Femtosecond Laser Ablation of Silicon: Nanoparticles,
Doping and Photovoltaics

A thesis presented
by

Brian Robert Tull

to
The School of Engineering and Applied Sciences
in partial fulfillment of the requirements
for the degree of
Doctor of Philosophy
in the subject of

Applied Physics

Harvard University
Cambridge, Massachusetts
June 2007

c 2007 by Brian Robert Tull
All rights reserved.

iii

Femtosecond Laser Ablation of Silicon: Nanoparticles,
Doping and Photovoltaics
Eric Mazur

Brian R. Tull
Abstract

In this thesis, we investigate the irradiation of silicon, in a background gas of near
atmospheric pressure, with intense femtosecond laser pulses at energy densities exceeding
the threshold for ablation (the macroscopic removal of material). We study the resulting
structure and properties of the material ejected in the ablation plume as well as the laser
irradiated surface itself.
The material collected from the ablation plume is a mixture of single crystal silicon
nanoparticles and a highly porous network of amorphous silicon. The crystalline nanoparticles form by nucleation and growth; the amorphous material has smaller features and forms
at a higher cooling rate than the crystalline particles. The size distribution of the crystalline particles suggests that particle formation after ablation is fundamentally different
in a background gas than in vacuum. We also observe interesting structures of coagulated
particles such as straight lines and bridges.
The laser irradiated surface exhibits enhanced visible and infrared absorption of
light when laser ablation is performed in the presence of certain elements—either in the
background gas or in a film on the silicon surface. To determine the origin of this enhanced
absorption, we perform a comprehensive annealing study of silicon samples irradiated in the
presence of three different elements (sulfur, selenium and tellurium). Our results support
that the enhanced infrared absorption is caused by a high concentration of dopants dissolved
in the lattice. Thermal annealing reduces the infrared absorptance of each doped sample
at the same rate that dopants diffuse from within the polycrystalline grains in the laser
irradiated surface layer to the grain boundaries.

iv

Lastly, we measure the photovoltaic properties of the laser irradiated silicon as
a function of several parameters: annealing temperature, laser fluence, background gas,
surface morphology and chemical etching. We explore the concept of using thin silicon
films as the irradiation substrate and successfully enhance the visible and infrared absorption of films ≤ 2 µm thick. Our results suggest that the incorporation of a femtosecond
laser modified region into a thin film silicon device could greatly enhance its photovoltaic
efficiency.
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Chapter 1

Introduction
Over the past several decades ultrashort pulsed laser irradiation of silicon surfaces
has been an active area of materials science research [1–21]. The ultrashort duration of the
laser pulses leads to extremely high energy densities in the material. A 100 femtosecond
(1 fs = 10−15 s) laser pulse with a pulse energy of 100 µJ, focused to a 100-µm diameter
area results in a peak energy density on the order of 104 J/m2 and a peak intensity of 1017
W/m2 . Under these conditions, silicon is estimated to reach temperatures of ∼ 104 –105
K [22], equivalent to the surface temperature of the nearest star, while still retaining the
density of a solid. This high energy density is achieved because the laser energy is deposited
before any thermal diffusion or mechanical removal of material occurs. The evolution of
this superheated and superpressurized material as the initial energy redistributes can lead
to non-equilibrium processes as well as the formation of new materials [1–3, 6–8].
Numerous studies exploring the interaction of ultrashort pulses with silicon have
been performed since the 1980’s [1–21]. Picosecond laser pulses were used to induce phase
transformations in silicon [1–7] resulting in the formation of non-equilibrium phases, including amorphous silicon [1–3, 6, 7] and Nb-Si solid solutions [8]. Pump-probe experiments

1

Chapter 1: Introduction

2

using picosecond [9–15] and femtosecond [16–21] laser pulses have explored the time evolution of the material processes that occur during ultrashort laser irradiation. An initial
pump pulse excites the material and a delayed, weaker probe pulse measures the timeresolved reflectivity or second harmonic generation [17, 18] to identify the structural state
of the material. Using this technique, many processes, including, electron-hole plasma formation [9, 10, 13, 14], melting [5, 9, 10, 12], ablation [19–21], and ultrafast melting [16–18],
were studied in detail. These examples are a small subset of a much larger field of research.
Section 1.1 discusses specific research from the literature that are relevant to the work
performed in this thesis. Section 1.2 summarizes the organization of this dissertation.

1.1

Femtosecond laser irradiation of silicon
In this section, we review the processes involved in the absorption of the femtosec-

ond laser pulse, and the subsequent heating, melting and ablation of the material.

1.1.1

Absorption of the pulse
When a femtosecond laser pulse is incident on the silicon surface the electrons are

the first to respond. Absorption of visible and near infrared wavelengths occurs through
the promotion of electrons from the valence band (where the electrons reside in spatially
localized “bonding” states) to the conduction band (where they are mobile and more “free”
like in a metal). A minimum amount of energy is required to excite the electron from the
valence to the conduction band; this energy is known as the band gap energy. In the case
of silicon, if this energy were to come solely from the incident light and no other source,
3.43 eV would be required; as a consequence, only wavelengths of light ≤ 362 nm would
be absorbed in this way. Excitation of an electron in this manner is known as a direct
band transition. At a nonzero temperature, silicon has a distribution of phonons which
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energy (eV)

4
2
Eg = 1.1 eV

0
-2
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L

Γ
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Figure 1.1: Direct (solid arrows) and indirect (dashed arrows) electron transitions across
the band gap of silicon during absorption of a photon. For the indirect transitions shown,
phonons of similar energy but two different momenta are needed. Band diagram obtained
from [23].

can participate in the absorption of photons. For a photon absorption process in silicon
that is mediated by a phonon, the minimum energy required is 1.1 eV, which extends the
absorption spectrum of light to wavelengths as large as 1.1 µm. This process is known as
an indirect band transition. Figure 1.1 shows direct and indirect band gap transitions of
electrons with respect to the electronic band diagram of silicon.
The indirect band transition of an electron requires the simultaneous annihilation
of a photon and a phonon and therefore has a far lower probability of occurring than
the direct band transition. As the energy of the absorbed photon approaches the minimum
energy needed for absorption in silicon (1.1 eV) a phonon with a larger and larger momentum
is needed. As a result, the closer the photon energy is to 1.1 eV, the lower the probability
of absorption. A measure of the probability of absorption is the absorption depth, which

3

104

102

103

101

102

0

101

–1

10

10

absorption coeff. (µm−1)

4

10
10

0

10–2

10–1

10–3

10–2

10–4
200

400

600

800

1000

absorption depth (µm)

Chapter 1: Introduction

10–3
1200

wavelength (nm)
Figure 1.2: Absorption coefficient and absorption length of intrinsic silicon at 300 K as a
function of wavelength of the absorbed photon. Data obtained from [24].

is the depth in the material where the intensity of the light has been reduced to 1/e of
its original value. Due to the low probability of indirect band transitions in silicon, the
absorption depth of 800 nm light is 13 µm while the absorption depth of 300 nm light is
6 nm. In Figure 1.2, absorption depth is plotted as a function of the wavelength of the
incident light for intrinsic silicon at 300 K.
The above description of light absorption is valid in most cases. However, for
ultrashort laser pulses, absorption is observed to occur at much shallower depths than
is indicated by Figure 1.2. In a study using 532-nm, 25-ps laser pulses, absorption was
determined to occur in a depth much less than 1 µm [5]. In pump-probe studies using
femtosecond laser pulses (620-nm, 90-fs), surface melting was observed for energy densities
that were too small if standard linear absorption depths were assumed [16, 17]. In another
study using 620-nm, 100-fs laser pulses, researchers observe the reflectivity of the incident
pulse increases to metallic (liquid) values within the duration of the pulse. They propose a
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model where the initial edge of the laser pulse is absorbed deep into the material, but the
rest of the pulse is absorbed at depths on the order of ∼ 10 nm when sufficient electrons
are promoted to the conduction band to allow for free-carrier absorption [25]. This level of
electron excitation is described as an electron-hole plasma [26–28].
Various absorption mechanisms have been proposed to account for the creation of
an electron-hole plasma at shallow depths in the material. For 620-nm, 100-fs laser pulses,
researchers found that two-photon absorption (the simultaneous absorption of two photons
to promote an electron in a direct band transition) is the dominant mechanism [29], while for
800-nm, 100-fs laser pulses, absorption is found to be governed by avalanche ionization [30].
Avalanche ionization is a process where a conduction band electron directly absorbs additional photons, and then collides with a valence electron resulting in two electrons at the
bottom of the conduction band which begin the process again [30]. Two-photon absorption
and avalanche ionization are non-linear absorption mechanisms that become relevant at
large intensities of light. For non-linear absorption, absorption no longer increases linearly
with intensity of the light but rather intensity raised to a power. Regardless of the specific
nonlinear process controlling absorption, an electron-hole plasma forms early in the absorption of the pulse [26–28] and absorbs the rest of the laser light in an absorption depth of
∼ 100 nm [22] (like a metal).
So far, the processes discussed above all take place within one pulse duration
(∼ 100 fs) after irradiation. At this point, we have a highly energetic electron-hole plasma
and a relatively cold lattice of ions. Subsequent processes are highly dependent on intensity,
or for a constant pulse duration of 100 fs, the processes are highly dependent on fluence.
We can separate the subsequent processes as the energy redistributes and dissipates into
two regimes: thermal and non-thermal.
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Melting and ablation: thermal regime
In the thermal regime, melting (loss of long range order) and ablation (macroscopic

material removal) occur after the excited electrons redistribute energy to the lattice and
the entire material reaches a common temperature. The excited electrons redistribute their
energy to the lattice through electron-phonon interactions. The time scale for the material
to reach a common temperature is determined by the electron-phonon coupling constant
(in silicon this is 1 ps [21]). Depending on the laser fluence, the resulting temperature of
the material may exceed the melting point and melting will begin at the surface and move
inward. At a higher fluence, the boiling point is exceeded and the gas phase will nucleate
homogeneously in the superheated liquid. If the rate of gas bubble formation is high in
comparison to the cooling rate of the liquid, material will be explosively ejected from the
surface resulting in ablation.
In the thermal regime, ablation occurs on the order of 1 ns [19, 21]. The fluence
thresholds for thermal melting and thermal ablation of silicon in a vacuum for 620-nm,
120-fs laser light have been determined as 1.5 kJ/m2 and 3 kJ/m2 , respectively [19, 21].
The fluence regime for thermal melting and ablation ranges from the point of their onset
(1.5 kJ/m2 and 3 kJ/m2 ) to less than the threshold for ionic plasma formation (10 kJ/m2 ),
where electrons are ionized from the lattice and material removal is governed by coulomb
repulsion [21].

1.1.3

Melting and ablation: non-thermal regime
At higher fluences than those required for thermal melting, non-thermal melting of

the lattice was observed by pump-probe studies [16, 17, 25]. Non-thermal melting is a term
used to describe the loss of long range order in the lattice well before 1 ps (typically a few
100 fs) and, therefore, before the material has come to a common temperature. Theoretical
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studies support that melting can occur in this manner. Disordering of the lattice is predicted
to occur after 100 fs due to covalent bond weakening upon excitation of more than 15%
of the valence electrons [31–34]. The lattice disorders within the period of one atomic
vibration [34].
At extremely large fluences (40–120 kJ/m2 ), particle formation after femtosecond
laser ablation of silicon (800-nm, 200-fs) in vaccum has also been reported to occur in a
manner that is not consistent with thermal processes [35, 36]. Solid particles were found
to form within the ablation plume after only 50 ps [36], much faster than the typical time
required for thermal ablation (∼ 1 ns, [21]). In addition, the size of the particles was
determined to be set by a mechanical fragmentation process and not through condensation
from the vapor phase [36].

1.1.4

Resolidification of the surface
After melting and ablation, the thin molten layer cools quickly through thermal

conduction into the cold bulk. Cooling rates are predicted to be as high as 1013 –1015
K/s [22]. The molten layer resolidifies on the order of nanoseconds [12]. As a result of the
high cooling rate of ultrashort pulsed laser irradiation, the formation of amorphous silicon
has been observed [1–3, 6, 7].
In addition to new phases, unusual surface morphologies can develop during resolidification. Picosecond laser irradiation of silicon near the melting threshold revealed that
ripples formed on the surface with a wavelength related to the wavelength of the laser [4,37].
These features have been named Laser Induced Periodic Surface Structures (LIPSS) [38–41]
and have been observed on a variety of materials after irradiation with one or more pulses
from a wide range of laser systems (including femtosecond, picosecond and nanosecond
pulses) [38]. When the laser pulse is energetic enough to fully melt the surface, the latter-
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half of the incident pulse interferes with light scattered from defects at the surface, setting
up a spatially non-uniform melt depth. The non-uniform melt depth induces standing capillary waves which can freeze in place if their lifetime is long compared to the resolidification
time [41]. The phenomenon of LIPSS is the initiating process of spike formation on silicon
after femtosecond laser irradiation [42].
After the molten silicon resolidifies, cooling continues as heat diffuses out of the
irradiated region into the surrounding material and the silicon returns to room temperature.

1.1.5

Comparison to this thesis
The experiments in this thesis are performed with 800-nm, 100-fs laser pulses, fo-

cused onto a silicon surface at fluences ranging from 2–10 kJ/m2 . The two main experiments
discussed in this thesis involve particle formation and elemental doping during solidification
of molten silicon after irradiation of macroscopically large areas of the silicon on the order
of 10 mm × 10 mm.
In contrast to a majority of the research discussed before, which deals with single
shot experiments, we irradiate the silicon with greater than 100 pulses per area. After a
few pulses, the surface is no longer flat due to the development of laser induced periodic
surface structures. The surface structures continue to evolve into micrometer-size conical
structures through material removal with each laser pulse.1
Due to the non-flat surface, the fluence is effectively increased in the valleys between the micrometer-sized cones due to reflection from the sides of the cones. Consequently,
we see evidence for ionic plasma formation at any fluence greater than the ablation threshold (3 kJ/m2 , [21]) even though the threshold for ionic plasma formation is considerably
1
The final surface morphology is a function of laser fluence and the chemistry and pressure of any
background gas that is present. The physical mechanism behind its formation has been well documented
elsewhere [42, 43] and will not be discussed in this thesis.
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higher (∼ 10 kJ/m2 ). As a result, the physics of melting and ablation in our experiments
may be dertermined by fluences greater than 10 kJ/m2 .
It is difficult to draw exact comparisons between the processes of melting and
ablation discussed in the previous sections and those processes which govern melting and
ablation in our experiments. All of the experiments in this thesis are performed in a background gas of near atmospheric pressure (500 Torr). The fundamental work determining
the physics of melting and ablation after femtosecond laser ablation has been performed in
vacuum. The extent to which the physics changes in a background gas of varying reactivity
has yet to be determined.2 A main result of Chapter 3 is that the mechanism of ablation
in vacuum and a background gas at similar fluences is fundamentally different.
In this thesis, we hope to give the reader an impression of the exciting materials
science processes (e.g. the formation of non-equilibrium phases and compositions) that are
possible with femtosecond laser irradiation in a background gas.

1.2

Organization of the dissertation
Chapter 2 reviews the previous work on femtosecond laser irradiation of silicon in

a background gas and describes the femtosecond laser system and the main experimental
methods used in the thesis.
Chapter 3 presents the results of nanoparticle formation after femtosecond laser
ablation of silicon in a background gas of H2 and H2 S. Transmission electron microscopy
shows the that both crystalline and amorphous material form in the ablation plume. The
results indicate that the background gas affects the fundamental mechanism of particle
formation.
2

In addition, with each laser pulse the surface is changed structurally and chemically, and melting and
ablation of this new material may be very different than pure single crystal silicon
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Chapter 4 deals with the mechanism behind the near-unity absorptance of infrared
wavelengths of chalcogen-doped femtosecond laser irradiated silicon. We show that the
infrared absorptance decreases with thermal annealing at the same rate that the dopants
diffuse from within the crystalline grains to the grain boundaries for all three chalcogen
dopants.
Chapter 5 discusses using femtosecond laser irradiated silicon as a solar cell. We
present results on the photovoltaic properties of sulfur-doped silicon wafers. In addition,
we explore using Chemical Vapor Deposition (CVD) grown thin films of silicon as the
femtosecond laser irradiated substrates.
Chapter 6 summarizes the main results obtained in this thesis and proposes future
avenues of research to address several still unanswered questions regarding femtosecond
laser irradiated silicon.
Appendix A offers a basic tutorial on the operation of a solar cell.

Chapter 2

Background
Nearly a decade ago, the Mazur group published the first report of femtosecond
laser irradiation of silicon in a background gas of sulfur hexaflouride, SF6 , at near atmospheric pressure (500 Torr) [44]. Researchers found that the gray mirror finish of the silicon
wafer changed to a deep matte black color wherever the laser irradiated the surface (see
Figure 2.1). As a result, this material is referred to as “black silicon.” Since then, the
surface morphology [42, 43, 45], structure [46, 47], composition [46, 48–50], optical properties [46, 49–51] and optoelectronic applications [52] of the laser modified surface have been
extensively investigated. In Section 2.1, we summarize the major findings from the previous
work and review those unanswered questions that this thesis aims to address. In Section
2.2, we discuss the experimental methods used in this thesis and most of the previous work
as well.
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Figure 2.1: Left: Femtosecond laser irradiation of silicon inside a vacuum chamber filled
with SF6 . Right: Visual appearance of the silicon after irradiation.

2.1

Previous work on femtosecond laser irradiation of silicon
in a background gas
Closer inspection of the irradiated surface using a scanning electron microscope

reveals that the flat silicon surface has been transformed into a forest of micrometer-sized
spikes (see Figure 2.2). This surface morphology evolves after irradiation of the silicon with
several hundred laser pulses focused to a typical fluence of 8 kJ/m2 , well above the ablation
threshold of silicon (3 kJ/m2 ). The size and shape of the surface features is a function of
the laser fluence, wavelength and pulse duration as well as the background gas chemistry
and pressure. The initial surface morphology after a few pulses is a result of non-uniform
absorption of the laser light due to interference of the incident beam with a surface diffracted
beam. The non-uniform absorption sets up a dynamic molten silicon layer of varying depth
that ripples with capillary waves. The interaction of this non-uniform molten silicon layer
with the background gas and then with subsequent pulses after it freezes determines the
final surface morphology. A detailed description of this formation mechanism is addressed
elsewhere [42, 43].
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1 µm

Figure 2.2: Scanning electron microscope images of the silicon surface after irradiation with
100 fs laser pulses focused to a fluence of 8 kJ/m2 in a background gas of SF6 . Each area of
the surface was irradiated by approximately 500 pulses. Images taken from reference [46].

Researchers in the Mazur group soon discovered that black silicon had unique
optical properties. When the process is performed in a background gas of SF6 [51] or H2 S
[49], the surface absorbs nearly all incident light from 0.25–2.5 µm, which is the wavelength
range of our spectrophotometer (see Figure 2.3. In contrast, irradiation was performed in
a variety of other environments including H2 [49], N2 , Cl2 , air [48] and vacuum [43] and
broadband near-unity absorptance is not observed. What is most evident from Figure 2.3,
is that sulfur appears to be a key ingredient in producing a surface that has near-unity
infrared absorptance.
Enhanced absorptance at wavelengths less than 1 µm is exhibited by all samples
in Figure 2.3. This increased absorptance is attributed to the natural linear absorption of
silicon enhanced by multiple reflections due to the roughened surface.
The samples irradiated in N2 , H2 , Cl2 , and air exhibit a similar absorptance to
samples irradiated in vacuum. Between 1.2–2.5 µm, the absorptance curve for these samples
starts at near unity and then decreases with increasing wavelength. As all the samples
resemble vacuum this absorptance spectrum is attributed to structural disorder in the laser
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Figure 2.3: Absorptance spectra of silicon irradiated in different environments: SF6 and
H2 S (left) and N2 , H2 , Cl2 , air and vacuum (right).

300 nm

1 µm
Figure 2.4: Cross-sectional transmission electron microscopy analysis of silicon irradiated
with 100 fs laser pulses focused to a fluence of 8 kJ/m2 in a background gas of SF6 . Left
and upper right: bright field images showing the laser modified surface layer. Lower right:
Selected area diffraction analysis of the laser modified surface layer. Images obtained from
reference [46].

modified surface brought about by the trapping of defects during resolidification.
In order to understand the role sulfur plays in the infrared absorptance, the

Chapter 2: Background

15

structure and composition of the laser modified surface layer was investigated using crosssectional transmission electron microscopy (TEM) and Rutherford backscattering spectrometry (RBS) respectively [46, 49, 50]. Figure 2.4 shows bright field TEM images and selected
area diffraction of the laser modified surface layer. The diffraction pattern indicates that
the single crystal substrate has a polycrystalline surface layer. Close inspection of the bright
field images shows that the grains are extremely small, well less than 100 nm. The changes
in contrast in the bright field image indicate changes in orientation of each grain of the
polycrystalline material. Based on these observations the grain size of the polycrystalline
material ranges from 10–50 nm [46].
Dopant source

Fluence

Pulses/area

Anneal T

Conc. of S, Se,
or Te (at. %)

SF6 gas [46]

8 kJ/m2

500

–

0.7 ± 0.1

SF6 gas [46]

8

kJ/m2

500

725 K

0.5 ± 0.1

SF6 gas [46]

8 kJ/m2

500

875 K

0.5 ± 0.1

SF6 gas [49]

10 kJ/m2

600

–

1.0 ± 0.2

H2 S gas [49]

10

kJ/m2

600

–

1.0 ± 0.2

H2 S gas [49]

10

kJ/m2

600

900 K

1.0 ± 0.2

Ar + 1% SF6 gas [49]

10 kJ/m2

600

–

0.6 ± 0.2

sulfur powder [50]

10 kJ/m2

600

–

1.0 ± 0.2

sulfur powder [50]

10

kJ/m2

600

775 K

1.0 ± 0.2

selenium powder [50]

10 kJ/m2

600

–

0.7 ± 0.2

selenium powder [50]

10 kJ/m2

600

775 K

0.7 ± 0.2

tellurium powder [50]

10 kJ/m2

600

–

1.5 ± 0.2

tellurium powder [50]

kJ/m2

600

775 K

1.3 ± 0.2

10

Table 2.1: Summary of three previous RBS studies on femtosecond laser irradiated silicon.

Analysis of the surface with Rutherford backscattering spectrometry shows that
the surfaces irradiated in SF6 contain a large concentration of sulfur. Selected results are
summarized in Table 2.1. These concentrations exceed the solid solubility by several orders
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Figure 2.5: Left: Absorptance spectra of silicon irradiated in SF6 after annealing at different
temperatures for 30 minutes. Right: Selected area diffraction analysis of the laser modified
surface layer after annealing at 875 K for 30 minutes. Spectra and images obtained from
reference [46].

of magnitude. In one study, the percentage of sulfur atoms that are substitutional was
estimated at 20–70% [46]. Based on these results researchers in the Mazur group proposed
that the high concentration of sulfur atoms in the polycrystalline surface layer created a
densely populated donor impurity band in the band gap of silicon. Promotion of electrons
from this impurity band into the conduction band allows for the increased absorption of
infrared light.
Along with exploring the structure and composition of the surface layer, researchers
discovered that the absorption of infrared light decreases after thermal annealing [46]. Figure 2.5 shows how the infrared absorptance decreases with increasing annealing temperature.
To explain this decrease, researchers investigated changes to the laser-modified polycrystalline surface layer with cross-sectional TEM and RBS analyses. Table 2.1 shows that
annealing has only a small effect on sulfur concentration, and in some instances has no
effect. Based on cross-sectional TEM analysis performed on annealed samples (Figure 2.5),
there does not seem to be any structural change to explain the decrease in absorption of
infrared light. The surface layer is still polycrystalline with an extremely small grain size.
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Figure 2.6: Left: Cartoon depicting the electrode configuration used to measure I–V curves
of sulfur-doped femtosecond laser irradiated silicon. Right: Changes in I–V curves with
annealing. Silicon substrate is Si(111), n-type (ρ = 800–1200 Ω-cm). Data obtained from
reference [52].

At this point the most likely source of the infrared absorptance was thought to
be sulfur atoms coordinated with the highly disordered silicon lattice in such a way that
they were optically active immediately after irradiation [46, 49]. The sulfur atoms were
not in the most energetically favorable equilibrium configuration; they were trapped in this
configuration as a result of the extremely fast resolidifcation rate following ultrashort pulse
laser irradiation [12]. Therefore, when annealing was performed, the sulfur-silicon network
relaxed to a more favorable configuration where the sulfur atom was no longer optically
active.
In addition to studying femtosecond laser irradiated silicon from a materials science viewpoint, various applications have been pursued including field emission [43], drug
delivery, manipulation of biological species [53], photoluminescence [54], infrared light detection [52] and photovoltaics [43]. We will discuss the latter two as they are relevant to
this thesis.
Annealing was discovered to have another effect on sulfur-doped femtosecond laser
irradiated silicon. Figure 2.6 shows how current-voltage (I–V ) measurements were made
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Figure 2.7: Left: Responsivity versus wavelength of incident light for sulfur-doped femtosecond laser irradiated silicon at different reverse bias voltages. Right: Current versus
voltage graph showing the photovoltaic properties of sulfur-doped femtosecond laser irradiated silicon when illuminated with 100 mW/cm2 of solar radiation (AM 1.0). The lower 4th
quadrant shows a maximum power generation of 1.5 mW, resulting in a conversion efficiency
of ∼ 1.5 %. Silicon substrate is Si(111), n-type (ρ =800–1200 Ω-cm) for the photodiode
and p-type (ρ =1–10 Ω-cm) for the solar cell. Data obtained from references [43, 52].

through the plane of a sample. Immediately following irradiation, the entire wafer acts
as a resistor; however with increasing annealing temperature a diodic junction is formed.
Researchers proposed that after irradiation, the incorporated sulfur atoms did not contribute
additional free carrier electrons and therefore the electrical response is determined by the
substrate (Si(111), n-type, ρ = 800–1200 Ω-cm). However, after annealing, the coordination
of the sulfur atoms changes and the extra valence electrons of sulfur increase the free carrier
concentration in the surface layer. In addition, the annealing removes lattice defects that act
as traps for charge carriers. The result is that the surface layer becomes heavily n-doped;
this is supported by Hall measurements [52]. The gradient in free carrier concentration
between the surface layer and the bulk sets up a static electric field that forms a diodic
junction.
Under a reverse bias, this diodic junction was found to be highly responsive to
visible and infrared light in comparison to commercial silicon photodetectors. Under zero
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Figure 2.8: Absorptance spectra of silicon irradiated with 100 fs laser pulses focused to 10
kJ/m2 in the presence of a powder dopant of sulfur, selenium or tellurium before left and
after right annealing at 775 K for 30 minutes. Silicon substrate is Si(111), n-type (ρ =
800–1200 Ω-cm). Data obtained from reference [50].

bias, the junction behaved as a photovoltaic device with a maximum efficiency of ∼ 1.5 %
(see Figure 2.7).
Recently, several other elements have been incorporated into silicon during femtosecond laser irradiation resulting in near-unity absorptance of infrared light. Figure 2.8
shows the absorptance spectra obtained when silicon is coated with sulfur, selenium or tellurium powder prior to irradiation in N2 gas. Based on the results obtained after annealing
a new theory was proposed for the origin of the infrared absorptance [50]. The author of this
thesis contributed to the development of that theory. We proposed that the absorptance
was due to a supersaturated concentration of dopant atoms in the polycrystalline grains of
the laser modified surface region forming a densely populated impurity band. This is similar
to the previous theory, however, we proposed that the reduction of infrared absorptance is
caused by diffusion of the supersaturated dopants from out of the bulk of the polycrystalline
grains to the grain boundaries. This theory is consistent with the preliminary data in Figure
2.8 as sulfur diffuses the fastest in silicon, selenium diffuses less fast and tellurium diffuses
the slowest.
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This thesis covers several areas that add to the knowledge base of the previous
work. Chapter 3 covers the formation of particles in the ablation plume during femtosecond
laser irradiation of silicon in a near atmospheric pressure background gas which has not been
explored before to the author’s knowledge. The data and models presented in Chapter 4
provide strong evidence that the proposed mechanism for the infrared absorptance of femtosecond laser irradiated silicon is valid. Chapter 5 expands on the current understanding
of the photovoltaic and light detection properties of femtosecond laser irradiated silicon.

2.2

Experimental methods: femtosecond laser system
The intense, high energy, untrashort laser pulses were produced by a home-built

regeneratively amplified femtosecond laser system. Although the laser system evolved over
the years, it was originally built in 1993 [55–57]. At that time it was one of the first of its
kind.
Starting with the creation of the femtosecond laser pulses in the Ti:sapphire oscillator we will describe the journey that the pulses take as they travel through the various
components of the laser system until they ultimately arrive at the silicon wafer for our
experiment.

2.2.1

Creating the femtosecond laser pulses
The femtosecond laser pulses are initially created by pumping a titanium-doped

sapphire crystal mounted in a Kapteyn-Murnane Labs oscillator kit using a Verdi solid
state laser—532-nm, 5-W, CW (continuous wave, i.e. non-pulsed). The 532-nm pump
laser produces 800-nm fluorescence in the Ti:sapphire crystal. The fluorescence wavelength
is determined by the energy levels of the Ti:sapphire crystal. The 532-nm light excites
electrons in the crystal to a high energy state. These electrons decay quickly to a slightly
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lower metastable state where their lifetime is longer. Eventually they decay from this level
to the ground level and a photon of wavelength ∼ 800 nm is emitted for each electron that
decays.
The end mirrors of the oscillator kit are aligned so that the fluorescence leaving
both sides of the crystal are directed back through the crystal along the same path . By
aligning the end mirrors in this fashion we can initiate lasing in the cavity. Lasing occurs
when at any given instant a majority of the electrons available for excitation in the crystal
are in the excited state (this is known as population inversion). Rather than these excited
electrons decaying randomly, they are stimulated to decay by photons (which have already
been created by fluorescence also called spontaneous emission) passing back through the
crystal. This causes the stimulated photons to have the same phase as the photon which
initiated their decay. The result is a self-perpetuating beam of photons that bounces back
and forth in the cavity with the same phase. This is a continuous wave (CW) laser.
The oscillator is passively mode-locked to produce pulses of light rather than a CW
laser. Passive mode-locking is achieved by aligning the pump laser and oscillator to produce
the optimal spatial mode of the laser in the cavity and then introducing a disturbance. We
accomplish this by moving one of the prisms in the oscillator kit in a step-wise fashion. The
pulses leave the oscillator cavity through one of the end mirrors (called an output coupler),
which allows a few percent of transmittance to escape. When mode-locked, and using a
typical pump power of 3 W, the oscillator produces 100-fs laser pulses centered about a
wavelength of 800 nm at 90 MHz with an average power of 350 mW at the exit of the
output coupler. Each pulse contains only 4 nJ of energy. This energy alone is not sufficient
to ablate silicon and we therefore amplify these pulses.
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Amplifying the femtosecond laser pulses
The pulses are amplified inside a second laser cavity with a second Ti:sapphire

crystal. This laser cavity is called the amplifier cavity. This crystal is pumped by a 1-kHz,
527-nm, 200-ns pulsed laser system. The nanosecond laser has a neodymium-doped yttrium
lithium fluoride (Nd:YLF) crystal pumped by a flash lamp (as a result we refer to this laser
as the “YLF”, pronounced “yulf”).
The pulses coming from the oscillator cavity cannot be amplified directly. Their
short pulse duration would cause extreme intensities and would damage the optics in the
amplifier cavity. The femtosecond pulses leaving the oscillator cavity are therefore stretched
to picoseconds using a grating-based stretcher.
The amplifier cavity, pumped by the YLF, is a laser by itself that emits 200-ns
pulses of 800-nm light at 1-kHz. One out of every 90,000 pulses from the oscillator cavity
(this matches the pulse rate of the YLF, 1-kHz) is overlapped inside the amplifier crystal so
that it occupies the same time and space as the 800-nm, 200-ns laser pulses. The timing can
be adjusted so that the picosecond oscillator pulse arrives just before each 800-nm, 200-ns
pulse forms. By doing this, the picosecond oscillator pulse causes stimulated emission of the
electrons that were excited inside the amplifier crystal by the YLF pulse. The picosecond
pulse in effect “steals” the energy that would have gone into the 800-nm, 200-ns pulse.
In this scenario, the picosecond pulse is referred to as the seed pulse, because it seeds
the stimulated emission of the amplifier cavity. The 200-ns pulse, which is not created,
is referred to as the Amplified Stimulated Emission (ASE), since it would be the normal
emission that would occur if the seed pulse was not present. When aligning an amplifier
cavity the goal is always to reduce the magnitude of the ASE, as this is lost energy that
cannot be added to the seed pulse.
In our system, the round trip time of light in the amplifier cavity is 11 ns. Therefore
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Figure 2.9: Layout of amplifier cavity. The polarization of the laser light in each section of
the cavity is indicated by an “s” or “p.”

every 11 ns, the seed pulse can gain in energy as it passes through the crystal. Each time the
seed passes through the crystal it prevents the ASE from gaining in energy. The seed pulse
grows to a maximum in energy after 20–23 round trips (depending on optimal alignment of
all the optics). At this point there are no more excited electrons left in the amplifier crystal.
When the seed has reached it’s maximum energy, it is switched out of the amplifier cavity.

2.2.3

Controlling the injection and ejection of the seed pulse
Switching the seed pulse into and out of the amplifier cavity is accomplished by

the following method. The seed pulse enters the amplifier cavity by reflecting off a thin film
polarizer (TFP), which reflects s-polarized light and transmits p-polarized light. Figure 2.9,
shows the relative positions of the optics in the amplifier cavity and necessary components
for switching the seed pulse into and out of the cavity: the Pockels cell and polarizer cube.
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The seed pulse is s-polarized so it reflects off the thin film polarizer and heads
toward the Pockels cell. The Pockels cell contains a material which can rotate the polarization of light when an electric field is applied to the material. This is accomplished by
applying a voltage to the Pockels cell. Our Pockels cell rotates polarization 90◦ from s to
p or from p to s. When the Pockels cell is in a state so that it rotates the polarization of
light, it is said to be “on” or “firing,” when the Pockels cell passes the light unaffected it is
said to be “off” or “not firing.” The polarizer cube in our set up transmits p-polarized light
and diffracts s-polarized light at a right angle out of the side of the cube. The Pockels cell
and the polarizer cube together comprise an electro-optic switch.
When the Pockels cell is off, the s-polarized seed pulse passes through and remains
s-polarized; it then diffracts off the polarizer cube and exits the amplifier cavity never
having passed through the amplifier crystal. This happens to 89,999 pulses out of every
90,000 pulses coming from the oscillator. However for one out of 90,000 pulses the Pockels
cell fires, resulting in an 8 ns window where the polarization of the seed pulse will be rotated
from s to p. The seed pulse is then transmitted through the polarizer cube; back reflects off
the amplifier cavity end mirror; passes through the polarizer cube and Pockels cell again;
passes through the thin film polarizer (because it is now p-polarized); reflects off the folding
mirror; passes through the Ti:sapphire crystal; back reflects off the second end mirror and
repeats the same path for 20–23 round trips. Then after 210–240 ns (20–23 trips), the
Pockels cell is fired again and the polarization of the now amplified seed pulse is rotated
from p to s and it exits the cavity by diffracting off of the polarizer cube.
The timing of the Pockels cell is controlled by an SRS timing box. A small fraction
of the initial seed pulse is reflected with a piece of glass into a photodiode. This 90 MHz
signal is amplified and then sent to a countdown box that outputs 1 electrical pulse for
every 90,000 pulses. This 1-kHz signal is split into two signals. One is used to trigger the
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YLF and the second signal enters the SRS timing box where a delay can be added before
being sent to trigger the firing of the Pockels cell. By performing the timing in this manner
all of the electronics are controlled by the same original signal (so they all have the same
clock) and the delay in the SRS timing box can be varied until the seed pulse arrives inside
the amplifier crystal at the optimal time for amplification.

2.2.4

The amplified femtosecond laser pulses
For our system amplification works best when the YLF pumps the amplifier crystal

at 6.75 W. Then, at the output of the polarizer cube, we obtain picosecond pulses at 1-kHz
with a maximum average power of 1.1 W. The amplified pulses are then compressed to 100
fs by a grating-based compressor. As a result of grating losses, the maximum average power
is reduced to 350 mW.
At this point each femtosecond laser pulse contains 350 µJ of energy, which is
approximately 1000 times larger than the pulse energy at the output of the oscillator cavity
and more than enough energy to ablate silicon.

2.2.5

Aligning the amplifier cavity
Two oscilloscopes are used to monitor the laser. One receives the signal from

the photodiode that looks at the seed pulse and is used to help with mode-locking. A
second one is used to monitor the seed pulse both inside and outside the amplifier cavity.
To view the seed pulse while it is in the amplifier cavity, a photodiode is placed behind
the second amplifier cavity end mirror. This end mirror is an output coupler allowing a
small transmittance. This oscilloscope is used to help align the pointing of the seed pulse;
align the amplifier cavity end mirrors; and adjust the Pockels cell timing to ensure that
amplification is occurring as efficiently as possible. The second oscilloscope needs to be
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triggered by the same common electrical signal that triggers all of the electronics.
The following procedure is used to obtain good amplification of the seed pulse.
With the seed pulse blocked, we observe the YLF pulse and the ASE pulse on the same
photodiode. This can be done essentially from anywhere on the optics table as both the
YLF pulse and the ASE are quite bright and scatter light in all directions off of each of the
optics. While viewing both pulses on the same photodiode, the amplifier cavity end mirrors
are adjusted iteratively in order to shrink the time between the YLF pulse and the ASE
pulse to the minimum value. A typical value for our system is 250 ns. The pointing of the
YLF pulse may require adjusting as well in order to find the minimum time.
Next, we view the photodiode at the output coupler of the amplifier cavity and
inject the seed while disabling the ejection of the seed. By blocking and unblocking the seed,
we can watch the ASE appear and then dissappear (being replaced by the seed signal). The
seed will look like a series of peaks that grow larger and larger. The peaks are separated by
11 ns (the round trip time of the amplifier cavity). The seed signal occurs earlier in time
than the ASE. By monitoring the seed signal we adjust the mirrors that control the pointing
of the seed pulse to cause amplification to happen at the earliest time possible. This ensures
that the most efficient amplification is occurring. Next the timing of the injection is varied
so that amplification occurs at the earliest time. We choose the latest injection time that
results in the earliest amplification, meaning that if we move the injection time earlier and
the amplification stays the same, we use the later injection time. Finally we then enable
ejection of the seed pulse and monitor the power at output of the polarizer cube. We change
the ejection timing in order to get the highest possible power (usually 1.1 W).

Chapter 2: Background

surface imaging
CCD

He-Ne
laser

27

1-kHz, 800-nm
100 fs, pulses
Convectron
gauge

white light
fiber lamp
spot size
CCD

to gas handling
manifold

Baratron
gauge

to roughing
pump

manually-controlled
axis

focusing lens

quartz window
sample

quick access door

computer-controlled
axes

Figure 2.10: Schematic diagram of the system used for femtosecond laser irradiation of
silicon in various environments.

2.3

Experimental methods: irradiation process and vacuum
chamber
The experiments in this thesis were performed inside a stainless steel vacuum

chamber anchored to the optics table on four legs (see Figure 2.10). The main chamber
is an 8-inch welded stainless steel cube. A corrosion resistant roughing pump is used to
evacuate to 10−3 Torr. A convectron gauge monitors the pressure between 10−3 –10−1 Torr;
a baratron pressure gauge monitors pressure between 1 and 1000 torr.
Silicon wafers are mounted to a stainless steel magnetic disc with carbon tape.
This disc is then placed inside the chamber on a permanent magnet that is anchored to
a stainless steel arm connected to a 3-axis linear translation system on the back of the
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cube. The two axes that are orthogonal to the laser beam (in the plane of the sample) are
computer controlled; the third axis is manually controlled. The silicon wafer is centered on
the translation stage using a CW Helium-Neon laser that is aligned to take the same path
as the femtosecond laser pulses.
The femtosecond laser pulses are focused through the quartz window with a 25 cm
focal length lens, anti-reflection coated for 800 nm light. The focus of the lens is behind the
sample. The lens is mounted on a single axis linear translation stage with a 2-inch travel.
Spot sizes ranging from 30–250 µm could be reliably achieved. The spot size is measured by
raising a flipper mirror and directing the beam into a CCD camera at a calibrated distance
from the flipper mirror.
Prior to irradiation the chamber is evacuated, and then filled with a specific background gas. During irradiation, white light shines on the silicon wafer and the reflected
light is collected by a second CCD camera, which allows the reflectivity change of the
silicon surface to be monitored live with a magnification of approximately 60 times.
The number of pulses that are incident on any one area is determined by the spot
size, the repetition rate of the laser (1-kHz) and the translation speed of the wafer. The
maximum translation speed for our motors is 1.5 mm/s. For a spot size of 150 µm, this
equates to a minimum number of pulses/area of 100. A fast mechanical shutter triggered
by the same electrical signal used to the trigger the electronics of the laser system allows
the repetition rate of the laser to be varied from 1–100 Hz which allows for lower numbers
of pulses/area.

Chapter 3

Formation of silicon nanoparticles
by femtosecond laser ablation in a
background gas
3.1

Chapter abstract
We show that the mechanism of nanoparticle formation during femtosecond laser

ablation of silicon is affected by the presence of a background gas. Femtosecond laser ablation of silicon in a H2 or H2 S background gas yields a mixture of crystalline and amorphous
nanoparticles. The crystalline nanoparticles form via a thermal mechanism of nucleation
and growth. The amorphous material has smaller features and forms at a higher cooling
rate than the crystalline nanoparticles. The background gas also results in the suspension
of plume material in the gas for extended periods, resulting in the formation (on a thin film
carbon substrate) of unusual aggregated structures including nanoscale webs that span tears
in the film. The presence of a background gas provides additional control of the structure
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and composition of the nanoparticles during short pulse laser ablation.

3.2

Introduction
Femtosecond laser ablation is the explosive removal of material excited to extreme

temperatures and pressures through absorption of a high-intensity laser pulse of subpicosecond duration. The femtosecond laser ablation of metals and semiconductors in a vacuum
environment has been investigated extensively [20–22, 35, 36, 58]. Recent research has focused on the formation mechanism of silicon nanoparticles created by the irradiation of
silicon in vacuum with 800-nm, laser pulses of 80 to 200-fs duration [22, 35, 36, 58]. Hydrodynamic models suggest that the nanoparticles form via mechanical fragmentation of a
highly pressurized fluid undergoing rapid quenching during expansion in the vacuum [22].
Experimental studies of the evolution of the ablated silicon support this theoretical prediction and show that the ablated material is composed almost entirely of ejected liquid silicon
with very little vapor [35, 36]. In addition, it was found that the nanoparticles form within
50 ps by a non-equilibrium, non-thermal phase transformation rather than by a thermal
nucleation and growth process [36].
In this paper we present work on the irradiation of silicon with 800-nm, 100-fs
laser pulses in a background gas of hydrogen (H2 ) or hydrogen sulfide (H2 S). Our results
indicate that the presence of the background gas during irradiation fundamentally changes
the mechanism for nanoparticle formation. We observe two phases in the collected plume
material: spherical particles of crystalline silicon ranging in diameter from 5–300 nm and a
highly porous network of amorphous silicon with feature sizes ranging from 1–10 nm. We
find that the crystalline nanoparticles form by thermal nucleation and growth; the amorphous phase forms from small droplets of liquid that are subjected to a high cooling rate.
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The size distribution of the crystalline nanoparticles is log-normal—that is, the logarithm of
the particle diameter has a Gaussian distribution—suggesting that the ejected material initially contains a vapor component instead of consisting of just liquid droplets as observed in
vacuum [36]. The presence of the background gas also gives rise to the formation of unusual
webs of nanoparticles on the collection substrate. Our results indicate that the background
gas affords additional control of the structure and composition of the nanoparticles.

3.3

Experimental setup
The ablation plume was generated by irradiating a Si(111) wafer (n-type, ρ =

8–12 Ω-m) with a 1-kHz train of 100-fs, 800-nm laser pulses produced by a regeneratively
amplified Ti:sapphire laser. The silicon wafer was placed in a stainless steel vacuum chamber, evacuated to about 6.7 Pa and then filled with either H2 or H2 S to various pressures.
The laser pulses were focused onto the silicon to a diameter of 150 µm yielding a peak
fluence of 10 kJ/m2 and a peak intensity of about 1017 W/m2 . The plume material was
collected over the course of 1 hour as the silicon wafer was translated at a speed 250 µm/s
to prevent degradation of the target. This translation speed resulted in an average of 600
pulses delivered to each spot on the surface.
We used transmission electron microscope specimen grids (3-mm diameter, 200
mesh copper grids, coated on one side with a 20-nm thick film of amorphous carbon) to
collect material in the plume. The plane of the grids was perpendicular to the silicon surface
and suspended above and in front of the silicon target with 18 gauge copper wire and carbon
tape. The grids were positioned 10 mm from the target with the carbon-coated side facing
down (see Figure 3.1).
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Figure 3.1: Experimental setup used for collecting nanoparticles.

3.4

Results
We visually observed the ablation plume and collected the ejected material on

transmission electron microscope (TEM) specimen grids positioned 10 mm from the target.
The size, structure and composition of the collected nanoparticles were determined using
bright and dark field imaging, selected area diffraction, and energy dispersive spectroscopy
in a transmission electron microscope.
The background gas influences the shape and trajectory of the ablation plume. At
a 1-kHz pulse rate, the ablation plume appears as a constant stream of ejected material
in the shape of a cone, which expands from the 150-µm diameter laser-irradiated spot to
millimeter dimensions making it readily visible to the eye. In contrast to vacuum, where
the ejected material retains most of its initial kinetic energy until it impacts a surface, the
background gas reduces the kinetic energy of the ejected material to zero. The material
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Figure 3.2: (a) Low magnification TEM bright field image showing particles formed in the
ablation plume of silicon irradiated with trains of femtosecond laser pulses in H2 at 67
kPa. (b) Higher magnification of the highlighted area in (a) reveals a network composed of
spherical particles and porous material.

then remains suspended in the background gas for the duration of the experiment and
travels around the chamber by convection. When H2 S is used as the background gas, the
ablation plume is a narrow cone that initially travels perpendicular to the silicon surface
and then curves upward until it comes to a stop and begins to fall back down. When H2 is
the background gas, the ablation plume is a wider cone that remains perpendicular to the
silicon surface until it eventually slows to a stop and then travels around the chamber by
convection.
Although the trajectory of the ablation plume is different for irradiation in both
H2 S and H2 , the size and the structure of the collected material is the same. The TEM bright
field image in Figure 3.2a shows that the collected material is composed of an extremely
fine network of aggregated material. The network consists of clusters of spherical particles,
ranging in diameter from 5–300 nm, dispersed in a highly porous material with feature
sizes ranging from 1–10 nm (Figure 3.2b). In Figure 3.2b, the spherical particles vary in
brightness from light gray to deep black. In bright field imaging, a low brightness indicates

Chapter 3: Formation of silicon nanoparticles by femtosecond laser ablation in a
background gas

a

34

b

c

100 nm

Figure 3.3: (a) TEM bright field image of particles generated in the ablation plume of silicon
irradiated in H2 at 67 kPa. Selected area diffraction reveals that (b) the spherical particles
are crystalline and (c) the porous material is amorphous.

that the material is highly diffracting [59]. When imaging the spherical particles, they
alternate between gray and black on the time scale of seconds. This observation supports
that the particles are single crystals; the alternating brightness is caused by the particles
tilting in and out of the diffraction condition when they collect charge in the electron
microscope. In comparison, the brightness of the highly porous material does not vary
with time and appears between light-gray and dark-gray depending on the thickness of
accumulated material.
Figure 3.3a is a TEM bright field image showing the spherical particles on the left
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Figure 3.4: Analysis of the polycrystalline diffraction pattern. The ratio of the size of each
concentric ring in the diffraction pattern matches the allowed reflections of the diamond
cubic crystal structure.

and the highly porous material on the right. Figures 3.3b and 3.3c are electron diffraction
patterns obtained using the selected area diffraction apertures indicated by the corresponding circles in Figure 3.3a. The diffraction pattern in Figure 3.3b is characteristic of a
polycrystalline material and the relative diameters of the rings confirm that the crystal
structure of the spherical particles is diamond cubic (see Figure 3.4). By positioning the
selected area diffraction aperture over an individual particle, we verified that each particle
is actually a single crystal (see Figure 3.5) and that the diffraction pattern in Figure 3.3b
is the result of an ensemble of single crystal particles each at a different orientation. In
contrast, Figure 3.3c shows a diffraction pattern nearly absent of diffraction peaks, indicating an amorphous structure. The presence of a few diffraction peaks is due to crystalline
particles mixed in with the amorphous material. Closer inspection of the image in Figure
3.3a confirms the presence of a few crystalline particles in the amorphous material.
The bright and dark field TEM images in Figure 3.6 confirm that the highly porous
material is amorphous. Figure 3.6a is a bright field image showing a mixture of spherical
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Figure 3.5: Left: TEM bright field image of nanoparticles. The circle indicates the approximate size and location of the selected area diffraction aperture. Center: Diffraction pattern
from selected area diffraction aperture positioned over a single nanoparticle. Right: Inverse
of the diffraction pattern. Analysis of the pattern shows the particle is a single crystal and
oriented along a [111]-type axis.
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Figure 3.6: (a) TEM bright field image of particles generated in the ablation plume of silicon
irradiated in H2 at 67 kPa. (b) Compilation of eight dark field images acquired with the
TEM C2 aperture positioned at eight different locations along the (111) diffraction ring.
The bright areas indicate the locations of crystalline material.

particles and highly porous material. Figure 3.6b is a compilation of eight dark field images
acquired with the TEM C2 aperture positioned at different locations around the first ring of
the diffraction pattern in Figure 3.3b. The first diffraction ring is populated by crystalline
reflections from (111) type planes. In each of the eight images, different spherical particles
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appear bright depending on whether their crystalline orientation produces a (111) type
reflection (e.g., each of the twelve [011] and twenty four [112] orientations in a diamond
cubic crystal produce a (111) type reflection). Crystalline particles that do not appear
bright in Figure 3.6b are likely oriented along a direction that does not produce a (111)
reflection at any of eight locations. In contrast, the highly porous material is a uniform dark
gray in all eight images, confirming that it is amorphous. If the highly porous material were
crystalline, it would be unlikely that no part of that material produces a (111) reflection in
any of the eight orientations.
The dark field images used to form Figure 3.6b were compiled in the following manner. In seven of the eight images, the lower fourth of the brightness scale was subtracted.
This removed the dark gray amorphous material from each image and left the bright crystalline particles behind. These images were then summed together and then added to the
eighth image (which was unaltered) to produce Figure 3.6b. By performing the sum in this
manner, the relative brightness between the spherical particles and the amorphous phase
in Figure 3.6b is representative of each of the eight dark field images.
Using energy dispersive spectroscopy we find that the main component of both
the crystalline particles and the amorphous material is silicon. Trace amounts of oxygen,
carbon, and sulfur are detected in the amorphous material, and to a lesser extent in the
crystalline particles. Sulfur is only detected when H2 S is used as the background gas. The
presence of oxygen and carbon can be attributed to oxidation and contamination during
transportation of the TEM specimen grids from the vacuum chamber to the TEM.
Figures 3.7 and 3.8 show aggregated material on copper TEM specimen grids
coated with a smooth continuous carbon film. Figure 3.7 shows several strands of particles
over 30 µm in length. The strands also span 10-µm wide rips in the continuous carbon
film like the strands of a web (Figure 3.8a). Higher magnification images show that these
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5 µm

Figure 3.7: TEM bright field image showing that particles aggregate in straight lines measuring over 30 µm in length.

nanoscale webs are composed of both crystalline particles and amorphous material (Figure
3.8b). We find that the collection surface affects the aggregation of nanoparticles and amorphous material. For example, TEM specimen grids that are coated with an uneven, holey
carbon film gives rise to small clusters instead of strands of particles. These observations
suggest that it may be possible to control the self-assembly of nanoparticles through the
morphology of the substrate.
We studied the dependence of the size and structure of the ablated material on
pressure by collecting the ablated material at various H2 background pressures. The amount
of amorphous material collected on the TEM grids increases as the pressure decreases. At
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Figure 3.8: (a) Low magnification TEM bright field image showing particles forming
nanoscale webs that span 10-µm wide gaps in the collection substrate. (b) Higher magnification TEM bright field image showing that the bridges are composed of both crystalline
and amorphous particles.

13 kPa, there is approximately 3 times more amorphous material than at 67 kPa. At
0.27 kPa, the collected material is nearly completely amorphous, intermixed with a few
crystalline particles. The crystalline material, too, changes with pressure. Figure 3.9 shows
the crystalline particle size distribution at two different background pressures: 13 and 67
kPa. The average size of the crystalline particles increases as the pressure decreases. At both
13 and 67 kPa, the size of the crystalline particles fit a log-normal distribution. However,
the geometric mean diameter is greater for particles produced at 13 kPa (18.8 ± 0.2 nm)
than at 67 kPa (16.2 ± 0.2 nm). At 0.27 kPa, the crystalline particles are embedded
in a continuous amorphous film preventing the determination of an accurate particle size
distribution.

3.5

Discussion
Depending on the cooling rate, liquid silicon forms either the energetically favor-

able crystalline phase or a metastable amorphous phase upon cooling [60]. Amorphous
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Figure 3.9: Size distribution of crystalline nanoparticles formed during femtosecond laser
ablation of silicon in H2 gas at 13 kPa (open circles) and 67 kPa (filled diamonds). The
solid and dashed curves are log-normal fits with geometric means of 18.8 ± 0.2 nm and
16.2 ± 0.2 nm, and standard deviations of 0.50 ± 0.02 nm and 0.44 ± 0.02 nm for particles
formed at 13 kPa and 67 kPa, respectively.

silicon is typically formed though vapor deposition processes, although, at high cooling
rates, such as in electrohydrodynamic atomization of silicon in vacuum [61, 62] (106 –107
K/s) or after irradiation of a silicon substrate with nanosecond [63] and picosecond [1, 12]
laser pulses (≥ 1010 K/s), a metastable amorphous phase can nucleate and grow from the
liquid phase before crystallization occurs [60]. At lower cooling rates, there is sufficient time
for the more stable crystalline phase to nucleate and grow. The presence of both amorphous
and crystalline silicon in the collected material, indicates that the cooling rate in our experiment is near the threshold cooling rate for formation of the amorphous phase (106 K/s).
This cooling rate is well below the estimated cooling rate for femtosecond laser ablation
of silicon in vacuum (1012 –1018 K/s) [22], suggesting that the background gas lowers the

Chapter 3: Formation of silicon nanoparticles by femtosecond laser ablation in a
background gas

41

cooling rate of the ejected silicon. As the background pressure is increased, the amount of
crystalline material increases (Figure 3.9) and the amount of amorphous material—which
requires a higher cooling rate—decreases. The cooling rate within the ablation plume varies,
because the mass of the silicon droplets is distributed over a range. Large liquid droplets
cool by convection and radiation at a slower rate than smaller droplets. Indeed, nearly all of
the crystalline particles we observe are larger in size than the amorphous particles (because
of their larger size they cooled more slowly, providing enough time for crystallization).
The presence of a background gas fundamentally changes the mechanism of nanoparticle formation. In vacuum, the solid-liquid transformation is reported to be nonthermal
and to take place within 50 ps [36]. This time period is too short for particles with crystalline order to form. The threshold speed for the crystalline-liquid interface above which
the amorphous phase forms is reported to be 15 m/s [12]. At this speed 100-nm particles
require 3 ns to form; 5-nm particles require 160 ps. We observe crystalline particles as large
as 300 nm. Crystalline particles of this size can only form by a thermal process of crystal
nucleation and growth.
The formation of single-crystal rather than polycrystalline particles is consistent
with what is known about nucleation and growth of crystalline silicon. Multiplying the
volume of the mean particle, 2 × 10−24 m3 , by the largest reported [64] value for the
homogeneous nucleation rate, 2 × 1010 m−3 s−1 , and inverting the result, we find that the
time between two nucleation events within the volume of the mean particle is at least 1013 s,
which is far greater than the solidification time. In other words, the observed nanoparticles
solidify completely before a second nucleation event can occur and therefore they must be
a single crystal.
The log-normal nature of the size distribution of the crystalline particles allows us
to draw conclusions about the process of ablation in a background gas. A log-normal size

Chapter 3: Formation of silicon nanoparticles by femtosecond laser ablation in a
background gas

42

distribution was first associated with the nucleation and growth of small particles during
evaporation of metals in an inert gas [65]. It was recently shown that nucleation and
growth of liquid droplets from the vapor phase produces a log-normal size distribution if
the following four criteria are met [66, 67]:
1. nucleus particles (or droplets) only grow in a finite active growth region
2. they travel through it by both drift and diffusion
3. they are collected at a fixed point outside the active zone
4. their size in the active region is a power function of time.
The ablation plume in our experiment meets all of the above criteria if we assume
it is initially composed of vapor or a mixture of liquid and vapor. Liquid droplets in the
ablation plume grow while new droplets nucleate and grow through vapor condensation
until the vapor phase is depleted. The finite amount of vapor establishes a finite active
growth region. The kinetic energy of the ablation plume provides a condition of strong
drift, in addition to diffusion, which is always present. The liquid droplets then solidify as
either crystalline or amorphous depending on their cooling rate and are collected on the
TEM grid. The time dependence of the size of a droplet growing by vapor condensation is
linear (i.e., it is a power function in time where the exponent is unity) [66].
As the background gas pressure is decreased, the peak in the lognormal size distribution of the crystalline particles shifts to a larger particle size (Figure 3.9). We can
attribute this shift to an increase of the average cooling rate within the plume at lower
pressures. As the cooling rate increases, more of the smaller liquid droplets become amorphous and the average size of the crystalline particles increases.
A key difference between femtosecond laser ablation in a background gas and in
vacuum is the evolution of the kinetic energy of the ejected ablation plume. In a vacuum,
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the ejected material retains much of its kinetic energy and is eventually deposited along a
line-of-sight trajectory. Many evaporation-based thin film growth techniques, such as pulsed
laser deposition, rely on this process. However, in a background gas, the kinetic energy of
the ejected material is reduced significantly due to interaction with the background gas. The
initial kinetic energy can be reduced to zero before any deposition occurs and the plume
material moves about the chamber by convection. In H2 S, the ejected plume is observed to
turn upward in the opposite direction of gravity. This upward turn is likely brought about
by a density difference between the plume and the background gas resulting in a buoyancy
effect. In H2 , the plume remains perpendicular to the target, indicating that the density of
the plume is similar to H2 .
We attribute the formation of nanoscale webs to the aggregation of particles suspended in the background gas. As the plume material remains suspended in the chamber
during the length of the experiment, the particles aggregate and form three-dimensional
structures and clusters, which then come to rest on the TEM grids. The strands of the
nanoscale webs are composed of individual aggregated nanoparticles (Figure 3.8b). A recent theoretical report on coagulation of particles suspended in a gas predicts that under
certain conditions particles aggregate into web-like clusters similar in shape to the clusters
we observe [68]. It may be possible to form more complex three-dimensional nanostructures
by controlling the gas type and pressure as well as the morphology, structure and chemistry
of the collection substrate.

3.6

Conclusion
The presence of a gas during femtosecond laser ablation of silicon changes the

fundamental mechanism by which nanoparticles form. The background gas suppresses the
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non-thermal phase transformation observed in vacuum allowing some particles to crystallize
through a thermal nucleation and growth process. The log-normal size distribution of
crystalline particles suggests that the ablation plume contains a vapor component. The
presence of the background gas also results in the suspension of plume material in the
chamber for extended periods of time resulting in the formation of long straight lines and
webs of nanoparticles. The pressure and gas chemistry control the structure, composition
and size distribution of the ejected material. Our results show that it may be possible to
tailor the creation of nanoparticles and control their self-assembly on a collection surface.

Chapter 4

Mechanism of broadband infrared
absorption in chalcogen-doped
silicon
The organization of this chapter is as follows: Sections 4.1 through 4.6 very nearly
represent the as-submitted journal article on the Mechanism of broadband infrared absorption in chalcogen-doped silicon. Section 4.7 provides supplemental information to the main
arguments developed in Sections 4.1 through 4.6. The information in Section 4.7 is presented to provide more experimental details and more graphical representations of the data
for future reference.

4.1

Chapter abstract
Sulfur doping of silicon beyond the solubility limit by femtosecond laser irradiation

has lead to near-unity broadband absorption of visible and infrared light and the realization
of silicon-based infrared photodetectors. The nature of the infrared absorption is not yet well
45
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understood. Here we present a detailed study on the reduction of infrared absorptance after
various anneals of different temperatures and times for three chalcogens (sulfur, selenium,
and tellurium) dissolved into silicon by femtosecond laser irradiation. For sulfur doping, we
irradiated silicon in SF6 gas; for selenium and tellurium, we evaporated a film onto the silicon
and irradiated in N2 gas; lastly, as a control, we irradiated untreated silicon in N2 gas. Our
analysis shows that the deactivation of infrared absorption after thermal annealing is likely
caused by dopant diffusion. We observe that a characteristic diffusion length—common to
all three dopants—leads to the reduction of infrared absorption. Using diffusion theory,
we show that the grain size of the re-solidified surface layer is a probable source of this
characteristic diffusion length, indicating that deactivation of infrared absorptance could be
caused by precipitation of the dopant at the grain boundaries.

4.2

Introduction
Silicon is often doped with chalcogens such as sulfur and selenium to obtain op-

toelectronic properties not typically available to silicon-based devices, such as detection of
infrared light [52,69–71], and light emission (photoluminescence [72–75] and, more recently,
electroluminescence [76, 77]). In addition, the presence of the chalcogen atom in the silicon
lattice is studied for its potential as a double donor [78, 79].
Doping is typically done by vapor diffusion during furnace annealing [72,75,79–81]
or ion implantation followed by furnace annealing [70, 75, 82–85]. These methods have been
used to establish the bulk diffusivity and equilibrium solubility limit of sulfur [84, 86, 87],
selenium [88–92], and tellurium [81, 85, 90] in crystalline silicon.
When doping is performed via thermal diffusion, the concentration is restricted to
the solubility limit at the annealing temperature; however, when ion implantation is followed

Chapter 4: Mechanism of broadband infrared absorption in chalcogen-doped silicon

47

by nanosecond pulsed laser irradiation [93–96], the doping concentration can exceed the
solubility limit by several orders of magnitude through a process known as solute trapping
[97–99]. This method has recently been used to create supersaturated concentrations of
sulfur in silicon [95]. Recently, we created supersaturated concentrations of sulfur, selenium
and tellurium, respectively, by femtosecond laser irradiation of silicon coated with a powder
film [50]. We have also doped silicon in this manner using a background gas of sulfur
hexaflouride (SF6 ) or hydrogen sulfide (H2 S) [46, 49]. In these recent studies involving
nanosecond and femtosecond laser pulses, the supersaturated solution of chalcogen dopants
exhibits increased infrared absorptance [46, 49, 50, 95]. When femtosecond laser pulses are
used, the infrared absorptance is near unity out to 2500 nm [46, 49, 50].
The mechanism by which chalcogen-doped silicon absorbs infrared light is not
entirely understood. Two observations provide insight into how the dopant contributes to
the enhanced infrared absorption. First, the infrared absorption decreases after thermal
annealing, and this decrease becomes larger with increasing annealing temperature [46, 49,
50, 95]. Second, for the same thermal anneal, the infrared absorption decreases a different
amount depending on the dopant [50]. Sulfur-doped samples show the largest decrease
in infrared absorption, followed by selenium-doped samples and tellurium-doped samples,
respectively [50]. Given that the bulk diffusivity of sulfur in silicon is roughly an order of
magnitude larger than selenium and several orders of magnitude larger than tellurium,1 the
1

This large variation in diffusivity is related to the diffusion path of each dopant [100]. Fast diffusers in
silicon, such as copper and iron [100], are dissolved interstitially and diffuse interstitially without the need for
point defects in the lattice. Slow diffusers like the group III and V elements (boron and phosphorous [100])
are dissolved substitutionally and diffuse more slowly as substitutional diffusion relies on point defects such
as vacancies and self-interstitials. The diffusivity of sulfur is closer to that of iron, while the diffusivity of
tellurium is similar to the group III and V elements; selenium is in between. Research suggests that the
large difference in diffusivity between sulfur, selenium and tellurium is due to the percentage of diffusion
that occurs interstitially versus substitutionally [90]. Although, sulfur, selenium and tellurium dopants are
predicted to occupy substitutional sites [101–103], diffusion can occur interstitially through either the FrankTurnbull mechanism [104] (the substitutional dopant jumps into an interstitial site creating a vacancy) or the
kick-out mechanism [105] (a silicon self-interstial takes the place of the substitutional dopant which jumps
to an interstitial site).
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two experimental observations seem to indicate that the reduction of infrared absorptance
after annealing is related to diffusion of the dopant [50].
In this chapter, we further explore whether the deactivation of infrared absorption
is a diffusion process by determining the optical properties of supersaturated chalcogendoped silicon before and after numerous thermal vacuum anneals. The silicon is doped
by irradiation with femtsecond laser pulses in the presence of a background gas (for sulfur
doping) or coated with an evaporated film of the dopant (for selenium and tellurium doping).
Our analysis shows that thermal annealing reduces the infrared absorptance in a manner
that is consistent with diffusion of the dopant. In addition, the infrared absorption is
observed to decrease the same amount after a similar diffusion length for all three dopants.
Using diffusion theory, we show that a probable source of this characteristic diffusion length
is the grain size of the re-solidified surface layer.

4.3

Experimental setup
For all experiments, we used boron-doped Si (100) wafers (ρ = 1−20 Ω-cm, dia. =

50 mm). Wafers were ultrasonically cleaned in methanol for 10 minutes. For sulfur doping,
the wafers were placed on a translation stage in a stainless steel vacuum chamber that was
evacuated to less than 1 × 10−2 Torr using a mechanical pump. The chamber was filled
with 500 Torr of SF6 . For selenium and tellurium doping, the wafers were first placed into a
resistive thermal evaporator that was evacuated to 1×10−6 Torr. A film thickness of 150 nm
was deposited for both selenium and tellurium using solid selenium (99.95%) and tellurium
(99.95%) pellets, respectively, in tungsten boat sources (for additional information on using
an evaporated film as the dopant source see Section 4.7.1). The coated wafers were loaded
into the stainless steel chamber, which was then evacuated to less than 1 × 10−2 Torr and
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filled with 500 Torr of N2 . Femtosecond laser ablation in a gas of near-atmospheric pressure
results in different hydrodynamics for melting and ablation than irradiation performed in
a vacuum [106]. In order to keep the hydrodynamics of doping the same for all samples,
we irradiated the selenium- and tellurium-coated samples in a background gas of N2 at the
same pressure as the samples irradiated in SF6 .
We irradiated the wafers with a 1-kHz train of 100-fs, 800-nm laser pulses with a
fluence of 8 kJ/m2 focused to a spot size of 150-µm full width half maximum, F W HM .
Fluence equals the pulse energy/area, where the area (radius that intensity is 1/e of the peak
value) is π(F W HM )2 /(4 ln(2)). The wafer’s surface was perpendicular to the incident laser
and translated in the plane of the surface with a velocity of 1.5 mm/s; each area received
100 shots. A 33 mm x 33 mm area was irradiated on each wafer by translating 33 mm
vertically, stepping 75µm horizontally and repeating.
After irradiation, the wafers were removed and cut into 8 mm x 11 mm samples
for annealing in a thermal vacuum oven evacuated to less than 1 × 10−6 Torr. We evaluated
the optical properties of the samples before and after annealing by measuring the infrared
absorptance with a UV-VIS-NIR spectrophotometer equipped with an integrating sphere
detector. The diffuse and specular reflectance (R) and transmittance (T ) were measured
for the wavelength range of 0.9–2.5 µm, in 1-nm increments to determine the absorptance
(A = 1 − R − T ) at each wavelength.
Initially, we performed twenty-five thermal vacuum anneals covering a matrix of
five temperatures (575 K, 675 K, 775 K, 875 K, 975 K) and five times (10 min, 30 min, 100
min, 6 hr, 24 hr) for each of the four types of samples: Si wafers irradiated in SF6 (Type
I); Si wafers coated with selenium (Type II) or tellurium (Type III) and irradiated in N2 ;
and Si wafers irradiated in N2 (Type IV). To explore the high temperature behavior, the
four types of samples were annealed to temperatures between 975 K and 1175 K for 100
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minutes. Lastly, as a control, an untreated Si wafer was annealed to 1175 K for 100 min.

4.4

Results
After irradiation, the surface of each sample is transformed from a flat, mirror-

finished, light gray wafer into a visibly matte black or dark gray surface. Closer inspection
with a scanning electron microscope reveals that the surface is covered with a forest of
micrometer-sized spikes. The formation of this surface morphology is a function of the laser
wavelength, fluence, and pulse duration, as well as the gas chemistry and pressure; the
mechanism behind its formation has been well documented elsewhere [42, 43].
Figure 4.1 shows the infrared absorptance (0.9–2.5 µm) of each of the four types
of samples after laser irradiation compared to the absorptance of the initial silicon wafer.
The initial silicon wafer is largely transparent to wavelengths of light greater than 1.07 µm
due to the band gap energy of crystalline silicon (1.1 eV). The chalcogen-doped samples
exhibit near unity absorptance of infrared light and samples irradiated in N2 show some
infrared absorptance, which decreases with increasing wavelength.
Figure 4.1 also shows the infrared absorptance of the chalcogen-doped samples
after annealing at 775 K for the five lengths of time used in the annealing experiment. The
infrared absorptance of all three samples is reduced after annealing; this reduction increases
with annealing time. Sulfur-doped samples show the largest decrease in infrared absorptance, followed by selenium-doped samples; the absorptance of tellurium-doped samples
changes the least.
Figure 4.2 displays the mean infrared absorptance (between 1.2–2.5 µm) after the
initial twenty-five anneals performed at 575–975 K for each of the four types of samples:
sulfur-doped (circles) selenium-doped (squares), tellurium-doped (triangles) and samples
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Figure 4.1: Left: Absorptance spectra for samples irradiated in the presence of sulfur
hexaflouride (solid red line), selenium (dashed blue line), tellurium (dotted green line), and
nitrogen gas (solid gray line) prior to thermal annealing. The absorptance of the untreated
silicon wafer is included for comparison. Right: Absorptance spectra for sulfur-, selenium-,
and tellurium-doped silicon after annealing to 775 K for increasing lengths of time (from
top to bottom: 10 min, 30 min, 100 min, 6 hr, 24 hr).
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Figure 4.2: Average absorptance from 1250–2500 nm for sulfur-doped (circles), seleniumdoped (squares), tellurium-doped (triangles) silicon and samples irradiated in N2 (diamonds) after various thermal anneals at T ≤ 975 K. A larger marker indicates a longer
anneal (from smallest to largest: 10 min, 30 min, 100 min, 6 hr, 24 hr).
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Figure 4.3: Average absorptance from 1250–2500 nm for sulfur-doped (circles), seleniumdoped (squares), tellurium-doped (triangles) silicon and samples irradiated in N2 (diamonds) after thermal anneals at T ≥ 875 K for 100 min. The infrared absorptance of an
unirradiated silicon wafer annealed to 1175 K for 100 minutes is also shown (open circle).

irradiated in N2 (diamonds). The size of the marker indicates the length of each anneal,
with the largest size equaling 24 hours and the smallest, 10 minutes. The results of the high
temperature annealing study are shown in Figure 4.3. Between 575 K and 875 K (Figure
4.2), the change in absorptance has the same trend for all three chalcogen-doped samples;
absorptance drops with increasing anneal temperature and at a given temperature, a longer
annealing time results in a further decrease in absorptance. At 875 K, the absorptance of
the sulfur-doped samples and the samples irradiated in N2 have been reduced to the infrared
absorptance of the original un-irradiated silicon substrate. Above 875 K (Figures 4.2 and
4.3), the change in absorptance of each sample has a different trend. The absorptance of
sulfur-doped samples and those irradiated in N2 begins to increase with increasing temperature. The absorptance of selenium-doped samples stays relatively the same as the value
at 875 K and the absorptance of tellurium-doped samples continues to decrease.
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Discussion
Crystalline silicon is mostly transparent to wavelengths of light longer than 1.07 µm

due to its band gap. The absorptance of wavelengths of light shorter than 1 µm depends
on the roughness of the silicon surface. Every sample [43, 46, 48, 49] that we irradiate
exhibits enhanced absorption of wavelengths of light shorter than 1 µm (see Figure 1). This
observation is also true of samples irradiatied in vacuum [43]; the enhanced absorption of
wavelengths of light in this region is caused by multiple reflections on the textured surface.
If irradiation is performed in the presence of certain dopants, such as sulfur, selenium or tellurium, the absorptance of infrared light between 1.0–2.5 µm is enhanced to
near-unity (see Figure 4.1). However, this behavior is not observed for all dopants, such as
the samples irradiated in N2 gas (see Figure 4.1). The N2 samples exhibit a non-uniform
absorptance of infrared light, which decreases with increasing wavelength. This same trace
shape is seen when silicon is irradiated in many other gases [43, 46, 48, 49] (H2 , Cl2 , and
air) as well as when irradiation is performed in a vacuum [43]. Because they are all similar to vacuum, we attribute this infrared absorptance to structural defects present in the
nanocrystalline grains and not doping of the silicon with species in the background gas.
In order to understand the mechanism behind our samples’ near-unity infrared
absorptance (between 1.0–2.5 µm), we begin by reviewing what is known about their structure and composition. During irradiation of silicon with ultrashort laser pulses above the
ablation threshold [21] (3 kJ/m2 ) the top surface layer is ablated away and the next layer
below melts. This thin molten layer resolidifies extremely quickly due to its contact with
the cold bulk substrate. Cooling rates are estimated to be as high as 1015 K/s [22]. When
a gas or surface dopant is present during irradiation it will be atomized by the high intensity of the ultra short laser pulse and mix with the molten silicon. Rutherford back
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scattering measurements [46, 49, 50] show that these species are incorporated at a concentration on the order of 1 atomic percent and that 20–70% of the dopants are located on
substitutional lattice sites [46]. This concentration is orders of magnitude above the equilibrium solubility limit and the dopants are therefore in a supersaturated solution [50]. The
high concentration of dissolved atoms become trapped in the lattice during the extremely
fast solidification in a process that is likely similar to the solute trapping that occurs after
pulsed laser irradiation of ion implanted semiconductors [96]. Cross-sectional transmission
electron microscopy reveals that the resolidified surface layer is an approximately 300-nm
thick polycrystalline layer with nanometer-sized grains (10–50 nm) [46]. It is this surface
layer that contains the supersaturated concentration of dopants and is responsible for the
resulting optical properties.
We previously proposed that the broadband absorptance of infrared light is caused
by the high concentration of chalcogen dopants in the nanometer sized grains of the polycrystalline surface layer [46, 49, 50]. An equilibrium concentration of sulfur, selenium or
tellurium atoms each create deep level donors in the band gap of silicon [79, 80]. A supersaturated concentration of chalcogen atoms creates a densely populated impurity band
around one or more of those deep levels. Below, we provide support for this mechanism by
showing that the infrared absorptance decreases with annealing at the same rate that dissolved dopants diffuse out of the nanometer-sized grains to the grain boundaries. Diffusion
of the dopants out of the grains reduces the number of impurity levels in the band gap and
thus reduces the infrared absorption. Because the grains are on the order of nanometers in
size, thermal anneals that result in diffusion lengths on the order of nanometers are required
to decrease the absorptance. Below we show that this is the case for all three chalcogen
dopants.
It is also possible that precipitation of the dopant within the crystalline grains (in
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the form of clustering) could lead to deactivation of infrared absorption. This process will
also involve diffusion of the dopant on the order of nanometers through the crystalline grains.
With the current analysis, it will be difficult to distinguish whether clustering or diffusion
to the grain boundaries is responsible. Here, we offer that it is plausible that diffusion of
the dopants to the grain boundaries leads to deactivation of the infrared absorption.
For every thermal anneal, we can estimate the diffusion length, d, for each dopant
√
(sulfur, selenium and tellurium) using the equation d = Dt, where t is the annealing time;
D is the bulk diffusivity for each dopant in silicon given by D = D0 exp(−Ea /(kT )); T is
the annealing temperature; k is the Boltzmann constant; and D0 and Ea are temperature
independent constants obtained from the literature on the bulk diffusivity of sulfur, selenium
and tellurium in silicon. For each anneal, the temperature and time is known; the diffusivity
of the dopant can be calculated using the temperature and a diffusion length can be obtained
for each anneal for sulfur, selenium and tellurium, respectively. Because diffusion length
incorporates both time and temperature, it describes the amount of thermal energy each
anneal imparts on the sample. For example, a very long low temperature anneal can impart
the same thermal energy as a very short higher temperature anneal.
Slightly different values for D0 and Ea for each dopant have been reported in the
literature [81, 84–90, 90–92]. For our analysis, we chose diffusivity constants determined
from studies that used the lowest temperature range and a similar silicon substrate (see
Table I). For tellurium, the referenced study fit its data as the sum of two Arrhenius curves,
giving high temperature and low temperature values for D0 and Ea ; in that case we used
the low temperature values. Although the analysis below is carried out with one set of
diffusion constants for each dopant, all reported diffusivities give similar results and do not
change our conclusions.
In Figure 4.4, we re-plot the infrared absorptance graphed in Figures 4.2 and 4.3;
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Figure 4.4: Normalized absorptance for sulfur-doped (circles), selenium-doped (squares),
and tellurium-doped (triangles) silicon after various thermal anneals versus diffusion length
of the respective dopant. The average infrared absorptance from Figures 4.2 and 4.3 has
been renormalized so that the maximum is the preannealed value and the minumum is the
infrared absorptance of the unirradiated silicon wafer (see Figure 4.1). The six solid curves
are plots of Equation 4.4 for sphere radii from left to right of 5 nm, 10 nm, 20 nm, 40 nm,
80 nm, and 160 nm.

however, now the data for sulfur-doped (circles), selenium-doped (squares) and telluriumdoped (triangles) samples are plotted versus the diffusion lengths of sulfur, selenium and
tellurium atoms, respectively (these diffusion lengths are calculated using the constants in
Table I). In addition, the infrared absorptance is normalized so that the maximum value is
the preannealed infrared absorptance from Figure 4.1 and the minimum value is the infrared
absorptance of the unirradiated silicon wafer.
We can draw several conclusions from Figure 4.4. First, the data points—each representing a different sample and a different anneal condition—form a continuous curve when
plotted versus the dopant’s diffusion length. Second, the infrared curve for each chalcogen-
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Dopant element

D0 (cm2 /s)

Ea (eV)

S [87]

0.92

2.2

Se [89]

2.47

2.84

Te [85]

0.048

3.04
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Table 4.1: Diffusivity constants used to determine the diffusion length of each dopant after
a thermal anneal in order to create Figure 4.4.

doped sample decreases at diffusion lengths that are on the same order of magnitude as the
observed grain size of femtosecond laser irradiated silicon. Third, longer lower temperature
anneals which have roughly the same decrease in infrared absorptance as shorter higher
temperature anneals result in roughly the same diffusion length for each dopant (e.g., 24
hr at 575 K roughly equals 10 min at 675 K, 24 hr at 675 K roughly equals 10 min at 775
K, and 24 hr at 775 K roughly equals 10 min at 875 K, for all three dopants). Finally,
when the data is normalized to the diffusion length of each samples’ respective dopant, the
infrared absorptance decreases at the same rate for all three samples; in other words, there
appears to be a characteristic diffusion length associated with the deactivation of infrared
absorptance. These observations are strong evidence that the reduction of absorptance is a
diffusion related process.

4.5.1

Diffusion theory
If the decrease in infrared absorptance is caused by the diffusion of dopants out

of the crystalline grains, we can use diffusion theory to estimate how the concentration of
dopant atoms in the grains should decrease with thermal annealing and compare this to
our data. To start, we make the following assumptions: the crystalline grains are spherical
with a radius of R0 and an initial dopant concentration of C0 spread uniformly throughout;
diffusion occurs radially out from the center; the grain boundaries are perfect sinks (i.e.,
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once a dopant atom reaches the grain boundary it does not diffuse back into the grain);
the diffusivity of the dopant is only a function of temperature and does not vary with
concentration.
In order to treat the grain boundaries as a perfect sink for the dopant, we set the
boundary condition C(R0 ) = Ce for all t, where Ce is the equilibrium dopant concentration
at the annealing temperature (which is several orders of magnitude below the initial dopant
concentration); the dopant concentration in the grain will not drop below this value during
the anneal. We make an additional assumption that the equilibrium dopant concentration
is not sufficient to bring about enhanced broadband infrared absorption, which is consistent
with research on silicon doped with chalcogens at or below the equilibrium concentration
[80]. Because the concentration in the grain will not decrease below Ce , we treat this value as
a background concentration and express our concentration profile as C̃(r, d) = C(r, d) − Ce .
With these assumptions the concentration profile, C̃(r), in the grain is given by




∞
2R0 C̃0 X (−1)n
nπr
nπd 2
C̃(r, d) = −
sin
exp −
πr
n
R0
R0

!
,

(4.1)

n=1

where C̃(r, d) = C(r, d) − Ce is the increased concentration above the equilibrium value at
a distance r from the center of the sphere after a thermal anneal that produces a dopant
√
diffusion length of d = Dt. C̃0 = C0 − Ce is the initial increased concentration above the
equilibrium value. Equation 4.1, divided by C̃0 , is equivalent to 1 minus the equation for
C(r, d)/C0 for a sphere that is absorbing solute from a large volume of well-stirred liquid
with a fixed concentration of C0 (Chapter 6 of reference [107]).
We can determine the number of dopant atoms, Ñ = N −Ne , above the equilibrium
value in the sphere after a thermal anneal with diffusion length, d, by integrating Equation
4.1 over the volume of the sphere,
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C̃(r, d)4πr2 dr.
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(4.2)

0

Then we can divide by the initial number of dopant atoms in the sphere that exceeded the
equilibrium value, Ñ0 = 34 πR03 C̃0 , to obtain the fraction, Ñ /Ñ0 , of supersaturated dopant
atoms remaining in the sphere after annealing (a unit-less number between 1 and 0),

Ñ (d)
=
Ñ0

R R0
0

C̃(r, d)4πr2 dr
4
3
3 πR0 C̃0

.

(4.3)

After integration the result is,


∞
Ñ (d)
6 X 1
nπd 2
= 2
exp −
π
n2
R0
Ñ0
n=1

!
.

(4.4)

This equation is only a function of diffusion length, d, and the radius of the sphere, R0 .
Equation 4.4 is plotted versus diffusion length in Figures 4.4 and 4.5 for six radii, R0 , (5,
10, 20, 40, 80, and 160 nm).

4.5.2

Comparison to diffusion theory
The six curves in Figure 4.4 were calculated with Equation 4.4 using radii that

are similar to the grain sizes of femtosecond laser irradiated silicon [46]. In spite of the
simplicity of our theoretical model, agreement is quite good. The theory and data agree
well in general shape and order of magnitude for all three dopants. Our model does not take
into account the possibility of grain growth, changes in diffusivity with concentration, or a
change in activation energy when diffusing from the grain to the grain boundary. Below we
discuss the deviations between the data and our theoretical model and speculate on possible
explanations.
At large diffusion lengths (> 100 nm), the infrared absorptance of sulfur-doped
samples begins to increase. This increase is also exhibited by samples irradiated in N2 and
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Figure 4.5: Plot of Equation 4.4, the fraction of supersaturated dopant atoms remaining
inside a sphere of radius, R0 , versus diffusion length.

untreated silicon wafers after annealing. The cause of this increase is not known, but it
is related to the original substrate and not the presence of the sulfur dopants. The samples annealed at high temperatures could have absorbed contamination from the vacuum
furnace altering their infrared absorptance. This factor is likely to contribute to the deviation of selenium-and tellurium-doped samples from the theory by slowing their decrease in
absorptance.
At small diffusion lengths, the absorptance data does not fall as fast as the theory
curves and this deviation increases as diffusion length increases. One potential reason for
this behavior is buildup of dopants at the grain boundaries. As more dopants diffuse from
the crystalline grains to the grain boundaries, less space will be available causing diffusion
from the grains to be increasingly more difficult. We can estimate the number of dopants
that can fit in the free space available at the grain boundary as,
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(4.5)

where ρi is the atomic density of the dopant (on the order of 3–4 ×1022 cm−3 for sulfur,
selenium, and tellurium), a is the width of the grain boundary (on the order of the lattice
parameter of silicon, 5.4 ×10−8 cm), and 4πR02 is the surface area of the grain. The factor
of 1/2 indicates that each grain boundary is shared by two grains. We compare this value
to the number of dopant atoms in the grain which can be expressed as,

4
NG = πR03 Ci ,
3
where Ci is the dopant concentration (∼ 5 × 1020 cm−3 ) and

(4.6)
4
3
3 πR0

is the volume of the

grain. For a grain size of R0 = 10 nm, NG /NGB is 0.16. This value will increase as grain
size increases. For a grain size of R0 = 60 nm, NG /NGB is already greater than 1, indicating
that buildup at the grain boundaries could slow diffusion for grains of this size and larger
for concentrations on the order of 1 atomic %.
The infrared absorptance of the tellurium-doped samples decreases less steeply
than the sulfur- and selenium-doped samples. The explanation for this behavior could be
related to the diffusion path of each dopant. In single crystal silicon, tellurium atoms diffuse
almost entirely substitutionally through the lattice while sulfur and selenium atoms diffuse
both interstitially and substitutionally [90]. A theoretical study predicts that a high concentration of point defects (vacancies and self-interstitials) would become trapped during
resolidification after femtosecond laser irradiation due to the high velocity of the resolidification front [108]. The greater concentration of defects in the nanocrystalline grains would
allow for more substitutional diffusion of tellurium, effectively increasing its diffusivity. The
increased number of defects could allow tellurium to also diffuse interstitially as well, lowering the activation energy of diffusion. The diffusion of sulfur and selenium may not be
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affected by the presence of defects as they already diffuse much quicker and only partially
along a subsitutional path. If the actual diffusivity of tellurium were larger and the actual
activation energy lower, the data in Figure 4.4 would shift to the right and the slope would
increase; both of these corrections would be in the right direction to bring the tellurium
data in line with the sulfur and selenium data.

4.5.3

Diffusion theory using a lognormal distribution of grains
In the previous section, our model assumed that all grains are the same size. A

more realistic approximation is a lognormal distribution of grain sizes,


y(R0 ) = y0 + A exp −

ln(R0 /p)
w

2 !
,

(4.7)

where y is the number of grains with radius, R0 ; p is the peak radius with height, A, and
width, w; and y0 is an offset that can account for the lognormal distribution approaching
a nonzero value at large grain sizes. y0 can also be thought of as a background number of
grains present at all sizes.
In order to take a lognormal distribution of grain sizes into account, we perform
a summation of theory curves calculated from Equation 4.4 for grain sizes ranging from
R0 = 1 to 5000 nm at 1 nm increments. The summation is weighted by volume,

Ñ (d)
Ñ0

P5000  Ñ (d) 

!
=
lognormal

y(R0 )( 43 πR03 )
Ñ0
R0
.
P5000
4
3
R0 =1 y(R0 )( 3 πR0 )

R0 =1

where y(R0 ) is the number of grains with radius, R0 , and





Ñ (d)
Ñ0
R0

(4.8)
is the fraction of

supersaturated dopants remaining in a sphere of radius, R0 , as a function of diffusion
P
4
3
length. The sum, 5000
R0 =1 y(R0 )( 3 πR0 ), is the total volume of all the grains in the lognormal
distribution.
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Figure 4.6: Left: Several log normal grain size distributions with A = 150, p = 5 nm, y0 = 0
and w = 0.5, 0.75, 1 and 1.25. The solid black line indicates a monodisperse distribution
of R0 = 5 nm grains. Right: Plot of Equation 4.8 for the five distributions in the graph on
the left.

Equation 4.8 is plotted in Figure 4.6 for a monodisperse distribution of 5-nm radius
grains and four lognormal distributions with A = 150, p = 5 nm, y0 = 0 and w = 0.5, 0.75,
1 and 1.25. As the width, w, of the lognormal distribution increases, the slope of the curve
becomes smaller, more closely matching the slope of the data. This result is reasonable as
larger grains will lose dopants slower than smaller grains; therefore, adding larger grains to
the distribution decreases the slope of the fraction of supersaturated dopants remaining in
the grains versus diffusion length.
Figure 4.7 shows the effect of adding a small offset, y0 , or background to one of
lognormal distributions in Figure 4.6 (A = 150, p = 5 nm, and w = 0.5). The result is
very sensitive to the magnitude of the background as the curve changes significantly for
offsets ranging from ∼ 6 × 10−7 to 4 × 10−5 of the peak value (A = 150 grains). Adding
a background magnifies the effect of adding larger grains to the distribution. In Figure
4.7, the summation in Equation 4.8 is only performed from R0 = 1 nm to 200 nm, as this
more closely approximates the grain sizes observed in the resolidified surface layer. When
y0 = 0, the curve is similar to Equation 4.4 for R0 = 5 nm and as y0 becomes very large, the
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Figure 4.7: A comparison between the data and Equation 4.8 plotted for A = 150, p = 5
nm, w = 0.5 and y0 = 0, 0.0001, 0.0002, 0.0004, 0.0008, 0.0016, 0.0032, and 0.0064. In this
case, Equation 4.8 was summed over R0 = 1 nm to 200 nm.

curve approximates Equation 4.4 for R0 = 200 nm. From this analysis, we see that adding
of a lognormal distribution of grains sizes to the theory further supports that diffusion of
dopants to the grain boundaries is a plausible mechanism for the deactivation of infrared
absorptance.

4.5.4

Diffusion theory with grain growth
At large diffusion lengths, the infrared absorptance of selenium-doped samples

stops decreasing and levels off at 0.4 resulting in a marked departure from our model’s
prediction. In this section, we explore the effect that grain growth has on dopants diffusing
to the grain boundaries. If the grain is growing, the dopants need to diffuse to a boundary
that is moving away. If grain growth occurs at the same rate as diffusion or faster, it is
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plausible that a concentration of dopant may become trapped in the grain. Actual grain
size measurements before and after annealing would be needed to confirm that grain growth
is responsible for the shape of the absorptance data of the selenium-doped samples.
In order to quantitatively assess the effect of grain growth on dopant diffusion we
simplify the model for diffusion that we introduced in section 4.5.1. Equation 4.1 describes
the concentration profile inside a grain if the grain boundary is treated as a perfect sink
(at the grain boundary the concentration is held constant at Ce ). To determine the new
concentration profile, this boundary would need to move with the velocity of grain growth.
In order to avoid complications with applying a moving boundary condition, we will assume the grain resides in an infinite medium with the same properties as the grain. This
assumption reduces the grain boundary to an imaginary boundary, which can move with
the velocity of grain growth without changing the shape of the concentration profile. Below
we show that this assumption only slightly changes the shape and scale of the curves in
Figure 4.5.
For a sphere of radius, R0 , and an initial uniform concentration, C0 the concentration profile (from Chapter 3 of reference [107]) is given by,

C0
C(r, d) =
2




erf

R0 + r
2d

C0 d
√
−
r π




+ erf




exp

R0 − r
2d

−(R0 − r)2
4d2






− exp

−(R0 + r)2
4d2


,

(4.9)

where C is the concentration at a distance, r, from the center of the sphere after a thermal
√
anneal that results in a diffusion length of d = Dt. We can determine the total number of
dopant atoms, N , left in the imaginary sphere by integrating Equation 4.9 over the volume
of the sphere,
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(4.10)

0

Then we can divide by the number of dopant atoms initially in the sphere, N0 = 43 πR03 C0 ,
to obtain the fraction, N/N0 , of dopant atoms remaining in the sphere after annealing (a
unit-less number between 1 and 0),

N (d)
=
N0

R R0
0

C(r, d)4πr2 dr
.
4
3
3 πR0 C0

(4.11)

After integration the result can be simplified to,

N (d)
−2d
=√
+ erf
N0
πR0



R0
d







−R02
d(R02 − 2d2 )
√ 3
exp
+
−1 .
d2
πR0

(4.12)

Equation 4.12 is plotted in Figure 4.8. We see that the result is very similar to Figure
4.5. The major difference is that the curves for the same size sphere have moved to larger
diffusion lengths.
We now include grain growth. Normal grain growth [109] behaves the following
equation,

R=

q
R02 + αM t,

(4.13)

where R is the radius after time, t; R0 is the initial radius; M is the grain boundary mobility
of the form M0 exp(−Q/(kT )) with a frequency of M0 and an activation energy of Q; and
α is a constant related to the grain boundary energy and geometric factors.
In order to include grain growth in our model, we assume the activation energy for
the grain boundary mobility, Q, is approximately equal to the activation energy of diffusion
of selenium, Ea . This approximation is valid as the value of Q has been reported [109, 110]
on the order of 2.4 eV. By making this assumption, the mobility of the grain boundary and

Chapter 4: Mechanism of broadband infrared absorption in chalcogen-doped silicon

67

1.0
0.8

160
80

0.6
N/N0

40
20
10

0.4
5
sphere radius (nm) 2.5

0.2
0
-4
10

-3

10

-2

10

-1

0

1

10
10
10
10
diffusion length (nm)

2

10

3

10

4

Figure 4.8: Plot of Equation 4.12 for various size spheres.

the diffusivity of selenium in silicon are proportional to each other by a constant, M = βD.
We can now replace grain boundary mobility with selenium diffusivity in Equation 4.13,

q
R = R02 + αβDt,
and make the following substitution, d =

R=

√

(4.14)

Dt, yielding,

q

R02 + γd2 .

(4.15)

Which gives the approximate grain growth as a function of the diffusion length of selenium
in silicon, d. All of the constants have been collected into a new constant, γ.
Next we incorporate the grain growth formula into our calculation of N/N0 in
Equation 4.11:
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N (d)
N0

RR


=

0

gg

C(r, d)4πr2 dr
.
4
3
3 πR0 C0
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(4.16)

The radius in the equation for C(r, d) is kept at the initial sphere size, R0 , as this is the
initial distribution of the dopant, but the volume integration is now performed from 0 to
R; R being the new grain size as a result of grain growth (Equation 4.15). The subscript,
gg indicates grain growth.
The result of the integration is,



N (d)
N0


=
gg

 





1
RR0
−(R + R0 )2
2
2
2
√ 3 2d 1 − exp
(R
+
RR
+
R
−
2d
)
−
4dRR
exp
0
0
0
d2
4d2
2 πR0

R3 − R3
+ 0 3 erf
2R0



R − R0
2d



R3 + R3
+ 0 3 erf
2R0



R + R0
2d


(4.17)

which is a function of the initial sphere radius, R0 , the diffusion length of the dopant, d,
and the constant, γ.
Despite many assumptions, our model—modified for grain growth—now matches
the selenium data quite well. Equation 4.17 is plotted in Figure 4.9 for R0 = 4 nm. The
dotted lines represent different values of γ. The solid line is the best fit of the data,
at γ = 3.3. The magnitude of γ determines the relative impact of grain growth on the
diffusion of dopants out of the sphere. All curves begin to approach a different constant
value of (N/N0 )gg at a diffusion length of 4 nm, which is determined by the initial grain
size. For larger γ, (N/N0 )gg approaches a larger constant value.
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Figure 4.9: Comparison of normalized infrared absorptance for selenium-doped silicon to
the theory curve for R0 = 4 nm (from Figure 4.5) modified for grain growth (Equation 4.17)
using various values of γ. The data matches the theory best for γ = 3.3.

Attempting to estimate γ based on the literature is difficult as the rate of grain
growth in silicon varies greatly depending on the type of dopant and its concentration.
Dopants can inhibit grain growth (as in the case of oxygen or chlorine [111]), have no effect
(boron [109]) or greatly increase the growth rate (phosphorous [109]). It is possible the
presence of tellurium may inhibit grain growth or other processes within the substrate at
high temperature are altering the data. To our knowledge no grain growth studies have
been performed using sulfur, selenium or tellurium-doped silicon. The grain growth shown
by our model for γ = 3.3 is well within the observed ranges of grain growth for boron- and
phosphorous-doped silicon [109]. The effect of grain growth is only apparent in the data
for selenium-doped samples and not for sulfur or tellurium. In the case of sulfur, its fast
diffusivity may wash out any effect of grain growth resulting in a value of γ close to 0.
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Conclusion
Our analysis shows that the decrease in near-unity broadband infrared absorptance

of supersaturated chalcogen-doped silicon after thermal annealing is likely caused by dopant
diffusion. We observe that a characteristic diffusion length—common to all three dopants—
leads to the deactivation of infrared absorption. If we assume the diffusivity of each dopant
in our samples is similar to the bulk diffusivity reported in the literature, the grain size
of the re-solidified surface layer is a probable source of this characteristic diffusion length,
especially for a log normal distribution of grain sizes. We propose that a probable cause of
the deactivation of infrared absorption is precipitation of the dopant at the grain boundaries.
It is possible that other mechanisms, such as preciptiation of dopant particles within the
grains in the form of clustering, also lead to the deactivation of infrared absorption. Further
work on annealing studies of supersaturated chalcogen-doped silicon with different grain
size distributions as well as in single crystalline silicon will help determine the relative
contribution of each mechanism as a function of the silicon’s microstructure and the dopant
concentration.

4.7

Supplemental information
This section provides more experimental details, further clarification on the finer

arguments in the earlier sections as well as more graphical representations of the data and
theory for future reference.

4.7.1

Using an evaporated film as the dopant source
Previous to this work, the two methods used to incorporate dopants into the silicon

substrate during femtosecond laser ablation was to perform the irradiation in a background
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gas or disperse a powder film on the silicon with a solvent that then evaporates. Each of
these methods has drawbacks. Due to expense and toxicity, it is difficult to obtain gaseous
sources of many elements. In the case of a powder film, the resulting laser-structred surface
is often nonuniform. By evaporating a film, we are able to expand the types of elements
we can incorporate into the silicon. In the below sections, we discuss: the evaporation
method, the effect that the film has on the resulting surface morphology, and the effect of
film thickness and laser fluence on the resulting optical properties.

Details on the evaporation
Selenium and tellurium films were evaporated in a resistive thermal evaporator
specifically set aside for use with ”dirty” materials. Due to their extremely low vapor
pressure, they are considered contaminants in vacuum systems; they can sublimate from
the inside walls and contaminate future sample substrates. Their evaporation rate is also
extremely sensitive to the resistive current flowing through the tungsten boat (R. D. Mathis,
S3.005W). The general procedure for obtaining a relatively uniform film thickness was to
slowly increase resistive current until an evaporation rate was detected by the crystal rate
monitor, then increases in current proceeded extremely slowly and frequent adjustments
were made to keep the evaporation rate between 10–20 A/s. If the current was not carefully
monitored, the evaporation rate could increase to several hundred A/s within a few seconds
resulting in a very nonuniform deposition.

Surface morphology
The surface morphology that results when irradiating a stationary spot on a sample
coated with a film is very similar to the surface morphology that forms when irradiation is
performed in a background gas. Figure 4.10, shows scanning electron microscope images of
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Figure 4.10: A series of scanning electron microscope images showing the evolution of surface
morphology with an increasing number of shots. A 150-nm film of tellurium on silicon was
irradiated with a fluence of 8kJ/m2 in 500 Torr of N2

a silicon substrate after irradiation with an increasing number of laser pulses in a stationary
spot (each image is of a different spot on the silicon). The silicon substrate was coated with
a 150-nm film of Te and irradiated in 500 Torr of N2 with a fluence of 8kJ/m2 .

How doping happens when a film is used as the dopant source
We observed that the film in the center of the spot was broken and ablated away
after only a single laser pulse. This observation sheds some illumination on how doping is
achieved when a film is used. During irradiation the film is not driven into the substrate,
but rather it is ablated away at the center of the irradiated spot due to the high fluence.
However, since the beam is gaussian in space, there will be regions of lower fluence around
the edges of the spot. The ablation threshold and therefore the melting threshold of tellurium is less than silicon. In regions of lower fluence the tellurium will evaporate but not
ablate (there will be no net kinetic energy away from the surface) and at even lower fluences
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Figure 4.11: Left: The effect of film thickness on the infrared absorptance of silicon wafers
coated with tellurium and irradiated with a fluence of 8kJ/m2 in 500 Torr of N2 . Right:
The effect of fluence on the absorptance of silicon wafers coated with a 150-nm thick film
of tellurium and irradiated in 500 Torr of N2 .

the tellurium will melt. This will create an atmosphere just above the silicon wafer that is
rich with tellurium atoms. As the next laser pulse comes it will ablate and melt silicon at
the center of the irradiated spot and the nearby gaseous telllurium atoms will mix with the
molten silicon and become trapped in the polycrstalline grains during solidification.

The effect of film thickness and laser fluence on optical properties
Figure 4.11 shows the absorptance for three film thicknesses of tellurium (12 nm,
75 nm and 150 nm). Irradiation was performed in 500 Torr of N2 with a laser fluence of
8 kJ/m2 . The absorptance of the sample that was coated with a 150-nm thick film is very
similar to the absorptance obtained when the irradiation is performed in a background gas
of sulfur hexaflouride (see Figure 4.1), and was therefore used as the standard conditions
in this experiment. The absorptance of the sample coated with only 12 nm of tellurium is
similar to the absorptance of samples irradiated in N2 gas (see Figure 4.1) and we conclude
that minimal tellurium is being incorporated in the silicon substrate.
Figure 4.11 also shows the change in absorptance for a silicon wafer coated with
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a 150-nm film of tellurium as fluence is varied. For fluences between 8 and 3 kJ/m2 , the
absorptance is very similar. Although lower than the others, significant absorptance is
still achieved with samples irradiated with a fluence of 1.5–2.5 kJ/m2 , which is below the
ablation threshold of silicon (3 kJ/m2 ). This is quite different than what is observed for
samples irradiated in a background gas of sulfur hexaflouride where fluence has a strong
affect on the infrared absorptance [46]. We attribute this behavior to the lower ablation
threshold of tellurium.
Consider a tellurium coated sample being irradiated at a fluence below the ablation
threshold of silicon. During irradiation, the sample is translated. This fact means that
surface regions that were just irradiated with a low fluence are then subsequently irradiated
with a higher fluence because the beam is gaussian in space. Tellurium at the edge of the
irradiated spot will melt and refreeze with a new surface morphology that is established by
capillary waves in the tellurium melt similar to the laser induced periodic surface structures
discussed in Section 1.1.2. When the fluence exceeds the ablation threshold of tellurium,
these small structures will evolve as more pulses of increasing fluence are incident, similar to
the way all microstructures evolve during ablation as discussed in Section 2.1. Eventually
the structures will grow large enough as the sample translates so that they act to concentrate
the incident laser light in the valleys between the structures, effectively raising the fluence
above the ablation threshold of silicon allowing the tellurium to be incorporated into the
silicon at an average fluence that is below the ablation threshold of silicon.

4.7.2

Diffusion coefficients for sulfur, selenium and tellurium in silicon
The diffusion coefficients available in the literature are listed in Table 4.2.
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Element

D0 (cm2 /s)

Ea (eV )

T range (K)

Substrate

Method

S [87]

0.92

2.2

1300–1650

Cz p-type

measured depth of p-n junction

S [86]

0.0076

1.85

1250–1430

n-type

radioactive tracer implantation

S [84]

0.047

1.80

1328–1671

Fz n-type 300 Ω-cm

radioactive tracer implantation

Se [89]

2.47

2.84

1073–1523

p-type

sheet conductivity

Se [88]

0.95

2.60

1315–1515

Se [91]

0.11

2.42

1273–1523

Fz p-type 1–430 Ω-cm

sheet conductivity

Se [90]

0.3

2.60

1273–1538

Fz 5000 Ω-cm

sheet conductivity

Te [81]

0.5

3.34

1173–1523

Cz n-type

secondary ion mass spectroscopy

Te [90]

0.9

3.3

1318–1578

Fz 5000 Ω-cm

sheet conductivity

Te [85]

5.53

3.54

1149–1653

Fz n-type and p-type

radioactive tracer implantation

Te [85]
Te [85]

6.3 ×

105

0.048

sheet conductivity

4.86

high T fit of above

3.04

low T fit of above

Table 4.2: Diffusion coefficients for sulfur, selenium, and tellurium in silicon. The bolded
entries were used for the analysis in Figure 4.4

4.7.3

Absorptance spectra of chalcogen-doped silicon after annealing
Figure 4.12 provides the 75 absorptance spectra of sulfur-, selenium-, and tellurium-

doped samples after the 25 anneals performed at temperatures of 575 K, 675 K, 775 K, 875
K, 975 K and times of 10 min, 30 min, 100 min, 6 hr, 24 hr. These 75 curves were averaged over the wavelengths 1250–2500 nm to create the data in Figure 4.2. The curves are
presented here for future reference to the actual data.

4.7.4

Alternate graphs of optical data versus diffusion length
In this section, additional graphs are provided showing the change in optical prop-

erties versus diffusion length of the dopant.
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Figure 4.12: Absorptance spectra of chalcogen-doped silicon. Each column is the same
dopant. Each row is the same temperature. Within a single graph the solid curve is an
annealing time of 24 hr and the increasingly more dashed curves are annealing times of 6hr,
100 min, 30 min and 10 min.

Transmittance and reflectance versus diffusion length
Absorptance is calculated by measuring the transmittance and reflectance of a
sample. In this section, we look at how these values directly change after the 25 anneals
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Figure 4.13: Transmittance and reflectance averaged over 1250–2500 nm for chalcogendoped samples after the 25 anneals performed in Figures 4.2 and 4.12.

performed in Figures 4.2 and 4.12.
Figure 4.13 shows the actual reflectance and transmittance after each anneal versus
diffusion length. At small diffusion lengths both the transmittance and reflectance are close
to zero as the samples are highly absorbing in the infrared. At larger diffusion lengths,
the transmittance and reflectance start to increase. In the case of sulfur, the transmittance
and reflectance rise until they are close to the infrared transmittance and reflectance of the
original unirradiated silicon wafer.
In order to determine whether the transmittance and reflectance are changing at
the same rate with diffusion length, we replot the data from Figure 4.13 and normalize the
values for transmittance and reflectance. We normalize reflectance by setting the minimum
equal to the infrared reflectance after irradiation and setting the maximum equal to the
infrared reflectance of the unirradiated silicon wafer. The same is done for transmittance.
When the data is normalized in this manner, we get Figure 4.15. Figure 4.15 shows that
the change in transmittance and reflectance after annealing occurs at the same rate. The
graphs in Figure 4.15 are equal to one minus the normalized absorptance in Figure 4.4.
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Figure 4.14: Normalized transmittance and reflectance averaged over 1250–2500 nm for
chalcogen-doped samples after the 25 anneals performed in Figures 4.2 and 4.12.
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Figure 4.15: Absorptance spectra of samples irradiated in N2 gas after annealing for 10
minutes at T = 575–975 K.

4.7.5

Absorptance spectra of samples irradiated in N2 after annealing
Figure 4.15 shows the change in absorptance spectra for samples irradiated in N2

gas and annealed for 10 minutes at T = 575–975 K.

Chapter 5

The photovoltaic potential of
femtosecond laser irradiated silicon
In this chapter, we assess the potential of using femtosecond laser irradiated silicon
as a photovoltaic device (i.e. a solar cell). In Section 5.1, we introduce the general field
of photovolatic research. In Section 5.2, we discuss the advantages of using femtosecond
laser irradiated silicon as a photovoltaic material. In Section 5.3, we introduce the basic
electrical characteristics of a solar cell. In Section 5.4 we present the experimental results
obtained from our efforts. The chapter concludes with a summary discussion of the results
in Section 5.5. The reader may also wish to review Appendix A, which gives a more detailed
description of the general operation of a solar cell.

5.1

Photovoltaic research
One of the main factors motivating photovoltaic research is reducing the manufac-

turing cost of solar cell technology. Because the sun is a nearly inexhaustible pollution-free
source of energy, and solar cells have little to no operating cost with lifetimes on the order
79
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of 30 years, the only monetary investment is the initial manufacturing cost. The fact that
this still impedes the widespread use of PV electricity today shows how significant a factor
it is. Once this barrier is removed, PV electricity will likely replace fossil fuels as the main
source for grid-connected power stations. Fossil fuels are expendable with a limited supply,
produce pollution, and have operating costs required to harvest and burn them [112, 113].
A typical solar cell array requires the following main systems depending on its
application: solar cell modules, structural hardware (stands), storage system (batteries),
inverter (converts from DC electricity to AC electricity) and connecting wires. The solar
cell modules are estimated to be between forty and fifty percent of the total cost of the
array. The rest of the cost comes from the remaining components which collectively are
referred to as the Balance of Systems (BOS). The high cost of the solar cell modules—which
are made up of several interconnected solar cells—allows scientific researchers who work on
the performance of solar cells to have a major impact on the commercial viability of PV
technology [112, 113].
One of the goals of PV research is to reduce the cost per unit of energy produced.
This is estimated in $/kWh. A kilowatt-hour is a unit of energy. It is obtained by taking the
power needed for the application and multiplying it by the hours of operation. The $/kWh
can be estimated for any solar cell system by dividing the manufacturing cost by the energy
produced over the lifetime of the system (20–30 years). This estimation is highly subjective
and depends on the size of the system, the application and the location. Current estimates
vary between 0.17 $/kWh and 0.50 $/kWh. The cost of electricity from power companies
based on fossil fuels is currently at 0.03–0.05 $/kWh. Even for the most favorable estimates,
solar cell technology is not cost effective. In addition, using solar energy requires a huge
investment up front and the pay-back times are on the order to 20–30 years. However, these
numbers are encouraging as solar cell technology is within an order of magnitude of being
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cost effective [112, 113].
Research on solar cells falls into two general categories,1 both aimed at reducing the
cost per kilowatt-hour. The first category involves using expensive materials and advanced
processing techniques to obtain the highest possible efficiency. The increased efficiency will
hopefully offset the extra cost. The second category involves using cheaper materials and
cheaper processes. The lower quality material sacrifices efficiency, but this is hopefully offset
by its low cost.

High efficiency, high cost solar cells
Solar cell systems that fall into the first category are single crystalline Si and
GaAs used for space applications. The high purity required for high efficiency makes these
materials very expensive. Nearly 50% of the material is lost when the bulk material is sliced
into wafers. They are cost effective for space applications because weight is the limiting
factor and solar cells are much lighter than any other fuel source. These solar cells are
designed to have the highest efficiency possible, 24–25%, but are too expensive for most
terrestrial applications [112, 113].

Lower efficiency, lower cost solar cells
The most prevalent material used in terrestrial applications is polycrystalline silicon wafers. It is cheaper to make than single crystal wafers and therefore falls into the
second category. Their advantage is that they can be grown in thin slabs and less than
10 % of the material is lost to wafer slicing and polishing. Their efficiencies are ∼ 14 %
depending on the manufacturer [112, 113].
1
In addition to research on different solar cell materials, another active research area is solar cell design.
Concentrator cells use glass or plastic lenses to focus sunlight (with magnifications of up to 1000 times) onto
a small highly efficient solar cell. In tandem or multi-junction cells, different materials with different band
gaps are stacked in series in order to absorb a larger portion of the sun’s spectrum [112, 113].
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Thin-film materials fall into the second category as they drastically reduce the
cost of the material at the expense of efficiency. The most promising systems are Si, CdTe,
and CuInSe2 . They are grown using many methods including physical and chemical vapor
deposition techniques to a thickness on the order of micrometers. This process also results
in very little loss of material. The thin film materials typically have a large number of
defects resulting in efficiencies on the order of 10% and less. Commercial manufacture of
thin film solar cells has only recently started on large scale [114, 115].

5.2

Laser irradiated silicon solar cells
In this section, we review the properties of femtosecond laser irradiated silicon and

discuss the advantages and disadvantages of using it as a solar cell material. The previous
work in Section 2.1, Figure 2.7, has shown that femtosecond laser irradiated silicon can
be used as a photovoltaic device and that as a photodiode, it can convert wavelengths of
light that are not normally absorbed by silicon into an electrical signal. These two results
together indicate it is possible femtosecond laser irradiated silicon will be able to enhance
current silicon-based solar cells by extending their usable spectrum.
From a photovoltaic standpoint, the most attractive property of femtosecond laser
irradiated silicon is that it absorbs nearly all light that is emitted by the sun. The sun’s
spectrum at the earth above the atmosphere (AM 0) spans the range 0.25–2.5 µm (see Figure
5.1). The spectrum can be approximated by a black body radiating at a temperature of
5900 K. The spectral irradiance, M , emitted by a black body in the units of W m−2 µm−1
is given by,

M=

1
2πhc2
,
hc
λ5 exp[ kT
]
−
1
λ

(5.1)
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Figure 5.1: Solar spectrum of the sun at the earth above the atmosphere (solid line). Radiation from a black body at T = 5900 K (dashed line). The colored (grayed) regions under
the curve represent the power/area that is available to amorphous silicon and crystalline
silicon respectively due to their electronic band gaps.

where h is planck’s constant (6.6260 ×10−34 m2 kg/s), c is the speed of light (2.9979 ×108
m/s), k is the Boltzmann constant (1.3807 ×10−23 m2 kg s−2 K−1 ) , T is the temperature
of the black body in K and λ is the wavelength in µm. Crystalline silicon solar cells are
transparent to wavelengths of light longer than 1.12 µm, due to their electronic band gap
of 1.07 eV. By integrating Equation 5.1 from 1.12 µm to ∞ and dividing the result by the
integration from 0 to ∞, we see that crystalline silicon solar cells are transparent to 23
% of solar energy. Thin film amorphous silicon solar cells have a larger bang gap of 1.75
eV [114] and are transparent to light longer than 0.71 µm. This value amounts to an even
larger loss of solar energy, 53 %. These losses represent energy that is unavailable to typical
silicon-based solar cells no matter how efficient they become. Because femtosecond laser
irradiated silicon absorbs nearly all light emitted by the sun, it offers a chance to tap into
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that lost energy.
Based on the above, femtosecond laser irradiated silicon would appear to be an
attractive option for solar cells; however, absorption alone does not convert the photon into
usable energy. Many materials, such as coal, absorb a large amount of sunlight. The key
is that the absorption of the light needs to create current in an electrical circuit just as a
standard electrochemical battery does. Solar cell operation is discussed in greater detail in
Appendix A. Briefly, photon energy is used to create electron-hole pairs. These electronhole pairs are separated by an electric field that is located internally within the solar cell
due to a chemical composition gradient. The electron-hole pairs separate by either being
created within the region of the internal electric field or by being created outside this region
and then randomly diffusing into the region of the electric field. The separation of electronhole pairs creates a current in the material which produces a current in an external circuit.
The current is reduced by defects within the material that trap the electrons or holes before
they are accelerated by the internal electric field [116].
By its very nature femtosecond laser irradiated silicon contains a high density of
defects. Transmission electron microscopy shows the grain size is less than 50 nm. This
is orders of magnitude smaller than for typical polycrystalline silicon solar cells, where
the grain size is on the order of the thickness of the cell. In addition, after femtosecond
laser irradiation, a high density of point defects (such as vacancies and dangling bonds)
can become trapped in the resolidified crystalline material [108]. Point defects and grain
boundaries can trap charge carriers and reduce the current that can be generated by the
absorption of photons.
Because of the many defects in the laser modified surface, it is unlikely that femtosecond laser irradiated silicon will be able to improve upon the already high efficiency
of single crystal silicon solar cells (∼ 25 %) or even the lower efficiency of polycrystalline

Chapter 5: The photovoltaic potential of femtosecond laser irradiated silicon

85

silicon solar cells (∼ 14 %). However, since thin film silicon already contains a large number
of defects and exhibits a much lower efficiency (typically ≤ 10 %), it would seem to be a
good candidate for use with our femtosecond laser irradiation process. We take a closer
look at this material, in the next section.

5.2.1

Thin film silicon
Thin films of amorphous and microcrystalline silicon are typically produced by

plasma-enhanced chemical vapor deposition using a mixture of silane (SiH4 ) and hydrogen
gases. The final film can contain a substantial amount of hydrogen (5–20 at.%) depending
on the conditions. Amorphous silicon films can be grown using pure silane, but high dilution
with hydrogen allows crystalline grains to form in the film [117]. The degree of crystallinity
is varied by changing the silane concentration from 8% down to 4.5% where the film is
completely crystalline with a grain size of ∼ 25µm [115]. Further dilution leads to larger
grains in the direction perpendicular to the film.
Amorphous and microcrystalline silicon are intrinsic but can be doped with phosphorous or boron during the deposition process. A standard p-n junction is not used. Due
to the large amount of disorder (dangling bonds in amorphous silicon and grain boundaries
in crystalline silicon) the diffusion length of charge carriers is typically less than 1 µm [115].
A standard p-n junction relies on the diffusion of photoexcited carriers from outside of
the depletion region to its edge for generation of a portion of the photocurrent [116]. To
reduce the loss of photoexcited carriers, thin film silicon is used in a p-i-n configuration.
Thin highly doped p-type and n-type regions are placed on either side of a thicker intrinsic
region setting up an electric field that spans the entire intrinsic region. The electric field
imparts a drift force on photoexcited carriers reducing their chance of recombination [115].
In amorphous silicon, the hydrogen is needed to passivate dangling bonds which act as
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recombination sites of photoexcited carriers [113].

5.2.2

Combining femtosecond laser irradiation and thin film silicon
The real advantage of femtosecond laser irradiated silicon is not just that it absorbs

nearly all the wavelengths of light emitted by the sun, but that it does so in a laser modified
surface film that is less than 500 nm thick. This makes it ideal for incorporation with thin
film silicon. As we saw in the previous section, both amorphous and microcrystalline silicon
contain a large number of defects, suggesting that the disorder in femtosecond laser irradiated silicon will not necessarily further reduce efficiency. Specifically, the microstructure of
microcrystalline silicon seems to be very similar to femtosecond laser irradiated silicon.
One of the drawbacks of microcrystalline silicon is that it needs to be grown 2–3
times thicker than amorphous silicon in order to increase its light absorption. Even then,
many of the longer wavelengths will not be absorbed as an absorption length of 6 µm is
needed for wavelengths of light longer than 700 nm (see Figure 1.2). By incorporating
a femtosecond laser modified layer on either the front or back of the film, all of these
wavelength could be absorbed. Although the greater density of defects in femtosecond laser
irradiated silicon will result in most of this absorption being lost to recombination in traps,
even an increase in efficiency of thin film silicon solar cells of just several % would have a
large impact on the photovoltaic industry.
Figure 5.2 is schematic representation of how femtosecond laser irradiated silicon
can be incorporated into the p-i-n configuration of a thin film silicon solar cell. The intrinsic
region of the solar cell can be grown thicker and then irradiated to produce the laser modified
surface region.
In Section 5.4.6, we present results on the absorptance of femtosecond laser irradiated thin films.
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Figure 5.2: Schematic cross-section of the manufacturing process of a femtosecond laser
irradiated thin film silicon solar cell.
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The electrical characteristics of a solar cell
In a typical silicon solar cell, the silicon is several hundred micrometers thick. The

n-type side faces the sun and the depth of the p-n junction is several hundred nanometers
[116]. Due to silicon’s indirect band gap, electron-hole pairs are generated throughout the
entire depth of the solar cell when illuminated (see Figure 1.2). Those charge carriers
generated in the depletion region (which is typically on the order of 100 nm thick) and
those that diffuse to the depletion region will be accelerated by the internal electric field
resulting in a generated photocurrent that is proportional to the intensity of the incident
light.2
Dark and illuminated I-V curves of a commercial polycrystalline silicon solar cell
are shown in Figure 5.3.3 The commercial sample measured approximately 1 cm × 1 cm.
The dark I-V curve of a solar cell behaves close to an ideal p-n junction (see Appendix
A). The current approaches a very small and negative saturation current when reverse
biased (V < 0) and increases nearly exponentially when forward biased (V > 0). Negative
biasing increases the size of the depletion region of the p-n junction and likewise increases
the internal voltage barrier. The saturation current comes from electron-hole pairs that are
thermally excited in the depletion region. A forward bias decreases the size of the depletion
region and the internal voltage barrier. As the internal voltage barrier decreases, more and
more electrons can diffuse over the voltage barrier resulting in an exponentially increasing
current [116, 118]. In practical applications, the voltage barrier needs to be decreased to
near zero before any appreciable current flows. The voltage required to shrink the barrier
to near zero is called the “turn on” or threshold voltage of the diode [119].
Several variables characterize the quality of a solar cell and are determined by mea2

Since photons are generated throughout the bulk of a silicon solar cell, diffusion of excited charge carriers
to the depletion region contributes to the generated current.
3
These curves were acquired using the experimental setup described in the Section 5.4.1.
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Figure 5.3: Left: Dark and illuminated current-voltage curves for a commercial polycrystalline silicon solar cell. The definitions of short circuit current (Isc ), open circuit voltage
(Voc ), and the current (Imax ) and voltage (Vmax ) that results in maximum power generation are indicated. Right: The generated photocurrent (Iph = Idark − Iilluminated ) for a
commercial polycrystalline silicon solar cell.

suring illuminated I-V curves. The open circuit voltage (Voc ) is the voltage that develops in
a solar cell—unconnected to an external circuit—due to the separation of photo-generated
electron-hole pairs. This value is measured by determining the voltage that needs to be
applied to the illuminated solar cell in order to prevent the flow of current (see Figure 5.3).
The short circuit current (Isc ) is the current that flows when the two sides of an illuminated
solar cell are connected by a zero resistance conductor; this current is measured by forcing
both sides of the illuminated solar cell to be at the same voltage. The two values can be
determined with the same measurement by sweeping the applied voltage from a negative
value to a sufficiently large positive value and recording the resulting current.
The only region of the illuminated I-V that has practical value for a solar cell is the
part that resides in the fourth quadrant, where current is negative and voltage is positive.4
This region represents connecting an illuminated solar cell to a load with a finite resistance
(e.g. a light bulb). Varying the resistance of the load between zero and infinity, is equivalent
4

The fact that the current is negative is due to convention and has no physical meaning. The positive
direction of current flow is typically defined as from the p side to the n side and when the solar cell is
generating power, the actual current flow is in the opposite direction.
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to moving along the I-V curve from the point of short circuit current (resistance = 0) to
the point of open circuit voltage (resistance = ∞). The power generated by the solar cell
for any specific resistance is equal to the current in the circuit multiplied by the voltage
in the circuit. We can determine the maximum power that the solar cell can generate by
looking at the largest rectangle that can fit inside the illuminated I-V curve in the fourth
quadrant (see the shaded rectangle in Figure 5.3). The current and voltage associated with
the maximum power are termed Imax and Vmax , respectively.
Another variable that characterizes the quality of a solar cell is the fill factor (F F ),

FF =

Imax Vmax
.
Isc Voc

(5.2)

The ideal shape of the I-V curve in the 4th quadrant is for the current to remain constant
at Isc until the applied voltage is very close to Voc , where the current reduces quickly to
zero. This allows for the highest power generation. The fill factor is a measure of how close
the actual I-V curve comes to the ideal I-V curve. Graphically, the fill factor is the area of
the shaded rectangle divided by the area of the larger dotted line rectangle in Figure 5.3.
The solar cell’s efficiency, η (%), at converting solar power into electrical power is,

η=

Imax Vmax
× 100%,
Tl A

(5.3)

where Tl is the intensity of the incoming light (in our case 100 mW/cm2 ) and A is the area
of the cell (in our case 1 cm2 ). Substituting for the power, Pl = Tl A, of the incoming light
and the using the equation for fill factor (Equation 5.2), we get,

η=

(F F )Isc Voc
× 100%.
Pl

(5.4)

For the commercial polycrystalline silicon solar cell in Figure 5.3 irradiated with
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100 mW of light, Isc = 30 mA, Voc = 540 mV, Imax = 23 mA, Vmax = 350 mV, F F = 0.5
and η = 8.1 %.
As we see from Equation 5.4 the values of Isc , Voc and F F determine the efficiency
of the solar cell. These variables are affected by many factors. The short circuit current
is the most direct measure of the concentration of defects within the solar cell material. A
higher defect density, results in a larger number of charge carriers becoming trapped before
contributing to an external current. Open circuit voltage is related to the internal voltage
barrier of the p-n junction, which is a direct function of the band gap of the material and
the temperature.5 Open circuit voltage can be reduced by leakage paths of charge through
the junction. This occurs at the edges of the solar cell but also through the center at breaks
in the planar junction (e.g. at the grain boundaries of a polycrystalline silicon solar cell).
These leakage paths can be characterized by the solar cell having a low shunt resistance (or
low parallel resistance). The fill factor is similarly reduced by a low shunt resistance and
high defect concentration [116].
A final parameter that can affect both short circuit current and fill factor is the
diffusion length of the excited charge carriers. As we noted above, charge carriers that are
generated outside the depletion region can diffuse to it and be accelerated by the internal
electric field. In a typical silicon solar cell the diffusion length of charge carriers is much
larger than the size of the depletion region. This is why the current remains nearly constant
for an applied voltage of −1 V to 0 V in Figure 5.3, even though the depletion region is
changing in size. If the diffusion length were equal to or less than the depletion region
width, the measured current would vary greatly as the depletion region grew and shrank
and both Isc and F F would be affected.
5
The correlation between the internal voltage barrier of a p-n junction and the band gap of the material
is described in Chapter 4.2 of [116].
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Photovoltaic experimental results and discussion
As we saw in Section 5.2.2, the ideal material to use for femtosecond laser irradiated

solar cells would be thin film silicon. Here, we investigate the photovoltaic properties of
femtosecond laser irradiated silicon wafers as crystalline silicon is a simpler model system.
At the end of this section we explore the laser parameters needed to irradiate thin films of
intrinsic silicon deposited on glass to show that their absorptance can be enhanced using
femtosecond laser irradiation.
The following experimental results and discussion section will differ from those
presented in Chapters 3 and 4. Our goal here is to create a record of the work performed
for future reference. We include all relevant results, even though concrete conclusions
cannot be drawn in some cases. Studying the photovoltaic properties of femtosecond laser
irradiated silicon is an ongoing research project.

5.4.1

Measuring current-voltage (I-V ) curves
As we learned in Chapter 2, the change in doping between the laser modified

surface region and the bulk silicon substrate can create a diode. We use the following method
to measure the current voltage characteristics of femtosecond laser irradiated silicon.
Following irradiation, samples are typically annealed in a vacuum oven or an inert
gas flowing oven (see Section 5.4.2 for the effect of annealing). After annealing, the samples
are dipped in an aqueous solution of 5 % hydrofluoric (HF) acid for 5 minutes to remove
the 2–3 nm thick native oxide on the silicon. The HF acid terminates the silicon surface
with H atoms and prevents oxide growth for a short period of time. The samples are then
loaded into a thermal evaporator within 30 minutes in order to deposit metal contacts on
the top and bottom of the sample. A 5 nm layer of chromium followed by 80–100 nm of
gold creates a sufficient ohmic contact to the silicon. The chromium layer acts as a diffusion
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Figure 5.4: Left: Experimental setup for measuring dark and illuminated I-V curves. Including a Keithley multi-source meter, ThermoOriel Solar Simulator and probe station.
Right: A close up of the probe station.

barrier due to the high diffusivity of gold in silicon.
During evaporation the samples are mounted on a metallic mask, so that the
pattern of the top electrode (typically a 4 mm or 2 mm diameter circle) can be deposited on
the irradiated surface. Then the samples are flipped over to deposit the bottom electrode
on the entire back of the silicon wafer. In the latter experiments in this chapter, a special
holder was built for use in the thermal evaporator that allowed samples to be turned over
without breaking the vacuum, reducing the time required for depositing contacts by half.
After removing the samples from the thermal evaporator, they are scribed with a diamond
scribe and mechanically cleaved on all 4 sides to make sure gold does not connect the front
and back of the sample.
Current-voltage curves were measured using a computer-controlled Keithley multisource meter, which can source voltage and measure current (see Figure 5.4). A special
probe station was built and placed under the output of a ThermoOriel Solar Simulator.6 The
6

The light source in the Solar Simulator is a 150 W xenon arc lamp. The spectrum of the xenon lamp is
a good simulation of sun’s spectrum except for several sharp peaks in the 800–1100 nm range. Filters can
be used to suppress these peaks but not completely. An AM 1.0 filter was used to simulate atmospheric
absorption.
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bottom contact of the probe station is a 100-mm diameter, 500-µm thick, high conductivity
silicon wafer coated with 200 nm of gold. A wire is soldered to the gold surface. The
other end of the wire ends in a banana pin connection for connecting to the Keithley meter.
Contact to the top electrode of the sample is made using a stainless steel probe mounted
to a spring loaded arm. The optics of the Solar Simulator are focused so that an intensity
of 100 mW/cm2 hits the surface of the probe station.

5.4.2

The effect of annealing on the photovoltaic properties of sulfurdoped femtosecond laser irradiated silicon
Here we present our results on creating solar cells from femtosecond laser irradiated

silicon and the effect of annealing on photovoltaic properties. We irradiated p-type, Si (100)
wafers (ρ = 1–20 Ω-cm), using a fluence of 4 kJ/m2 and 100 pulses/area in 500 Torr of SF6 .
The spot size was 150 µm in diameter.
The samples were annealed to various temperatures between 575–1275 K in a gas
flowing oven. After loading the samples into a quartz tube oven, it was heated to ∼ 373
K (100 C) and kept constant for 30 minutes while forming gas (90% N2 , 10% H2 ) was
flowed for 30 minutes to remove oxygen and water vapor. The samples were heated to the
annealing temperature and held for 10 minutes. The gas flow was held constant for the
entire anneal to prevent oxygen diffusion into the surface. After annealing, the samples
were prepared for I-V curve measurement as described in Section 5.4.1. The top electrode
was a 2-mm diameter circle. The samples were scribed and cleaved and the final dimensions
of each sample was approximately 5 mm × 5 mm.
Figure 5.5, shows dark and illuminated I-V curves as well as photocurrent for the
sample annealed for 10 minutes at 1075 K. The illumination intensity was 100 mW/cm2 .
Since the sample was 0.25 cm2 , the incident light power was 25 mW, resulting in the
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Figure 5.5: Left: Dark and illuminated current-voltage curves for a sample irradiated with
100 pulses/area at a fluence of 4 kJ/m2 in SF6 . The sample was annealed for 10 minutes
at 1075 K. Right: Photocurrent as a function of applied voltage. Area of the cell was 0.25
cm2 .

following photovoltaic properties: Isc = 3.6 mA, Voc = 420 mV, F F = 0.36 and η = 2.2 %.
These values are significantly lower than the commercial solar cell shown in Figure 5.3, but
the efficiency is comparable to our previous results discussed in Section 2.1.
Figures 5.6 and 5.7 show the dark and illuminated I-V curves for samples immediately after irradiation and after thermal anneals between 575–1208 K. The corresponding
photovoltaic values of Isc , Voc , F F and η are given in Table 5.1. The values of Isc , Voc , and η
all increase with annealing temperature until they reach a maximum at 1075 K. Annealing
at higher temperatures only decreases these values.

Discussion of the effect of annealing
The values for Isc and Voc for our best solar cell (anneal T = 1075 K) are within
less than a factor of two of the commercial polycrystalline silicon solar cell values from
Section 5.4.1 (for 25 mW, Isc ∼ 7.5 mA and Voc ∼ 550 mV). The reduced efficiency of our
samples seems to stem from the low fill factor.
In figure 5.8 we have graphed the values of Isc , Voc , F F and η versus annealing
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Figure 5.6: Dark (upper left) and illuminated (upper right) current-voltage curves for samples irradiated with 100 pulses/area at a fluence of 4 kJ/m2 in SF6 and annealed between
575–1075 K. Lower left: A closer look at the 4th quadrant. Lower right: Photocurrent as
a function of applied voltage. The dotted line in each graph is the pre-annealed sample.
Anneal temperature for each of the solid curves is listed in Table 5.1. Area of the cell was
0.25 cm2 .
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Figure 5.7: Dark (upper left) and illuminated (upper right) current-voltage curves for samples irradiated with 100 pulses/area at a fluence of 4 kJ/m2 in SF6 and annealed between
1075–1208 K. Lower left: A closer look at the 4th quadrant. Lower right: Photocurrent as
a function of applied voltage. Anneal temperature for each of the solid curves is listed in
Table 5.1. Area of the cell was 0.25 cm2 .
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No.

Anneal T (K)

Isc (mA)

Voc (mV)

FF

η (%)

1

none

1.0

180

0.34

0.25

2

575

1.1

155

0.33

0.22

3

675

1.3

195

0.33

0.35

4

775

1.5

245

0.37

0.53

5

825

1.5

265

0.38

0.59

6

875

1.7

285

0.38

0.74

7

925

1.8

315

0.37

0.84

8

975

2.8

355

0.36

1.42

9

1025

3.4

395

0.35

1.87

10

1075

3.6

420

0.36

2.20

11

1108

2.6

360

0.39

1.49

12

1142

2.5

345

0.40

1.41

13

1175

1.8

210

0.41

0.64

14

1208

0.2

120

0.24

0.02

98

Table 5.1: Photovoltaic properties of samples irradiated with 100 pulses/area at a fluence
of 4 kJ/m2 in SF6 and annealed between 575–1208 K. The sample number refers to the
number used in Figure 5.6. Area of the cell was 0.25 cm2 .

temperature. The values of Isc , Voc , and η have been normalized with respect to the values
obtained for the sample annealed at T = 1075 K. From this figure we can see that even
though Isc and Voc increase with annealing temperature, F F stays roughly the same for
every sample. We will now take a closer look at each of these solar cell parameters.
The observation that Voc increases with annealing agrees well with our previous
work discussed in Section 2.1. Hall measurements determined that the density of free
electrons in the laser modified surface layer of p-type silicon (ρ = 10 Ω-cm) increased
significantly after annealing to T = 1075 K; at this point the majority carriers in the
surface layer was electrons rather than holes. The Voc is a function of the magnitude of the
internal voltage barrier of the p-n junction. The magnitude of the internal voltage barrier
increases as the density of charge carriers increases in either side of the p-n junction (i.e.
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Figure 5.8: Isc , Voc , F F and η versus temperature for samples listed in Table 5.1 and
displayed in Figures 5.6 and 5.7.

the internal voltage barrier of a heavily doped p-n junction is greater than a lightly doped
p-n junction). So for our samples, Voc increases because the internal voltage barrier of the
junction is increasing. Additional evidence that the internal voltage barrier of our junction
increases with anneal temperature can be seen in the dark I-V curves of Figure 5.6. As
anneal T increases, the “turn on” voltage of the junction increases. As we discussed in
Section 5.3, the “turn on” voltage is the voltage that needs to be applied to shrink the
internal voltage barrier to zero.
In order to discuss the Isc and F F exhibited by our samples, let us consider the
nature of the junction. Figure 5.9 is a schematic cross-section of the junction. Based on
our previous work, we know that the laser modified region becomes heavily n-doped upon
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p-doped substrate

100

n-doped, laser
modified region

depletion region

Figure 5.9: Schematic cross-section of the junction between femtosecond laser irradiated
silicon and the underlying substrate. The gradient indicates where light absorption occurs.

annealing, creating a depletion region that will extend more into the p-substrate then into
the n-type laser modified surface.7 The region where light is absorbed is indicated by the
gradient; most of the light is absorbed in the laser modified surface layer.8
The laser modified surface layer—where light absorption primarily occurs—contains
a high density of defects (i.e. grain boundaries, vacancies, dangling bonds, etc.). The high
defect density will result in photo-excited carriers having a short lifetime (and a short diffusion length) before they recombine. Only electron-hole pairs formed within a diffusion
length of the depletion region will contribute to the photocurrent. The width of the depletion region grows and shrinks with applied voltage and due to the small diffusion length of
7

For a description of this effect see reference [116], Chapter 5.2.
As we know from Chapters 2 and 4, the laser modified surface layer is responsible for the near-unity
absorptance; therefore, nearly all of the light will be absorbed in this surface layer.
8
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the photo-excited carriers, the photocurrent will decrease as the applied voltage increases
in the forward bias (reducing the fill factor). As we see in Figures 5.6 and 5.7, photocurrent
is a strong function of applied voltage for all samples. In contrast, the photocurrent of the
commercial cell (see Figure 5.3) is constant when the cell is reverse biased; for the commercial cell the diffusion length of excited charge carriers is much greater than the width of the
depletion region.
Based on the above discussion, our samples’ low fill factor is likely due to an extremely small diffusion length of carriers excited in the laser modified surface region. The
fact that fill factor remains constant as annealing T increases indicates that the defect density in the laser modified surface region does not change enough to increase the diffusion
length with respect to the size of the depletion region. Short circuit current, however, does
increase with annealing. The increase in short circuit current could be due to several effects.
As the laser modified surface region becomes more n-type with increased annealing temperature, the equilibrium (applied V = 0) width of the depletion region in the femtosecond laser
modified surface layer might also increase. As a result, a larger volume of laser modified
surface region—where a majority of the light is absorbed—will be present in the internal
electric field and more photo-excited carriers will add to the photogenerated current. Also,
annealing will heal defects within the section of the depletion region that extends into the
laser modified surface layer; removal of defects in this region will increase the number of
charge carriers that do not recombine and likewise the current will be increased.
Although a low shunt resistance in the solar cell would also reduce the fill factor
and result in a back biased current that has a strong dependance on applied voltage, we
do not observe such behavior. For the dark I-V curves shown in Figures 5.6 and 5.7, the
current under reverse bias has very little dependence on applied voltage. If shunt resistance
were responsible, we would expect the back biased current to show a similar dependence on
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applied voltage in illuminated and dark measurements. This is not the case.
Due to the extremely small diffusion length of excited carriers in femtosecond laser
irradiated silicon, it would benefit from being used in a p-i-n configuration such as is used
for thin film silicon solar cells [115]. In Section 5.4.6, we explore irradiating thin films of
silicon.
If we compare the annealing study performed here with the annealing study from
Chapter 4, we see that the annealing temperature that results in the best photovoltaic
properties (1075 K) is 200 K above the temperature at which the infrared absorptance is
reduced to the absorptance of the original silicon wafer (875 K). Based on this, it appears
that improvement in photovoltaic properties does not correlate with the decrease in infrared
absorptance. The change in photovoltaic properties is likely related to changes in the lattice
within the nanometer sized grains. These changes could include grain growth, diffusion of
vacancies, healing of dangling bonds and changes in the coordination of sulfur dopants that
remain in the grains even after annealing.9

5.4.3

The effect of HF acid etching on photovoltaic results
After annealing and before metal contacts are deposited, the samples are dipped

in 5 % hydrofluoric (HF) acid to remove the native silicon oxide. Using the same wafers
and experimental conditions as Section 5.4.2, we varied the etching time and examined
the resulting photovoltaic properties. Listed in Table 5.2 are the values of Isc and Voc for
various etching times. The annealing temperature was 1075 K. Based on the results, the
etch appears to be an important step in manufacturing a good device, but the etching time
is not critical.
9

Not all of the sulfur atoms would necessarily diffuse out of the the crystalline grains even though the
infrared absorptance has decreased to the original value; the concentration would remain at least as high as
the solid solubility of sulfur in silicon (∼ 1015 /cm3 , [87]) at the temperature of the highest anneal.
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Etch time

Isc (mA)

Voc (mV)

none

0.80

222

15 s

2.93

373

30 s

2.95

373

1m

3.07

379

2m

3.10

379

3m

3.02

376

5m

2.92

376

10 m

2.82

372

103

Table 5.2: Photovoltaic properties as a function of HF etching time.

5.4.4

The effect of H2 gas and resulting surface morphology on photovoltaic results
As we saw in the Section 5.4.2, the efficiency of sulfur-doped femtosecond laser

irradiated silicon is quite low in comparison to other silicon-based solar cells. This is likely
due to the large number of defects present in the material as discussed in Section 5.2. In an
attempt to passivate defects within the laser modified surface region with hydrogen atoms,
we performed a study irradiating silicon in SF6 gas diluted with various amounts of H2 gas.
We irradiated p-type, Si (100) wafers (ρ = 1–20 Ω-cm), using a fluence of 5 kJ/m2
and 200 pulses/area in six different background gas dilutions at a pressure of 500 Torr. The
ratio of H2 :SF6 pressure was varied in the following manner: 0:100, 10:90, 25:75, 50:50,
75:25, 90:10. The samples were then annealed to 1075 K for 30 minutes in a vacuum
oven. The silicon substrate, laser parameters, annealing conditions, and evaporation of
metal contacts were all chosen to be similar to the previous photovoltaic work [43] and is
described in Section 5.4.1. Although in this case, for simplicity, the top contact was a 4-mm
diameter circle, rather than the finger contacts shown in Figure 2.6.
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Figure 5.10: Dark (left) and illuminated (right) current-voltage curves for samples irradiated
in a mixture of H2 and SF6 . Samples are irradiated with 200 pulses/area at a fluence
of 5 kJ/m2 . The results seem to indicate that incorporation of H improves photovoltaic
properties; however further analysis shows that the effect is caused by a change in surface
morphology, as a larger percentage of H2 gas is used.
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Figure 5.11: Left illuminated current-voltage curves for samples irradiated in a mixture of
H2 and SF6 . Right Photocurrent versus voltage curves of samples irradiated in a mixture
of H2 and SF6 . Samples are irradiated with 200 pulses/area at a fluence of 5 kJ/m2 . The
results seem to indicate that incorporation of H improves photovoltaic properties; however
further analysis shows that the effect is caused by a change in surface morphology, as a
larger percentage of H2 gas is used.

Figure 5.10 shows dark and illuminated current-voltage (I-V ) curves from this
initial study. The dark I-V curve shows that each sample behaves as a diode; the illuminated
I-V curve shows that each sample responds to light. A closer look at the 4th quadrant is
provided in Figure 5.11 along with a graph of the photocurrent versus voltage (photocurrent
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Figure 5.12: Dark (left) and illuminated (right) current-voltage curves for samples irradiated
in a mixture of H2 and SF6 . Samples are irradiated with 100 pulses/area at a Fluence of 4
kJ/m2 . The results show that with these laser conditions, H has no effect on photovoltaic
properties.

= dark current − illuminated current).
Based on these results, it appeared that the incorporation of hydrogen improved
the photovoltaic properties of the solar cells. As the percentage of hydrogen increased, the
open circuit voltage, short circuit current and photocurrent all increased. However, when
the experiment was repeated with slightly different laser parameters (fluence = 4 kJ/m2
and pulses/area = 100) we discovered that the partial pressure of H2 has very little effect
on photovoltaic properties.
Figure 5.12 and 5.13 shows that the dark and illuminated I-V curves as well as
the generated photocurrent are nearly identical for all partial pressures of H2 , when the
samples are irradiated with 100 pulses/area at a Fluence of 4 kJ/m2 . Although all of the
curves are similar in Figures 5.12 and 5.13 they show a marked improvement in photovoltaic
properties over the same samples made with 200 pulses/area at a Fluence of 5 kJ/m2 shown
in Figures 5.10 and 5.11.
The key difference between 200 pulses at 5 kJ/m2 and 100 pulses at 4 kJ/m2 is
the resulting surface morphology of the sample. Figure 5.14 shows the difference in surface
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Figure 5.13: Left illuminated current-voltage curves for samples irradiated in a mixture of
H2 and SF6 . Right Photocurrent versus voltage curves of samples irradiated in a mixture
of H2 and SF6 . Samples are irradiated with 100 pulses/area at a Fluence of 4 kJ/m2 . The
results show that with these laser conditions, H has no effect on photovoltaic properties.

morphology between 200 pulses/area at 5 kJ/m2 and 100 pulses/area at 4 kJ/m2 . At 4
kJ/m2 , the surface is much smoother than samples irradiated at 5 kJ/ m2 . In addition, at 4
kJ/m2 there is very little difference between the surface roughness of the samples irradiated
in pure SF6 versus the samples irradiated in 90% H2 . Although at 5 kJ/m2 , H2 dilution
causes a large change in surface morphology. The explanation for these observations is
that previous work determined that spike formation occurs only for fluences greater than 4
kJ/m2 . In addition, we know that the resulting shape and size of the spikes depends on the
type of gas. Based on these observations and the results presented in Figures 5.12 and 5.13,
we can conclude that a lower surface roughness is better for photovoltaic performance.
There are several reasons that the above conclusion makes sense. A lower surface
roughness will provide a less torturous path for charge carriers to travel from the laser
modified surface region to the top metal electrode. In addition, the top metal electrode will
form a more uniform layer on a surface with lower surface roughness. The second point
is important for how we make contact to the top electrode in our experimental setup. We
use a spring loaded metal probe to press down on the top electrode. We will achieve better
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Figure 5.14: Surface morphology of samples irradiated with 200 pulses/area at a fluence of
5 kJ/m2 (top row ) and 100 pulses/area at 4 kJ/m2 (bottom row ). At 5 kJ/m2 the there
is a large difference in surface morphology between the samples irradiated in pure SF6 and
those diluted with 90% H2 ; at 4 kJ/m2 , all samples look similar. Images taken with samples
at 45◦ .

contact with a flatter surface morphology. Figure 5.15 shows the damage caused by our
metal probe for both surface morphologies.
To conclude our discussion of the effect of H2 gas and surface morphology on the
photovoltaic properties of femtosecond laser irradiated silicon we present Figure 5.16. As
the SF6 is diluted by H2 , the surface slowly transitions from a surface morphology that is
typical for SF6 to the surface morphology that is typical for H2 . From our previous work we
know that the surface features formed in H2 are more blunt, larger and less densely spaced
than those features formed in SF6 . So in effect, as we dilute with H2 gas, we are creating
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10 µm

5 µm

Figure 5.15: Images of the damage caused by contact of our metal probe with the top
electrode of samples irradiated in pure SF6 with 100 pulses/area at 4 kJ/m2 (left) and 200
pulses/area at 5 kJ/m2 (right). Images taken with samples at 45◦ .
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Figure 5.16: Surface morphology of samples irradiated with 200 pulses/area at a fluence of
5 kJ/m2 at a pressure of 500 Torr for different ratios of H2 :SF6 gas; (a) 0:100, (b) 10:90,
(c) 25:75, (d) 50:50, (e) 75:25, (f) 90:10. Images are the top view of the samples.

a surface that has an overall lower surface roughness which is responsible for the increased
photovoltaic performance indicated by Figures 5.10 and 5.11.
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Creating a lower roughness laser-irradiated surface

Silicon irradiated in SF6
As we determined in the previous section, a flatter surface morphology is better for
photovoltaic properties. With this in mind, we set out to create the flattest surface possible
that still absorbed a large portion of the sun’s spectrum. We varied two laser parameters,
fluence and pulses/area. Then we imaged the surfaces with a scanning electron microscope
and measured absorptance using the same spectrophotometer used in Chapter 4.
First we chose a fixed fluence of 4 kJ/m2 and irradiated samples with different
pulses/area. We increased the spot size of the laser from the typical value of 150 µm to
250 µm full-width-half maximum (FWHM) but kept the step size the same at 75 µm (the
step size being the distance between neighboring rows along which the center of the laser
beam has traveled). By increasing the spot size, we reduced the step size to 1/3 of the spot
size, with the goal being to create a flatter more uniform laser modified surface layer. The
translation speed of the silicon wafer was 750 µm/s. In order to create a different number of
pulses/area, a mechanical shutter was used to reduce the repetition rate of the laser (1000
Hz) to lower values (10–60 Hz) while keeping the translation speed constant. With this
method the average number of pulses/area can be determined by,

pulses/area =

νdspot
,
v

(5.5)

where ν is the repetition rate of the laser (or shutter), dspot is the FWHM of the laser spot
along the direction of translation and v is the translation speed. Then we fixed the number
of pulses/area at 7 and varied the fluence from 4–12 kJ/m2 . The spot sized needed to be
reduced to 180 µm in order to create the larger fluences and likewise we reduced the step
size to 50 µm.
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Figure 5.17: Surface morphology of samples irradiated with a fluence of 4 kJ/m2 in 500
Torr of SF6 gas for different pulses/area (a) 2, (b) 4, (c) 6, (d) 11, (e) 17, (f) 22, (g) 100,
(h) 333. Spot size = 250 µm for all samples but (h) which was 150 µ. Images taken with
samples at 45◦ .

Figure 5.17, shows scanning electron microscope images for samples irradiated
with 2, 4, 6, 11, 17, 22, 100 and 333 pulses/area at a fluence of 4 kJ/m2 . The result is
surprising. The surface roughness of the samples that were irradiated with 2, 100 and 333
pulses/area are all very similar; however, for the samples irradiated with 4–22 pulses/area,
the surface features increase in size with increasing number of pulses.
This result changes our view of how spikes form. In our previous work [43], low
numbers of pulses/area were performed for only a single fluence, 8 kJ/m2 and the onset of

Chapter 5: The photovoltaic potential of femtosecond laser irradiated silicon

a

111

c

b

5 µm
d

e

Figure 5.18: Surface morphology of samples irradiated with 7 pulses/area in 500 Torr of
SF6 gas for different fluences (a) 4, (b) 6, (c) 8, (d) 10, (e) 12. Spot size = 180 µm for all
samples. Images taken with samples at 45◦ .

spike formation began between 10–15 pulses and spike height continued to increase up to
600 pulses. For a fluence of 4 kJ/m2 , only 500 pulses/area were performed and no spikes
were observed. Based on these results, it was concluded that spikes do not form at a fluence
of 4 kJ/m2 [43]. However, the current results show this is not the case. Spikes do begin to
form, but they then disappear after a large number of pulses. The reason for this result is
unknown.
Figure 5.18, shows scanning electron microscope images for samples irradiated
with 7 pulses/area at fluences of 4, 6, 8, 10 and 12 kJ/m2 . The size of surface features
increases with increasing fluence.
Figure 5.19, shows the absorptance of each of the above samples shown in Figures 5.17 and 5.18. The data from the two studies are consistent with each other. The
absorptance for the sample irradiated at 4 kJ/m2 with 6 pulses/area in the fixed fluence

Chapter 5: The photovoltaic potential of femtosecond laser irradiated silicon

1.0

1.0

0.8

absorptance

absorptance

6

0.6

6
4

0.4

12
10
8

0.8

22
17
11

0.6

4

0.4

2

0.2
0.0
0

112

0.2

1

2

wavelength (µm)

3

0.0
0

1

2

3

wavelength (µm)

Figure 5.19: Left: Absorptance spectra of samples irradiated at a fixed fluence of 4 kJ/m2
with varied pulses/area which are indicated. The dashed curve is for 333 pulses/area. Right:
Absorptance spectra of samples irradiated with a 7 pulses/area for different fluences which
are indicated in kJ/m2 .

study matches the absorptance of the sample irradiated at 4 kJ/m2 with 7 pulses/area in
the fixed pulses/area study. Absorptance seems to be correlated with the height of surface
features in all cases, which is consistent with previous results [43]. The absorptance of
the sample irradiated at 4 kJ/m2 with 333 pulses/area is unusually low compared to our
previous results and the results in Chapter 4 as well. The reason for this is unknown.
The conclusion of these two studies is that the surface roughness of samples irradiated with 100 pulses/area at a fluence of 4 kJ/m2 is as flat as any that were created in
this study. In addition, the absorptance of samples irradiated with 100 pulses at 4 kJ/m2
is larger than any created in this study (for an example of the absorptance see Figure 4.1).
As a result, 100 pulses/area and 4 kJ/m2 were chosen as the standard conditions for many
results in this chapter. These results are important as they illustrate the fact that surface
morphology is a more complicated function of fluence and pulses/area than was previously
thought.
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Figure 5.20: Absorptance spectra of samples coated with selenium (left) and tellurium
(right) and irradiated with fluences varying from 2–4 kJ/m2 with 100 pulses/area in a
background gas of 500 Torr of N2 .

Obtaining low surface roughness for silicon coated with Se or Te and irradiated
in N2
In Figure 4.11, we saw that the infrared absorptance of tellurium-doped samples
remained high at fluences as low as 1.5 kJ/m2 , below the ablation threshold of silicon.
We concluded that the ablation dynamics are different for samples that are coated with
a different material. In this section we investigate the optimal laser fluence for creating a
highly absorbing surface layer with low surface roughness.
We irradiated silicon wafers coated with 150 nm of either selenium or tellurium
in a background gas of N2 at 500 Torr using 100 pulses/area for the following fluences: 4,
3, 2.5, 2 kJ/m2 . The films were deposited by thermal evaporation as described in Section
4.7.1. The resulting surface morphologies and optical properties are given in Figures 5.21
and 5.20.
The fluence that results in the minimum spike formation while retaining a relatively high infrared absorptance is 3 kJ/m2 for selenium-coated samples and 2.5 kJ/m2 for
tellurium-coated samples.
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Figure 5.21: Scanning electron microscope images of selenium and tellurium-coated samples
irradiated with fluences varying from 2–4 kJ/m2 with 100 pulses/area in a background gas
of 500 Torr of N2 . Images taken with samples at 45◦ .
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Irradiating thin film silicon
In this section we present the results from irradiating thin films of silicon. The

goal was to enhance the visible and infrared absorptance of silicon films to the same degree
that is observed for femtosecond laser irradiated silicon wafers. Thin films of silicon were
grown by two different methods: electron beam heating evaporation and hot-wire chemical
vapor deposition (CVD).

Irradiating electron beam grown films
Several Si(100) wafers, p-type (ρ = 1–20 Ω-cm) were mechanically ground into
powder and placed into a graphite crucible to be used as the source for electron beam
heating evaporation in high vacuum. A film of silicon (∼ 1.3µm thick) was grown on a
clean glass microscope slide. The film was gray with a mirror finish.
The sample was loaded into the irradiation chamber, which was then evacuated
and filled with 500 Torr of SF6 gas. The laser was focused to a spot size of 150 µm. We
varied the fluence and repetition rate of the laser in order to create a laser modified surface
layer in the film and avoid completely ablating away the film. A fast mechanical shutter was
used to vary the repetition rate of the laser. The sample was translated at a velocity of 1500
µm/s. Using the standard repetition rate of the laser (1000 Hz), Equation 5.5 can be used
to determine that an average of 100 pulses/area hit the surface. Using a mechanical shutter
frequency of 10 Hz and 20 Hz, the pulses/area can be reduced to 1 and 2 respectively.
The results are displayed in Figure 5.22. Based on the absorptance curve of the
unirradiated film, we can determine that the silicon film is amorphous. Amorphous silicon’s
band gap (1.75 eV) is greater than crystalline silicon (1.12 eV) and its absorptance begins to
decrease at smaller wavelengths of light (< 700 nm). Growing an amorphous film is expected
as our growth substrate is amorphous. Typically, growing a thin film of crystalline silicon
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Figure 5.22: Absorptance spectra of femtosecond laser irradiated silicon films grown by
electron beam heating evaporation. The laser conditions were: (1) 2 pulses/area at 4
kJ/m2 , (2) 1 pulse/area at 5 kJ/m2 , and (3) 1 pulse/area at 3 kJ/m2 . The dotted regions
of the curves indicate a measurement anomaly near where the detector change occurred in
the spectrophotometer. The bottom curve is the absorptance of the unirradiated film. The
films are amorphous silicon and are initially 1.3 µm thick.

requires tailored experimental conditions such as substrate temperature and growth rate.
Based on the results we were able to increase the infrared absorptance by a factor
of 2–3 times. Extremely low pulses/area were necessary in order to avoid destroying the film.
The hills and valleys in the data are caused by thin film interference. The film thickness (1.3
µm) is on the order of the wavelength of the light and constructive and destructive interference occurs in the transmittance and reflectance signals in the near infrared range. These
features should disappear when the light is incident at the same angle for transmittance
and reflectance; some misalignment was present for all of our measurements.

Irradiating CVD grown films
Thin films of silicon were grown on 1 × 1 inch squares of glass by hot-wire chemical
vapor deposition by the Atwater research group at the California Institute of Technology
[120]. A tungsten wire is heated by resistive heating and brought in close proximity to
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the substrate in a mixed atmosphere of silane (SiH4 ) and hydrogen (H2 ) gas. The films
measured 2.1 µm thick using a profilometer.
The samples were loaded into the evaporation chamber which was evacuated and
filled with 500 Torr of SF6 . The laser was focused to a spot size of 150 µm. The translation
speed was fixed at 750 µm/s and the fluence, and number of pulses/area were varied in
order to create an irradiated sample with the largest infrared absorptance.
An additional variable was used in this study to vary the pulses/area. The length
of time that the fast mechanical shutter remained open was varied so that instead of a single
pulse being delivered to the surface at the repetition rate of of the mechanical shutter, a
burst of pulses could be delivered. Each time the shutter opens constitutes a single burst
of pulses.
Figure 5.23, shows the results of irradiating 10 large areas of the film (6 mm ×
8 mm) which were then analyzed with our spectrophotometer. Table 5.3 lists all the laser
conditions that were attempted. Many conditions resulted in complete destruction of the
film. The laser conditions used to make the samples in Figure 5.23 are indicated by the
numbers 1–10.
To determine the pulses/area, Equation 5.5 is modified to accommodate the new
variable pulses/burst, Nburst :

pulses/area =

νdspot
× Nburst
v

(5.6)

where ν is the repetition rate of the shutter (or laser when no shutter is used), dspot is the
diameter of the spot and v is the translation velocity of the sample.
Although the film was meant to be crystalline, we can see from the absorptance
spectrum of the unirradiated film that it is also amorphous just like the film grown by
electron beam evaporation. The CVD process used by the Atwater research group is usually
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Sample No.

Fluence

Rep. rate

–

8

kJ/m2

7.5

kJ/m2

–
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Pulses/burst

Pulses/area

Step size

Transparent

1000 Hz

1

200

50 µm

yes

25 Hz

10

50

50 µm

yes

7 kJ/m2

25 Hz

10

50

50 µm

yes

–

7 kJ/m2

25 Hz

5

25

50 µm

yes

–

kJ/m2

25 Hz

3

15

50 µm

yes

–

6.5 kJ/m2

20 Hz

5

20

50 µm

yes

–

6.5 kJ/m2

15 Hz

4

12

50 µm

yes

–

6.5 kJ/m2

10 Hz

4

8

50 µm

mostly

–

6

kJ/m2

1000 Hz

1

200

50 µm

yes

–

6 kJ/m2

20 Hz

5

20

50 µm

yes

–

6 kJ/m2

15 Hz

4

12

50 µm

mostly

–

6

kJ/m2

10 Hz

4

8

50 µm

barely

–

5.5

kJ/m2

20 Hz

5

20

50 µm

yes

–

5.5 kJ/m2

15 Hz

4

12

50 µm

barely

1

5.5 kJ/m2

10 Hz

4

8

50 µm

no

–

5

kJ/m2

20 Hz

5

20

50 µm

barely

2

5

kJ/m2

15 Hz

4

12

50 µm

no

5

5 kJ/m2

10 Hz

4

8

50 µm

no

3

4.5 kJ/m2

20 Hz

5

20

50 µm

no

7

4.5

kJ/m2

15 Hz

4

12

50 µm

no

4.5

kJ/m2

10 Hz

4

8

50 µm

no

4

4 kJ/m2

25 Hz

10

50

50 µm

no

6

4 kJ/m2

20 Hz

5

20

75 µm

no

9

4

kJ/m2

10 Hz

4

8

75 µm

no

4

kJ/m2

10 Hz

2

4

75 µm

no

–

8

10

7

Table 5.3: Summary of laser conditions used in an attempt to create a laser modified
surface layer on the CVD grown silicon film. The sample number refers to the number used
in Figure 5.23. The comment under the column “Transparent” indicates whether visible
light could be seen through the film using an optical microscope.

Chapter 5: The photovoltaic potential of femtosecond laser irradiated silicon

1.0

1.0
1
2
3
4
5
6
7
8
9
10

0.6
0.4

0.8

absorptance

absorptance

0.8

0.4
0.2

1

2

3

0.0
0

wavelength (µm)

0.8
0.6

4
6
9
10

0.4

2

absorptance

0.8

absorptance

1.0

0.6

1

3

wavelength (µm)

1.0

3
7
8

0.4

0.2
0.0
0

1
5
8
9

0.6

0.2
0.0
0

119

0.2

1

2

wavelength (µm)

3

0.0
0

1

2

3

wavelength (µm)

Figure 5.23: Absorptance spectra of femtosecond laser irradiated silicon films grown by hotwire chemical vapor deposition. Upper left: Absorptance spectra of all ten samples. See
Table 5.3 for the laser parameters. Upper right: Absorptance spectra for samples irradiated
with 8 pulses/area at four different fluences. Lower left and right: Absorptance spectra
for samples irradiated at 4 kJ/m2 (left) and 4.5 kJ/m2 (right) at varying pulses/area. The
bottom curve in each graph is the absorptance of the unirradiated film. The films are
amorphous silicon and are initially 2.1 µm thick.

used to grow films on glass slides that already have a thin crystalline silicon layer grown by
other means. It is likely that the process had not been attempted on bare glass as in this
case.
The conclusion of these two studies is that thin film silicon can be modified by the
laser to bring about enhanced visible and infrared absorption. In both cases, the film was
too thin to increase the absorptance to near unity although we come close in the 2.1-µm
thick film. We believe that as more energy is deposited in the film, too much material is
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removed and the resulting laser modified surface layer is not as thick as the typical layer
that is formed with the irradiation of silicon wafers. We predict that with an additional
1–2 µm of material it will be possible to increase the absorptance of thin film silicon to the
same level as has been observed in femtosecond laser irradiation of silicon wafers.

5.5

Summary discussion
In this chapter, we show that sulfur-doped femtosecond laser irradiated silicon

behaves as a solar cell immediately after irradiation. The photovoltaic properties of short
circuit current and open circuit voltage (and therefore efficiency) improve significantly with
increased annealing temperature to a maximum at T = 1075 K. Further increasing the
annealing temperature beyond this point, results in a degradation of solar cell performance.
The low fill factor of ∼ 0.37 remains relatively constant for all annealing temperatures.
We propose a model to explain the change in open circuit voltage, short circuit
current and fill factor with annealing temperature. We speculate that the open circuit
voltage rises as a result of an increase in the internal voltage barrier of the junction allowing
for a larger voltage drop when the solar cell is operated in the open circuit condition. An
increase in the internal voltage barrier is consistent with our previous work showing that
annealing increases the free electron concentration in the laser modified surface [43].
The reason that the free electron carrier concentration increases with annealing
temperature is still unknown. We do know that the maximum in open circuit voltage is
obtained after an annealing temperature that is 200 K above the temperature at which the
enhanced infrared absorptance is completely reduced to the value of intrinsic silicon (as
seen in Chapter 4). This result might suggest that diffusion of the sulfur does not seem to
be related to the increase in free carrier concentration, but this is not conclusive.
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It is possible that a general healing of defects in the laser modified surface layer
as a result of annealing causes the activation of trapped donor electrons contributed by
those sulfur atoms that still remain in the grains. Although in Chapter 4 we propose
that annealing causes diffusion of sulfur out of the grains, this does not suggest that all of
the sulfur atoms will eventually leave with annealing. The concentration of sulfur would
remain at least as high as the solid solubility of sulfur in silicon (∼ 1015 /cm3 , [87]) at
the temperature of the highest anneal. This level of concentration could still provide a
significant amount of donor electrons, keeping in mind that sulfur has two more valence
electrons than silicon.
The increase in short circuit current with annealing temperature could be due to
an increase in the width of the depletion region (as the internal voltage barrier increases),
resulting in more free carriers excited inside the depletion region. Also an increase in short
circuit current could be due to the general healing of defects in the portion of the laser
modified surface layer contained in the depletion region.
We propose that the low fill factor exhibited after all annealing temperatures is a
result of an extremely small diffusion length of free carriers that are generated outside of the
depletion region. A small diffusion length of free carriers yields a photogenerated current
that is highly dependent on the width of the depletion region (and therefore the applied
voltage). As the applied voltage is increased in the forward bias direction, the depletion
region will shrink and the photogenerated current will decrease, resulting in a low fill factor.
Although we speculate that a general healing of defects occurs with annealing, this may
only have a profound effect within the depletion region, where photogenerated carriers are
driven by drift in addition to diffusion.
In addition to annealing temperature, we also report the effect of hydrogen dilution,
surface morphology and etching time on the photovoltaic properties. We also show that
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the visible and infrared absorptance of thin films of silicon can be enhanced by femtosecond
laser irradiation. The creation of femtosecond laser irradiated thin film silicon solar cells is
an exciting area of future work.

Chapter 6

Summary and future directions
We investigated a diverse range of scientific and engineering concepts in this thesis,
including: laser ablation, phase transformations, diffusion, semiconductor doping, solid state
physics and photovoltaics.
We studied the nucleation and growth of single crystal silicon nanoparticles and
the formation of amorphous silicon generated in the superheated and pressurized material
ejected from the silicon surface. We commented on the fundamental differences in particle
formation after femtosecond laser ablation in a near atmosphere background gas versus
vacuum. We also observed interesting structures of coagulated particles such as straight
lines and bridges.
We investigated the enhanced absorption of visible and infrared light exhibited by
the resulting femtosecond laser irradiated surface after doping with three different elements
(sulfur, selenium and tellurium) in a comprehensive annealing study. Our analysis suggests
the decrease in absorptance with heat treatments is due to the diffusion of the dopants
within the nanometer-sized grains of the polycrystalline surface to the grain boundaries.
We incorporated femtosecond laser irradiated silicon into a device and measured its
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photovoltaic properties as a function of various parameters such as: annealing temperature,
laser fluence, background gas, surface morphology and chemical etching. In addition, we
explored the concept of using thin films of silicon as the irradiation substrate and successfully
enhanced the visible and infrared absorption of films of silicon with thicknesses ≤ 2 µm.
Although we have made good progress studying the properties of this new material,
there remain many unanswered questions and exciting avenues of research to explore with
femtosecond laser irradiated silicon. These avenues cross many fields including solid state
devices, biological sensors, superhydrophobicity and more. We mention those here that are
relevant to this thesis.
Research can be performed to further understand the structure of the laser modified surface and the nature of dopants and defects in the crystalline grains. Using low
temperature studies, the electronic levels of the dopant and its configuration with the lattice could be probed. Changes in these levels could be correlated to various experimental
parameters such as annealing temperature, dopant chemistry, laser fluence, and pulses/area.
Much work needs to be done to characterize the properties of the diode junction,
specifically as a function of the initial doping of the wafer. Over the course of this research,
we learned that it was difficult to reliably repeat many electronic measurements using
different silicon wafers. Although the general behavior was similar, the results could vary
greatly for different experimental parameters, specifically annealing. To understand this
behavior, we recommend extensive characterization of the initial silicon wafer’s resistivity
and dopant concentration with greater precision than is provided by the manufacturer.
These measurements can then be used to obtain repeatable diode junctions.
In addition to work with sulfur, the diode characteristics of silicon doped with
other elements such as selenium, and tellurium could lead to even better results for photodetector and photovoltaic devices, specifically in the detection and absorption of infrared
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light. Selenium- and tellurium-doped samples absorb more infrared light than sulfur-doped
samples after the same heating treatment.
A final research area with great promise is the prospect of enhancing the efficiency
of thin film silicon solar cells through incorporation of a femtosecond laser modified surface
layer. The laser modified region can be used in a device as a single junction or stacked
in a series in a multi-junction design. The laser modified region would be particularly
suited for use as the bottom layer in a multi-junction device in order to absorb all light that
penetrates the upper layers. In addition, due to the small diffusion length of excited carriers
in femtosecond laser irradiated silicon, incorporating it into a p-i-n configuration similar to
the design used for thin film silicon could result in a significant increase in photovoltaic
efficiency.

Appendix A

Operation of a solar cell
In order for a material to convert light into electrical energy, it must satisfy two
conditions. First, it needs to be able to absorb incident photons through the promotion
of electrons to higher energy levels. Second, it must contain an internal electric field that
accelerates the promoted electrons in a particular direction, resulting in an electrical current.
For more detailed information on the operation of solar cells see references [112, 113, 116,
118, 119].

A.1

The photovoltaic cell in an electrical circuit
From the most basic point of view, a photovoltaic cell can be thought of as any

device—when exposed to light—that causes current to flow in an electrical circuit with a
given load resistance (e.g. wires plus a light bulb). An example electrical circuit is shown
in Figure A.1. The voltage drop across the front and back contact and the current in the
circuit can be measured with a voltmeter and ammeter respectively. As would be expected,
the magnitude of the electrical current depends on the intensity of the incoming light. But,
in addition, the current also depends on the load resistance of the circuit.
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Figure A.1: A photovoltaic cell in a simple electrical circuit that allows the production of
usable power.

For the following discussion, let us fix the intensity of the incoming light as Tl ,
and just vary the load resistance. If the resistance is infinite, the current will be zero. This
is called the open circuit condition. In this case, the photons continue to generate pairs of
electrons and holes within the photovoltaic material. The internal electric field separates the
electrons and holes and accelerates them in opposite directions creating a voltage difference
on either side of the photovoltaic cell. The magnitude of this voltage drop is called the open
circuit voltage, Voc . The open circuit voltage can change with the intensity of light, but for
a given intensity, the voltage remains constant with time. The reason it remains constant,
despite the fact that photons are continually absorbed, is that the generated electron-hole
pairs recombine at a certain rate at defects and surfaces. Because of this, the open circuit
voltage is a good measure for the quality of the photovoltaic cell—the higher the open
circuit voltage, the more efficiently the cell can convert photons into electrical energy.
If the load resistance in the circuit shown in Figure A.1 is zero, then under a given
intensity of light, the current that is generated will be at its maximum attainable value.
Under these conditions the photovoltaic cell is said to be in its short circuit configuration
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and the current is called the short circuit current, Isc . Note that through V = IR, the
voltage drop is also zero. The short circuit current is also limited by the recombination rate
of the material and is a good measure of the quality of the photovoltaic cell. In order to
maximize the efficiency of a photovoltaic cell, researchers and engineers attempt to maximize
the open circuit voltage and short circuit current by removing recombination sites.
In between these two extremes—when there is a finite resistance in the circuit—
the current and voltage are both less than their maximum values and are related to the
load resistance through Ohms Law, V = IR. The power that is supplied as a result of the
load resistance (e.g. the light bulb) is the product of the current and the voltage. For a
higher load resistance, the voltage is increased but the current is decreased. For a lower
load resistance, the voltage is decreased but the current is increased. Figure A.2 shows
how the voltage and current of a circuit can vary as the load resistance is changed for a
given amount of intensity of light. Rather than obtaining this curve by putting in various
size resistors, the voltmeter, ammeter and resistor can all be replaced by a voltage/current
source. By applying a voltage and measuring a current the same curve can be reproduced.
As can be seen from Figure A.2, there is a specific load resistance, that results in
a certain current, Imax , and voltage, Vmax , where the output power is a maximum. During
the design of the circuit for photovoltaic cells the load resistance is specifically chosen
to maximize the output power. The shape of the current-voltage curve, often called the
I-V curve, greatly affects the resulting power output. To characterize the shape of the
curve, researchers use a variable known as the fill factor, F F , which gives what fraction
the maximum output power is of the product of the open circuit voltage and short circuit
voltage.

FF =

Imax Vmax
.
Isc Voc

(A.1)
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Figure A.2: The relationship between current and voltage in a photovoltaic cell

A typical fill factor is 0.8. The higher the fill factor, the better the solar cell, as
this increases the maximum power output. The reason for the shape of the I-V curve will
be discussed in subsequent sections.
With what we know already, it is possible to calculate the efficiency, η, of our
photovoltaic cell. The efficiency is defined as the ratio of electrical power output to the
power of the incident photons.

η=

Imax Vmax
× 100%,
Tl A

(A.2)

Here Tl , is the intensity of the incoming light with the units of mW/cm2 , and A is
the area of the photovoltaic cell in cm2 . Their product is the power of the incoming light,
Pl . Combining Equations A.1 and A.2 we get,

η=

(F F )Isc Voc
× 100%.
Pl

(A.3)

This equation gives the efficiency using the variables, F F , Voc , Isc , which are used
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to characterize a photovoltaic cell in research. These values can be obtained by measuring
the I-V curve of the photovoltaic cell with a voltage source and ammeter. By varying
voltage and measuring current, the load resistance is essentially varied from zero, at the
highest current flow, Isc , to infinity, at the highest voltage drop, Voc . Maximizing the
efficiency of a photovoltaic cell is the ultimate goal, as this maximizes the power output
for a given intensity of incoming light. Efficiency values reported in research and industry
are often for a solar intensity of air mass (AM) 1.5. This is the intensity of the sunlight on
the earth after it passes through the atmosphere at 45◦ , which is roughly the average angle
sunlight has over the course of the peak hours of the day. The intensity value for AM 1.5 is
100mW/cm2 . For a typical commercial silicon photovoltaic cell with properties F F = 0.8,
Voc = 0.5 V and Isc = 35 mA/cm2 , the efficiency is 14%.
Now that we understand how a photovoltaic cell is treated in an electrical circuit
let us take a closer look at the properties required by a material to be used as the active
region in a photovoltaic cell.

A.2

Satisfying the two conditions required for a photovoltaic
response
Whether a material satisfies the first condition, which requires that the material be

able to absorb photons through electron promotion, depends on the energy of the incident
light. For photovoltaic cells we are concerned specifically with the spectrum emitted by the
Sun. The solar spectrum is shown in Figure A.3. As we can see in the graph, most of the
photons coming from the sun are in the energy range of 1–4 eV. A material needs a band gap
energy that is less than 4 eV in order to absorb these photons, otherwise there are no electron
states available to accept the promoted electron during photon absorption. This requirement
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Figure A.3: Solar spectrum as it reaches earth in space (named AM 0) and after it passes
through the earth’s atmosphere at an angle of 45◦ to the surface (named AM 1.5). Dips
in the intensity at specific wavelength are due to absorption by O2 , H2 O, and CO2 in the
atmosphere.

eliminates the use of insulators as a photovoltaic material, as the insulator/semiconductor
transition is usually arbitrarily set at an energy band gap of 4 eV. However, in reality, the
size of the band gap is even more limited. With a band gap energy of 3 eV the material
would absorb less than half of the incoming photons. In order to maximize the number of
photons absorbed and get the most electrical energy out of our solar cell, we should choose a
material so its band gap has less energy than most of the incoming photons. This practical
limit further narrows the material selection to materials with a band gap of less than ∼ 2
eV.
The second condition, which requires that the material have an internal electric
field, further limits the possible materials and contains most of the science of how a photo-
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voltaic cell works. An all-metal photovoltaic cell is impossible as an internal electric field
would never be stable. Even under an applied electric field, the electrons within a metal
redistribute to counter the field so that the internal field is zero.
With the elimination of insulators and metals, we know that our photovoltaic cell
must contain semiconductors in some way. In order to sustain an internal electric field,
a stable charge gradient must be maintained in the material. The most common way to
produce the internal electric field in all current photovoltaic cells is inside an inhomogeneous semiconductor or at the interface between two differently doped semiconductors with
different band gaps.
A less common way to create the internal electric field is at the interface between
certain metals and semiconductors, which, if chosen properly, create a field that allows
current to flow in one direction but not the other. This is known as a Schottky barrier
junction. The first solar cells made from selenium were Schottky barrier cells. While
Shottky barrier cells are still under investigation today, they have never been made efficient
enough or cheap enough to be used in a practical photovoltaic cell. All photovoltaic cells
do indeed use metal/semiconductor interfaces as a part of their design to attach the active
photovoltaic medium to a larger circuit with electrodes. However, the materials making
up this interface are chosen so that the interface is considered an “ohmic contact,” which
contains no barrier to electron flow.
We will now discuss how the internal electric field is created.

A.3

Creating the internal electric field
The electric field is created by a spatial separation of charge inside solid material,

which is stable and exists without the application of any external fields. It also exists
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whether or not the material is exposed to light. In a single semiconductor material this field
is generated by a doping gradient inside the material. The simplest form of this is the p-n
junction from semiconductor physics. One side of the semiconductor contains n-type doping
where the impurity atoms are donor atoms—which have one additional valence electron—
and the opposing side contains p-type doping where the impurity atoms are acceptor atoms–
which have one less valence electron and can easily accept a neighboring electron (i.e. a
hole). The majority carriers in the n-type side are electrons and the majority carriers in the
p-type side are holes. For a discussion on the nature of p-type and n-type semiconductors,
please see reference [4], Chapter 29.
As an example let us take silicon. For silicon, boron is an acceptor atom and
phosphorous is a donor atom. To make a p-n junction in silicon, typically boron is present
in the silicon melt at a specific concentration and remains there as it crystallizes. Single
crystalline, polycrystalline, amorphous and microcrystalline silicon can all be used to make
solar cells. We will initially discuss single crystalline here and discuss the others in the
Research section.
The single crystal of boron-doped silicon is sliced into thin wafers ∼ 300 micrometers thick. Each wafer is exposed on one side to a heated phosphorous containing gas. The
phosphorous atoms diffuse into the surface of the silicon resulting in a higher concentration
than the boron. This creates a net n-type region where the majority carriers are electrons.
This n-type region extends several micrometers into the surface. The p-n interface is a
plane parallel to the wafer and several microns from the n-type side. By monitoring the
conditions closely a uniform interface can be obtained.
For simplicity, in the following discussion we will consider an ideal p-n junction,
which is one where the doping concentration changes abruptly in the silicon from n-type to
p-type.
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The mere presence of the varied concentration of impurity atoms is not enough
to explain the electric field. Both the impurity atoms and the host atoms are electrically
neutral. The electric field is generated by diffusion of majority carriers. With electrons
as the majority carriers on the n-side and holes as the majority carriers on the p-side, a
carrier concentration gradient is set up, which is the driving force for the diffusion. Those
additional electrons on the n-side within a few 100 nm of the p-n interface diffuse from
the n-side to the electron deficient p-side, where they recombine with holes in the hole-rich
p-side. Let us look closely at the effect of this first step. The additional electrons in the
n-side were provided by neutral phosphorous atoms. When the electrons diffuse in large
numbers over 100 nm, they leave behind positive phosphorous ions. When these electrons
recombine with holes on the p-side, this results in a region of depleted charge a few 100 nm
into the p-side. In the region of depleted charge the carrier concentration is much lower
than in the p-type and n-type material far from the interface.
Likewise the holes diffuse in the opposite direction from the p-side into the n-side.
This leaves behind a several 100 nm thick region with negative boron ions and creates a
charge depleted region several 100 nm into the n-side. The result of both of these effects is
that a depleted region several 100 nm in length is formed on either side of the p-n interface,
where the carrier concentration is very low. In addition, positive ions are left behind on
the n-side of the p-n interface and negative ions are left on the p-side. The ions create an
electric field which points from the n-side to the p-side as well as a voltage drop ∆φ (from
the n-side to the p-side) which are related through E = −dφ/dx. This field exists without
any applied voltage or field and without exposure to light. Figure A.4 summarizes how the
depletion region forms an electric field.
It may be confusing why the diffusion of delocalized (conduction band) electrons
or holes leaves behind charged ions, as this is never discussed under conditions of normal
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Figure A.4: The diffusion of majority carriers creates the depletion region. Positive phosphorous ions are left behind on the n-side and negative boron ions on the p-side.

current flow in a metal or semiconductor. The reason for this is that when the carriers are
only being influenced by the electrostatic force of the underlying nuclei and core electrons,
their spatial density is uniform everywhere. So they still cancel out the charge of the
nuclei when averaged over volume. Even when current is flowing, as long as no charge
is accumulating anywhere, the spatial density of the carriers will perfectly balance the
charge of the nuclei resulting in no net electric fields. In the case of the p-n junction,
there is an additional force acting on the carriers besides the electrostatic force. This
additional force is a chemical potential gradient. The material will lower its free energy
if the delocalized electrons on the n-side diffuse into the p-side (and vice-versa for holes).
Now when the spatial density of the carriers is averaged over the volume of the depletion
region their collective charge does not balance out the underlying nuclei. On the n-side of
the depletion region there are not enough electrons to balance out the additional protons
in the phosphorous atoms. The same is true for the holes on the p-side and therefore an
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electric field is present.
The electric field that is generated perfectly balances the driving force for diffusion.
If diffusion is not countered, all the additional electrons from the n-side would recombine
with holes on the p-side. Let us look at this more closely. From the diffusion force, electrons
want to flow from the electron-rich n-side to the p-side (and vice-versa for holes). These
electrons and holes leave neutral atoms creating ions. The ions left behind generate an
electric field, which applies a force on electrons so that they flow from the negatively charged
boron ions on the p-side to the positively charged phosphrous ions on the n-side (the opposite
occurs for holes). These two competing effects limit the depletion region to a certain size.
At a certain point the energy gained by diffusion is perfectly balanced by the energy spent
creating the electric field. The two important aspects of the depletion region are that it
defines the spatial extent of the electric field and it is the region where the charge carriers
are drastically reduced due to recombination.
Electron-hole pairs that are generated within the electric field through the absorption of photons or through thermal excitation will separate; the electrons will accelerate
toward the positive phosphorous ions on the n-side and holes will accelerate toward the
negative boron ions on the p-side. In a typical solar cell, the n-side faces the sun and fingerlike metal electrodes are patterned on the surface to allow the maximum amount of sunlight
through but still provide a metallic pathway for electron flow. Electrons flow toward the
top of the solar cell, while holes flow in the opposite direction. The backside of the solar
cell has a solid metal contact to complete the circuit.
Electron-hole pairs generated outside of the depletion region actually contribute
most of the carriers to the photocurrent. This happens through diffusion of the photoexcited carriers to the edge of the depletion region where they are swept to the other
side. This process contributes significantly to the resulting photocurrent as silicon, with
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its indirect band gap, is not a strong absorber of light. In order to absorb enough of the
incident photons, silicon wafers in solar cells need to be greater than 100 µm thick. They
are typically 300 µm thick by convention as it is a good thickness for handling.

A.4

The I-V characteristics of the p-n junction
In this section we will discuss how the shape of the I-V curve shown in Figure

A.2 comes about. We will start by defining a direction of positive current, j, across our
solar cells p-n junction. To be consistent with most solid-state textbooks, we choose that
positive current is current flowing from the p-side to the n-side, which we call the positive
x-direction (note that holes flow with current and electrons against). We will see later
that this actually results in the sun inducing a current in solar cells that is negative and
researchers refer to the solar cell operating in the “4th quadrant” of the I-V curve, where
current is negative and voltage is positive. The negative sign only indicates direction with
respect to a reference system and has no other meaning.
With a direction of positive current, we can define the flow of holes and electrons
across the p-n junction. We will use the symbol j for electrical current density and J for
number current density after the fashion of reference [118], Chapter 29, so that,

j = jh − je ,

je = −eJe ,

and jh = eJh .

(A.4)

Note that je is the portion of the electrical current density caused by the flow of
electrons; this is why it contains a negative sign. Positive values of Je and Jh indicate that
the electrons or holes are flowing in the positive x-direction across the p-n junction (from p
to n).
To better understand the competing forces of diffusion and the internal electric
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field, we will name the flow of carriers depending on their direction. A flow of electrons
from the p-side to the n-side under the force of the electric field is known as the electron
generation current, Jegen . It is so named because there are very few conduction electrons on
the p-side—they are the minority carriers—and any electrons that flow from the p-side to
the n-side are likely generated by thermal excitation or photon absorption. As soon as they
are generated and enter the depletion region they are swept to the other side by the electric
field. Likewise, a flow of holes from the n-side to the p-side is called a hole generation
current, Jhgen , for the same reasons.
The flow of electrons from the n-side to the p-side, under the driving force of
diffusion, is known as the electron recombination current, Jerec . It is so named because of
what will happen when the electrons reach the hole-rich p-side; they will recombine. The
electron recombination current has to fight the force of the internal electric field and therefore is temperature dependent. There is an energy barrier—stemming from the direction of
the electric field and voltage difference ∆φ, (which are all caused by the formation of the
depletion region)—that the electrons need to get over in order to pass from the n-side to
the p-side. The probability that they will overcome this energy barrier follows the usual
boltzmann distribution,

Jerec ∝ exp[−e(∆φ)/kT ].

(A.5)

Where e(∆φ) is the energy required for an electron to flow down a voltage drop of ∆φ.
Note that,

Je = Jegen − Jerec ,

and Jh = Jhrec − Jhgen .

(A.6)

In the absence of an external applied voltage or light exposure, we have stated that
the driving forces of diffusion and the electric field exactly cancel each other. In equation
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form, this means that Jegen = Jerec and Jhrec = Jhgen , which means that Je and Jh are zero
and the total current, j, is zero.
When an external voltage is applied or the solar cell is illuminated, this balance
is disrupted and a non-zero current develops. First we will discuss what happens when an
external voltage is applied, and then we will add light.
During normal operation of a solar cell there are no external applied voltages.
However, during testing, applying a voltage to a solar cell is very useful as it simulates
many different load resistances through the relationship V = IR. Refer to Figure A.5 for
the state of the p-n junction with positive, negative and no applied voltage as you read the
following discussion.
First we will define a positive applied voltage, V , as one that raises the p-side of
the p-n junction with respect to the n-side. This effectively reduces the internal voltage
drop from the n-side to the p-side and consequently reduces the internal electric field and
shrinks the depletion region, as is seen in Figure A.5. The new voltage difference is

∆φ = (∆φ)0 − V.

(A.7)

The subscript zero indicates that (∆φ)0 is the voltage drop when no external
voltage is applied. The applied voltage is only felt at the depletion region because it is a
region of high resistivity in series with low resistivity regions on either side. The depletion
region shrinks because applying a positive voltage basically injects holes into the edge of
the p-side and electrons in the edge of the n-side, shrinking the region where there are very
little carriers. Likewise if a negative voltage is applied, the internal voltage drop from the
n-side to the p-side will be increased and the depletion region will be increased as well.
The external voltage will have no effect on the electron or hole generation currents
as these depend only on temperature, however it will affect the electron and hole recom-
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bination rates which depend exponentially on the voltage difference from the n-side to the
p-side as in Equation A.5. Let us write an explicit expression for the current as a function
of applied voltage.
When V = 0, we know that Jegen = (Jerec )V =0 (the electric field and diffusion driving
forces are balanced). Using Equations A.5 and A.7, we get,

Jegen ∝ exp[−e(∆φ)0 /kT ].

(A.8)

Or this can be written explicitly as,

Jegen = A exp[−e(∆φ)0 /kT ],

(A.9)

where A is the unknown proportionality constant. Like wise, Jerec can be written in the
same manner,

Jerec = A exp[−e{(∆φ)0 − V }/kT ].

(A.10)

By dividing Equation A.10 by Equation A.9 we get,

Jerec = Jegen exp[eV /kT ].

(A.11)

Through the same argument the hole recombination current can be expressed as,

Jhrec = Jhgen exp[eV /kT ].

(A.12)

By combining Equations A.11 and A.12 with A.6 and A.4 we get the current-voltage relationship,

j = e(Jegen + Jhgen )(exp[eV /kT ] − 1).

(A.13)
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Figure A.6: Current-voltage relationship in an ideal p-n junction. A plot of Equation A.13.

Lets look at the limits: when V = 0, j = 0; when V is large and positive, current is
exponential with voltage, j ∝ exp[eV /kT ]; when V is large and negative, current is a small
gen
gen
constant value, j ∼
= −e(Je + Jh ). This constant is known as the leakage current of the

p-n junction. Equation A.13 is plotted in Figure A.6.
Let us evaluate Equation A.13 from the point of view of an electron. When V =
0, the same number of electrons are crossing the junction in both directions because the
driving forces of diffusion and the electric field are perfectly balanced and thus there is
no net current. When V > 0, the voltage difference and energy barrier are decreased and
therefore the number of electrons crossing from the n-side to the p-side through thermal
diffusion is increased (i.e. the electron recombination current is increased). The number
of electrons passing from the p-side to the n-side as a result of the force of the electric
field stays relatively constant as this is a function of temperature and not voltage (i.e. the
electron generation current stays constant). This results in a net flux of electrons from the
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n-side to the p-side and therefore we get a positive current (going from the p-side to the
n-side in the positive x-direction) that increases exponentially with voltage.
When V < 0, the voltage drop and energy barrier increase. This reduces the
number of electrons that can flow from the n-side to the p-side by way of thermal diffusion
(i.e. the electron recombination current is decreased). The number of electrons flowing from
the p-side to the n-side remains constant as explained above (i.e. the electron generation
current remains constant). This results in a net electron flow from the p-side to the n-side
and therefore the total electrical current in our coordinate system is negative. As voltage
is increased to an extremely large negative value, the electrons flowing from the n-side to
the p-side under thermal diffusion essentially stop because of the huge energy barrier in the
way (i.e. the electric recombination current goes to zero). The total current then reaches
a constant negative value because of the constant electron generation current that never
stops. This exercise can be repeated with holes with the exact same result.
It may be a point of confusion as to why the generation current always remains
constant even as the depletion region grows and shrinks with applied voltage per Figure
A.5. This is because the vast majority of the electrons that get accelerated by the electric
field come via thermal diffusion from the p-side (n-side for holes) material just outside the
thin depletion region.
When the p-n junction is illuminated all the photoexcited electron-hole pairs separate because of the electric field and add to the generation currents. In this coordinate
system, the effect of these extra carriers is to subtract a constant, jph , from Equation A.13
to get,

j = e(Jegen + Jhgen )(exp[eV /BT ] − 1) − jph .

(A.14)

The exponential curve is essentially lowered by the photocurrent, jph . The 4th
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Figure A.7: I-V curve of an illuminated solar cell.

quadrant of the I-V graph is now being occupied. Figure A.7 shows the effect of the
photocurrent on the I-V curve. Again, there is a certain voltage and current that will yield
the most power as stated in Section A.1. Note that the photocurrent is not a function of
the temperature or the voltage. The reason that the photocurrent is the same even though
the size of the depletion region changes with applied voltage is the same as above. Most of
the light excites carriers in the bulk p-type and n-type material. These carriers then find
their way to the depletion region via thermal diffusion. The width of the depletion region
does not have a large effect on this.
The equations in this section are based on an ideal p-n junction and describe its
function through the use of charge balancing arguments. This method provides no estimate
of the size of the prefactor e(Jegen + Jhgen ). To obtain this, a more detailed look needs to be
taken involving the mobilities of electrons and holes. For this analysis see reference [118],
chapter 29.
In addition, actual materials deviate from the I-V characteristics shown here due
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to recombination at defects, surfaces and interfaces as well as other effects such as nonabrupt doping profiles.

A.5

The ideal material
Using the equations from the previous section and the known solar spectrum re-

searchers have been able to determine the maximum efficiency that can be obtained as a
function of the band gap energy of the material. The analysis provided by S.M. Sze in
reference [119], results in the ideal material having a band gap of 1.35 eV and a maximum
efficiency of 31%.
In reference [114], Equation A.14 is rearranged to solve for voltage with j = 0.
An equation is obtained for the open circuit voltage of the solar cell. A semi-empirical
formula is then used to relate the pre-exponential factor e(Jegen + Jhgen ) to the band gap
of the material. This gives the open circuit voltage of the solar cell as a function of the
materials band gap. Further analysis derives an equation for the fill factor and ultimately
the efficiency as a function of the band gap energy of the material. The result is shown in
Figure A.8, along with the band gap energy for several solar cell materials.
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References
[1] P. L. Liu, R. Yen, N. Bloembergen, and R. T. Hodgson, “Picosecond laserinduced melting and resolidification morphology on Si,” Applied Physics Letters, vol. 34, no. 12, pp. 864–866, 1979.
[2] J. M. Liu, R. Yen, E. P. Donovan, N. Bloembergen, and R. T. Hodgson, “Lack
of importance of ambient gases on picosecond laser-induced phase-transitions
of silicon,” Applied Physics Letters, vol. 38, no. 8, pp. 617–619, 1981.
[3] J. M. Liu, R. Yen, H. Kurz, and N. Bloembergen, “Phase-transformation on
and charged-particle emission from a silicon crystal-surface, induced by picosecond laser-pulses,” Applied Physics Letters, vol. 39, no. 9, pp. 755–757,
1981.
[4] D. Y. Sheng, R. M. Walser, M. F. Becker, and J. G. Ambrose, “Heterogeneous nucleation of damage in crystalline silicon with picosecond 1.06-µm
laser-pulses,” Applied Physics Letters, vol. 39, no. 1, pp. 99–101, 1981.
[5] K. L. Merkle, H. Baumgart, R. H. Uebbing, and F. Phillipp, “Picosecond laserpulse irradiation of crystalline silicon,” Applied Physics Letters, vol. 40, no. 8,
pp. 729–731, 1982.
[6] Y. I. Nissim, J. Sapriel, and J. L. Oudar, “Microprobe Raman analysis of
picosecond laser annealed implanted silicon,” Applied Physics Letters, vol. 42,
no. 6, pp. 504–506, 1983.
[7] Y. Kanemitsu, I. Nakada, and H. Kuroda, “Picosecond laser-induced anomalous crystallization in amorphous-silicon,” Applied Physics Letters, vol. 47,
no. 9, pp. 939–941, 1985.
[8] W. K. Wang and F. Spaepen, “Face-centered-cubic Nb-Si solid-solutions produced by picosecond pulsed laser quenching,” Journal of Applied Physics,
vol. 58, no. 11, pp. 4477–4479, 1985.

147

References

148

[9] J. M. Liu, H. Kurz, and N. Bloembergen, “Picosecond time-resolved plasma
and temperature-induced changes of reflectivity and transmission in silicon,”
Applied Physics Letters, vol. 41, no. 7, pp. 643–646, 1982.
[10] D. von der Linde and N. Fabricius, “Observation of an electronic plasma in
picosecond laser annealing of silicon,” Applied Physics Letters, vol. 41, no. 10,
pp. 991–993, 1982.
[11] L. A. Lompre, J. M. Liu, H. Kurz, and N. Bloembergen, “Time-resolved
temperature-measurement of picosecond laser irradiated silicon,” Applied
Physics Letters, vol. 43, no. 2, pp. 168–170, 1983.
[12] P. H. Bucksbaum and J. Bokor, “Rapid melting and regrowth velocities in
silicon heated by ultraviolet picosecond laser-pulses,” Physical Review Letters,
vol. 53, no. 2, pp. 182–185, 1984.
[13] L. A. Lompre, J. M. Liu, H. Kurz, and N. Bloembergen, “Optical heating of
electron-hole plasma in silicon by picosecond pulses,” Applied Physics Letters,
vol. 44, no. 1, pp. 3–5, 1984.
[14] H. M. Vandriel, L. A. Lompre, and N. Bloembergen, “Picosecond time-resolved
reflectivity and transmission at 1.9 and 2.8-µm of laser-generated plasmas in
silicon and germanium,” Applied Physics Letters, vol. 44, no. 3, pp. 285–287,
1984.
[15] I. W. Boyd, S. C. Moss, T. F. Boggess, and A. L. Smirl, “Temporally resolved
imaging of silicon surfaces melted with intense picosecond 1-µm laser-pulses,”
Applied Physics Letters, vol. 46, no. 4, pp. 366–368, 1985.
[16] C. V. Shank, R. Yen, and C. Hirlimann, “Time-resolved reflectivity measurements of femtosecond-optical-pulse induced phase-transitions in silicon,” Physical Review Letters, vol. 50, no. 6, pp. 454–457, 1983.
[17] C. V. Shank, R. Yen, and C. Hirlimann, “Femtosecond-time-resolved surface structural dynamics of optically-excited silicon,” Physical Review Letters,
vol. 51, no. 10, pp. 900–902, 1983.
[18] H. W. K. Tom, G. D. Aumiller, and C. H. Britocruz, “Time-resolved study of
laser-induced disorder of Si surfaces,” Physical Review Letters, vol. 60, no. 14,
pp. 1438–1441, 1988.
[19] K. Sokolowski-Tinten, J. Bialkowski, A. Cavalleri, D. von der Linde, A. Oparin,
J. Meyer-ter Vehn, and S. I. Anisimov, “Transient states of matter during short
pulse laser ablation,” Physical Review Letters, vol. 81, no. 1, pp. 224–227, 1998.

References

149

[20] A. Cavalleri, K. Sokolowski-Tinten, J. Bialkowski, M. Schreiner, and D. von der
Linde, “Femtosecond melting and ablation of semiconductors studied with
time of flight mass spectroscopy,” Journal Of Applied Physics, vol. 85, no. 6,
pp. 3301–3309, 1999.
[21] D. von der Linde and K. Sokolowski-Tinten, “The physical mechanisms of
short-pulse laser ablation,” Applied Surface Science, vol. 154, pp. 1–10, 2000.
[22] T. E. Glover, “Hydrodynamics of particle formation following femtosecond
laser ablation,” Journal Of The Optical Society Of America B-Optical Physics,
vol. 20, no. 1, pp. 125–131, 2003.
[23] J. R. Chelikowsky and M. L. Cohen, “Nonlocal pseudopotential calculations for
electronic-structure of 11 diamond and zincblende semiconductors,” Physical
Review B, vol. 14, no. 2, pp. 556–582, 1976.
[24] M. A. Green and M. J. Keevers, “Optical-properties of intrinsic silicon at 300
K,” Progress in Photovoltaics, vol. 3, no. 3, pp. 189–192, 1995.
[25] D. Hulin, M. Combescot, J. Bok, A. Migus, J. Y. Vinet, and A. Antonetti,
“Energy-transfer during silicon irradiation by femtosecond laser-pulse,” Physical Review Letters, vol. 52, no. 22, pp. 1998–2001, 1984.
[26] S. I. Kudryashov and V. I. Emel’yanov, “Band gap collapse and ultrafast
“cold” melting of silicon during femtosecond laser pulse,” Journal of Experimental and Theoretical Physics Letters, vol. 73, no. 5, pp. 228–231, 2001.
[27] K. Sokolowski-Tinten and D. von der Linde, “Generation of dense electronhole plasmas in silicon,” Physical Review B, vol. 61, no. 4, pp. 2643–2650,
2000.
[28] H. Dachraoui and W. Husinsky, “Thresholds of plasma formation in silicon
identified by optimizing the ablation laser pulse form,” Physical Review Letters, vol. 97, no. 10, 2006.
[29] K. Sokolowski-Tinten, J. Bialkowski, and D. Vonderlinde, “Ultrafast laserinduced order-disorder transitions in semiconductors,” Physical Review B,
vol. 51, no. 20, pp. 14186–14198, 1995.
[30] P. P. Pronko, P. A. VanRompay, C. Horvath, F. Loesel, T. Juhasz, X. Liu,
and G. Mourou, “Avalanche ionization and dielectric breakdown in silicon with
ultrafast laser pulses,” Physical Review B, vol. 58, no. 5, pp. 2387–2390, 1998.
[31] P. Stampfli and K. H. Bennemann, “Theory for the laser-induced instability of

References

150

the diamond structure of Si, Ge and C,” Progress in Surface Science, vol. 35,
no. 1-4, pp. 161–164, 1990.
[32] P. Stampfli and K. H. Bennemann, “Theory for the instability of the diamond
structure of Si, Ge, and C induced by a dense electron-hole plasma,” Physical
Review B, vol. 42, no. 11, pp. 7163–7173, 1990.
[33] P. Stampfli and K. H. Bennemann, “Dynamic theory of the laser-induced
lattice instability of silicon,” Physical Review B, vol. 46, no. 17, pp. 10686–
10692, 1992.
[34] P. Stampfli and K. H. Bennemann, “Time-dependence of the laser-induced
femtosecond lattice instability of Si and GaAs - role of longitudinal optical
distortions,” Physical Review B, vol. 49, no. 11, pp. 7299–7305, 1994.
[35] S. Amoruso, R. Bruzzese, N. Spinelli, R. Velotta, M. Vitiello, and X. Wang,
“Emission of nanoparticles during ultrashort laser irradiation of silicon targets,” Europhysics Letters, vol. 67, no. 3, pp. 404–410, 2004.
[36] T. E. Glover, G. D. Ackerman, R. W. Lee, and D. A. Young, “Probing particle
synthesis during femtosecond laser ablation: initial phase transition kinetics,”
Applied Physics B-Lasers And Optics, vol. 78, no. 7-8, pp. 995–1000, 2004.
[37] P. M. Fauchet and A. E. Siegman, “Surface ripples on silicon and galliumarsenide under picosecond laser illumination,” Applied Physics Letters, vol. 40,
no. 9, pp. 824–826, 1982.
[38] J. E. Sipe, J. F. Young, J. S. Preston, and H. M. Vandriel, “Laser-induced periodic surface-structure 1. theory,” Physical Review B, vol. 27, no. 2, pp. 1141–
1154, 1983.
[39] J. F. Young, J. S. Preston, H. M. Vandriel, and J. E. Sipe, “Laser-induced
periodic surface-structure 2. experiments on Ge, Si, Al, and brass,” Physical
Review B, vol. 27, no. 2, pp. 1155–1172, 1983.
[40] J. F. Young, J. E. Sipe, and H. M. Vandriel, “Laser-induced periodic surfacestructure 3. fluence regimes, the role of feedback, and details of the induced
topography in germanium,” Physical Review B, vol. 30, no. 4, pp. 2001–2015,
1984.
[41] H. M. Vandriel, J. E. Sipe, and J. F. Young, “Laser-induced coherent modulation of solid and liquid surfaces,” Journal of Luminescence, vol. 30, no. 1-4,
pp. 446–471, 1985.

References

151

[42] B. R. Tull, J. E. Carey, E. Mazur, J. McDonald, and S. M. Yalisove, “Surface
morphologies of silicon surfaces after femtosecond laser irradiation,” Materials
Research Society Bulletin, vol. 31, pp. 626–633, 2006.
[43] J. E. Carey, Femtosecond-laser Microstructuring of Silicon for Novel Optoelectronic Devices. PhD thesis, Harvard University, 2004.
[44] T.-H. Her, R. J. Finlay, C. Wu, S. Deliwala, and E. Mazur, “Microstructuring
of silicon with femtosecond laser pulses,” Applied Physics Letters, vol. 73,
pp. 1673–1675, 1998.
[45] T.-H. Her, R. J. Finlay, C. Wu, and E. Mazur, “Femtosecond laser-induced
formation of spikes on silicon,” Applied Physics A-Materials Science and Processing, vol. 70, pp. 383–385, 2000.
[46] C. H. Crouch, J. E. Carey, M. Shen, E. Mazur, and F. Y. Genin, “Infrared
absorption by sulfur-doped silicon formed by femtosecond laser irradiation,”
Applied Physics A-Materials Science and Processing, vol. 79, pp. 1635–1641,
2004.
[47] C. H. Crouch, J. E. Carey, J. M. Warrender, M. J. Aziz, E. Mazur, and F. Y.
Genin, “Comparison of structure and properties of femtosecond and nanosecond laser-structured silicon,” Applied Physics Letters, vol. 84, pp. 1850–1852,
2004.
[48] R. J. Younkin, J. E. Carey, E. Mazur, J. A. Levinson, and C. M. Friend,
“Infrared absorption by conical silicon microstructures made in a variety of
background gases using femtosecond-laser pulses,” Journal of Applied Physics,
vol. 93, pp. 2626–2629, 2003.
[49] M. A. Sheehy, L. Winston, J. E. Carey, C. M. Friend, and E. Mazur, “The
role of the background gas in the morphology and optical properties of lasermicrostructured silicon,” Chemistry of Materials, vol. 17, pp. 3582–3586, 2005.
[50] M. A. Sheehy, B. R. Tull, C. M. Friend, and E. Mazur, “Chalcogen doping of
silicon via femtosecond laser irradiation,” Materials Science and Engineering
B-Solid State Materials for Advanced Technology, vol. 137, pp. 289–294, 2006.
[51] C. Wu, C. H. Crouch, L. Zhao, J. E. Carey, R. J. Younkin, J. A. Levinson,
E. Mazur, R. M. Farrel, P. Gothoskar, and A. Karger, “Near-unity below-band
gap absorption by microstructured silicon,” Applied Physics Letters, vol. 78,
pp. 1850–1852, 2001.
[52] J. E. Carey, C. H. Crouch, M. Shen, and E. Mazur, “Visible and near-infrared

References

152

responsivity of femtosecond-laser microstructured silicon photodiodes,” Optical Letters, vol. 30, pp. 1773–1775, 2005.
[53] M. Shen, C. H. Crouch, J. E. Carey, R. J. Younkin, E. Mazur, M. A. Sheehy,
and C. M. Friend, “Formation of regular arrays of silicon microspikes by femtosecond laser irradiation through a mask,” Applied Physics Letters, vol. 82,
pp. 1715–1717, 2003.
[54] C. Wu, C. H. Crouch, L. Zhao, and E. Mazur, “Visible luminescence from silicon surfaces microstructured in air,” Applied Physics Letters, vol. 81, pp. 1999–
2001, 2002.
[55] S. Deliwala, Time-resolved studies of molecular dynamics using nano- and
femtosecond laser pulses. PhD thesis, Harvard University, 1995.
[56] R. J. Finlay, Femtosecond-laser-induced reactions at surfaces. PhD thesis,
Harvard University, 1998.
[57] T.-H. Her, Femtochemistry at gas/solid interfaces. PhD thesis, Harvard University, 1998.
[58] A. V. Bulgakov, I. Ozerov, and W. Marine, “Silicon clusters produced by femtosecond laser ablation: non-thermal emission and gas-phase condensation,”
Applied Physics A-Materials Science and Processing, vol. 79, no. 4-6, pp. 1591–
1594, 2004.
[59] D. B. Williams and C. B. Carter, Transmission Electron Microscopy. New
York: Plenum Press, 1996.
[60] Y. Shao, F. Spaepen, and D. Turnbull, “An analysis of the formation of bulk
amorphous silicon from the melt,” Metallurgical And Materials Transactions
A-Physical Metallurgy And Materials Science, vol. 29, no. 7, pp. 1825–1828,
1998.
[61] Y. W. Kim, H. M. Lin, and T. F. Kelly, “Amorphous solidification of pure
metals in sub-micron spheres,” Acta Metallurgica, vol. 37, no. 1, pp. 247–255,
1989.
[62] P. V. Evans, G. Devaud, T. F. Kelly, and Y. W. Kim, “Solidification of highly
undercooled Si and Ge droplets,” Acta Metallurgica et Materialia, vol. 38,
no. 5, pp. 719–726, 1990.
[63] M. O. Thompson, J. W. Mayer, A. G. Cullis, H. C. Webber, N. G. Chew,
J. M. Poate, and D. C. Jacobson, “Silicon melt, regrowth, and amorphization

References

153

velocities during pulsed laser irradiation,” Physical Review Letters, vol. 50,
no. 12, pp. 896–899, 1983.
[64] G. Devaud and D. Turnbull, “Undercooling of molten silicon,” Applied Physics
Letters, vol. 46, no. 9, pp. 844–845, 1985.
[65] C. G. Granqvist and R. A. Buhrman, “Ultrafine metal particles,” Journal Of
Applied Physics, vol. 47, no. 5, pp. 2200–2219, 1976.
[66] J. Soderlund, L. B. Kiss, G. A. Niklasson, and C. G. Granqvist, “Lognormal
size distributions in particle growth processes without coagulation,” Physical
Review Letters, vol. 80, no. 11, pp. 2386–2388, 1998.
[67] L. B. Kiss, J. Soderlund, G. A. Niklasson, and C. G. Granqvist, “The real origin of lognormal size distributions of nanoparticles in vapor growth processes,”
Nanostructured Materials, vol. 12, no. 1-4, pp. 327–332, 1999.
[68] M. Wilkinson and B. Mehlig, “Caustics in turbulent aerosols,” Europhysics
Letters, vol. 71, no. 2, pp. 186–192, 2005.
[69] H. R. Vydyanath, W. J. Helm, J. S. Lorenzo, and S. T. Hoelke, “Development
of selenium-doped silicon for 3–5 µm applications,” Infrared Physics, vol. 19,
no. 1, pp. 93–102, 1979.
[70] N. Sclar, “The effect of dopant diffusion vapor-pressure on the properties of sulfur and selenium doped silicon infrared detectors,” Journal of Applied Physics,
vol. 52, no. 8, pp. 5207–5217, 1981.
[71] Y. A. Astrov, L. M. Portsel, A. N. Lodygin, V. B. Shuman, and E. V. Beregulin, “Silicon doped with sulfur as a detector material for high speed infrared
image converters,” in Gettering and Defect Engineering in Semiconductor
Technology XI, Solid State Phenomena 108-109, pp. 401–406, 2005.
[72] X. Zhang, M. Kleverman, and J. Olajos, “A photoluminescence study of
selenium-diffused silicon,” Semiconductor Science and Technology, vol. 14,
no. 12, pp. 1076–1079, 1999.
[73] A. Henry, J. Svensson, E. Janzen, and B. Monemar, “New photoluminescence
lines in selenium-doped silicon,” Materials Science and Engineering B-Solid
State Materials for Advanced Technology, vol. 4, no. 1-4, pp. 261–264, 1989.
[74] T. G. Brown and D. G. Hall, “Optical-emission at 1.32-µm from sulfur-doped
crystalline silicon,” Applied Physics Letters, vol. 49, no. 5, pp. 245–247, 1986.

References

154

[75] T. G. Brown, P. L. Bradfield, and D. G. Hall, “Concentration-dependence of
optical-emission from sulfur-doped crystalline silicon,” Applied Physics Letters,
vol. 51, no. 20, pp. 1585–1587, 1987.
[76] M. A. Lourenco, M. Milosavljevic, S. Galata, M. S. A. Siddiqui, G. Shao,
R. M. Gwilliam, and K. P. Homewood, “Silicon-based light emitting devices,”
Vacuum, vol. 78, no. 2-4, pp. 551–556, 2005.
[77] J. Bao, M. Tabbal, T. Kim, S. Charnvanichborikarn, J. S. Williams, M. J. Aziz,
and F. Capasso, “Efficient point defect engineered Si light-emitting diode at
1.218 µm,” submitted to Applied Physics Letters.
[78] M. Thiagarajan, K. Iyakutti, and E. Palaniyandi, “Electronic structure of
chalcogen impurities in silicon,” Physica Status Solidi B-Basic Research,
vol. 205, no. 2, pp. 553–558, 1998.
[79] H. G. Grimmeiss, E. Janzen, H. Ennen, O. Schirmer, J. Schneider, R. Worner,
C. Holm, E. Sirtl, and P. Wagner, “Tellurium donors in silicon,” Physical
Review B, vol. 24, no. 8, pp. 4571–4586, 1981.
[80] E. Janzen, R. Stedman, G. Grossmann, and H. G. Grimmeiss, “High-resolution
studies of sulfur-related and selenium-related donor centers in silicon,” Physical
Review B, vol. 29, no. 4, pp. 1907–1918, 1984.
[81] E. Janzen, H. G. Grimmeiss, A. Lodding, and C. Deline, “Diffusion of tellurium
dopant in silicon,” Journal of Applied Physics, vol. 53, no. 11, pp. 7367–7371,
1982.
[82] R. G. Wilson, “Depth distributions of sulfur implanted into silicon as a function of ion energy, ion fluence, and anneal temperature,” Journal of Applied
Physics, vol. 55, no. 10, pp. 3490–3494, 1984.
[83] A. A. Taskin, B. A. Zaitsev, V. I. Obodnikov, and E. G. Tishkovskii, “Special features of spatial redistribution of selenium atoms implanted in silicon,”
Semiconductors, vol. 34, no. 3, pp. 312–318, 2000.
[84] F. Rollert, N. A. Stolwijk, and H. Mehrer, “Diffusion of S-35 into silicon using
an elemental vapor source,” Applied Physics Letters, vol. 63, no. 4, pp. 506–
508, 1993.
[85] F. Rollert, N. A. Stolwijk, and H. Mehrer, “Diffusion of tellurium in silicon
studied by the redistribution of an implanted source of radioactive Te-127,”
Materials Science and Engineering B-Solid State Materials for Advanced Technology, vol. 18, no. 2, pp. 107–114, 1993.

References

155

[86] P. L. Gruzin, S. V. Zemskii, A. D. Bulkin, and N. M. Makarov, “Diffusion of carbon and sulfur in phosphorus-doped silicon,” Soviet Physics
Semiconductors-Ussr, vol. 7, no. 9, pp. 1241–1241, 1974.
[87] R. O. Carlson, R. N. Hall, and E. M. Pell, “Sulfur in silicon,” Journal of
Physics and Chemistry of Solids, vol. 8, pp. 81–83, 1959.
[88] N. S. Zhdanovich and Y. I. Kozlov, “IR absorption and photoconductivity of
silicon doped with sulfur or selenium,” Soviet Physics Semiconductors-USSR,
vol. 10, no. 10, pp. 1102–1104, 1976.
[89] H. R. Vydyanath, J. S. Lorenzo, and F. A. Kroger, “Defect pairing diffusion,
and solubility studies in selenium-doped silicon,” Journal of Applied Physics,
vol. 49, no. 12, pp. 5928–5937, 1978.
[90] H. Stumpel, M. Vorderwulbecke, and J. Mimkes, “Diffusion of selenium and
tellurium in silicon,” Applied Physics A-Materials Science and Processing,
vol. 46, no. 3, pp. 159–163, 1988.
[91] C. S. Kim and M. Sakata, “Diffusion-coefficient of selenium in silicon by sheet
hall-coefficient measurements,” Japanese Journal of Applied Physics, vol. 18,
no. 2, pp. 247–254, 1979.
[92] H. G. Grimmeiss, E. Janzen, B. Skarstam, and A. Lodding, “Chemicalidentification of deep energy-levels in Si-Se,” Journal of Applied Physics,
vol. 51, no. 12, pp. 6238–6242, 1980.
[93] C. W. White, S. R. Wilson, B. R. Appleton, and F. W. Young, “Supersaturated
substitutional alloys formed by ion-implantation and pulsed laser annealing of
group-III and group-V dopants in silicon,” Journal Of Applied Physics, vol. 51,
no. 1, pp. 738–749, 1980.
[94] E. M. Lawson, “Pulse-laser-induced supersaturation of indium and antimony
in germanium,” Journal of Applied Physics, vol. 53, no. 9, pp. 6459–6460,
1982.
[95] T. G. Kim, J. M. Warrender, and M. J. Aziz, “Strong sub-band-gap infrared
absorption in silicon supersaturated with sulfur,” Applied Physics Letters,
vol. 88, no. 24, 2006.
[96] S. U. Campisano, G. Foti, P. Baeri, M. G. Grimaldi, and E. Rimini, “Solute trapping by moving interface in ion-implanted silicon,” Applied Physics
Letters, vol. 37, no. 8, pp. 719–722, 1980.

References

156

[97] M. J. Aziz, “Model for solute redistribution during rapid solidification,” Journal of Applied Physics, vol. 53, no. 2, pp. 1158–1168, 1982.
[98] M. J. Aziz, J. Y. Tsao, M. O. Thompson, P. S. Peercy, and C. W. White,
“Solute trapping - comparison of theory with experiment,” Physical Review
Letters, vol. 56, no. 23, pp. 2489–2492, 1986.
[99] J. A. Kittl, P. G. Sanders, M. J. Aziz, D. P. Brunco, and M. O. Thompson,
“Complete experimental test of kinetic models for rapid alloy solidification,”
Acta Materialia, vol. 48, no. 20, pp. 4797–4811, 2000.
[100] U. M. Gosele, “Fast diffusion in semiconductors,” Annual Review of Materials
Science, vol. 18, pp. 257–282, 1988.
[101] H. Overhof, M. Scheffler, and C. M. Weinert, “Formation energies, electronicstructure, and hyperfine fields of chalcogen point-defects and defect pairs in
silicon,” Physical Review B, vol. 43, no. 15, pp. 12494–12506, 1991.
[102] Y. Mo, M. Z. Bazant, and E. Kaxiras, “Sulfur point defects in crystalline and
amorphous silicon,” Physical Review B, vol. 70, no. 20, 2004.
[103] F. Beeler, M. Scheffler, O. Jepsen, and O. Gunnarsson, “Identification of
chalcogen point-defect sites in silicon by total-energy calculations,” Physical
Review Letters, vol. 54, no. 23, pp. 2525–2528, 1985.
[104] F. C. Frank and D. Turnbull, “Mechanism of diffusion of copper in germanium,” Physical Review, vol. 104, no. 3, pp. 617–618, 1956.
[105] U. Gosele, W. Frank, and A. Seeger, “Mechanism and kinetics of the diffusion
of gold in silicon,” Applied Physics, vol. 23, no. 4, pp. 361–368, 1980.
[106] B. R. Tull, J. E. Carey, M. A. Sheehy, C. Friend, and E. Mazur, “Formation
of silicon nanoparticles and web-like aggregates by femtosecond laser ablation
in a background gas,” Applied Physics A-Materials Science and Processing,
vol. 83, no. 3, pp. 341–346, 2006.
[107] J. Crank, The Mathematics of Diffusion. Oxford: Clarendon Press, 1st ed.,
1956.
[108] V. I. Emel’yanov and D. V. Babak, “Defect capture under rapid solidification
of the melt induced by the action of femtosecond laser pulses and formation
of periodic surface structures on a semiconductor surface,” Applied Physics
A-Materials Science and Processing, vol. 74, no. 6, pp. 797–805, 2002.

References

157

[109] H. J. Kim and C. V. Thompson, “Kinetic modeling of grain-growth in polycrystalline silicon films doped with phosphorus or boron,” Journal of the Electrochemical Society, vol. 135, no. 9, pp. 2312–2319, 1988.
[110] Y. Wada and S. Nishimatsu, “Grain-growth mechanism of heavily phosphorusimplanted polycrystalline silicon,” Journal of the Electrochemical Society,
vol. 125, no. 9, pp. 1499–1504, 1978.
[111] R. Angelucci, M. Severi, and S. Solmi, “Effect of impurities on the grain-growth
of chemical vapor-deposited polycrystalline silicon films,” Materials Chemistry
and Physics, vol. 9, no. 1-3, pp. 235–245, 1983.
[112] R. J. Komp, Practical Photovoltaics, Electricity from Solar Cells. Michigan:
Aatec Publications, 3rd ed., 1995.
[113] M. D. Archer and R. Hill, Clean Electricity from Photovoltaics. London: Imperial College Press, 2001.
[114] A. V. Shah, R. Platz, and H. Keppner, “Thin-film silicon solar-cells - a review
and selected trends,” Solar Energy Materials and Solar Cells, vol. 38, no. 1-4,
pp. 501–520, 1995.
[115] A. Shah, J. Meier, E. Vallat-Sauvain, N. Wyrsch, U. Kroll, C. Droz, and
U. Graf, “Material and solar cell research in microcrystalline silicon,” Solar
Energy Materials and Solar Cells, vol. 78, no. 1-4, pp. 469–491, 2003.
[116] A. Goetzberger, J. Knobloch, and B. Voss, Crystalline Silicon Solar Cells.
New York: John Wiley and Sons, 1998.
[117] S. Veprek and V. Marecek, “Preparation of thin layers of Ge and Si by chemical
hydrogen plasma transport,” Solid-State Electronics, vol. 11, no. 7, p. 683,
1968.
[118] N. W. Ashcroft and N. D. Mermin, Solid State Physics. Fortworth: Saunders
College Publishing, 1976.
[119] S. M. Sze, Physics of Semiconductor Devices. Canada: John Wiley and Sons,
Inc, 2nd ed., 1981.
[120] C. E. Richardson, Y. B. Park, and H. A. Atwater, “Surface evolution during
crystalline silicon film growth by low-temperature hot-wire chemical vapor
deposition on silicon substrates,” Physical Review B, vol. 73, no. 24, 2006.

