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Abstract

This dissertation comprehensively reviews the properties of femtosecond-laser microstructured silicon and reports on its first application in optoelectronic devices. Irradiation of a silicon surface with intense, short laser pulses in an atmosphere of sulfur hexafluoride leads to a dramatic change in the surface morphology and optical properties. Following
irradiation, the silicon surface is covered with a quasi-ordered array of micrometer-sized,
conical structures. In addition, the microstructured surface has near-unity absorptance
from the near-ultraviolet (250 nm) to the near-infrared (2500 nm). This spectral range
includes below-band gap wavelengths that normally pass through silicon unabsorbed.
We thoroughly investigate the effect of experimental parameters on the morphology
and chemical composition of microstructured silicon and propose a formation mechanism
for the conical microstructures. We also investigate the effect of experimental parameters on
the optical and electronic properties of microstructured silicon and speculate on the cause
of below-band gap absorption. We find that sulfur incorporation into the silicon surface
plays an important role in both the formation of sharp, conical microstructures and the
near-unity absorptance at below-band gap wavelengths.
Because of the novel optical properties, femtosecond-laser microstructured silicon
has potential application in numerous optoelectronic devices. We use femtosecond-laser
microstructured silicon to create silicon-based photodiodes that are one hundred times more
sensitive than commercial silicon photodiodes in the visible, and five orders of magnitude
more sensitive in the near-infrared. We also create femtosecond-laser microstructured silicon
solar cells and field emission arrays.
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Chapter 1

Introduction
Silicon is the most prevalent semiconductor used in microelectronics and photonics.
Second only to oxygen in earthly abundance, silicon is produced in higher volume for lower
cost than any other semiconductor. Its readily grown oxide made silicon the material of
choice for the semiconductor device industry. A band gap of 1.07 eV leads to efficient
detection of visible light and conversion of sunlight into electricity. Easily integrated with
other microelectronics, silicon is used in many forms (including crystalline, amorphous, and
porous) in numerous opto-electronic devices.
However, silicon has several shortcomings: as an indirect band-gap material, it
is a poor light emitter; silicon cannot be used to detect many important communications
wavelengths; and silicon solar cells fail to convert nearly a third of the suns’ spectrum into
electricity. A large research effort is directed at manipulating the properties of silicon to
overcome these shortcomings. Despite the existence of other semiconductor materials that
can better detect longer wavelengths, it is the low cost and easy integration with existing
silicon fabrication techniques that drives research to find new forms and uses of silicon.
This dissertation describes a method for using the intense conditions created at

1

Chapter 1: Introduction

2

the focus of a femtosecond laser pulse to create a new form of silicon with unique optical
and electronic properties. Through an interdisciplinary effort that involves ultrafast optical
techniques and material science, we investigate the reasons for the unique properties and
apply our conclusions toward creating novel optoelectronic devices. Although our methods
can be used to create a wide variety of interesting materials, we concentrate on femtosecondlaser microstructured silicon surfaces for use in photodetectors, photovoltaics, and field
emission devices.

Organization of the dissertation
Chapter 2 is a brief review of the history and context of femtosecond-laser microstructuring of silicon. We also introduce the microstructuring apparatus and procedure.
Chapter 3 examines the effect of experimental parameters on surface morphology
and chemical composition. The intense conditions at the focus of the laser cause ablation
and melting of the silicon surface; the molten surface evolves and interacts with chemical
species present in the ambient gas before resolidifying with an altered morphology. The
inclusion of sulfur into the surface during laser irradiation is crucial in conical microstructure
formation.
Chapter 4 examines the effect of experimental parameters on the optical and electronic properties of the laser-disordered surface layer. Silicon microstructured in a sulfur
hexaflouride environment has near-unity absorptance for both the visible and near-infrared
spectrum. The increased absorption is a result of surface texturing and inclusion of high
levels of sulfur in a nonequilibrium arrangement. Annealing to high temperatures eliminates absorption in the near-infrared and greatly increases the number of donor carriers
contributed by implanted sulfur atoms.
Chapter 5 presents the use of femtosecond-laser microstructured silicon to make

Chapter 1: Introduction

3

highly sensitive photodiodes for the visible and near-infrared. We successfully create siliconbased photodetectors that utilize the extended absorption range of surfaces microstructured
in sulfur hexaflouride. Large gain at small applied biases is responsible for the high sensitivity of the photodiodes. The gain mechanism is related to disorder in the surface layer
and is eliminated with annealing to high temperatures.
Chapter 6 presents the use of femtosecond-laser microstructured silicon to make
novel solar cells and field emission arrays. Lessons learned while creating photodiodes
help identify and remedy past problems in these areas. We demonstrate femtosecond-laser
microstructured silicon solar cells for the first time and these solar cells show great potential
for use in thin film solar cells. We also present results for field emission from microstructured
surfaces with low turn-on fields and high emission currents.
Chapter 7 summarizes the work contained within the dissertation and comments
on the future of the research. Past successes and current progress indicate that femtosecondlaser microstructuring has numerous potential future applications.

Chapter 2

Femtosecond-laser microstructured
silicon
Six years ago, we reported the first observation of conical microstructures formed
on the surface of silicon following irradiation with femtosecond laser pulses in an atmosphere
of sulfur hexaflouride. A serendipitous and quite unexpected result, femtosecond-laser microstructured silicon was born from experiments on ultrashort laser pulse induced chemical
reactions at semiconductor surfaces. In the ensuing six years, we investigated both the
formation and physical properties of microstructured silicon; our experimental goals and
motivations have grown from solely morphological curiosity to applications in novel semiconductor devices.
This chapter presents a brief introduction to the history of our work and its context
in the area of laser microstructuring of semiconductor surfaces. We begin with a description
of our initial experiments and how our motivations and goals have changed with time.
We also describe comparable work being done on laser microstructuring of semiconductor
surfaces. At the end of the chapter, we present the experimental apparatus and procedure
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5 µm

Figure 2.1: Scanning electron micrographs of typical surface morphologies for femtosecondlaser microstructured silicon at two magnifications. Both micrographs are taken at a 45◦
angle.

used in making femtosecond-laser microstructured silicon.

2.1

Background
We first reported on the formation of conical microstructures on silicon in 1998

[1, 2]. Irradiation of a silicon surface with several hundred femtosecond-laser pulses of
fluence 10 kJ/m2 in an atmosphere of sulfur hexaflouride (SF6 ) results in a quasi-ordered
array of micrometer-sized, conical structures (see Figure 2.1). The morphology of the
microstructures exhibits spontaneous ordering and sharpness unmatched by other laser
structuring methods at the time.
Since the early 1970’s, researchers have reported on the appearance of spontaneous
periodic surface ripples following laser irradiation [3, 4, 5]. The ripples, later named Laser
Induced Periodic Surface Structures (LIPPS), are small undulations on the surface with
spatial periods closely related to the central wavelength of the laser. These structures share
the spontaneous ordering seen in femtosecond-laser microstructured silicon, but not the
dramatic surface topography. A decade later, the formation of conical microstructures with

Chapter 2: Femtosecond-laser microstructured silicon

6

laser irradiation was first reported [6]. The laser ”sputter-cones” were initially an unwanted
byproduct of laser sputtering of targets in pulsed laser deposition experiments. Although
conical, sputter-cones are irregular, disordered across the surface, and more blunt than our
microstructures. In the mid to late 1990’s, a few research groups began examining more
exotic structure formation on silicon following laser irradiation [7, 8, 9, 10]. The structures
formed in these experiments also lacked the sharpness and ordering of structures formed
with femtosecond-laser irradiation in an atmosphere of SF6 .
Because the morphology of our microstructures is unique, initial experiments focused on formation mechanisms and the influence of experimental conditions on morphology.
These early experiments provided clear evidence that the ambient gas plays a critical role in
the formation of sharp conical microstructures [1]. Surfaces irradiated in nitrogen, helium,
or vacuum have much blunter structures than surfaces structured in sulfur hexaflouride or
chlorine. Experiments were performed to determine the effect of laser parameters such as
fluence, pulse duration, and polarization on surface morphology [11, 2]. These experiments
were carried out in hopes of determining how the sharp, ordered structures are formed.
Howevere, determining the formation mechanism proved to be a formidable problem, which
we continue to study today (see Chapter 3). After we reported on the formation of conical
microstructures, a few other research groups took notice of the unique surface morphologies
following laser irradiation in sulfur hexaflouride and began their own work on the subject
[12, 13, 14, 15].
While the focus of these other groups has remained solely on unique surface morphologies [16, 17], our work changed significantly in 2000 because of another unique property
of femtosecond-laser microstructured silicon. In addition to forming ordered, conical microstructures, laser irradiation transforms the originally grey, mirror-like surface of polished
silicon into a dark, velvety black. The structured surface’s deep black appearance led us
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Figure 2.2: Absorptance of femtosecond-laser microstructured silicon as a function of wavelength. The absorptance of unstructured silicon is shown for reference. The large drop
in absorptance of unstructured silicon at 1.1 µm corresponds to the band gap energy of
crystalline silicon.

to refer to it as ”black silicon1 .” The altered appearance of the surface indicated that the
optical properties of the surface are modified during laser irradiation. In order to quantify the change, we measured the absorptance of a microstructured surface for wavelengths
from the near-unltraviolet to the near-infrared [18, 19]. Figure 2.2 shows the absorptance of
femtosecond-laser microstructured silicon as compared to unstructured silicon. Microstructured silicon has much higher absorptance across the entire spectrum, including near-unity
absorptance at below-band gap wavelengths. The increased absorption in the visible is
consistent with the black appearance, but high absorptance at wavelengths longer than 1.1
µm was quite surprising. Because crystalline silicon has a band gap energy of 1.07 eV,
absorptance in crystalline silicon drops precipitously for wavelenghts longer than 1.1 µm
(shown in the absorptance measurement of unstructured silicon). Though an interesting
result from a scientific point of view, the below-band gap absorbtance also holds great
promise for application in silicon based optoelectronics. At this point, the scope of our
work expanded to include both investigating the formation mechanism and the source of
1

In this dissertation, we refer to the irradiated surfaces as either femtosecond-laser microstructured silicon
or, simply, microstructured silicon.
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near-unity absorptance at below-band gap wavelengths [20] (see Chapter 4).
This dissertation contains a comprehensive review of our recent work on femtosecondlaser microstructured silicon. We present explanations of both the formation mechanism
and the source of below-band gap absorption. In addition, the later chapters represent the
latest significant change in our work over the last six years; using what we know about
the structured surface, we transitioned from investigation to application and present novel
optoelectronic devices made with femtosecond-laser microstructured silicon.
As electronic devices continue to get smaller, researchers are searching for novel
ways of achieving small self-assembled active devices over large areas. Although still a very
young field, the interaction of intense femtosecond laser pulses with semiconductor surfaces
holds great promise. The extreme conditions at the focus of an intense femtosecond pulse
give rise to new physics and material interactions. Also, under the proper conditions,
short laser pulses can be used to create nanometer-scale self-ordered structures [17, 21].
The combination of self-ordering and unique material properties make femtosecond-laser
structuring of semiconductors a valuable tool for future progress of microelectronic devices.
The preceding history, along with the following description of our experimental
apparatus and procedures, lays the foundation for discussion of results presented in the
remainder of this dissertation.

2.2

Apparatus and procedure
The procedure and apparatus for creating microstructured silicon has evolved since

the original experiments [1]. Single crystal silicon wafers are cut to the desired size for each
experiment, typically 10 mm x 10 mm squares. Each square is then cleaned with a fifteen
minute ultrasonic bath in trichloroethylene, followed by a fifteen minute ultrasonic bath
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Figure 2.3: A schematic diagram of the apparatus used for microstructuring silicon with
femtosecond laser pulses. Samples are loaded through the quick-access door and attached
to the mounting magnet.

in acetone, and lastly a fifteen minute ultrasonic bath in methanol. After cleaning, the
cut squares are left to soak in a methanol bath. At the time of microstructuring, squares
are removed from the methanol bath and dried with a nitrogen gas flow. They are then
attached (with carbon tape) to a magnetizable sample holder for mounting on a magnet
inside the sample processing chamber.
The main piece of the sample processing chamber is a 4.5 inch stainless steel cube
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with Conflat connections on each of the six sides. Attached to the back side of the cube
is a three axis, precision motion controller from ThermionicsT M vacuum products. This
controller contains two orthogonal micrometer precision axes driven by computer controlled
SilverMaxT M motors. The third axis is hand controlled with 1 mil precision. The controller
translates a one-inch diameter stainless steel rod which supports a 2” diameter mounting
magnet in the center of the cube; samples attached to a magnetizable sample holder are
attached to the mounting magnet. Attached to the bottom of the cube is a corrosive
compatible, EdwardsT M two-stage roughing pump that can evacuate the chamber to a base
pressure of approximately 10−3 torr. In order to monitor the chamber pressure, we use
two pressure gauges. For measuring higher pressures (1 − 760 torr) we use an MKST M
Baratron capacitance manometer; for lower pressure (10−3 − 1 torr) we use a platinum
coated Convectron gauge. Attached to one side of the chamber is a leak valve and stainless
steel gas-handling manifold. The leak valve and manifold allow us to attach and admit up
to five different background gases. An optical grade, 4.5 inch quartz window is attached
to the front of the chamber to allow laser access. Lastly, a quick-access viewport door is
attached to the remaining side. This door allows for rapid sample loading and removal as
well as a means to observe the sample surface safely during microstructuring.
The laser used in the majority of our experiments is a regeneratively amplified,
femtosecond Ti:sapphire system with a central wavelength of 800 nm. Femtosecond laser
pulses are generated with a Kapteyn-MurnaneT M kit pumped by a 5-W CoherentT M Verdi
diode laser. The femotsecond pulses are regeneratively amplified in a second Ti:sapphire
crystal that is pumped by a QuantronixT M YLF nanosecond laser. Following amplification,
the laser pulses are approximately 100 fs, have a center wavelength of 800 nm, and are
at a repitition rate of 1 kHz. Further details of this laser system are described elsewhere
[22, 23, 2].
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The laser is focused through the quartz window and onto the sample surface using
a 250-mm focal length, anti-reflection coated, plano-convex lens. The lens is mounted on
a single axis linear translation stage and positioned such that the focal point is behind the
sample. By moving the lens, and therefore the position of the focus, we can vary the laser
spot size at the sample surface from a diameter of 30 µm to 250 µm. In order to measure
the spot size, we place a CCD (Charge-Coupled Device) camera at the exact same optical
distance (from the lens) as the sample surface. A flipper mounted mirror redirects the
laser beam onto the camera and we determine the spot size on the sample surface from the
measured spot size on the camera. We image white-light reflected off of the sample surface
with a second CCD camera in order to monitor progress during microstructuring.
Samples attached to a magnetizable sample holder are loaded through the access
door and attached to the mounting magnet. Samples are then positioned in the center of
the magnet to allow for maximum translation. The chamber is evacuated to a base pressure
of 10−3 torr and then filled to the desired pressure with an ambient gas (typically 0.67 bar of
sulfur hexafluoride). The sample is then irradiated with a 1-kHz train of 100-femtosecond,
800-nm laser pulses. The fluence of each pulse is set by picking a spot size (typically 150
µm) and using a waveplate/polarizing cube combination to vary the pulse energy. We can
irradiate either a single spot or use the motion controller to translate the sample relative to
the laser beam. If translated, the sample is moved in a simple raster scan pattern. We can
pattern square areas up to 20 mm x 20 mm. By using a shutter and varying the horizontal
translation speed, the average number of pulses hitting a given spot on the sample can be
controlled. Following irradiation, the chamber is evacuated and purged with nitrogen gas.
The chamber is then brought up to atmosphere, samples are removed via the access-door,
and the optical access window is cleaned to remove material that may have stuck to it during
microstructuring. The resulting morphology and optical properties depend heavily on the
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parameters of the experiment, including shot number, fluence, pulse duration, ambient gas
species, ambient gas pressure, and laser wavelength.

Chapter 3

Morphology and chemical
composition
The experimental procedure for femtosecond-laser microstructuring silicon involves
several variable parameters. Among these parameters are the number of incident laser
pulses, the laser fluence, wavelength, pulse duration, ambient gas species and pressure,
substrate doping and crystalline orientation, and annealing temperature. We examine the
extent to which these parameters affect the final morphology and chemical composition of
the microstructured surface. This analysis sheds light on formation mechanisms responsible
for the unique microstructures.
The quasi-ordered array of microstructures shown in Chapter 2 (Figure 2.1) are
made with the following experimental conditions: irradiation of an n-doped silicon wafer
(n-Si(111), 260 µm thick, resistivity ρ = 8 – 12 Ω·m) with an average of 500 laser pulses
(100 fs, central wavelength 800 nm, fluence 8 kJ/m2 ) in 0.67 bar of SF6 . For historical
reasons we choose these as our standard conditions. We vary the aforementioned parameters and employ microscopy and chemical measurements to monitor changes in the surface

13
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morphology and composition.

3.1

Effect of shot number
In this section we investigate how the surface morphology and chemical compo-

sition evolves with increasing number of pulses; all other parameters are kept at standard
conditions.

3.1.1

Surface morphology
Figure 3.1 shows the surface evolution with increasing numbers of pulses, from 1

to 600. Each scanning electron micrograph (SEM) shows a different irradiated spot; the
micrographs are not taken of the same spot in between pulses. Over the course of several
hundred laser pulses, the quasi-ordered array of microstructures forms without the use a
mask. We discuss the formation of conical microstructures in two parts: the early formation
stage (for pulses one to ten) and late stage formation (for pulses 10 and up).

Early stage
Following the first laser pulse, small defects appear that are randomly scattered
across the irradiated area. These defects resemble a burst bubble of molten silicon with a
circular ripple pattern surrounding some of the larger defects. They are likely the result of
instabilities in temperature of the molten surface at a defect or impurity.
With the second pulse, a distinct, regular ripple pattern appears on the surface.
The ripples occur at a wavelength close to the central wavelength of the laser light and
their long axis is perpendicular to the laser polarization. The ripple formation is a wellunderstood phenomenon termed Laser Induced Periodic Surface Structures (LIPSS) [5, 3, 4].
In this fluence regime, the ripples are the result of capillary waves excited in molten silicon
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Figure 3.1: Scanning electron micrographs of a silicon surface after (a) 1, (b) 2, (c) 3, (d)
4, (e) 5, (f) 6, (g) 7, (h)8, (i)9, (j)10, (k)12,(l)15, (m) 20, (n) 30, (o) 50, (p) 70, (q) 100, (r)
200, (s) 400, and (t) 600 laser pulses. Each SEM is taken at a 45◦ angle to the surface with
the same magnification.
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Figure 3.2: Fourier analysis of line-outs taken in the vertical and horizontal direction of a
silicon surface after 2 laser pulses. The scanning electron micrograph is taken normal to
the surface.

through interference between the incident and scattered laser light [24, 25]. We analyze
the periodicity of patterns, like the ripples, with Fourier transforms of scanning electron
micrographs for both the vertical and horizontal directions. Figure 3.2 shows the Fourier
analysis of a surface after 2 laser pulses. The horizontal direction shows a strong peak at
a frequency corresponding to the ripple period. There is no visible pattern in the vertical
direction and, likewise, there is no peak in the Fourier power spectrum.
During pulses 3, 4 and 5 the morphology transitions from laser induced periodic
surface structures to a stage in the formation process that is not well understood. In this
second stage, the ripples begin to coarsen and “bead-up” along their long axis. The peak
that appears in the horizontal Fourier power spectrum (after two pulses) diminishes; there is
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Figure 3.3: Fourier analysis of line-outs taken in the vertical and horizontal direction of a
silicon surface after 5 laser pulses. The scanning electron micrograph is taken normal to
the surface.

no longer a distinguishable surface pattern in the horizontal direction. However, the beads
that form from the ripples are spaced by about 2 µm, parallel to the laser polarization; their
spacing leads to a peak in the vertical direction of the Fourier power spectrum. Figure 3.3
shows the Fourier analysis after five incident pulses.
For pulses 5 to 10, the peak in the vertical direction grows and shifts toward
slightly smaller frequencies (larger spacing). After the tenth pulse, the peak of this feature
is at a frequency corresponding to a bead spacing of about 3.5 µm. In addition, a peak
in the Fourier signal is beginning to appear in the horizontal direction. Figure 3.4 shows
the Fourier analysis of the surface after ten incident pulses. At this point the characteristic
wavelengths/spacings for the final microstructures are set. This marks the end of the early
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Figure 3.4: Fourier analysis of line-outs taken in the vertical and horizontal direction of a
silicon surface after 10 laser pulses. The scanning electron micrograph is taken normal to
the surface.

stage of formation.
To summarize, during the early stage of formation we see three important patterns
emerge at different pulse numbers. A ripple pattern at the wavelength of the laser forms
after the second pulse, with the ripples’ long axis perpendicular to the laser polarization.
After the fifth pulse, the ripple pattern coarsens significantly and beads begin to form
along the ripples at a spacing larger than the wavelength of the laser. By the tenth pulse,
the beads become more pronounced and a characteristic spacing for both the vertical and
horizontal directions emerges. What causes the transition from the one-dimensional ripple
pattern to the two-dimensional pattern of beads is not clear. We speculate that the spacing
and size of the beads depends strongly on capillary waves and surface tension, which are in
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Figure 3.5: A sideview of a microctured silicon sample, cleaved through an irradiated spot.
The tips of the microstructures are all at or below the original wafer surface.

turn influenced by impurities in the surface layer, melt depth, and temperature. We will
see later in this chapter that these characteristic spacings and morphology depend heavily
on other parameters such as ambient gas and fluence.

Late stage
At the end of the early formation stage, a two-dimensional pattern of beads emerges
(Figure 3.4). This pattern remains in essentially the same arrangement throughout the
entire late stage formation. From pulse ten to several hundred pulses, the final conical
microstructures are etched out of the surface, with the beads ending up as the peaks of the
cones. Incident laser pulses preferentially remove material to the sides of the beads, leaving
the conical structures behind. Figure 3.5 shows that the tips of all microstructures are at
or below the surface of the original silicon wafer and that the conical structures are etched
out rather than grown.
During late stage formation, the beads serve two purposes. First, they act as
protective caps from the incident laser energy. The reason for the beads resilience is not well
known. However, in similar conical structures formed during ion sputtering, concentrations
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of impurity atoms seed cone growth and protect regions of the substrate; implanted impurity
atoms lower the sputter yield, thus seeding cone placement and growth [26]. Another
example of conical structures are naturally formed snow structures called penitentes that
form on glaciers or snow fields at high altitudes. For these structures, which resemble
meter-scale versions of silicon conical microstructures, higher dirt concentration at the tips
reduces melting at the peaks relative to the ”cleaner” snow to the sides of the peaks [27].
Likewise, impurity atom implantation during laser irradiation might reduce ablation rates
from the beads and is a likely reason for their resilience.
The second effect of the beads is to concentrate laser light into the valleys between
the beads. Briefly, incoming photons that strike the side of the beads have a higher incident
angle than those that hit the top of the bead. Because reflectivity is high at large incident
angles, a majority of the light striking the side of the beads reflects off and is absorbed in
the pits where it strikes at an angle closer to normal [18]. An increase in absorbed light
raises the energy concentration within the pits and results in more material ablation and
preferential etching inside the pits. This effect becomes more pronounced as the beads
sharpen into microstructures and the angles of the sides become steeper.
In the late stage of formation, there is little change in the spacing of the surface
pattern. The spacings in the horizontal and vertical direction move to slightly longer wavelengths as the microstructures are etched from the surface. A final Fourier analysis of the
surface after 500 incident pulses is shown in Figure 3.6. The average spacing of the microstructures is about 3-4 µm in the direction both perpendicular and parallel to the laser
polarization.
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Figure 3.6: Fourier analysis of line-outs taken in the vertical and horizontal direction of a
silicon surface after 500 laser pulses. The scanning electron micrograph is taken normal to
the surface.

3.1.2

Surface layer structure and composition
After discussing the morphology of the surface on a micrometer scale, we now

take a closer look and examine chemical composition and nanometer scale structure of the
surface.

Surface layer structure
In addition to scanning electron micrographs of the surface, we performed brightfield transmission electron microscopy (TEM) on cross-sections prepared from samples after
10 and 500 laser pulses. These micrographs are shown in Figure 3.71 . Visual examination
1

TEM sample preparation, micrographs, and x-ray analysis were provided by M. Wall and Dr. F. Génin
from Lawrence Livermore National Laboratory
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Figure 3.7: Transmission electron micrographs of the surface after (a) 500 and (b) 10 pulses.
The disordered surface layer of both samples is similar in thickness and structure. Insets:
(upper) high-magnification view of the disordered region at the tip of the microstructure
and (lower) selected area electron diffraction pattern obtained from the disordered region.

indicates that (for both samples) there is a disordered layer that is several hundred nanometers thick and made up of nanocrystallites (∼10–50 nm in diameter) and nanopores. The
disordered surface layer after 10 pulses is similar to that for 500 pulses, despite much smaller
conical microstructures. Although we do not have transmission electron micrographs for
other pulse numbers, the fact that the surface layer formed with just 10 pulses is similar in
both thickness and structure to that formed with 500 pulses suggests that the surface layer
may reform with each laser pulse once the pattern of microstructures is established.
Selected area diffraction (SAD) indicates that for both samples, the surface layer
(insets to Figure 3.7) has significant crystalline order. It is also possible that amorphous-like
material is present between nanocrystalline grains. Research has shown that the structure of
the intergranular phase in nanocrystalline silicon is similar to that of bulk amorphous silicon
[28] and amorphous material has long been observed following short pulsed laser irradiation
[29, 30]. Selected area diffraction indicates that the substrate below the disordered layer is
undisturbed crystalline silicon.
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Chemical composition
To determine the effect of shot number on chemical composition we employed
Rutherford backscattering spectrometry (RBS) [31] and energy dispersive X-ray (EDX)
[32] emission spectroscopy. As a rough gauge, EDX measurements indicate that there is a
large amount of sulfur (∼ 1 at. %) in the disordered surface layer and no measurable amount
of impurity species in the crystalline silicon beneath. We used RBS to make more precise
measurements of the chemical composition in the surface layer. We measured the backscattering spectrum from 2.0-MeV alpha particles collected with an annular solid state detector.
To determine the chemical composition of the microstructured material, we compared the
measured RBS spectra to simulated spectra [33] from planar material. The spectra measure only the average sulfur concentration in the uppermost 100 nm of the surface; the RBS
signal from deeper sulfur is masked by the silicon signal. However, because EDX indicates
that there are no chemical changes below the structurally modified layer, we simulate only
the top layer to determine sulfur concentrations. RBS spectra indicate that the modified
surface layer consists of oxidized silicon with fluorine and sulfur impurities; etching the
samples in 5% HF for 4 minutes removes the fluorine and the oxide without changing the
sulfur concentration. To simplify simulation of the spectra, we took RBS spectra for samples etched in HF2 . These measurements show that the concentration of sulfur increases
with increasing shot number up to about 50 pulses. The amount of sulfur increases from
roughly 0.2 at. % for the sample made with two pulses to roughly 0.7 at. % for the sample
made with 50 pulses. Additional pulses have little effect; the sample made with 500 pulses
also has 0.7 at. % sulfur. These results are summarized as a part of Table 3.1 near the end
of the chapter.
2
The conditions and considerations for RBS measurements is true for all RBS data presented in this
disseration

Chapter 3: Morphology and chemical composition

3.2

24

Spot samples vs. translated samples
Before moving on to other parameters that affect morphology, we discuss a subtlety

of the experimental process. As mentioned in the experimental procedure section (Section
2.2), we make samples in two ways: we either leave a sample stationary and irradiate a
single spot, or translate the substrate relative to the laser beam in order to structure larger
areas. With the rest of the experimental parameters left the same, there are two visible
differences between translated and stationary samples. The first is that the microstructures
in the stationary samples have a micrometer-sized sphere at the tip while the translated
samples are sharper and lack the sphere at the tip. The second is that translated samples
have a larger amount of nanoscale particles spread across the surface. An extreme example
of these two differences is shown in Figure 3.8. The left frame shows microstructures from
a stationary sample and the right shows those made while translating the sample relative
to the laser beam. The left frame has fewer nanoscale particulates on the surface and much
larger, rounder tips (some of the scanning electron micrographs in this chapter are from
stationary samples and some are from translated samples).
The nanoscale particles on translated samples are redeposited material from the
ejected plume. For each irradiated spot there is a ring of material around the spot. On
a stationary sample all of this debris lies away from the area where microstructures form.
However, on a translated sample, the debris from other irradiated regions lands back in
previously irradiated regions. The density of nanoscale material varies a great deal along
the surface of a translated sample and there is no recognizable pattern to the variation in
concentration. In addition, many of these particles can be washed off in a brief ultrasonic
methanol bath.
The reason for the presence or lack of spheres at the tip is a little harder to
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Figure 3.8: Scanning electron micrographs of (a) a stationary sample and (b) a translated
sample. The stationary sample has spherical ball tips while the the translated sample has
sharper tips and more nanoscale debris along the surface.

determine than the presence of nanometer-scale particles. The spherical tips have been
observed previously on nanosecond laser formed microstructures and are explained as a
resolidied molten droplet of silicon [7, 8, 10]. In addition to the spherical tips, other groups
observe microstructure growth above the original substrate surface. These research groups
contend that no significant build-up can occur from material “climbing” the sides of the
microstructure and that the material at the tip must be redeposited ablated material from
the silicon rich plume above the molten surface [10]. The spherical tips of our silicon
microstructures are most likely resolidified droplets of redeposited silicon.
However, redeposition does not explain why the spherical balls are only present
for stationary samples. We speculate that the varying fluence at each point on the surface
during translation melts the spherical ball tips. Under our standard conditions, a single
spot on the surface is irradiated with approximately 500 laser pulses. However, the intensity
of these pulses is not constant as the Gaussian profile of the beam passes over a spot. That
is, a given spot on the surface is first struck by the leading edge of the gaussian beam, which
is at a lower fluence than the center of the beam. The higher fluences of the beam center
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Figure 3.9: Scanning electron micrographs of (a) a single spot irradiated with 500 laser
pulses under standard conditions and (b) a single spot irradiated under the same conditions
as (a), but with the energy of each pulse varied to simulate the gaussian profile of the laser
as it passes over the surface during translation. The spherical balls at the tips disappear
with varying the energy of each pulse.

then pass over the spot, but, as the trailing edge passes over, the spot is again exposed to
lower fluence irradiation. If a spot is exposed to fluences below the ablation threshold but
above the melting threshold, the spherical tips melt, flow, and wet the sides of the conical
microstructures. In addition, no material is available for redeposition at the tips because
no ablation occurs.
To test this hypothesis, we simulated the changing fluences for a translated sample
by leaving the sample stationary but varying the fluence of each incident pulse. To do this
we used a low pulse repetition rate and a variable neutral density filter to adjust the power of
each pulse and simulate an increasing and then decreasing fluence. We matched the highest
fluence of the filtered pulses to match the fluence of pulses at our standard conditions. The
results are shown in Figure 3.9. The spherical tips do indeed disappear. In fact, if the
experiment is carried out by simply decreasing the fluence with each pulse, we see the same
results.
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Figure 3.10: Scanning electron micrographs of a silicon surface after irradiation with laser
pulses of fluence (a) 2 kJ/m2 , (b) 3 kJ/m2 , (c) 4 kJ/m2 , (d) 5 kJ/m2 , (e) 6 kJ/m2 , (f) 7
kJ/m2 , and (g) 8 kJ/m2 . Each SEM is taken at a 45◦ angle to the surface with the same
magnification.

3.3

Effect of fluence
The final morphology also greatly depends on the fluence of the incident laser

pulses. In this section we examine morphology at different fluences while keeping all other
experimental parameters at our standard conditions.

3.3.1

Surface morphology
Figure 3.10 shows the variation in surface morphology for average fluence from 2

kJ/m2 to 8 kJ/m2 . The change in morphology with increasing fluence strongly resembles
the stages of development seen with increasing shot number (Figure 3.1). With increasing
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fluence (at constant shot number) the morphology goes from laser induced periodic surface
structures, to a coarsened surface, to the sharp microstructures of our standard conditions.
At an average fluence of 2 kJ/m2 the surface is altered in sporadic patches and
the damage that occurs resembles laser induced periodic surface structures. At this fluence
the laser is only melting the surface and no ultrafast melting or ablation occurs [34]. Some
of the surface remains undisturbed because this average fluence is just above the threshold
fluence for melting (1.5 kJ/m2 ). Continued irradiation at this fluence does not result in
development of sharp, conical microstructures. At a fluence of 3 kJ/m2 , the surface is
covered by a coarsened ripple pattern with spacings longer than the wavelength of the laser
light. This fluence is above the ultrafast melting threshold and very close to the ablation
threshold for silicon (3.1 kJ/m2 ) [34]. Continued irradiation at this fluence does not result
in development of sharp, conical microstructures. At a fluence of 4 kJ/m2 , the morphology
resembles the surface after 15 laser pulses in the shot number series (Figure 3.1). With
continued irradiation at this fluence, conical microstructures do develop. As we continue to
increase the fluence from 5 to 8 kJ/m2 , the changes in morphology resemble the progression
from tens of laser pulses to 500 pulses. For fluences above 8 kJ/m2 (up to 12 kJ/m2 ),
the surface morphology looks very similar to the 8 kJ/m2 samples with a small increase in
microstructure height and a thinning of the cone body. At very high fluences (>12 kJ/m2 ),
many times the ablation threshold fluence, material removal becomes extreme and instead
of conical structures, we make a gaussian shaped hole in the surface. These high fluences
are often used for fast machining and cutting of silicon because a large amount of material
is removed with each pulse [35].
An important trend to notice in Figure 3.10 is that, with increasing fluence, there is
an increase in both the microstructure height and distance between microstructures. These
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50 µ m
Figure 3.11: A scanning electron micrograph of (a) a single spot irradiated at a fluence of
10 kJ/m2 . From the guassian fluence profile, the different morphologies that occur can be
seen in a single spot.

two dimensions are, in fact, correlated according to
h ∝ d2.4±0.1

(3.1)

with microstructure height h, and separation distance d [11]. Perhaps the clearest illustration of how fluence affects the morphology of the surface is to look at an entire irradiated
spot at 10 kJ/m2 (Figure 3.11). One can see all the different morphologies from ripples at
the edge to tall conical structures in the center, showing the gaussian fluence profile of the
laser beam.
As an aside, if we take a look at the surface at the low end of the tested fluences
(2 kJ/m2 ), there are some interesting surface morphologies to note. As we see in Figure
3.10 (a), the surface is altered in sporadic patches; some of the surface appears unchanged.
Upon closer examination of areas that appear unchanged, we find regions of ordered silicon
islands that are about 10-nm in diameter (Figure 3.12). Similar ordering of nanostructures
has been observed by other researchers [16] and are likely the result of scattering from
dust particles on the surface. We have not rigorously analyzed this behavior, but we may
investigate these morphologies further because self-ordering of nanometer-scale structures
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2 µm

Figure 3.12: Nanometer scale self-ordered silicon islands formed at low fluence (2 kJ/m2 ).

is an active area of research.

3.3.2

Surface layer structure and composition
In addition to the micrometer-scale morphology, we take a closer look at the

nanoscale structure and chemical composition of the surface for different fluences.

Surface layer structure
Figure 3.13 shows transmission electron micrographs of samples made with fluence
4 kJ/m2 and 8 kJ/m2 . As was the case for shot number, the surface layer for both fluence
samples are similar despite differences in microstructure size. Both have a several hundred
nanometer thick, disordered surface layer, made up of nano-crystallites (∼10–50 nm in
diameter) and nanopores. Selected area diffraction indicates that for both fluences, the
surface layer (insets to Figure 3.13) has significant crystalline order with a strong possibility
that amorphous-like material is present between the nanocrystalline grains (see Section
3.1.2).
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Figure 3.13: Transmission electron micrographs of samples made with (a) 8 kJ/m2 and
(b) 4 kJ/m2 . The disordered surface layer of both samples is similar in thickness and
structure. Insets: (upper) high-magnification view of the disordered region at the tip of
the microstructure and (lower) selected area electron diffraction pattern obtained from the
disordered region.

Chemical composition
To determine the effect of fluence on chemical composition we employ the tools
listed in section 3.1.2. Rutherford backscattering spectrometry (RBS) indicates that the
concentration of sulfur increases with increasing fluence. The amount of sulfur increases
from roughly 0.3 at. % for a sample made with 2.5 kJ/m2 to roughly 0.7 at. % for the sample
made with 8 kJ/m2 pulses. Higher fluences do not increase the concentration significantly;
samples made with 10 kJ/m2 pulses also have 0.7 at. % sulfur. These results are summarized
as a part of Table 3.1 near the end of the chapter.

3.4

Effect of pulse duration
Varying the duration of the pulse from femtoseconds to nanoseconds changes the

overall size and shape of the microstructures. In this section we examine morphology of
microstructures for nanosecond and femtosecond pulses. We also comment on the effect of
a less drastic change in pulse duration through poor compression of a spectrally dispersed
femtosecond pulse.
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Figure 3.14: Scanning electron micrographs comparing surface morphology for two different
pulse durations. ((a), (c), (e)) show microstructures made with 100-fs pulses and ((b), (d),
(f)) show microstructures made with 30-ns laser pulses.

3.4.1

Surface morphology
The conditions used for creating nanosecond-laser-formed structures were matched

with the initial work and conditions of Perdraza et al. [10]. A KrF+ excimer laser delivered
a train of 248-nm, 30-ns laser pulses with a flat-top spatial profile and a fluence of 30 kJ/m2
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onto a sample in a vacuum chamber filled with 1 bar of SF6 . Pedraza et al. found that
about 1500 laser pulses produce fully-formed conical structures, so we used an average of
1500 pulses per spot.
Figure 3.14 shows the results for the nanosecond-laser-formed microstructures as
compared to femtosecond-laser-formed microstructures. In both cases, the microstructures
are roughly conical, but the structures formed with the femtosecond laser ((a), (c), (e)) are
one-fifth the size of those formed with the nanosecond laser ((b), (d), (f)). The femtosecondformed structures are roughly 8 µm tall and separated by 4 µm; the nanosecond-formed
structures are roughly 40 µm tall and separated by 20 µm. Again, the tips of the femtosecondformed structures are at the level of the original surface of the wafer (e), while the nanosecondformed structures protrude above the original surface (f ). Finally, the femtosecond-formed
structures are covered with nanoparticles 10–50 nm in diameter deposited on the structures
during fabrication (Figure 3.14 (c)), while the surface of the nanosecond-formed structures
is much smoother, with 500 nm-size protrusions that appear to grow out of the surface
(Figure 3.14 (d))3 .
We have also examined the effect of increasing the duration of our femtosecond
laser pulses from 100 femtoseconds to 10 picoseconds by changing the compression of a spectrally dispersed femtosecond pulse [11]. In this work, the separation between microstructures is plotted as a function of pulse duration (Figure 3.15), but separation distance is
related to the height by Formula 3.1. For increasing pulse duration, the microstructure
separation decreases from 100 femtoseconds to 5 picoseconds but then begins to increase
again. The transition at 5 ps duration might be the point at which microstructures switch
from being below the surface to growing above like the nanosecond-formed-microstructures
3

Changing the pulse duration has a drastic effect on the morphology. However, other parameters were
changed in the above experiment (pressure, wavelength, fluence). From examining the effects of varying
these parameters in this chapter we are confident that it is the pulse duration that causes the morphological
differences shows in Figure 3.14.
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Figure 3.15: Average microstructure separation as a function of pulse duration. Separation
distance is correlated to average microstructure height. Adapted from [11].

shown in Figure 3.14.

3.4.2

Surface layer structure and composition
The large difference in micrometer-scale morphology indicates a large difference

in the formation process for nanosecond pulses and femtosecond pulses. We examine the
nanoscale structure and chemical composition to see if there are also large differences in
these characteristics.

Surface layer structure
Figure 3.16 shows transmission electron micrographs for a femtosecond-laser-formed
sample and a nanosecond-laser-formed sample. Again, with the femtosecond-formed structures, there is a highly disordered layer of silicon a few hundred nanometers thick, made
up of nanocrystallites and nanopores. Selected area diffraction (SAD) indicates that the
core is crystalline and the surface layer is polycrystalline or microcrystalline (upper inset
to (a)). The nanosecond-formed structures likewise have a crystalline core, but the disordered layer is thinner (150 nm or less) and covers only parts of the structures; the tips of
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Figure 3.16: Comparison of transmission electron micrographs of (a) cross-section of
femtosecond-laser-formed microstructure (insets: (upper) higher magnification view of disordered material, (lower) selected area electron diffraction pattern obtained from the tip
of the sample); (b) cross-section of tip of nanosecond-laser-formed microstructure; and (c)
cross-section of side of nanosecond-laser-formed microstructure. The disordered layer on the
nanosecond-formed microstructures is too thin to take a selected area diffraction pattern.

the structures are single crystal and free of extended defects. Although the bases of the
nanosecond-formed structures (visible in Figure 3.14 (f)) cannot be observed in the transmission electron micrographs, they are visible to ion channeling, which averages over the
projected surface. We observed good channeling for nanosecond-formedstructures, which
indicates that, even at the bases, the surface of the nanosecond-formed structures is more
ordered than the surface of the femtosecond-formed structures. There is not a thick enough
disordered surface layer to perform SAD on the nanosecond-formed microstructures.

Chemical composition
To determine the concentration of sulfur, we perform Rutherford backscattering
spectrometry (RBS) and ion channeling on the femtosecond and nanosecond-structured
samples; we compare the measured RBS spectra to simulated [33] spectra from planar material. The RBS spectra of the femtosecond-structured samples indicate that the sulfur
concentration in the uppermost 100 nm is about 0.7 at. % before annealing and about 0.5
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at. % after annealing (see Section 3.7.2). The sulfur signal obtained with ion channeling is
slightly lower than that obtained with randomly aligned RBS, suggesting that some of the
sulfur impurities are substitutional. The femtosecond-structured samples, in contrast, chan(Si)

nel poorly (χmin ∼ 50%) and the reduction in sulfur signal with channeling is comparable in
magnitude to the possible sources of error. Hence we can only determine that between 20%
and 70% of the sulfur in the unannealed femtosecond-structured sample is substitutional,
and we cannot determine how much sulfur is substitutional in the annealed femtosecondstructured sample. In the nanosecond-structured samples, the sulfur concentration in the
observable near-surface region is about 0.5 at. % before annealing, and about 0.4 at. %
after annealing. The nanosecond-structured samples show much stronger silicon channeling
(Si)

(χmin = 5.6% before and 6.6% after annealing), and nearly half of the sulfur is substitutional
(43% ± 7% before and 48% ± 8% after annealing). The sulfur concentration is therefore
very similar in the two types of structures, but much more of the affected material in the
nanosecond-structured samples is single crystal than in the femtosecond-structured samples, and a great deal of the sulfur is definitely substitutional in the nanosecond-structured
samples. These results are summarized as a part of Table 3.1 near the end of the chapter.

3.5

Effect of laser wavelength
The laser wavelength also affects the final morphology of the microstructures. In

this section we use second harmonic generation [36] to examine how laser radiation with a
central wavelength of 400 nm (vs. 800 nm) affects morphologly.

3.5.1

Surface morphology
We used second harmonic generation to convert our 800-nm laser pulses into pulses

with a central wavelength of 400 nm. Conversion efficiencies below 30% result in a lower
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Figure 3.17: Scanning electron micrographs of a silicon surface after (a) 1, (b) 2, (c) 3, (d)
4, (e) 5, (f) 7, (g) 10, (h) 15, (i) 20, (j) 30, (k) 50, (l) 75, (m) 100, (n) 200, (o) 300, (p) 500
laser pulses with a center wavelength of 400 nm. Each SEM is taken at a 45◦ angle to the
surface with the same magnification. Frames (q) and (r) show the final morphology for 400
nm and 800 nm radiation, respectively. The structures are smaller and more dense for 400
nm radiation.
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pulse energy so, in order to maintain a fluence of 8 kJ/m2 , we use a smaller spot with a
diameter of 85 µm. Figure 3.17 shows the evolution of the silicon surface irradiated with
400-nm pulses. The development follows the same progression as those made with 800
nm. We see small bubble-like defects after a few pulses and then the appearance of laser
induced periodic surface structures after about 4 pulses. These ripples then bead up in a
direction perpendicular to the long axis of the ripples. After approximately 10 pulses, a
two dimensional pattern of beads is established and the microstructures are then dug out
around the beads.
The ripples have a spacing close to the central wavelength of the laser pulses (400
nm), one half the wavelength of those shown in Section 3.1. The result is that the density
of the final structures is higher than that with 800 nm (approximately two times higher).
In addition, the structures after 500 pulses are smaller than those made with 800 nm laser
light. The last two panels of Figure 3.17 show the final morphology for structures made
with 400 nm (q) and 800 nm (r).

3.5.2

Surface layer structure and composition
At this time we do not have detailed information on the structure of the surface

layer and the chemical composition for samples made with 400 nm light. Based on results
in the pulse duration section (Section 3.4) and the dependence of melt depth on wavelength
[37], we suspect that the disordered surface layer is thinner than the 800 nm irradiated
samples.

3.6

Effect of polarization and propagation direction
Two additional laser characteristics that affect microstructure morphology are the

polarization and laser propagation direction. In this section, we briefly describe how these
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(c)
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2 µm
Figure 3.18: Morphology following irradiation with (a) horizontally-polarized, (b) verticallypolarized, and (c) circularly-polarized laser pulses.

two qualities affect the shape and growth direction of the microstructures.

3.6.1

Surface morphology
In Figure 3.6, we see that the base of each microstructure is elliptical, with a long

and a short axis; the long axis is perpendicular to the polarization of the laser light. This
shape is a result of the higher absorption of p-polarized light over s-polarized light [11, 2].
With the initial bead pattern established, laser light hitting the side of a bead along the
horizontal direction (for the scanning electron micrographs in Section 3.1.1 this is the left
and right side of the beads) is p-polarized light and light hitting the sides of a bead in the
vertical direction (top and bottom) strikes as s-polarized light. Therefore higher absorption,
and subsequently more ablation, occurs along the sides in the horizontal direction, where
the incident light is p-polarized. Figure 3.18 shows the structure of the microstructures
from above for three laser polarizations. Figure 3.18 (a) is our initial case of polarization
in the horizontal direction, (b) is for light polarized in the vertical direction, and (c) is
for circularly polarized light. When the polarization is rotated 90◦ , the long axis of the
microstructure is also rotated 90◦ . For circularly polarized light there is no preferential
ablation and the base of the microstructures is circular instead of elliptical.
The majority of the data presented in this dissertation is for laser irradiation
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at normal incidence to the substrate. However, the direction of microstructure growth
is always parallel to the direction of incident light, and is independent of the substrate’s
crystallographic planes [2]. That is, if we irradiate with laser pulses at 45◦ to the surface,
the resulting microstructures point along the direction of the laser, 45◦ off-normal to the
original substrate surface.

3.6.2

Surface layer structure and composition
We do not expect the polarization or the propagation direction to affect the struc-

ture or chemical composition of the surface layer.

3.7

Effect of ambient gas
In addition to laser parameters, we vary the gaseous atmosphere in which the

sample is microstructured. In this section we examine the morphology for several different
gas species at a pressure of 0.67 bar.

3.7.1

Surface morphology
As shown in Figure 3.19, the morphology of the silicon microstructures depends

heavily on the gas in which they are formed. Figure 3.19 shows, specifically, the results
of laser irradiation in two halogen containing gases, sulfur hexafluoride (SF6 ) and chlorine
(Cl2 ), as well as nitrogen (N2 ), air, and vacuum. It should be noted that we used a pressure
of 0.67 bar for each gas (except for vacuum, of course), but the laser fluence and shot
number were adjusted to yield microstructures with heights of approximately 10–15 µm
for each gas. Using SF6 or Cl2 leads to sharp-tipped conical structures with a radius of
curvature of approximately 500 nm. Structures made in air, N2 , and vacuum are much
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(c)
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10 µ m
Figure 3.19: Scanning electron micrographs comparing surface morphology for different
ambient gas species: (a) sulfur hexafluoride (SF6 ), (b) Nitrogen (N2 ), (c) Chlorine (Cl2 ),
(d) air, and (e) vacuum. Each SEM is taken at a 45◦ angle to the surface with the same
magnification.

more rounded than those made in the halogen-containing gases; the radius of curvature of
their tips is approximately 2–3 µm.
We examined the effect of ambient gas on the number density of conical structures,
as well as partial pressures of SF6 with N2 and Cl2 with N2 [20]. For a pure ambient
gas, higher densities are achieved using SF6 or Cl2 . Surfaces prepared with SF6 give the
greatest number density, followed by Cl2 . The number densities produced with N2 and air
are approximately equal and are roughly a factor of two less than that of the SF6 -prepared
surfaces. The number density of vacuum prepared samples lie roughly halfway between
these two cases. In addition, we measured the number density of structures for surfaces
patterned in either a SF6 (Cl2 ) alone, or in a mixture of SF6 (Cl2 ) and N2 . We made
stationary samples of microstructures in background pressures of 0–0.67 bar of SF6 (Cl2 ).
We then made similar stationary samples while varying the partial pressure of the SF6
(Cl2 ), but keeping the total pressure constant at 0.67 atm by adding N2 . In both cases,
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the number density of microstructures increases with the partial pressure of SF6 (Cl2 ). A
plateau is reached for both SF6 and Cl2 ; the maximum number density is reached at roughly
0.13 bar for Cl2 and 0.54 bar for SF6 .
Some important observations made from varying the ambient gas are that the
ambient gas affects the sharpness, density, and ordering of the structures. It is also clear
that the nanoscale features on the surface are different for each gas; we will address this
shortly. The halogen-containing gases give sharper structures and it seems that reactivity
and chemically reactive species in these gases is an important factor. However, recent
results using other sulfur containing gases (H2 S) show similar morphologies to the SF6
samples despite the lack of a highly reactive species.
As we did for the shot number series in SF6 in Section 3.1, we analyzed the evolution of samples made in vacuum (with no possible contribution from chemical interaction
for the ambient environment) to understand in more detail the ambient gas contribution to
the final morphology.

Early stage: vacuum
As with SF6 , following the second pulse a distinct, regular ripple pattern appears
on the surface. These ripples are laser induced periodic surface structures at the wavelength
of the laser light, perpendicular to its polarization. The area covered by ripples is larger for
samples made in vacuum than in SF6 , indicating that either the pressure or the surface/gas
interaction suppresses the size of the melted/rippled area. Fourier analysis of the horizontal
direction shows a strong peak at a frequency corresponding to the ripple period. There is
no visible pattern in the vertical direction and, likewise, there is no peak in the Fourier
power spectrum.
For vacuum samples, it takes many more pulses for the ripples to give way to
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Figure 3.20: Fourier analysis of line-outs taken in the vertical and horizontal direction of a
silicon surface after 2 laser pulses in vacuum. The scanning electron micrograph is taken
normal to the surface.

beading. In addition, the beads formed during coarsening are much larger in vacuum than
in SF6 (about 2 µm vs. 500 nm in diameter). It takes about 50 pulses for the strong peak in
the horizontal Fourier power spectrum to decrease. At this point, the beads have a strong
periodicity in the direction perpendicular to the laser polarization. Figure 3.21 shows the
Fourier transforms after fifty incident pulses in vacuum.
From 50 pulses to several hundred, the peak in the vertical direction broadens
and shifts toward longer wavelengths. In addition, a peak in the Fourier power spectrum
appears in the horizontal direction. Figure 3.22 shows the Fourier analysis of the surface
after two hundred incident pulses. The characteristic spacings for the vacuum structures is
constant for higher number of pulses; this marks the end of the early stage of formation.
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Figure 3.21: Fourier analysis of line-outs taken in the vertical and horizontal direction of a
silicon surface after 50 laser pulses in vacuum. The scanning electron micrograph is taken
normal to the surface.

Note that it takes 10 to 20 times more pulses for this to occur than in the SF6 samples. The
beads, which become the peaks of the final structures, are much larger and blunter than
those in the SF6 samples.
Although the morphologies are very different and the progression is much slower
in vacuum, the stages of formation are similar for vacuum and SF6 samples. First, a
ripple pattern at the wavelength of the laser forms after the second pulse, with the ripples
long axis perpendicular to the laser polarization. By the fiftieth pulse, the ripple pattern
has coarsened significantly and beads form along the ripples at a spacing larger than the
wavelength of the laser. After a few hundred pulses, the beads become more pronounced
and a characteristic spacing for both the vertical and horizontal directions emerges. Note
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Figure 3.22: Fourier analysis of line-outs taken in the vertical and horizontal direction of a
silicon surface after 200 laser pulses in vacuum. The scanning electron micrograph is taken
normal to the surface.

that the spatial frequencies in vacuum samples are similar to those with made in SF6 despite
the differing morphologies.

Late stage: vacuum
At the end of the early formation stage, a two dimensional pattern of beads is
established. This two dimensional pattern of beads remains in essentially the same arrangement throughout the entire late stage formation. From two hundred pulses to the
end of formation, the final conical microstructures are etched out of the surface, with the
beads formed at the end of the early stage ending up as the peaks of the cones. As with
microstructures formed in SF6 , incident laser pulses preferentially remove material to the
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Figure 3.23: Fourier analysis of line-outs taken in the vertical and horizontal direction of a
silicon surface after 500 laser pulses in vacuum. The scanning electron micrograph is taken
normal to the surface.

sides of the beads, digging out the conical structures with each pulse. Again, the beads
from the end of the early stage act as protective caps and focus laser energy into the spaces
between them. A final Fourier analysis is shown in Figure 3.23 for a scanning electron
micrograph after 500 incident pulses. In summary, the vacuum samples went through the
same stages of development as SF6 samples, but the number of pulses required to reach
each stage was higher for vacuum. The final structures are blunter and larger than those
formed in SF6 , are less dense, and appear less ordered.

Chapter 3: Morphology and chemical composition

(a)

(b)

1 µm

47

(c)

1 µm

(d)

1 µm

(e)

1 µm

1 µm

Figure 3.24: Scanning electron micrographs of nanoscale morphology for different ambient
gas species: (a) sulfur hexafluoride (SF6 ), (b) nitrogen (N2 ), (c) chlorine (Cl2 ), (d) air, and
(e) vacuum.

3.7.2

Surface layer structure and composition
The micrometer-scale morphology varies a great deal depending on the ambient

gas, as does the nanoscale structure and chemical composition.

Surface layer structure
At this point, we have been unable to analyze transmission electron micrograph
samples of the various gas species. However, high magnification scanning electron micrographs of each surface reveal large differences in the nanoscale structure on the surface
(Figure 3.24)4 . Samples made in SF6 have the sharpest tips as well as some dendritic
nanoscale material on the surface. As mentioned in section 3.2, this material is not present
for stationary samples. The nanoscale material is very similar in appearance to material
collected from the ejected plume during irradiation in SF6 [20]. Samples made in N2 have
complex nanoscale features; there are rough, 50-nm clusters of material covering the entire
4

Each gas sample shown was made while being translated.
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surface and a visible ripple variation with a period near 800 nm along the sides of the microstructures. Samples made in Cl2 have a relatively smooth surface with a comparatively
small amount of nanoscale material on the surface. There is 5–10 nm scale roughness along
the side of each microstructure. Samples made in air are covered in clusters of dendritic
material over the microstructures. At high magnification these fractal-like growths look
similar to ice crystals or clumps of snow flakes. Lastly, the nanoscale features on the vacuum samples are similar to the Cl2 samples. There is little nanoscale material on the surface
but 10–15 nm roughness along the sides of the microstructures.

Chemical composition
To characterize the chemical species present in each surface, we used secondary
ion mass spectrometry (SIMS). Briefly, in SIMS, an energetic beam of ions is used to sputter secondary ions from a surface; the chemical composition of the sputtered material is
then analyzed with mass spectrometry. To determine the chemical composition of each
microstructured surface, the ratio of the mass spectrometry signal from a given chemical
species is normalized relative to silicon using literature values for the relative sensitivity factor of each chemical species in a silicon matrix. The relative sensitivity factors are calculated
with data taken from flat silicon surfaces, so the compositions reported are approximate
due to the topology of the microstructured silicon.
For each gas, the chemical species present in the ambient gas becomes incorporated into the surface in large amounts; different elements are incorporated at different
levels. Figure 3.25 shows the fractional concentration of chemical species in the microstructured silicon surfaces. The smaller amount of fluorine incorporated in the SF6 samples is
attributed to its high reactivity with silicon and likely removal of silicon-fluorine complexes
during the microstructure formation process. All of the samples contain oxygen from the
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Figure 3.25: Fractional concentration of chemical species as measured by secondary ion mass
spectrometry for different ambient gas species: (a) sulfur hexafluoride (SF6 ), (b) nitrogen
(N2 ), (c) chlorine (Cl2 ), and (d) air.

native oxide layer that grows on the surface after texturing, but the air sample contains
two orders of magnitude more oxygen than the other samples. The high oxygen content
and further analysis using Rutherford backscattering spectrometry and transmission electron microscopy suggest that a silicon rich layer of silica, SiOx (x<2) [38], is formed. The
amount of oxygen in the SF6 , Cl2 , and N2 samples is correlated with surface area (roughness). Samples analyzed with SIMS were not treated with an HF dip and, therefore, the
oxygen signal for the SF6 , N2 and Cl2 samples is likely due to a native oxide layer. Following an HF dip to remove the native oxide layer and surface contaminants, samples made in
vacuum do not show the presence of any elements other than silicon.

3.8

Effect of ambient gas pressure
In this section we examine morphology differences brought about by varying the

pressure of SF6 .
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Figure 3.26: Scanning electron micrographs of the surface morphology for different pressures
of SF6 : (a) vacuum (10−6 torr), (b) 0.007 bar, (c) 0.027 bar, (d) 0.13 bar, (e) 0.40 bar, and
(f) 0.67 bar. Each SEM is taken at a 45◦ angle to the surface with the same magnification.

3.8.1

Surface morphology
Figure 3.26 shows the morphology for microstructures with increasing pressures of

SF6 . At a very low pressure of SF6 (0.007 bar), the surface has a great deal of nanostructure. It looks similar to vacuum samples covered in clumps of nanoparticles. For pressures
between 0.027 and 0.40 bar, ridges form and the beginnings of smaller, sharper structures
occur. Above 0.533 bar the surface begins to resemble the conical microstructures we see
at our standard conditions. Increasing the pressure from 0.67 bar to 1 bar does not affect
the final morphology.

3.8.2

Surface layer structure and composition
At this time we do not have data on the effect of gas pressure on the surface layer

structure or composition.
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Figure 3.27: Scanning electron micrographs of microstructured silicon ((a) and (c)) before
annealing and ((b) and (d)) after annealing at 1075 K for 3 hours.

3.9

Effect of annealing
As a part of our post-processing analysis, we often anneal samples following laser

microstructuring. Annealing will be an important step later in this disseratation and here
we analyze any morphological or chemical changes brought about by annealing.

3.9.1

Surface morphology
As shown in Figure 3.27, annealing has no visible effect (within the resolution of

the SEM) on microstructure morphology or the surface-nanoparticle morphology. The same
area of a microstructured surface is shown before and after annealing for 3 hours at 1075
K.
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Figure 3.28: Transmission electron micrographs of the surface before (a) and after (b)
annealing. The annealed sample has sharper features in the diffraction pattern. Insets:
(upper) high-magnification view of the disordered region at the tip of the microstructure
and (lower) selected area electron diffraction pattern obtained from the disordered region.

3.9.2

Surface layer structure and composition
Although we do not see any change in the microstructure morphology, there are

some effects in both the nanoscale structure and chemical makeup of the surface layer.

Surface layer structure
Figure 3.28 shows transmission electron micrographs of an annealed and a nonannealed sample. The surface layer is similar in thickness and structural composition before
and after annealing. However, the diffraction rings are sharper for the annealed sample. The
sharper rings most likely indicate that annealing increases the crystallinity of the sample
somewhat. Other factors, such as the crystalline plane in focus, could sharpen the diffraction
pattern as well.

Chemical composition
We use Rutherford backscattering spectrometry and simulation to characterize
the chemical content of the surface before and after annealing. After an anneal of 30
minutes at 725 K, the amount of sulfur in the surface layer drops from about 0.7 at % to
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0.5 at %. Annealing at 875 K for 30 minutes also results in a concentration of 0.5 at %
sulfur. The decrease in the observed sulfur concentration upon annealing most likely reflects
sulfur diffusing deeper into the sample than can be observed by Rutherford backscattering
spectrometry (RBS)5 . These results are summarized as a part of Table 3.1 near the end of
the chapter.

3.10

Effect of silicon substrate properties
In our work thus far, we have found little, if any, effect on micrometer-scale mor-

phology and chemical composition from the following substrate properties: crystalline orientation, dominant carrier (n- or p-doping), doping level, and presence or absence of a
native oxide layer before irradiation.

3.11

Summary of chemical composition (RBS data) and trends
Before moving onto the discussion section, we summarize some of the important

information presented in this chapter. Table 3.1 summarizes all of the chemical composition data we have from Rutherford backscattering measurements; the important parameter
varied in each section is in bold6 . Table 3.2 summarizes trends that we see in morphology
and composition with experimental parameters. The trends are listed for increasing values
of the experimental parameter.
5

The diffusion length of S in c-Si in 30 minutes at 775K was estimated to be 25 nm by extrapolation
from data in [39], p. 68. In microcrystalline or amorphous silicon, the diffusion length may be somewhat
different but is unlikely to increase more than threefold.
6
The RBS spectra may be affected slightly by the changing morphology of the surface, as the surface area
of the samples changes as processing conditions change. However, we are confident in comparing the sulfur
concentrations for the microstructures made with 2, 3, and 5 laser pulses and the microstructures made
with 3, 4, and 5 kJ/m2 because they are similar in size and shape. As the shape of the microstructures is
unchanged by annealing, the concentrations before and after annealing can also be compared with confidence.
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Annealing
Average laser

Sulfur concentration
Number of pulses

fluence

temperature (30

Pulse duration

(kJ/m2 )

(±0.1 at. %)
minutes)

2.5

500

-

100 fs

0.3

3.0

500

-

100 fs

0.3

4.0

500

-

100 fs

0.4

4.9

500

-

100 fs

0.6

8.0

500

-

100 fs

0.7

10.0

500

-

100 fs

0.7

8.0

2

-

100 fs

0.2

8.0

3

-

100 fs

0.4

8.0

5

-

100 fs

0.4

8.0

10

-

100 fs

0.5

8.0

20

-

100 fs

0.6

8.0

50

-

100 fs

0.6

8.0

500

-

100 fs

0.7

8.0

500

725 K

100 fs

0.5

8.0

500

875 K

100 fs

0.5

30.0

1500

30 ns

0.5

30.0

1500

30 ns

0.4

875 K

Table 3.1: Summary of sulfur concentration in samples determined by Rutherford backscattering spectrometry. The bolded values highlight the important parameter being varied from
standard conditions.
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Observables
Parameter

Morphology

Composition

Height

Density

Tip Size

Sulfur

Crystallinity

Shot number

⇑

⇓

⇓

⇑

–

Fluence

⇑

⇓

⇓

⇑

–

Wavelength

⇑

⇓

⇓

–

–

Gas pressure

⇑

⇑

⇓

⇑

–

Anneal temp.

–

–

–

–

⇑

Table 3.2: Summary of the trends in observable morphology and composition characteristics
with experimental parameters. The ⇑ symbol indicates that the observable increases as the
experimental parameter is increased; the ⇓ symbol indicates a decrease in the observable.

3.12

Discussion
Although a rigorous model for the formation mechanism is not yet determined, we

can use the observations made in this chapter to speculate on the mechanisms responsible
in creating these quasi-ordered array of microstructures. We hope that this chapter instills
in the reader a sense of the large parameter space involved in our experimental procedure.
The experimental complexity and intense conditions created in the focal region of the laser
make direct observation and modeling rather difficult. However, using the information in
this chapter and existing research on similar microstructures formed on a variety of materials
(including silicon), we speculate on the important factors for microstructure formation.
Periodic surface ripples, conical microstructures, whisker-like structures, and pyramidal microstructures have all been observed following high-energy ion-bombardment during sputtering experiments [40, 41, 42, 43, 44, 45, 46, 47]. In work that is closely related
to our research, conical structures formed after irradiation with nanosecond laser pulses
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have been observed by several research groups [7, 8, 10, 12, 13, 14, 15, 17, 48, 49, 50].
Although the two means of irradiation (ion-bombardment and laser) are very different, the
morphology of the resulting structures is similar. In these papers, there are several proposed
formation mechanisms for the microstructures, but there is no complete explanation and
most of the papers only address one aspect of the formation mechanism. However, despite
the lack of a rigorous explanation, there are four significant factors included in most of
the proposed mechanisms: ablation/sputtering, melting, chemical etching/interaction, and
redeposition. The degree to which these factors contribute to the final morphology of the
surface depends heavily on experimental conditions.
We begin with a chronological description of what occurs during irradiation with
each laser pulse. As a laser pulse strikes the surface (at fluences above the ablation threshold), material is ablated from the surface; a thin layer of material that is not ablated, but
melts, either by ultrafast melting or thermal melting, is left behind. This melted layer
evolves and interacts with its surroundings until it resolidifies. While the surface is melted,
chemical species from the ambient gas interacts with the melt layer either through etching
or implantation into the surface [51]. Some of the ambient gas molecules inside the focal
region of the laser dissociate in the intense electric field [52], so numerous derivatives of the
ambient gas could be present at the surface. The possible chemical reactions for our standard conditions are covered in both [18] and [20]. The main chemical interactions between
dissociated SF6 and the melted surface layer are etching of the silicon surface by fluorine
and incorporation of sulfur into the silicon surface. Lastly, ablation results in a rich cloud of
the the substrate material above the molten surface and redeposition of removed material
occurs. After about a microsecond, the surface resolidifies and energy deposited by the
laser diffuses out of the focal region. At this point the surface is permanently altered and,
when another laser pulse strikes the surface, the process occurs again with different initial
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conditions.
Before suggesting a formation mechansim, we comment on the significance of observations made earlier in this chapter. The first observation we highlight comes from the
effect of fluence (Section 3.3) on our final microstructures. Conical microctructures do not
form unless the fluence is above the ablation threshold for silicon. This indicates that ablation is a critical component to the formation mechanism. Pedraza et al. observe growth of
conical structures while working with nanosecond pulses below the ablation threshold. In
our attempt to mimic their work, we also used fluences below the ablation threshold and
see conical structures form. However, the fluence is an average fluence for a spot hitting
a flat surface. The surface is only flat for the first few pulses, and, after several hundred
pulses, it is far from flat. After a few hundred pulses of nanosecond duration, the surface has protrusions much like the femtosecond case after 10 pulses. These protrusions
concentrate light into the pits beside them and, inside these pits, the fluence rises above
the ablation threshold. In fact, while structuring with nanosecond laser pulses, we do not
observe the presence of a plasma spark (a strong indication of ablation) until several hundred laser pulses have struck the surface. Also, Fowlkes et al. observe that, at high pulse
count, the nanosecond-laser-formed structures begin to decrease in height and eventually
end up below the surface; indicating that ablation becomes a more dominant effect once
the microstructures are formed [13].
From this information, we conclude that ablation is a necessary condition for
microstructure formation. But it is important to keep in mind that, in general, the energy
density quoted is an average value for a flat surface and that a roughened surface topology
can result in higher energy concentrations in places. We feel that energy concentration on
a roughened surface is the reason for the similarity in morphology evolution for increasing
shot number and fluence. As the structures evolve with shot number, they become sharper
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and effectively increase the fluence deposited in the pits to the side of the structures. The
same morphology is seen with lower fluence and higher shot number as with higher fluence
and lower shot number.
Another important observation to be made is that redeposition is definitely occuring during the formation process. The strongest evidence for this is that nanosecondlaser-formed structures are tens of microns above the substrate surface (Section 3.4). From
a fluid dynamics discussion, Pedraza et al. conclude that capillary motion of molten material cannot yield the microstructure shape we see. They conclude that the dominant
mechanism is redeposition of gaseous material (removed from the pits around the structures) at the molten tips. This process is akin to whisker growth by the vapor-liquid-solid
(VLS) mechanism [53]. Also, the presence of the spherical tips on both the femtosecond
and nanosecond-laser-formed structures is indicative of a VLS process and evidence that
redeposition is occurring. It appears that the most dominant change brought about by
increasing pulse duration from femtoseconds to nanoseconds is that redeposition becomes
dominant over ablation and etching.
For all experiments, the chemical species in the ambient gas are implanted into
the surface layer during irradiation (Section 3.7). In the ns-formed structures, sulfur incorporation process is probably similar to gas immersion laser doping (GILD) [54], in which a
semiconductor is doped by melting the surface with nanosecond-laser pulses in the presence
of a gas that contains the desired dopants. The dopants are incorporated into the melt
and the rapid solidification that follows laser melting produces highly supersaturated solid
solutions [55]. Sulfur may be incorporated into the femtosecond-formed structures by a
similar process.
Also, the final morphology depends a great deal on the ambient gas and the interaction of the chemical environment with the molten surface. For many years, we felt
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that the reactivity of the elements in the ambient gas was the important factor. However,
recent evidence that a non-halogen containing gas (H2 S) yields sharp conical microstructures indicates that perhaps it is the inclusion of elements into the molten surface and the
subsequent effect on fluid dynamics that is more important. Incorporation of some elements yields sharp, ordered microstructures (S and Cl), while others yield blunt, disordered
structures (O and N).
Lastly, the presence of a molten layer following laser irradiation is necessary for
formation of conical microstructures. The femtosecond-laser fluences used are not far above
the ablation threshold, and so we expect a molten layer to form at the surface after the laserinduced plasma recombines and the electrons equilibrate with the lattice [51]. The presence
of laser induced periodic surface structures after a few pulses leaves little doubt that the
surface is molten following irradiation. The way in which this molten surface evolves and
interacts with its environment determines the final micrometer-scale morphology, chemical
composition, and nanoscale structure of the surface layer. From the evidence we have
collected, we feel that it is a combination of fluid dynamics, material removal/redeposition,
and implantation of chemical species that yield sharp, conical microstructures [56]. All of
these processes require the presence of a molten surface layer.
Using the observations highlighted above, we present a formation process for
femtosecond-laser-formed conical microstructures. Following the first laser pulse, the surface is pocked with randomly dispersed defects (Figure 3.1 (a)). These act as scattering
centers for the next pulse, resulting in laser induced periodic surface structures through
capillary wave excitation in the molten surface. The next few laser pulses strike the surface
and melt the ripple pattern. The ripples can be thought of as one half of a silicon column
on the surface. A liquid cylinder whose length is larger than its radius is unstable and tends
collapse into a row of equally sized and equally spaced drops to reduce surface tension (a
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phenomenon called cylindrical collapse described by Joseph Plateau in the 1800s) [57]. In
our case, the laser melted ripples collapse, or bead-up, along the long axis of the ripple. The
periodicity and size of these beads is affected by several parameters. First, the wavelength of
the laser induced periodic surface structures is important in the spacing of the beads, which
is clearly shown by comparing structures made with 400 nm light with those made with
800 nm light. Furthermore, capillary waves and surface tension influence the evolution of
the final bead spacing and size. Surface tension and capillary waves are, in turn, influenced
by melt depth, temperature, ambient gas pressure, and inclusion of impurity atoms in the
melt layer. We feel that the inclusion of sulfur into the surface and its effects on surface
tension are extremely important in creating small, regularly spaced beads. Once the bead
pattern is formed, preferential removal of material to the sides of the beads (ablation) takes
over as the dominant factor and the final conical microstructures are dug out of the surface.
Redeposition continues to occur at the molten tip, but ablation dominates the changes in
morphology. At the end of several hundred pulses, we have a quasi-ordered array of sharp
conical microstructures.
This proposed formation mechanism is strictly for femtosecond-laser-formed microstructures in the presence of SF6 . Consequently, the mechanism will vary somewhat for
different conditions, but the major themes and observations should apply to other experimental conditions.

Chapter 4

Optical and electronic properties
In addition to microstructuring the surface, femtosecond-laser irradiation in the
presence of SF6 turns the normally grey, mirror-like surface of silicon into a deep, velvet
black. The black surface is clear indication that laser microstructuring alters the optical
properties of the silicon surface. In this chapter, we again vary numerous experimental
parameters as we did in Chapter 3, but now we examine how experimental parameters
affect the optical and electronic properties of microstructured silicon.
Again, our standard conditions are as follows: irradiation of an n-doped silicon
wafer (n-Si(111), 260 µm thick, resistivity ρ = 8 – 12 Ω·m) with an average of 500 laser pulses
(100 fs, central wavelength 800 nm, fluence 8 kJ/m2 ) in 0.67 bar of SF6 . We vary the number
of incident laser pulses, the laser fluence, wavelength, pulse duration, ambient gas species
and pressure, substrate doping and crystalline orientation, and annealing temperature. We
then measure the effect on the optical and electronic properties of microstructured silicon.
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Optical measurements
In order to measure optical properties, we use a Hitachi U-4001 spectrophotometer

equipped with an integrating sphere. With the spectrophotometer, we measure the total
hemispherical (specular and diffuse) reflectance (R) and transmittance (T ) of a sample.
The integrating sphere ensures that both specular and diffuse reflectance, as well as both
direct and scattered transmittance, are measured accurately. Light from two lamp sources,
one for the UV and one for the visible and near-IR, is sent into a monochromator that
selects a single wavelength and directs it onto a sample; the amount of light, transmitted
or reflected, is then measured relative to a baseline reading taken using a highly reflective
titanium oxide blank. The operational wavelength range for this device is 250 nm to 2500
nm.
For reflectance measurements, samples are carefully taped on an optical quality,
calcium fluoride window for support; the window is used because samples are smaller than
the access ports of the integrating sphere. The calcium fluoride window is then placed on the
back port of the integrating sphere in order to reflect light back into the integrating sphere
detector. The reflectance of the calcium fluoride window is low (< 6%) in the operational
wavelength range [20]. For transmittance, samples are suspended at the front port of the
integrating sphere; all transmitted light (scattered or direct) enters the integrating sphere
detector. The spectrophotometer setup is described in more detail by Younkin [20].
By measuring both the reflectance (R) and transmittance (T ) from 250 nm to
2500 nm, we calculate the absorptance of each sample with
A(λ) = 1 − T (λ) − R(λ).

(4.1)
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Figure 4.1: (a) Reflectance, (b) transmittance, and (c) the calculated absorptance of microstructured silicon for standard conditions. For reference, the same measurements are
shown for unstructured, crystalline silicon.

4.1.1

Optical properties of femtosecond-laser microstructured silicon
Figure 4.1 shows the measured reflectance, transmittance, and calculated absorp-

tance for an unstructured silicon wafer and microstructured silicon. The drop in the absorptance for crystalline silicon near 1100 nm corresponds to the band-gap energy of crystalline
silicon (1.07 eV). Light at longer wavelengths does not contain enough energy to promote an
electron from the valence band to the conduction band and absorption becomes negligible
for crystalline silicon.
Microstructured silicon has a drastically decreased reflectance and transmittance
over the entire measured spectrum. The lowered transmittance and reflectance results in
near-unity absorptance in the entire wavelength region 250 nm < λ < 2500 nm. The increased absorption in the visible is consistent with the black appearance and, indeed, across
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Figure 4.2: (a) Wavelength dependence of absorptance on the number of laser pulses used
in microstructuring and (b) the dependence of absorptance at 1550 nm on the number of
laser pulses used in microstructuring. All samples were made with 8 kJ/m2 and 0.67 bar
SF6

this large range of wavelengths the surface is quite ”black.” By varying experimental parameters we examine what is responsible for the high, featureless absorption. In the following
sections, we present only absorptance, which is calculated from a measured reflectance and
transmittance (Equation 4.1). All optical measurement samples are made by translating
the substrate in order to microstructure a 10 x 10 mm2 area.

4.1.2

Effect of shot number
In this section, we examine the effect of shot number on the optical properties of

microstructured silicon. Figure 4.2 (a) shows that the absorptance increases over the entire
wavelength range as the number of laser pulses increases. Figure 4.2 (b) shows that the
absorptance at 1550 nm (a below-band gap wavelength) increases strongly with the number
of pulses delivered to the sample, up to 20 pulses; additional pulses have little effect. For
each microstructured sample, the absorptance is essentially constant and featureless between
1.2 and 2.5 µm, increasing with the number of pulses. It should be noted that the increase in
absorptance for below-band gap wavelengths saturates around 20 pulses, the same number
of pulses at which the sulfur content saturates (see Table 3.1).
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Figure 4.3: (a) Wavelength dependence of absorptance on the laser fluence used in microstructuring and (b) the dependence of the absorptance at 1550 nm on the laser fluence
used in microstructuring. All samples were made with 500 laser pulses and 0.67 bar SF6 .

4.1.3

Effect of fluence
In this section, we examine the effect of laser fluence on the optical properties

of microstructured silicon. Figure 4.3 (a) shows that absorptance increases with fluence
across the entire measured spectrum. Figure 4.3 (b) shows that the absorptance at 1550
nm increases strongly with fluence for fluences up to about 5 kJ/m2 and increases more
slowly for higher fluences. Surfaces made with a fluence of 4 kJ/m2 or higher display
constant absorptance vs. wavelength at below-band gap wavelengths; at lower fluences, the
absorptance decreases gradually with increasing wavelength. With 500 laser pulses, fluences
below 2.5 kJ/m2 do not produce uniform microstructuring of the surface (see Figure 3.10).
Fluences less than 2 kJ/m2 neither alter the surface nor affect the optical properties. Again,
it should be noted that the increase in absorptance at below-band gap wavelengths saturates
at around 5 kJ/m2 , the fluence at which the sulfur content saturates (see Table 3.1).

4.1.4

Effect of pulse duration
In this section, we examine the effect of changing the pulse duration from femtosec-

onds to nanoseconds on the optical properties of microstructured silicon. The femtosecond-
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Figure 4.4: Wavelength dependence of absorptance for femtosecond-laser-formed and
nanosecond-laser-formed microstructures, before and after thermal annealing at 875 K for
30 minutes (see Section 4.1.8). The absorptance of an unstructured silicon substrate is also
shown.

formed structures were made using our standard conditions and the nanosecond-formed
structures were made using the conditions listed in Section 3.4.1. Figure 4.4 shows the wavelength dependence of the absorptance of both structured surfaces and of the unstructured
substrate silicon. The absorptance of the nanosecond- and femtosecond-formed structures
is very similar: near-unity, featureless absorptance from 0.4 µm to 1 µm, a small decrease in
absorptance around 1.1 µm (the band edge of ordinary silicon), and strong featureless absorptance from 1.1 µm to 2.5 µm. The absorptance of the nanosecond-structured material
(98% in the visible, 95% in the infrared) is somewhat higher than that of the femtosecondstructured material (95% in the visible, 85% in the infrared) across the measured spectral
range. Annealing the structured surfaces at 875 K for 30 minutes (see Section 4.1.8) leaves
the visible absorptance essentially unchanged, but dramatically decreases the below-band
gap absorptance. The below-band gap absorptance of the nanosecond-structured samples
changes less with annealing than that of the femtosecond-structured samples; further annealing of the nanosecond-structured samples for up to 12 hours causes little additional
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Figure 4.5: (a) Wavelength dependence of absorptance on the gas species used in microstructuring. The gases shown are those used in the morphology study (Section 3.7). The vacuum
chamber was at a base pressure of less than 10−6 bar for the vacuum sample. (b) Absorptance for a selection of gases that more directly shows the importance of sulfur in the high
below-band-gap absorptance. All samples were made with 500 laser pulses and 8 kJ/m2
laser fluence.

change 1 .

4.1.5

Effect of laser wavelength, polarization, and propagation direction
There is no measurable difference between the absorptance of silicon microstruc-

tured with 400 nm light and silicon microstructured with 800 nm light. Similarly, changing
the polarization and propagation direction of the laser does not affect the measured absorptance.

4.1.6

Effect of ambient gas
In this section, we examine the effect of the ambient gas species on the optical

properties of microstructured silicon. We investigate the optical properties of microstructured silicon surfaces prepared in a number of gases (in addition to SF6 ). Figure 4.5 (a)
1
In the 40 µm-deep nanosecond-formed structures, the below-band gap absorptance should be significantly
amplified by multiple reflections; geometric effects may be less important to the below-band gap absorption
in the femtosecond-formed structures because these infrared wavelengths are not much less than the 8 µm
structure depth.
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shows the absorptance of samples prepared in gases used in Section 3.7 (SF6 , Cl2 , N2 , air,
and vacuum). Microstructuring in SF6 and Cl2 brings about the most dramatic change in
absorptance, with SF6 having the highest absorptance of all the gases for the entire measured wavelength range. Samples made in air, N2 , and vacuum show increased absorptance
relative to unstructured silicon for most of the measured wavelengths (λ <1.5 µm for air,
λ < 1.77 µm for N2 , and λ < 2.3 µm for vacuum). The reason the absorptance for these
gases falls below that of unstructured silicon is unknown.
Although all samples show an increase in infrared absorption over unstructured
silicon, samples structured in SF6 are the only ones with near-unity, featureless absorptance
across the entire measured spectrum. For samples made in air, N2 , and vacuum, the gradual
decrease of absorptance for wavelengths longer than 1.2 µm is consistent with the presence
of band tails of Urbach states due to a high density of defects [58]. Samples microstructured in Cl2 have significantly increased infrared absorption; the infrared absorption for Cl2
samples may be a combination of band tails from Urbach states and the large aspect ratio
microstructures formed in this gas (Figure 3.19).
From this information, it appears that structuring in SF6 is critical to the nearunity, below-band gap absorptance. To demonstrate that it is the presence of sulfur in the
ambient gas that is critical, we compared the optical properties of samples structured in
another set of gases (SF6 , H2 S, H2 , and vacuum). Figure 4.5 (b) shows the absorptance for
these gases as compared to unstructured silicon. The most significant chemical difference
between H2 and H2 S is the presence (or lack) of sulfur. As shown in Figure 4.5 (b), the
absorptance of H2 S is nearly identical to that of samples made in SF6 , while samples made
in H2 have absorptances that resemble samples made in vacuum. The information shown
in Figure 4.5 (b) is compelling evidence that sulfur plays a vital role in the near-unity,
below-band gap absorptance.
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Figure 4.6: (a) Wavelength dependence of absorptance on the pressure of SF6 used in
microstructuring and (b) the dependence of absorptance at 1550 nm on the pressure of SF6
used in microstructuring. The vacuum chamber was at a base pressure of less than 10−6
bar for the vacuum sample.. All samples were made with 500 laser pulses and 8 kJ/m2 laser
fluence.

4.1.7

Effect of gas pressure
In this section, we examine the effect of the pressue of SF6 on the optical prop-

erties of microstructured silicon. Figure 4.6 (a) shows that the absorptance increases with
increasing SF6 pressure. The largest variation in absorptance occurs for below-band gap
wavelengths (Figure 4.6 (b)). The greatest rate of increase is observed at low pressures.
Above 27 mbar, the below-band gap absorptance does not vary with wavelength, while at
lower pressure, it decreases with increasing wavelength.

4.1.8

Effect of annealing
In this section, we examine the effect of annealing on the optical properties of

microstructured silicon. Figure 4.7 (a) shows the effect of annealing for thirty minutes
at several temperatures on the absorptance of samples made under standard conditions.
Annealing at temperatures below 575 K has little effect on the absorptance. Annealing
between 575 K and 875 K does not affect absorptance above the band gap, but lowers
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Figure 4.7: (a) Wavelength dependence of absorptance on anneal temperature (following
microstructuring). The data point at room temperature (300 K) corresponds to a microstructured sample that was not annealed. (b) The dependence of absorptance at 1550
nm on anneal temperature (following microstructuring). All samples were made with 500
laser pulses and 8 kJ/m2 laser fluence in 0.67 bar SF6 , and were annealed for 30 minutes.

the below-band gap absorptance; the higher the temperature, the greater the decrease in
absorptance (Figure 4.7 (b)). Raising the annealing temperature above 875 K does not
produce any additional change. As shown in the last chapter (Figure 3.27), annealing has
no visible effect on the shape of either the microstructures or the surface nanoparticles.
It should be noted that sulfur concentrations in the annealed samples, however, do
not mirror the below-band gap absorptance (Table 3.1). Annealing is the only parameter
(that we have Rutherford backscattering data on) for which below-band gap absorptance
does not mirror sulfur concentration. Upon annealing a standard sample at either 725 K
or 875 K for 30 minutes, the sulfur content in both cases decreases by only 40%, while
the infrared absorptance decreases by almost an order of magnitude. The concentration of
sulfur in the annealed samples is comparable to that of the sample made with 4 kJ/m2 and
500 pulses, or the sample made with ten pulses and 8 kJ/m2 ; for these samples, the infrared
absorptance is only 20% less than that of a standard sample.
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Effect of silicon substrate properties
In our work thus far, we have found little, if any, effect on the optical properties

of microstructured silicon from the following substrate properties: Crystalline orientation,
dominant carrier (n- or p-doping), dopant concentration (resistivity), and presence or absence of a native oxide layer before irradiation.

4.2

Electronic measurements
For a limited number of parameters, we took a combination of resistivity and Hall

effect measurements [59] in order to determine the electronic properties of the disordered
surface layer following microstructuring in SF6 . From this information we are able to
determine the sheet resistance, dominant carrier sign, sheet carrier density, Hall mobility,
and approximate values for resistivity and bulk-carrier density.

4.2.1

Hall effect and resistivity measurements: procedure and apparatus
Much of the information presented in this section, along with design elements

for our apparatus, is found at a wonderful online-tutorial from the National Institute of
Standards and Technology (NIST) [59]. If the reader is interested in learning more about
these measurements, they are strongly recommended to visit this website.
For resistivity and Hall effect measurements, we employ the van der Pauw technique, a widely used technique for accurately determining resistivity of semiconductor samples [60]. Briefly, one uses an arbitrarily shaped, thin-plate sample containing four very
small ohmic contacts placed at the edges of the sample and measure two characteristic
resistances associated with the contacts. With these characteristic resistances, the sheet
resistance and bulk electrical resistivity of the sample can be calculated. The strength of
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the van der Pauw technique is that it minimizes error from asymmetries in sample geometry
and resistances introduced by contacts.

Sample preparation
For the van der Pauw technique, we need to make ohmic electrical contact to four
points on the disordered surface layer. For accurate measurements, it is preferable to have a
thin sample and to have a suitable geometry for the electrical contacts. We naturally fulfill
the first condition because the measurements we are making are for the thin surface layer2 .
For a suitable contact geometry, the average diameters (D) of the contacts, and sample
thickness (d) must be much smaller than the distance between the contacts (L). Relative
errors caused by non-zero values of D are of the order of D/L. The preferred geometry for
the contacts is a cloverleaf setup, but a square or rectangle geometry (with the contacts at
the four corners) is acceptable; we use a square geometry for our measurements.
In order to make electrical contact to our samples, we do the following: first a
microstructured sample is dipped in a 5% HF solution for 5 minutes to remove the native
oxide layer. Next, with a mask covering all but the very corners of 10 x 10 mm2 microstructured areas, samples are placed in a thermal evaporator and we evaporate chrome/gold
(Cr/Au) contacts onto the four corners. We then use a dicing saw to cut 0.25 mm slivers
from each side. Cutting the sample edges ensures that the contacts are only connected to
the surface layer and do not touch the substrate layer. Finally, we use a wire bonder to
connect the contacts on the corner of the samples to four Cr/Au contact pads evaporated
onto a glass slide. This arrangement allows us to make repeatable contact to each of the
corner contacts on the microstructured surface. For clarity, we number each of the corners
2

Although not apparent at this point, it is a reasonable assumption that we only measure the properties of
the microstructured layer because it has drastically different electronic properties than the substrate wafer.
This will become more clear later in this chapter.
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Figure 4.8: (a) A picture of a sample prepared for resistivity and Hall effect measurements.
(b) A schematic diagram of how Hall voltage measurements are done. The current flowing
through a strong magnetic field creates a voltage normal to both the current and the magnetic field. This is called the Hall effect. The numbers are indices used to keep track of how
the current/voltage is being applied/measured.

(1,2,3,4) in counter-clockwise ascending order (See Figure 4.8 (b)). From this point on,
when we refer to voltages or currents between two corners we use V and I with the corner
numbers as indices. For example, a voltage measured from corner 1 and 2 (V1 - V2 ) is listed
as V12 . Figure 4.8 (a) shows a sample prepared for measurement.

Resistivity
The procedure for making resistivity (ρ) measurements is as follows: we first apply
a small DC current (10 µA) from corner 2 to corner 1(I21 ). The current should be small
enough to ensure that power dissipation is negligible. In general, for a measured resistance
R between corners, I should satisfy
I < (200R)−0.1 .

(4.2)

We then measure the voltage from corner 3 to corner 4 (V34 ). We repeat this measurement
for the reversed polarity (apply I12 and measure V43 ). Similarly, we measure six more
voltages ( V41 , V14 , V12 , V21 , V23 , and V32 ). From these measurements we calculate eight
resistances,
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R21,34 = V34 /I21 , R12,43 = V43 /I12 ,

(4.3)

R32,41 = V41 /I32 , R23,14 = V14 /I23 ,

(4.4)

R43,12 = V12 /I43 , R34,21 = V21 /I34 ,

(4.5)

R14,23 = V23 /I14 , R41,32 = V32 /I41 .

(4.6)

The second half of this sequence of measurements is redundant. Also, as will
become apparent in the next chapter, these measurements should be made in the dark to
remove contributions from photovoltaic and photoconductive effects.
From these four measured resistances we calculate two characteristic resistances
RA and RB ,
RA = (R21,34 + R12,43 + R43,12 + R34,21 )/4,

(4.7)

RB = (R32,41 + R23,14 + R14,23 + R41,32 )/4.

(4.8)

With these characteristic resistances we calculate the sheet resistance, RS , by numerically
solving the van der Pauw equation,
e−πRA /RS + e−πRB /RS = 1,

(4.9)

by iteration. The bulk electrical resistivity (ρ) is the sheet resistance (RS ) times the sample
thickness (d ).

Hall measurements
For readers unfamiliar with the Hall effect or Lorentz force, it is recommended
that they visit the NIST website listed above [59]. Briefly, the Lorentz force refers to the
force on a charged particle while it moves in an applied magnetic field. Electrons (or holes)
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moving perpendicular to an applied magnetic force experience a force normal to both the
direction of flow and the direction of the applied field; the direction of deflection depends
on the sign of the charge. For a current flowing through a semiconductor in the presence
of a strong magnetic field, the Lorentz force causes a build up of charge to one side of
the semiconductor. The charge build up results in a voltage, the Hall voltage, across the
sample in the direction of carrier deflection. By experimentally measuring this voltage, we
can determine the sign of the carrier and the sheet carrier density (ns for electrons and
ps for holes). This, combined with resistivity measurements, can be used to determine the
Hall mobility (µ).
Our Hall measurement procedure is as follows: we take the same samples used
for resistivity measurements and place them inside a strong applied magnetic field (several
thousand gauss). The sample is oriented such that the magnetic field is perpendicular to
the silicon surface and defined as positive if the field lines enter the back and leave from the
front of the sample. We then apply a small AC current (about 1–2 µA) from contact one to
contact three (I13 ) and measure the voltage across contacts 2 and 4 (V24P , where P indicates
a positive magnetic field). Figure 4.8 shows a schematic diagram of this procedure3 . We
then reverse the current (I31 ) and measure the voltage (V42P ). Similarly we measure V13P
and V31P , then reverse the direction of the magnetic field, and measure V24N , V42N , V13N ,
and V31N . With these measurements made we can calculate four characteristic voltages,

3

VC = V24P − V24N ,

(4.10)

VD = V42P − V42N ,

(4.11)

VE = V13P − V13N ,

(4.12)

VF = V31P − V31N .

(4.13)

The Hall voltage can be very small at times and, as such, we used a lock-in amplifier, locked to the
frequency of the input current, to measure the voltage. In addition, the applied current and magnetic field
strength were varied to maximize signal and minimize noise.
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If the the sum of these four voltages,
V S = V C + VD + V E + V F ,

(4.14)

is negative, the dominant carriers are electrons (n-type). If the sum is positive, the dominant
carriers are holes (p-type). We then calculate the sheet carrier density (in units of cm−2 )
with
8 × 10−8 IB
qVS
8 × 10−8 IB
ns =
,
qVS
ps =

(4.15)
(4.16)

where B is the magnetic field in gauss and I is the current in amperes (A). The bulk carrier
density is then simply the sheet carrier density (ns or ps ) divided by the sample thickness
(d ). With the sheet carrier density and the sheet resistance determined, we calculate the
Hall mobility (in units of cm2 V−1 s−1 ) with
µ=

4.2.2

1
.
qns RS

(4.17)

Results
To ensure that our measurement technique is valid, we performed these measure-

ments on an n-doped, ρ = 800−−1200Ω·cm, unstructured wafer. We measured a resistivity
of 957 Ω·cm and a mobility of 1101.2 cm2 V−1 s−1 (in close agreement with literature values
[39]). The data we present is in the form of sheet carrier density and sheet resistance instead
of bulk density and bulk resistivity. We present the data in terms of sheet values rather
than bulk values because these are the actual measured quantities and we do not know the
thickness (d ) of our surface layer with good precision.
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Sheet

Sheet carrier

resistance RS

density ns

(Ω)

(cm−2 )

Doping after

Original doping
(kJ/m2 )

Hall mobility µ

structuring

(cm2 V−1 s−1 )

31931

1.78×1011

1101

n

4865

7.37×1012

174

6.0

n

4992

7.15×1012

175

n

8.0

n

6253

4.52×1012

221

n

10.0

n

4554

8.83×1012

155

n

unstructured

n

4.0

n

-

Table 4.1: Electronic properties of microstructured silicon for several fluences. The original
substrate used for all samples is an n-doped, ρ = 800–1200 Ω·cm wafer.

Effect of fluence
There is no recognizable trend in the electronic properties with increasing fluence.
The sheet resistance, carrier density, and mobility for all four fluences is similar. However,
there are some important results contained withing Table 4.1. Microstructuring silicon
results in a higher sheet carrier density than the original substrate, which means that
microstructuring n-dopes the surface. We somewhat expected n-doping because sulfur is
incorporated into the surface and a sulfur atom has two more valence electrons than silicon.
The increase in carrier density is likely the reason for the drop in sheet resistance. Also,
the mobility of electrons in the disordered surface layer is an order of magnitude less than
the unstructured crystalline wafer. The mobility is decreased because of disorder in the
structure of the surface layer; with crystalline order over only tens of nanometers, the
carriers’ mean free path is greatly diminished compared to the mean free path of carriers
in a single crystal substrate.
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Effect of annealing

Annealing

Sheet

Sheet carrier

temperature

resistance RS

density ns

(30 minutes)

(Ω)

(cm−2 )

Average fluence
Original doping

Hall mobility µ

(kJ/m2 )

(cm2 V−1 s−1 )

n

4.0

-

4865

7.37×1012

174

n

4.0

825 K

8433

7.34×1012

101

n

4.0

1075 K

2749

1.88×1013

121

n

8.0

-

6253

4.52×1012

221

n

8.0

825 K

6147

1.92×1013

53

Table 4.2: Electronic properties of microstructured silicon for two annealing temperatures.
The original substrate used for all samples is an n-doped, ρ = 800–1200 Ω·cm wafer.

Table 4.2 shows the effect of annealing to two different temperatures on the electronic properties of microstructured silicon. Although these data do not represent a large
cross section of samples, we see that annealing to high temperatures increases sheet carrier
density. We saw in the last chapter that annealing does not change the sulfur content significantly and, if anything, the sulfur content is diminished. However, the level of n-doping
increases significantly with annealing at 1075 K. The second observation to note is that an
anneal at 825 K does not affect the sheet carrier density significantly but seems to frustrate the conduction of carriers; the resistance increases and the mobility is significantly
decreased. Annealing at 1075 K, however, greatly increases the sheet carrier density but
does not decrease the mobility as significantly.
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Effect of original substrate properties
In this section, we examine the effect of using a p-doped substrate (rather than ndoped) and how annealing and fluence affect the electronic properties of structured p-doped
substrates.

Original doping

Doping after

Sheet

Sheet carrier

structur-

resistance RS

density ns (ps )

ing/annealing

(Ω)

(cm−2 )

Average fluence

Hall mobility µ

(kJ/m2 )

(resistivity)

(cm2 V−1 s−1 )

n (ρ=900 Ω·cm)

4.0

n

4865

7.37×1012

174

p (ρ=10 Ω·cm)

4.0

p

164

1.4×1014

271

p (ρ=100 Ω·cm)

4.0

p

5167

(7×1014 )

(1)

p (ρ=10 Ω·cm)

3.0

p

199

1.34×1014

1392

p (ρ=100 Ω·cm)

3.0

p

1492

4.77×1013

27

Table 4.3: Electronic properties of microstructured silicon for p-doped substrates. The
measurement for sheet carrier density of a p-doped, 100 Ω·cm substrate and an average
fluence of 4.0 kJ/m2 is likely imprecise.

Table 4.3 shows electronic measurements of p-doped substrates following structuring with two different fluences. The most significant result is that, after microstructuring
a p-doped substrate with low fluence (3 or 4 kJ/m2 ), the surface remains p-doped . The
n-doping from the sulfur-implantation is not enough to cancel out the original p-doping4 .
The measurement of sheet carrier density and mobility of a p-doped (ρ = 100 Ω·cm) sample irradiated with a fluence of 4.0 kJ/m2 is likely imprecise. The Hall voltage for this
sample was extremely small and difficult to distinquish from the noise. We think that this
is because these conditions lead to a near perfect cancellation of original hole-doping and
4

It should be noted that, in order to reach resistivities in p-doped substrates that are comparable to ndoped substrates, the sheet carrier density of holes must be significantly higher due to their lower mobilities
[39]
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implanted electrons. Effectively, the disordered surface layer was near to intrinsic silicon
and, combined with the highly disordered structure, the Hall voltage is small and difficult
to measure.

Original doping

Doping after

Sheet

Sheet carrier

structur-

resistance RS

density ns (ps )

ing/annealing

(Ω)

(cm−2 )

Average fluence

Hall mobility µ

(kJ/m2 )

(resistivity)

(cm2 V−1 s−1 )

p (ρ=10 Ω·cm)

4.0

p

164

1.4×1014

271

p (ρ=10 Ω·cm)

4.0 (annealed)

n

2080

1.14×1014

26

p (ρ=10 Ω·cm)

3.0

p

199

1.34×1014

1392

p (ρ=10 Ω·cm)

3.0 (annealed)

n

1492

1.54×1014

27

p (ρ=100 Ω·cm)

4.0

p

5167

(7×1014 )

(1)

p (ρ=100 Ω·cm)

4.0 (annealed)

n

2607

4.56×1013

53

p (ρ=100 Ω·cm)

3.0

p

1492

4.77×1013

27

p (ρ=100 Ω·cm)

3.0 (annealed)

n

3351

3.71×1013

50

Table 4.4: Electronic properties of microstructured silicon for p-doped substrates after
annealing. The dominant carrier changes from holes to electrons upon annealing. All
annealed samples were annealed to 1075 K for 30 minutes.

Table 4.4 examines the effect of annealing on the electronic properties of microstructured p-doped wafers. Following microstructuring at lower fluences (3 and 4 kJ/m2 )
the originally p-doped wafers remain p-doped. However, after annealing at 1075 K for 30
minutes, the surface layer becomes n-doped. The sulfur content does not change significantly, but the change in carrier concentration is so drastic that it reverses the sign of
the dominant carrier. We believe that this indicates that annealing causes a change in the
local bonding/electronic environment of implanted sulfur atoms, increasing the number of
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free carriers by decreasing the coordination number or annihilating defects. We discuss this
further in the following section.

4.3

Discussion
Silicon surfaces microstructured in the presence of SF6 have interesting and unique

optical properties, namely near-unity absorptance from 250 nm to 2500 nm; This spectral
range includes wavelengths well below the band-gap of crystalline silicon, which normally
pass through silicon unabsorbed. In addition to being scientifically interesting, it is also
of great interest in optoelectronic applications (see Chapter 5). For several years, we have
tried to identify the mechanism responsible for the remarkable optical properties. We use
the information contained in this chapter to speculate on the subject.
For visible wavelengths, the increased absorption is a result of the morphology
of the microstructured surface. The conical nature of the microstructures leads to multiple reflections for incoming light. That is, a photon incident onto the structured surface is
likely to undergo more than one reflection before leaving the surface. With the steep conical
geometry of our microstructures, calculations show that, on average, a photon undergoes
approximately four reflections before escaping [20]. At each reflection, incident light absorbed by the intrinsic visible absorptance of ordinary silicon (∼65%) quickly raises the
total absorptance to over 90%.
Surface roughening is a common method for decreasing reflectance and increasing
absorption. For decreasing acoustic reflections, anechoic surfaces are commonly seen in lecture halls and airports. Nature uses roughened surfaces to enhance night vision in nocturnal
insects [61] and for more efficient absorption in flower petals [62]. In silicon optoelectronics,
many different surface structuring techniques are used to increase absorption, such as wet
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etching [63, 64], reactive ion etching [65, 66], and thin-films of porous silicon [67].
A roughened surface morphology explains the increased absorption in the visible
but does not explain the near-unity absorption for below-band gap wavelengths. Simply
roughening a surface does not increase absorption for wavelengths of light that are not absorbed in the first place. For instance, roughened glass still transmits visible light, albeit
diffusely, as one sees with frosted glass. At best, the absorptance of crystalline silicon at
wavelengths longer than 1.1 µm is 5-6%, and four reflections does not bring the absorptance
up to 90%. Therefore, for below-band gap wavelengths, the only way to have near-unity
absorptance is if microstructuring alters the band structure of the surface layer. However,
determining how the band is altered is not an easy task. It is apparent from information presented in this chapter that sulfur plays a critical role in the high below-band gap absorption
(Figure 4.5). We contend that it is not just the presence of sulfur, but, more importantly,
the local electronic environment of the sulfur atoms that alters the band structure and leads
to the unique optical properties.
There is ample evidence that sulfur is, in some way, responsible for the below-band
gap absorption. Samples microctructured in SF6 or H2 S (Figure 4.5) are the only ones that
exhibit near unity absorption across the entire measured spectrum; microstructuring in
gases that do not contain sulfur does not produce comparable below-band gap absorption.
Changing the pulse duration drastically changes the surface morphology but femtosecondformed and nanosecond-formed structures have similar optical properties and sulfur content
(Figure 4.4). Recently we found that using a powder of elemental sulfur spread across a
sample surface has the same effect on the optical properties as using SF6 as an ambient gas
[68]. Chemical composition information from Chapter 3 shows that sulfur is incorporated
at very high levels for all experiments with SF6 . We also know that sulfur content and
absorptance are intimately connected; both of these values increase with shot number and
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fluence (and likely with gas pressure).
We are therefore able to assert with confidence that sulfur incorporation is responsible for below-band gap absorptance. However, the way in which sulfur incorporation
alters the band structure is more difficult to determine. To propose an answer, we use the
information we have on the disordered surface layer structure and chemical composition,
and how these factors correlate with optical and electronic properties.
The one particular experimental parameter that sticks out from the others is annealing. It sticks out because, unlike other experimental parameters, annealing causes the
below-band gap absorptance to decrease in a manner that does not mirror the sulfur concentration. For example, samples annealed at 725 K and at 875 K have the same sulfur
concentration, but the absorptance at 1550 nm of the sample annealed at 725 K is five
times that of the sample annealed at 875 K. Also, the observed sulfur concentration in the
sample annealed at 875 K is the same as that from the 10-pulse or 4-kJ/m2 samples, but
the 10-pulse and 4-kJ/m2 samples display 80% of the below-band gap absorptance of a
standard sample, while the below-band gap absorptance of the sample annealed at 875 K
is reduced to essentially the same value as the original substrate silicon.
The most likely explanation of the below-band gap absorption is that laser microstructuring incorporates the sulfur impurities into the silicon matrix in optically active
states, and annealing causes bond rearrangement within the silicon matrix that renders the
sulfur impurities optically inactive. Following irradiation with an intense shot-pulse laser,
the resolidification front of the molten layer is sufficiently fast that it can trap impurity
atoms in a nonequilibrium configuration [69]. Indeed, sulfur concentrations we measure
in microstructured surfaces exceed the equilibrium solubility of sulfur in crystalline silicon
[70] by many orders of magnitude, indicating that sulfur is incorporated through a highly
nonequilibrium process. Annealing then allows the lattice to relax toward a more ther-
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modynamically stable configuration. The optically active states could be the result of any
number of defects including changes in coordination number, bond length, and/or bond angle of neighboring atoms. The concentration levels of sulfur we measure in the surface are
more than sufficient to create an impurity/defect band of energy levels within the band gap
[71]. Deactivation during annealing is likely from rearrangement of these bonding properties
or annihilation of defects toward a more stable configuration. Annealing at 875 K for 30
minutes would permit defect annihilation [72] and diffusion of sulfur over several hundred
nanometers [39].
Another strong piece of evidence that supports bonding rearrangement and defect annihilation comes from the effect of annealing on the electronic properties. Following
microstructuring, p-doped substrates still have holes as their dominant charge carrier, despite the addition of nearly 1 at. % sulfur with two possible donor electrons per atom.
However, after annealing, the dominant carrier in the microstructured surfaces switches to
electrons. This change in dominant carrier occurs with no significant change in the sulfur
content. Before annealing the sulfur is incorporated in the surface in such a way that its
donor electrons do not contribute to conduction; the donor electrons are likely locked up
in a trap, or perhaps the coordination number of the implanted sulfur is larger than four.
Then, during annealing, the bonding arrangements change and donor electrons are freed
up to contribute to conduction. The number of electrons being released is large enough to
eliminate the holes as charge carriers and turn the surface into an n-doped one with sheet
carrier concentrations on the order of 1014 cm−2 .
We do not expect that crystallinity plays an important role. Annealing temperatures that completely eliminate the below-band gap absorptance are much lower than the
temperatures at which significant grain growth would be expected in microcrystalline or
polycrystalline silicon [73]. In addition, the pulse duration experiments indicate that the
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disordered layer covering the femtosecond-formed structures is not essential for below-band
gap absorption, as both transmission electron microscopy and Rutherford backscattering
spectrometry indicate that the nanosecond-formed structures are nearly single-crystal. The
optically active configuration of sulfur may be able to exist in either the single crystal
nanosecond-formed structures or the highly disordered femtosecond-formed structures; the
optical deactivation process must not require a significant increase in the crystallinity of
the femtosecond-formed structures. Alternatively, different optically active configurations
of sulfur could be present in the femtosecond-formed and nanosecond-formed structures,
although none of our results directly suggest this interpretation. Also, collaborators of ours
have been able to demonstrate below-band-gap absorption in a crystalline silicon surface
doped with comparable levels of sulfur using ion-implantation followed by laser-annealing
[74].
The location and electronic environment of the sulfur atoms before and after annealing is not well known and further work is needed to understand the mechanism by
which the sulfur incorporation leads to below-band gap absorption. The disordered surface layer of femtosecond-formed structures is likely to provide a wide variety of possible
electronic environments for the sulfur impurities. We are getting much closer to understanding the mechanism and work is ongoing towards solving this problem. We have recently
demonstrated that implantation of other chalcogens (selenium and tellurium) also leads to
near-unity below-band gap absorptance [68]. From these experiments we are learning a
great deal about the local electronic and structural environment of the impurity atoms.
In summary, it is the incorporation of sulfur atoms into an optically active, nonequilibrium, and highly defective configuration that leads to the unique below-band gap absorptance for samples microstructured in SF6 . Annealing causes bond rearrangement and defect
annihilation within the silicon matrix that renders the sulfur impurities optically inactive.

Chapter 5

Femtosecond-laser microstructured
silicon photodiodes
In the previous two chapters, we presented all that we know about how experimental parameters affect the morphology, chemical composition, optical properties, and
electronic properties of laser microstructured silicon. Of these results, the near-unity absorptance from ultraviolet wavelengths to the near-infrared for samples microstructured in
SF6 is of particular interest. Extending the spectral range of silicon-based photodetectors is
an active area of research because of silicon’s low cost and ease of integration with microelectronics. In this chapter, we describe our efforts toward creating a silicon-based photodiode
that takes advantage of the extended optical absorption range of silicon microstructured in
SF6 . We use the information from the last two chapters to help us design our photodiode
and understand the resulting behavior.
We begin the chapter with a basic discussion of photodiode operation by describing the most basic and prevalent type of photodiode, the p-n photodiode. We then describe
the procedure for making laser-microstructured silicon photodiodes and examine how ex-
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perimental parameters affect the performance of these devices. The information from the
previous chapters assist us in optimizing and understanding the behavior of our photodiodes.

5.1

Introduction to photodiodes: the p-n junction
Before we discuss the creation of laser microstructured silicon photodiodes, we

must first describe the basic operation and principles of a photodiode. That is, we must
understand the structure of a photodiode and, most importantly, how a photodiode detects
light. We present here a basic description of photodiodes and refer the reader to several
references for further information on these thoroughly studied devices [39, 75, 36, 76].
There are many types of semiconductor photodiode devices (p-n or p-i-n photodiodes, avalanche photodiodes, Schottky-barrier photodiodes, heterojunction photodiodes,
etc.). For the purposes of this dissertation, we discuss one of the more basic devices, the p-n
photodiode; this particular photodiode is created by the junction between two of the same
semiconductor material (a homojunction) with different impurity concentrations. Specifically, a homojunction where the impurity concentration changes abruptly from acceptor
impurities (p-doped) to donor impurities (n-doped)1 . Although the p-n homojunction is a
simplified example, the ideas presented can be extended to other photodiode devices and,
for that matter, all other semiconductor devices.
We begin by considering two separated pieces of similar semiconductor material,
one doped with acceptor impurity atoms (p-type) and one doped with donor impurity
atoms (n-type), both electrically neutral. If we bring the two pieces into contact with one
another, there will be a large gradient in carrier concentration at the interface (junction).
1
Much of the basic theory of p-n junctions was developed by Shockley shortly after he helped invent the
transistor [77].
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Figure 5.1: Cartoons illustrating the steps that lead to the contact potential and electric
field build up in a p-n junction.

After all, one side is doped with electrons and the other, holes. The difference in carrier
concentration causes a diffusion potential across the junction; electrons and holes begin to
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diffuse across the junction to areas of lower concentration. As they cross to the other side
of the junction they recombine with their oppositely charged electrical counterparts in the
region very close to the junction. The recombined carriers are trapped on the far side of
the junction and leave behind immobile ions (called space charges) on the side from which
they came. As the number of space-charges increases (positively charged for the n-type side
and negatively for the p-type), a potential difference builds up, which results in an electric
field in the direction opposite the diffusion potential. If this process progresses to thermal
equilibrium, the internal electric field exactly cancels the diffusion potential and charge
diffusion stops. Once thermal equilibrium is reached, there is a thin insulating layer near
the junction in which all charge carriers have been depleted by recombination (depletion
region) and a strong electric field and large potential difference (the contact potential Vc )2
exist. Figure 5.1 illustrates the steps resulting in the build up of a contact potential and
internal electric field. Figure 5.2 shows the junction at thermal equilibrium, along with
potential variation near the junction and energy-band diagram. Again, this explanation is
conceptual and simplifies the considerations necessary for a rigorous physical description of
the p-n-junction.
Now, let us consider what happens if we take the junction out of equilibrium by
applying an external electric field3 (see Figure 5.3). The first case we consider is an applied
electric field that reinforces the internal field. The field pushes the holes in the p-doped
side to the left and the electrons in the n-doped to the right. This expands the insulating
depletion region and increases both the internal electric field and the potential difference
across the junction. In this case, no current flows; this arrangement is called the back bias
condition. Next, we consider an applied electric field that is opposite the internal field.
2

Typical potential differences in silicon based devices are around 0.8 V [39] over a depletion region of a
few hundred nanometers.
3
For clarification, the way in which we apply an external electric field is to apply a bias voltage across
the two sides of the junction.
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Figure 5.2: (a) A cartoon illustrating the final state of a p-n junction in thermal equilibrium.
Also shown are the (b) potential variation with distance and (c) the energy-band diagram.
Vc is the contact potential.

In this case, the applied field shrinks the depletion region, diminishing the internal electric
field and potential difference across the junction. Current flows with electrons being injected
from the right and holes injected (electrons leaving) from the left, replenishing carriers that
recombine at the junction. The current increases quickly with increasing external field; this
arrangement is called the forward bias condition. From this discussion, we see that the p-n
junction allows current to flow in only one direction, i.e. it rectifies the current. This is the
familiar electronic behavior of a diode. The characteristic current-voltage (I-V ) behavior
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Figure 5.3: (a) Cartoon illustrating a p-n juction under the influence of an externally applied
electric field that reinforces the internal field. This is called the back biased condition. (b)
Cartoon illustrating a p-n juction under the influence of an externally applied electric field
opposite the internal field. This is called the forward biased condition.

of a diode is critical in the operation of photodiodes.
Let us now consider the rectification behavior a little more closely by looking at
the factors that contribute to current flow. For this discussion, we define a positive current
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contribution as that coming from a hole moving from left to right or, similarly, an electron
moving from right to left in the above cartoons. In an ideal p-n diode there are two major
contributions to the current across the junction. These are the the generation current (Igen )
and the recombination current (Irec ). The generation current refers to the current from
electron-hole pairs that are thermally created within the depletion region. For a given set
of conditions (mobility, temperature, carrier lifetime, carrier concentration, etc.) there is a
statistical rate at which electron-hole pairs are spontaneously generated within the depletion
region (thus the name generation current). If an electron-hole pair is created in the depletion
region, the strong internal electric field immediately separates the pair and the electron and
hole contribute to current flow across the junction. The generation current is negative by
our definition, typically small (< 1 µA), and has many names including the saturation
current and the dark current. The generation current is, for the most part, independent of
the magnitude of the potential difference across the depletion region because any potential
difference results in an electric field to separate generated carriers. The recombination
current comes from the statistical probability that there are electrons (holes) in the ndoped (p-doped) side that have enough thermal energy to surmount the potential barrier
at the junction. The number of carriers with enough thermal energy follows Fermi-Dirac
statistics and the recombination current has an exponential dependance on the temperature
and the size of the potential step. The size of the potential step depends on both the contact
potential at thermal equilibrium and the size of the applied voltage. The recombination
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current is positive based on our definition. So, we have
Igen ∝ generation rate
Irec ∝ e

(5.1)

Vapplied −Vcontact
kb T

∝ eVapplied
Itot = Irec − Igen .

(5.2)
(5.3)

With no applied field and at thermal equilibrium, the total current flow must be zero and
Irec must equal Igen . If we solve for this condition and substitute the solution back in, we
have
Itot ∝ Igen (eVapplied − 1).

(5.4)

From this equation, it easy to see how the characteristic current-voltage (I-V ) behavior
of a diode is achieved (see Figure 5.4 (a)). If we apply a negative voltage (back bias), the
exponential term quickly goes to zero and the total current flow saturates at the small value
of −Igen . If we apply a positive voltage (forward bias), the current increases exponentially.
This result is simply a reiteration of what the cartoon in Figure 5.3 illustrates. That is, a
p-n junction only allows current flow in one direction, it rectifies.
Now, let us consider what happens when light is incident onto the junction. If
a photon of sufficient energy enters into the depletion region, it is absorbed and creates
an electron-hole pair. Again, this electron-hole pair is separated immediately due to the
internal electric field in the depletion region and we add negative contribution to the total
current; this contribution is the photocurrent (IL ) and it is proportional to the number of incident photons. We return to the equation for the total current and add on the contributing
term from the photocurrent,
Itot ∝ Igen (eVapplied − 1) − IL .

(5.5)
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Figure 5.4: (a) The characteristic current-voltage characteristics of a p-n diode. For positive applied voltage the current increases exponentially; this it the forward bias condition.
For negative applied voltage the current saturates at a small negative value close to the
generation current; this is the back bias condition. (b) If we shine light onto the junction,
there will be a negative contribution to the total current from the generated photocurrent.
The size of this contribution will be proportional to the power of the incident light. The
incident power of L2 is larger than L1 and, therefore, the I-V curve drops further.

The photocurrent contribution lowers the I-V curve by an amount proportional to the number of incident photons (incident power). This is how a photodiode works. We set a specific
back bias voltage4 to operate at, shine light at the junction, and measure the contribution
to the overall current from the photocurrent. Because the amount of photocurrent is proportional to the power of the incoming light, we can detect the light and determine the
relative power. Figure 5.4 (b) illustrates how a photodiode is used to detect light.

5.2

Femtosecond-laser microstructured silicon photodiodes
Silicon is the most commonly used semiconductor in microelectronics and opto-

electronic devices. It is widely used for solar cells and photodetectors, but because the band
gap of crystalline silicon is 1.07 eV, the absorption and photoresponse decrease precipitously
4

Operating at a back bias voltage improves detector speed and efficiency by increasing the strength of
the internal electric field.
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for wavelengths longer than 1100 nm. Unfortunately, there are several near-infrared wavelengths longer than 1100 nm that are widely used for both telecommunications and scientific
instrumentation. For instance, crystalline silicon photodetectors are insensitive to the two
primary telecommunications wavelengths, 1300 nm and 1550 nm. Currently, more expensive
and exotic semiconductors, such as germanium and indium gallium arsenide, are used to
detect these wavelengths, but a silicon-based near-infrared detector would lower production
costs and facilitate integration with other microelectronics. Most researchers have all but
given up on using pure silicon in this wavelength range and, consequently, there is a significant amount of research being done on overcoming silicon’s shortcomings by using alloys
or gradual integrations of more exotic semiconductors with silicon [78, 79, 80, 81, 82, 83].
Although we only discussed the p-n photodiode, the same principles and ideas
hold for all photodiodes. When two dissimilar materials are contacted an internal potential
step builds up and a diode is formed; in the case of a p-n junction, the difference between
materials is the impurity carrier concentration. Photocurrent generation contributes to the
total current and is a measurable way to detect light. The difference between the two sides
of the junction need not come from just carrier concentration differences; there are many
ways to make photodiodes. Different doping concentrations, different crystalline structure,
dissimilar semiconductor materials (heterojunction), and any combination of these three
differences can be used to create a photodiode.
With femtosecond-laser microstructured silicon, we have two distinct layers; the
disordered surface layer and the undisturbed crystalline layer below. These two layers are
different in crystalline structure, chemical composition, and doping concentration (see Chapters 3 and 4). In addition, the microstructured surface has very unique optical properties
with high absorptance from the near ultraviolet deep into the near-infrared (Chapter 4).
In following sections, we describe our efforts in making a photodiode that takes advantage
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of the unique optical properties of silicon microstructured in the presence of SF6 . We aim
to use the junction between the sulfur-doped disordered surface layer and the undisturbed
silicon substrate to form a diode and then characterize its photoresponse. We use all the
information we know about the morphology, chemical composition, optical properties, and
electronic properties of microstructured silicon to design and understand our photodiode.

5.2.1

Experimental
All of the photodiodes described in this chapter are silicon substrates microstruc-

tured in with a 1-kHz train of 800-nm, 100-fs pulses in 0.67 bar of SF6 . The photodiodes
are made while translating the substrates such that an average of 200 laser pulses strike
a given area. Except for the section on the effect of original substrate doping, the silicon
substrates used are n-doped silicon (n-Si(111), 260 µm thick, resistivity ρ = 8 – 12 Ω·m).

Fabrication process
We microstructure approximately a 5 × 5 mm2 area of silicon in the presence of
SF6 . Depending on the experiment, samples are either left alone or annealed for 30 minutes
to a specified temperature following microstructuring. We then dip the samples in a 5%
HF solution in order to remove the native oxide layer before making electrical contact.
With the oxide layer removed, we place the samples in a thermal evaporator and make
electrical contact to the microstructured side and the undisturbed substrate by evaporating
chromium/gold (Cr/Au) contacts. On the microstructured side, the electrical contact is a
finger grid geometry and, on the back side (undisturbed substrate), the entire surface is
covered with a Cr/Au layer. Figure 5.5 (a) shows a schematic diagram of the final sample.
With this contact structure, we make electrical contact to both sides of the junction and
make our measurements across the junction. Figure 5.5 (b) shows a schematic diagram of
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Figure 5.5: (a) A schematic diagram of a microstructured sample with electrical contacts.
(b) Cross-section of a microstructured sample showing that we have contacts on either side
of the junction between the disordered surface layer and the undisturbed silicon substrate.
Inset: Transmission electron micrograph of a typical junction.

a cross section of a finished sample.

Measurements
We present two types of measurement results in this chapter: the current-voltage
(I-V ) characteristics of the junction and spectral responsivity of the finished photodiode.
The I-V measurements are fairly straightfoward. We apply a range of voltages across the
junction and measure the resulting current. With this information we plot the I-V curve
for each sample. Measurements are done in the dark so no contribution from photocurrent
is included. Responsivity is a way of quantifying the sensitivity of a photodiode and is
the amount of photocurrent generated per unit of power of incident light (units of A/W).
Spectral responsivity is measured using a 300-W xenon arc lamp light source that is passed
through a monochromator with a spectral resolution of 0.1 nm. The monochromator is
scanned to wavelengths over the range 400 – 1600 nm. Using a calibrated photodiode and
a variable neutral density filter, we adjust the power at each wavelength to 1 µW and then

Chapter 5: Femtosecond-laser microstructured silicon photodiodes

98

measure the generated photocurrent. All samples are at a small back bias of –0.5 volts for
responsivity measurements.

5.2.2

Results
The results section is presented in terms of how experimental parameters affect

our photodiodes’ I-V characteristics and responsivity. In general, the logic flow follows our
efforts to optimize and understand photodiode performance.

Effect of annealing
Before we can have a photodiode, we must first have a diode. To determine if
we indeed have a diode, we perform I-V measurements of finished samples. Figure 5.6
(a) shows the I-V characteristics for microstructured samples5 at several anneal temperatures. Immediately following laser microstructuring, with no anneal, I-V measurements
yield a disappointing result. The I-V curve is not diodic and the current and voltage are
linearly related. The difference in crystalline structure and inclusion of sulfur in the surface
is not sufficient to create a significant junction between the two layers. However, Hall measurements indicate that the number of donor electrons from the microstructuring process
increases dramatically with anneal temperature. Therefore, we annealed samples at several
temperatures and looked for changes in the shape of the I-V curves. An anneal at 725 K
shifts the curve slightly and we begin to see different slopes for positive and negative biases.
However, the shape is still far from what we would expect from a diode. If we increase
our anneal temperature at 825 K, the curve is now diodic, with expontentially increasing
current for forward bias and a smaller, less quickly increasing current for back bias. At
1075 K, the I-V characteristics are similar to the ideal case, with very small current in the
5

The samples in the annealing section were microstructured at a fluence of 4 kJ/m2 . The reason for using
this fluence as the standard is discussed in the next section.
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Figure 5.6: (a) The current-voltage characteristics for microstructured samples annealed to
four different temperatures. Without annealing, the curve is virtually linear, indicating that
the junction is not diodic, but more resistive in nature. The current-voltage characteristics
get more like an ideal diode with increasing anneal temperature. (b) Wavelength dependence
of absorptance on anneal temperature. Although the diodic characteristics improve with
increasing anneal temperature, the near-infrared absorption drops.

back bias condition. However, there is a problem with annealing at high temperatures. The
absorptance measurements for increasing anneal temperature are shown in Figure 5.6 (b).
The below-band gap absorptance, that we are so interested in, decreases with increasing
anneal temperature. Therefore, although we get better diodic behavior with higher anneal
temperature, we start to lose the near-infrared absorptance.
The responsivity measurements for four different anneal temperatures (no anneal,
725 K, 825 K, and 1075 K) are shown in Figure 5.7. The responsivity of a commercially
available silicon photodiode is also included for reference. The measurement range for the
nonannealed sample is limited because the noise is very high and the response is moderate.
From Figure 5.6 (a), we see that the I-V characteristics for this sample are poor; it is not
diodic and the current at –0.5 V bias is significant. The sample annealed at 725 K exhibits
very high response but is noisy (see Figure 5.6 (a)), making measurements of responsivity
at these low light powers (1 µW) excessively noisy for wavelengths longer than 1200 nm.
The responsivity of the sample annealed at 825 K is enormous. It has nearly 100 times
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Figure 5.7: Responsivity measurements for samples annealed to four different temperatures. The measurement range for the ”no anneal” sample is limited by noise. Similarly,
measurements past 1200 nm were too noisy for the sample annealed at 725 K and the response was too small for the sample annealed at 1075 K. For reference, the responsivity of
a commercially available silicon photodiode is shown.

larger response than a commercially available photodiode for the visible and responsivity
near 100 mA/W in the near-infrared. The I-V characteristics are diodic and the current
at –0.5 V bias is small. There is a large reduction in responsivity for the sample annealed
at 1075 K. The I-V characterstics of this sample are the most ideal and therefore the noise
during measurement is small, but the response is much lower than the 825 K sample and
there is no measurable response at wavelengths longer than 1200 nm. However, the samples
annealed to 1075 K have much better responsivity at 0 V bias (quantum efficiency). We
will discuss the topic of quantum efficiency vs. responsivity at nonzero bias later in this
chapter. The commercial silicon photodiode data stops at 1100 nm because responsivity
drops steeply to around 10−6 A/W for wavelengths longer than 1100 nm [84].
From these results, we see that annealing is a crucial step in producing a photodiode with good rectification and response. Annealing at a temperature that is too low leads
to a noisy photodiode, but annealing to too high a temperature lowers the response to both
visible and near-infrared wavelengths. For the remaining experiments in this chapter, we
present results for samples annealed at 825 K and 1075 K. The samples annealed at 825 K
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Figure 5.8: Current-voltage characteristics for microstructured samples made with four
different fluences and annealed at 825 K. Increasing fluence results in lower dark current
for a given back bias.

exhibit the highest response in both the visible and infrared, but the samples annealed at
1075 K are less noisy and their quantum efficiencies are higher.

Effect of fluence
In the previous section, we presented results for annealing samples made with a
fluence of 4 kJ/m2 . We will see in this section that this choice of fluence was not arbitrary.
Samples made with 4 kJ/m2 are the best overall photodiodes of the fluences tested. However,
it was necessary to discuss annealing before fluence in order to familiarize the reader with
the importance of annealing and the reasons behind the anneal temperatures we present in
this section.
In this section, we discuss the effect of laser fluence on the photodiode characteristics of microstructured silicon. Figure 5.8 shows the current-voltage characteristics for
samples made with four different laser fluences (4 kJ/m2 , 6 kJ/m2 , 8 kJ/m2 , and 10 kJ/m2 )
and annealed at 825 K for 30 minutes. Increasing the fluence decreases the amount of dark
current for a given back bias. This behavior is likely a result of increased sulfur content in
the surface layer with higher fluences (see Section 3.11). Current-voltage characteristics for
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Figure 5.9: (a) Responsivity measurements for samples made with four different fluences
and annealed at 825 K for 30 minutes. Samples made with 4 kJ/m2 have the highest
response for both the visible and near-infrared. (b) Responsivity measurements for samples
made with four different fluences and annealed at 1075 K for 30 minutes. There is little
variation in responsivity with fluence.

samples made with the same fluence but annealed at 1075 K do not vary significantly.
Figure 5.9 shows the responsivity for samples microstructured with four different
fluences and annealed at (a) 825 K and (b) 1075 K for 30 minutes. There is a large variation
in the responsivity with fluence for samples annealed at 825 K. The responsivity decreases
with increasing fluence; samples made with 4 kJ/m2 have the highest response. In addition,
the samples made with 4 kJ/m2 are the only samples with near-infrared response high
enough to be measured with the low incident light power used in our measurements (1
µW). The wavelength of peak response shifts to longer wavelengths with increased fluence.
This shift is likely because of a deeper junction depth with higher fluence combined with low
mobility for samples annealed to 825 K (see Section 4.2.2). The decrease in responsivity with
fluence disappears for samples annealed at 1075 K, as does the shift in peak wavelength. The
responsivity for samples annealed at 1075 K is nearly 100 times lower than those annealed
at 825 K. However, the samples annealed at 1075 K are less noisy and have higher quantum
efficiency. If the fluence is below the ablation threshold (3 kJ/m2 ), the current-voltage
characteristics and responsivities are very poor. However, these samples were made with

Chapter 5: Femtosecond-laser microstructured silicon photodiodes

4

103

10
p-doped
5

current (mA)

current (mA)

2

0
n-doped
–2

n-doped
0

–5

p-doped

(a)
–4
–4

(b)
–2

0

2

bias (V)

4

–10
–4

–2

0

2

4

bias (V)

Figure 5.10: (a) Current-voltage characteristics for n-doped and p-doped substrates microstructured with a fluence of 6 kJ/m2 . Samples are annealed at 825 K for 30 minutes
following microstructuring. (b) Current-voltage characteristics for n-doped and p-doped
substrates microstructured with a fluence of 4 kJ/m2 . Samples are annealed at 1075 K for
30 minutes following microstructuring.

an average shot number of 200 pulses and may improve with larger shot number.

Effect of silicon substrate doping
In this section, we examine the effect of using p-doped (p-Si(100), 350 µm thick,
resistivity ρ > 1 Ω·m) instead of our standard n-doped substrates. Figure 5.10 shows the
current-voltage characteristics for n-doped and p-doped substrates annealed at 825 K and
1075 K for 30 minutes. The p-doped samples annealed at 825 K (Figure 5.10 (a)) have
a higher forward bias current than the equivalent n-doped samples. The dark current for
back biases also increases more quickly for p-doped samples. Overall, the rectification is not
as good for the p-doped samples. However, upon annealing at 1075 K, the p-doped samples
exhibit very good diodic properties. The back bias current decreases to the same level as the
equivalent n-doped samples. Also, the forward bias current increases more quickly, giving
good rectification ratios. As we saw in Section 4.2.2, annealing to higher temperatures
increases donor concentration from sulfur doping. The increase in donor concentration
likely leads to better rectification for the p-doped samples annealed to higher temperatures.

Chapter 5: Femtosecond-laser microstructured silicon photodiodes

10

100

2

commercial
diode

2

4 kJ/m (n)

101

responsivity (A/W)

responsivity (A/W)

103

104

6 kJ/m2 (n)

100

4 kJ/m2 (p)

10–1

6 kJ/m2 (p)

10–1

10–2

4 kJ/m2 (p)

10–3

4 kJ/m2 (n)
10

–2

(a)

200

600

1000

wavelength (nm)

1400

1800

10

–4

(b)

200

600

1000

1400

1800

wavelength (nm)

Figure 5.11: (a) Responsivity measurements for microstructured n-doped and p-doped substrates made with two different fluences (4 kJ/m2 and 6 kJ/m2 ) and annealed at 825 K for
30 minutes. Samples made with 4 kJ/m2 have the highest response for both the visible and
near-infrared. (b) Responsivity measurements for microstructured n-doped and p-doped
substrates annealed at 1075 K for 30 minutes. The responsivity of a commercial silicon
photodiode is shown for reference.

Varying the substrate doping has a more drastic effect on the responsivity. Figure 5.11 (a) shows the responsivity for two n-doped substrates and two p-doped samples
annealed at 825 K for 30 minutes. The responsivity for n-doped substrates is much higher
over the entire spectral range. The p-doped substrates have no measurable response in the
near-infrared. However, if we anneal the microstructured samples at 1075 K (Figure 5.11
(b)), the responsivity for n-doped and p-doped samples is nearly identical. The response
for both of these samples is similar to commercial photodiodes. In addition, the spectral
responsivity for p-doped samples annealed at 825 K and 1075 K is similar. From these
results, we conclude that the substrate doping plays an important role in the responsivity. The microstructured p-doped samples have a lower overall response but have better
quantum efficiency.
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Figure 5.12: (a) Responsivity measurements for microstructured n-doped substrates made
with 4 kJ/m2 and annealed at either 825 K or 1075 K for 30 minutes. Measurements are
made with a back bias of –0.5 V or with no applied bias. There is a large difference in
the responsivity with a small applied bias for samples annealed at 825 K, but no difference
for the samples annealed at 1075 K. (b) Responsivity measurements for microstructured
p-doped substrates made with 4 kJ/m2 and annealed at either 825 K or 1075 K for 30
minutes. There is little difference in the responsivity for either case.

Responsivity, quantum efficiency, and gain
Earlier in this chapter, we made brief reference to a difference between responsivity
and quantum efficiency. Quantum efficiency, strictly defined, is the number of electron-hole
pairs generated per incident photon at zero applied voltage. The measurements we have
presented to this point are made at a back bias of –0.5 V and therefore are not, strictly,
quantum efficiency measurements. We showed that samples made with a fluence of 4 kJ/m2
on n-doped substrates annealed at 825 K have the highest responsivities, but this result
does not mean they also have the highest quantum efficiencies.
Figure 5.12 more clearly distinguishes the difference between high responsivity and
high quantum efficiency in our photodiodes. Whereas the responsivity of samples made
with n-doped substrates at a fluence of 4 kJ/m2 is much higher than other samples, their
responsivity at zero bias (quantum efficiency) is rather low. In fact, if we were to calculate
a ”quantum efficiency” for these devices at a back bias of –0.5 V, it would be nearly 100.
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Quantum efficiencies above 1 are not physically meaningful and these high values mean
that there is gain in these samples. The gain is quite high ( >1000 times), especially for
such a small bias. The responsivity of samples made on n-doped substrates and annealed
to 1075 is lower at –0.5 V, but their quantum efficiency is much higher. There is a small
increase in responsivity with back biasing, but it is reasonable to expect a small gain because
a bias will slightly increase the depletion region and the photocarrier collection efficiency
[36]. The responsivity of samples made on p-doped substrates and annealed at 825 K or
1075 K is also lower, but their quantum efficiencies are higher. The gain disappears with
increased anneal temperature or when using a p-doped substrate. The responsivities of
these devices is comparable to commercial silicon photodiodes, with no significant response
to near-infrared light.
Figure 5.13 shows the increase in responsivity with increasing back bias for an
n-doped substrate microstructured with a fluence of 4 kJ/m2 and annealed at 825 K for
30 minutes. The sample was illuminated with a white light source with an approximate
power of 50 µW. The responsivity, and therefore the gain, increases quickly up to –5 V and
more slowly up to –15 V. At voltages beyond –15 V the responsivity begins to fall quickly.
Although the increase in responsivity is desirable, there is a corresponding increase in noise.
Also, the linearity of a photodiode is a measure of how the response changes with changing
incident light power. The responsivity of devices that exhibit a large amount of gain is not
very linear; the responsivity is higher at lower light powers, probably because the gain is so
large that saturation occurs quickly with increasing light power. The response of samples
annealed at 1075 K or made with p-doped substrates is more linear because they do not
have significant gain with applied bias.
Therefore, it is important to keep in mind that the responsivity of a photodiode
does not take into account the quantum efficiency or the noise. Therefore, the best fabrica-
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Figure 5.13: Responsivity as a function of back bias for an n-doped substrate microstructured with a fluence of 4 kJ/m2 and annealed at 825 K for 30 minutes. The sample was
illuminated with a white light source with an approximate power of 50 µW.

tion conditions for each sample depends on its intended application. That is, the trade-off
between high responsivity and high quantum efficiency should be taken into account.

Effect of temperature
For most photodetectors, it is common practice to cool the detector in order to
reduce thermal noise. It is reasonable to expect that cooling our photodiodes would affect
noise levels, especially since our samples are sensitive to near-infrared wavelengths6 . In
order to determine the effect of cooling on the characterstics of our photodiodes, we cooled
an n-doped sample, made with a fluence of 4 kJ/m2 and annealed at 825 K, from room
temperature down to 80 K. During cooling, we made current-voltage and responsivity measurements at increments of 10 degrees K. The highlights of this analysis are shown in Figure
5.14. Figure 5.14 (a) shows the current-voltage characteristics with decreasing temperature.
The current in both the back bias and forward bias condition decreases with temperature.
At very low temperatures (below 100 K), conduction becomes very low for both forward
and back bias. Figure 5.14 (b) shows the responsivity to 1064 nm light at a back bias of
6

All of the measurements presented thus far have been performed at room temperature.
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Figure 5.14: (a) The effect of decreasing temperature on the current-voltage characteristics
of an n-doped sample made with a fluence of 4 kJ/m2 and annealed at 825 K. (b) The effect
of decreasing temperature on responsivity of the same sample. (c) The dark current at a
back bias of –0.5 V with decreasing temperature. The dark current decreases more quickly
with temperature than the responsivity.

–0.5 V with decreasing temperature. The responsivity also drops with temperature, which
is likely because the wavelength used is close to the band gap of silicon at room temperature
and there is an increase in the band gap with decreasing temperature [75]. Figure 5.14 (c)
shows the dark current at –0.5 V with decreasing temperature. If we take this measurement
to be a rough gauge of the noise in the photodiode, it indicates that the noise decreases
much more quickly than the responsivity. This information could be used to optimize device
operation but more measurements, especially with below-band gap wavelengths, need to be
carried out.
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Figure 5.15: (a) The current-voltage charactersitics for a heavily sulfur doped amorphous
silicon layer on an n-doped substrate and the same sample after rescrystallization of the
amorphous layer with nanosecond laser annealing. (b) Responsivity measurements of the
laser annealed surface compared to a femtosecond laser microstructured sample. Both
responsivity measurements were taken with a back bias of –0.5 V.

Effect of sulfur inclusion and surface layer structure
A question that comes up in this analysis is whether it is the inclusion of high levels
of sulfur alone, the structure of the surface layer, or a combination of the two that leads to
the high responsivity and near-infrared sensitivity. In hopes of addressing this question, we
performed three experiments trying to deconvolve the contributions of sulfur and structure.
First, in collaboration with another research group [74], we prepared a sample that consisted
of a thin layer of amorphous silicon with high levels of sulfur doping (∼ 1 at. %) on top of
our standard n-doped substrates. We then measured the current-voltage characteristics and
responsivity of this sample. The current-voltage characteristics (see Figure 5.15 (a)) are far
from diodic and the responsivity is too low to be measured. We then laser annealed the
amorphized layer with nanosecond laser pulses in order to recrystallize the amorphized layer,
while maintaining the large amount of sulfur doping. The current-voltage characteristics
are also far from diodic, but the responsivity is on the level of n-doped femtosecond-laser
microstructured samples before anneal. Because the I-V characteristics are so poor, the
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responsivity measurements are very noisy and we were not able to discern a significant
below-band gap response. Figure 5.15 (a) shows the current-voltage characteristics for the
amorphous silicon and laser annealed samples. Figure 5.15 (b) shows the responsivity of a
laser annealed sample as compared to the n-doped microstructured substrates annealed at
825 K. Although these preliminary results are not very encouraging, this approach might
prove fruitful with further experiments and variation of parameters. It is likely that the
nanosecond-laser anneal does not perfectly recrystallize the surface layer and its structure
has similarities to the disordered surface layer we see with femtosecond-laser microstructured
samples. Lastly, we made current-voltage and responsivity measurements for nanosecondlaser microstructured annealed at 825 K for 30 minutes (see Section 3.4) surfaces. The
current-voltage characteristics are more reminiscent of a resistor than a diode and noise
levels are too high to make meaningful responsivity measurements. The poor performance of
nanosecond-laser structured photodiodes is likely because there is no discernable disordered
surface layer for these structures (see Section 3.4.1) and therefore no junction is formed.
From this information, it seems that the inclusion of sulfur and the structure of the surface
layer are both critical for high responsivity in the visible and the near-infrared.

5.3

Optimization and discussion
With the large amount of data presented in the previous sections, the goal and

most important result of our experiments may have been lost. We set out to create a
silicon-based photodiode that operated in both the visible and near-infrared. In short, we
succeeded remarkably well in this goal. Figure 5.16 summarizes some of the main characteristics of our best performaning devices. Thus far, the optimal experimental conditions
are microstructuring an n-doped (n-Si(111), 260 µm thick, resistivity ρ = 8 – 12 Ω·m) with
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Figure 5.16: (a) The current-voltage charactersitics for our best microstructured photodiode. (b) Responsivity of our best microstructured photodiode compared to a commercial
silicon photodiode. (c) Responsivity with increasing applied back bias for our best microstructured photodiode.

a fluence of 4 kJ/m2 in 0.67 bar of SF6 and annealing the sample at 825 K for 30 minutes.
The responsivity of this sample is nearly two orders of magnitude higher than commercial
silicon photodiodes in the visible; this level of sensitivity is much higher than were anticipated. Responsivities for below-band gap wavelengths as long as 1600 nm are on the order
of 100 mA/W. This responsivity is only one order of magnitude lower than commercial
photodiodes that are currently used in this spectral range, and five orders of magnitude
larger than silicon devices in this spectral range [84]. The mobility (µ) of the surface layer
made with these conditions is 101 cm2 V−1 s−1 . The response times of the photodiode are
10 ns rise time and 30 ns fall time. The diode capacitance is 63.9 nF at a back bias of –0.5
V.
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Immediately following laser-microstructuring, our devices do not make very good
photodiodes. Their I-V characteristics are more representative of a resistor rather than a
diode. Their responsivity is on the order of commercial photodiodes but is extremely noisy.
It seems that the difference in crystallinity and doping between the disordered surface layer
and the undisturbed substrate is not sufficient to create a diodic junction. Annealing dramatically improves both the I-V characteristics and the responsivity. It is likely that the
annihilation of defects and bond rearrangement during annealing (see Section 4.3) improves
the I-V characteristics. Removal of defects at the junction interface along with a higher
carrier concentration gradient across the junction leads to improved rectification. However,
the exact anneal temperature is critical because responsivity drops significantly if we anneal
at too high of a temperature. In addition, high temperature anneals result in diminished
below-band gap absorptance. Therefore, optimization requires finding an anneal temperature that provides a balance between good I-V characteristics and good responsivity.
Arguably, the one characteristic that makes these photodiodes unique is the large
gain at very small applied voltages. Our best samples have a large amount of gain (>
1000 times) for an applied bias of –0.5 V. Of all our samples, the ones with high gain have
the best responsivity in the visible and, by far, the best responsivity for below-band gap
wavelengths. It is likely that the below-band gap absorption only results in a few electronhole pairs (photocarriers), but the gain is so large that the final photocurrent is brought
up to a remarkable level. For samples with little or no gain, we do not see significant
below-band gap response.
The gain is present only for certain experimental conditions and therefore we can
speculate on the mechanism. For such small applied biases, the gain mechanism one would
first expect is photoconductive gain [36]. Photoconductive gain comes from a difference
in the recombination lifetime and transit time to the electrodes for electrons and holes.
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Briefly, we can imagine a scenario in which electrons have a longer lifetime and travel to
the electrodes faster than the holes. If this is the case, an electron leaves the semiconductor
before the hole recombines and current continuity forces the external circuit to add another
electron from the other side of the semiconductor. If the electron and hole recombination
lifetimes are sufficiently long, a single photon absorption could result in several electrons
contributing to the photocurrent, which amounts to gain. There are several experimental
indications that this is not the case for our photodiodes. First, the mobility of the disordered
surface layer is significantly less than the crystalline substrate. The disordered layer is the
more n-doped side of our junction and the photogenerated electrons travel through the
disordered layer on their way to the electrode. If anything, we would expect that the
recombination lifetime for these electrons would be so small that we would see quantum
efficiencies much less than 1. Secondly, if we anneal samples to higher temperatures, it
improves the mobility but removes any gain. This result is counterintuitive to the idea of
photoconductive gain because annealing to higher temperatures should remove defects and
traps that reduce the recombination lifetime of carriers. The measured mobility for samples
annealed at 1075 K is 20% higher than those annealed at 825 K but the responsivity is
two orders of magnitude less. For the opposite electronic scenario (i.e. long-lifetime holes
instead of electrons), it is highly unlikely that photogenerated holes are traveling all the
way through the predominantly n-doped substrate and being injected into the disordered
layer several times before the photogenerated electrons recombine.
The gain mechanism is more likely the result of an avalanche process from high
localized electric fields at defects or collisional ionization at the highly disordered interface.
The evidence for this explanation comes from the information contained in Figure 5.11.
First, annealing to higher temperatures for microstructured n-doped substrates removes
the gain. Annealing at 825 K leads to a small increase in the doping level but also frus-
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trates conduction and mobility (see Section 4.2.2). Annealing at 1075 K leads to a large
increase in the doping level but removes defects and allows for better conduction. The healing of these defects at the interface between the surface layer and the substrate decreases
gain but increases quantum efficiency as carriers are more efficiently collected. Secondly,
no matter what anneal temperature we use, the microstructured p-doped samples do not
exhibit high gain. There is no gain in p-doped samples because the impact ionization rate
for holes is nearly 1000 times less than that of electrons at these low electric field strengths
[39]. The low response for p-doped samples leads to a subtlety in the conditions needed
to produce our best photodiodes. Normally one designs a photodiode to have a large difference in carrier concentration across the junction because this leads to a larger internal
electric field and better collection efficiency. So, for an n-doping process, such as our laser
microstructuring, we normally want to start with a p-doped substrate. However, from our
measurements, it is clear that n-doped substrates yield better responsivities. Therefore, an
n-doped substrate is a necessary component of the gain mechanism (collisional ionization).
With better understanding of the gain mechanism we can optimize conditions for gain and
doping concentration on either side of the junction.
Laser fluence is also an important parameter for optimizing photodiode operation.
Lower fluences deposit less energy and do less damage to the surface layer. Lower fluence
results in less drastic surface topography for photoelectrons to travel across and shorter distances to electrodes (see Section 3.3). Perhaps with further investigation it may be possible
to choose laser parameters that minimize change to the surface morphology and maintain
good photodiode characteristics. It is, after all, not the micrometer scale morphology, but
the disordered surface layer that is critical to these photodiodes. The decrease in sensivity to
shorter wavelengths for increasing laser fluence may prove beneficial for certain applications
in which ultraviolet light detection is undesirable.
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There is still a great deal to improve and learn with these devices. The major
omission in this analysis is noise characteristics. The purpose of these experiments was to
demonstrate creation of a photodiode using laser microstructured silicon and learning about
the material from our measurements. The noise levels need to be reduced in these devices,
which is more of an engineering pursuit than a matter of new physics or material behavior.
Many improvements can be made in the device design, such as surface passivation to minimize recombination, better isolation of surface currents from leaking around the edges of
samples, improved electrical contact and design, operation temperature, and defect removal
at the interface without loss of response. Of particular interest for both engineering and
material science is a more comprehensive analysis of the effect of annealing on the photodiode characteristics. To date, we do not know if the improvement with annealing is strictly a
temperature critical effect or if anneals for longer time periods at lower temperature (kinetics) lead to the same improvement. However, we do know that annealing is a critical step
for high responsivity and low noise. Lastly, there is a great deal of information contained
within the I-V measurements made at room temperature and while cooling. Analysis of
these results might contribute to our understanding of the disordered surface layer and the
energy levels of donor electrons.
In this chapter, we demonstrated the first application of femtosecond-laser microstructured silicon to create a functioning optoelectronic device. We fabricated photodiodes with sensitivity levels nearly one hundred times greater than their commercial
equivalent and an expanded spectral range from 400 nm to 1600 nm. It is the nature of
scientists to avoid overstatements of results, but these photodiodes are a very important
discovery for the field of semiconductor photodetectors. The ease of integration and low
cost of silicon makes it the most attractive and inexpensive material for photodetectors.
The extension of silicon’s range of spectral sensitivity and increased sensitivity to visible
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light could find application in numerous devices including photodetectors, charged coupled
device (CCD) cameras, and photovoltaics. The fabrication process is relatively simple and
lends itself to integration with current silicon device processing techniques. With better
physical understanding, we can continue to optimize the photodiodes characteristics and,
we hope, apply the underlying principles to create other novel devices.

Chapter 6

Solar cells, field emission, and
future directions
Since the first experiments involving femtosecond-laser microstructuring of silicon,
there were high hopes that the process would find novel application in semiconductor devices. We felt the unique morphology and optical properties would find use in devices such
as solar cells and field emission arrays. Toward these goals, we spent a great deal of effort
and time gaining an understanding of both the formation mechanisms and properties of
the microstructured surface. It is only in the past year that we gained the understanding
and insight needed to actually produce operating devices. Our first success, highly sensitive
photodiodes for the visible and near-infrared, was covered in the previous chapter, but this
is only one of several applications toward which we are working. In this chapter, we present
the development of two applications; femtosecond-laser microstructured solar cells and field
emission arrays. These are two applications that we have worked on for several years but
only had success with and understanding of since the recent photodiode work.
We begin the chapter with a brief background on the workings of solar cells and an
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update on our recent progress in this pursuit. We then introduce the basic physics of field
emission and present early results for femtosecond-laser microstructured field emitters. We
also briefly discuss some interesting properties of microstructured silicon that might find
application in the future.

6.1

Solar cells and renewable energy
The current political strife and economic climate of the world has reinforced ef-

forts towards using renewable energy sources. Wind power, solar power, and fuel cells are
among the many technologies that proponents envision replacing fossil fuel consumption,
the current work-horse of the energy business. Unfortunately the energy business is first
and foremost concerned with profit and the cost of renewable energy technologies has hindered their implementation. For solar cells in particular, the cost per kilowatt hour (the
true figure of merit for businesses) is 5-10 times the average cost of electricity from more
traditional suppliers [85]. However, scientific advances and subsidies from conscientious
governments are bringing the cost down every year. In the next twenty to thirty years,
we hope to witness a transition to renewable energy sources as the dominant provider of
electric power.
Efforts to bring down the cost of electricity from solar power are focused on increasing the conversion efficiency of sunlight into electricity and bringing down production
costs. Crystalline silicon solar cells comprise the majority of solar cells being used today
but the progress in creating more efficient modules at low cost has slowed. Researchers
have turned to investigating other forms of silicon (amorphous and microcrystalline) and
other materials (conducting polymers and more exotic semiconductors) in order to reduce
the cost of solar energy [86, 87, 88, 89, 85, 90]. Progress is steadily being made and the
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world market for solar cell energy is growing at a healthy pace [85].

6.2

Femtosecond-laser microstructured silicon solar cells
Upon discovering that femtosecond-laser microstructured silicon has near-unity

absorption from the visible to the near-infrared, we became excited by possible solar cell
applications [91]. First, the increased absorption for visible wavelengths promised to increase
the light absorbed by silicon solar cells and, therefore, increase efficiency by reducing losses
due to reflection from the silicon surface. Secondly, nearly a third of the sun’s energy is
at wavelengths longer than 1.1 µm and passes unabsorbed through crystalline silicon solar
cells (see Figure 6.1) [92]. Femtosecond-laser microstructured silicon is highly absorbing
at these wavelengths and promised to improve efficiency by converting more of the sun’s
spectrum into electricity. Our initial efforts involved collaboration with solar cell companies
to microstructure the surface of completed silicon solar cells. These experiments did not
prove fruitful and it is only now, with our recent understanding of the microstructured
surface and solar cells themselves, that we understand why did not succeed.

6.2.1

Introduction to solar cells
Before continuing on with the explanation of our initial efforts and getting to our

recent progress, it is necessary to understand how a solar cell works. The principles are
nearly the same as those we learned for photodetectors in the last chapter (see Section 5.1).
Typically a solar cell is a p-n junction photodiode with high quantum efficiency. The conversion of photons into photocarriers is the physical mechanism by which light is converted
into electricity. However, there is a fundamental difference between a photodetector and a
solar cell. Photodetectors are generally run in ”photoconductive” mode, that is, they have
an applied back bias and photocurrent is measured. Applying a bias amounts to putting
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Figure 6.1: Spectral irradiance of the solar spectrum. The solar spectrum above the earth’s
atmosphere is close to ideal blackbody radiation at 5900 K. Absorption by O2 , H2 O, and
CO2 molecules in the atmosphere result in dips in the terrestrial solar spectrum. The
greyed out region of the graph represents the portion of the spectrum that is not absorbed
by crystalline silicon solar cells. Adapted from [92].

energy into the system rather than getting energy out. Solar cells, on the other hand, are
run in ”photovoltaic” mode. Instead of applying a bias, the photodiode is run open circuit
mode or attached to a load. Figure 6.2 illustrates the difference between photoconductive
and photovoltaic modes.
In photovoltaic mode, it is possible to convert sunlight into electrical energy. As
we saw in the last chapter, incident light converted into photocurrent drops the I-V curve
of a photodiode an amount proportional to the power of the incident light (Figure 5.4 (b)).
When this occurs, portions of the I-V curve lie in the bottom right quadrant of the plot,
the so-called fourth quadrant. Operating a photodiode in the fourth quadrant generates
electric power. To understand this, we examine the two extreme cases for the I-V curve in
this quadrant. The intersection of the I-V curve with the voltage axis represents running a
photodiode in open circuit mode (infinite resistance). On a physical level, photogenerated
carriers in the depletion region are separated by the internal electric field but, since the
circuit loop is open, there is nowhere for them to go. The separated photocarriers result
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Figure 6.2: Cartoon illustrating the difference between photoconductive and photovoltaic
mode.

in a separation of charge and a build up of a potential difference; this potential difference
is called the open circuit voltage (VOC ). Alternatively, the intersection of the I-V curve
with the current axis represents running a photodiode in short circuit mode (infinitely
small resistance). On a physical level, there is no resistance in the circuit and therefore
any photogenerated carriers contribute to the photocurrent; this current is called the short
circuit current (ISC ). No potential difference builds up in short circuit mode. If we pick
a load with finite resistance, we end up somewhere along the I-V curve in the middle of
these two extremes. The resistance of the load determines the actual potential difference
and photocurrent by Ohm’s law (V=IR. So, with a finite resistance, incident light creates
a potential difference and a current, which amounts to electrical power (P=IV ).
The figure of merit for a solar cell is the conversion efficiency (η), which is the
percentage of incident solar power that gets converted into electrical power. Conversion
efficiency, in turn, depends on three other parameters: the short circuit current (ISC ), the
open circuit voltage (VOC ), and the fill factor (FF ). We defined short circuit current and
open circuit voltage above. Fill factor is the ratio of the maximum power output to the
product of the open circuit voltage and the short circuit current. Graphically, the I-V curve
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maps out an area within the fourth quadrant. The total area represents the total electrical
power generated by the incident light, but because we have to pick a single load resistance,
we are only able to realize a rectangular portion of this area. The largest rectangle we can
fit into this area represents the maximum power output (maximum power rectangle) of the
solar cell with a maximum voltage (Vm ) and maximum current (Im ). The fill factor is the
ratio of this realized maximum power over the ideal case of a rectangular area with sides
ISC and VOC ,
FF =

Im Vm
Pm
=
.
ISC VOC
ISC VOC

(6.1)

The maximum power rectangle and fill factor are shown graphically in Figure 6.3. The
larger the fill factor, the more efficient the solar cell. The conversion efficiency is the ratio
of maximum converted electrical power over the incident light power
η=

Pm
F F ISC VOC
=
.
Pin
Pin

(6.2)

So, for a given incident light power, we can use the fill factor, short circuit current, and
open voltage to determine the efficiency of a solar cell.

6.2.2

Recent progress
Now that we have a basic understanding of how a solar cell works, we can discuss

why our initial efforts to improve efficiency failed. We had hoped that increased absorption
in the visible would increase the efficiency of solar cells by reducing the amount of reflected
light. However, we now know that femtosecond-laser microstructuring results in a disordered
surface layer that has a different carrier concentration than the original substrate. In
essence, we are adding another junction and potential step into the finished solar cell.
The conversion efficiency and quantum efficiency of a solar cell rely heavily on having no
unintentional or extra potential steps introduced from processing steps. The additional
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Figure 6.3: Cartoon of the maximum power rectangle of a solar cell. The fill factor is the
ratio of this rectangular area over the ideal case of a rectangular area with sides ISC and
VOC . The more rectangular the I-V curve, the larger the fill factor and maximum power
rectangle.

potential barrier and reduced mobility in the disordered surface layer far outweigh any
advantage gained by increased absorption.
The other advantage of femtosecond-laser microstructured silicon for solar cells is
the extended absorption range, which may or may not prove increase efficiency. Absorption
of additional wavelengths may lead to increased photocurrent, but the open circuit voltage
of a semiconductor solar cell is proportional to the semiconductor’s band gap. Therefore,
the extended absorption range might result in reduced open circuit voltages. In general,
there is an inverse relationship between open circuit voltage and short circuit current [39].
With the knowledge we have gained about our surface layer, we are again working toward applying laser microstructuring to creating novel solar cells. Applying the
lessons learned while optimizing our photodiodes, we use the p-n junction created during microstructuring to create femtosecond-laser microstructured silicon solar cells. The
fabrication process for samples is very similar to those used for photodiodes. We structure
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Figure 6.4: (a) The current-voltage characteristics for a high resistivity (ρ > 1 Ω·m) microstructured substrate with and without one sun illumination. The maximum output
power rectangle is shown along with the maximum power. (b) The current-voltage characteristics for a low resistivity (ρ = .01 – 0.1 Ω·m) microstructured substrate with and without
one sun illumination. The maximum power rectangle is shown along with the maximum
output power.

p-doped crystalline silicon substrates with a fluence of 4 kJ/m2 and anneal at 1075 K for
one hour. The annealing step proves critical in improving the efficiency of our samples.
We then evaporate Cr/Au contacts onto the samples; finger grids are evaporated onto the
microstructured surface and the contact on unstructured side covers the whole surface. We
then use an OrielT M sun simulator to illuminate the solar cell with the equivalent of one
sun at high noon (100 mW/cm2 average power). Figure 6.4 shows the I-V characteristics
for unilluminated and illuminated solar cells made on a high resistivity (ρ > 1 Ω·m) and a
low resistivity (ρ = .01 – 0.1 Ω·m) substrate.
The high resistivity substrate solar cell has an open circuit voltage of 0.4 Volts and
a short circuit current of 13.4 mA. The fill factor is rather poor, however, and the overall
efficiency is 1.56%. The low resistivity substrate solar cell has an open circuit voltage
of 0.31 Volts and a short circuit current of 13.45 mA. The fill factor is also rather poor
and the overall efficiency is 1.32%. Considering that these devices are made on crystalline
substrates these preliminary results are mediocre. Typical commercial crystalline solar cells
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have efficiencies around 14 %, depending on the manufacturer. However, we are enthusiastic
about the future of this work. After all, the first crystalline solar cells were only 6 % efficient
and the first amorphous silicon solar cells were only 2 % efficient [93, 94]. Because we are new
to device fabrication, there are several engineering aspects involved in solar cell production
that we are not very skilled in. Series resistance added from non ideal electrical contact and
the resistance of the substrates can drastically reduce the fill factor. The transition from
exponential growth to a linear relationship at forward biases above 0.5 V indicates that
series resistances are reducing our fill factors. The numerous methods for improving solar
cell efficiency with engineering is beyond the scope of this dissertation [92], but we hope
to improve our efficiencies with further work. In the immediate future, we plan to improve
efficiency by optimizing laser conditions, substrate doping, and annealing conditions.
Because the microstructuring process leaves the surface layer highly disordered,
it is likely that we will pursue application in arenas outside of crystalline silicon solar
cells. We are investigating the use of femtosecond-laser microstructured silicon for use in
more novel forms of solar cells, such as thin film and hybrid polymer/semiconductor solar
cells [86, 95]. Decreasing absorption depths in microcrystalline silicon solar cells could
reduce growth times and increase efficiency [89]. In the solar cell research community, there
is much excitement about the possibility of producing inexpensive, efficient, and flexible
solar cells from conducting polymers combined with nanorods of semiconductor materials
such as CdSe. The nanorods are imbedded in the polymer to improve mobility, but have
a limited absorption spectra. Imbedding the conical microstructures formed during laser
microstructuring with their built in p-n junction might improve both the spectral absorption
and the collection efficiency of these devices.
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Field emission from femtosecond-laser microstructured
silicon surfaces
Field emission from femtosecond-laser microstructured silicon surfaces was actu-

ally the intended topic of the author’s dissertation work. Early experiments revealed that
the field emission properties of microstructured surfaces were on par with the best technologies in the field. Furthermore, the laser microstructuring process is simpler than the
lithographic processes commonly used in other field emission arrays[96]. The results were
very encouraging, but there was a problem. In order to understand this problem, we first
need an introduction to the basic physics of field emission. As with solar cells, the recent
work with photodiodes sheds some light of the problem and recently we began investigating
field emission again.

6.3.1

Introduction to field emission
Many of us are familiar with cathode ray tubes (CRT) in older television sets and

computer monitors. In these devices, a stream of electrons is generated and accelerated
toward a luminescent material on the inside glass of the monitor, lighting up the screen.
The supply of electrons is generated by heating up a pointed metal cathode and thereby
thermionically exciting electrons to energies high enough to escape the metal surface. This
hot cathode emission is called thermionic emission. Field emission, in contrast, refers to
the application of a large electric field that greatly perturbs the potential barrier electrons
encounter at a cathode surface, thereby allowing electrons to tunnel quantum mechanically
out of the surface. This process is also referred to as cold cathode emission. Field emitters
and field emission arrays have numerous applications [96], but the biggest commercial effort
is in using field emission for flat panel displays [97]. In general, field emitters have several
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advantages over conventional vacuum electron sources. They can produce electron beams
with high brightness and current density while operating at low voltages and consuming
relatively little power. In addition they can be integrated into small, lightweight devices
and operated with high pulse-repetition rates due to their rapid on/off switching speed.
We begin by discussing field emission from a metal surface. The original theory
work describing field emission from a metal surface was done by Fowler and Nordheim
[98] and is the starting point for understanding field emission from semiconductor surfaces.
The following description of field emission comes mainly from the work by Fowler and
Nordheim and a more recent summary by Gomer [99]. The reader is encouraged to read
these references for a more in depth description.
In a metal, electrons occupy energy levels up to the Fermi energy (EF ). In order for
an electron to escape the metal and enter into the surrounding vacuum, it must overcome
a potential barrier at the surface. The difference between the lowest energy level above
the potential barrier and the Fermi level is called the work function (φ)1 . Figure 6.5 (a)
graphically illustrates the energy level arrangement with position. If a strong electric field
is applied, the potential barrier is perturbed and, instead of a step function, the barrier
decreases linearly with distance from the metal/vacuum interface. If the field is strong
enough, the potential barrier becomes thin enough for electrons to escape through quantum
mechanical tunneling. Figure 6.5 (b) graphically illustrates the effect of an applied field on
the potential barrier at the surface.
We can use the Heisenberg uncertainty principle to estimate the magnitude of the
electric field necessary for tunneling. The uncertainty principle states that the uncertainty
1
The reader might be familiar with work functions from introductory physics experiments with the
photoelectric effect.
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Figure 6.5: Energy level arrangement vs. position for field emission from a metal surface
(a) without an applied electric field and (b) with an applied field. If the applied field is
strong, it can perturb the potential barrier enough for electrons to quantum mechanically
tunnel through.

of an electron position (∆x) is related to the uncertainty of the momentum (∆p) by
∆x∆p ≥ h̄.

(6.3)

If we consider an electron near the Fermi level, the uncertainty in momentum needed to
overcome the potential barrier is
1

∆p = (2mφ) 2 .

(6.4)

For tunneling to occur ∆x must equal the width of the perturbed potential barrier. The
slope of the potential barrier under appled field F with distance x is −F ex. For an electron
near the Fermi level, the potential barrier width (∆x) in the applied field is
∆x =

φ
.
Fe

(6.5)

Plugging this value for ∆x into Heisenberg’s formula we have
∆p ≥

h̄F e
.
φ

(6.6)

If we set our two formulas for ∆p equal to one another we find that
1

F ≈

3

(2m) 2 φ 2
.
h̄e

(6.7)
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For typical material work functions (∼ 5 eV), field emission requires field strengths on the
order of 1010 V/m. An electric field of this magnitude is not easily reached, but, electric field
strengths are enhanced at sharp points. For this reason field emitters are usually sharp tips;
the sharper the better. Geometric enhancement can reduce the necessary macroscopic field
strength down to be on the order of V/µm [100, 101]. The sharp, conical microstructures
formed during laser microstructuring in the presence of SF6 are natural candidates for field
emitters.
A more rigorous mathematical calculation of field emission current as a function
of applied potential difference is carried out by Fowler and Nordheim [98]. Using tunneling
probability theory with the WKB (Wentzel, Kramers, and Brillouin) approximation [102],
they derive the now classic Fowler-Nordheim formula for field emission from sharp metal
tips:
J=

(CβF )2 − BφβF3/2
e
,
φ

(6.8)

where J is the current density, F is the applied field, φ is the work function, β is the
geometric enhancement factor, and B and C are constants. If we substitute in J = I/A
(with A the emission area and I the emission current) and F = βV (with V the applied
potential difference) we arrive at a formula that relates the applied potential difference to
the field emission current. Taking the logaritm of both sides of this equation and simplifying
we arrive at
ln(I/V 2 ) = ln(a) − b(1/V ),

(6.9)

where a and b are constants. This form of the Fowler-Nordheim equation shows that we
expect a linear relation between the ln(I/V 2 ) and 1/V . Plotting measurements in this form
allows one to distinguish between field emission and other emission mechanisms, such as
thermionic emission.
The theory for field emission from semiconductors is similar to that of metals. The
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Figure 6.6: Energy level arrangement vs. position for field emission from a semiconductor
surface in the presence of an electric field (a) without band bending from field penetration
(b) and with band bending from field penetration. The conduction band is labeled CB and
the valence band is labeled VB.

most significant difference is that the highest significantly occupied energy level is the top of
the valence band, rather than at the Fermi level. Therefore, for the simplest case, electrons
must overcome an effective work function φef f that includes the band gap energy,
φef f = Eg + φ.

(6.10)

With a large enough applied field, electrons can tunnel from the valence band
into vacuum through the perturbed potential barrier. Figure 6.6 (a) illustrates the energy
level arrangement vs. position for a semiconductor. However, with large applied fields, the
electric field penetrates into the surface layer, perturbing the energy band structure near the
surface. This phenomenon is called band bending and, if the conduction band bends below
the Fermi level, electrons occupy the newly available energy levels just below the Fermi
level. These electrons are at a higher energy than those at the top of the valence band and
tunnel through at lower electric field strengths. Figure 6.6 (a) illustrates the energy level
arrangement vs. position for a semiconductor with band bending. Electrons emitted from
the surface of a semiconductor also obey the relationships derived in the Fowler-Nordheim
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Figure 6.7: Cartoon illustration of the field emission measurement apparatus.

equation (Equation 6.9).
This background information gives us a simplified introduction to field emission
theory. The reader is encouraged to refer to the work by Gomer [99] to learn more. We
can now present some of our early field emission results as well as discuss the problem we
mentioned earlier.

6.3.2

Field emission results
Our experimental procedure begins with femtosecond-laser microstructuring n-

doped substrates with a fluence of 8 kJ/m2 . We then evaporate a gold contact onto the
back (unstructured) surface of the sample. The sample is then clamped together with a
gold-coated silicon wafer, which acts as the anode, with a pair of thin mica spacers (20
µm) between the two wafers. The mica spacers are made by carefully cleaving sheets of
mica using the tip of a razor blade. The mounted sample is placed in a vacuum chamber,
which is evacuated to a pressure of approximately 10−6 torr. Using vacuum feed-throughs,
we apply a potential difference between the microstructured sample and the gold-coated
anode. Emission current is measured at each applied voltage with a picoammeter; a 1 MΩ
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Figure 6.8: (a) Measurement of field emission current as a function of applied potential
difference for a silicon surface microstructured in SF6 . (b) Fowler-Nordheim plot of the
data contained in (a).

resistor is placed in series to protect the ammeter from unexpected surges in current. Figure
6.7 shows a schematic diagram of the field emission measurement apparatus.
The results of field emission measurements for samples microstructured in SF6 are
show in Figure 6.8. The figures of merit for a field emitting surface are the the turn-on field,
defined as the electric field (bias voltage divided by the tip-to-anode spacing) for which a
current density of 0.01 µA/mm2 is observed, and the threshold field, defined as the field
at which a current density of 0.1 µA/mm2 is produced. The turn-on field for substrates
microstructured in SF6 is 1.3 V/µm, and the threshold field is 2.15 V/µm. These are
excellent values, on par with carbon nanotubes, the best field emission material to date
[100]. The Fowler-Nordheim plot for SF6 structured samples is shown in Figure 6.8 (b).
The two linear regions of the plot indicate that there are two field emission mechanisms
contributing, one at low field strength, and one at higher field strengths. Figure 6.9 shows
the field emission measurements for substrates microstructured in N2 , and Cl2 , and air.
One of the interesting observations from these results is that the surfaces structured in
N2 have better emission characteristics than the surfaces structured in Cl2 . This result is
surprising because the surfaces structured in Cl2 have much sharper mircostructures (see
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Figure 6.9: Measurements of field emission current as a function of applied potential difference for silicon surfaces microstructured in N2 , Cl2 , and air. The surfaces structured in
N2 have the highest emission currents despite having much blunter microstructures than
surfaces structured in Cl2 .

Section 3.7.1). This difference indicates that it might not be geometric effects alone that
cause high emission currents for the SF6 structured surfaces.
These are encouraging results but, as we mentioned, there is a problem. If one
looks at the apparatus arrangement shown in Figure 6.7, there should only be current flow
for potential differences where the anode is at a higher potential than the cathode. Electrons
are only attracted to higher potentials and applying a potential difference in the opposite
direction should result in no current flow. However, when we reversed the polarity of our
applied potential, we measured a current. It had an exponential dependence on applied
potential but increased at a much slower rate than the field emission current. This issue
was cause for concern and we speculated that there was a short circuit in our setup and
therefore could not definitively claim that our field emission measurements were accurate.
The author spent several years investigating the source of this current and, after many
attempts to fix the experimental setup, we moved on to investigate other areas. It is only
now, after we discovered that we are creating a p-n junction during laser microstructuring,
that we understand the source of this spurious behavior. By applying a potential difference
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that is higher at the back side of the microstructured substrate, we are in fact forward
biasing the laser created p-n junction.
With this new insight we have returned to investigating field emission properties
from laser microstructured surfaces. We recently imaged luminescence from a phosphor
coated anode; this result indicates that electrons are indeed escaping the silicon surface
and traveling to the anode. We are therefore confident that our original results are measurements of field emission current rather than a short circuit. We are also reinforced in
this conclusion because other research groups have subsequently investigated field emission
from nanosecond-laser microstructured surfaces and measured similar turn-on and threshold
fields [103].

6.4

Future directions
In this dissertation we presented results on the application of microstructured

silicon surfaces in novel photodetectors, solar cells, and field emission devices. These applications are only a subset of the applications that we are currently investigating or plan
to investigate. Among the other applications are photoluminescent surfaces [38], micromanipulation of biomagnetic material, and increased efficiency for drug delivery. We also
demonstrated superhydrophylic behavior for microstructured surfaces, and alternatively,
superhydrophobic behavior for microstructured surfaces coated with teflon. The increased
surface area and electronic properties of substrates microstructured in SF6 also might find
application in biological and chemical sensors. The future is bright with possibilities and
we hope that the applications presented in this dissertation are just the beginning.

Chapter 7

Summary and outlook
Over the last decade, interdisciplinary work has gained momentum as the paradigm
for the future of academic research. The work contained within this dissertation is truly
interdisciplinary, representing an intersection between ultrafast optical science, material
science, chemistry, and solid state device physics. We begin by creating femtosecond laser
pulses with a complicated, multi-stage laser system. We then focus the laser pulses down
onto the surface of silicon causing a light-material interaction with enormous intensities and
temperatures that rival conditions at the surface of the sun. The resulting new material has
unique morphologies, optical, and electronic properties. By investigating the chemical and
structural makeup of the newly formed material we then applied our knowledge to design
and create novel optoelectronic devices.
This dissertation contains the current state of our understanding of femtosecondlaser microstructured silicon. We presented analysis of the morphology, structural, and
chemical composition of microstructured surfaces with varying experimental parameters.
This analysis allowed us to determine a more complete picture of formation mechanisms
and gain insight into the interaction between the molten silicon surface and the ambient gas
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environment. We then analyzed the effect of many of the same experimental parameters
on optical and electronic properties of microstructured silicon. With this information,
combined with structural and chemical measurements, we explained the source of the nearunity below-band gap absorption for surfaces microstructured in SF6 .
With this new found insight into the surface properties, we made the first functioning optoelectronic device using femtosecond-laser microstructured silicon; a highly sensitive
silicon-based photodiode for both the visible and near-infrared spectrum. We extended
the usable wavelength region of silicon detectors into a previously inaccessible region that
has numerous applications in communications and sensing, an accomplishment that might
significantly change the commercial landscape for near-infrared detection. We analyzed the
effect of experimental parameters on the sensitivity of laser-microstructured photodiodes
and identified the presence of a large gain mechanism at small biases. This gain mechanism is critical for the high response of our photodiodes for both the visible and infrared
regime. We then presented the beginnings of our work toward using femtosecond-laser
microstructured silicon in other devices such as solar cells and field emission arrays. The
unique properties of the microstructured surface hold great potential for these and other
novel applications.
For each of the areas of research, be it femtosecond laser-material interaction,
investigation of material structure after structuring, or novel device design, there are many
interesting questions and problems still to be investigated. With each experiment we gain
insight into the inner workings of femtosecond-laser microstructured silicon and with each
new insight we are better able to take advantage of its unique properties.
I hope that I presented the reader with compelling evidence that the future is
bright for this work. Essentially, we have created an entirely new material through the interaction of intense femtosecond laser pulses with silicon in a sulfur containing environment.

Chapter 7: Summary and outlook

137

The resulting chemical and structural makeup are unique to these experimental conditions
and, subsequently, the optical and electronic properties are unique as well. Although this
accomplishment alone is exciting, I feel that we have just scratched the surface, so to speak.
The information in this dissertation deals primarily with the inclusion of a single element,
sulfur, into the surface of a single semiconductor, silicon. The true power of our experimental procedure is that we can dope nearly any surface with any element to very high
levels in a structurally unique way. The number of possible combinations is enormous and I
expect that many more combinations will have novel properties and find useful application.
I doubt that we are so lucky as to stumble upon the one important combination with our
first attempt.
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