree at Alma
College, majoring in
mathematics and
physics. His research at
the University of Michi-
gan has focused on the
use of femtosecond
pulsed lasers in a variety
of applications, including
pump-probe imaging of
laser-induced ablation,
laser-induced break-
down spectroscopy,

and micro- and nanofab-
rication. He expects to
complete his doctoral
studies in the spring
of 2007.

McDonald can be
reached at the Univer-
sity of Michigan, Rack-
ham Graduate School,
Applied Physics, 2477
Randall Laboratory, 500
E. University, Ann Arbor,
MI 48109 USA; tel. 734-
647-9498 and e-mail
jpmcdona@umich.edu.

Stefan Nolte is an
assistant professor in
the Institute of Applied
Physics at Friedrich
Schiller University in
Jena, Germany. In 1999,
he earned a doctorate
degree in physics from
the University of
Hanover and worked at
the Laser Zentrum
Hanover before joining
Friedrich Schiller Uni-
versity. His research
topics include ultra-
short-pulse microma-
chining and materials
modification for indus-
trial and medical ap-
plications. He has
been actively engaged
in research on femto-
second laser micro-
machining since the
mid-1990s.

Nolte can be reached at
Friedrich-Schiller-Univer-
sität Jena, Institute of
Applied Physics, Max-
Wien-Platz 1, D-07743
Jena, Germany; tel. 49-
3641-65-7656, fax 49-
3641-65-7680, and e-mail
nolte@iap.uni-jena.de.

Bernard Perrin is direc-
tor of research at CNRS.
He received an engi-
neering degree from the
École Nationale
Supérieure des Télécom-
munications in Paris in
1975, and IngDr and
DrSc degrees in physics
from Pierre and Marie
Curie University in 1978
and 1987, respectively.
His current research in-
terests include acoustics,
solid-state physics, and
nanophysics; more
specifically, he applies
picosecond laser ultra-
sonics to study elastic,
vibrational, and
thermal properties of
nanostructures.

Perrin can be reached
at Université Pierre et
Marie Curie, Institut des
NanoSciences de Paris,
140 Rue de Lourmel
75015 Paris, France; tel.
33-1-44-27-42-22, fax
33-1-44-27-38-82, and
e-mail bper@ccr.jussieu.fr.

Bryan W. Reed is a staff
member in the dynamic
transmission electron
microscopy group at
Lawrence Livermore
National Laboratory. He
received a BS degree in
physics from Harvey
Mudd College, followed
by a PhD degree in ap-
plied physics from Cor-
nell University in 1999.
His interest in complex-
ity and nonequilibrium
processes has led him
into a variety of research
areas, including elec-
tronic properties of

nanoscale materials (in-
vestigated primarily
with electron energy
loss spectroscopy), the
role of multiscale mi-
crostructural correla-
tions in fracture
processes, and the de-
velopment of structure
in rapidly driven phase
transformations. He is
also very interested in
technological develop-
ments in transmission
electron microscopy.

Reed can be reached
at Lawrence Livermore
National Laboratory,
7000 East Ave. L-353,
Livermore, CA 94551
USA; tel. 925-423-3617,
fax 925-423-7040, and
e-mail reed12@llnl.gov.

David A. Reis is an as-
sistant professor of
physics and applied
physics at the Univer-
sity of Michigan. He re-
ceived his BA degree
from the University of
California at Berkeley in
1993 and his PhD de-
gree from the University
of Rochester in 1999,
where he made contri-
butions to accelerator
physics and nonlinear
quantum electrodynam-
ics. Prior to accepting
his current position, he
was a postdoctoral fel-
low with the Center for
Ultrafast Optical Science
at the University of
Michigan. He currently
studies ultrafast
processes in matter
using both x-ray and
optical probes. 

Reis can be reached
at the University of
Michigan, Department
of Physics, 450 Church
St., Ann Arbor, MI
48109-1040 USA; tel.
734-763-9649, fax 734-
764-5153, and e-mail
dreis@umich.edu.

Antoine Rousse is a
staff researcher at the
Laboratoire d'Optique
Appliquée (LOA) and
was awarded a CNRS
position in 2000. He re-
ceived a PhD degree in
plasma physics from
the University of
Orsay–Paris XI in 1994
and spent a year as a
postdoctoral researcher
at the Institute of Physi-
cal and Chemical Re-
search (RIKEN) in
Tokyo in 1995. He cur-
rently leads a research
group working on ultra-
short, intense laser–
matter interactions and
the production of fem-
tosecond x-ray pulses
and their application in
ultrafast x-ray science,
mainly for the study of
ultrafast structural dy-
namics in solid-state
physics. He has per-
formed pioneering
studies in ultrafast x-ray
science and is develop-
ing the new generation
of laser-produced
plasma x-ray sources
from relativistic laser–
matter interactions. 

Rousse can be reached
at LOA/ENSTA,
Chemin de la Hunière,
F-91761 Palaiseau

Victor Malka Eric Mazur Joel P. McDonald Stefan Nolte Bernard Perrin

David A. Reis



600 MRS BULLETIN • VOLUME 31 • AUGUST 2006

Ultrafast Lasers in Materials Research

Cedex, France; tel.
33-1-69319890, fax 33-1-
69319996, and e-mail
antoine.rousse@ensta.fr.

Chris B. Schaffer is an
assistant professor in the
Department of Biomed-
ical Engineering at
Cornell University. He
received his undergrad-
uate and PhD degrees in
physics from the Uni-
versity of Florida (1995)
and Harvard University
(2001), respectively. His
research focuses on
understanding highly
nonlinear interactions
between femtosecond
laser pulses and trans-

parent materials and ex-
ploiting these interac-
tions for micromachining
and use in biological re-
search as a precise laser
scalpel.

Schaffer can be
reached at Cornell Uni-
versity, Department of
Biomedical Engineering,
120 Olin Hall, Ithaca,
NY 14853 USA; tel. 607-
256-5620, fax 607-256-
5608, and e-mail
cs385@cornell.edu.

Ben Torralva is a re-
search staff scientist in
the Materials Science
and Technology Divi-
sion, Chemistry and
Materials Science Direc-
torate, at Lawrence
Livermore National
Laboratory. He came to
LLNL as a postdoctoral
researcher in 2001. He
received a BA degree in
1993 and a PhD degree
in 2001, both in physics
from Texas A&M Uni-
versity. His current re-
search activities center
on modeling the inter-
action of intense laser
pulses with materials

using a variety of tech-
niques, ranging from
first-principles methods
to continuum models.
Torralva can be reached
at Lawrence Livermore
National Laboratory,
Materials Science and
Technology Division,
7000 East Ave., Liver-
more, CA 94550 USA;
tel. 925-423-4839 and
e-mail torr@llnl.gov.

Brian R. Tull is a gradu-
ate student in applied
physics at Harvard Uni-
versity and a member of
the Mazur research
group, where he works
to develop efficient pho-
tovoltaic cells through
femtosecond laser irra-
diation of silicon. He re-
ceived a BS degree in
materials science and
engineering from the
University of Pennsyl-
vania in 1998, an MS de-
gree in metallurgy and
materials engineering
from the University of
Connecticut in 2001, and
plans to complete his
doctorate in applied
physics in 2007. 

Tull can be reached at
Harvard University, De-
partment of Physics, 9
Oxford St., Cambridge,
MA 02138 USA; tel. 617-
496-9616 and e-mail
tull@fas.harvard.edu.

Alfred Wagner is a re-
search staff member in
the Advanced Lithogra-
phy Department at the
IBM T.J. Watson Re-
search Center. He re-
ceived his PhD degree
from Cornell University
in 1978 and spent seven
years as a member of
the technical staff in the
Radiation Physics Re-
search Department at
Bell Laboratories. He
joined IBM in 1985,
managing an advanced
lithography and mask
technology group. His
primary research inter-
est involves focused ion
beam and femtosecond
laser nanomachining.

Wagner can be
reached at IBM T.J.
Watson Research Center,
PO Box 218, Yorktown
Heights, NY 10598 USA;
tel. 914-945-1962, fax

914-945-2141, and e-mail
alwagner@us.ibm.com.

Wataru Watanabe is an
assistant professor in the
Department of Material
and Life Science at
Osaka University. He
received his BE, ME,
and DE degrees from
Osaka University in
1994, 1996, and 1999,
respectively. He joined
the National Institute of
Advanced Industrial
Science and Technology
(AIST) in 2006 and is
currently a researcher in
the Photonics Research
Institute. His research
interests include ultra-
fast nonlinear optics and
nanophotonics.

Watanabe can be
reached at the National
Institute for Advanced
Industrial Science and
Technology, Photonics
Research Institute,
1-8-31, Midorigaoka,
Ikeda, Osaka 563-8577,
Japan; tel. 81-72-751-
9543, fax 81-72-751-4027,
and e-mail wataru.
watanabe@aist.go.jp. �

Antoine Rousse Chris B. Schaffer Ben Torralva

Wataru Watanabe

Brian R. Tull Alfred Wagner



626 MRS BULLETIN • VOLUME 31 • AUGUST 2006

Introduction
Over the past several decades, ultra-

short-pulse laser irradiation of silicon sur-
faces has been an active area of materials
science research that has led to a number
of unexpected observations and the forma-
tion of new materials. The basic physics of
this interaction is fully described in the
article by Reis et al. in this issue of MRS
Bulletin. Starting in the late 1970s, picosec-
ond studies1–8 and later femtosecond
pump-probe studies9–21 have been used to
elucidate the specific mechanism of many
processes, including electron–hole plasma
formation,9,10,13,14 melting,5,9,10,12 abla-
tion,19–21 and ultrafast melting.16–18 Ultra-
fast melting—the disordering of a “cold”
lattice within 100 fs of excitation due to
covalent bond weakening upon excitation
of more than 15% of the valence elec-
trons22–25—is a phenomenon unique to
irradiation with high-intensity femtosec-
ond laser pulses, because these pulses are
shorter than the electron–phonon relax-
ation time. Technologically, ultrashort
laser irradiation offers an alternative
method for annealing ion-implanted
semiconductors.6,7

Early research on the surface morphol-
ogy resulting from picosecond laser irra-
diation near the melting threshold
revealed the formation of ripples on the
surface with a wavelength related to
the wavelength of the laser.4,26 These so-
called laser-induced periodic surface
structures (LIPSS)27–30 are similar to rip-
ple structures observed on a variety of ma-
terials after irradiation with one or more
pulses from a wide range of laser systems
(including femtosecond, picosecond, and
nanosecond pulses) and are well under-
stood. In short, when the laser pulse is en-
ergetic enough to fully melt the surface,
the incident pulse interferes with light
scattered from defects at the surface, set-
ting up an inhomogeneous melt depth
and the formation of capillary waves,
which freeze in place.30 Recently, a num-
ber of groups have reported the formation
of micro- and nano-sized structures result-
ing from irradiation with femtosecond
laser pulses.31–41

The majority of this research deals with
the interaction of a single laser pulse with a
flat surface. Consequently, the interaction

of single laser pulses with various materi-
als is generally well understood. The in-
teraction of multiple laser pulses with a
surface that is altered by each pulse, in
contrast, is currently not well understood.
In this article, we will present two studies
on surface morphology resulting from ir-
radiation with multiple femtosecond laser
pulses. In the next section, we discuss the
evolution of micrometer-sized cones on a
silicon surface irradiated with hundreds
of femtosecond laser pulses in an atmos-
phere of sulfur hexafluoride (SF6) and
other gases. After that, we discuss the for-
mation of blisters or bubbles at the inter-
face between a thermal silicon oxide and
the silicon surface after irradiation with
one or more femtosecond laser pulses.

Formation of Micrometer-Sized
Cones on Silicon via Femtosecond
Laser Irradiation

For the past ten years, the Mazur group
has extensively studied the surface mor-
phology and subsequent properties of sil-
icon surfaces irradiated with femtosecond
laser pulses in a variety of environments.
In 1998, we published the initial discovery
that a flat silicon surface is transformed
into a forest of quasi-ordered micrometer-
sized conical structures (Figure 1) upon
irradiation with several hundred femto-
second laser pulses in an atmosphere of
sulfur hexafluoride (SF6).42 Shortly after-
ward, we reported the dependence of
cone height on laser fluence and pulse du-
ration.43 In the subsequent years, we stud-
ied the ability of the microstructured
surfaces to absorb nearly all incident light
in the ultraviolet, visible, and near-in-
frared (250–2500 nm) as a result of sulfur
being trapped in the material during irra-
diation44–47 and successfully employed the
process to create silicon-based infrared
photodetectors.48 We also studied the mor-
phology and properties that result from
microstructuring silicon in a variety of
other environments, including gaseous
N2, Cl2, H2, H2S, Ar, and SiH4, as well as
vacuum, liquid water, and air.45,49–52 When
microstructured in air, the resulting sur-
face photoluminesces.49

The surface morphology after micro-
structuring depends strongly on the
variables involved in femtosecond laser ir-
radiation, including the number of inci-
dent laser pulses, laser fluence (energy per
unit area), wavelength, pulse duration,
and the ambient gas (or liquid) species
and pressure. Despite the large variation
in surface morphologies obtained by
varying experimental parameters, each re-
sulting surface follows a similar pattern
of evolution with increasing number of

Silicon Surface
Morphologies after
Femtosecond Laser
Irradiation
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Joel P. McDonald, and Steven M. Yalisove

Abstract
In this article, we present summaries of the evolution of surface morphology resulting

from the irradiation of single-crystal silicon with femtosecond laser pulses. In the first
section, we discuss the development of micrometer-sized cones on a silicon surface
irradiated with hundreds of femtosecond laser pulses in the presence of sulfur
hexafluoride and other gases. We propose a general formation mechanism for the
surface spikes. In the second section, we discuss the formation of blisters or bubbles at
the interface between a thermal silicon oxide and a silicon surface after irradiation with
one or more femtosecond laser pulses. We discuss the physical mechanism for blister
formation and its potential use as channels in microfluidic devices.
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pulses. After approximately 500 pulses, a
quasi-ordered array of conical structures
is formed. The resulting cones are ap-
proximately 1–15 μm high and spaced by
1–5 μm (with the exception of surfaces ir-
radiated in water, where the cones are an
order of magnitude smaller and denser53).
For linearly polarized light, the cones have
an elliptical base, with the long axis of the
ellipse perpendicular to the polarization

axis of the incident light. In the remainder
of this section, we describe the general
stages of cone formation that take place
for silicon irradiated in SF6 using specific
conditions and then generalize this forma-
tion mechanism for other experimental
conditions. These specific (“standard”)
conditions are an n-doped Si(111) wafer,
260 μm thick, with resistivity ρ � 8–12 
Ω m, irradiated by a 1-kHz train of

500–600 laser pulses (duration, 100 fs; cen-
tral wavelength, 800 nm; spot size, 150 μm
FWHM yielding a fluence of 8 kJ/m2; lin-
early polarized perpendicular to the op-
tics table), in 67 kPa of SF6. More detailed
experimental procedures can be found in
our other papers.43,46

Figure 1 shows a series of scanning elec-
tron microscope (SEM) images that illus-
trate how the final morphology evolves

20 mμ20 mμ
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i j k l
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Figure 1. Scanning electron micrographs of a silicon surface after the following number of femtosecond laser pulses: (a) 1, (b) 2, (c) 3, (d) 4,
(e) 5, (f ) 6, (g) 7, (h) 8, (i) 9, ( j) 10, (k) 12, (l) 15, (m) 20, (n) 30, (o) 50, (p) 70, (q) 100, (r) 200, (s) 400, and (t) 600. Each SEM image is taken at
a 45° angle to the surface with the same magnification. Adapted from Reference 54.
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with an increasing number of incident
laser pulses. Cross sections of the irradi-
ated samples show that the tips of the
cones are at or below the original surface,
indicating that the cones are formed by
net ablation rather than by deposition and
growth.43 This finding is consistent with
our laser fluence (8 kJ/m2) exceeding both
the melting and ablation thresholds for
silicon (1.5 kJ/m2 and 3 kJ/m2, respec-
tively21). As each pulse is absorbed by the
sample, the energy density is greatest at
the surface and then decreases deeper into
the sample. This density profile causes the
topmost layer to be ablated away and
the material beneath it to melt and then
resolidify to form the resulting surface. A
simple, uniform ablation process, how-
ever, cannot explain the surface morphol-
ogy, as the valleys between the cones are
an order of magnitude smaller than the
laser spot size.

The formation of the surface morphol-
ogy can be separated into two parts, an
early stage (1–10 pulses) and a late stage
(>10 pulses).54 The first pulse causes small
defects that are randomly distributed over
the surface (Figure 1a). Their circular
shape suggests that they result from a
burst bubble that is frozen in place upon
resolidification of the melt. These bubbles
can be attributed to a local increase in va-
porization of the silicon melt due to de-
fects or impurities at the surface. Apart
from these random circular features, the
ablation and melting after the first laser
pulse appear to be uniform.

After the second pulse, a distinct ripple
pattern appears (Figure 1b). The wave-
length of the ripple is close to the central
wavelength of the incident laser, and the
long axis of the ripple is perpendicular to
the laser polarization, in agreement with
the ripple formation observed in LIPPS.
At high fluence, the interference between
the incident beam and light scattered by
minor surface defects results in inhomo-
geneous energy deposition. Ablation and
melt formation occur at non-uniform
depths, creating capillary waves with the
wavelength of the laser. Rapid resolidi-
fication subsequently freezes the ripple
structure in place.

Figure 2 quantifies the evolution of the
periodic patterns at the surface. The graphs
to the right of the SEM images are Fourier
transforms of the intensity of the SEM
image in the horizontal and vertical direc-
tions. A peak in the Fourier transform
(indicated by an arrow) represents a peri-
odicity in the surface at that frequency
(corresponding to a periodic distance in
the image). In the Fourier spectrums of
Figures 2b–2d, the spectrum for the previ-
ous figure is shown in gray for comparison.

After two pulses (Figure 2a), the Fourier
transforms reveal a distinct periodicity of
the ripple pattern in the horizontal direc-
tion, but not in the vertical direction. After
five pulses (Figure 2b), the ripple pattern
disappears, along with the peak in the
horizontal Fourier spectrum, but a larger
periodicity of 2 μm develops in the vertical
direction. Visually, the ripple pattern is
replaced by small beads spaced ap-
proximately 2 μm apart. After 10 pulses
(Figure 2c), the periodicity in the vertical
direction shifts to larger distances (smaller
frequencies), to a wavelength of 3.5 μm.
At this point, the periodicity of the final
surface morphology is established and the
early stage of formation is over. As these
pictures show, the periodicity established
in the early stage begins with a LIPSS-like
ripple formation with a wavelength of
the laser (Figure 1b), and then changes to
a quasi-periodic array of beads with a
larger wavelength (Figures 1c–1j). The na-
ture of the formation of beads and their
persistence throughout the ablation
process will be discussed after the late-
stage formation.

During late-stage formation, from
pulse 10 to several hundred pulses (Fig-
ures 1j–1t), material is preferentially ab-
lated on the sides of the beads, creating
the resulting conical microstructures with
the beads at their tips. The beads act to
concentrate the light into the valleys be-
tween them. Light that hits the sides of the
beads has a high angle of incidence, and
because reflectivity increases for high an-
gles of incidence, this light is reflected into
the valleys, raising the incident fluence
and increasing the ablation rate.55 As the
conical structures become steeper, the effect
is intensified. A final Fourier analysis of the
conical microstructures after 500 pulses is
shown in Figure 2d. The periodicity
moves to slightly longer wavelengths, and
the average spacing of the conical mi-
crostructures is 3.5–4 μm.

Toward the end of the evolution (Fig-
ures 1q–1t), the tips of the cones start to
become wider than regions immediately
below the tip, giving the appearance of a
sphere perched on top of a cone. This ob-
servation may be consistent with some re-
deposition of vapor material at the tip
while the surface is molten via vapor–
liquid–solid growth.56 Similar observations
have been made on conical structures
grown on silicon with nanosecond laser
pulses, which also exhibit spheres at the
tip.57–59 For nanosecond pulses, the tips of
the conical structures protrude well above
the original surface, suggesting that
growth is a more dominant formation
mechanism than ablation for nanosecond
pulses. A systematic comparison between

cones formed with femtosecond and nano-
second laser pulses appears in Reference 47.

The transition from the ripple structure
to beads is not fully understood, but sev-
eral factors may contribute to the develop-
ment of beads. First, the ripple structure is
essentially a half cylinder on the surface,
and subsequent melting may cause this
structure to bead up. A liquid cylinder that
is longer than its radius is unstable and
collapses into equal-sized equally spaced
drops, a phenomenon known as cylindri-
cal collapse.60 Second, during ultrashort
laser irradiation of silicon, the velocity of
the resolidification front is extremely
high.12 As a result, a high concentration of
defects can be trapped in the solidified
material, including vacancies, interstitials,
and elements from the background gas
(Rutherford backscattering reveals that
the resolidified surface contains approxi-
mately 0.5–1% of the ambient species
present during the irradiation46,54). If the
melt depth is non-uniform across the sur-
face, the concentration of defects may also
be non-uniform. A recent study61 predicts
that the trapping of defects can be inho-
mogeneous during femtosecond laser ab-
lation; interstitials collect in extended
regions, where the surface height is a max-
imum and vacancies collect at minima.
Regardless of the details of the defect dis-
tribution, the inhomogeneous nature of
the surface creates a non-uniform melting
temperature profile preferentially protect-
ing those regions with a higher melting
temperature. It is possible that these re-
gions lead to the formation of beads. The
shift in bead periodicity from 2 μm to
3.5 μm at the end of the early stage can be
attributed to larger beads being protected
by this mechanism while smaller beads
are ablated away.

The specific surface features that de-
velop depend to some degree on the con-
ditions, but the formation mechanism
follows the overall trend described in the
previous few paragraphs for a wide range
of experimental parameters. In nearly
every case, the surface morphology devel-
ops a ripple structure on the order of the
wavelength of the incident light after only
a few pulses. Different conditions, how-
ever, lead to differences in the periodicity
and size of the beads that develop, the
number of pulses required to create bead-
like structures, and the final shape of the
cones. These factors depend on the surface
tension of the liquid silicon that forms a
protective bead, which in turn depends on
melt depth, cooling rate, gas species, and
pressure as well as the inclusion of ele-
ments from the background gas.

For example, when the incident laser
pulses are frequency-doubled so they
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have a wavelength of 400 nm, the result-
ing LIPSS ripples have a wavelength of
400 nm, and sharp conical structures de-
velop in a manner similar to the formation

of structures with 800-nm light, except that
they are smaller and their density is dou-
bled.54 In vacuum, ripples develop after a
few pulses, but it takes up to 50 pulses for

the ripples to coarsen into beads. The re-
sulting conical structures are broader and
more blunt, with a slightly wider spac-
ing than cones formed in SF6.54 These

Figure 2. Scanning electron micrographs of a silicon surface after (a) 2, (b) 5, (c) 10, and (d) 500 femtosecond laser pulses. The micrographs
were taken normal to the surface. The graphs are Fourier transforms of the intensity of each SEM image in the horizontal (center) and vertical
(far right) directions. A peak in the Fourier transform (indicated by an arrow) represents a periodicity in the surface at that frequency
(corresponding to a periodic distance in the image). In the Fourier spectra of Figures 2b–2d, the spectrum for the previous figure is shown
in gray for comparison. Adapted from Reference 54.
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two examples illustrate how the forma-
tion mechanism remains similar for differ-
ent conditions. The first case shows that
the wavelength of the laser determines the
final density of the structures. The second
example shows that the background gas
has an effect on the number of pulses re-
quired to form structures and their overall
final shape. The ambient gas changes the
surface tension of the molten silicon and
determines the elements that become
trapped in the molten silicon. For SF6, H2S,
and Cl2, the final cones are sharp, as in
Figure 1, but for N2, H2, and air, they are
blunt, like the cones formed in vac-
uum.45,52,54 The difference may indicate
that certain elements (such as S and Cl)
provide more protection against ablation
than other elements (N and H).

Interface Effects from
Femtosecond Laser Irradiation of
SiO2-Coated Silicon

Femtosecond-laser-induced damage on
single-crystalline silicon has been exten-
sively studied with a large variety of char-
acterization tools, including atomic force
microscopy, micro-Raman spectroscopy,
and laser scanning microscopy.31,33,39,40,62–68

These studies typically measure damage
thresholds and identify morphological
damage features that depend on variables
such as fluence (energy per unit area),
temporal pulse width, polarization, wave-
length, and angle of incidence. Few of
these papers, however, address the role
of the 2-nm-thick native oxide layer. We
recently published69 results which demon-
strate the significant role that the 2-nm na-
tive oxide plays on the morphology and
damage threshold as compared with
atomically clean Si. These results and the
model that was developed to explain
them motivated us to perform experi-
ments on Si with thicker, thermally grown
oxide films.

We studied thicker SiO2 samples by
growing thermal oxides of different thick-
nesses.70 Indeed, the morphology that is
seen in the native oxide disappears for the
thinnest thermally grown oxide (20 nm).
Instead, an entirely new morphology—
either blisters or craters—appears.

Figure 3 presents atomic force mi-
croscopy (AFM) images illustrating a
range of morphologies that are produced
by varying the thermal oxide thickness,
the laser fluence, and the number of laser
pulses. For a given oxide thickness, blis-
ters form at low fluence, 1–2 times the
damage threshold of Si(100), while craters
are formed as the fluence is increased be-
yond a critical value. Unique to ultrafast-
laser material interaction is the inherent
reproducibility and control over blister

and crater dimensions. Using multiple
pulses, blister height can be sequentially
increased (or pumped up) from 100 nm to
900 nm (Figures 3d–3g). Alternatively,
blister dimensions can be controlled by
changing the laser fluence of a single laser
pulse (Figures 3i–3l).

Blister formation in thin films result-
ing from laser irradiation is not a new

phenomenon, but the conditions and
mechanisms at play are quite different for
irradiation with femtosecond laser pulses
than for longer pulse durations.71,72 Relax-
ation of residual stress plays a role but is
far from sufficient to explain the observed
blister dimensions.73–75

The mechanism responsible for blister
production by femtosecond laser pulses is

Figure 3. Atomic force microscopy images of femtosecond-laser-induced damage
features produced on thermally oxidized Si(100). (a)–(h) Oxide thickness � 1200 nm.
(i)–(m) Oxide thickness � 147 nm. (a) Blister; laser fluence � 7.6 kJ/m2. (b) Crater; laser
fluence � 13.2 kJ/m2. (c) AFM section analysis of features in (a) and (b). (d)–(g) Blister
features produced in 1200-nm-thick thermal oxide on Si(100) with laser fluence � 4.3 kJ/m2

produced using the number of laser pulses as follows: (d) 2, (e) 4, (f) 6, and (g) 8. (h) AFM
section analysis of features in (d)–(g). (i)–(l) Damage features produced on thermally oxidized
Si(100) with a 147-nm-thick oxide. (i) Blister; laser fluence � 3.0 kJ/m2. ( j) Blister; laser
fluence � 3.3 kJ/m2. (k) Blister; laser fluence � 4.0 kJ/m2. (l) Crater feature produced in
147-nm-thick thermal oxide on Si(100) with peak fluence � 19.2 kJ/m2. (m) AFM section
analysis of features in (i)–(l), demonstrating the heights of the blister features and depth of
the damage crater.
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a combination of compressive stress relax-
ation, softening of the thermal oxide via
electron heating and conduction, and mo-
mentum transfer from the underlying
substrate to the oxide layer.75 The interac-
tion of an above-damage-threshold fem-
tosecond laser pulse with the Si(100)
substrate produces a dense electron–hole
plasma in silicon and energetic electrons
that expand in all directions from the exci-
tation region.76 These energetic electrons
reach thermal equilibrium with the lattice
as they transfer their kinetic energy to the
lattice in a few picoseconds, heating the
substrate to about 5000 K.20 Due to its
proximity to the highly heated substrate
as well as heating by electrons scattered
from the substrate, the thermal oxide film
is left in a softened state. This softening al-
lows the ablated substrate material to
push the oxide film upward, forming a
blister. This model is consistent with the
picture of near-threshold ablation pre-
sented in the article by Reis et al. in this
issue. It is also consistent with time-
resolved pump-probe imaging experi-
ments of near-threshold ablation of metals
and semiconductors, where interference
phenomena suggest that a moving liquid
layer is expelled.19,21,77

By overlapping blisters produced by
femtosecond laser pulses in a 1200-nm-
thick thermal oxide layer on Si(100), one
can produce channels that can be used in
microfluidics applications. The top sur-
face of the channel is the delaminated
thermal oxide film and the freshly oxi-
dized 40-nm film of Si; the bottom surface
is the underlying Si(100) substrate, which
has a thermal oxide that forms as the
molten Si solidifies in the presence of
air.75,78 A single pass of the sample through
the focused laser beam at a speed of 10
mm/s and a laser fluence of 3.5 kJ/m2

with a focused laser beam diameter of 55
± 5 μm on the sample produces channels
24 ± 1 μm wide and 355 ± 45 nm in height.
To make larger channels, we laterally
overlapped single-pass channels, produc-
ing channels with widths exceeding 300
μm. The height of the channels is a func-
tion of channel width (see Figure 4). We
also produced linear channels with
lengths exceeding 10 mm, as well as other
channel geometries, including intersec-
tions, corners, and curves. SEM images of
the end of a channel are presented in Fig-
ures 4i–4j, showing the morphology of the
substrate or bottom surface of the chan-
nels. Similar channels have been pro-
duced by selectively delaminating
diamond-like carbon films via litho-
graphic techniques.74

Compared with other femtosecond-
laser-based micromachining techniques

for producing microfluidic channels, the
technique discussed here has the advan-
tage of producing little debris at relatively

fast writing speeds.79,80 In general, direct-
writing techniques are simpler than litho-
graphic techniques, because the channels

Figure 4. Nano- and microfluidic channels produced with the femtosecond laser direct-write
technique with laser fluence of 3.5 kJ/m2 at a single-pass scan rate of 1 cm/s. (a) Optical
microscope image of channels produced with (from left to right) a single pass to 5 over-
lapped (overlap � 15 mm) passes. (b) Simple grid device produced with the femtosecond
laser direct-write technique. (c)–(g) AFM images of channels produced with single and mul-
tiple passes. (c) Single pass. (d) Six passes. (e) AFM cross section analysis of channels;
(c) and (d) are indicated. (f) AFM of corner channels. (g) AFM of channel intersection.
(h) Plot of channel height as a function of channel width, with results of linear fit shown.
(i) SEM image (tilt � 59°) of end of channel written to the edge of sample. The interior of the
channel was exposed by intentionally fracturing the delaminated glass at the edge of the
sample. ( j) SEM image from inset in (h), showing the roughness on the substrate surface
and bottom surface of the delaminated thermal oxide film.
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can be created with a single processing
step, allowing adjustments to the fluidic
network design to be implemented
quickly without the need to produce a
new mask. The channels produced via
femtosecond-laser-induced delamination
of thermal oxide films from Si(100) sub-
strates exhibit a noncircular cross section,
which is quite different from those pro-
duced by other techniques.79,81 However,
the delaminated glass is very thin and
may require a layer of poly(dimethylsilox-
ane) or other material to make these frag-
ile systems more robust.

Summary
The interaction of intense, ultrafast laser

pulses with materials produces a variety
of damage morphologies that depend on
both the laser irradiation and the material
of interest. Many other interesting mor-
phological phenomena have been ob-
served and characterized, including
laser-induced periodic surface structures
or ripples,34,82,83 gratings produced by in-
terfering two laser beams on a surface,84,85

and so-called nanobumps and nanojets in
thin gold films on quartz substrates.86 A
number of recent papers report on the ef-
fect of liquid35,87 and gaseous88,89 environ-
ments on the resulting morphology
during machining. Controlling damage
morphology is essential for improving mi-
cromachining capabilities. The resulting
damage morphologies can also prove use-
ful in their own right, as in the case of the
two studies presented in this article. The
intersection of materials research and ul-
trafast optical science is producing many
valuable fundamental scientific results,
and the trend is expected to evolve as new
and exciting discoveries are made.
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