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Abstract

This dissertation explores strategies for improving photolvoltaic efficiency and reduc-
ing cost using femtosecond-laser processing methods including surface texturing and
hyperdoping. Our investigations focus on two aspects: 1) texturing the silicon sur-
face to create efficient light-trapping for thin silicon solar cells, and 2) understanding
the mechanism of hyperdoping to control the doping profiles for fabricating efficient
intermediate band materials.

We first discuss the light-trapping properties in laser-textured silicon and its
benefit to thin silicon heterojunction solar cells. We report a nearly 15% improvement
in the short circuit current and device efficiency after surface texturing, which is
attributed to the enhancement of absorption due to the formation of Lambertian
surfaces. We next present studies on the hyperdoping mechanism using a pump-probe
method. We measure in situ the change in surface reflectivity during hyperdoping and
extract the dynamics of the melt front. Understanding the melt dynamics allows us to
constrain the physical parameters in a numerical model, which we use to simulate the
doping profile with a simplified classical picture. We then demonstrate the successful
fabrication of homogeneously doped silicon by manipulating the hyperdoping process

based on theoretically predicted design principles.
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Chapter 1

Introduction

1.1 Overview

Femtosecond-laser processing provides new outlooks to the solar industry through two
aspects: surface texturing and hyperdoping. Surface texturing enhances the absorp-
tion efficiency of a material and enables a reduction in active layer thickness without
sacrificing the device efficiency. Hyperdoping changes the band structure of a mate-
rial and allows absorption of sub-bandgap photons. Both approaches grant promises
towards achieving highly efficient and low cost solar cells. In this dissertation, we
first present a successful implementation of our laser texturing technique to fabricate
light-trapping thin silicon solar cells. We then discuss our fundamental understanding
of the hyperdoping mechanism and demonstrate the feasibility to design and fabricate

hyperdoped silicon on demand.



Chapter 1: Introduction

1.2 Organization of the dissertation

In chapter 2, we review the history of black silicon, various fabrication methods, and
the state-of-the-art solar cells based on each types of black silicon. We also introduce
the idea of light-trapping and its importance to thin silicon solar cells.

In chapter 3, we present efficient light-trapping silicon surfaces made by femtosecond-
laser texturing. We then demonstrate an improvement in the external quantum effi-
ciency, the short circuit current and the device efficiency in heterojunction solar cells
made of our laser-textured material.

In chapter 4, we elucidate the underlying mechanism of femtosecond hyperdop-
ing of sulfur in silicon. We develop a pump-probe technique to probe the change
in surface reflectivity during the hyperdoping process and extract the melting and
resolidification dynamics.

In chapter 5, we design and fabricate homogeneously hyperdoped silicon based
on our understanding of the hyperdoping mechanism.

In chapter 6, we summaries the work in this dissertation and provide suggestions

to future studies.



Chapter 2

Progress in photovoltaics: black

silicon and light-trapping solar cells

2.1 Introduction

Silicon is the second most earth-abundant element and the most used semiconductor
in the solar industry. Notably, crystalline silicon solar cells share about 85% of the
market due to the materials excellent properties [1]. First of all, silicon can be easily
purified because most of the notorious efficiency-reducing impurities have low solid
solubility in crystalline silicon [2]. Secondly, silicon can be doped both n-type and
p-type to form p-n junctions. Furthermore, silicon oxidizes naturally to form a thin
passivation layer that prevents the device from degrading. Stability of the material
allows a warranty of 80% device performance even 25 years after the installation [1].

The first crystalline silicon solar cell was made almost 60 years ago, with an

efficiency of 6% [3]. Over the decades, robust research and development continue to
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thrive. With the great technology transfer from the laboratory to industrial produc-
tion, commercial cystalline solar cell has an efficiency of 25% at a steadily declining
cost [1]. To become competitive in the U.S. without subsidies, the cost of crys-
talline silicon solar cells has to reduce to 0.5-0.75 dollars per Watt at its peak power
(USD/Wp). This means we need to cut half of the current production cost. Two
of the main strategies to achieve this milestone are to increase the device efficiency
and reduce the feedstock cost. For enhancing efficiency, the first step is to maximize
the material’s absorption by reducing the reflection loss at the surface. The idea of
making silicon “black” thus has become one of the main research topics in the past
few decades. For reducing the feedstock cost, it is intuitive to make the active layer
thinner. However, how to manage the sunlight so that most energy is absorbed within
a thinner material becomes another challenging and interesting field of engineering.
In this chapter, we first review various kinds fabrication methods to produce
“black silicon”. We will then introduce “light-trapping” as an important engineering

route that greatly enhances the absorption in thin silicon solar cells.

2.2 Black silicon for photovoltaic applications

2.2.1 Overview

The formation of silicon needles or pillars, known as “grass” or “black silicon”, was
first discovered in the 70s as an undesirable side effect during the reactive ion etch-
ing (RIE) process [4-7]. Figure 2.1 shows the surface morphology of an RIE-made

grass/black silicon. Although many researchers were finding ways to solve this rough-
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ening problem, some later found out the undesirably surface structures could actually
be beneficial for photovoltaic devices where minimizing reflection is crucial to enhance
the energy conversion efficiency. [4,8]. Figure 2.2 compares the reflectivity of a grass
surface to a flat silicon reference [9]. The reflectivity of grass is nearly zero across the
visible and near infrared spectrum. This is due to the fact that these nanostructures
are much smaller than the wavelength of light. When light is incident on the surface
of grass, it is effectively traveling through a medium that has a graded index of refrac-
tion. Consequently, instead of reflecting as usual at an interface of two mediums of

different refractive index, light can now enter the grass with minimum reflection [10].
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Figure 2.1: A SEM image of grass/black silicon made by RIE. The image is
adapted from reference [11].
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Figure 2.2: Normal incidence spectral reflectance of a RIE-etched black mul-
ticrystalline silicon surface and a polished multicrystalline silicon surface.
Data adapted from reference [9].

Randomly texturing the silicon surface with KOH solution has been a standard
industrial procedure for creating an antireflection and light-trapping surface in a
solar cell [12]. KOH has anisotropic etch rates to silicon, particularly slow on the
(111) plane in silicon [13]. Thus, pyramid like structures form on the silicon surface
after etching with KOH. However, this method does not work well for multicrystalline
silicon where the crystal orientation varies from grain to grain. Efforts in making black
silicon therefore focus on methods that are not selective to the crystal orientation for
applications on cheap multicrystalline silicon.

Researchers have investigated various methods to create black silicon in addition
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to RIE, such as: porous silicon etching [14], mechanical diamond saw cutting [15],
photolithography-defined etching [16], metal-assisted etching [17], and laser texturing
[18]. In this chapter, we discuss two black silicon methods including RIE and laser
texturing. There are several advantages of these two black silicon methods. For
example, they requires no pre-patterning; they can texture a large area efficiently;
and they are applicable to silicon of any crystallinity and even other material systems

such as metal and dielectrics [9,19-23].

2.2.2 Reactive ion etching

RIE is one of the standard semiconductor microfabrication techniques. The RIE sys-
tem consists of a vacuum chamber, electrodes, and a gas flowing system. The chosen
gas species typically react with the targeted material to form volatile products that
leave the system easily. For example, SF¢ and CCl, are common gases for etching sili-
con because the reaction products, SiFy and SiCly, are volatile [11]. In a RIE process,
a strong radio frequency (RF) electromagnetic field generates plasma by stripping off
the electrons from the ions of the flowing gas molecules. The highly mobile electrons
build up at the DC-isolated platter electrode, resulting in a strong electrical field on
the order of a few hundred volts. The heavy ions thus tend to accelerate towards
the sample surface and bombard the surface with high kinetic energy. As a result,
there are two effects concurrently etching the sample: 1) chemical reaction between
the active ions and the sample surface, and 2) physical sputtering via momentum
transfer from the directional bombarding ions to the surface atoms. The former pro-

cess is isotropic while the later process is the key for achieving an anisotropic etching.
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Therefore, the relative etching rates between the chemical reaction and physical sput-
tering determines whether the etched wall is straight or tapered. For example, it is
possible to achieve a deep straight trench etching by quenching the chemical reaction
with cryogenic processes or passivation of chemically inert molecules [11,24,25].

Surface roughening during the RIE processes is a common phenomenon in dif-
ferent materials systems such as silicon, SiOy and, polymer [26-28|. Although there
were debates about the formation mechanism, it is now widely accepted that these
structures result from the micromasking effects in the highly selective RIE process.
The masking materials could be native oxide and dust on the surface, redeposition
of the pre-existing masking materials such as SiO,, and involatile surface residues
formed by interaction of reactive plasma species with the electrode material [5-7,29].
The surface features of the RIE-made black silicon are controllable by altering the
gas species, the reaction pressure and the RF power [7,8,30,31|. The gas species
and processing pressure determine the amount of inhibitor adsorption on the surface.
The RF power controls the accelerating voltage of ions and thus affects the amount
of mask redeposition. Inomata et al. demonstrated controllability of aspect ratio of
the surface structure by changing the Cly flow ratio [32]. Figure 2.3 shows a variety
of surface morphologies made by RIE with SFg and O plasma [31].

For photovoltaic applications, it is important for a material to have not only
strong absorption but also efficient carrier transport properties. Researchers found
that although the RIE-etched silicon surfaces have perfect antireflection, the con-
currently generated surface damage due to ion bombardment limits the electronic

performance of this roughened material [33]. Practically, this problem is solvable by
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Figure 2.3: SEM pictures of different types of RIE-etched silicon surfaces:
(Left) grass, (Middle) pillars, (Right) pyramids. Different structures can be
made by tuning the SFg and O, flow ratio. Images adapted from reference
[31].

applying an additional damage removal etching process to recover the material quality
while maintaining the antireflection property [9,33,34]. Yoo et al. have demonstrated
a 16.1% energy conversion efficiency of a 200-pum multicrystalline silicon solar cell
using RIE and damage removal etching [34]. Their RIE-textured device has an en-
hanced short circuit current as expected from a better antireflection property of the
surface. Recently, Repo et al. reported an 18.7%-efficient RIE-made black silicon so-
lar cell. The key to their success is to passivate the black silicon surface with a 10-nm
layer of Al,O3 by plasma-assisted atomic layer deposition. The passivation improves
the internal quantum efficiency at short wavelengths, suggesting a suppressed surface
recombination [35,36]. Although some of the RIE-textured surfaces reported in the
literature appears to be perfect randomized, most of the discussion focus on the mate-
rial’s antireflection properties rather than light-trapping [9,33,34,37,38|. However, we
note that light-trapping could play a role in the enhanced absorption for some of the

RIE-generated structures having randomly distributed wavelength-sized landscapes.
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2.2.3 Laser texturing

The Mazur group discovered another type of black silicon by irradiating silicon
with a train of femtosecond-laser pulses in a SFg-containing atmosphere [39]. The flat
silicon surface transforms into conical morphologies after multiple laser irradiations
as seen in Figure 2.4 (Left) [40]. Interestingly, the laser-induced surface roughening is
also an undesirable effect during pulsed-laser deposition. However, a photolvoltaic de-
vice can utilize the enhanced absorptance across the visible and the infrared spectrum

as shown in Figure 2.4 (Right) [41].

photon energy (eV)

2 1 0.5
S — ] I

g

laser-textured black silicon

crystalline
silicon

| |
1 2 3
wavelength (um)

Figure 2.4: An SEM image of a laser-textured black silicon [40], and (Right)
the absorption spectrum of laser-textured black silicon compared to a flat
crystalline silicon [41].

We can attribute the enhanced absorption in the visible spectrum to geometric
factors. The textured-surface has a larger size and spacing than the visible wave-
length. Considering light normally incident on laser-textured black silicon, it bounces
between the valleys on the surface and has multiple chances of entering the material.

This results in a strong antireflection effect in a similar way as the KOH-etched

10
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pyramidal structures [12,42|. The geometric antireflection is a function of the cone
angle. Figure 2.5 compares the geometric effect in a laser-textured black silicon to
a KOH-etched silicon surface. The light paths are predicted by assuming both the
laser-textured and anisotropically etched surfaces have a refractive index of 4 for light
having a wavelength of 600 nm. Our laser-textured surface has a smaller cone angle
and larger aspect ratio than the KOH-etched surface structures. Consequently, the
incident light bounces a few more times between the laser-made cones before escap-
ing the surface compared to the case in the chemically etched pyramids, leading to a
higher absorption enhancement. Furthermore, light enters the material with an an-
gle and experience total internal reflection when hitting on subsequent interfaces. In
this case, light is essentially trapped inside the material via geometric light-trapping,
which we will in the next section [12].

The formation of the spiky black silicon surface consists of several steps. First,
laser-induced periodic surface structures (LIPSS) in the shape of ripples generate on
the surface after the first few laser shots [43,44|. Sipe et al. developed a widely
accepted theory that attributes the ripples to frozen surface waves during fast solid-
ification induced by the laser irradiation. These surface waves form as a result of
uneven energy deposition and variation in the melt depth due to interference between
the incident light and the scattered light at the surface [45]. These structures are ex-
pected to have spacing on the order of the laser wavelength for the interference effect.
Another speculation is that surface plasmon polaritons play a role in the uneven en-
ergy deposition [46,47|. Bonse et al. incorporated the Drude model into Sipe’s theory

to explain the orientation and spacing of LIPSS at various energy deposition [48-50].

11
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(a) A 4

74
79 86

46 31

Figure 2.5: Hlustration of the optical path of light incident on microstruc-
tured silicon surface: (a) Our laser-textured surfaces, with cones subtending
42°, (b) Textured silicon surface of pyramids made using anisotropic chemical
etching. Angles are labeled in degrees. Adapted from reference [42].

12
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The surface ripples tend to collapse and form beads with increasing laser irradiations
or higher laser fluence. Recurring feedback further enhances uneven energy deposi-
tion. As a consequence, the beads grow into pillars and cones of variable periodicity
and height depending on the laser parameters. Figure 2.6 shows an SEM image of
a silicon surface irradiated by femtosecond-laser pulses in air for 500 shots [42]. The
Gaussian nature of the pulses results in stronger energy deposition in the center com-
pared to the periphery. We observe different structures including ripples, beads and

cones with increasing energy deposition.

Figure 2.6: A SEM image of silicon microstructures made in air by irradiating
silicon with 500 pulses, with 245 mJ per pulse, without translating the laser
beam. Note the ripple-like structure around the periphery of the patterned
area [42].

We can control the surface structures with processing parameters including the

laser fluence, the shot number, pressure, and the ambient gas species. As shown

13
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in Figure 2.6, a higher the fluence results in larger surface structures with bigger
spacing. In Figure 2.7, we see the surface structure evolution with increasing laser
irradiations from 0 to 300 shots in a SFg-atmosphere [51]. Similar to the RIE process,
SF¢ molecules react with silicon to form a volatile gas SF; during the texturing
process. Therefore, the etching effect makes the surface cones sharp in shape. By
tuning the amount of SFg in the environment during laser texturing, we can produce
various surface structures. Figure 2.8 shows a series of laser-textured silicon surfaces
made in different SFg pressure with the same laser fluence and shot number. In
vacuum (Figure 2.8 (a)), there are no gas molecules providing pressure to the silicon
surface during melting and resolidification in each laser irradiation cycle. The surface
structures generated in vacuum are thus bigger compared to other cases. When we
increase the SFg pressure from vacuum to 5 torr (Figure 2.8 (b)), the size of the
surface cones becomes smaller in height. Ridges form on the surface between an SFg
pressure of 20 to 300 torr (Figure 2.8 (c)-(e)). The ridges are skinnier at higher SFg
pressure. At 500 torr, cones that are much sharper than the case in vacuum appear
on the surface. Increasing the pressure from 500 torr to 750 torr does not affect the
surface morphology [52]. We conclude two effects determining the size and shape of
the laser-induced surface structures. First, a higher SF¢ pressure results in taller and
sharper structures due to the etching effect. Second, ablation occurs more easily at
lower pressure, resulting in larger structures. We note that other chemically active
gases such as Cly also produces sharp structures in addition to SFg [42].

In addition to the geometric effect that enhances absorption in the visible spec-

trum, the sub-bandgap absorption also approaches unity in black silicon made by

14
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Figure 2.7: Silicon surfaces after (a) 0 pulses, (b) 1 pulses, (c) 5 pulses, (d)
10 pulses, (e) 25 pulses, (f) 50 pulses, (g) 150 pulses, and (h) 300 pulses of
10 kJ/m? fluence in 500 torr of SFg [51].

15
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Figure 2.8: SEM images of the surface morphology for laser-textured silicon
made at a fluence of 10 kJ/m? in different pressures of SFg: (a) vacuum
(1076 torr), (b) 5 torr, (c) 20 torr, (d) 100 torr, (e) 300 torr, and (f) 500
torr. Each SEM image is taken at a 45° angle to the surface with the same
magnification, adapted from reference [52].

fs-laser irradiation in SFg (Figure 2.4). This is due to the incorporation of sulfur in
the silicon lattice during laser-induced phase transition. Sulfur is a double donor that
produces mid-gap impurity states between 100 meV to 300 meV below the conduction
band of silicon [53]. These deep level states thus allow photons of smaller energy than
the bandgap to excite electrons from the valence band to the defect states or from
the defect states to the conduction band. The near unity sub-bandgap absorption is
a result of both the geometric effect and the change in the electronic band structure
of silicon. From the viewpoint of photovoltaic applications, these deep-level states
provide stepping-stones for electrons to utilize sub-bandgap photons to transition
from the valence band to the conduction band trough a two-step absorption process.
This is promising for generating electrical power from the infrared range of the solar

spectrum where 23% of the energy cannot be absorbed by crystalline silicon.
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In fact, when irradiating silicon with fs-laser pulses, each melting and reso-
lidification cycle occur on a timescale of nanosecond. The resolidifying solid /liquid
interface moves at a speed of ~ 10m/s as we will discuss in Chapter 4. The doping
process thus occurs in a non-equilibrium manner where solute rejection is suppressed
because the resolidification front progresses much faster than the diffusive velocity of
sulfur (= 1m/s) [54,55]. This gives rise to “hyperdoping”, dopant incorporation at
concentrations several orders of magnitude beyond the equilibrium thermodynamic
solubility limit [41,56]. At such a high concentration (=~ lat.%), the wavefunction of
the dopant electrons is delocalized and an intermediate band forms via mechanism
such as Mott insulator to metal transition [57,58|.

Luque et al. proposed the idea of intermediate band solar cell (IBSC) in which
an intermediate band material is sandwiched between a typical p-n junction of a
solar cell [59]. Including an intermediate band material into a traditional solar cell
allows higher photocurrent generation via sub-bandgap absorption without sacrific-
ing the open circuit voltage. Furthermore, lifetime recovery is predicted under the
condition of insulator-to-metal transition. Overall, the theoretical efficiency limit of a
single-junction IBSC under concentrated sunlight is 63%, much higher than the 40%
Shockley-Queisser efficiency limit at the same operation condition [59-61]. Although
there are still debates about whether or not lifetime recovery is present at high doping
concentrations of deep level dopants, hyperdoping is a promising tool for fabricating
intermediate band materials [62,63|. In Chapter 4 and 5, we will discuss the gas-phase
(SF¢) doping mechanism and demonstrate how we can design the doping profile. We

note that in parallel to the hyperdoping method using fs-laser, there are also other
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methods that can supersaturate silicon with deep level dopants, such as ion implan-
tation and pulsed laser melting and plasma immersion ion implantation [64-67].

So far we have discussed both the surface texturing and hyperdoping using fs-
laser. We emphasize that these two functions can be decoupled by a fine control of
the laser parameters [68]. Texturing silicon with femtosecond-lasers has shown great
contribution to enhance the absorption, short circuit current and the device efficiency
in literatures [18,69,70]. Most of the work utilizes the benefit of surface texturing
without hyperdoping. Nayak et al. reported a 14.2%-efficient crystalline silicon solar
cell. They textured the silicon surface in SFg with fs-laser pulses then remove the
laser-damaged layer before making a p-n junction. A spin-off company, SiOnyx, from
our research group has applied laser texturing on 150-pum multicrystalline silicon
wafers and reported an average efficiency of nearly 17% [71]. For hyperdoped silicon

solar cell, Kontermann et al. holds the efficiency record of 4.5% [72].

2.3 Light-trapping for thin silicon solar cells

Commercial solar cells are typically made of 180-um silicon wafers. These wafers are
made by wire sawing from silicon ingots. Since the wires are on the order of 100
pm, each cutting produces almost the same volume of waste. This is the main factor
for the high feedstock cost. Recently, researchers and manufacturers are focusing
on using alternative kerfless methods to produce wafers thinner than 25-um [73-76].
While there is an optimistic outlook in reducing the feedstock cost, another issue
accompanying the reduction of material thickness emerges. Due to the weak infrared

absorption coefficients of crystalline silicon, just a single light path is not sufficient
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for the material to absorb all the infrared light. Hence, photon management, making
most use of the sunlight, becomes the key towards enhancing the device efficiency of
thin crystalline silicon solar cells.

Fortunately, crystalline has a high refractive index (n & 3.5) that facilitates
light-trapping, increasing the effective optical thickness of a material by total internal
reflection that traps light inside the material to increase the total path length [77].
According to Yablonovitch’s theory, a perfect Lambertian surface that scatters light
in random directions creates a 4n? enhancement in the effective optical thickness
[78]. For crystalline silicon, perfect light-trapping translates to a 50 times increment
in absorption. The effect of light-trapping is particularly important in thin film
solar cells. Figure 2.9 demonstrates how crystalline silicon absorbs the sunlight at
different materials thickness. We simulate assuming three scenarios: a) flat silicon,
b) flat silicon with antireflection coatings, and c) silicon with both antireflection and
Lambertian light-trapping surfaces. As the thickness decreases from 200-pm to 2-pm,
the flat silicon is missing out more and more sunlight because light travels shorter
and shorter distances in the material. Adding the antireflection coating improves
the absorption across the whole spectrum for the 400-um wafer. But it does not
work well enough for thinner wafers. For industrially used and thinner wafers, the
importance of light-trapping is obvious because just a single light path is not enough
for crystalline silicon to absorb all the lower energy photons.

Researchers have been applying various surface structures to enhance light-
trapping, such as: photonic crystals structures [79-81], plasmonic structures [82-85]

or dielectric nanoparticles [86], nano-patterned and etched surface features [87, 88|,
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Figure 2.9: How crystalline silicon of different thicknesses absorbs the solar
spectrum when a) having flat surfaces, b) having flat surfaces with antireflec-
tion coating, and c¢) having Lambertian surfaces with antireflection coating.
The black curve in all figures is the solar spectrum (A.M. 1.5). The blue,
green, and red curves represent the portion of solar spectrum that the mate-
rial can absorb.
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random textures [12,89]. In the following chapter, we discuss using laser-texturing to

create efficient light-trapping surfaces for thin silicon solar cells.
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Chapter 3

Femtosecond-laser texturing for

light-trapping thin silicon solar cells

The trend of reducing materials cost of a solar cell by minimizing the active
layer thickness urges extensive research in light management because a single light
path no longer guarantees the material to absorption all the sunlight. One idea is
to transform the flat material surface into randomized landscapes for light to scatter
and be trapped inside the material due to total internal reflection. In this chapter, we
demonstrate an enhanced photovoltaic efficiency in light-trapping thin silicon solar
cells made by fs-laser texturing. This work is in collaboration with Benjamin Lee and

Howard Branz at National Renewable Energy Laboratory.
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3.1 Introduction

To compete with the mature wafer-based crystalline silicon photovoltaic technology
that shares nearly 90% of the solar market, recent development in thin silicon photo-
voltaics aims for approaching high device efficiency and significantly reduction in the
production cost. Furthermore, the stability of the module is another critical concern
that motivates thin silicon technologies producing large-grained or single-crystal films
including the porous silicon (PSI) process [90], thin wafer spalling [74], layer-transfer
of thin silicon [73,76], laser [91] and e-beam [92] recrystallization of silicon films,
and seed and epitaxy approaches [89,93|. These technologies have great potential for
scalability to large areas at low production cost. However, silicon has small absorp-
tion coefficients particularly for longer wavelength photons. It requires a material
thickness of hundreds of microns or more to fully absorb all the red and near-infrared
photons. Thus, a key challenge for silicon solar cells 50-pm or thinner is achieving
high photocurrent by capturing more of the weakly absorbed sunlight than is possible
in a single-pass through the silicon. To trap light in the material, obtaining longer
effective path length of light without increase the physical thickness of the material,
is therefore a crucial direction in the roadmap of achieving highly-efficient low-cost
thin silicon solar cells.

As discussed in chapter 2, various methods have been employed to fabricate
light-trapping surfaces [12, 80, 85-87|. In this chapter, we focus our discussion on
a maskless random texturing method. There are several benefits of using random
texturing methods. Ideally randomized surfaces give rise to Lambertian scattering,

which is sufficient to attain the Yablonovitch light-trapping limit [78]. Furthermore,
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random texturing is likely to be industrially feasible because it does not require any
pre-patterning steps. KOH etching is commonly used in the industry to texture (100)-
oriented silicon wafers and the absorption of the textured surface is comparable to
the Yablonovitch limit [12]. However, KOH etching typically removes many microns
of silicon, which is not economical for thin silicon cells. Moreover, it does not work
well with crystal orientations other than (100) or with multicrystalline silicon.

Two alternative methods to create randomized surface structures are texturing
silicon with plasma etching [89] and laser pulses [18,94|. Previous optical studies of
laser-textured silicon primarily focused on the reduced reflectivity or the sub-bandgap
absorption from concurrent hyperdoping with chalcogens during the texturing pro-
cess [18,94]. As described in Chapter 2, selecting a proper fabrication condition can
decouple the texturing and the hyperdoping processes. In this chapter, we focus on
purely texturing silicon with fs-laser pulses without introducing any chalcogen im-
purities. We investigate both the antireflection and light-trapping properties of the
randomly textured silicon surfaces. We also make thin silicon solar cells to demon-

strate the benefit of laser texturing for light-trapping.

3.2 Experimental

In this section, we describe experimental procedures to fabricate thin light-trapping
silicon solar cells by fs-laser texturing. There are three main steps: 1) fabricate light-
trapping surfaces using femtosecond laser pulses, 2) chemically etch the surface to

remove laser-induced surface defects, and 3) device fabrication.

24



Chapter 3: Femtosecond-laser texturing for light-trapping thin silicon solar cells

3.2.1 Laser texturing

We can create various surface textured with fs-laser pulses, depending on the laser
parameters and the ambient gas environment [41]. We perform texturing in Hs to
passivate dangling bonds at the silicon surface. Texturing in Hy also avoids large
surface structures and material removal, as opposed to texturing in vacuum or SFg.
The surface morphologies of silicon textured in Hs is similar to those textured in Na,
having blunt hills and valleys instead of sharp spikes. We can tune the size of the
surface features by altering the laser fluence and the number of shots. In this work,
we target wavelength-scale and larger surface features to: 1) reduce the reflectivity
by directing reflected light to neighboring valley walls, and 2) scatter light at large
angles, resulting in light-trapping with the assistance of total internal reflection inside
the material.

We use a regeneratively amplified Ti:sapphire laser to perform surface texturing
on four different silicon surfaces: 1) 2-um polycrystalline silicon thin films grown by
hotwire chemical vapor deposition, 2) 20-um thin crystalline silicon wafers, 3) 50-pum
crystalline silicon wafers, and 4) 400-um crystalline silicon wafers. The laser pulses
have a temporal duration of 100 fs, a center wavelength of 800 nm, and a repetition
rate of 1000 Hz. Except for the 2-pm, all wafers are double side polished. We clean the
surface of silicon with solvents (acetone, methanol, and isopropanol) before loading
them into a chamber, which is pumped down to 10™° torr before being back-filled
with 100-torr of Hy. We use a scanning mirror system to raster scan the laser pulses
on the silicon surface, achieving on average 100 laser shots per area at a fluence of 3

kJ/m2. We illustrate the experimental setup in Figure 3.1.
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Figure 3.1: A schematic diagram of our fs-laser texturing apparatus. Two
Galvo scanning mirrors direct and raster the fs-laser beam on the sample
mounted in a chamber. A He-Ne laser is present for alignment purpose. A
CCD camera is used to measure the spot size.

3.2.2 Chemical etching

Inevitably, laser texturing introduces polymorphs and extended defects to the silicon
lattice. Therefore, we employ chemical etching to remove the unwanted laser damaged
surface layer. First, we etch with KOH (40%) solution at 70 °C for 45 seconds. Then,
we use a mixture of hydrofluoric acid : nitric acid : acetic acid (HNA etch) with
a ratio of 2 : 5 : 15 for 3 minutes at room temperature. HNA is an isotropic wet
etchant for silicon. The ratio of HNA determines the etch rate and the aspect ratio
of the etched material. We chose this ratio to maintain the surface roughness made

by laser texturing [13,95,96].
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3.2.3 Device fabrication

We fabricate silicon heterojunction (SHJ) solar cells on a 50-um crystalline silicon
wafer to demonstrate the effect of light-trapping on the device performance. The
float-zone wafer is phosphorus-doped (n-type) to a resistivity of 1-10 Q-cm. Fig-
ure 3.2 illustrates the device structure. For directly comparing the performance of
a textured cell and the flat reference cell, we perform laser texturing and chemical
etching on half of the wafer as described in the previous sections and leave the other
half unaltered. The wafer is then RCA-cleaned and HF-dipped to remove the na-
tive oxide immediately prior to deposition of the emitter. The emitter consists of
10-nm of p-type boron-doped amorphous silicon on top of 4-nm of intrinsic amor-
phous silicon made by plasma enhanced chemical vapor deposition (PECVD) onto
the front (laser-textured) side. We deposit an 80-nm thick layer of indium tin oxide
(ITO) as the front contact. On the rear side, 4-nm of intrinsic and then 10-nm of
n-type phosphorus-doped amorphous silicon is deposited by PECVD. We form the
back contact on the whole area of the wafer by depositing 80-nm of ITO followed by
a reflective metal stack (1.5-nm Ti / 1-um Ag / 100-nm Pd). On the front side, we
deposit metal (50-nm Ti / 60-nm Pd / 1-um Ag/ 100-nm Pd) and create patterns
using photolithography. We isolate 0.05-cm? circular mesa cells by etching through
the ITO and amorphous silicon layers in the area surrounding the cell. The front
metal serves two functions: as a tiny contact pad on the cell mesa for the electrical
measurement probe and separately covering the large area outside the cell mesa to

block stray illumination.
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Figure 3.2: The architecture of our laser-textured thin silicon heterojunction
solar cells.

3.2.4 Characterization

We examine the surface morphology and cross-section of the textured surface with a
scanning electron microscope (SEM) and a tunneling electron microscope (TEM). We
measure the optical transmission (7) and reflection (R) spectrum using a spectropho-
tometer equipped with an integrating sphere. Both the specular and diffusive light is
collected. The absorption (A) is calculated by A =1 —T — R. We perform external
quantum efficiency (EQE) and current-voltage (I — V') measurements on both the

textured and the flat cells under illumination of a solar simulator (A.M. 1.5).

28



Chapter 3: Femtosecond-laser texturing for light-trapping thin silicon solar cells

3.3 Result

In Figure 3.3, we demonstrates the effect of laser texturing on the optical property
and the surface morphology of a silicon thin film. The transparent 2-pm thin film
turned from orange color to opaque after laser texturing. The SEM image shows that
hills and valleys form randomly on the silicon surface after laser texturing. The size of
these features is on the order of 1-pum. Additionally, we find some nanoscale features

such as nano-pores and nano-particles on the textured surface.

Figure 3.3: (Left) A 2-um silicon thin film textured by fs-laser pulses. The
structured regions appear to be black to the eye. (Right) An SEM image
of the textured silicon surface from a 45° viewing angle. Hills and valleys
having a size of about 1 pym form randomly on the silicon surface, which is
suitable for antireflection and light-trapping.

We show the cross-sectional TEM image of one of the hills formed by laser pulses
in Figure 3.4, revealing the crystallinity of the textured surface. We observe highly
defected polycrystalline silicon and nano-voids instead of single crystalline lattices in
the sub-surface area of the hill. The damaged region can be as deep as the height
of the surface structures. We note that there is a layer of ITO covering the surface

on top of an amorphous layer. They are both deposited onto the surface after laser
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texturing as the front contact for making a photovoltaic device.
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Figure 3.4: Cross-sectional TEM image of one of the hills on a textured
silicon surface. The texturing process damages the crystallinity and results
in lattice defects and voids inside the sub-surface region. We note that a layer
of ITO and amorphous silicon is deposited onto the surface for fabricating a
device.

In Figure 3.5, we compare the surface morphologies of two samples, with one as-
textured (Figure 3.5 (Left)) and the other textured and etched (Figure 3.5 (Right)).
Before etching, we observe nano-indentations and voids at the surface. The etched
sample is slightly smoother and has shallower surface features than its as-textured
counterpart. However, it is free of nano-indentations and nanoparticles.

We investigate the optical properties of our laser-modified silicon surfaces by

comparing the laser-textured wafers to their flat references. We also report the effect
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Figure 3.5: (Left) SEM image of the as-textured surface from a 45° viewing
angle. (Right) SEM image of the same sample after wet etching to remove
the laser damaged surface layer.

of the additional chemical etching on the optical properties. To elucidate the an-
tireflection and light-trapping properties, we study the reflectivity and absorption for
textured wafers that are 400-pm and 20-pm thick. We include the simulated absorp-
tion for both the 400-um and 20-um wafers under two conditions: 1) a flat surface
with an optimized antireflection coating on top (75 nm of silicon nitride with a reflec-
tive index of 2), and 2) a Lambertian surface without the antireflection coating. We
first examine the 400-uym wafers. In Figure 3.6 (a), we observe that the reflectivity
of both the modified wafers is lower than the flat wafer across the entire visible spec-
trum. The reflectivity of the as-textured wafer is the lowest. After wet etching, the
reflectivity is between the flat wafer and the as-textured wafer. Figure 3.6 (b) shows
the same effect of reflectivity reduction in the 20-pum wafer that has been textured
and etched. Figure 3.6 (c¢) and (d) compares the absorption spectrum of the modified
silicon wafers to the flat wafer and the theoretical simulations. For samples that have

been textured and etched, the 400-uym and 20-um wafers have qualitatively similar
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absorption. The absorption is enhanced across the visible spectrum up to silicon’s
bandgap compared to the flat wafers. The surface-modified wafers exhibit a lower
absorption than the wafer with optimized antireflection below 1000 nm and 800 nm
for the 400-pm and 20-um wafers, respectively. However, the absorption enhance-
ment almost approaches the Yablonovitch (Lambertian) limit beyond 1000 nm and
800 nm for the 400-pum and 20-pum wafers, respectively. We note that the as-textured
wafer has a higher absorption than the textured and etched wafer across the entire
spectrum. Particularly, significant sub-bandgap absorption in the as-textured wafer
is reduced to about 5% after the wet etching.

Figure 3.7 demonstrates the angle-dependent absorption spectrum of a 20-pm
silicon wafer that has been textured and etched. The angle is defined by the difference
between the incident direction of light and the surface normal, with zero degree
corresponding to normal incidence. A larger angle means that the sample surface
normal is tilted farther away from the incident light path. While the absorption in the
visible range decreases slightly with increasing incident angles, it remains unchanged
for near the bandgap spectrum.

In Figure 3.8, we present the performance of our light-trapping devices. We label
our laser-textured and wet-etched devices as the “textured” device. First we examine
the photon to electron conversion efficiency at visible and near IR spectrum. We
define the external quantum efficiency (EQE) as the number of the photo-generated
electrons at zero bias voltage divided by the number of the incoming photons. The
EQE of the textured device is higher than the flat device across the entire spectrum

(Figure 3.8 (Top)). The EQE ratio of the textured device to the flat device is between
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Figure 3.6: Optical properties of 400-pym and 20-pum silicon wafers that are
either treated with only laser texturing or with additional wet etching, as
labeled in the figures. Optical properties of the flat wafers are included as
reference. (a) and (b) show the reflectivity of the 400-um and 20-pm wafers,
respectively. (c) and (d) show absorption of the 400-um and 20-pum wafers,
respectively. Data collected from the flat samples are included for reference.
Theoretical simulations are presented in (¢) and (d) for comparison. The
dotted lines represent the simulated absorption of a silicon wafer with an-
tireflection coating (ARC) of an optimized thickness of 75 nm. The dashed
line represents the simulated absorption of a silicon wafer with a Lambertian
light-trapping surface.

1 and 2 in the visible spectrum (Figure 3.8 (Bottom)). However, it increases from 1.5
to 5 when the wavelength, A, increases from 900 nm to 1100 nm. Figure 3.9 shows the

current-voltage (I — V') curves of both the textured and the reference cells. The short
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Figure 3.7: Absorption of a 20-um silicon wafer that has been textured and
etched as a function of incident angle. The incident angle is relative to the
surface normal. The absorption in the near bandgap spectral range is nearly
identical for all angles.

circuit current, defined as the current at zero bias voltage, of the textured device is
~ 15% higher than the flat device. The open circuit voltage, defined as the voltage at
zero current condition, is the same for both devices. Table 3.1 lists the values of open
circuit voltage, short circuit current, fill factor, and efficiency for both the textured

and the flat reference device.

3.4 Discussion

To obtain efficient antireflection and light-trapping, we aim to create wavelength-size

and larger features on the silicon surface. We select a fluence (3kJ/m?) that is just
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above the ablation threshold, which is high enough to modify the surface morphology
while avoiding significant ablation [97|. Thus, the change in surface morphology is
accompanied by a negligible amount of material loss. During the texturing process,
each fs-laser pulse locally melts silicon at the surface to a depth of approximately 50
nm. Meanwhile, molten capillary waves form as a result of an inhomogeneous energy
deposition from interference of the incoming laser pulse and scattered light at the
surface. Within a short melt duration, on the order of nanoseconds, the surface waves
are frozen in space to form ripples before they could dissipate away [45,49,50,98,99].
Successive laser irradiations cause these surface ripples to grow into small hills and
valleys. The hills and valleys have a spacing of about 1-2 pm, which is perfect for
photons of about 1 um and smaller wavelengths to reflect multiple times between
these structures and enter the material in random directions. We can clearly observe
this effect in Figure 3.3 (Left). While the 2-pm silicon thin film is transparent to the
red photons, the textured area no longer allows the red photons to transmit through
and appears to be black.

Unfortunately, laser texturing also results in structural defects in the silicon
lattice as seen in the cross-sectional TEM (Figure 3.4) and nanoscale pores and in-
dentations on the surface structures as shown in Figure 3.3 (Right). Previously, we
studied the microstructure of the surface textures by TEM and Raman analysis. Our
investigation suggested that fs-laser induced fast melting and resolidification on a
textured surface generates stresses, which deform the silicon lattice and result in the
formation of polymorphs and extended defects. The plastic deformation could occur

in regions as deep as 1 um below the surface [100]. Although the polymorphs can
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be annealed out at low temperatures, the extended defects cannot be easily removed.
Previously, we have tried to anneal the laser-textured silicon in an oven at 600°C to re-
cover the lattice structure. The silicon polymorphs and amorphous phases disappear
after annealing under Raman analysis. We also performed absorption measurements
that show a reduction in the sub-bandgap absorption mediated by the structural de-
fects. However, the device shows an enhancement in EQE only in the near bandgap
spectrum; the overall conversion efficiency is poor [101].Our failure on demonstrating
an enhanced photocurrent in a textured and oven-annealed silicon thin film solar cell
implies that recovering the laser-damaged lattice is not trivial. The extended defects
cannot be removed within a reasonable annealing temperature and time duration.
Furthermore, the presence of nano-indentations at the surface prevents a good pas-
sivation since the amorphous layer thickness is only a few nanometers. Incomplete
surface coverage of the amorphous layer results in poor junction quality, as reflected in
the low shunt resistance and a small V,,. [101]. We thus conclude that it is mandatory
to remove the damaged surface layer.

Wet etching is an economical way to achieve this goal. We choose a two-step
etching recipe to remove the surface layer while preserving the randomized surface
features created by laser texturing. The etched surface is smoother than the as-
textured surface and free of obvious morphological defects (Figure 3.5). We note that
just the etching process itself will not produce the same textures on a flat silicon
surface. More importantly, the entire process, including laser texturing and wet
etching, only removes 1- 2 um of material. Therefore, our approach is more compatible

with thin film silicon solar cells than the conventional KOH etching technique that
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removes many microns of silicon.

Next we discuss the optical properties of the textured silicon wafers with dif-
ferent thicknesses (400-pum and 20-pum). Figure 3.6 (a) shows the reflectivity of the
400-um wafers with different surface treatments. The as-textured sample has the
largest roughness in morphology and therefore the lowest reflectivity. Wet etching
increases the reflectivity slightly because the surface features become shallower and
smoother. In Figure 3.6 (b), we also observe similar reduction in the reflectivity com-
paring the textured and etched 20-pum wafer to the reference. We see an increase
in the absorption corresponding to the decrease in reflection for both of the rough-
ened 400-pm and 20-pm wafers (Figure 3.6 (¢) and (d)). As shown in the simulated
absorption curves, antireflection benefits the absorption below 1000 nm and 800 nm
for the 400-pm and 20-pum wafer, respectively. For longer wavelengths, light-trapping
plays an important role in the enhanced absorption for all the roughened samples. We
note that the significant sub-bandgap absorption in the as-textured samples is due to
structural defects created by the laser process. After wet etching, the sub-bandgap
absorption decreases to about 5%. The residual sub-bandgap absorption is similar
to that of a wafer etched by KOH. Therefore, we conclude that the etching process
has removed most of the laser induced structural defects. For both the 400-pm and
20-pum wafers, the laser-textured and etched samples absorb like a Lambertian light-
trapping material, which we attribute to the nearly ideal random textures created
by our fs-laser process. This is supported by angle-dependent absorption measure-
ments of a 20-pum wafer that has been laser-textured and etched (Figure 3.7). The

absorption at wavelengths near the bandgap is independent of the incident angle. An
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ideal Lambertian surface produces completely randomized light scattering, regardless
of the incidence angle of illumination. Therefore, the fact that the absorption for the
near bandgap photons is independent of the incident angle of light provides strong
evidence that we have created a Lambertian surface. Comparing the enhanced near
bandgap absorption in the 400-pym and 20-pm wafers, we clearly see the importance
of light-trapping when reducing the wafer thickness. Although our textured surfaces
does not absorb perfectly in the visible spectrum as the silicon with optimized an-
tireflection coating, we could utilize the excellent light-trapping properties created by
random texturing and add an extra layer of antireflection coating to capture reflection
loss. We apply this method to our silicon heterojunction solar cells.

We have successfully demonstrated the enhanced performance in a 50-um solar
cell made of laser-textured and etched silicon. The device efficiency increases from
10.2% to 11.6%, a nearly 15% increment, due to an increase in the short circuit
current J,. from 26.5 to 30.0 mA /cm?. The improvement in the photocurrent does
not sacrifice the open circuit voltage. However, we emphasize that the value of V.
(500 mV) is smaller than a good heterojunction silicon solar cells (> 700 mV) [102].
In fact, the wafer itself has a low carrier recombination lifetime of 6 us evaluated by

the quasi-steady-state photoconductance lifetime measurements.
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Figure 3.8: (Top) Comparison of the EQE of a laser-textured and etched
cell, labeled as “textured”, (red) and a flat cell (blue). (Bottom) The EQE
ratio of the textured cell to the flat cell. The EQE enhancement in the near
bandgap spectrum is significantly higher than the visible spectrum.
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Typically, a high quality wafer should have a lifetime of 1 ms or larger. We attribute
the small V,. to the poor wafer quality. We therefore cannot comment on whether or
not the laser or chemical process has effect on the junction quality because the bulk
material quality has a significant effect on the value V., making it insensitive to the
junction quality. However, from the surface morphology shown in Figure reffig:etch,
we expect a good passivation during the amorphous layer deposition which should

give rise to the formation of a perfect junction.
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Figure 3.9: The [-V curves of the same set of devices. The textured cell has
nearly the same open circuit voltage as the flat cell but a &~ 15% enhancement
in the short circuit current.

Examining the EQE assures our success in producing the Lambertian light-
trapping surfaces and the benefit of it to the overall energy conversion efficiency. The

laser-textured cell has improved EQE across the entire spectrum compared to the flat
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Table 3.1: Short circuit current (Js.), open circuit voltage (V,.), fill factor,
and efficiency of the textured and etched cell and the flat reference cell.

Sample Jse (mA/em?)  V,. (mA/cm?) Fill factor (%) Efficiency (%)
Flat 26.5 516 4.7 10.2
Textured and etched 30.0 517 74.5 11.6

reference cell (Figure 3.8), consistent with the enhanced absorption discussed in the
previous paragraph. For A < 900 nm, silicon has absorption lengths larger than the
thickness of the wafer (50 pm), meaning all the light entering the material should be
absorbed within a single-pass through the material. Therefore, we can attribute the
enhancement in EQE to the reduced reflection for A < 900 nm. For A > 900 nm, the
EQE enhancement cannot be simply due to antireflection because the material is not
thick enough to capture all the light if it were to pass through only once. However,
we observe an EQE improvement of a factor between 2 to 5 for A > 1000 nm, far too
large to be explained by the small change in antireflection alone. We attribute this

enhancement to the effect of light-trapping on the weakly absorbed red-photons.

3.5 Conclusion

Our fs-laser processing technique allows us to create randomly-textured surfaces on
silicon that leads to antireflection and light-trapping. Although the anti-reflection
properties can be further improved, the light-trapping properties of our textured
surfaces approach the Yablonovitch limit for Lambertian surfaces. However, the as-
textured surfaces contain undesirable nano-indentations and sub-surface structural

defects to a depth of nearly 1 um. We can easily remove the damaged layer with a wet
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etching recipe that maintains the random roughness created by the laser treatment
and the excellent angle-independent light-trapping property.

We fabricate heterojunction solar cells on 50-pm thick, laser-textured and etched
silicon wafers to demonstrate the benefit of light-trapping on thin silicon solar cells.
The EQE of a textured cell is improved significantly at the near bandgap range of
silicon’s absorption spectrum. Compared to the flat reference cell, the textured cell
has a nearly 15% improvement in the short circuit current and the energy conversion
efficiency. We believe that laser texturing is a promising technique for fabricating
thin film light-trapping solar cells for many reasons. First, laser processing has been
employed in the solar industry for large-area, high-throughput fabrication. Second,
this technique applies to various material systems regardless of the crystal orientation
and crystallinity. Third, this process is mask-less and does not require multiple-step
patterning. We encourage further engineering of the fabrication process to obtain high
quality textured surface that eliminates the need of chemical etching. For example,
it might be possible to design a pulse sequence that produces surface textures while

preserving the crystallinity.
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Chapter 4

Mechanism of femtosecond-laser

hyperdoping

In this chapter, we study fs-laser hyperdoping for intermediate band photovoltaic ap-
plications. Irradiating silicon with fs-laser pulses in the presence of dopant precursors
allows incorporation of non-equilibrium concentrations of dopants that leads to in-
termediate band formation. For useful applications, the ability to control the doping
concentration, distribution, and the position and width of the intermediate band in
the electronic bandgap are crucial. Understanding the hyperdoping mechanism is thus
the key to further manipulation of our doping technique. In this chapter, we focus on
elucidating the physical processes underlying fs-laser hyperdoping using a gas phase
species, SFg, as the dopant precursor. We apply an in situ pump-probe technique
to monitor the melting and resolidification dynamics and provide constraints on the

theoretical modeling of the hyperdoping process.
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4.1 Introduction

Introducing deep level dopants in semiconductors leads to sub-bandgap absorption
via a two-step absorption process that promotes the valance band electrons to the
conduction band [103|. While sub-bandgap absorption allows a semiconductor to
capture more energy from the sunlight, extracting the extra photo-excited carriers
out from the material before they relax back to the valence band is not trivial. The
presence of deep level impurity states mediates non-radiative recombination, causing
a reduction in the carrier lifetime [104,105]. Therefore, efforts in developing impurity
photolvoltaics back in the 60s did not show any promise [106]. Recently, Luque
and Marti proposed the idea of intermediate band photolvoltaics — introducing a
band of delocalized impurity states to utilize the enhanced sub-bandgap absorption
while suppressing the recombination rate [59]. It is predicted that an optimized
intermediate solar cell could break the Shockley-Queisser efficiency limit for single-
gap materials [60]. Approaches toward creating intermediate band materials includes
quantum dots methods and bulk methods [107]; we focus on the latter in this thesis.
By highly doping of deep level impurities above the insulator-to-metal transition
limit, it is expected that delocalization of the dopant electron wavefunctions will
allow lifetime recovery [108]. Researchers have provided evidence of lifetime recovery
in silicon highly doped with Titanium [63].

The chalcogen, including S, Se, and Te, is another candidate system for produc-
ing an intermediate band in silicon. It is recently reported that insulator-to-metal
transition occurs in silicon supersaturated with sulfur [64]. Although there is de-

bate about whether or not lifetime recovery should occur under insulator-to-metal
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transition, it has been shown that the cross-section for recombination through sulfur
impurities in silicon can be significantly reduced relative to isolated impurities cite
at high doping concentrations below the Mott-transition limit [62,109]. The Mazur
group has been developing a laser technique that allows incorporation of dopants be-
yond the equilibrium solubility limit — a requirement for producing chalcogen-doped
silicon with insulator-to-metal transition and reduced carrier recombination rate. By
irradiating fs-laser pulses on silicon in the presence of gas phase or thin film pre-
cursors, silicon can be doped with ~ 1 at.% of chalcogens [110]. Incorporation of
calcogens allows sub-bandgap absorption up to 5-10 pm [111]. Furthermore, It has
been shown that sulfur-hyperdoped silicon by fs-laser has sub-bandgap responses in
photodiodes [112].

Besides laser hyperdoping, supersaturating materials with doping concentra-
tions beyond the equilibrium solubility limit have also been achieved by a combination
of ion implantation and pulsed laser melting over decades ago. Here researchers have
carried out extensive studies on the mechanism leading to supersaturation. Aziz et al.
performed a series of studies to understand the solid-liquid interface kinetics and its
relation to the origin of the nonequilibrium dopant incorporation [113-117|. In Aziz’s
model, pulsed-laser-induced rapid solidification facilitates solute trapping, i.e., the
suppressed rejection of solute from the supersaturated solid phase to the liquid phase
at the solid-liquid interface. The velocity of the solidifying melt front and the level of
solute trapping has a nonlinear relationship [117]. When the solidification velocity is
much larger than the diffusive velocity, dopants in the freshly solidified phase cannot

jump across the interface before the solidification front proceeds away from them.
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With a thorough understanding of the interface kinetics and the classical heat and
solute transport mechanism, Aziz’s model precisely predicts the doping profile after
pulsed laser melting. We note that this process is typically done with lasers having
tens-of-nanoseconds pulse durations instead of fs-lasers [65,118].

While knowledge on the nanosecond-laser-induced supersaturating sheds light
on possible fs-laser doping mechanism, a priori it is unclear to which extent the two
mechanisms can be comparable. Hyperdoping with Ti:sapphire fs-laser (800 nm, 100
fs) induces different phase transition processes compared to the typical pulsed-laser
melting with ns-lasers. This is because nonlinear absorption dominates over linear
absorption in the regime of fs-laser hyperdoping [119]. In the linear regime, electronic
excitation from the valence band to the conduction band is achieved by absorbing
photons of energy larger than the band gap. When the incoming photons are squeezed
in space and time such as in an ultrafast laser pulse, multi-photon absorption takes
place. In this scenario, the valence electrons can be promoted to the conduction band
by consecutive absorption of photons having energy smaller than the bandgap. We
can write the total absorption coefficient as (a+ 1), where « is the linear absorption
coefficient, I is the laser intensity, and S is the nonlinear absorption coefficient. The
level of nonlinear absorption, 1, is one order of magnitude larger than the linear
absorption, «, at a typical doping fluence of 4 kJ/m? using a Ti:sapphire laser of 100-
fs pulse duration [119]. Photo-induced carrier concentrations can be as high as 10% of
the total valence electrons in silicon with fs-laser excitations [120]. Under this highly
nonequilibrium condition, the material could experience surface plasma generation,

nonthermal melting, and suppressed electron-phonon scattering [121-123]. Due to the
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extremely different condition as opposed to the ns-laser irradiation, we need closer
examinations to elucidate to what extent the fs-laser hyperdoping follows the same
physical mechanisms as the ns-laser treatment.

Previously, Winkler’s work on hyperdoping silicon with varying fluences sug-
gested melting is an essential step for hyperdoping [58]. Despite missing experimental
evidence of the thermal history and the transport processes, Mangan et al. adopted
Aziz’s model to describe the fs-laser doping process based on classical heat and solute
diffusion and solute trapping [124]. In the adopted model, fs-laser pulses excite the
material instantaneously upon the absorption of photons following the Beer-Lambert
law. The initial temperature profile is set to be the same as the initial distribu-
tion of photo-excited carriers. These assumptions are based on two facts. First of
all, the laser pulse duration (100 femtoseconds) is much shorter than the time scale
for electron-phonon scattering (hundreds of femtoseconds). Secondly, thermal dif-
fusion occurs on a time scale (tens to hundreds of picoseconds) much longer than
the time it takes for the electron and phonon systems to reach equilibrium (a few
picoseconds) [122]. With the initial temperature distribution surpassing the melting
temperature, the model assumes that the material melts heterogeneously from the
surface proceeding into the bulk. As heat dissipates into the bulk, the solid-liquid
interfacial temperature falls below the equilibrium melting temperature so that it be-
comes energetically favorable for the interface to turn around and start resolidifying.
Dopants, in the form of SFg, enter and transport diffusively in the melt during the
time period when the materials is molten. Additional to the classical picture used for

heat and solute diffusion, the model adopts the physics of solute trapping developed
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in Aziz’s model [113].

Although the numerical model contains various material parameters of which
several have not been determined independently, it reproduces experimentally mea-
sured concentration profiles with varying parameters in a reasonable regime [124].
This suggests that fs-laser hyperdoping may indeed follows the classical transport
processes coupled to the non-equilibrium phase transition at the solid-liquid interface.
However, different sets of parameters could produce the same profiles due to a lack
of knowledge on how long the materials stays molten and how fast the molten phase
resolidifies. Thus, we need direct experimental investigations to clarify whether the
discussed processes cause the hyperdoping and provide constraints on the unknown
parameters for the numerical model to reproduce the actual processes. Specifically,
we could constrain the nonlinear absorption coefficient and the effective fluence if the
time-dependent position of the solid-liquid interface is no longer unknown. Thus, it
is crucial to perform independent experiments to provide information about the melt
dynamics.

In this chapter, we answer these previously unknown questions: 1) what is the
melt dynamics, and 2) how do we control the melt dynamics? We apply a pump-probe
method to observe the optically induced change in the surface reflectivity during fs-
laser hyperdoping and extract the solid-liquid interface position using a multilayer
model. Direct measurements of the resolidification velocity and melt duration allow
us to determine parameters and engineer the hyperdoping profile with the validated

simulation tool.
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4.2 Experimental

4.2.1 Pump-probe reflectivity measurements

We present the schematic illustration of our experimental setup in Figure 4.1.
We build a pump-probe spectroscopy on top of the existing fs-laser doping apparatus
to monitor the change in the sample surface reflectivity during the doping process.
A regeneratively amplified Ti:saphhire laser produces pulses of 100 fs duration at
center wavelength of 800 nm. The laser pulse is split into a pump pulse and a probe
pulse at the beamsplitter. The pump pulse is directed to the sample via a motorized
delay stage that has a precision of 3 um, which translates to a 10-fs time resolution.
The delay stage is able to separate the pump and the probe by up to 600 ps. For
longer delay time, we extend the probe arm to match the corresponding distance for
delay time between 1 to 6 ns. We pass the probe pulse through a half waveplate
and a polarizing beamsplitter to change the polarization from horizontal to vertical.
The probe pulse then travels through an optical parametric amplifier (OPA) that
outputs fs pulses of tunable wavelengths. The probe pulse is centered at 800 nm for
the experimental results presented in this thesis. We focus the pump and the probe
pulses to about 1000 gm and 150 pm in diameter at FWHM, respectively, on the
silicon surface. The intensity of the probe is attenuated to 6 orders of magnitude
smaller than the pump for minimizing perturbation to the experiment. A polarizer
is used to filter out the scattered pump pulses so that the detector is only collecting
the vertically polarized (S-polarized) probe pulses.

One crucial step in a pump-probe experiment is to define the zero point in time,
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Figure 4.1: Schematics of our hyperdoping and pump-probe apparatus.

P=polarizer; BS=beam splitter; A/2=half waveplate; PD=photodiode.
when the pump and the probe pulses have traveled the same distance before arriving
at the sample surface. We first overlap the pump and the probe on the surface of
a BBO crystal that is placed in front of the chamber. We optimize the laser power
so that the second harmonic light generates only when the pump and the probe
overlap in time and space. The BBO crystal assists us to identify approximately
where the time zero is and make sure the delay stage is well positioned. For actual

measurements, we use a small fluence (= 0.5 kJ/m?) to pump the silicon wafer and
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cause optically induced changes in the surface reflectivity. We maximize the change
in the detector signal by overlapping the two pulses in time and space. This process
does not introduce any damages to the irradiated area because we are only exciting
a small portion of electrons that eventually heat up the lattice to a negligible degree.

We use a mechanical shutter to select single pulses out of a 100-Hz pulse train.
The shutter is synchronized with the signal processing system, where an oscilloscope
collects signal from both the reference and the signal detectors. The reason for hav-
ing two detectors is to minimize the noise coming from the 10% variation in pulse
energy from shot to shot. Considering useful applications, it requires multiple laser
irradiations to manipulate the doping profile. Therefore, we perform measurements
on the same area for multiple times to understand how the melt dynamics evolves
over laser irradiations. Since the laser fluence chosen is above the damage threshold,
we physically translate the sample with a motor stepper so that each individual set of
measurement is performed on a fresh area. We note that all the data presented in this
chapter are collected in an atmosphere of SFg (500 torr) as in a typical hyperdoping

process.

4.3 Results

Figure 4.2 presents the reflectivity change of the silicon surface responding to single
laser irradiations at different fluences. Before time zero, the reflectivity corresponds
to the value for crystalline silicon at 800nm. A higher fluence results in a larger
change in the reflectivity and a longer time duration for the reflectivity to return to

its original value.
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Figure 4.2: Laser-induced change in reflectivity at fluence of 1 (blue triangle),
1.5 (green triangle), 2 (red dot), and 2.5 (black square) kJ/m?. The lines
connecting the data points are for guiding the eye.

On picosecond time scales, we observe additional fine features in the data (Fig-
ure 4.3). At fluence lower than 1.25 kJ/m?, the reflectivity decreases right after the
laser irradiation then slowly recovers to its value at time zero. At 1.5 kJ/m?, the re-
flectivity decreases to an even lower value compared to situations in smaller fluences.
It eventually increases and reaches a value higher than crystalline silicon’s reflectivity.
At fluences higher than 2 kJ/m?, the reflectivity no longer shows any decrease but
increases directly after the excitation and develops a plateau after a few picoseconds.
A higher fluence results in a plateau at a larger value of reflectivity.

For observing the evolution of the melt dynamics over multiple shots, we focus
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Figure 4.3: Laser-induced change in reflectivity within 100 ps (Left) and 9 ps
(Right) at laser fluence of 1 (black square), 1.25 (red dot), 1.5 (green triangle),
2 (blue triangle), and 2.5 (cyan diamond) kJ/m?. The lines connecting the
data points are for guiding the eye.

on two particular fluences, 2 and 2.5 kJ/m?, where reflectivity change is much larger
than the noise (Figure 4.4). For irradiation at 2 kJ/m?, the reflectivity increases at
all delay times with increasing shots. However, the reflectivity remains the same over

shots for irradiations at 2.5 kJ/m?.

4.4 Discussion

4.4.1 Ultrafast melting

We first discuss the laser-induced change in reflectivity within 100 ps after the irra-
diation. When the excitation fluence is below 1.5kJ/m?, we observe a decrease and
recovery in the reflectivity in the first 10 ps. This change can be attributed to modi-
fication of the refractive index due to photo-excited electron-hole (e—h) plasma [125].

We can describe plasma’s contribution to the optical property using the Drude model.
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Figure 4.4: Laser-induced change in reflectivity for fluence of 2kJ/m? (Left)
and 2.5 kJ/m? (Right). We perform 6 irradiations on the same area; the data
is labeled as shot # 1-6, respectively.

The refractive index of the plasma (n,) is a function of the plasma frequency (w,):

2
w
n=1-—2 (4.1)
P w? + iwy

Here w is the frequency of the probe and v is the damping constant. The plasma

frequency is a function of the plasma density (N):

2
2:N6

T

— (4.2)

The constants e, m, and ey represent the elementary charge of electron, the effective
mass of electron, and the permittivity of free space, respectively. Figure 4.5 shows
the computed reflectivity of the e-h plasma for an S-polarized electromagnetic wave
of a wavelength of 800 nm as a function of the plasma density. The reflectivity
has a minimum when the plasma frequency reaches the probe frequency. We can
estimate the carrier densities by comparing the measured reflectivity in Figure 4.3

to the predictions from the Drude model. When the fluence increases from 1 to 1.5
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kJ/m?, the lowest reflectivity corresponds to a carrier density between 1 x 10%' to
2 x 10?! ecm™3. We independently estimate the concentration of optically generated

carriers using the following equation [120]:
F(1-R
N = F(l—R)(oz—I—B%)/hU. (4.3)

Here R is the reflectivity of crystalline silicon, F' is the fluence, t is the pulse
duration, and hv is the photon energy. With F = 1.5 kJ/m? R = 0.33, a = 10?
ecm™, B =9 (em/GW), t = 100 fs, and hv = 1.55 (eV), the estimated N = 4 x 10?!

cm ™2 [119]. The estimated N matches well with the value deduced from the plasma

model.
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Figure 4.5: Simulated reflectivity of the e-h plasma phase as a function of the
plasma density for an S-polarized electromagnetic wave having a wavelength
of 800 nm. The damping constant is assumed to be 10 (s7) [125].
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After electronic excitation, the carriers redistribute in the conduction and the
valence band through carrier—carrier scattering and carrier—phonon scattering. A few
ps later, the carrier system and lattice system reach equilibrium in temperature [122].
In a classical picture, heterogeneous melting starts from the surface when the equi-
librium temperature exceeds the melting temperature. To interpret the reflectivity
data, we thus consider the optical properties of the following multilayer system: we
assume the probe pulse interact with a layer of liquid silicon on top of the crystalline
silicon substrate (Figure 4.6) [126-129]. When light arrives at the air-liquid interface,
reflection and transmission occur due to a difference in refractive index of the two
mediums. The transmitted part of light travels through the liquid layer and meets the
liquid—solid interface. Consecutive transmission and reflection takes place at every
interface. Moreover, when light travels from an optically loose material to a dense
material, there is a phase shift of 180°. However, there will be no phase shift if light
travels in the opposite way. As a result, interference effect gives rise to oscillations
in the reflectivity as a function of liquid layer thickness. Due to the large extinction
coefficient of liquid silicon, attenuation of the probe prevents it from reaching the
solid-liquid interface. The probe thus carries no information about the liquid—solid
interface position when the liquid layer thickness exceeds the absorption length, i.e.,
the property of liquid silicon dominates the reflectivity of the surface. Figure 4.7
illustrates the computed reflectivity change as a function of the liquid layer thickness.

The multilayer simulation provides us a way to estimate the melting velocity
during the hyperdoping process. At a laser fluence of 2.5kJ/m?, the melt develops

a thickness of ~ 30 nm in 1 ps, equivalent to a melting velocity of 30,000 m/s.
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solid

Figure 4.6: A diagram illustrating the multilayer model. The incident light
refracts and reflects at each interface. The measured reflectivity is a result
of interference from all light that travels to the detector.

This result is compatible with previous reports [128]. Theoretically, the maximum
velocity for the heterojunction-nucleated melting is limited by the sound velocity of
silicon, which is 8433 m/s along the (100) plane in silicon [115,130]. The fact that the
estimated melting velocity is larger than the sound velocity implies a different physics
for the melting process. Indeed, many researchers have observed short pulse induced
sub-picosecond phase transition [123,131-133]. Development of the femtosecond time-
resolved X-ray diffraction allows researchers to study ultrafast phase transition [120].
When a fs-laser pulse excites about 10% of the total number of valence electron to
the conduction band, the lattice destabilizes within 1 ps. A “cold” liquid layer forms

on the surface before electrons can transfer their energy to phonons and heat up the
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lattice [120,134,135]. The reported threshold for nonthermal melting is 2.25 kJ/m?,
matching our observation of the sub-picosecond change in reflectivity to the value of
liquid silicon at 2.5 kJ/m? [120]. We note that although the multilayer model does not
precisely describe the physics behind ultrafast melting, it provides a simplified picture
that explains the experimental observation. Also, the presence of plasma could play
a role in the reflectivity. However, including the plasma layer between the liquid and
the solid phase does not significantly affect the simulated reflectivity, assuming the

plasma density is on the order of 10%! cm 3.
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Figure 4.7: Simulated reflectivity using a multilayer model having a layer of
liquid silicon on top of crystalline silicon. The polarization of light is assumed
to be S-wave, matching the situation in our experiments.

The reflectivity plateau between 20 ps and 100 ps for 2.5 kJ/m? corresponds
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to the reflectivity of liquid silicon because the liquid silicon thickness exceeds 30 nm.
However, for 1.25 and 1.5 kJ/m?, the reflectivity does not exceed the value for molten
silicon. This implies that the melt depth is smaller than 30 nm and the interface
stays nearly where it is between 20 ps to 100 ps. Gundrum et al. reported similar
phenomenon by probing the liquid—solid interface movement using the third harmonic
generation method. Their experiment also suggests that the interface stagnates for up
to hundreds of picoseconds [136]. Although we do not fully understand the physical
mechanism behind this phenomenon, we speculate that the high e—h density in the
substrate prevents heat transfer from the liquid to the substrate because phonon-

phonon coupling could be screened.

4.4.2 Melt duration and resolidification velocity

We discuss the reflectivity change on a nanosecond time scale in this section.
When the laser fluence is above the melting threshold, the time it takes for reflectivity
to recover to its original value before irradiation indicates the melt duration, i.e. the
time during which a liquid layer exists at the surface of silicon. As seen in Figure 4.2,
the melt duration is about 3 ns and 5 ns for 2 kJ/m? and 2.5 kJ /m?, respectively. We
again apply the multilayer model to measure the liquid layer thickness as a function
of time and extract the resolidification velocity. The plasma no longer exists when
resolidification starts after hundreds of picoseconds. Therefore, it is reasonable to
assume only a layer of liquid on top of the silicon substrate in the model. We perform
least squares fitting to the experimental data assuming a constant resolidification

velocity. In Figure 4.8 we plot the experimental data and simulated reflectivity for
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2 kJ/m? and 2.5 kJ/m?. The resolidification velocity is 12 and 10 m/s for 2 kJ/m?
and 2.5 kJ/m?, respectively. We then compare our experimental observation to the
previous work on fitting the experimentally obtained doping profile with the adapted
model [124]. The fitting parameter for the adapted model is the nonlinear absorption
coefficient and the effective fluence. These two values affect the melt duration and
the resolidification velocity; thus determine the overall doping profile. Here, the
boundary condition at the liquid—solid interface is assumed to be following the kinetics
of solute trapping developed for the ns-laser melting. At 2.5 kJ/m?, the fitted melt
duration and the resolidification velocity from the adapted model agree well with
our experimental results obtained by the pump-probe measurements. This implies
that the simplified classical model can describe the result of fs-laser hyperdoping
despite nonthermal melting could dominate over heterogeneous melting. Specifically,
the classical model produces the correct doping profile only when the resolidification
dynamics is close to the actual situation.

For various laser pulses applied to the same surface area, the reflectivity evo-
lution over multiple laser irradiations has distinct trends in two fluence regimes. At
2 kJ/m?, the reflectivity increases over shots at all time delay. We can reproduce
the reflectivity data only if a layer of amorphous silicon is included in the multilayer
model. Indeed, optical image of the irradiated area appears to be pink, agreeing
with our speculation that a layer of amorphous silicon covers the surface of silicon
substrate. Raman spectrum further confirms this assumption. As shown in Fig-
ure 4.9, the resolidification velocity increases from 12 m/s to 16 m/s after 6 laser

irradiations. It was reported that silicon experience phase transition when the reso-
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Figure 4.8: Reflectivity change under laser irradiation of 2 kJ/m? (open
circles) and 2.5 kJ/m? (solid squares). The black curve and green curve cor-
respond to the simulated reflectivity change with a constant resolidification

velocity of 12 m/s and 10 m/s, respectively.

lidification velocity exceeds 15 m/s [137]. We hypothesis that the phase transition
from crystalline to amorphous occurs due to lattice defects accumulates upon each
laser melting and resolidification cycle. Heat deposition thus varies for each irradi-
ation and the resolidification dynamics changes as a result. Future investigation on
the defect concentration and the amorphous layer thickness could provide insight for
explaining this phenomenon.

We attribute the additional long tail in reflectivity after 2.5 ns in the 6 shots
sample to the change in temperature while the surface cools down from nearly the

melting temperature to room temperature after resolidification. The presence of
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Figure 4.9: Reflectivity change under laser irradiation of 2 kJ/m? (open
circles) and 2.5 kJ/m? (solid squares). The black curve and green curve cor-
respond to the simulated reflectivity change with a constant resolidification
velocity of 12 m/s and 10 m/s, respectively.
heated amorphous silicon creates a difference in the index between the amorphous
layer and the silicon layer underneath [138|. Since amorphous silicon has a much
stronger extinction coefficient than silicon, the effective surface reflectivity can be
higher than 0.5 when the temperature is near the melting point. As heat diffuses into
the bulk, the temperature and the reflectivity decreases concurrently. We fit the tail
assuming an exponential decay in temperature (blue curve in Figure 4.9). Solving the
actual temperature decay with the Green’s function method provides deeper insight

into how the surface temperature evolves over time. The result suggests that the

temperature decay has the same time constant as the fitted curve in the beginning
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of the heat diffusion. The total time it takes for heat to diffuse away is however on
the order of hundreds of nanoseconds. This time scale is consistent with our separate
experiment where we use a continuous-wave laser as the probe beam to record the
reflectivity change up to a microsecond.

At 2.5 kJ/m?, the reflectivity remains almost the same value upon multiple
irradiations at any time delay. This is implying a repeatable melt dynamics up to
6 irradiations at the same fluence. Previously, Sher et al. performed secondary ion
mass spectrometry (SIMS) measurements on a series of silicon wafers doped with
different number of laser irradiations at 2.5 kJ/m? [139]. Fitting the SIMS profiles
with the classical model provided two approaches to reproduce the SIMS profiles:
1) the boundary condition at the surface changes from diffusive to instant dose over
shots, and 2) the melt duration increases over shots. Our independently performed
pump-probe experiments suggest that the melt dynamics remains unchanged up to 6
shots and rules out the second hypothesis [124].

Our finding not only provides an answer to the previously unresolved puzzle
but also validates the assumptions made in the numerical model. In the numerical
model, the interface response function, the interface velocity as a function of the
interface temperature, is one important boundary condition at the solid-liquid inter-
face for solving the heat equations. For previous simulations, the interface response
function is assumed to be in the linear regime throughout the hyperdoping process.
This assumption can be critical to the validity of the numerical model since fs-laser
produces a highly nonequilibrium condition that could drive the interface response

function to the nonlinear regime. Furthermore, the numerical model does not take
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into account of possible nonthermal melting that is easily achieved by fs-laser pulses.
Instead, the model assumes a certain thickness of molten silicon after a short period of
time (0.5 ns). Our pump-probe reflectivity measurements provide direct observation
of the melt duration and resolidification velocity that matches with the simulated
scenario from fitting the SIMS results by varying the nonlinear absorption coefficient
and the laser fluence. The consistency between experiments and simulations assures
one thing: our assumption for the interface response function is valid and how the
materials melt does not affect the classical picture during the hyperdoping process.
The robustness of the numerical model opens an avenue for further engineering design

using femtosecond-laser hyperdoping, as we will discuss in the next chapter.

4.5 Conclusion

In this chapter, we achieve in answering the following questions: 1) what is the melt
duration and resolidification velocity? 2) how can we control the resolidification veloc-
ity. We demonstrate a pump-probe technique that measures the liquid—solid interface
position during fs-hyperdoping. Using a multilayer model, we extract the interface
movement and reach several conclusions. First, the melt duration is on the order
of nanosecond for hyperdoping using a laser fluence below the ablation threshold.
The melt duration increases from 3 ns to 5 ns with increasing laser fluence from 2
kJ/m? to 2.5 kJ/m?. Second, although fs-laser induced melting could have different
mechanism from ns-laser melting, the resolidification velocity in both cases is on the
order of 10 m/s. Thus, it is reasonable to predict the doping profile with a numerical

model based on classical descriptions of heat and solute transport and solute trap-
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ping. We will apply this method to design doping profile in the next chapter. Third,
we can control the crystallinity of the hyperdoped silicon with laser fluence. A lower
fluence induces a faster resolidification velocity that promotes phase transition from
crystalline to amorphous during resolidification. Our contribution in understanding

the melt dynamics allows further engineering to obtain desired materials qualities.
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Designing the hyperdoping profiles

In this chapter, we present a fabrication process that produces hyperdoped silicon of
a homogeneous doping profile based on our understanding of the dynamics of melting
and resolidification and the development of a numerical model that simulates the
doping profiles. This work is in collaboration with Niall Mangan, Sophie Marbach,

and Tobias Schneider from the Brenner group at Harvard University.

5.1 Introduction

Optical and electronic properties of silicon are controlled by the concentration of
dopants. Traditionally the impurities are incorporated during the slow growth of sili-
con crystals from its melt. Here dopant concentrations are limited to the equilibrium
solubility limit in the solid. Non-equilibrium processes such as laser-hyperdoping can
achieve much higher concentrations. Irradiating silicon with intense fs-laser pulses in

a sulfur-containing atmosphere allows surpassing the equilibrium concentration limit
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by up to four orders of magnitude [41|. At sulfur concentrations of up to 1 at.%,
the band structure fundamentally changes [111,140|. Overlapping sulfur donor states
potentially create an additional metallic intermediate band which allows for two sub-
band gap IR photons to excite an electron to the conduction band [63,64]. With
its IR absorption capability, hyperdoped silicon is of interest for new devices such
as silicon-based IR detectors and highly efficient photovoltaic cells harvesting the IR
spectrum without reducing the band gap [59, 141].

Femtosecond-laser hyperdoping greatly expands the range of accessible dopant
concentrations yet the high concentration profiles achieved typically have a sharp
decay on a length scale a hundred nanometers when moving from the surface into the
bulk material. The resulting non-homogeneous material properties raise the question:
Can we control the doping process and generate a flat profile of doping concentration
up to a given depth?

Despite the extreme energy fluxes involved in fs-laser treatment the dopant
incorporation mechanism appears dominated by classical heat and solute diffusion
coupled to a very-far-from equilibrium phase change during melting and resolidifi-
cation [124]. When a laser pulse of 100 femtoseconds and a fluence of 3 kJ/m? hits
silicon, the non-reflected part of the light energy is absorbed by the carrier system. On
a timescale fast compared to all other transport timescales the silicon lattice melts.
Sulfur ions from the gas atmosphere now diffuse into the liquid surface layer and are
incorporated when the silicon cools and resolidifies. The key is the extremely high
intensity of 102 W/m? of the laser pulse causing nonlinear absorption of the energy

in a very thin surface layer, resulting in extreme thermal gradients of 109 K/m. The
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released latent heat of the solid-liquid phase change during resolidification is thus
transported away very quickly. The phase change is driven to extremely far-from-
equilibrium conditions while the resolidification front moves at velocities of several
meters per second. This velocity is large compared to the diffusive velocity at the
interface (Vp; = 1 m/s) at which sulfur ions can jump from the solid phase back to
the liquid phase [54]. Consequently, instead of being rejected like salt from slowly
freezing seawater, the solute is “trapped” in the solid, giving rise to greatly enhanced
dopant concentrations.

We emphasize a key step in this presumed picture of hyperdoping: solute diffu-
sion in the liquid phase during the doping process. If the dopants indeed transport
diffusively in the liquid phase, we can utilize this mechanism to eliminate the con-
centration gradient by providing enough diffusion time for the dopants to pile up at
the melt depth. A series of simulated doping profiles presented in Figure 5.1 pro-
vides an intuitive understanding of how to achieve a flat doping profile with the aid
of diffusion. This simulation is performed based on a melt dynamics verified by our
previous pump-probe experiments and assuming the presence of a dopant flux only
during the first laser doping cycle. In this chapter, we demonstrate a doping process
that achieves an almost rectangular profile by maximizing the dopant diffusion time
and minimizing the melt depth. Our study of the profile evolution from shot to shot

provides a direct observation of the doping mechanism.
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Figure 5.1: (Top) The simulated doping profile evolution from 1 to 50 laser
shots at the same fluence. The sulfur flux is only present in the first shot.
(Bottom) The melt dynamics used for the simulation.
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5.2 Experimental

Ideally, one can fabricate a flat doping profile at any fluence by using an infinite
number of laser shots. In reality, we need to take into account several limiting factors
when designing the experiment. First of all, a flat surface is desirable for quanti-
tative analysis to study the doping profile with secondary ion mass spectrometry
(SIMS). However, nano-scale surface periodic structures would appear after a few
laser irradiations [39,142]. The actual number depends on the laser fluence chosen,
the atmosphere, and the surface condition of the wafer. To achieve a flat profile,
we should thus select a fluence that maximize the integrated diffusion time for the
dopants to transport down the concentration gradient and pile up at the melt depth.
Secondly, the resolidification velocity increases with decreasing fluence, leading to
higher concentrations of lattice defect in the resolidified region. Eventually, the in-
terface moves faster than the time required for atoms to find a lattice site to sit
in, resulting in amorphization. This transition velocity is found to be 15 m/s in
literature [137|. Laser induced lattice defects also facilitate the formation of surface
structures. As a result, it takes less shots to create surface structures at lower fluence.
Lastly, the laser fluence must be smaller than the ablation threshold [97]. Otherwise,
significant material removal and unavoidable surface roughness complicate the SIMS
measurements and data analysis.

We use a regeneratively amplified Ti:sapphire laser system to hyperdope silicon
at a repetition rate of 100 Hz. No thermal footprint is accumulating since it takes
less than 1 ms for silicon to cool down to room temperature. The elliptical laser pulse

has a bandwidth centered at 810 nm, a pulse duration of 70 fs as measured with an
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autocorrelator. With a combination of a half waveplate and a polarizer, we tune the
average pulse energy to 0.87 mJ and then focus it to a full-width at half-maximum of
945 x 1135 pm as measured with a CCD camera. The effective fluence is 2.7 kJ/m?
above the melting threshold (1.5 kJ/m?) and below the ablation threshold of silicon
(3 kJ/m?) [97,143]. We select this fluence because it allows the maximum number of
irradiation before any surface structures form on the surface.

Before hyperdoping, the silicon wafer (Boron doped, resistivity=7-14 -cm) is
patterned by a standard photolithography procedure using a positive resist, Shipley
S1818, and dry-etched with a reactive ion etch to form circular mesas having a diam-
eter of 800 pum and a height of 2 um. These mesas serve for alignment purposes in the
hyperdoping process and SIMS measurements later on. We clean the patterned wafer
with acetone, methanol, isopropanol, and water before placing in a vacuum chamber.
The chamber is pumped down to 107% torr then back-filled with 730 torr of SFs. We
use a mechanical shutter to control how many pulses irradiate onto the silicon wafer
to fabricate a set of hyperdoped silicon following the design principle suggested by
the numerical simulation. We are able to irradiate 9 laser pulses without creating any
surface structures, suitable for precise SIMS measurements. The crystallinity and
surface morphology are examined by Raman spectroscopy and optical profilometry.
We label samples from 1 to 9 to indicate how many laser shots are performed. The
first laser shot of all samples is done in 730 torr of SFg. All the subsequent shots in
sample 2 to 8 are done in vacuum (107% torr). As an example, sample 9 is irradiated
by 1 laser shot in SFg followed by 8 laser shots in vacuum.

We carried out SIMS measurements with a Cs ion beam of 6 keV at a current
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of 7 nA. We align the ion beam to the center of the laser-irradiated area. The ion
beam is focused to a spot size of 150 x 200 um. We collect only the center 15x30
pm of secondary ion signals by electronic gating, an area corresponding to less than
1 % of fluence variation in a Gaussian pulse used for fabrication. We monitor ion
channels including 2Si, 325, 31S, and '#0. We use a sulfur standard (dose=1 x 10

cm~?) made by ion implantation for calculating the relative sensitivity factor.

5.3 Result

In Figure 5.2, we show the experimentally measured sulfur concentration depth pro-
files of the designed sample set. For clarity, we show only a selective data set of
samples made with 5 different shot numbers. The concentration profile for sample 1
shows an exponential decay over depth. A plateau develops gradually with increasing
shot number. Sample 9 shows a flat profile over depth up to about 55 nm. We cut off
the first 6 nanometers of the data because it takes time to develop a stable drilling
rate in SIMS and thus reliable ion counts. The noise level is at about 10*® cm™3. An
exponential tail having a decay rate of 10 nm per decade exists in all samples.

In Figure 5.3, we compare the numerical simulation and the experimental re-
sults for sample 9. We point out a few consistencies and discrepancies for further
discussions here. First of all, both the SIMS profile and simulated profile show a peak
in concentration near the surface. Secondly, the depths where the simulated and
measured profiles cut off are within the experimental error of SIMS. Furthermore, the
experimental curve is flatter than the simulated curve. Figure 5.4 shows the total

sulfur dose, integration of the concentration profile over depth, for each sample.
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Figure 5.2: Evolution of SIMS profiles of the hyperdoped samples from shot
1 to 9. We select only these shot numbers for clarity. The profile changes
from an exponential decay in the first shot to a nearly flat profile in the 9
shot.

5.4 Discussion

The evolution of SIMS profiles from shot to shot is a direct observation of the diffusive
behavior of dopants that are incorporated in the first laser pulse. This result shed
light on one important question: are there other physical mechanisms additional to
diffusion and solute trapping necessary for achieving hyperdoping? Since the dopant
source is cut off after the first laser pulse, evolution of the doping profiles reflects
the dominating physical mechanism during hyperdoping. Despite the experimental

limitations that result in a 10-nm uncertainty in depth [144], the evolution of the SIMS
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Figure 5.3: Comparison of the simulated (red) and measured (black) profile
for the 9" shot sample.

profiles is consistent with the simulated results presented in Figure 5.1. Following the
principle of solute diffusion coupled to the far-from-equilibrium phase transition, the
sulfur concentration gradient introduced in the first laser shot is smeared out by
subsequent shots. This is indeed a strong proof that diffusion is the dominating
process for solute transport during hyperdoping, eliminating other possibilities such
as active ion implantation due to presence of a plasma phase at the surface.

We successfully obtain a nearly flat profile with 9 laser irradiations, which is
less than the prediction in the simulation. This discrepancy provides us with more

insights on the actual doping process. If we compare the SIMS profile to the simulated
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Figure 5.4: Evolution of the sulfur dose over laser irradiations from 1 to 9
shots.

profile, the decrease in sulfur concentrations near the surface shows an evidence for
evaporation of sulfur at the surface. This is confirmed by integrating each SIMS
profile to obtain the total sulfur dose as a function of laser shot (Figure 5.4). After
three laser shots, a monotonic decrease in the sulfur dose indicates an outward flow
of sulfur after the native oxide layer evaporates and/or diffuses into the silicon bulk.
Secondly, since the resolidification velocity is finite, sulfur gets rejected from the solid
phase and accumulates in front of the moving interface. Without an outward flux that
releases the sulfur pile-up near the end of the resolidification, the simulation predicts
a steep sulfur concentration slope at the surface that requires a longer integrated

diffusion time to be erased.
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Table 5.1: The diffusion length for each laser shot and the integrated diffusion
length after certain shot number calculated assuming the melt duration is 5
ns, the resolidification velocity is 12 m/s, and D = 2.7 x 10™* cm?/s [65].

Shot  Diff. length Integrated

number (nm) diff. length (nm)
1 12.2 12.2
2 10.9 23.1
3 9.60 30.6
4 8.23 40.9
5 6.88 47.7
6 5.51 53.2
7 4.09 57.3
8 2.57 59.9
9 4.88 60.4

We believe the sulfur ions have reached the melt depth based on our estimation
of the integrated diffusion length using v/Dt, where D is the diffusivity of sulfur in
liquid silicon and t is the diffusion time. From the simulation (Figure 5.1), the melt
dynamics has a nearly triangular shape that provides less and less diffusion time as
the dopants enter deeper and deeper into the melt. Assuming D = 2.7 x 107 cm?/s
and the melt duration and resolidification velocity is 5 ns and 12 m/s as deduced from
the simulated melt dynamics from Figure 5.1, we calculate the integrated diffusion
length as a function of laser shots [65]. As listed in Table 5.1, the integrated diffusion
length after 9 shots has a value of =~ 60 nm, which approaches the assumed melt
depth seen in Figure 5.2. This estimation assures our hypothesis that the dopants
has reached the melt depth and piled up to form a flat profile.

Lastly, we note that the exponential tails observed in all samples are due to a
mixing effect, Cs ions implanting sulfur ions into the sample rather than sputtering

them off the surface. A concentration profile measured on a reference area that has
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not been irradiated by any laser pulses (not shown) shows the same decaying signals

coming from ionized oxygen due to the presence of native oxide at the silicon surface.

5.5 Conclusion

We have successfully fabricated hyperdoped silicon of homogeneous doping concentra-
tions over depth with a designed doping sequence that maximizes the diffusion time
for solute to pile up at the melt depth. Furthermore, our work provides the direct
experimental proof to the assumption that diffusion is the dominating solute trans-
port mechanism during hyperdoping as opposed to other possible processes such as
active ion implantation driven by the laser induced electron-hole plasma. This work
demonstrates the feasibility to design and fabricate hyperdoped silicon on demand

with our deep understanding of the hyperdoping process.
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Chapter 6

Summary and future directions

In this thesis, we present efforts into advancing the field of photovoltaics research
with two femtosecond-laser processing methods: 1) surface texturing — transform flat
surfaces into randomly textured landscapes that are perfect for enhancing absorption
in thin materials through anti-reflection and light-trapping, and 2) hyperdoping —
introduce non-equilibrium amount of deep level dopants to create an intermediate
band material that absorbs sub-bandgap photons without sacrificing the voltage of a
device.

In Chapter 2 we review the history of “black silicon” and its applications to
photovoltaics. Black silicon was first discovered as an unwanted side effect during
reactive ion etching processes. The Mazur group discovered another kind of Black
Silicon of spiky surface morphology when irradiation silicon with femtosecond-laser
pulses in an ambient filled with SFg.

In chapter 3, we fabricate light-trapping thin silicon surfaces with femtosecond-

laser pulses and demonstrate an enhancement in the external quantum efficiency and
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the short circuit current of our light-trapping solar cells. Our femtosecond-laser tech-
nique effectively transforms flat silicon surfaces into random textures that scatter
incident photons like a Lambertian surface. Unfortunately, concurrent with the sur-
face texturing, the extreme temporally- and spatially-confined energy flux results in
structural damages underneath the silicon surface. We thus apply an additional wet
etching step to remove the laser-induced damage layer. For the future, we suggest
two ways to further improve our current processes. First, we suggest texturing the
silicon surface in different environments other than Hy. Texturing in SFg is one choice
because we expect fluorine ions to etch away the surface and results in a thinner dam-
aged layer. We might be able to preserve better the laser textures after the subsequent
chemical etching process. Texturing under water could be another choice. We expect
formation of silicon dioxide during the processing, which is desirable because a sim-
ple oxide removal etchant such as HF solution might be able to replace our two-step
etching recipe. Second, we suggest annealing the textured surface with nanosecond-
laser melting techniques to recrystallize the damaged layer. Previously, we have tried
annealing the textured surface with an oven. However, the process cannot remove all
the lattice defects under a reasonable annealing temperature and time duration. One
benefit of using a nanosecond-laser is that it produces a fast melting and resolidifi-
cation process to maintain the surface morphology yet a slow enough resolidification
velocity for the molten layer to epitaxially recrystallize. Also, a longer pulse com-
pared to our femtosecond-laser pulses minimizes the amount of ablation occurring at
the valleys of the surface morphology where light is preferentially focused. Never-

theless, the uniqueness of the nanometer-sized surface morphologies we create with
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femtosecond-laser pulses cannot be easily achieved by nanosecond-lasers. Therefore,
for applications to thin film solar cells, combination of these two processing tools of
different merits might be promising.

In chapter 4, we study the hyperdoping mechanism by probing the silicon sur-
face reflectivity in situ during the hyperdoping process. Our work contributes to the
understanding of the laser-induced ultrafast melting and resolidification process, the
melt dynamics, which is essential for modeling the doping process. We find out two
distinct laser fluence regimes where the melt dynamics either evolves over shots or
remains the same. The silicon surface transforms into amorphous over shots in the
former case, while the crystallinity remains unchanged in the later case. These ob-
servation and analysis are crucial for engineering the hyperdoping process because
typically it requires multiple irradiations to manipulate a doping profile. We have
spent much effort in incorporating the pump-probe spectroscopy into our laser fab-
rication system. The current setup is suitable for studying a variety of ultrafast
processes such as carrier dynamics in any material systems. For future upgrade of
the apparatus, we suggest changing the current chamber into a larger one to grant
more space for different types of measurements including high-angle reflection and
transmission measurements.

In chapter 5, we utilize our understanding of the melt dynamics and ways to
control the crystallinity and the surface morphology to fabricate hyperdoped silicon of
a designed doping profile. With the aid of a numerical model verified by our knowledge
in the melt dynamics, we have successfully designed and fabricated hyperdoped silicon

with a homogeneous doping profile throughout the molten surface layer. Although
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the doping concentration is nearly constant in the doped layer, the absolute value
of it is not large enough for the insulator-to-metal transition to occur. However, the
mature development of this technique allows further applications to different material
systems.

The Mazur group’s work in femtosecond-laser texturing and hyperdoping started
in a serendipitous way back in 1998 when Black Silicon was discovered unexpectedly
during experiments on surface chemistry. Over the past 16 years we have been mak-
ing efforts to understand the material properties our laser-processed materials and
apply them to usable devices such as solar cells and photodetectors. A spin-off com-
pany from our group, SiOnyx, is continuing to apply our laser processing methods
in making commercially available products. To me, the future of our texturing and
hyperdoping is promising and I hope our work provide inspiration to researchers in

studying different material systems and applications.
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