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ENGINEERING FLAT SURFACES ON MATERIALS DOPED
VIA PULSED LASER IRRADIATION

Related Application

The present invention claims priority to provisional application entitled
“Engineering Flat Surfaces On Materials Doped Via Pulsed Laser Irradiation,” filed on
January 31, 2008 and having a serial number 61/025,101, which is herein incorporated

by reference.

Background

The present invention relates generally to methods for processing substrates, and
the resultant substrates, by employing radiation pulses, and more particularly to such
methods that allow introducing a dopant into a surface layer of the substrates.

A variety of techniques are utilized for doping semiconductor substrates. For
example, crystalline silicon can be doped to about 1% atomic concentration via
irradiation of silicon wafers with a train of femtosecond radiation pulses in the presence
of a dopant-containing compound. For example, a silicon wafer can be doped with
sulfur to about 1% atomic concentration by irradiating the wafer with femtosecond
radiation pulses while exposed to a sulfur donor, such as SFs. The resulting doped
silicon can exhibit several highly desirable optoelectronic properties. For example, it
can exhibit significant absorption of radiation wavelengths longer than about 1100 nm.
In fact, such doped silicon can be utilized to fabricate silicon photodiodes that operate
well into the infrared.

However, the known methods for producing such doping can also cause
significant damage to the silicon wafers. For example, they can cause the formation of a
quasiperiodic array of spikes and ridges on the silicon surface. Such surface structures
can cause difficulties in utilizing the doped wafers in a variety of applications. For
example, in case of photodetector fabrication, they can render the use of many
traditional measurement and handling techniques, as well as manufacturing processes,
difficult.

Accordingly, there is a need for improved methods for radiation processing of

substrates, and particularly for improved methods of doping substrates. There is also a
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need for doped substrates exhibiting enhanced surface morphologies.

Summary

In one aspect, the invention provides a method for processing a substrate (e.g., a
semiconductor substrate) that includes irradiating at least a portion of the substrate
surface with a plurality of short radiation pulses while the surface portion is in contact
with a dopant compound. The pulses are selected to have a fluence at the substrate
surface that is greater than a melting fluence threshold (a minimum fluence needed for
the radiation pulse to cause substrate melting) and less than an ablation fluence threshold
(a minimum fluence needed for the radiation pulse to cause substrate ablation), a
quantity that may vary for different materials and laser parameters (e.g., central
wavelength, pulse duration, etc). As discussed further below, in this manner a quantity
of the dopant can be incorporated into the substrate while ensuring that the roughness of
the substrate’s surface is significantly less than the wavelength of the applied radiation
pulses.

The pulses can have a temporal duration, e.g., in a range of about 100
femtoseconds to tens or hundreds of nanoseconds (e.g., 20 nanoseconds), or in a range
about 100 femtoseconds to about 1 picosecond, e.g., in a range of about 100
femtoseconds to about 500 femtoseconds, though other pulse widths can also be utilized.
The pulse energies can be, e.g., in a range of about 100 microjoules to about 10
millijoules, though other pulse energies can also be utilized. The pulse energy and spot
size can be selected so as to obtain a desired radiation fluence at the surface.

In a related aspect, the dopant compound can be any of a gas, a fluid or a solid.
Some examples of such dopant compounds can include SFs, N, Cl,, air, water, alcohol,
H;S, Sb, Se, Te, P, to name a few.

In another aspect, a method of introducing a dopant into a substrate (e.g., a
semiconductor substrate) is disclosed that includes exposing at least a portion of a
substrate surface to a material having a dopant constituent. The surface portion is
irradiated with a plurality of temporally short laser pulses so as to cause incorporation of
the dopant into a surface layer of the substrate. The laser pulses are configured such that
following the irradiation the irradiated substrate surface exhibits a root-mean-square

roughness that is less than about 1/8, and preferably less than about 1/32 and more
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preferably less than about 1/50, of the applied radiation wavelength (e.g., a central
wavelength of the pulses).

In another aspect, the invention provides a method of incorporating a dopant into
a substrate by exposing at least a portion of the substrate surface to a dopant compound
and applying a plurality of short radiation pulses to a plurality of locations of that
surface portion so as to cause melting of a surface layer of the substrate without causing
ablation so as to incorporate a quantity of said dopant, e.g., at a density in a range of
about 10" cm™ to about 10* cm™, orin a range of about 10" cm™ to about 10*' cm?, or
in a range of about 10'° cm™ to about 10?! cm™ into the surface layer.

In a related aspect, in the above method, the fluence of each pulses and the
distribution of the pulses across the surface are selected such that following the

application of the pulses the surface portion exhibits a root-mean-square roughness less
than about ;’6 , where A .is the central wavelength of the laser pulse.

In another aspect, the invention provides a substrate (e.g., a semiconductor
substrate) that includes a surface layer containing a dopant, where the surface layer has a
top surface exhibiting a root-mean-square (RMS) roughness less than about 200
nanometers (nm), or less than about 100 nm, or less than about 50 nm, or preferably less
than about 20 nm, or less than about 10 nm, e.g., in a range of about 10 nm to about 20
nm. In some cases, the RMS roughness can be greater than about 1 nm but less than
about 10 nm. In some cases, the dopant density in the surface layer can be in a range of
about 10" cm™ to about 10* ¢cm™, orin a range of about 10'* cm™ to about 10%! cm™, or
in a range of about 10" cm™ to about 10?' cm™. In some embodiments, the surface
exhibits a high degree of specular reflection. For example, a large percentage of the
light reflected from the surface has undergone specular reflection (e.g., at least about
80% or at least about 90% of the reflected light).

For example, the substrate can be a silicon wafer having a sulfur dopant layer
with a flat top surface.

In yet another aspect, a method of processing a substrate (e.g., a semiconductor
substrate) is disclosed that includes applying a plurality of laser pulses to different

locations of a substrate surface, where the fluence and the spatial distribution of the

pulses are selected so as to generate surface structures with a root-mean-square
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roughness less than about 5—/?;)— , where A .is the central wavelength of the laser pulse, e.g.,

in a range of about 5 nm to about 15 nm for an 800 nm central wavelength.
Further understanding of various aspects of the invention can be obtained by
reference to the following detailed description together with the associated drawings,

which are discussed briefly below.

Brief Description of the Drawings

FIGURE 1A schematically depicts an exemplary distribution of laser pulses

across a substrate surface in accordance with one embodiment of the invention,

FIGURE 1B schematically depicts a distribution of laser pulses across a substrate
surface in accordance with a conventional method of processing a substrate by applying

radiation pulses thereto,

FIGURE 2A schematically depicts two spatially neighboring pulses applied to a

substrate,

FIGURE 2B schematically depicts two spatially neighboring pulses applied to a
substrate, where the pulses generate overlapping melting zones, and each individually

causes ablation,

FIGURE 2C schematically depicts two spatially neighboring pulses applied to a

substrate, where the pulses generate overlapping ablation and melting zones,

FIGURE 2D schematically depicts two spatially neighboring partially
overlapping pulses applied to a substrate in accordance with an embodiment of the
invention, where each pulse has a peak fluence between a melting fluence threshold and

an ablation fluence threshold,
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FIGURE 3 schematically depicts an apparatus suitable for performing substrate

processing methods of the invention,

FIGURES 4A and 4B schematically depict the deposition of pulses on a
substrate in an exemplary implementation of a method according to an embodiment of

the invention by moving the substrate relative to a beam of laser pulses,
FIGURE 5 shows, along one of two spatial dimensions, the overlap of
neighboring pulses applied to a silicon substrate in an exemplary implementation of a

method according to an embodiment of the invention,

FIGURE 6 is an SEM image of a silicon substrate processed in accordance with

an embodiment of a method of the invention,

FIGURE 7 is a TEM image of a silicon substrate processed in accordance with

an embodiment of a method of the invention, and

FIGURE 8 shows normalized absorptance of a prototype silicon sample

processed in accordance with an embodiment of a method of the invention.

Detailed Description

The present invention generally relates to methods of processing a substrate (e.g.,
a semiconductor substrate) by applying radiation pulses to a surface of the substrate
while the surface is in contact with a dopant so as to generate a doped layer extending
from the top of the surface to a depth of the substrate while ensuring that the top surface
exhibits a roughness that is significantly less than the wavelength of the applied
radiation. For example, in some embodiments, the root-mean-square (RMS) roughness
(root-mean-square of the height variation across the processed surface) can be less than
about 200 nm, or preferably less than about 100 nm, or less than about 50 nm, or less
than about 20 nm, or less than about 10 nm, e.g., in a range of about 10 to about 20 nm.
In other words, the processing methods of the invention allow generating a doped

substrate via radiation (laser) processing having flat surfaces. The term “a flat surface,”
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as used herein, refers to a surface that exhibits an RMS roughness less than about 200
nm, or less than about 100 nm, or less than about 50, or preferably less than about 20
nm, €.g., in a range of about 10 nm to about 20 nm, or greater than about 1 nm and less
than about 10 nm. In some embodiments, a laser processing method of the invention
includes applying short radiation pulses to a substrate surface, while the surface is in
contact with a dopant (or more generally in contact with a material having a dopant
constituent), with a fluence at the surface that is sufficiently high to cause melting but is
less than a threshold fluence needed for ablation. Various portions of the surface can be
treated in this manner (e.g., by moving the surface relative to the radiation pulses) so as
to generate a macroscopic doping layer below a top flat surface of the substrate. As
discussed further below, in some cases, the radiation pulses are distributed across the
surface such that each processed surface region undergoes melting, but not ablation.
While the various features of the invention are discussed with respect to doping a
substrate, the teachings of the invention regarding the fluence of the radiation pulses can
also be utilized for processing substrate in absence of doping. Further, although many
embodiments are discussed in connection with semiconductor substrate, the teachings of
the invention can be applied to other types of substrates, such as glasses, metals, alloys,
or organic compounds.

In an exemplary method according to an embodiment of the invention for
processing a substrate (e.g., a semiconductor substrate such as silicon) includes
irradiating one or more portions of a surface of the substrate with one or more short
radiation pulses. The phrase “short radiation pulses,” as used herein, can refer to pulses
of electromagnetic radiation having temporal durations in a range of about 10
femtoseconds (one femtosecond is defined as 107 seconds) to about hundreds of
nanoseconds (one nanosecond is defined as 10 seconds), e.g., in a range of about 10
femtoseconds to about 1 picosecond, or in a range of about 100 femtoseconds to about
500 femtoseconds. In many embodiments, the irradiation of the surface is carried out
while the surface (or at least the portion exposed to radiation) is in contact with a dopant
compound (e.g., a material having a dopant constituent) so as to cause incorporation of a
quantity of the dopant into a surface layer of the substrate (e.g., a surface layer having a
thickness in a range of about 10 nm to about 1000 nm, e.g., in a range of about 10 nm to

about 500 nm). Such a material can be a liquid, a gas or a solid. By way of example, in
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some cases the surface is irradiated while in contact with SFs to incorporate a quantity of
sulfur in a top surface layer, while in some other cases the surface is irradiated while in
contact with a liquid, such as water or alcohol, or a solid.

In many cases, the fluence of each radiation pulse (denoted herein by F) at the
substrate’s surface, which is defined as radiation energy per unit area, is selected to have
a maximum (peak) value that exceeds a melting fluence threshold (a minimum fluence
needed to cause melting) but remains less than an ablation fluence threshold (a minimum
fluence needed to cause ablation). In other words, the energy of each radiation pulse and
its spot size on the substrate’s surface are controlled to ensure that each surface portion
to which a radiation pulse is applied is exposed to laser irradiation having a fluence that
exceeds the melting threshold but remains below the ablation threshold. In many
embodiments, this requirement regarding the radiation fluence is maintained during the
entire irradiation process. In other cases, at least about 60%, or 70%, or 80% or
preferably 90% of the pulses applied to the substrate exhibit such a fluence.

The terms “melting” and “ablation” are known in the art. To the extent that any
further explanation may be needed, “melting” generally refers to a process that results in
a phase change of a substance from a solid phase to a liquid phase, e.g., via increasing
internal energy of the substrate by application of heat, and “ablation” generally refers to
the removal of material from a surface of a substrate by vaporization, chipping or other
erosive processes.

To illustrate the above requirement imposed on the radiation fluence

mathematically, a function (7, (x, y)) can be defined to indicate a maximum radiation

fluence from a radiation pulse to which any surface point (x,y) is exposed, where

(F . (x, y)) satisfies the following relation:

F

melt

< Fpeak (x’ y) < Fablazian Eq (1)

wherein F,,, denotes a radiation fluence threshold for melting of a substrate

melt

portion exposed to the radiation and F, denotes a radiation fluence threshold for

blation

causing ablation of a substrate portion exposed to radiation.
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Another way of considering the above requirement regarding the radiation

fluence is to define the following piecewise

O ipreak (x> y) < Fmelt‘
Ux,y)=q1if F,

melt

23 By < Frous (%, )

ablation

< Fpeak ('x> y) < Fablalion Eq (2)

where in many embodiments the pulse distribution on the substrate surface is such that

U(x,y) =1 at all irradiated points. For example, a point (x,y) at which Ufx,y) = 2 would

be ablated, which is undesirable, while any point (x,y) at which Ufx,y) = 0 would not be
melted, which is also undesirable.

The radiation fluence thresholds for ablation and/or melting for a given material
can depend on the wavelength of applied radiation as well as the temporal duration of
the applied radiation pulses. Hence, the above requirement regarding the fluence of the
applied radiation relative to the melting and ablation thresholds, as embodied for
example in Equations (1) and (2), applies for a given radiation wavelength and pulse
duration. By way of example, in an embodiment of the invention in which 100 fs
radiation pulses having a central wavelength of about 800 nm are applied to a substrate
surface (e.g., silicon), the peak fluence of each pulse is selected to be above a fluence
needed to cause melting of the substrate by applying a 100-fs radiation pulse having a
central wavelength of 800 nm to the substrate. Further, the peak fluence of the pulse is
selected to be less than a fluence needed to ablate the substrate by applying a 100-fs
radiation pulse having a central wavelength of 800 nm to the substrate.

It should also be understood that the determination of the melting and/or ablation
fluence thresholds of a material can involve measurement uncertainties. Hence, in many
cases, such measurement uncertainties should be taken into account when considering
whether the fluence of a radiation pulse satisfies the above relations.

In some embodiments, a plurality of radiation pulses can be applied to different
substrate locations (spots) and distributed over a macroscopic area of the surface so as to
treat the entire area. In some cases, the peak fluence of the pulses as well as the overlap

between spatially adjacent pulses are selected so as to cause melting, but not ablation, of
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each treated substrate location. In some embodiments, the number of radiation pulses
applied to each surface spot (location) can vary from one to about a few thousands, e.g.,
it can be in a range of about 10 to about 200 pulses. As noted above, such irradiation of
the surface can be performed while the surface is in contact with a dopant (e.g., a
material having a dopant constituent) to cause incorporation of a quantity of the dopant
into the substrate. To ensure substantially uniform doping, in many embodiments the
variation of total energy deposited at different locations on the surface can be
minimized, e.g., by proper selection of the pulse shapes and the way the pulses are
distributed across the surface.

By way of example, in some cases, the pulses are spatially distributed across the
surface to form a square or a triangular lattice of “target points” (a lattice corresponding
to the centers of the laser spots). For example, FIGURE 1A schematically depicts a
square grid 10 (while a triangular grid may be more desirable in some cases, a
rectangular grid is shown here for simplicity) representing the points on the substrate
surface at which the centers of laser pulses strike the surface. In the grid 10, the distance
between centers of spatially adjacent pulses in one dimension (e.g., d; in the horizontal
dimension) is substantially similar to the distance between the centers of the pulses in
the other dimension (e.g., d; in the vertical dimension). In other words, in this case d; =
d.

The distribution of the pulses across the surface according to such a rectangular
pattern represents a significant departure from conventional patterns of pulse distribution
for structuring a substrate surface. Such conventional patterns are typically designed to
most efficiently raster a radiation beam across the surface. For example, FIGURE 1B
schematically depicts such a conventional pattern 12 of target points in which the
radiation pulses are significantly closer spatially to one another in one dimension than in
the other. For example, in this case d; >> d, with typical a ratio of d;/d; lying in a range
of about 10 to about 100.

With reference to FIGURES 2A — 2D, by way of further illustration of salient
aspects of the invention, the fluence as well as placement of two spatially adjacent
radiation pulses in one exemplary embodiment are compared with the fluence and
placement of two adjacent pulses in a conventional method for processing (e.g.,

structuring and/or doping) a substrate’s surface. FIGURE 2A simply demonstrates
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various parameters of interest associated with two neighboring pulses, such as dy.r; (a
linear spatial extent of a melting zone associated with the pulse), d,s (a linear spatial
extent of an ablation zone associated with the pulse) and dpus. (the distance between the
centers of the pulses).

FIGURE 2B schematically shows two pulses each having a peak fluence that is
greater than the ablation threshold fluence. These pulses have overlapping melting
zones but separated (non-overlapping) ablation zones. FIGURE 2C schematically shows
two pulses each having a peak fluence that is greater than the ablation threshold fluence
arranged relative to one another to have overlapping melting and ablation zones. Many
conventional laser processing techniques utilize the fluence and pulse distribution shown
in FIGURE 2B along one dimension of a sample surface and employ the fluence and
pulse distribution shown in FIGURE 2C along another dimension (e.g., an orthogonal
dimension) of the surface. In contrast, FIGURE 2D shows the fluence and pulse
distribution employed in an embodiment of the invention for processing (e.g., doping) a
substrate in which the peak fluence of each pulse lies in a range between a fluence
needed to cause melting and a fluence needed to cause ablation. Further, the pulses are
distributed such that neighboring pulses overlap in a manner that would cause melting,
but not ablation, of each surface region subjected to laser processing. The conditions
depicted in FIGURE 2D apply to both the x and y dimensions.

As discussed further below, the method of the invention for processing a
substrate (e.g., a semiconductor substrate) can result in a substrate having a doped
surface layer with the surface exhibiting a root-mean-square roughness less than about
200 nm, or less than about 100 nm, or less than about 50 nm, or less than about 20 nm,
or less than about 10 nm, e.g., greater than about in a range of about 10 nm to about 20
nm. In some cases, the surface can include a root-mean-square roughness that is greater
than about 1 nm and less than about 10 nm. In other words, the top surface can be flat
while also having a doped surface layer that extends from the top surface into a depth of
the substrate. In some cases, the doped surface layer can have a thickness, e.g., in a
range of about 10 nm to about 1000 nm, or in a range of about 10 nm to about 500 nm.
Further the concentration of a dopant incorporated into such a surface layer can vary
based on the conditions utilized, e.g., from about 10"° cm™ to about 1024 em?,

Such substrates formed in accordance with the teachings of the invention can
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find a variety of applications. For example, they can be utilized in photodetectors, solar
cells, semiconductor laser, CCDs, light-emitting diodes, or any other optoelectronic
device. For example, the following example shows that the method of the invention can
be used to generate a flat silicon substrate having a surface layer in which a significant
quantity of sulfur is doped. Such a doped flat silicon can exhibit a significant increase in
infrared absorptance relative to unprocessed silicon. As such, it can be utilized in
photodetectors for not only visible but also infrared detection of radiation.

An exemplary apparatus 14 for performing substrate processing according to the
teachings of the invention is shown schematically in FIGURE 3. The apparatus 14
includes a sample processing chamber 16 in which a translation stage 18 is disposed. A
sample under processing can be mounted to the translation stage. A regeneratively
amplified, femtosecond Ti:Sapphire laser system (not shown) provides approximately
100 £s laser pulses having a central wavelength of 800 nm at a repetition rate of 1kHz.
A shutter 20 can be utilized to adjust the repetition rate to a different value. A focusing
lens 22 receives the laser pulses and directs them through a beam splitter 24 to a
radiation transmissive window 26 (e.g., a quartz window) of the chamber. A portion of
the radiation energy is reflected from the beam splitter onto a CCD 28 for spot size
measurement. The spot size of the pulses at the sample can be varied by moving the
lens (e.g., from a spot size diameter of about 10 microns to about 1000 microns). The
energy of the pulses generated by the laser system can be, e.g., up to about 2.5
millijoules. The energy of the pulses can be adjusted, e.g., by using one or more neutral
density filters, or a half-wave plate and a polarizer, to be within a desired range. The
variation of the pulse energy and/or the spot size at the sample can be employed to
adjust the radiation fluence at the sample to a selected value. A dopant compound can
be introduced from a dopant source 11 into the evacuated chamber so as to expose the
surface of the sample to the dopant compound while the surface is irradiated with pulsed
radiation. Further details regarding an apparatus suitable for use in practicing the
methods of the invention can be found in U.S. Patent No. 7,057,256 entitled “Silicon-
Based Visible and Near-Infrared Optoelectric Device,” which is herein incorporated by
reference.

Although the above embodiments are discussed in connection with doping a

substrate, the teachings of the invention, such as various way of overlapping laser pulses
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applied to a substrate surface, can be more generally utilized to process a variety of
substrates in a variety of laser processing applications. Some examples of such laser
processing applications can include, without limitation, pulsed laser annealing, pulsed
laser melting and recrystallization. For example, a substrate surface (e.g., a
semiconductor surface) can be irradiated with a plurality of short radiation pulses with at
least some of the pulses, an in some cases each pulse, having a fluence at the substrate
surface greater than a melting fluence threshold and less than an ablation fluence
threshold. In one application, the substrate melting can be followed by resolidification
to provide annealing of the substrate.

The following example is provided to further elucidate various aspects of the
invention. The example is provided only for illustrative purposes and is not intended to

necessarily indicate the optimal results that can be achieved by practicing the invention.

Example

A (111) Si wafer, doped n-type with phosphorus to a resistivity of p = 800 — 900
Q-cm was prepared. The silicon surface was cleaned using ultrasonic cleaning in
acetone, methanol, isopropanol, and deionized water. Any native oxide was removed
using an 60s dip in HF 5%.

The wafer was then exposed to a train of 800 nm, 100 femtosecond laser pulses
from a Ti:Sapphire, regeneratively-amplified laser system. The pulse train from the
laser system has a 1 kHz repetition rate.

The experimental setup for femtosecond laser processing (doping) of the wafer is
shown in FIGURE 3 discussed above. The silicon wafer was placed in a vacuum
chamber. The chamber was evacuated to <107 torr, and backfilled with 500 torr of SFs
(for sulfur doping). The 1-kHz pulse train repetition rate was reduced to a frequency f=
11 Hz using the mechanical shutter 20. The silicon wafer was translated in front of the
laser beam at a speed v (in this case about 640 micrometers/second) in the x-direction,
yielding an x-spacing between laser pulses of d=v/f (in this case about 58 micrometers).
After traveling some distance (e.g., about 3 cm in this case), the sample was then
stepped an identical distance d in the y-direction and then translated in the reverse x-
direction. By repeating this process, pulses were distributed onto a square grid on an

extended area of the surface of the silicon wafer (see FIGURES 4A and 4B).
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The laser beam was focused onto the surface of the silicon wafer to a spot size w,
where w refers to the width of the beam at half of its maximum intensity; this size can be
measured using a CCD camera, and can be used to calculate fluence. Fluence is the
physical quantity traditionally used to denote important thresholds for laser induced
phase changes. Average fluence is calculated by dividing the energy in a pulse by the
area over which the pulse intensity exceeds I/e of the maximum. Calculated in this
fashion for a pulse with a Gaussian intensity profile, average fluence has the convenient
property that it has the same value as peak fluence. For femtosecond laser pulses,
silicon’s melting fluence threshold is about 1.5 kJ/m?, and its ablation fluence threshold
is about 3 kJ/m?. To satisfy the requirements discussed above for generating a flat
surface, an average fluence of 2 kJ/m” was chosen. The pulse size was w = 250 um; the
pulses were spaced in the x- and y- directions by 58um (accomplished with raster speed
v = 640 pm/s and pulse repetition rate of = 11 Hz. FIGURE 5 schematically show that
this choice of parameters corresponds to the type of pulse fluence and arrangement
shown above in FIGURE 2D in connection of an exemplary embodiment of the
invention.

After laser processing, the sample retained the highly-polished appearance of the
original sample. A closer inspection under a scanning electron microscope revealed no
visible roughness, although there was some minor surface height variation (FIGURE 6).
Additionally, a cross-sectional bright-field TEM image demonstrated that a well-defined
laser-altered region was created that extended about 50 nm from the surface, as shown in
FIGURE 7. The contrast in the TEM image can result from a change in crystal structure
due to melting and resolidification, an observation confirmed by selected area diffraction
as well as higher magnification TEM inspection.

By way of illustration, FIGURE 8 shows some optical properties of the prototype
flat processed silicon sample: an increase in the infrared absorptance at optical
wavelengths greater than about 1100 nm (A >1100) was observed. In particular, the
processed prototype sample demonstrates a significant increase in infrared absorptance
relative to unprocessed crystalline silicon. This increase in the infrared absorptance
indicates high levels of sulfur doping in a top surface layer of the processed sample. The
increase in the infrared absorptance exhibited by the processed prototype sample is less

than the increase exhibited by laser-doped silicon produced by some conventional



WO 2009/100015 PCT/US2009/032856

-14 -

techniques. This can be due to a thinner top surface layer in the prototype sample (e.g.,
a layer having a thickness of about 40 nm) in which sulfur is incorporated relative to a
respective layer formed by the conventional techniques (e.g., a layer having a thickness
of about 200 nm).

Those having ordinary skill in the art will appreciate that various changes can be

made to the above embodiments without departing from the scope of the invention.
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What is claimed is:

1. A method of processing a substrate, comprising

irradiating at least a portion of a substrate surface with a plurality of short
radiation pulses while the surface portion is exposed to a dopant material, said pulses
having a fluence at the substrate surface greater than a melting fluence threshold and less

than an ablation fluence threshold.

2. The method of claim 1, dopant material comprises any of a gas, a fluid or a solid.

3. The method of claim 1, wherein said radiation pulses have temporal durations in

a range of about 100 femtoseconds to about tens of nanoseconds.

4, The method of claim 1, wherein said substrate comprises any of a

semiconductor, glass, metal, alloy or an organic compound.

5. A method of processing a substrate, comprising

placing a substrate surface in contact with a material having a dopant constituent,
and

irradiating a plurality of surface areas of said substrate surface with one or more
short laser pulses such that each laser pulse has a fluence at the surface that is greater

than a melting fluence threshold and less than an ablation fluence threshold.

6. The method of claim 5, wherein said material having a dopant constituent

comprises SFe.
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7. A method of introducing a dopant into a substrate, comprising

placing at least a portion of a substrate surface in contact with a material having a
dopant constituent, and

irradiating said surface portion with a plurality of short laser pulses so as to cause
incorporation of said dopant constituent into a surface layer of the substrate,

wherein said short laser pulses are configured such that following said irradiation
step the irradiated substrate surface exhibits a root-mean-square roughness less than

about 1/30 of a central wavelength of said pulses.

8. A method of incorporating a dopant into a substrate, comprising
placing at least a portion of a substrate surface in contact with a dopant material,
applying a plurality of short radiation pulses to a plurality of locations of said
surface portion so as to cause melting of a surface layer of the substrate without causing

ablation so as to incorporate a quantity of said dopant into said surface layer.

9. The method of claim 8, further comprising selecting a fluence of each pulse and
a distribution of the pulses over the surface such that following the application of the
pulses said surface portion exhibits a root-mean-square roughness less than about 1/30

of a central wavelength of said pulse.

10.  The method of claim 8, wherein said incorporated dopant has a density in a range

of about 10" cm™ to about 10* cm™.

11. A substrate, comprising
a surface layer containing a dopant,
said surface layer having a top surface that exhibits a root-mean-square (RMS)

roughness less than about 50 nanometers.

12.  The substrate of claim 11, wherein said RMS roughness lies in a range of about

10 nm to about 20 nm.
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13. The substrate of claim 11, wherein said RMS roughness is greater than about 1

nm and less than about 10 nm.

14.  The substrate of claim 11, wherein said doped surface layer has a thickness in a

range of about 10 nm to about 1000 nm.

15.  The substrate of claim 14, wherein said doped surface layer has a thickness in a

range of about 10 nm to about 500 nm.

16.  The substrate of claim 11, wherein said substrate comprises any of a

semiconductor, glass, metal, alloy, or an organic compound.

17. The substrate of claim 11, wherein a concentration of said dopant is in a range of

about 10" cm™ to 10* cm™>.
18. A substrate produced according to the process of claim 1.

19. A method of processing a substrate, comprising
irradiating at least a portion of a substrate surface with a plurality of short
radiation pulses, said pulses having a fluence at the substrate surface greater than a

melting fluence threshold and less than an ablation fluence threshold.

20.  The method of claim 19, wherein the spatial distribution of the pulses over the

substrate surface is selected so as to provide surface structures with a root-mean-square

roughness less than about % , where A4 .is the central wavelength of the laser pulses.
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21.  An apparatus for processing a substrate, comprising

a radiation source for generating pulses electromagnetic radiation, and

an optical system coupled to the source for directing said pulses to a surface of a
substrate,

wherein said pulses provide a radiation fluence at the surface that is greater than

a melting fluence threshold and less than an ablation fluence threshold.
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