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Abstract

Black silicon is expected to be a promising material for photoelectric, photothermic,
photocatalytic, and microfluidic applications due to its remarkably anti-reflectivity, anti-
bacterial effect, hydrophilicity, and hydrophobicity. These properties are attributed to
the light trapping and surface tension interaction abilities of black silicon surface

structures such as pores, pillars, cones, needles, and wires.

Conventional black silicon materials mainly have nanotextures with high aspect ratios
and structural density. Nanotextures can be achieved through a series of fabrication
approaches, including metal-assisted chemical etching, electrochemical etching, and
reactive ion etching (RIE). However, few studies have focused on the surface texturing

methodology of black silicon through microstructures.

Anti-reflection is the most critical factor defining the performance of black silicon in
optical, photothermic, photochemical, and optoelectronic devices. The properties of
these silicon-based devices under visible light illumination are commonly tuned through
surface texturing, while their performance at wavelengths higher than 1100 nm requires

either intrinsic lattice modification or enhancement by the addition of other materials.

Although a few studies have proposed combining micro and nanostructures, their
research has focused on suppressing light reflection at wavelengths lower than 1100 nm.
Unfortunately, the anti-reflectance of black silicon in the near-infrared (NIR) range (over
1100 nm) is still weak due to silicon’s intrinsic bandgap of 1.12 eV. Fortunately, recent
advances in microfabrication and material engineering have enabled the in-depth

exploration of the synergy between surface texturing and material reinforcement.

Therefore, building upon innovative fabrication approaches that enable novel black
silicon with multi-scale surface structures and the investigation of their optical
properties to create new silicon substrate materials for the next generation of
photovoltaic, photodetector, and microfluidic devices is the motivation of this work.
This Ph.D. work focuses on the following challenges: (1) Development of novel black

silicon surface structure designs and relevant fabrication technologies. (2) Investigation
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and improvement of the optical properties of novel black silicon through the synergistic
effect of surface texture and material reinforcement with localized surface plasmon
resonance-inducing Au nanoparticles. (3) Exploration of the potential applications of the

as-fabricated black silicon materials.

Keywords: Black silicon, Anti-reflection, Synergistic effect, Hierarchical texture, LSPR, Au

nanoparticles, Photothermal generation, Super-hydrophobicity
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1 Black silicon

1.1 Introduction to black silicon

As one of the most earth-abundant elements, silicon is widely used in photodetectors,
optical communications, and microelectronics. Silicon is the dominant raw material used
in microelectronic devices[1]—[3]. However, the reflectivity of crystalline silicon to visible
andinfrared lightis so high that it diminishes the key technical indicators of silicon-based
devices such as sensitivity, available spectrum range, and conversion efficiency[4]. In
recent years, silicon materials with anti-reflective surface textures have attracted
significant attention. Typically known as black silicon[1], [5]-[7], these materials have a
black surface formed by structures such as pores, wires, pillars, and spheres at the micro
and nanoscale, as illustrated in Figure 1(a), (b), (c), and (d). These textures are classified
by geometry as ordered/disordered and by size as micro/nano. High aspect ratios,
structural density, and wavelength-matched surface structures lead to excellent anti-
reflective ability[6]. These textures extend the optical path length of incident light and
allow more light energy decay through the coupling effect between light and silicon. The
behaviour traps light in these micro and nanostructures leading to light energy decay,
referred to as the light-trapping effect[8], [9]. This light-trapping effect allows the easy

implementation of black silicon with low reflection in the visible range.

3211
“4£ >

[ o

Figure 1 Black silicon with nano and micro surface structures: (a) nanopores, (b) nanocones, (c) nanopillars,

and (d) microspheres.

To date, the black silicon with high aspect ratio surface nanostructures exhibits the
highest light-trapping capabilities. For instance, nanowires and nanopillars offer

extended light path lengths and smaller feature sizes[9]. These nanostructures have

1
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ordered and disordered arrangements[10]-[13] and have shown merit in subsequent
material engineering processes. Black silicon with ordered surface structures has
homogeneous structural features such as diameter, length, alignment, and inter-spacing.
Such black silicon exhibits smooth surfaces, consistent performance and is under
controllable fabrication. Black silicon with disordered textures yields high aspect ratio
features but limited inter-space, inhomogeneity, and a higher number of recombination
defects. Optical or electron beam lithography are suitable approaches for obtaining the
required patterns for black silicon with ordered surface texture. However, the
limitations of lithography mask resolution limit the scale and manufacturing of ordered
nanostructures. Furthermore, subsequent material engineering for specific applications
faces several challenges, such as reduced light anti-reflectivity, more defects, and weak
self-cleaning ability[14]. Compared to the conventional nanostructures of black silicon,
microscale surface textures have larger feature sizes and quickly form ordered arrays
with straight pores and adequate space[11], [12], [15]. Microscale ordered structures
also have large dimensional variation that allows for the fabrication of complex three-
dimensional (3D) devices. In addition to these benefits, microscale textures are subject
to the drawbacks of low structural density, aspect ratio, and surface area. Therefore, it
is still a challenge to create black silicon with superior anti-reflection textures at either

the micro or nanoscale.

Reported approaches for fabricating black silicon include femtosecond laser pulsing[16],
[17], reaction ion etching (RIE)[18], electrochemical corrosion[19], [20], and metal-
assisted chemical etching[21], [22]. Dry etching methods such as RIE have the
advantages of high anisotropy and high-precision patterning. RIE offers highly
anisotropic etching and creates vertical sidewalls with smooth surfaces. Usually, RIE
methods used in black silicon fabrication are classified as mask-assisted or maskless
etching[23]. Mask-assisted RIE create surface textures at both the micro and nanoscale
while maskless RIE only create nanostructures. In addition to surface texturing, material
engineering has expanded black silicon's functionality[24]-[29]. For example, ion
implantation increases charge carrier density, dual-layer passivation reduces

photogenerated charge recombination, induced junctions enhance quantum efficiency,

2
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and noble metal nanoparticles can be deposited to generate a plasmon resonance
effect[30]. As a result, black silicon has been utilized in a versatile range of
optoelectronic, photovoltaic, photo-thermal-electric, and photochemical applications.
Overall, light conversion on black silicon relies on two basic mechanisms: photoelectric
and photothermic effects. In either case, the initial light anti-reflectivity of black silicon
determines the light conversion efficiency, indicating that novel surface structures and
material modification methods are required to maximize black silicon's light-trapping

and energy converting abilities.

The anti-reflectance of silicon in the near-infrared (NIR) range at wavelengths over 1100
nm is weak because it is challenging to break through silicon’s intrinsic bandgap of 1.12
eV[1], [6], [7], [25]. Femtosecond-laser processing dopes sulphur and oxygen into silicon
as impurities to reduce the bandgap. These impurities allow electrons to cross the
bandgap under the activation of two near-infrared photons, leading to high near-
infrared light absorption. However, impurity distribution rates and content are difficult
to control. Impurity doping is susceptible to thermal annealing and has a high cost.
Another silicon modification method is metallic nanoparticle (NP) deposition to confine
the charge density oscillations and induce localized surface plasmon resonance (LSPR).
Smaller NPs exhibit electromagnetic field enhancement under electromagnetic wave
excitation, while light scattering dominates the optical response of larger NPs. Both of
these effects contribute to the improvement of black silicon anti-reflection properties.
LSPR effects concerning noble metal, alloy, structured, and mixed NPs have also been
applied to conventional anti-reflective surfaces. This technique has been highly
successful for improving the overall anti-reflection performance of black silicon and the

conversion efficiency of photoelectronic devices.

A few studies have so far proposed combining micro- with nanostructures but mainly
focus on suppression of light reflection at wavelengths below 1100 nm [31]—[36]. On the
other hand, the combination of hierarchical surface texture containing micro- and
nanostructures could overcome the broadband reflection challenge in black silicon via

the decoration of absorption-dominant particles produced by specific LSPR particles.

w
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Therefore, the present thesis focuses on the fabrication of novel black silicon with
hierarchical surface structures, as well as exploring a novel LSPR particle decoration

approach to create a synergistic light extinction effect.

1.2 Application of black silicon

The micro and nanoscale surface protrusions in black silicon led to desirable properties,
such as low reflectivity, super-hydrophobicity, and terahertz wave generation. These
properties are suitable for various applications in engineering fields. Figure 2
summarizes the current applications of black silicon. For example, the low reflectivity of
black silicon and high absorption of visible light are great features to promote the
performance of solar cells. The use of black silicon as photoelectric catalytic substrates
may synergize light absorption and redox catalysts to improve the catalytic rates. Also,
the excellent light absorption capability of black silicon-based photodetectors in the
visible and near-infrared bands would yield high sensitivity surface-enhanced Raman

scattering (SERS)[37]. In the following paragraphs, five applications of black silicon are

Epitaxial
growth

described.

Laser | Metal-assisted | Reactive | . PlMa b ocaized surface
iradiation [ chemical etch ion etch implantation plasmon resonance}

(% -t \§
€ Surface top®°®

Figure 2 Overview of the black silicon applications.
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Figure 3 Super-hydrophobicity caused by black silicon surface texture and chemical treatment.[38] (Left)
Cone-like black silicon surface texture. (Right) Needle-like black silicon surface texture. The inset images

show hydrophobicity tests using a water droplet.

Black silicon with high-density surface structures, such as wires, needles, and sharp
cones exhibit excellent hydrophobicity, known as super-hydrophobicity. It is worth
noting that super-hydrophobicity means that water droplets have minimal contact with
the surface texture of black silicon under the action of surface tension[39]. Meanwhile,
hydrophobic surfaces generally refer to surfaces with water contact angles larger than
90°. Surfaces with water contact angles larger than 150° are referred to as
superhydrophobic surfaces[39]. After deposition of a hydrophobic polymer, black silicon
surface textures yield static contact angles higher than 150° with pure water droplets.
In nature, lotus leaves have similar surface textures allowing water droplets to flow and
remove dust, resulting in a self-cleaning functionality. Super-hydrophobicity could also
be applied in the design of microelectromechanical system microfluidic channels to
reduce liquid friction in flow channels. Figure 3 shows the superhydrophobic properties
of black silicon surface textures after chemical treatment. Both the black silicon with
cone-like (Left) and needle-like (Right) surface textures have hydrophobic behaviours.
The insets illustrate the apparent contact angles of water droplets after the application

of a hydrophobic Teflon coating on each surface.

(2}
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bar size: 10 um

Figure 4 Two black silicon chips bonded together through room-temperature bonding.[38]

Needle-like black silicon structures have been used in room-temperature bonding
processes. Generally, bonding requires immense pressure and high temperature. In
contrast, the needle-like structures on a black silicon material surface interlock like two
brushes pushed together due to their close arrangement. As shown in Figure 4, two
silicon wafers with the same black silicon structure are tightly bonded together at room

temperature.[38]

Black Silicon Solar Cells

_

Absorption (%)
* More Efficient
+10 % Cheaper

Black Silicon Solar Cells

Figure 5 A comparison between solar cells made using monocrystal silicon and black silicon. (Rasmus

Schmidt Davidsen, Technical University of Denmark)

The superior anti-reflectivity of black silicon is of great interest for many applications.
Its reflectivity in the ultraviolet and visible light regions is lower than 2%, and a recently

developed black silicon material has shown a reflectivity lower than 5% in the near-
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infrared range. In comparison, the reflectivity of a typical polished monocrystalline
silicon wafer exceeds 30%. Figure 5 shows a light absorption comparison between solar
cells made of monocrystal silicon and black silicon[40]. Statistics show that black silicon
solar cells have more efficient absorption and are 10% much cheaper than conventional
silicon solar cells, owing to the excellent low reflectivity caused by the surface textures.
The extremely low reflectivity of black silicon has aroused researcher interest for
photovoltaic applications. Many studies have been reported that utilize the excellent
anti-reflectivity of black silicon to increase the efficiency of solar energy harvesting. Solar
cell efficiency with black silicon substrates has been increased from 13.7% to 16.8%.

Some companies have fabricated mass-produced solar cells with an efficiency of 17%.

Black silicon also shows significant potential for generating terahertz waves[41].
Although terahertz waves are widely used in the communication, medical, security, and
military fields, one obstacle to their practical application is the difficulty in generating

terahertz waves. The successful development of black silicon for terahertz wave

generation is expected to significantly promote these field's development.

P )

! | NIR Light
s o A b-si with SiO,(frontsurface)
B s ' b-Si with Al,O, (rear surface)
s A Ag-NPs

Figure 6 (a) Schematic diagram of near-infrared photodetector based on Schottky barrier and black

silicon.[42] (b) Sulphur-doped black silicon-based photodetector.[6]

Photodetectors made of black silicon dramatically improve the sensitivity of silicon to
visible radiation and significantly enhance broadband light absorption[42]. In particular,
black silicon's NIR sensing properties potentially enable high-performance digital night
vision capabilities comparable to the performance of existing image-intensifier-based

night vision goggles. Figure 6(a) illustrates the schematic diagram of the near-infrared

7
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photodetector based on the Schottky carrier [37]. Figure 6(b) shows the sulphur-doped
black silicon-based photodetector, which is developed by the SiOnyx company [43]. The
use of metal nanoparticles as plasmon absorbers and sulphur as a dopant for enhanced
NIR sensitivity has been confirmed. Black silicon-based detectors already possess high
sensitivity to optical waves with wavelength range from 400 to 1250 nm. However, the
challenges for improving these materials are novel structural design and enhancing the

response sensitivity to wavelengths over 1300 nm.

This thesis focuses on developing novel black silicon with hierarchical micro and
nanostructured textures[44], [45]. The research goal of this thesis is to combine the
advantages of multiscale surface structures and LSPR particles to enhance the anti-
reflection properties of black silicon. In addition, potential applications involving photo-

thermal-electric, photoelectric, and super-hydrophobic fluid control are also explored.
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2 Black silicon fabricated via reactive ion etching

Black silicon with multiscale surface structures have been fabricated by various methods,
including femtosecond laser pulse, reaction ion etching (RIE), electrochemical corrosion,

and metal-assisted chemical etching.

The fabrication of new surfaces causing black silicon behaviour by laser irradiation is a
frequently used method. According to different laser pulse durations, laser irradiation
methods used for preparing black silicon are divided into femtosecond laser irradiation
and nanosecond laser irradiation. Figure 7(a) displays the principle of
femtosecond/nanosecond laser irradiation using a femtosecond laser to irradiate the
silicon surface under corrosive gas SFs. These high-energy lasers prompt the sulfur
hexafluoride to react with the irradiated silicon to form the ablated nanocone surface
texture. In this process, femtosecond laser treatment with chalcogenides should be
performed to dope silicon with sulphur and oxygen to yield impurity energy levels[35],
[46], [47]. These resulting impurity bands allow excited electrons to acquire indirect
bandgap transition by absorbing two NIR photons, thereby providing intense trapping
of NIR light. However, the control over the distribution of each level and number of
impurities is quite challenging. Moreover, the doping process is susceptible to thermal
annealing and intensity of laser impulses combined with the high cost and significantly

long fabrication time.

The fabrication of black silicon by metal-assisted chemical etching has commonly been
used in the mass production of wafer-level silicon-based devices. Noble metals, such as
gold and silver are utilized as etching catalysts[22], [48]. In general, metal nanoparticles
are formed on surfaces through various approaches after cleaning and deoxidizing the
silicon surfaces. Figure 7(b) and 7(c) summarize the reaction principle. The silicon
substrates are placed in an etching solution. Nano-conical or wire-like structures are
then formed on material surfaces through the catalytic action of surface metal
nanoparticles. Noble metal nanoparticles serve as transport media for reaction
intermediates like electric charges and reaction products during the catalytic process.

The main techniques used to deposit metal nanoparticles are based on thermal

9
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evaporation, post-coating heat treatment, and chemical solution formation. These
metal-assisted chemical etching methods are advantageous in terms of low cost.
However, they still suffer from the difficulty of fabricating complex three-dimensional
(3D) devices with highly-ordered and large-size structural configurations due to their

high dependency on crystal orientation.

(@ Vaccum cavity  ® Solution ©  Solution
laser source.
@0 <@SFs
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MWM substrate substrate

Figure 7 Schematic diagram of the laser irradiation process (a) and the metal-assisted chemical etching

process using (b) gold and (c) silver.

Among the methods mentioned above, dry etching is advantageous for controlling the

anisotropic etching and high precision nano-patterning.

Reactive ion etching is a dry etching technology with excellent anisotropy and high
selectivity [32], [49]. This process uses molecular gas plasma to etch substrate materials
in a vacuum system. The process employs molecular gas plasma to etch substrate
materials in vacuum systems. Under these conditions, gas plasma yields ion-induced
chemical reactions with the substrate, resulting in anisotropic etching. The ion energy
of plasma is important for the formation of etched damage layers on surfaces of etched
layers, as well as facilitating the occurrence of chemical reactions. Meanwhile, gas
plasma ions could also remove surface products to expose clean etched surfaces.
However, this etching technique is not suitable for obtaining high selection ratios. It also
induces damage to substrate surfaces and causes pollution, making the formation of
delicate patterns more difficult. By comparison, deep reactive ion etching (DRIE)[50] is

a silicon etching technology that uses fluorine-based gas to achieve high aspect ratio

10



Zhang: Hierarchical Black Silicon and Their Applications

profiles. The principle of DRIE is similar to that of RIE, in which silicon anisotropy is
employed to chemically and physically etch silicon surfaces. Two radio frequency
sources are utilized to separate plasma generation from self-bias voltage generation,
effectively preventing the contradiction between radio frequency power and plasma
density during RIE etching. The Bosch process is representative of DRIE based on
alternate etching and passivation steps[51]-[53]. This controllable lateral etching

process could protect sidewalls with steep or other inclined angles.

Gas inlet with fast gas change and axial distribution Viewport of optical emission
(Alternate between gas like SF&/O2/CaFs) | I spectroscopy for analysis

(a) o (b)

Water cooled coil
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ICP Plasma
generator

Plasma space
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Wafer clamping
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high conductance pumping port (RF) plasma

Figure 8 (a) Oxford Plasma Pro100 instrument. (b) Schematic diagram of basic Bosch etching principles.

2.1 Bosch etching process

Bosch etching, a widely used dry etching approach, originates from anisotropic silicon
etching. It was developed by Robert Bosch in Germany and is also referred to as the
Bosch gas-switching technique. Figure 8(a) shows an image of the Oxford Plasma Pro100
instrument used to generate the results in this thesis. The Plasma-Pro 100 etching and
deposition tool can be applied to various substrate electrodes and can process over a
wide range of temperatures. The 150 mm-size clamping platform allows the processing
of a single wafer from 4-inch to 6-inch. The most striking thing is that the machine
provides excellent homogeneity and high throughput, high precision process. As shown

in Figure 8(b), the core vacuum etching module features separate ICP and capacitively-
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coupled (RF) plasma sources, independent plasma density control, and ion energy. The
ICP plasma generator has a frequency of 2.4 MHz and can be operated at powers up to
2500 W. In contrast, the RF generator produces up to 300 Watt plasma and has a
frequency of 13.56 MHz. Both generators are impedance matched to the plasma with
two tunable vacuum capacitors each. As a result, high ion densities (>1011cm™) and
high radical densities can be achieved, and the generated ions depend on the gas
mixture. In addition, the load-lock module and the auto-transfer arm permit rapid
sample transfer without contamination of the vacuum etching chamber. For the Bosch
etching process, the plasma source is applied to form the anisotropic etching reaction
and polymeric passivation layer. These two processes alternately repeat to achieve
anisotropic etching. A commonly used gas in silicon etching processes is SFg (sulphur
hexafluoride). Sulphur hexafluoride generates 6 fluorine atoms under a voltage of only
20 eV. The produced fluorine atoms interact with Si to form volatile SiF4 (silicon
tetrafluoride). A lithographic mask pattern occupies about 15% of the 6-inch silicon
wafer die area. The etching operating conditions are: plasma reaction chamber
pressure >30 mtorr, SFs flow >400 sccm, and radio frequency (RF) energy up to the
kilowatt level. Theoretically, the etching rate reaches 20 um/min. To achieve a high-rate
polymer deposition reaction, the ratio of F to C in the gas generated by the plasma
reaction must be less than or equal to 2:1 (i.e., F:C £ 2:1). CHF;3 (trifluoromethane) and
CsFs  (octafluoropropane) cannot meet this requirement, but CiFg
(octafluorocyclobutane) can be used. CsFs is also commonly used as the additive gas in
plasma etching oxidation reactions. This polymer deposition reaction leads to the
adjustable formation of a sidewall passivation layer and improves the selection ratio of
the mask materials (such as the photoresist and silicon dioxide). During Bosch etching,
the C4Fs and SFs gases are mixed, and alternate stratification is the key to produce a
crenelated and anisotropically etched sidewall. After the etching loops are complete,

the deposited polymer masking film is easily removed by the addition of O plasma.
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Figure 9 Schematic diagram of the Bosch etching process.

In the Bosch process, the plasma source is first enabled with SFe¢ gas input to generate
the F-rich plasma atmosphere. The exposed silicon substrate is briefly etched. Figure 9
shows that the first etching step is dominated by fluorine ions and leads to isotropic
etching. The second step is a quick switch to the passivation operation with CsFg gas. In
this step, the plasma source is turned off to generate a polymer protection layer on both
the silicon and the mask. These sequentially alternating etching and protection steps
form a single etching loop, which is then repeated. The next loop first removes the
polymer used for protection in the prior loop, and the polymer at the bottom of the
etched surface is more significantly removed than that on the sidewall. Therefore, some
polymer is still present on the sidewall when the bottom polymer is completely removed,
and etching will consume the underlying silicon. The sidewall is protected while the
bottom silicon is etched. When the silicon is etched to the same level as the first loop,
the next passivation step stars. In this way, the bottom becomes deeper, the etching
time is precisely controlled, and no undercutting occurs. The sidewall is protected and
stays vertical during the alternating etching and passivation steps. While each cycle's
achieved depth is not large, the continuous cycles result in a deep and very steep etching

profile. Due to the high chemical reactivity of fluoride ions, the overall Bosch process
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reaction proceeds very rapidly. In general, Bosch etching has a high rate and leads to

high steepness and a high aspect ratio.

The first chemical reaction that occurs in the passivation step is as follows:

C,F,+e -»CF +CF +F +e (2.1)

nCF, — nCF, (ads) — nCF,(sf) (2.2)

The passivation gas C4Fs dissociates and polymerizes again to form a polymer layer that
protects the sidewall. As shown in Figure 10(a), an nCF, passivation layer is deposited
on the silicon surface and the mask layer.

(@) (b)

Mask Mask

@
Q

o

@é
o

Sidewall polymeric @ Sidewall polymeric

Silicon passivation (nCF2) Silicon passivation (nCF)

Figure 10 Etching and passivation steps in the Bosch process. (a) Passivation and (b) etching.

The chemical reactions in the etching step, as shown in Figure 10(b), are as follows:
SK,+e” >S,F +S,F +F +e~ (2.3)
nCF,(sf )+ F —2=®% ,CF (ads) ->CF, (g) (2.4)

SFe is ionized under electron bombardment, and the generated active fluoride ions react
with and remove the passivation layer on the surface. The fluoride ions then continue
to react with silicon to etch the surface in areas where the passivation layer has been

completely removed:

Si+F > Si—-nF  (2.5)

14



Zhang: Hierarchical Black Silicon and Their Applications

Si—nF — SiF, (ads) (2.6)

SiF, (ads) —» SiF,(g) (2.7)

The real physical and chemical processes carried out in the plasma environment are
complicated, and it is difficult to conduct whole-scale observations and accurate
measurements. The chemical reactions described in this section are those widely
recognized by researchers. There is not yet a unified and detailed theoretical

explanation for the Bosch process.

Figure 11 shows the relationship between the main parameters of the Bosch etching
process. The arrows show the influence of the process parameters in relation to each
other[54], [55]. The etching rate increases with the plasma power and SF6 etching time;
in the meantime, the required number of process loops decreases. On the other hand,
the rapid increment of plasma power and etching time is easy to cause isotropic etching

due to the overconsumed passivation layer.

NUMBER OF SF6
ETCHING PLASMA PROCESS ETCHING ISOTROPIC
RATE POWER LOOPS TIME ETCHING

‘ ‘ _ |
A 4 |

Figure 11 Relationship between the main parameters of the Bosch process.[56]
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2.2 Reactive ion etching using SF¢ and O, mixture
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Figure 12 Schematic diagram of reactive ion etching with a mixture of SFs and O,.

As is well-known, selectivity, etching rate, and anisotropy are crucial in dry etching
processes[57]. Anisotropy is controlled by changing the etching chemistry mechanism,
which is usually achieved by introducing other gases to modify the gas-solid interaction.
For instance, adding oxygen to SFs plasma can create a chemically inert layer at etched
sites[58]. This inert layer, composed of neutral oxyfluorides, acts as an etching inhibitor
and passivates the silicon surface, as depicted in Figure 12. The passivated surfaces lead
to a decrease in the lateral etch rate and an increase in the etch profile's anisotropy.

This process has been applied for manufacturing nanoscale structures.

SFe¢ plasma is composed of F*, SF*, SF3*, and SF>*. With the addition of O, the plasma
also contains O* radicals. The SF** (x £ 5) and F* ions are bombarded into the silicon
substrate by the bias voltage. These reactive ions interact with silicon to form volatile
SiF4, which escapes from the substrate, while O* radicals react with the silicon to rapidly
form SiOx. The SiOx reacts with SF** (x £ 5) and F* ions to form neutral oxyfluorides
(SixOyF;) such as SOF;, SO3F, and SOF4 because the binding energy of Si—F bonds (129.3
kcal/mol) is higher than that of Si—O bonds (88.2 kcal/mol). These oxyfluorides form a
polymer-like layer on the etched surface and present a nonuniform thickness. Some of
the oxyfluorides escape from the substrate, and the exposed silicon surface reacts with

SF**(x £5) and F* ions. The remaining polymer layer acts as a randomly perforated mask
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and accumulates to passivate the surface during the follow-up etching. Both the reactive
ion-induced etching and oxyfluoride accumulation-induced passivation simultaneously
take place. As a result, the etching reaction is blocked in areas with thicker passivation
layers. In contrast, rapid etching takes place in the exposed regions covered with less or
no polymer. This leads to a selective and depth-directed etching of the exposed silicon,
resulting in hole or needle-like structures. The formed structures vary under the
competition of the SF** (x £ 5) and F* ion etching effect, polymer-like passivation, and
ion bombardment, meaning that the SFs/O; gas ratio determines the structure profile.
When the SFs/0; gas ratio is low, polymer passivation plays a governing role and hole-
like structures are formed. With an increasing SFes/O2 gas flow ratio, the SF** (x £ 5) and

F* ion etching effect dominates and a needle-like structure is formed.

In this thesis, a novel SFs and O3 gas flow ratio of 36 to 47 is used. This ratio is an original
creation and was developed at the University of South-Eastern Norway. The detailed
process is introduced in Section 3.1. Top view and side view scanning electron
microscope (SEM, Hitachi UHR FE-SEM SU8230, Japan) images of the achieved needle-
like structure are shown in Figure 13(a) and (b). From the top view, the surface
structures appear as continuous holes, while they are needle-like structures with

different heights at the tilted view.

15.0kV 5.9mm x20.0k SE 09/11/2018

Figure 13 (a) Top view and (b) side view SEM images of the achieved needle-like structure obtained via

reactive ion etching with a mixture of SFgand O..
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2.3 Inspiration

Black silicon materials previously reported by other researchers mainly have various
nanostructures such as nanopores, nanocones, and nanorods. These structures have
high aspect ratios and densities that change and extend the propagation path of incident
light and attenuate the light through diffuse reflection, refraction, and direct absorption,
resulting in a unique light-trapping ability. This allows black silicon to have a high light
absorption performance. Black silicon has been widely studied in photoelectric,
photothermal, photochemical, and light-controlled microfluidic applications. However,
in existing applications, nanostructured black silicon still has disadvantages. For example,
as illustrated in Figure 14(a), thin films fabricated by physical or chemical vapour
deposition cover the original structure pitch, resulting in reduced aspect ratios and
weakened light-trapping capability. Figure 14(b) shows a photocarrier reacting with ions
and producing gas bubbles that accumulate at the solid-liquid interface. The gas bubbles
adhere to the black silicon's hydrophobic nanostructured surface and act as an isolation
layer to hinder the reaction. Figure 14(c) shows a light-controlled microfluidic black
silicon material for cell screening. The size of the target cells differs from that of other
body cells. Therefore, the fixation and screening of these cells are difficult to achieve on
black silicon surfaces with single-sized structures. Furthermore, nanostructured surfaces
are vulnerable during operation, as depicted in Figure 14(d), and it is not easy to remove

pollutants.

Figure 14 The disadvantages of black silicon materials containing only nanostructures. (a) The
nanostructure pitch with size below tens to hundreds of nanometers is buried by the deposition of
functional materials via (a-1) chemical deposition, (a-2) atom layer deposition, (a-3) sputtering, and (a-4)

epitaxial growth. (b) Cell screening by a microfluidic black silicon surface, where (b-1) target cells are
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unable to be fixed and (b-2) the target cells are easily removed by fluid flow due to the intrinsic small pitch
size. (c) The slow desorption of product gas bubbles and the poor wetting contact of the solid interface
and reaction liquid, which reduces the reaction speed, as depicted in (c-1) and (c-2). (d) The
nanostructured surface is vulnerable to (d-1) friction and (d-2) surface residues, which are difficult to

remove.

Emerging microfabrication technologies allow the production of black silicon with
variable size surface textures from the nanoscale to the microscale. Therefore, why not
introduce micron-sized structures and combine the advantages of micro and
nanostructures on black silicon? This micro-nano composite design is expected to
enhance the specific surface area and space and form a large structure size difference
in three-dimensional space. The introduction of micron structures would be
advantageous in many aspects, as illustrated in Figure 15. Enlarged specific surface areas
for depositing engineering materials and avoiding a decline in aspect ratios caused by a
buried pitch is achieved, as depicted in Figure 15(a). Meanwhile, the micro-holes could
serve as protection zones for preventing target cells from flowing away with the solution
(Figure 15(b)). Also, the micro-holes may expand the contact between the solid-liquid
interface, as well as modify the hydrophilicity and hydrophobicity of the surface (Figure
15(c)). The hierarchical configuration of micro and nanostructures may also prevent

surface damage, as shown in Figure 15(d).

Figure 15 The advantages caused by the introduction of microstructures. (a) Enlarged specific surface area.
(b) Creation of protection zone for target cells. (c) Expanded solid-liquid contact area. (d). Hierarchical

configuration of micro and nanostructures preventing surface damage.

The most attractive property of black silicon has to do with its light-trapping effect.

Therefore, surface texturing black silicon could strengthen its light-trapping ability as
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much as possible. The light-trapping capability originates from the change in optical
propagation caused by multiple reflections, as well as energy decay caused by light-
silicon coupling. Recently, light-trapping through hybrid structures has attracted
increasing research attention. The hybridization of micro-nano scale structures could
increase the light-trapping ability of black silicon. Compared to conventional
nanostructures, microscale structures have larger feature sizes and quickly form
ordered arrays with straight pores and adequate space. Besides, the introduction of
microscale textures offers large dimensional variations, enabling the design and

fabrication of complex 3D spaces.

In this thesis, more attention is paid to the hybridization of needle-like nanostructures
formed by SFs/O; reactive ion etching, as well as microstructures with vertical and
smooth sidewalls created by Bosch etching. The perpendicular smooth sidewalls would
benefit the propagation of direct incident light along the depth direction. The
microstructures would also provide large windows for incoming light. These
microstructures showed comparable dimensions to larger wavelengths, meaning that
multiple reflections would take place inside the structures. However, incident light may
escape from these microstructures via mirror reflections. The needle-like
nanostructures are used as excellent candidates to avoid reflection losses. Therefore,
incident light could undergo sudden refractivity changes and diffuse reflections due to
needle-like structures' smaller dimensions compared to incident light wavelength. In
this thesis, needle-like nanostructures are used to decorate the smooth top surface
areas of microstructured holes with smooth vertical sidewalls to decrease direct mirror
reflection loss. Nanostructures at the bottom of the microstructures may also affect the
reflection behaviour of light, thereby enhancing the light-material coupling effect. As a
result, the reflection changes and light-material coupling effect caused by the
hybridization of perpendicular micro and nanostructures could significantly raise the

incident light energy decay.
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Figure 16 Schematic diagram showing the principle of the two-step etching process to produce a

hierarchical texture on a black silicon surface.

Therefore, this assumption inspires us to explore the anti-reflective properties of a
hierarchical design that integrates vertical micron-sized structures with nanometric
decorations on their top surface and bottom area. As depicted in Figure 16, a two-step
etching process involving SFs/O2 RIE and Bosch etching steps is developed to produce
novel black silicon. The Bosch etch step aims to form micropores with vertical sidewalls
and the RIE treatment with SFe/O> is to form high-aspect ratio nanopores on the smooth
top and bottom of the micropores. The resultant black silicon has hierarchical surface
textures combining micro and nanostructures. This method may significantly address

the disadvantages of black silicon surfaces made of only nanostructures.
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3 Novel black silicon fabricated via two-step reactive

ion etching

3.1 Honeycomb-like black silicon

Silicon wafer Photoresist Exposure Developing

Bosch etching Plasma cleaning SFe/O2 etching Gold deposition

Figure 17 Honeycomb-like black silicon fabrication schematic diagram. The fabrication consists of two
major steps: Bosch etching with a mask to form an ordered micro honeycomb array and RIE with a mixture

of SF¢ and O, to form disordered nanopores.

First, honeycomb-like black silicon is created through two etching steps, as shown in
Figure 17. The first step is Bosch etching with a mask to form ordered micropores, which
are arranged in a honeycomb pattern. The second step is maskless reactive ion etching
with SFs/0; to form disordered nanopores. Gold nanoparticle deposition is conducted
to form a localized surface plasmon resonance (LSPR) effect to increase near-infrared

light absorption[33], [59], [60]. This material is further detailed in Chapter 4.

This honeycomb-like black silicon is developed on a p-type <100> wafer (resistivity of
about 10-30 Q cm). The positive photoresist $1813 is employed to achieve the high-
resolution mask pattern for Bosch etching. The pitch and diameter of the honeycomb-
like pores vary from 2 to 10 um, while the depths are 10 to 75 um. The pore depth is
highly controllable by setting the etching duration. The second etching with SF¢ (gas flow
of 36 sccm) and O: (gas flow of 47 sccm) provides a rapid bombardment of the fresh

silicon surface and generates a passivation layer of SiOy, which acts as a mask to block
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continuous etching breakthrough. This results in a randomly distributed nanopore
surface without the help of a photoresist mask. As a result, the nanopores decorate both

the top and bottom of the honeycomb-like micropores.

Figure 18 SEM micrographs of the honeycomb-like black silicon. (a) Tilted view of the honeycomb pores.
The inset shows an enlarged view of a sidewall. (b) Top view of the surface decorated with nanopores. (c)
Tilted view of the honeycomb pores decorated with nanopores. (d) Distribution of gold nanoparticles on
top of the nanopores. The inset is a digital photograph of the black silicon after gold nanoparticle

deposition.

Details of the fabrication process are reported in Table 1 and Table 2. The use of a high
bias potential and a low table temperature realize high-speed directional etching and
vertical honeycomb pore sidewalls, as shown in Figure 18(a). The unique SFs and O, gas
ratio realizes nanopores with a high aspect ratio. As a result, the top surface and the
bottom of the honeycomb pores are both decorated with nanopores, as shown in Figure
18(b) and (c). Figure 18(d) shows the gold nanoparticles deposited on top of the
nanopores. The gold nanoparticles induce an LSPR effect to increase the absorption of

near-infrared light, which is explained in further detail below.
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Table 1. Mask-assisted Bosch etching process details.

Main steps in SFe C4Fs gas ICP HF 0, gas Table Helium Step
. g Pressure . .
each etching flow power power flow temperature backing  time
loo Lt (sccm) (W) (W) (sccm) (°c) UTUETY (Torr) (ms)
P (sccm)
Pre-
L. 10 200 1500 5 0 5 20 10 25
Deposition
Deposition 5 120 1250 5 0 5 20 10 550
Deposition 20 120 1250 5 0 5 20 10 50
Sub 1
Deposition ¢4 120 1250 5 0 5 30 10 100
Sub 2
Deposition ¢4 5 2000 5 0 5 30 10 50
Sub 3
Deposition ¢, 5 2000 60 0 5 30 10 50
Sub 4
Breakthrough 160 5 2000 60 0 5 30 10 325
Breakthrough ¢, 5 2000 60 0 5 30 10 100
subl
Breakthrough ¢, 5 2000 60 0 5 80 10 50
Sub2
Breakthrough ¢, 5 2500 0 0 5 80 10 50
Sub3
Etch 360 5 2500 0 0 5 80 10 200
Etch Sub1l 1 120 2500 0 0 5 80 10 150
Etch Sub2 5 120 1250 0 0 5 20 10 100
Table 2. Maskless reactive ion etching with SF¢/O; process details.
C4Fs .
ICP HF SFegas 0O;gas Table Helium
Process gas Pressure . Cycle
——— power power flow flow flow temperature (mTorr) backing time (s)
R (W) (W)  (scem)  (scem) (cc) (Torr)
(sccm)
300-
Value 1500 50 36 47 0 0 35 10 1200
3.2 Chimney-like black silicon
Mask-assisted etching Cleaning Maskless etching Au NPs deposition
' Silicon U Photoresist Gold

Figure 19 Schematic diagram of chimney-like black silicon fabrication process.
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Based on the honeycomb-like black silicon fabrication process, the two-step etching
process is also employed to develop a chimney-like black silicon material. As illustrated
in Figure 19, the fabrication process consists of four significant steps: (1) mask-assisted
etching (Bosch RIE) to construct hollow cylinders, (2) cleaning the residual photoresist,
(3) maskless RIE (with SFe/O2) to decorate the top and bottom surfaces with nanopores,
and (4) deposition of Au nanoparticles via magnetron sputtering and thermal annealing.
Optimizing the Au NP configuration is the key to achieving ultralow reflection in the
broad wavelength range of 220 to 2600 nm, which is discussed in Chapter 4. Figure 20
(a) and (b) show side and top views of the black silicon with nanopores obtained via RIE
with SFe/0;, skipping the mask-assisted Bosch etching step. Figure 20 (c) and (d) show a
tilted view of a hollow cylinder array and a tilted view of the chimney-like black silicon
combining the hollow cylinders and nanopores. The inset image shows a magnified
chimney decorated with the nanopores. Figure 20 (e) and (f) show digital photographs
of 4-inch textured silicon with a hollow cylinder array, with only nanopores, and the

chimney-like black silicon containing both a hollow cylinder array and nanopores.
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Figure 20 (a) Side view and (b) top view of black silicon with nanopores obtained via RIE with SFs/O,,
skipping the mask-assisted etching step. (c) Tilted view of textured silicon hollow cylinder array. (d) Tilted
view of chimney-like black silicon with hollow cylinders and nanopores. The inset image shows a magnified
chimney decorated with nanopores. (e) Digital photograph of textured silicon with a cylinder array. (f)
Digital photographs of 4-inch nanopore black silicon wafer (left) and chimney-like black silicon wafer with

both a cylinder array and nanopores (right).
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Optimizing surfaces by modifying the diameter, spacing, and height of surface structures
is also crucial for studying the anti-reflectivity of chimney-like black silicon. Figure 21(a),
(b), and (c) show three different silicon arrays with different hollow cylinder diameters,
spacing, and height variations. The SEM images in Figure 21 (a) and (b) illustrate the
cylinder diameter set of 10, 8 um and the pitch set of 2, 4 um, respectively. The resultant
heights are both 20 um. Figure21 (c) shows the cylinder diameter of 8 um and the pitch
of 2 um. The resulting cylinder has a height of 31 um. The reflectance of the samples

above will be investigated in chapter 4.2.

- - - - - -

£ € © O £ £
ooooogoo
£ £ £ £ £ £ £ £
£ £3 £ £ £ £ £ £
£ £ £ £ £ £ £ O
£ £ £ £ £ £ £ £
£ £ £ £ £ £ £ £
A3 £ £3 £ £ £ £ £
A3 £ £ £ £ £ £ £
£ £ £3 £ £ £ 2 £
£2 A £ £ £ £ £ £

Figure 21 SEM images showing tilted views of silicon surfaces with only hollow cylinder arrays (upper
images) and chimney-like black silicon surfaces with both hollow cylinders and nanopores (lower images).
(a) SEM images of samples with cylinder diameters of 10 um and a pitch of 2 um. (b) SEM images of
samples with cylinder diameters of 8 um and a pitch of 4 um. (c) SEM images of samples with cylinder

diameters of 8 um a pitch of 2 um, and heights of 31 um.
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3.3 Nanowire black silicon

P-type silicon wafer Gold sputtering Annealing - gold particle mask

Initial Bosch etching Etching for more undercut Continue etching to remove Au

Figure 22 The scheme for the fabrication of the Nanowire black silicon. The fabrication process consists
of gold sputtering and annealing to form a gold particle mask, followed by three etching steps: an initial

Bosch etching, undercut etching, and further etching to remove the gold nanoparticles.

Figure 22 shows a two-step process for fabricating nanowire black silicon. This process
consists of gold sputtering and annealing to form a gold particle mask. The followed
treatment includes three etching steps of the initial Bosch etching, undercut etching,
and further etching to remove the gold nanoparticles. The first line of diagrams involves
sputtering a gold film and then annealing it at 500 °C for 1 h to generate a particle mask.

The second line illustrates a three-step modified Bosch etching process.

Table 3. Details of the modified Bosch etching process for fabricating nanowire black silicon.

Process parameter Value
ICP power 2500/1250 W
HF power 100/5/60/0 W
Pressure 20 mTorr in strike step;

30 mTorr in deposition step;
30 mTorr in breakthrough step;
80 mTorr in etching step

Main deposition step C4Fg — 60 sccm; SFg—5 sccm
Main breakthrough step SFs — 500 sccm; C4Fg — 5 sccm
Main etching step SFs — 500 sccm; C4Fg —5 sccm
Table temperature 0°C
Total cycle 80-160 loops
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The etching experiments are carried out in a helicon antenna-coupled plasma reactor. A
turbo-vacuum pump is applied to adjust parameters such as gas flow and plasma reactor
pressure, resulting in the quick change and precise control of the plasma density. The
single etching loop is composed primarily of three steps: the deposition of the protective
layer, the breakthrough of the bottom layer, and the etching of the depth direction. As
detailed in Table 3, in the first step, repeated CsFs flows of up to 60 sccm (standard cubic
centimeters per minute) are used to deposit a protective layer on both the metal
nanoparticles and the pore sidewalls, resulting in a thick polymer coating on both the
metal nanoparticles and pore sidewalls. This thick polymer wrapping of the metal
nanoparticles is beneficial for avoiding mask undercut, achieving a high selection ratio
between the particle mask and silicon. The following deposition step uses a C4Fs flow
rate of 5 sccm to form a thin protection polymer layer on the bottom of the pores. At
the same time, etching is conducted by an SFs flow of up to 160 sccm to avoid excessive
fast CaFs deposition that would block the nanoscale structure interval spaces. The
deposition and etching balance is adjustable according to the structure pitch size. Next,
the bottom breakthrough step removes the protective polymer layer and exposes the
silicon substrate at the pore bottom. Finally, the depth direction etching step produces
highly anisotropic etching by reacting SFs with the bottom silicon quicker than the
sidewall. The carrier for the etching pieces is a silicon wafer with an Au layer placed on
its top surface. The temperature of the cooling carrier under the silicon wafer is set to
5 °C. To accurately control the temperature distribution of the etching pieces to be
highly consistent with the setting value of the cooling carrier temperature, high thermal
conductivity silicone grease is employed to bond etching pieces to the table silicon wafer.
Gold nanoparticles are deposited to boost near-infrared light absorption to form a

localized surface plasmon resonance effect, detailed in Chapter 4.
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Figure 23 SEM images of nanowire black silicon fabricated via modified Bosch process. (a) Tilted view of
the nanoparticle mask on the top of the nanowires. (b) Tilted view of the silicon nanowires. (c) Top view

of the silicon nanowires. (d) Tilted view of the silicon nanowires at a lower magnification.

SEM pictures of silicon nanowires produced by 120 Bosch etching loops are shown in
Figure 23. The etching mask is made out of nanoparticles produced by annealing a 4 nm
Au thin film. Figure 23(a) displays Au nanoparticles with an average size of about 500
nm uniformly disperses on the top of the nanowires. Figure 23(b) shows a tilted SEM
image of the nanowire array. The fabricated nanowires are vividly needle-like and have
an average aspect ratio of about 10:1. It indicates that the depth direction etching step
has a high selection ratio between the silicon and the mask and is highly anisotropic. It
also demonstrates that the etch parameter set can prevent mask undercut and create
structures with superior aspect ratios. Figure 23(c) shows a top view of the silicon
nanowires, which exhibits a high proportion of pores that allows more incoming light
and a low smooth surface proportion to avoid incident light reflecting away from the
silicon surface structure. Figure 23(d) shows a tilted view of the silicon nanowires at a
lower magnification, indicating that the nanowires are uniformly distributed.
Photographs of the nanowire black silicon in pieces and as a wafer are shown in Figure
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24. The nanowire black silicon in pieces (left) and wafer level (right) are all formed by
using a 4 nm gold nanoparticle mask and 120-loops etching treatment. It is vividly
indicated that the modified Bosch process and the applied Au-deposited carrier wafer is

robust to produce nanowire black silicon.

Figure 24 Photographs of the nanowire black silicon in pieces (left) and wafer level (right) formed by using

a 4 nm gold nanoparticle mask and 120 etching loops.
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Figure 25 Tilted and top view SEM images of nanowire black silicon obtained by using (a) gold nanoparticle
mask formed by 4 nm gold film and 160 etching loops, (b) gold nanoparticle mask formed by 6 nm gold
film and 160 etching loops, (c) gold nanoparticle mask formed by 8 nm gold film and 160 etching loops,

and (d) gold nanoparticle mask formed by 10 nm gold film and 160 etching loops.

One etching loop change and three different particle sizes are chosen to investigate the
silicon nanowire formation caused by mask size and etching duration. Figure 25 shows
photographs and SEM images of the silicon nanowires formed by a longer etching
duration (160 vs. 120 etching loops) and varying the Au nanoparticle size. Figure 25(a)

shows tilted and top views of silicon nanowires formed through 160 etching loops and
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a 4 nm Au film to create the particle mask. The average height of the fabricated
nanowires is 5.62 um, suggesting that longer etching times result in taller nanowires.
Figures 25(b), (c), and (d) show tilted and top views of the silicon nanowires etched by
using particle masks formed with 6, 8, and 10 nm Au films, respectively. Their average
nanowire heights are 6.71, 8.83, and 7.78 um, respectively. As particle size increases,
the structural density decreases—silicon nanowires formed by the 4 nm Au film have
the highest structure density. Because thicker films have a higher chance of
accumulating and forming larger particles, particle intervals also become larger. Figure
24 shows a digital photograph of the nanowire samples obtained using particle masks

formed by 4, 6, 8, and 10 nm Au films.

Figure 26 Digital photographs of the nanowire black silicon formed through 160 etching loops. The

nanoparticle masks are formed by 4, 6, 8, and 10 nm Au films, respectively.

Figure 26 shows a digital photograph of the four nanowire black silicon samples
fabricated using nanoparticle masks formed by 4, 6, 8, and 10 nm gold films, respectively.
The etching duration for all four materials was 160 loops. The digital photograph
comparison clearly shows that the nanowire surface induced by the presence of a 4 nm
Au layer has the darkest appearance. Thus, this silicon nanowire sample is selected for

further tests of optical characteristics and hydrophobicity measurements.
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4 Light trapping and application of novel black silicon

4.1 Light trapping definition

The light-trapping ability of black silicon originates from the energy decay due to surface
light reflections and the optical path length extension caused by internal refraction and
transmission[8], [9], [61], [62]. The optical path length of optimal black silicon is
generally several times the substrate bulk thickness, resulting in a light-trapping effect.
The optical path length is the distance traveled by an unabsorbed photon within the
silicon bulk before escaping from the substrate. The travel distance is generally
expressed in terms of bulk thickness multiples. For example, the polished silicon
substrate lacks a light-trapping feature, its optical path length equals one bulk thickness.
In contrast, black silicon with good light trapping performance may have an optical path

length of 50, indicating that light bounces back and forth many times within the silicon

bulk.

The light-trapping effect is usually achieved by changing the incident angle that light
travels into the silicon substrate. Black silicon' surface texture reduces reflections by
refracting light obliquely into the silicon substrate, resulting in an optical path length
longer than the substrate thickness. Snell's Law describes the angle at which light is

refracted into the semiconductor substrate:
n,sing, =n,siné, (4.1)

where 61 and 8; are the light incident angles on the interface relative to the normal
plane of the interface within mediums with refractive indices n1 and ny, respectively. 61

and 6; are shown in Figure 27 below.:

Angle 01 is smaller than angle 8, in a textured single-crystal silicon substrate due to the
existence of crystallographic planes. Thus, the incident light comes into reflection and

transmission on a textured silicon substrate.
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Figure 27 Reflection and transmission of light on a textured silicon substrate.

4.2 Light trapping on hierarchical surface texture

The light trapping mechanism on flat and textured silicon surface is explained in Figure
28. Incident light generates mirror reflections on flat silicon substrate into the
surrounding environment, resulting in reflection loss shown in Figure 28(a). The
reflected light reach the silicon surface at the same angle as the incoming light rather
than being lost on a textured surface with smooth vertical micropores, reducing
reflection loss and boosting coupling decay with the material, as shown in Figure 28. (c).
Figure 28(b) shows a silicon surface with nanopores. The transmission of light within the
material extends the optical path length and affects the reflection behaviour of
nanopores with the same dimensional magnitude as the optical wavelength. The light
waves propagating through the small nanopores exhibit refractivity change along with
the depth direction, generating a moth-eye effect and a subsequent reduction in
reflection. Figure 28(d) shows that micropores' smooth sidewalls also prolong the light
path length by allowing multiple reflections and more light transmission. The
combination of micropores and nanopores results in the ability to trap more light. The
hierarchical surface texture formed by micro and nanopores facilitates the light-coupling
effect with the silicon and increases the optical path length due to the micro-nano

composite features.
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Figure 28 Schematic diagram of the anti-reflective principle of optical waves propagating through surfaces
with different structural features: (a) flat surface, (b) surface with nanopores, (c) surface with micropores,

and (d) surface with micro-nanopores.

Honeycomb-like black silicon samples with micropores of various diameters are
fabricated to study the role of micropores systematically. The pore spacing of samples
Si-1, Si-2, Si-3, and Si-4 is 2 um, and the pore diameters of 2, 4, 6, and 8 um, respectively.
These samples have pore diameter to pore spacing ratios of 1 to 4. The reflectance of
the surface-textured samples decrease in the whole wavelength range compared to
planar silicon, as illustrated in Figure 29(a). The smooth surface area falls as the aperture
to pore spacing ratio increases, leaving less surface area accessible for mirror reflections.
Figures 29(a) and (b) show the sample Si-4 has the lowest value in transmittance.
Therefore, sample Si-4 is selected to perform a second etching treatment. Figures 29(c)
and (d) show the reflectance and transmittance difference between silicon samples with
micropores, nanopores, micro-nanopores, and gold clusters samples. In the ultraviolet
and visible wavelength range, black silicon with nanopores has nearly the same
reflectance as samples with both micro and nanopores. However, the latter has lower
reflectance and transmittance in the near-infrared range. The reflectance of black silicon
with micro-nanopores sharply increases from 0% to about 30% when the light intensity

is below the bandgap energy. It means that the light is no longer absorbed and can
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scatter back out of the sample. But the transmittance of black silicon with micro-
nanopores is very weak. In contrast to the silicon specimen with only micro or nanopores,
enhanced absorption in the wideband spectrum is achieved on the black silicon through
the two-step etch process. Near-infrared light absorption has been found to improve
using various surface treatments. Therefore, in this thesis, gold nanoparticles are used
to generate a localized surface plasma effect to obtain better absorption performance

than the black silicon samples without gold nanoparticles.
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Figure 29 Optical measurements on silicon with different aperture to spacing ratios and etching processes.
(a) The reflectance of planar silicon and honeycomb-like silicon with ordered micropores. (b) The
transmittance of planar silicon and honeycomb-like silicon with ordered micropores. (c) The reflectance
of silicon before and after different etching treatment steps. (d) The transmittance of silicon with different

etching treatment steps. Ordered micropore sample Si-4 is chosen for the comparison tests in (c) and (d).

Figure 30 shows a photograph of samples fabricated with different etching parameters
on a single wafer and their visual difference after different treatments. The square areas
contain hierarchical surface texture consisting of honeycomb-like micropores and

decorated nanopores. In contrast, the rest area on the wafer only contains nanopores.
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The honeycomb-like black silicon with multiscale pores has a darker surface. This is a

good example of how multiscale pores have a major effect on antireflection properties.

Figure 30 Digital photograph of a black silicon wafer in which the square areas contain hierarchical
textures consisting of honeycomb-like micropores and decorated nanopores. In contrast, the remaining

area contains only nanopores.

4.3 Light trapping via synergistic effect of hierarchical surface

texture and LSPR particles with specific size

Recently, researchers have proposed femtosecond laser processing with chalcogenide
to dope sulphur and oxygen into silicon materials to produce impurity levels in the
silicon bandgap[46], [47], [63]. These impurities allow electrons to be excited across the
bandgap by the absorption of two near-infrared photons, leading to a perfect trap of
near-infrared light (NIR). However, it is difficult to control the distribution rate of each
level and the amount of impurities. At the same time, these impurities require thermal
annealing to realize dopant activation, which is high cost and time-consuming. Another
notable approach is the use of metallic nanoparticles (NPs) to confine charge density
oscillations and to induce localized surface plasmon resonance (LSPR)[33], [60]. Smaller
NPs exhibit electromagnetic field enhancement under electromagnetic wave excitation,
while light scattering dominates the optical response of larger NPs. Both effects

contribute to the anti-reflective properties of black silicon. LSPR effects induced by
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noble metals, alloys, different shapes, and mixed NPs have been applied on
conventional anti-reflective surfaces. These strategies have proven to be highly
successful for improving the overall anti-reflection performance of black silicon and the
conversion efficiency of silicon-based photoelectronic devices. However, few studies
take advantage of hierarchical surface textures decorated with LSPR particles to reduce

surface reflectance further.

(b) Incident light

Silicon

Figure 31 (a) Light trapping mechanism in black silicon with hierarchical texture. (b) Schematic diagram
showing the dominant light absorption mechanism in Au NPs smaller than 50 nm. (c) Anti-reflection due

to synergy between Au NP-induced LSPR and hierarchical texture of black silicon surface.

In this thesis, the as-fabricated chimney-like black silicon is selected to investigate light
trapping via the synergistic effect of hierarchical surface texture and LSPR particles of a
specific size. Light propagation plays an important role in studying the anti-reflection

performance of black silicon with different textures.

In contrast to surface structures with micro or nano features, the hierarchical chimney-
like surface texture offers large windows for the incident light. In addition, the vertical
sidewalls guide the incoming light to reflecting inside along the depth direction. The
reflected part reaches the bottom nanostructures and carries out diffuse reflection.
These two behaviors can suppress the specular reflection on the top surface and
increase diffuse reflection. On the surface texture of the hollow cylinder arrays, the
nanopores on the top of the cylinders suppress the reflection loss of incident light.
Mesopores and the spacing between hollow cylinders with larger sizes provide access

for incoming optical waves. Their vertical walls allow incident light to be reflected in the
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depth direction, providing more opportunities for light-material coupling. The reflected
light along the sidewall diffusely reflects to the bottom decorated with nanopores. The
diffuse reflection causes energy decay and optical path length extension as well as
subsequent reflection along the sidewall. Therefore, the hierarchical surface structure
takes advantage of both the micro and nanostructures. As depicted in Figure 31(a), this
hierarchical texture design reduces specular reflection loss and facilitates the light-
material coupling effect while extending the optical path length, resulting in ultralow

reflection below 1100 nm.

Furthermore, metallic nanoparticle-induced LSPR is the key to addressing the challenge
of high light reflection above 1100 nm. The electric field of optical waves covers metallic
particles with sizes much smaller than the optical wavelength. This electric field
polarizes conducting electrons in the metal lattice. When the frequency of incident light
matches that of the valence electron oscillation, the incident light stimulates a collective
resonance oscillation of the valence electrons in the solid, yielding electric dipoles. The
restoring force between the electric dipoles impedes electron displacement, forming
plasmon oscillations driven by resonant light waves. Only wavelengths resonant with
these oscillations excite the LSPR. The photon energy injected into the plasmon
oscillation produces attenuation through either radiative scattering or a non-radiative
pathway. Radiative decay stems from the photon emission caused by electron-hole
recombination and electron-phonon scattering, while non-radiative recombination
causes the conversion of photons into heat. Photons can be scattered through several
mechanisms in their travel, and there will be a deviation of band energies due to lattice
vibrations. The relative effect of these two decay mechanisms determines the relative
contributions from scattering and absorption. This balance changes with nanoparticle
size, with increasing nanoparticle size enhancing radiative decay. According to Mie's
theory regarding absorption and scattering in isolated Au NPs, the two effects are
comparable when the size of the NPs is approximately 50 nm. The absorption prevails
when the size of the NPs is less than 50 nm. The scattering phenomena on Au
nanoparticles of roughly 20 nm account for only a few percent of total light attenuation.

In particular, the light-to-heat conversion efficiency of particles with sizes above 2 nm
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reaches 100%. Therefore, isolated Au NPs of less than 20 nm are likely the best
candidate for transferring the energy of photons to black silicon. Figure 31(b) shows the
dominant light absorption mechanism of Au nanoparticles smaller than 50 nm as well
as the flow of thermal energy and heat carriers at the interface between a gold particle
with LSPR and the bulk silicon. This investigation inspires us to explore the optimal
configuration of Au NPs with LSPR on black silicon to further decrease reflectivity above
1100 nm through the dominant energy decay mechanism of thermal dissipation. For the
first time, we have investigated the advantages of hierarchical structures and specific

Au NPs to reduce reflectance from black silicon.

A synergistic effect is induced by light propagation through the hierarchical surface
structures and energy decay in specific LSPR particles. Figure 31(c) shows the possible
mechanism of this synergistic incident light trapping phenomenon. Light incident on the
top surface is less likely to experience specular reflection due to metallic particle-
induced photon absorption and scattering. The portion of light incident on the sidewalls
is attenuated through plasmon oscillations on nanoparticles and silicon absorption.
Reflected or scattered light is potentially further weakened on the other sidewalls
through interactions with their surface metallic particles. The nanopores and
nanoparticles at the bottom of the well collect remnant reflected and scattered light.
Based on this analysis, it is expected that a broadband ultralow reflectivity can be
achieved. Therefore, a systematic investigation of the synergy between hierarchical
black silicon surface texture and Au NP-induced LSPR is crucial for upgrading the anti-

reflectance properties of black silicon.
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Figure 32 (a) Side view of the hierarchical chimney-like silicon structure decorated with Au NPs. The scale
bar is 5 um. (b) Magnified view of Au NPs at four selected positions on the hierarchal chimney-like silicon
surface. All scale bars are 100 nm. (c) Measured reflectance spectra of the nanopore and hierarchical
textured black silicon surfaces. Both structures are decorated with Au NPs formed from a 4 nm Au film.
The inset shows a magnified view of the measured spectra from the hierarchical surface. (d) Measured

transmittance spectra of the nanopore and hierarchical textured surface. Both are decorated with Au NPs

formed from a 4 nm Au film.

Figure 32(a) shows an SEM image of the hierarchical chimney-like structure with Au NPs
formed by the thermal annealing of a 4 nm gold film. As illustrated in Figure 32(b), the
nanoparticles are observed on the upper pores, chimney sidewall, and bottom pores.
The Au NPs in these regions have diverse sizes, spacing, and concentration, but they
have a similar nanosphere shape. Their diameters are in the range of 5 to 20 nm, and
the particles at the bottom are smaller than those in the upper region of the chimneys.
This is because the three-dimensional structure causes the sputtered Au film to have a
gradient thickness. The formed Au nanoparticles show a size difference after annealing,
leading to an LSPR particle size gradient on the hierarchical surface. All the Au NPs are
separate from each other with no visible agglomeration, and the spacing between
adjacent particles is comparable to their size. These Au nanoparticles are strongly

attached to the silicon surface due to the formation of metal-semiconductor bonds
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during the thermal annealing processing, as shown in Figure S9. This process assists hot-
spot formation and maximizes the number of particles. The widespread isolated Au NPs
increase the occurrence of LSPR and increase the local-field trapping of a large number
of photons. As shown in Figure 32(c), the reflectance spectrum of the hierarchal
textured silicon surface presents a noticeable decrease in reflection compared to the
silicon surface with only nanopores, which is aided by the nanoparticles deposited from
the 4 nm gold film. The black silicon with a hierarchical structure provides an overall
reflection of below 1.0% from 220 to 2600 nm. There are two possible reasons for the
higher reflection of wavelengths above 1100 nm on the nanopore silicon surface. First,
nanopores only provide limited windows to absorb incident infrared light, leading to
inevitable reflection loss. Second, a smaller concentration of large Au particles on this
surface leads to lower LSPR intensity. The inset image shows that the average
reflectance of the chimney-like black silicon decorated with Au NPs is approximately 0.5%
above 1100 nm, and the maximum reflectance of 0.6% occurs at 1250 nm. As shown in
Figure 32(d), the overall transmittance of the chimney-like black silicon is less than 0.5%
from 220 to 2600 nm. It is concluded that the energy decay occurring at the silicon/gold
nanoparticle interface suppresses the reflection of infrared light and that the photons
are most likely converted to heat. Thus, the hierarchical texture and Au NPs are
responsible for the low broadband anti-reflectivity of the chimney-like black silicon.
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Figure 33 (a) Measured reflectance spectra of the hierarchical chimney-like black silicon decorated with
nanoparticles formed from Au films with varying thickness. (b) Measured reflectance spectra of different
hierarchical surface structures, all of which have the same nanopore decoration and Au NPs formed from

a 4 nm gold film.
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Au films with thicknesses of 2, 4, 6, 8, and 10 nm are fabricated to investigate the effect
of particle size on reflection suppression. Thermal annealing at 500 °C for one hour is

used to form the nanoparticles. Notably, the samples with nanoparticles formed by 8
and 10 nm gold films cannot have their reflectance spectra measured due to the
appearance of an observable golden colour on their surfaces. Figure 33(a) shows that
the black silicon decorated with nanoparticles formed by a 4 nm Au film has the lowest
reflectance. In addition, the 6 nm film Au particles provide much lower reflectance than
the 2 nm Au particles because the smaller particles in the 2 nm sample may cause
relatively weak LSPR intensity. Figure 33(b) illustrates the measured reflection spectra
of hierarchical texture designs with different micron structures (honeycomb, triangle,
square, and cylinder) decorated with Au nanoparticles formed through 4 nm Au films.
Their reflectance values are lower than 1% at the wavelength range from 220 to 2600

nm, evidencing that a 4 nm Au film creates the most effective Au particle.

4.4 Photo-thermal-electric generation
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Figure 34 (a) Testing platform for steam generation. The inset photo shows the thermocouple detecting
head immersed in water and bubble growth on the sample surface. (b) Change in the mass of water with

time under 4 kW m™ solar irradiation. (c) Water temperature vs. time. (d) Testing platform for photo-
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thermal-electric experiment. A LabVIEW program was used to record real-time output. (e) The black
silicon, generator, and cooling fin are fixed together using thermally conductive silicone and the
aluminium fins are immersed in an ice-water mixture. (f) The output voltages of the thermoelectric
generator vs. time. Note: the order-disordered Si has honeycomb-like micropores and nanopores on its

surface, and the disordered nanopore Si only has nanopores on its surface.

Solar-driven evaporation and thermoelectric generation experiments are conducted to
verify the light-trapping performance of the black silicon with hierarchical surface
structures. Hierarchical honeycomb-like black silicon is tested as an illustration. First,
bottom-heating-based evaporation is the first experiment. Black silicon absorbs light
and converts it into thermal energy to heat 350 uL distilled water from the bottom of a
vessel. As shown in Figure 34(a), a 22x22 mm? black silicon sample is fixed in a Teflon
culture dish with a diameter of 40 mm and a depth of 13 mm. The low thermal
conductivity of Teflon is crucial for reducing the impact of heat loss and heat exchange
(conduction loss, upward convection with the surroundings, and radiation). A

thermocouple-based thermometer is used to monitor the water temperature.

Figure 34(b) shows the mass change vs. illumination time due to steam generation. As
is well-known, the efficient absorption of broadband solar radiation and its conversion
into heat is crucial for driving liquid evaporation. After one hour of evaporation, the
mass of the water is reduced by 1.35, 2.43, 2.50, and 2.73 g in trials with no silicon,
nanopore silicon, micro-nanopore silicon, and micro-nanopore silicon with gold NPs,
respectively. The evaporation rate of black silicon with Au NPs plasmon absorbers was
about two times that of pure water and about 1.1 times that of other silicon samples in
the experiment. The difference between the black silicon samples with nanopore and
multiscale pores is not significant. This difference is potentially stemming from heat loss.
Such heat loss inevitably occurs due to the separation of the heat source and the water
surface and the temperature difference between them. Figure 34(c) shows the water
temperature variation. The water temperature which initially increases and stabilizes in
all four experiments. However, the increasing rates of the four samples are different.
The black silicon with plasmon absorbers enables the fastest water heating and achieves

the highest temperature of 62 °C. The performance of the order-disordered black silicon
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with hierarchical texture design is very similar to that of disordered silicon. It is
potentially explained by the heat loss error exceeding the performance difference.
Therefore, a more sensitive testing approach is required to investigate the low variation

between the micropore and micro-nanopore samples.

Silicon samples are attached to a commercial thermoelectric power generation module
(TES1-4902) to be broadband light energy absorbers for the thermoelectric experiment.
We investigated their photo-thermal-electric conversion properties systematically. The
thermoelectric module has dimensions of 23x23 mm and a thickness of 3.9 mm. As
shown in Figure 34(d), the module's cold side is joined to an aluminum radiator with
cooling fins immersed into an ice-water mixture to obtain a constant temperature at the
cold side. Black silicon is connected to the hot side with thermal silicone grease coating
on its backside, as shown in Figure 34(e). A Keithley 2635B source meter and LabVIEW-
control software are employed to measure the open-circuit voltage and study the real-
time electrical output corresponding to the intrinsic absorption performance. The cold
side is kept at a constant temperature, and the real-time signal acquisition system allows
for a rapid and accurate response to the heat generated by black silicon. The thermal
electric generator can record the minute temperature variations. Because once the
trapped light energy is converted to heat, the temperature of the hot side increases. The
resultant temperature difference between the cold and hot sides causes the generator's

output voltage to fluctuate.

Figure 34(f) shows the four samples'initial voltage increase and saturation are different.
The micro-nanopore silicon with Au NPs exhibits the highest output voltage of 140 mV.
The micro-nanopore silicon without Au NPs shows a faster voltage change rate than the
nanopore-only sample. And its maximum voltage is about 20 mV higher than the latter.
The multiscale pore structures on black silicon enhance photothermal conversion. With
a maximum voltage of 65 mV, planar silicon has the worst performance of all the
samples examined. These results are consistent with the light trapping observations

discussed in Section 4.2. As a result, micro-nanopore black silicon with hierarchical
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texture design shows better photothermic conversion ability than nanopore black
silicon.
4.5 Super-hydrophobicity on nanowire black silicon

(a) (b)

165.66°

® e o
Drop Down Bounce Down Bounce Down " End
34ms  45ms 60ms 117ms 128ms 173 ms 489 ms

e - -

Figure 35 Contact angles of water droplets on nanowire black silicon surfaces formed through (a) 160 and
(b) 180 etching loops. (c) Images of a 1.5 uL water droplet dropped onto a silicon nanowire surface

bouncing ten times. The video framerate represents 4000 frames per second.

Silicon nanowires also possess unique structural properties. For example, one of the
very different properties from bulk silicon is the remarkably enhanced surface
hydrophobicity[64]—-[66]. Meanwhile, hydrophobic characteristics are important in self-
cleaning processes, antibacterial surfaces, and other biomedical applications. Octadecyl
trichlorosilane (OTS) is often applied on hydrophobic surfaces as a chemical treatment
to enhance structural hydrophobicity. However, such treatment may introduce
contaminations and high costs. The OTS also suffers from poor long-term reliability. In
this thesis, the as-fabricated silicon nanowire arrays exhibit extreme superhydrophobic
behavior with contact angles higher than 165.6° without using the hydrophobic chemical

treatment. The tested silicon nanowire array is formed by 160 modified Bosch etching
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loops(Figure 35(a)). Figure 35(b) shows the contact angle of the silicon nanowire surface
formed by a 4 nm Au film and 180 etching loops. This sample demonstrates an even
higher water contact angle of 173.7°. In Figure 35(c), the selected frames from a high-
speed video (4000 frames per second) record the overall process of a 1.5 uL water
droplet dropping onto the nanowire surface from a height of 70 mm. Initially, the
droplet shows a fully bouncing off from the surface. Subsequently, it bounces nine times
again, and the vertex height decreases gradually, indicating a good surface
superhydrophobicity. The reliability of superhydrophobicity of the silicon nanowire
surface is evaluated by continuously dropping five thousand 20 uL water droplets from
a height of 30 cm. There is no apparent damage to the nanowire surface, indicating good

material stability.
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5 Conclusions and future prospects

5.1 Conclusion

In this thesis, novel structural design and fabrication methodologies for black silicon
have been investigated systematically, along with their optical properties. Besides, the
as-prepared black silicon achieves excellent anti-reflection through the synergistic effect

of hierarchical surface texture and LSPR-induced by Au NPs.

A two-step RIE method consisting of mask-assisted and maskless etching steps has been
developed for the reliable fabrication of novel black silicon with hierarchical surface
textures. The proposed two-step etching approach extends the optical path length of
incident light. It facilitates the control over the fabrication process to yield specific
spacing to aperture ratios and highly ordered surface textures. This approach helps
overcome the limitations of the light-trapping ability of nanostructured black silicon and
space-constrained shortcomings of subsequent material engineering. The systematic
investigation of the structural parameters' influence on reflectance and transmittance
reveals high broadband absorption on black silicon with vertical sidewalls and plasmon
absorbers. Magnetron sputtering and thermal annealing deposited gold particles
(diameters less than 20 nm) on the hierarchical surface texture to produce LSPR. The
hierarchical surface texture increases the available particle deposition surface and yields
particle size distribution gradient from the top of the textured surface to its bottom. As
a result, the resulting plasmons generate the absorption-dominant effect on incident
light other than light scattering. The synergy between the light trapping effect induced
by surface structure and the absorption-dominant plasmon effect induced by Au
nanoparticles yields ultralow reflectivity below 1% at wavelengths of 220-2600 nm on

the fabricated black silicon with hierarchical surface texture.

A modified Bosch process has been developed to create silicon nanowires with high
aspect ratios. The Au-nanoparticles formed by magnetron sputtering film and thermal
annealing are used as the hard mask to achieve controllable structure densities. The

resulting nanowire black silicon exhibites excellent anti-reflection performance, with a
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reflectance value below 2% at the wavelength of 220 to 1100 nm. In addition, the Au
NP-induced surface plasmons significantly enhanced such black silicon's near-unity anti-
reflection, achieving a reflectance below 3% at wavelengths of 220 to 2600 nm.
Interestingly, the nanowire black silicon array exhibits a superhydrophobic behaviour
with a contact angle higher than 165.6° without using any hydrophobic chemical
treatment. This behaviour allows water droplets to bounce off the superhydrophobic
surface up to 10 times. The results above indicate that the nanowire black silicon is
promising in photothermal, photocatalytic, supercapacitor, and microfluidic

applications.

On the other hand, the published articles described in this thesis mainly focus on the
fabrication and characterization of hierarchical black silicon. However, the creative
methodology and results are significant to black silicon applications in optoelectronic,

photocatalytic, photothermic, and microfluidic fields.

5.2 Future application

Black silicon is an emerging material with various surface structures and can achieve
improved photodetection ability. In photodetectors, black silicon can significantly
enhance the response sensitivity of photodetection from the visible to NIR
wavelengths.[7], [67]-[70]. For instance, Schottky junction based on black silicon/Ag
nanoparticles (Ag-NPs) can be applied in photodetection in the near-infrared regime[42].
This type of photodetector employs the synergistic mechanism of inner photoemission,
light-trapping, and surface-plasmon-enhanced absorption. As a result, it can efficiently

absorb the sub-bandgap photons and generate photocurrent.

At present, there are few research reports on black silicon-based UV photoelectric
sensors. However, ultraviolet sensing is increasingly becoming important for many
applications. UV sensing has multiple applications, including spectroscopy and imaging,
flame detection, water purification and biotechnology. While annual market demand

for UV photodiodes is expected to increase to 30%, the efficiency of these devices has
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been limited to 80% at best. As a result, black silicon-based UV photodetection would

be one of the future research focus.

5.2.1 Black-Silicon Ultraviolet Photodiodes with External Quantum
Efficiency above 130%

Ultraviolet sensors have so far been utilized in various fields ranging from spectroscopy
applications via biotechnical innovations to industrial process control. However, the
performances of current ultraviolet sensors are still surprisingly poor. Forinstance, Aalto
University researchers have developed a black silicon photodetector with efficiency
above 130% (Figure 36(a)) [70]. The surface of black silicon is nanostructured with cones
and columns that make the surface highly absorbent at all angles that light might be
incident. Usually, using nanostructured surfaces to lower reflection leads to greater
recombination so little net gain is made, but these devices were coated in Al,03 to
suppress this recombination [70]. The result is devices with not only near unity efficiency
at wavelengths 250-950 nm, but efficiency exceeding 130% at 200 nm. SEM images of
surface structures are shown in Figure 36(b) and 36(c). For the first time, a single
photovoltaic device exceeding 100% external quantum efficiency limit is obtained under
UV. This result opens new avenues for improving efficiencies beyond the famous
Shockley-Queisser limit and inspire us to explore the ultraviolet photodetection on the

novel black silicon with hierarchical surface textures.
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Figure 36 Black-Silicon Ultraviolet Photodiodes designed by researchers at Aalto University [70]. (a) A
schematic diagram of photodiodes and quantum efficiency at wavelengths of 200 to 800 nm. SEM images
of device structures. (b) and (c) Bird’s eye view SEM image of b-Si nanotexture with cone-like and

columnar-like morphologies, respectively.

5.2.2 Principle of black-silicon ultraviolet photodiodes

Black silicon Al.O

273

Figure 37 Cross-sectional view of our photodiode on the black silicon with hierarchical surface texture.

(Unpublished)
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A cross-section of the photodiode design on black silicon with hierarchical surface
texture isillustrated in Figure 37. Alumina-coated micro-nanostructure is located on top
of a high-resistivity n-type silicon substrate. Also, the presence of alumina induces an
inversion layer in silicon, forming a depletion region. The gold is used as front and back
electrodes. Below and above Au, boron (p+)- and phosphorus (n+)-implanted areas are

formed to increase the quality of electronic contacts.

(a) L | |
! Wp‘!= Wi !:Wn=!
(b)
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(©) : ; Black silicon
Light : : Silicon
i X
(d) !
: : Al203
Field : —_—
/?\ : No Al203
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Figure 38 The working principle of the black silicon-based ultraviolet photodiode. (Unpublished)

The working principle of black silicon-based ultraviolet photodiode is depicted in Figure
38. At incident photon energy greater than or equal to material bandgap, the photons
are absorbed by the substrate silicon, thereby exciting the valence band electrons in the
positive, intrinsic, and negative regions to generate electron-hole pairs. Compared to
ordinary silicon-based optoelectronic devices, the unique light-trapping ability on black
silicon surfaces enhances the initial ultraviolet light absorption. This initial light
absorption improvement, in turn, excites more electron-hole pairs and a self-built

external electric field induced by the alumina film. Meanwhile, the film can enrich
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electrons to generate an inversion layer in silicon, leading to the formation of a
depletion region and a reverse bias voltage. The depletion region and bias voltage may
accelerate the separation of electrons and holes, where electrons in the conduction
band are accelerated to the n-zone. In contrast, the valence band holes are accelerated
to the p-zone. These charge accelerations generate a higher photovoltage on the two
electrodes of the device. As a result, a stronger photocurrent is formed in the circuit,
meaning effective conversion of the received optical signal into an electrical signal at

the output.

5.2.3 Fabrication process of Ultraviolet Photodiode on black silicon with

-

hierarchical surface texture

N-type silicon ﬂ - —_——

1. Preparation 2. Photoresist 3. Mask 1 4. Lithography 1
8. Mask 2 7. Photoresist 6. Plasma cleaning 5. Bosch Process

v

9. Lithography 2 10. SFe/O2 RIE 11. Plasma cleaning 12. lon implantation Boron

v

| L Thermal
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Figure 39 Fabrication process of ultraviolet photodiode on the black silicon with hierarchical surface

texture. (Unpublished)
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In this thesis, 500 um thick high resistivity (>10 kQ-cm) n-type 4-inch <100> oriented
silicon wafers are used as substrate materials. Black silicon is formed on the active areas
of the diodes by two-step RIE. The details of the fabrication process are provided in
Figure 39. The black silicon region is surrounded by a boron-implanted area to realize an
ohmic contact with the inversion layer. The active area is covered with ALD alumina,
generating a negative charge in the inversion layer. Front and back metal contacts are
formed by sputtering Au. The back side of the wafer is based on phosphorus-implanted
to increase quality of the contact and formation of back-surface field. A digital
photograph of black silicon ultraviolet photodiode on a 4-inch wafer is shown in Figure

40.

Figure 40 Digital photograph of black silicon ultraviolet photodiode on a 4-inch wafer. (Unpublished)
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5.2.4 Future work

—lBIack silicon AlLO

UV light|source

Figure 41 Testing platform. (Unpublished)

It is necessary to build a testing platform for the evaluation of as-made black silicon-
based ultraviolet photodetector. The preliminary design of the real-time testing system
is presented in Figure 41. It mainly consists of an UV light source, a source meter and a
real-time software. The measurements of the current-voltage (I-V) and photocurrent are

planned to test using a Keithley 2450 source meter and a lock-in amplifier (SR830).

Future work will focus on exploring the combination and create a better ultraviolet
photodiode on novel black silicon with hierarchical surface textures, which will hopefully

provide exciting results.
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