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1 Introduction 

One of the challenges in the photovoltaic technology is to become competitive 

with other, traditional, energy sources. The attractiveness of the solar energy to 

customers can be increased by efficiency improvement and cost reduction of 

the solar cells. Light harvesting plays an essential role in further progress to the 

high-efficient solar cells. Light harvesting structures are needed to increase 

part of the light reaching the photovoltaic element that is absorbed in its active 

layer. This is achieved by reducing light reflection from the front side of the 

element and increasing the distance, which light travels inside the element to 

be absorbed. 

In the currently most commercially successful silicon solar cells, light 

harvesting is achieved using antireflective front surface layers and wet 

chemical etching to form surface structures. There are many other possible 

approaches described in the scientific literature, including patterning of the 

front contact or passivation layer [1-3], fabrication of the plasmonic structures 

[4, 5], texturing of the substrate of the thin film photovoltaic cell [6]. 

Fast and cost-effective fabrication of such structures has to be considered. 

Laser micro-fabrication is among the considered fabrication methods due to no 

need for consumable materials, masks or moulds and high patterning 

flexibility. However, fast fabrication of micrometre-size structures is a 

challenge. The solution is to use some kind of parallel processing. One of the 

parallel processing methods is the direct laser beam interference patterning 

(DLIP) technique. DLIP utilises several interfering laser beams to obtain a 

spatially-modulated intensity distribution [7, 8]. Irradiation with interference 

pattern allows direct ablation of periodical structures with sub-wavelength 

features. DLIP offers fabrication speed advantage over the conventional single-

beam direct laser writing. 
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Silicon remains the main material used in the solar cell production, because of 

its low cost, abundance in nature and well-established processing technologies. 

In this work, DLIP technique was tested for the fabrication of various light 

harvesting textures for the silicon solar cells. In the first part of this thesis 

(Chapter 4), the formation of the texture in the passivating antireflective silicon 

nitride layer is discussed. In Chapters 5 and 6, fabrication of surface textures in 

silicon using DLIP and wet chemical etching is presented. Chapter 7 is 

dedicated to the DLIP fabrication of plasmonic metal structures. A large part of 

this chapter is committed to the improvements of the DLIP method. New 

means to achieve uniform large-area patterning and increase the flexibility of 

the DLIP patterning are presented.  

1.1 The aim of the research 
1. To investigate the feasibility of DLIP patterning of the antireflective 

layer of the complete silicon solar cell as a tool to improve solar cell 

performance. 

2. To find optimal laser fabrication parameters for manufacturing of 

periodical surface textures in monocrystalline and multicrystalline 

silicon wafers using DLIP technique and to investigate 

antireflective/light trapping function of these textures. 

3. To improve DLIP patterning apparatus for better fulfilment of the 

industrial requirements.  

1.2 Practical value and novelty 

1.2.1 The novelty of the thesis 

1. Spatially-selective conversion of the silicon nitride thin film to the 

SiOxNy under the 4-beam DLIP patterning was demonstrated. The 

periodical grating of SiOxNy in the antireflective silicon nitride layer of 
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the silicon solar cell was formed, and its impact on the optical and 

photo-electrical characteristics of the solar cell was investigated. 

2. Effect of the silicon oxide layer, formed due to the irradiation with the 

interference intensity distribution, to the fabrication of inverted pyramid 

pattern in crystalline silicon, using DLIP patterning and anisotropic wet 

chemical etching was evaluated. 

3. Motorised optical setup for the polarisation control of the each of the 

interfering beams was created. Effect of the angle between the 

interfering beams on the interference pattern, produced using beam 

polarisation control in the interference setup, was investigated. 

1.2.2 The practical value of this thesis 

1. An optimal laser fabrication condition for fabrication of antireflective 

texture on multicrystalline silicon wafers by DLIP was found. Such 

process can be used to improve the performance of the multicrystalline 

silicon solar cells. 

2. Influence of a laser formed an oxide layer in the fabrication of inverted 

pyramid pattern by combined DLIP, and anisotropic wet chemical 

etching process was assessed. This fabrication method can be used to 

simplify anisotropic silicon texturing process. 

3. Improvements to the DLIP technique (an increase of the uniform 

patterning area and control of the structure shape) can be adapted to 

build the commercial DLIP patterning machine. 

1.3 Statements to defend 

1. Passivating and antireflective silicon nitride layer on silicon can be 

locally converted to SiNxOy by irradiating it with the 

interference-modulated laser beam when fluence in the intensity 

maxima is below the ablation threshold. Such process results in the 
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formation of periodical refractive index grating in the antireflective 

silicon nitride layer diffracting solar light. 

2. DLIP patterning of silicon in ambient air results in the formation of the 

silicon oxide layer between the intensity maxima. Such layer acts as an 

etching mask for the anisotropic wet chemical etching process and can 

be utilised in the fabrication of the inverted pyramid pattern in 

monocrystalline silicon. 

3. Periodical dimple array fabricated in the multicrystalline silicon using 

DLIP with the sub-nanosecond laser pulses, and wet chemical etching 

provides the best antireflective properties in the visible and near-

infrared spectrum when the period of the structure is larger than one 

micrometre. Further reduction of the pattern period results in a shallow 

or irregular texture due to the melt formation and flow. 

4. When the angle between the intersecting beams becomes sufficiently 

large (larger than 13°), the vertical component of an electric field should 

be taken into account. The presence of the vertical electric field 

component results in the modifications in the interference patterns when 

the angle between the intersecting beams (pattern period) is varied. 

1.4 Approbation 

Results of the research presented in this thesis were published in 5 peer-

reviewed scientific papers [A1-A5] and, together with co-authors, were 

presented in 13 contributions to conferences [C1-C13]. 10 of the contributions 

were presented personally by the author.  
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2 Literature Review 

2.1 Photovoltaics in the Global Energy Market 
Renewable energy sources amount to about 22% of the World net electricity 

generation (Fig. 1) [9] with 1849 GW power capacity in 2015 [10]. The share 

of the renewable energy sources in the global electricity supply continues to 

grow with an estimated rate of 2.9% per year. Solar energy share among the 

renewable energy sources is still small. However, solar energy is the fastest 

growing branch of the renewable energy sources with average estimated yearly 

generation increase by 8.3% [9]. In 2015, solar electricity generation totalled in 

about 227 GW [10]. Solar energy production is getting increased attention due 

to its cleanliness. Furthermore, it allows getting import-independent energy for 

the countries with low amounts of available fossil fuels. 

 

Fig. 1. World total electricity generation in trillion kilowatt-hours by energy source (a). World 
total renewable electricity generation in trillion kilowatt-hours by energy source (b) [9]. 

Growing production of PV (Photovoltaic) energy systems leads to the decrease 

in price per watt. This decrease may be attributed to the increase in the 

production scale, reduction of the amount of energy required to produce the 

defined amount of devices and increased efficiency of the whole production 

process. One more reason is an increased conversion efficiency (and/or 

reduced consumption of raw materials) of the PV devices. In the past, the main 

part of the PV energy system was the price of the PV modules. Now, expenses 

shifted to the parts that do not produce energy, such as cabling, racking, 
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inventers and maintenance. Therefore, high conversion efficiency resulted not 

only in the reduced consumption of raw materials but also in reduced costs for 

other equipment, since high conversion allows getting the same amount of 

energy using less solar modules [1]. The price of the PV module decreased 

sharply over time. From 2006 to 2011 production of PV modules underwent a 

boost with average growth of 78% per year, followed by an almost triple 

decrease in the price per watt (Fig.2). However, from 2011 to 2013 production 

growth was only 4% per year. Production capabilities became significantly 

larger than the demand for the PV modules. This led to the bankruptcy, 

downsizing or consolidation of a number of solar companies [9]. 

Some experts claim that failure of the part of solar companies may have a 

positive effect in the long run. Decreased supply would lead to increased 

profits that would allow investments in innovations and new equipment, 

although this process was hindered by financial help for non-competitive 

companies from the governments, especially in China, which is the largest 

world’s PV modules manufacturer [11]. The decline in prices slowed down 

between 2013 and 2015 [12]. However, PV industry still suffers from the 

oversupply and dropping prices that are feared to be too close to manufacturing 

costs [13]. 

 

Fig.2. Global PV module price trends in 2010–2016 [12]. 
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2.2 Overview of the Solar Cell Technology 

2.2.1 Operation of a solar cell 
A solar cell is a device that uses light to produce voltage and current for 

electric power generation. To implement such process, almost exclusively 

semiconductor materials forming a p-n junction are used. In the suitable 

material, the incoming photon is absorbed by the electron, which jumps from 

the valence to the conduction band. This process might be depicted as the 

generation of the electron-hole pair. The electron-hole system is not stable, and 

recombination occurs after some time that is defined as a minority carrier 

lifetime. To utilize solar cell for electric power generation, carriers have to be 

spatially separated. This is achieved in the p-n junction. If n-doped and 

p-doped materials are joined together, electrons diffuse from the n-type 

material into the p-type material (and holes vice versa) due to the significant 

difference in electron concentration in n- and p-type materials. Depletion zone 

with no charge carriers is formed. In this zone, an electric field (built-in 

electric field) directed from the depleted n-type to the depleted p-type region is 

created (Fig. 3a). Due to the existence of the built-in electric field, some 

electrons flow in the opposite direction to the diffusion current. Eventually, net 

electron (hole) flow across the p-n junction becomes zero. When the light 

shines on the solar cell, some of the semiconductor electrons are excited. Due 

to the pre-existing electric field in the junction, electrons are forced to go to the 

n-type and holes to the p-type material. 

This causes reduction of the electric field strength across the junction and, as a 

result, leads to increase in the diffusion current due to electron diffusion from 

n-type material into p-type and vice versa for holes (forward bias current). If 

the circuit is open, forward bias current increases until it balances light 

generated current and the net current is zero (Fig. 3b). The voltage required to 

cause these two currents to balance is called the open-circuit voltage VOC. If the 

solar cell is short-circuited, the photo-generated carriers flow into the external 

circuit and diffusion current decreases. 
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Fig. 3. Operation of the solar cell. 

The current flowing through the solar cell when it is short-circuited (so the 

voltage across it is equal to zero) is called the short-circuit current ISC (Fig. 3c). 

For the ideal solar cell, this current is equal to the light-generated current. It is 

the largest current that can be drawn from a cell [14, 15]. Fig. 4 shows an 

example of the I-V graph of the solar cell. The maximum generated power Pmax 

is achieved at the voltage Vm and current Im: Pmax=VmIm. It is convenient to 

define the Fill Factor FF [15]: 

 .max

OCSCOCSC

mm

VI
P

VI
VIFF  (1)  

FF along with VOC and ISC determines the maximum power available to extract 

from a solar cell. Graphically, the FF is a measure of the "squareness" of the 

solar cell I-V curve, and it also represents the area of the largest rectangle that 

can fit under the I-V curve. 
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Fig. 4. Example of a solar cell IV graph. 

The solar cell energy conversion efficiency η can be defined as: 

 ,FF

in

SCOC

P
IV  (2)  

here Pin is the power of the light incoming to the solar cell [16]. 

Solar cells are often characterised using widely known equation [17]: 

 
1

/
exp0 qkT

VJJJ SC , (3)  

where J is the current density, JSC is the short-circuit current density, J0 – the 

"dark saturation current density", the diode leakage current density in the 

absence of light, V is the voltage across the solar cell, k is the Boltzmann’s 

constant and T is the (absolute) temperature. Considering this equation, current 

generation in the solar cell can be thought as a sum of short-circuit current, 

which is proportional to the photo-generation rate, and recombination losses 

due to the forward biased voltage, which develops across the solar cell diode. 

So, recombination losses lead to reduced JSC and VOC. 

There are several sources and paths of recombination of the photo-exited 

electrons in the solar cell. Radiative recombination is a reverse process of 

photon absorption. It plays an important role only in direct bandgap 

semiconductors. Shockley–Read–Hall (SRH) recombination is assisted by 

impurities or crystal defects. Defects introduce energy levels within a 

forbidden band gap. This recombination process is dominant in semiconductors 
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under operation conditions. Auger recombination process is more critical in 

indirect bandgap semiconductors such as silicon. In this process, electron 

(hole) in the conduction (valence) band recombines by transferring its energy 

and momentum to the other conduction (valence) band electron (hole). Newly 

exited particle loses the excess energy to the lattice vibrations. The probability 

of the Auger recombination increases with charge carrier concentration. 

Therefore, it is more important in highly doped materials [14].  

Surface recombination plays a crucial role in the semiconductor devices. Many 

valence electrons at the surface cannot form a covalent bond and remain as the 

so-called “dangling bonds”. Such bonds are defects that induce SHR 

recombination. The surface recombination rate can be reduced by deposition of 

the passivating layer. Free silicon valence electrons can participate in a 

covalent bond with the atoms of this layer. Silicon oxide and silicon nitride are 

widely used materials for the passivation. Another way, which is utilised in 

PERL (Passivated Emitter and Rear Local diffusion) cells, is to create a layer 

with high dopant concentration under the surface. Shockley recombination 

requires the presence of both an electron and a hole. If the concentration of one 

carrier type is significantly reduced, recombination rate also drops. The 

concentration of one carrier type can be reduced by creating an electric field. 

This can be done by creating a doping gradient below the silicon surface [18]. 

Such layer acts as a barrier for minority carriers, thus reducing recombination 

rate [14].  

The shape of the surface also is essential. Fabrication of the light trapping or 

antireflective structures may increase the surface recombination rate. For a 

start, textured surface has a larger area than planar. Therefore, surface 

recombination for a textured surface is also larger. For example, commonly 

used in industry upright pyramid texture in monocrystalline silicon increases 

surface area by 1.73. Recombination rate can also be increased due to the 

exposition of different crystal orientation surfaces. The silicon (111) surface is 

known to provide more dangling bonds than the (100) surface [19]. 
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2.2.2 Types of solar cells 
Silicon solar cells remain dominant solar cell type on the market. They can be 

grouped according to the crystalline properties of the silicon from which they 

are made. Monocrystalline silicon solar cells are made from the crystalline 

silicon wafers that are cut from the ingot grown using the Czochralski method. 

They provide relatively high efficiency: theoretical efficiency of the 

monocrystalline silicon solar cell is 29% [20]. The current record for the actual 

solar cell is 26.7% [21]. However, most monocrystalline solar cells available 

on the market exhibit more humble efficiencies of 16–19% [22]. The most 

widespread manufacturing technology is the so-called “screen printing”. 

Screen printing is a relatively simple method to make front contacts, but 

numerous design compromises are made to reduce costs [22]. Multicrystalline 

silicon wafers are cheaper than monocrystalline because they are cut from the 

silicon ingot that was cast into the mould from liquid silicon. They are usually 

made from cheaper “solar grade” material. The casting process is also less time 

and resources consuming than crystal growing [16]. 

The efficiency of the PERC (Passivated Emitter and Rear Cells) solar cells 

were improved by introducing better light trapping in the cell and providing 

better passivation for reducing recombination losses. In PERC cells, a thin 

dielectric layer is added between the back side of the cell and metal contact. 

This layer is perforated by tiny holes to ensure contact between the metal and 

silicon. Perforated dielectric layer reduces carrier recombination and parasitic 

light absorption in the back contact. At the same time, radiation incoming from 

the front side of the cell is deflected at various angles thus increasing light 

path. Additionally, excellent antireflective properties are achieved using 

inverted pyramid front pattern. Therefore, PERC cells have better absorption in 

the 1000–1200 nm spectral range than conventional monocrystalline silicon 

cells [22, 23]. PERL (Passivated Emitter and Rear Local diffusion) cells have 

a design similar to PERC. The differences are that PERL cells have boron 

doped volumes above the back contact to reduce recombination further. These 
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volumes create a potential barrier, preventing diffusion of holes in the region 

near the back contact. Recombination at the front surface is reduced by adding 

a high-quality oxide layer on the top of the inverted pyramid texture [16, 22]. 

In the HIT (Heterojunction with Intrinsic Thin layer) technology, developed 

by Panasonic, the monocrystalline wafer is surrounded by the very thin 

amorphous silicon layers, thus providing a high degree of passivation [16]. In 

most silicon solar cell technologies dielectric passivation layers are used for 

avoiding surface recombination. However, the recombination in the metal 

contacts still remains an important factor. In PERC and PERL cells, this effect 

is reduced by decreasing the direct contact area between metal contacts and 

silicon. Another solution is to use passivating contacts which work as both the 

electric conductor and passivation layer [24]. In HIT solar cells intrinsic and 

doped a-Si:H (Hydrogenated amorphous silicon) layers are deposited on both 

surfaces of the n-type monocrystalline silicon wafer. Intrinsic type a-Si:H layer 

between the wafer and p-doped a-Si:H emitter provides good passivation of 

dangling silicon surface bonds. Transparent conductors with the metal grid are 

used as the electrodes. In 2014, HIT cells beat the long-standing silicon solar 

cell record of 25% efficiency held by the PERL type cells by increasing 

efficiency to 25.6% [25]. In 2017, the efficiency was further improved to 

26.7% [21]. 

High-efficiency solar cells must have diffusion lengths of minority carriers 

several times larger than the material thickness for all photocarriers to be 

collected. This requirement can be fulfilled in the thin film solar cells [4]. The 

important outcome of the usage of thin films is that role of the bulk 

recombination becomes less important. This lowers the requirements for the 

material quality [26]. An additional benefit from reduced bulk recombination is 

an increase of the VOC: for example, the limiting value increases from 750 mV 

for a 300 μm thick cell to 830 mV for a one μm thick cell [27]. In thin-film 

solar cells, thin material layers are deposited on glass, stainless steel or 

polymer substrate (so flexible solar cells are feasible). The active 
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semiconductor layer is deposited between the front transparent electrode and 

the back electrode. The thickness of the active layer is in the range of 

micrometre. Therefore, back reflectors and other light trapping schemes are 

usually implemented in the thin film devices. 

Thin film silicon solar cells have lower efficiencies than other thin film 

devices. On the other hand, they do not require rare or hazardous elements 

such as cadmium or lead. Also, the efficiency drop at high operating 

temperatures is quite low. Non-pure silicon films (a-Si:H or μc-Si:H 

(microcrystalline hydrogenated silicon)) deposited by PECVD (Plasma 

Enhanced Chemical Vapour Deposition) from a mixture of silane (SiH4) and 

hydrogen are preferable to the pure amorphous or multicrystalline silicon films 

because hydrogen passivates dangling silicon bonds [28]. 9.6% efficiency was 

reported for amorphous silicon [29], 11.0% for multicrystalline silicon [6] and 

11.9% for a tandem a-Si:H/μc-Si:H devices [29]. 

Perovskite solar cells recently got a new wave of interest. They are easy to 

manufacture and strongly absorb sunlight. However, all reported high-

efficiency Perovskites include lead. Also, they are susceptible to degradation 

when exposed to moisture or UV radiation. Perovskites can be described by 

formula ABX3, where X is an anion, A is a large cation and B is a smaller 

cation. In the Perovskites that are promising in photovoltaics, the X is usually I 

(but can be Cl or Br), A is methyl-ammonium ion (CH3NH3), and B is Pb [30]. 

The Perovskite solar cell consists of the following layers: fluorine-doped tin 

oxide (FTO) coated glass substrate, a porous layer of a nanocrystalline metal 

oxide, sunlight-absorbing Perovskite layer and a hole-transporting material. 

20.1% efficiency was reported in 2013 [31]  

Silicon solar cells are reaching their theoretical efficiency value. The next step 

would be to combine silicon solar cell with a low-cost wide bandgap cell in the 

tandem cell configuration. Perovskite materials are promising for tandem 

applications due to the steep absorption edge, low absorption below the 

bandgap and tuneable between 0.56–0.83 μm bandgap [32]. 
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CuInGaSe2 (CIGS) and CdTe solar cells are often classified as chalcogenide, 

as they contain chemical elements included in the chalcogenide group of the 

periodic table (O, S, Se, Te, Po). On the laboratory scale, the record cell 

efficiencies for the CIGS can reach up to around 22% [33, 34]. Commercial 

module efficiency, however, is close to 15%. CIGS material is deposited 

between Mo back contact (which in turn lies on the glass, metal foil or polymer 

substrate) and transparent front contact. MoSe2 layer forms between the Mo 

and CIGS during the CIGS growth process. Additional layers are deposited 

between the CIGS and front contact [35]. 

2.3 Light Management in the Solar Cells 
There are several sources of efficiency losses in the photovoltaic cells. For 

example, silicon exhibits quite a high reflection (over 30% in the visible range) 

due to high refractive index contrast comparing to air. Another problem is how 

to ensure absorption of photons in the thin layers of materials for thin film 

solar cells. Even in the relatively thick conventional silicon solar cells low 

energy photons are not efficiently absorbed in the single pass through the 

silicon wafer (Fig. 5). Absorption of low energy photons is preferable because 

it causes less heating in the solar cell. When a photon with energy much larger 

than bandgap is absorbed, “hot” carrier is generated, that gives its energy to 

surrounding medium through the thermalisation process [36]. 
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Fig. 5. Absorption depth for several solar cell materials across the spectrum. Data were taken 
from [37-42] 

2.3.1 Antireflective coatings 
Antireflective coatings are thin dielectric layers designed in such way that 

irradiation reflected from the coating top layer and coating-substrate interface 

interfere destructively thus reducing reflection from the front surface of the 

device. For silicon solar cells, silicon nitride with a thickness of about 70 nm is 

usually used to provide reflection minimum at the 600 nm wavelength. Planar 

antireflective coatings are simple and suitable for large-scale industrial 

manufacturing. However, they have some drawbacks. Firstly, a single-layer 

antireflective coating provides minimal reflection for the specific wavelength 

and angle of incidence only. Secondly, such layers act as an antireflective for 

the light coming from the bulk of the PV cell also: light reflected from the back 

surface of the active layer will pass through such layer unscathed. Therefore, 

antireflective coatings provide no light trapping [43]. Advanced antireflective 

coating designs such as moth-eye structures are under consideration. Sub-

wavelength conical texture provides gradual refractive index change in the 

antireflection layer [44]. Such structures could provide not only very efficient 

light absorption but also ensure the unhindered performance of the device in 

humid conditions due to superhydrophobic properties of the texture [45]. 
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2.3.2 Light harvesting using supra-wavelength structures  
In thick silicon solar cells, light harvesting is ensured using structured front 

surface, which provides antireflective properties, optical path enhancement and 

light trapping properties due to total internal reflection inside the silicon wafer. 

In monocrystalline silicon solar cells, the most widely used front-side structure 

is upright random pyramid structure [46], obtained using anisotropic wet 

chemical etching (Fig. 6b). 

 

Fig. 6. Pyramid patterns in crystalline silicon. a) inverted pyramid pattern [47]; b) random 
upright pyramid pattern [48]. 

Usually, low concentration KOH or NaOH solutions in water with the addition 

of isopropyl alcohol are used. [49]. Another well-known structure is inverted 

pyramid structure (Fig. 6a) [46] also obtained by anisotropic etching but, in 

this case, using a mask to obtain highly regular structure [47]. Inverted 

pyramid structure is very efficient for light trapping through total internal 

reflection: the optical thickness of the silicon wafer can be enhanced up to 40 

times using this structure [50]. Such structures provide the antireflective effect 

because light rays that are reflected from the side walls will hit silicon surface 

again one or more times. In the regular upright pyramid structure, 83% of 

incoming light rays experience double bounce and 11% triple bounce from the 

surface. In random upright pyramid pattern, about 70% of light rays are 

bounced twice. Percentage of rays that encounter three bounces depends on 

whether there is an overlap between pyramids and ranges between 19–26% 

(the rest of the rays bounce 4 or more times). Regular inverted pyramid pattern 

(providing there is no flat area between the pyramids) provides about 42% rays 

with three bounces. This is significant superiority over the upright pyramid 



33 

 

patterns. About 97% of photons, which bounces from the silicon surface three 

times, will be absorbed. [51]. Inverted pyramids also provide light trapping 

capability: lower energy photons that are not absorbed in the bulk of the silicon 

are reflected back toward the front surface. There is the probability that they 

will hit the surface texture at such angles that will result in the reflection back 

to the silicon. Finally, photons enter silicon obliquely, and this increases the 

probability for them to be absorbed closer to the p-n junction. It is crucial if the 

carrier diffusion length is comparable to the cell thickness [52]. 

In the multicrystalline silicon, anisotropic wet chemical etching cannot be 

successfully applied due to random orientation of the silicon crystallites. In 

some locations, the (100) crystal surface (preferable for etching) will be facing 

the exterior. In the other locations, the (111) surface will be in place. 

Therefore, the alkaline etched wafer will have some distribution of low and 

high reflectance areas. Although alkaline etching of multi-crystalline silicon 

wafer can reduce overall reflectance, it will be quite close to the reflectance of 

the uniformly polished wafer [53]. Furthermore, gaps or steps between the 

crystal grains may be produced using alkaline etching [52]. They result in 

lowered VOC and FF parameters of the solar cell [54]. Isotropic acid etching 

using solutions containing HF /HNO3 allows obtaining irregular groove 

structure [53]. To get non-planar surface after the isotropic etching step, some 

irregularities must be present on the surface. Usually, the fresh wafer already 

has an irregular surface, produced during the cutting process. Isotropic etching 

is used for this so-called saw damage removal, to eliminate surface layer with 

abundant defects. In the same process, a surface that has some antireflective 

and light trapping properties are made. [52]. RIE (Reactive Ion Etching) 

technique for the fabrication of light management texture was also extensively 

investigated. It was shown that RIE texturing provides lower reflectance than 

acid etching [52, 55]. However, RIE process induces defect formation in 

silicon. Therefore, an additional wet chemical etching step is needed to remove 

this damage. However, additional etching lowers sample reflectance [56]. 
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Nevertheless, increased conversion efficiency due to increased absorption in 

the <600 nm wavelength region was demonstrated using RIE etched and post-

processed in acid solution silicon [55]. 

Acid etching through the mask can be used to obtain a structure similar to the 

inverted pyramid pattern. By etching through hexagonal oxide mask 

hemispheric shaped wells can be fabricated. 1.6% efficiency increase 

compared to conventional multicrystalline silicon wafer was demonstrated 

[50]. 

Direct laser writing (DLW) was also investigated as a method for fabrication of 

textures for light management. Ablation of grooves [57] and pits [58], followed 

by wet chemical etching reduces the reflectance of the wafer (Fig. 7). The 

etching step is required to remove surface layer with abundant laser-induced 

defects. Nanosecond UV pulses cause reduction of minority carrier lifetime to 

4 μs [58], that is much lower than usual minority carrier lifetimes which can 

vary from about 20 μs to 100 μs, depending on the wafer quality [59]. 

Reflectances of the textures, produced in the multicrystalline silicon using 

various methods, are compared in Fig. 7. 

 

Fig. 7. Reflectance curves of multicrystalline silicon wafers with surface textures. Green line - 
wafer with saw damage [52], black line - alkaline etched [52], red – acid etched [52], blue - 
maskless RIE textured [52], magenta – grooves formed using direct laser writing and wet 
chemical etching [57], orange pits formed by DLW and wet chemical etching [58]. 
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2.3.3 Diffractive/sub-wavelength light-harvesting structures 
Despite the industrial suitability and fair performance of the supra-wavelength 

structures, there is a need for improvement. Conventional pyramid structures 

are not suitable for thin film solar cells due to their relatively large height. 

Furthermore, they cannot be used for other materials, lacking crystal structure 

compatible with anisotropic etching. Finally, they are not perfect light 

scatterers. The optical thickness of the silicon wafer can be enhanced up to 40 

times using inverted pyramid texture. In silicon, perfect light scatterer could 

produce optical path enhancement by the factor of 50. Such ideal scatterer is 

called Lambertian scatterer. Lambertian scatterer is an ideally rough surface, 

ensuring the same light brightness in all scatter directions. Therefore, part of 

the light that propagates obliquely to the front surface is increased. If there is 

an ideal reflector on the back surface of the wafer, the optical path 

enhancement, compared to the wafer with the flat front surface, reaches 4n2, 

where n is the refractive index of the material. Such enhancement is called 

Lambertian or Yablonovitch limit. If Yablonovitch limit were reached in 

silicon, several micrometer thick wafers would be sufficient for efficient 

absorption of solar light [60, 61]. It was shown that, in some cases, optical path 

enhancement could exceed 4n2 [60]. Nevertheless, Yablonovitch limit is often 

used as a mark against which light trapping approaches can be compared. 

Various structures were proposed to overcome these problems. Numerical 

investigations concerning various microstructure gratings can be found in the 

literature. It was shown that breaking of symmetry could help to improve the 

performance of the pyramid array [60]. Also, the two-dimensional gratings are 

preferable to one-dimensional grating due to the increased number of 

diffraction orders. Maximal absorption is provided when the period of the 

structure is slightly smaller than the wavelength [62]. Tapering of the grating 

helps to reduce reflection from the structure due to the smooth transition 

between different refractive index mediums. Among the other investigated 

structures, an array of non-symmetric rods with pyramidal points was found to 
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be very close to the Lambertian scatterer, and even surpass it in some 

wavelength ranges [60]. However, application of such structures is 

questionable due to difficulties to passivate high-aspect-ratio or sharp surface 

features. It was shown that wafer surface roughness denoted as a number of 

“turning points” (number of hills and valleys on the etched wafer) significantly 

influences passivation quality. The largest number of turning points results in a 

minimum of effective minority carrier lifetime of passivated wafers. Irregular 

deposition of silicon atoms and variation of film thickness in the valleys and 

peaks of the pyramidal structure was found to be responsible for that [49]. 

Nevertheless, silicon, processed using various methods to produce a broad 

range of sub-wavelength surface structures (black silicon), is widely 

investigated as a light-harvesting structure, due to its outstanding antireflective 

properties. Black silicon encompasses a number of different structures, 

fabricated using various methods. For example, needle-like structures can be 

formed using deep RIE or metal-assisted wet chemical etching. Porous surface 

can be produced using wet chemical etching in HF/HNO3. Using laser 

processing in a gas environment, high aspect ratio spikes can be fabricated 

[63]. Absorption of silicon with such textures is very high. It surpasses 

absorption of the inverted pyramid texture and can reach over 99% in the 

visible spectral range. However, there is a trade-off between good 

antireflective properties in the visible range and light trapping of the infrared 

wavelengths: black silicon structures, exhibiting very high absorption in the 

visible range, act as poorer light trapping structures for the infrared, compared 

to the inverted pyramid pattern, and vice versa. Nevertheless, black silicon 

offers a way to increase light harvesting. It is also very attractive for usage in 

thin-film solar cells. The issues, concerning surface passivation and deposition 

of metal contacts, are among the most important downsides of the black silicon 

PV technology. Black silicon structure has a huge surface area, which needs to 

be passivated. At the same time, passivation is hard to achieve, due to the 

narrow and deep features of the black silicon texture. Al2O3 coatings are 
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among the most promising passivation materials [64]. Due to these issues, the 

electrical characteristics of the black silicon solar cells are poorer, compared to 

the conventional silicon solar cells. Current black silicon solar cell efficiency 

record is 22.1% [65]. 

One more class of the light management structures investigated in literature is 

periodic structures in the top contact or passivation layer of solar cell device. 

Increased absorption was observed in the a-Si:H thin-film solar cell with a 

periodic hole array in both a-Si:H and the top ITO electrode [1]. Sub-

micrometre texturing of the photoresist deposited on the top of the GaAs solar 

cell using laser interference lithography provided over 2% increase in the cell 

efficiency [2]. Simulations and experimental results showed an increase in 

photo-electrical conversion efficiency of the photovoltaic element with 

nanohole patterned antireflective layer [3]. Usually, periodic arrays in the 

passivation layer are formed utilising interference lithography combined with 

the reactive-ion etching [3, 66]. 

Texturing of the substrate of thin film solar cells is also among the light 

harvesting enhancement methods provided in the literature [6, 7]. Some 

authors tried to model separate approaches for antireflection and light trapping 

using conical silicon structures. Simulations show that sub-wavelength period 

and high aspect ratio silicon cones on top of thin film silicon layer provides 

good antireflective properties. Conic sub-wavelength structure acts as a 

gradient refractive index layer for incoming light, thus reducing reflection. The 

light trapping cone structure positioned on the bottom of the cell increases 

absorption probability of long wavelength photons. The optimal period of the 

structure is close to the required wavelength (800–1100 nm for silicon) [67]. 

2.3.4 Plasmonic light trapping 
There are several plasmonic light trapping concepts. One of them is to place 

small metal particles on the top of the PV element (Fig. 8a). If their properties 

are properly selected, such particles scatter the incoming light and act as 
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antireflective structure, because the preferential scattering direction is into the 

high refractive index substrate. Moreover, optical path length inside the active 

layer is increased due to the angular scattering [5]. Additionally, light reflected 

from the back reflector may reach particles from the substrate side, and in this 

case, it will also be scattered back to the high refractive index material [4]. In 

thin semiconductor layers, the scattered light may be coupled into the guided 

modes, propagating parallel to the surface. Another concept is to pattern the 

metal back contact (Fig. 8b). Then light not absorbed in the semiconductor 

layer interacts with the scattering substrate and is coupled into the guided 

modes or Surface Plasmon Polariton (SPP) modes [5]. The third way to utilise 

plasmonic structures is to take advantage of the strong electric field 

enhancement very close to the metal nanoparticles to increase absorption in the 

material surrounding a particle (Fig. 8c) [4]. 

 

Fig. 8. Plasmonic light trapping concepts [4]. 

The size and shape of the particles have to be taken into consideration. In the 

relatively big particle, the phase of the impinging electric field is not constant 

across it. Therefore higher than dipolar plasmon modes are excited [43]. Small 

particles scatter light into the broader angular distribution than large particles. 

On the other hand, large particles exhibit stronger scattering intensity and 

lower absorption cross-section. In [68], authors advocate the use of nucleated 

particles consisting of a large core surrounded by 1/5 times smaller particles. 

The large core provides strong scattering in the long wavelength region, while 

small particles act as large angle scatterers in the short wavelength region. 
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Some plasmonic structures were tested experimentally. 60 nm wide Ag stripe 

array was shown to increase 40% in the photocurrent over the bare Si film. The 

non-periodic array provides enhancement of 55%. This grating efficiently 

couples the incident light to a waveguide mode supported by the Si layer when 

the reciprocal lattice vector of the grating matches to the propagation constant 

of the guided mode. Periodic array results in sharp features in spectral current 

density spectra whereas non-periodic distributes enhancement across the broad 

spectral range due to the existence of many periods [69]. Effect of the 

introduced randomness to the gold disk array on the glass substrate was 

investigated in [70]. In the random arrangement, each metal particle has a 

slightly different resonance wavelength. This results in broadening of the sum 

resonance. Such effect may be positive in the solar cell applications. 

Furthermore, fabrication of random structures in more suitable for industrial 

fabrication, for example, using chemical synthesis. In [71], the performance of 

the 450 nm period spheroidal particles deposited on the silicon nitride layer on 

the flat silicon wafer was investigated. Such array provided about 20% 

absorption enhancement in the long wavelength region. Authors claim that 

only 3% of the radiation is absorbed in the metal particles. 

One of the questionable aspects of plasmonic structures in solar cells is 

extraordinary absorption in metals at the plasmon resonance wavelengths [72]. 

Simulations show that absorption in the active layer of the cell at plasmon 

resonance wavelength decreases due to excitation of surface plasmons in the 

nanoparticles [73]. On the other hand, large nanoparticles tend to act as 

reflectors for short wavelength irradiation [74]. 

2.4 Interaction of Laser Radiation with Material 
Interaction of the high energy density laser beam with the material is a 

complex process and involves such effects as melting, nano/micro particle 

spallation, sublimation, amorphisation and crystallisation, the creation of the 

shock wave and even can result in bandgap modification through 
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crystallisation of material in confined volume [75]. Laser irradiation interaction 

with material depends on the bandgap of the material. In dielectrics, short 

wavelength (UV) laser can be used to induce single photon absorption. High 

intensity longer wavelength pulses allow multiphoton absorption. In metals, 

photons are absorbed by the free electrons. In the semiconductors, electron-

hole pairs are created when electrons are excited to the conduction band 

through direct or indirect (involving emission and absorption of phonons) 

absorption. Free carriers further gain energy by absorption. Subsequently, hot 

electrons and holes are produced. Additionally, high energy carriers are 

provided by Auger recombination. High-energy electrons can increase the 

number of electrons in the conduction band by impact ionization. Eventually, 

thermal equilibrium between carriers will be reached through carrier collisions, 

production of plasmons, impact ionisation [76, 77]. Free carrier system in 

silicon is thermalised during the approximately 100 fs [77, 78]. The carrier 

energy is transferred to the lattice by the emission of phonons during the 

material specific electron-phonon relaxation time. For example, the silicon 

electron-phonon relaxation time is in the range of 200 – 240 fs [79, 80]. This 

time depends on the peak surface carrier density (irradiation fluence). When 

critical carrier density (2·1021 cm-3[77] or approximately 0.08 J/cm2 fluence for 

800 nm wavelength 100 fs pulse duration pump beam [79]) is reached, 

electron-phonon relaxation time grows with the increasing carrier density [79]. 

Heating of the lattice results in melting, vaporisation, sublimation or spallation 

of the material followed by annealing and/or modification of surrounding 

material [81]. The outcome of the ablation process depends on the laser pulse 

duration. 

During the ablation process with the femtosecond pulse, heat conduction into 

the sample can be neglected, because the lattice is heated on a (sub)picosecond 

time scale, and direct conversion to the vapour and plasma phases takes place. 

In such regime, the heated material volume, in theory, coincides with the 

removed material volume. Therefore, precise material removal and very small 
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thermal effect to the surrounding material can take place [82]. In metals, the 

thermal penetration depth Lth depends on the pulse duration τp and the thermal 

diffusivity κCp/ρ, where κ is thermal conductivity, Cp specific heat capacity and 

ρ is density [83]: 
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p
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C
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In the picosecond regime, vaporisation still is a critical factor. However, 

heating of the surrounding material and formation of the melt zone takes place. 

In the long pulse regime, heat diffuses relatively deeply into the material and 

conversion to vapour takes place only as a transition from liquid [82]. 

However, short pulse duration does not automatically ensure good quality of 

the ablated surface. It was shown, that there exists an optimal irradiation 

fluence for the specific material, which provides the lowest surface roughness 

and highest material removal rate [84]. Even when the fluence is optimal, the 

good quality regime may be lost due to heat accumulation from high repetition 

rate pulses [85]. 

 

2.5 Laser Interference Patterning 
When several coherent laser beams intersect each other, their intensity is 

modulated due to interference. Interference patterning was tested with a broad 

range of materials, such as transparent conducting oxides [86], silicon [87], 

thin metal films [88], bulk metal surfaces [89], transparent materials[90] and 

various photoresists [91, 92]. Using the interference method, 2D surface 

structures and 3D polymer structures were demonstrated. It was shown, that 

shape of the 3D structure can be tuned using several exposures and selecting 

appropriate sample orientation concerning the direction of interfering beams 

for each exposure. In this way, patterns representing all fourteen Bravais 

lattices can be formed [93]. 



42 

 

Intensity distributions of several interfering beams can be modelled using 

expression [94-96] 
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In this expression, Ei0 are the electrical field amplitudes, ki are the wave 

vectors and φi is the phase of the i-th wave, r is the radius vector, N number of 

the beams. Interference intensity distributions simulated using this equation 

using Matlab are provided in Fig. 9. 

 

Fig. 9. Simulated interference intensity distributions. a) –2 beams; b) – 3 beams; c) – 4 beams; 
d) – 6 beams. Intensities, polarisation states and phases are equal for all beams. 

 

2.5.1 Interference patterning setups 
 

There is a number of optical setups, which can be used for interference 

patterning. The most commonly used include a beam splitter and mirror setup 

[97, 98], Lloyd’s mirror [99] and diffractive optical element (DOE) combined 

with the confocal imaging setup using 4f lens arrangement [92, 100]. A setup 

consisting of DOE bi-prism and focusing optics can also be found in the 

literature [101].  
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Fig. 10. Interference patterning setups. a) beamsplitter/mirror setup [102], b) Lloyd’s mirror 
setup [99], c) confocal imaging setup [100], d) setup including DOE bi-prism and focusing 
objective [101]. 

Lloyd’s mirror setup (Fig. 10b) is usually used for photolithography or some 

other process that requires low light intensity. It can be used to illuminate 

relatively large areas. Pattern period is changed by tilting Lloyd’s mirror. In 

this way, the period can be changed continuously over the large range. The 

Lloyd’s mirror setup is usually used for fabrication of line patterns with 

overlapping incident and reflected beams. More complex structures are 

obtained using sample rotation between several expositions. The Lloyd’s 

mirror setup for 3-beam interference was also demonstrated [103]. 

The beam splitter and mirror setup (Fig. 10a) provides more flexibility in 

selecting the number of interfering beams. Such setup, in general, allows full 

control of the angle between the beams (pattern period). However, with the 

increased angle, the shape of the overlapping beams becomes more and more 

elliptical. Therefore, interference occurs only in the central region of the 

beams. Furthermore, such setup is not feasible to use with ultrashort pulse 

lasers. To get interference the difference of the optical paths between the 

beams has to be smaller than the spatial length of a laser pulse. For a 
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femtosecond pulse, the optical path difference should be less than 100 μm. 

Furthermore, optical setup for a large number of beams becomes quite 

complicated. 

In the confocal imaging setup laser beam is split using diffractive optical 

element (DOE). Image from the DOE is transferred to the sample plane using 

two convex lenses (Fig. 10c). This setup provides a simple way to use 

ultrashort laser pulses with the interference technique [100]. On the downside, 

in practice, the 4f system cannot be implemented to obtain extreme angles 

between the beams (very small pattern periods). The angle between the 

interfering beams in such setup depends on the 4f system magnification. In 

practice, magnification up to 7 is feasible, and pattern periods up to 400 nm 

can be obtained using the 355 nm wavelength. Furthermore, the 4f system 

possesses aberrations, which grow with decreasing pattern period [104]. 

Setup, consisting of DOE, bi-prism and focusing objective was recently 

proposed (Fig. 10d). Such setup allows easy continuous adjustment of the 

pattern period. However, the presence of dispersive elements prevents 

successful usage of such setup with ultrashort laser pulses. 

 

2.5.2 Control of the shape of the interference pattern 
 

In the most mentioned in literature 2D patterning applications, the interference 

patterning was limited to obtaining the line or hole (column) patterns. Usually, 

a few (2, 3 or 4) beams with equal intensity and polarisation are used. In such 

conditions, the line intensity patterns can be generated using two interfering 

beams and square or hexagonal hole (column) patterns – by using 3, 4 or 6 

beams. However, it would be desirable to obtain more complex shapes of 

patterns. For example, applications in metamaterials or metasurfaces require 

control over the pattern shape. To some degree, the pattern may be varied in 

thin-film ablation: selection of a ratio between irradiation fluence relative to 



45 

 

the ablation threshold provides an opportunity to obtain diverse patterns in thin 

films, using the same intensity distribution [94]. Formation of the ring-like, 

rectangular and other periodical patterns was demonstrated using the 

interference pattern scanning technique [94, 105]. However, the most 

promising opportunity to directly control the parameters of interfering beams. 

Interference intensity distribution depends on relative intensities of the beams, 

relative phase differences between the beams and beam polarisation 

orientations. Effects of phase and polarisation states on the intensity 

distribution were widely investigated using computer simulations [8, 95, 106, 

107]. Experimental results were also provided in a few papers [8, 92, 94, 95, 

106-108]. Several groups demonstrated that intensity patterns could be 

modified by inserting tiltable transparent plates in the beam path. Approach for 

the phase control in a 6-beam setup was demonstrated using a top-cut 

hexagonal prism to split the laser beam to the 6 beams (and additional central 

beam). The phase for each beam was changed, by placing oil layer on the 

prism surface, to induce a change in the beam optical path [109]. However, 

such methods are not suitable for large-area industrial patterning. Transparent 

plate causes a shift of beam position (and consequently a change of its 

elevation angle compared to the other beams). Therefore, spatial modulation in 

the interference intensity distribution arises [94]. This results in a gradual 

change from one pattern shape to another in the patterned surface area. So, 

uniform pattern area is limited to several tens of micrometres. Polarization 

control, on the other hand, can be achieved using conventional waveplates. No 

undesired spatial modulation across the interference spot arises using this 

approach if all waveplates are inserted perpendicularly to the beams. 

Moreover, the variety of interference pattern morphologies is larger when the 

polarisation of the beams is changed instead of a variation of the beams phases. 

For example, the phase shift in the 3-beam setup causes spatial translation of 

pattern. However, the shape of the pattern remains constant. In contrast, 

different intensity pattern shapes can be obtained using polarisation control in 
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the 3-beam setup [104]. So far, polarisation pattern control was implemented in 

2-beam, 3 beam and 4-beam setups [96, 110, 111]. In all of these reports, beam 

splitters and mirrors were used to obtain several laser beams and combine them 

on the sample. However, in such setup, it is difficult to ensure that elevation 

angles of all beams are equal. Failure to do this results in spatial modulation of 

the interference pattern as well as in the case of phase control using tiltable 

glass plates. This modulation can be utilised to obtain combined large and 

small period pattern in one step. Non-symmetrical 6-beam setup was used to 

fabricate moth-eye structures [112]. Polarization control was also included in 

this configuration. However, it was used to provide the same polarisation states 

for all beams, but not for the pattern shape control. 

A number of applications require micrometre size or sub-micrometre patterns, 

such as plasmonic colour surfaces [113] or plasmonic sensors [114]. Such 

patterns can be obtained by ensuring that the angle between the interfering 

beams is relatively large. For example, to get 1 – 0.5 μm period patterns using 

532 nm laser wavelength, half angles between the interfering beams of 10 –

25 ° are required. In most experimental works on polarisation control in laser 

interference setups, relatively small, up to 10 °, half-angles between the beams 

were used [96, 110-112, 115].  

When the angle between the interfering beams is sufficiently large, polarisation 

state affects modulation depth of the interference pattern. Influence of beam 

polarisations on the modulation depth on the two beam intensity pattern was 

investigated in [96]. The problem of pattern modulation depth for 2 and 3 

beams was investigated in [116, 117] and the same problem for four interfering 

beams in [107] (for 30° incidence angle). 
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3 Experimental Setups and Procedures 

3.1 Laser interference setups 
Experimental setups for the interference patterning experiments are shown in 

Fig. 11. The laser beam was split into several beams using multi-spot DOE. 

These beams were collected on the sample surface using a confocal imaging 

system consisting of two objectives L1 and L2. In one instance, beams were 

collected using compact mirror arrangement. Each objective was composed of 

two plano-convex spherical lenses to reduce aberrations in the interference spot 

[104]. Central (zero order) beam and higher than first-order beams were 

blocked using an appropriate metal mask. Beam expander was used to provide 

required beam diameter on the DOE (Fig. 11e). In the polarisation control 

experiments, an additional module containing six half-wave plates was inserted 

between the objectives L1 and L2 Fig. 11d. Peak fluence in the interference-

modulated Gaussian beam was calculated using the formula provided in 

Appendix B. 

 

 

Fig. 11. Multi-beam interference patterning setups. a) – 3 beam interference patterning setup, b), 
c) – 4 and 6 beam interference setups utilising 4f lens systems, d) – 6 beam interference setup 
including polarisation control. e) – the laser beam delivery to the interference setup; M – mirror, 
DOE – diffractive optical element; L1 and L2 – lenses; HWP – half-wave plate. 
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In some experiments, patterning uniformity was increased using setups 

including top-hat beam shapers (Fig. 12a, b) and scanning of the interference 

pattern (Fig. 12c). 

 

Fig. 12. Multi-beam interference patterning setups, used for increased patterning uniformity. a) 
– setup with Topag GTH-5-250-4 top-hat beam shaper; b) setup with πShaper 6_6_532 top-hat 
beam shaper; c) setup for scanning interference pattern across the sample. 

Modification of the interference patterning setup shown in Fig. 11b was tested 

with high pulse energy (15 mJ@1030 nm), 200 fs pulse duration laser source 

provided by AmpLight KG. The laser beam was divided into 4 beams using 

Holo/Or MS-546-J-Y-A diffractive optical element. Beams were combined and 

transferred to the sample by the 4f lens system, consisting of 50.8 mm diameter 

+150 mm and +100 mm effective focal length objectives. Objectives were 

enclosed in the aluminium tube and acted as an input and output windows. 

200 mBar vacuum was created in the tube to prevent plasma formation at the 

focal plane between the lenses. The optical setup and experiment arrangement 

are shown in Fig. 13. 
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Fig. 13. Optical setup and experiment arrangement used for 4-beam interference ablation 
experiments with the high pulse energy femtosecond laser. 

Parameters of the DOEs used in the experiments are given in Table 1. 

Table 1. List of diffractive optical elements used in the experimental work. 

DOE # of beams Wavelength Manufacturer Full angle 
H4_532 4+1 532 nm HOLOEYE 

Photonics AG 
10 deg 

H6_532 6+1 532 nm HOLOEYE 
Photonics AG 

10 deg 

H4_355 4+1 355 nm HOLOEYE 
Photonics AG 

10 deg 

MS-546-J-Y-A 4 1030 nm HOLO/OR 7.71 deg 
Several lasers were used in the experiments. Their parameters are provided in 

Table 2. 

Table 2. Parameters of the laser sources used for interference patterning. 

Laser Wavelength 
(fundamental 
harmonic) 

Pulse 
duration 

Repetition 
rate 

IH max. 
pulse 
energy 

Available 
harmonics 

NL220 (Ekspla) 1064 35 ns 0.5 kHz 1.2 mJ IH, IIH 
Atlantic HE (Ekspla) 1064 300 ps 1 kHz 2.7 mJ IH, IIH, IIIH 

Foxtrot (Ekspla) 1064 60 ps 4 kHz 1 mJ IH, IIH 
Pharos (Light 
Conversion) 

1030 300 fs 10-500 kHz 0.2 mJ @1
0kHz 

IH, IIH 

Amplight high-pulse-
energy femtosecond 
laser 

1030 200 fs at 
optimal 
pulse 
compression 

1000 Hz 15 mJ IH 

Laser-irradiated samples were investigated using optical and scanning electron 

microscopes. In some cases, interference intensity distribution was observed 

directly using a laser beam profiler camera. 



50 

 

3.2 Wet chemical etching 
Isotropic and anisotropic silicon wet chemical etching processes were utilised 

for post-processing of the laser-textured samples. Anisotropic etching was 

implemented using 10% potassium hydroxide (KOH) solution at the room 

temperature. 

Isotropic etching was performed using a mixture of nitric acid (HNO3), 

hydrofluoric acid (HF) and acetic acid (CH3COOH). Multicrystalline silicon 

wafers were etched 2 times: before the laser patterning and after laser 

patterning. For initial etching, two etchants were tested. Initial Etchant 1 (IE1) 

was 20% KOH solution in water. Etching duration 3 min, temperature 80 °C. 

Initial Etchant 2 (IE2) was a mixture of HNO3, HF and CH3COOH 

(HNO3:HF:CH3COOH= (6:0,6:1,4)). Etching duration 6 min, temperature 

22 °C. After the laser patterning, the etching was performed using HNO3, HF 

and CH3COOH mixture (E3) (HF:HNO3:CH3COOH:H2O= 3.42/11/3.75/5.83 

(ml)). Etching duration was varied. The temperature was 6 °C. A final short 

(10–15 s) etching in 3% KOH solution was used to clean the residue. 

 

3.3 Reflectance measurement 

 

Fig. 14. Reflectance measurement using an integrating sphere. 

Measurements were performed using the Shimadzu UV-VIS-NIR 

spectrophotometer UV-3600 coupled with the MPC-3100 unit with integrating 

sphere. The working principle of the integrating sphere is illustrated in Fig. 14. 
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3.4 Electrical measurements of solar cell characteristics 

 

Fig. 15. Setup for electrical measurements. 

Volt-Ampere characteristics of the solar cell samples were measured before 

and after the laser treatment using dual-channel system source Meter Keithley 

2602A and a solar simulator consisting of the light source (halogen lamps), 

conductive substrate and an enclosure (black box). Setup is shown in Fig. 15. 

The measurement error was found by measuring the I-V curve of the same 

solar cell sample several times. The electrical parameters of the solar cell (ISC, 

VOC, Imax, Vmax, Pmax, FF) were calculated, and measurement error was 

evaluated. In the following text, parameters of different solar cell samples are 

compared as ratios of the quantities of the same solar cell sample, before and 

after the texturing (for example, ISCT/ISCNT). Therefore, the measurement error 

is provided as the percentage of such ratio (Table 3). 

Table 3. Measurement error of the solar simulator. 

Parameter Error, % 
ISCT/ISCNT 0.2 
VOCT/VOCNT 0.3 
ImaxT/ImaxNT 0.3 
VmaxT/VmaxNT 0.3 
PmaxT/PmaxNT 0.5 
FF T/FF NT 0.5 
ηT/ ηNT 0.6 

3.5 Morphology, depth and element analysis 
Morphology of the laser-patterned samples was investigated using an optical 

microscope, the scanning electron microscope (JSM-6490LV JEOL), optical 
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and stylus profilers and atomic force microscope (AFM). Elemental 

composition was investigated using EDS (energy-dispersive X-ray 

spectroscopy) and XPS (X-ray photoelectron spectroscopy) analysis. 

3.6 Raman spectra acquisition 
Raman spectroscopy can be invoked to identify materials, analyse crystalline 

structure and stresses in a particular material. In Raman spectroscopy, a local 

bonding between atoms is investigated by analysing non-elastically scattered 

light from the sample. In a crystalline structure, local bonds have well-defined 

energies. Therefore, Raman resonance peaks have narrow line-widths. In 

disordered or amorphous structures, bonding energies vary, and Raman peaks 

are broadened and usually shifted. The crystalline silicon phase is attributed to 

the Raman lines at 520 and 500 cm-1. The amorphous phase is attributed to the 

480 cm-1. Crystalline silicon fraction xC
RS can be evaluated by calculating 

intensity ratio between crystalline and amorphous silicon Raman bands [28]: 
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Fig. 16. Typical spectra of silicon ranging from pure crystalline to amorphous [118]. 

Characterization of material modifications was carried out by a micro-Raman 

microscope (nVia Renishaw) equipped with 633 nm and 532 nm lasers. The 

laser spot size was estimated to be about 2 μm. Laser power was set to 1 mW. 
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4 Periodic Patterning of Antireflective SiNx Layer in 
Polycrystalline Silicon Solar Cells 

The material, related to this chapter was published in [A1], [A2], [A3], 

[A7], [C2], [C4], [C6], [C8]. 

 

In this chapter, use of the direct laser interference patterning method for the 

structuring of SiNx passivation layer of polycrystalline silicon solar cells was 

investigated. The high-pulse-energy laser source provided sufficient energy to 

remove or modify the material for the creation of the desired pattern without 

additional manufacturing steps. Two interference patterning setups were 

employed for this purpose. The second harmonics (532 nm) of the picosecond 

laser Foxtrot was used with the optical system shown in Fig. 11b. The second 

harmonics (532 nm) of the nanosecond laser NL220 was used with the optical 

system described in Fig. 11c. These setups allowed the creation of periodical 

intensity modulations in the Gaussian laser beam. Period of the modulation 

was 2.5 μm in the picosecond setup. In the nanosecond setup, the period could 

be adjusted from 600 nm to 5 μm. The experiments were performed on the 

commercial polycrystalline silicon solar cells. The cell size was 15x15cm2; an 

average PV efficiency was about 11%, the cell thickness 0.25 mm. Reflection 

and absorption were evaluated using diffuse reflectance (Fig. 14) 

measurements (there is no way to directly measure transmission since the thick 

silicon wafers efficiently absorb radiation in the relevant spectral region). 

Chemical and crystalline properties of the irradiated samples were studied 

using EDS, XPS and Raman analysis. 

Raman spectra of the samples, patterned using DLIP technique with 

picosecond and nanosecond laser pulses, were measured. Fig. 17 shows Raman 

spectra of solar cell samples, patterned using picosecond and nanosecond 

setups. The intensity of the line at 520 cm-1 decreases with the increasing 

number of laser pulses. This shows that even the small number of pulses has a 

negative impact on the crystal structure of the silicon substrate. The emergence 
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of the line at 480 cm-1, which corresponds to amorphous silicon, was also 

observed at large pulse numbers. 

 

Fig. 17. Raman spectra of the laser patterned samples, using 60 ps (a)) and 35 ns (b)) pulses. 
Irradiation fluence in the interference maximum regions was 0.92 J/cm2 for picosecond 
patterning and 0.84 J/cm2 for nanosecond patterning. c) SEM image of solar cell textured using 
picosecond pulses, 1.26 J/cm2, 500 pulses per spot. d) SEM image of solar cell textured using 
nanosecond pulses, 0.92 J/cm2, 30000 pulses per spot. 

 

Damage to the silicon substrate, caused by laser irradiation, was evaluated 

from Raman spectra. Samples textured using picosecond and nanosecond 

pulses using a various number of pulses per spot were analysed. Fig. 18 show 

ratio of the Raman line intensities at 520 and 480 cm-1. It is evident that less 

than 100 pulses per spot do not change intensity ratio. Therefore, there is no 

major damage to the silicon substrate. Picosecond pulses produced less 

significant alteration on the Raman line intensity ratio than nanosecond pulses 

when laser fluencies and the pulse numbers were the same. This can be caused 

by greater thermal effect induced to the substrate by nanosecond pulses. 
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Fig. 18. Dependence of ratio of the integral intensity of the Raman lines at 520 and 480 cm-1. 

Next, I-V curves of the textured (using picosecond setup) solar cells were 

measured. Full solar cells were textured and measured using commercial solar 

imitator. Additionally, several solar cells were cut into smaller 60 x 40 mm2 

segments (retaining front and back contacts) to allow measurement in the setup 

constructed in the FTMC Department of Laser Technologies. This was 

required to obtain I-V curves immediately before and after laser texturing for 

process optimisation. In both cases, several lines were scanned between the 

contact grids to the pattern as large as the possible area of the passivation layer 

without damaging the contacts. Approximately, 70% of the area between the 

contact grid was patterned. 

 

Fig. 19. Electrical characteristics of the full solar cell samples, textured using 2.5 μm 4-beam 
interference pattern with various pulse numbers. J is the current density. Irradiation fluence was 
0.65 J/cm2. The top curve corresponds to the non-textured sample. 
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All textured samples exhibited significantly reduced performance. About 50% 

drop of the VOC values shows that surface recombination rate is significantly 

increased after the laser treatment. It may be caused by the removal of the 

passivating silicon nitride layer and defect formation in the silicon substrate. 

Therefore, comparison of Raman line intensities at 520 and 480 cm-1 does not 

unambiguously show laser-induced damage. 

Further work was carried out using lower pulse energies, to avoid damaging 

silicon substrate below the SiNx layer. Silicon nitride ablation threshold was 

measured using the Liu method [119]. The threshold fluence for ablation with 

the single 60 ps pulse was 0.34 J/cm2. Fluencies close to this value were used 

in these experiments. The I-V characteristics of 60 x 40 mm2 solar cell samples 

were measured before and after laser texturing. Ratios of the important 

parameters taken from the IV curves are provided in Table 4. 

 

Table 4. Ratios of the parameters of 60 x 40 mm2 solar cells after and before laser texturing. 
Letters T and NT denote textured and non-textured sample respectively. 

 
Texturing with laser pulse energies not exceeding 0.34 J/cm2 at interference 

intensity maxima did not result in a strong increase of carrier recombination. In 

several samples, short circuit current increased after laser texturing. This may 
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indicate increased light absorption due to laser irradiation. Efficiency ratios 

were calculated using the expression: 
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About 1.14% efficiency increase was obtained in the case of texturing with 

0.14 J/cm2 and 25 pulses. I-V graphs of several relevant samples are provided 

in Fig. 20. 

 

Fig. 20. I-V characteristics of full solar cell samples textured using 2.5 μm period 4-beam 
interference pattern with different pulse numbers and irradiation fluencies. Solid curve 
corresponds to the non-textured sample, dashed curve to the textured sample. 

SEM images of the spots irradiated using different fluencies and pulse numbers 

per spot are provided in Fig. 21. Efficiency increase was found in the samples 

irradiated using low fluence. In those samples, no morphology change was 

detected in SEM images (Fig. 21e).  
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Fig. 21. SEM images of solar cell samples textured using 4-beam DLIP. a) – 1.5 J/cm2 4 pulses; 
b) – 1.5 J/cm2 1 pulse; c) – 0.65 J/cm2 3 pulses; d) – 0.65 J/cm2 1 pulse; e) – 0.14 J/cm2 100 pulses. 

However, the content of oxygen and nitrogen in the samples increased after 

irradiation with the low-energy laser pulses. 

The EDS chemical element maps show that nitrogen and oxygen are 

distributed almost uniformly in the control sample (with no laser treatment). 

There are only some irregularities that can be explained by the geometry of the 

pyramidal surface. However, EDS analysis of the laser-irradiated sample 

shows locally increased oxygen concentration after the irradiation (Fig. 22a)). 

Periodic oxygen distribution with the same period as the interference pattern 

was obtained (Fig. 22d). Therefore, the conclusion can be made that silicon 

nitride layer was oxidised in the regions with the highest laser irradiation 

intensity. In the nitrogen EDS map, more regions with low nitrogen content 

can be observed compared to the untreated sample. However, no evident 

correlation between interference intensity pattern and nitrogen distribution is 

apparent. XPS analysis of the samples treated using various pulse energies 

shows that oxygen and nitrogen content decreases for the high-pulse-energy 

(150 μJ) patterning regime when the passivation layer is ablated at the intensity 

peak regions. For lower pulse energies, when no visible damage to the 

passivation layer takes place, relative oxygen content O/Si is increased, and 

relative content of nitrogen N/Si remains similar as in the untreated sample. 
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This suggests that low energy pulse induces oxidation process but does not 

ablate the material. 

 

 

Fig. 22. EDS and XPS data of untreated and laser-irradiated polycrystalline silicon solar cell 
samples. The ratio of atomic percentage of silicon to oxygen (a) and silicon to nitrogen (b) on the 
peak laser fluence, measured by XPS. c) and d) show EDS oxygen map and EDS oxygen map 
overlaid on the SEM image (sample irradiated with 0.14 J/cm2, 1 pulse). e) EDS nitrogen map of 
the sample irradiated with 0.14 J/cm2, 1 pulse f) – simulated intensity distribution of the 4-beam 
interference pattern. 



60 

 

Formation of oxide after the laser irradiation can also be seen in the Raman 

spectra (Fig. 21). Raman peak between 400 and 500 cm-1 corresponds to the 

Si-N bond [120]. It is strong in the non-patterned sample and in the sample 

irradiated using a low number of pulses, but the peak is reduced when silicon 

nitride layer is ablated with a large number of pulses. The Raman peak at 356 

cm-1 may be attributed to the silicon dioxide [121]. Its intensity is also the 

largest after irradiation with a single pulse (Fig. 17a). 

Diffuse reflectance spectra are provided in Fig. 23. Quantity K, proportional to 

the absorption coefficient, was obtained from the diffuse reflectance spectra 

using Kubelka-Munk transform [122]: 
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Fig. 23. Dependence of the reflection coefficient Rd (a), and absorption coefficient K (in arbitrary 
units) (b) on the wavelength λ. Laser treated (1 – 5) and untreated (6) samples are compared. 
Comparison of absorption coefficients K of the laser treated and untreated (100%) samples in 
the 300 – 1000 nm spectral range (c). Laser irradiation fluence: 1 – 0.08 J/cm2; 2 – 0.14 J/cm2; 3 –
 0.28 J/cm2; 4 – 0.57 J/cm2; 5 – 0.84 J/cm2; 6 – no laser treatment. All samples were patterned 
with one laser pulse. 
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In the optical properties measurements, two modification regimes are apparent. 

For low laser fluencies, the reflectivity decreased, and absorption increased in 

the 400 – 1000 nm region almost uniformly. For higher fluencies, the 

reflectivity reduction in the 300 – 400 nm region and its increase in the 

remaining region was observed. 

Increased absorption may be a result of the periodical refractive index 

modification (SiOx/SiNxOy grating), induced by the irradiation with a 

modulated laser beam. Fig. 24 shows a simulation of the reflectance from 

periodic (4 μm period) pyramid structure with SiOx/SiNxOy grating. The 

simulation shows reduced reflectance in the 0.3 – 0.55 μm region, due to the 

grating. This result is not completely in agreement with the experimental 

results. However, it shows that periodical SiOx/SiNxOy grating at least partially 

is responsible for the increased absorption in the samples prepared using low 

laser fluence. 

 

Fig. 24. The ratio of the reflectance from periodic pyramid structure with silicon nitride/ 
oxynitride grating R with the reflectance from the silicon pyramids with the uniform silicon 

nitride layer R0. 

Modification of the silicon nitride layer is preferable to the ablation. Laser 

ablation of silicon nitride layer affects the lifetime of minority carriers. 

Ablation with nanosecond pulses was shown to reduce carrier lifetime [123]. 

However, femtosecond pulse irradiation provided no significant impact on the 

lifetime [124]. Modification using fluence values below the threshold allows 

minimising any damage to the silicon layer. 
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4.1 Conclusions 
 

 DLIP processing using laser irradiation fluence in the interference 

intensity maxima below the silicon nitride ablation threshold induces 

periodically arranged silicon oxide/ oxy-nitride islands in the 

passivating silicon nitride layer. 

 Silicon oxide/ oxy-nitride islands act as a refractive grating, and it 

facilitates light absorption in the solar cell.  

 The efficiency of the laser processed solar cells was increased by 

1±0.6%. 
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5 Formation of Inverted Pyramids in Monocrystalline 
Silicon Using Laser Interference Patterning and 
Anisotropic Wet Chemical Etching 

The material, related to this chapter was published in [A8], [C3], [C5], 

[C12]. 

 

In the monocrystalline silicon solar cells, the light losses due to reflection can 

be significantly reduced, and the light optical path in the cell increased using 

inverted pyramid patterns [125]. Fabrication of such patterns is usually 

performed utilising anisotropic chemical etching through the mask. DLW and 

DLIP followed by etching in KOH solution could have an advantage of being 

mask-less methods and were demonstrated as a viable method for inverted 

pyramid pattern fabrication in silicon [126, 127]. In this chapter, the influence 

of irradiation fluence and wavelength on the depth and morphology of inverted 

pyramid structure is discussed. The role of amorphous silicon and silicon oxide 

layers, formed due to the effect of laser irradiation, is analysed. 

The periodic structure of inverted pyramids was formed using 2 μm period 

DLIP to pattern the surface of the crystalline (100) silicon wafer. Patterned 

wafer was chemically etched using an anisotropic etchant. The silicon surface 

was ablated using the second and third harmonics (532 nm and 355 nm) of the 

Atlantic HE sub-nanosecond laser. DLIP system is shown in Fig. 11b. All 

experiments were performed in air. The ablation with various pulse energies 

and pulse numbers per spot was performed. After the laser processing, samples 

were immersed in 10% potassium hydroxide (KOH) solution for 3 hours at the 

room temperature (Fig. 25). 

 

Fig. 25. Fabrication steps for the inverted pyramid structure. 
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Morphology of the resulting inverted pyramid pattern was investigated using 

scanning electron microscopy (SEM) and atomic force microscopy (AFM). 

Changes in the crystalline structure were analysed using Raman spectroscopy. 

Elemental analysis of the sample was performed using the EDS technique. 

The angle between the silicon surface and wall of the pyramid is determined by 

the angle between silicon (100) and (111) planes and is 54.7 °. Therefore, for a 

specific pyramid base width, maximal depth of the pyramid is: 

 7.54tan
2

WidthDepth  (9)  

5.1.1 532 nm irradiation 
SEM images of the silicon samples irradiated using the 4-beam interference 

intensity distribution with the 532 nm wavelength before and after the etching 

process are provided in Fig. 26. Samples were patterned using a single laser 

pulse and various fluence values. 

 

Fig. 26. a) SEM images of the interference-patterned silicon before and after the KOH etching 
(patterning was performed with a single laser pulse, using the 532 nm wavelength); b) 
dependence of the final structure depth on the irradiation fluence. 

The round shaped periodically distributed pits ablated using DLIP with 532 nm 

wavelength were transformed into the square-shaped pits after the etching 
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process. The depth of the structure was measured using AFM. The structure 

depth strongly depended on the irradiation fluence and reached its maximum 

value at a relatively narrow fluence range around 0.58 J/cm2. The height 

differences between the top and bottom pyramid surfaces for various fluencies 

are provided in Fig. 26b. The depth of the structure increases with growing 

fluence and reaches a maximum value at 0.58 J/cm2. When the laser fluence 

becomes higher than 0.6 J/cm2, the centre of the pyramid area is etched slower 

than the outer area. This resulted in a hill formed in the pyramid centre. 

Additional investigation shows that etching occurs not only at the maximum 

irradiation spots but also between the pyramids. Fig. 27a provides a 

comparison of the heights of the zones between the pyramids and at the bottom 

of pyramids. The surface between the pyramids is practically at the constant 

level until fluence reaches 0.58 J/cm2 value. When fluence increases above this 

value, the etching rate drastically decreases (height of the surface between the 

pyramids grows by 200 nm). This result leads to the conclusion that when the 

laser fluence is high enough (> 0.58 J/cm2), the material between interference 

maxima is modified in the way that slows down the etching. 

 

Fig. 27. a) Heights of the surface between the pyramids and pyramid bottom surface; b) 
comparison of laser ablated structure depth and depth of the same structure after the etching; c) 
– f) – AFM measured pyramid topographies at different laser fluencies (c) –0.61 J/cm2, d) –
 0.58 J/cm2, e) – 0.56J/cm2, f) – 0.4 J/cm2). 
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Furthermore, when the fluence exceeds 0.58 J/cm2, another modification, 

preventing the etching in the centre of the pyramid, occurs. These results 

suggest that some layer with a low etching rate in KOH solution is formed 

between the maximum irradiation spots when irradiation fluence is sufficiently 

high. Therefore, the formation of silicon oxide and amorphous silicon layers 

using 300 ps laser pulses was investigated. Both of these materials can be 

produced on the silicon surface using laser irradiation [128, 129]. Also, their 

etching rate in KOH solution is significantly lower than the crystalline silicon 

etching rate. The (100) silicon etching rate in 10% KOH solution at 20 °C is 

1.49 μm/h [130]. SiO2 etching rate in 20% KOH solution at 20 °C is 1 nm/h 

[130]. The amorphous silicon etching rate in 10% KOH solution was reported 

to be 30 times lower than that of (100) silicon [131]. Amorphous silicon 

content was evaluated using Raman spectroscopy. Both interference-formed 

microstructure samples and relatively large (about 0.5 mm spot diameter) areas 

irradiated with a single laser beam were investigated. Fig. 28 shows ratios of 

Raman line intensity at 520 and 480 cm-1 superimposed on the optical 

microscope images of irradiated areas. It is evident that light coloured zone in 

the optical microscope image corresponds to the amorphous silicon. The 

absence of such zones in the centres of the irradiation spots suggests that 

amorphous silicon is recrystallised [132] when irradiation fluence exceeds a 

certain threshold. Using the Liu method [119], the fluence thresholds for 

formation and elimination of amorphous silicon layer were evaluated: 

0.19 J/cm2 for the formation and 0.26 J/cm2 for elimination, respectively. These 

values are in agreement with the silicon amorphisation and recrystallisation 

thresholds for the 532 nm picosecond laser pulses found in the literature [119, 

128]. This result suggests that amorphous silicon formation does not affect the 

inverted pyramid fabrication process because formation/elimination threshold 

fluence is lower than 0.58 J/cm2. This conclusion can be reasserted from the 

Raman spectra of the fabricated inverted pyramid arrays (Fig. 28d). There is no 

intensity increase of the 480 cm-1 line. 
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Fig. 28. a) Dependence of ratio of Raman line peak intensities at 520 and 480 cm-1 on irradiation 
fluence at spot irradiated with single laser beam, 3 pulses per spot; b) dependence of ratio of 
Raman line peak intensities at 520 and 480 cm-1 on irradiation fluence at spot irradiated with 
single laser beam, 25 pulses per spot; c) Raman spectra of single beam irradiated areas at 
different fluencies, 25 pulses per spot; d) Raman spectra of 4-beam interference irradiated areas 
at different fluencies, 1 pulse per spot 

Silicon oxide content in the laser-irradiated samples was investigated using the 

EDS spectroscopy. Results are provided in Fig. 29. For the 532 nm irradiation 

wavelength oxygen content significantly increases in 0.4 – 0.6 J/cm2 fluence 

range (Fig. 29a). This is in agreement with AFM measurements, that showed 

starting fluence for the etch-resistant layer formation to be at around 0.56 J/cm2 

(Fig. 27). 
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Fig. 29. Oxygen/Silicon content ratio in the interference-patterned and etched silicon samples 
(2 pulses per spot for the 532 nm irradiation wavelength). 

Additionally, the impact of the pulse number per spot on the morphology of the 

fabricated pyramids was investigated. Increased pulse numbers led to the 

increased depth of the structures. Fig. 30 shows the dependence of the etched 

pyramid depth on the number of laser pulses.  
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Fig. 30. Influence of a number of pulses on the etched pyramid depth. Irradiation wavelength 
was 532 nm. 

 



69 

 

5.1.2 355 nm irradiation 
Ablation using DLIP with the 355 nm wavelength resulted in the pit structure, 

similar as for ablation with the 532 nm wavelength. Silicon samples were 

irradiated using 2 μm period 4-beam interference intensity distribution. 

Samples were etched for 300 s at room temperature. After the etching step, in 

the low fluence regime, shallower pyramids are formed than in the case of the 

532 nm irradiation (Fig. 31c). However, when laser fluence used for patterning 

was increased, column structure was formed at the maximum intensity spots. 

 

Fig. 31. a) SEM images of the interference-patterned silicon before and after the etching step; b) 
height maps obtained using AFM; c) a profile of the pyramid obtained using 1.0 J/cm2 fluence; 
d) a profile of the column structure, obtained using 2.5 J/cm2 fluence. 

As in the case of the 532 nm irradiation, the pulse number per spot has a 

significant influence on the morphology of the etched structure. Using 10 

pulses per spot, pyramids with a sharp profile and with the depth to width ratio 

close to the limit value (Eq. (9)) was obtained (Fig. 32). 
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Fig. 32. a) Comparison of SEM images of structures obtained using different pulse numbers per 
spot; b) pyramid depth dependence on irradiation fluence (10 pulses per spot); c) profile of the 
pyramid fabricated using 1.9 J/cm2 and 10 pulses per spot. 

EDS analysis showed an increase of the O/Si ratio with the increasing pulse 

numbers (Fig. 33a). That increase may be attributed to the growth of the oxide 

layer between the maximum irradiation spots. As in experiment with the 

532 nm wavelength, no significant change in the crystal structure of silicon 

was detected using Raman spectroscopy (Fig. 33b). 

 

Fig. 33. a) Dependence of oxygen and silicon ratio on the number of pulses; b) Raman spectra of 
the inverted pyramid structure. 

The depth-to-width ratios (Eq. (9)) of pyramids fabricated using various laser 

fabrication parameters are shown in Fig. 34. Using multi-pulse regime, the 

optimal depth-to-width ratio can be achieved. 
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Fig. 34. Depth to width ration of inverted pyramids formed using the laser interference ablation 
and wet chemical etching. The solid line represents the optimal depth to width ratio. 

Therefore, the inverted pyramid formation process with respect to the 

irradiation conditions for both wavelengths can be summarised as follows: 

 When irradiation fluence is relatively low, shallow pyramids with the 

width to depth ratios far to the limit are formed (Fig. 35a). 

 When the fluence increases, silicon oxide islands are produced in the 

maximum intensity spots (Fig. 35b). 

 When the fluence further increases, silicon oxide layer in the maximum 

intensity spots is damaged, and oxidation starts to take place in the 

intensity minima (Fig. 35c). 

 If several pulses per spot are applied, the silicon oxide layer at the 

maximum intensity spots is removed, but areas between the ablated 

craters are oxidised. In this case, oxide layer acts as an etching mask for 

the pyramids (Fig. 35d). 

 

 

Fig. 35. Inverted pyramid formation using DLIP and wet chemical etching. 
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5.1.3 Conclusions 
1. Using DLIP in the air and anisotropic wet chemical etching, the 

structure of periodically inverted pyramids can be fabricated in silicon. 

Oxidation of silicon surface due to laser irradiation is a crucial factor in 

the fabrication process. 

2. Silicon oxide layer is formed on silicon due to the effect of laser 

interference irradiation. Depending on the irradiation conditions, this 

layer is created only at the maximum fluence regions or in the entire 

irradiated area including the minimum fluence regions. Certain 

irradiation conditions (multi-pulse regime) result in the absence of the 

oxide layer at the maximum fluence regions.  

3. The oxide layer acts as an etching mask and positively affects the 

formation of inverted pyramid pattern if it is formed on the entire 

irradiated area except for the maximum fluence regions. A multi-pulse 

regime with no less than 10 pulses per spot was found to be the most 

suitable for the fabrication of inverted pyramid pattern. 
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6 Fabrication of Periodic Surface Structures in 
Multicrystalline Silicon Using Direct Interference 
Ablation and Isotropic Wet Chemical Etching 

The material, related to this chapter was published in [A5], [A8], [C1], 

[C5], [C6], [C10], [C12]. 

6.1 Simulation of the 2D dimple gratings in silicon 
Two-dimensional gratings in silicon were simulated using COMSOL 

Multiphysics modelling software. Modelling setup is provided in Fig. 36. The 

Floquet boundary conditions were used to describe periodicity of the structure. 

Electromagnetic wave was excited inside the modelling domain (port). Only 

the reflected wave reached the top part of the section, containing air. Geometry 

was closed using absorbing layers (perfectly matched layers (PMLs)) on both 

ends. 

 

Fig. 36. Setup for COMSOL simulations. 

Antireflective properties of elliptical cavities in silicon were evaluated for the 

p-polarized radiation. Influence of the cavity depth and width on the 

reflectance spectrum and angular reflectance spectrum was investigated (Fig. 

37). Peaks and dips at the 0.95 – 1 μm and 0.6 – 0.7 μm wavelengths may be 

attributed to the Rayleigh-Wood anomaly. 2nd to 3rd order Rayleigh anomaly 

wavelengths for the 2 μm period grating at normal incidence are 1 μm and 

0.66 μm, respectively [133]. 
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Fig. 37. Simulated reflectance dependencies on the radiation wavelength and angle of incidence 
for the 2 μm period structures. a) – reflectance dependence on the irradiation wavelength for 
various cavity depths h. Cavity width 1 μm, the radiation angle of incidence 0 deg; b) – 
reflectance dependence on the angle of incidence for different cavity widths d. The depth of the 
cavities 0.5 μm. Radiation wavelength 500 nm; c) – reflectance dependence on the angle of 
incidence for various cavity depths h. Cavity width 1 μm, radiation wavelength 500 nm. 

Influence of the structure period on the reflectance was also investigated. Fig. 

38 shows reflectance simulation (for the 500 nm wavelength) of the fixed 

depth (0.5 μm) structure for various periods and cavity widths. 

 

Fig. 38. Simulated dependence of the reflectance R on the structure period Λ and cavity width d 
for the 500 nm wavelength. Cavity depth is 0.5 μm, angle of incidence 0 deg. 
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From Fig. 37a and Fig. 38, it can be concluded that for the maximal 

antireflective effect, the width of the structure should be maximal for a given 

structure period and the depth/width ratio should be close to unity or higher. 

Reflectance at large irradiation angles is minimised when the width of the 

structure approaches the structure period value. Positive effect can be 

observed, when the period of the structure is smaller than the irradiation 

wavelength (Fig. 38). 

6.2 Experiment 
Multicrystalline silicon wafers were polished in KOH (IE1) or acid (IE2) 

solution to remove a surface layer, damaged during wafer cutting. Polished 

wafers were patterned using the 4-beam interference setup (Fig 6b Section 

3.1). The second and third harmonics of the sub-nanosecond laser Atlantic HE 

were used. Most of the results were produced using the 2 μm pattern period. 

Additionally, structures with 1 μm, 0.6 μm and 0.4 μm periods were 

fabricated. The 2 μm, 1 μm and 0.6 μm period structures were fabricated using 

the 532 nm wavelength. The 0.4 μm period structure was fabricated using the 

355 nm wavelength because shorter wavelength was needed to obtain such a 

small period. Additional chemical etching step using etchant E3 was applied to 

clean oxide, formed during the processing and to remove an upper surface 

layer, containing irradiation-induced defects. The etching parameters are 

described in more detail in Section 3.2. 

 

Fig. 39. Steps for periodic pit array fabrication using DLIP and wet chemical etching. 
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Impact of the pulse number per spot and etching duration on the reflectance of 

the patterned samples was studied. In Fig. 40, there are shown SEM images of 

samples patterned using the 2.67 J/cm2 irradiation fluence and various numbers 

of pulses per spot. 

 

Fig. 40. SEM images of the interference-patterned multicrystalline silicon samples, before (a) 
and after (b) the final acid etching step (90 s etching duration); c) AFM profile of structure 
obtained using 10 pulses. 

The depth of the fabricated pits was measured using a confocal optical profiler. 

The maximal depth of the ablated structure reached 1.1 μm (about 0.5 of the 

structure period) with the pulse numbers exceeding 25. The depth dependence 

on the pulse number for the etched samples remained similar. However, when 

pulse number was increased, the height of the walls between pits decreased 

compared to the non-etched sample (profile A in Fig. 41b). This is not 

preferable result because low sidewalls reduce the possibility for multiple 

reflections in the structure. 
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Fig. 41. Dependence of the structure depth on the number of laser pulses for laser patterned (a) 
and laser patterned and etched (b) multicrystalline silicon samples. 
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Influence of the etching duration on the depth of the structure was also 

investigated. Measured pit depths for various etching durations are provided in 

Fig. 42. 

0 20 40 60 80 100 120

0,30

0,35

0,40

0,45

0,50

0,55

0,60

0,65

0,70

D
ep

th
, 

m

Etch duration, s

(a)

0 20 40 60 80 100 120
0,2

0,4

0,6

0,8

1,0

1,2

1,4

D
ep

th
, 

m

Etch duration, s

(b)

 

 

Fig. 42. Dependence of the structure depth on the etching duration. (a) Structure, fabricated 
using 5 pulses per spot; (b) – 25 pulses per spot. Red line shows the depth of the structure before 
the etching step (the grey band is measurement error). 

When the etching time increases, the depth of the structure decreases. 

However, a non-useful planar area between pits also decreases. Therefore, 

there should exist an optimal etching duration for reflectance reduction. 

To evaluate the anti-reflective performance of fabricated structures, reflectance 

spectra of the interference-patterned samples were compared with the reference 

pattern used in industrial multicrystalline solar cells. The reference sample was 

obtained by omitting laser patterning step in the fabrication process. The total 

reflectance (diffusive + specular) was measured using an integrating sphere 

(Section 3.3). The reflectance spectra of the samples prepared using various 

pulse numbers, and etching durations are provided in Fig. 43. For the constant 
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etching time, the lowest reflectance values were obtained using more than 25 

pulses. That corresponds to the highest structure depths after the etching. For 

the fixed pulse number per spot, the lowest reflectance values were achieved 

for a moderate (40 – 60 s) etching time. Short etching durations provided 

deeper structure, but the considerable area between the pits remained planar. 

On the other hand, the long etching durations reduced the planar areas, but also 

reduced the wall height between the pits. Therefore, impinging light ray has a 

lower probability of experiencing multiple reflections from the structure. At 

the optimal etching duration, the reflectance as low as 17.5% was achieved in 

the 700 – 1000 nm spectral range. 

 

Fig. 43. The reflectance of multicrystalline silicon samples, patterned using DLIP and wet 
chemical etching. Irradiation fluence for all samples was 2.67 J/cm2. a) dependence of reflectance 
on number of laser pulses per spot (etching duration 90 s); b) shows dependence of reflectance on 
etching duration (samples were fabricated using 25 pulses per spot); c) – reflectance dependence 
on the number of pulses for 400 nm, 700 nm and 1000 nm wavelengths; d) reflectance 
dependence on the etching duration for 400 nm, 700 nm and 1000 nm wavelengths. The 
reflectance of laser patterned samples is compared with the reference sample (dashed lines in a) 
and b) and solid lines in c) and d)); e) SEM image of the reference sample. During the reflectance 
measurements sample was oriented at 8 deg to irradiation direction. 

As our simulations showed, the best antireflective properties can be obtained 

when the depth/width ratio of the structure is large, and the width of a pit is 

approaching the structure period. Experiments showed that the structure depth 
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was limited to about half of the period, and the optimal pit width was achieved 

by selecting an appropriate etching duration. Therefore, in further experiments, 

the influence of the pattern period on the reflectance was evaluated. Patterns 

with 1 μm, 0.6 μm and 0.4 μm periods were fabricated using various pulse 

numbers per spot and etching durations. The reflectance of these patterns was 

measured and compared with the reflectance of the 2 μm period structure. 

Results for several wavelengths are provided in Fig. 44. 

 

Fig. 44. Reflectance dependence on the structure period for 1000 nm (a), 800 nm (b), 650 nm 
(c), 500 nm(d), and 400 nm (e) wavelengths. f) SEM images of the structures with various 
periods. 
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From these results, it is evident, that the 2 μm and 1 μm period structures 

exhibit better antireflective properties than the 0.6 and 0.4 μm period structures 

in the entire spectrum up to 400 nm wavelength. This result is in contrast with 

the simulation. The poor performance of the small period structures could be 

caused by the thermal effects during the ablation. In Fig. 45, the reflectance 

spectra of the 2 μm period texture, obtained using the optimal irradiation and 

etching conditions is compared with the reflectance of various textures, 

reported in the literature. The performance of the DLIP -formed structure is 

similar to other laser fabrication methods. 

 

Fig. 45. Reflectance spectra of multicrystalline silicon textured using various methods. Green line 
– wafer with saw damage [52], black line – alkaline etched [52], red – acid etched [52], blue – 
mask-less RIE textured [52], magenta – grooves formed using direct laser writing and wet 
chemical etching [57], orange – pits formed by DLW and wet chemical etching [58]. Dashed grey 
line – result obtained using the 2 μm period DLIP and isotropic wet chemical etching. 

 

6.3 Thermal Effects in Small-Period DLIP 
When the period of the interference pattern is sufficiently small, the material 

between the intensity peaks may be heated to the temperatures exceeding the 

melting temperature. Fig. 46a shows SEM images of crystalline silicon 

irradiated using the 400 nm period 4-beam interference intensity distribution. 

Only narrow parameter set (top left corner in Fig. 46a) can be used to obtain a 
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regular texture. In other instances, melting of the silicon surface results in a 

disordered structure. Even when low fluence and a single laser pulse are used, 

the fabricated structure differs from the larger period structures. The structure 

depth and the period ratio were much smaller, for 400 nm period than for 2 μm 

period (0.5 and 0.08 respectively). Formation of the nanobumps was observed 

using various irradiation regimes. AFM profiles of the nanobump structures are 

provided in Fig. 46b-d. Formation of the bump structures may be caused by the 

surface tension forces in melted silicon layer [134]. 

 

Fig. 46. SEM and AFM data of the 400 nm period structure on silicon obtained using the 4-beam 
DLIP with the 355 nm wavelength and 300 ps pulses. a) – SEM images of patterns obtained using 
various pulse number and fluence values; b) – AFM images and profile of the structure 
fabricated using 3 J/cm2 and 1 pulse; c) AFM images and profile of the structure fabricated 
using 4.5  J/cm2 and 1 pulse; d) AFM images and profile of the structure fabricated using 
4.4 J/cm2 and 1 pulse. 
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Such phenomena may be avoided using shorter laser pulses. Morphologies of 

the 600 nm period structures fabricated using the 4-beam DLIP, and 35 ns, 

300 ps and 300 fs laser pulses were compared. Temperature distribution in the 

sample was simulated using COMSOL to numerically solve the heat transfer 

equation in a semi-infinite silicon slab. Simulation details are provided in the 

Appendix A. Fig. 47 shows SEM and AFM data obtained using different pulse 

durations and the corresponding simulated temperature distributions. In the 

experiment, various irradiation parameters were used, but for a final 

comparison, the regimes that provided equal dimple diameters for all pulse 

durations were selected. Ultrashort pulses provided not only smaller heat 

affected zone but also more efficient ablation. Femtosecond pulses ablated 

approximately 10 times deeper dimple than nanosecond pulses (Fig. 47d). The 

shallowness of the dimples fabricated using sub-nanosecond, and nanosecond 

pulses at least in part can be explained by refilling of the dimple with molten 

material. For such long pulses, a significant part of the material is in a liquid 

phase. Formation of nanobums in the dimples (Fig. 47b) suggests that liquid 

material flows back to the ablation zone (Marangoni effect). 

 

Fig. 47.Comparison of experiment and simulation of 600 nm period DLIP dimple ablation using 
35 ns, 300 ps and 300 fs pulses. a) – SEM image of pattern ablated using 300 fs pulse duration; b) 
– 300 ps pulse duration; c) – 35 ns pulse duration; d) shows ablated dimples depth profiles for all 
three pulse durations; e) – g) shows simulated temperature distributions for 300 fs, 300 ps and 
35 ns pulses respectively. 
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Therefore, the demonstrated silicon patterning method using the 300 ps pulse 

duration laser cannot be directly transferred to sub-micrometre periods due to 

different morphology of the ablated structure (nanobumps) and difficulties to 

obtain deep enough structures. 

6.4 Conclusions 
1. A dimple structure fabricated in the multicrystalline silicon using DLIP 

with 300 ps laser pulses and isotropic wet chemical etching allows 

obtaining as low as 17.5% reflectance in the 700 – 1000 nm spectral 

region. 

2. Various period dimple structures were fabricated in the multicrystalline 

silicon using DLIP with 300 ps laser pulses. Sub-micrometre dimple 

structures provided higher reflectance than the 1 μm or 2 μm period 

structures. This result can be explained by the relatively small depth of 

the structure (when laser fabrication parameters still allow producing 

orderly periodic structure) caused by the formation of melt due to the 

relatively long duration (300 ps) of laser pulses. 

3. Experiments and numerical simulations show that femtosecond or sub-

picosecond pulses are required to increase the depth of the sub-

micrometre periodic structure. The depth of the 600 nm period DLIP 

fabricated dimple structure (maintaining the same dimple diameter) can 

be increased 2 times if the pulse duration is reduced from 300 ps to 

300 fs. 
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7 Adaptation of the DLIP Patterning Technique for the 
Fabrication of Uniform Periodic Structures in Thin 
Metal Films  

The material, related to this chapter was published in [A4], [A6], [C7], 

[C9], [C11], [C13]  

 

Plasmonic metamaterials – artificial materials consisting of subwavelength 

metallic elements – attract the attention of numerous researchers due to their 

unique abilities to manipulate light. Fabrication of even two-dimensional 

metasurfaces is challenging, since a high process throughput is needed, 

retaining low process cost and uncompromised pattern quality at the same 

time. Electron beam lithography (EBL) is commonly cited in the research 

papers considering metasurfaces [135]. EBL provides precise patterning. 

However, this technique is too slow for non-research purposes. High 

throughput techniques such as soft lithography techniques [136] or 

nanoimprint lithography [137] were also reported in the fabrication of 

metasurfaces. These methods allow large-scale fabrication. However, these 

techniques require a number of processing steps and masks or moulds prepared 

in advance. In some cases, the solution may be the laser interference patterning 

approach. The interference patterning allows distributing irradiation energy 

over large fabrication area and produces sub-wavelength features in this area 

with a single exposition. 

7.1 DLIP Patterning Uniformity 
One of the most difficult challenges in DLIP technology is ensuring pattern 

uniformity in areas larger than the quazi-uniform zone near the peak of the 

Gaussian laser beam. The problem of DLIP patterning uniformity can be 

divided into two aspects: uniformity across the single irradiation spot and 

uniformity in the overlapping of several irradiation spots. In this section, 
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results concerning the increase of patterning uniformity using beam shaping 

and beam scanning methods are described. 

7.1.1 Beam shapers 
Two beam shapers with different characteristics were tested. 

GTH-5-250-4 (Topag Lasertechnik GmbH) beam shaper requires 5 mm 

diameter (at 1/e2 level) input beam and produces the 4x4 mm2 square top-hat 

beam from the Gaussian beam at the 250 mm distance. Optical setup used for 

testing of this beam shaper is provided in Fig. 12a. The shaper was put 250 mm 

before the DOE. The 4x4 mm square top-hat beam was formed on the DOE 

and transferred to the interference plane by the 4f-lens system. Tests were 

performed using the 1.5x and 6.67x demagnification 4f systems with the 

second harmonics (532 nm) of Atlantic HE laser. Output in the interference 

plane was captured using a beam profiling camera and by modification of thin 

Cr film on a glass substrate. The result is shown in Fig. 48. 

 

Fig. 48. Beam shaped using the Topag GTH-5-250-4 top-hat beam shaper and 1.5 (a) and 6.67 (b) 
demagnification interference systems. Picture a) was obtained using a beam profiling camera. 
Picture b) is an optical microscope image of the modification in thin Cr film induced using the 
shaped beam. 

πShaper 6_6_532 (AdlOptica GmbH) beam shaper requires the 6.35 mm 

diameter (at 1/e2 level) input beam and produces the 5.8 mm diameter circular 

top-hat beam. Unlike the Gaussian beam, the propagating top-hat beam 

undergoes distortion of the intensity profile. The Topag GTH-5-250-4 shaper 

produces undistorted intensity profile only in the focal plane of the element. 
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Whereas, πShaper provides some distance in which the top-hat beam profile is 

preserved. That distance is directly proportional to the square of the beam 

diameter and inversely proportional to the wavelength. For the πShaper 

6_6_532, the distance where distortions of the profile do not exceed 10 % is 

200 – 300 mm [138]. Optical setup used for the test with πShaper 6_6_532 is 

provided in Fig. 12b. Tests were performed using the 4f system with 3x 

demagnification (L1=+150 mm, L2=+50 mm) with the second harmonics 

(532 nm) of the Atlantic HE laser. Intensity distributions at the output of 

πShaper and at the output of the interference system were captured using a 

beam profiling camera. Additionally, the performance of the shaped beam was 

compared to that of the Gaussian beam by ablating patterns in a thin Cr film on 

a glass substrate. Results are provided in Fig. 49. πShaper 6_6_532 provided 

uniform flat-top beam even with relatively high demagnification of the 4f 

system. 

 

Fig. 49. The shaping of the interfering beams with πShaper 6_6_532 beam shaper. a) intensity 
distribution at the output of beam shaper; b) intensity distribution of 6 interfering beams; c) 
comparison of ablation of thin Cr film with Gaussian and top hat beams. The graph shows the 
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distribution of ablation crater diameters (normalised to unity) from the edge to the centre of the 
irradiated spot. 

7.1.2 Beam scanning 
Beam shaping using special optical elements provide increased pattern 

uniformity inside the interference spot. However, stitching of several 

interference spots is needed to increase the area of the uniform patterning 

further. Therefore, optical setup for beam scanning through the interference 

system was tested. The idea is visualised in Fig. 12d. Interfering beams are 

scanned by moving the optical setup with the sample with respect to the beam. 

By selecting appropriate overlap of the interference spots, the uniform texture 

is fabricated. This technique was tested with the 4-beam (3.4 μm period) and 6-

beam (5.4 μm period) interference setups using the second harmonics (532 nm) 

of Atlantic HE and NL220 lasers. Size of the fabrication area is limited by the 

aperture of the optics and decreases with the structure period due to the 

demagnification of the 4f lens system. Also, the maximal size of pattern area 

using the beam scanning approach is limited by aberrations in the optical setup. 

With increasing pattern period (increasing ratio of lens focal lengths in the 4f 

system), aberration-free area decreases [104]. Using the 25.4 mm diameter 

lenses in the 4-beam interference setup to produce 3.4 μm pattern period, the 

patterning area was limited to 5x5 mm2. Thin aluminium films (50 nm-thick) 

on silicon and sapphire substrates and Cr film on glass substrate were 

patterned. 86% interference spot overlap was found to be sufficient for the 

production of uniform pattern features in the entire pattern area. SEM and 

optical microscope images of the patterned regions are shown in Fig. 50. 
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Fig. 50. Thin metal films patterned using interference spot scanning. a) – Cr film on glass 
substrate; b) Al film on silicon, 300 ps pulse duration; c) Al film on sapphire 300 ps pulse 
duration; d) Al film on sapphire 300 ps pulse duration; e) Al film on silicon 300 ps pulse 
duration; f) Al film on sapphire 300 ps pulse duration; g) Al film on sapphire 35 ns pulse 
duration; 

Reflectance spectra of the 0th diffraction order were measured (Fig. 51). 

Reflectance dips in the spectrum measured from the hole’s array fabricated 

using the low pulse numbers per spot coincides with the theoretically 

calculated resonance peak wavelengths. These wavelengths were evaluated 

using expression [139]: 
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where Λ is the structure period, i and j are integers denoting SPP (Surface 

Plasmon Polariton) resonance mode. εm and εd are metal and dielectric 

permittivities, respectively.  

 

Fig. 51. Reflectance spectra of 3.4 μm period hole arrays in 50 nm Al film on the sapphire 
substrate. Vertical lines indicate theoretically evaluated resonance peak wavelengths. Curve 1 – 
1 J/cm2, 86% spot overlap, 1 pulse per spot; curve 2 – 1 J/cm2, 86% spot overlap, 10 pulse per 
spot; curve 3 – 1 J/cm2, 86% spot overlap, 25 pulse per spot. On the right, SEM images of 
corresponding hole arrays are shown. 

Fabrication of large diameter hole arrays using 10 to 25 pulse numbers per spot 

resulted in the disappearance of the reflectance dips. This may be the result of 

the formation of disordered metal particles and corrugations in the ablation 

zone. 

 

7.2 Polarization Control 
In this chapter, experimental implementation of the confocal 6-beam 

interference setup with the polarisation control of each separate beam is 

discussed. Using this approach, a number of patterns that were obtained 

experimentally for the first time using the interference patterning technique are 

provided. 
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Experiments were conducted using the 6-beam interference setup and the 

second harmonics (532 nm) of sub-nanosecond laser Atlantic HE. The optical 

setup is shown in Fig. 12c. 6 laser beams were combined on the sample using a 

confocal imaging system, consisting of two 50.8 mm diameter lenses L1 and 

L2 with focal lengths 150 and 100 mm respectively. Control of the polarisation 

was accomplished by six half-wave plates (WP), (Eksma Optics) placed in the 

path of each of the 6 beams. The special 3D printed holder was produced to fix 

the plates with the possibility to rotate them by 360°. The polarization direction 

of each beam was adjustable by rotating the half-wave plate (initial laser beam 

was linearly polarized). The resulting intensity distributions were observed 

using beam profiler camera and compared to the computer simulated model 

created using Eq. (5). 

Intensity patterns, generated in that way, were used to ablate periodic 

structures in the 20 nm-thick chromium film deposited on a glass substrate. 

SEM images of the fabricated structures were compared with the calculated 

patterns at a particular laser intensity level, taking into account the threshold 

nature of thin-film ablation. 

Fig. 52 compares intensity distributions of various 6-beam polarisation 

configurations calculated and captured with the beam profiler camera, as well 

as corresponding patterns ablated in the chromium film. In the first column, the 

top view of the beam arrangement is shown as the bold red arrows. Thin blue 

arrows indicate the polarisation direction of a corresponding beam.  

Second and third columns contain calculated intensity distributions and 

intensity distributions at specific threshold values (the black colour marks non-

ablated material, white - ablated material), to make a comparison with ablated 

structures more convenient. The fourth column contains SEM images of 

patterns ablated in a chromium film using the provided intensity distributions. 

In the fifth column, the intensity distributions captured with the beam profiler 

camera are provided.  
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Fig. 52. Comparison of calculated interference intensity distributions with the images obtained 
with the beam profiler camera and SEM images of the structures ablated in the thin Cr film. 
Fabrication parameters: (a) – 0.4 J/cm2, 1 pulse per exposition; (b) – 0.6 J/cm2, 1 pulse; (c) – 
0.6 J/cm2, 3 pulses; (d) – 0.2 J/cm2, 1 pulse; (e) – 1.8 J/cm2, 1 pulse. In all cases, fluence 
corresponds to the fluence on the sample surface in the peaks of interference intensity 
distribution. 

Excellent match between calculated and experimentally obtained images is 

apparent. Pattern uniformity was retained in the entire structured areas (aside 

from the effect of the Gaussian beam shape (Fig. 53). 
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Fig. 53. Full-size interference irradiation spot, corresponding to the Fig. 52c. 

Fig. 52a shows the “conventional” 6-beam interference pattern. Here all beams 

have the same polarisation direction. To demonstrate the flexibility of the 

approach, the doughnut-shaped apertures (Fig. 52b), zigzag apertures (Fig. 

52c), overlapping rings of apertures (Fig. 52d) and “star” shape (Fig. 52e) were 

fabricated by selecting the appropriate direction of the polarisation vector for 

each beam.  

The variety of pattern shapes can be further increased by blocking some of the 

beams. By blocking two beams and choosing certain directions of polarisation 

vectors for the remaining beams, the dot and rod structure (Fig. 54a), paired 

hole structure (Fig. 54b) and “Millipede” structure (Fig. 54c) were obtained. 
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Fig. 54. Comparison of calculated interference intensity distributions with the images obtained 
with the beam profiler camera and SEM images of the structures ablated in Cr thin film. 
Fabrication parameters: (a) – 1.9 J/cm2, 4 pulses per exposition; (b) – 0.6 J/cm2, 5 pulses; (c) –
 1.3 J/cm2, 4 pulses. In all cases, fluence corresponds to the fluence on the sample surface at the 
peaks of interference intensity distribution. 

To ensure easier and repeatable fabrication, motorised 6-beam polarisation 

control unit was designed. The sketch of the unit is provided in Fig. 55. 

 

Fig. 55. Sketch of the motorised 6-beam polarisation control unit. 
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7.3 Influence of Angle between the Interfering beams on Intensity 
Pattern Modulation Depth and Shape in Polarization Control 
Setup 

 

When the angle between the interfering beams becomes large, vertical 

components of polarisation vectors become significant. Then the resulting 

pattern depends on the angle between the interfering beams, even when all 

other parameters are kept constant. When the angle between the interfering 

beams is large, not only the modulation depth but also the shape of the 

intensity pattern depends on the polarisation arrangement. Influence of the 

angle between the interfering beams on the intensity distribution modulation 

depth and pattern shape was examined. Specific beam polarisation 

configurations were investigated numerically and by capturing the interference 

distributions experimentally using the beam profiler camera. 

Interference intensity distributions were calculated using Eq. (5). In the 

simulations, all beams were symmetrically arranged (elevation angles were 

equal for all beams). The 532 nm wavelength was used in all simulations. 

Electric field amplitudes and phases were set as equal for all beams in all 

simulations. If the modulus of the electric field for a certain beam is E, then 

electric field components for this beam are: 
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where γ is an angle between the projection of the electric field vector E to the 

XY-plane and the x-direction of the coordinate system, Θ2 is the half angle 

between the beams, ξ is the angle between the projections of the k and E 

vectors in the XY-plane (Fig. 56). 
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Fig. 56. Components and projection to the XY-plane of the electric field vector E. 

Changes in the intensity patterns using different angles between the interfering 

beams may be attributed to the increasing impact of the vertical (z) component 

of the polarisation vector. When beams are converging at a small angle, the 

vertical component is negligible, and Eq. (5) for the two beams, both polarised 

in the x-direction (Ex=E; Ey=0; Ez≡0) can be reduced to: 

 rkk 21
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When the vertical component cannot be ignored (Ex=E cosΘ2; Ey=0, 

Ez=EsinΘ2), Eq. (5) for the two identically polarised beams becomes: 
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where E is an absolute value of the electric field vector E. So, in the case of 

interference of two p-polarized identical beams, an increase of the angle Θ2 

reduces the modulation depth of the intensity pattern. The angle Θ2, at which 

Ez component becomes relevant, can be defined as 13°. At this angle, the 

modulation depth of the 2-beam (p-polarized) intensity pattern decreases by 

10%. 

For s-polarized beams, Eq. (5) is: 
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and there is no influence of the angle Θ2 on the modulation depth since there 

are no Ez components. 

 

Fig. 57. Simulated 2-beam interference intensity distributions for different half angles between 
the beams Θ2 and different polarisation arrangements. Scheme on the left shows the layout of the 
laser beams from the top (thick arrows) and directions of polarisation vectors (thin arrows). 
Scheme on the right shows the 3D layout of the laser beams (green) and polarisation vectors 
(red). 

Fig. 57 shows a simulation of two-beam interference using various half-angles 

between the beams and two different polarisation arrangements. It is evident 

that for the p-polarization a modulation depth of the intensity pattern decreases 

with the growing angle Θ2. However, for the s-polarization, there is no 

influence of the angle Θ2 on the intensity pattern. 

Fig. 58 shows profiles of the intensity distributions obtained using beam 

profiler camera for two s- and p- polarised interfering beams. 
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Fig. 58. 2-beam interference intensity profiles for two polarisation states. Line pattern period is 
660 nm; the half angle between the beams is 20.7 °. 

The same approach can be used to investigate the influence of the angle Θ2 on 

the modulation depth on the pattern of three interfering beams. In the case of 3 

identical interfering beams, polarised in the x-direction, the modulation depth 

also decreases with the increasing angle, only slower than in the case of 2 

beams: 
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In this case, terms for the beam pairs 1,2 and 1,3 (Fig. 59) differ from the term 

for beam pair 2,3. This difference grows with increasing Ez component 

(increasing angle Θ2). Therefore, asymmetry is induced in the pattern at the 

large angles (Fig. 59a). 

However, when the beam polarisations directions are diverse, more drastic 

changes in the intensity distribution arise. Polarization vectors of three 

interfering beams can be arranged at 120° angles to provide inverted intensity 

pattern (Fig. 59b). In this case, the influence of the Ez components is more 

significant: 
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(16)  

Coefficients at the cosine terms are equal; therefore, in this case, there is no 

asymmetry when the angle between the interfering beams is large. However, 

an increase of Θ2 significantly reduces the modulation depth. 

 
Fig. 59. Simulated 3-beam interference intensity distributions for different polarisation 
arrangements. 

However, if the polarisation vectors are oriented as shown in Fig. 59c, identical 

patterns for all angles Θ2 can be obtained. In such arrangement electric field 

components Ez equals to zero for all beams: 
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Fig. 60 shows an experimental illustration of the influence of the angle 

between the interfering beams on the modulation depth in the case of three 
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interfering beams. There is no difference between modulation depths of regular 

and inverted 3-beam intensity pattern when Θ2 = 7.5   (Fig. 60a). However, 

when Θ2 is increased to 20.7 °, the modulation depth of the inverted pattern 

decreases compared to the regular pattern (Fig. 60b). Modulation depth 

difference between the regular patterns at different angles Θ2 is about 17 %. 

These results are in good agreement with the simulation. 

 
Fig. 60. 3-beam interference intensity profiles, measured using beam profiler camera. a) pattern 
period 2.7 μm (half angle between the beams 7.5  ), b) – 0.88 μm (half angle between the beams 
20.7 °). 

In the case of 4-beam interference, Eq. (5) becomes: 
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Therefore, if z components are non-negligible, asymmetry arises in the 

direction of polarisation vectors (Fig. 61a). However, in such case, asymmetry 

is small and virtually does not exist up to Θ2=25°. 

If beam pairs have orthogonal polarisations, the well-known check-board 

pattern can be formed. This pattern is much more susceptible to the influence 

of Ez components. In this case, Θ2=15° is enough to observe the change in the 

pattern (Fig. 61b). For this configuration, Eq. (5) becomes: 
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In this case, the influence of the Ez component at large angle Θ2 is significant. 

The 4-beam interference configuration also provides an opportunity to avoid 

pattern distortion when the angle between the interfering beams is large. The 4-

beam pattern is a combination of two pairs of interfering beams. Therefore, if 

polarisation vectors are orthogonal to the plane containing a beam pair, vertical 

(z) component of the electric field vector is equal to zero. If polarisation 

vectors in both beam pairs are arranged in such a way (Fig. 61c), a pattern does 

not change with increasing angle between the beams. For such arrangement, 

Eq. (5) is: 

 

;cos
;cos

;cos cos,,

2

2

42
2

31
222

ΘEE
ΘEE

EEEEzyxI

y

x

xyyx rkkrkk
 (20)  

 

Fig. 61. Simulated 4-beam interference intensity distributions for different polarisation states. 

Similarly, in the 6-beam setup, the significance of pattern distortions depends 

on the directions of each polarisation vector. Patterns obtained using the same 

polarisation angle or when angles between polarisation vectors are 0 or 180 

degrees are susceptible to only small distortions (Fig. 62a; Fig. 62b). With 

increasing polarisation vector orientation diversity, distortion of the patterns 

become more expressed (Fig. 62c,d). In some cases, pattern distortions can be 

avoided by selecting appropriate polarisation directions. For example, 
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hexagonal ring structure can be highly distorted (Fig. 62d) or not distorted at 

all (Fig. 62e) depending on the arrangement of polarisation vectors. 

 

Fig. 62. Simulated 6-beam interference intensity distributions for different polarization states. 

 

7.4 Adaptation of the Interference Setup for a High-Pulse-Energy 
Ultrashort Pulse Laser 

 

To better exploit the capability of the interference patterning technique, high 

pulse energy laser sources are needed. At the same time, if the goal is a 

fabrication of sub-micrometre periodic patterns, femtosecond laser pulses are 

necessary for a good quality texturing. Therefore, modification of the 

interference patterning setup was tested with the high-pulse-energy 

(15 mJ@1030 nm) 200 fs pulse duration laser source provided by 

AmpLight KG. Characteristics of the laser pulse at the input and output of the 

interference system were investigated using Frequency-Resolved Optical 

Gating (FROG), spectrometer, beam profiler camera and ablation of silicon 
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and thin Cr film on glass substrate. The experimental setup is displayed in Fig. 

13. 

Input laser beam diameter was over 4 mm. However, beam diameter on the 

front surface of the second objective was smaller. This resulted in the 

manifestation of the non-linear optical effects. The effect was strong enough to 

see it with the eye as the generation of broad spectrum (including visible) 

radiation in the fused silica objective L2 (Fig. 13). 

However, the spectrum of the irradiation reaching the interference plane did 

not shown significant alteration (Fig. 63). 

 

Fig. 63. a) – Electric field intensity spectra for different pulse energies Ep and vacuum conditions 
at the input and output of the optical setup, measured using FROG; b) electric field intensity 
spectra at the input and output of the optical setup, measured using the spectrometer. 

Whereas, the impact of the optical system to the pulse duration is indisputable. 

Fig. 64a shows temporal pulse spectra obtained using FROG. Fig. 64b provides 

dependence of the pulse duration τp (calculated from the FROG spectra) on the 

pulse energy Ep. At the input of the optical setup, pulse duration remains 

constant for all pulse energies. At the output of the setup, the pulse duration 

shortens about 20 % if the pulse energy increases from 5 mJ to 12.5 mJ. 
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Fig. 64. a) – Electric field intensity temporal spectra, obtained by FROG; b) dependence of pulse 
duration τp on the pulse energy Ep at the optical setup input (red dots) and output (black 
squares). 

Most importantly, pulse duration at the output doubles compared to the input. 

There was no significant impact on the pulse duration when there was no 

vacuum in the setup (Fig. 64b). However, a vacuum can help to avoid pulse 

energy fluctuations that may arise due to plasma generation in the air at the 

focal plane of the first objective. 

The pulse duration of the laser source could be changed by tuning the pulse 

compressor. Influence of the pulse duration on the nonlinear effects and on the 

quality of the DLIP ablation was investigated. Strong nonlinear effects in the 

second objective were not observed anymore when input pulse duration was 

increased to 400 fs. 

SEM images of periodic structures produced on the crystalline silicon samples 

using various pulse durations are shown in Fig. 65. 
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Fig. 65. SEM images of 2.5 μm period structure fabricated on crystalline silicon using DLIP with 
15 mJ pulse energy and various pulse durations and pulse numbers per spot. 

400 fs pulse duration provided the larger diameter of the ablated dips than 

200 fs pulse, probably due to avoided energy loses due to the generation of a 

broad spectrum in the fused silica. There was no additional influence from the 

non-linear effects in the second objective to the patterning quality. However, 

prolonged usage of the objective in such conditions could result in the damage 

to the objective. Longer than 400 fs pulse durations provided reduced pattern 

quality due to material spallation (Fig. 65 5 pulses per spot) and smaller 

diameter of the dips due to the increased ablation threshold for the longer 

pulses. 

Results presented in this chapter were obtained using fused silica objectives. 

Fused silica is, probably, the most widely used material for the optical 

components for the ultra-short laser pulses. However, usage of shorter than 

400 fs laser pulses could be feasible if the different material for the objectives 

in the interference setup is selected. For example, calcium fluoride or 

magnesium fluoride glasses have lower nonlinear refractive index than fused 

silica [140]. Therefore, nonlinear effects in these materials should manifest at 

shorter pulse duration than in fused silica. 
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7.5 Conclusions 
1. Interference patterning setup can be used to fabricate relatively large 

uniform pattern areas using beam shaping or beam scanning techniques. 

2. The ability to modify interference intensity distribution using 

polarisation control technique enables tailoring of the periodical pattern 

for the desired application. 

3. Interference patterns obtained using identical polarisation vector 

directions for all beams were found slightly susceptible to the shape 

change, dependent on the angle between the interfering beams. The 

most significant shape change was observed in the patterns formed by 

beams with non-identical polarization directions. Change in the pattern 

shape can be avoided if all beams are s-polarized. 

4. The 4-beam interference setup induces widening of the 15 mJ energy 

femtosecond laser pulse from 200 fs to 400 fs due to the non-linear 

effects in one of the fused silica objectives. The strong non-linear effect 

in the objective disappeared when input pulse duration was set to 400 fs. 

Different optical glass materials with lower nonlinear refractive index 

may be used to avoid such phenomena. 
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List of Conclusions 

1. DLIP processing using laser irradiation fluence in the interference 

intensity maxima below the silicon nitride ablation threshold induces 

periodically arranged silicon oxide/ oxy-nitride islands in the 

passivating silicon nitride layer. 

2. Silicon oxide/ oxy-nitride islands act as a refractive grating, and it 

facilitates light absorption in the solar cell.  

3. The efficiency of the laser processed solar cells was increased by 

1±0.6%. 

4. Using DLIP in the air and anisotropic wet chemical etching, the 

structure of periodically inverted pyramids can be fabricated in silicon. 

Oxidation of silicon surface due to laser irradiation is a crucial factor in 

the fabrication process. 

5. Silicon oxide layer is formed on silicon due to the effect of laser 

interference irradiation. Depending on the irradiation conditions, this 

layer is created only at the maximum fluence regions or in the entire 

irradiated area including the minimum fluence regions. Certain 

irradiation conditions (multi-pulse regime) result in the absence of the 

oxide layer at the maximum fluence regions.  

6. The oxide layer acts as an etching mask and positively affects the 

formation of inverted pyramid pattern if it is formed on the entire 

irradiated area except for the maximum fluence regions. A multi-pulse 

regime with no less than 10 pulses per spot was found to be the most 

suitable for the fabrication of inverted pyramid pattern. 

7. A dimple structure fabricated in the multicrystalline silicon using DLIP 

with 300 ps laser pulses and isotropic wet chemical etching allows 

obtaining as low as 17.5% reflectance in the 700 – 1000 nm spectral 

region. 
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8. Various period dimple structures were fabricated in the multicrystalline 

silicon using DLIP with 300 ps laser pulses. Sub-micrometre dimple 

structures provided higher reflectance than the 1 μm or 2 μm period 

structures. This result can be explained by the relatively small depth of 

the structure (when laser fabrication parameters still allow producing 

orderly periodic structure) caused by the formation of melt due to the 

relatively long duration (300 ps) of laser pulses. 

9. Experiments and numerical simulations show that femtosecond or sub-

picosecond pulses are required to increase the depth of the sub-

micrometre periodic structure. The depth of the 600 nm period DLIP 

fabricated dimple structure (maintaining the same dimple diameter) can 

be increased 2 times if the pulse duration is reduced from 300 ps to 

300 fs. 

10. Interference patterning setup can be used to fabricate relatively large 

uniform pattern areas using beam shaping or beam scanning techniques. 

11. The ability to modify interference intensity distribution using 

polarisation control technique enables tailoring of the periodical pattern 

for the desired application. 

12. Interference patterns obtained using identical polarisation vector 

directions for all beams were found slightly susceptible to the shape 

change, dependent on the angle between the interfering beams. The 

most significant shape change was observed in the patterns formed by 

beams with non-identical polarization directions. Change in the pattern 

shape can be avoided if all beams are s-polarized. 

13. The 4-beam interference setup induces widening of the 15 mJ energy 

femtosecond laser pulse from 200 fs to 400 fs due to the non-linear 

effects in one of the fused silica objectives. The strong non-linear effect 

in the objective disappeared when input pulse duration was set to 400 fs. 

Different optical glass materials with lower nonlinear refractive index 

may be used to avoid such phenomena. 
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Summary 

In this PhD thesis, application of patterning with interfering laser beams for the 

fabrication of light harvesting structures for the photovoltaic elements was 

investigated. Interference patterning technique was used to pattern 

antireflective silicon nitride layer on silicon solar cells and crystalline or 

multicrystalline silicon substrates. 

Antireflective silicon nitride layer was patterned using nanosecond and 

picosecond laser pulses and the 2 μm period 4 beam interference intensity 

distribution. Using the irradiation fluence exceeding the ablation threshold, the 

silicon nitride layer was removed in the periodical arrangement. However, the 

electric characteristics of the patterned solar cell deteriorated due to laser-

induced recombination centres. Using the irradiation fluence below the 

ablation threshold, silicon nitride was locally converted to silicon oxide/oxy-

nitride. In this manner, silicon nitride/oxy-nitride grating was produced. Such 

grating increased absorption of the element in the 500 – 1000 nm range and 

resulted in the improved electric characteristics of the solar cell (efficiency 

increase of 1%). 

Interference patterning technique combined with anisotropic wet chemical 

etching was used for the fabrication of the inverted pyramid pattern in 

crystalline silicon. The optimal irradiation conditions for the 532 and 355 nm 

irradiation wavelengths were determined. It was found that during the 

interference patterning process in the ambient air silicon oxide layer can be 

formed between the maximum intensity spots. Such layer acts as an etching 

mask and helps to produce good quality inverted pyramid pattern. 

Multicrystalline silicon wafers were textured using interference patterning 

technique and isotropic wet chemical etching. Optimal irradiation and etching 

conditions were determined. Fabrication of the 2 μm period pattern resulted in 

as low as 17.5 % reflectance of the textures silicon substrate. Sub-micrometre 

patterns were also fabricated. In this case, heat diffusion in the volume between 
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the maximal intensity spots plays a significant role. A three-dimensional model 

for heat diffusion simulation was introduced. Simulations and experimental 

results show that good patterning quality requires femtosecond laser pulses. 

In the last chapter of the thesis, improvements of the interference patterning 

setup are discussed. Methods to ensure large area uniform fabrication to 

produce plasmonic structures in thin metal films were tested experimentally. 

Interference patterning setup was adapted for the high-pulse-energy 

femtosecond laser. Means to increase interference patterning flexibility using 

polarisation control was investigated experimentally and using simulations. 

Influence of the angle between the interfering beams on the shape of the 

interference intensity pattern was investigated. 
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APPENDIX A 

Laser beam reaching the surface of the material is partially reflected and 

partially transmitted into the material. Inside the material laser radiation is 

absorbed and later converted to heat. The temperature distribution in three 

dimensions and in time can be described by the three-dimensional heat transfer 

equation [141]: 

 ,  QT
t
TTTLTTLC vvmmp  (21) 

where ρ is the material density, Cp is the specific heat; Lm is the latent heat of 

melting, Lv is the latent heat of vaporisation, Tv is the boiling point, t is time, κ 

is the thermal conductivity, Q is the absorbed laser power per unit volume. 

Q can be defined as: 

 ztyxIRQ exp ,, 1  (22) 

Where Rλ is the reflectivity, α is the absorption coefficient, I(x,y,t) is the laser 

radiation intensity. Laser radiation intensity for 4-beam interference 

distribution can be defined as [142]: 
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where τp is laser pulse duration, Ep is the laser pulse energy, w0 is the 

interference spot size radius, Λ4 is the 4-beam interference intensity distribution 

period. 

The terms Lm,vδ(T-Tm,v) allow simulation of the solid-liquid and liquid-vapour 

interfaces. The δ function was approximated by [141]: 
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where the parameter Δ is in the range of 100–200 K depending on the 

temperature gradient. 

Silicon properties and computation parameters used in the simulation are given 

in Table 5. 
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Table 5. Silicon material parameters [143, 144] and simulation parameters. 

Parameter Quantity Unit 

ρ 
mmm

mm

TTTTTT
TTTT

T
 ;1061.1171.010580.2

                           ; 1063.210311.2
)( 223

23

 

kg/m3 

Cp 
        

                                                         ;10432.2

                         ; 
300

17066.04743.110

6

6

m

m

p

TT
T

TTT
TTC

 

J/(kg·K) 

Lm 1.79·106 J/Kg 

Tm 1687 K 

Lv 1.28·107 J/Kg 

Tv 3538 K 

κ 99
29900)( TT  W/(m·K) 

Rλ   K3019                                                         ; 72.0
 K9301    ;10691.210429367.0 4155

T
TTT

TR  – 

α 1.2233·106 m-1 

τp 0.3; 300; 35·103 ps 

Ep 2 mJ 

w0 250 μm 

Λ4 600 nm 

Δm 100 K 

Δv 200 K 
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APPENDIX B 

A Gaussian beam at its waist can be approximated as a plane wave: 

 ti
G eEE kr

0 , (25) 

Where E0 is the electric field amplitude, t is time, and ϖ is the optical angular 

frequency. The intensity of such wave is proportional to E0
2. 

If this wave is divided into two waves with equal intensities I1 and I2, their 

electric field amplitudes E1 and E2 are: 
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Then, if these two waves interfere, the resulting intensity is: 
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The intensity in the peak of the interference band is two times greater than in 

the initial plane wave (or peak of the Gaussian beam). Similarly, it can be 

shown, that if the initial wave is divided into three and then these three waves 

interfere, the resulting intensity is: 
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The intensity in the interference peak will be 3 times greater than in the initial 

plane wave (or peak of the Gaussian beam). 

Peak fluence and peak intensity are linearly related. Therefore, peak fluence of 

the laser beam, modulated due to the interference, may be calculated using the 

well-known formula for the peak fluence, multiplied by the number of 

interfering beams N: 
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