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Abstract

This thesis presents a range of advances in the fabrication of femtosecond laser tex-

tured and hyperdoped silicon, a material platform with potential applications in pho-

tovoltaics, photodetectors, light-emitting diodes, lasers, and potentially other opto-

electronic devices.

After providing background and a review of the state of hyperdoped black sil-

icon research in Chapter 1, we explore a range of fabrication approaches in Chapter

2, including laser texturing near and below the melting threshold of silicon, laser

texturing and hyperdoping using scanned pulses, fabrication with thin films, control

of the dopant concentration on textured substrates, and removal of surface material

using chemical etching.

In Chapter 3, we review the material microstructure of hyperdoped black silicon,

including the morphology, the presence and origin of high-pressure material phases,

and the incorporation of dopants from thin films.

In Chapter 4, we explore the use of laser annealing to increase the crystallinity

of hyperdoped black silicon, addressing a longstanding challenge in the field. We

show that nanosecond laser annealing can be used on a wide variety of textures—

from at least 10 micrometers in size to sub-micrometer in size—to produce high
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crystallinity and high optical absorptance simultaneously. Furthermore, we see that

nanosecond laser annealing can reactivate the sub-bandgap absorptance after it has

been deactivated by thermal annealing. We close Chapter 4 by exploring the use of

fs laser pulses to anneal hyperdoped black silicon.

Finally, in Chapter 5, we discuss advances in the thesis, outstanding challenges

in the research field, and an outlook for applications.
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Chapter 1

Introduction to thesis

1.1 Content and layout of thesis

This thesis focuses on experimental fabrication techniques for laser-processed black

silicon and hyperdoped black silicon. The thesis is organized into five chapters. Chap-

ter 1 is an overview of current hyperdoped black silicon research. Chapters 2–4 contain

13 experimental sections, each of which examines a separate aspect of laser fabrication

and is mostly self-contained. Chapter 5 concludes the thesis and provides a future

outlook for hyperdoped black silicon research.

Chapter 1 provides an introduction to hyperdoped black silicon. The basic

background of black silicon, hyperdoped silicon, and hyperdoped black silicon are

discussed in Section 1.2. Many excellent introductions and reviews of hyperdoped

black silicon already exist [1–4], so only a basic background is presented here, and we

move on to provide a review of major recent advances (Section 1.3) and outstanding

challenges in the field (Section 1.4). With this state of the field laid out, we move on

1



Chapter 1: Introduction to thesis

to the experimental chapters (Chapters 2–4).

Chapters 2–4 contain a series of mostly self-contained experimental sections.

The first seven experimental sections (Sections 2.2–2.8) report experimental results

not yet published. The next two experimental sections, Sections 3.2 and 3.3 in Chap-

ter 3, discuss the main results from two journal articles in which I participated as a

co-investigator [5,6]. The final four experimental sections, Sections 4.2–4.5 in Chapter

4, contain content from a journal article in which I participated as the lead investi-

gator [7] as well as additional content not before published.

We now unpack the content of the experimental sections in more detail. Chapter

2 begins with an investigation of the laser texturing of silicon in air near the melting

threshold fluence (Section 2.2). We begin with texturing using stationary pulses at

the melting threshold in air because we expect the silicon modification process to be

relatively simple here compared to in the sections that follow, avoiding the effects

of incubation, ablation, laser scanning, and unusual ambient gases. Thus, this first

section serves as a point of reference for the following sections. Next, in Section 2.3, we

move to fluences below the melting threshold, again using stationary pulses, in order

to consider incubation effects produced by fs laser irradiation of silicon. We then move

to irradiation conditions that allow us to observe the initiation of surface texturing

by ripple-like structures, which gives us a phenomenological understanding of how

such surface texturing occurs, from initial nanometer-scale effects on the surface to

fully-developed surface textures (Section 2.4).

In Section 2.5, we move from irradiating silicon with stationary pulses to using

scanned pulses. We link the surface modification effects of stationary pulses with

2



Chapter 1: Introduction to thesis

scanned pulses quantitatively, and we use a high-throughput fabrication system to

explore a range of fabrication parameters. In Section 2.6, we consider fabrication with

Se thin films at low irradiation fluences, again using scanned pulses.

We conclude Chapter 2 by examining some additional fabrication techniques.

The first, in Section 2.7, is to explore how to control the dopant concentration in

hyperdoped black silicon by separating the laser texturing and laser doping steps.

Then, in Section 2.8, we use hydrofluoric acid to remove surface oxide debris and

amorphous silicon after laser texturing.

Chapter 3 reports the main results from two journal articles in which I partic-

ipated as a co-investigator [5, 6]. Section 3.2 discusses mechanisms that give rise to

pressure-induced silicon phases during fs laser texturing of silicon. Section 3.3 dis-

cusses the surface texture, microstructure, and dopant incorporation produced by fs

laser irradiation of Se thin films on silicon when using high and low laser fluences.

Chapter 4 describes laser annealing of hyperdoped black silicon. Sections 4.2

and 4.3, which contain content from a previously published journal article [7], describe

ns laser annealing of black silicon with surface textures around 10 micrometers and

1 micrometer in size, respectively. Section 4.4 describes ns laser annealing of sub-

micrometer surface structures. And finally, Section 4.5 discusses the use of infrared

fs laser pulses to anneal hyperdoped black silicon.

We conclude with Chapter 5, which discusses the main advances in the the-

sis, outstanding challenges in the field, and an outlook for hyperdoped black silicon

applications.
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Chapter 1: Introduction to thesis

1.2 Introduction to hyperdoped black silicon

1.2.1 Interest in hyperdoped black silicon

This thesis focuses on results from experiments with silicon processed with femtosec-

ond (fs) laser pulses. This process and the materials it produces have been the topic

of academic and industrial research for over a decade [8].

Interest in fs laser processed silicon focuses largely on two areas. First, fs laser

irradiation of silicon produces self-organized surface structures that have strong anti-

reflective and light-trapping properties. Such strongly textured silicon materials are

generally termed “black silicon” due to their black appearance to the eye [9–11]. Black

silicon may be useful in applications in which efficient light absorption is desirable,

such as in photovoltaics [12]. The fabrication of black silicon with laser pulses is

attractive because it may be more economical than black silicon fabrication with

other methods, such as nanowire growth or reactive ion etching [2].

The second appeal of fs laser irradiation of silicon is that the process can in-

troduce supersaturated concentrations of dopants into the silicon surface in a thin

layer [1]. Dopants at such high concentrations can alter the band structure of the

host material [13], producing a band of energy states within the bandgap called an

intermediate band [14, 15]. Because the intermediate band allows for absorption of

photons with energies less than the bandgap energy, there is interest in using inter-

mediate band materials—in this case, heavily doped materials—for photovoltaics and

photodetectors that are sensitive to long wavelengths [16]. Silicon that is doped heav-

ily enough to produce an intermediate band is doped above the solid solubility limit,

4
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and thus is often described as supersaturated or “hyperdoped.” When the silicon is

heavily textured as well as hyperdoped, it is called hyperdoped black silicon.

1.2.2 Properties and fabrication of hyperdoped black silicon

Here, we provide some further background to hyperdoped black silicon, pointing out

its important properties and discussing how it is fabricated.

Hyperdoped black silicon is silicon that is both supersaturated with low-solubility

dopants (i.e., “hyperdoped”) and that possesses a light-trapping surface (the “black”

in black silicon). Supersaturation with dopants increases the intrinsic optical absorp-

tance coefficient, particularly to photon energies below the bandgap energy [17], and

a light-trapping surface increases the optical path length within the material and

can lower the optical reflectance of the surface [10]. These properties in combination

make hyperdoped black silicon a strong absorber of photon energies both above and

below silicon’s bandgap energy, including in the visible and infrared regions of the

electromagnetic spectrum. The strong broadband absorptance in hyperdoped black

silicon has aroused interest for its potential use in silicon-based infrared photodetec-

tors [18, 19] and intermediate band photovoltaics [16].

Various methods exist for fabricating hyperdoped black silicon, in addition to

methods for fabricating silicon that is hyperdoped but optically flat and methods for

fabricating black silicon that is not hyperdoped. Hyperdoped black silicon can be fab-

ricated by irradiating silicon with femtosecond [4] or nanosecond [8] laser pulses in the

presence of dopants, which are typically in the form of a gas [4] or a thin film [6,20,21].

Laser irradiation parameters are used that both 1) hyperdope the silicon through a
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process of silicon melting, dopant diffusion into the melt, and solute trapping during

rapid resolidification of the silicon, and 2) produce self-organized surface structures

on the nanometer and micrometer scales that have light-trapping properties. Silicon

that is hyperdoped but optically flat can be fabricated by pulsed laser melting of ion

implanted silicon [22,23] or by laser irradiation of silicon using irradiation parameters

that hyperdope the silicon but avoid the formation of self-organized surface struc-

tures [24]. Black silicon that is not hyperdoped can be fabricated by chemical etching

of silicon [9,25], by direct laser texturing [26,27], or by laser irradiation of silicon us-

ing irradiation parameters that produce self-organized surface structures without the

presence of dopants [11,28]. Each of these fabrication methods presents its own chal-

lenges, and sometimes the fabrication approach can affect the fundamental properties

of the hyperdoped material. For example, fs laser irradiation and ion implantation

can both produce flat hyperdoped silicon, but the material microstructure, dopant

uniformity, and dopant gradient (which affects internal electric fields) [29] can differ

between the fabrication methods. Thus, developing understanding of and improve-

ments in fabrication methods is central to understanding the physical properties of

hyperdoped silicon—and central as well to creating useful devices.

Next, in Section 1.3, we discuss major areas of recent progress in hyperdoped

black silicon research, and in Section 1.4, we enumerate major outstanding challenges

in the field.
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1.3 Recent advances in hyperdoped silicon research

1.3.1 Introduction

Over the past decade, some major advances have been made in understanding the

properties of hyperdoped silicon—intrinsic properties of hyperdoped silicon as well as

incidental material properties resulting from the fs laser irradiation process. Many of

these properties are important for device design. In this section, we review some of

the major recent advances in the field. Observing the intermediate band, measuring

the electron lifetime, carrier mobility, and absorption coefficient, and understanding

dopant deactivation and reactivation are advances in understanding the intrinsic prop-

erties of hyperdoped silicon. Observing sub-bandgap photoresponse is an advance in

fabricating hyperdoped silicon devices. And measuring the doping process, control-

ling the dopant profile, characterizing the material microstructure, and controlling

the crystallinity are advances in laser fabrication of hyperdoped black silicon.

1.3.2 Observing the intermediate band

The concentration range of chalcogen (sulfur, selenium, and tellurium) dopants that

yields an intermediate band in crystalline silicon has been measured as <0.4 atomic

% (2 ⇥ 1020 cm�3), as illustrated in Figure 1.3.1, with doping above this concentra-

tion yielding a metallic band structure [13]. The presence of an intermediate band in

hyperdoped silicon below this critical doping concentration is supported by density

functional theory [13], temperature-dependent conductivity [30], and x-ray emission

spectroscopy [31]. Determining the doping concentration yielding a true intermediate
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band—rather than a metallic band structure—is important for interpreting material

properties and for device design, because a metallic band structure is not expected

to produce significant photovoltage or photocurrent in a device. A large fraction of

hyperdoped black silicon reported in the literature contains doping concentrations

around 1 at. % [4], which is too high for intermediate band formation. Thus, con-

trolling the doping concentration in laser doping is an important challenge.

Figure 1.3.1: Density functional theory calculation of an intermediate band
from Se in silicon. Beyond 0.4 at. %, the band structure becomes metallic.
From [13].

1.3.3 Measuring electron lifetime, carrier mobility, and ab-

sorption coefficient to derive a figure of merit

Progress has been made in determining three intrinsic properties of hyperdoped silicon

as a function of doping concentration: electron lifetime, carrier mobility, and optical
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absorption coefficient.

The lifetime of photogenerated carriers in laser-doped silicon helps to determine

the carrier transport length within the laser-doped layer. To measure the photogen-

erated electron lifetime in silicon doped with sulfur or selenium, femtosecond laser

pulses were used to generate free carriers in the doped layer. The THz transmission

through the material, which is a function of the number of free carriers, was then mea-

sured as a function of time [32]. This revealed that the carrier lifetime in hyperdoped

silicon is on the order of picoseconds and decreases as the dopant concentration is

increased, consistent with the expected effects of Shockley-Read-Hall recombination,

as shown in Figure 1.3.2 below.

Carrier mobilities [29,33] and absorption coefficients [17,34] in chalcogen-hyperdoped

crystalline silicon have also been measured, as shown in Figure 1.3.3 below.

To extract photogenerated carriers, a balance exists between dopant concentra-

tion and doping layer thickness. Greater doping concentration increases the optical

absorptance but decreases the carrier lifetime and mobility. Greater doped layer

thickness also increases the optical absorptance but decreases the fraction of carriers

that can be extracted before recombination. For a given doped layer thickness, a

figure of merit can be calculated that indicates the fraction of extractable carriers

as a function of doping concentration [15]. By maximizing the figure of merit, one

can determine the doping concentration that maximizes the photogenerated carrier

extraction rate.

The lifetime values measured indicate that the optimal dopant concentration

for balancing optical absorption and carrier transport in sulfur-hyperdoped silicon
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is around 0.03 atomic % (1.4 ⇥ 1019 cm�3) [32], as shown in Figure 1.3.4, which is

more than two orders of magnitude greater than the equilibrium solubility limit for

chalcogens in silicon of 0.0001 atomic % (5⇥ 1016 cm�3) [35]. At this dopant concen-

tration, the optical absorption coefficient is only about 300 cm�1 [34], suggesting that

light-trapping techniques are likely be necessary to obtain strong optical absorption.

Figure 1.3.2: The electron lifetime (⌧
fast

) in silicon doped with sulfur or
selenium as a function of dopant concentration. The inset shows that at
high doping concentration, the trapping rate increases faster than the trap
density. From [32].

1.3.4 Understanding dopant deactivation

Thermal annealing increases the crystallinity of hyperdoped black silicon and can im-

prove electrical rectification at the homojunction between the hyperdoped layer and

the substrate, but thermal annealing also deactivates the sub-bandgap optical absorp-

tance of the material in a manner consistent with the dopants diffusing to optically
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Figure 1.3.3: The optical absorption coefficient (left axis) and photogenerated
electron mobility (right axis) as a function of doping concentration. From [32]
and references therein.

Figure 1.3.4: The figure of merit, which incorporates the carrier lifetime, the
carrier mobility, and the optical absorption coefficient and which indicates the
fraction of photogenerated carriers that can be extracted from a hyperdoped
layer of given thickness, as a function of doping concentration. From [32].

inactive sites in the silicon lattice (with diffusion lengths < 1 micrometer) [8, 36].

After deactivation, the sub-bandgap optical absorptance can be reactivated partially
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by heating and fast cooling, as shown in Figure 1.3.5 [37]. The sub-bandgap ab-

sorptance can be almost entirely reactivated by nanosecond laser annealing [7]. Un-

derstanding the thermal deactivation and reactivation of sub-bandgap absorptance is

important for understanding the non-equilibrium conditions required for the supersat-

urated dopants to be optically absorbing, as well as in considering thermal treatments

in device design.

Figure 1.3.5: Deactivation of sub-bandgap optical absorptance with increas-
ing annealing temperature. After high-temperature treatment and fast cool-
ing, the sub-bandgap absorptance reactivates. From [37].

1.3.5 Observing sub-bandgap photoresponse

Recently, sub-bandgap optoelectronic response has been observed both in flat crys-

talline silicon hyperdoped with gold and in sulfur-hyperdoped black silicon, demon-

strating that hyperdoping can indeed produce sub-bandgap optoelectronic response

in semiconductor materials, as shown below [38,39]. The response is small, as shown
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in Figure 1.3.6, but it demonstrates the principle of sub-bandgap photoresponse in

intermediate band devices, and performance might be improved with the addition of

light trapping, selection of new dopants, or improved device architecture.

Figure 1.3.6: Increased sub-bandgap optoelectronic response in gold-
hyperdoped silicon (pink circles) compared to silicon reference (black
squares). From [38].

1.3.6 Measuring the doping process

To fabricate hyperdoped devices using laser doping, the doping concentration and

doped layer depth must be controlled. It is important to control the dopant concen-

tration as it affects the balance between carrier lifetime and optical absorption, and
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because very high dopant concentrations (e.g., > 0.4 at. % selenium in silicon [13])

can produce a metallic band structure that is not useful for photoconductive or pho-

tovoltaic devices. Similarly, the doped layer thickness influences the fraction of ex-

tractable photogenerated carriers. However, the doping concentration and depth are

sensitive to the laser irradiation and dopant precursor conditions (e.g., dopant gas

pressure). Thus, measuring the laser doping process under a range of conditions is

important for controlling the hyperdoped material properties.

Sher et al. [40] measured the evolution of doping profiles pulse by pulse and also

investigated the effect of gas pressure on dopant incorporation. The results (shown

in Figure 1.3.7) provide an empirical guide for controlling the dopant profile using fs

laser irradiation and gas pressure, albeit with a small number of pulses (<10 pulses).

Using these data, investigators can tailor the doping concentration and doped layer

thickness using fs laser pulses.

1.3.7 Controlling the doping profile

Methods have also recently been developed to control the shape of the doping profile.

This is important because the dopant concentration gradient can generate internal

fields that assist or impede carrier transport [29].

Lin et al. [41] doped a silicon wafer with a single laser pulse, then used ad-

ditional laser pulses in a non-dopant environment to melt the surface repeatedly,

which progressively smoothed the dopant concentration gradient through diffusion,

as shown in Figure 1.3.8. With enough laser pulses, the dopant concentration pro-

file was transformed from steeply graded to nearly plat within the top 50 nm of the
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Figure 1.3.7: Doping profiles produced by a small number of fs laser pulses
on silicon (pulse fluence of 2.5 kJ/m2). The dopant gas pressure and number
of pulses are both important for controlling the dopant concentration and
depth. From [14].

surface.

1.3.8 Characterizing the material microstructure

Femtosecond laser irradiation of silicon generates a complex material microstructure,

with amorphous silicon, polycrystalline silicon, pressure-induced silicon phases, and

doped regions. The details of this microstructure are expected to affect the electronic

properties of laser-processed devices. Thus, understanding how the microstructure
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Figure 1.3.8: The concentration of sulfur introduced into silicon with a fem-
tosecond laser pulse as a function of depth. Sulfur is introduced with the
first pulse (N=1). Subsequent pulses in a non-dopant environment reduce
the dopant concentration gradient through diffusion. From [41].

forms is important for choosing irradiation conditions and understanding the proper-

ties of resultant devices.

Recent work with Raman spectroscopy and transmission electron microscopy

as revealed which material phases are present in laser-processed silicon and spatial

distribution of these phases [42]. Additional studies have investigated the physical

mechanisms responsible for these microstructures and the structures formed under

various dopant and laser fluence conditions [5, 6]. A detailed discussion of this work

is presented in Chapter 3.

1.3.9 Controlling the crystallinity

Finally, methods have been developed to control the material crystallinity. Laser-

doped silicon should be highly crystalline in order to make dopants optically and
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electrically active and to improve carrier mobility and lifetime. It can be useful to

achieve high crystallinity without use of thermal annealing, because thermal annealing

causes the dopants to diffuse and the sub-bandgap optical absorptance to drop [36].

To achieve high crystallinity without dopant diffusion, pulsed laser annealing

can be used [7]. This process, which is discussed in detail in Chapter 4, results in

both high crystallinity and high sub-bandgap absorptance. Additionally, if the sub-

bandgap absorptance is deactivated through thermal annealing, laser annealing can

be used to almost fully reactivate the sub-bandgap absorptance.

1.4 Outstanding challenges in hyperdoped black sil-

icon research

1.4.1 Introduction

In this section, we consider some of the most important outstanding challenges in

hyperdoped black silicon research: obtaining appropriate crystallinity, doping con-

centration, hyperdoped layer thickness, optical path length enhancement, thermal

stability, and device architecture. In some of these areas, such as crystallinity and

doping concentration, progress has recently been made; in others, such as fabricat-

ing an embedded hyperdoped layer structure, little work has thus far been done. A

major overarching challenges is to address each area simultaneously with the others.

Progress in hyperdoped black silicon research might depend not only on advancing

the scientific understanding of the material and device physics, but also the practical

understanding of how to design fabrication processes in order to achieve many desired
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properties simultaneously.

1.4.2 Crystallinity

One of the classic challenges of laser-textured and laser-doped silicon is the poor

crystallinity resulting after irradiation. Amorphous material forms due to melting

and fast resolidification, and various pressure-induced phases can also be formed [5].

Removing the defective material through chemical etching can be problematic due

to a flattening of the surface texture [43] or a removal of the doped layer. Thermal

annealing to recover crystallinity can be problematic for devices and also deactivates

the sub-bandgap absorption of the dopant (depending on the dopant species) [36]. Co-

doping with nitrogen can be used to increase the crystallinity of hyperdoped black

silicon [44], but some amorphous silicon is still formed, and this necessitates the

inclusion of nitrogen impurities in the material.

The demonstration of the effectiveness of ns laser annealing for recovering crys-

tallinity while maintaining the sub-bandgap optical absorptance of the material [7]

substantially resolves the issue of poor crystallinity in hyperdoped silicon (Chapter 4).

However, the use of ns laser annealing may not be practicable in all situations. Thus,

this remains an important research area for the development of laser-hyperdoped

devices and, more immediately, for the adoption of laser texturing in photovoltaics

manufacturing [45] as a potential replacement for chemical and reactive ion etching

for texturization.
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1.4.3 Doping concentration

For intermediate band devices, the dopant concentration should not exceed the critical

threshold for metallic band structure formation. For chalcogens in silicon, this critical

threshold (what we in this thesis call the semiconductor-to-metal transition limit)

appears to be around 0.4 at. % [13]. Meeting this requirement presents two challenges.

The first is that when laser-doping, it is difficult to control the doping concentration.

Indeed, essentially all hyperdoped textured silicon reported in the literature—for

over a decade—appears to contain doping concentrations in excess of this limit [1].

Doping below this limit using laser irradiation is possible but requires the use of few

laser pulses, which is insufficient to generate a highly textured surface [14,24]. Thus,

fabricating hyperdoped black silicon with fs lasers presents a catch-22: If enough laser

pulses are used to generate a highly textured surface, then the dopant concentration is

typically too high, and if fewer laser pulses are used to keep the dopant concentration

in the proper range, then a highly textured surface is typically not formed. We begin

to address this challenge in Section 2.7 by separating the laser texturing and laser

doping steps. However, this challenge requires much more attention.

The second challenge presented by the need to keep the doping concentration

below the semiconductor-to-metal transition limit is that such doping concentrations

yield sub-bandgap absorption coefficients that are relatively low (e.g., around 105–106

m�1) [34], requiring optical path lengths of 1–10 micrometers for strong absorption.

Hyperdoped layer thicknesses of this depth, however, are expected to strongly inhibit

carrier extraction would be difficult to fabricate. Thus, it appears that efficient inter-

mediate band optoelectronic devices would require the use of light-trapping effects for
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strong absorption to occur. This indicates that the simplest approach for controlling

the doping concentration—ion implantation of flat surfaces—may not be suitable for

fabricating efficient hyperdoped devices. However, it may be possible to carry out ion

implantation of light-trapping surface.

1.4.4 Hyperdoped layer thickness

The thickness of the hyperdoped layer should be less than the carrier transport lengths

to allow for carrier extraction. The transport length depends on the carrier mobility,

the built-in field, and the carrier lifetime. The built-in field, in turn, depends on the

hyperdoped layer thickness. Thus, the transport length is a function of the hyper-

doped layer thickness. If the built-in field is 1 V and is uniformly distributed across

the hyperdoped layer (an optimistic assumption), and if we assume a carrier lifetime

of 100 ps [32], an electron mobility of 200 cm2/(V*s), and a hole mobility of around

1% of the electron mobility, then we can estimate the electron and hole drift lengths

as a function of hyperdoped layer thickness, shown in Figure 1.4.1. In chalcogen-

hyperdoped silicon, we expect electrons to be extractable from hyperdoped layers

greater than 1 micrometer thick (due to their relatively high mobility). However,

we estimate that holes can only drift through about 150 nm of hyperdoped material

before recombining. The required hyperdoped layer thickness for hole extraction may

be reduced further when considering that the built-in field might not extend to the

center of the hyperdoped layer, so that holes must diffuse to the edge of the hyper-

doped layer to undergo drift. Our estimate here is similar to the transport length

measured for holes in sulfur-hyperdoped silicon of around 100 nm under an internal
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field produced by the dopant concentration gradient [29]. Measuring the efficiency of

carrier extraction as a function of hyperdoped layer thickness and developing methods

to control the hyperdoped layer thickness are important research areas.
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Figure 1.4.1: Estimates of electron (top) and hole (bottom) drift lengths
in sulfur-hyperdoped silicon as a function of hyperdoped layer width (thick-
ness). When the “drift length” curve is above the “width = drift length”
curve, then we expect the width to be sufficiently small for carrier extraction
to occur. We estimate that holes can drift through only about 150 nm of
hyperdoped material before recombining (due to the short carrier lifetime
and holes’ relatively low mobility).

1.4.5 Optical path length enhacement

Because the minority carrier transport length is generally less than the optical ab-

sorption depth, optical path length enhancement strategies, such as geometric light
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trapping from surface structures or plasmonic light trapping from metal nanoparti-

cles, should be used to increase optical absorption within the hyperdoped layer. With

geometric light trapping, optical path length enhancements of up to 50 are predicted,

with higher factors potentially attainable using nanophotonic light trapping tuned to

the intermediate band absorption wavelength [46]. We discuss this further in Section

2.7.

1.4.6 Thermal stability

Deactivation of the sub-bandgap optical absorptance from thermal exposure should be

avoided in the final device material in order to obtain efficient light absorption [36,37].

Some strategies for avoiding thermal deactivation include the use of dopants with

lower thermal diffusivities [47], the avoidance of thermal treatments for obtaining

increased crystallinity [44], and the use of laser annealing to increase crystallinity

and activate strong sub-bandgap absorptance [7]. Some of the most commonly used

dopants, such as sulfur, deactivate quickly under thermal exposure. Improved meth-

ods for laser doping with more stable dopants could be useful.

1.4.7 Embedded hyperdoped layer architecture

The original concept for an intermediate band device envisions an intermediate band

layer (e.g., a hyperdoped layer) sandwiched between conventional p-type and n-type

layers [16]. Ostensibly, this would preserve the output voltage for photovoltaic de-

vices. It could also increase carrier collection efficiency by reducing the transport

distance within the hyperdoped layer in transit to collection electrodes. Thus far,
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essentially no work has been published on achieving this design with hyperdoped ma-

terials. Fabricating this design might be accomplished by chemical vapor deposition

of conventional doped silicon on top of the hyperdoped silicon layer. Prospective

challenges of this approach, however, include obtaining acceptable contact resistance

between the hyperdoped layer and the deposited silicon and avoiding thermal deac-

tivation of the dopant in the hyperdoped layer during the deposition process, which

may require high temperatures.
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Chapter 2

Advances in femtosecond laser

processing of silicon

2.1 Introduction to chapter

This chapter consists of seven sections on advances in fs laser processing of silicon.

The sections range from understanding the basic mechanisms at play in the silicon

texturing process to applied techniques for obtaining desired material properties.

The chapter begins by exploring laser texturing of silicon under simple conditions—

in air near the single-pulse melting threshold using stationary pulses (Section 2.2).

We then move to fluences below the single-pulse melting threshold to illustrate the

behavior of incubation effects in laser texturing (Section 2.3). Finally, we use low

pulse fluence and low pulse number to observe the generation of surface textures from

the earliest, isolated modifications of the surface to fully developed, interconnected

textures; additionally, the influence of gas pressure on the texture formation process
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provides insight into the basic mechanisms governing the texturing process (Section

2.4).

Having explored the generation of surface textures using stationary pulses, we

move to exploring surface texturing using scanned pulses. We use a high-throughput

fabrication system to explore the fabrication parameter space of laser-processed silicon

experimentally (Section 2.5). We are also able to quantitatively link the understand-

ing of texturing developed in Sections 2.2–2.4 to the texturing threshold we observe

using scanned pulses. Next, we expand our study of texturing using scanned pulses

to silicon coated with thin films, observing texturing of the surface at fluences far

below the silicon melting threshold and surface textures at very high pulse numbers

(thousands of pulses) not before observed.

We close Chapter 2 with two sections on fabrication techniques. First, we begin

to tackle one of the most challenging problems in laser-doped silicon: how to control

the doping concentration while also obtaining high optical absorptance. We separate

the laser texturing and laser doping steps and use optical absorptance measurements

to observe what appear to be intermediate band formation and the semiconductor-

to-metal transition (Section 2.7). Lastly, we explore the use of hydrofluoric acid

to remove unwanted material from the surface of textured silicon; we find that it is

effective at removing surface debris, which is oxygen-rich, as well as amorphous silicon

on the surface, without altering the textured surface morphology (Section 2.8).
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2.2 Laser texturing near the single-pulse melting thresh-

old

2.2.1 Introduction

In this section, we investigate laser texturing of silicon at fluences around 1.5 kJ/m2,

near the single-pulse melting threshold of silicon. Surface texturing using laser irradi-

ation involves a range of physical mechanisms, including but not limited to melting,

mass transport, crystallographic changes, and ablation. We begin our investigation

of surface texturing at fluences near the single-pulse melting threshold, because we

expect the texturing process to be relatively simple compared to greater and lower

fluences, avoiding ablation and structural incubation effects. We also utilize an air

atmosphere in this section to avoid the etching effects of fluorine-bearing gases, such

as SF6. Thus, the texturing we observe in this section can serve as a point of reference

for more complex texturing regimes involving extreme fluences or other gases.

2.2.2 Methods

A silicon wafer was irradiated with a series of stationary 800 nm fs laser pulses without

translating the sample. A peak fluence of 1.5 kJ/m2 (near the single-pulse melting

threshold) and pulse numbers of 200–900 were used in 100 pulse increments. The

pulse diameter was 840x1000 micrometers, the pulse duration was 50 fs, and a pulse

repetition rate was 100 Hz. To examine the effects of surrounding gas pressure,

duplicate samples were prepared in ambient air at atmospheric pressure, 100 Torr,

and 20 Torr.
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The resultant surface morphology was examined using electron microscopy. The

local fluence F within the modified region was calculated using:

F =
P ⇤ T
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x

d

y

exp

�x

2
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Where P is the laser power, T is the transmittance of the irradiation chamber window

(0.95), f is the laser pulse repetition rate, d
x

and d

y

are the diameters of the laser pulse

at 1/e2 of its maximum intensity in the x and y directions, respectively, and x and y

are the distances from the center of the pulse in the x and y directions, respectively.

This equation was used to determine the local fluence at various points in each laser-

textured area, including the local threshold fluence for texturing (corresponding to

the edge of each textured area).

To characterize the chemical composition of the surface, energy-dispersive x-ray

spectroscopy was used. The electron excitation beam was scanned over transects

containing both clumps of debris and clean surface area. Elements present on the

surface were identified using energy-dispersive x-ray spectroscopy analysis software,

and the relative abundance of elements between the debris clumps and clean surface

area was determined along each transect.

The presence of amorphous silicon in the laser-irradiated area was measured

using Raman spectroscopy. A micro-Raman spectrometer with a 10-mW 632.8-nm

HeNe laser was used, with a spot size of about 10 micrometers. First, a baseline was

subtracted from Raman spectra by fitting and subtracting a 2nd-degree polynomial

through a series of spectral values that are nominally zero for silicon (70, 80, 600,
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700, 800, 1100, 1200, 1300, and 1400 cm�1 were used). Then, the spectral area from

460–510 cm�1 (associated with the broad amorphous silicon peak centered at 480

cm�1) was divided by the spectral area from 515–525 cm�1 (associated with the sharp

crystalline silicon peak centered at 520 cm�1). This procedure yields an indicator of

amorphous silicon content that is insensitive to variations in overall spectral strength.

The amorphous silicon content was mapped out radially over the modified area.

2.2.3 Results

First we report results from the stationary pulse samples fabricated with a peak flu-

ence of 1.5 kJ/m2 (the single-pulse melting threshold of silicon), with pulse numbers of

200–900 pulses. All pulse numbers resulted in surface texturing. The surface texture

was composed of parallel ripple structures (laser-induced periodic surface structures)

about 400 nm in width. After 200 pulses, the ripples appear fully developed and

deep (i.e., the crevasses between the ripples are too deep to be imaged by electron

microscopy). With increasing pulse number, the ripples become increasingly covered

in debris, as shown in Figure 2.2.1.

Varying the gas pressure has a significant effect on the amount and distribution

of the surface debris. At atmospheric pressure, the surface debris sits on top of the

ripples in clumps. At lower pressures, the surface debris is more uniformly distributed

in smaller clumps. At 20 Torr, the lowest gas pressure investigated, very little debris

sits on the surface for local fluence values near the onset of surface modification, as

shown in Figure 2.2.2.

Because the pulse has a Gaussian profile, the local fluence decreases with dis-
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2 µm

Figure 2.2.1: Scanning electron micrographs showing effect of pulse number
on structure of ripples at a local fluence of 1.4 kJ/m2 and an air pressure of
20 Torr. Left: 200 pulses. Right: 500 pulses.

2 µm

Figure 2.2.2: Scanning electron micrographs showing effect of pressure on
surface debris. Local fluence for both images 1.4 kJ/m2 with 200 pulses.
Left: 20 Torr air. Right: ambient atmospheric pressure (760 Torr).

tance from the center of the pulse. Thus we can examine the effects of a range of

local fluence values from a single sample. At local fluences above that associated with

the formation of surface ripples, the surface becomes increasingly pitted, bifurcated,

and shallow, as shown in Figure 2.2.3. Higher local fluence also resulted in increased

amounts of debris on the surface. We can also measure the fluence associated with

the onset of surface texturing for a given pulse number, shown in Figure 2.2.4. For
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example, with 200 pulses (and a peak fluence of 1.5 kJ/m2), texturing was observed

at local fluences greater than 1.4 kJ/m2. With increasing pulse number, the fluence

associated with the onset of surface texturing decreased. For example, at 900 pulses,

surface texturing was observed at a local fluence of 1.0–1.1 kJ/m2. This reduction in

threshold fluence was not affected by gas pressure.

2 µm

Figure 2.2.3: Effect of local fluence on surface structure after 200 pulses in
20 Torr air. Left: Local fluence of 1.4 kJ/m2. Right: Local fluence of 1.5
kJ/m2.

The most uniform surface ripples were produced at the edge of the circular region

textured by the laser pulse, which corresponds to the lowest local fluence sufficient for

texturing for a given number of pulses. With increasing pulse number and fluence,

the surface ripples become increasingly pitted, bifurcated, and shallow. Increasing

pulse number and fluence also produced more surface debris, although surface debris

was reduced by using reduced gas pressure. For the pulse numbers we investigated,

the most uniform surface ripples were produced within a local fluence range of 1.3–1.4

kJ/m2 with 200–300 pulses, shown in Figure 2.2.5.

We report the results of elemental analysis of the surface by energy-dispersive
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Figure 2.2.4: Reduction in local threshold fluence for texturing with increas-
ing pulse number.

x-ray spectroscopy. In general, silicon and oxygen were detected on the surface, with

carbon sometimes detected as well. Surface debris showed high levels of oxygen. In

samples without surface debris, oxygen was also detected in the surface of the ripples.

Figure 2.2.6 shows the qualitative abundance of these elements along transects over

the surface.

We now report the results of Raman spectroscopy, which we used to measure the

amorphous silicon content. All samples showed amorphous silicon where texturing

occurred, as shown in Figure 2.2.7. Figure 2.2.8 shows the average amorphous silicon

signal as a function of distance from the center of the textured area for different gas
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a

b c

2 µm

Figure 2.2.5: Surface ripples at the modification threshold. The modification
threshold fluence decreases with increasing pulse number. a: 1.4 kJ/m2, 200
pulses. b: 1.3 kJ/m2, 300 pulses. c: 1.2 kJ/m2, 500 pulses. All fabricated in
20 Torr air.

pressure and pulse number parameters. The strength of the amorphous silicon signal

was greatest near the edge of the textured area and was essentially uniform over the

interior of the textured area. The amorphous silicon signal within the textured area

was slightly decreased when pressure and pulse number were both increased.
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transect
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oxygen (a.u.)

silicon (a.u.)

transect

oxygen (a.u.)

silicon (a.u.)

transect

400 nm

a

b

Figure 2.2.6: Elemental analysis of the surface by energy-dispersive x-ray
spectroscopy. a: Analysis over a transect indicates that surface debris con-
tains high levels of oxygen (red) and reduced levels of silicon (green) relative
to debris-free surface area. Irradiation performed at atmospheric pressure (lo-
cal fluence of 1.4 kJ/m2, 200 pulses). b: Debris-free surface area (left) shows
oxygen (green) and carbon (red) in the surface, with abundance highest at
the top surface of the ripples than between the ripples. Measured silicon
abundance (blue) indicates that reduced oxygen and carbon content between
ripples is not due to reduced signal strength between ripples. Irradiation
performed at 20 Torr (local fluence of 1.4 kJ/m2, 200 pulses).

2.2.4 Discussion

First we consider the overall morphology of the surface. We observe a sharp transition

from untextured silicon to fully developed laser-induced period surface structures

(i.e., ripples). Above the minimum fluence and pulse number combination required
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amorphous Si

textured region

50 µm

Figure 2.2.7: Optical microscope image of area textured with 200 pulses in 20
Torr air (peak fluence 1.5 kJ/m2). Amorphous silicon signal intensity from
Raman spectroscopy (green) overlaid on image (rectangular region; arbitrary
units). Amorphous silicon is observed only with texturing and is most intense
near the edge of the textured area.

to produce ripples, the ripples become damaged (i.e., increasingly pitted, bifurcated,

shallow, and covered with debris). Thus, the ripples are most uniform immediately

after formation. Further irradiation does not further enhance the structure of the

ripples. We infer that the ripples are formed from the flat surface during a single

melting event or a small number of such events. Further irradiation on the formed

ripple structures may cause focusing in the crevasses between the ripples, leading to

ablation of material and the development of pits and surface debris. Eventually, the
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Figure 2.2.8: Amorphous silicon signal as a function of distance from the
center of the textured area for various gas pressures and pulse numbers.
Amorphous silicon signal is greatest near edge of textured area and decreases
to a uniform value within the textured area. The amorphous silicon signal is
not significantly affected by pulse number or gas pressure.

ripple structures are largely destroyed, leaving an irregular rough surface. Continued

irradiation beyond this point does not appear to re-form the surface ripples, which

may be due to the roughness of the surface, which would interfere with an ordered

melting and resolidification process.

The ripples we observe are formed at fluences on the melting threshold of silicon.

At the melting threshold, we expect the melting depth to be shallow, on the order of

tens of nm [6], and we do not expect ablation to occur. Yet the ripples we observe
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are 400 nm in size, and the crevasses between them appear to be at least this deep.

Thus, we speculate that the ripples are initially formed through a process of melting

and material transfer in the molten state to the surface of the ripple structures. The

transition from flat silicon to fully developed ripples appears to be abrupt, with very

little intermediate morphology apparent. Yet we do not expect the surface ripples

to become fully formed in a single melting event, which would involve melting the

surface hundreds of nm in depth, either in regular striations or more uniformly. Thus,

we infer that the ripples are formed in a series of melting events. It is possible that

once melting and surface irregularities occur, feedback processes lead to the formation

of fully developed surface ripples after a small number of subsequent melting events.

We can estimate the number of pulses required to transform the initially molten

silicon to fully formed surface ripples by examining the outer edges of our textured

areas. On the outer edge of our samples irradiated with 400 pulses, we observe a

transition zone of about 10 micrometers between flat silicon and fully formed surface

ripples, as shown in Figure 2.2.9. Yet, between 300 and 500 pulses, the radius of

the textured area increases by about 50 micrometers (from 150 to 200 micrometers),

indicating an average growth in the textured area of 250 nm per pulse. This implies

that after the initial formation of surface irregularities, about 40 pulses are sufficient

to produce a fully formed network of surface ripples. Similarly, on the outer edge

of a sample irradiated with 500 pulses, we observe a transition zone of around 5

micrometers, and between 400 and 600 pulses, the textured area increases by only

about 25 micrometers, again implying that about 40 pulses yield fully formed surface

ripples after the initial formation of surface irregularities. This estimate pertains to
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the edge of the textured area, which is just at the threshold for ripple formation. For

local fluences above the melting threshold, we expect the number of pulses necessary

for ripple formation to be fewer.
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Figure 2.2.9: Transition from flat silicon to fully developed surface ripples.
Left: scanning electron micrograph of edge of sample irradiated with 400
pulses in 20 Torr air showing transition zone of about 10 micrometers be-
tween flat silicon and fully developed surface ripples. Right: Texturing radius
increasing with pulse number (here, for samples irradiated in 20 Torr air).

We comment on the observed reduction in texturing threshold fluence with

increasing pulse number. Two factors could be at play here. First, there may be non-

thermal incubation effects occurring over many pulses below the single-pulse melting

threshold, such as the generation of structural defects, that lead to increased levels

of heating with each additional laser pulse such that melting eventually occurs even

below the single-pulse melting threshold fluence. Second, because the center of each

pulse is at the single-pulse melting threshold, we expect surface texturing to occur

there without incubation effects required. The development of surface texturing (i.e.,

ripples) may lead to an enhancement of the local fluence through light trapping,

focusing, or other effects, which could then cause local fluences below the single-pulse
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melting threshold to exceed that threshold over some parts of the surface (e.g., at the

edge of crevasses between existing ripples). The reduction in texturing fluence with

increasing pulse number appears to plateau, which could reflect the maximum local

fluence enhancement that can be obtained by the surface ripples. The reduction of

threshold fluence with pulse number does not appear to be affected by gas pressure.

However, we note that at higher gas pressures, the presence of debris introduces some

uncertainty in measuring the radius of the textured area.

We comment on the fact that sharp surface spikes are not generated here, in

contrast to some past studies of laser texturing [8]. Here, we irradiate samples in

ambient air, which contains nitrogen, oxygen, water vapor, and trace gases. However,

black silicon is often fabricated in fluorine-bearing gases, such as SF6 and NF3 [44,48].

Fluorine-containing plasmas are known to etch silicon [49]. Thus, in the presence of,

for example, SF6, surface ripples rapidly develop into conical surface structures with

additional laser pulses. However, in the absence of SF6 and at the low fluences we

examine here, the surface ripples do not develop into conical surface structures with

additional irradiation. Rather, after the ripples are initially formed, they become

damaged by further irradiation. Thus, the development of the surface morphology

with increasing pulse numbers follows a distinct path depending on whether the fab-

rication atmosphere contains a silicon etchant.

We consider the development of the surface debris. Debris appears to accumu-

late just outside the edge of the textured area, as shown in Figure 2.2.10. This may be

ablated material from the interior of the textured area. The initial surface texturing

appears to develop below the debris, at which point the debris is removed from the
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surface. This may be due to explosive removal of material as the surface texture is

initially formed. As these surface textures develop into fully formed ripples, debris

reappears on top of the ripples. This may be due to continued ablation of material

from between the ripples, which is then deposited onto the surface. At higher fluence

and pulse number, more surface debris is produced, which corresponds with the dam-

aging of the surface ripples. The reduction of surface debris at lower gas pressures

might be due to the escape of debris from the surface to the chamber environment

during irradiation.

edge of textured area 2 µm

Figure 2.2.10: Scanning electron micrograph showing the accumulation of
surface debris just outside of the textured area, and the removal of debris
upon texture formation. Sample irradiated with 200 pulses in air at atmo-
spheric pressure.
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We now consider the chemistry of the surface debris. Energy-dispersive x-ray

spectroscopy shows that the debris is composed of silicon and oxygen, and that the

debris is oxygen-rich compared to the surface of the ripples. It is possible that the

initial debris is derived from the native oxide on the silicon surface, which is trans-

parent to the irradiation wavelength (800 nm); as the surface texture is formed, the

surface oxide could be ablated and redeposited on the surface. With additional irra-

diation, ablation of the silicon leads to more debris accumulation, and it is reasonable

to expect that this ablated material becomes infiltrated with oxygen from the sur-

rounding atmosphere. The large amount of fluffy debris material we observe on the

ripple surface, which continues to accumulate with increasing pulse number, could be

silica, fumed silica, or some form of hydrated silica, as the air in which the irradiation

was performed contained ambient water vapor. The fluffy morphology of the debris

is similar to that reported for fumed silica [50].

The surface of the ripples themselves contains oxygen and carbon in addition

to silicon, according to energy-dispersive x-ray spectroscopy. The presence of oxygen

indicates oxygen infiltration during melting and resolidification. Carbon may derive

from contamination during handling. The amounts of oxygen and carbon are greatest

on top of the ripples and decrease in the crevasses between the ripples. The reduction

in oxygen and carbon signal between the ripples is likely not an artifact of the surface

morphology, because the silicon signal intensity actually increases in this region. The

infiltration of oxygen into the top surface of the ripples could affect the electronic

properties at the surface as well as the chemical stability of the surface (e.g., if treated

with hydrofluoric acid).
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We turn our attention to the presence of amorphous silicon on the surface. A

thin layer of amorphous silicon may be present just outside of the textured area due to

localized melting and resolidification [24], although the amorphous silicon signal from

Raman spectroscopy in this region is near the noise floor. In contrast, the amorphous

silicon signal increases significantly at the onset of texturing. This may be due to an

increase in surface area (and thus surface amorphous silicon) upon texturing and/or

the formation of pressure-induced amorphous silicon due to continued irradiation of

the textured surface [5, 42].

The amount of amorphous silicon detected within the textured surface is roughly

uniform, indicating that once the surface texture forms, the amount of amorphous

silicon present does not change with continued irradiation, nor does it depend on

the local fluence. Within the textured area, the amorphous silicon signal is reduced

slightly by continued irradiation and also by increased gas pressure. The reduction of

amorphous silicon signal with continued irradiation may be due to the deposition of

crystalline grains on the surface or to annealing of amorphous silicon on some parts of

the surface. Additionally, the increased gas pressure increases the amount of debris

on the surface of the ripples, which might reduce the melting and amorphization

produced by subsequent pulses.

Finally, we consider the implications of these results for texturing silicon while

avoiding the generation of amorphous material. Here, the presence and amount of

amorphous silicon correlated most strongly not with local fluence or pulse number,

but rather with the onset of texturing. This indicates that the texturing and amor-

phization processes are strongly related to each other and that the melting threshold
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fluence, it may not be possible to produce surface textures while maintaining high

crystallinity.

2.2.5 Conclusions

In this section, we investigated the formation of surface textures using a peak fluence

of 1.5 kJ/m2 (near the single-pulse melting threshold for silicon). During irradiation,

laser-induced period surface structures (ripples) are formed with a spatial period of

about 400 nm. After formation, the ripples become damaged (pitted, bifurcated, and

shallow) when irradiated with additional pulses. The amount of texturing produced

by stationary pulses is greater than the amount produced by scanned pulses with the

same nominal fluence and pulse number parameters.

Fluffy debris is present on the surface on top of the ripples and is increased by

increased fluence and pulse number. Reducing the ambient gas pressure significantly

reduces the accumulation of debris on the surface. The debris is oxygen-rich and may

derive from the native oxide on the silicon surface and other ablated material, and

may be composed of silica, fumed silica, and/or some form of hydrated silica. Oxygen

is also detected within the top surface of the ripples.

The local fluence associated with the onset of surface texturing decreases with

increasing pulse number, indicating the presence of non-thermal incubation effects

or local fluence enhancement at the edge of the textured area. At the edge of the

textured area, we can estimate that after the initial formation of surface irregularities,

fully developed surface ripples are formed after about 40 pulses.

Raman spectroscopy showed amorphous silicon throughout the textured area.
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The amount of amorphous silicon was greatest at the edge of the textured area, which

is associated with the onset of texturing. Increased pulse number and gas pressure

decreased the amount of amorphous silicon slightly, which may be due to the presence

of debris interfering with melting and resolidification.

Our results indicate that at low fluence, the texturing and amorphization pro-

cesses are closely linked. It is possible that amorphization is unavoidable in the ripple

formation process at fluences near the melting threshold.

2.3 Laser texturing below the single-pulse melting

threshold

2.3.1 Introduction

In this section, we expand on Section 2.2 by investigating texturing with a peak

fluence of 1.4 kJ/m2, below the single-pulse melting threshold. We examine a wide

range of pulse numbers, from 10–8000 pulses. These parameters allow us to observe

the incubation of surface modification over many pulses.

2.3.2 Methods

A silicon wafer was irradiated with a series of stationary 800 nm fs pulses without

translating the sample. A peak fluence of 1.4 kJ/m2 (below the single-pulse melting

threshold for silicon) and pulse numbers of 10, 100, 500, 1000, 1500, 2000, 3000,

5000, and 8000 were used. The pulse diameter was 900x1000 micrometers and the
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pulse repetition rate was 100 Hz. The irradiation was carried out in ambient air at

atmospheric pressure.

The surface morphology of each textured area was examined using scanning

electron microscopy. In order to examine the effect of pulse number on the threshold

fluence for texturing, the radius of each textured area was measured and converted a

local fluence using the fluence equation in Section 2.2.

Irregularly shaped debris on the surface was characterized chemically using

energy-dispersive x-ray spectroscopy and structurally using Raman spectroscopy as

in Section 2.2.

2.3.3 Results

No surface texturing was observed after 10 or 100 pulses. In the region irradiated

with 100 pulses, debris about 10 micrometers in size was observed, shown in Figure

2.3.1. Energy-dispersive x-ray fluorescence identified this object as silicon, and Raman

spectroscopy showed that the vibrational mode at 520 cm�1 was shifted to 500 cm�1.

Surface textures were produced with pulse numbers of 500 and greater. Overall,

the surface texture was rippled, similar to that produced in Section 2.2. The surface

texture initially formed as a non-periodic network and developed into surface ripples

with additional pulses. As in Section 2.2, the surface ripples were covered in surface

debris. Figure 2.3.2 shows the transition from a non-periodic surface texture to surface

ripples with increasing local fluence at 500 pulses.

The transition from flat silicon to a rippled surface was gradual for local fluences

near the single-pulse melting threshold (e.g., 1.4 kJ/m2). For these fluences, a non-
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Figure 2.3.1: Debris produced by 100 pulses at a peak fluence of 1.4 kJ/m2 in
air at atmospheric pressure. Scanning electron microscope images produced
with sidescattered (a) and backscattered (b) electrons. c: Raman spectra of
debris showing shift in silicon vibrational mode from 520 cm�1 to 500 cm�1.
d: Intensity of 520 cm�1 Raman peak on surface, showing a sharp reduction
at the edge of the debris.

periodic texture was formed before surface ripples were developed. However, for lower

fluences at higher pulse numbers (e.g., local fluence of 1.2 kJ/m2 with 1000 pulses),

the transition was abrupt, with flat silicon transforming directly to rippled silicon, as

shown in Figure 2.3.3. At the edge of the textured area, a thin layer of material was

typically observed delaminating from the surface.

As in Section 2.2, large amounts of fluffy debris continued to accumulate with
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Figure 2.3.2: a: transition between irregular surface texturing and surface
ripples after 500 pulses. Left side of frame 1.35 kJ/m2, right side of frame
1.40 kJ/m2. b: Close up of initiation of surface ripple formation from non-
periodic network. c: Fully formed surface ripples covered in debris produced
with a local fluence of 1.4 kJ/m2.

additional pulses. After 5000 pulses, only a 2-micrometer-wide region at the edge of

the textured area remained uncovered by debris, shown in Figure 2.3.4. After 8000

pulses, the entire textured area was entirely covered in debris. At higher fluence

values, the debris is self-organized into clumps about 5 micrometers in size. Figure

2.3.5 shows the morphology of the surface debris.

The threshold fluence for texturing decreased with increasing pulse number, as

in Section 2.2. With 8000 pulses, the surface is textured with a local fluence of 0.8–0.9
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2 µm4 µm

Figure 2.3.3: Left: Edge of sample with 1000 pulses and local fluence of
1.2 kJ/m2. Transition from flat silicon to rippled silicon is abrupt at low
fluences and high pulse numbers. For these conditions, the surface does not
pass through an intermediate non-periodic texturing stage. Right: Edge of
sample with 1500 pulses and local fluence of 1.1 kJ/m2. Thin layer of material
appears to delaminate from the surface as the ripples are formed.

kJ/m2. The threshold fluence decreases linearly with the logarithm of the number of

pulses used, as shown in Figure 2.3.6. The slope of this dependence is the same as

that measured in Section 2.2. However, for the same number of pulses, the threshold

fluence measured here is offset by a constant value of 0.18 kJ/m2 relative to that

measured in Section 2.2.

2.3.4 Discussion

Although surface ripples are observed after 500 pulses, we observe no surface texturing

whatsoever after 10 or 100 pulses. However, even in the absence of visible surface

textures, defects may be accumulating in the silicon surface, which could lead to

increased heating with additional pulses. After 100 pulses, the presence of silicon

debris with a Raman vibrational mode at 504 cm�1 is evidence that the surface is

becoming highly strained in the absence of melting. For comparison, silicon nanowires
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Figure 2.3.4: Accumulation of debris with increasing pulse number. a: 5000
pulses left only a small 2-micrometer-wide region at the edge of the textured
area uncovered with debris (b: close-up of edge). c: 8000 pulses resulted in
the entire textured area being covered in debris (d: close-up of edge). Edge
of textured area has local fluence of 0.9 kJ/m2.

with tensile strain of 4.5% (approximately 7.6 GPa tensile stress) show a Raman mode

at 506 cm�1 [51]. Alternatively, the shift in Raman mode could indicate the formation

of hexagonal (wurtzite) silicon, which has a Raman mode around 500 cm�1 [52, 53].

Hexagonal silicon has been reported from twin intersections in cubic silicon [54] and

laser ablation of silicon [55]. The potential presence of hexagonal silicon is important

for two reasons. First, the formation of hexagonal silicon through the accumulation

of extended defects such as twin boundaries could be an incubation mechanism to
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1 µm

Figure 2.3.5: Close-up of surface debris after 8000 pulses at a local fluence of
1.4 kJ/m2. Debris agglomerates into clumps around 5 micrometers in size.

explain the texturing of silicon below the single-pulse melting threshold. Second,

hexagonal silicon could be useful for optoelectronic devices including photovoltaics

[56].

Once ripples are formed, they propagate outward with additional laser pulses.

At high pulse number and low local fluence, the growth of the ripples appears to

be dependent on a feedback process that is initiated by the ripples themselves. For

example, after 1000 pulses and with a local fluence of 1.2 kJ/m2, no intermediate

surface morphology exists between the flat silicon surface and the rippled texture.

This indicates that after the surface texturing is initially seeded, it can propagate to
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Figure 2.3.6: Decrease in local threshold fluence for texturing with increasing
pulse number. Measurements from pulses with a peak fluence of 1.4 kJ/m2

are from this section; those from pulses with a peak fluence of 1.5 kJ/m2 are
from Section 2.2.

areas with low local fluence through a feedback process based on surface morphology,

such as local fluence enhancement through light trapping at the edge of the textured

area.

We observe that the ripples are formed underneath of a thin, cohesive surface

layer, which we can infer is the surface oxide. As the ripples are formed, the surface

oxide no longer adheres the surface and is delaminated or ablated from the surface.

The fluffy surface debris is composed of sub-micrometer particles that continue

to accumulate after thousands of pulses. Eventually, these particles aggregate into

low-density structures about five micrometers in size, particularly at higher fluences.

The morphology and structural density of the surface debris is similar to that of

fumed or pyrogenic silica, which also forms micrometer-sized aggregates from sub-

micrometer-sized silica particles [50]. It is possible that during the melting, ablation,

and redeposition processes, oxygen and/or water vapor in the surrounding atmo-

sphere produce silica or hydrated silica particles, which then agglomerate into larger
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structures over repeated laser pulses.

The threshold fluence for surface texturing decreases approximately linearly

with the logarithm of the pulse number, with a slope that his remarkably similar to

that observed in Section 2.2. The curves between texturing fluence and pulse number

between pulses with peak fluences of 1.4 and 1.5 kJ/m2 (from this section and Section

2.2, respectively) are offset by a constant factor of about 0.18 kJ/m2. It is possible

that this is due to uncertainty in estimating peak fluence. However, it is reasonable to

expect that higher peak fluences lead to faster initiation of texturing and thus more

rapid growth of the textured area with additional pulses through surface feedback

processes. An empirical fit to the observed fluence thresholds for texturing is:

F = �0.4 ⇤ log10(N)� 1.8F
p

+ 4.92

Where F is the local fluence, N is the number of pulses, and F

p

is the peak fluence

of the pulse (in kJ/m2). Figure 2.3.7 shows this empirical relation for F
p

= 1.4–1.6

kJ/m2 in increments of 0.1 kJ/m2, where the line corresponding to F

p

= 1.6 kJ/m2

is an extrapolation. The lines provide an estimate for the number of pulses required

to initiate texturing for stationary pulses of a given peak fluence. For example, with

a peak fluence of 1.5 kJ/m2, we expect texturing to be initiated after about 101.8 =

60 pulses and grow in area to a local fluence of 1.0 kJ/m2 after 1000 pulses. With a

peak fluence of 1.4 kJ/m2, we expect texturing to be initiated after around 102.5 =

300 pulses and grow in area to a local fluence of 1.2 kJ/m2 after 1000 pulses, then

to a local fluence of 1.0 kJ/m2 after 3000 pulses, and then to a local fluence of 0.8

kJ/m2 after 10000 pulses. Extrapolating this fit to a peak fluence of 1.6 kJ/m2, we

expect texturing to be initiated after 10–20 pulses and, after 100 pulses, to grow to
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a local fluence of around 1.2 kJ/m2. At fluences above 1.6 kJ/m2, the initiation of

texturing may no longer be limited by fluence but rather by mass transfer during

each melting event, in which case we would not expect texturing to be initiated faster

than 10–20 pulses. Furthermore, at fluences well above the melting threshold, growth

of the textured area would not be limited by surface feedback processes, but could

be directly initiated over a large area. Thus, we expect that our empirical fits are

valid only in the fluence regime around or below the single-pulse melting threshold

of 1.5 kJ/m2, and that texturing at 1.6 kJ/m2 and above would be limited by mass

transfer and would occur after 10–20 pulses. It would be interesting to test these fits

further for lower peak fluences. For example, we expect that with a peak fluence of

1.3 kJ/m2, over 1000–2000 pulses would be required to initiate texturing.

Our empirical fits provide some guidance for future experiments in texturing

silicon at or below the single-pulse melting threshold. First, they illustrate that it is

possible to texture silicon below the single-pulse melting threshold through incuba-

tion and feedback effects. However, for peak fluences substantially below the melting

threshold, initiating texturing may require thousands of pulses, as shown in Figure

2.3.7. Our fits also illustrate how sensitive the texturing process may be to peak flu-

ence, a parameter that often contains considerable uncertainty (often at least 5–10%).

Thus, it may be difficult to obtain good reproducibility in experiments performed in

this low-fluence regime.

We close this discussion by considering the potential usefulness and challenges

of low-fluence surface modification for technological applications. The possibility of

structural defect incubation and the observation of silicon that is highly strained or
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Figure 2.3.7: Empirical fits to the relationship between texturing fluence and
pulse number. Experimental data (circles) from this section and Section 2.2.
The line for a peak fluence of 1.6 kJ/m2 is an extrapolation, which we verify
in Section 2.5.

hexagonal in structure are of potential technological interest. Low-fluence fs laser

pulses could potentially be used to produce highly strained or defect-rich silicon.

At the same time, using low-fluence pulses to texture silicon entails a number of

challenges. First, a large amount of debris is generated in ambient air at atmospheric

pressure. It may be possible to reduce this debris by using dry air, flowing air over the

surface as it is textured, or by using a controlled texturing atmosphere. Additionally,

the surface texturing process, including the defect incubation process, appears to be
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extremely sensitive to variations in peak fluence. Because it is difficult to reduce

the uncertainty in the peak fluence to low levels, obtaining consistent results may be

difficult in this low fluence regime.

2.3.5 Conclusions

In this section, we investigated surface texturing using fs laser pulses with fluences

below the single pulse melting threshold. We found that even if texturing is not initi-

ated after many pulses (e.g., after 100 pulses), continued irradiation can nonetheless

produce texturing, pointing to the presence of a non-thermal incubation mechanism

at these fluences. Before texturing occurs, we observe the presence of highly strained

or hexagonal silicon, which may result from the accumulation of structural defects

arising from irradiation below the melting threshold. The accumulation of structural

defects, strain, or hexagonal silicon may be the non-thermal incubation mechanism

responsible for the initiation of texturing below the melting threshold fluence.

Once textures are initiated, the textured area grows with continued irradiation.

Especially at high pulse numbers and low local fluences, the transition from flat to

rippled silicon is abrupt and does not appear to pass through a transitional melting

stage, indicating that the textured area grows at low local fluences through surface

feedback mechanisms such as light trapping.

Surface debris continues to accumulate with increasing pulse number, eventually

obscuring the entire textured area. Based on elemental and morphological analysis,

this debris appears similar to fumed (pyrogenic) or hydrated silica and could arise

from the interaction of ablated silicon material with the surrounding atmosphere.
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After the surface texturing is initiated, the textured area grows larger, to increas-

ingly lower local fluences with increasing pulse number. The local fluences associated

with the appearance of texturing decreases remarkably linearly with the logarithm

of the pulse number. For pulses with higher peak fluence, texturing is initiated after

fewer pulses. After texturing is initiated, however, texture growth follows a similar

behavior with the logarithm of the pulse number. An empirical fit to the observed

data suggests that the number of pulses needed to initiate texturing is highly sensi-

tive to the peak fluence when it is below the single-pulse melting threshold, requiring

thousands of pulses for peak fluences below 1.3 kJ/m2, while above the single-pulse

melting threshold, only 10–20 pulses are needed to initiate texturing.

Irradiating silicon below the single-pulse melting threshold could be useful for

generating highly strained, defective, or hexagonal silicon, as well as for forming

surface textures. However, the effects on the surface appear to be highly sensitive

to pulse fluence, which can entail considerable uncertainty in absolute terms, posing

challenges for reproducibility. The formation of debris may also pose challenges in

practice.

2.4 Initiation of surface textures

2.4.1 Introduction

In this section, we examine ripple formation in its early stages using fluence and

pulse numbers near the onset of texturing. By examining ripple formation in its early

stages, we can develop a phenomenological understanding of how surface textures are
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formed from their earliest stages.

2.4.2 Methods

A silicon wafer was irradiated with a series of stationary 800 nm fs pulses without

translating the sample. A peak fluence of 1.5 kJ/m2 and pulse numbers of 110–190

were used in 10 pulse increments. The pulse diameter was 800x1000 micrometers

and the pulse repetition rate was 100 Hz. Irradiation was carried out in three gases:

ambient air, N2 gas, and SF6 gas. For each gas type, two gas pressures were used:

760 Torr (atmospheric pressure) and 20 Torr.

Samples were inspected using scanning electron microscopy and Raman spec-

troscopy. The presence of amorphous silicon was measured using Raman spectroscopy

as in Section 2.2.

2.4.3 Results

In air at 760 Torr, a non-periodic, random surface texture is present after 110 pulses

and develops with additional pulses into periodic surface ripples, which are nearly

formed after 190 pulses. These results are consistent with the surface texturing results

presented in Section 2.3, in which surface ripples were formed under the same gas and

fluence conditions after 200 pulses.

Different surface textures were produced in different gas types. Air produced

surface ripples as discussed in Sections 2.2 and 2.3. Nitrogen produced a texture with

thin, 200-nm-wide ridges separated by grooves running in a perpendicular direction

approximately every 1 micrometer. SF6 produced an isotropic surface texture com-
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posed of separated mounds. These surface textures are shown in Figure 2.4.1 for a

local fluence of 1.5 kJ/m2 after 190 pulses in 760 Torr gas.

a

b c

2 µm2 µm

2 µm

Figure 2.4.1: Surface textures produced by irradiation in various gases. a:
ambient air. b: N2 gas. c: SF6 gas. All surfaces irradiated with a local
fluence of 1.5 kJ/m2 and 190 pulses.

We report the evolution of the surface texture produced in N2 gas at 760 Torr.

Initially, at a local fluence of 1.3 kJ/m2 and 110 pulses, small mounds of material

10–100 nm in size cover the surface. At a higher local fluence of 1.4 kJ/m2, an

interconnected network of pits about 200 nm in diameter develops. Series of pits are

aligned in rows perpendicular to the laser electric field polarization direction, similar

to the orientation of surface ripples produced in air. With increasing fluence, these
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pits coalesce into trenches, forming surface ripples with a period of about 400 nm.

At a local fluence of 1.5 kJ/m2, 1-micrometer-scale mounds appear, separated by

trenches running both perpendicular and parallel to the laser polarization direction.

Interfaces between surface morphology types are shown in Figure 2.4.2.

8 µm8 µm

Figure 2.4.2: Development of surface texture in N2 gas at 760 Torr. Left:
Interface between nanometer-scale surface mounds and interconnected net-
work of pits about 200 nm in diameter (110 pulses, local fluence 1.4 kJ/m2).
The interconnected network of pits develops into a surface ripple morphol-
ogy. Right: Interface between surface ripples and 1-micrometer-scale surface
mounds (110 pulses, local fluence 1.5 kJ/m2).

We found that gas pressure played a significant role in the formation of surface

textures. Samples irradiated in a gas pressure of 760 Torr showed texturing over a

roughly circular area corresponding to the laser pulse profile. However, samples irra-

diated in a gas pressure of 20 Torr showed much less texturing overall, as shown in

Figure 2.4.3. The textures that were formed in low pressure gas, whether air, N2, or

SF6, were composed of ripples extending perpendicular to the direction of laser polar-

ization, as observed previously. However, the area covered by these ripples extended

much farther in the direction parallel to the laser polarization than perpendicular to

it. Multiple of these elongated textured strips were formed in each irradiated area,
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and these textured strips grew larger with additional pulses, eventually merging to

form interconnected textured areas that increasingly reflected the circular shape of

the laser pulse profile.

a b

200 µm200 µm

Figure 2.4.3: a: Comparison of areas textured with 110 pulses with peak
pulse fluence of 1.5 kJ/m2 in N2 gas. Textured area on left irradiated in
20 Torr gas (texture present in elongated strip), and textured area on right
irradiated in 760 Torr gas (texture present in circular area). b: Comparison
of areas textured with 190 pulses with same parameters.

We now report the formation of surface textures in low-pressure (20 Torr) air

and nitrogen in detail. Initially, small, sub-micrometer modified areas appear on the

surface randomly. These areas produce laser-induced periodic surface structures ex-

tending parallel to the laser polarization (rather than perpendicular to it) that show a

high spatial period of around 200 nm. These high-spatial-frequency ripples propagate

perpendicular to the laser polarization. As they propagate, separate laser-induced pe-

riodic surface structures form, extending perpendicular to the laser polarization with

a spatial period of around 400 nm. Once formed, these rapidly propagate in the di-

rection of the laser polarization, forming an elongated strip of periodic surface ripples

as shown in Figure 2.4.4.
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a b

c

12 µm4 µm

12 µm

Figure 2.4.4: Initial formation of surface textures. Initial surface modifica-
tion appears in sub-micrometer areas, apparently seeded by random surface
defects (a and b). From these, high-frequency laser-induced periodic surface
structures with period 200 nm form on the surface, with ripples extending
parallel to laser polarization and propagating perpendicular to laser polar-
ization. As these propagate, periodic surface structures with period 400 nm
form, running perpendicular to laser polarization and propagating parallel
to laser polarization. Once 400-nm surface structures form, they propagate
rapidly in the direction of the laser polarization, forming an elongated strip
of surface ripples (c). a: Random surface modification after 110 pulses, peak
fluence 1.5 kJ/m2, 20 Torr N2 gas. b: 150 pulses, 20 Torr N2. c: Textured
strip in early stage of formation after 110 pulses, 20 Torr air.

With continued irradiation, the elongated strip of period surface ripples grows,

primarily in the direction of laser polarization. For example, Figure 2.4.5 shows an

elongated strip of ripples about width about 15 micrometers (perpendicular to laser
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polarization) and height about 150 micrometers (parallel to laser polarization). The

surface ripples typically extend uninterrupted across the entire width of the textured

area. Figure 2.4.6 shows detail of another elongated strip of surface ripples.

a

b c

40 µm

4 µm 800 nm

Figure 2.4.5: With continued irradiation, the strip of surface ripples grows
primarily in the direction of the laser polarization (air, 140 pulses). The
surface ripples typically extend uninterrupted across the entire width of the
textured area. a: Textured area. b: Detail of texture. c: Close detail of
texture.

With additional pulses, the elongated strips of surface ripples grow in width,

and more strips form. As the strips merge together, an interconnected textured area

forms which increasingly reflects the circular profile of the laser pulse as shown in

Figure 2.4.7. Because the textured surface is formed by merging many individual
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a b

c

40 µm

6 µm

6 µm

Figure 2.4.6: Area containing elongated strips of surface ripples. 120 pulses,
20 Torr air. a: Textured area. b: Detail of edge of textured area. c: Detail
of central region of textured area.

strips of surface ripples, the resultant texture is also rippled, but the ripples merge

and bifurcate to form a continuous network.

At the ends of each elongated area of surface ripples, additional periodic strips

of melted silicon appear. These strips are separated by unmodified material. This

unmodified material follows the same period and phase as the surface ripples, as

shown in Figure 2.4.8.

In some of the elongated strips of surface ripples, a mound-like non-ripple struc-

ture was present in the center of the textured area, as shown in Figure 2.4.9.

62



Chapter 2: Advances in femtosecond laser processing of silicon

6 µm 40 µm

a b

c

6 µm

Figure 2.4.7: With additional pulses, the elongated strips of surface ripples
grow in width, and more strips form. As the strips merge together, an in-
terconnected textured area forms. a: Merging of two strips of surface ripples
(140 pulses, air). b: Merging of many strips of surface ripples (150 pulses,
air). c: Detail of central region of surface texture.

Raman spectroscopy showed amorphous silicon in the modified areas of the sur-

face, including the areas with high-frequency laser-induced periodic surface structures

(at the onset of surface modification) and areas near the edges of the elongated strips

of surface ripples. Where the surface ripples are fully formed, however, only low levels

of amorphous silicon were detected. Figure 2.4.10 shows maps indicating the location

of the amorphous silicon on the surface as detected by Raman.

Fragments of silicon were found frequently near the textured areas. These frag-
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a

b c

8 µm

2 µm4 µm

Figure 2.4.8: Example of melted strips of silicon extending from ends of
textured areas. 20 Torr N2, 190 pulses. a: Ends of textured area. b: Detail.
c: Close detail.

ments exhibited morphologies indicating high amounts of strain, such as plastic de-

formation and slip planes, as shown in Figure 2.4.11. Some of the debris appeared

to degrade under the scanning electron beam during imaging; this debris exhibited

highly deformed morphologies unusual for silicon; examples of such debris are shown

in Figure 2.4.12.
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a

b c

20 µm

2 µm4 µm

Figure 2.4.9: Mound-like structures present at the center of elongated strips
of surface ripples. 190 pulses in 20 Torr N2 gas. a: Textured area showing
two elongated strips. b: Detail of left elongated strip. c: Detail of right
elongated strip.

2.4.4 Discussion

In this section, we are able to observe the initiation of ripple formation. First, small

modifications of the surface occur over sub-micrometer areas without texturing, as

shown in Figure 2.4.4. Because these modifications show the presence of amorphous

silicon, we can infer that these are isolated areas of melting and resolidification. These

modified areas appear randomly on the surface, indicating that they are seeded by

random structural or morphological defects on the surface that experience enhanced
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a b

10 µm10 µm

Figure 2.4.10: Maps showing the location of amorphous silicon on the sur-
face, as detected by Raman spectroscopy. Colored areas show presence of
amorphous silicon. a: 150 pulses in 20 Torr N2 gas. b: 120 pulses in 20 Torr
air.

heating or depressed melting points [57]. Once these modified areas form, high-

frequency laser-induced periodic surface structures appear with a period of about 200

nm. Unlike the larger ripples that form the surface texture, these periodic structures

extend parallel to the laser polarization and propagate in a direction perpendicular to

the laser polarization. It is possible that these are produced by interference between

the incoming 800 nm laser pulse with 400 nm light produced by second harmonic

generation at the surface [58,59]. Because these high-frequency laser-induced periodic
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a

b c

400 nm

10 µm

10 µm

Figure 2.4.11: Examples of debris near texturing sites with morphologies
suggesting high strain. a: 110 pulses in 20 Torr N2. b: 160 pulses in 760
Torr air. c: Detail of (b).

surface structures appear to be confined to the very top surface of the silicon (e.g.,

within the top ⇠10 nm), it is possible that the surface oxide plays a role in their

generation.

After the initial modification of the surface, deeper melting occurs in the mod-

ified area in strips separated by unmelted silicon with a period of about 400 nm.

These strips extend perpendicular to the laser polarization and propagate in the di-

rection of the laser polarization. These laser-induced periodic surface structures may

be produced by surface plasmon polaritons from the fundamental frequency of the
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a b

c d

10 µm

40 µm

10 µm

10 µm

Figure 2.4.12: Examples of debris with unusual morphologies, which ap-
peared to degrade under the scanning electron beam used for imaging. a:
120 pulses in 760 Torr air. b: 140 pulses in 760 Torr air. c and d: 130 pulses
in 20 Torr air.

laser pulse (800 nm) seeded by the prior modification of the surface [60, 61]. It ap-

pears that with successive laser pulses, material flows away from the melted strips

to the areas between the strips, forming periodic ripples in the surface. Given that

the surface ripples appear to be about 400 nm in depth and are formed after around

40 pulses after they are initiated (as estimated in Section 2.2), a change in surface

roughness of only around 10 nm per melting event is required (the melt duration from

fs laser irradiation on Si has been measured as around 5 ns [43]). As these ripples
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form, a successive pulses cause more melting between the ripples and the formation of

additional melted strips in the direction of the laser polarization, as shown in Figure

2.4.8. The growth of the surface texture along the direction of the laser polarization

is consistent with a surface plasmon polariton mechanism, because surface plasmon

polaritons are launched primarily in the direction of the laser polarization [62]. With

repeated laser pulses, the textured area grows rapidly in the direction of the laser

polarization, forming elongated textured areas.

After strips of melted silicon are produced, what causes the mass transport

necessary for ripple formation? Gradients in surface energy in the silicon melt could

cause mass transport away from regions of low surface energy (the Marangoni effect).

In the case of melted strips of silicon, two factors could contribute to mass transfer

away from the melted strips through the Marangoni effect. The first is that the

surface energy of silicon decreases with increasing temperature [63], so that the melted

material will move away from the hottest region of the melt, which is presumably

in the center of the melted strip (i.e., a thermo-capillary convection process). The

second effect is that impurities can alter the surface energy of silicon as a function

of impurity concentration. Both nitrogen and oxygen impurities decrease the surface

energy of molten silicon at magnitudes that are similar to the effect of increased

temperature [64, 65]. As the silicon surface becomes melted, impurity atoms enter

the melt from the surrounding atmosphere. Upon subsequent melting the surface,

previously melted regions will contain a relatively high concentration of impurities

and thus a relatively low surface energy, leading to mass transport away from those

regions. Thus, repeated melting would cause silicon to flow away from regions that
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underwent melting earliest, which could correspond to molten strips produced by

surface plasmon polaritons. Therefore, the reduction of surface energy with increasing

temperature and with increasing impurity concentration both lead to mass transfer

away from the molten periodic strips on the surface that are initially defined by

surface plasmon polaritons. With repeated melting and resolidification, this process

generates fully formed surface ripples.

Samples fabricated at 20 Torr and 760 Torr gas pressures exhibit some striking

differences. First, the textured areas produced at 760 Torr are much larger than

those produced at 20 Torr, and while textures produced at 760 Torr are present over

the entire area of the laser pulse, textures produced at 20 Torr appear to propagate

primarily in the direction of the laser polarization. Furthermore, while the surface

morphologies produced at 20 Torr are similar for air, N2, and SF6, the morphologies

produced in these gases at 760 Torr are considerably different. The effect of impurity

concentration on surface energy again helps to explain some of these differences. At

760 Torr, significantly more impurity atoms are available to enter the silicon melt

than at 20 Torr. This means that melting in general, even very shallow melting, will

generate surface energy gradients from impurity concentration gradients produced by

the infiltration of impurity atoms from the surrounding atmosphere. Once surface

energy gradients are generated, irregularities in the surface morphology will be gener-

ated, as well, through the impurity Marangoni effect over repeated cycles of melting

and resolidification. And once irregularities in the surface morphology are generated,

surface plasmon polaritons can be generated, and the texture formation progresses

through a feedback process.
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On the other hand, at 20 Torr, fewer impurity atoms are available in the sur-

rounding atmosphere. This means that the Marangoni effect is more dependent on

thermal gradients rather than impurity gradients. Such thermal gradients can be

produced by surface plasmon polaritons initiated by irregularities or defects on the

surface. Such surface irregularities may be present randomly on the surface initially

or may develop over many pulses, eventually allowing surface plasmon polaritons to

be launched and texturing to be initiated. Indeed, some of the textured areas pro-

duced in 20 Torr gas show irregular mounds of material in their centers, presumably

where the texturing process was initiated, as shown in Figure 2.4.9.

Thus, at low gas pressures we expect the Marangoni effect to be dependent on

the presence of surface plasmon polaritons. Indeed, at low pressure (20 Torr), the

textured areas, once initiated, grow rapidly in the direction of laser polarization but

slowly in the orthogonal direction. (With continued irradiation, however, the textured

areas eventually merge and form a roughly circular textured area.)

In addition to impurity concentration and temperature, surface energy is also

affected by environmental gas pressure [66, 67]. However, we would not expect the

environmental gas pressure to lead directly to a Marangoni effect, because the entire

surface would be affected similarly, and the Marangoni effect requires surface energy

gradients.

Surface morphologies between samples differ according to the type of gas at 760

Torr but not at 20 Torr. This also may reflect a distinction between polariton-driven

texturing and impurity-driven texturing. At 20 Torr, the surface textures all consist

of ripples that reflect the orientation and spacing of surface plasmon polaritons. At
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760 Torr, however, air, N2, and SF6 gas each produce distinct surface textures.

When mapping out the presence of amorphous silicon with Raman spectroscopy,

we observe amorphous silicon at the onset of surface modification and near the edges

of the textured areas, which is consistent with melting and rapid resolidification.

Unexpectedly, however, the amorphous silicon signal decreases in the interior of the

textured areas, where the surface ripples are well developed. One possibility is that af-

ter the surface ripples are formed, continued irradiation produces an annealing effect,

increasing the crystallinity of the surface. Another possibility, however, is that struc-

tural defects are reduced through the inclusion of nitrogen atoms. Recently, it was

reported that the crystallinity of fs-laser-textured silicon is increased by fabricating

in nitrogen gas [48]. This effect of nitrogen atoms in silicon could also be responsible

for the low amount of amorphous silicon we observed in fully formed surface ripples

fabricated in air or nitrogen.

We now consider the silicon debris formed during irradiation. Two distinct

kinds of debris were observed on the surface: silicon shards with crystallographic

deformations, shown in Figure 2.4.11, and irregularly shaped debris that appeared

to charge and deform under the electron beam used for electron microscope imaging,

shown in Figure 2.4.12. The silicon shards show morphological features that resemble

slip planes and other pressure-induced deformations. This is evidence that even in the

absence of melting, fs laser irradiation can produce structural defects and high levels

of strain in silicon. The accumulation of structural defects could be a mechanism

for the initiation of melting and surface modification at local fluences below the

single-pulse melting threshold. For example, hexagonal silicon, which is a direct-
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bandgap semiconductor, has been reported at the intersection of twin boundaries in

conventional cubic silicon. The debris objects observed in Figure 2.4.12 might be

highly deformed, metastable forms of silicon, and their charging behavior indicates

that they could be non-conducting. In the future, characterizing these debris objects

could be an interesting area of study.

2.4.5 Conclusions

In this section, we examined the onset of surface texture formation from the forma-

tion of scattered, sub-micrometer patches of melted material, to the production of

high-frequency and conventional laser-induced periodic surface structures, to melting

in periodic strips and the formation of surface ripples, to the propagation of surface

ripples and growth of the textured area. The early stages of surface modification and

the growth of textured areas along the direction of the laser polarization suggest that

surface plasmon polaritons are responsible for the periodic structuring of the surface.

We find that the initiation and growth of the surface textures are influenced heavily

by the ambient gas pressure. We hypothesize that the formation of surface textures

is driven by variations in surface energy and the resulting Marangoni effect. At low

gas pressures, the Marangoni effect is driven by temperature gradients produced by

surface plasmon polaritons, and the textured area grows primarily in the direction of

surface plasmon polaritons propagation. At high gas pressures, the Marangoni effect

is driven by impurity concentration gradients from ambient gas atoms entering the

silicon melt, and the textured area grows in all directions within the irradiation area.

At low gas pressures (e.g., 20 Torr), the texture morphology reflects the characteris-
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tics of surface plasmon polaritons, regardless of the type of gas used in fabrication.

At higher gas pressures, however (e.g., 760 Torr), the morphology of the surface tex-

ture is dependent on the type of gas used. When surface ripples are fully formed,

they exhibit higher crystallinity than when they are initially formed, which may be

due to thermal annealing or impurity annealing from nitrogen. During irradiation,

silicon debris is produced, some of which shows evidence of no melting but high strain

and structural defects, such as slip planes, and some of which appears to be unsta-

ble under the electron beam used for microscope imaging. Our observations in this

section provide an explanation for periodic surface texturing, beginning with random

patches of melting on the surface from surface defects and ending with an extended,

interconnected area of fully formed surface ripples.

2.5 Fabrication with scanned pulses

2.5.1 Introduction

In Sections 2.2–2.4, we examined samples produced with stationary pulses. Here,

we examine samples produced with scanned pulses. Just as with stationary pulse

samples, for scanned pulse samples we use the metrics of fluence and pulse number—

although these variables have more complicated definitions for scanned pulse samples

than for stationary pulse samples. Scanned pulses and stationary pulses with the

same fluence and pulse number parameters produce different texturing effects on the

silicon surface. However, the understanding of texturing developed for stationary

pulses still holds for scanned pulses. In this section, we show that the apparent
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differences between stationary and scanned pulses are due to how fluence and pulse

number are defined for each case.

When rastering laser pulses over an area to fabricate hyperdoped black silicon,

pulse fluence and pulse number are representative metrics that describe the irradiation

conditions in an approximate but not exact sense. The first approximation comes

from expressing the fluence of a Gaussian pulse. Because the intensity profile of the

pulse is not uniform but Gaussian, the effective fluence experienced by an irradiated

spot on the sample surface depends on its distance from the center of the pulse. To

approximate the fluence of a pulse, we approximate the pulse diameter as the width

at 1/e of the maximum intensity (denoted FW1/eM), rather than the commonly used

full-width at half of the maximum intensity (denoted FWHM). This method results

in a fluence value that is the same as the peak fluence F0 of the pulse (the effective

fluence at the center of the pulse). The second approximation comes from expressing

the number of pulses a spot on the surface is exposed to, called the pulse number or

shots per area (s/a) [5]. For this, a threshold is chosen of half the peak fluence, so that,

for example, a shots/area of 10 indicates each spot on the surface is exposed about

10 times to local fluences in the range between F0/2 and F0. The number of times a

spot is exposed to a fluence of, say, F0/4 is not reported. For a fuller mathematical

discussion of pulse fluence and pulse number, see past work by Sher [14] or Smith et

al. [5].

By reporting the parameters of fluence and pulse number, the irradiation con-

ditions can be described economically, avoiding the need to report pulse diameter,

pulse separation, scanning speed, or repetition rate. However, the fluence and pulse
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number do not capture all of the information relevant for fabrication, such as the

distribution of fluence exposures for a spot on the surface [5], and the separation of

pulses on the surface, which may be relevant for understanding inhomogeneities on

the surface such as patches of amorphous silicon.

Even if the two metrics of fluence and pulse number do not capture the irradia-

tion conditions entirely, they condense those conditions into a manageable parameter

space. In practice, fluence values for hyperdoped black silicon fabrication can vary

from about 1.5–10 kJ/m2, and pulse number values typically vary from about 1–1000

pulses. This leaves a significant parameter space to investigate, which can consume

a significant amount of experimental time and resources.

Large areas of hyperdoped black silicon are fabricated by scanning a pulsed

ultrafast laser (e.g., a fs laser) beam across a silicon surface in the presence of a

dopant. The scanning process can be accomplished by translating the sample stage

using programmable stepper motors. However, the slow speed of the stepper motors

often requires low laser pulse repetition rates in order to obtain the desired number

of pulses on the surface. For example, a 1 cm2 sample with pulse separation of 10

micrometers requires 106 pulses, which, at a pulse repetition rate of 100 Hz, requires

104 seconds or about three hours of laser scanning time.

In this section, we use a high-throughput fabrication system to reduce the

fabrication time, making it feasible to explore the parameter space of hyperdoped

black silicon experimentally. We map the parameter space according to the texture

produced, and we quantitatively connect the observed threshold for texturing with

scanned pulses with results obtained from stationary pulses.
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2.5.2 Methods

For hyperdoped black silicon fabrication, we use a set of programmable galvanic

mirrors to scan the laser pulse across the surface, obviating the need for translation of

the sample by stepper motors. Otherwise, the fabrication process follows the methods

described in previous theses [1, 14, 68]. The laser pulse train is passed through a

focusing lens immediately before entering the scanning mirror system, after which

it reflects off of a large mirror, through the sample chamber window, and into the

sample chamber, as shown in Figure 2.5.1.

Figure 2.5.1: Galvanic scanning mirror system used for high-throughput fab-
rication. The laser pulse train is passed through a focusing lens into the mir-
ror system (right), reflected to a large mirror (center), and reflected through
the sample chamber window and into the sample chamber (left).

To survey the fabrication parameter space, a grid of 3x3 mm2 samples were
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fabricated with 800 nm fs laser pulses fluences of 1.6–3.8 kJ/m2 (in 0.2 kJ/m2 in-

crements) and shots/area values of 5–200 (5, 15, 30, 50, 100, and 200 shots/area),

for a total of 72 unique samples. The samples were fabricated in the presence of

500 Torr SF6 gas and with a pulse diameter of 1 micrometer. The range of surface

morphologies produced was investigated using optical and electron microscopy.

2.5.3 Results

The scanning mirrors are capable of scanning the laser beam across the sample much

faster than are the stepper motors (around 10 m/s vs. around 1 mm/s, respectively),

allowing the maximum laser pulse repetition rate available in the fabrication system

(1 kHz) to be used. This decreased the sample fabrication time by a factor of 1–2

orders of magnitude. The samples fabricated using the scanning mirrors appeared to

be comparable to those fabricated using the stepper motors, with no effects observed

from non-normal pulse incidence or the resulting small changes in focusing-lens-to-

sample distance (and thus fluence).

The parameter space investigated produced a range of surface types, includes

traditional hyperdoped black silicon (which is highly antireflective and appears black

to the eye), textured silicon that is more optically reflective (which appears orange

to the eye), and untextured silicon (which has a faint pink hue to the eye). We call

these representative types of laser-irradiated silicon black silicon, orange silicon, and

pink silicon for brevity. Black silicon is produced at high fluences and/or shots/area,

orange silicon at lower fluences and shots/area, and pink silicon at even lower fluences

and/or shots/area. Figure 2.5.2 shows the appearance of all 72 samples to the eye.
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Figure 2.5.2: 72 samples showing the fluence and pulse number parameter
space investigated in this section. Samples that remain untextured are not
easily visible by eye and are outlined.

Both fluence and shots/area were important in determining whether pink, or-

ange, or black silicon was fabricated by the irradiation process. Pink silicon was

fabricated even at high fluence when low pulse number was used (e.g., 3.8 kJ/m2 and

5 shots/area) and even at high pulse number when low fluence was used (1.6 kJ/m2

and 200 shots/area). However, in both of these regions of the parameter space, the

transition to black silicon (with increased pulse number or fluence, respectively) was

abrupt. Orange silicon was fabricated when both fluence and pulse number were mod-

erate (e.g., 2.2–3.4 kJ/m2 and 30–50 shots/area). Thus, in fabricating pink, orange,

or black silicon, there is some interaction between the the fluence and shots/area

parameters in determining the texture.

Black, orange, and pink silicon showed significantly different surface morpholo-

gies. Black silicon is characterized by conical surface structures at least 1 micrometer
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in size, orange silicon shows surface ripples less than 1 micrometer in size (here 400 nm

in period), and pink silicon has a surface that is essentially flat, with some variation in

surface structure (e.g., material phase or density) visible. In some of the black silicon

surfaces, large spikes (around 10 micrometers in size) were interspersed among smaller

spikes. Figure 2.5.3 shows representative images of these surface morphologies.

a

b c

400 µm

4 µm 4 µm

Figure 2.5.3: Electron microscope images of pink, orange, and black silicon
(a, b, and c, respectively). Irradiation parameters were 2.2 kJ/m2 and 15
shots/area, 2.8 kJ/m2 and 30 shots/area, and 3.6 kJ/m2 and 200 shots/area,
respectively.
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2.5.4 Discussion

In general, black silicon is produced at high fluence and pulse number, orange silicon

at moderate fluence and pulse number, and pink silicon as low fluence and pulse

number. However, to fabricate orange silicon, it appears that both fluence and pulse

number must be moderate, because if either fluence or pulse number is high, then the

transition from pink silicon to black silicon is sharp.

We can use the boundaries observed in the parameter space between pink, or-

ange, and black silicon to model the fluence and shots/area requirements for fabri-

cating a desired surface. The number of pulses P required to fabricate orange silicon

reduces with increasing fluence F . A linear fit to the observed thresholds in the range

2.2?3.6 kJ/m2 is:

P = 96� 23F

(with R-squared of 0.90 and F in units of kJ/m2). Thus, we see that orange silicon

can be fabricated when the number of pulses is around 10?50. For example, when

F = 3.0 kJ/m2, we expect 30 pulses to be the lower threshold for orange silicon

fabrication, which is what we observe experimentally. We can also examine the total

laser irradiation dose required to make orange silicon, where the dose D is the product

of the pulse fluence and the pulse number. The total required dose for texturing

decreases with increasing fluence, with a linear fit to the observed thresholds giving:

D = 184� 37F

(with R-squared of 0.90, F in units of kJ/m2, and D in units of kJ/m2*(shots/area)).

For black silicon, we can find a similar linear model for the fabrication require-
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ments, with:

P = 243� 59F

(with R-squared of 0.98). If F = 3.0 kJ/m2, for example, we expect 66 pulses to be

the lower threshold for black silicon fabrication, which is consistent with our results

(black silicon observed with 100 pulses, but not with 50 pulses). Similar to orange

silicon, we find that the total dose required for fabrication decreases with increasing

fluence, with a linear fit to the observed giving:

D = 537� 119F

(with R-squared of 0.86).

Evidence of a feedback process during laser fabrication is present in the reduc-

tion in required irradiation dose with increasing fluence, because we expect feedback

processes to be stronger at higher fluences. Interestingly, if we model how the required

dose scales with the square of the fluence, we obtain:

D = 660� 1.1F 2

for black silicon and:

D = 294� 29F 2

for orange silicon. Especially for the black silicon threshold, the total dose is approx-

imately constant with the square of the fluence. This could reflect the fact that a

higher fluence melts and ablates more material than a lower fluence does, and also

that it leaves behind a rougher surface morphology, enhancing the effect of the next

pulse. Thus, the texturing process may rely upon a positive feedback process that

goes as the square of the fluence.
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The pulse number window for fabricating orange silicon is only tens of pulses

at moderate fluences and decreases at lower fluences. For example, at a fluence

of 3.0 kJ/m2, we can fabricate orange silicon using 30–70 pulses (at higher pulse

numbers, black silicon is fabricated). However, at a higher fluence of 3.8 kJ/m2, we

predict a lower threshold for orange silicon at only 9 pulses and a lower threshold

for black silicon at 19 pulses—a sharp transition. Our analysis predicts that the

pulse number window for fabricating orange silicon is wider at lower fluences, which

is what we observe. In the fluence range of 2.2–3.6 kJ/m2, our heuristic model is

reasonably accurate in predicting the irradiation conditions necessary to fabricate

orange and black silicon. Our experimental survey and model appear to capture

the entire parameter space over which orange silicon can be fabricated using fs laser

irradiation.

We can use our results from stationary pulse experiments to predict the onset

of texturing for scanned pulse samples with very good accuracy. In Section 2.3,

we predicted that for a local fluence of 1.6 kJ/m2 (above the single-pulse melting

threshold), texturing would be initiated after 10–20 pulses. Texturing at fluences

lower than this requires many more pulses (e.g., initiating texturing at 1.5 kJ/m2

requires around 60 pulses, and initiating texturing at 1.4 kJ/m2 requires around 300

pulses). For each sample fabricated with scanned laser pulses, we can simulate how

many times a spot on the sample experiences a local fluence greater than 1.6 kJ/m2,

as shown in Figure 2.5.4.

We now consider what pulse number is required at each peak fluence for a

spot on the sample to experience 15 pulses (about 101.1–101.1 pulses) with a local
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Figure 2.5.4: a: Simulation of local fluences experienced by a spot on the
sample irradiated with scanned pulses with a peak fluence of 2 kJ/m2 and
100 shots/area. b: The simulation shows that the sample spot experiences
only 33 pulses above the melting threshold of 1.6 kJ/m2.

fluence of 1.6 kJ/m2 or greater; in Section 2.3, we predicted that this would be the

approximate onset of surface texturing for pulses above the melting threshold. This

many melting and resolidification events might be necessary in order to achieve the

mass transfer necessary for texture formation. In Figure 2.5.5, we see the simulated

texturing threshold (15 pulses above a local fluence of 1.6 kJ/m2) plotted as a function

of pulse number and fluence. This simulated threshold agrees remarkably well with

the observed threshold between untextured and textured silicon in the parameter

space we investigated. We also plot the observed linear threshold between orange

(textured) silicon and black (highly textured) silicon.

Figure 2.5.5 can be interpreted as a phase diagram for pink, orange, and black

silicon fabrication. The onset of texturing appears to be determined by a minimum

number of 10–20 melting and resolidification events, after which orange (textured)

silicon forms. With continued irradiation, black silicon eventually forms. Recall that

the total irradiation dose required to produce black silicon is approximately constant
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Figure 2.5.5: Fabrication phase diagram showing observed pink (no texture),
orange (rippled texture), and black silicon (spiked texture) as a function of
fluence (kJ/m2) and pulse number. The transition between pink and orange
silicon is simulated by considering how many pulses are required at each
peak fluence in order to obtain 15 exposures at local fluence of 1.6 kJ/m2 or
greater. The transition between orange and black silicon is a linear fit to the
observed thresholds at various fabrication parameter values.

with the square of the laser fluence, indicating that black silicon is produced efficiently

at high fluences, almost immediately after the onset of texturing. As the fluence

decreases toward the single-pulse melting threshold, the number of pulses required to

melt the surface 10–20 times grows very rapidly, and texturing again forms as black

silicon rather than orange silicon. In sum, to produce orange silicon, the irradiation

conditions must be such that the minimum melting condition is achieved for a pristine
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surface but the irradiation dose required to produce black silicon is avoided. This can

be achieved only within a limited parameter space, and is most easily achieved with

peak fluences of 2–3 kJ/m2, as indicated by Figure 2.5.5. Because SF6 assists in the

fabrication of black silicon, we expect that the threshold line between orange and

black silicon would shift to higher or lower pulse numbers as the SF6 gas pressure is

reduced or increased. It is interesting to note that the presence of SF6 apparently

does not affect the irradiation conditions necessary for the initial onset of texturing.

We can draw a few insights for fabrication from these results. First, the fabri-

cation of orange silicon is possible only within a relatively small region in the fluence

and pulse number parameter space. Second, the transition from pink to black silicon

at low and high fluences is mostly direct, with little transition through an orange

silicon surface. Third, the total dose required to fabricate black silicon decreases with

increasing fluence and is constant with the square of the fluence, so that doubling the

fluence decreases the number of pulses required by a factor of about four. This may

be important in order to fabricate black silicon using the lowest number of pulses

possible (e.g., to increase throughput).

2.5.5 Conclusions

In this section, we used a scanning mirror system to increase the throughput of our

laser processing system. This made feasible an experimental survey of the major fab-

rication parameters—fluence and shots/area. By surveying the parameter space with

fluences of 1.6–3.8 kJ/m2 and 5–200 pulses, we observed the region over which orange

silicon (silicon textured with parallel, sub-micrometer ripples) can be fabricated. We
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observed boundaries in parameter space between pink (flat) silicon, orange silicon,

and black silicon. The boundary between pink and orange silicon can be predicted

using the condition that the surface must be melted about 15 times for ripples to

be formed, which is consistent with stationary pulse results contained in Section 2.3.

The presence of SF6, which is important for producing black silicon at these irradi-

ation parameters, does not apparently affect the irradiation conditions necessary for

initial texturing. The boundary between orange and black silicon can be modeled

as a linear boundary in phase space based on observed thresholds. We used these

predicted and observed boundaries to produce a phase diagram for laser texturing

of silicon (treating pink, orange, and black silicon as phases), which can be useful

for future fabrication. We found that orange silicon can only be fabricated using

moderate fluences and pulse numbers, with low and high fluences not yielding orange

silicon. We found that the total laser dose required to fabricate orange and black

silicon decreases with increasing fluence, indicating the presence of feedback mecha-

nisms in texturing, and that for black silicon, the total required dose is approximately

constant with the square of the fluence, so that doubling the fluence decreases the

required number of pulses by a factor of about four. These insights can guide future

fabrication of laser-doped and -textured silicon in this parameter range.

87



Chapter 2: Advances in femtosecond laser processing of silicon

2.6 Low-fluence fabrication with selenium thin films

2.6.1 Introduction

In Sections 2.2 and 2.3, we saw that texturing of silicon could be achieved using

low fluences and many pulses, with fluences below the melting threshold requiring

hundreds or thousands of pulses to modify silicon. In this section, we again investigate

fluences at and below the melting threshold, but here using a selenium (Se) thin film.

We find that using a thin film, it is possible to texture and dope the silicon surface

with fluences far below the melting threshold, and we observe very small (150-nm)

surface ripples that appear to be silicon hyperdoped with selenium.

2.6.2 Methods

A silicon wafer was coated in a 80-nm thin film of Se by thermal evaporation. 800

nm fs laser pulses were then scanned across the sample. Five 1 cm2 samples were

fabricated using fluences of 1.5 kJ/m2 (100 shots/area), 1.0 kJ/m2 (100 and 1000

shots/area), and 0.8 kJ/m2 (1000 and 5000 shots/area). The pulse diameter was

990x860 micrometers and the pulse repetition rate was 1 kHz. The samples were

irradiated in an atmosphere of 500 Torr N2 in order to prevent debris from coating

the chamber walls.

The surface textures present on the resulting samples were characterized using

scanning electron microscopy, and optical absorptance was measured using an UV-

VIS-NIR spectrophotometer with an integrating sphere.

88



Chapter 2: Advances in femtosecond laser processing of silicon

2.6.3 Results

To achieve uniform coverage of the silicon wafer with the Se thin film, a minimum thin

film thickness was required. A 20-nm thin film of Se did not wet the silicon surface

but showed beading, as shown in Figure 2.6.1 [20]. The 80-nm thin film used for

fabrication completely covered the surface, although some surface variations (<100

nm in area) were visible.

a b

1 µm 1 µm

Figure 2.6.1: Se thin films on silicon. a: 20 nm thin film shows beading. b:
80-nm thin film covers surface entirely.

We report the surface morphologies of our samples first at a fluence of 1.5 kJ/m2

and then at progressively lower fluences down to 0.8 kJ/m2. With 1.5 kJ/m2 and 100

shots/area, we obtain a rippled surface texture similar to that obtained without a

thin film in previous sections, with periodic surface structures showing a period of

about 600 nm (as opposed to about 400 nm without a thin film). No remnants of the

Se thin film are visible on the surface. The sample showed increased above-bandgap

absorptance and sub-bandgap absorptance. We note for comparison that a silicon

wafer irradiated with the same fluence and pulse number values but without a Se

thin film (in Section 2.5) showed no surface texturing.
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Next, we consider a pulse fluence of 1.0 kJ/m2 again at 100 shots/area. The

texturing effect on the surface was not uniform, perhaps due to the varying local

fluence as the laser pulses were scanned across the surface. The Se thin film was

disrupted but still apparent on the surface, with surface ripples appearing in the Se

thin film itself with periods of 200 and 800 nm. The surface showed no sub-bandgap

absorptance. When the pulse number was increased to 1000 shots/area, periodic

surface ripples with a period of about 600 nm were formed on the surface, similar to

the sample fabricated at 1.5 kJ/m2, and the surface showed sub-bandgap absorptance.

At a fluence of 0.8 kJ/m2 and 1000 shots/area, the texturing effect was again

not uniform, with the Se film disrupted with surface ripples with periods of about 200

nm and 800 nm. The surface showed no sub-bandgap absorptance. Representative

images for the sample surfaces are shown in Figure 2.6.2.

When the shots/area value was increased to 5000 at 0.8 kJ/m2, the surface

developed a new morphology. The texturing effect was again non-uniform, with

debris-covered areas on the surface interspersed with rippled areas. The rippled areas

were composed of highly uniform ripple structures with a period of 150 nm, shown

in Figure 2.6.3. Some debris was apparent on the surface of these structures as well.

The surface showed increased above-bandgap and sub-bandgap absorptance. Figure

2.6.4 shows the absorptance spectra of the samples in this section.

2.6.4 Discussion

With a fluence of 1.5 kJ/m2 and 100 shots/area, the surface shows fully developed

laser-induced periodic surface structures. We can compare this to the sample made
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a b

c d
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Figure 2.6.2: Surface morphologies of irradiated silicon with a Se thin film.
a: 100 shots/area with a peak fluence of 1.5 kJ/m2. b: 100 shots/area with
a peak fluence of 1.0 kJ/m2. c: 1000 shots/area with a peak fluence of 1.0
kJ/m2. d: 1000 shots/area with a peak fluence of 0.8 kJ/m2. (a) and (c)
show sub-bandgap optical absorptance, while (b) and (d) do not.

with 1.6 kJ/m2 and 100 shots/area in Section 2.5, which was made in SF6 without a

thin film and which showed no surface texturing. This difference indicates that the

Se thin film somehow reduces the modification threshold of the silicon. Selenium has

a melting temperature of 221 deg. C and a boiling temperature of 685 deg. C, much

lower than silicon’s melting temperature of 1414 deg. C (Royal Society of Chemistry).

Thus, we would expect the Se film to be heavily modified at fluences just below the

melting threshold of silicon. As the Se film is modified, surface irregularities arise,
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a b

200 nm2 µm

Figure 2.6.3: Scanning electron microscope images of surface after 5000
shots/area with a peak fluence of 0.8 kJ/m2. Surface showed sub-bandgap
optical absorptance. a: Overview of surface showing non-uniform modifica-
tion of surface. b: Ripples on surface were highly uniform with a period of
150 nm.

which could enhance localized heating and melting of silicon, initiating the texturing

process. Furthermore, the melting temperature of silicon may be depressed as it is

mixed with the Se film. These mechanisms could be responsible for the reduction of

the modification threshold of the surface with the presence of the Se film.

We observe a wide range of periodic surface structures in the Se thin film and

in the silicon. In the Se thin film, we observe periodic structures before the silicon

becomes fully textured, with periods of about 200 and 800 nm. The 800 nm struc-

tures could be due to the interference of scattered surface waves with the incoming

laser pulse or to surface plasmon polaritons that experience an effective index sim-

ilar to that of air. The 200 nm structures could be due to surface waves derived

from second harmonic generation at the surface that experience an effective index

from the selenium-silicon interface. Even when the Se film is modified with periodic

structures, it appears that no selenium is incorporated into the silicon, because no
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Figure 2.6.4: Optical absorptance shown by samples fabricated with Se thin
film and low fluence. Sub-bandgap absorptance was observed with silicon
texturing at 1.5 kJ/m2 and 100 shots/area, 1.0 kJ/m2 and 1000 shots/area
(but not at 100 shots/area), and 0.8 kJ/m2 and 5000 shots/area (but not at
1000 shots/area).

sub-bandgap absorptance is observed. When periodic surface structures appear in the

silicon substrate, however, sub-bandgap absorptance appears. This is consistent with

sub-bandgap absorptance requiring the melting and doping of the silicon surface. We

can see that the period of the surface structures in silicon is about 600 nm, which

is larger than the 400-nm ripples observed on silicon irradiated in air and nitrogen.

This may be due to a decrease in the effective index experienced by surface plasmon

polaritons from the presence of the Se film or from the incorporation of selenium into

93



Chapter 2: Advances in femtosecond laser processing of silicon

the silicon surface.

It is interesting to note that melting and doping of the silicon surface with a thin

film can occur even at fluences far below the silicon melting threshold if a sufficient

number of pulses is used. For example, a fluence of 1.0 kJ/m2 and 100 shots/area

modifies only the Se film overlying the silicon and does not lead to sub-bandgap

absorptance. When the pulse number is increased to 1000 shots/area, however, surface

ripples appear in the silicon and sub-bandgap absorptance is observed. (Recall that

for scanned laser pulse samples, 1000 shots/area at 1.0 kJ/m2 means that for each

spot on the surface, about 1000 pulses produce a local fluence of 0.5–1.0 kJ/m2, with

the distribution weighted toward the lower end of the fluence range.) With a fluence

of 0.8 kJ/m2 and 1000 shots/area, we again see modification only of the Se thin film,

not the underlying silicon, and we observe no sub-bandgap absorptance, but when the

pulse number is increased to 5000 shots/area, sub-bandgap absorptance is observed,

indicating that modification of the silicon surface has occurred. Modifying silicon far

below the melting threshold is interesting because it suggests that a thin film and low

pulse fluences can be used to selectively modify just the top surface of the silicon,

without melting or affecting the silicon below the doped layer.

The periodic surface structures produced with a fluence of 0.8 kJ/m2 and 5000

shots/area do not appear to have been reported in the literature before. These struc-

tures have a small period of about 150 nm and are highly smooth and uniform. Other

than debris on the surface, the structures appear to be composed of a single material

phase, and because the sample shows sub-bandgap absorptance, it appears that the

Se film has been integrated into the silicon surface. No deep melting of the silicon
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surface is apparent. Future work could investigate the structure of these features fur-

ther. In some areas of the sample surface, the debris coverage is heavy. It is possible

that debris accumulation could be reduced by reducing the gas pressure used during

the fabrication process or by flowing gas over the surface during fabrication.

2.6.5 Conclusions

In this section, we investigated the fabrication of large-area samples using low fluences

and a Se thin film. The presence of the Se film reduces the modification threshold

of the silicon significantly, with sub-bandgap absorptance indicative of silicon dop-

ing achieved with peak fluences as low as 0.8 kJ/m2. Before surface structures and

sub-bandgap absorptance arise in the silicon substrate, we observe periodic surface

structuring of the Se thin film, which by itself is not sufficient for sub-bandgap ab-

sorptance to occur. At 0.8 kJ/m2 and 5000 shots/area, we observe highly uniform

surface ripples with a period of about 150 nm, which have not been reported be-

fore. These surface ripples appear to be composed of hyperdoped silicon, because

they are associated with sub-bandgap absorptance. It would be interesting to further

characterize the structure of these ripples in future work.
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2.7 Controlling the dopant concentration in hyper-

doped black silicon

2.7.1 Introduction

One of the main challenges in fabricated intermediate band devices with impurities is

to ensure that the band produced by the impurities is truly an intermediate band—

that is to say, that it is not degenerate with either the valence or conduction bands.

The impurity band produced by chalcogens in silicon grows with increasing doping

concentration, becoming degenerate with the conduction band above 0.4 at. % [13].

However, the dopant concentrations produced by fs-laser doping can easily exceed 1

at. % [1]. Lower dopant concentrations can be achieved with fs-laser irradiation, but

few pulses must be used [14], meaning no or little surface texture is produced by the

irradiation process. Yet the surface texture is integral to the design of an efficient

intermediate band device, because without light-trapping, the doped layer is only

weakly absorbing [34]. Thus, a central challenge in fabricating efficient intermediate

band devices is to keep the dopant concentration below the degeneracy threshold

(i.e., the semiconductor-to-metal transition threshold) while also obtaining strong

light trapping in the surface.

In this section, we approach this challenge by separating the laser-texturing

and laser-doping steps in the irradiation process. We texture a silicon substrate in

N2 gas using a high fs laser fluence and many pulses, then dope the textured surface

in SF6 gas using a lower laser fluence and fewer pulses. The texturing enhances

the optical absorptance of the dopants through light-trapping, and we can directly
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observe the growth of a sub-bandgap absorption band with increased sulfur doping by

using spectrophotometry and FTIR spectroscopy. With increased doping, we observe

changes in the sub-bandgap absorption band that we associate with the onset of

degeneracy (a semiconductor-to-metal transition). Our results indicate that laser

doping of textured substrates could be a successful approach for fabricating efficient

intermediate band devices.

2.7.2 Methods

Silicon was laser-textured in N2 gas, then laser-doped with SF6. First, a silicon wafer

was irradiated with scanned 800 nm fs laser pulses at a fluence of 8.0 kJ/m2 and 50

shots/area in order to produce a light-trapping surface texture. An atmosphere of

20 Torr N2 was used as a buffer gas to prevent ablated particles from coating the

fabrication chamber. The N2 gas was flowed through the irradiation chamber at a

constant pressure of 20 Torr in order to carry away debris as the silicon was irradiated.

Following this, the textured silicon was irradiated with the same laser at a fluence of

2.5 kJ/m2 in 500 Torr SF6 gas using 5, 10, 20, 40, 60, and 80 shots/area.

The optical absorptance of the hyperdoped black silicon was measured using an

ultraviolet-visible-near infrared (UV-VIS-NIR) spectrophotometer (for wavelengths of

0.4–2.5 µm) and a Fourier transformed infrared (FTIR) spectrometer (for wavelengths

of 2.4–10.0 µm). Reflectance (R) and transmittance (T) spectra were measured with

integrating spheres and were used to calculate the optical absorptance (A = 1 –

R – T). The FTIR spectra were matched to the spectrophotometer spectra in the

overlapping wavelength range (2.4–2.5 µm). To observe the effect of the SF6 doping
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on the optical absorptance, absorptance spectra from samples not doped with SF6

were subtracted from spectra from samples doped with SF6.

2.7.3 Results

When texturing samples in N2 gas, large amounts of debris accumulated on the surface

unless the gas was flowed through the chamber during the irradiation process. When

texturing in flowing gas, the surface was textured while remaining free of debris.

After texturing in N2 but before doping with SF6, the surface showed increased

optical absorptance both above the bandgap energy (with absorptance of about 80%)

and below the bandgap energy (with absorptance decreasing from 1.1–0.4 eV), con-

sistent with other studies of silicon texturing in N2 gas [43].

After additional irradiation in SF6 gas, the optical absorptance was increased

further. With 20–60 pulses in SF6, the sub-bandgap absorptance increased while

retaining a similar lineshape to the absorptance before SF6 doping, while the above-

bandgap absorptance remained constant. With 80 pulses in SF6, however, the sub-

bandgap absorptance increased significantly while changing its lineshape, and the

above-bandgap absorptance increased to 90%, as shown in the Figure 2.7.1, with

detail at low photon energies shown in Figure 2.7.2.

By subtracting the spectrum of the undoped sample from those of the doped

samples, we can observe the effect of SF6, as shown in Figures 2.7.1 and 2.7.2. After

20 shots/area in SF6, an absorption band appears with a peak around 0.7 eV. With

additional pulses, the band grows larger with a peak around 0.6–0.8 eV. The absorp-

tion bands due to SF6 decline to zero around 0.1–0.3 eV. After 80 shots/area in SF6,

98



Chapter 2: Advances in femtosecond laser processing of silicon

a b

60 pulses in SF
6

80 pulses in SF
6

40 pulses in SF
6

20 pulses in SF
6

textured Si substrate (no  SF
6
)

photon energy (eV)

a
b
so

rp
ta

n
ce

 (
1
—

R
—

T
)

1.6 1.2 0.8 0.4 0

1

0.8

0.6

0.4

0.2

0

60 pulses in SF
6

80 pulses in SF
6

40 pulses in SF
6

20 pulses in SF
6

photon energy (eV)

a
b

so
rp

ta
n

ce
 f

ro
m

 S
F

6

1.6 1.2 0.8 0.4 0

1

0.8

0.6

0.4

0.2

0

Figure 2.7.1: a: Optical absorption spectra of silicon textured in N2 gas
and subsequently irradiated in 500 Torr SF6 gas using 20, 40, 60, and 80
shots/area (fluence of 2.5 kJ/m2). b: Absorptance on textured substrate
attributed to SF6 doping.
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Figure 2.7.2: a: Detail of optical absorption spectra from 0.05–0.3 eV. b: Ab-
sorptance attributed to SF6 doping from 0.05–0.3 eV. For samples irradiated
with 20–60 shots/area in SF6, the absorptance due to SF6 approaches zero
between 0.3–0.1 eV. For the sample irradiated with 80 shots/area in SF6,
however, sub-bandgap absorptance is observed all the way to the detection
limit at around 0.05 eV.

the absorption due to SF6 is no longer symmetric, but grows from the band edge to

0.6 eV with upward concavity, plateaus, and then decreases rapidly below 0.3 eV, with

significant absorption still observed at the low-energy detection limit at 0.05 eV. In
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the range of 0.3 eV to 0.05 eV (our detection limit), the samples irradiated with 20–60

shots/area in SF6 no sub-bandgap absorptance below around 0.1 eV, while the sample

irradiated with 80 shots/area in SF6 shows SF6-induced sub-bandgap absorptance all

the way to the detection limit at 0.05 eV.

2.7.4 Discussion

To produce a highly textured substrate in N2, a high fluence and shots/area were used,

which generated a large amount of debris. Samples that were fabricated as described

above but without flowing gas were coated in debris after fabrication. Flowing the N2

gas through the chamber was effective in preventing this debris from building up on

the silicon surface and could be a useful technique for producing debris-free samples

in the future.

What dopant concentrations are achieved in our samples? The increase in

dopant concentration as a function of pulse number (for 1–6 pulses) and SF6 pressure

(for 10–500 Torr) have been measured with a pulse fluence of 2.5 kJ/m2 (Sher thesis)

and indicate that, in 500 Torr SF6, 4 pulses produce a peak dopant concentration

of around 8 ⇥ 1018 S atoms/cm3. The growth in peak dopant concentration with

additional pulses is approximately linear from 1–6 pulses, so we estimate an average

increase in peak dopant concentration of around 2⇥ 1018 S atoms/cm3 per pulse. To

achieve a dopant concentration of 0.1–0.4 at. % (5⇥1019–2⇥1020 S atoms/cm3 in Si),

which has been indicated as the doping range producing an intermediate band [13],

our estimate implies that 25–100 pulses are needed. At around 100 pulses, we expect

to exceed a dopant concentration of 0.4 at. %, producing a semiconductor-to-metal
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transition and free-carrier absorption. Although the increase in dopant concentration

with additional pulses eventually plateaus around 1 at. % [8], we expect to be below

this limit with our irradiation conditions.

These estimates of dopant concentration are consistent with the absorption spec-

tra we observe. After 20 shots/area in SF6, we expect the dopant concentration to be

close to 0.1 at. %, and we see an absorption band develop with a peak at around 0.7

eV; this is consistent with an intermediate band centered at 0.7 eV above the valence

band, which is the region of the band gap corresponding to the substitutional donor

levels of sulfur in silicon [69]. We observe that the enhanced absorptance drops to zero

at energies below around 0.3 eV, which is consistent with a gap between the inter-

mediate band and the conduction band. The width of the absorption band suggests

intermediate band absorption rather than absorption from isolated impurities. Thus,

both our estimate of the dopant concentration and our absorption measurements af-

ter 20 shots/area are consistent with silicon that exhibits an intermediate band but

has not undergone a semiconductor-to-metal transition. After 40 shots/area, the SF6

absorption band grows but is still zero below around 0.3 eV. After 60 shots/area, the

absorption band grows further and extends to lower energies, reaching zero only for

energies below around 0.1 eV. This is consistent with the energy range of the inter-

mediate band growing in width and nearly becoming degenerate with the conduction

band. After 80 shots/area, we see a sharp transition to increased absorptance. The

absorptance band is no longer symmetric but drops off abruptly, which may be due

to a reduction in light-trapping efficiency at long wavelengths (Sher, Lin, 2014). Fur-

thermore, the enhanced absorptance stays above zero all the way to the detection
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limit at around 0.05 eV, indicating that free-carrier absorption may be occurring.

These features could indicate a semiconductor-to-metal transition.

What is the sulfur dose that we expect in our samples? Again, the increase

in dose as a function of pulse number and gas pressure has been measured (sher

thesis), but because the dose appears to grow nonlinearly with increased pulse number

under some conditions, and because the pulse numbers we use here are significantly

larger than those measured in the literature, it is difficult to estimate the total dose.

However, we make a rough estimate by assuming that the dose grows linearly with

pulse number. The dose reported for 6 pulses at a fluence of 2.5 kJ/m2 in 500 Torr SF6

is about 3⇥ 1013 atoms/cm2 [14]. This implies a dose of around 3⇥ 1014 atoms/cm2

for our sample with 60 shots/area. The product of absorption coefficient ↵ and depth

d reported for this dose is around 0.04 at 0.7 eV [34], which corresponds to only 4%

light absorption. In our sample, however, we have about 10% light absorption from

sulfur doping. This could be due to an increase in optical path length due to texturing

by a factor of about two, or it could be due to an underestimate of the sulfur dose

(for example, a dose of 1015 atoms/cm2 has been reported with an ↵d product at 0.7

eV of 0.1, which would yield an absorptance of 10%). It is reasonable to expect that

the optical path length is increased on our textured surface relative to a flat surface

simply due to the fact that the doped layer is not oriented normally to the incoming

light.

We can obtain a rough idea of the anti-reflective effectiveness of the N2-textured

surface by considering the increase in above-bandgap absorptance. After texturing,

we see the above-bandgap absorptance increase from 70% to 80%. Because above-
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bandgap absorptance losses comes from surface reflectivity, we can determine that

texturing reduces the effective reflectivity from 0.3 to 0.2, equivalent to 1.3 normal-

incidence reflection events per photon at the surface (instead of 1 reflection event for

a flat surface). Greater reductions in reflectivity have been achieved using textures

produced by fs-laser irradiation in fluorine-bearing gases (such as SF6). For example,

black silicon produced in SF6 can exhibit above-bandgap reflectivity as low as 5%

(see Chapter 4, for example), equivalent to 2.5 reflection events per photon. Future

work could attempt to control the dopant concentration on substrates with similarly

strong light-trapping properties.

Similarly, we can estimate the increase in optical path length produced by our

textured surface by considering the absorptance below the bandgap. The sulfur dose

we estimate for our sample with 60 pulses is 3⇥ 1014 atoms/cm2, associated with an

↵d product of 0.05 for a 250 nm thick layer [34], or an absorption coefficient ↵ =

2 ⇥ 105 m�1. For a 100-nm thick layer produced by laser doping, we would expect

absorption of only 2% without light trapping. In our samples, if we have a 100-nm

thick doped layer and an absorption coefficient of 2⇥ 105 m�1 after 60 shots/area in

SF6, then our sulfur absorption band with 10% absorptance would correspond to a

light-trapping factor of about 5. This is much lower than the Lambertian limit, which

is 4n2/sin(2✓), where n is the refractive index and ✓ is the angle of the emission cone in

the medium surrounding the cell [46]. For silicon, if n = 3.5 and ✓ = 90 degrees, then

path-length enhancement factors of 50 can be achieved. If we were to increase the

optical path length by a factor of 50 through Lambertian light trapping on our sample

doped with 60 shots/area, then we would expect sub-bandgap absorption of over 60%.
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It may be possible to achieve even higher absorption levels by using nanophotonic

light trapping tuned to the intermediate band absorption wavelength [46]. Thus, we

expect that textured surfaces with greater light-trapping factors could result in much

higher intermediate band absorptance than what we observe here at doping levels

below the semiconductor-to-metal transition.

Here we demonstrated the separation of the texturing and doping steps, so that

the dopant concentration could be controlled on a light-trapping surface. This is

ultimately an important task for producing efficient intermediate band devices. How-

ever, the level of sub-bandgap absorptance we achieve through sulfur doping is only

about 10% before reaching what appears to be the semiconductor-to-metal transition.

This indicates that to achieve strong sub-bandgap absorptance while staying below

the semiconductor-to-metal transition, very strong light-trapping surfaces should be

used. Because the doped layer must be thin to allow carrier transport, effective

light-trapping surfaces would utilize optical path length enhancement. Thus, a future

direction is to use substrates with much greater optical path length enhancement fac-

tors while controlling the dopant concentration to form an intermediate band. There

are multiple strategies that could be used to achieve this, such as doping pre-textured

substrates (e.g., nanowire substrates) or fabricating black silicon in SF6, removing

the doped skin layer (e.g., through chemical texturing or laser ablation), and then

doping the surface in a controlled way.
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2.7.5 Conclusions

In this section, we investigated the separation of texturing and doping steps in laser

processing of silicon. We find that we can texture a silicon substrate in N2 gas, then

laser-dope the textured surface with sulfur. After sulfur doping with a small number

of laser pulses (20 shots/area), we observe an optical absorption band emerge with a

peak at 0.7 eV and which drops to zero below photon energies of 0.3 eV, consistent

with the formation of an intermediate band. With increasing shots/area, the absorp-

tion band grows in strength and extends to lower photon energies, consistent with

an increase in the density of states and width of the intermediate band. After 80

shots/area, we observe an abrupt transition to much greater absorption, the sulfur

absorption band is no longer symmetric, and the band remains above zero for photon

energies down to the detection limit of our experiment (0.05 eV), consistent with a

semiconductor-to-metal transition caused by an increase in sulfur dopant concentra-

tion beyond the transition threshold, which has been reported as 0.4 at. % in the

literature [13]. The pulse numbers at which we observe the emergence of the sulfur

band and the emergence of metallic absorption are broadly consistent with those ex-

pected to produce dopant concentrations above 0.1 and 0.4 at. %, respectively. These

results show that it is possible to laser-dope a textured substrate while controlling the

dopant concentration, an important step for fabricating efficient intermediate band

devices. Based on an estimate of the doped layer thickness and the sulfur dose, we

estimate that our light-trapping surface increases the optical path length at the in-

termediate band absorption wavelength by a factor of about 5. We estimate that by

using substrates with light-trapping factors at the Lambertian limit, the strength of
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the intermediate band absorption could be increased to above 60% without exceed-

ing the semiconductor-to-metal transition. A future direction is to use substrates

with high light-trapping factors while controlling the dopant concentration to form

an intermediate band.

2.8 Surface cleaning with hydrofluoric acid

2.8.1 Introduction

In Sections 2.2 and 2.3, we observed the accumulation of surface debris when fabri-

cating laser-textured silicon at low fluences. In this section, we investigate the use of

hydrofluoric acid (HF) for removing this debris.

2.8.2 Methods

Samples described in Section 2.2 were used to investigate the effect of HF treatment.

A silicon wafer was irradiated with a series of stationary 800 nm fs pulses without

translating the sample. A peak fluence of 1.5 kJ/m2 and pulse numbers of 200–900

were used in 100 pulse increments. The pulse diameter was 840x1000 micrometers,

the pulse duration was 50 fs, and a pulse repetition rate was 100 Hz. Replicate

samples were prepared in ambient air at atmospheric pressure, 100 Torr, and 20 Torr.

To test the effect of hydrofluoric acid, samples were placed in 10 HF solution

for 2 minutes.

Samples were imaged with a scanning electron microscope at all local fluences

for which texturing was present in local fluence increments of 0.1 kJ/m2. Local fluence
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was determined as a function of position as described in Section 2.2. Samples were

imaged before and after HF treatment.

The presence of amorphous silicon in the laser-irradiated area was measured

using Raman spectroscopy as in Section 2.2. A baseline was subtracted from the

Raman spectra by fitting and subtracting a 2nd-degree polynomial through a series

of spectral values that are nominally zero for silicon (70, 80, 600, 700, 800, 1100,

1200, 1300, and 1400 cm�1 were used). Then, the spectral area from 460–510 cm�1

(associated with the broad amorphous silicon peak centered at 480 cm�1) was divided

by the spectral area from 515–525 cm�1 (associated with the sharp crystalline silicon

peak centered at 520 cm�1). This procedure yielded an indicator of amorphous silicon

content that was insensitive to variations in overall spectral strength. The amorphous

silicon content was then mapped out radially over the textured area of the sample.

The amorphous silicon content was measured in this way both before and after HF

treatment.

2.8.3 Results

HF treatment removed almost all visible debris from the surface. The effect was

greatest for samples fabricated at higher gas pressures, because those samples exhib-

ited higher levels of surface debris to begin with, as shown in Figure 2.8.1. Samples

fabricated at low pressure (20 Torr) did not have surface debris present after fabrica-

tion; for these samples, HF treatment had no visible effect on the surface morphology,

as shown in Figure 2.8.2.

The effect of HF treatment on the amorphous silicon content depended on the
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a b

2 µm 2 µm

Figure 2.8.1: Removal of heavy surface debris with HF treatment. 400 pulses
with local fluence of 1.4 kJ/m2. a: before HF treatment. b: after HF
treatment.

fabrication gas pressure. For samples fabricated at atmospheric pressure, HF treat-

ment reduced the amorphous silicon content at the edge of the textured area (where

the amorphous silicon content was highest before HF treatment). However, HF treat-

ment did not significantly reduce the amorphous silicon content throughout the rest

of the textured area, despite the visible reduction in surface debris. For samples fab-

ricated at a pressure of 20 Torr, HF treatment reduced the amorphous silicon content

throughout the textured area by about a factor of two. The amorphous signal as

measured by Raman is shown as a function of texturing radius in Figure 2.8.3.

2.8.4 Discussion

HF treatment was highly effective at removing surface debris without altering the

morphology of the surface texture. This may be due to the fact that HF selectively

etches silica rather than silicon. In Section 2.2, x-ray spectroscopy showed that the

surface debris is oxygen-rich, which is consistent with its removal by HF. The fact
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a b

c d

2 µm 2 µm

2 µm 2 µm

Figure 2.8.2: HF removes surface debris when present and otherwise has
no discernible effect on the surface morphology. All images 200 pulses with
local fluence of 1.4 kJ/m2. Top: fabrication in air at atmospheric pressure
(a: before HF treatment; b: after HF treatment). Bottom: fabrication in 20
Torr air (c: before HF treatment; d: after HF treatment).

that the removal of surface debris did not correlate with a reduction in amorphous

silicon (in fact, the opposite was the case) indicates that the debris is not composed

of amorphous material. The morphology of the debris, its chemistry, and its removal

by HF all suggest that it is some kind of silica material, perhaps similar to fumed

silica.

Amorphous silicon was removed by HF treatment, but only under some condi-

tions. For example, when no debris was initially present on the surface, then HF treat-
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a

b

Figure 2.8.3: The effect of HF treatment on amorphous silicon content (left:
before HF treatment; right: after HF treatment). Average amorphous sili-
con signal shown as a function of distance from the center of the irradiated
area. Samples fabricated at atmospheric pressure (top 8 plots) showed no
significant reduction in amorphous silicon content after HF treatment ex-
cept for at the edge of the textured area (although visible surface debris was
removed). Samples fabricated at 20 Torr (bottom 8 plots) showed a reduc-
tion in amorphous silicon content by about a factor of two throughout the
textured area.
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ment removed some amorphous silicon. Similarly, when surface debris was present,

HF treatment removed some amorphous silicon near the edge of the textured area

that is debris-free, but did not remove amorphous silicon in the textured area cov-

ered by debris. Because HF rapidly etches SiO2 but not Si, it is possible that these

differences in amorphous silicon removal are due to differences in the incorporation

of oxygen into the surface. For example, the accumulation of debris on the surface

might reduce the amount of oxygen incorporated into the amorphous silicon surface

during melting and resolidification. If less oxygen is incorporated into the amorphous

silicon surface, then that amorphous silicon would be more resistant to removal by

HF. Conversely, we see that HF removes amorphous silicon when surface debris does

not accumulate (e.g., at low fabrication pressures and near the edge of the textured

area). The lack of surface debris may facilitate incorporation of oxygen into the sur-

face, which is amorphous, and thus removal of that surface by HF. The remaining

amorphous silicon detected by Raman spectroscopy could be left on the surface or

could be sub-surface pockets of amorphous silicon that HF treatment cannot reach.

Even after amorphous silicon is removed, the surface morphology appears un-

altered. This could be due to the fact that the amorphous skin on laser-textured

silicon is typically less than 100 nm thick, so its removal would not alter the surface

morphology significantly.

HF treatment could be useful for laser-processed silicon surfaces. Particularly

if irradiation is performed in air (or in any oxygen-bearing gas), HF treatment would

remove any oxygenated material on the surface, including debris. The removal of

the oxygenated skin on the surface could be useful because this skin tends to be
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amorphous and thus undesirable, and also because this skin would contain impurities

from the irradiation atmosphere, which may also be undesirable. Thus, HF treatment

could be useful for cleaning laser-textured silicon for photovoltaics or photodetectors.

If the doped skin is functional (e.g., if it is hyperdoped for the purpose of produc-

ing sub-bandgap absorptance), then HF treatment could be less useful, because the

etching process would remove this layer.

2.8.5 Conclusions

In this section, we investigated the use of HF for cleaning laser-textured silicon after

fabrication in air. We found that HF removes the surface debris that accumulates

during irradiation. We also found that when debris is not present, HF reduces the

amorphous silicon content of the surface by about a factor of two. The overall surface

morphology, which here consists of periodic ripples, is not altered by HF treatment.

The effect of HF treatment may be attributed to the inclusion of oxygen in the

debris and the amorphous skin during irradiation. HF treatment could be useful for

removing undesirable material from the surface of laser-textured silicon while keeping

the morphology intact.

2.9 Conclusions of chapter

In this chapter, we explored a range of experimental advances in the fabrication of

laser textured and laser doped silicon.

In Section 2.2, we investigated the texturing of silicon under simple conditions—

in air near the melting threshold fluence using stationary pulses. We observed laser-
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induced periodic surface structures, which became fully formed at particular fluence

and pulse number combinations, and which became damaged by continued irradiation.

Debris, which is oxygen-rich and similar in morphology to fumed silica, accumulates

on the surface with continued irradiation, but can be mitigated by using a low-pressure

environment. We find that oxygen is incorporated into the surface of the ripples, and

that the formation of surface textures is associated with a sharp increase in the

presence of amorphous silicon, which decreases slightly with increased irradiation.

With increased pulse number, the threshold fluence for surface texturing decreases,

and the surface feedback effects leading to texturing at low fluences—from initial

modification of the surface to fully developed surface textures—occur over about 40

pulses irrespective of local fluence.

In Section 2.3, we investigated the texturing of silicon below the single-pulse

melting threshold. We found that before texturing occurs, debris is generated that

appears to be highly strained silicon and/or hexagonal (wurtzite) silicon. The gen-

eration of hexagonal silicon and extended defects could be one of the incubation

mechanisms leading to eventual melting and surface texturing below the single-pulse

melting threshold. We observe the surface ripples to form beneath a thin surface

layer, which is likely the native oxide layer and which delaminates from the surface as

the textures are formed. This delaminated layer may be the origin of the oxygen-rich

debris we observe in Section 2.2. We again find that the threshold fluence for surface

texturing decreases with increasing pulse number, yet we also find that it is sensitive

to not just the local fluence but the peak fluence, as the peak fluence determines how

quickly incubation effects accumulate, how quickly texturing is initiated, and thus
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how quickly surface feedback mechanisms can produce texturing at lower local flu-

ences. We describe the initiation and propagation of surface texturing as a function

of fluence and pulse number, which predicts that peak fluences above the melting

threshold require 10–20 pulses for texture formation, whereas lower peak fluences re-

quire many more pulses to initiate texturing (e.g., hundreds of pulses with a peak

fluence of 1.4 kJ/m2).

In Section 2.4, we use irradiation conditions that allow us to observe the forma-

tion of surface textures from the earliest stages of surface modification. We use a range

of gases (air, nitrogen, and sulfur hexafluoride) as well as a range of gas pressures, and

we find that the surface texture formation process is highly sensitive to gas pressure

in general. Surface textures appear to initiate as localized areas of melting, which at

low fluence are randomly distributed over the surface and are likely due to defects

or small particles on the surface. Some of these localized areas of melting produce

melting strips that propagate over the surface, likely due to surface plasmon polari-

tons. As these melting strips propagate, mass transfer occurs away from the areas

of greatest melting, which we attribute to surface energy gradients from temperature

gradients (thermocapillary effects) and impurity gradients arising from the ambient

gas (impurity Marangoni effects). Once surface ripples are formed from mass transfer,

growth of the textured region occurs in the direction of laser polarization, again likely

due to the generation of surface plasmon polaritons from the textured surface. At

low gas pressures, highly elongated regions of surface texturing can be formed. These

regions eventually merge to form an interconnected textured network. At increased

gas pressures, the textured area forms over a region that reflects the shape of the
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laser pulse rather than the direction of surface plasmon polaritons, which may be due

to the dominance of impurity Marangoni effects over thermocapillary effects. Again,

we find that amorphous silicon forms as the textures are generated, but that textures

that receive additional irradiation exhibit slightly less amorphous silicon, similar to

Section 2.2. In some textured areas, we observe silicon debris that appears highly

strained, as well as debris that appears to be modified by the the electron beam used

for imaging and therefore may be metastable.

In Section 2.5, we move from stationary pulses to scanned pulses. We use a

high-throughput fabrication system to explore the fabrication parameter space ex-

perimentally. In sulfur hexafluoride gas, we find three typical surface morphologies:

flat, textured with ripples, and textured with spikes. These morphologies have dis-

tinct appearances to the eye. Treating these morphologies as phases, we generate a

phase diagram as a function of pulse number and fluence. We are able to predict

the boundary in the phase diagram between flat and textured silicon using the re-

sults from stationary pulses obtained in Section 2.3. We find an empirical boundary

between rippled and spiked textures that appears to be sensitive to surface feedback

effects. The fabrication phase diagram we generate is a useful step toward predictive

fabrication of laser-textured silicon.

In Section 2.6, we used scanned pulses to fabricate samples with selenium thin

films. We find that using low fluences, the Se film is initially textured with rip-

ple structures, and with additional pulses, the silicon surface is textured with ripple

structures as well, at which point the surface shows sub-bandgap optical absorptance,

which indicates the incorporation of Se into the silicon surface. At very low fluence
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(0.8 kJ/m2) and high pulse number (5000 pulses), we observe highly uniform rip-

ples with a period of only 150 nm, which show sub-bandgap optical absorptance.

The results suggest that the presence of Se strongly reduces the texturing threshold

of silicon, which can be utilized to dope and texture the surface of silicon without

modifying the substrate.

In Section 2.7, we explore how to control the doping concentration when per-

forming laser doping of textured surfaces. To accomplish this, we separate the laser

texturing and laser doping steps, texturing silicon in nitrogen with a high fluence and

subsequently doping the textured surface with sulfur hexafluoride at a lower fluence.

With sulfur doping, we observe the formation of a symmetric optical absorptance

band with a peak around 0.7 eV, which corresponds to the valence band to interme-

diate band transition energy. This absorption band drops to zero at photon energies

below around 0.3 eV, indicating that the sulfur forms a true intermediate band. With

continued sulfur incorporation, the absorption band grows in intensity and to lower

energies, consistent with expected intermediate band characteristics. Above a certain

doping threshold, we observe an abrupt shift in the sulfur absorption to an asymmet-

ric shape and to increased absorption at very low photon energies (0.05 eV), consistent

with a semiconductor-to-metal transition. The estimated sulfur concentrations from

our laser doping parameters agree well with the concentrations associated with the

formation of an intermediate band and the semiconductor-to-metal transition. This is

the first demonstration of control of doping concentration on textured surfaces using

fs laser doping to form an intermediate band.

In Section 2.8, we investigate the use of hydrofluoric acid (HF) on the surface of

116



Chapter 2: Advances in femtosecond laser processing of silicon

laser-textured silicon fabricated in air. HF is highly effective at removing the oxygen-

rich debris from the surface after texturing without altering the surface morphology.

When fabrication is performed at low pressures, surface debris is avoided, but oxygen

is incorporated into the surface of the texture. In this case, HF removes about half

of the amorphous silicon detected by Raman spectroscopy, again without altering

the surface morphology. Thus, HF treatment could be a useful technique for general

cleaning of laser-textured silicon surfaces.
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Chapter 3

The material microstructure of

hyperdoped black silicon

3.1 Introduction to chapter

In this chapter, we review two research papers in which I participated as a coau-

thor [5, 6]. The papers were led by Matthew Smith at the Massachusetts Institute

of Technology [2] and describe the complex material microstructure of hyperdoped

black silicon. The microstructure of hyperdoped black silicon provides information on

the conditions produced by fs laser irradiation, such as pressure induced during the

irradiation process, and is important in determining the properties of resultant de-

vices [70]. Because the details of each study are available in the published literature,

here I review only the major results of each paper.
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3.2 The origins of pressure-induced phase transfor-

mations during the surface texturing of silicon

using femtosecond laser irradiation

3.2.1 Introduction

Here, we discuss the main results from "The origins of pressure-induced phase trans-

formations during the surface texturing of silicon using femtosecond laser irradiation"

(Journal of Applied Physics 112, 2012) [5]. In this paper, we investigate the origins

of silicon polymorphs in hyperdoped black silicon: amorphous silicon (a-Si), Si-XII,

and Si-III. These phases are present both as a skin on the surface (a-Si from melting

and fast resolidification) and as pockets below the surface, usually concentrated in

the cores of black silicon spikes (a-Si, Si-III, and Si-XII, apparently from high pres-

sures induced during the irradiation process). Although it is sometimes difficult to

detect Si-XII and Si-III visually in cross-sectional microscope images, these phases

can be detected by Raman spectroscopy [42]. Amorphous silicon can be detected

both with Raman spectroscopy and visually with cross-sectional microscopy. In this

study, to understand the origin of these phases, their presence is correlated with the

mechanisms resulting from fs irradiation at various fluences.

Amorphous silicon, Si-XII, and Si-III can be produced by high pressures. At

pressures above 10–12 GPa, conventional, diamond cubic silicon (Si-I) transforms to

Si-II. As the pressure is released, Si-II transforms first to Si-XII, then to Si-III around

2 GPa. If the pressure is released sufficiently quickly (faster than microseconds), how-
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ever, then a-Si is formed instead of Si-XII and Si-III. The purpose of this study was

to determine the pressure generation mechanism responsible for these high-pressure

phases in black silicon. There are at least three potential mechanisms that can pro-

duce pressures on the order of GPa in laser-irradiated silicon. First is thermoelastic

pressure, which occurs because during fs laser irradiation, the silicon is heated so

quickly that it remains at constant volume. This cycle of pressure generation and

release occurs on the order of picoseconds. Second is pressure from recoil shock waves

generated during ablation of the surface, which also occurs over picoseconds. And

third is pressure from melting and resolidification of the surface, which develops over

nanoseconds; residual stress from this mechanism remains locked into the surface after

irradiation.

3.2.2 Measuring pressure-induced phases

A silicon wafer was irradiated with 88 stationary pulses with a peak fluence of 4.0

kJ/m2, and the intensity of Si-XII signal was mapped out over the irradiated area.

The Si-XII signal is measured by Raman spectroscopy, as Si-XII exhibits a Raman

peak around 350 cm�1. The onset of Si-XII generation occurs at a local fluence of

about 1.6 kJ/m2, which corresponds to the melting threshold of silicon under fs laser

irradiation. At local fluences above about 3.2 kJ/m2, which is close to the ablation

threshold for fs laser irradiation of silicon, the Si-XII signal drops to near zero. These

results show that Si-XII is associated with melting and resolidification. The reduction

in the Si-XII signal at fluences above 3.2 kJ/m2 contradicts the hypotheses of Si-XII

being formed by thermoelastic pressure or recoil shock waves, both of which would
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be expected to increase with increasing pulse fluence.

For comparison, a silicon wafer was irradiated with 88 stationary pulses with

a peak fluence of 3.2 kJ/m2, and the Si-XII signal was again mapped out using

Raman spectroscopy, as shown in Figure 3.2.1. As expected, the Si-XII signal was

not suppressed in the center of the irradiated area, presumably because the local

fluence never exceeded 3.2 kJ/m2. However, the onset of Si-XII formation occurred

at about 1.9 kJ/m2 rather than 1.6 kJ/m2. To explain this, we observe that for both

of the irradiated areas (with peak fluences of 4.0 and 3.2 kJ/m2), the surface texturing

extends to lower local fluences than the Si-XII formation. Because surface texturing

at low fluences is associated with surface melting and resolidification, this is evidence

that surface melting alone is not sufficient to produce Si-XII. Rather, it appears that

Si-XII develops only after textures are formed and then subsequently irradiated at

fluences that produce melting and resolidification. If the local fluence corresponding

to the onset of texturing is reduced for higher peak fluences (consistent with results

reported in Chapter 2), then we would also expect the local fluence corresponding to

additional cycles of melting on the surface texture, and thus the generation of Si-XII,

to be reduced, as well, which is consistent with what we observe here.

When scanning the laser pulse train across the sample, Si-XII is present through-

out the surface, even when the peak fluence of the pulse is above 3.2 kJ/m2. For

example, after scanning a silicon surface with 88 shots/area and a peak fluence of 4.0

kJ/m2, the Si-XII signal is much greater than that produced by 88 stationary pulses

with a local fluence of 4.0 kJ/m2. This is explained by the fact that when scanning

pulses across a surface to achieve 88 shots/area using a peak fluence of 4.0 kJ/m2,
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Figure 3.2.1: Map of Si-XII on irradiated silicon as determined by Raman
spectroscopy. From [5].

the average site on the surface receives 88 exposures to local fluences between 2.0–4.0

kJ/m2, but over 300 pulses in the range 0.1–2.0 kJ/m2. Thus, the irradiation con-

ditions between the stationary pulse sample and the scanned pulse sample are quite

different, even though the irradiation parameters appear similar. To investigate this,

a silicon surface was irradiated with a series of tranches of stationary pulses. After

each tranche of pulses, the surface texture was imaged, the Si-XII content was mea-
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sured, and the pulse fluence was reduced. In this way, we can observe the connection

between pulse fluence, texturing, and Si-XII production. Figure 3.2.2 shows the flu-

ence and number of pulses in each tranche, the texture produced after each tranche,

and the Si-XII signal after each tranche. After 5 pulses at 4.0 kJ/m2 and 8 pulses at

3.6 kJ/m2, the texture is poorly developed and no Si-XII is observed. Subsequently,

after 12 pulses at 3.2 kJ/m2, the surface texture is almost fully formed, but Si-XII is

still not observed. Then, after 12 pulses at 2.8 kJ/m2, the surface texture is fully de-

veloped, and a small amount of Si-XII (just above the noise floor) is detected. Finally,

after 20 pulses at 2.4 kJ/m2, 12 pulses at 2.0 kJ/m2, and 20 pulses at 1.6 kJ/m2, the

surface texture is unchanged, but the Si-XII signal grows substantially. Again, these

results show that it is not texturization per se that produces Si-XII, but rather low-

fluence irradiation (sufficient to produce melting) on the textured surface. Indeed,

through the texture formation process itself, little or no Si-XII is observed. Thus, if

Si-XII is produced by stresses incurred during resolidification, then the surface mor-

phology may be important in determining the magnitude and spatial distribution of

such stresses.

In Figure 3.2.2, samples FM4 and FM5 have very similar surface morphologies,

yet quite different amounts of Si-XII. To investigate whether this difference is ap-

parent with microscopy, cross-sectional transmission electron microscope images were

prepared from each sample, shown in Figure 3.2.3. We can see a 50–100 nm skin

of amorphous silicon produced directly by melting and resolidification. Below this,

within the core of the surface peaks, we see pockets of amorphous silicon, which are

presumably pressure-induced. The fact that pressure-induced phase transformations
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Figure 3.2.2: Tranches of stationary pulses with decreasing fluences, showing
the surface texture and the Si-XII signal after each tranche. From [5].

are observed only within the surface peaks (and not below, for example, the surface

valleys) indicates that the surface morphology plays an important role in giving rise

to sufficient stresses to generate pressure-induced phases such as a-Si and Si-XII.

Simulations of resolidification on textured surfaces are consistent with the formation

of compressive stress at each side of the surface peak [71]. Although we can detect
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Si-XII in FM5 using Raman spectroscopy, we are not able to identify it visually in the

micrograph. Past, similar work has indicated that Si-XII forms in the same regions

as a-Si, but can be difficult to detect visually due to its small volume and metastabil-

ity [42]. Overall, the cross-sectional micrographs consistent with the hypothesis that

Si-XII is formed by residual stresses produced by melting and resolidification on the

textured silicon surface, with the region of greatest compressive stress localized in the

core of the surface peaks.

3.2.3 Conclusions

In this section, we reviewed the main results of a study on the origins of pressure-

induced phase transformations in laser-irradiated silicon [5]. We saw that after fs-laser

irradiation, amorphous silicon, Si-XII, and Si-III are often present in the silicon sur-

face and be detected using Raman spectroscopy. Si-XII is associated with the melting

and resolidification of the silicon surface after it has been textured and is suppressed

at local fluences above 3.2 kJ/m2. Scanned pulse samples and stationary pulse sam-

ples with the same apparent irradiation parameters are actually quite different in

terms of the number and range of fluence exposures experienced by an average site on

the surface. Because scanned pulse samples experience a large number of exposures

at low fluences compared to exposures near the peak fluence, these samples often

exhibit high levels of pressure-induced phases relative to stationary pulse samples.

By irradiating a silicon surface with a sequence of stationary pulses, and reducing

the fluence after each tranche of pulses, we see that the surface texture forms with

little or no Si-XII present, and then subsequent irradiation at low fluences (sufficient
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Figure 3.2.3: Cross-sectional transmission electron microscope images from
samples FM4 and FM5 from Figure 3.2.2. Surface and pressure-induced
amorphous silicon are visible in both samples. Raman spectroscopy shows
the presence of Si-XII in FM5 although it cannot be seen visually in the
micrograph. From [5].

to melt the surface) do not alter surface texture but do generate Si-XII. This Si-

XII is detectable by Raman spectroscopy but is not easily visible in cross-sectional

transmission electron micrographs. These micrographs show pockets of a-Si within
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the core of the surface peaks, which is consistent with compressive stress generated

by melting and resolidification on the textured surface. Overall, our results indi-

cate that residual stresses from surface melting and resolidification are responsible

for pressure-induced phases observed in fs-laser-irradiated silicon, rather than other

pressure-generating mechanisms such as thermoelastic pressure or recoil shockwaves

from surface ablation. It appears that for subsurface pressure-induced phases to form,

such melting and resolidification must occur on a textured surface, rather than a flat

surface. These results are relevant for the manufacture of optoelectronic devices with

fs laser processing of silicon (for surface texturing and hyperdoping, for example),

because pressure-induced phases are expected to affect the optoelectronic properties

of the surface and can be difficult to remove from the surface due to their subsurface

location.

3.3 Improving dopant incorporation during femtosecond-

laser doping of Si with a Se thin-film dopant pre-

cursor

3.3.1 Introduction

Here, we discuss the main results from “Improving dopant incorporation during femtosecond-

laser doping of Si with a Se thin-film dopant precursor” (Applied Physics A 114,

2014) [6]. In this paper, we investigate the incorporation of a selenium (Se) thin

film into the surface of silicon during fs laser irradiation in two fluence regimes: high
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fluence (4.0 kJ/m2) and low fluence (<1.5 kJ/m2). The incorporation of Se into

the surface, the surface morphologies, and the surface microstructures are distinct

for these fluence regimes. At high fluences, the Se film is substantially removed be-

fore any texturing of the surface occurs. With increasing pulse number, nm-scale

nodules are formed on the surface, which are doped with Se and contain a-Si, poly-

crystalline silicon (pc-Si), and crystalline silicon (c-Si). With additional pulses, the

nodules transform to micrometer-scale mounds, which are largely composed of large-

grained crystalline silicon but also contain pc-Si and a-Si. The mounds appear to

form through the accumulation of material from melting and resolidification; after

formation, however, it appears that material is removed from between the mounds

by ablation. At low fluences, a portion of the Se film remains continuously intact on

the surface, and irradiation by many pulses generates surface ripples with a period

of around 600 nm. The surface ripples exhibit a 10–20 nm skin of Se-doped silicon,

which is crystalline, with a Se doping concentration of around 1 at. %. This study

illustrates the process by which Si is doped with thin films during fs laser irradiation

and shows that different fs laser fluence regimes lead to different texture formation

mechanisms, microstructures, and doping outcomes.

3.3.2 High fluence regime

In the high fluence regime, a silicon wafer covered in a 75-nm thin film of Se was

irradiated with 1, 2, 5, 10, 15, 20, 30, 50, and 100 stationary pulses with a peak

fluence of 4.0 kJ/m2 in an atmosphere of 500 Torr N2. After 1 pulse, much of the Se

thin film had been removed, and the underlying silicon remained flat. Cross-sectional
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transmission electron microscopy showed that a 2-nm Si oxide layer present beneath

the Se layer, and below the oxide layer was a 10-nm layer of a-Si. The presence of

a-Si indicates that the silicon surface was melted and resolidified while the native Si

oxide layer remained intact, as shown in Figure 3.3.1. This is consistent with the

observation in Chapter 2 that the surface texture appears to form underneath of the

native oxide layer. The preservation of the oxide layer after melting suggests that for

the Se to enter the underlying silicon, the oxide layer must be disrupted (e.g., through

surface texturization). The removal of part of the Se film may be due to evaporation,

because the evaporation temperature of Se is only 685 deg. C, compared to silicon’s

melting temperature of 1414 deg. C. Because much of the Se film is removed from the

surface before texturization occurs, it is likely that subsequent doping of the surface

is non-uniform.

After 5 pulses, we observe surface texturing consisting of nanometer-scale nod-

ules on the surface, as shown in Figure 3.3.2. Transmission electron microscopy shows

that these nodules are composed of c-Si, pc-Si, and a-Si, and energy-dispersive x-ray

spectroscopy indicates that the nodules are doped with high concentrations of Se (2

at. %). The surface oxide layer is no longer visually apparent.

From 10–100 pulses, the surface morphology continues to evolve. After 10 pulses,

some of the nodules transform to mounds about 1 micrometer in size. From 20–

100 pulses, these mounds grow in size and cover the surface, as shown in Figure

3.3.3. After about 50 pulses, nm-scale nodules are no longer present. Profilometry

shows that after 30 pulses these mounds grow to height of about 1.5 micrometers

above the original silicon surface, indicating that they are formed by melting and
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Figure 3.3.1: Scanning electron and transmission electron micrographs show-
ing effect of one fs laser pulse at a fluence of 4.0 kJ/m2 on a silicon wafer
covered with a 75-nm Se film. Much of the Se film is removed. Below the Se
film is a 2-nm Si oxide layer overlying a 10-nm a-Si layer. From [6].

mass transfer rather than ablation. From 30–100 pulses, the apparent peak–valley

height of the mounds continues to grow, although the absolute height of the mounds
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Figure 3.3.2: Scanning electron and transmission electron micrographs show-
ing effect of five fs laser pulses at a fluence of 4.0 kJ/m2 on a silicon wafer
covered with a 75-nm Se film. Nanometer-scale nodules are formed, consist-
ing of c-Si, pc-Si, and a-Si, and doped with 2 at. % Se. From [6].

compared to the original silicon surface declines by a few hundred nm, indicating that

preferential ablation is occurring in the valleys between the mounds. Cross-sectional

images of the mounds after 10, 20, and 50 pulses (shown in the figure below) show

a similar microstructure for each of the mounds: micrometer-scale crystalline grains

are predominant in the mounds, with small nm-scale crystalline grains at the base.
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Figure 3.3.3: Top: Scanning electron micrographs (45 deg. angle) of surface
showing evolving morphology from 10–100 pulses. Bottom: Transmission
electron micrographs of surface mounds after 10, 20, and 50 pulses showing
polycrystalline microstructure. From [6].

3.3.3 Low fluence regime

In the low fluence regime, a silicon wafer covered in a 75-nm thin film of Se was

irradiated with 10 and 100 pulses with a fluence range of 1.3–1.7 kJ/m2. After 10

pulses at a local fluence of 1.3 kJ/m2, a 10-nm Se layer remained on the surface,

overlying 2-nm Si oxide layer, overlying a 3-nm a-Si layer. Again, this indicates that

a thin layer of Si has melted and resolidified, but the Si oxide layer acts as a barrier

between the Se and the Si substrate. Although the Se film is reduced in thickness to

10 nm, it shows uniform coverage of the surface, indicating that subsequent doping

of the surface may be uniform. After 100 pulses at a local fluence of 1.4 kJ/m2, we
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observe laser-induced periodic surface structures (ripples) with a period of around

600 nm and a height of around 250 nm, as shown in Figure 3.3.4. The ripples are

covered in a thin, 10–20 nm layer of Si doped to around 1 at. % with Se. The

entire ripple structure, including the doped layer, appears to be crystalline, although

the doped layer contains {111} stacking faults and some isolated nodules of a-Si are

present overlying the doped layer. The doped layer appears to grow in thickness

from about 10 nm to 20 nm between local fluences of 1.25 kJ/m2 and 1.40 kJ/m2.

The observation of doped and textured silicon that is crystalline indicates that the

presence of Se might slow the resolidification velocity of the melt, leading to crystalline

resolidification, or there might be some other mechanism that avoids the formation

of a-Si. It is also interesting to note that this surface modification occurs below the

single-pulse melting threshold of silicon of ⇠1.5 kJ/m2, which is consistent with the

greatly reduced modification threshold observed when using a Se thin film in Section

2.6.

3.3.4 Conclusions

In this section, we discussed the main results from a study on the modification of

silicon covered in a Se thin film. We saw that in the high fluence regime (4.0 kJ/m2),

fs laser irradiation first removes much of the Se film, then produces doped textures

on the surface which begin as nodules at the nm scale and grow to mounds at the

micrometer scale over around 30 pulses. Beyond 30 pulses, material is ablated from

the valleys between the mounds. The surface textures are composed primarily of

polycrystalline material, with large grains near the top of the mounds and nm-scale
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Figure 3.3.4: Irradiation of silicon covered in a 75-nm layer of Se with 100
pulses at local fluences of 1.3–1.7 kJ/m2. The transmission electron micro-
graph shows a cross-section of the ripple structure formed, which is crystalline
and contains a 10–20 nm layer of Si doped with Se to around 1 at. %. The
fast-Fourier transform (FFT) of the micrograph shows that the doped layer
is crystalline but contains {111} stacking faults. From [6].

grains near the bottom of the mounds. Before texturization occurs, the silicon surface

appears to be melted and resolidifies as a-Si, but the native Si oxide layer remains

intact, separating the Se film from the underlying Si substrate. In the low-fluence

regime (1.3–1.7 kJ/m2), the Se thin film is reduced in thickness to about 10 nm after

10 pulses but remains uniform over the silicon surface. After 100 pulses, periodic
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surface ripples are generated, which exhibit an overlying 10–20 nm doped Si layer (1

at. % Se). The ripple structure, including the doped layer, appears to be crystalline.

This study demonstrates that it is possible to uniformly dope a Si substrate with

a thin film using fs laser irradiation, which could be useful for hyperdoped devices

requiring dopant precursors in thin film form. Furthermore, in some fluence regimes,

the surface may be textured and doped without substantial loss of crystallinity.

3.4 Conclusions of chapter

In this chapter, we described two studies in which I participated as a coauthor [5,6].

Both studies examine the microstructures generated by fs laser irradiation of Si. The

first study examines the mechanisms that produce pressure-induced Si phases during

fs laser irradiation of Si in a nitrogen gas environment. The second study examines

the microstructure produced by fs laser irradiation of Si covered in a Se thin film.

Both studies show that, generally, fs laser irradiation produces a range of material

phases before and during texturization, including amorphous silicon, polycrystalline

silicon, and sometimes pressure-induced phases such as Si-XII and Si-III. These ma-

terial phases present challenges for device fabrication, because they can interfere with

desired device properties. In Chapter 4, we investigate how to regain high crystallinity

after producing these multi-phase structures.
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Laser annealing of hyperdoped black

silicon

4.1 Introduction to chapter

In this chapter, we investigate the use of laser annealing for improving the crystallinity

of laser-processed silicon. High crystallinity is important for obtaining favorable op-

tical and electronic properties [70], but traditional methods for obtaining high crys-

tallinity in materials can be problematic for hyperdoped silicon. Thermal annealing,

for example, causes dopant diffusion and optical deactivation of the hyperdoped ma-

terial [47]. Chemical etching, another approach, often flattens the surface texture

and may also remove the hyperdoped layer, which is typically coincident with the

non-crystalline layer [43]. Laser annealing, in contrast, does not require removal of

material and is based on melting and fast resolidification to a crystalline structure.

Here, we investigate the use of nanosecond lasers for laser annealing (Sections
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4.2–4.4) as well as femtosecond lasers for laser annealing (Section 4.5). We also

investigate annealing on a variety of surface textures, from 10-micrometer structures

(Section 4.2) to 1-micrometer structures (Section 4.3) to sub-micrometer structures

(Section 4.4). We use a variety of laser pulse durations and wavelengths, and we

investigate the effects of laser annealing on the crystallinity, microstructure, electrical

properties, and optical properties.

In general, we find that ns laser pulses smooth and crystallize the surface, re-

move amorphous and pressure-induced silicon phases, and maintain the material’s

high sub-bandgap optical absorptance and light-trapping surface morphology. We

find that if the fluence of the ns laser pulse is too high, then the surface textures are

destroyed. However, we find that some ns laser fluences result in essentially complete

crystallization of the surface without damaging the surface textures. Additionally,

if thermal annealing is used (e.g., to increase the electrical rectification or material

crystallinity)—thereby deactivating the sub-bandgap optical absorptance—ns laser

annealing can be used subsequently to reactivate the sub-bandgap optical absorp-

tance while maintaining high crystallinity. We also find that ns laser annealing does

not interfere with the rectifying homojunction in hyperdoped black silicon. Thermal

annealing and ns laser annealing can be combined in series to fabricate hyperdoped

black silicon that has high crystallinity, high above-bandgap and sub-bandgap optical

absorptance, and a rectifying homojunction. Because nanosecond laser annealing is

based on physical processes of melting and fast resolidification, it could potentially

be applied to other non-equilibrium material systems beyond hyperdoped black sil-

icon [72, 73]. In contrast, with fs laser irradiation, we were not able to improve the
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crystallinity of hyperdoped black silicon, but we estimate irradiation parameters for

which such annealing might be possible.

The results in this chapter represent significant progress in addressing one of

the longstanding challenges in fabricating laser-processed silicon: obtaining highly

crystalline material. The nanosecond laser annealing process in particular is straight-

forward, robust to laser pulse duration and wavelength, and can be performed with

high-throughput laser scanning systems. Thus, ns laser annealing of laser-textured

and laser-doped silicon could be useful in experimental materials and device research

as well as in industrial applications.

4.2 Nanosecond laser annealing of 10-micrometer sur-

face textures

4.2.1 Introduction

Hyperdoped black silicon surface structures of size approximately 10 micrometers

show strong light-trapping properties, yielding near-total optical absorptance both

above and below the bandgap energy. Thus, these surface structures could be useful

for efficient light collection in optoelectronic devices. However, after fabrication, these

structures show the presence of amorphous silicon and pressure-induced phases typical

of laser-fabricated black silicon. In this section, we use nanosecond laser pulses to

remove these phases.

After nanosecond laser annealing, we find that the surface structures regain es-

sentially complete crystallinity. They undergo nanometer-scale smoothing but largely
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maintain their overall surface morphology and high optical absorptance. Addition-

ally, after deactivating the sub-bandgap optical absorptance with thermal annealing,

the absorptance is reactivated to near its original level by nanosecond laser annealing.

Thermal annealing and nanosecond laser annealing can be combined in sequence to

fabricate hyperdoped black silicon that simultaneously shows high crystallinity, high

above-bandgap and sub-bandgap absorptance, and a rectifying electrical homojunc-

tion.

The content of this section has been previously published [7] and forms the basis

of a patent application (see citations to previously published work on page ix of this

thesis).

4.2.2 Methods

We fabricated hyperdoped black silicon by irradiating a silicon wafer with fs laser

pulses in the presence of sulfur hexafluoride (SF6) gas. A monocrystalline silicon

wafer (p-type, boron-doped, 7–14 ohm-cm) was placed in a vacuum chamber which

was evacuated to < 0.1 Torr and then filled with sulfur hexafluoride gas to a pressure

of 500 Torr. Femtosecond laser pulses (800 nm, 100-fs pulse duration, 1 kHz repetition

rate) were output by a Ti:sapphire regenerative amplifier, passed through a computer-

controlled mirror galvanometer, directed into the vacuum chamber, and focused onto

the silicon surface so that a pulse diameter of 0.5–1 mm (full width at half maximum

(FWHM) of the Gaussian pulse) was obtained. Each pulse had a peak fluence of 8

kJ/m2, and the pulses were scanned across the silicon surface (as described by [5])

to obtain 200 shots/area. Each time 4 cm2 of the surface was irradiated, the vacuum
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chamber was evacuated and refilled with new sulfur hexafluoride gas in order to

prevent ablated particles from the silicon surface from accumulating in the chamber.

The hyperdoped black silicon samples fabricated for this study were 1x1 cm2 in area.

Between batches of samples (groups of samples made on different days), we noticed

some variation in the size and shape (e.g., the aspect ratio) of the resulting surface

structures when using the same nominal fs laser irradiation parameters, which might

result from uncertainties in estimating the fs laser pulse fluence or instabilities in

our fs laser. These variations in surface structures caused variations in the optical

absorptance between batches of samples. Therefore, we only directly compare samples

from the same batch in optical absorptance measurements.

We irradiated the hyperdoped black silicon with ns laser pulses. Nanosecond

laser pulses were generated by ArF (193 nm) and XeCl (308 nm, 25 ns FWHM pulse

duration) excimer lasers and a Nd:YAG laser (355 nm, 4 ns FWHM pulse duration).

The laser pulse fluence was controlled by focusing the beam to increase the fluence or

by reflecting a portion of the beam off of a quartz window to decrease the fluence, and

the pulses were passed through a metal mask with a 2.5x2.5 mm2 square opening to

improve the uniformity of the pulse intensity profile, resulting in uniform pulses with

fluences of 0.6–2.2 J/cm2. The laser pulses were scanned across the hyperdoped black

silicon surface in ambient air. Typically, each site on the hyperdoped black silicon

surface was exposed to a single nanosecond laser pulse, though exposures of up to 40

pulses were carried out to determine the effects of multiple exposures.

We measured the crystallinity of the hyperdoped black silicon surface using

Raman spectroscopy. For Raman spectrum measurements, a 10 mW HeNe laser beam
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(632.8 nm) was passed through a 50x objective lens (resulting in a spot diameter of

5 micrometers on the hyperdoped black silicon surface) and projected onto a CCD

using a diffraction grating with 1200 grooves/mm, producing Raman spectra with

a spectral wavenumber resolution of 2.0 cm�1. After subtracting a baseline from

the measured spectrum, the relative crystallinity of the hyperdoped black silicon

surface was determined by dividing the area under the spectral curve from 470–

490 cm�1 (containing the broad transverse-optical vibrational mode of amorphous

silicon centered at 480 cm�1 [74]) by the area under the spectral curve from 515–

525 cm�1 (containing the sharp optical vibrational mode of crystalline silicon at 520

cm�1 [75]). We also measured the width (FWHM) of the crystalline silicon peak at 520

cm�1. Results from pristine monocrystalline silicon wafers were used as references.

Measurements from each sample were averaged between 100 spectra collected within

a 15x15 µm2 grid in order to account for possible variations over the surface.

We investigated the surface morphology of the hyperdoped black silicon using

a field emission scanning electron microscope (FESEM). Samples were imaged at an

angle of 45 degrees without foreshortening correction, using an accelerating voltage

of 3 kV and a working distance of 16 mm.

We investigated the microstructure of the hyperdoped black silicon using cross-

sectional bright field transmission electron microscopy (BF-TEM) and selected area

diffraction (SAD). TEM samples were prepared by lift-out in a dual-beam FIB/SEM.

Protection layers of carbon and platinum were deposited in situ prior to lift-out.

Thinning steps were performed at 30 kV with the final thinning at 5 kV, which has

been shown to leave 2.5 nm of amorphous surface damage in silicon [76]. TEM and
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SAD were performed with a field emission TEM operated at 200 kV. For imaging of

bend contours, BF-TEM images were obtained several degrees off the [110] zone axis

with an objective aperture to enhance diffraction contrast.

We measured the optical absorptance of the hyperdoped black silicon using an

ultraviolet-visible-near infrared (UV-VIS-NIR) spectrophotometer (for wavelengths of

0.4–2.5 µm) and a Fourier transformed infrared (FTIR) spectrometer (for wavelengths

of 2.4–10.0 µm). Reflectance (R) and transmittance (T ) spectra were measured with

integrating spheres and were used to calculate the optical absorptance (A = 1�R�T ).

The FTIR spectra were matched to the spectrophotometer spectra in the overlapping

wavelength range (2.4–2.5 µm).

We measured the current-bias behavior of the hyperdoped black silicon with a

probe station and parametric analyzer. To apply metal electrodes to the samples, we

cleaned the samples in solvents (acetone, isopropanol, and water), defined four 2x2

mm2 square regions with photoresist on the hyperdoped black silicon surface, carried

out a plasma clean to remove organic debris (75 W, 40 sec., 40 sccm O2), dipped the

sample in hydrofluoric acid (HF) to remove the native surface oxide (5% HF solution,

1 min.), used electron beam evaporation to deposit Ti, Ni, and Ag (20 nm, 20 nm, and

200 nm thicknesses, respectively) on the hyperdoped black silicon surface in sequence,

used thermal evaporation to deposit Al (200 nm thickness) on the silicon wafer surface

reverse of the hyperdoped black silicon surface, lifted off the remaining photoresist in

heated acetone (80 deg. C), and cleaned the samples in solvents (acetone, isopropanol,

and water). After electrode deposition, rapid thermal annealing (200–500 deg. C., 30

sec., N2 atmosphere) was used to obtain ohmic contact between the electrodes and
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the silicon surface. To measure the current-voltage behavior of the hyperdoped black

silicon, samples were placed on a metal chuck (with the Al electrode in contact with

the chuck), and a tungsten probe was placed in contact with one of the Ti-Ni-Ag

electrodes on the hyperdoped black silicon surface. The bias between the chuck and

the probe was swept from –20 V to +20 V and the resulting current was measured.

The four electrodes on each hyperdoped black silicon sample were used to check the

consistency of the measurements. A pristine silicon wafer with Al electrodes on both

sides was used as a reference.

We used thermal annealing to crystallize the hyperdoped black silicon and de-

activate its sub-bandgap optical absorptance. Samples were thermally annealed in a

tube furnace at 700 deg. C for 30 min. in forming gas (95% N2, 5% H, 300 sccm).

To test the effects of combining thermal annealing and ns laser annealing in

sequence, we fabricated hyperdoped black silicon with fs laser irradiation, thermally

annealed the sample (700 deg. C., 30 min., forming gas atmosphere), performed ns

laser annealing (355 nm Nd:YAG pulse, 1.1 J/cm2 fluence), deposited metal elec-

trodes onto the sample, rapidly thermally annealed the sample (500 deg. C., 30

sec., N2 atmosphere), and performed ns laser annealing again. Between each step,

we measured the sample’s crystallinity and current-bias behavior. We also measured

the optical absorptance between each step on an identical sample that underwent

the same process without deposition of metal electrodes, which would have interfered

with the optical absorptance measurements.
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4.2.3 Results

Fabrication with a fs-laser pulse fluence of 8 kJ/m2 yielded hyperdoped black silicon

with a rough surface morphology consisting of nm-scale granular structures overlying

µm-scale conical structures, as shown in Figure 1. The nm-scale granular structures

might have originated as particulate debris generated by laser ablation and deposited

onto the silicon surface during the fs laser irradiation process [77, 78]. The µm-scale

conical structures in our hyperdoped black silicon were about 10 µm tall and 5±2

µm wide at the base, with variation between individual cones. The cones had an

elliptical base, perhaps due to the linear polarization of the laser beam, with the

base width about twice as great in one dimension as in the orthogonal dimension.

BF-TEM images showed a thin, 50–100 nm skin layer of amorphous material on the

surface of the conical structures as well as contrast-producing features within the

conical structures, which may be small pockets of amorphous silicon [42]. Consistent

with previous studies, the hyperdoped black silicon showed amorphous silicon and

pressure-induced crystalline silicon phases in Raman spectra [5,42], near-unity optical

absorptance of above- and below-bandgap photon energies [8], and deactivation of

sub-bandgap absorptance after thermal annealing [8].

Nanosecond laser annealing of hyperdoped black silicon resulted in nm-scale

smoothing of the surface, leaving the 10-µm-scale conical structures intact, as shown

in Figure 4.2.1. After ns laser annealing, diffraction contrast imaging and SAD indi-

cated that the surface was single-crystalline. Nanosecond laser annealing also removed

most of the contrast-producing features within the conical structures.

Nanosecond laser annealing removed the amorphous and pressure-induced crys-
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Figure 4.2.1: a: Hyperdoped black silicon (fabricated with a fs-laser pulse
fluence of 8 kJ/m2) with nm-scale granular structures overlying conical struc-
tures about 10 µm in height and 5±2 µm in width. (Image obtained at
45-degree angle without foreshortening correction.) b: Nanosecond laser an-
nealing (here, with a fluence of 2.2 J/cm2) causes smoothing of the nm-scale
granular structures while keeping the 10-µm-scale conical structures intact.
c: Cross-section of a conical surface structure before ns laser annealing shows
nm-scale surface roughness and contrast-producing pockets within the conical
surface structure. BF-TEM imaging of the surface with enhanced diffraction
contrast (inset indicated by box 300 nm wide) shows an amorphous skin (a-
Si) 50–100 nm thick between the crystalline core (c-Si) and the protective
carbon and platinum layers (C, Pt). In this imaging mode, bend contours
are observed in the crystalline core but do not appear in the amorphous skin.
d: Cross-section of a conical surface structure after ns laser annealing (again,
with a fluence of 2.2 J/cm2) shows smoothing of nm-scale surface roughness
and removal of contrast-producing pockets within the conical surface struc-
ture. BF-TEM imaging of the surface (upper inset indicated by box 300 nm
wide) shows crystalline material throughout. Selected area electron diffrac-
tion (lower inset indicated by circled area) indicates that the core is single
crystalline ([110] zone axis). From [7].
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talline silicon phases shown in Raman spectra, as shown in Figure 4.2.2 [42]. The

lowest ns pulse fluence we investigated (0.6 J/cm2) was adequate to remove the

pressure-induced crystalline silicon phases completely. The amount of amorphous

silicon shown in Raman spectra decreased as the ns pulse fluence was increased, with

pulse fluences greater than about 1.0 J/cm2 yielding nearly undetectable amounts of

amorphous silicon, shown in Figure 4.2.3. The decrease in amorphous silicon did not

depend on the number of pulses (1–40 pulses), the pulse wavelength (193, 308, or 355

nm), or the pulse duration (4 or 25 ns). Nanosecond laser annealing also reduced the

width (FWHM) of the crystalline silicon peak at 520 cm�1 by about 1 cm�1, as shown

in Figure 4.2.3 inset. For example, the FWHM of the crystalline silicon peak was re-

duced from 8.4±0.3 cm�1 (before ns laser annealing) to 7.3±0.3 cm�1 (after ns laser

annealing at fluences above 1.5 J/cm2). Even after ns laser annealing, the peak width

remained greater than that measured from pristine monocrystalline silicon (6.8±0.1

cm�1). The peak width we measured in monocrystalline silicon was greater than val-

ues reported in the literature [75], which could be due to the low spectral resolution

of our Raman measurements. Nonetheless, we consistently observed a reduction in

peak width after ns laser annealing of about 1 cm�1.

The optical absorptance of hyperdoped black silicon, including its sub-bandgap

optical absorptance, remained high after ns laser annealing, as shown in Figure 4.2.4.

For example, after ns laser annealing with a pulse fluence of 2.2 J/cm2 (the highest

fluence we investigated), the above-bandgap absorptance (which was about 95%)

remained unchanged, and the sub-bandgap absorptance (which was greater than 90%)

increased slightly.
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Figure 4.2.2: Stokes Raman spectra of hyperdoped black silicon (fabricated
with a fs-laser pulse fluence of 8 kJ/m2) before and after ns laser anneal-
ing (normalized and offset to show individual spectra). The rescaled inset
highlights Raman modes corresponding to amorphous silicon (a-Si), pressure-
induced crystalline phases (Si-III and Si-XII), and conventional crystalline
silicon (Si-I).(Smith, Lin et al., 2011) Nanosecond laser annealing at low flu-
ence (0.6 J/cm2) removed the pressure-induced crystalline phases and much
of the amorphous silicon, while ns laser annealing at high fluence (2.2 J/cm2)
removed the pressure-induced crystalline phases and nearly all of the amor-
phous silicon. From [7].

Obtaining consistent current-bias measurements required rapid thermal anneal-

ing at 500 deg. C for 30 sec. after electrode deposition. This rapid thermal annealing

shifted the diode turn-on voltage (defined as the point of greatest curvature in the

current-bias curve) from 0.2±0.1 V to 0.5–1.5 V (with some variation between sam-
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Figure 4.2.3: Raman spectra indicate that ns laser annealing can increase
the crystallinity of hyperdoped black silicon (fabricated with a fs-laser pulse
fluence of 8 kJ/m2) near to that of monocrystalline silicon (gray box). The
amount of crystallization increases with the ns laser pulse fluence. Addition-
ally, the width (FWHM) of the crystalline silicon Raman peak at 520 cm�1

decreases with increasing ns laser pulse fluence (inset). From [7].

ples), shown in Figure 4.2.5. Rapid thermal annealing before electrode deposition

had no effect on the current-bias measurements. Rapid thermal annealing did not de-

crease the presence of amorphous silicon, but it did decrease the sub-bandgap optical

absorptance, with higher annealing temperatures decreasing the absorptance further.

Nanosecond laser annealing did not affect electrical current-bias behavior, as shown

in Figure 4.2.6. Rectification ratios of 50±20 at ±10 V were obtained.
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Figure 4.2.4: Nanosecond laser annealing (here, with a fluence of 2.2 J/cm2)
preserves the high above-bandgap and sub-bandgap optical absorptance pro-
duced by the light-trapping surface as long as the surface structures are suf-
ficiently large (here, around 10 µm tall and 5±2 µm wide at the base). This
is in contrast to thermal annealing (Winkler, 2009 [1]), which deactivates the
sub-bandgap optical absorptance. From [7].

After thermal annealing deactivated the sub-bandgap optical absorptance, ns

laser annealing reactivated the sub-bandgap optical absorptance near to its original

level. For example, after thermal annealing at 700 deg. C for 30 min., the sub-bandgap

optical absorptance (1.2–4.0 µm wavelengths) was reduced from about 80% to about

20%, as shown in Figure 4.2.7, and the amount of amorphous silicon was reduced

to an undetectable level. Subsequent ns laser annealing with a pulse fluence of 1.1
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Figure 4.2.5: The turn-on voltage of hyperdoped black silicon diodes (fabri-
cated with a fs-laser pulse fluence of 8 kJ/m2) is increased by rapid thermal
annealing (RTA) after electrode deposition. Higher rapid thermal annealing
temperatures up to 500 deg. C (for 30 sec.) produce higher turn-on voltages
(inset). Turn-on voltages of around 0.2 V are typical of Schottky diodes (Card
and Rhoderick, 1971), while turn-on voltages of around 0.7 V are typical of
silicon homojunction diodes (Pearson and Sawyer, 1952). From [7].

J/cm2 restored the sub-bandgap optical absorptance to 70-80% (with a broad sub-

bandgap absorption peak at a wavelength of 2.0±0.8 micrometers) while maintaining

high crystallinity. Subsequently, rapid thermal annealing reduced the sub-bandgap

absorptance to about 60%. Finally, ns laser annealing again restored the sub-bandgap

absorptance to 70–80%. The samples in Figure 4.2.7 exhibit slightly lower optical
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Figure 4.2.6: Electrical rectification in hyperdoped black silicon diodes (fab-
ricated with a fs-laser pulse fluence of 8 kJ/m2) is maintained after ns laser
annealing. All diodes underwent rapid thermal annealing (RTA) at 500 deg.
C (for 30 sec.) after electrodes were deposited. From [7].

absorptance than the samples in Figure 4.2.4 due to variations in surface structure

size between batches of samples. As a result, we only directly compare samples from

the same batch.

4.2.4 Discussion

Nanosecond laser annealing produces three notable effects: smoothing the surface

on the nm scale, converting amorphous and pressure-induced silicon phases to con-
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Figure 4.2.7: a: The effects of thermal and ns laser annealing in sequence on
the optical absorptance. 1) Femtosecond-laser-fabricated hyperdoped black
silicon exhibits high above-bandgap and sub-bandgap optical absorptance. 2)
Thermal annealing (700 deg. C, 30 min.) crystallizes the hyperdoped black
silicon but deactivates its sub-bandgap optical absorptance. 3) Nanosecond
laser annealing (here, with a fluence of 1.1 J/cm2) maintains the high crys-
tallinity while reactivating the sub-bandgap optical absorptance near to its
original level. 4) Rapid thermal annealing (500 deg. C, 30 sec.) after de-
positing electrodes again deactivates (partially) the sub-bandgap optical ab-
sorptance. 5) Nanosecond laser annealing again reactivates the sub-bandgap
optical absorptance near to its original level. The final hyperdoped black
silicon diodes are highly crystalline, highly optically absorbing, and electri-
cally rectifying. b: Detail of deactivation and reactivation of absorptance.
From [7].

ventional crystalline silicon (Si-I), and placing or maintaining the dopant atoms in

optically active, non-equilibrium positions. These effects are analogous to the ef-

fects of ns pulsed laser melting on flat silicon hyperdoped by ion implantation, which

also include crystallizing the surface and placing or maintaining the dopant atoms in

optically active, non-equilibrium positions. In flat silicon hyperdoped by ion implan-

tation, a series of ns laser pulses can be used to melt the surface (which is amorphous

after ion implantation) to a depth reaching the non-hyperdoped, crystalline silicon

substrate. Resolidification of the melt initiates from the substrate-liquid interface,
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moves toward the surface (under some conditions epitaxially), and traps the dopant

atoms in optically active, non-equilibrium positions within the crystal, producing

crystalline hyperdoped silicon. The key to obtaining crystalline hyperdoped silicon

that exhibits sub-bandgap optical absorptance is to produce a resolidification velocity

that is less than the amorphization velocity of silicon (15 m/s [79]) but still sufficiently

high to produce solute trapping [23]. With this method, a thin layer (e.g., 200 nm) of

single-crystal hyperdoped silicon can be obtained. Processes that can interfere with

the formation of single-crystal hyperdoped silicon include cellular breakdown (which

can result in columnar crystals separated by dopant-rich boundaries) [80,81] and ex-

plosive crystallization of amorphous silicon (which can result in polycrystalline silicon

containing nanometer-scale grains) [82]. The physical processes that occur during ns

laser annealing of hyperdoped black silicon appear similar to but more complex than

these processes that occur during ns pulsed laser melting of flat hyperdoped silicon.

From cross-sectional TEM images of the conical surface structures (Figure 4.2.1),

we estimate that after fabrication with fs laser irradiation, the surface is covered with

a 50–100 nm skin of amorphous, sulfur-bearing silicon. Below this skin layer and

within the conical surface structures, contrast-producing features are visible, which

could be pockets of amorphous silicon within the crystalline silicon matrix, as in-

dicated by previous studies [42]. The removal of these contrast-producing features

could be the result of heat diffusion into the conical surface structures during ns laser

annealing. We infer that after ns laser annealing, the black silicon surface contains a

skin of crystalline hyperdoped silicon, because BF-TEM imaging, SAD, and Raman

spectra all indicate that the surface is crystalline, and the strong sub-bandgap optical
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absorptance indicates that the surface is hyperdoped. In future work, it would be

interesting to investigate the effect of ns laser annealing on the distribution of dopant

atoms by using, for example, three-dimensional atom probe or other tomographic

methods [83].

We estimate the melting depth from ns laser annealing with a fluence of 1.0

J/cm2 to be about 100 nm on hyperdoped black silicon with 10-µm-scale structures,

because the amorphous skin on the surface after fabrication with fs laser irradiation

appears to be 50–100 nm thick, and after ns laser annealing at fluences above 1.0

J/cm2, little-to-no amorphous silicon is detected (Figure 4.2.3). To verify this esti-

mate, we compare it to the average melting depth expected from geometric optics.

We stress that the laser intensity at the surface might be very inhomogeneous due to

surface reflections and other effects. We do not discuss these effects in detail here; our

aim, rather, is to determine whether 100 nm is a reasonable estimate for the average

melting depth. The melting threshold fluence for ns laser irradiation of flat amor-

phous silicon (248 nm wavelength) has been reported as 0.1–0.2 J/cm2 [84–86], which

we have verified in laser-induced melting simulations. However, the conical surface

structures increase the surface area of black silicon relative to flat silicon and thus

reduce the average effective fluence of the laser pulse, in this case by a factor of about

4 (because surface cones with a height of 10 µm and a diameter of 5 µm increase

the surface area by a factor of 4). At the same time, the surface reflectance of the

amorphous silicon is decreased from 0.6 [86] to 0.1 due to light-trapping, indicating

that about twice as much energy is absorbed by a hyperdoped black silicon surface

than by a flat amorphous silicon surface for a given laser pulse fluence. Therefore,
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we estimate an average melting threshold fluence for our hyperdoped black silicon of

0.2–0.4 J/cm2, and that a ns laser pulse fluence of 1.0 J/cm2 on the hyperdoped black

silicon we examined produces an average melting depth similar to that produced by

a ns laser pulse with a fluence of 0.25–0.5 J/cm2 on flat amorphous silicon. Indeed,

reported simulations and experiments indicate that this fluence range on flat amor-

phous silicon yields melting depths of 50–150 nm [84], in agreement with our estimate

of 100 nm. The melting depths at the peaks of the conical surface structures and in

the valleys between the structures could be expected to be greater than our estimate,

as these surfaces are closer to normal incidence to the ns laser pulses than are the

side walls of the conical surface structures. Indeed, the most prominent melting vis-

ible in SEM images of the surface after ns laser annealing appears at the peaks of

the surface structures. Because crystalline silicon has a higher melting threshold than

amorphous silicon (0.7–0.8 J/cm2 compared to 0.1–0.2 J/cm2), as well as a higher heat

of fusion [85], we expect fluences greater than those required to melt the amorphous

skin (i.e., greater than about 1.0 J/cm2) not to produce melting depths extending

far beyond the amorphous skin depth, although high fluences could be effective at

crystallizing amorphous silicon pockets within the conical surface structures through

heat diffusion. The result that additional ns laser pulses do not lead to additional in-

creases in crystallinity suggests that the first ns pulse produces a melting depth that

is similar to or greater than the melting depth produced by subsequent ns pulses,

which is consistent with the higher melting threshold and latent heat of fusion of

crystalline silicon relative to amorphous silicon. The melting depths and dynamics

may not depend significantly on the laser wavelength within the range we investigated
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(193–355 nm), because the optical absorption depth in silicon is fairly uniform in this

range (5–10 nm) [87], and the amount of crystallization we measured after ns laser

annealing did not depend on the ns laser wavelength.

Nanosecond laser annealing also smoothed the surface on the nm scale while

leaving the 10-µm-scale structures intact. We speculate that nm-scale smoothing

could improve conformality during subsequent deposition of electrodes or additional

semiconductor layers. Maintaining the µm-scale structures, on the other hand, leaves

the geometric light-trapping properties of the surface intact (Figure 4.2.4).

Nanosecond laser annealing also reduced the width of the Raman crystalline

silicon peak at 520 cm�1 (Figure 4.2.3 inset). Lattice stress and small grain sizes

can both increase the width of the 520 cm�1 peak as well as shift the peak to lower

wavenumbers [88, 89]. Thus, the reduction in peak width after ns laser annealing

could indicate a reduction in lattice stress and/or an increase in grain size. Because

the spectral resolution of our Raman measurements is only 2.0 cm�1, peak shifts to

lower wavenumbers might result in an apparent increase in peak width. After ns

laser annealing, the peak width is still greater than that from a pristine silicon wafer,

indicating the presence of residual lattice stress, perhaps from the above-equilibrium

concentration of dopant atoms.

The increase in the turn-on voltage of the hyperdoped black silicon diodes af-

ter rapid thermal annealing (Figure 4.2.5) could be due to the removal of Schottky

barriers that form at the metal-semiconductor interface during electrode deposition.

Consistent with this interpretation, the turn-on voltage of 0.2±0.1 V we observed

after electrode deposition is typical of Schottky diodes [90], while the turn-on voltage
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after rapid thermal annealing of 0.5–1.5 V is more consistent with the turn-on volt-

age of around 0.7 V that is typical of silicon homojunction diodes [91]. Furthermore,

when rapid thermal annealing was performed before the electrodes were deposited,

the turn-on voltage remained at 0.2±0.1 V, and no changes in crystallinity were de-

tected after rapid thermal annealing, indicating that the increase in turn-on voltage

was not due to structural changes in the hyperdoped black silicon itself, but rather

changes within the electrode or at the electrode-silicon interface. Indeed, rapid ther-

mal annealing has been reported to reduce significantly the density of defect states

at silicon interfaces [92]. The fact that the current-bias curves showed rectification

both before and after ns laser annealing (Figure 4.2.6) suggests that in hyperdoped

black silicon containing amorphous regions, a rectifying junction can still be formed,

perhaps in localized crystalline regions.

Nanosecond laser annealing reactivated the sub-bandgap optical absorptance

after it was deactivated by thermal annealing, as shown in Figure 4.2.7. The deac-

tivation of sub-bandgap optical absorptance, which is associated with an increase in

electron mobility and changes in sheet carrier concentration, has been explained us-

ing the Johnson-Mehl-Avrami-Kolmogorov framework describing diffusion-mediated

changes in metastable supersaturated solid solutions such as hyperdoped silicon [36].

However, the reactivation of the sub-bandgap optical absorptance after heating and

fast cooling suggests that the degree of departure from room-temperature equilibrium

of the dopant atoms, as reflected by the placement of the dopant atoms within the

lattice, is reversible and important in describing the properties of hyperdoped silicon,

similarly to the way in which fictive temperature is important in describing the prop-
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erties of glasses—another non-equilibrium material. Reactivation has been previously

reported when deactivated hyperdoped silicon was irradiated with fs laser pulses or

heated to temperatures above 1350 K followed by fast cooling (e.g., in silicone oil,

yielding estimated cooling rates of about 250 K/s) [37]. The reactivation we observe

after ns laser annealing, however, is more complete than what has been previously

reported and produces or maintains high crystallinity, unlike reactivation by fs laser

pulses, which typically produces a layer of amorphous silicon [5].

We combined thermal and ns laser annealing in sequence to demonstrate the

design flexibility provided by combining equilibrium with non-equilibrium processing

techniques (Figure 4.2.7). In practice, an initial thermal annealing step can be use-

ful for increasing crystallinity or obtaining electrical rectification [24], but it leads to

deactivation of sub-bandgap optical absorptance [37]. Subsequent ns laser annealing

can then reactivate the optical absorptance while maintaining high crystallinity. Simi-

larly, rapid thermal annealing can be necessary to obtain ohmic contact after electrode

deposition, but, again, some deactivation of the optical absorptance occurs. Another

application of ns laser annealing can then reactivate the optical absorptance near to

its original level. Overall, we noticed a small drop in above-bandgap absorptance af-

ter ns laser annealing of about 5% absolute due to an increase in surface reflectance,

which is probably due to smoothing of the surface, and the final ns laser annealing step

removed our metal electrodes. In practice, removal of the electrodes might be avoided

by using thicker electrodes, more robust electrode materials, transparent electrodes,

or by shielding the electrodes with a mask during ns laser annealing. The combina-

tion of thermal and ns laser annealing can produce hyperdoped black silicon that is
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highly crystalline, highly absorptive to above- and below-bandgap wavelengths, and

electrically rectifying. The process we carried out is not a prescription for a specific

device, but is meant to be illustrative of the design flexibility provided by combining

thermal and ns laser annealing.

We conclude our discussion by commenting on some of the remaining challenges

in fabricating hyperdoped black silicon for sub-bandgap optoelectronic devices. The

main challenge we address in this work is to obtain high crystallinity and high sub-

bandgap optical absorptance concurrently, which we accomplish with ns laser anneal-

ing. However, before researchers can expect hyperdoped materials to find widespread

use for sub-bandgap optoelectronic devices, some additional challenges need to be ad-

dressed. One of those challenges is to obtain doping concentrations within the range

needed to produce an intermediate band. In silicon hyperdoped with sulfur, selenium

or tellurium, this range is below 0.4 at. %, with the best figures of merit obtained

below 0.1 at. % [15, 32]. Silicon that is hyperdoped with sulfur, selenium, or tel-

lurium above 0.4 at. % is metallic and therefore not expected to produce significant

optoelectronic (photoconductive or photovoltaic) response. Yet hyperdoped silicon

fabricated with ion implantation or with femtosecond laser irradiation often contains

dopant concentrations of 1 at. % or more, including much of the hyperdoped silicon

reported in the literature and, likely, the hyperdoped black silicon we examined in

this work. It is possible to fabricate hyperdoped silicon with dopant concentrations

of < 0.4 at. % with fs laser irradiation (by using a low number of pulses and a

low pulse fluence [24, 30]) or with ion implantation (by reducing the implanted ion

dose [31]), but the resultant hyperdoped silicon is typically flat, so it does not show
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light trapping effects and therefore is not a strong optical absorber of sub-bandgap

wavelengths. Addressing this challenge will require methods to control the dopant

concentration and light-trapping properties of hyperdoped silicon independently.

Another challenge in fabricating hyperdoped black silicon for sub-bandgap op-

toelectronic devices is in controlling the hyperdoped layer thickness so that charge

carriers can be extracted efficiently. Charge carriers in hyperdoped silicon have short

carrier lifetimes on the order of picoseconds [32], so the hyperdoped layer must be

thin enough to allow carriers to be transported out of the layer before recombination

occurs. The transport length for holes in sulfur-hyperdoped silicon was estimated

in one study to be around 100 nm [29], but in general the transport length can be

expected to depend on a number of factors, including the dopant concentration, the

material microstructure, and electrostatic fields set up by the dopant concentration

gradient. If the electrostatic fields set up by the dopant concentration gradient prove

to be a limiting factor in carrier transport, then it might necessary to control the

dopant concentration gradient [40,41] (e.g., obtaining a monotonic dopant concentra-

tion profile with depth) in order to fabricate efficient hyperdoped intermediate band

photovoltaics or sub-bandgap photodetectors. Developing methods for meeting these

device requirements are important areas of future research.

4.2.5 Conclusions

Nanosecond laser annealing can crystallize and remove pressure-induced phases from

the surface of hyperdoped black silicon while maintaining a light-trapping surface mor-

phology and high sub-bandgap optical absorptance. Additionally, ns laser annealing
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can reactivate the sub-bandgap optical absorptance after it has been deactivated by

thermal annealing. Furthermore, we find that ns laser annealing does not interfere

with the formation of rectifying homojunctions in hyperdoped black silicon. Thermal

annealing and ns laser annealing can be combined in sequence to produce hyperdoped

black silicon that is highly crystalline, shows high above-bandgap and sub-bandgap

optical absorptance, and is electrically rectifying. The effects of ns laser irradiation on

hyperdoped black silicon are not highly sensitive to laser wavelength, pulse duration,

or number of pulses used. Because ns laser annealing is based on physical processes

of melting/heating and fast resolidification/cooling, it could potentially be applied

to other non-equilibrium material systems beyond hyperdoped black silicon. The

combination of equilibrium processing techniques (e.g., thermal annealing) with non-

equilibrium processing techniques (e.g., ns laser annealing) could be a useful approach

for controlling the properties of non-equilibrium materials in general.

Fabricating optoelectronic devices using hyperdoped black silicon presents a

number of challenges, including concurrently controlling the crystallinity, optical ab-

sorptance, dopant concentration, and hyperdoped layer thickness. Here, we use ns

laser annealing on hyperdoped black silicon to obtain high crystallinity and optical

absorptance while also maintaining electrical rectification. Beyond this, developing

methods to control the dopant concentration and hyperdoped layer thickness in hy-

perdoped black silicon may be important for fabricating sub-bandgap optoelectronic

devices.
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4.3 Nanosecond laser annealing of 1-micrometer sur-

face textures

4.3.1 Introduction

In this section, we expand upon Section 4.2 by carrying out ns laser annealing on

surface textures only 1 micrometer in size. These surface textures are highly effective

at light trapping, but they require lower laser fluence in fabrication, have less surface

area, and may be easier to integrate into devices than 10-micrometer textures. Thus,

these textures with high crystallinity could have applications in optoelectronic devices.

The content of this section has been published as supplementary material in [7].

4.3.2 Methods

To fabricate hyperdoped black silicon with conical surface structures approximately 1

micrometer in size, we carried out the same fabrication procedure described in Section

4.2 but used a laser pulse fluence of 2.5 kJ/m2 instead of 8 kJ/m2.

4.3.3 Results

Fabrication with a fs-laser pulse fluence of 2.5 kJ/m2 yielded hyperdoped black sili-

con with smaller conical surface structures, which were about 1 µm in size (as shown

in Figure 4.3.1). Before ns laser annealing, these samples exhibited amorphous and

pressure-induced crystalline phases similar to unannealed hyperdoped black silicon

with 10-µm surface structures, above-bandgap optical absorptance of 90%, and sub-

bandgap optical absorptance of 80% (as shown in Figure 4.3.2). After ns laser anneal-

162



Chapter 4: Laser annealing of hyperdoped black silicon

ing with a fluence of 0.6 J/cm2, the 1-µm conical surface structures remained intact,

the amorphous and pressure-induced crystal phases were reduced to an undetectable

level, and the sub-bandgap optical absorptance increased to 80–90%. After ns laser

annealing with a higher fluence of 2.2 J/cm2, the conical surface structures were

largely destroyed, the above-bandgap optical absorptance dropped to 80–90%, and

the sub-bandgap optical absorptance dropped to 60% (the amorphous and pressure-

induced crystal phases were again reduced to an undetectable level).

4.3.4 Discussion and conclusions

In contrast to the 10-µm-scale conical surface structures discussed in Section 4.2, the

1-µm-scale conical surface structures fabricated with a fs-laser fluence of 2.5 kJ/m2

were destroyed by high-fluence ns laser annealing (2.2 J/cm2), which reduced their

light-trapping effectiveness. However, ns laser annealing at a lower fluence of 0.6

J/cm2 resulted in high crystallinity while preserving the surface texture. In fact,

annealing at this fluence increased the sub-bandgap absorptance, which may be due

to an increase in the population of dopants in a crystalline environment. Further

investigation of ns laser annealing on 1-µm-scale conical surface structures could be

interesting, because such structures produce considerable light-trapping effects, can

be crystallized without being destroyed by using low-fluence ns laser annealing, could

potentially be fabricated on thin silicon substrates, and could be easier to integrate

into devices (e.g., easier to contact electrically) than 10-µm-scale structures.
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Figure 4.3.1: a: Hyperdoped black silicon (fabricated with a fs-laser pulse
fluence of 2.5 kJ/m2) with light-trapping conical surface structures about 1
µm in size. (Image obtained at 45-degree angle without foreshortening cor-
rection). b: Nanosecond laser annealing at low fluences (here, 0.6 J/cm2)
kept the surface structures intact while crystallizing the surface. c: Nanosec-
ond laser annealing at high fluences (here, 2.2 J/cm2) destroyed the surface
structures. From [7] supplemental material.
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Figure 4.3.2: Nanosecond laser annealing at low fluences (e.g., 0.6 J/cm2)
on 1-µm-scale surface structures maintained or increased the optical absorp-
tance, but annealing at high fluences (e.g., 2.2 J/cm2) decreased the opti-
cal absorptance due to the removal of the light-trapping surface structures.
From [7] supplemental material.

4.4 Nanosecond laser annealing of sub-micrometer

surface textures

4.4.1 Introduction

Here, we examine ns laser annealing of hyperdoped silicon with sub-micrometer sur-

face structures, including surface ripples and flat hyperdoped silicon. Surface ripples,
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or laser-induced periodic surface structures (LIPSS), are characteristic of silicon—as

well as metals and dielectrics—irradiated with fs laser pulses. Controlling the crys-

tallinity of these structures could be useful for functional anti-reflective surfaces and

surface catalysts (such as laser-processed titanium dioxide or other water-splitting

photocatalysts [93]). Flat doped silicon made with ultrafast laser irradiation could

be a more economical alternative to making flat doped silicon with ion implantation,

and laser doping of semiconductors could be useful for creating shallow junctions in

general. However, the tendency for ultrafast laser processing to generate amorphous

material at the surface is a challenge for devices. Nanosecond laser annealing could

potentially address this challenge.

4.4.2 Methods

Hyperdoped silicon was fabricated using 100-fs, 800-nm pulses on p-type (7–14 Ohm-

cm) silicon (<100> orientation). The wafer was immersed in 500 Torr SF6 gas during

irradiation. A fluence of 2.8 kJ/m2 and 25 and 30 shots/area were used to produce a

doped surface with ripple-like structures (sometimes called orange silicon due to its

golden-orange appearance to the eye, as shown in Figure 4.4.1). Similarly, a fluence

of 3.0 kJ/m2 with 5 shots/area and a fluence of 3.4 kJ/m2 with 3 shots/area were

used to produce a doped but flat surface (sometimes called pink silicon due to the

pink appearance of the amorphous layer at the surface following fs laser irradiation).

The samples were each 1 cm2 in area.

The hyperdoped samples were annealed using a single ns laser pulse (308 nm

XeCl excimer laser, 25 ns FWHM pulse duration) at a fluence of 1.8 J/cm2. The melt
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depth simulated for this fluence was around 400 nm, which is roughly the size of the

surface structures. The pulses were passed through a square mask (3x3 mm2 opening)

to obtain a uniform pulse profile and were tiled across the surface to obtain a 9x9

mm2 annealed area, as shown in Figure 4.4.1. The effects of ns laser annealing were

investigated using Raman spectroscopy, optical and scanning electron microscopy,

and spectrophotometry.

fluence (kJ/m2):

shots/area:

2.8 2.8 3.0 3.4

30 25 5 3

Red outline: Sample underwent ns laser annealing.

(Each sample 1 cm2.)

Figure 4.4.1: Photograph of laser-irradiated samples used in this section.
Samples outlined in red were ns laser annealed. Rippled samples appear gold
colored, whereas untextured samples remain reflective.
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4.4.3 Results

Before ns laser annealing, the samples fabricated with a fluence of 2.8 kJ/m2 and 25

or 30 shots/area exhibited ripple-like surface structures with a period of 400 nm, as

shown in Figure 4.4.2. The silicon irradiated with fluences of 3.0 and 3.4 kJ/m2 with

5 or 3 shots/area remained flat. However, for these flat samples, regular patches of

contrast were visible under optical and scanning electron (side-detector) microscopy,

which, consistent with previous studies [14], could be amorphous regions on the sur-

face. In contrast, examining these flat samples with backscattered electron microscopy

revealed patterns of contrast associated with the shape of each fs laser pulse rastered

across the surface, as shown in Figure 4.3.3. The features revealed by side-scattered

electrons are located between the features visible with back-scattered electrons.

Compared to a pristine silicon wafer, the rippled silicon showed enhanced above-

bandgap and sub-bandgap optical absorptance, with above-bandgap absorptance of

around 80% and sub-bandgap absorptance of 10–20%. The flat, laser-irradiated sam-

ples showed no difference in optical absorptance from a pristine silicon wafer.

We now report the effects of ns laser annealing. First, we consider the effects of

ns laser annealing on the rippled surface. After ns laser annealing, the surface ripples

were destroyed, leaving behind a rough, cratered surface morphology, shown in Figure

4.4.4. Despite this alteration of the surface, the optical absorptance remained largely

the same, with the sub-bandgap absorptance becoming flat, as shown in Figure 4.4.5.

The laser annealing process also resulted in the disappearance of the amorphous silicon

signal detected by Raman spectroscopy, consistent with Section 4.2. Note that only

the rippled surface showed detectable amorphous silicon prior to ns laser annealing.
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400 nm

Figure 4.4.2: Surface of hyperdoped silicon with surface ripples fabricated
using a fluence of 2.8 kJ/m2 and 30 shots/area.

On the untextured laser-irradiated samples, ns laser annealing removed the

periodic surface contrast shown by optical and side-scattering electron microscopy,

shown in Figure 4.4.6. The periodic surface contrast shown by backscattered electron

microscopy, however, remained intact and unaltered.

4.4.4 Discussion

First we consider the properties of the rippled and flat silicon before ns laser an-

nealing. The rippled silicon shows enhanced optical absorptance, even though its
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a b

400 µm400 µm

Figure 4.4.3: Surface of laser-irradiated but untextured silicon fabricated us-
ing a fluence of 3.0 kJ/m2 and 5 shots/area. a: Side-scattered electrons reveal
periodic surface contrast which may be due to amorphous Si on the surface.
b: Backscattered electrons reveal periodic surface contrast associated with
the shape of each fs laser pulse.

a b

4 µm40 µm

Figure 4.4.4: a: After ns laser annealing, the rippled surface is transformed
to a crater-like surface. b: Detail of surface.

surface structures are only about 400 nm in size. The sub-bandgap optical absorp-

tance, which reduces with increasing wavelength, could be due to surface defects or

sulfur doping. The presence of amorphous silicon shown by Raman spectroscopy is

consistent with hyperdoped black silicon with 1–10 micrometer surface structures,

although the rippled silicon in this section did not show evidence of pressure-induced
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Figure 4.4.5: Optical absorptance of rippled hyperdoped silicon before and
after ns laser annealing.

crystalline silicon phases such as Si-III and Si-XII.

The periodic surface contrast seen with optical and side-scattered electron mi-

croscopy on flat laser-irradiated silicon has also been observed in past studies of

hyperdoped flat silicon [1]. Although no amorphous signal appeared in Raman spec-

troscopy, it is nonetheless possible that these pockets of contrast are amorphous re-

gions on the surface, and that their Raman signal is low due to their small volume.

Alternatively, it is possible that the observed contrast is due to small variations in

surface morphology. The additional periodic contrast revealed by backscattered elec-

tron microscopy appeared to be an outline of each laser pulse (above a local fluence
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400 µm

before ns laser annealing after ns laser annealing

Figure 4.4.6: Optical microscope image of untextured laser-irradiated silicon.
Nanosecond laser annealing (right side of image) removed the periodic surface
contrast visible before annealing (left side of image).

value on the Gaussian pulse). To explain these contrast features, we consider the

fluence of the fs pulses: 3.0 kJ/m2. Within a fs pulse fluence range of about 2.5–3.5

kJ/m2, silicon melts and resolidifies as crystalline silicon [14], whereas between about

1.5–2.5 kJ/m2, silicon melts and resolidifies as amorphous silicon. It is possible that

the outline revealed by backscattered electrons corresponds to the boundary between

amorphous and crystalline resolidification. Alternatively, the outline may be due to

local strain at the interface where the melt stops growing and begins solidifying, or

from strain or defects produced by pressure waves resulting from fs laser irradiation.
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Of note is the fact that the features revealed by optical and side-scattered electron

microscopy are located at the edge of each of the features revealed by backscattered

electron microscopy. This is consistent with the optical, side-scattered electron fea-

tures being amorphous silicon, because at the edge of each Gaussian fs laser pulse,

the local fluence decreases to below 2.5 kJ/m2, which we can expect to produce a

region of amorphous silicon upon resolidification.

Nanosecond laser annealing had the basic effect already discussed in this chap-

ter: melting and resolidification of the surface, resulting in high crystallinity. In the

case of our rippled hyperdoped silicon, the 1.8 J/cm2 ns laser pulse destroyed the

original surface morphology, leaving behind a rough, cratered surface that, coinciden-

tally, showed similar optical absorptance as the original rippled surface. This may not

be surprising given that the characteristic size scales of the surface roughness before

and after ns laser annealing were somewhat similar (0.4–1 micrometer), even though

the shape of the texture had changed. Lower ns pulse fluences (e.g., 0.6 J/cm2) might

be able to crystallize the rippled surface without destroying it, as shown in Section

4.3. Although the surface morphology was altered, the sulfur dopants appeared to

remain intact, as evidenced by the similar levels of sub-bandgap optical absorptance

before and after ns laser annealing. Of note, however, is that after ns laser annealing,

the sub-bandgap optical absorptance became flat (instead of declining with increasing

wavelength). One possibility is that the alteration of the surface morphology changed

the light-trapping properties as a function of wavelength (e.g., the cratered surface

may be more effective than the rippled surface at absorbing long wavelengths). An-

other possibility is that the ns annealing process changed the optical properties of the
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dopants by changing their local atomic environment. Along this line of reasoning, the

declining sub-bandgap absorptance before ns laser annealing may be due to structural

defects in the silicon separate from the activity of the dopant, and ns laser annealing

may have removed these defects and activated the dopant atoms by placing them in

a crystalline environment.

On flat silicon irradiated with fs laser pulses, ns laser annealing had no dis-

cernible effect on optical absorptance or the Raman spectrum, because both of these

were indistinguishable from a crystalline silicon wafer to begin with. However, the

surface contrast visible with optical and side-scattered electron microscopy disap-

peared after ns laser annealing, as shown in Figure 4.4.6. This would be consistent

this surface contrast arising from amorphous silicon and being removed by ns laser

annealing. The contrast visible with backscattered electron microscopy, on the other

hand, was unaltered by ns laser annealing. This suggests that such contrast arises

from structural effects other than the presence of amorphous silicon, and that these

structural effects are located below the melt depth produced by the ns laser pulse,

because melting and resolidification would presumably erase any structural modifica-

tions previously present.

What are potentially useful applications of ns laser annealing on fs-laser pro-

cessed surfaces with sub-micrometer surface structures? Like other hyperdoped black

silicon, silicon with sub-micrometer surface features has anti-reflective properties but

typically contains amorphous regions after fs laser irradiation. Nanosecond laser an-

nealing can produce a highly crystalline surface, but for surfaces with sub-micrometer

surface features, low ns laser fluences should be used to avoid destroying the surface
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texture. For comparison, Section 4.3 showed that hyperdoped black silicon with

1-micrometer surface structures could be annealed with ns laser pulses without de-

stroying the surface texture when low ns laser fluences were used (in that case, 0.6

J/cm2). Similar or lower ns pulse fluences could be investigated for hyperdoped black

silicon with sub-micrometer ripples.

Using ns laser pulses to anneal sub-micrometer hyperdoped ripples has inter-

esting potential beyond silicon, because these structures are produced by fs laser

irradiation on a wide range of materials, including metals and insulators. For exam-

ple, past studies have investigated using ultrafast laser processing to fabricate doped,

textured surface catalysts, such as heavily doped titanium dioxide [93]. Yet ultra-

fast laser processing often leaves material phases that are undesirable for functional

devices, necessitating some form of annealing. Conventional thermal annealing, how-

ever, can be incompatible with maintaining the properties of heavily doped materials.

So ns laser annealing could play a role in tailoring the structural properties of a range

of functional surfaces prepared by ultrafast laser irradiation.

For flat hyperdoped silicon produced by ultrafast laser irradiation, ns laser an-

nealing could also have useful applications. With appropriate laser irradiation param-

eters, ultrafast laser processing can produce flat, hyperdoped silicon, which could be

a more economical approach than ion implantation, which is a batch process requir-

ing high vacuum. A problem with the ultrafast laser irradiation approach, however,

is the production of amorphous silicon on the surface (which also occurs during ion

implantation). Nanosecond laser annealing can crystallize this amorphous material.

That being said, the presence of amorphous material is not the only challenge asso-
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ciated with producing flat, doped layers with ultrafast laser irradiation: Controlling

the dopant concentration profile, depth, and uniformity are also challenges.

4.4.5 Conclusions

In this section, we investigated the use of ns laser annealing on hyperdoped silicon

with surface structures less than one micrometer in size. For hyperdoped silicon with

ripples (laser-induced periodic surface structures), ns laser annealing can crystallize

the surface while keeping the dopant atoms present. Low ns laser pulse fluences

must be used, however, to avoid destroying the rippled surface texture. Nanosecond

laser annealing on flat, fs laser-irradiated silicon resulted in the removal of surface

contrast features revealed by optical and side-scattered electron microscopy, which

may be due to amorphous Si, but not contrast features revealed by backscattered

electron microscopy, which may be structural features below the melt depth of the ns

laser pulse. Nanosecond laser annealing on doped, sub-micrometer surface structures

could be useful for antireflective surfaces, surface catalysts, and shallow doped layers

prepared by ultrafast laser irradiation.

4.5 Femtosecond laser annealing of hyperdoped black

silicon

4.5.1 Introduction

When a femtosecond laser pulse melts silicon, the melt often resolidifies faster than

15 m/s, which yields an amorphous silicon structure [43]. However, under some
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conditions, femtosecond laser pulses can produce crystalline silicon. For example,

at fluences above around 2.5 kJ/m2, femtosecond laser pulses (at 800 nm) produce

resolidification velocities slow enough to yield crystalline silicon [14,43]. Alternatively,

femtosecond laser pulses could potentially be used to perform laser annealing by

heating amorphous silicon to the point of crystal nucleation without melting the bulk

silicon (for example, by initiating explosive crystallization) [94, 95]. In this section,

we investigate fs laser annealing on hyperdoped black silicon using femtosecond laser

pulses at 1300 nm.

4.5.2 Methods

We fabricated hyperdoped black silicon by irradiating a silicon wafer with fs laser

pulses in the presence of sulfur hexafluoride (SF6) gas. A monocrystalline silicon

wafer (p-type, boron-doped, 7–14 ohm-cm) was placed in a vacuum chamber which

was evacuated to < 0.1 Torr and then filled with sulfur hexafluoride gas to a pres-

sure of 500 Torr. Femtosecond laser pulses (800 nm, 100-fs pulse duration, 1 kHz

repetition rate) were output by a Ti:sapphire regenerative amplifier, passed through

a computer-controlled mirror galvanometer, directed into the vacuum chamber, and

focused onto the silicon surface so that a pulse diameter of 0.5–1 mm (full width at

half maximum (FWHM) of the Gaussian pulse) was obtained. We fabricated samples

using pulse fluences of 8 kJ/m2 and 2.5 kJ/m2, which produced hyperdoped black sil-

icon with conical surfaces structures approximately 10 micrometers and 1 micrometer

in height, respectively. The pulses were scanned across the silicon surface to obtain

200 shots/area [5]. Each time 4 cm2 of the surface was irradiated, the vacuum cham-
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ber was evacuated and refilled with new sulfur hexafluoride gas in order to prevent

ablated particles from the silicon surface from accumulating in the chamber. The

hyperdoped black silicon samples fabricated for this study were each 1 cm2 in area.

In order to test fs laser annealing, the hyperdoped black silicon samples were

mounted on a translation stage and irradiated with a series of 110-fs laser pulses at

1300 nm. The fs laser pulses were generated by a Ti:sapphire regenerative amplifier

at 800 nm, then passed through a optical parametric amplifier to produce fs laser

pulses at 1300 nm. The beam had a diameter of 74 micrometers (FWHM) at the

sample surface.

Before annealing, the melting threshold fluence at the hyperdoped black silicon

surface was determined (using black silicon with 1-micrometer surface structures), be-

cause the goal of the fs laser annealing was to produce a solid-state phase transforma-

tion rather than melting. The 1300-nm fs laser pulses were scanned across the surface

at a repetition rate of 1 kHz using a range of pulse energies (3–30 microjoules/pulse).

An infrared camera was used to observe reflections from the hyperdoped black silicon

surface, with high reflectivity interpreted as melting.

Once the melting threshold fluence was determined, the hyperdoped black silicon

samples were exposed to fs laser pulses in order to attempt laser annealing. Fluences

lower than the melting threshold were used in order to avoid melting the silicon (which

could produce amorphous silicon upon resolidification). The samples were reversed so

that the 1300 nm laser pulses were incident on the flat backside of the silicon substrate

and transmitted to the interface between the crystalline substrate and the amorphous

hyperdoped silicon. The purpose of irradiating the samples from the backside was to
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promote crystal nucleation and epitaxial crystal growth at the crystalline–amorphous

interface, because the 1300 nm wavelength undergoes linear absorption only within

the hyperdoped layer.

Although silicon is nominally transparent to 1300 nm light, two-photon absorp-

tion can occur for intense fields, such as those within fs laser pulses. Therefore, the

two-photon absorption occurring within the silicon wafer was measured, as this rep-

resents energy not incident on the hyperdoped layer. To determine the two-photon

absorption, the 1300 nm pulses were passed through a pristine section of the silicon

wafer and the transmittance was measured. The transmittance T can be approxi-

mated by T = (1 � R)(1 � A)(1 � R), where R is the reflectivity at the air/silicon

interface (0.3 at 1300 nm), and A is the two-photon absorptance in the silicon. Note

that A is a function of the pulse intensity and thus the pulse energy and pulse fluence.

Once the two-photon absorption was measured, the fs laser pulses were scanned

across the hyperdoped black silicon samples, with the pulses incident on the pristine

backside of the silicon wafer as described above. The pulse fluence F 1 incident at the

hyperdoped silicon/silicon substrate interface was estimated as F1 = F0(1�R)(1�A),

where F 0 was the pulse fluence before entering the silicon. In estimating F 1, we did

not estimate the change in pulse area due to scattering or self-focusing. Annealing

fluences of F 1 = 0.6 and 0.9 kJ/m2 were used. The laser pulses were incident at a

repetition rate of 10 Hz, and the stage was translated to obtain 5 shots/area.

In order to measure changes in crystallinity resulting from fs laser annealing,

Raman Stokes scattering spectra were obtained and analyzed as described in Section

4.2. The presence of amorphous silicon and high-pressure silicon phases (Si-III and
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Si-XII) were measured before and after fs laser annealing.

4.5.3 Results

In order to avoid melting the hyperdoped silicon with the 1300 nm fs laser pulses, the

melting threshold on hyperdoped black silicon with 1-micrometer surface structures

was determined. The onset of melting was observed at a fluence of approximately 3

kJ/m2, which is about twice the fluence required to melt pristine crystalline silicon

using an 800 nm fs laser pulse [1].

Table 4.5.1 shows the incident fs laser pulse fluence F 0, the measured two-

photon absorption occurring within the silicon substrate A, and the estimated fs

laser pulse fluence at the hyperdoped silicon interface F 1. The reflectivity R at

the silicon/air interface was assumed to be R = 0.3 in accordance with the Fresnel

equations. A fluence F 1 of 0.9 kJ/m2 was the highest annealing fluence achieved with

the experimental setup.

F0 A F1

3.6 kJ/m2 0.76 0.6 kJ/m2

7.1 kJ/m2 0.82 0.9 kJ/m2

Table 4.5.1: Femtosecond laser pulse fluence F0 incident on the backside of the hyper-

doped black silicon wafer, the measured two-photon absorptance A within the wafer,

and the estimated fluence F1 at the sub-surface interface between the hyperdoped

layer and the substrate.

Raman spectroscopy showed no change in amorphous silicon, Si-III, or Si-XII content
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after fs laser annealing for both the 1-micrometer-surface-structure hyperdoped black

silicon and the 10-micrometer-surface-structure hyperdoped black silicon.

4.5.4 Discussion

First we consider the measured melting fluence threshold of 3 kJ/m2 on hyperdoped

black silicon with 1-micrometer surface structures, which is twice as large as the

melting threshold of about 1.5 kJ/m2 for flat crystalline silicon. To compare these

values, we consider the amount of energy absorbed by the surface and the differing

surface geometries and material properties between hyperdoped black silicon and flat

crystalline silicon. At 1300 nm, the hyperdoped black silicon surface we examined

(with 1-micrometer surface structures) absorbs 80% of incident light, reflecting about

10% and transmitting about 10% (Section 4.3). Furthermore, the surface structures

increase the surface area by a factor of about 2–3 (approximating the surface struc-

tures as pillars with height and diameter both equal to 1 micrometer covering half

the surface). Thus, the effective absorbed fluence at the hyperdoped black silicon

surface for an incident 3 kJ/m2 pulse is only 0.8–1.2 kJ/m2. This is comparable to

the absorbed fluence at a flat crystalline silicon surface of 1 kJ/m2 for an incident

pulse with fluence 1.5 kJ/m2 (taking into account surface reflection). Thus, a pulse

fluence of 3 kJ/m2 at 1300 nm deposits roughly as much energy per unit surface area

in the sample of hyperdoped black silicon as a pulse fluence of 1.5 kJ/m2 at 800 nm

on flat crystalline silicon.

Although the energy density absorbed from a 1300 nm, 3 kJ/m2 pulse on our

hyperdoped black silicon is roughly equal to that from a 800 nm, 1.5 kJ/m2 pulse
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on flat crystalline silicon, the surface of our hyperdoped black silicon is amorphous,

not crystalline. This does not introduce a discrepancy into our analysis, however,

because the melting threshold fluences for crystalline and amorphous silicon from fs

pulses are similar. In the literature, the melting of amorphous silicon by fs laser pulses

is described as an ultrafast lattice destabilization process driven by the excitation of a

large fraction of valence electrons (⇠1022/cm3, about one excited valence electron per

atom), which also produces high optical reflectivity similar to that of liquid silicon [95].

This excitation and resulting lattice disorder can be produced by fs laser fluences of

1–2 kJ/m2, similar to the melting threshold fluence for crystalline silicon from fs

laser pulses, which is typically measured to be 1.5–2.0 kJ/m2 [43, 96]. For longer

laser pulses (e.g., ns laser pulses), the melting threshold fluence for crystalline silicon

increases (7–8 kJ/m2) while that for amorphous silicon remains fixed (1–2 kJ/m2)

[85]. This difference is consistent with the fact that the thermal conductivity of

amorphous silicon thin films (typically in the range of 1–3 W/mK) is about two

orders of magnitude lower than that of crystalline silicon, which is due to high rates

of phonon scattering from amorphous silicon’s disordered atomic structure [97] and

which prevents heat diffusion from the amorphous silicon film over the pulse duration.

What fluence conditions are required to modify amorphous silicon selectively?

The divergence of the melting threshold fluences for amorphous and crystalline silicon

at ns pulse lengths suggests that ns pulses could be used to melt amorphous silicon

selectively. With fs pulses, however, the melt threshold fluences for amorphous and

crystalline silicon are quite similar, making selective melting more difficult. Nonethe-

less, amorphous silicon does have a melting temperature about 200 K below that of
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crystalline silicon (about 1460 K for amorphous silicon vs. 1685 K for crystalline

silicon), meaning it should in principle be possible to initiate selective melting using

fs laser pulses, which can then initiate an explosive crystallization process [94]. Ex-

periments on fs laser-induced crystallization of amorphous silicon have shown that

a fs pulse fluence of 1.2 kJ/m2 can crystallize 100-nm-thick amorphous silicon films,

yielding crystal grain sizes of around 50 nm, whereas neither 0.8 kJ/m2 nor 1.5 kJ/m2

result in crystallization [95]. Thus, there is a rather narrow fluence window for ob-

taining crystallization in hyperdoped black silicon using fs laser pulses, particularly

when considering the irregular surface morphology of black silicon, which affects the

effective fluence at the surface. Both fluences we obtained experimentally at the

amorphous, hyperdoped interface (F 1 = 0.6 and 0.9 kJ/m2) were below that needed

for crystallization. Indeed, when considering the surface morphology, which increases

the surface area by a factor of 2–3 for black silicon with 1-micrometer surface struc-

tures, the effective fluence would be even less than indicated by the nominal annealing

fluence F 1.

We did not obtain crystallization with our fs pulses. To what degree, though,

did we heat the amorphous layer? Nominally, the change in temperature �T of the

amorphous layer can be estimated by:

�T =
FA

c

p

⇢dG

where F is the pulse fluence at the amorphous silicon surface, A is the optical ab-

sorptance of the amorphous layer, c
p

is the heat capacity of amorphous silicon (0.992

J/g/K), ⇢ is the mass density of amorphous silicon (2330 kg/m3), d is the thickness of

the amorphous layer, and G is a geometric factor that indicates the increase in surface
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area due to the surface morphology [97]. To initiate melting of the amorphous silicon

(and subsequent explosive crystallization), �T must be greater than approximately

1100 K (from an initial temperature of 300 K).

First, we consider if we can use this expression to obtain estimates consistent

with the experimental literature. Crystallization of 100-nm-thick amorphous silicon

films can be achieved using a 90-fs pulse at 800 nm with a fluence of 1.2 kJ/m2 [95].

Because these films are flat, G = 1. Estimating A is more complicated, because both

linear and nonlinear absorption occur in the amorphous film. At 800 nm, amorphous

silicon has reflectivity R = 0.35, linear absorption coefficient ↵ = 2.36*104 cm�1, and

two-photon absorption coefficient � = 37 cm/GW [95]. We can model the linear and

nonlinear absorption separately as:

A

linear

= (1�R)(1� e

�↵t)

and

A

nonlinear

= (1�R)(1� 1

1 + (1�R)2 F
⌧

�d

)

where F is the fluence and ⌧ is the pulse duration. At d = 100 nm, we obtain

A

linear

= 0.14 and A

nonlinear

= 0.11. However, to sum these overestimates the total

absorptance, because linear absorption reduces nonlinear absorption and vice-versa.

Therefore, we can estimate the total absorptance as:

A

total

= A

linear

(1� A

nonlinear

) + A

nonlinear

(1� A

linear

)2

which gives us A
total

= 0.21 for the explosive crystallization fluence of F = 1.2 kJ/m2.

Indeed, A=0.21 precisely gives us the required temperature increase for melting of �T

= 1100 K—a remarkably good agreement between this simple model and experiment.
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Of course, this is the average �T in the thin film. In reality, absorption is strongest

near the surface. Using this model, we would estimate that �T = 1500 K near the

surface, declines to 1100 K at a depth of 40 nm, and declines further to 700 K at a

depth of 100 nm. (To initiate explosive crystallization of the entire film, however, only

a small layer of it needs to be melted by the laser pulse [94].) The consistency of our

model with experimental literature provides some confidence that we can estimate

the change in temperature produced by our infrared fs laser pulses on hyperdoped

black silicon.

To estimate �T for the amorphous silicon in our samples, we must estimate A,

G, and d. For hyperdoped black silicon with 1-micrometer surface structures, A
linear

= 0.8 from spectrophotometer measurements, and we can estimate G = 2–3. If �T =

1100 K is produced by 1.2 kJ/m2 on flat amorphous silicon (i.e., 80% of the melting

threshold fluence), then we estimate that �T = 1100 K would be produced by 2.4

kJ/m2 on our hyperdoped black silicon (80% of our measured melting threshold flu-

ence of 3 kJ/m2), which implies d = 300–400 nm. This agrees generally with measured

amorphous layer thicknesses in hyperdoped black silicon with 1-micrometer surface

structures, which vary over the surface between around 100 nm and 1 micrometer [5].

Using these values for A, G, and d, we obtain �T = 200–300 K for F1 = 0.6 kJ/m2

and �T = 300–400 K for F1 = 0.9 kJ/m2. These estimates are consistent with the

fact that we did not observe structural changes (e.g., crystallization) after fs laser

annealing.

Interestingly, the �T values we estimate for the hyperdoped black silicon with

10-micrometer surface structures are larger: �T = 600 K for F1 = 0.6 kJ/m2 and
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�T = 900 K for F1 = 0.9 kJ/m2. This is because although G is larger (G = 4 for

surface cones of height 10 micrometers and diameter 5 micrometers), A is also larger

(0.9 from spectrophotometer measurements), and, most importantly, d is smaller (d

= 100 nm from cross-sectional TEM images). We still did not attain high enough �T

to initiate crystallization, but our estimates suggest we were close. To attain �T =

1100 K, we estimate F1 = 1.1 kJ/m2, or that the incident pulse fluence would need

to be F0 = 10 kJ/m2, assuming two-photon absorption in the wafer of about 0.9.

Although these are only general estimates, they suggest that it may in some cases

be easier to anneal large surface textures than small surface textures, because the

amorphous layers in large surface textures fabricated with high fs laser fluences can

be relatively thin.

In practice, what fluence values are required for fs laser annealing of amorphous

silicon? At present there are two methods to crystallize amorphous silicon using fs

laser pulses: 1) Irradiation with pulses below the melting threshold (e.g., 1.2 kJ/m2

on flat amorphous silicon) to initiate explosive crystallization or 2) irradiation with

pulses significantly above the melting threshold (e.g., 2.5–3.5 kJ/m2 on flat amorphous

silicon) to produce resolidification velocities sufficiently slow to yield crystalline silicon

[14, 43]. (At fluences of 1.5–2.5 kJ/m2, the material is melted and resolidifies as

amorphous silicon. At fluences below 1 kJ/m2, no apparent structural modification

occurs, and at fluences above 3.5 kJ/m2, significant surface ablation occurs [98].)

Thus, it appears that fs laser annealing can be obtained only within these two fluence

windows (around 1.2 kJ/m2 and 2.5–3.5 kJ/m2).

In our experiments, we attempted to anneal the amorphous, hyperdoped layer
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not at the surface but at the amorphous/crystal interface. This may be an im-

practicable approach going forward. First, to attain sufficiently high fluences at the

amorphous/crystal interface, very high incident fluences (around 10x larger) must be

used, because two-photon absorption in the silicon substrate can be high. Second,

even if sufficiently high fluences are attained at the interface to initiate explosive crys-

tallization, such crystallization might not be epitaxial to the substrate, although it

would be interesting to investigate this. A more straightforward approach to fs laser

annealing would be to irradiate the hyperdoped or textured surface directly using

pulses with fluences of 2.5–3.5 kJ/m2, potentially melting to the crystalline substrate

and yielding crystalline (perhaps epitaxial) resolidification.

Is fs laser annealing a viable approach for improving the material properties of

hyperdoped black silicon? Femtosecond laser irradiation can indeed crystallize amor-

phous silicon films. However, for optoelectronic devices, fs laser annealing might have

some practical limitations. Initiating explosive crystallization with fluences below the

melting threshold produces nanometer-scale crystal grains, which may result in low

carrier mobility or high recombination rates in devices. Producing crystalline silicon

using fluences in the range 2.5–3.5 kJ/m2 might yield lower grain boundary densities.

However, if Gaussian pulses are used, their low-fluence edges will produce amorphous

silicon, although it may be possible to obtain purely crystalline material by using non-

Gaussian pulses (e.g., uniform pulse profiles). Thus, obtaining high-quality crystalline

material using fs pulses would require specially designed pulses within a particular

fluence window. If this can be achieved, there could be advantages to using fs laser

annealing compared to ns laser annealing, because less energy would be deposited
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into the material during the annealing process.

4.5.5 Conclusions

Here, we investigated the viability of using fs laser pulses to anneal, or improve the

crystallinity of, hyperdoped black silicon. Using 1300-nm fs laser pulses, we mea-

sured the melting threshold fluence on hyperdoped black silicon, and we laser-heated

the hyperdoped, amorphous layer at the subsurface interface, taking into account

two-photon absorption in the substrate. Although we were unable to initiate crys-

tallization in the amorphous layer, we described a simple annealing model that is

consistent with the literature and used it to estimate the heating produced by our fs

pulses. Our results and analysis indicate that fs laser annealing may be most practi-

cable when the pulses are incident at the amorphous surface, obviating the need for

fs laser pulse wavelengths transparent to crystalline silicon. Annealing using uniform

fs pulses in the 2.5–3.5 kJ/m2 fluence window could be straightforward approach for

crystallizing the surface of hyperdoped black silicon. Femtosecond laser annealing

could be useful for devices, because very little energy would be deposited below the

annealing zone during the process.

4.6 Conclusions of chapter

In this chapter, we investigated the use of pulsed laser irradiation for annealing of

hyperdoped black silicon. We explored laser annealing using ns and fs lasers, a range of

laser wavelengths, and a variety of surface textures. In general, ns laser annealing is a

robust process for obtaining highly crystalline laser-processed silicon while preserving
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the surface texture and the supersaturated dopant states.

In Section 4.2, we investigated the use of ns laser annealing on hyperdoped

black silicon with surface textures about 10 micrometers in size. Nanosecond laser

annealing smoothed the surface on the nm scale, but kept the micrometer-scale sur-

face textures intact. No loss of optical absorptance was observed. The ns laser pulses

resulted in essentially complete crystallization of the surface, removing amorphous

and pressure-induced silicon phases. Transmission electron microscopy and selected

area diffraction of the surface textures show a complete absence of non-crystalline

material, and the material appears to be single-crystalline. The ns laser annealing

process also does not interfere with the formation of an electrical diode at the dopant-

substrate interface. The use of ns laser annealing was also shown to reactivate the

optical activity of the dopants after deactivation by thermal annealing. This is useful

because thermal processes, such as rapid thermal annealing to improve electrode con-

tact, are sometimes unavoidable. The deactivation-reactivation cycle can be repeated

multiple times.

In Section 4.3, we investigated the use of ns laser annealing on hyperdoped black

silicon with surface textures about 1 micrometer in size. Again, ns laser annealing

resulted in full crystallization of the surface. At some ns laser fluences, the surface

texture was destroyed, which reduced its optical absorptance. However, we found that

some laser fluences can crystallize the surface while preserving the surface texture. In

fact, crystallizing the surface led to an increase in sub-bandgap absorptance, possibly

due to an increase in the population of dopants in a crystalline environment.

In Section 4.4, we explore the use of ns laser annealing on hyperdoped silicon
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with sub-micrometer surface textures, specifically nanometer-scale ripples and flat

laser-doped silicon. Again, ns laser annealing removed the amorphous silicon detected

in the nanometer-scale surface ripples. However, the ns laser annealing fluence was

too high to preserve the texture, so that after ns annealing, the texture was heavily

modified. Nanosecond laser annealing also appeared to remove amorphous silicon

from flat laser-doped silicon. The amorphous material in this flat silicon could not

be detected before or after annealing by Raman spectroscopy, but before annealing,

optical and side-scattered electron microscopy showed pockets of contrast associated

with amorphous silicon. After ns annealing, these pockets were removed.

In Section 4.5, we explore the use of fs laser annealing on hyperdoped black

silicon. We used fs laser pulses at 1300 nm to heat the amorphous, doped layer from

within the surface (at the hyperdoped-substrate interface). However, in transmitting

the fs laser pulses through the undoped portion of the silicon wafer, significant multi-

photon absorption was measured. We estimated the heating effect produced by our

fs laser pulses, finding that it is most practicable to perform fs laser annealing from

the surface of the hyperdoped layer, either at a fluence of around 80% of the crys-

talline silicon melting threshold (e.g., 1.2 kJ/m2) to initiate explosive crystallization

of the amorphous layer [95] or at a fluence of 2.5–3.5 kJ/m2 to produce melting and

crystalline resolidification [14].
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Conclusions of thesis

5.1 Advances in this thesis

In this thesis, we report a range of advances in laser processing of silicon. In Chapter 2,

we document the texturing effect of fs laser irradiation of silicon in air at low fluences,

determining the fluence and pulse number combinations that produce fully formed

surface ripples with a minimum of debris. We find that the debris is oxygen-rich and

determine conditions that mitigate its accumulation. We find that surface texturing is

strongly associated with the presence of amorphous silicon and that amorphous silicon

content is highest immediately after texture formation. Moving to fluences below the

single pulse melting threshold, we observe incubation behavior, and we document

the presence of silicon before texturing occurs that appears to be highly strained

and/or hexagonal in structure, which is a possible incubation mechanism for surface

modification at low fluences. We observe that the surface textures form underneath

of a thin surface layer which may be the native silicon oxide layer and which may be a
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source of oxygen-rich surface debris seen on the surface after fabrication. We measure

the reduction in local texturing fluence with increased pulse number and find that the

texturing fluence decreases linearly with the logarithm of the pulse number. We find

that the number of pulses needed to initiate texturing is sensitive to the peak fluence of

the pulse, and we predict that 10–20 pulses are needed above the melting threshold

to initiate texturing, while peak fluences of around 1.4 kJ/m2 require hundreds of

pulses to initiate texturing. We observe the progression of the texturing process from

its earliest stages and find that the growth of the textured area is sensitive to the

gas pressure. At low gas pressures, we infer that thermocapillary effects from surface

plasmon polaritons are responsible for mass transfer leading to surface ripples, while

at high gas pressures, we infer that an impurity-gradient-driven Marangoni effect

dominates. Moving to scanning pulses, we verify our prediction that 10–20 pulses are

needed above the melting threshold for texturing, which holds for scanned pulses over

a wide range of fluences. We experimentally map out the fluence and pulse number

parameter space for hyperdoped black silicon fabrication in SF6, reporting our results

in a phase diagram. We begin to quantify the effects of surface feedback for black

silicon formation empirically. We continue to investigate scanned pulses and move to

selenium thin films on silicon. We report the formation of ripple-like structures in

both the selenium film and the silicon substrate and that the presence of the selenium

film substantially reduces the texturing threshold fluence of silicon. At low fluence

and high shots/area, we report highly uniform, very small (150-nm) surface ripples

of Se-doped silicon. We then show that by separating the laser texturing and laser

doping steps of hyperdoped black silicon fabrication, the doping concentration can
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be controlled on textured surfaces, and we use optical absorption measurements to

observe what appears to be intermediate band formation and a semiconductor-to-

metal transition at different irradiation conditions. Finally, we investigate the use

of hydrofluoric acid (HF) for surface cleaning of laser-textured silicon and find that

HF can remove both surface debris as well as amorphous silicon without altering the

surface morphology.

In Chapter 3, we focus on the microstructure of hyperdoped black silicon and

its relationship to irradiation and doping conditions. We show that the formation of

pressure-induced Si-XII is correlated with melting and resolidification on a textured

surface and is suppressed at high fluences (e.g., above 3.2 kJ/m2). We show that if

low-fluence irradiation of the textured surface is avoided, then textured surfaces can

be formed without generating significant amounts of Si-XII. We then report results

using selenium thin films, showing that high-fluence irradiation removes much of the

film. During irradiation, silicon melts beneath the native silicon oxide layer, which

separates the silicon substrate from the film. Thus, texturization or some other

method of removing or disrupting the native silicon oxide layer appears necessary to

mix selenium into the silicon surface. We find that selenium is incorporated at very

high concentrations (around 2 at. %) and that the surface textures are composed of

fine- and large-grained polycrystalline silicon. At low fluences below the single-pulse

melting threshold, the surface is textured with sub-micrometer structures that are

crystalline and that contain a thin, 10–20 nm skin of Se-doped silicon.

In Chapter 4, we report results from laser annealing of hyperdoped black silicon.

We demonstrate that ns laser annealing results in essentially complete crystallization
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of the surface and removes pressure-induced phases. The annealing process preserves

the optical absorptance and the electrical rectification properties. After thermal an-

nealing that deactivates the sub-bandgap absorptance, ns laser annealing reactivates

the sub-bandgap absorptance. Larger surface textures can undergo annealing at

higher fluences than smaller structures without losing their surface morphology. We

identify ns annealing fluences that crystallize 10-micrometer and 1-micrometer surface

textures without loss of surface morphology and light trapping. We also carry out

ns laser annealing on sub-micrometer textures and flat surfaces. We investigate the

use of fs laser pulses for annealing hyperdoped black silicon. We find that annealing

through the backside of the silicon wafer using infrared laser pulses is largely imprac-

ticable due to nonlinear absorption inside of the silicon substrate. We identify fluence

ranges that may be useful for direct fs laser annealing of the surface. Nanosecond laser

annealing addresses one of the longstanding challenges in the field: obtaining high

crystallinity and high sub-bandgap absorptance simultaneously in laser-hyperdoped

black silicon.

5.2 Outstanding challenges

We consider the important outstanding challenges facing hyperdoped black silicon

fabrication for creating useful devices. One of the longstanding challenges—low ma-

terial crystallinity—is largely resolved in this thesis through the use of ns laser an-

nealing. Another major challenge—controlling the dopant concentration on textured

surfaces—is addressed in this thesis (Section 2.7) but not yet resolved. Controlling the

dopant concentration is probably the most immediate research challenge that needs to
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be addressed for laser-doped intermediate band devices to be fabricated. Fortunately,

there exists a range of approaches for addressing this challenge, including separation

of laser texturing and laser doping fabrication steps (Section 2.7), laser doping of

pre-textured substrates, or even ion implantation of textured substrates followed by

ns laser annealing.

Obtaining a hyperdoped layer thin enough for carrier extraction is more a re-

quirement than an outstanding challenge, insofar as it is feasible with current laser

doping or implantation methods. However, this requirement is frequently ignored

in the literature, with hyperdoped layers 200–300 nm thick often fabricated by ion

implantation. Basic hole transport calculations indicate that this is too thick for

hole extraction (as shown in Figure 1.4.1); hyperdoped layers 50–150 nm thick are

more appropriate. Fabricating hyperdoped layers of these thicknesses is possible using

both ion implantation and laser doping. Indeed, fs laser doping typically produces

doped layers in this thickness range. Researchers using ultrafast lasers (picosecond

and shorter) to perform laser doping often search for a justification for using ultrafast

pulses rather than, say, ns pulses. The need for very thin doped layers in prospec-

tive hyperdoped devices is one realistic justification. Another is that with ultrafast

pulses, the melting and resolidification process occurs rapidly enough that the dopant

concentration may be controlled using individual pulses.

Obtaining high optical absorptance in hyperdoped silicon is not challenging

alone, but it is challenging to obtain while meeting all the other requirements for

an intermediate band device (controlled doping concentration, controlled doped layer

thickness, etc.) For example, if the dopant concentration is controlled through ion

195



Chapter 5: Conclusions of thesis

implantation, then the hyperdoped material is typically flat. The main challenge

with regard to laser texturing is probably how to obtain a highly textured surface

without introducing too many impurities into the surface (e.g., impurities from air,

SF6, or NF3). One approach could be to laser-texture the surface while introducing

the impurities, then to remove the impurity layer (which is typically only 50–100 nm

thick) through laser ablation or chemical etching. The textured surface can then be

doped controllably with ion implantation or laser doping (using irradiation parameters

designed to produce the desired doping concentration).

Thermal stability of the dopant is largely addressed by ns laser annealing, be-

cause such annealing can reactivate the dopant after thermal deactivation. However,

in practical device fabrication, ns laser annealing may not be possible after thermal

treatment, such as after rapid thermal annealing. Thus, the use of dopant atoms with

lower thermal diffusivities (such as tellurium) is attractive. Methods for introducing

low-diffusivity dopants through gas precursors would be useful, because it is difficult

to control the doping concentration and dopant distribution using thin films.

One outstanding challenge that has received very little attention is to embed

the hyperdoped layer within conventional p- and n-type silicon layers. Because very

little work has been done in this area, it is difficult to speculate how this could best

be achieved. However, an initial approach could be to use chemical vapor deposition

to deposit conventional doped silicon on top of hyperdoped black silicon. Because

the deposition process typically involves high temperatures, thermal deactivation of

the dopant will likely occur. To address this, ns laser annealing could be carried out

following the deposition process, which would reactivate the dopant and also presum-
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ably blend the conventional and hyperdoped layers together somewhat. Alternatively,

a low-diffusivity dopant could be used so that less or no thermal deactivation occurs

during silicon deposition.

5.3 Outlook

We close this thesis by discussing an outlook for hyperdoped black silicon research.

A great deal of excitement has been generated over the past decade by the prospect

of intermediate band devices, yet useful hyperdoped devices have yet to be made.

The absence of useful hyperdoped devices is not entirely surprising, however, because

numerous outstanding challenges for device fabrication remain unresolved (Sections

1.4 and 5.2). Commercialization of laser-textured and laser-doped silicon might be

accelerated if researchers were to identify and address these challenges directly. For-

tunately, all of the challenges identified appear resolvable in principle.

In the realm of optoelectronic devices, laser-textured and hyperdoped silicon

have various potential applications. One area of application which we do not discuss

here in detail is light-emitting diodes and lasing, which take advantage of the abil-

ity of hyperdoping to transform indirect bandgap semiconductors to direct bandgap

semiconductors [99]. Another area of application encompasses intermediate band pho-

todetectors and photovoltaics, which take advantage of prospective sub-bandgap pho-

toresponse [16]. And another area of application is laser texturing for light-trapping

surfaces, which does not necessarily entail doping. Below, we discuss sub-bandgap

photoresponse applications and laser texturing applications in more detail.

The prospect of sub-bandgap photoresponse has generated a great deal of excite-
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ment over the last decade, based mostly on the prospect of using inexpensive materials

like silicon to produce high-efficiency photovoltaics [16] and infrared-sensitive pho-

todetectors. In hyperdoped materials research, these applications are often lumped

together. However, to realistically assess the prospects of these applications, it may

be useful to recognize their differences. At least three reasons exist why hyperdoped

materials may be more promising for photodetectors than for photovoltaics, at least

in the prospective term. First, the commercial markets for these products are distinct.

Photovoltaics produce a commodity (electricity), meaning new technologies compete

on the basis of a single or perhaps a few metrics (in the case of photovoltaics, most

typically cost/Watt). This can make it difficult for niche products with low pro-

duction volumes and unique functionalities to enter the market. Photodetectors, in

contrast, compete on the basis of a wide range of performance characteristics, such

as sensitivity to particular spectral bands and dynamic range. Thus, niche products

with low production volumes can enter the market in particular application areas

(such as low-light night vision, consumer electronics, or specific military applica-

tions). This difference in markets is one reason why photodetector applications may

be nearer than photovoltaic applications for hyperdoped silicon. The second reason

photodetector applications may be more promising is technological. Hyperdoping

interferes with carrier transport (reducing lifetime and mobility) [32], which may re-

duce overall photovoltaic efficiency. These efficiency losses might be overcome with

precise material and device engineering, but this may translate to increased cost.

Photodetectors, on the other hand, could be operated under increased bias regimes

to compensate for poor carrier transport. The third obstacle for the prospects of

198



Chapter 5: Conclusions of thesis

hyperdoped photovoltaic applications is that the intermediate band concept focuses

on increasing the efficiency limit of single-semiconductor photovoltaic devices. It is

possible that large efficiency improvements are necessary to grow the solar indus-

try [100]. However, in recent practice, photovoltaic cost reductions have been driven

significantly by economies of scale rather than by very large photoconversion efficiency

improvements—let alone large improvements in theoretical maximum efficiency lim-

its [101]. In practice, such theoretical maximum efficiency limits might not be a

limiting factor to continued growth of the photovoltaics industry, and increasing such

limits might not be directly relevant to the continued growth of the photovoltaics

market (especially if improvements in theoretical limits are not accompanied by in-

creases in actual operating efficiency—and at competitive cost). Given that improved

efficiencies in hyperdoped photovoltaic devices have not yet been demonstrated in the

lab, it is reasonable to expect that demonstrating such improvements in industrial

settings may be distant, and demonstrating such improvements economically may be

more distant. Thus, there are multiple reasons to expect hyperdoping to be more

applicable to photodetectors than to photovoltaics, at least in the foreseeable term.

However, another application of laser processing of silicon is laser texturing

(without hyperdoping). Laser texturing of silicon has already been used to produce

enhanced infrared response near the bandgap energy in silicon-based photodetectors

and enhanced efficiencies in silicon-based photovoltaics [45]. And promisingly, black

silicon photovoltaic cells fabricated with non-laser methods, such as metal assisted

etching, have been shown to exhibit enhanced photoconversion efficiencies [12, 102].

Laser texturing may have some advantages over other texturing approaches (such
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as reactive ion etching, metal-assisted chemical etching, and electrochemical etching

[103]) in terms of throughput, silicon and process waste, and cost. Some noteworthy

challenges facing the use of laser texturing for photovoltaics include material quality,

cost of laser texturing systems, and design of laser texturing systems for industrial

settings. In the near future, however, these challenges could be resolved through

advances in material processing (e.g., laser annealing discussed in Chapter 4) and

cost, performance, and design of ultrafast laser systems [104]. Commercial use of

laser texturing for photovoltaics may be possible in the foreseeable future and could be

facilitated by technology transfer from academic laboratories to commercial settings

[7].
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