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The integration of photonic components with electrical elements on the same silicon 

chip may lead to the development of new technologies. One limitation is the space 

available on the wafer surface, which is restricted. Currently, conventional 

fabrication techniques produce devices only on the top thin layer of the wafer 

surface. As a result, new architectural designs are required. Producing functional 

components deep inside Si without creating damage to the surfaces is a potential 

technique for overcoming the space constraint in electronic-photonic integration 

since the bulk of the wafer can be used with this method. In different transparent 

materials, such as glasses and polymers, laser-written devices have been shown. 

High-intensity laser pulses may cause a nonlinear breakdown when focused and can 

alter the morphology of the material's interaction area. This method is capable of 

fabricating a broad range of devices, including interconnects, optical waveguides, 

and quantum photonic devices. However, similar techniques have not been 

successful in Si. We developed a similar enabling technique inside Si by using 

nonlinear phenomena to create very controlled modifications deep inside Si. 
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Recently-demonstrated direct laser modification of high-quality three-dimensional 

(3D) subsurface inside of crystalline silicon (c-Si) wafers opens the doors to a wide 

range of novel applications in multidisciplinary research areas. A specially 

developed selective wet chemical etching step is usually required to follow 

subsurface processing of c-Si by laser in order to reveal the desired 3D structures. 

Proper development of such a selective etchant that leaves remaining unprocessed Si 

surfaces with smooth features is critical for subsequent applications at micro- and 

nanoscales. Achieving practically useful etch rate, etch selectivity, and final surface 

morphology of subsurface laser processed Si is essential and yet highly complicated 

due to intricate interdependence of these aspects through the etchant composition. 

Moreover, the well-accepted definitions of etch rate and selectivity in semiconductor 

micro-processing are univocally valid for surface etch in 2D in literature. As laser 

processing of crystalline semiconductors is an emerging technique, there appears to 

be a need for redefinition of both etch rate and selectivity since the etch takes place 

subsurface in 3D where etch thickness/time is not an applicable measure. Here, we 

report on development of a novel chromium-free (Cr-free) chemical etching recipe 

based on copper nitrate which yields substantially smooth surfaces at a high etch rate 

and selectivity of the both surface and subsurface laser processed Si without inducing 

significant etching of unmodified Si. The results show that etch rate and surface 

morphology are interrelated and highly affected by the composition of the adopted 

etching solution. After an extensive compositional study performed at room 

temperature, we achieved to develop such an etchant with a composition of 

HF:HNO3:CH3COOH:H2O – 56:65:72:207 (vol%), and 1 g of Cu(NO3)2.3H2O in 

100 ml solution. This champion etchant exhibits more than 1600 selectivity for laser 

modified Si with respect to unmodified Si. Etch pit size distribution of surface defect 

analysis shows pit sizes to reside in the range of 1 – 10 µm indicating relatively 

smooth and low defective surface. In order to demonstrate the application potential 

of the etchant, c-Si solar cells based on thin absorber slices produced with a 

minimum loss of Si material. Additionally, we etched the laser processed parts of a 

c-Si to reveal high aspect ratio micro holes all the way through a wafer of 250 µm 
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thickness, which has the potential to be utilized in the fabrication and development 

of microfluidic devices and photonic devices on Si, and also fabricated micro pillars 

with various sizes/depth to reach the minimum reflection which is crucial for solar 

cells. This work is the first to propose and use new definitions of etch rate and 

selectivity in etching of 3D structures. 

Keywords: laser processing, subsurface modifications, selectivity, silicon, etch rate 
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ÖZ 

 

İNCE KRİSTAL SİLİSYUM GÜNEŞ HÜCRELERİNDE ÜRETİM VE IŞIK 

YÖNETİMİ İÇİN YOĞUN IŞIK-MADDE ETKİLEŞİMİ UYGULAMASI 
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Fotonik bileşenlerin elektriksel elemanlarla aynı silisyum çip üzerinde entegrasyonu, 

yeni teknolojilerin geliştirilmesine yol açabilir. Bir sınırlama, kısıtlı olan dilim 

yüzeyindeki mevcut alandır. Halihazırda, geleneksel üretim teknikleri, yalnızca 

dilimin en ince tabakası üzerinde cihazlar üretmektedir. Sonuç olarak, yeni mimari 

tasarımlara ihtiyaç duyulmaktadır. Yüzeylere zarar vermeden Si'nin derinliklerinde 

fonksiyonel bileşenler üretmek, elektronik fotonik entegrasyondaki alan 

kısıtlamasının üstesinden gelmek için potansiyel bir tekniktir, çünkü Si dilimin 

büyük kısmı bu yöntemle kullanılabilir. Camlar ve polimerler gibi farklı şeffaf 

malzemelerde lazerle yazılmış cihazlar gösterilmiştir. Yüksek yoğunluklu lazer 

darbeleri, odaklanıldığında doğrusal olmayan bir bozulmaya neden olabilir ve 

malzemenin etkileşim alanın morfolojisini değiştirebilir. Bu yöntem, optic ara 

bağlantılar, optik dalga kılavuzları ve kuantum fotonik aygıtlar dahil olmak üzere 

çok çeşitli cihazları üretebilir. Ancak benzer teknikler Si'de başarılı olamamıştır. 

Si'nin derinliklerinde çok kontrollü değişiklikler yaratmak için doğrusal olmayan 

etkileri kullanarak Si içinde benzer bir etkinleştirme tekniği geliştirdik. Son 

zamanlarda, kristal silisyum (c-Si) dilimlerin içindeki yüksek kaliteli üç boyutlu (3B) 
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yüzeyaltının doğrudan lazer modifikasyonu, çok disiplinli araştırma alanlarında 

çeşitli yeni uygulamaların kapılarını açar. İstenen 3B yapıları ortaya çıkarmak için 

c-Si'nin lazerle yüzeyaltı işlemesini takip eden genellikle özel olarak geliştirilmiş bir 

seçici ıslak kimyasal aşındırma adımı gerekir. Geri kalan işlenmemiş Si yüzeylerini 

pürüzsüz özelliklere sahip bırakan böyle seçici bir aşındırıcının uygun şekilde 

geliştirilmesi, mikro ve nano ölçekli sonraki uygulamalar için kritik öneme sahiptir. 

Yüzey altı lazerle işlenmiş Si'nin pratik olarak faydalı aşındırma hızı, aşındırma 

seçiciliği ve nihai yüzey morfolojisinin elde edilmesi esastır ve yine de aşındırıcı 

kompozisyon yoluyla bu yönlerin karmaşık şekilde birbirlerine bağımlılığı nedeniyle 

oldukça karmaşıktır. Ayrıca, yarı iletken mikro işlemede iyi kabul edilen aşındırma 

hızı ve seçicilik tanımları, literatürde yalnız 2B'de yüzey aşındırma için geçerlidir. 

Kristalli yarı iletkenlerin lazerle işlenmesi yeni gelişen bir teknik olduğundan, 

aşındırma kalınlığı/zamanının uygulanabilir bir ölçü olmadığı yerlerde aşındırma, 

yüzeyin altında 3B gerçekleştiğinden hem aşındırma hızının hem de seçiciliğin 

yeniden tanımlanmasına ihtiyaç vardır. Burada, yüksek aşındırma hızında büyük 

ölçüde pürüzsüz yüzeyler ile hem yüzey hem de yüzey altı lazerle işlenmiş Si'nin 

seçici olarak aşındıran bakır nitrat bazlı yeni bir krom (Cr) içermeyen kimyasal 

aşındırma tarifinin geliştirilmesini rapor ediyoruz. Sonuçlar, aşındırma hızının ve 

yüzey morfolojisinin birbiriyle ilişkili olduğunu ve kabul edilen aşındırma 

çözeltisinin bileşiminden büyük ölçüde etkilendiğini göstermektedir. Oda 

sıcaklığında yapılan kapsamlı bir kompozisyon çalışmasından sonra, 100 ml 

solüsyonda HF:HNO3:CH3COOH:H2O – 56:65:72:207 (% hacim) ve 1 g 

Cu(NO3)2.3H2O bileşimi ile aşındırıcı geliştirmeyi başardık. Bu şampiyon aşındırıcı, 

değiştirilmemiş Si'ye göre lazerle modifiye edilmiş Si için 1600'den fazla seçicilik 

sergiler. Yüzey kusur analizinin aşındırma çukuru boyutu dağılımı 1 – 10 µm 

aralığında olup, görece pürüzsüz ve düşük kusurlu yüzey elde edildiğini gösterir. 

Aşındırıcının uygulama potansiyelini göstermek için, ince soğurucu (absorber) 

dilimler üzerinde c-Si güneş pilleri, minimum Si malzemesi kaybıyla üretildi. 
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Ek olarak, bir c-Si'nin lazerle işlenmiş parçalarını, mikroakışkan kanalları ve fotonik 

cihazların imalatında ve geliştirilmesinde kullanılma potansiyeline sahip 250 µm 

kalınlığındaki bir dilim boyunca yüksek en-boy oranlı mikro delikleri ortaya 

çıkarmak için aşındırdık. Ayrıca lazerle işlenmiş olan bu parçaları güneş 

hücrelerinde çok önemli olan minimum yansımaya ulaştıracak çeşitli boyut/derinliğe 

sahip mikro sütunları ortaya çıkarmak için aşındırdık. Bu çalışma, 3B yapıların 

aşındırılmasında yeni aşındırma hızı ve seçicilik tanımları öneren ve kullanan ilk 

çalışmadır. 

 

Anahtar Kelimeler: lazer işleme, yüzey altı modifikasyonları, seçicilik, silisyum, 

aşındırma oranı 
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CHAPTER 1  

1 INTRODUCTION 

The purpose of this study is to use nanosecond pulse laser to produce subsurface 

modifications and creation of embedded periodic structures in crystalline silicon. In 

this thesis work, a highly selective specialized etchant for removal of laser modified 

regions from Si wafers was developed. As laser direct processing of Si has arrived 

at its maturity, the need for such a selective etch agent has emerged. Utilization of 

direct laser processing and subsequent selective etching of Si, paves the way for 

fabricating a vast range of devices out of 3D sculpted microstructures embedded in 

silicon. 

1.1 Background and research motivation 

A new emerging silicon (Si) micro-processing technology is a crucial step that 

requires integrating photonic components with conventional integrated circuits [1,2]. 

To achieve this, optical components that can produce, manipulate, and detect light 

on the same chip as electronic circuits must be created [3]. However, until recently, 

there was no technique for inducing structural modifications or the formation of 

functional components deep inside Si. Integration of photonics and data-transfer 

components inside Si wafers is highly desirable since this may result in new 

generations of electronic devices. The silicon-on-insulator (SOI) technology is now 

the preferred method for manufacturing optical components for Si-photonics 

applications [3]. On this technology, active and passive optical components are 

fabricated on the Si substrate using conventional methods such as e-beam 

lithography and chemical etching. These methods utilize just the uppermost layer of 

the SOI device, thus which wastes much of the wafer bulk to place the functional 

components. 
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Various structures with varying functions have been demonstrated using direct-laser 

writing techniques on Si. Micropillar arrays [4] and surface ripples [5], were 

produced on Si substrates using laser diffraction. Furthermore, laser direct writing 

on Si surface can form the so-called black silicon (b-Si) which enhances light 

absorption for solar cell applications. These advancements are very advantageous in 

solar cell and thermal imaging applications [6,7]. Additionally, laser-writing is used 

to modify the surface characteristics of Si. Silicon can be achieved to superwicking 

by creating the surface pattern with a pulsed laser [8]. All these studies modified the 

optical and physical characteristics of Si, demonstrating the possibilities enabled by 

laser-Si interaction. These photo-induced effects, on the other hand, occur at the 

surface. 

Laser micro-fabrication of transparent materials is a potential method for 

manufacturing three-dimensional (3D) embedded devices [9]. Alternative of these 

3D methods have been used widely on glasses and polymers during the last decade 

[10]. Depending on the time scale, intensity, and energy of the laser pulse, photons 

can either nonlinearly transmit their energy to the medium, forming a seed electron 

population such as multi-photon ionization, or to phonons, causing a nonlinear 

breakdown [11,12]. Utilization of these processes enables the fabrication of a variety 

of optical devices, such as waveguides [13], quantum photonic circuits [14], 

resonators [15], and optical interconnects [16], buried within the bulk of materials 

like as glasses and lithium niobate crystals, with essential applications in integrated 

optics [17,18]. In a similar but distinct fashion, such an enabling technology is 

recently displayed for Si [19], in which nonlinear optical effects are used to produce 

controlled structures deep inside Si [20,21]. Then, these structures are engineered to 

form functional in-chip components without damaging the wafer surface. Prior 

efforts to modify the bulk of the Si, mainly ultrafast lasers, are utilized. 

Nejadmalayeri et al, pioneered in this field by developing optical waveguides [22]. 

Nevertheless, waveguides may be written in a very confined area at the wafer's 

surface rather than throughout the wafer. Attempts to create completely buried 

modifications failed without surface damage due to absorption or plasma shielding 

[23,24]. To reach the modification threshold, the pulse energies were raised to 90 µJ, 
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however, this did not result in subsurface modifications. Numerous studies examined 

the nonlinear dynamics of these mechanisms in depth [25,26]. As a result, the range 

of the modifications were restricted to interfaces [22] or areas adjacent to the back 

surface [27]. The feasibility of producing subsurface modifications within Si was 

shown utilizing nanosecond pulses and initially described in Ref [20,28]. The 

formation of subsurface structures using a nanosecond or femtosecond pulsed laser 

beam [29–33] is a new approach for high-quality micro and nanofabrication 

applications. This method creates modification at localized regions with minor 

damage on the Si surface [20,34]. For revealing the 3D laser sculpted structures out 

of Si bulk, laser modified regions of the c-Si subsurface are removed by selective 

chemical etching. Accordingly, etching is an essential process step in micro and 

nanofabrication of c-Si based devices. Among different etching techniques, solution 

based chemical etching offers a low-cost and facile alternative compared to 

conventional plasma enhanced gas phase etching counterparts, while yielding a high 

surface and bulk material quality due to absence of plasma damage. Achieving a Si 

surface as defect-free as possible at the microscale is crucial to ensure high 

performance of Si devices, such as micro-electromechanical systems (MEMS) [35–

38], micro-optics [39,40], photonic devices, integrated circuits, and photovoltaic 

solar cells [41–47]. 

The 3D Si structures can be utilized in a wide range of applications, including 

quantum photonics [48], lab-on-chip [49–52], optical communications [53], and 

microfluidics [54–56]. So far, neither the surface nor subsurface laser processing of 

Si has yet been investigated deep enough to unearth the full potential of 3D laser 

processing in micro-fabrication of Si devices. In this respect, a well-established route 

to selectively remove the laser modified regions from the Si wafer; without damaging 

unprocessed regions, simply does not exist. A natural outcome of surface laser 

processing is the intentional damage that it induces to the certain regions of the 

surface, therefore it is imperative that a specially tailored selective etchant needs to 

be developed for effective removal of only laser damaged regions. In Si technology, 

researchers have invested substantial efforts to control the defect densities associated 

with re-growth and Si wafer processing [57]. Selective chemical etching is a simple 
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route to reveal the number of defects in the c-Si. Chemical treatments typically 

comprise a redox reaction to etch the defects selectively. In a more general view, it 

is of great essence that such a special etchant is developed to selectively remove laser 

modified Si out of c-Si wafer in order to sculpt functional 3D structures. 

In this thesis, the creation of laser-induced rod-like structures with tunable lengths 

deep within Si will be reported. It will be shown, numerically and experimentally, 

that feedback mechanism is in effect when these high aspect ratio structures are 

formed. Due to the morphological difference produced by the laser exposure, 

selective etching is crucial, which has been used for the sculpting of Si. The 

development of a novel chemical etching recipe based on copper nitrate to produce 

substantially smooth surfaces at a high etch rate and selectivity of both surface and 

subsurface laser processed Si without inducing significant etching of unmodified Si 

is reported. An emerging application demonstrated by using this technique, is the 

laser assisted Si slicing (LASIS) [34] in which thin c-Si slices can be processed into 

thin/ultra-thin Si solar cells produced with a minimum loss of Si material. Low 

material loss in slicing is an important requirement in reduction of the solar cell cost. 

In addition, 3D structures such as high aspect ratio holes drilling and micropillars 

utilizing this technique will be shown. 

1.2 Research aims and objectives  

The purpose of this thesis is to use nanosecond pulse laser to produce subsurface 

modifications and creation of the embedded periodic structures. However, to reveal 

high-quality subsurface structures different chemical etching solutions should be 

investigated.  

Besides, etch rate, etch selectivity, and final surface morphology of subsurface laser 

processed Si is final objective but also very complicated because of the 

interdependence of these factors through the etchant composition. The following 

procedures are used to accomplish the aforementioned study goals: 
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1. Study of the developing selective wet chemical etching to follow subsurface 

processing of c-Si by nanosecond fiber laser in order to reveal the desired 3D 

structures. 

2. Redefinition of both chemical solutions etch rate and corresponding selectivity for 

subsurface processing in 3D structures where etch thickness/time is not an applicable 

measure. In addition, final morphology of surface and subsurface laser processed Si 

is analyzed. 

3. Demonstration of the first solar cell fabricated from thin c-Si slice produced by 

laser-induced thin film slicing (LASIS) technique. 

4. Fabrication of various 3D architectures of micro-deep structures in Si using laser 

induced subsurface technique. 

1.3 Thesis outline 

The thesis is organized into five chapters. Chapter 1 gives a brief research 

backgrounds including the introduction of laser-induced subsurface modifications 

by utilizing nanosecond pulses and developed etching for revealing the 3D structures 

by high selectivity of the laser-modified surface and subsurface Si at high etch rates.  

Chapter 2 includes two sections. In the first section, the physical mechanism behind 

the effective creation of modifications is discussed. Specially, the development of 

carrier and temperature profiles caused by nanosecond laser pulses interacting with 

silicon are described. Additionally, a model that explains why and how counter-

propagating beams form in-chip structures is proposed. In the second section, the 

chemical background and mechanism of metal assisted etching on both surface and 

subsurface modifications is discussed.  

Chapter 3 focuses on developing a highly specialized chemical solution to selectively 

etch laser-modified surface and subsurface Si regions at high etch rates. The etch 

recipe is optimized to meet the requirement of reasonable etch rate while resulting 

in smooth Si facets. In addition, the quality of surfaces, sensitivity, reliability, and 
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selectivity which are the key factors in the development of the developed etch 

solution are extensively investigated. The methods of the experiments are described 

in this chapter. 

Chapter 4 comprises the end products of selective etching of laser-modified regions 

and microstructures. 3D applications such as Si slicing and corresponding solar cell 

prototype, high aspect ratio of micropillars and hole drilling by utilizing this 

technique are shown. 

Chapter 5 concludes the study of laser-induced subsurface modifications by 

nanosecond laser pulses and development of a selective wet-chemical etchant for 

surface and subsurface for laser modified Si region. This chapter discusses the major 

results and potential future topics. 
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CHAPTER 2  

2 THEORITICAL BACKGROUND 

2.1 Mechanism of subsurface laser modifications inside silicon 

In order to explain the formation of controlled structure in c-Si, specifically to 

fabricate high aspect ratio, rod-like and three dimensional (3D) modifications inside 

Si, we employ nonlinear interactions between silicon and the infrared laser pulses. 

The approach we use here is an extension of the nonlinear laser lithography (NLL), 

which exploits nonlinear feedback mechanisms in two dimension (2D) surface 

structuring [58]. This method enables to laser induced formation of modified region 

in the balk of Si with self-organized structures directly without damage on the c-Si 

surfaces. In this section, we describe the theoretical mechanism and give physical 

background information which are carrier generation, thermal nonlinearity, pulse 

propagation and nonlinear feedback mechanisms about the structure formation. The 

described mechanisms in this chapter have been developed in collaboration with 

Ultrafast Optics and Lasers Laboratory (UFOLAB) group of Bilkent University [59]. 

2.1.1 Mechanisms of carrier generation and recombination in silicon 

The carrier generation is due to laser pulse propagation and thermal profile inside c-

Si. Accordingly, to understand the formation of modification, first we examine free 

electron generation to get carrier profile and their recombination mechanism to get 

temperature profile as a result of carrier recombination in c-Si. We analyze later how 

the combination of these profiles contributes to the nonlinear effects in pulse 

propagation such as free carrier induced diffraction and thermal focusing, for the 

formation of subsurface modification mechanism in c-Si. 

For the wavelength higher than band gap of Si (1.12 eV) absorption coefficient 

decreases to zero and Si behaves as a transparent material. Whereas, for high optical 
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intensities, two photon absorption (TPA) can excite an electron from the valence 

band (VB) to the conduction band (CB) and leads to the generation of free carriers. 

Strong nonlinear absorption of TPA and free carrier effects in Si material result in 

an intensity profile behave deviation from the Beer-Lambert Law. Diffusion and 

recombination due to the carrier generation in Si leads to change the quasi-steady 

state carrier profile. Consequently, we will investigate all these mechanisms in Si 

material.  

In our experiment, for the TPA process, two absorbed photons simultaneously cause 

free carrier (electron-hole pair) generation. Considering the impact of the TPA, free-

carrier rate is expressed as 𝜉 = 𝛽2 𝐼(𝑡)2 2ℎ𝑓⁄  where 𝛽2 is the TPA coefficient, 

𝐼(𝑡) is the instantaneous intensity, ℎ is the Planck constant and 𝑓 is the photon 

frequency. The TPA process, the same two absorbed photons densities are denoted 

by Ν. Although high TPA leads to generate excess carrier optically, for Si which is 

a material with an indirect bandgap [60] , excess carriers recombine dominantly due 

to a phonon-assisted mechanism named the Auger recombination process. The 

carrier recombination densities is Ν > 1018 − 1019𝑐𝑚−3. In this regime, other 

recombination processes like radiative and Shockley-Read-Hall (SRH) processes 

can be omitted [61]. For a single pulse, in the presence of final free carrier density 

without recombination is defined by Eq 2.1. 

Ν𝑎𝑣𝑔 = ∫
𝛽𝐼(𝑡)2

2ℎ𝑓

∞

−∞

𝑑𝑡 = ∫
𝛽Ι0

2𝑒𝑥𝑝 −2𝑡2 𝜏𝑝𝑢𝑙𝑠𝑒
2⁄

2ℎ𝑓

∞

−∞

𝑑𝑡 =
√𝜋𝛽Ι0

2

2√𝜋ℎ𝑓
𝜏𝑝𝑢𝑙𝑠𝑒 

Eq 2.1 

 

Where Ι0 is the peak intensity intensity, 𝛽 is the TPA coefficient and 𝜏𝑝𝑢𝑙𝑠𝑒 is the 

pulse duration. For the experimental parameters (𝜏𝑝𝑢𝑙𝑠𝑒= 3 ns, 𝑃𝑎𝑣𝑔= 2 W, 𝜔0= 3 µm 

and Ι0= 250 𝑊 µ𝑚2⁄ ), we achieved carrier density in the amount of 1021𝑐𝑚−3. 

Before achieving this amount, Auger recombination prevent the free carrier density 

to get upper limit. With the prior consideration, the free carrier density is changed 

as: 

𝑑Ν

𝑑𝑡
=

𝛽Ι2

2ℎ𝑓
(1 −

Ν

Ν𝑎𝑡
) − Υ3Ν3 

Eq 2.2 
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Where ℎ𝑓 is the photon energy, Ι is the laser density, Υ3 is the Auger recombination 

constant [62] and Ν𝑎𝑡 is the atomic density in the crystal. The second term of the 

equation define the nonlinear effect of the TPA lead to generate free carrier and the 

first term of the equation shows Auger recombination due to excess carrier 

recombines through the temperature increment of the phonon effect. Carrier 

recombination time is 𝜏𝑟𝑒𝑐 = 1 𝛾3⁄ Ν2 which is comparable to the pulse duration for 

Ν ≈ 1019𝑐𝑚−3. Therefore, average carrier density (since the recombination time is 

a function of carrier density) and pulse length (several nanosecond pulse generation) 

defined by time scale of the accumulative carrier density evolution. We verify carrier 

dynamics in the assets of recombination by solving Eq 2.2 numerically. The optical 

carrier density is in the range of 1019 − 1020𝑐𝑚−3as we consider previously. Figure 

2.1 shows the trend of the carrier density profile and pulse profile corresponding to 

the time. As it can be seen, both density and pulse profiles closely follow together. 

  

Figure 2.1 Experimental values show carrier density evolution. The black graph 

demonstrates laser intensity and the red graph demonstrate carrier density as a 

function of time [59]. 

Now, we regard as the effect of carrier diffusion on the carrier density. Excited 

carriers are important to figure out the response of Si to laser pulses. Diffusion of 

carriers should be accounted for the excited carriers before recombining or before 
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pulse ends. So, carrier diffusion can be ignored if the diffusion length in the time 

scale of carrier (or recombination time or pulse duration) is less than the diameter of 

beam at the focal plane. Diffusion length equation is 𝐿𝑑𝑖𝑓𝑓 = √6𝐷𝜏𝑝𝑢𝑙𝑠𝑒 ≪ 𝑆, where 

D is the diffusion constant, 𝜏𝑝𝑢𝑙𝑠𝑒 is pulse duration and S is the smallest beam 

diameter in Si. For Si the carrier diffusion constant define as, 𝐷𝑐𝑎𝑟𝑟𝑖𝑒𝑟 =

2𝐾𝐵𝑇𝑒µ𝑒µℎ (⁄ 𝑒(µ𝑒 + µℎ)), where 𝐾𝐵 is the Boltzman constant, 𝑇𝑒 is electron 

temperature, and µ𝑒 𝑎𝑛𝑑 µℎ are mobilities of the electron and hole respectively. The 

diffusion length is 1.8 µm at the temperature of 300K which is smaller than beam 

width at focus of 3 µm. Electron and hole mobilities of Si increases as the 

temperature decrease [62], additionally, reducing the diffusion length. 

Recombination time reduced by high energy excessing carrier density; a large 

number of carriers will recombine before they diffuse out of the beam. So, carrier 

diffusion can be removed in Eq 2.2. 

The same simplification viable for the carrier generation due to the contribution of 

avalanche ionization. In avalanche ionization, free carriers lose some of their energy 

to the electrons in VB during electron-hole generation mechanism. This effect can 

be added by modifying Eq 2.2 as: 

𝑑Ν

𝑑𝑡
= (

𝛽Ι2

2ℎ𝑓
+ 𝛿𝑁)(1 −

Ν

Ν𝑎𝑡
) − Υ3Ν3 

Eq 2.3 

Where 𝛿 is avalanche ionization, which is function of temperature of electron 𝑇𝑒 and 

can be defined as 𝛿( 𝑇𝑒) = 3.6 × 1010exp (−1.5𝐸𝑔 𝐾𝐵𝑇𝑒⁄ ), where 𝐸𝑔 is the bandgap 

energy. Physically, Auger recombination mechanism is the reverse process of impact 

ionization and it should remove the heat effects of Auger recombination. The 

maximum generation rate of avalanche ionization rate is 2.3 × 105𝑠−1 and melting 

temperature of Si is 1600K. The Auger recombination rate is 7.8 × 1017𝑐𝑚−3 which 

is already the same as this rate. We indicated prior, the carrier densities are two orders 

of magnitude higher than this equilibrium density, removing avalanche ionization as 

an important mechanism for carrier generation. So, Eq 2.2 is the final formula for 

the free carrier densities.  
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2.1.2 Nonlinear mechanisms of heat generation and temperature profile 

in silicon 

In the same way, the carrier density profile analyzed in the previous section, we need 

to express heat generation mechanism and diffusion to find the thermal profile in 

silicon. Thermal issues is critical and important in Si photonics [63]. The temperature 

varies with respect to the heat equation, 

𝜌𝐶𝑝(𝑇)
𝑑𝑇

𝑑𝑡
− ∇. (𝜅∇𝑇) = 𝑄 

Eq 2.4 

Where, 𝜌 density of Si (𝑔𝑟 𝑐𝑚3⁄ ), 𝐶𝑝(𝑇) is the specific heat [64], 𝜅 is the thermal 

conductivity (1.6 𝑊 𝑐𝑚𝐾⁄ ) [65]. 𝑇 is lattice temperature and 𝑄 is the heat generation 

rate. Since heat diffusion length define as 𝐿𝑑𝑖𝑓𝑓 = √6𝐷ℎ𝑒𝑎𝑡𝜏𝑝𝑢𝑙𝑠𝑒 ≪ 𝑆, where 𝑆 is 

spot size of the laser and 𝐷ℎ𝑒𝑎𝑡 = 𝜅 𝜌𝐶𝑝⁄ . Therefore, the left side of Eq 2.4 can be 

eliminated and the heat generation turn into ∆𝑇. The laser beam transfers its energy 

to the electrons during the interaction between laser irradiation and Si material. 

These carriers lead to electron-electron collision events quickly thermalized. After 

thermalization, carriers transfer the external heat to the lattice. Thermal equilibration 

occurs on a time scale while temperature differences between carriers and lattice 

balanced. In Si, Carrier-phonon relaxation time is less than 500 fs [66]. In our 

experiment, the nanosecond pulses which are larger than the relation time are used. 

Therefore, in that case, we can regard as heat temperature between lattice and 

electron carrier are in equilibrium (𝑇𝑒 = 𝑇). 

Accordingly, we can categorize the heat generation mechanism and their effects in 

Si as given below: 

1. TPA based heating 

Two photon absorption process occurs when the total energy of incident two 

photons is larger than energy bandgap of Si (2 ℎ𝑓 − Ε𝑔𝑎𝑝), lead to excite electron 

and the remaining energy induce heat the sample. The heating rate of TPA is: 
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𝑄𝑇𝑃𝐴 = 𝛽𝐼2(1 −
Ν

Ν𝑎𝑡
)(1 −

𝐸𝑔𝑎𝑝

2𝐸𝑝ℎ𝑜𝑡𝑜𝑛
) 

Eq 2.5 

Where, 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 is total energy of absorped photon and 𝐸𝑔𝑎𝑝 is the energy 

bandgap.  

2. Auger recombination based heating 

Auger recombination generate heat mainly in the material. For the carrier 

densities which is (Ν > 1018𝑐𝑚−3), Auger recombination is the main 

recombination process, because of three-body interaction in which two carriers 

recombine, and excess energy transfers with a third carrier taking up the 

recombination energy. The mechanism of heating rate is [67]:  

𝑄𝑟𝑒𝑐 = 𝐸𝑔𝑎𝑝𝛾3𝑁3 Eq 2.6 

3. Free carrier absorption (FCA) based heating  

Free carrier induced by TPA are unavoidable in Si by incident optical density, 

resulting in FCA, which are collected in Si. Further free carrier generation leads 

to the interband absorption in Si. Therefore, intraband absorption leads to 

nonlinear absorption profile and induces heat. Notice that because of Kramers-

Kronig relations, the heat effect induced by FCA lead to decrease optical 

refractive index in the real part, namely the free carrier index (FCI) vary. These 

changes in the free charge carrier absorption coefficient (∆𝛼𝐹𝐶𝐴) and density of 

free charge carrier index (∆𝑛𝐹𝐶𝐼) can be calculated by Drude model [68].  

∆𝛼𝐹𝐶𝐴 =
𝑒3𝜆2ΔΝ

4𝜋2𝑐2𝜖0𝑛
(

1

𝑚𝑐𝑒
∗  2𝜇𝑒

+
1

𝑚𝑐ℎ
∗  2𝜇ℎ

) 
Eq 2.7 

∆𝑛𝐹𝐶𝐼 = −
𝑒2𝜆2ΔΝ

8𝜋2𝑐2𝜖0𝑛
(

1

𝑚𝑐𝑒
∗  

+
1

𝑚𝑐ℎ
∗  

) 
Eq 2.8 

It is seen that both free charge carrier effects are supposed to be linear in density 

of charge carrier. Because of mobilities of electron/hole (𝜇𝑒 , 𝜇ℎ) and effective 

carrier masses (𝑚𝑐𝑒
∗ , 𝑚𝑐ℎ

∗ ) dependent on temperature effect lead to ∆𝛼𝐹𝐶𝐴 and 

∆𝑛𝐹𝐶𝐼 effects to temperature dependence. For Si, carrier mobilities depend on 

temperature, however the effective masses depend on weakly temperature and 
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established by the band structure. Therefore, we consider ∆𝑛𝐹𝐶𝐼 not to change by 

temperature while ∆𝛼𝐹𝐶𝐴 is temperature dependence. In Eq 2.8, ∆𝑛𝐹𝐶𝐼 is 

considered to vary just by 15% between room temperature (RT) (300K) and 

melting temperature of Si (1600K). Therefore, FCI is negligible due to 

dependence on temperature. 

In the literature, the empirical parameters of ∆𝛼𝐹𝐶𝐴 and ∆𝑛𝐹𝐶𝐼 written as [69]:  

∆𝛼𝐹𝐶𝐴 = ∆𝛼ℎ + ∆𝛼𝑒 = 0.51 × 10−20𝜆2𝑇𝑁 + 1.01 × 10−20𝜆2𝑇𝑁 Eq 2.9 

∆𝑛𝐹𝐶𝐼 = −[8.8 × 10−22𝑁 + 8.510−18𝑁0.8] Eq2.10 

Where, T is the equilibrium temperature and 𝜆 is the wavelength of incident 

photon, display independent temprature for ∆𝑛𝐹𝐶𝐼. heating induced by FCA is 

written as 𝑄𝐹𝐶𝐴 = ∆𝛼𝐹𝐶𝐴𝐼. 

The total heat generation value is the collection of all the mechanisms explained 

here and it is indicated as 𝑄𝐹𝐶𝐴 = 𝑄𝑇𝑃𝐴 + 𝑄𝑟𝑒𝑐 + 𝑄𝐹𝐶𝐴. It should be noticed that 

carrier for creating subsurface modification in Si structures. 

2.1.3 Light propagation in silicon 

Light propagation and Interaction of counter-propagating beams in Si can be 

achieved with an approximation that determines Maxwell equations like as Finite 

Element Method (FEM) or Finite Difference Time Domain (FDTD). However, 

the nonlinear effect of coupled mechanism of heat and carrier generations in Si 

increments the complexity of these methods. Since, thickness of Si wafer is three 

orders of magnitude higher than the laser wavelength, FEM/FDTD methods be 

essential for computational power. So, the nonlinear paraxial equation (NPE) 

describes the crucial beam propagation and evolution in Si. The NPE equation is 

written as [70]: 

𝜕𝐴

𝜕𝑧
=

𝑖

2𝑘
∇𝑇

2 𝐴 +
𝑖𝑘𝐴

𝑛0
(∆𝑛𝑡𝑜𝑡𝑎𝑙 + 𝑖∆𝑘𝑡𝑜𝑡𝑎𝑙) 

Eq 2.11 
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In Eq 2.11, k is the wave vector, 𝑛0 is the ambient refractive index, A is the 

distribution of electeric field, ∆𝑛𝑡𝑜𝑡𝑎𝑙 represent total change in real parts of refractive 

index and ∆𝑘𝑡𝑜𝑡𝑎𝑙 is the total change in the imaginary parts of refractive index. 

∆𝑛𝑡𝑜𝑡𝑎𝑙 can be disintegrated into three different parts: 

∆𝑛𝑡𝑜𝑡𝑎𝑙 = ∆𝑛𝐾𝑒𝑟𝑟 + ∆𝑛𝐹𝐶𝐼 + ∆𝑛𝑇ℎ𝑒𝑟𝑚𝑎𝑙 Eq 2.12 

Where, ∆𝑛𝐾𝑒𝑟𝑟 symbolizes the variation of refractive index caused by the Kerr 

response of Si and written as ∆𝑛𝐾𝑒𝑟𝑟 = 𝑛2𝐼, where 𝑛2 is the Kerr coefficient. For Si 

at the wavelength of 1.5 µm can be write as 𝑛2 = 5 × 10−14 𝑐𝑚2 𝑊⁄  [71]. 

∆𝑛𝐹𝐶𝐼 define the variation of refractive index due to free carrier. ∆𝑛𝐹𝐶𝐼 can be 

considered as ∆𝑛𝐹𝐶𝐼 = −[8.8 × 10−22Ν + 8.5 × 10−18Ν0.8] from Eq2.10. 

∆𝑛𝑇ℎ𝑒𝑟𝑚𝑎𝑙 is the variation of refractive index based thermal effect. The correlation 

between the variation of reflactive index and the temperature change is written as 

[72,73]: Δ𝑛𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 1.86 × 10−4ΔΤ. 

The total variation of refractive index in the imaginary part can be disintegrated as 

follows: 

Δ𝑘𝑡𝑜𝑡𝑎𝑙 = Δ𝑘𝑇𝑃𝐴 + Δ𝑘𝐹𝐶𝐴 Eq 2.13 

 

Where, TPA loss lead to Δ𝑘𝑇𝑃𝐴. The variation of refractive index in the imaginary 

part can be shown as Δ𝑘𝑇𝑃𝐴 =
𝛼𝑇𝑃𝐴𝜆0

4𝜋
=

𝛽𝐼𝜆0

4𝜋
. For TPA in Si, the attenuation 

coefficient (𝑐𝑚−1) is 𝛼𝑇𝑃𝐴 = 𝛽𝐼.  

Δ𝑘𝐹𝐶𝐴 this term defines as the generated charge carriers increment absorption 

relative to free carrier absorption. The correlation between the free carrier densities 

and the absorption coefficient (𝑐𝑚−1) is calculated as Δ𝛼𝐹𝐶𝐴 = Δ𝛼ℎ + Δ𝛼𝑒 =

0.51 × 10−20𝜆2𝑇𝑁 + 1.01 × 10−20𝜆2𝑇𝑁. Notice that for high carrier densities, the 

same densities is valid for free electron and hole pairs. The variation of refractive 

index in the imaginary part given as: Δ𝑘𝐹𝐶𝐴 = 𝛼𝐹𝐶𝐴𝜆0 4𝜋⁄ .  
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2.1.4 Light propagation under nonlinear feedback conditions in silicon 

Two primary diffractive effects, which are Δ𝑛𝑡ℎ𝑒𝑟𝑚𝑎𝑙 leads to thermal lensing and 

Δ𝑛𝐹𝐶𝐼 leads to FCI diffraction, responsible for subsurface modification in Si. the 

effect of thermal lensing is not prominent for single pulse laser at the case of low 

intensities or weak focusing, FCI diffraction hinders self-focusing, and therefore no 

subsurface modification is occurred. Despite that, the contest between these two 

contradicting diffractive effects can be gain by thermal lensing when two counter-

propagating laser pulses nonlinearly couple including a self-focusing feedback 

condition. In the experiment, this process is originated when the incoming beam from 

inside the Si couples with reflected beam from the interfaces of Si-air. in that 

situation, even at low power, a single laser pulse self-focuses and subsurface 

modification is created. By every incoming laser pulse, the previously modified 

regions lead to partially shifted position and cause the process starts again on the 

next pulse propagation. Due to this, modifications elongate with every laser pulse, 

lead to create high aspect ratio features, like as moving-focus model in filamentation 

[74]. Here, we performed a model with a single laser pulse propagation to create 

subsurface modification under nonlinear feedback conditions. 

2.1.4.1 Implementation of single laser pulse model 

The method we implement to achieve free carrier distributions and temperature 

profile should be able to manage both nonlocal feedback and high optical 

nonlinearities. Hence, we prefer split step Fourier method, which is a conventional 

tool numerically clarify nonlinear differential equations [75]. Summarily, the method 

propagates linear and nonlinear parts independently, for each small step. For 

individual steps, the linear part is clarified precisely in the frequency domain, while 

nonlinear part is considered in the spatial domain [75]. The FCI leads to generate a 

nonuniform refractive index profile by excitation of free charge carrier due to the 

propagation of laser pulse in Si. In the same direction, intraband TPA and FCA 

absorptions lead to heating will change the refractive index of Si. These two 
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contradicting diffractive effects will frequently modify the propagation of laser 

beam, make the numerical implementation difficult. In the simulations part, the 

round trip time calibrated ≈ 10 𝑝𝑠 by consideration of thickness of the Si 500 µm. 

At the same time, we can deliberate the refractive index, temperature, and free carrier 

distribution quasi-stationary. The diagram of the pulse propagation is given in Figure 

2.2. 

 

Figure 2.2. For individually temporal slice, the intensity distribution (𝐼𝑒𝑛𝑣) is 

calculated by considering the free carrier distribution, temperature, and refractive 

index from the previous iteration [59]. 

As an input data from the previous iteration, for individual temporal slice, the 𝐼𝑒𝑛𝑣 

in Si is achieved by calculating the split step Fourier method, with consideration of 

free carrier density (N), temperature (T) with refractive index (𝑛𝑡𝑜𝑡𝑎𝑙 , 𝑘𝑡𝑜𝑡𝑎𝑙). In the 

first, the linear part of the field is propagated by half of the spatial resolution (∆𝑧 2⁄ ) 

and the nonlinear part is propagated for a length of ∆𝑧. For another (∆𝑧 2⁄ ) the 

calculation is finalized by propagating the linear part of the field. For individual 

temporal slice until the total time is equivalent to pulse duration this method is 

iterated. it must be noticed that by interaction of two counter propagating pulses, 

leads to form an interference pattern. At the same time, an interference pattern will 

form, with an oscillatory period of 𝜆𝑠𝑖 2⁄ = 225 𝑛𝑚. The length scale of these 
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oscillations is not much higher than both the spot size of incident beam and the 

diffusion lengths. For this reason, the intensity envelope (𝐼𝑒𝑛𝑣) in the simulation part 

used as: 

Ια|𝐸𝑓𝑜𝑟𝑤𝑎𝑟𝑑 + 𝐸𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑|
2

≤ (|𝐸𝑓𝑜𝑟𝑤𝑎𝑟𝑑 + 𝐸𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑|)
2

= 𝐼𝑒𝑛𝑣 Eq 2.14 

2.1.4.2 Outcomes of single laser pulse simulation 

In the experiment, we realized that subsurface modification did not occurs by 

sending weakly focused, low power beam. this effect observed with a second, 

counter-propagating beam, specifically a dressing beam. In an attempt to prove the 

creation of subsurface modification thank to the second beam (dressing beam), two 

alternatives were simulated. For the first alternative, for the first alternative, a single 

pulse is poorly focused inside Si, devoid of a dressing beam. In the second scenario, 

a counter-propagating dressing beam is combined to track the nonlinear coupling 

among the beams.  

Experimentally, we accomplished the second scenario by focusing the laser beam on 

the existence side of the surface, in order that 30% of incoming laser beam is 

reflected back from the air-Si interface, creating the counter propagating beam. Even 

if, the energy of incoming beam (dressing beam) (14 µj) has greater than the reflected 

beam (4.2 µj), its peak density is lower considering the beam is focused outside the 

sample and the diameter of the beam have bigger at the interaction region. 
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Figure 2.3 Simulations of single laser pulse propagation in Si. Intensity distribution 

for the undressed beam case (a). Intensity distribution of the dressed beam case (b). 

Intensity evolution on a location where modification occurs. The blue graph shows 

the dressed beam case, and the red graph for the undressed case. The double peak is 

caused by the thermal lensing delay, which becomes effective in a few ns after FCI. 

This implies that the two effects are in competition. (c). Thermal evolution in the 

area of modification. Temperatures approach the melting temperature of Si in the 

dressed beam case (blue graph), but are restricted to 800 K in the undressed beam 

case (red curve) (d) [59]. 

The simulation results show that increments of both temperature and beam intensity 

are restricted in the undressed beam scenario. FCI lead to diffracted beam in the first 

few nanoseconds Figure 2.3 (c). Thermal nonlinearity effect leads to start beam 

focusing after a few nanoseconds. The delay between mechanisms is predicted. The 

heating mechanism is because of intraband absorption which is resulted by two-

photon absorption causing to the generation of free carriers requirement. The double 

peak as a result of the delay in the thermal lensing, that is valid a few nanoseconds 

after FCI (see Figure 2.3 (c)). 

a) 

b) 

c) 

d) 
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In the second scenario Figure 2.3 (b), only by adding a counter-propagating dressing 

beam, the simulation condition varied. in this condition, after a particular delay 

because of nonlinear coupling between the laser beams, intensity attains the 

experimentally realized threshold rate, and temperature raises to the melting 

temperature of Si (T=1600 K). The reason for morphology variation in Si leads to a 

dramatic increment in the beam intensity with self-focusing [76]. However, in the 

undressed beam case red graph in Figure 2.3 (d), maximum temperature is restricted 

to 800 K. 

2.2 Explanation of the toy model  

In point of fact, three dimensions (3D) buried or in-chip functionalities produced 

with no damaging wafer surfaces have not been recognized to date and opens novel 

feasibility to enable applications in various fields. A promising direction to 

accomplish present restrictions in producing controllable structures in Si is to 

investigate the rich nonlinear effects of the interacting optical beams with intimations 

in various fields. For example, thermally coupled wave packets have been presented 

to follow nonlinear gravitational effects [70]. In a similar way, we take advantage of 

the nonlinear effects of thermally coupled beams to authorize the production of 

subsurface functional structures in Si.  

To analyze the creation of structure and elongation in Si, we developed a simple 

model named a toy model. The model captures the characteristics of the modification 

regions in Si, which are experimentally verified. the three primary claims of the toy 

model, including (i) feedback mechanism due to the counter-propagating beam leads 

to create structures (ii) nonlinear feedback leads to every laser pulse elongate into 

structures along the optical axis (iii) for high numbers of the laser pulse, before 

creating damage on the surface occurs, the elongation saturates. 

We pursue an approach identical to the mathematical induction method. we first 

begin by the implementation of a single pulse condition, latter with two pulse 

condition, and lastly, broaden to any pulse numbers. Nonlinear paraxial equation 
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(NPE) and heat equation control the propagation of the laser pulse, as described in 

specific in section (2.1.3). In summary, ∆𝑛𝑡𝑜𝑡𝑎𝑙 term in Eq 2.11 illustrates the 

feedback among two contradictory effects coming from thermal nonlinearity and 

variation of refractive index induces free carrier.  

Extra incoming pulses mobilize the second feedback: every pulse creates 

modification as locally; this modification cause shifts the focal point for the 

following pulse like a moving focus model of self-focusing. We consider the self-

induced lensing responses through pulse propagation which can be explained with 

two concatenated thin lenses, including 𝑓𝑡ℎ𝑒𝑟𝑚 and 𝑓𝐹𝐶𝐼 that respectively define a 

positive focal length and a negative focal length. After focusing the first laser pulse 

in Si and which causes the creation of the local modification volume, caused by 

various optical properties in this volume, the focal position of the other pulse is 

changed the position concerning the prior pulse. The focal translation is calculated 

from lens equation, written as 
1

𝑙2
=

1

𝑓𝑡
+

1

𝑙1
, where 𝑙2 represent the focal position of 

the second laser pulse, and 𝑙1indicate the focal position of the first laser pulse and 𝑓𝑡 

is the shift in the total length per pulse, shown as 𝑓𝑡 =
𝑓𝑡ℎ𝑒𝑟𝑚

1+𝜂
. Here, we present 𝜂 =

𝑓𝑡ℎ𝑒𝑟𝑚

𝑓𝐹𝐶𝐼
, which is competition measurement among the self-induced lenses. For 

thermal nonlinearity to accomplish FCI effects and start to create subsurface 

modification, we consider −1 < 𝑛 < 0, else 𝑛 < −1. By extending of 𝑛𝑡ℎ 

modification, 𝑙𝑛 can be achieved as 
1

𝑙𝑛
=

𝑛−1

𝑓𝑡
+

1

𝑙1
. In this condition, the total length 

of the subsurface modifications caused the total focal shift which is given as: 

𝛿𝑙𝑛 =
𝑙1

2(𝑛 − 1)

𝑓𝑡 + 𝑙1(𝑛 − 1)
 

Eq 2.15 

In Eq 2.15, 𝑓𝑡 is the merely unknown term to determine the total structure length. 𝑓𝑡 

is a function of positive focal length 𝑓𝑡ℎ𝑒𝑟𝑚 and negative focal length 𝑓𝐹𝐶𝐼. Because 

of these beams, carrier density and temperature profiles are needed to determine the 

self-induced variations of the refractive index in Si. After the first laser pulse 

propagation, the total change in carrier density, 𝛿𝑁𝑡𝑜𝑡, which is given as: 
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𝛿Ν𝑡𝑜𝑡 = 𝛿Ν1 + 𝛿Ν2 + 𝛿Ν3 Eq 2.16 

Where, 𝛿Ν1, 𝛿Ν2 and 𝛿Ν3 indicates forward beam propagation, backward beam 

propagation and their coupling due to generation of carrier densities, separately. In 

the condition of incoming beam is Gaussian, change in carrier densities are written 

as: 

𝛿𝑁𝑖(𝑧, 𝑟) ≈
𝛽Ι𝑖

2(𝑧)𝛿𝑡

2Ε
𝑒

−4𝑟2

𝑤𝑖
2(𝑧) 

Eq 2.17 

Where, Ε is the energy of photon, 𝛿𝑡 indicates pulse width, Ι defines the intesity, 𝛽 

shows two photon absorption coefficient, 𝑟 is the radial distance. Hence, induced 

charge carriers cause the total refractive index profile is written as: 

𝛿𝑛𝐹𝐶𝐼(𝑧, 𝑟) ≈ −Α𝛿Ν𝑡𝑜𝑡(𝑧, 𝑟) = − ∑
Α𝛽Ι𝑖

2(𝑧)𝛿𝑡

2Ε
𝑒

−4𝑟2

𝑤𝑖
2(𝑧)

3

𝑖=1

 

Eq 2.18 

Here, Α = 8.8 × 10−22𝑐𝑚3 keeps constant [77]. However, the equal spatial profile 

for intensity and total temperature is considered, the temperature varies caused by 

the laser pulse is written as: 

𝛿𝑇𝑖(𝑧, 𝑟) ≈
𝛽Ι𝑖

2(𝑧)𝛿𝑡

ρc
𝑒

−4𝑟2

𝑤𝑖
2(𝑧) 

Eq 2.19 

Where, c is specific heat capacity and ρ is density. Therefore, temperature variation 

leads to refractive index variation is: 

𝛿𝑛𝑡ℎ𝑒𝑟𝑚(𝑧, 𝑟) ≈ ∑
𝛽Ι𝑖

2(𝑧)𝛿𝑡

ρc

𝑑𝑛

𝑑𝑇
𝑒

−4𝑟2

𝑤𝑖
2(𝑧)

3

𝑖=1

 

Eq 2.20 

We refer to an approximation of paraxial ray, broaden the values throughout the 

optical axis and maintain the first two values for 𝛿𝑛𝐹𝐶𝐼(𝑧, 𝑟) in Eq 2.19 and 

𝛿𝑛𝑡ℎ𝑒𝑟𝑚(𝑧, 𝑟) in Eq 2.20, which supply 

𝛿𝑛𝐹𝐶𝐴(𝑧, 𝑟) ≈ − ∑ 𝑔𝑖(𝑧) (1 −
4𝑟2

𝑤𝑖(𝑧)2
)

3

𝑖=1

 

Eq 2.21 



 

22 

𝛿𝑛𝑡ℎ𝑒𝑟𝑚(𝑧, 𝑟) ≈ ∑ ℎ𝑖(𝑧) (1 −
4𝑟2

𝑤𝑖(𝑧)2
)

3

𝑖=1

 

Eq 2.22 

Where, 𝑔𝑖(𝑧) = Α
𝛽Ι𝑖

2(𝑧)𝛿𝑡

2Ε
 and ℎ𝑖(𝑧) =

𝛽Ι𝑖
2(𝑧)𝛿𝑡

ρc

𝑑𝑛

𝑑𝑇
 are 𝛿𝑛𝐹𝐶𝐼,𝑖(𝑧, 0) and 

𝛿𝑛𝑡ℎ𝑒𝑟𝑚,𝑖(𝑧, 0), separately. To make easier our model, we average these values over 

the propagation direction 𝑧, and the form of refractive index profiles get to be, 

𝛿𝑛̅(𝑟) = 𝛿𝑛̅0(1 −
4𝑟2

𝑤̅2
) 

Eq 2.23 

With 𝑛̅, 𝑤̅ illustrate average values upon the z-axis. 

We can present matrix optics formalism, which will perform to characterize the ray 

paths of the paraxial beam in a medium, where the refractive index depends on the 

r. The paraxial ray equation for this condition shown as: 

𝜕𝑛

𝜕𝑟
= 𝑛(𝑟)

𝑑2𝑟

𝑑𝑧2
 

Eq 2.24 

By implementing Eq 2.23 into Eq 2.24, we achieve the pulse propagation equation 

as follow: 

𝑑2𝑟

𝑑𝑧2
+ 𝑧0

2𝑟 = 0 
Eq 2.25 

Where 𝑧0
2 define as 𝑧0

2 =
8

𝑤̅2. This equation supplies the transmission matrix of the 

medium [78] 

𝑇 = [
cos (𝑧𝑧0)

1

𝑧0
𝑠𝑖𝑛(𝑧𝑧0)

−𝑧0𝑠𝑖𝑛(𝑧𝑧0) 𝑐𝑜𝑠(𝑧𝑧0)

] 

Eq 2.26 

It could be demonstrated [78,79] that the T matrix is equal to a lens with a focal 

length of 𝑓: 

𝑓 =
1

𝛿𝑛̅0𝑧0
 

Eq 2.27 

We consider the variation of the refractive index for forward and backward beams 

propagation is equivalent and demonstrate two coefficients, 𝛼 and 𝛾, which indicate 

the strength of coupling values in Eq 2.21 and Eq 2.22, as 𝑔̅3 = 𝛼𝑔̅1 = 𝛼𝑔̅2 and ℎ̅3 =
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𝛾ℎ̅1 = 𝛾ℎ̅2, where 𝛼 and 𝛾 are strength of coupling values. Hence, 𝑓𝑡ℎ𝑒𝑟𝑚 and 𝑓𝐹𝐶𝐼 

can be written as: 

𝑓𝐹𝐶𝐼 ≈ −
1

𝛿𝑛̅0,𝐹𝐶𝐼𝑧0(2 + 𝛼)
=

2Ε

Α𝛽Ι2𝛿𝑡𝑧0(2 + 𝛼)
 

Eq 2.28 

𝑓𝑡ℎ𝑒𝑟𝑚 ≈
1

𝛿𝑛̅0,𝑡ℎ𝑒𝑟𝑚𝑧0(2 + 𝛾)
=

2Ε

𝛽Ι2𝛿𝑡
𝑑𝑛
𝑑𝑇

(2 + 𝛾)
 

Eq 2.29 

The model proposes that the subsurface modification without feedback mechanism, 

which is impossible due to a counter-propagating beam (claim 1). To think of this, 

we get rid of the coupling beam value to zero, 𝛼 =  𝛾 = 0 and we implement in Eq 

2.28 and Eq 2.29, for instance, 𝜆 = 1.55 𝜇𝑚, 𝜛 = 30 𝜇𝑚, 𝛿𝑡 = 5 𝑛𝑠 and Ε = 10 𝜇𝑗. 

We determined variations of refractive index and the focal lengths like as 𝛿𝑛̅0,𝐹𝐶𝐼 =

−8.3 × 10−5 and 𝛿𝑛̅0,𝑡ℎ𝑒𝑟𝑚 = 1.4 × 10−6, 𝑓𝑡ℎ𝑒𝑟𝑚 = 7.4 × 106𝜇𝑚 and 𝑓𝐹𝐶𝐼 =

−2.5 × 105𝜇𝑚. From these outcomes, 𝜂 =
𝑓𝑡ℎ𝑒𝑟𝑚

𝑓𝐹𝐶𝐼
≈ −30 is identified, which cannot 

meet the structure creation case of −1 < 𝜂 < 0. 

This claim could be investigated experimentally by removing the back surface 

reflection, which is responsible for the counter-propagating beam. the back surface 

is deposited by an anti-reflection coating such that the focused beam does not back 

reflection into the Si sample (Figure 2.4 (a)). The laser is processed through the 

interface between double-side polished Si and the anti-reflected coated regions. As 

expected, the subsurface modifications did not create in the anti-reflected region 

because of the lack of feedback. Silicon nitride (SiNx) is deposited with a thickness 

of 200 nm as an anti-reflection coating. Therefore, it causes the focused beam can 

pass through the back surface of Si with no reflection (Figure 2.4 (b)). 
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Figure 2.4 The pulse propagation for the cases with and without counter propagating 

beam (a), Image of IR transmission microscope that shows the subsurface 

modification only in double-side polished region (b) [59]. 

The model also expects that modifications create and elongate, pulse to pulse, 

throughout the optical axis (claim 2), In addition, self-regulate with increasing the 

number of laser pulses, their elongation leads to saturate and stop before creating 

damage on the surface (claim 3). In this model, we implement nonzero 𝛼 and 𝛾 by 

considering −1 < 𝜂 < 0. The laser beam incident with the various number of the 

pulses to generate subsurface modifications and measured the structure lengths. The 

comparison as a function of the structure length between the experimental data and 

expected by the model is analyzed (Figure 2.5). To fit the data, we utilized 𝑓𝑡 =

26 𝑚𝑚 and consider for simpleness the same size of the pulse and intensity for both 

forward and backward beams. We can predict 𝛼 and 𝛾 from Eq 2.28 and Eq 2.29 

given as:  

𝛾 =
𝑓𝑡ℎ𝑒𝑟𝑚

0

𝑓𝑡
− 𝛼

𝑓𝑡ℎ𝑒𝑟𝑚
0

𝑓𝐹𝐶𝐼
0  

Eq 2.30 

Where, 𝑓𝑡ℎ𝑒𝑟𝑚
0  and 𝑓𝐹𝐶𝐼

0  are the thermal and induced focal lengths respectively by 

considering on of the beam is turned off with no feedback condition. 

b) a) 
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Figure 2.5 Experimental data (red circles) and toy model expectation (blue graph) 

[59]. 

By controlling of this level allows us leads to form subsurface structures with various 

aspect ratios, as seen in Figure 2.6. for example, we indicate different laser pulses 

such as 20 and 200, which make a formation of the long and short subsurface 

modification (Figure 2.6 (a)). The first pulse for each is self-focused in Si, and is 

signed with (orange) for 20 and (blue) for 200 pulses. As expected for the toy model, 

every pulse laser caused the structures to elongate throughout the optical axis. 

However, for the high number of laser pulses, the structures self-regulate and stop 

before approaching the surface of Si. 

 

Figure 2.6 Controlled structures formed by various number of laser pulses. Scanning 

Electron Microscope (SEM) images shows high aspect ratio of subsurface structures 

a) b) 
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are created with (orange) for 20 and (blue) for 200 pulses (a). The scale bar is 40𝜇𝑚. 

the comparison of structure length measurements from both SEM images with in-

situ measurements and IR transmission microscopy (b) [59]. 

The embedded features in Si are also diagnosed in-situ. The positions of subsurface 

structures and their aspect ratios are specified by infrared (IR) transmission 

microscopy. In (Figure 2.6 (b)), the comparison measurements from both IR 

microscopy and SEM methods shows a great agreement and represent that the 

analysis of the length measurements are very credible.  

2.3 Silicon etching  

Recently, high-aspect-ratio Si micro and nanostructures are of great interest for their 

potential applications in various fields scoping from photonics, MEMS, and 

renewable energy to biomedical sensing. There are several methods to create micro 

and nanostructures on Si. Conventional fabrication methods include wet chemical 

etching (isotropic or orientation-dependent) using both acids and bases to remove 

the Si atoms, and dry chemical etching (anisotropic) such as reactive ion etching 

(RIE), plasma etching, and ion etching. There have been several attempts to create 

new 3D Si structures such as micro channels, hole drilling, and related nanodevices. 

Accordingly, as an alternative “top-down (etching)” approach, metal assisted wet 

chemical Si etching (MACE) [80–83], is examined as a promising solution to 

produce high aspect ratio [84] micro and nanostructures with well-defined 

controllable shapes, sizes, diameter, length, and various 3D complexity. There is an 

increasing interest in 3D structures with maskless and non-lithography which enable 

the fabrication of subsurface features with simple process, high throughput at room 

temperature and low cost. One of the primary goals of this study is to fabricate 

subsurface (buried) 3D structures using MACE. A dedicated and repeatable MACE 

process is required to remove the laser-modified subsurface regions selectively. The 

etching solution must perfectly have selective reactive behavior to defects, laser 

modified part, and perform at room temperature while keeping stable over long 

times. Additionally, in this approach it is possible to control the depth of the 
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structures which is crucial for photonic application [85], metamaterials [86,87], 

micro-pillars [88], micro-holes [89,90], or microfluidics [91] applications, by 

tailoring the etching parameters such as chemicals concentration, etching time, etc. 

[92–94], which are hardly obtainable by any other fabrication processes. This section 

will explain the mechanism of MACE. 

2.3.1 Metal assisted chemical etching 

For Si-based micro and nanofabrication technology, the etching of Si during 

processing is essential in order to produce micro- and nano- structures productively. 

MACE is a disruptive technology that is, on the basis, a wet chemical method. 

However, it can create adjustable aspect ratios, etch rate, selectivity with minimum 

(defect-free) damage on Si surface. Besides, Si surface texturing is a necessary step 

to reach low surface reflectance from Si which is important to attain efficient c-Si 

solar cells. Commonly, the surface texturing structures on a Si solar cells are 

primarily upright pyramid arrays produced by the one-step alkaline etching (KOH) 

technique by anisotropic etching of the mono c-Si surface [95]. For texturing of 

multi-crystalline Si (mc-Si) wafers with different crystallographic orientations 

between the grains, anisotropic alkaline etching is not applicable. Instead, a MACE 

process has been generally used to fabricate both c-Si and mc-Si solar cells [96]. 

However, to improve absorption, ARC, and light trapping in photoelectric 

conversion efficiency, new structures such as b-Si, inverted pyramid, and porous Si 

(PSi) surface have become a very promising direction of the conventional c-Si solar 

cell applications. According to this, Si solar cell fabrication is shifting from 

microtextured to nanostructures which lead to modified surfaces with intensely high 

light absorption and low reflectivity [97]. The nano structuring is produced by 

various techniques using top-down or bottom-up approaches such as lithography 

[98], laser-chemical [99], electrochemical [100], reactive ion etching (RIE) 

[101],vapor–liquid–solid growth method (VLS), or vapor deposition [102]. By 

achieving these techniques, the complexity and corresponding additional costs 

inhibit the implementation of nanostructures in mass production or less competitive 



 

28 

against wet chemical micro- or nano- structuring technology. Among these methods, 

the MACE [103,104] has been favored in the formation of different Si nanostructures 

because of simplicity, low energy consumption, potential in large-area fabrication, 

and controllable features such as shapes and sizes. Metal-assisted catalytic etching 

process does not require expensive and complicated lithographic process, since it is 

carried out in chemical solution by simply controlling etching time and concentration 

of etchant at room temperature. The MACE can be classified as a two-step [83] or 

one-step process [105]. In a conventional two-step MACE process, a noble metal 

catalyst like Au, Pt, Pd or Ag [82] is deposited on the Si substrate as either a thin 

layer or nanoparticles that locally increment dissolution of Si in the mixture of 

hydrofluoric acid (HF) and an oxidative agent in the aqueous etching solution. The 

Si beneath the metal is etched much faster than that without metal coverage. As a 

result, the metal immerses into the Si surface, leads to the creation of wires and pores. 

To reduce the fabrication process of nanostructures, one-step MACE process based 

on two-step MACE was enhanced. In the one-step MACE process, a chemical 

etching solution containing HF and metal salts. And consequently, the metal 

nanoparticles (NPs) formed on the Si surface accelerates the oxidation rate of Si 

beneath them. The oxidized Si is etched by HF into the solution of H2SiF6, which 

leads to creating pits on the Si surface. 

Among metal-based etching processes, the Cu metal-assisted etch catalyst has 

several benefits over Au or Ag. Cu metal, in contrast to Au and Ag, is used 

extensively in commercial Si microfabrication equipment. Even though there is no 

proof that recombination because of the residual impurities leads to loss in solar cell 

efficiency, different experimental studies propose that Cu metal impurities in Si are 

usually less damaging to the efficiency of solar cells than that of Au [106] and Ag 

[107]. Putnam et al. represented that VLS grown Si nanowires implying Au catalysts 

have a shorter minority carrier diffusion length with four micrometers than those 

produced using a Cu catalyst with ten micrometers [106]. Besides, Kuzma-Filipek et 

al. indicated that epitaxial Si solar cells by Cu electroplating as front metal contacts 

profit from lower dark current density than cells with Ag screen-printed metal 
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contacts [107]. Finally, to decrease the cost, copper was used instead of the expensive 

noble metals as the metal catalyst [108]. 

The facile one-step copper assisted chemical etching (Cu-ACE) process can be 

applied to produce a micron size random inverted pyramids [109] on c-Si because of 

its impressively anisotropic etching characteristic on large scale. The inverted 

pyramid structure achieved major light-absorbing and low surface area capability 

that produced by using maskless Cu-nanoparticle assisted etching [109]. Besides 

that, different nanostructures have also been developed through the Cu-ACE process, 

involving nanowire [82], nanopore [110–113], and crater [111,113] structures 

illustrating that the cheaper Cu can be used as a substitute for the expensive Au or 

Ag in the MACE process for the texturing of mc-Si wafers. Accordingly, the Cu-

ACE process can be applied as a universal surface texturing technique for all types 

of Si to produce structures with micro or nano sizes. More particularly, the Cu-ACE 

method has demonstrated many prominent advantages in texturing, having perfect 

cell performances, lower costs and variant facilities for mass production of both c-Si 

and mc-Si solar cells.  

In this thesis, Cu-ACE will be applied to a new developing Si micro-processing 

technology which depends on direct laser modification of Si subsurface to produce 

3D microstructures with potential functionalities in numerous fields of applications. 

Even though surface laser processing is a well-established technique to produce 

desired features on Si surface like laser-induced periodic surface structuring (LIPSS) 

which is utilized to achieve light trapping interfaces for solar cells [45,114–116] or 

fabrication black-Si [101], subsurface laser processing within the bulk of Si wafer 

[34] is still at its early stages where there is much to be explored.  

Additionally, the Si subsurface structures have created by nanosecond fiber laser 

[33,88,117] for laser-induced silicon thin film slicing (LASIS) solar cell and 

subsurface 3D structure applications. For the first time, copper(II) nitrate - Cu(NO3)2 

based etchant solution was presented to catalyze the Si etching for the selective 

removal of the laser-modified regions. Cu is commonly used as a material for 

conductors in microelectronics devices because of its high electrical conductivity 
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and its lower cost than Ag. A Cu-assisted chemical etching process is described as a 

more economical route to produce a surface and buried (subsurface) nanostructures. 

2.3.2 Mechanism of metal assisted chemical etching on laser modified 

region 

We describe a mechanism of the one-step copper(II) nitrate - Cu(NO3)2 based etchant 

method using HNO3 as a reducing agent in the mixture of HF, HNO3, CH3COOH, 

and H2O with Cu(NO3)2.3H2O in the solution. The MACE mechanism including two 

reactions: first oxidation reaction of the semiconductor and secondly dissolution of 

the oxidized semiconductor. MACE is an electrochemical reaction with the metal 

part representing a cathode and the metal/semiconductor interface representing the 

anode. The process steps: 1) the existence of oxidant in the etching solution becomes 

diminished locally on the surface of the catalyst, where the metal acting leads to a 

decrease in the activation energy resulting in the reduction of the oxidant (gain of 

electrons), 2) the oxidant reduction by metal catalytically generates a hole in the 

metal and leads to the injection of holes into Si., 3) Si is oxidized by holes injection 

and etched by HF into soluble compound (H2SiF6) at the metal/Si interface. This 

results in the Si beneath the metal catalyst, until desired depth to be etched over time. 

Therefore, MACE processing results in the formation of higher aspect ratios and 

various surface and subsurface structuring. 

Subsurface laser modified Si regions are intended to be selectively etched by 

Cu(NO3)2-based wet-chemical etching solution. The solution is a mixture of 

Cu(NO3)2, HNO3, HF, CH3COOH, and DI water. Copper(II) nitrate is used as a 

catalytic metal salt for developing selective MACE-based processing. The etching 

mechanism and expected reactions are as follows [82,118]: 

Cathode reaction:  

𝐶𝑢2+ + 2𝑒𝑉𝐵
− → 𝐶𝑢0(𝑠) E0 = +0.34 V/NHE Eq 2.31 

𝐻𝑁𝑂3 + 3𝐻+ → 𝑁𝑂 + 2𝐻2𝑂 + 3ℎ+ E0 = +0.96 V/NHE Eq 2.32 
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Anode reaction:  

𝑆𝑖 + 4𝐻𝐹2
− → 𝑆𝑖𝐹6

2− + 2𝐻𝐹 + 𝐻2 + 2𝑒−  E0 = -1.20 V/NHE Eq 2.33 

𝑆𝑖 + 2𝐻2𝑂 →  𝑆𝑖𝑂2 + 4𝐻+ + 4𝑒−  E0 = -0.84 V/NHE Eq 2.34 

𝑆𝑖𝑂2 + 6𝐻𝐹 →  𝐻2𝑆𝑖𝐹6 + 2𝐻2𝑂 E0 = +0.33V/NHE Eq 2.35 

The selective property can be described by regarding the anodic reaction at the 

boundaries among c-Si and the modified regions. These modified regions are 

supposed to have electronically active defects and various dopant concentrations 

compared to c-Si, fabrication variations in the Cu2+ ion concentration. The difference 

in the etch rate among the metal interface and c-Si can be referred to this unequal 

profile of Cu2+ ions, which have a high electronegativity in contrast to Si (for Cu and 

Si is 1.9 eV and 1.8 eV, respectively) [119,120] allowing Cu+2 ions to obtain 

electrons from Si atoms. This effect causes the selective chemical etching behavior 

at the laser-modified sites. Eq 2.31 is the reduction of Cu ions at the surface of the 

cathode. In the mechanism, Si injects electron to adsorbed Cu. Eq 2.32 is the 

reduction of HNO3 at the surface of the cathode which is faster at the presence of Cu 

nanoparticles. When HNO3 is added to the solution, hole generation rate drastically 

increases and becomes higher than the hole consumption during the etching process. 

The Cu ions are reduced to solid Cu by attracting minority negative charge carriers 

available from Si in Eq 2.31 and Eq 2.32 are used either in the direct dissolution 

reaction of Si at anode (Eq 2.33) or in oxidation (Eq 2.34) followed by etching (Eq 

2.35) of the formed ultra-thin SiO2 on Si surface by HF [94,121]. After the etching 

process, Cu residuals on the surface are removed by HNO3 treatment followed by 

SC2 cleaning [122]. Both Cu2+ and HNO3 act as oxidants while Si serves as the 

reductant in abovementioned redox system. Although Si etching rate in HNO3/HF 

solution is low in the absence of metallic Cu ions, etching is accelerated by adding 

few moles of Cu(NO3)2 as source of Cu ions. In this way, Si is oxidized to SiO2 and 

etched by HF. In addition, HNO3 oxidizes the Si surface forming SiO2 which is 

etched by the presence of HF. In the solution, CH3COOH acts as a diluent and 

reduces the overall reactant concentration. 
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CHAPTER 3  

3 SELECTIVE CHEMICAL ETCHING 

A new emerging Si micro-processing technology relies on direct laser modification 

of Si subsurface allowing for fabrication of 3D microstructures with potential 

functionalities in a vast range of applications. Although surface laser processing is a 

well-established technique to create desired features on Si surface such as laser 

induced periodic surface structuring (LIPSS) which is used to create light trapping 

interfaces for solar cells [45,115,116,123,124] or fabrication black-Si [125,126], 

subsurface laser processing within the bulk of Si wafer [29] is still at its early stages 

where there is much to be explored. In subsurface laser processing of Si ultra-short 

near to mid-infrared laser pulses are focused into the bulk of the wafer. The 

interaction of the intense localized laser radiation with Si induces non-linear effects 

such as multi-photon absorption, self-focusing, and plasma generation inside the 

focal volume [127–129]. The subsurface laser processing provides precise local 

modifications at the targeted sites regardless of Si crystallinity or orientation 

[13,130]. In this technique, the optimization of the laser parameters (i.e., laser 

wavelength, pulse duration, and pulse energy) enables precise control over the laser-

Si interaction. The formation of subsurface structures using a nanosecond or 

femtosecond pulsed laser beam is a new approach for high-quality micro and 

nanofabrication applications. This method creates modification at localized regions 

with minor damage on the c-Si surface [19,131]. It is of great essence that such a 

special etchant is developed to selectively remove laser modified Si out of c-Si wafer 

in order to sculpt functional 3D structures. Similar to surface laser processing, a 

subsequent chemical etch is essential to reveal the subsurface structures without 

altering non-laser processed Si regions to meet the requirements of the 

aforementioned wide applications. Hence, the development of a tailored etchant with 

the desired properties including the selectivity (ratio of the removal rate of laser 
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processed and pristine regions) and etch rate, are highly favorable. Thus far, typical 

defect etchant recipes comprise chromium (Cr)-based chemical solutions or nitric 

acid (HNO3) which both serve as the oxidizing agent of Si surface. The latter is called 

the HNA comprising Hydrofluoric acid (HF), Nitric acid (HNO3), and Acetic acid 

(CH3COOH). While HNA based etching recipes are Si-crystallographic orientation 

and dopant type independent, they require highly doped Si to initiate the etching. 

Another HNO3-based etching solution is the Dash etch (1956) [132], which is also 

crystallographic orientation and dopant type independent. However, it requires high-

temperature processing and a longer etch duration ranging between 4-16 hours to 

effectively reveal the defects on Si surface. Other etchants with Cr-based oxidizing 

agents are named after their inventors- as Sirtl, Seiter, Wright, and Secco. The Sirtl 

etch (1961) [133] makes use of chromium trioxide (CrO3) to delineate defects and 

dislocations in Si. In this chemical combination, CrO3 replaces HNO3 as a strongly 

oxidizing agent of the Si surface. However, it works well only for <111> oriented 

surfaces, while the Seiter etch (1977) [134] works well on <100> surfaces. In 

comparison, the Wright etch (1977) [135] is applicable to both <100> and <111> 

crystallographic planes and is applicable to both n- and p-doped c-Si. Wright etching 

solution includes HF + CrO3 + H2O + HNO3 + Cu(NO)3+ CH3COOH. In this 

chemical solution, the oxidizing agents (the CrO3 and HNO3) oxidize the Si surface 

and HF dissolves the formed SiO2, while adding a small amount of Cu(NO3)2, in 

particular, assists in reducing the resultant point defects. Therefore, the amount of 

Cu(NO3)2 in the mixture of the solution greatly influences the localized differential 

oxidation at the defect sites. The usage of CH3COOH in the solution affects the 

etched Si surface, resulting in a smoother surface morphology. It has been 

demonstrated that CH3COOH addition prevents the formation of bubbles during the 

etching process due to the wetting action. Finally, the Secco etch (1972) [136,137] 

consists of potassium dichromate (K2Cr2O7), and its typical defect etching time is ~2 

minutes. If the etching time exceeds 3 minutes, large fraction of Si will be removed 

due to over-etching. It etches defects on all crystallographic orientations of surfaces 

resulting in superior surface quality at high etch rates. A highly selective etching 

solution of Si defects in professional electronics industry is the MEMC etching 
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(Monsanto Electronic Materials Company - 1987) [138] which is a copper nitrate – 

Cu(NO3)2-based etchant and is applicable to both p- and n-doped Si. MEMC etching 

solution has a long lifetime during room-temperature processes which generates 

clear pits on <111> and <100> oriented surfaces. This solution has a planar etch rate 

which is identical for all crystallographic directions while the etching uniformity is 

like that of Sirtl, yet it is Cr-free. It is essentially used in destructive characterization 

of Si wafer quality in industrial applications. 

In MEMC etch, the HNO3 oxidizing agent oxidizes the Si surface and HF dissolves 

the formed SiO2, while adding a Cu(NO3)2, in particular, assists in reducing the 

resultant point defects. Therefore, the amount of Cu(NO3)2 in the mixture of the 

solution greatly influences the localized differential oxidation at the defect sites. The 

usage of CH3COOH in the solution affects the etched Si surface, resulting in a 

smoother surface morphology. 

Among the various etch solutions used for Si etching, we adopted the MEMC etch 

to develop a special etchant for selective removal of laser modified Si. Furthermore, 

this solution is highly defect-sensitive and thus, sensitively “selective” to laser 

modified Si regions. The solution is crystal orientation and dopant type dependent. 

It takes reasonably short etch durations and it has a long lifetime without requiring 

refreshment of chemical concentration (spiking) into solution bath or heating the 

solution. It is also important that this approach is non-toxic, eco-friendly, and Cr-

free in contrast to other Cr-based counterparts (Sirtl and Seiter) which their reaction 

byproducts are toxic and have carcinogenic side effects as indicated by the U.S. 

National Institute for Occupational Safety and Health (NIOSH) [139], hence their 

utilization is heavily restricted by law. 

This chapter discusses the development of a highly specialized chemical solution for 

high etch rate selective etching of laser-modified surface and subsurface Si regions. 

The etch recipe is optimized for reasonable etch rate and smooth Si facets. Along 

with surface quality, sensitivity, reliability, and selectivity were all critical 

parameters in the development of our etch solution. 
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3.1 Fabrication steps 

In this study, the samples were prepared from double side polished and single-

crystalline p-type Si wafers with the orientation of <100>. For the laser processing, 

two different sets of samples were prepared as follows: for subsurface modifications, 

the laser was targeted deep inside the Si with a thickness of 525 μm and the resistivity 

of 1-5 Ω.cm. For surface modifications, the laser beam was mounted to start the 

process from the deep inside towards the Si top surface. In the latter, the samples 

with a thickness of 1000 um and resistivity of 1-10 Ω.cm were used. These two sets 

were aimed to demonstrate an etching profile for both Cross-sectional Accessible 

Laser Processed (CALP) and Surface Accessible Laser Processed (SALP) with the 

desired depth. 

At the first step, a 1550 nm nanosecond fiber laser was used to perform SALP and 

CALP modifications in Si. Then, the laser processed Si samples were treated with 

various etch recipes with varying components adopted from MEMC to extract the 

best performing composition combination. Figure 3.1 demonstrates our nanosecond 

laser setup. 

 

Figure 3.1 Schematic of the experimental set-up (a), Photographs of the set-up 

(b,c). 
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3.1.1 Laser-Induced silicon modifications 

The laser system used for 3D subsurface processing was an in-house built 

nanosecond fiber laser, producing up to 5 W of average power at 1550 nm. The 

repetition rate of the laser was adjustable in the range between 100 kHz to 1 MHz, 

limited by the generation of amplified spontaneous emission (ASE) at low repetition 

rate. For subsurface modifications, the repetition rate of the laser was 100 kHz, 

corresponding to the maximum pulse energy of 50 μJ, and a pulse duration of ~5 ns, 

however, for surface modifications, much less pulse energy was enough to create the 

subsurface processed zones. At the given pulse duration and the repetition rate of the 

laser, we observed stable subsurface modification at pulse energies starting from 

~2.5 μJ. The laser beam was focused inside of the samples by an aspheric lens (NA 

= 0.3, f = 8mm). Although we did not observe any effect of polarization direction on 

the properties of the processed region, the polarization was vertical. The samples 

with typical dimensions of 10 mm×10 mm were mounted on a 3D motorized 

translation stage allowing controllable scanning in all directions with sub-micron 

resolution. Two different types of the samples were prepared for chemical etching 

processes. For the first type, the laser was focused into the sample from the cross-

sectional direction and the sample was raster scanned in x-y direction as shown in 

Figure 3.2 (a). Such scanning geometry forms one (or several) laser modified planes 

inside of the sample parallel to the top surface. The laser-modified thickness of each 

plane is ~ 4 μm as confirmed from the IR camera images (more details in ref. [34]). 

Several planes were created on top of each other forming laser processed zone with 

a thickness of ~ 30 μm as shown in Figure 3.2 (b). For this type of samples, the laser 

modified zone is accessible for the etchant solutions from cross-sectional surface at 

three sides with the opening of 30 μm height is presented in Appendix A. We will 

call this type of the samples as Cross-sectional Accessible Laser Processed (CALP) 

samples. For the second type of the samples, the laser beam was focused inside of 

the sample from the top surface and raster scanned in x-y direction as shown in 

Figure 3.2 (c). The cross-sectional thickness of one plane in z direction is ~ 80 μm. 

After creation of each plane, the sample was shifted 20 μm down in z-direction 



 

38 

(corresponding to ~ 60 μm beam shift- up of the focal point inside of the sample due 

to refractive index of Si), and the next modified plane was formed with ~ 20 μm 

overlap with the previous layer. We repeated these steps until the last laser modified 

plane was created on the top surface of the sample to have total depth of ~ 450 μm, 

forming the laser modified zone as shown in Figure 3.2 (d). For this type of the 

samples, the laser modified zone is accessible for the etchant from top surface (10 

mm × 10 mm area). We will call this type of samples as Surface Accessible Laser 

Processed (SALP) samples. 

a 

 

b 

 

c 

 

d 

 

Figure 3.2 (a, c) – Demonstration of laser beam scanning direction inside of the c-Si 

for CALP sample (a), and for SALP sample (c); (b, d) – Schematic representation of 

the laser processed zones for CALP sample (b), and for SALP sample (d) (see more 

explanations in text). 

3.1.2 Comparison of different Chemical etchant composition 

In the first attempts, the effects of different etching solution compositions were 

investigated to find the most suitable solution for the subsurface laser modified 

region which can provide high selectivity at reasonable etch rate of modified regions. 

Table 3.1 shows the chemical composition of the considered etching solutions. The 

solution with potassium hydroxide (KOH); as one of the traditional chemicals to etch 
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Si, was heated to 80 °C prior the etching to activate the reaction. All other etching 

processes were performed at room temperature. 

Table 3.1 Chemical composition of the different etching solutions. The KOH-

assisted etching was done at 80°C while other treatments were performed at room 

temperature. The duration of etching was varied based on the etch speed of the 

corresponding etching solution. 

Solution 

HF HNO3 
CH3COOH Cu(NO3)2 AgNO3 KOH Duration 

(39%) (65%) 

ml ml ml g g 
w/vol

% 
min 

1 - - - - - 30 10 

2 9 68.2 22.8 - - - 120 

3 40 20 - - 11 - 10 

4 36 25 18 1 - - 150 

5 65 35 - 2 - - 3 

 

For these experiments, subsurface laser modifications with parallel lines were 

applied on the Si wafers to identify the effects each etchant on distinct modified 

regions. The SEM images of etched part of samples are given in Figure 3.3. As it can 

be seen, the KOH solution (Figure 3.3 (a)) was not effective enough to selectively 

open the laser modified regions. In addition, the high etch rate difference of KOH 

solution on the different Si planes leads to the formation of undesired pyramid 

textures on the surface. On the other hand, the HF:HNO3:CH3COOH solution 

(Figure 3.3 (b)) was successful to reveal and open the laser modified region, 

however, the etch rate is found to be too low. Solution 3 with HF:HNO3:AgNO3 

(Figure 3.3 (c)) is found to be moderately selective, the etch rate of laser modified 

regions is modest, and it left many residual particles on the surface. The initial 

composition of HF:HNO3:CH3COOH:Cu(NO3)2 solution (Figure 3.3 (d)) provided 

the required etch rate with better selectivity yet the obtained Si surface morphology 

features several holes which needs to be improved. The HF:HNO3:Cu(NO3)2 

solution (Figure 3.3 (e)) without acetic acid was too fast which etched large portion 

of sample in a very short time. In addition, it was not favorable since it could not 

provide the required selectivity and led to deteriorated surface morphology. SEM 
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images of comparison of different Chemical etchant composition are shown in 

Figure 3.3. 

a 

 

b 

 

 30% KOH  HF(9%):HNO3(68.2%):CH3COOH(22.8%) 

c 

 

d 

 

 HF(40%):HNO3(20%):AgNO3(11g)  HF(36%):HNO3(25%):CH3COOH(18%): 

Cu(NO3)2(1g) 

e 

 

  

 HF(65%):HNO3(35%):Cu(NO3)2(2g)   

Figure 3.3 SEM images of different etching treatments on the subsurface laser-

modified regions. Subfigures (a) to (e) corresponds to solution 1 to 5 in the Table 3.1 

respectively. 
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3.1.3 Silicon sample structures 

The effects of different etch solution mixtures are investigated on both CALP and 

SALP samples. Our motivation is studying selective etching of Si in CALP 

configuration since it represents a universal scenario in 3D laser structuring of Si. 

This process does not necessarily create large laser processed surface areas in which 

the etchant can easily attack. It is especially important to check the feasibility of 

fabrication of 3D structures embedded inside the Si while heat transfer and diffusion 

constraints associated with narrow surface openings are present. As a complimentary 

configuration, we introduced SALP structuring in order to create features from the 

surface up to desire depth inside Si applications.  

For the CALP structuring, the samples were diced into the smaller individual 

samples with area of 7.3 mm × 2.34 mm after laser modification. The dicing exposes 

three surfaces of the laser modified region (one 2.34 mm × 0.03 mm and two 6.55 

mm × 0.03 mm) to the etchant solution (see Figure 3.2 (b) and Appendix B Fig. 2). 

For the SALP structuring, samples were diced with dimensions of 10 mm × 10 mm. 

The laser modified region (2 mm × 2 mm) is exposed to the etchant from one side; 

vertically from the top surface (see Figure 3.2 (d)). Also, a set of unprocessed Si 

wafers were diced with identical size (reference samples). Prior to chemical 

treatments, all samples were subjected to standard cleaning 1 and 2 (SC 1, SC 2) 

which are used to remove organic contaminants as well as metal and ionic 

contaminants from the surface of the samples respectively [122].  

3.2 Etch rate and selectivity redefined  

The well-accepted definitions of etch rate and selectivity in semiconductor micro-

processing are univocally valid for surface etch in 2D in literature. As laser 

processing of crystalline semiconductors is an emerging technique, there appears to 

be a need for redefinition of both etch rate and selectivity since the etch takes place 

subsurface in 3D where etch thickness/time is not an applicable measure. So, we 
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have redefined these parameters by using a 3D approach which necessitates using 

correction factors for the geometry. 

In order to calculate the mass reduction due to the etching of the laser modified 

regions in each chemical mixture [which is referred to as a Set], a pair of laser 

processed and unprocessed c-Si samples were placed in the same solution as depicted 

in Figure 3.4. The mass reduction of the laser processed sample consists of two parts: 

the mass reduction of the laser-modified region and the mass reduction of the 

remaining (unprocessed) region of the same sample. We estimated the mass 

reduction of the unprocessed region of the laser modified sample by measuring the 

mass reduction of the unprocessed sample. Then, by incorporating proper correction 

factors, we modeled and calculated the mass reduction of the laser modified region 

(will be detailed in Result and Discussion section). In static etching procedure, there 

are various unmeasurable parameters involved in the abovementioned calculations. 

Those parameters include diffusion restriction for the mass and heat transports. 

Hence, proper estimation of the corresponding correction factors is essential (see 

Correction Factors Calculation & Etch Pit Radius Distribution Analysis). The SEM 

images taken from samples at the end of each etching process are used to track and 

determine the smoothness of the surface morphology by analyzing etch pit size 

distribution. 

  

Figure 3.4 Illustration of SALP sample in the chemical bath (a). Illustration of and 

CALP sample in the chemical bath. In both cases, an unprocessed Si was added (b). 

As mentioned in the Introduction, MEMC solution is already used in the electronics 

industry for defect density determination of Si wafers. However, the MEMC solution 

offers a high etch rate at the expense of high selectivity and smooth surface 

morphology. In order to lend MEMC the preferred qualities in selectivity and surface 

a b 
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morphology, we made a systematic analysis of the function of redox mechanism 

[82,140] on etching chemistry. In order to investigate the effects of the nitric acid 

(HNO3) as an oxidant, copper (II) nitrate hydrate salt (Cu(NO3)2.3H2O) as a catalyst 

[120,138], and hydrofluoric acid (HF) as a oxide dissolvent on selectivity, etch rate, 

and surface morphology, the concentration of each component was varied in a 

systematic fashion. A total of 12 different sets of solutions were considered. The 

concentrations of the components are separated into three subgroups which are 

highlighted in Table 3.2. Within each subgroup, only one component of the mixture 

is varied. The amount of DI water is also varied to keep the solution volume fixed to 

100 ml. 

In order to calculate the etch rates, mass reductions of the laser processed sample 

and the unprocessed sample were measured by weighting the samples after etching 

in each solution for 60 minutes with 10-minute intervals for CALP and 5-minute 

intervals for SALP. We specifically probed the interval between 10 to 60 minutes of 

etch durations since industrial applications favor short etch durations while too short 

durations may not be sufficient to fully etch modified regions. Based on the obtained 

etch rates, we calculate the selectivity (the ratio of etch rates for the laser modified 

and unprocessed regions) of each solution set, and hence, assess the effects of each 

component to determine the corresponding properties of the solution. 
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Table 3.2 Chemical composition of solutions by variation of Cu(NO3)2 

concentration, HF concentration, and HNO3 concentration. The amount of H2O is 

adjusted to obtain 100 ml of solution (which corresponds to 100%). 

 Cu(NO3)2 HF HNO3 CH3COOH H2O 

 (g) 
(ml) or 

(vol%) 

(ml) or 

(vol%) 

(ml) or 

(vol%) 

(ml) or 

(vol%) 

Cu(NO3)2 

Comparison 

0.75 

14 16.25 18 51.75 
1.25 

1 

2 

HF 

Comparison 
1 

7 

16.25 18 
Remaining 

to 100 % 

10 

12 

14 

16 

18 

HNO3 

Comparison 
1 14 

9.75 

18 
Remaining 

to 100 % 

13 

16.25 

19.5 

22.75 

 

Correction factors calculation & etch pit radius distribution analysis 

To calculate the etch rate and selectivity in terms of reduced mass of the samples, 

the mass of laser processed silicon and the etched part of it must be determined. 

Thus, to find the mass change of the unmodified region, another unprocessed sample 

was used. The subtraction of the mass changes of the laser processed sample and the 

unprocessed sample is related to the laser modified region. After each chemical 

process, the mass change of the unprocessed and processed samples was measured. 
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The difference between the measured masses gives the etched mass of the laser 

modified region, which needs to be corrected due to the complicated behavior of the 

etching process, coming from diffusion peculiarities of the mass and heat transports. 

Therefore, the mismatch of the initial masses before the chemical etching of 

unprocessed and laser processed samples, the volume etched inside the laser 

modified region (see explanation below), and different in the opening areas of 

crystalline region and laser modified region of the processed sample being subjected 

to etchant needs to be modeled accordingly. To calculate laser modified mass 

properly in CALP structures, we hypothesis three correction factors, namely, 

Correction Factor of Initial Mass (CFIM), Correction Factor of Etch Opening 

(CFEO), and Correction Factor of Attacked Area (CFAA). 

We tend to match the shape and size of laser processed and unprocessed samples. 

Thus, we used the following CFIM to compensate the small discrepancies in the 

masses of the processed and unprocessed samples, defined as: 

𝐶𝐹𝐼𝑀 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑈𝑛𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐿𝑎𝑠𝑒𝑟 𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒
 Eq 3.1 

Next, CFEO was determined by analyzing the opening of the etched part from the 

SEM images (a representative opening for the champion etchant with composition 

of HF:HNO3:CH3COOH:H2O – 56:65:72:207 with 0.01 g/ml Cu(NO3)2.3H2O is 

shown in Figure 3.5).  

Figure 3.5 Cross-sectional SEM image after 60 min etching showing the opening 

and etch pits resulted from the etching process for the champion etchant. 
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This correction factor is essential for the samples where the openings after chemical 

etching are larger than the laser modified initial thickness (30 µm). In this case, all 

laser-modified regions are etched until a certain depth, exposing some parts of 

unprocessed regions above and below the laser modified region to the etchant. We 

assume that the etching of unprocessed regions is relatively proportional to the 

etching of unprocessed sample which experience exactly the same solution. On the 

other hand, for the samples with openings being less than the laser modified 

thickness, this correction factor is not used. To simplify the analysis, we assume that 

the geometrical factor is linear. The formulation of CFEO is given in Eq 3.2.  

𝐶𝐹𝐸𝑂 =
𝐶𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑂𝑝𝑒𝑛𝑖𝑛𝑔 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 −  30 µ𝑚

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑈𝑛𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒
 Eq 3.2 

In the following, the details of calculations of “Corresponding Opening Thickness” 

and “Thickness Reduction of Unprocessed Sample” are presented. The 

proportionality of etched part of unprocessed Si regions of laser processed sample to 

unprocessed sample is their relative difference in thickness. Since the openings are 

distinct straight lines, the “Area of Opening of Laser Processed Region of Laser 

Processed Sample” is calculated using Gwyddion [141] which is colored red in 

Figure 3.6. Then, this area is divided by the “Length of Opening at Given 

Magnification” which leads to “Corresponding Opening Thickness” as described in 

Eq 3.3. As an example, the opening of laser processed region for the champion 

etchant is shown in Figure 3.6. In this figure, magnification is 500x which indicates 

that “Length of Opening at Given Magnification” is 596 µm. 

 

Figure 3.6 Area of the opening after etching treatment at the specific magnification 

(Set Opt: 500x). 

𝐶𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑂𝑝𝑒𝑛𝑖𝑛𝑔 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

=
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑂𝑝𝑒𝑛𝑖𝑛𝑔 𝑜𝑓 𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑅𝑒𝑔𝑖𝑜𝑛 𝑜𝑓 𝐿𝑎𝑠𝑒𝑟 𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒

𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑂𝑝𝑒𝑛𝑖𝑛𝑔 𝑎𝑡 𝐺𝑖𝑣𝑒𝑛 𝑀𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
 

Eq 3.3 
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Based on the fact that the subsurface laser modified region thickness is 30 µm, the 

thickness of unprocessed region is “Corresponding Opening Thickness” minus 

30µm.  

The “Thickness Reduction of Unprocessed Sample” is calculated based on the 

“Exact Unprocessed Thickness” which can be obtained from initial mass converted 

to volume using density as stated in Eq 3.4. 

𝐸𝑥𝑎𝑐𝑡 𝑈𝑛𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

=
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐿𝑎𝑠𝑒𝑟 𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒

𝑆𝑖𝑙𝑖𝑐𝑜𝑛 𝐷𝑒𝑛𝑠𝑖𝑡𝑦

×
1

𝐷𝑖𝑐𝑒𝑑 𝐴𝑟𝑒𝑎 (2.34𝑚𝑚 × 7.3𝑚𝑚)
 

Eq 3.4 

 

In order to calculate “Thickness Reduction of Unprocessed Sample”, “Final 

Volume” given Eq 3.5 is required. “Thickness Reduction of Unprocessed Sample” 

can be obtained by considering the thickness reduction from all 3 dimensions as 

presented in Eq 3.6. 

𝐹𝑖𝑛𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 =
𝐹𝑖𝑛𝑎𝑙 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐿𝑎𝑠𝑒𝑟 𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒

𝑆𝑖𝑙𝑖𝑐𝑜𝑛 𝐷𝑒𝑛𝑠𝑖𝑡𝑦
 Eq 3.5 

 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑈𝑛𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒

= 𝑆𝑂𝐿𝑉𝐸 {(7.3 − 𝑥)(2.34

− 𝑥)(𝐸𝑥𝑎𝑐𝑡 𝐿𝑎𝑠𝑒𝑟 𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 − 𝑥) −  𝐹𝑖𝑛𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒} 

Eq 3.6 

 

The mass reduction from unprocessed samples only occurs on the outer surfaces, 

being the c-Si lattice. However, in the case of laser-modified samples, etching occurs 

on both the outer surfaces as well as in the inner laser-modified region. It is worth 

mentioning that the volume neighboring the laser-modified region gets damaged 

during laser processing. The mass reduction of the outer layer of both laser processed 

and unprocessed samples are just identical. Thus, by applying CFIM and CFEO for 

each set, the laser modified mass can be calculated as: 
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𝐿𝑎𝑠𝑒𝑟 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑀𝑎𝑠𝑠

= 𝑀𝑎𝑠𝑠 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐿𝑎𝑠𝑒𝑟 𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒

−
𝑀𝑎𝑠𝑠 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑈𝑛𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒

𝐶𝐹𝐼𝑀

− 𝑀𝑎𝑠𝑠 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑈𝑛𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒 ×  𝐶𝐹𝐸𝑂 

Eq 3.7 

 

Later, for better comparison between the laser modified region of processed sample 

and the unprocessed sample, we consider the percentage of total mass by dividing 

each mass change by its own total mass: 

% 𝑀𝑎𝑠𝑠 𝐶ℎ𝑎𝑛𝑔𝑒 =
 𝑀𝑎𝑠𝑠 𝐶ℎ𝑎𝑛𝑔𝑒

𝑇𝑜𝑡𝑎𝑙 𝑀𝑎𝑠𝑠
 Eq 3.8 

 

Where the “Total Mass” of the laser modified region is calculated based on the laser 

modified volume, being 6.55×2.34×0.03 mm3 and the Si density being 2.329 

mg/mm3. 

After obtaining the %Mass Change of laser modified region over time, we calculate 

the etch rates. For the champion etchant, the etch mass is shown in Figure 3.7. for 

both unprocessed sample and laser-modified region of the processed samples. 

 

Figure 3.7 The etch rates of laser modified region (red) and unprocessed sample over 

time, including the linear trend line of each etch rate for the champion etchant. 
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The huge difference between the masses of the unprocessed sample and the laser 

modified regions; of the laser processed sample, is due to the exposed area of the 

sample and regions to the etchant. The unprocessed sample is exposed to the etchant 

from all surfaces (7.4×2.34×0.525 mm3), whereas the laser-modified region is 

subjected to etchant from only 3 surfaces, as illustrated in yellow in Figure 3.2 (b). 

Since the laser-modified region of the laser processed sample and unprocessed 

sample are attacked from different surfaces with different areas, the selectivity needs 

to be corrected by this area factor. The CFAA is defined as the “Attacked Area of 

Unprocessed Sample” over the “Attacked Area of Laser Modified Region” (a 

constant here; Eq 3.9). 

𝐶𝐹𝐴𝐴 =
𝐴𝑡𝑡𝑎𝑐𝑘𝑒𝑑 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑈𝑛𝑝𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒 

𝐴𝑡𝑡𝑎𝑐𝑘𝑒𝑑 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐿𝑎𝑠𝑒𝑟 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑅𝑒𝑔𝑖𝑜𝑛
=

2(𝑎 ∗ 𝑏 + 𝑎 ∗ 𝑐 + 𝑏 ∗ 𝑐)

2(𝑎′ ∗ 𝑐′) + 𝑏′ ∗ 𝑐′

= 95.609 

Eq 3.9 

where, 

a = 7.4, b = 2.34, c = 0.525 and a’ = 6.55, b’ = 2.34, c’ = 0.03 

To calculate the selectivity, first, we regress the mass reduction of the laser-modified 

region and unprocessed sample to obtain the corresponding average etch rates. Next, 

the selectivity was defined as the etch rate of laser modified region divided by etch 

rate of unprocessed sample, in each set using: 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐸𝑡𝑐ℎ 𝑅𝑎𝑡𝑒 𝑜𝑓 𝐿𝑎𝑠𝑒𝑟 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑅𝑒𝑔𝑖𝑜𝑛 

𝐸𝑡𝑐ℎ 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑈𝑛𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒
× 𝐶𝐹𝐴𝐴 Eq 3.10 

The etch pit size distribution is determined using the built-in image processing 

toolbox of MATLAB [142] and the SEM images of subsurface processed Si. It is 

worth mentioning that the subsurface and surface processing have identical surface 

morphology. The histogram of etch pit size distribution for each material is presented 

in Effects of Solution Components. The SEM image of the champion etchant is 

shown in Figure 3.8. 
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Figure 3.8 The selected area for the champion etchant from cross-sectional SEM 

image and the result etch pit size distribution analysis. 

To compare the SALP and CALP etching behaviors, the calculated mass reduction 

of laser processed region are normalized to the opening areas that are exposed to the 

etching solution (0.46 mm2 and 4 mm2 for CALP and SALP respectively). The 

comparisons are presented in the Figure 3.14 (c), Figure 3.15 (c), and Figure 3.16 

(c), for variations of Cu(NO3)2, HF, HNO3 respectively. 

For the SALP processing, after obtaining the %Mass Change of laser modified 

region over time, we calculate the etch rates. An example for the champion etchant 

is shown in Figure 3.9 for both unprocessed sample and laser modified region. 

 

Figure 3.9 Etched masses of laser modified region and unprocessed sample corrected 

by exposed area for the champion etchant. 

For the SALP structuring, the opening area of the laser modified region (2×2=4 mm2) 

is 9 times larger than that of CALP (6.55×0.03+6.55×0.03+2.34×0.03=0.46 mm2). 

The huge difference between the masses of the unprocessed sample and the laser 
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modified regions is due to the exposed area of the sample and regions to the etchant. 

The unprocessed sample is exposed to the etchant from all surfaces (10×10×1 mm3). 

In contrast, the laser modified region is subjected to etchant from the top on SALP, 

as illustrated in yellow in Figure 3.2 (d). 

Since in the SALP structuring, we eliminated the limitation of diffusion in the 

etching region, the mass change of laser modified region can be directly calculated 

by subtracting the etched mass of the laser modified sample from unprocessed 

sample which is normalized by total mass reduction of laser processed sample (Eq 

3.11); to include the total change of laser processed sample as shown in Figure 3.4 

(b). The derivative of laser modified mass change is also calculated and presented 

for every chemical composition in Appendix D Fig 5 and Fig 6. 

𝐿𝑎𝑠𝑒𝑟 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑀𝑎𝑠𝑠 𝐶ℎ𝑎𝑛𝑔𝑒

=
𝑀𝑎𝑠𝑠 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐿𝑎𝑠𝑒𝑟 𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒 − 𝑀𝑎𝑠𝑠 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑈𝑛𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒

𝑇𝑜𝑡𝑎𝑙 𝑀𝑎𝑠𝑠 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑙𝑎𝑠𝑒𝑟 𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒
 

Eq 3.11 

The ratio of laser modified region to unprocessed sample is presented by Eq 3.12, 

indicating that what portion of reduction is related to which region at each time. 

𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝐿𝑎𝑠𝑒𝑟 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑀𝑎𝑠𝑠 𝑡𝑜 𝑈𝑛𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑

=
𝑀𝑎𝑠𝑠 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐿𝑎𝑠𝑒𝑟 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑅𝑒𝑔𝑖𝑜𝑛

𝑀𝑎𝑠𝑠 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑈𝑛𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒
 

Eq 3.12 

 

3.3 Results and discussions 

To determine the effectiveness of each etching set, we have calculated the etch rate, 

etch pit radius distribution analysis, and selectivity of laser-modified structures for 

both CALP and SALP as well as the derivative of normalized etched mass and ratio 

of area normalized etched mass of the surface are calculated for SALP. The etch rate 

is defined as the mass reduction of the laser modified region versus etching duration. 

The selectivity is defined as the etch rate of the laser modified region divided by the 

etch rate of the unmodified region, indicating the rate at which the laser modified 

region is etched away compared to the unmodified region. Note that it is also possible 

to use the sample volume instead of the mass since they only differ in a density factor 
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which is the same for both the laser modified region and unprocessed samples. The 

etch pit radius distribution analysis which is an indication of the surface porosity and 

roughness, is performed for different concentrations of the solution components. The 

SEM images (Figure 3.10, Figure 3.11, and Figure 3.12) show that the etched 

surfaces of laser modified samples contain distinctive features such as etch pits in all 

considered sets. The observable etch pits on the surface are formed due to the 

interaction of the different solutions with the c-Si segments. Our etchant solution is 

formulated to selectively reveal the defects and thus the laser modified regions. The 

etchant attacks and magnifies the defect including dopant impurities on the surface 

of the Si rather than attacking the perfect (unprocessed) Si lattice. By utilizing 

chemical etching and etch pit analysis, it is possible to calculate the defect density 

(counting the etch pits and dividing them by the surface area) that is grown in the 

crystal lattice. However, it is a destructive characterization technique for the 

determination of crystal quality of crystalline samples. 

3.3.1 Comparison of MEMC and the Developed Champion Etchant 

We adopted the MEMC chemical compositions and its initial concentrations since 

Cu(NO3)2 is very defect sensitive which is effective not only on c-Si but also on laser 

modified Si regions. Even though it is orientation and dopant type dependent, it can 

be used for both dopant types since it has reasonable etching durations for different 

purposes and long lifetime without spiking in solution. It also does not require 

excessive heating and not forming dangerous gasses in solution. Additionally, unlike 

other etching solutions that contain Cr (VI) as an oxidizing agent such as Sirtl, Seiter, 

Wright, and Secco, MEMC etching is Cr-free. However, conventional MEMC 

solution was too fast and had relatively low selectivity. Thus, we modified and 

optimized the MEMC solution to obtain the optimum solution (the Champion 

Etchant). In the Champion Etchant, the etch rate is lower which provides required 

time for chemical treatments depending on the desired application. It is also more 

dopant type dependent and more anisotropic. After considering different 

concentrations of each component in the solution, the optimum concentration is 
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achieved (14 (HF):16.25 (HNO3):18 (CH3COOH):51.75 DI water with 1g 

Cu(NO3)2.3H2O). 

The comparisons between MEMC and the Champion Etchant in terms of orientation 

and dopant type dependencies are presented in Table 3.3 and Table 3.4.  

Table 3.3 Effect of MEMC etching solution on the <111> and <100> plane and p-

type and n-type wafers with duration of 12min. 

 
Type Plane 

Thickness 
Initial 

Mass 

Final 

Mass 

Mass 

Reduction 

Normalized 

Mass 

Reduction 

 µm mg mg mg % 

1 
p-

type 
<111> 525±25 274.55 139.95 134.60 49.03 

2 
p-

type 
<100> 279±15 150.85 044.65 106.20 70.40 

3 
n-

type 
<100> 279±15 144.05 092.65 051.40 35.68 

 

Table 3.4 Effect of the Champion Etchant etching solution on the <111> and 

<100> plane and p-type and n-type wafers with duration of 18min. 

 
Type Plane 

Thickness 
Initial 

Mass 

Final 

Mass 

Mass 

Reduction 

Normalized 

Mass 

Reduction 

 µm mg mg mg % 

1 
p-

type 
<111> 525±25 275.95 275.10 000.85 0.31 

2 
p-

type 
<100> 279±15 149.65 148.50 001.15 0.77 

3 
n-

type 
<100> 279±15 144.20 142.50 001.70 1.18 

 

According to Table 3.3 and Table 3.4, it can be recognized the Champion Etchant 

etches p-type 1.48 times slower than n-type while MEMC etches p-type 2.07 times 

faster than n-type. In addition, <100> plane etch rate is higher than <111> for both 

MEMC and the Champion Etchant. 
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3.3.2 Effects of solution components on etchant chemistry 

Etch rate (etched mass over time) and selectivity of the CALP structure, normalized 

etched mass and ratio of area normalized etched mass of the SALP structure, and 

etch pit radius distribution analysis for all chemical compositions were calculated 

based on the equations mentioned in section 3.2. This information is categorized into 

three subgroups for each solution component. The etch rate for CALP and 

normalized etched mass for SALP structure is not constant across time since there is 

some latency before the etching starts. Thus, some delay may be required for the 

activation of Si-etchant reactions. Afterward, chemicals start to attack all regions 

until either the reactions reach saturation, or the time frame is over. The etch rate and 

normalized etched mass over time and parameter concentration are given in Figure 

3.14 (a, d). The selectivity of CALP and ratio of area normalized etched mass of the 

SALP samples are plotted in Figure 3.14 (b, e). Comparison of mass changes 

between CALP and SALP are shown in Figure 3.14 (c) indicating the effect of 

subsurface and surface etching. The etch pit radius size distribution presented in 

Figure 3.14  (f) shows the smoothness of surface morphology. 

3.3.2.1 SEM / infrared (IR) camera images 

The SEM images of all sets categorized into 3 subsets representing variation of each 

etching component are presented in Figure 3.10, Figure 3.11 and Figure 3.12 

respectively showing variation of Cu(NO3)2, HF, and HNO3. 

  

Cu(NO3)2 0.75g Cu(NO3)2 1g 
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Cu(NO3)2 1.25g Cu(NO3)2 2g 

Figure 3.10 SEM images of laser modified openings after etching in the developed 

solution with different Cu(NO3)2 concentration: 0.75g to 2g in 100ml of etching 

solution. 

 

a 

 

b 

 

 HF 7ml  HF 10ml 

c 

 

d 

 

 HF 12ml  HF 14ml 
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e 

 

f 

 

 HF 16ml  HF 18ml 

Figure 3.11 SEM images of variation of HF concentration from 7ml to 18ml in 

100ml of etching solution. 

a 

 

b 

 

 HNO3 9.75ml  HNO3 13ml 

c 

 

d 

 

 HNO3 16.25ml  HNO3 19.5ml 
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e 

 

 

 

 HNO3 22.75ml   

Figure 3.12 SEM images of variation of HNO3 concentration from 9.75ml to 

22.75ml in 100ml of etching solution. 

IR camera images 

We measured the etched area of the laser modified region from the images obtained 

by the infrared (IR) camera. Figure 3.13 (a) clearly shows the laser modified and 

etched regions. The IR image of the Champion Etchant after 60 min etching is shown 

in Figure 3.13 (b). In this image, the black color is the etched modified region. In 

addition, the grey color at the center is laser modified region while the grey color at 

top of image is unmodified region. The two grey regions look similar since the 

modifications in crystallinity is not profound to be visible in IR camera region. The 

opening is obtained using SEM image in Figure 3.6. The other sets are presented in 

Appendix C Fig. 3. 

 

Figure 3.13 Image of infrared camera of the etched laser modified region. 

a 

 

b 
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3.3.2.2 Effects of Copper Nitrate – Cu(NO3)2 Variation 

 

 

  

  

 

Figure 3.14 Etch rate of laser modified region over time by changing the Cu(NO3)2 

concentrations from 0.75 to 2 g in 100 ml of solution for CALP (a); The selectivity 

of laser modified region comparing to unprocessed sample by fitting the etch rates 

over time for CALP (b); The area corrected etched mass of laser modified region for 

SALP (solid line) and CALP (dashed line) for different concentrations over 60 

minutes (c); Normalized etched mass of laser modified region for SALP (d); The 

ratio of area normalized etched mass of laser modified region over the unprocessed 

region for SALP (e); Etch pit radius distribution obtained from SEM images by 

analyzing the surface morphology (f).  

a) d) 

b) e) 

c) 

f) 
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The energy level of the Cu2+/Cu system is higher than the valence band (VB) of the 

Si. For a given combination of HF/HNO3, adding various amounts of Cu(NO3)2 

corresponds to the Si surface being covered by copper nanoparticles (CuNPs) of 

different sizes. These metal particles also catalyzed the etching of Si in HF/HNO3 

solution and were resulted in selectively attacks modified regions. The Cu2+ ions are 

reduced to solid Cu on the Si substrate and the oxidized surface is dissolved in HF. 

In addition, HNO3 oxidizes the Si surface forming SiO2 which is etched by the 

presence of HF. 

In Figure 3.14 (a), it can be seen that the etch rate of the laser modified region 

decreases as the amount of Cu(NO3)2 increases from 0.75 to 1.25 g. However, the 

etch rate starts to increase for a lower amount of Cu(NO3)2.  

In addition, as shown in Figure 3.14 (b), the selectivity for CALP shows a different 

trend where it is highest for 0.75 g of Cu(NO3)2 and drops drastically then increases 

by increasing the Cu(NO3)2 amount. In Figure 3.14 (c), the etched masses are 

normalized to their opening area due to the difference in an opening area exposed to 

etchant solution. The laser-modified etched mass in SALP exhibits higher trend 

compared to that of the subsurface laser processing. In Figure 3.14 (d), the etched 

mass of laser modified region divided by total etched mass is highest where the 

Cu(NO3)2 amount is 1 g. However, the etched mass decreases as the amount of 

Cu(NO3)2 increases from 0.75 to 2 g. In Figure 3.14 (e), the ratio of laser modified 

to unprocessed samples decreases as etching time increases. For longer durations, 

etchant starts etching unmodified parts when all the modified masses are etched 

away; thus, the ratio begins to increase again, and the selectivity will therefore 

decrease.  

The etch pit radius distribution, ranging between 1 – 15 µm, is identical for both 

SALP and CALP surface as shown in Figure 3.14 (f) which infer that the etching 

solution results in similar surface morphology regardless the place of the laser 

modifications. The etch pit size distribution is in the order of 100. However, as the 

amount of Cu(NO3)2 increases, the resultant defects are found to have larger 



 

60 

diameters this can be attributed to the increase in the oxidation rate of Si surface 

which increase the probability of revealing the defects embedded in the c-Si.  

3.3.2.3 Effects of Hydrofluoric Acid – HF variation  

  

  

 

 

Figure 3.15 Etch rate of laser modified region over time by changing the HF 

concentrations from 7 ml to 18 ml in 100 ml of solution for CALP (a); The selectivity 

of laser modified region comparing to unprocessed sample by fitting the etch rates 

over time for CALP (b); The area corrected etched mass of laser modified region for 

b) 

 

d) 

 

e) 

 

f) 

 

a) 

 

c) 
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SALP (solid line) and CALP (dashed line) for different concentrations over 60 

minutes (c); Normalized etched mass of laser modified region for SALP (d); The 

ratio of area normalized etched mass of laser modified region over the unprocessed 

region for SALP (e); Etch pit radius distribution obtained from SEM images by 

analyzing the surface morphology (f). 

Increasing the amount of HF beyond a certain point for a given ratio of the copper 

and HNO3 hinders the suspension of the NPs. Thus, NPs will be adsorbed on the 

surface at random locations and give rise to promotion of the etching process in their 

vicinity. This process is fast and creates more holes on the surface leading to a 

spongy Si surface morphology.  

As can be seen in Figure 3.15 (a), a higher concentration of HF in the solution has 

very high etch rate, and it damages the sample leading to poor surface morphology ( 

Figure 3.11(e, f)). The effect of higher HF is more pronounced in laser-modified 

regions than the unprocessed sample, resulting in higher selectivity (Figure 3.15 (b)). 

In Figure 3.15 (c), the laser modified etched mass in SALP goes higher than 

subsurface except for the solution with higher HF concentrations. In Figure 3.15 (d), 

the etched mass of laser modified divided by total etched mass region is well behaved 

for 14 ml of HF showing a reasonable etch rate. However, the modified region is 

harshly attacked in the etching solution with high HF concentration which can be 

due to the non-linear diffusion nature of the defects. In Figure 3.15 (e), the ratio of 

laser modified region to unprocessed sample decreases as time increases for the 

lower HF concentration. In Figure 3.15 (f), the etch pit size distribution is below15 

µm when the HF concentrations is moderate (7 ml to 14 ml). With higher 

concentration of HF (above 16ml), the etch pits exhibits larger defect sizes on the Si 

surfaces as can be seen in SEM image (Figure 3.11(e, f)). 

 

 



 

62 

3.3.2.4 Effect of Nitric Acid – HNO3 variation  

 

 

  

  

Figure 3.16 Etch rate of laser modified region over time by changing the HNO3 

concentrations from 9.75 to 22.75 ml in 100 ml of solution for CALP (a); The 

selectivity of laser modified region comparing to unprocessed sample by fitting the 

etch rates over time for CALP (b); The area corrected etched mass of laser modified 

region for SALP (solid line) and CALP (dashed line) for different concentrations 

over 60 minutes (c); Normalized etched mass of laser modified region for SALP (d); 

The ratio of area normalized etched mass of laser modified region over the 

unprocessed region for SALP (e); Etch pit radius distribution obtained from SEM 

images by analyzing the surface morphology (f). 

Copper ions are adsorbed on the Si surface. These ions attract minority negative 

charge carriers available in the p-type Si substrate. Thus, CuNPs collect electrons 

c) 

 

d) 

 

e) 

 

f) 

 

a) 

 

b) 
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through Cu/Si interface and transfer them to the solution. The conglomeration speed 

of CuNPs depends on the speed of metal ion removal. So, if the formation of the NPs 

is slower than the removal of it, there will be many holes on the surface which will 

continue growing larger and larger. 

The amounts of oxidizing and reducing agents control how fast and aggressive the 

copper removes Si from the silicon surface for a certain copper amount. As a result, 

by fixing the amount of Cu(NO3)2 to 1 g, the combination of oxidation and reduction 

creates the intended structure. By tuning the oxidizing agent – HNO3, it is possible 

to minimize the aggressiveness of the oxidation process in such a way that despite 

some distinct holes at surface, the etchant does not completely damage the Si surface 

and cause porosity. As discussed previously, increasing the HNO3 controls the 

formation of the oxide on the NPs which are later etched by HF. On the one hand, 

presence of high amount of HNO3 in a given concentration of HF i.e. 14 ml in 100 

ml solution, causes NPs to rapidly become smaller. As a result, increasing HNO3 

makes the surface porous. On the other hand, the NPs must be maintained long 

enough, so that the desired structure can be achieved.  

As can be seen in Figure 3.16 (a, b), both etch rates and selectivity increase by 

increasing the HNO3 concentration in the CALP structure. This confirms that 

increasing the amount of oxidizing agent in the solution increases the etch rate of the 

laser modified region more than the unprocessed sample. This behavior is due to the 

generation of more excess hole carries at the surface which accelerates the anodic 

chemical reactions. In Figure 3.16 (c), the laser modified etched mass in SALP goes 

higher than subsurface except for a higher dose concentration of HNO3. In Figure 

3.16 (d), the etched mass of laser modified divided by total etched mass is increased 

and harshly attacked on both regions by the increasing amount of HNO3 

concentration as the etching time increases. The quality of etched surface is a 

function of HNO3, i.e., increasing the amount of HNO3 will result in the formation 

of engraved surface (Figure 3.16 (e)). In addition, Figure 3.16 (f) shows the etch pit 

radius size distribution is in the range of 1 – 70 µm except for the cases when HNO3 

concentration is high. 
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After surveying the abovementioned chemical compositions, we have achieved to 

determine the optimal concentrations of HF:HNO3:CH3COOH:H2O – 56:65:72:207 

with 0.01 g/ml Cu(NO3)2.3H2O which we refer to as the Champion Etchant. The 

enhanced composition yields more chemical treatment time required for the specific 

applications. It is also dopant-type dependent and anisotropic (See section 3.3.1), 

which is beneficial for certain applications to etch laser-modified silicon regions. 

The comparisons between MEMC and the enhanced composition in terms of 

orientation dependency and dopant type dependency are discussed in section 3.3.1. 
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CHAPTER 4  

4 APPLICATIONS OF ENHANCED SELECTIVE CHEMICAL ETCHING 

4.1 Thin crystalline silicon slicing  

Kerf-reduced slicing of bulk c-Si is of high commercial interest in photovoltaics 

industry. There are different techniques to produce thin c-Si slices; including 

chemical etching in highly concentrated potassium hydroxide (KOH) [143], stress 

induced lift-off method (SLIM)-cut [144], controlled spalling process [145,146], 

porous Si based lift-off [147] and the semiconductor on metal [148]. In these 

techniques, a large fraction of the initial c-Si wafer thickness is wasted. Moreover, 

industry continues to move towards thinner Si wafers. In this context, novel schemes 

alternative to wire-cutters for Si wafer are explored for achieving slicing with 

minimal material loss. We proposed laser-induced c-Si thin film slicing (LASIS) as 

a new technique in which the thin c-Si slices are produced with minimum loss of the 

material. A nanosecond-pulsed fiber laser focused deep in Si subsurface induces 

structural modifications near the focal point due to multiphoton absorption [149]. 

After laser processing, we demonstrated the development of a Cu (NO3)2 based 

etching solution on the application of subsurface laser modified region in Si result in 

obtaining c-Si slice [34]. The produced Si slice based on LASIS method is utilized 

in the fabrication of c-Si solar cells. 

4.1.1 Overview of LASIS technique: 

In this method firstly, a nanosecond-pulsed fiber laser operating at 1.55 µm 

wavelength is focused to the silicon cross-section process under the surface. The 

raster scan of the focal position inside of the sample produces a plain of 2D modified 

Si region. The Si wafers are scanned with different length in the x-y plane. Finally, 

the modified silicon regions are etched by Cu(NO3)2 based selective chemical etchant 
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which targets the laser-modified regions and a silicon slice is formed [34]. Figure 

4.1 outlines the conceptual and the fabrication procedure of LASIS method. 

  

  

Figure 4.1 Steps of LASIS silicon micro slicing processes: Laser processing of 

subsurface (a), Modified part after laser processing (b), Selective chemical etching 

(c), Slicing into plates (d). 

4.1.2 Si slices production based on selective etching of laser-modified 

region 

In order to selectively remove the laser subsurface modified area, enhanced 

Cu(NO3)2 based chemical solution was utilized. Figure 4.2 shows the SEM cross-

sectional images of different stages of laser-processed c-Si wafer, after 20 minutes 

etching (Figure 4.2 (a) and (d)) to slice formation etching (Figure 4.2 (c) and (f)). 

 

 

  

  

a b 

c d 
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Figure 4.2 SEM images of 20 minutes etching (a), After 60 min etching (b), produced 

c- Si slice with 1mm × 0.5 mm area (c), After 20 min etching (d), After 3 hours 

etching (e), produced c-Si slice with 10 mm × 5 mm area (f).  

LASIS method enables slicing Si wafers into multi-thin slices. The amount of Si 

material utilized in a photovoltaic (PV) cell will be decreased by an order of 

magnitude with this method. Since Si is one of the main cost-determining factors in 

PV cell production, therefore, it has the potential to decrease PV cell fabrication costs 

essentially. The SEM images of the first multi-slices shown in Figure 4.3. 

c 

d e f 

b a 

200µm 1mm 
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 Figure 4.3 SEM images of multi-layers after 30 min etching, the thicknesses of  

slicing are: ~80 µm (a), ~60 µm (b), ~ 45 µm (c), ~35 µm (d).  

As seen in Figure 4.3, the modified silicon regions are etched by Cu(NO3)2 based 

selective chemical etchant after 30 min etching and multi-layers are successfully 

produced by LASIS method. The distance between layers which are processed by 

laser are 100 µm. 

4.1.3 Solar cell fabricated based on Si slice processed by LASIS method 

The produced Si slice based on LASIS method in Figure 4.2 (f) is utilized in the 

fabrication of c-Si solar cell. The structure of the solar cell is depicted in Figure 4.4 

(a). p-type c-Si slice performed by phosphorous diffusion (POCL3) to create the 

junction and n+ back surface field (BSF). The surface of the phosphorous diffusion 

(n+) was passivated with SiO2/ SiNx stack layers. Silicon nitride (SiNx) was deposited 

on the front side as antireflective coating (ARC). The front and back side metal 

contacts are screen-printed with Ag and Al-BSF. The highest attained efficiency is 

~9% with a Voc of 495 mV, Jsc of 29.31 mA/cm2 and FF of 62.61% Figure 4.4 (b). 

a 

c 

b 

d 

200µm 

100µm 1mm 

100µm 
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These values are low compared with the possible attained values from the same 

structure, yet they prove the applicability of c-Si slices produced by the LASIS 

method in the production of photovoltaic solar cell devices using industrialized 

fabrication techniques. 

 

 

Figure 4.4 Schematic of c-Si solar cell structure (a), J-V curve of the first solar cell 

fabricated from LASIS Thin Sliced c-Si based on Al-BSF design (b). 

 

 

 

 

 

 

 

 

 

a b 
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4.2 High aspect ratio micro pillar arrays on Si 

Micropillar or nanowire arrays have been of interest for solar applications due to the 

increased light trapping and high carrier collecting efficiency inherent in the pillar 

or wire structure. Light trapping of the solar incoming light can be achieved by 

texturing the surface of the solar cell. Numerous methods are available, including 

nanowires [150], inverted pyramids [109], plasmonic metal NPs [151], etc., on the 

cell surface. In this study, we demonstrate laser-induced Si pillar technology to 

produce micron-size pillars array on c-Si wafers. The aim of fabricating micro pillar 

arrays on the surface of Si wafers is to trap light in the region between the pillars via 

multiple reflections. This technology allows obtaining a controllable sizes/depth 

combination of the pillar in the various ranges in two-step fabrication in Si. The first 

step is laser processing, which focused on the surface of Si, induces structural 

modifications near the focal point due to multiphoton absorption. The raster scan of 

the focal position on the Si surface produces a pillar structure on Si wafer. The 

second step is etching of the modified regions with the developed selective chemical 

etching recipe. Figure 4.5 depicts the fabrication procedure of micro pillar. The 

modified regions are etched away by our developed chemical etchant to selectively 

attack the laser-modified regions at high rates. In order to achieve a high etch rate 

and smooth and defect-free surface, enhanced composition of 

HF:HNO3:CH3COOH:H2O – 14:16.25:18:51.75 with 1 g of Cu(NO3)2.3H2O has 

been used. The optical characteristics of a Si substrate are investigated when the 

depth/ sizes of micro pillar array are varied by using this method. With this 

technique, micro-pillar with an area of less than ~9 µm and 118 µm depth were 

successfully developed and fabricated. Additionally, periodic arrays of pillars with 

controlled sizes/depth were fabricated with this advanced technology. SEM images 

of various fabricated micro-pillars are shown in Figure 4.6. The 2mm×2mm total 

area covered with pillars can be revealed in 20 minutes etching duration. 
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Figure 4.5 Steps of micro pillar processes: Modified part after laser processing 

pattern of pillar (a), Selective chemical etching (b), Pillar arrays (c). 

  

  

Figure 4.6 SEM images of micro-pillar arrays from top surface (a, c), 40° tilted (b), 

60° tilted (d) with pillar area: 9 µm × 9 µm, Pillar depth of 118 µm and pulse energy 

3 µj.  

1mm 100 µm 

10µm 20µm 

 

a) b) 

c) d) 

Modified-Si 

a) 

c) 

Modified-Si 
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Figure 4.7 SEM images of micro-pillar arrays from top surface (a, c), 60° tilted (b), 

40° tilted (d) with pillar area: 31 µm × 31 µm, Pillar depth of 158 µm and pulse 

energy 3 µj. 

  

  

Figure 4.8 SEM images of micro-pillar arrays from top surface (a, c), 40° tilted 

(b,d), with pillar area: 57 µm × 57 µm, and pulse energy 3 µj. 
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20µm 20µm 
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Figure 4.9 Measured total reflection of the fabricated micro pillars with various 

areas and individual depth. 

Various surface coverage (Si/air) and various individual pillar properties (depth, 

area) resulted in different reflection response as displayed in Figure 4.9. As can be 

shown, the micro pillar array solar cells give better performance than the 

unstructured surface. 

The surface coverage for 9 µm × 9 µm pillar (Figure 4.6) is as low as ~5%, therefore, 

the unstructured region between the pillars is large. This enables large fraction of the 

sunlight to leave the unstructured regions between the pillar with a minimum of 

multiple reflections. However, the surface coverage for 57 µm × 57 µm pillar (Figure 

4.8) is large (~56.25%), and the unstructured regions between the pillars is very 

small. This enables large fraction of the sunlight to be reflected at the top surface of 

the micro pillars. For an optimum amount of surface coverage, in between these 

ranges, which is corresponding to 31 µm × 31 µm pillar (Figure 4.7), the light can 

be trapped by multiple reflections resulting in lowest relative total reflectance. As 

can be observed from Figure 4.9, surface coverage of ~25% is found to the optimum 

for square micro-pillars with minimum reflection response. As a result, more 
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multiple reflections occur, giving a lower reflectance which leads to improved light 

trapping in photonic structure and solar cell applications. 

4.3 High aspect ratio micro-hole drilling on Si  

As an application of 3D sculpting, achieving high aspect ratio hole drilling in Si is 

interesting for microfluidics and Via formation in Si electronics [90,152]. We 

demonstrated laser-induced Si drilling technology to fabricate micron-size holes in 

c-Si wafers. The laser is focused deep in Si, induces structural modifications near the 

focal point due to multiphoton absorption. The holes scan of the focal position inside 

Si, positioned in the back surface plane with a single circular motion of the laser 

beam, produces quasi-2D modified Si regions. The modified regions are then etched 

by our developed chemical etchant to selectively attack the laser-modified regions at 

high rates. Figure 4.10 demonstrate the fabrication procedure of micro holes. In order 

to achieve a high etch rate and smooth and defect-free surface, enhanced composition 

of HF:HNO3:CH3COOH:H2O – 14:16.25:18:51.75 with 1 g of Cu(NO3)2.3H2O has 

been used. This technology allows obtaining a controllable hole diameter in the range 

of less than 10 µm in two-step fabrication in Si. The first step is laser processing, 

and the second step is the removal of modified regions with selective chemical 

etching. With this technique, micro-holes with a diameter of less than ~10 µm were 

successfully developed and fabricated for 90 minutes etching with a depth of 250 

µm. Additionally, periodic arrays of holes with controlled depth and diameter were 

fabricated with this advanced technology. SEM images of hole diameter through-

hole with a depth of 250 µm and average various holes diameter size as a function 

of the pulse energy are shown in Figure 4.11. 
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Figure 4.10 Steps of micro hole processes: Modified part after single circular motion 

of the laser processing (a), Selective chemical etching (b), Periodic hole drilling (c). 

Modified-Si Modified-Si 
a) b) 

c) 
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Figure 4.11 Top view SEM images of laser-processed drilled holes in c-Si wafer at 

different pulse energy: 2 µJ (a), 2.5 µJ (b), 3 µJ (c), 3.5 µJ (d), 4 µJ (e),4.5 µJ (f) 

and 5 µJ (g), after 90 minutes etching. 
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As can be seen in Figure 4.11 (a-g) shows top-view SEM images of micro-holes with 

high aspect ratio produced at various laser pulse energies.  Micro holes with a 

different diameter were successfully developed and fabricated for 90 minutes etching 

with a depth of 250 µm. 

Table 4.1 Various hole diameter values relative to laser pulse energy 

 

 

 

 

 

Figure 4.12 Average various holes diameter size as a function of the pulse energy. 

As it is shown, by increasing laser pulse energy (see Table 4.1 and Figure 4.12), hole 

diameter varies with increasing tendency as 10.5 μm, 20 μm, 23.9 μm, 24.4 μm, 27.7 
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μm, 28.3 μm, and 34.5 μm. Well-controlled various depth and sizes of holes are 

feasible by using different pulse energies and selective chemical processes. 

 

 

Figure 4.13 Top-view SEM images of laser-processed drilled holes at 5 µJ pulse 

energy and chemically treated c-Si with selective etchant recipes: hole laser 

processing before etching (a), enhanced composition after 90 minutes etching (b), 

optical microscope image of the produced drilled holes (c). 

Figure 4.13 (a-c) shows the drilled holes with close-to-perfect circular geometry. 

Figure 4.13 (b) shows the top-view SEM of micro-holes with aspect ratio (defined 

as depth/width) as high as 14 with 250 μm depth and ~10.5 μm diameter within 

minutes of etching. The transmission mode optical microscope image of the same 

holes, shown in Figure 4.13 (c), indicates that laser drilled holes are correctly 

processed all the way through the wafer and are fully opened by the selective 

chemical etching. Theses holes indicate that laser drilled holes are completely 

opened during the chemical etching. The demonstrated laser drilling technique has 

the potential to be utilized in the fabrication and development of microfluidic 

devices, photonic devices, pressure sensors, gyroscopes, flowmeters, and biomedical 

devices on Si wafers. 
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CHAPTER 5  

5 CONCLUSION 

The optimization of a Cu(NO3)2-based etching solution on the novel application of 

surface and subsurface laser modified regions (CALP and SALP) is presented. The 

laser modifications are done by utilizing a nanosecond IR fiber laser on the p-type c-

Si wafers. The laser modified samples are treated with a number of MEMC-like 

etchants in which the chemical component concentrations are varied in order to 

survey for an especially optimal etchant for laser modified Si. For investigating the 

effect of each component, different sets of solutions are prepared by changing the 

concentrations. To obtain the etch rates, the mass difference of laser modified and 

unprocessed samples are measured up to 60 minutes. By applying correction factors 

of initial mass, etch opening, and attack area, the mass reduction of the laser modified 

region and unprocessed c-Si samples are calculated. The selectivity of each set 

calculated as ratio of laser modified region and unprocessed c-Si samples. The c-Si 

smoothness is represented by calculating etch pit radius size distribution which 

obtained from SEM images after 60 minutes. The etch rate, selectivity, and surface 

morphology of subsurface laser modified regions are well controlled during the 

experiments by varying the etching concentration of the etching solution 

components. The selection of the component concentrations depends on the desired 

applications since different combination of etch rate, selectivity, and surface 

morphology can be achieved. For instance, decreasing Cu(NO3)2 to 0.75 g in 100 ml 

solution leads to fast and selective etching at the cost of c-Si surface smoothness. In 

addition, decreasing HNO3 leads to low etch rate and selectivity while providing 

smooth c-Si surface morphology. Some applications which may use small samples 

require high selectivity but low etch rate which can be achieved by increasing the 

Cu(NO3)2 to 2 g in 100 ml solution. After an extensive survey of component 

concentrations, we achieved an optimum composition of HF:HNO3:CH3COOH:H2O 
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– 56:65:72:207 with 0.01 g/ml Cu(NO3)2.3H2O as the champion etchant for surface 

and subsurface laser modified Si which shows more than 1600 selectivity which was 

not demonstrated in the literature before for laser processed region as well as etch 

pit sizes in the range of 1 – 10 µm indicating relatively smooth and low defective 

surface. In addition, by comparing SALP and CALP results, it is concluded that 

surface etching has higher etch rate which is expectable due to heat transfer and 

diffusion restrictions in the subsurface samples.  

In order to demonstrate the capacity of this especially optimized etchant in an 

application, we demonstrate the LASIS technique as a first application that enables 

the multi-thin slicing of Si wafers. This technique allows for a significant reduction 

in the amount of Si material used in photovoltaic (PV) cells. Due to the fact that Si 

is one of the main cost-determining factors in PV cell manufacturing, the produced 

Si slice based on LASIS method has the potential to significantly reduce the cost of 

photovoltaic cell fabrication. The first solar cell fabricated attained efficiency is ~9% 

with a Voc of 495 mV, Jsc of 29.31 mA/cm2 and FF of 62.61%.  

As a second application, micro-pillar with an area of less than ~9 µm and 118 µm 

depth were successfully demonstrated and produced. The purpose of fabricating 

micro pillar arrays on the surface of Si wafers is to trap light through multiple 

reflections in the area between the pillars. This technique enables the manufacture of 

a pillar with a controlled size/depth combination in a variety of ranges in a two-step 

process in Si. The 2mm×2mm total areas are covered with various pillars, including 

9 µm × 9 µm, 31 µm × 31 µm and 57 µm × 57 µm corresponding the surface coverage 

of ~5%, ~25% and ~56.25%, respectively, can be revealed in 20 minutes etching 

duration. Surface coverage of ~25% is found to the optimum for square micro-pillars 

with minimum reflection response. This sophisticated technology was used to 

fabricate periodic arrays of pillars with controlled aspect ratio to reach minimum 

multiple reflections to improve light trapping for photonic structure and solar cell 

applications. 

As a third application, we have fabricated micro-holes with laser power-controlled 

diameters with aspect ratio of 14 all the way through 250-micron thick c-Si wafers. 
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This technique enables two-step fabrication in Si to achieve a controlled hole 

diameter in the range of less than 10 µm and produced for 90 minutes at a depth of 

250 µm. By increasing laser pulse energy, hole diameter varies with increasing 

tendency as 10.5 μm, 20 μm, 23.9 μm, 24.4 μm, 27.7 μm, 28.3 μm, and 34.5 μm. As 

a result using a variety of pulse energies and selective chemical processes, it is 

possible to create holes of varying depths and diameters with high precision.The 

demonstrated laser drilling technique has the potential to be utilized in the fabrication 

and development of microfluidic devices, photonic devices, pressure sensors, 

gyroscopes, flowmeters, and biomedical devices on Si wafers. 
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APPENDICES 

A. Dicing of CALP Samples 

Related to Section 4.2. In the CALP samples, the laser processing modifies the Si 

below the surface. The total area of processed region was 10mm×10mm. In order 

to increase the number of samples for more investigations, the samples were diced 

to the size of 7.3mm×2.34mm which is shown in Fig 1. 

Fig 1 Schematic of diced laser processed samples with the size of 7.3mm×2.34mm. 
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B. Mass weights  

Fig 2 SEM image of the Champion Etchant indicating the surface smoothness and 

final opening after 60min etching treatment. 

Table. 1 Measured masses of laser processed and unprocessed samples from the 

Champion Etchant over time including the calculated laser modified mass. 

T
im

e 
m

in
 Laser Processed Unprocessed Laser Modified 

Mass 
Mt-

Mt-1 

Mt-

Mt0 
Mass 

Mt-

Mt-1 

Mt-

Mt0 

% Mt-

Mt0 

Mt0 

Corrected 

Mass 
% Mt 

Mprocessed 
mg mg mg mg mg mg mg 

0 20.40   20.60      

10 20.05 0.35 0.35 20.40 0.20 0.20 0.97087 0.01795 1.70848 

20 19.85 0.20 0.55 20.30 0.10 0.30 1.45631 0.05193 4.94216 

30 19.60 0.25 0.80 20.20 0.10 0.40 1.94175 0.13590 12.93474 

40 19.40 0.20 1.00 20.20 0.00 0.40 1.94175 0.33590 31.97028 

50 19.25 0.15 1.15 20.15 0.05 0.45 2.18447 0.40289 38.34601 

60 19.10 0.15 1.30 20.10 0.05 0.50 2.42718 0.46988 44.72174 
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Table. 2 Measured masses and corresponding geometrical parameters of the 

Champion Etchant for both laser processed and unprocessed samples. 

  Laser Processed Unprocessed 

Initial Mass mg 20.4 20.6 

Final Mass mg 19.1 20.1 

Corresponding 

Initial Volume 
mm3 8.75912 8.84500 

Corresponding 

Final Volume 
mm3 8.20095 8.63031 

Corresponding 

Initial Thickness 
µm 512.76924 517.79639 

Corresponding 

Final Thickness 
µm 502.99950 508.02665 

Δ Thickness µm 9.76974 9.76974 

Total Area µm 44.14711 44.08096 

 

 Table. 3 Calculated correction factors and intermediate parameters of the 

Champion Etchant. 

  
Laser 

Modified 
  

Corresponding Total Mass 

from Laser Modification 
mg 1.07090   

Corresponding Total Volume 

from Laser Modification 
mm3 0.45981 CFIM 1.00980 

Corresponding Total Opening Area 

from Laser Modification 
mm2 0.4632 CFEO 0.66996 

Real Opening Area 

from SEM at 500x 
mm2 0.02178 CFAA 95.609 

Corresponding Opening Thickness 

from SEM 
µm 36.54530   

Corresponding Opening Thickness of 

Unprocessed Region from Inside from 

SEM 

µm 6.54530   
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C. Infrared images of laser modified region  

IR Camera Images of various sets that shows the laser modified and etched regions. 

  

  

  

Set 4 

Set 6 

Set 1 

Set 2 

Set 3 

Set 5 

Set 1 
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Fig 3 Images of the infrared camera of the etched laser modified region for various 

sets.

Set 8 

Set 11 

Set 7 
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D. Derivative of laser modified of etched mass 

The derivative of laser modified mass changes are presented in Fig 4, Fig 5, and Fig 

6 for the variations in Cu(NO3)2, HF, and HNO3 respectively. These figures are 

derivative of normalized etched mass shown in the Figure 3.14 (d), Figure 3.15 (d) 

and Figure 3.16 (d). 

 

Fig 4 Derivative of Laser modified mass change of Cu(NO3)2 variations 
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Fig 5 Derivative of Laser modified mass change of HF variations 

 

Fig 6 Derivative of Laser modified mass change of HNO3 variations 
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