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ABSTRACT

3D-MICROSTRUCTURING OF SILICON INDUCED BY NANOSECOND
PULSED INFRARED FIBER LASER FOR POTENTIAL SOLAR CELL
APPLICATIONS

Biilbiil Tatbul, Besna
Master of Science, Physics
Supervisor: Assist. Prof. Dr. Ihor Pavlov

September 2022, 64 pages

Laser-induced three-dimensional (3D) structuring of silicon is a highly desired
technology as silicon drives the semiconductor industry with its wide range of
applications in solar cells, telecommunications, microelectronics, integrated
photonics, etc. Structuring of silicon for such applications is typically performed by
lithographic pattern production and pattern transfer via plasma etching, reactive ion
etching, or chemical etching. However, conventional lithography methods are
limited to the surface of the silicon and do not allow direct fabrication of 3D

structures buried deep inside the silicon.

Novel laser-based methods are emerging to fabricate 3D subsurface functional
elements in silicon. The 3D structuring of silicon by laser requires high peak
intensity, short-pulsed lasers that can induce modification in the silicon by exploiting
nonlinear photon absorption. Until recently, laser-induced subsurface modification
of the silicon without damaging the surface had been unsuccessful.

In this thesis, highly controlled surface and subsurface modifications are presented

in crystalline silicon (c-Si) using a custom-built nanosecond pulsed infrared laser.



To reveal true 3D structures, laser-modified parts are etched in a highly selective
chemical solution. Our novel approach is successfully implemented to fabricate 3D
microhole arrays inside the c-Si wafer, and 3D micropillar arrays on the surface of
the c-Si wafer, for potential applications in transparent solar cells and radial junction
photovoltaics, respectively. Since our method does not require mask copying, it
offers fewer processing steps than traditional lithographic methods and can be easily

adjusted to different applications.

Keywords: 3D laser structuring, silicon subsurface modification, nonlinear photon

absorption, transparent silicon, micropillar arrays
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POTANSIYEL GUNES HUCRESI UYGULAMALARI iCIN NANOSANIYE
ATIMLI KIZILOTESI FIBER LAZER YARDIMIYLA SiLIKONUN UC
BOYUTLU MiKROYAPILANDIRILMASI

Biilbiil Tatbul, Besna
Yiksek Lisans, Fizik
Tez Yoneticisi: Dr. Ogr. Uyesi Thor Pavlov

Eyliil 2022, 64 sayfa

Lazer ile silikonun ii¢ boyutlu (3B) yapilandirilmast oldukca arzu edilen bir
teknolojidir ¢linkii giines pilleri, telekomiinikasyon, mikroelektronik, entegre fotonik
gibi bircok farkli alanda genis uygulama yelpazesi ile silikon, yar iletken
endiistrisine yon vermektedir. Bu tiir uygulamalar i¢in silikonun yapilandiriimasi
genellikle litografik desen iiretimi ile baslar ve plazma asindirma, reaktif iyon
asindirma veya kimyasal agindirma yoluyla desenin silikona aktarimi ile devam eder.
Bununla birlikte, geleneksel litografi yontemleri silikonun yiizeyiyle sinirlidir ve

silikonun derinliklerine gémiilii 3B yapilarin dogrudan iretilmesine izin vermez.

Silikonda, 3B yiizey alt1 islevsel elemanlar1 {iretebilmek i¢in lazer temelli yeni
yontemler gelistirilmektedir. Silikonun lazerle 3B yapilandirilmasinda, dogrusal
olmayan foton absorpsiyonlarindan Yyararlanarak silikonda modifikasyonu
indiikleyebilen yiiksek 151k yogunluklu, kisa atimli lazerlere ihtiya¢ duyulur. Yakin
zamana kadar, silikon icinde lazerle indiiklenen modifikasyon olusturma yiizeyde

hasar biraktigindan basarisiz sonuglanmasti.

Vil



Bu tezde, 6zel yapim nanosaniye atimli kizil6tesi lazer kullanilarak kristal silikonda
(c-Si) oldukg¢a kontrollii olusturulan ylizey ve yiizey alti modifikasyonlar
sunulmaktadir. Asil 3B yapilari ortaya ¢ikarmak i¢in, lazerle modifiye edilmis yerler,
oldukca yiiksek secicilige sahip bir kimyasal ¢ozelti ile asindirilmistir. Yeni
yaklagimizla, c-Si plaka i¢inde 3B mikro delik dizileri ve c-Si plaka yiizeyinde 3B
mikro siitun dizileri sirasiyla saydam giines pilleri ve radyal baglantili
fotovoltaiklerde potansiyel kullanimlar1t hedeflenerek basariyla iretilmistir.
Yontemimiz maske kopyalama gerektirmediginden, geleneksel litografik
yontemlere gore daha az islem adimi sunar ve ayrica farkli uygulamalara kolayca

adapte edilebilir.

Anahtar Kelimeler: 3D lazer yapilandirmasi, silikon yilizey altt modifikasyonu,

dogrusal olmayan foton absorpsiyonu, transparan silikon, mikro siitun dizileri
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CHAPTER 1

INTRODUCTION

The theoretical basis of laser technology was first described by Albert Einstein in
1917 [1]. He proposed the concept of “stimulated emission”, which makes lasers
possible. After several failed attempts, the first working device for light
amplification by stimulated emission of radiation (laser) was constructed in 1960 at
Hughes Research Laboratories by Theodore H. Maiman [2]. Since then, many
different types of lasers (e.g., solid-state lasers, gas lasers, liquid lasers, and
semiconductor lasers) were developed with shorter pulses and higher peak powers.
Unlike ordinary light, laser light has unique characteristics such as coherence,
monochromaticity, and directionality. These contribute to the exceptional
focusability of the laser beam, which enables the high intensities up to 102 W/cm?
that are capable of vaporizing any material or even starting nuclear fusion [3]. Today,
laser technology is applied in many different areas such as manufacturing industry,
communication, medicine, military, scientific research, etc. because of the unique

characteristics of laser light.

Depending upon the desired application, lasers can be operated in either pulsed mode
or continuous wave mode. In continuous wave operation, laser output power is nearly
constant with time, whereas in pulsed operation, the output power emerges as a series
of brief pulses at a certain duration and repetition rate. Since pulsed lasers emit
optical energy in a very short time, the pulsed laser can reach much higher peak
power values than a continuous wave laser with the same amount of energy. Due to
its high peak power, the pulsed lasers with a typical pulse duration ranging from
nanosecond (10 s) to femtosecond (10 s) are ideal tools for high precision

micro/nano machining of various materials. The small pulse duration results in small



heat affected zone and controlled material processing owing to the short interaction

time between the laser and the material [4, 5].

Laser-material interaction and induced modifications primarily depend on laser
intensity, optical properties of the material, laser wavelength, and interaction time.
When a material is irradiated by a laser beam, a part of the photons is reflected,
absorbed, and/or transmitted. The absorbed laser energy can cause heating, melting,
evaporation, plasma formation, etc., depending on the absorbed laser power density
and the interaction time. Linear single-photon absorption is a typical form of energy
absorption [6]. If laser photon energy, hv more than the bandgap of the material, an
electron can be directly excited from the valence band to the conduction band
through the linear absorption of a photon. In the case of photons with energy smaller
than the bandgap, the material is transparent for that wavelength because linear
absorption is no longer allowed. However, when a higher intensity laser beam is
tightly focused into the material, the electron can be excited to the conduction band
by multiphoton absorption even though the photon energy is below the bandgap
energy. After excitation of the electrons, thermal diffusion of the electrons occurs
and energy is transferred to the lattice (ions) through electron-phonon coupling. This
results in a rapid local increase of temperatures at the interaction region. The
evolution of the temperature will determine the final material modification or

damage in the interaction volume [7].

The high peak intensity of short-pulsed laser enables 3D material modification
through nonlinear absorption if the laser energy is accurately delivered into focal
volume. By focusing the laser beam at various depths in the material, both surface
and subsurface processing of the material is possible with this approach.
Furthermore, within the research on laser-material interaction, high-intensity lasers
are of growing interest for fabricating 3D modifications in silicon [8]. This thesis is
focused on the application of high-intensity short-pulsed lasers using the principle of

nonlinear absorption for both surface and subsurface modification of silicon.



1.1 Laser-Induced 3D Modification in Silicon

Conventional lithography methods do not enable the direct fabrication of functional
elements buried deep inside material. However, laser-based processing has the
ability to directly produce 3D structures without a mask deep inside materials by
eliminating the time-consuming and expensive multistep approach of conventional
lithographic methods. Fabrication in 3D can be accomplished by tightly focusing the
high-power short-pulsed laser into the bulk of material that induces nonlinear
processes such as multiphoton and avalanche ionization resulting in permanent
material modification within the focal volume [9]. Laser-induced subsurface
modifications have been successfully implemented for the fabrication of optical
elements such as waveguides, interconnects, and resonators inside transparent
dielectric materials (e.g. glasses, polymers, crystals) [10]. However, laser-based 3D
machining of semiconductors is a relatively new topic. And, efforts to fabricate
functional optical elements inside the bulk of silicon through laser-induced
modifications had been unsuccessful until recently. This is related to the physical
properties of silicon, such as its infrared transparency, high refractive index (n =
3.47), high thermal diffusivity, etc., which set some limits on the laser system to be
used [8]. Therefore, machining of the silicon requires laser systems with higher

repetition rates and higher pulse energies compared to dielectrics.

Current manufacturing methods for silicon, notably photolithography, enable planar
patterns on wafer surfaces. The silicon-on-insulator (SOI) method is widely used to
form 3D structures in the silicon in a layer-by-layer fashion [11]. Although the SOI
method is well defined, its planar character does not allow complex structures, also,
the presence of multiple steps increases defects and thus degrades the performance

of the device.

Forming laser-induced controlled structures inside silicon will be revolutionary
since, silicon with its unique electrical properties, is the backbone material of the
semiconductor industry. It is non-toxic and the second most abundant element in the

world and has countless applications including solar cells, telecommunications,



micro/nanoelectronics, etc. Therefore, laser-induced subsurface modification of
silicon is a highly desired technology and can also lead to the development of novel
electronic/photonic devices. However, the physical mechanisms underlying the
laser-induced subsurface modification of silicon are not entirely understood yet due

to the complex nature of the laser-material interaction.

Early demonstrations of direct-laser writing for silicon focused on the fabrication of
surface structures like super-wicking [12] and black silicon [13] used in applications
such as microfluidics, photovoltaics, etc. So far, most of the efforts to create laser-
induced subsurface modifications in silicon have been conducted with ultrafast
lasers. The first attempt was made by Nejadmalayeri et al., who demonstrated the
creation of optical waveguides using a femtosecond laser [14]. However, regardless
of the depth of focus within the silicon wafer, the waveguides could only be produced
very close to the surface. Additional efforts were not successful in creating truly
subsurface modifications in silicon without damaging the surface because of
absorption or strong plasma-shielding effects [15]. Even using extremely high pulse
energies up to 90 uJ, the subsurface structures were not observed [16]. Later, Tokel,
Pavlov, et al. reported the first laser-induced modifications deep inside the silicon
without damaging the wafer surface using nanosecond pulsed infrared lasers in 2014
[17, 18]. Following that, several studies based on similar approaches were reported

both with nanosecond and femtosecond laser pulses [19, 20].

The widely used laser for silicon processing has been the diode-pumped solid-state
laser with 355 nm or 266 nm wavelength [21]. On the other hand, recent advances
in fiber lasers have opened up new opportunities in the applications of laser-induced
material modification. And, fiber lasers are increasingly employed in silicon
modification due to their improved processing capabilities. In these lasers, the gain
medium is an optical fiber doped with rare-earth elements such as erbium, ytterbium,
and neodymium, and is pumped mostly by semiconductor diode lasers. The fiber
lasers provide high powers without damaging the optical fiber and excellent beam
quality which enhances the quality of machining. The large surface area of the fiber
enables the dissipation of excess heat along the entire fiber length. In addition, they



are low-cost, long-term stable systems and offer simple operation due to their

compact size and high tolerance for misalignment [18, 22].

In this thesis, a maskless laser-induced method to generate highly controllable 3D
modifications in the silicon wafer is demonstrated without thermally triggered
detrimental effects, i.e., microcracking and surface damage. We use a custom-
developed nanosecond-pulsed erbium-ytterbium co-doped fiber laser that produces
pulses around 6 ns and operates at 1550 nm wavelength. Since, the silicon is
transparent to the 1550 nm wavelength, by tightly focusing the high-power laser, we
induce the silicon modification by absorbing light via nonlinear processes. And, in
the laser-modified parts, a change in refractive index occurs, which can allow the
production of various photonic components in the silicon. On the other hand, in order
to truly achieve 3D structures, these laser-modified parts need to be selectively
etched. Therefore, a highly selective chemical etching solution is applied to reveal
the desired 3D structures by removing essentially laser-modified zones from the c-
Si wafer. By utilizing these novel approaches, periodic arrays of 3D microholes
inside the c-Si wafer, as well as periodic arrays of 3D micropillars on the surface of
the c-Si wafer, are fabricated for potential applications in transparent solar cells and
radial junction photovoltaics, respectively. The laser-induced silicon processing
method demonstrated here is maskless, rapid, low-cost, and easily scalable to large
areas. It offers new possibilities to the currently used silicon machining methods, and
the fabrication of various functional structures in silicon such as microfluidic
channels, microresonators, multilayered chips, information storage, micro-electro-

mechanical systems, etc. is possible [23].






CHAPTER 2

THEORETICAL BASIS

2.1 Laser-Material Interaction

Upon irradiating a material with a laser, if the incident photon energy is equal to or
higher than the band gap of the material, the electrons in the material absorb the laser
energy and are excited to the conduction band. This is called one photon or linear
absorption and the absorption probability scales linearly with the laser intensity. The
one-photon absorption of a laser beam propagating through a linearly absorbing
medium is characterized by an absorption coefficient a, such that

ol , (2.1)
& = —a

where, | is the intensity of the laser, and z is the absorption depth [24].

When the photon energy is smaller than the band gap energy, linear absorption is not
allowed, and the material is said to be transparent at that irradiating wavelength.
However, if the laser intensity is sufficiently high, the nonlinear response of the
material gives rise to multiphoton ionization (or multiphoton absorption) and
subsequent avalanche ionization [10]. Silicon having a bandgap of 1.12 eV is
transparent to infrared spectrum with wavelengths approximately above 1.1 pm.
Thus, to induce modification in the silicon, the nonlinear interaction regime is

required which is achievable at high intensities.

2.1.1 High-Intensity Laser—Material Interaction in Transparent Medium

The propagation of a laser pulse in a transparent material can be described by

Equation 2.2,
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where c is the speed of light in vacuum and po is the permeability of free space [25].
This equation is known as the wave equation derived from Maxwell’s equations. The
applied electromagnetic wave tends to separate positive and negative charges in the
medium, thereby inducing polarization P(t) of the material. The induced polarization
includes both linear effects like absorption, refraction, diffraction and nonlinear

effects such as self-focusing, multiphoton absorption, etc.

Under high-intensity laser, the induced polarization P(t) is expressed as a power
(Taylor) series of the applied electric field E(t), in the form [26, 27],

P(t) = o E(t) + EgX2E2(t) + Eo)3E3 (L) + -+ (2.3)

where y™ are n-th order electrical susceptibilities of the material and €o is the
permittivity of free space. ¥ defines the linear interaction, while the higher order
terms represent the nonlinear response of the material. Silicon is a centrosymmetric
media, that is, its crystal structure displays inversion symmetry [28]. In the
centrosymmetric media, all the even-order nonlinear susceptibility terms vanish,
hence only the odd-order susceptibility terms can contribute to the induced

polarization in silicon atoms.

Transferring Equation 2.3 into frequency domain, the induced polarization and the
nonlinear effects associated with each of the susceptibility order can be described in
terms of frequency components. Further, the general form of Equation 2.1 that
includes multiphoton absorptions can be expressed as [24],

ol (2.4)

— = —ql — BI? —yI3
F al — 14

Here, a, B, vy are the first, second, and third order photon absorption coefficients,
which determine the magnitude of the multiphoton absorption. The first term
represents the linear absorption while all terms of order >1 are referred to as

multiphoton absorption.



A medium is considered transparent when its linear absorption coefficient is
negligible. The linear absorption coefficient of silicon at 1550 nm wavelength is ~10°
8 cm! thus the first term in Equation 1.4 is ignored. This means that the two-photon
absorption is the dominant process at high intensities and scales as the square of the
laser intensity, 12. In silicon at 1550 nm wavelength, the two-photon absorption
coefficient is reported as ~0.45 cm/GW [29].

Multiphoton absorption depends on the simultaneous absorption of two or more
photons, which excites an electron to the conduction band. And, since it is direct
ionization, there is no certain threshold intensity for activation. Multiphoton
ionization generates the initial (seed) electron density, which is then grown by the
avalanche ionization. The multiphoton ionization rate (the probability of ionization

per atom per second) can be given as [30]

Wmpi = WN

2.5
3/2 €osc Mph _ Agap (2.5)
ph \ 22 ' h = e

gap
Here, o is the the laser frequency, €osc is the electron oscillation energy, Agap IS the
electronic band gap and npn is the number of photons that an electron must absorb to
be promoted from valence to the conduction band. As seen in equation, the
probability is directly proportional to the oscillation energy of the electron thus the

laser intensity is an important parameter to initiate the multiphoton ionization.

Unlike multiphoton ionization, direct photon absorption by electrons in the valence
band is negligible in avalanche ionization. A few (seed) electrons in the conduction
band oscillate in the electromagnetic field of the laser and can gain energy by
multiple electron-phonon (lattice) collisions. Electrons accelerated to the energy
higher than the bandgap (e0sc>Agap) Can collide with the valence band electrons and
transfer sufficient energy to excite them into the conduction band. Thus, an
avalanche of ionization events is created in the material. The probability of impact

ionization per unit time can be estimated as follows,



EOSC a)zveff (26)

Agap (V3sp + w?)

(‘)imp = 2

where vefr IS the effective electron—lattice collision rate [30].

For impact ionization to occur, initial electron density, no, should be sufficiently
high. The excited electron density, ne, generated by avalanche process is expressed

as,
ne(t) = ng2®impt (2.7)

When the excited electron density (ne) reaches a critical density level (n), i.e., ne =
ne, the material undergoes optical breakdown. The critical density depending the

frequency of the incident light is given as

~ Mew? (2.8)

n, =

4me?
where me and e are the electron mass and electron charge, respectively [31].

Multiphoton absorption and avalanche ionization are two primary mechanisms that
transform the material into plasma. During ionization processes in the transparent
medium, other nonlinear mechanisms can also occur because of the high-intensity
laser beam. In terms of laser machining, self-focusing and plasma defocusing are the
most important nonlinear mechanisms that cause significant distortion of the incident
laser beam. The self-focusing effect usually occurs when the refractive index at the
center of the beam is higher than the rest of the interacting region, causing the beam
to collapse on itself. The beam collapse can be arrested by plasma defocusing since
the presence of free carriers reduces the refractive index at the center of the beam.
The beam can continuously switch between self-focusing and plasma defocusing,

which keeps the beam confined as it propagates over long distances.

The process duration for multiphoton absorption and avalanche ionization is around
1014 - 10 seconds. The relative contribution of both ionization processes varies at

different pulse durations, intensities, wavelengths, and for different material
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properties. The excited electrons in the conduction band transfer energies among
themselves through carrier-carrier scattering, which typically occurs in the order of
10 to 100 fs time duration. Then, the excess energy of the electrons is transferred to
the lattice through carrier-phonon scattering on a time duration of ~10 ps. For ns-
pulsed laser, all these events take place within the pulse duration, thus the energy
transferred from the electrons to the lattice cannot be limited to the focal spot
diameter; the excited lattice phonons spread energy surroundings of the laser focal
spot through thermal diffusion. Figure 2.1 illustrates general timescales of relevant

physical events [10].

Carrier excitation Absorption of photons
Avalanche ionization
Thermalization Carrier—carrier scattering

Carrier—phonon scattering

Thermal and Shock-wave emission

structural events e
Thermal diffusion

Resolidification

1015 102 10 10-8
Time (s)

Figure 2.1 Timescale of physical phenomena during ultrashort pulse laser-material
interaction.

At high laser intensities around 10 GW/cm? generated by ns pulses, the valence band
electrons are excited into the conduction band through nonlinear photoionization
processes [32]. And, the ionization of material produces free-electron plasma cloud,
which increases absorption of the incident laser. This is accompanied by the creation
of a high energy density at the focal volume that exerts mechanical stresses to the
lattice. The subsequent modification or damage can be precisely controlled due to
the high localization of intense energy. Therefore, fabrication of various 3D

structures within transparent materials is possible with high-intensity lasers.
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2.2 Silicon Etching Methods

There are many different etching methods used in the fabrication of silicon micro
and nanostructures, which can be classified into two main categories, namely dry
etching and wet etching. As being a top top-down approach, prior to the etching, a
photoresist material is coated on the silicon substrate, and then a mask with the
desired pattern is transferred onto the photoresist by a lithographic process. Once the
mask pattern is defined, the silicon substrate not protected by the mask can be
removed using either wet or dry etching methods.

The most commonly used silicon etching method is deep reactive ion etching
(DRIE), which is one of the dry etching methods based on the Bosch process [33].
The DRIE-Bosch process consists of alternating etch and passivation cycles in a
vacuum chamber. Each successive cycle only lasts a few seconds, and high aspect
ratio micropillars or microholes can be produced by repeating the cycles as many
times as needed, regardless of the crystallographic orientation of the silicon. In
general, SFe gas is used for silicon etching and a fluorocarbon gas (e.g. C4Fsg) is used
for deposition of a passivation layer. The silicon etching with fluorine atoms formed
by dissociation of SFe gas in plasma is intrinsically isotropic. However, during the
etching phase, directional ion bombardment from the plasma sputters away the
passivation layer at the bottom and at the top of the photoresist, but the passivation
layer at the sidewalls remains so that the silicon bottom region is anisotropically
etched by fluorine atoms [34]. Because of the cyclic steps in the Bosch process, a
scallop shape is formed on the sidewalls. These scallops and plasma-induced surface
damage degrade the performance of the device by reducing the lifetime of minority

carriers. Also, the process requires specialized high cost vacuum-based equipment.

Wet etching, unlike dry etching, does not require high-cost vacuum-based
instruments; it can be simply carried out in a fume hood within a standard laboratory.
Among various wet etching methods, KOH is one of the most commonly used
etchant for single c-Si due to its high degree of anisotropic etching property, i.e.

(111) planes are etched much slower than (100) and (110) planes. However, straight
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pillar or hole structures with a high aspect ratio cannot be produced using

conventional wet etching methods.

As an alternative wet etch approach to form high aspect ratio silicon micro and
nanostructures, metal-assisted chemical etching (MACE) has gained great interest in
recent years for several reasons. First, MACE is a low-cost process based on a simple
redox system that enables to produce high-quality structures typically at room
temperature. Thus, metal contamination into silicon caused by high temperatures is
prevented. The method eliminates plasma-induced surface damage or scallops
caused by high-energy ions which is common in the dry etching processes. Second,
very high aspect ratio, vertical structures can be produced since the MACE is
intrinsically anisotropic and the main factor determining growth direction is wafer
crystal orientation. Due to relatively low bond energy, the Si atom on the (100)
surface plane is the most easily removed, and the Si etching proceeds preferably
along the crystallographic <100> direction that leads to the formation of vertical
structures on the Si (100) substrate. Third, various structures with different cross-
sectional shapes, diameters, and lengths can be readily achieved by adjusting etching
parameters (e.g., initial geometry of catalytic metal species, concentration, etching
duration, temperature, substrate resistivity, and crystal orientation). Typically, the
etching direction depends on the crystallographic orientation of the wafer but this
can be overcome by adjusting the etching parameters. This allows control of the
crystal orientation of the starting wafer as well as wafer type and doping level.
Furthermore, the MACE can be applied to single-crystalline Si, multi-crystalline Si,
or amorphous Si, as well as other different materials, such as GaAs and GaN. Finally,
the MACE is compatible with existing nano/microfabrication technology and has the
potential for large-scale industrial production owing to its simple experimental setup,

large-area process, and fast etching rate [35-38].

Among various methods, the MACE is the most cost-effective process for silicon
etching, thus, it is applied in this thesis study to remove laser-modified parts from
the c-Si wafer to reveal the desired 3D structures. In the following section, a
fundamental description of the MACE is given.
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2.2.1 Metal-Assisted Chemical Etching

MACE is a typical electroless galvanic process driven by a series of reduction-
oxidation (redox) reactions at the cathode (solution-catalyst interface) and anode
(catalyst-substrate interface), respectively [38, 39]. In this fabrication method, a
metallic catalyst (e.g., Au, Ag, Pt, Pd, Fe, and Ni) is used to accelerate the etching
process in a solution that mainly contains an oxidant, an acid, and sometimes a
diluent or surfactant [40]. At the cathode, the metal catalyzes the reduction of the
oxidant agents, hence forming holes that are injected into the substrate interfacing
with the metal. Only the substrate in contact with the metal becomes ionized.
Therefore, at the anode, the substrate is selectively oxidized and then dissolved
within the MACE solution. Continuously repeating such redox reactions and
dissolution cycles under regulated conditions enables for rapid anisotropic etching
of the substrate, thereby leading to the formation of various surface morphologies

such as pillars, holes, cones, etc [41, 42].

The MACE method was first presented in detail by Li and Bohn in 2000. They
demonstrated that a noble metal on the surface of a c-Si substrate catalyzed the
etching of Si in a mixed solution consisting of HF, H202, and organic solvents,
generating straight pores or columns [43]. Then, this etching method attracted a
wider field of interest and different approaches were derived from their method.

Typically, the MACE is classified into one-step (direct etching) and two-step
(depositing and etching) MACE. In the one-step MACE, the Si etching takes place
in an aqueous solution that mostly includes HF and metallic salt catalyst. Whereas
in the two-step MACE, the catalyst is deposited on the Si substrate prior to the
etching by sputtering, thermal evaporation, beam evaporation, etc., then the metal-

deposited substrate is immersed in the etching solution [44].

One-step MACE: AgNOs/HF is a commonly used one-step MACE system for Si
etching [45]. And, the main processes of the system are schematically shown in
Figure 2.3. Ag" ions formed in the solution have stronger electronegativity than the
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Si, thus Ag* ions attract electrons from the Si and are reduced into solid Ag atoms.
Gradually, Ag atoms grow into Ag nanoparticles and are deposited on the Si surface.
Concurrently, due to hole injection (from Ag™ ions), the Si underneath the deposited
Ag particles is selectively oxidized and the resultant SiO; is etched by HF. The
proposed cathodic reaction for Ag* reduction and anodic reaction for Si oxidation

and dissolution are given as,

Cathode: Agt - Ag(s)+h* (2.9)
Anode: Si(s) + 2H,0 + 4h* > Si0, + 4H* (2.10)
Si0,(s) + 6HF — H,SiF, + 2H,0 (2.11)

As the oxide layer is dissolved by HF, the Ag particles sink into the substrate, causing
anisotropic etching of the Si. The etching continues as long as the HF reaches the
Ag-Si interface. If the size of the Ag particles increases and eventually covers the

entire Si surface, the etching will stop.

Ag+ Ag‘l‘ Ag-l-
|l o/
. '@ “ssio, ‘

Si Si Si
(a) (b) (©

Figure 2.2 Schematized MACE process for a Si substrate immersed in AgNOs/HF
aqueous solution. (a) Formation of solid Ag nucleation on Si substrate. (b) Growing
of Ag nucleation into Ag nanoparticles and induced local oxidation of Si. (c)
Dissolution of oxidized Si via HF and sinking of catalyst into Si substrate.

Aside from AgNOs, there are other metal-based oxidants such as KAuCls, K2PtCle
and Cu (NOs)? that can be used to drive the Si etching [35]. By mixing HF with these

oxidants, Au, Pt and Cu particles can be electrolessly deposited on the Si surface.

Two-step MACE: First, a metal film of Ag, Au, Pt, Pd, etc. is deposited on the Si

substrate as a catalyst, with films typically being patterned to produce desired
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structures. Then, the metal-deposited substrate is immersed in a mixed etchant that
contains HF and an appropriate oxidant such as H>O. [38]. As represented by
equation (2.12), at the cathode, the reduction of H>O> on the surface of the metal
catalyst generates holes that are injected into the Si substrate underneath the metal.
The presence of the metal catalyst promotes the reduction of H>O», thereby
improving the etching rate by accelerating hole injection into the valence band of the
Si. At the anode, the Si surrounding the metal catalyst is selectively oxidized and
dissolved. For the dissolution of Si, a variety of reaction mechanisms have been
proposed, which can be mainly divided into three groups: tetravalent dissolution,
divalent dissolution, and oxide formation and dissolution [35]. Chartier et al. [46]
suggested a mixed reaction composed of tetravalent and divalent dissolution for the
direct dissolution of Si as shown in equation (2.13).

Cathode: H,0, + 2H* - 2H,0 + 2h* (2.12)
Anode: 2Si(s) + 12HF + 6h* — 2H,SiF, + 6H* + H, (2.13)
Si0, + 6HF — H,SiFs + 2H,0 (2.14)

Since the redox reactions are localized underneath the metal catalyst, the etching of
Si in contact with the metal is much faster. Koynov et al. showed that the etching
rate without catalyst was very low (~1 nm/min), whereas this rate was significantly
increased with the addition of Au catalyst; 250 nm deep structures were produced in
50-90 seconds [47]. Moreover, as the metal catalyst travels into the cavity formed
by the etched Si, the morphologies of the etched Si surface are ultimately defined by

the shape and size of the catalyst.

The exact mechanisms of the MACE are not yet known because of challenges in
direct in-situ exploration. However, it has been found that various parameters can
affect the etching rate and/or morphologies of resultant structures such as catalyst
type, etching solution concentration, etching duration, temperature, illumination,

doping type, doping level, etc [48].
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In the MACE method, the metal catalyst is usually selected from Au, Ag, and Pt
because of their stability and fast etching rate in HF/ H.O etching solution.
However, they are expensive and also detrimental to the performance of the device
because of the high diffusivity of these precious metals in Si [41]. A lower-cost
alternative metal catalyst such as Cu can be used in the MACE despite its weak
catalytic activity. In addition, Cu is substantially less damaging to Si devices than
Au and Ag [48-50]. In spite of these benefits, copper is not a commonly utilized
catalyst in the MACE.

The MACE has been widely applied for the fabrication of Si nanostructures, but
there have been relatively few attempts for the microfabrication of Si. In this thesis,
Cu is used as the catalyst in the MACE process. And 3D Si microstructures are
produced by selectively removing the laser-modified silicon with Cu-assisted
chemical etching (Cu-ACE). The Cu-assisted etching is based on the one-step
MACE, but we combine it with direct laser machining to achieve regular and
predictable arrays of micropillars and microholes.

2.2.2 Selective Etching of Laser-modified Region with Cu-ACE

Laser processing allows generating intentional modification (defect) in predefined
regions of the silicon. In order to reveal 3D structures out of the silicon bulk, highly
selective etching of the laser-processed region is required. The use of nanosecond
pulsed lasers to create 3D structures in silicon is a novel technique. Accordingly,
there is no proven method for selectively removing the laser-modified regions

without causing damage to the unprocessed regions of the silicon.

For highly selective etching on the laser-modified regions of the silicon wafer, we
adapted the MEMC (Monsanto Electronic Materials Company) etching [51] to our
study. The MEMC etching is a copper (Il) nitrate-based etchant that is suitable for
both n- and p-type silicon wafer etching. The etchant exhibits a long lifetime without
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overheating solution, and can be applied at room temperature. Additionally, it does

not include any harmful metallic species or produce any dangerous gases.

The MEMC etch is a mixture of Cu(NOs)2, HF, HNO3s, CH3COOH in DI Hz0. In
100 ml of etching solution, a composition of HF:HNO3:CH3COOH:H.O —
36:25:18:21 (vol%) are used with 1 g of Cu(NOg)2. This etching recipe provides
smooth surfaces at a high etch rate with insignificant etching of the unprocessed
silicon regions. The Cu(NO:s) is catalytic metal salt that accelerates the reaction at
specific defect sites. In the mixture, both acetic acid and water serve as diluents.
Acetic acid also serves as a surfactant resulting in smoother surface structures and

less foaming during etching.

The general etching mechanism of Cu-ACE is similar to typical one-step MACE. As
with other metal catalysts, the Cu is more electronegative than the Si (1.9 eV versus
1.8 eV, respectively) [52], enabling the removal of electrons from the Si. During the
Cu-ACE, generation of H» gas was observed, and the light blue color of the solution
changed into green, suggesting the presence of nitric oxide (NO) [51]. Thus, we

predict anodic and cathodic reactions as follows:

Cathode: Cu?* - Cu(s) + 2h* (2.15)
HNO; + 3H* — NO + 2H,0 + 3h* (2.16)
Anode: 2Si(s) + 12HF + 6h* — 2H,SiFs + 6H* + H, (2.17)
Si0, + 6HF — H,SiF, + 2H,0 (2.18)

When the Si wafer is immersed into the etchant, Cu?* ions withdraw electrons from
the Si conduction band (or inject holes into the Si valence band) and are electrolessly
deposited on the Si surface as Cu nanoparticles. The Cu nanoparticles act as the
microscopic cathode and catalyze the reduction of the oxidizing agent HNOs.
Simultaneously, due to hole injection, the Si surface underneath the Cu nanoparticles
is oxidized and then dissolved by HF. As a result, the Si surface surrounding the Cu

nanoparticles is etched and the Cu nanoparticles sink into the wafer.
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In the Cu-ACE, generally, a separate oxidant is used, like HNOs in our case, since
according to widely accepted theory, the Cu acts only as a catalyst [53], and thus an

additional chemical is needed to increase hole generation for oxidation of the Si.

The electroless deposition of the Cu nanoparticles is preferred to start at the defective
sites due to the weaker Si-Si bond in the defect region, which made it simpler for the
oxidant in the solution to capture electrons [54]. This explains the selective etching
property of Cu-ACE in the laser-modified regions. Unlike Cu, for other catalysts
such as Ag, Au, and Pt, the initial deposition occurs on both ideal and defective sites
[55]. However, prolonged etching time can cause defect-free regions also to be
etched for the Cu-ACE. To effectively remove the laser-modified regions, a polished
Si wafer is used in our study since it has less defects on the surface, so initial

preferential deposition starts mostly at the laser-defective regions.
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CHAPTER 3

3D MICROPILLAR ARRAYS FABRICATION ON SILICON WAFER

In this chapter, it is aimed to fabricate high quality, regular 3D micropillar arrays on
c-Si wafer using ns-pulsed infrared laser for potential application in radial junction
solar cell. Since light absorption performance of the micropillar arrays strongly
depends on the geometry of the pillars, a systematic study was carried out to

determine optimum pillar dimensions with optimum etching duration.

3.1 Introduction

Light absorption and charge collection are two fundamental requirements for
efficient energy conversion in a photovoltaic device. The light absorption generates
electron and hole pairs which are then separated by a built-in electric field of the
depletion region at pn junction. The separated minority charge carriers (electrons and
holes) are collected by the metal contacts, creating an electric current flowing

through the external circuit.

Since silicon is an indirect bandgap material, the light absorption at long wavelengths
is poor. Thus, in planar junction c-Si solar cells, wafer thickness should be greater
than optical thickness for efficient light absorption. In fact, in order to absorb 90%
of the incident light above the bandgap, a c-Si wafer thicker than 125 um is required
[56]. In the planar junction solar cell (Figure 3.1.a), the light absorption direction is
the same as the carrier collection direction. Also, the width of the depletion region is
much smaller than the light absorption length so that most of the photogenerated
carriers occur outside of the depletion region. As a result of these, the minority carrier
diffusion length should not be shorter than the wafer thickness to be able to

effectively collect photogenerated carriers with the front and bottom electrode of the
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solar cell. Achieving such long minority carrier diffusion lengths requires extremely

high pure, high cost single c-Si material.

Recently, c-Si micropillar arrays based solar cells have been proposed as a promising
device design for next generation solar cells [57-59]. This design (Figure 3.1.b)
consists of arrays of silicon micrometer-sized pillars each with 3D radial pn junctions
instead of a 2D planar pn junction in the conventional solar cell. Compared to the
planar surface, the structured surface with micropillar arrays has a higher surface
area and efficient light trapping where multiple interactions (reflections and
refractions) of the light within the gaps between the pillars increase light absorption
probability due to increased optical path length. Therefore, with proper design and
photon management, the pillar arrays can extend the light absorption over a broad
range of wavelength even beyond the classical absorption limit [60]. In addition, 3D
radial pn junction geometry exhibits efficient carrier collection since minority carrier
collection occurs in the relatively short radial direction which is orthogonal to the
direction of light absorption [61]. Therefore, instead of using high purity, high cost
single c-Si material, equally efficient solar cells can be developed from low purity,

low cost ¢-Si material that has short minority carrier diffusion length.
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Figure 3.1 Schematic representation of light absorption and photo-generated carrier
separation in a planar (a) and radial (b) junction solar cell. (c) Absorption spectra of
planar Si and microwire arrays with different lengths. (Each microwire has a
diameter of 2 um and spacing between the wires is 2um.)
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It is expected that the light absorption of the pillars improves with increased wire
length because longer wires increase the optical path length by allowing more light

to be scattered between the wires, and hence more light is absorbed into the pillars.
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However, as the pillar length increases, the light absorption reaches saturation. As
seen in Figure 3.1.c, light absorption increases up to a wire length of approximately
20 um but then becomes saturated [62]. The reason for this limitation in light
absorption is top surface reflection, which is independent of the micropillar length.

Si nanopillar arrays are black in color and exhibit superior light absorption
properties. However, the reported efficiencies c-Si nanopillar solar cells are much
lower than the conventional c-Si solar cells because the nanopillar arrays have a very
high surface-to-volume ratio resulting in significant surface recombination.
Furthermore, the pn junction in Si nanopillars can be fully doped since the radius of
the nanopillar is smaller than the junction depth of conventional thermal doping, i.e.
~500 nm. This fully depleted pn junction can cause serious Auger recombination,
reducing the efficiency of the cell [59, 62]. In contrast, the micropillar arrays with a
radius greater than 1 pm not only enhance light absorption but also allow the

formation of a stable radial junction by using conventional doping procedures [63].

As shown in theoretical studies [61, 64, 65], the performance of radial junction pillar
array cells strongly depends on the dimensions of the pillars including diameter,
length, and period. However, not enough experimental studies have been conducted

to verify these predictions.

Based on these considerations for the micropillar geometry, we are going to produce
high-quality, 3D micropillar arrays on c-Si by using our novel ns-laser 3D structuring
technique coupled with Cu-ACE.

3.2  Experimental

321 Laser Setup

We used a custom-built fiber laser system that operates at a central wavelength of
1550 nm, producing pulse duration around 6 ns with average power up to 5 W. The

power amplifier is based on Er-Yb co-doped fiber, and the repetition rate can be
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adjusted in the range of 100 kHz to 1 MHz. The schematic of the laser setup is shown

in Figure 3.2.

576 nm pump diode

1550 seed source

QwP HwWP PBS

37 amplifier BLACK BLOCK

@), .
Er-Yb co-doped I '
fiber

SHUTTER

Si SAMPLE n
. U é— MIRROR

Figure 3.2 Schematic of custom-built 1550 nm, ns-pulsed laser setup. MM,
multimode; MPC, multiple-port pump-signal combiner; WDM, wavelength division
multiplexer; QWP, quarter-wave plate; HWP, half-wave plate; PBS, polarizing beam
splitter.
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Figure 3.3 Photographs of ns-laser setup.

At the end of the laser system, a high-resolution computer-controlled 3-axis
motorized translation stage is utilized for laser alignment and controllable sample
processing. To tightly focus the output laser beam inside silicon, an aspheric lens is
used with f=8 mm. The power and polarization of the laser beam are controlled by
HWP and QWP. The laser beam is divided into horizontal and vertical directions
using the polarizing beam splitter. All laser processing experiments were carried out

at room temperature and in ambient atmosphere.
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3.2.2 Laser Surface Processing

The Si samples are held to the translation stage with neodymium magnets. To focus
the laser beam precisely on the Si surface, we move the stage back and forth until
the intensity of the beam is minimal on the IR detector card held behind the sample.
This maximizes the laser intensity on the Si surface and creates a white spark due to

plasma as shown in Figure 3.4.

Figure 3.4 Plasma generation on Si surface during laser processing.

The Si samples were raster scanned on a plane perpendicular to the laser propagation
direction with a 5 mm/s scan speed as illustrated in Figure 3.5. The raster scan
generates pillar structures on the sample. The focused laser on the scanned region

induces modifications in the focal volume due to multiphoton absorption.

c-Si

(@) (b)

Figure 3.5 (a) Schematic representation of raster scan on Si surface. (b) SEM image
of pillar structures formed on c-Si wafer after raster scan.
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In the surface processing, the laser was operated with a pulse duration of 6 ns. And,
a repetition rate of 100 kHz that corresponds to a pulse energy of 6.5 pJ was utilized.
Although modification treshold was lower than 6.5 pJ, the lower pulse energies
failed to produce a fully structured area.

At the given pulse energy, the peak power is calculated as ~1083 W, but about 30%
of the incident beam is reflected for the 1550 nm wavelength, thus the peak power
of the pulse in the Si is ~758 W. To estimate the intensity at the focal point, the laser
spot size (s) in the silicon needs to be determined. For this, first, the numerical
aperture (NA) in air was calculated as ~0.47 from NA=sin(D/2f), where D is the
diameter of the light illuminating the lens and measured as ~7.8 mm. Accordingly,
from Snell’s law, the NAsi in the silicon was found to be ~0.14. Then, using the
formula s=20/m NAs; for the Gaussian laser beam, the laser spot size in the silicon
were calculated as ~7.3 um. Lastly, from the intensity definiton for the pulsed laser,
I=peak power/beam area, the intensity at the focal spot was estimated to be ~1.8
GW/cm?. This value is also close to the threshold intensity required for subsurface

modifications indicated in section 2.1.1.

3.2.3 Micropillar Fabrication Procedure

The micropillar fabrication procedure started with laser structuring. Single side
polished, 280 um thick, single-crystalline p-type Si wafer with <100> orientation
and 1-10 Q.cm resistivity were used in the fabrication. As seen in Figure 3.6, we
prepared seven identical sample sets, each containing 2 mm X 2 mm structured
regions with laser step sizes of 20 um, 30 um, 40 um, 50 wm, and 60 um. The laser
step size indicates the period of the pillar structures, i.e. the center-to-center distance
of the pillars. Then, selective etching of the laser-modified regions was performed
using the Cu-ACE recipe specified in the previous chapter. Each set was immersed
in ~35 ml of Cu-ACE solution and etched for different times ranging from 10 to 60
minutes. Before and after etching, the samples were cleaned in diluted HF for about

30 seconds and rinsed with DI water. Only, the first set was left unetched for
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reference. The process was carried out at room temperature and it was observed that
solution temperature decreased over time. Different etching times were employed to
create pillars with various depths, and different laser step sizes were utilized to have

varied micropillars widths.

Figure 3.6 ns-laser structured c-Si sample sets each with 20 pm, 30 pm, 40 pm, 50
um, and 60 um laser step sizes.

Scanning Electron Microscopy (SEM) imaging was performed for the analysis of the
micropillar structures. Figure 3.7 shows the SEM images of 10 minutes etched
sample set that shows periodic Si micropillar arrays for each structured region. For
all laser step sizes, smooth micropillar surfaces appear to form with negligible
defects. For 20 minutes etched sample, again the pillar structures are in good quality
as seen in Figure 3.8, but 20 minutes etching is a bit excessive for the 20 um step
size. For the 30 minutes etched sample, the micropillars with the 30 um step size are
over-etched, but interestingly this is not the case for the 20 um step size. These two
structured regions belong to the same set, and hence were etched in the same beaker.
Therefore, the difference is not related to the etching solution, but may be caused by
a power fluctuation or a shift of focus due to a mechanical effect during laser
structuring. At higher etching times, the larger step-sized structures maintain their
pillar form and show acceptable quality, whereas smaller step-sized pillars begin to

deteriorate or even are etched completely for the 20 um step size.
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Figure 3.7 SEM images of 10 min. etched sample set showing Si micropillar arrays
at 1000X magnification.
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Figure 3.8 SEM images of 20 min. etched sample set showing Si micropillar arrays
at 1000X magnification.
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Figure 3.9 SEM images of 30 min. etched sample set showing Si micropillar arrays
at 1000X magnification.
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Figure 3.10 SEM images of 40 min. etched sample set showing Si micropillar arrays
at 1000X magpnification.
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Figure 3.11 SEM images of 50 min. etched sample set showing Si micropillar arrays
at 1000X magpnification.
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30um-step

Figure 3.12 SEM images of 60 min. etched sample set showing Si micropillar arrays
at 1000X magpnification.

The longest pillar structures were formed at 60 minutes of etching time for 50 pum.
and 60 pum step sizes. Figure 3.13 shows the longest pillar structures which are
around 26 pm. On the other hand, the 60 minutes of etching creates micron-sized

voids on the surface of the pillars, disrupting the smoothness of the surface.
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Figure 3.13 45° tilted SEM images of 60 min. etched sample showing Si micropillar
depths at 1000X magnification for (a) 50 um and (b) 60 um step sizes.

As expected, measured micropillar widths generally tend to decrease with increasing
etching time, as seen in Figure 14. And, 1 or 2- micron deviations from the
decreasing trend of pillar widths can be attributed to measurement errors. The highest
etching rates are observed between 10 and 20 minutes. In this study, it is important
to find optimal etching time since high etching time increases the gap between the
pillars, which can reduce the absorption performance of the pillars because of less

multiple scattering of light.
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Figure 3.14 Micropillar width variation with increasing etching time.

34



In Figure 3.15, reflection spectrums of the same laser step size are shown in one
graph according to the etching times. The wavelength spectrum between 350 nm and
1100 nm was utilized due to weak photon absorption for c-Si above 1100 nm and
very low power density below 350 nm. In the graphs, the reflection spectra of the
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Figure 3.15 Reflectance spectrums of micropillar structures. (Each graph shows the
reflectance spectra for the same laser step size etched between 10 and 60 min.).
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non-etched sample are also included for comparison. It is clearly seen that at the 20
um step size, non-etched structures show better absorption performance than etched

structures between 30-60 minutes.

In order to quantitively compare reflection curves, the weighted reflection values

based on AM1.5G were calculated using Equation 3.1,

_ [R)S()dA (3.1)

Wk [S()da

where, S(A)is the intensity of solar radiation and R(A) is the surface reflectance at a

given wavelength A [66].

From the weighted reflection results given in Figure 3.16, it can be seen that the
lower step-sized pillars exhibit better absorbance, since narrower pillars have higher
surface increase factor at the same etching duration. However, for the 20 um and 30
um step sizes, the reflection starts to increase after 30 minutes of etching because of
deteroited pillar structures. Indeed, after certain time excessive etching cause for all
different step size to reduce absorption property. In fact, after a certain time,

excessive etching reduces the absorption property for all different step-sized pillars.
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Figure 3.16 Weighted reflectance for different step-sized pillars etched between 10
and 60 min.

After detailed analysis of the SEM and reflectance measurements, it appears that 20
um step-sized pillars etched for 10 minutes yields the best result. Although the
weighted reflectance values of 20 um step-sized pillars etched for 10 and 20 minutes
are almost the same, better quality micropillar structures were generated with 10
minutes etching duration. Figure 3.17 shows the tilted SEM image of high quality
3D micropillar arrays on c-Si wafer produced from 20 pum step-sized pillars etched

for 10 minutes.

Figure 3.17 45° tilted SEM images of 10 min. etched sample showing 3D periodic
Si micropillar structures with 20 um step size. (Process area: 2 mm x 2 mm).

For further analysis, we prepared 5 mm x 5 mm structured regions with 20 pm step
size on Si wafers and etched them for 10 and 15 minutes. The SEM images of the 10
and 15 minutes etched samples are seen in Figures 3.18 and 3.19, respectively. After
10 minutes of etching, the pillars with 13.7 pym width and 17.9 um length were
fabricated, which are similar to previous results. Etching for 15 minutes, increased
the pilllar length to 19.7 um and decreased the pillar width to 12.5 um. Figure 3.19
shows the reflection spectrum and Table 3.1 indicates corresponding weighted
reflection values for 10 and 15 minutes etched samples. For comparision, the
reclectance spectra of unstructured Si and non-etched structured Si were also
measured. The weighted reflection value was obtained around % 17.5 for 10 and 15
minutes etching. This can be explained by nearly same surface increase factor

calculated for their unit pillar.
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6.0 pm

Figure 3.18 SEM images of 10 min. etched sample with 20 pm step size. (Process
area: 5 mm x 5 mm).
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Figure 3.19 SEM images of 15 min. etched sample with 20 pm step size. (Process
area: 5 mm x 5 mm).
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Figure 3.20 Reflection spectra of non-etched, 10 min. etched, and 15 min. etched
samples with 20 um step-sized pillars. (Process area: 5 mm x 5 mm).
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Table 3.1 Weighted reflection of non-etched, 10 min. etched, and 15 min. etched
samples with 20 pm step-sized pillars. (Process area: 5 mm x 5 mm).

Weighted Reflection (%0)
unstructured non-etched 10 min. etched | 15 min. etched
35.70 23.03 17.46 17.52

In summary, the highest quality 3D micropillar structures with dimensions of 13.5+1
um in width and 171 pum in length were produced using 20 um laser step-sized
pillars etched for 10 minutes. The dimensions of the created pillar structures are also
suitable for radial pn junction formation. The longer pillars were not prefered since
using pillars longer than 20 pm does not contribute significantly to the absorption.
Additionaly, shorter micropillars allow better radial junction formation on the pillar
surface by using conventional doping methods.

3.2.3.1  Sample Cleaning

In order to remove metallic (i.e. Cu) and organic contaminations, after micropillar
fabrication, Si samples were cleaned by RCA 1 and RCA 2 standard cleaning
procedures. The RCA 1 containing NHsOH:H202:H>O with a volume ratio of 1:1:5
at 70+£5°C was applied for 15 minutes to clean organic contaminations. And, RCA 2
containing HCI:H202:H20 with a volume ratio of 1:1:5 at 70+5°C was applied for

15 minutes to remove metallic contaminations.

Residual Cu nanoparticles can have fatal effects on device performance and must be
removed effectively. Thus, as final cleaning, HNO3:H2>O with a volumetric ratio of
2.5:1 at room temperature was utilized to completely remove the Cu residuals from
the micropillar surface. To ensure no copper remained on the sample surface, SIMS

analysis was performed.
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3.24 SIMS Analysis

Secondary ion mass spectrometry (SIMS) is a very sensitive technique for analyzing
the surface material composition to a depth of 1 to 2 nm by sputtering the sample
surface with a focused primary ion beam and collecting secondary ions ejected from

the sample surface.

The SIMS depth profile of the cleaned sample is presented in Figure 3.21. As seen
in the figure, the distribution of Cu is almost zero. However, the distributions of other
metallic pollutants such as Ca, Na, K, Fe, and Mg are significant. Therefore, we
could not form radial junctions on the Si micropillars to not contaminate the diffusion
furnace. To prevent contamination of the sample, the micropillar fabrication needs
to be conducted in a highly controlled clean room environment with specialized

equipment (i.e. quartz beaker, sample holder, etc.).
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CHAPTER 4

FABRICATION OF NEUTRAL-COLORED TRANSPARENT SILICON WAFER
VIA 3D MICROHOLE ARRAYS

In this chapter, neutral-colored transparent c-Si substrate was fabricated for potential
use in transparent solar cells. Specially designed 3D microhole arrays,
indistinguishable to human eye, were produced through 280 pm thick c-Si wafer with

our novel maskless laser-induced method.

4.1 Introduction

Transparent photovoltaics (TPVs) is a highly desirable technology for applications
where the use of traditional opaque solar cells is difficult or impractical, such as
building windows/facades, vehicles, electronic device displays, etc. The main
principle of TPVs is to transmit a part of the incident light in the visible band that
human eyes can detect. In terms of visible light absorption, TPV technologies are
classified as either wavelength-selective or non-wavelength-selective. In the
wavelength-selective approach, a photoactive material is embedded in a transparent
polymer substrate to absorb ultraviolet (UV) and near-infrared (NIR) light while
selectively transmitting visible light. The emitted light from photoactive material is
transferred to opaque PVs placed at the edge of the transparent substrate. Despite
their high average visible transmittance values of 50-90%, the photovoltaic
conversion efficiencies reported so far are lower than 2% [67]. In the non-
wavelength-selective approach, light in the visible region is partially transmitted by
either segmenting an opaque PV cell or using an ultra-thin light-absorption layer.
The thin film material of TPVs can be organic, inorganic, and perovskite-based.
Among them, perovskite-based thin-film TPVs achieved the highest conversion

efficiency, up to 12.6% at an average visible transmittance of 21.5% [68]. Although
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organic and perovskite thin film TPVs possess relatively high conversion
efficiencies, they are not long-term stable because of low stability to water and
oxygen. Also, they exhibit distinct colors depending on the polymers or dyes applied.
Overall, there is still no perfect approach to developing TPVs with neutral color, high

conversion efficiency, and long-term stability.

Crystalline silicon-based TPVs are emerging as a promising approach for developing
neutral-colored, high efficient, and long-term stable transparent solar cells. Although
the c-Si wafer itself is opaque, transparent c-Si substrates can be produced by drilling
3D microhole structures in the c-Si wafer. The light is transmitted through the
microholes providing visible transparency independent of c-Si substrate thickness.
A few studies have reported Si-based TPVs by fabricating hole arrays using
conventional fabrication methods (i.e photolithography followed by DRIE) [69, 70].

For the 3D microhole arrays fabrication inside the c-Si wafer, the approach reported
by Tokel, Pavlov, et al. [23] was followed, but unlike the circular motion of the laser,
the sample was moved along the laser propagation direction, also the sample

polishing for access to the modified regions was not needed in our study.

Here, we demonstrate the neutral-colored transparent c-Si substrate by fabricating
specially designed hexagonal arrayed microholes inside the c-Si wafer using our
novel ns-laser 3D structuring technique coupled with Cu-ACE. In addition to TPV
applications, our work can also be applied in the fabrication of various transparent

electronics.

4.2  Design Criteria for Microhole-based Transparent c-Si Substrate

Transmission in the visible light spectrum detectable by the human eye is essential
for providing transparency to the Si substrate. Accordingly, the diameter (d) of the
microhole needs to be designed to transmit a broad range of visible light with

minimum interactions with the hole. Furthermore, the spacing (s) between the
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microholes needs to be designed in a way that the human eye cannot distinguish,

taking into account the minimum angle of resolution for the human eye.

4.2.1 Spacing Criterion

The spacing between the microholes is a critical factor for establishing the
indistinguishability of the hole pattern. Rayleigh’s criterion gives a relevant
statement for our microhole-based transparent c-Si Substrate. According to the
Rayleigh criterion, two separate light sources are resolved when the angle between
them, Or, satisfies sindr=1.220/D, where A is the wavelength of the light and D is the
diameter of the aperture. From this definition, the angular resolution or spatial

resolution of the human eye can be estimated.

The human eye is most sensitive to green light of wavelength 555 nm [71]. The eye
pupil diameter is around 4 mm, although it can vary from 2 mm in a brightly lit place
to 8 mm in the dark [72]. Using the small angle approximation, the minimum angular
resolution of the human eye can be calculated as follows:

555 nm (4.1)

) A
sinfp = 0 = 1.22 Brad =1.22 mrad = 0.00017 rad

For the invisible hole pattern, the spacing (s) between the holes needs to be
determined by considering the minimum angular resolution of the human eye, as

shown in Figure 4.1.

»»»»» for invisible hole pattern:
e BR s s < BRL

Figure 4.1 lllustration of minumum resolvable spacing between holes
distinguishable by human eye at distance L from c-Si substrate.

Since L>>s, from the small angle approximation, the spacing criterion for the

indistinguishable hole pattern can be expressed as, s<6rL. At a distance of 30 cm
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from the c-Si substrate (appropriate distance for reading or using mobile devices),

the hole pattern will be invisible if the s<51 um.

4.2.2 Hole Diameter Criterion

Light-hole interactions should be minimized in order to reduce haziness and hence
increase the visual clarity of the transparent c-Si substrate. For this, the hole diameter
should be designed to transmit a broad range of visible light with minimum optical
effects (i.e., diffraction or interference). Figure 4.2 shows the simulated diffraction
behavior of the visible light when interacting with c-Si periodic hole structures. The
simulations were carried out in 2D using RSoft Photonic Device Tools. The spacing
between the holes was chosen 20 um for each different hole size and as a
representative wavelength, 555 nm of light was chosen to propagate from bottom to
top along the z-axis. For 0.5 um hole size, there is no light transmission, whereas the
transmitted light increases as the size of the holes increases. For 5 um and 20 um
hole sizes, no clear diffractive behavior is observed since there is no considerable
change in wavefronts, indicating that the behavior of the light before and after
passing through the holes is the same.
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Figure 4.2 Visible light interaction with periodic holes having diameters (a) 0.5 um,
(b) 5 um and (c¢) 20 um simulated in RSoft Photonic Device Tools.

In accordance with these design considerations for spacing and hole diameter, the
neutral-colored microhole-based transparent c-Si Substrate will be fabricated.
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4.3  Experimental

4.3.1 Laser Subsurface Processing

First, the laser was focused on the Si surface at maximum intensity. Next, the
translation stage was shifted so that the laser focus fell behind the sample. For
subsurface processing, the 3D translation stage was moved back and forth
perpendicular to the laser propagation direction across the entire thickness of the
wafer with a scanning speed of 5 mm/s. As a result, the focused beam induced
cylindrical 3D modification inside the Si sample throughout its whole thickness. For
the maximum density of microholes, the Si samples were processed in a hexagonal

array pattern, as illustrated in Figure 4.3.
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Figure 4.3 Schematic representation of subsurface processing for hexagonal arrayed
microholes in c-Si substrate.

The laser was operated at a repetition rate of 100 kHz with an average output power
of 2 W which corresponds to a pulse energy of 20 uJ. The intensity at the focal point
was calculated to be ~5.6 GW/cm? and this value was sufficient to produce

subsurface modification inside the Si wafer for microhole fabrication.
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4.3.2 Fabrication Procedure of Microhole-based Transparent c-Si
Substrate

Double-side polished, 280 um thick, single-crystalline p-type Si wafer with <100>
orientation and 1-3 Q.cm resistivity were used in the fabrication of transparent c-Si
substrate. Hexagonal arrayed microholes were prepared in 8 mm x 8§ mm process
areas with 60 um, 70 um, and 80 pm periods (center-to-center distance of the holes).
Number of holes and laser process times are shown for each period in Table 4.1.
After laser structuring, the Si substrate was cleaned in a DI water ultrasonic bath for
5 minutes to remove the silicon dust around the modified regions. The diameter of
the laser-modified cylindrical regions were measuered around 21 pm for each
different period, as seen in optical microscope images in Figure 4.4.

Table 4.1 Number of holes and laser process times for hexagonal arrayed microholes
with different periods. (Process area: 8 mm x 8 mm).

Period (um) | Hole number | Laser process time (hr:min)
60 133%x133 05:32
70 114x114 04:00
80 100x100 03:07
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Period = 60,24 ym

Figure 4.4 Optical microscope images showing diameters of laser-modified regions
for (a) 60 um (b) 70 um and (c) 80 um periods.

The laser-modified parts were etched in the highly selective Cu-ACE solution. The
sufficient etching time was around 45-50 minutes to reveal 3D hole structures out of
the Si bulk. For etching, 100 ml of Cu-ACE solution was used. The c-Si wafer was
cleaned in diluted HF for about 30 seconds before and after etching and rinsed with
DI water. Figures 4.5, 4.6, and 4.7 show SEM images of etched microholes having
60 pum, 70 um, and 80 pum hole periods, respectively. Microhole structures having
the 60 um period almost disappeared as seen in Figure 4.5. The diameter of the
microholes was measured at around 63 um for both 70 um and 80 pum periods as
shown in Figures 4.6 (c) and 4.7 (c). And, the spacings were measured at 7 um and
17 um for the 70 um and 80 um hole periods, respectively, which are lower than the
spacing criterion for the invisible hole pattern. However, from cross-section images
4.6 (b) and (d), it can be seen that some parts of lateral surfaces of the microholes

were totally etched for the 70 um period. Nevertheless, we demonstrated that nearly
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perfect circular microholes having smooth surfaces can be produced with our two-
step fabrication. The etching time was determined according to complete etching of
the laser-modified region within the Si wafer throughout its entire thickness. In this
regard, we fabricated microholes with controlled spacing but with a maximum
diameter of 63 um. Extending the etching time to increase the hole diameter was not

prefered as it can deteriorate the surface.

Figure 4.5 SEM images of etched Si microhole arrays having 60 pm period. (a) Top
surface image at 100X magnification, (b) 75° tilted image at 1000X magnification,
(c) top surface image at 1000X magnification, (d) 75° tilted cross-section image at
100X magnification.
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Figure 4.6 SEM images of etched Si microhole arrays having 70 um period. (a) Top
surface image at 200X magnification, (b) 75° tilted image at 1000X magnification,
(c) top surface image at 1000X magnification, (d) 75° tilted cross-section image at
500X magnification.
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Figure 4.7 SEM images of etched Si microhole arrays having 80 pum period. (a) Top
surface image at 200X magnification, (b) 75° tilted image at 1000X magnification,
(c) top surface image at 1000X magnification, (d) 75° tilted cross-section image at
500X magnification

Figure 4.8 (a) shows measured transmittance spectrums of the hexagonal arrayed c-
Si microholes with different periods and photographs in Figure 4.8 (b) show the
fabricated neutral-colored transparent c-Si substrate that has different hole periods
in each transparent region. It can be seen that the transmittance values are almost the
same in the visible wavelength region, confirming the neutral color of the c-Si

substrate.
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Figure 4.8 (a) Transmittance spectra of hexagonal arrayed c-Si microholes with
different periods. (b) Corresponding neutral-colored transparent c-Si substrate where
each transparent region having a different hole period as indicated in upper
photograph.

4.3.21  Average Visible Transmittance and Color Rendering

The recommended approach to evaluate the transparency level of TPVs is based on
the average visible transmittance (AVT) considering not only the transmittance
spectrum (T) of the sample but also the spectral sensitivity of the human eye through
the photopic response (P) and the solar spectral irradiance (S) in AM1.5G conditions.
In general, AVT is calculated in the visible wavelength range (380-780 nm) as
follows [67, 73, 74]:

Avr = LTPDSDA@D) (42)

JPMS()A )

Equation 4.2 yields the AVT values of 42.1%, 53.9%, and 60.9% for the transparent
regions on the c-Si substrate having 80 pum, 70 um, and 60 um hole periods,
respectively. The AVT values and associated filling fraction values are given in
Table 4.2. The filling fraction which is the ratio of the light absorption region to the
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entire process region provides control of the transmittance. As expected, the highest

filling fraction value was obtained at the lowest AVT value, due to increased spacing

value for the light absorption region.

Table 4.2 Filling fraction and AVT values at different hole diameters and spacings.

Period Diameter Spacing Filling AVT
(um) (um) (km) Fraction (%) | (%)
60 60 0 21.5 60.9
70 63 7 36.4 53.9
80 63 17 51.3 42.1

The CIE 1931 chromaticity diagram is a graphical representation of all colors
perceived by the human eye [75]. The chromaticity (color) coordinates of any point
on the diagram are labeled x and y and describe the saturation of light. The CIE 1931
chromaticity diagram was used to provide a quantitative measure of the color
perception of the fabricated transparent c-Si substrate. The chromaticity coordinates
with respect to the transmittance spectra of the c-Si substrate were computed and
imposed in the CIE 1931 color space diagram [76]. Figure 4.9 shows the
corresponding color coordinates of the transparent regions on the c-Si substrate with
different hole periods on the CIE 1931 chromaticity diagram. The CIE standard
illuminant D65 representing natural daylight is also added to the diagram.
Monochromatic colors are positioned on the perimeter of the diagram and the
saturation of the colors reduces towards the center (i.e. white region). As seen in the
diagram, the color coordinates of the transparent c-Si substrate are located in the
white region close to the standard daylight illuminant D65. Thus, the color
coordinates suggest neutral color (achromatic) transparency for our transparent c-Si

substrate.
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Figure 4.9 CIE 1931 chromaticity diagram showing color coordinates of the
transparent regions on the c-Si substrate having different hole periods. (Illuminant
D65 represents color coordinates of standard daylight illuminant.)
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4.3.2.2  Square Arrayed c-Si Microholes

Square arrayed microholes with 80 um period were prepared on 10 mm x 10 mm
process area. Figure 4.10 (a) is the optical microscope image showing the laser-
modified cylindrical regions with a diameter of around 21 um. Following the same
fabrication technique as the hexagonal arrayed microholes, after the etching step, the
diameter of the square arrayed microholes was measured at around 61 um, as seen
top view SEM image in Figure 4.10 (b). In order to obtain cross-section view, the
sample was carefully cut, and the cross-sectional area was polished to reveal the
cylindrical shape of the holes. As seen from Figure 4.10 (c), the microholes are in
cylindrical shape since the hole diameters are almost the same on the top and bottom
surfaces. The reason for the increase in hole diameter seen in the cross-sectional
SEM image is that the sample is cleaned with Piranha solution for 40 minutes after

polishing.

Figure 4.10 (a) Optical microscope images of laser-modified square arrayed region.
(b) Top view SEM image of etched Si microhole arrays having 80 um period at
1000X magnification. (c) Cross-section SEM image of etched and polished Si
microhole arrays at 800X magnification.

Figure 4.11 (a) shows measured transmittance spectrums of the square arrayed c-Si
microholes. In Figure 4.11 (b), the top left photo of the laser-structured sample was

taken before etching, and the other two photos were taken after etching. The AVT
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value of 41.5% was calculated from Equation 4.2 in the visible wavelength range
(380-780 nm). The number of microholes on the 10 mm x 10 mm process area Was
125 x 125, giving a filling fraction value of 54.3%. The chromaticity coordinates of
the c-Si substrate in the CIE 1931 color space diagram were found as (x=0.3132,
y=0.3297), which is again located in the white region confirming the neutral color
transparency of the substrate.
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Figure 4.11 (a) Transmittance spectra of square arrayed c-Si microholes with 80 um

period. (b) Corresponding neutral-colored transparent c-Si substrate. (Upper left
photo is of laser-structured c-Si substrate taken before etching.)
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CHAPTER 5

CONCLUSION

In this thesis, highly controllable laser-induced surface and subsurface modifications
in c-Si have been demonstrated without damaging the surface by using a custom-
built nanosecond pulsed infrared laser. Highly selective etching of the laser-modified
region to reveal 3D structures out of the c-Si bulk was accomplished by utilizing the
Cu-ACE solution. Our novel maskless two-step approach has been successfully
applied to produce 3D microhole arrays inside the c-Si wafer, and 3D micropillar
arrays on the surface of the c-Si wafer. The method demonstrated here is low-cost,
involves fewer processing steps than traditional lithographic methods, and is scalable
to large areas, thus can be easily adjusted to different applications.

In Chapter 3, optimum pillar dimensions with good-quality c-Si surface were
determined for potential application in c-Si micropillar array solar cells. The highest
quality periodic 3D micropillar arrays with 17.46% surface reflectance were
fabricated on the c-Si wafer for 20 pum laser step-sized micropillar structures with
13.5+1 pm width and 17#1 um length. The dimensions of the fabricated pillar
structures were suitable for the radial pn junction formation. Also, the contamination
of Cu particles on the c-Si micropillar surface was prevented by the cleaning
procedure applied after Cu-ACE. Therefore, in a proper clean room environment
with specialized equipment for the etching, our study of the c-Si micropillar arrays

can be continued to fabricate the radial junction solar cell.

In Chapter 4, we report the first demonstration of the neutral-colored transparent c-
Si substrate fabricated by using ns-laser 3D subsurface structuring technique coupled
with Cu-ACE. Specially designed hexagonal and square arrayed microholes inside
the c-Si wafers were generated to provide transparency to the substrate. And, nearly

perfect circular microholes having smooth surfaces were produced through 280 pm
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thick c-Si wafer with our novel two-step fabrication. To evaluate the transparency
level of the substrate quantitatively, first transmittance spectrums were measured,
and then AVT values and chromaticity coordinates were calculated in the visible
wavelength range in accordance with the transmittance spectra and spectral
sensitivity of the human eye (photopic response). The microhole arrays were
fabricated with controlled AVT values between 40% and 60% by varying the hole
periods. High AVT values have indicated the transparency of the c-Si substrate,
while the color space coordinates have confirmed the neutral color transparency of
our transparent c-Si substrate. The use of c-Si in TPVs has emerged as a promising
approach due to its high efficiency and long-term stability. And, since our fabrication
method for the neutral-colored transparent c-Si substrate is rapid and low-cost, it
holds great potential for the TPV industry.
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