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(57) ABSTRACT

The surface of a material 1s textured and crystallized 1n a
single step by exposing the surface to pulses from an ultrafast
laser. The laser treatment causes pillars to form on the treated
surface. These pillars provide for greater light absorption.
The crystallization of the material provides for higher electric
conductivity and changes 1n optical properties of the matenal.
The method may be performed 1n a gaseous environment, so
that laser assisted chemical etching will aid 1n the texturing of
the surface. This method may be used on various material
surfaces, such as semiconductors, metals, ceramics, poly-
mers, and glasses.
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SYSTEMS AND METHODS OF LASER
TEXTURING AND CRYSTALLIZATION OF
MATERIAL SURFACES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority from U.S. Provi-
sional Patent Application No. 60/7352,543, filed on Dec. 21,

20035; U.S. Provisional Patent Application No. 60/843,874,
filed on Sep. 12, 2006; and U.S. Provisional Patent Applica-
tion No. 60/860,733, filed on Nov. 22, 2006. The full disclo-
sures of these provisional applications are incorporated
herein by reference.

STAITEMENT OF GOVERNMENT INTEREST

[0002] The present invention was developed under
National Science Foundation Grant No. GA10507-31335
427250. The government has certain rights in the invention.

FIELD OF THE INVENTION

[0003] Apparatuses and methods consistent with the
present invention relate to moditying surfaces, and more par-
ticularly, to modifying surfaces of thin films 1n order to alter
their thermal, structural, optical, and electrical properties.

BACKGROUND OF THE INVENTION

[0004] Laser processing provides a unique method of
moditying materials by depositing large amounts of energy
onto the surface of a material 1n an extremely controlled
manner. Laser processing enables the precisely localized
treatment of a material. Laser processing 1s particularly usetul
aiter thin-film deposition of amorphous materials, which usu-
ally involves low temperature processing, and allows for the
use of flexible and low melting temperature substrates for
large area device fabrication. However, these devices lack
better performance, usually due to poor electrical, optical,
and/or structural properties. Laser processing of these devices
with ultra-short laser pulses has been found to improve the
properties of the devices, because the high peak intensities of
the laser pulses rapidly texture the surface, and a subsequent
quenching process induces crystallization in the matenal. The
texturing of the surface leads to more light absorption 1n the
material, and the subsequent crystallization improves the
clectronic properties of the material.

[0005] For example, thin film amorphous silicon (a-Si)
based devices are mexpensive compared to their crystalline
counterparts because ol low temperature processing, which 1s
suitable for deposition on large substrates, such as glass,
plastic, and steel foils. However, solar cell devices fabricated
using a-S1 thin-films lack etficiency, have a high reflectivity
across the electromagnetic spectrum, possess a larger band
gap (~1.7 eV), and have limited carrier mobility. In order to
improve the elficiency and sensitivity of a-S1 based devices,
post-deposition laser processing 1s usually recommended.
This includes texturing and subsequent crystallization of the
surface. Pulsed laser crystallization of thin a-S1 films on vari-
ous substrates has potential applications in the fabrication of
thin film transistors for active matrix liquid crystal displays
and efficient solar cells. Typically, nanosecond or microsec-
ond lasers are utilized to crystallize such films through arapid
melting and solidification process. Methods of using a laser to
crystallize a material surface are also disclosed by U.S. Pat.

No. 6,169,014 to McCulloch, U.S. Pat. No. 6,451,631 to

Sep. 13, 2014

Grigoropoluos et al., U.S. Pat. No. 6,489,188 to Jung, and
U.S. Pat. No. 6,635,932 to Grigoropoluos et al.

[0006] Methods of using an ultrafast laser to texture the
surface of crystalline bulk silicon are disclosed 1n U.S. patent
application Ser. No. 10/155,429 to Mazur. Mazur discloses a
method of texturing the surface of a silicon substrate by
irradiating the surface with ultra-short laser pulses 1n the
presence of a background gas, such as SF.. After texturing,
the silicon surface 1n Mazur contains cone-like microstruc-
tures that are up to 50 um high, and have widths of about 0.8
wm near the tip and up to 10 um near the base. Also, Mills and
Kolasinski disclose nanospikes formed atop silicon pillars
when the sample 1s exposed to SF . gas diluted with hellum
(17 Nanotechnology 2471, 2006). Further, Vorobyev and Guo
disclose the formation of nanoprotrusions with spherical tips
on copper, gold, and platinum surfaces by using a femtosec-
ond laser ablation techmique (14 Optics Express 2164, 2006).

[0007] While the prior art discussed above provides impor-
tant advantages, 1t suifers from a number of drawbacks. The
prior art fails to disclose a method of producing periodic
arrays of pillar structures on a surface of a material by textur-
ing the surface. Further, the prior art does not teach a method
of texturing and crystallizing a surface in one step. Also, the
prior art does not teach a method of forming pillar structures
on metal surfaces. In addition, the prior art fails to disclose a
method of utilizing laser texturing and crystallization in many
novel applications.

SUMMARY OF THE INVENTION

[0008] Exemplary embodiments of the present invention
overcome the above disadvantages and other disadvantages
not described above. Also, the present invention 1s not
required to overcome the disadvantages described above, and
an exemplary embodiment of the present invention may not
overcome any of the problems described above.

[0009] The present invention provides a method for textur-
ing a surface of a semiconductor material, including provid-
ing an etching gas 1n an area around the surface of the mate-
rial, irradiating a portion of the surface with short laser pulses,
and translating at least one of the surface and a laser beam to
allow the short laser pulses to impact another portion of the
surface. This method produces a periodic array of pillar struc-
tures on the surface, resulting 1n changes 1n properties of the
surface.

[0010] According to an aspect of the present invention, the
method additionally produces nanospikes atop the pillar
structures.

[0011] Also, the present invention provides a method for
texturing a surface of a semiconductor matenal, including
providing an etching gas in an area around the surface of the
maternal; irradiating a portion of the surface with short laser
pulses while simultaneously crystallizing the portion of the
surface; and translating at least one of the surface and a laser
beam to allow the short laser pulses to impact another portion
of the surface. This method produces pillar structures on the
surface, resulting 1n changes 1n properties of the surface.

[0012] Inaddition, the present invention provides a method
for texturing a metallic surface, including 1rradiating a por-
tion of the metallic surface with short laser pulses, and trans-
lating at least one of the surface and a laser beam to allow the
short laser pulses to impact another portion of the surface.
This method produces pillar structures on the surface, result-
ing in changes in properties of the surface.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The above and other aspects of the present invention
will be better understood from a consideration of the follow-
ing detailed description of exemplary embodiments of the
present invention, and the accompanying drawings, in which:
[0014] FIG. 1 1illustrates the components 1n a surface modi-
fication system, according to an exemplary embodiment of
the present invention;

[0015] FIG. 21llustrates an example of a sample material to
which surface modification 1s performed, according to an
exemplary embodiment of the present invention;

[0016] FIG. 3 1s a photograph of a hydrogenated amor-
phous silicon (a-S1:H) surtace, with FIG. 3(a) illustrating a
non-modified portion, and FIG. 3(5) 1llustrating a modified
portion, according to an exemplary embodiment of the
present invention;

[0017] FIG. 4 illustrates scanning electron microscopy
(SEM) 1mages of an a-S1:H surface, with FIG. 4(a) illustrat-
ing a non-modified portion, and FIG. 4(b) illustrating a modi-
fied portion, according to an exemplary embodiment of the
present invention;

[0018] FIG. 51llustrates graphical results of absorption ver-
sus wavelength for an a-S1:H surface, with FIG. 5(a) illustrat-
ing the absorption for an untreated sample, and FIG. 5(b)
illustrating the absorption for a treated sample, according to
an exemplary embodiment of the present invention;

[0019] FIG. 6 1llustrates graphical results of an X-ray dii-
fraction pattern for an a-Si:H surface, with FIG. 6(a) 1llus-
trating the results for an untreated sample, and FIG. 6(b)
illustrating the results for a treated sample, according to an
exemplary embodiment of the present invention;

[0020] FIG. 7 1llustrates graphical results of current versus
voltage for an a-S1:H surface with varying light levels, with
FIG. 7(a) illustrating the results for an untreated control
sample, and FIG. 7(b) illustrating the results for a treated
sample, according to an exemplary embodiment of the
present invention;

[0021] FIG. 8 illustrates an atomic force microscope image
of an a-Si1:H surface that has been treated according to an
exemplary embodiment of the present invention;

[0022] FIG. 9 1s a graph illustrating the average roughness
of laser treated a-Si1:H surfaces at different laser fluences,
according to an exemplary embodiment of the present mnven-
tion;

[0023] FIG. 10 1illustrates results of X-ray photoelectron
spectroscopy (XPS) measurements of a-S1:H surfaces, with
FIG. 10(a) illustrating the XPS measurement of untreated
control surfaces, FIG. 10(d) 1llustrating the XPS measure-
ment of treated surfaces, and FIG. 10(c) 1llustrating depth
profiles of oxygen concentration for untreated control and
treated surfaces, according to an exemplary embodiment of
the present invention;

[0024] FIG. 11 1s a graph illustrating the reflectivity of
surfaces of polished silicon, unpolished silicon, and treated
a-S1:H surfaces, according to an exemplary embodiment of
the present invention;

[0025] FIG. 12 1s a graph illustrating the transmission of
samples of unpolished silicon and treated a-Si1:H surfaces,
according to an exemplary embodiment of the present mnven-
tion;

[0026] FIG. 13 1llustrates SEM 1mages of germanium sur-
taces, with FIG. 13(a) illustrating an SEM 1mage viewed at
45° from the surface normal, FIG. 13(d) illustrating a higher
magnification SEM 1mage showing nanospikes formed on
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cach germanium pillar, FIG. 13(c¢) 1llustrating a single nano-
spike of atreated sample, and FIG. 13(d) illustrating a nanotip
formed after brief chemical etching, according to exemplary
embodiments of the present invention;

[0027] FIG. 14 shows a comparison of SEM images viewed
at 45° from the surface normal of Ge (100) surfaces irradiated
at different laser power levels, with FIG. 14(a) showing a
surface irradiated with a laser power of 0.66 J/cm?, FIG. 14(5)
showing a surface irradiated with a laser power of 0.56 J/cm”,
FIG. 14(c) showing a surface irradiated with a laser power of
0.3 J/cm?, and FIG. 14(d) showing a surface irradiated with a
laser power of 0.2 J/cm?, according to embodiments of the
present invention;

[0028] FIG. 15 1s graphical representation of an X-ray dii-
fraction pattern of a laser treated germanium surface having
nanospikes, according to an exemplary embodiment of the
present invention;

[0029] FIG. 16 illustrates SEM 1mages of treated surfaces,
with FIG. 16(a) 1llustrating an image taken towards the edge
of the scanned line for a Ge (100) surface, FIG. 16(b) 1ndi-
cating ball formation instead of spikes for a Ge (100) surface,
and FI1G. 16(c¢) illustrating an image taken 1n the middle of the
scanned line for a S1 (100) surface, according to exemplary
embodiments of the present invention;

[0030] FIG. 17 illustrates SEM 1mages of pillars, viewed at

45° from the surface normal, formed on a silicon surface, with
FIG. 17(a)llustrating an SF . gaseous environment, and FIG.
17(b) 1llustrating an HCI gaseous environment, according to
exemplary embodiments of the present invention;

[0031] FIG. 18 illustrates SEM 1mages of pillars, viewed

45° from the surtface normal, formed on a germanium surface,
with FIG. 18(a) illustrating an SF . gaseous environment, and
FIG. 18()) illustrating an HCI gaseous environment, accord-
ing to exemplary embodiments of the present invention;

[0032] FIG. 19 illustrates SEM 1mages periodic structures
formed on a silicon surface, with FIG. 19(a) illustrating a
one-dimensional periodic structure, and FIG. 19(d) illustrat-
ing a two-dimensional periodic structure, according to
embodiments of the present invention;

[0033] FIG. 20 illustrates SEM 1mages of titanium sur-
taces, with FI1G. 20(a) illustrating a titanium surface treated in
air, FIG. 20(b) 1llustrating a titanium surface treated in
vacuum, FIG. 20(c¢) illustrating a titanium surface treated in
helium, and FI1G. 20(d) 1llustrating a titanium surface treated
in SF, according to exemplary embodiments of the present
invention;

[0034] FIG. 21 illustrates SEM 1mages ol stainless steel

surfaces, with FIG. 21(a) illustrating a stainless steel surface
treated 1n air, FIG. 21(b) 1llustrating a stainless steel surtace
treated 1n vacuum, FIG. 21(c¢) illustrating a stainless steel
surface treated 1n helium, and FI1G. 21(d) illustrating a stain-
less steel surface treated in SF., according to exemplary
embodiments of the present invention;

[0035] FIG. 22 illustrates SEM 1mages viewed at 45° from
the surface normal, with FIG. 22(a) illustrating a treated SiC
surface, FIG. 22(b) 1llustrating a treated GaAs surface, FIG.
22(c) illustrating a treated titanium surface, and FIG. 22(d)
illustrating a treated stainless steel surface, according to
exemplary embodiments of the present invention;

[0036] FIG. 23 15 a schematic representation of field emis-
sion from the ftreated surface, according to exemplary
embodiments of the present invention;
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[0037] FIG. 24 1s a schematic representation of reflectivity
and absorption of the treated surface, according to exemplary
embodiments of the present invention;

[0038] FIG. 2515 aschematicrepresentation of the effect on
external tlow by the treated surface, according to exemplary
embodiments of the present invention;

[0039] FIG. 26 1s a schematic representation of photovol-
taic and photodetection applications using the treated surface,
according to exemplary embodiments of the present imven-
tion;

[0040] FIG. 27 1s a schematic representation of heat dissi-
pation using the treated surface, according to exemplary
embodiments of the present invention;

[0041] FIG. 28 1s a schematic representation of surface
marking created by surface alternations, according to exem-
plary embodiments of the present invention; and

[0042] FIG. 29 15 a schematic representation of the place-
ment of chemical or biochemical materials at the tips on the
treated surface, according to exemplary embodiments of the
present invention.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS OF THE INVENTION

[0043] In describing an exemplary embodiment of the
present invention 1llustrated in the drawings, certain specific
terminology will be used for the sake of clanty. However, the
invention 1s not mtended to be limited to that specific termi-
nology, and it 1s to be understood that the terminology
includes all techmical equivalents that operate in a similar
manner to accomplish the same or a similar result.

[0044] Apparatuses and methods consistent with the
present invention texture and crystallize the surface of a mate-
rial 1n one step by exposing the surface of the material to an
ultrafast laser. In order to expose an area of the surface that 1s
larger than the beam spot size, the material may be translated
relative to the laser. The texturing causes pillars to form on the
surface of the material, increasing the light absorption of the
treated material. Pillars are height variations over a surface,
including valleys and hills. Pillars can be formed 1n a variety
of shapes, including conical, arrowhead, pyramid, and spher-
o1d structures. The top of the pillar has a narrower diameter
than the bottom of the pillar. Additionally, crystallization
increases the electrical conductivity of the treated material.
Texturing and crystallizing the surface of the maternal 1n a
single step allows for faster manufacturing and lower costs
than performing these steps separately.

[0045] The texturing and crystallization may be performed
under atmospheric conditions, or while the matenal to be
treated 1s 1n a non-atmospheric gaseous environment. In such
a gaseous environment, additional surface texturing will
occur through chemical etching. Sulfur hexafluoride and
hydrogen chloride gases have been examined, and have been
shown to be suitable gases 1n which to perform the surface
texturing. Hydrogen chloride 1s advantageous over sulfur
hexafluoride, because when sodium hexafluoride 1s used,
impurities in the material may result. In contrast, when hydro-
gen chloride 1s used, no impurities are created, and the mate-
rial remains 1n its pure form. It 1s to be understood that other
gases may also be used. Surface texturing and crystallization
have also been achieved 1n a helium gas environment and 1n a
vacuum.

[0046] The matenals that have undergone surface texturing
and crystallization are also within the scope of the present
invention. For amorphous materials, the surface will become
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textured and the material will become crystallized. Hydroge-
nated amorphous silicon has been examined using the method
of the invention, and has been shown to be well-suited to
benefit from this method. Thin-film, poly-crystalline, and
single crystal materials may also be used. These matenals
will benefit from the surface texturing methods of the present
invention. Silicon and germanium have been studied, and
have been shown to be suitable materials to undergo the laser
treatment method 1n the presence of sodium hexatluoride gas
and hydrogen chloride gas. Metals, dielectrics, and polymers
have also been shown to be suited to be textured using the
method of the present invention. However, 1t 1s to be appre-
ciated that other materials are suited to undergo the laser
treatment methods of the present invention.

[0047] Additionally, the use of matenals that have under-
gone the treatment methods of the present invention 1s within
the scope of the present invention. The present invention has
many usetul applications. The methods described herein wall
provide for a material with a higher light absorption capacity
and a higher electrical conductivity than an untreated mate-
rial. These two properties are desirable 1n photovoltaic appli-
cations. Enhanced light trapping capabilities are also usetul 1in
photo-sensing applications. Photodetectors utilizing the
present invention will be more sensitive to light, and will be
able to detect a broader spectrum of electromagnetic waves.

[0048] The surface texturing greatly enhances the heat
transier capability of a given material. A material that has
been textured can dissipate more heat through convection
because of the mcreased surface area of the material that 1s
exposed to a fluid tlowing over the material. Additionally, the
texturing will ensure a turbulent tlow of the fluid, which 1s
advantageous in convection heat transfer. For radiation heat
transtfer, the increased surface area will allow for more heat
dissipation.

[0049] In an exemplary embodiment of the present mnven-
tion, the surface alteration process was performed on hydro-
genated amorphous silicon (a-S1:H), i particular a-Si:H thin
films. Thin films with thicknesses from 1.5 to 2 nm were
deposited on glass substrates, using a low temperature Plasma
Enhanced Chemical Vapor Deposition (PECVD) technique.
The a-Si:H films were deposited at a rate of around 1 A/s in a
hydrogen diluted silane environment at about 200° C. The
samples were then treated using a femtosecond Ti:Sapphire
laser system (Spectra-Physics Spitfire). The laser system
delivered pulses at a repetition rate of 1 kHz, with a pulse
energy that could vary from 0-1.2 mlJ, and a wavelength of
800 nm. The wavelength of the laser can also be frequency
doubled or halved to achieve wavelengths from 200 to 1600
nm. The temporal profile of the pulses was measured to be
110 1s using a background free, scanning second-order auto-
correlator. The sample was placed on a stationary stage, and
the laser beam was deflected by a Scanlab galvo-head to scan
the sample surtace. Mirrors or other optical elements can be
used to achieve the same result. The beam spot on the sample
surface was circular, with a beam diameter of 0.5 mm. The
beam scanning speed was around 12.5 cm/sec. Scanning elec-
tron micrographs of treated and untreated surfaces of the
a-S1:H films were taken using a Cambridge Instruments high
resolution electron microscope for a surface texture study.
Surface roughness and formation of spikes in the treated films
were also examined with an atomic force microscope (Digital
Instruments Nanoscope III).

[0050] The optical transmission and reflection of a 20
mmx30 mm laser treated area of the sample was measured
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using a PERKIN-ELMER LAMBDA 9 spectrophotometer.
Thereflectance and transmittance percentages were then used
to obtain the absorption percentage 1n the material: A=100-
R-T Light from a He—Ne laser source was incident on the
treated sample at different angles, and the scattered light was
measured by a silicon sensor with an active region of around
4 cm” to estimate the scattering of light due to texturing. It was
observed from the measurements that scattering might con-
tribute to a 5-10% variation 1n the reflection measured by the
spectrophotometer. In addition to the optical properties,
X-ray diffraction (XRD) was performed on the untreated and
laser treated samples to study the structural modification
induced by the laser treatment. The Rigaku Miniflex 2005
X-ray diffractometer with a Cu target (CuK . -line) was used
for the XRD measurements. The grain size of the treated films
was estimated from the X-ray data. Also, the oxygen 1ncor-
poration mnto silicon films during this ultrafast laser treatment
was studied using a Physical Electronics Inc. 560xPS/SAM
spectrophotometer with a dual source anode (Mg/Al) radiat-
ing 1253.6 eV X-ray photons.

[0051] FIG. 1 shows an exemplary system 100 that can be
used to provide surface modifications. The femtosecond laser
system 101 provides a laser pulse incident on the a-Si:H
sample 105, which 1s supported by an X-Y-Z sample stage
106. The system 100 uses a mirror 102 to direct the laser pulse
to a galvo-head unit 103, which scans the sample surface. A
focusing lens 104 1s used to focus the pulses on the surface.
An exemplary a-S1:H sample 200 1s 1llustrated in FIG. 2, with
a glass slide 205, an itervening layer 204, and amorphous
silicon layers 201-203.

[0052] FIG. 31llustrates that the change 1n the surface of the
a-S1:H film deposited on the glass substrate can be observed
optically. FIG. 3(a) shows a photograph of the untreated
surface, and FIG. 3(b) shows a photograph of the treated
surface. After treatment, the a-S1:H films turned completely
dark, 1n contrast with their original shiny reddish gray color.
FIG. 4(a) shows an SEM 1mage of the untreated surface, and
FIG. 4(b) shows an SEM 1mage of the treated surface. FIG.
4(b) shows that microstructures and small spikes have been
spontaneously formed upon laser treatment.

[0053] In order to study the optical characteristics, the
reflectance and transmittance of a treated 20x30 mm~ area
were measured using a spectrophotometer. FIG. 5 shows the
absorptance of treated and untreated a-S1:H films. FIG. 5(b)
that there 1s a significant enhancement 1n the optical absorp-
tion below a-S1:H band gap (1.7 V) for treated films, when
compared to the untreated films 1n FI1G. 5(a). Since the experi-
ments were carried out under atmospheric conditions, XPS
spectra of a treated sample (FIG. 10(»)) and an untreated
control sample (FI1G. 10(a)) were also obtained. S10_ forma-
tion was observed 1n the treated sample. The oxygen concen-
tration was estimated by taking XPS measurements at ditler-
ent depths of the sample. Depth profiles of the oxygen
concentration in the treated and untreated control samples are
shown 1n FIG. 10(c¢). Traces of oxygen were observed up to a
depth of around 50 nm 1n treated samples, compared to a
depth of 10 nm 1n the untreated control sample. The samples
appeared to be pitch black after treatment, and it 1s suggested
that the below-band edge absorption might be due to trapping,
the light, which 1s caused by multiple reflections from the
textured surface. Also, structural defects induced during the
micro-structuring process most likely produce bands of
defect and impurity states 1n the bandgap, and further enhance
the overall absorption.
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[0054] FIG. 6(a) shows the X-ray diffraction pattern for an
untreated a-S1:H sample, and FIG. 6(b) shows an X-ray dii-
fraction pattern for a treated a-Si:H sample. Peaks around
20=30° and 56° are observed for the treated sample. These
peaks are absent in the untreated control sample, indicating a
structural change aiter laser treatment. The X-ray wavelength
used for these measurements was the CuK _ line at 1.54 A.
The observed peaks are due to the (111) and (311) orienta-
tions of crystalline silicon. Regardless of the fluence condi-
tions, the (111) onentation dominated 1n the crystallized
films, as the (111) plane has least surface energy. Dominant
(111)and (311) peak formation 1s typically observed 1n nano-
second laser crystallization. The (111) peak was fitted with a
Gaussian curve and the full width at half-maximum (FWHM)
was determined. The particle size was determined to be
around 85 nm using the Scherrer’s formula: L=k*A/1" cos 0;
where A 1s the X-ray wavelength for measurement; 1" 1s the
X-ray line width (FWHM) (measured 1n radians); 0 1s the
Bragg angle of diffracted rays (imeasured in degrees); and k 1s
a constant equal to 0.9.

[0055] The current-voltage characteristics of the treated
and untreated a-Si1:H samples were also examined, as shown
in FIG. 7. FIG. 7(a) shows a graph of the current density as a
function of voltage for several light levels for the untreated
sample. As 1llustrated in FIG. 7(b), the current-voltage char-
acteristics change considerably, due to the surface modifica-
tion and changes in the properties of the material. The trans-
mission and reflectivity of the treated and untreated surfaces
were also examined. The reflectivity of polished silicon,
unpolished silicon, and treated silicon with pillars 1s shown in
FIG. 11. Similarly, the transmission of the treated silicon
versus the rough silicon surface 1s presented in FIG. 12. The
changes in the optical properties shown in FIG. 3 are further
substantiated by the changes 1n reflectivity and transmission
as functions of wavelength. These results impact the use of
s1licon 1n many applications, as discussed below.

[0056] In order to measure the roughness and spike distri-
bution, atomic force microscopy (AFM) images of the treated
a-S1:H samples were obtained. FIG. 8 shows that spikes of a
height of about 300 nm were formed, with a spacing between
the tips of around 1 um. The heights of these spikes were
found to increase with laser fluence. The average height of the
microstructures was 150 nm at a laser fluence of 0.3 J/cm?,
and the height increased nearly linearly with the laser fluence.
Microstructures with a height of around 350 nm were
observed at a fluence of 0.5 J/cm®. Beyond 0.5 J/cm?, the
films became very rough, and material ablation deteriorated
the texturing. Also, the average roughness of the surface
correlates with the laser fluence, as 1llustrated in the graph 1n
FIG. 9. FIG. 9 shows that the surface roughness increases

approximately linearly with the laser fluence.

[0057] Increasing the elliciency of a-Si:H thin film solar
cells requires more light absorption and a reduction 1n carrier
recombination. A thick 1-layer increases the light absorption,
but recombination deteriorates the performance. On the other
hand, for sufficiently thin film solar cells, the light absorption
becomes an 1ssue. Keeping a thin micro or nano crystalline
phase with surface texturing could both reduce recombina-
tion and 1mprove light trapping. The treated surface had a
s1licon oxide formation layer of about 50 nm, and was found
to be semiconducting. This layer could be used as an n-layer
in a p-1-n type solar cell, and an active layer for other opto-
clectronic devices. The simultaneous formation of light trap-
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ping structures and crystallization might find applications in
devices such as thin film solar cells, large area sensors, and
display devices.

[0058] As discussed previously, the femtosecond laser
treatment results 1n the enhancement of optical absorption in
a-S1:H thin films. The high absorption of the film 1s suggested
to be due to the light trapping occurring 1n the silicon spikes
formed at the surface after laser treatment, and the structural
defects induced during micro structuring process most likely
producing bands of defect and impurity states 1in the band gap.
Also, crystallization 1n the film after femtosecond laser treat-
ment 1s attributed to a non-thermal ultrafast phase transition
and subsequent surface-initiated crystallization. By perform-
ing the surface texturing and crystallization as a one-step laser
process, optoelectronic devices can be fabricated efficiently.

[0059] Exemplary embodiments of the present invention
also form nanospiked, nearly periodic microstructures, by
exposing a germanium surface to femtosecond laser pulses 1n
a gaseous sultur hexafluoride (SF ;) environment. The micro-
structures that are formed 1 germanium have a different
aspect ratio than the microstructures formed on silicon.
Because reducing light reflection and increasing absorption
are key 1ssues 1 improving optoelectronic device perfor-
mance, this type of microstructure formation 1n germanium
could lead to the fabrication of highly responsive infrared
photodetectors and solar cells. In addition, these textured
surfaces might find potential applications 1n the fabrication of
biomedical devices and sensors.

[0060] The surface modification of germanium can occur
according to the following process. Undoped Ge (100) waters
are cleaved 1nto small chips and ultrasonically cleaned with
acetone and methanol. One or more chips are put on a stage
inside a vacuum chamber with a base pressure of around 1
mTorr, which 1s mounted on a high-precision computer-con-
trolled X-Y-Z stage. The chamber 1s rinsed with SF at least
twice, and then backfilled with SF . at 400 mbar. The samples
are exposed to 1.4 mlJ pulses of light with a wavelength of 800
nm, a pulse duration of 130 1s, and a repetition rate of 1 kHz
from a regeneratively amplified Spectra-Physics Ti-sapphire
laser system. The wavelength of the laser can be frequency
doubled or halved to achieve wavelengths from 200 to 1600
nm. Short laser pulse widths can also be used, including 1 1s
to 1 us pulses. Ultrafast laser pulses are a subcategory of short
pulses, and can range from 1 femtosecond to hundreds of
picoseconds. The laser beam 1s focused along the surface
normal onto the sample surface by a coated lens with a focal
length of 1 m, and the laser fluence 1s adjusted with a Glan
laser calcite polarizer.

[0061] The spatial profile of the laser pulse 1s nearly Gaus-
s1an, but 1s elongated 1n one axis, creating an elliptical profile.
The fluence 1s calculated by using the laser spot size, which 1s
determined by exposing a point on the sample surface to
thousands of shots. In order to scan an area that 1s bigger than
the laser spot size, the samples are translated using a motor-
1zed X-Y-Z stage. Scanning also assists in making the surface
structure more uniform by smoothing out any shot-to-shot
irregularities in the beam profile. By varying the scanning
speed of the X-Y-Z stage, the number of laser pulses imping-
ing on the sample surface at a particular location 1s controlled.
The spot size 1s 0.3 mm along the minor axis and 0.6 mm
along the major axis. Scanning 1s performed parallel to the
minor axis.

[0062] Samples are produced with 1solated single line
scans, or with large areas created by overlapping several line
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scans. The step size between the scan lines 1s chosen to be
suificiently small (generally 0.38 mm), so that successive
lines overlap substantially. This further improves layer homo-
genelty. Homogeneity 1s further enhanced by performing two
overlapping scans in orthogonal directions, rather than one
overlapping scan with an exposure of the same total number
of shots. After laser processing, the samples are analyzed with
a scanning electron microscope (Zeiss SUPRA 40).

[0063] FIG. 13 showsan SEM 1mage at increasing levels of
magnification, viewed at 45° from the surface normal line of
a germanium surface after exposing the surface to femtosec-
ond laser pulses. Sharp conical structures with nanospikes are
formed when the sample 1s under a pressure of 400 mbar SF .,
and 1s scanned by a laser beam with a fluence of about 0.6
J/cm”. FIG. 13 shows that these structures are almost regular
in position, are 10 to 15 um tall, and have a base diameter
around 5 um, which tapers down to around 100 nm near the
tip. The areal density of pillars in FIG. 13(a) is 0.027 um~,
which corresponds to a mean spacing of roughly 6 um
between pillars. The sizes of the microstructures vary across
the scanned line, indicating a response to the spatial profile of
the laser pulse. In the region of low fluence towards the edge
of the 1irradiated line, the structures have a smaller height and
are more densely packed than 1n the center.

[0064] FIG. 13()) shows that the microstructures have two
distinct features: (a) a conical shape (b) that 1s crowned with
a very sharp spike, which has a radius of about 400 nm (about
100 nm at the t1ip), and 1s up to about 2 um long (see FIG.
13(c)). The tips can be sharpened further by a brief chemical
ctchuing with 100 ml H,O, (10 vol %), 8 ¢ NaOH for 10
seconds at room temperature. Alternatively, the tips can be
sharpened further by 1on etching, including etching with an
Argon ion beam. Nanoclusters, which are formed during laser

ablation and deposited on the surface, are also evident from
FIG. 13(b).

[0065] The SEM images of FIG. 14 show the effect of laser

fluence on the surface texturing of germanium. In this figure,
the average number of laser shots at each point on the sample
surface 1s 400. The germanium surface in FIG. 14{(a) was
irradiated with laser pulses with a fluence of 0.66 J/cm?, and
the germanium surface in FI1G. 14(b) was irradiated with laser
pulses with a fluence of 0.56 J/cm”. In contrast, the germa-
nium surface 1n FIG. 14(¢) was 1rradiated with laser pulses
with a fluence of 0.3 J/cm®, and the germanium surface in
FIG. 14(d) was 1rradiated with laser pulses with a fluence of
0.2 J/em®. FIG. 14(d) shows that texturing is observed at
fluences as low as 0.2 J/cm?, resulting in features are smaller
in width and height, less regular, less smooth, and densely
populated, with very tiny or no spike formation. However, for
higher fluence conditions, such as those 1n FIGS. 14(a) and
14(b), the structures are more well-developed, sharper, and
more conical, and spike-formation takes place atop the pil-
lars. Also, increasing the number of laser shots from 400 to
600 and keeping the fluence almost the same wipes out all the
spikes.

[0066] Germanium expands upon freezing. When a shell of
germanium material starts freezing and expanding, 1t exerts
pressure on the liquid trapped inside, causing the liquid to
shoot upward and solidify to form nanospikes. As Mills and
Kolasinski disclose, 1n order to obtain nanospikes 1n silicon,
it 1s necessary to dilute the SF, with He. This reduces the
chemical etching that results from the interaction of fluoride
with the silicon surface. If the etching 1s too aggressive, it can
remove the nanospikes. In contrast, it 1s unnecessary to dilute
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the SF . 1n order to obtain nanospikes on a germanium sample,
probably because of differences 1n the chemistry of etching in
the F/Ge system compared to the F/S1 system. Another pos-
sible reason why germanium appears to be more conducive
for nanospike formation might be that the thermal conductiv-
ity of undoped germanium 1s less than half of the thermal
conductivity of undoped silicon. Therefore, the heat dissipa-
tion to the pillar 1n germanium 1s slower, and the liquid bulb
remains in a molten state for a longer time, as compared to
s1licon.

[0067] In order to investigate the properties of the textured
germanium surtaces, an X-ray diffraction study was con-
ducted. FIG. 15 shows an X-ray diffraction spectrum of a
laser textured germanium surface. The sharp high-intensity
peak corresponds to the (400) plane, because the starting
material 1s Ge (100). However, two relatively weak peaks at
(111) and (220) are also observed. This indicates that the
textured pillars and the nanospikes remain predominantly
crystalline.

[0068] The SEM images of FIGS.16(a) and 16(b) show the
structural formations 1n germanium, and FIG. 16(c) compares
the structural formations in silicon, after laser treatment under
similar conditions. For all three samples the laser fluence was
around 0.56 J/cm?, the number of laser shots was around 600,
the sample was 1n a gaseous SF. environment at 400 mbar,
and an orthogonal scanning mode was used. The SEM image
in FI1G. 16(a) was taken toward the edge of the scanned line,
while the SEM image 1n FI1G. 16(5) was taken 1n the middle of
the scanned line. FIG. 16 shows that the germanium pillars
are not as smooth as the silicon pillars. Also, the aspect ratio,
defined as the ratio of the tip height to the tip width, 1s higher
in silicon than germanium for a given laser condition. For
example, at a fluence of 0.5 J/cm?, silicon has an aspect ratio
of around 200, whereas germanium has an aspect ratio of
around 100. Also, as mentioned previously, spikes were not
formed on germanium under higher laser shot conditions.
However, pillars formed under higher laser shot conditions
are taller than pillars formed under fewer shots, as shown 1n
FIGS. 13 and 14. In contrast, silicon shows a well-developed
smooth structure under a greater variety of shot conditions.

[0069] FIG. 16(a) shows that toward the edge of the laser
scanned line on the germanium surface, pyramidal structures
were formed, which tend to form a small spherical cap at the
top, mstead of the nanospikes formed 1n FIG. 16(d). This
spherical cap formation 1s typical of silicon. The spherical
shape of the cap suggests that a liquid germanium drop reso-
lidified betore it could spill over the pillar. The lack of nano-
spikes 1n FIG. 16(a) might be due to three possible reasons:
(a) the tluence 1s low to achieve the high melting condition
necessary for nanospike formation; (b) the higher number of
laser shots destroyed nanospikes that were already formed; or
(¢) an 1insuificient density of nanostructures was formed. With
turther regard to (c), deposition of nanoclusters has been
implicated 1n the formation of nanospikes. A suificient nano-
clusters deposition rate 1s required, and because fewer nano-
clusters are formed at a lower fluence, there may be a critical
fluence for the formation of nanospikes, not only because a
sufficient melt must be formed, but also because a sutficient
density of nanoclusters must be created.

[0070] FIG. 17 shows SEM images viewed at 45° from the

surface normal of sharp conical pillars formed on the surface

of B-doped S1 (100) waters. The pillars were produced with
240 shots of 130-fs laser pulses at a fluence of 0.6 J/cm?. FIG.
17(a) shows the results for a sample 1n 400 mbar of SF, and
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FIG. 17(b) shows the results for a sample 1n 400 mbar of HCI.
The pillar si1ze varies across the scanned laser line, indicating
the itensity variation of the laser fluence across the spatial
profile of the laser pulse. The scan lines were overlapped to
minimize height variation over a large area on the sample
surface. The spikes that are obtained 1n SF . are around 15 pm
tall and have a base diameter of around 5 um.

[0071] Onthe other hand, the structures formed under simi-
lar laser conditions 1n the presence of HCI are composed of
taller and wider pillars, with a height of around 20 um and a
base diameter of around 7 um. FIGS. 17(a) and 17(b) show
that the pillars formed in SF . are narrower towards the tips,
compared to the pillars formed 1n HCI. Although the pillar
density 1s comparable 1n both cases, the pillars formed 1n HCI
look stronger and are relatively blunt towards the tip, indicat-
ing that differences in the etch chemistry of the F/S1 system
and the Cl/S1 system are responsible for significant structural
differences.

[0072] The role of chemistry 1n structure formation 1s not
well understood, and it 1s a significant result that regular
conical pillars are formed during femtosecond 1rradiation 1n
SF . as well as HCI. Regular conical pillars can be formed
during nanosecond 1rradiation of silicon in the presence of
SE ., but they are not formed for nanosecond irradiation of
silicon 1n the presence of HCI. Nanosecond irradiation of
silicon 1n HCI produces significantly blunter tips, the pillars
are much taller, with a height greater than 50 um, and the
pillars are porous, instead of having a solid core. This 1s a
turther indication that the mechanisms of pillar formation are
different for the femtosecond and nanosecond irradiation
regimes. This result 1s also significant because chemical
impurities, namely sulfur, incorporated during laser process-
ing have been implicated 1n changing the optical and elec-
tronic properties of the textured surfaces.

[0073] FIG. 18 shows SEM images taken for germanium
samples treated under similar laser and gaseous conditions as
described above for silicon. A very different surface texturing
was created for germanium. FIG. 18(a) shows that for ger-
mamum processed 1 SE ., there were two distinct features
that were not observed for silicon treated under similar con-
ditions: (a) conical pillar formation with a higher cone angle
up to a neck; and (b) very sharp spikes, up to about 2 um in
length with a tip radius of about 100 nm, formed atop the
pillars. Nanoclusters formed during laser ablation are more
abundant 1n germanium than silicon under similar laser con-
ditions, which might be due to the lower melting temperature
of germamum. On the other hand, FIG. 18(5) shows that the
germanium structures formed 1n the presence of HCI are less
densely populated, shorter, have a higher cone angle and a
wider base, and exhibit greater variations 1n pillar height than
the silicon structures shown in FIG. 17(b). Gas phase silicon
etching 1s anisotropic 1n HCI, and the etch rate 1s around 20
um min~" for the (100) plane at temperatures in the range of
1050-1250° C., whereas in germanium the etch rate 1s around
3 um min~', the etch rate is independent of temperature
beyond 800° C., and etching leads to the development of
square pits for the (100) orientation. The differences 1n etch
chemistry are mvolved in determining the different structure
formation dynamics, which result 1n more regular spike for-
mation in HCI for silicon than for germanium.

[0074] Laser induced surface texturing that produces regu-
lar structures on materials 1n the presence of reactive species
1s a complex process mvolving: (1) interactions between the
plume and the process gas, and the plume and the surface,
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such as decomposition of the reactive gas, chemical etching
enhanced by laser heating of the material and the formation of
radicals, and deposition out of the plume; (2) laser ablation of
the material; and (3) optical phenomena that imitiate the for-
mation of regular structures. The laser parameters, gaseous
environment, and nature of the substrate all play a role 1n the
final outcome of the surface morphology. Structure formation
1s ultimately a convoluted dynamical process involving all
three factors. The dimensions and character of the pillars
formed 1n si1licon have been shown to depend critically on the
temporal pulse width of the laser beam. While pillar produc-
tion with pulse durations in the range of 100 {s to 20 ns has
been demonstrated, with much smaller pillars being formed
in the case of femtosecond irradiation, pillars were not pro-
ducible with a 300 ns Nd:VO, laser. It appears that laser
pulses significantly shorter than the melt lifetime of about 250
ns are required for sharp pillar formation.

[0075] FIG. 19(a) illustrates an SEM 1mage of a one-di-
mensional periodic structure made on a silicon substrate,
according to exemplary embodiments of the present mven-
tion. FIG. 19(d) illustrates an SEM 1mage of a two-dimen-
sional periodic structure made on a silicon substrate, accord-
ing to exemplary embodiments of the present invention.
Periodic structures can be produced by controlling the laser
intensity distribution on the surface of the sample. The laser
intensity distribution can be controlled by using interference
and diffraction. For example, interference fringes are created
by placing a metal wire 1n a portion of the laser beam. The
light diffracted by the wire mterferes to produce an intensity
distribution on the sample surface that results 1n a periodic
structure of pillars. Alternatively, the incident laser beam 1s
split mnto two components, and then recombined at various
angles to control the periodicity. It 1s also possible to place
several pinholes 1n the path of the laser beam to create a
periodic circular pattern of pillars on the surface. By using
laser beams with different wavelengths and controlling the
interference patterns, the periodicity of the pillars can be
adjusted from tens of nanometers to tens of micrometers.

[0076] In an exemplary embodiment of the present mven-
tion, copper or tungsten wires with diameters from 100 to 250
um are used to create interference Iringes. The sample 1s
exposed to 1.4 mJ pulses of light with a wavelength of 800
nm, a pulse duration of 130 {s, and a repetition rate of 1 kHz.
The laser scan speed 1s 0.1 1n/sec, and scanming 1s performed
after placing the sample inside a vacuum chamber filled with
SEF. at a pressure of 400 mbar. In order to create a two-
dimensional array of pillars, the metal wires are crossed
orthogonally and placed in the path of the laser beam. Also,
the spacing between adjacent pillars can be controlled by
changing the wavelength of the laser pulses. For example,
when the laser wavelength 1s decreased, the spacing between
adjacent pillars also decreases.

[0077] In another exemplary embodiment of the present
invention, the laser texturing method was performed on vari-
ous metallic surfaces. A metal 1s defined as an electrically
conducting maternial. For example, titammum and stainless
steel sheets are cut into small square-inch sized chips and
cleaned with acetone and methanol. One such chip 1s puton a
stage 1mnside a vacuum chamber with a base pressure of around
1 m'Torr, which 1s mounted on a high-precision computer-
controlled X-Y-Z stage. The chamber 1s rinsed and then back-
f1lled with air at atmospheric pressure, SF . 1n a pressure range
from 75 to 800 mbar, or helium 1n a pressure range from 75 to
800 mbar. The laser texturing method can also be conducted
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with a mixture of gases 1n different proportions and at differ-
ent pressures, or 1 vacuum, with a chamber pressure of
around 1 mbar. The samples are exposed to ultrafast laser
pulses with a pulse energy of 0.95 ml, a wavelength of 800
nm, a pulse width o1 1301s, and a repetition rate of 1 kHz from
a regeneratively amplified Spectra-Physics Ti-sapphire laser
system. Short laser pulse widths can also be used, including 1
s to 1 us pulses. Ultrafast laser pulses are a subcategory of
short pulses, and can range from 1 femtosecond to hundreds
ol picoseconds. The laser beam 1s focused onto the sample
surface by a coated lens with a focal length of 1 m, and the
laser fluence 1s adjusted by using a Glan calcite polarizer.

[0078] Thespatial profile ofthe laser pulse1s Gaussian, and
the fluence 1s calculated by using the laser spot size, which 1s
determined by exposing a point on the sample surface to
thousands of shots. In order to scan an area that 1s bigger than
the laser spot size, the samples are translated using a motor-
1zed X-Y-Z stage. Scanning also assists 1n making the surface
structure more uniform by smoothing out any shot-to-shot
irregularities in the beam profile. By varying the scanning
speed of the X-Y-Z stage, the number of laser pulses imping-
ing on the sample surface at a particular spot 1s controlled.
The spot size 1s about 0.3 mm.

[0079] Samples are produced with isolated single line
scans, or with large areas created by overlapping several line
scans. The step size between scan lines 1s chosen to be suili-
ciently small (less than 0.38 mm), so that successive lines
overlap substantially. This further improves layer homogene-
ity. Homogeneity 1s further enhanced by performing two
overlapping scans in orthogonal directions, rather than one
overlapping scan with an exposure of the same total number
of shots. After laser processing, the samples are analyzed with
a scanning electron microscope (Zeiss SUPRA 40).

[0080] FIG. 20 shows SEM images of titanium surfaces
treated with the laser texturing method for different back-
ground gas conditions. FIG. 20(a) shows an SEM 1mage of a
titanium surface treated 1n air, and FIG. 20(5) shows an SEM
image ol a titanium surface treated in vacuum. FIG. 20{c)
shows an SEM 1mage of a titanium surface treated 1n helium
at a pressure less than 200 mbar, and FIG. 20(d) shows an
SEM 1mage of a titanium surface treated 1n SF at a pressure
greater than 400 mbar. As these figures show, pillar formation
occurs 1n titanium that 1s treated with a laser tluence from 0.6
to 1.0 J/em?, and in vacuum or gas at low pressures less than
200 mbar. In order to create a well-developed pillar on tita-
nium, 1t 1s necessary to wrradiate the sample with around 1000
shots. However, increasing the number of shots or the laser
fluence destroys the pillars.

[0081] FIG. 21 shows SEM 1mages of stainless steel sur-
faces treated with the laser texturing method for different
background gas conditions. FIG. 21(a) shows an SEM 1mage
of a stainless steel surface treated 1 air, and FIG. 21(5) shows
an SEM 1mage of a stainless steel surface treated 1in vacuum.
FIG. 21(¢) shows an SEM 1mage of a stainless steel surface
treated 1n helium at a pressure less than 200 mbar, and FIG.
21(d) shows an SEM 1mage of a stainless steel surface treated
in SF at a pressure greater than 400 mbar. As shown 1n the
figures, laser texturing forms pillars on stainless steel surfaces
in air, vacuum, helium, and SF .. However, 1n order to create
a well-developed pillar on stainless steel, 1t 1s necessary to
irradiate the sample with around 2000 shots. Both the stain-
less steel samples and the titanium samples turn pitch black
after laser treatment. However, unlike titanium, pillar forma-
tion occurs on stainless steel 1n arr.
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[0082] FIG. 22 shows aseries of SEM images viewed at 45°
from the surface normal, which compares the results of the
laser texturing method for various semiconductors and met-
als. In each case the surface of the material 1s treated with
ultrafast laser pulses with a pulse width of 130 1s. FIG. 22(a)
shows an SEM 1mage of S1C treated with 260 shots at a laser
fluence of around 1 J/cm® in 400 mbar of SF.. FIG. 22(5)
shows an SEM 1mage of GaAs treated with 260 shots at a laser
fluence of around 0.5 J/cm?® in 400 mbar of SF ... FIG. 22(c)
shows an SEM 1mage of titanium treated with 2000 shots at a
laser fluence of around 0.3 J/cm” in 400 mbar of SF.. FIG.
22(d) shows an SEM 1mage of stainless steel treated with
2500 shots at a laser fluence of around 4.5 J/cm” in 400 mbar
of SF .. These figures show that the laser texturing method can
form pillars on various semiconductors and metals.

[0083] In addition, the laser texturing method 1s likely to
form pillars on ceramics, polymers, and alloys. By control-
ling the processing conditions of the laser texturing method
for each material, the thermal, structural, optical, and elec-
tronic properties of the material can be tailored. Further, the
formation of pillars can be controlled by changing the polar-
ization state of the laser beam. A polarizer can change the
output from the laser to be linearly, circularly, elliptically, or
randomly polarized. The laser texturing method can be per-
formed on surfaces of any geometrical shape, and 1s not
limited to planar surfaces.

[0084] Similarly, the laser texturing method could also be
used to process transparent materials, such as glass. The
incident light could be absorbed by a two-photon process, or
an appropriate wavelength could be selected for absorption
by the transparent material. The altered surfaces formed by
this method could be used 1n magnetic disk drives, because
the disk drive and the head are spaced very closely together
for data writing and reading.

[0085] The altered surfaces formed by the apparatuses and
methods of the present mvention can have great utility in
photovoltaic technologies, as schematically illustrated in
FIG. 26. The increased light trapping and the control of pho-
togenerated charges can provide improved efficiency. In par-
ticular, the altered surfaces would be beneficial in photode-
tectors, because the surfaces allow for the development of
more sensitive detectors with a high responsivity, and extend
the spectral range 1nto the infrared region of the spectrum.
This could also enable the building of infrared sensors for
various applications.

[0086] The altered surtaces would also be beneficial 1n heat
dissipation, as schematically illustrated 1n FIG. 27. A large
surface area 1s created by texturing, which allows gas mol-
ecules to exchange energy with the surface, and increases heat
dissipation. Such a high-efliciency heat sink could be very
important for microelectronics, power electronics, optoelec-
tronics, and other devices that require efficient heat dissipa-
tion.

[0087] The altered surfaces can also be used 1n field emis-
s10n, as schematically illustrated 1n FIG. 23. Due to the sharp
geometry of pillars formed by the laser texturing process,
very high electric fields can be generated at relatively low
voltages. These high electric fields can be used for electron
emission from surfaces, providing an efficient source of elec-
trons for various electronic and optoelectronic device appli-
cations, such as field emission displays, sensors, and instru-
ments.

[0088] The altered surfaces would also be beneficial 1n
surface property control, as schematically illustrated 1n FIG.
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25. Laser textured surfaces can be made hydrophobic or
hydrophilic by controlling the texture and surface coating.
This can affect the air or flwid flow across the surface of the
materal.

[0089] The altered surfaces would also be beneficial 1n
micro fluidic applications. There 1s an 1increasing number of
micro fluidic applications for chemical and biomedical appli-
cations of chips. As schematically illustrated in FIG. 25,
textured surfaces i micro channels can provide a good
method of controlling the fluid flow, which can impact DNA
sequencing and other applications. The altered surfaces
would also be beneficial 1n turbulence control for aerody-
namic applications. The flow of gases can be controlled by
iserting a textured surface into the flow path. Also, turbu-
lence can be generated by using of textured surfaces. This
elfect can be used 1n aerospace applications.

[0090] The altered surfaces would also be beneficial 1n an
optical beam block, as schematically illustrated in FIG. 24.
The laser textured surface has an extremely low reflectance
and transmittance 1n the visible to the far infrared region,
allowing the surface to be an efficient beam block for various
optical and manufacturing applications. The altered surfaces
would also be beneficial in controlling the visual appearance
of products, including the surface color. The laser texturing
process provides a completely black surface, hence 1t can be
used to control the color of the surface without using any
paints, dyes, or pigments.

[0091] The altered surfaces would also be beneficial 1n
catalytic activity, as schematically illustrated 1n FIG. 29. The
large surface area created by texturing provides many sites for
enhanced chemical activity, such as catalytic activity. These
catalytic activities would be useful 1n fuel cell technology,
chemical plants, and biomedical applications, including con-
version of carbon monoxide to carbon dioxide. The large
surface area can also be used for enhanced tissue growth and
control. The altered surfaces would also be beneficial 1n bond
strength improvement. The large surface area created by tex-
turing allows more sites for bonding and interlocking, and
improves the overall bond strength.

[0092] The altered surfaces would also be beneficial 1n thin
{1lm or fibrous whisker growth. Due to the formation of nano-
spikes or microspikes, 1t 1s possible to utilize a large number
of tips for growth of other materials atop these tips, as sche-
matically illustrated in FIG. 29. Also, because a small voltage

can provide a high electric field, the growth can be controlled
by the electric field.

[0093] The altered surfaces would also be beneficial 1n the
production of nano or micro tips, as schematically illustrated
in FIG. 29. Because the texturing process produces a large
array ol two-dimensional structures, micro or nano ordered
tips can be fabricated. The nanospikes can be solid or hollow.
These tips can be used 1n atomic force microscopy, optical
data storage, and fluid control for automobiles and drug deliv-
ery.

[0094] The altered surfaces would also be beneficial 1n
surface-enhanced Raman scattering. The Raman scattering
method can be used to detect chemical or biochemical spe-
cies. Usually Raman scattering signals are relatively low, but
a Raman signal can be enhanced by many orders of magni-
tude by surface-enhanced Raman scattering. Laser textured
surfaces coated with metals could provide an 1deal template
for surface-enhanced Raman scattering for sensor applica-
tions, such as single molecule detection. The altered surfaces
would also be beneficial 1n biosensor applications. As sche-
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matically illustrated 1 FIG. 29, specific molecules can be
attached atop the tips, and can be used for chemical or bio-
chemical detection, by using methods such as fluorescence
and phosphorescence.

[0095] The altered surfaces would also be beneficial 1n
manufacturing optical elements. As schematically 1llustrated
in FIGS. 24 and 28, various optical elements, such as difirac-
tion gratings, low scattering surfaces, and antireflection sur-
faces can be prepared by texturing the optical element sur-
face. Also, light absorption properties can be tailored by
adjusting the laser parameters and thermal annealing condi-
tions.

[0096] The altered surfaces would also be beneficial 1n
photonic crystals. Photonic crystals are increasingly used for
optoelectronic applications, such as wavelength selection and
fabrication of negative refractive index matenials. Periodic
textured surfaces fabricated by laser texturing would be use-
tul 1n these photonic crystals. The altered surfaces would also
be beneficial 1n producing masters for replication. A textured
surface can be used as template for transierring a pattern to a
soiter material by using mechanical pressure, with or without
heat. This can provide a very low cost process for pattering,
surfaces such as compact discs. This process can also be used
for transierring patterns to polymerics and biomaterials.

[0097] The altered surfaces would also be beneficial 1n
fabricating mask-less periodic structures. By using an optical
interference technique, periodic textured surfaces can be fab-
ricated with a sub-micron period, without any mask fabrica-
tion. The altered surfaces would also be beneficial 1n pix-
clated devices. Some optoelectronic and microelectronic
devices, such as CCD cameras, diode lasers, and light emat-
ting diodes, require a two-dimensional geometry. Two-di-
mensional textured surfaces can be easily fabricated for opto-
clectronic and microelectronic applications. The altered
surfaces would also be beneficial 1n producing substrates for
single crystal film or nanoparticle growth.

[0098] The altered surfaces would also be beneficial 1n
nano or micro pores. Textured surfaces can be further pro-
cessed with chemical etching to provide a large number of
nano or micro pores, which can be used for filtration or fluid
flow control. Pores can be made by the laser texturing process
i thin substrates are used, or 1f longer processing times are
used. The altered surfaces would also be beneficial in con-
trolling surface emissivity. By adjusting the surface texture,
the surface emissivity and spectral properties can be con-
trolled. This can provide camoutlage objects, because such
objects are harder to detect 1f they emit a low radiation signal.

[0099] The altered surfaces would also be beneficial 1n art
and photography applications. As schematically 1llustrated 1n
FIG. 28, laser texturing of surfaces can be used to write text
and 1mages on surfaces by controlling the light retlectivity of
the surface. This technique can be used to produce name
plates, part identification, hidden logos, trademarks, logos,
and 1mages. The texturing provides a black color, which
produces a very high contrast between the written and unwrit-
ten areas. The process of the present invention can also be
used to control the gray level in forming high definition
1mages.

[0100] The altered surfaces would also be beneficial 1n
radiation shielding. Laser textured surfaces provide a very
good method for controlling radiation scattering, reflection,
absorption, and transmission over a broad spectral range,
including visible, inirared, microwave, terahertz, and radio
waves.
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[0101] The altered surfaces would also be beneficial 1n
plasma applications. Sharp tips can provide a very high elec-
tric field, and hence can be used for localized or large area
generation of plasma sources. These plasma sources can be
used to purily water, kill germs, and destroy bio-chemical
agents.

[0102] The altered surfaces would also be beneficial 1n
protecting substrates from corrosion, and improving adhe-
s10m, such as epoxy adhesion to a metal surface. They can also
be used to improve the adhesion of thin films to a surface,

such as a TiN coating on drill bits, which would extend the
lifetime of the drill bits.

[0103] The altered surfaces would also be beneficial 1n
bone grafting applications. Body implants can become
detached from the host tissue, due to 1nadequate biocompat-
ibility and poor osteointegration. Using laser texturing to
change the surface chemistry and physical texture of the
implants can improve the biocompatibility and adhesion.

[0104] The altered surfaces would also be beneficial 1n
controlling the tribological properties of materials, such as
friction, wear resistance, load-bearing properties, and lubri-
cation. The textured surface can act as a micro-hydrodynamic
bearing, a micro-reservoir for a lubricant, or a trap for debris
particles generated during a sliding or other motion. This
could result 1n significant friction reduction in piston rings.
Similarly, laser texturing of cylinder liners 1n the interior of an
engine compartment could reduce wear, friction, o1l con-
sumption, and gas emissions.

[0105] Instead of performing the laser texturing method 1n
chemical gases, the method could be performed 1n the pres-
ence of gaseous plasma. Because charged species in gaseous
plasma can be very reactive, laser irradiation in the presence
of gaseous plasma will provide a much faster speed for texture
formation, and further enable control of surface properties.
Plasma sources can be created by various methods, such as
excitation with a radio frequency (RF) source, direct current
(DC), alternating current (AC), or a laser system. This
approach provides a method for multi-energy processing
technology, where electrical energy for plasma or discharge
creation, laser irradiation for melting and ablation, and
chemical energy by the gaseous environment are utilized to
enhance the process and the control of the surface properties.
Also, the sample can be kept at elevated temperatures, or the
sample surface can be 1rradiated by an infrared lamp to raise
the surface temperature, 1n order to enhance the chemical
reactions or reduce the laser energy. In addition, plasma orion
etching methods are commonly used for semiconductor chip
fabrication and preparation of samples for transmission elec-
tron microscopy. The addition of ultrafast pulsed laser energy
could be used to further enhance this process.

[0106] Combining the laser texturing method with various
other processes would also be beneficial. For example, a
one-step process for doping, texturing, and crystallization
would be advantageous from a manufacturing standpoint.
Also, laser texturing and laser surface cleaning could be com-
bined to provide a one-step process. In addition, laser textur-
ing and surface passivation could be performed as a one-step
process. The chemical gas used 1n laser texturing could pro-
vide the surface passivation by sulfur or phosphorous diffu-
sion. Finally, laser texturing could be performed in a one-step
process with surface hardening. For example, the surface of
steel can be textured, and 1f a reactive gas such as ammonia or
nitrogen plasma 1s used, surface nitridation can be achieved.
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This provides improved surface properties, such as wear,
wetting characteristics, and chemical interactions.
[0107] The foregoing description and drawings should be
considered as only 1llustrative of the principles of the present
invention. The present invention may be configured and per-
formed 1n a variety of ways, and 1s not intended to be limited
by the exemplary embodiments discussed herein. Numerous
applications of the present mvention will readily occur to
those skilled in the art who consider the foregoing descrip-
tion. Therefore, the present invention 1s not to be limited to the
specific examples disclosed, or the construction and opera-
tion shown and described. Rather, all suitable modifications
and equivalents are within the scope of the present invention,
as defined 1n the appended claims.
1. (canceled)
2. A method for micro texturing a surface of a thin film,
comprising;
providing a gaseous or vacuum environment in an area
around the surface of the thin film:
irradiating a portion of the surface with short laser pulses;
moving at least one of the surface or a laser beam relative
to each other to allow the short laser pulses to 1rradiate
the surface;
wherein the method produces spikes on the thin film,
resulting in changes 1n properties of the thin film;
wherein said thin film comprises a semiconductor material;
and
wherein the laser pulses have a duration of between one
femtosecond and one microsecond.
3. The method of claim 2, wherein the laser pulses have a
wavelength of between about 200 and about 1,600 nm.
4. A system for micro texturing a surface of a thin film
comprising;
a chamber 1n an area around the surface of the thin film to
provide a gaseous or vacuum environment;
an energy source providing a power supply for a radiation
source, said radiation source for irradiating at least a
portion of the surface;
wherein said thin film comprises a semiconductor material;
a base for retaining said thin film, said base or radiation
source adapted to move relative to one another for 1rra-
diation wherein spikes are produced on the thin film,
resulting in changes in properties of the thin film;
wherein said irradiation has a duration of between about
one femtosecond and one microsecond; and
wherein said laser pulses have a wavelength of between
about 400 and about 1,600 nanometers.
5. The method of claim 4, wherein the laser pulses have a
wavelength of between about 200 and about 1,600 nm.
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6. A surface of thin film, comprising a portion on which
spikes are formed by irradiating the surface with short laser
pulses 1n a vacuum or gaseous environment surrounding the
surface, wherein the thin film comprises a semiconductor
material; and wherein said irradiation has a duration of
between one femtosecond and one microsecond.

7. The surface of claim 6, wherein said irradiation has a
wavelength of between about 200 and 1,600 nanometers.

8. A method for micro texturing and crystallizing a surface
of a thin film 1n a single step, comprising:

providing a gaseous or vacuum environment in an area

around the surface of the thin film;:

irradiating a portion of the surface with short laser pulses;

moving at least one of the surface or a laser beam relative

to each other to allow the short laser pulses to 1rradiate
the surface;

wherein the method produces crystallization of and spikes

on the thin film, resulting 1n changes 1n properties of the
thin film;

wherein said thin film comprises a semiconductor material;

and

wherein the laser pulses have a duration of between one

femtosecond and one microsecond.

9. A system for micro texturing and crystallizing a surface
of a thin film 1n a single step comprising:

a chamber 1n an area around the surface of the thin film to

provide a gaseous or vacuum environment;

an energy source providing a power supply for a radiation

source, said radiation source for irradiating at least a
portion of the surface;

wherein said thin film comprises a semiconductor material;

a base for retaining said thin film, said base or radiation
source adapted to move relative to one another for 1rra-
diation wherein crystallization 1s produced 1n and spikes
are produced on the thin film, resulting in changes 1n
properties of the thin film;

wherein said irradiation has a duration of between about
one femtosecond and one microsecond; and

wherein said laser pulses have a wavelength of between
about 400 and about 1,600 nanometers.

10. A surface of thin film, comprising a portion on which
spikes are formed and said thin film 1s crystallized by irradi-
ating the surface with short laser pulses 1n a vacuum or gas-
cous environment surrounding the surface, wherein the thin
f1lm comprises a semiconductor material; and wherein said
irradiation has a duration of between one femtosecond and
one microsecond.
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