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Abstract 

Terahertz (THz) radiation (0.1–10 THz) has been researched for applications in a wide 

range of fields, including communications, security, food inspection, and biomedical 

diagnosis. Most materials for THz components have relatively high refractive indices 

leading to a sudden refractive change when THz waves propagating from air to THz 

components. This mismatch of refractive index in the interface will result in non-

negligible reflection loss. For example, high-resistivity silicon (Si) has a refractive 

index of 3.42, and almost 30% of the power will be reflected when THz waves 

propagate from air to Si substrate surface in a normal incident. This undesired reflection 

loss limits the use of THz technology in many applications. Consequently, reducing 

reflection loss is a key aspect of improving the performance of THz systems. 

Antireflective (AR) coatings have been used to reduce reflection at the air–substrate 

interface. Today, the most widely used AR coating is the quarter-wavelength coating 

made of just a single layer, which is easy to fabricate. However, they are only effective 

for a narrow frequency band. Multilayer coatings are efficient for preventing reflection 

over a broader frequency band, but the thicker coating can render the absorption non-

negligible, and materials with a refractive index suitable for THz radiation are less 

common. Alternatively, subwavelength surface-relief structures, known as moth-eye 

structures, can be used to reduce Fresnel reflection loss over a broad frequency band. 

For fabricating such moth-eye structures in the THz region, machining, etching, laser 

processing-based methods have been proposed and reported for several years. 

Benefitting from the simplicity, processing efficiency, and flexibility, ultrafast lasers 

processing was employed to fabricate moth-eye structures on actual THz applications, 

such as THz lens and THz generators. Although it seems no technical barrier to 

fabricating a moth-eye structure for THz waves, the practical uses of moth-eye 

structures are still limited by its weak mechanical stability. This dissertation focuses on 

the development of the moth-eye and related AR structures for the antireflection in the 

THz region and aiming at achieving a high-performance stable AR structure for the 

actual applications.  

Fabricating the micro tapers of moth-eye structure with a special profile may 

increase the mechanical stability. Moreover, beyond the concept of alleviating the 
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sudden refractive index change in the interface of air and THz components, the 

changing pattern of effective refractive index (neff) can also affect the AR characteristic, 

which can be controlled by adjusting the profile (fill fraction of substrate material) of 

such micro tapers. Femtosecond (10-15 s) laser processing is outstanding for precision 

processing. Benefitting from the ultrashort pulse duration in femtosecond order, the 

heat-affected zone will be suppressed during laser ablation resulting in a neat surface.  

Due to such machining accuracy, the femtosecond laser has been widely used for the 

research of micro-and nano-machining on surface modification. Additionally, its 

exemplary processing efficiency keeps increasing with the development of the high 

power femtosecond laser. 

First of all, to realize the moth-eye structure in THz region, a femtosecond laser 

processing system was built for the fabricating such structures. Thermal influence 

during laser processing on a high-resistivity Si substrate was studied, and neat moth-

eye structures with different pitches and aspect ratios were successfully fabricated. Both 

samples showed AR characteristic in a broadband from 0.1 to 2.5 THz, and the power 

reflectance can be reduced to almost 0 for some specific frequencies. Simultaneously, 

simulation results showed that the profile of the micro tapers has a strong influence on 

the AR characteristic of moth-eye structures. (Related Paper [1]) 

Improving the diversification of THz light sources is important for promoting the 

applications of THz waves in daily life. Such femtosecond laser fabricated moth-eye 

structure was applied to improve the output of a THz generator which is designed to 

meet the needs of developing a compact and high-power coherent THz wave source. 

This THz generator consists of a one-dimensional array of photoconductive antennas 

on a low-temperature-grown Gallium Arsenide (GaAs) substrate.  By fabricating the 

moth-eye structures on the reverse of the antenna substrate, this THz generator had a 

2.5-4.4 times improvement of the output at the theoretical and experimental output 

frequencies comparing to that of the generator without moth-eye structure. Zinc oxide 

(ZnO) is also a potential material for THz generator, which has a high refractive index 

of more than 2.8 in the THz region. Consequently, we fabricated the moth-eye 

structures on ZnO substrates to reduce the high reflection loss. The AR characteristics 

of ZnO moth-eye structure are not as good as that of Si or GaAs. The surface of ZnO 

substrates may be modified under the high-temperature high-pressure condition in the 

focused laser spot during laser ablation. Such surface modification can affect the 
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surface defect and consequently increase the absorption of THz waves. The formation 

and changing of surface defects during laser processing on ZnO substrate were studied 

in detail, and annealing was performed for these ZnO moth-eye structures to eliminate 

such undesired defects. Finally, it was demonstrated that the AR performance can be 

improved by annealing these structures in the air. Moreover, peculiar laser-induced 

surface cleavage on the ZnO surface was observed and discussed with a 3-photon 

absorption model. (Related Proceedings [1] and Paper [2])  

To further improve the performance and characterize the shape dependence, moth-

eye structures that comprise periodically arranged tapers with varying sizes and profiles 

(triangle, parabola, stair, and triangle–stair) were fabricated using femtosecond laser 

ablation via a fine adjustment of the processing pattern. The profile dependence of the 

AR characteristics was experimentally proven, and an index to descript the summary 

refractive index changes along with the taper height ([n´/n]) was proposed to evaluate 

the total power reflectance in a broad THz band: a profile with lower [n´/n] will result 

in a lower total power reflectance. Likewise, both samples showed broadband AR 

characteristics in the range of 0.1-1 THz, which may be useful for the next generation 

of mobile communication. The stair profile samples showed the lowest [n´/n] and the 

most stable AR distribution without fluctuating for the broadband region from 0.5-1.0 

THz, which also has a flat top of the taper with a relatively higher mechanical stability 

than that of other samples. (Related Paper [3]) 

Finally, for improving the mechanical stability of moth-eye structures, we proposed 

a polymer-coated moth-eye hybrid structure, which was made by attaching a polymer-

based two-layer coating onto a moth-eye structure on a silicon substrate. The flat 

cleanable surface inherited from the coating can work as an AR coating for reducing 

the reflection and a shield for protecting the moth-eye structure. Consequently, this 

hybrid AR structure can greatly improve the practical applicability of the moth-eye 

structure. This hybrid AR structure also has excellent AR characteristics due to the 

quarter-wavelength coating effect in the first polymer layer and the graded-index 

features in the polymer-filled moth-eye layer. The measured power reflectance of this 

hybrid ARS remained less than 6% for frequencies from 0.6 to 2.5 THz and 

corresponded to the simulated transmittance. The total power reflectance from 0.1 to 

2.5 THz was reduced to 20% of the unprocessed Si surface. This high-transmittance 
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and cleanable flat AR surface should be useful for a lot of THz components in actual 

applications. (Related Paper [4]) 

This dissertation described the establishment of a method for fabricating the moth-

eye structures by using femtosecond laser processing for antireflection in the THz 

region. The femtosecond laser ablated moth-eye structure was successfully applied to a 

THz generator and achieved a good performance at improving its output. Moreover, an 

index for the AR performance of moth-eye structures was proposed and quantitatively 

analyzed based on the experiment and simulation results, which can be an important 

reference for the design of moth-eye structures for various applications. At last, a 

polymer-coated moth-eye hybrid structure with a flat surface was proposed to reduce 

the reflection loss and simultaneously improve the mechanical stability. High-

performance in a super broadband THz region was proved by experiments and 

simulations for this hybrid AR structure. This work can not only promote the practical 

application of THz but also contribute to ultrafast laser precision processing technology.  
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Chapter 1 

Background and Motivation 

1.1 THz Waves 

Terahertz (THz) radiation (typically, 0.1–10 THz), with the spectrum located between 

the well-developed microwave region and the visible light region, was historically 

known as the “THz gap” because of the difficulties for its generating and detecting 

(Figure. 1.1)[1–3]. However, THz technologies have been greatly promoted benefitting 

from the development of ultrafast optics and semiconductor technology since the 

1980s[4,5]. The low-energy (compared to visible optics), non-ionizing, penetration for 

most non-conductive materials, and higher frequencies features made the THz waves 

suitable to realize a wide range of applications, such as molecular spectroscopy[6–9], 

security[10], diagnostic imaging[11–18], high-speed broadband communication[19–

23], astronomical observation[24] and so on. Due to such functional applications, 

documents containing “terahertz” in the abstract, title, or keywords doubles every 3.23 

years from 1975 to 2013, and more than 3000 such documents were published in 

2013[25]. Since 2014, more than thousands of conference publications containing the 

keyword of “terahertz” have been reported every year. Figure 1.2 shows the number of 

journal articles containing “terahertz” in their titles, which are published by the main 

publisher of academic journals from 2014 (according to the search engine of each 

publisher from their homepage). This number has exceeded 1000 from 2015 and 

increased to 1500 in 2020. 

 

Figure 1.1. location of THz waves as electromagnetic waves. 

 

Figure 1.2. the number of journal articles containing “terahertz” from 2014 to 2020. 
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1.2 Reflection loss and antireflection strategies 

Despite the full of vigor, the applications of  THz waves have been hindered by the 

lack of a tabletop THz generation system[26,27], and THz applications remain out of 

reach in daily life. Moreover, the high reflection loss of power from THz components 

will make the matters worse. Most materials for THz components have relatively high 

refractive indices leading to a sudden refractive change when THz waves propagating 

from air to THz components. This mismatch of refractive index in the interface will 

result in non-negligible reflection loss. For example, high-resistivity silicon (Si) has a 

refractive index of 3.42, and almost 30% of the power will be reflected when THz waves 

propagate from air to Si substrate at a normal incidence. This undesired reflection loss 

limits the use of THz technology in many applications. Table 1.1 shows the refractive 

indices and the power reflectance of materials generally used in the THz region[28–33]. 

The power reflectance was calculated amusing that the THz waves were propagating 

from air to the THz components at a normal incidence. Consequently, reducing 

reflection loss is a key aspect of improving the performance of THz systems.  

Table 1.1 Refractive indices and power reflectance (normal incidence) of materials 

generally used in the THz region. 

Material 
Refractive index 

@ 1 THz 

Power 
reflectance 

LiNbO3 6.72 54.9% 

GaAs 3.63 32.3% 

Si 3.42 30.0% 

Sapphire 3.07 25.9% 

SiO2 2 11.1% 

PTFE 1.43 3.1% 

 

Figure 1.3 profile image of moth-eye structures and its effective refractive index 

distribution. nm is the effective refractive index, and subscript is the layer number. ni is 

the refractive index of the atmosphere and ns is the refractive index of the substrate. 

AR coatings have been used to reduce reflection at the air–substrate interface. Lord 

Rayleigh was the first to discover a thin film AR coating when he observed the 

improvement in transmittance that was gained by tarnishing the surface of the glass; he 

also investigated how reflectance is affected by the incident wavelength and the 

effective layer thickness[34]. Today, the most widely used AR coating is the quarter-

wavelength coating, which consists of a single layer on a substrate. Although these 

coatings are easy to fabricate, they are only effective for signals in a narrow frequency 

band[35–37]. Multilayer coatings are efficient for preventing reflection over a broader 

frequency band[38], but the thicker coating can render the absorption. Alternatively, 

subwavelength surface-relief structures, also known as moth-eye structures, can be used 
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to reduce Fresnel reflection loss over a broad frequency band[39,40]. The sub-

wavelength structure comprises countless periodically arranged protuberances that 

resemble the compound eyes of moths, thus the term moth-eye structure[41,42]. The 

moth-eye structures also can be considered as an AR coating with infinite layers, and 

the effective refractive index of each layer is related to the fill fraction of the substrate 

material. Figure 1.3 shows a sectional image of the moth-eye structure, the effective 

refractive index changes gradually from the tapered top to the bottom, which connects 

the condition medium and substrate. Due to this, the moth-eye structure can also be 

called graded-index structures. Moreover, the moth-eye structures can suit any spectral 

range when the period of tapers is adjusted to be smaller than the wavelength of incident 

waves thus enhance the zero-order diffraction[40], and finally improve the intensity of 

the transmitted signal. For fabricating such moth-eye structures, several methods based 

on machining[43–45], etching[46–49], and laser processing[50–56] have been reported. 

Benefitting from the simplicity, processing efficiency, and flexibility, ultrafast laser 

processing was employed to fabricated moth-eye structures on actual THz applications, 

such as lens[51] and THz generators[53,57]. 

1.3 Motivation 

Although it seems no technical barrier to fabricating a moth-eye structure for THz 

waves, the practical uses of moth-eye structures are still limited by weak mechanical 

stability[51,58]. Fabricating the micro tapers of moth-eye structure with a special 

profile may increase the mechanical stability[59–61], but the brittle microstructures 

make the AR structure (ARS) difficult to be cleaned[62]. The motivation of this study 

is to develop broadband THz-ARSs with high AR performance and high mechanical 

stability, which can be used to promote the actual applications of THz waves. 

1.4 Thesis overview 

The organization of this thesis is as follows and shown as an image in Figure 1.4. 

Chapter 1 briefly introduces the THz waves and their applications. The reflection 

loss which has been hindered the actual applications of THz devices in daily life is also 

introduced with conventional antireflection strategies. Moreover, the motivation and 

organization of this thesis are also described in chapter 1. 

Chapter 2 describes the realization of moth-eye structure by using femtosecond laser 

processing. A processing system was built for the fabrication of moth-eye structures in 

the THz region. Thermal influence during laser processing on a high-resistivity Si 

substrate was studied, and neat moth-eye structures with different pitches and aspect 

ratios were successfully fabricated. The evaluation method based on a terahertz time-

domain spectroscopy (THz-TDS) was established. 

Chapter 3 introduces the applications of moth-eye structures to improve the output 

of a THz generator which is designed to meet the needs of developing a compact and 

high-power coherent THz wave source. This THz generator consists of a one-

dimensional array of photoconductive antennas on a low-temperature-grown Gallium 

arsenide (GaAs) substrate. The challenge to the antireflection of Zinc Oxide (ZnO) 

substrate is also performed because ZnO is also a potential material for THz generators. 

Results of ZnO are not as good as desired, but the possible cause for the undesired 

results was discussed with the formation of defects on the laser-irradiated spots. 

Moreover, laser processing physics about this wide-bandgap material was also 
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discussed with a multi-photon absorption model. Although without any post-processing, 

the laser-fabricated ZnO moth-eye structures did not achieve the desired AR 

performance, it was demonstrated that the AR performance can be improved by 

annealing such structures in the air. 

Chapter 4 introduces further work for controlling the effective refractive index of 

moth-eye structures, which is aiming at the control of AR characteristics to improve 

their performance. Micro tapers with special profiles should have higher AR 

performance and mechanical stability than that of single-line laser-scanned moth-eye 

structures. An index was proposed to evaluate the total power reflectance in a broad 

THz band, and this index should be an important reference for the design of AR 

structures in the THz region. 

Chapter 5 proposed a polymer-coated moth-eye structure with high AR performance 

and high mechanical stability. This hybrid ARS was made by attaching a polymer-based 

two-layer coating onto a moth-eye structure on a silicon substrate. This high-

transmittance and cleanable flat antireflective (AR) surface should be useful for a lot of 

THz components in actual applications, such as the THz lens and generators. 

Chapter 6 is the summary of this thesis. Future perspectives of moth-eye structures 

are also discussed in this chapter. 

 

Figure. 1.4. the organization of this thesis. 
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Chapter 2  

Realization of moth-eye structure by using 

femtosecond laser processing 

2.1 Theoretical computation 

First of all, we need to realize such periodically arranged micro tapers, and before the 

fabrication, theoretical computations were performed by using a high-frequency 

electromagnetic field simulation (HFSS) in advance. For periodic tapered structures to 

work as a diffraction grating, the pitch must be sufficiently small to enhance the zero-

order diffraction[48,49,51]. At normal incidence, the pitch is defined as 

𝑝 =
𝜆𝑚𝑖𝑛

𝑛𝑠𝑖
 (2-1) 

where p is the pitch of the taper, λmin is the minimum wavelength in the AR region, and 

nsi is the refractive index of Si. For frequencies of 0.1–3 THz, the corresponding pitch 

is approximately 30 µm, which is a typical size for ultrashort-pulse laser processing. 

Deeper structures are generally considered to be better, due to their more favorable 

aspect ratio (h/p, where h is the depth of the taper)[44,47]. The profile of the taper is 

also important. Compared with a rectangular profile, a tapered profile results in a 

smoother change in the effective reflective index. Using electromagnetic simulations in 

ANSYS HFSS software, we theoretically predicted the AR characteristics of tapered 

moth-eye structures with different profiles (linear[63], exponential[64–66], and 

Klopfenstein[65–67]) in the THz range. Table 2.1 presents the details for the simulation 

conditions. 

Table 2.1 Simulation Conditions. 

Analysis Software ANSYS HFSS 

Port type Floquent port 

Boundary condition Periodic boundary 

Step size 0.01 THz 

Frequency range 0.1-2.5 THz 

Pitch(p) 35 m 

Materials Si(3.42), vacuum 

Figures 2.1-2.3 illustrate our simulation results. Figure 2.1 (a) shows three different 

refractive index distributions, displaying how the refractive indices change with the 

normalized position. Figure 2.1 (b) shows HFSS models based on the refractive index 

distributions shown in Figure 2.1 (a). Effective refractive indices are determined by 

changing the fill fraction for each position, and their differences result in variable 

profiles of taper. Figure 2.2 shows the calculated power reflectance of these three 

tapered structures for different frequencies. The tapers were attached to a 1 µm thick Si 

substrate to avoid using an inhomogeneous material for the Floquet port. The first 

power reflectance minimum is observed at approximately 0.72 THz for exponential 

taper, which is lower than that of the Klopfenstein taper. 



6 

 

 

Figure 2.1. (a) Effective refractive index plotted against the normalized distance. X is 

the position from the bottom to the top of the tapered structure shown in Figure 2.1 (b); 

the width of models is set as 35 µm. The Klopfenstein taper has a 5.1 µm flat top and 

0.245 µm gap at the wings on the bottom. (b) HFSS models of tapers with different 

profiles. These tapers have a depth of 105 µm with an aspect ratio of 3. Terahertz waves 

were irradiated from vacuum to Si substrate (top to the bottom in this simulation). 

 

Figure 2.2. Power reflectance of all three tapered structures is reduced to almost zero 

but exhibits different frequency dependences. Compared with the λ/4 coating, the moth-

eye structures have broader AR bands. 

After the first minimum value is reached, the Klopfenstein taper offers the lowest, most 

stable reflectance curve with the weakest ripples. For these three tapers, the power 

reflectance is more strongly suppressed at higher frequencies. When the wavelength is 

sufficiently long, the surface can be considered as a flat surface. In contrast, at higher 

frequencies, the wavelength becomes shorter than the pitch, which enhances the 

multireflection of the THz wave between the walls of the grooves and thus suppresses 

the reflectance. A quarter-wavelength coating was also simulated for reference. The 

coating material has an ideal refractive index of 𝑛𝑖𝑑𝑒𝑎𝑙 = √𝑛𝑠𝑖 ∙ 𝑛𝑎𝑖𝑟 = 1.85, and the 

thickness was set at 20.3, 40.5, and 81.0 µm for an AR band with a center frequency of 

2, 1, and 0.5 THz, respectively. Compared with the quarter-wavelength coatings, the 

moth-eye structures have broader AR bands. The power reflectance of the tapers with 
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different aspect ratios was also simulated, and the results for 0.72 THz are shown in 

Figure 2.3. From this result, we confirmed that the power reflectance can be reduced by 

employing a higher aspect ratio. When the aspect ratio exceeds 3, the power reflectance 

is reduced to almost 0 for these three tapered structures. These simulated results 

(Figures 2.1–2.3) suggest that the profile and aspect ratio have a strong influence on the 

AR characteristics of moth-eye structures. 

 

Figure 2.3. Relationship between power reflectance and aspect ratio of 1D tapered 

moth-eye structures at 0.72 THz. The power reflectance of moth-eye structures 

decreases as the aspect ratio increases. 

2.2 Fabrication of moth-eye structures 

To fabricate the moth-eye structures, we focused femtosecond laser pulses (D1000, 

IMRA America, Inc., center wavelength: 1045 nm; pulse width: 700 fs; repetition 

frequency: 100 kHz) onto the surface of a high-resistivity silicon substrate [plane 0.797 

mm]. The target substrates were adhered to a two-axis orientation: (1 0 0); electrical 

resistivity: 1 k· cm; thickness: motorized stage. Two 1D tapered grating structures 

were fabricated by moving the stage at a constant speed of 5 mm/s, resulting in 

periodical parallel lines on the target surface. Figure 2.4 shows a schematic of the 

experiment setup, and the role of the galvanometer scanner will be discussed later. After 

laser ablation, the remaining components formed periodic tapered structures. Laser 

pulses (pulse energy= 8 µJ) were focused by a plano-convex lens with a focal length of 

100 mm. The pitches were controlled by the movement setting of the stage, and the 

depths were adjusted by the number of scans. A square with a size of 10 mm× 10 mm 

was fabricated within approximately 3 h for the 10-pass sample and within 4.5 h for the 

20-pass sample. Figure 2.5 (a) shows a photograph of a Si substrate after femtosecond 

laser scanning and a 3D shape measurement obtained by laser scanning microscopy. 

Figure 2.5 (b) shows sectional scanning electron microscopy (SEM) images of these 

two samples. The 10-pass scanned sample has a depth of 20-pass sample has a depth of 

50 µm and a pitch of 25 µm (i.e., 18 µm and a pitch of 20 µm (i.e., aspect ratio = 0.9), 

and the aspect ratio = 2).  
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Figure 2.4. Schematic of the experiment setup. A plano-convex lens was assembled 

with a motorized stage, which could scan Si substrate at a relatively slow speed of 5 

mm/s. By changing the settings of the plano-convex lens and motorized stage to a set 

of an F-theta lens and galvanometer scanner, the focused laser beam could be scanned 

at a high speed of 2825 mm/s. 

 

Figure 2.5. (a) Photograph of a Si substrate after 10-pass femtosecond laser scanning 

with a size of 10 mm× 10 mm and a 3D shape measurement by laser scanning 

microscopy (Keyence, VK-X1050). (b) Sectional SEM images of fabricated periodic 

tapered structures. 

However, as shown by the SEM image in Figure 2.5, we observed the deposition of 

molten Si and the reattachment of debris, which induced inhomogeneity in the tapered 

profile. These so-called thermal influences are assumed to be caused by excessive 

heating when samples are treated at a relatively low scanning speed. The continuous 

irradiation of unnecessary laser pulses at a constant point will induce excessive heat 

and pulse reabsorption by the plasma during laser ablation. To suppress thermal 

influences, we increased the scanning speed from the order of mm/s to m/s by replacing 

the two-axis motorized stage with a galvanometer scanner (Figure 2.4). An F-theta lens 

with a focal length of 100 mm was used to focus the laser pulses on the target surface. 

The two-axis motorized stage can move at a constant speed of 5mm/s, while the rotation 

of the galvanometer mirrors allows a rated scanning speed of 2825 mm/s on the 

substrate surface. By increasing the scanning speed, we obtained a smoother surface 

(Figure 2.6) and a higher aspect ratio of 2.25. 
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Figure 2.6. A sectional view of samples scanned at different speeds. At 2825 mm/s, a 

square with sides of 10 mm was fabricated within 1.5 hours, corresponding to a time 

reduction of one-third. 

 

Figure 2.7. Relationship between depth and effective pulse number for tapers fabricated 

at different scanning speeds. Si substrates were irradiated by femtosecond laser pulses 

with a pulse energy of 8 µJ. As shown in the sectional SEM images, the internal surfaces 

of the grooves were smoother when higher scanning speeds were applied. 

As shown in Figure 2.7, the taper was ablated deeper into the substrate when a higher 

scanning speed was applied. The effective pulse number (Neff) can be defined as follows: 

𝑁𝑒𝑓𝑓 =
𝑑

(𝑣/𝑓)
× 𝑁𝑝𝑎𝑠𝑠 (2-2) 

where d is the diameter of the focused laser spot, v is the scanning speed, f is the 

repetition frequency of the laser, and Npass is the pass number of each scanned 

line[68,69]. Increasing the scanning speed can reduce the number of laser pulses that 

are continuously irradiated at a given point over a short interval of time (1/100 kHz= 

10 µs); moreover, the reattachment of debris can be suppressed. A small proportion of 

the Si melted under higher scanning speeds. Figure 2.8 shows the relationship between 

depth and effective pulse number for tapers treated by different pulse energies (Ep). 
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Deeper grooves were obtained for higher pulse energy. Laser pulses with higher energy 

have larger fabrication voxels whose energy density exceeds the ablation threshold. The 

samples treated with 9133 pulses have a greater depth; furthermore, the groove depth 

decreased when excessive laser pulses were irradiated after their saturation. This 

phenomenon is considered to be caused by the molten material caused by excessive 

input energy. As the grooves are being cut, the internal surface increases while the 

average energy density decreases[70]. Once the average energy density is lower than 

the ablation threshold, the energy from these excessive laser pulses changes to heat, 

causing the material to melt and be deposited on the bottom surface or the internal walls 

of the grooves. Based on these experimental results, by scanning 8 µJ laser pulses at the 

standard speed of the galvanometer scanner (2825 mm/s), we fabricated 1D 

subwavelength tapered structures with pitches of 37, 42, and 51µmand a uniform depth 

of 90 µm. 

 

Figure 2.8. Relationship between depth and effective pulse number for tapers fabricated 

at different pulse energies. The scanning speed was set to 2825 mm/s. The depth 

plateaued after 9133 pulses due to molten material deposition caused by the average 

energy density attenuation. 

2.3 AR characteristics based on the THz-TDS measurement 

As showing in Figure 2.9, the AR characteristics of these tapered structures were 

measured by using a standard THz-TDS system, which has two photoconductive dipole 

antennas to generate and detect THz waves[71]. Based on sectional SEM images of 

these samples, HFSS models were used to obtain a simulated power reflectance for 

reference. The power reflectance of the fabricated gratings was obtained by comparing 

the measured transmittance of Si substrates with and without grating structures. Based 

on the thickness of the Si substrate (797 m), reflection and transmission from both 

sides of the sample were considered in the calculations[49]. The Ti: sapphire 

femtosecond laser used in the THz-TDS system has a center wavelength of 812 nm, a 

pulse width of 60 fs, and a repetition frequency of 20 MHz. The laser beam was split 

into a pump beam for the generator and a probe beam for the detector. The THz 

transmission singles, Asi (Eo,si/Ei) and Aar (Eo,ar/Ei), through the Si substrates with and 

without the grating structure, respectively, were measured and compared. Here, Ei is 

the incident signal, and Eo,si and Eo,ar are output signals transmitted by the Si substrate 

without and with ARS, respectively, as shown in Figure 2.10.  



11 

 

 

Figure 2.9. Transmitted singles were measured by using a standard THz- TDS system. 

 

Figure 2.10. Images of THz waves transmit samples at normal incidence during THz-

TDS measurement. (a) THz waves transmit the Si substrate. (b) THz waves transmit 

the Si substrate with ARS. 

The complex refractive index n of Si was calculated from the measured results for 

Eo,si/Ei as a function of frequency. From the evaluated results, n is nr – jni = 3.4 0.014 

– j0.0012  0.0012 in the frequency range of 0.2–2.5 THz. The real part, nr, is much 

higher than the imaginary part ni, such that |n| ~ nr. All measurements were performed 

in TM (the electric field of the incident wave is perpendicular to the groove) and TE 

(the electric field of the incident wave is parallel to the groove) modes at normal 

incidence for frequencies ranging from 0.2 THz to 2.5 THz. Because the amplitudes of 

the incident waves remained nearly constant in the experiments, 

𝐴𝑎𝑟(𝑓)

𝐴𝑠𝑖(𝑓)
=

𝐸𝑜.𝑎𝑟/𝐸𝑖

𝐸𝑜.𝑠𝑖/𝐸𝑖
=

𝐸𝑜,𝑎𝑟

𝐸𝑜,𝑠𝑖
 (2-3) 

where f is the frequency of the THz signal. For Figure 2.10 (b), the following equation 

is given at the surface of the ARS, 

𝑅𝑎𝑟 = 1 − 𝑇𝑎𝑟 = 1 −
𝑃𝑎𝑟

𝑃𝑖
 (2-4) 



12 

 

where Rar is the power reflectance of the ARS, Tar is the power transmittance of the 

ARS, Pi is the power of the incident signal, and Par is the power of the signal transmitted 

by the ARS. Because this signal propagates within the Si substrate, Par / Pi is calculated 

rather than measured, using the following equations. Based on the concept of the 

Poynting vector, 

𝑃𝑖 =
1

2
Re(𝑬𝒊 × 𝑯𝒊

∗) =
1

2𝑍0

|𝑬𝒊|
2 =

1

2𝑍0
𝐸𝑖

2 (2-5) 

𝑃𝑎𝑟 =
1

2
Re(𝑬𝟑 × 𝑯𝟑

∗) =
|𝑛|

2𝑍𝑜

|𝑬𝟑|2 =
|𝑛|

2𝑍𝑜
𝐸3

2 (2-6) 

𝑅𝑎𝑟 = 1 − |𝑛| (
𝐸3

𝐸𝑖
)

2

= 1 − |𝑛||𝑡3|2 (2-7) 

where Ei and Hi are the electric and magnetic vectors of the incident wave. E3 and H3 

are the electric and magnetic vectors of the wave transmitted by the ARS, and t3 is the 

amplitude transmittance of the ARS. In the THz-TDS measurements, the output signals, 

Eo,si and Eo,ar can be expressed as follows, 

𝑬𝒐,𝒔𝒊 = 𝑬𝒊𝑡1𝑡2𝑒−𝑗𝑛𝑘0𝑑0 = 𝑬𝒊𝑡1𝑡2𝑒−𝑛𝑖𝑘0𝑑0𝑒−𝑗𝑛𝑟𝑘0𝑑0  (2-8) 

where t1 and t2 are amplitude transmittance of the substrate surface and reverse, 

respectively. γ is the propagation constant for Si, and γ = jnk0. k0 is the wavenumber of 

the THz wave in the vacuum. 𝑒−𝑛𝑖𝑘0𝑑0gives the attenuation, and 𝑒−𝑗𝑛𝑟𝑘0𝑑0 gives the 

phase change. d0 is the thickness of the Si substrate 

𝑬𝒐,𝒔𝒊 = 𝑬𝒊𝑡1𝑡2𝑒−𝑗𝑛𝑘0𝑑0 = 𝑬𝒊𝑡1𝑡2𝑒−𝑛𝑖𝑘0𝑑0𝑒−𝑗𝑛𝑟𝑘0𝑑0 (2-9) 

where t4 is the amplitude transmittance of the substrate in reverse. t1, t2, and t4 are given 

by  𝑡1 =
2

1+𝑛
, and  𝑡2 = 𝑡4 =

2𝑛

1+𝑛
. Therefore, the ratio of two output signals is  

𝐸𝑜,𝑎𝑟

𝐸𝑜,𝑠𝑖
=

|t3||1+𝑛|

2
𝑒−𝑛𝑖𝑘0(𝑑1−𝑑0)𝑒−𝑗𝑛𝑟𝑘0(𝑑1−𝑑0). (2-10) 

The amplitude transmittance of the ARS, t3, can be determined by using Equation (2-

9), and derived from the absolute values, 

|
𝐸𝑜,𝑎𝑟

𝐸𝑜,𝑠𝑖
| = |

𝐴𝑎𝑟(𝑓)

𝐴𝑠𝑖(𝑓)
| =

|t3||1 + 𝑛|

2
𝑒−𝑛𝑖𝑘0(𝑑1−𝑑0) (2-11) 

|𝑡3|2 =
4

|1 + n|2
(

𝐴𝑎𝑟(𝑓)

𝐴𝑠𝑖(𝑓)
)

2

𝑒2Im(𝑛)𝑘0ℎ (2-12) 

where 𝑑0 − 𝑑1 = −ℎ , and Im(𝑛)  = −𝑛𝑖 . By substituting Equation (2-12) into 

Equation (2-4), we can obtain the power reflectance of the ARS. 

𝑅𝑎𝑟(𝑓) = 1 −
4|𝑛|

|1 + n|2
(

𝐴𝑎𝑟(𝑓)

𝐴𝑠𝑖(𝑓)
)

2

𝑒2Im(𝑛)𝑘0ℎ (2-13) 

where h is the effective height of the ARS, determined by the difference between the 

measured phases of Aar(f) and Asi(f) from Equation (10): 
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∆𝜙 = −𝑛𝑟𝑘𝑜(𝑑1 − 𝑑0) = 𝑛𝑟𝑘0ℎ  (2-14) 

where ∆𝜙 is the measured phase difference. In the measurements, the estimated values 

of h were relatively small, typically less than 30 µm; thus, 𝑒2Im(𝑛)𝑘0ℎ  ∼  1 . For 

reference, the HFSS models were based on the coordinates of the points in the sectional 

SEM images and were simulated to estimate the power reflectance. 

Figure 2.11 (a) shows the results for the 10-pass sample. The reflectance decreased 

to almost zero in the TM mode, which is better than the approximately 50% decrease 

observed in the TE model. This difference can be explained by the circuit model 

reported by Kadlec[72], in which the periodic grooves are considered as a series circuit 

in the TM mode and a parallel circuit in the TE mode. This difference between the TM 

and TE modes suggests that this one-dimensional tapered structure is very effective to 

reduce the undesired reflection loss for TM-polarized THz waves[45]. A similar two-

dimensional tapered structure can be considered as a resolution for unpolarized THz 

waves. Figure 2.11 (b) shows the measured and simulated reflectance for the TM mode. 

The relative power reflectance is reduced to almost 0 at 1.9 THz and 1.6 THz according 

to the 10-pass and 20-pass treated samples, respectively. This result suggests that the 

20-pass sample has a broader AR band, which may be caused by the increased pitch 

and aspect ratio. The simulated results obtained by HFSS show good agreement with 

the experimental results and confirm the accuracy of these results. 

 

Figure 2.11. AR characteristics of samples scanned at 5 mm/s. The dots show 

experimental data obtained by THz-TDS, and the lines show simulated results obtained 

by HFSS. (a) Results for a sample with an aspect ratio (AR) of 0.9 in the TE and TM 

modes. (b) Comparison of the AR regions of two samples with different aspect ratios 

in the TM mode. 

Figure 2.12 shows sectional SEM images, and the power reflectance calculated from 

the measured data obtained by THz-TDS (dots) and simulated by HFSS (lines). For the 

tapered structures with pitches of 42 m and 51 m, the measured variations in 

reflectance are in good agreement with the theoretical predictions for frequencies lower 

than 1 THz. The measured and simulated results do not match as well for the 37-m-

pitch grating. This mismatch is considered result from the difference in aspect ratios for 

the HFSS model (90 m/37 m = 2.43) and the actual sample [(90 m - 7.3 m)/37m 

= 2.24]. A higher aspect ratio can improve the performance of AR characteristics over 

the entire AR band[73]. During laser processing, the laser spot was focused to a 

diameter of 41 m, and the scanning was overlapped to obtain a pattern with a 37-m 
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interval between each groove. Because of the scanning overlap, the top of the taper is 

7.3 m below the surface of the Si substrate. For both the HFSS and measured results, 

ripples can be observed at frequencies beyond the first minimum power reflectance. 

The first minimum point shifts to lower frequencies as the pitch increases. According 

to Equation (2-1), tapers with a larger pitch correspond to an AR band with longer 

wavelengths in the lower frequency region. 

 

Figure 2.12 AR characteristics of the tapered grating structures. 

 

Figure 2.13. Comparison of the power reflectance for a 51-µm taper (h/p = 90 µm/51 

µm) and a quarter-wavelength coating. The lines show simulated results obtained by 

HFSS, and the dots present calculated results based on measured data for the 51-µm 

taper. 

Similar to the Klopfenstein taper shown in the sectional view, the 51-m-pitch 

sample also has a flat top, but the measured reflectance is not as stable as the simulated 

results for the Klopfenstein taper. This result may be caused by a change in the shape 

from the top to the waist of the taper; this shape is convex in the laser-ablated sample, 

but concave in the Klopfenstein taper. To confirm the type of tapers that were fabricated, 

linear, exponential, and Klopfenstein tapers with the same size as 51-m taper were 

modeled for simulations. The results are summarized in Figure 2.13. For the measured 

and HFSS simulated results (blue line and dots), the trends of the curve are similar to 

the result for the exponential taper (red line). By comparing the simulated results for 

the linear, exponential, and Klopfenstein tapers, we found that the exponential taper 

shows a lower power reflectance in the range from approximately 0.6 to 1 THz, but the 
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Klopfenstein taper has lower power reflectance ranging from approximately 1 to 1.7 

THz. Compared with the quarter-wavelength coating designed for 1 THz, the laser-

ablated structures have much broader AR bands. 

2.4 Conclusions 

One-dimensional periodic tapered structures for achieving antireflection of THz 

waves were theoretically modeled by HFSS and experimentally fabricated using a 

femtosecond laser. The AR characteristics were evaluated by a THz-TDS system at 

0.2–2.5 THz. The theoretical simulations predicted that the taper profile has a strong 

influence on the performance of a moth-eye structure. The Klopfenstein taper offers the 

lowest and most stable AR characteristics with the weakest ripples after the first 

minimum value, but the exponential taper has a lower power reflectance over a small 

region after the first minimum value. A femtosecond laser was employed to fabricate 

periodic tapered structures with different aspect ratios and pitches. The production of 

molten silicon was suppressed by increasing the scanning speed, resulting in a higher 

aspect ratio of 2.25 and a smoother internal surface for the ablated grooves. Increasing 

the scanning speed is an efficient way to improve the quality of a laser-ablated surface. 

The THz-TDS measurements and HFSS simulation results matched well, especially for 

the 51-m-pitch grating. For all of the fabricated samples, the power reflectance of the 

AR surface is reduced to almost zero over a band wider than 1 THz (0.7–1.9 THz), 

which is much broader than that for a quarter-wavelength coating. Ripples in the power 

reflectance were observed for both samples. Tapers with optimized profiles can be 

applied to suppress this variation; such taper profiles can be modified by adjusting the 

fabrication conditions during laser processing, such as the focus position, laser 

polarization, and scanning pattern. As a typical material for components in the THz 

range, high-resistivity silicon can be used for lenses and splitters, particularly for the 

lenses in photoconductive antennas. This type of moth-eye structure can be used to 

improve the performance of these components. In addition to high-resistivity silicon, 

other materials suitable for the THz range, such as GaAs, LiNbO3, quartz, can also be 

applied with a moth-eye structure to improve the performance of related THz 

components. As an advanced microfabrication method, femtosecond laser processing 

is suitable for realizing an optimal profile for tapered AR structures on these materials. 

Femtosecond-laser-fabricated periodic tapered structures thus have great potential for 

improving the performance of components in the THz range. 
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Chapter 3 

Applications of moth-eye structures to THz 

generators 

3.1 Introduction 

The actual applications of THz waves are limited by the lack of portable high output 

THz sources. Developing such THz wave sources is an important task for promoting 

the applications of THz waves. Alternatively, increasing the extraction efficiency of 

existed THz sources which are suffering the high reflection loss is an achievable way 

to obtain a higher output intensity, such as a THz photo conductive (PC) antenna 

fabricated on Gallium arsenide (GaAs) or Zinc oxide (ZnO). In this chapter, a GaAs-

based terahertz (THz) signal combiner was proposed and fabricated with moth-eye 

structures to further improve its output intensity. Moth-eye structures are also fabricated 

on the ZnO surface, but the measured transmittance of the ZnO moth-eye structure 

(without any post-processing) was not as good as that of GaAs. The undesired results 

are possibly induced by the absorption of defects in laser-ablated ZnO surface, and the 

post-processing of annealing was demonstrated for improving the transmittance of laser 

fabricated moth-eye structure on ZnO substrate.  

3.2 Periodic terahertz-wave generator on LT-GaAs substrate 

3.2.1 Introduction 

To meet the needs of developing a compact and high-power coherent terahertz (THz) 

wave source, a terahertz (THz) signal combiner was designed and fabricated with one 

dimensional photoconductive (PC) antenna array using a metal waveguide[74,75]. 

Moreover, the laser-ablated moth-eye structure is an effective method to reduce the 

reflection loss for THz components[51,76,77]. For improving the output efficiency, we 

have applied the moth-eye structures to the photoconductive antenna array to improve 

the output of the periodic terahertz-wave generator. To improve the generation 

efficiency of THz waves from the periodic terahertz-wave generator, a femtosecond 

laser was employed to fabricated a moth-eye structure on the reverse of the antenna 

substrate, a low-temperature-grown GaAs (LT-GaAs) substrate.  

3.2.2 Experiment and results 

Figure 3.2.1 is a schematic drawing of the periodic THz-wave generator. It consists 

of a one-dimensional array of photoconductive (PC) antennas on a LT-GaAs substrate. 

When irradiating with a tilted front laser beam, THz waves will be generated and 

incident radially from PC antennas to the inside of the waveguide, and only the THz 

waves with the same propagation direction of the laser beam will in force due to the 

interference regardless of frequency. To improve the transmission efficiency of the THz 

wave from the LT-GaAs substrate to the inside of the metal waveguide, we fabricated 

moth-eye structures on the reverse of the LT- GaAs substrate. Figure 3.2.2 shows the 

details of both sides of the PC antenna. Optical microscope image of the PC antenna 
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array, THz-wave generator image, and SEM image of moth-eye structure on the reverse 

of LT-GaAs substrate (size: 0.7 mm × 6 mm, thickness: 0.15 mm) are shown from top 

to bottom, respectively. The PC antennas have a length of 253.8 m, a line width of 

26.5 m, a gap of 13.8 m. The moth-eye structure consists of 2-dimensional tapers 

with an aspect ratio of about 2.16 (depth/width = 80 m / 37 m = 2.16), which was 

fabricated by scanning focused femtosecond laser pulses (wavelength: 1045nm, pulse 

width: 700 fs, pulse energy: 6 J; F-theta lens: 100 mm) on the reverse of the LT-GaAs 

substrate. The fabricated area is 0.5 mm × 4 mm on the center of the LT-GaAs substrate 

surface. The effective pulse number for each point is 990 in the calculation. 

 

Figure 3.2.1. Schematic drawing of the periodic THz-wave generator with a 

photoconductive (PC) antenna array in a rectangular metal waveguide. An (n = 0, 1, 

…74) and A are THz signals from a signal PC antenna and the combined one, 

respectively. 

 

Figure 3.2.2. Details of both sides of the PC antenna array. 
Firstly, PC antennas were singly measured for the basic characteristics by a THz-

TDS system, where the incident laser beam was focused on a single dipole antenna by 
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an achromatic lens at a normal incident. Then, the THz-wave combiner was measured 

by the system showing in Figure 3.2.3, where the achromatic lens was changed by a 

cylindrical lens, and the incident beam has an incident angle of 54.5°. Figure 3.2.4 

shows the output signals when only the 10th, 30th, 50th (E10, E30, E50) antenna was 

irradiated, respectively. The antenna number is added from the output side. E50 is the 

farthest one from the output window among these 3 antennas.  

 

Figure 3.2.3. THz-TDS system was used for evaluating the characteristics of 

periodically arranged PC antennas. 

 

Figure 3.2.4. Time waveforms and spectrum intensity were measured by the THz-TDS 

system, when only the antenna E10, E30, E50 were irradiated, respectively. 

Figure 3.2.4 (a) is the time waveform of the single from antennas with and without 

moth-eye structures. Figure 3.2.4 (b) shows their intensity of the spectrum of the singles 
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after the Fourier transformation. Multi-pulse was observed in time waveforms because 

of the dispersion characteristics of waveguides. The amplitude is observed reducing 

accompanying the distance from the output window. The signal from the moth-eye 

structured antennas has a much bigger maximum peak than the unstructured ones. 

According to the spectrum intensity, periodic THz-wave generator fabricated with 

moth-eye structure has an overall improvement of intensity at the region of 0.1-1.5 THz. 

Figure 3.2.5 shows the output signals when the antennas E1~E35 were irradiated by a 

tilted beam front with  of 54.5°. At the frequency of 0.342 THz (calculated ƒout), 0.283 

THz, 0.226 THz (experimental ƒout of the generator without and with moth-eye 

structure). The improvements are 3, 2.5, and 4.4 times, respectively. 

 

Figure 3.2.5. Measured results by the THz-TDS system, when the antenna E1~E35 were 

irradiated by a tilted beam front  of 54.5°. 

3.2.3 Conclusion (GaAs-based moth-eye structure) 

Femtosecond laser-ablated moth-eye structure was fabricated on the reverse of a 

periodic terahertz-wave generator. The THz-TDS system measured results show a very 

good improvement of the output signal. The laser-ablated moth-eye structure should be 

an efficient method to improve the output of a PC antenna-based terahertz signal 

generator. 
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3.3 Femtosecond-laser-induced cleavage on a zinc oxide substrate  

3.3.1 Introduction 

Zinc oxide (ZnO) has been actively researched for a broad range of applications in 

ultraviolet (UV) and visible optical regions [78,79]. Benefiting from a wide bandgap 

(~3.3 eV) and various defect levels, it has been studied for more than two decades and 

has applications both scientific (e.g., UV–visible emitters and detectors  [80,81]) and 

daily life (e.g., sunscreen and display[82–84]). Beyond the UV–visible region, ZnO is 

reported to have high transmittance and high refractive index in the terahertz (1011–1013 

Hz) region [85,86]. The emission of terahertz waves from ZnO-based devices is very 

strong evidence that ZnO also has potential uses for terahertz components[85,87–89]. 

Developing the ZnO-based THz emitters is important for the diversification of THz 

light sources, which can promote the applications of THz waves in daily life. Due to 

the high refractive index of 2.8 in the THz region, a power reflectance of more than 22% 

will be induced when THz waves were propagating into the ZnO surface in a normal 

incidence. This high reflection loss is a disadvantage hindering the development of 

ZnO-based components for THz waves. Hence, antireflection strategies also need to be 

proposed for ZnO-based THz components due to this non-neglectable reflection loss.  

Table 3.3.1 Laser processing conditions of ZnO-based moth-eye structures.  

Number 1 2 3 4 

E
pulse 

(J) 8 8 8 30 

Repe. rate (kHz) 100 100 100 100 

Scan speed (m/s) 3 3 3 5 

N
pass

 800 2000 8000 10000 

In both the UV–visible and terahertz regions, laser processing is an efficient method 

for realizing thin-film-based devices or nano/microstructure-based functional surfaces 
[54,57,59,90,91]. For promoting the applications of THz waves in daily life, we tried 

fabricating moth-eye structures on ZnO substrate. Three 2D (cross scanning pattern) 

and a 1D (line scanning pattern) moth-eye structures were fabricated by using 

femtosecond laser processing. Samples 1-3 were fabricated by using the laser 

mentioned in chapter 2, and sample 4 was fabricated by a Yb: KGW laser with higher 

output power (central wavelength: 1030 nm; pulse duration: 700 fs, PHAROS PH1-10, 

Light Conversion, Lithuania). Table 3.3.1. shows the processing conditions of the four 

ZnO moth-eye structures. Figure 3.3.1 shows images of laser fabricated moth-eye 

structure on ZnO substrate (a), its 3D measurement by CLSM (b), and a section view 

of a sample with higher aspect ratio (c). Figure 3.3.2 shows the THz-TDS measured 

spectrum intensity for these four moth-eye structures. The THz-TDS measured results 

of ZnO-based moth-eye structures are not as good as those of Si and GaAs. 

Antireflective properties were not observed for these four samples. The intensity of 

transmitted THz waves even lower than the unprocessed ZnO surface. According to 

Figure 3.3.1 (a), the laser-irradiated area is dark brown, while the unprocessed surface 

is almost transparent in the visible region. This discoloration suggested that the ZnO 

surface may be modified by laser ablation, and the laser-irradiated area may have higher 

absorption than that of a bare surface in the visible region. Due to the special band 

structure of ZnO with various defect levels, defects could be easily induced by the 
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extreme conditions of high temperature and pressure in the laser ablation center. This 

modification on defect may also affect the absorption of THz waves. Consequently, the 

modification on defect induced by laser irradiation needs to be studied, and the 

suppression of AR properties due to the increased absorption demands a solution.  

 

Figure 3.3.1. (a) an image of a 2D structure, (b) the CLSM measurements, and (c) a 

sectional view of the 1D moth-eye structure. 

 

Figure 3.3.2. The THz-TDS measured spectrum intensity for these four moth-eye 

structures under (a) TM and (b) TE mode. For the 2D structures, the direction of the 

electric field during the THz-TDS measurements is shown in Figure 3.3.1 (a).  For the 

1D structure, the direction of the electric field during the THz-TDS measurements is 

perpendicular to the groove in TM mode and parallel to the groove in TE mode. 

 

Figure 3.3.3. The one-pulse irradiated surface of ZnO (a) and Si (b) by a femtosecond 

laser with a wavelength of 1,030 nm and pulse energy of 30 J. Corners with 120° angle 

randomly distributed in the one-pulse irradiated area are observed, which may be pieces 

from broken hexagon patterns. 

Although ZnO-based thin films fabricated by pulsed-laser deposition have been 

widely reported by a vast number of researchers [79], functional surface structures 

fabricated by direct laser irradiation upon a ZnO substrate occur seldom, despite the 
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appearance of cheaper lasers with extremely high output [92,93]. Recently, 

femtosecond laser-induced nano-ripples on ZnO surfaces have been separately reported 

by Hang et al. [94] and Liu et al. [95]. Multiple laser pulses are irradiated upon the ZnO 

substrate surface to fabricate structures with a size less than the wavelength of the 

incident laser pulse. Meanwhile, single-pulse irradiation physics is not mentioned in 

such literature. Figure 3.3.3 (a) shows the one-pulse irradiated ZnO substrate surface of 

our work; this is a very interesting morphology that differs from the laser-irradiated 

surface of the silicon (Si) substrate or some other metal materials [96–98]. As shown in 

Figure 3.3.3 (b), in general, these one-pulse irradiated marks on Si or other metal 

surfaces are considered to be caused by melting with heat. On the contrary, no melting 

was observed from the one-pulse irradiated spot of the ZnO substrate; instead, corners 

with 120° angle (pieces from broken hexagon patterns) are observed.  

To find out a solution to improve the AR performance of ZnO moth-eye structures, 

as well as the formation mechanism of such marvelous cleavage phenomena in detail, 

we studied the formation and changing of defects on the surface of ZnO substrate 

irradiated by laser pulses. we performed one-pulse irradiation (pulse energy: 6–60 J) 

on the surface of the ZnO substrate, as well as multi-pulse (1–11 pulses) irradiation 

with the same pulse energy of 30 J. The dependence of pulse energy upon cleavage 

depth was discussed and quantitatively analyzed with a three-photon absorption model; 

a cleavage-melt shift was also observed after 4 laser pulses. This shift is attributed to 

the enhancement of absorption due to the initial pulses, and the mechanism is supported 

by our measurement of cathodoluminescence. Moreover, by annealing at 300–500 °C, 

the transmittance of laser fabricated ZnO moth-eye structure was developed, and these 

annealed ZnO moth-eye structures showed broadband AR features. 

3.3.2 Experimental details  

 

Figure 3.3.4. (a) SEM image of the one-pulse irradiated ZnO substrate surface under 

pulse energy of 60 J by scanning a laser beam in a line. (b) CLSM images of spots 

irradiated by laser pulses with different pulse numbers (Npulse) and repetition rates. 

Femtosecond-laser pulses from a Yb: KGW laser (central wavelength: 1,030 nm; 

pulse duration: 700 fs, PHAROS PH1-10, Light Conversion, Lithuania) were irradiated 

and focused upon the surface of a ZnO substrate (orientation: (0001); hexagonal 
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structure; purchased from CrysTec GmbH, Germany) by an F-Theta lens (focus length: 

200 mm, SILL 297358, Sill Optics GmbH, Germany) at normal incidence. A laser beam 

operating at a repetition frequency of 100 kHz was guided by a galvanometer scanner 

head (SUPERSCAN IV-30, Raylase GmbH) to directly write lines on the surface of a 

ZnO substrate at a constant speed of 5,000 mm/s. Thus, one-pulse irradiated spots 

arranged in a line with a spacing of 50 m can be easily obtained by a single scan 

(Figure 3.3.4 (a)). Pulses with energies ranging from 6  J to 60 J were used to obtain 

the one-pulse irradiated spots; as shown in Figure 3.3.4 (b), multi-pulse irradiated 

samples were obtained by irradiating the laser pulses (pulse energy: 30 J) upon the 

same spot, and the pulse numbers (Npulse: 1–11) were controlled by adjusting the 

irradiating time and repetition rate (0.01–100 kHz). After laser irradiation, the samples 

were separately immersed in acetone and purified water for three minutes of ultrasonic 

cleaning. The irradiated areas were observed by a scanning electron microscope (SEM, 

TM4000pulseI, Hitachi, Japan, at 5 kV) and a confocal laser scanning microscope 

(CLSM, LEXT ILS4100, Olympus, Japan) to attain the morphological details (radius, 

cleavage depth). The cathodoluminescence (CL, MonoCL4, Gatan Inc., USA with 

JSM-7800F, JEOL, Japan) of the laser-irradiated spots (repetition rate, 10 Hz) was also 

measured to analyze their luminescence properties and get their surface defect 

information. 

ZnO moth-eye structures are annealed on a hotplate in the air. Samples 1–3 were 

annealed for 30 minutes at 300, 400, 500 °C, and sample 4 was annealed for 15 minutes 

at 500 °C. The spectrum intensities of these samples were obtained by taking the Fourier 

Transform of the THz-TDS waveform. A time window of 6.66 ps (2.22 ps before and 

4.44 ps after the first dip) was selected for removing the Fabry-Perot fringes causing by 

the multi-reflected signal[53]. The measured spectrum intensities (average of 100 

measurements) of the ZnO substrates with and without tapered structures were 

compared to obtain the power reflectance of the fabricated AR structures. Based on the 

thickness of the ZnO substrate, the reflection and transmission from both sides of the 

sample were considered in the calculations[49,54].  

3.3.3 Results and discussion 

Figure 3.3.5 (a) shows SEM images of the one-pulse irradiated spots on the ZnO 

substrate surface. Broken hexagonal cleavages are observed when Ep > 10 J. The laser-

induced cleavages are centered at the irradiated spot and surrounded by a no-cleavage 

zone. This central location of cleavage is thought to be caused by the Gaussian energy 

distribution of the laser beam, whose center has the highest intensity. The Gaussian 

laser beam propagation in the z-direction can be given by 

𝐹(𝑥, 𝑦) = 𝐹0𝑒
−(

1

𝑤0
)

2
2[(𝑥−𝑥0)2+(𝑦−𝑦0)2]

, (3-1) 

where F is the laser fluence (energy per unit area) and F0 is its max value, w0 is the 

radius at which the fluence falls to F0/e
2, and (x0, y0) is the beam center of the 

profile[99–102]. The index (x−x0)
2 + (y−y0)

2 denotes the square of the distance to the 

center, i.e., the square of the radius (r) from the aerial view. Substituting r2 = (x-x0)
2+(y-

y0)
2 into Equation (3-1) and replacing I0 with 2Ep/(w0

2), we obtain 

𝑟2 =
1

2
𝑤0

2 ln
𝐸𝑝

𝐸𝑡ℎ
, (3-2) 
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where  is the laser-pulse duration (700 fs), Ep is its pulse energy, and Eth is the ablation 

threshold energy for our processing system. Based on our SEM images, we measured 

the ablation areas of the one-pulse irradiated spots (shown by black squares in Figure 

3.3.5 (b)) and obtained the r2 value. The red broken line in Figure 3.3.5 (b) shows the 

fitting curve described by Equation (3-2); according to the simulated values of Eth (5.11 

J) and w0 (21.5 m), we can obtain the ablation threshold, Fth = 0.35 J/cm2. 

 

Figure 3.3.5. (a) SEM image of one-pulse irradiated spots. (b) The square of the spot 

radius (black squares) is plotted as a function of the pulse energy. The slope of the linear 

fitting yields the beam radius at the surface (w0). The extrapolation to zero shows the 

ablation threshold in the energy (Eth) of one-pulse irradiation. 

 

Figure 3.3.6. (a) The cleavage depth (d) (black squares) is plotted as a function of the 

pulse energy. The red broken line shows a fitting result based on a three-photon 

absorption model. The extrapolation to zero shows the laser-induced cleavage threshold 

energy (Ecleave). (b) Image of the laser-induced surface-cleavage model. 

The bandgap of ZnO (3.3 eV) is as wide as 3 times that of Si (1.1 eV); when a laser 

pulse with a wavelength of 1,030 nm (Ephoton = 1.2 eV) is irradiated to the Si substrate, 

most energy will be absorbed by the surface. On the contrary, in the case of ZnO, multi-

photon absorption will predominate, and some of the energy will propagate into the 
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ZnO substrate. The cleavage depths (d) of the one-pulse irradiated spots are plotted as 

a function of the pulse energy, as shown in Figure 3.3.6 (a). For the one-pulse irradiated 

samples in our work, the pulse energy irradiated to the ZnO substrate is below 60 J, 

and the laser-induced cleavage depth is less than 3 m according to CLSM 

measurement; this suggests that the propagation time from the surface to the cleaved 

valley of the laser pulse is shorter than 20 fs (t = nd/c, where t is the propagation time, 

n is the refractive index of ZnO, and c is the speed of light). Hence, multi-photon 

absorption (femtosecond or sub-picosecond order from the laser–matter interaction) 

will be finished before the thermionic reaction (nanosecond order from the laser–matter 

interaction); the expansion caused by the thermionic reaction then leads to cleavage 

[103,104]. Figure 3.3.6 (b) presents an image of the laser-induced surface cleavage. The 

coefficients of two-photon absorption (2PA) and three-photon absorption (3PA) of bulk 

ZnO were measured by Vivas et al. [105] and He et al. [106], respectively. Vivas 

reported that a saturable one-photon absorption (1PA) was observed due to the deep 

levels; a mixture of 1PA, 2PA, and 3PA was observed for the excitation from 530 nm 

to 800 nm and, when the ZnO was excited by light with a wavelength from 820 nm to 

980 nm, 3PA predominated. Because the 1,030-nm wavelength is close to the 3PA-

predominant region in the result given by ViVas, we propose a 3PA-based laser-

induced cleavage model. 

When a laser beam with an average intensity of I propagates through the sample 

along the z-direction, the 3PA result can be written as 

𝑑𝐼

𝑑𝑧
= −𝛾𝐼3; (3-3) 

this equation can be solved to obtain 

𝐼(𝑧) = (2𝛾𝑧 +
1

𝐼0
2)

−
1

2
, (3-4) 

where  is the 3PA coefficient, I0 is the irradiance of laser pulse (power per unit area, 

Ep/(0
2)), and I(z) is the laser intensity at position z of laser propagation direction 

inside the ZnO substrate.  Equation (3-4) can also be rewritten as 

𝑑 =
(𝜏𝜋𝑤0

2)
2

2𝛾
(

1

𝐸𝑐𝑙𝑒𝑎𝑣𝑒
2 −

1

𝐸𝑝
2), (3-5) 

where d is the cleavage depth,  is the pulse duration (700 fs), w0 is the focused radius 

(21.5 m, simulated by Figure 3.3.4 (b)), Ecleave is the threshold energy of laser-induced 

cleavage for our processing system, and Ep is the energy of incident laser pulse. The 

measured cleavage depth was fitted based on Equation (3-5) and shown in Figure 3.3.6 

(a). The 6-J irradiated spot was neglected for the fitting because the intensity may be 

too low to encourage multi-photon absorption[107]. The fitting curve agrees well with 

the measured results, and we obtained a simulated value of Ecleave (8.37 J) indicating 

the minimum pulse energy for laser-induced cleavage. The simulated  in our work is 

5.66 cm3/GM2, which agrees with the result measured by He et al. The thermal 

properties also contribute considerably to the cleavage process; ZnO has a higher 

thermal-expansion coefficient (×K-1, ║×–) and a much 

lower thermal conductivity (<50 W·m−1·K−1[110–113]) than that of Si 

(~2.6×~150 W·m−1·K−1[114,116]) at a temperature of ~300 
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K. These thermal properties indicate that a larger expansion in a smaller volume will 

be induced by laser irradiation in the ZnO substrate than in Si. 

 

Figure 3.3.7. ZnO surface irradiated by laser pulses with the same pulse energy of 30 

J but different pulse numbers (repetition rate: 10 Hz). 

 

Figure 3.3.8. Depths of the multi-pulse irradiated spots of ZnO (red squares) and Si 

(black squares) under different repetition rates in the range 0.01–100 kHz ((a)-(e)). 

Although the one-pulse irradiated spots showed cleavage marks if the pulse energy 

was higher than the threshold energy, the laser-induced cleavage did not remain when 

the same spot was irradiated by multiple pulses. As shown in Figure 3.3.7, when the 

pulse number reached 4, the conspicuous melt is deposited on the no-cleavage zone, 

and the melt area increases with pulse number; consequently, the 10-pulse irradiated 

spot becomes a fully melted surface. This cleavage-melt shift was found for all of the 

samples under different repetition rates according to their CLSM measurements, and it 

may be caused by the vestigial heat from initial laser–matter interaction or the change 

of absorption related to the surface defect arising from previous irradiations. As shown 

in Figure 3.3.8, the depth of laser-irradiated Si increases almost linearly with the 

number of pulses. This linear increase indicates that there is no mechanistic change in 

the ablation process as the pulse number increases. The melting process consistently 

accompanies the increase of laser pulses. On the other hand, the depth of laser-irradiated 

ZnO seems to be randomly distributed for pulse numbers less than 5; and from the fifth 

pulse, the depth linearly increases with the laser-pulse number. The cleavage-melt shift 

occurred for all samples with laser repetition rates from 10 Hz to 100 kHz. However, 

the repetition rate is associated with the waiting time for the next pulse, which will vary 

the cooling time for the irradiated spot between pulses. Hence, when the repetition rate 

is low enough, the longer cooling time is possible to change the formation process of 
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the surface defect. So that, the change of repletion rate may not affect the happen of 

melt-cleavage shift, but it is possible to change the Npulse when the melt-cleavage shift 

was induced. 

 

Figure 3.3.9. (a) SEM (top) and CL (bottom) images of the one-pulse irradiated spot. 

The red points in the enlarged CL image of the 6-J irradiated spot are the vertices of 

the triangles that combine to form the hexagon. The enlarged CL image of the 8-J 

irradiated spot shows a crack-overlapping center surrounded by the crack zone. (b): 

Image of the cleavage center, crack zone, crack-overlapping zone, and NRT zone of the 

laser-irradiated spot when the intensity is sufficiently high to induce surface cleavage. 

(c) The CL image and a line profile of luminescence intensity in a 20-J irradiated spot. 

Figure 3.3.9 (a) shows the SEM and CL images of one-pulse irradiated spots with 

different pulse energies. In the enlarged CL image of the 6-J irradiated sample, nano 

cracks with triangular or hexagonal (6 triangular pieces) shapes were observed at the 

center of the spot. In these nano cracks, luminescence was detected from the edges, but 

the centers were relatively dusky. 6 J is relatively low pulse energy close to the 

processing threshold (5.66 J), which may not be high enough to induce nano cracks 

inside the ZnO substrate; this suggests that the luminescence should be generated from 

the exposed ZnO and escape from the shallow cracks. A dark center surrounded by a 
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round area with higher luminescence intensity (a donut shape) was observed in the CL 

image of the 8-J irradiated spot center, and the enlarged CL image shows that the 

overlapping cracks constituted the dark center. In a Gaussian beam, the center has the 

highest intensity and gradually decreases toward the edge. The 8-J irradiated center 

has a higher intensity level than that of the 6-J irradiated spot (crack zone), leading to 

cracks under the surface that result in a crack-overlapping zone. The overlap of cracks 

can obstruct the escape of luminescence from the inside and constitutes the dark center. 

Moving outwards from the center of the 8-J irradiated spot, the intensity will decrease 

to the same level of 6-J irradiated center, such that a luminous donut with the pattern 

of triangles and hexagons as seen in the center of 6-J irradiated spot is observed 

surrounding the dark center. Both the 6- and 8-J irradiated spots have dark rings in 

their outermost areas which have the lowest intensity in a laser spot. In this area, the 

intensity may be too low to induce nano-cracking. Non-radiative defects may arise due 

to this low-intensity irradiation (as shown in Figure 3.3.9 (b)) and give rise to the dark 

ring (NRT zone). When the pulse energy is higher than 10 J, the area of laser-induced 

cleavages was observed to increase with the pulse energy, and the exposed surface 

shows a relatively strong luminescence compared to the surrounding area. 

 

Figure 3.3.10. The intensities of the UV (a) and green-light (b) luminescence of the 

one-pulse irradiated spots. The error bar using minimum and maximum was obtained 

from 5 samples. The inserted graph shows the CL spectrum of the unprocessed ZnO 

surface whose index is 0 J in graphs (a) and (b). 

The luminescence properties of ZnO have been reported in detail on numerous 

occasions[117–126]. The consensus is that UV luminescence should be attributed to the 

near-band emission, but the visible luminescence associated with various intrinsic 

defects can show various wavelengths. Figure 3.3.10 shows the intensity of the UV (a) 

and visible (b) peaks of the one-pule irradiated samples according to their CL spectra. 

For the one-pulse irradiated samples, UV emission appeared at 371.5 ± 0.3 nm with a 

full width at half maximum (FWHM) of 16.3 ± 0.2 nm, while green peak appeared at 

549.3 ± 8.0 nm with an FWHM of 179.2 ± 2.8 nm. For the bulk surface, UV emission 

appeared at 371.6 ± 0.3 nm with an FWHM of 16.3 ± 0.0 nm, while green peak appeared 

at 556.4 ± 5.6 nm with an FWHM of 177.5 ± 1.8 nm. The green luminescence in our 

ZnO samples has a similar wavelength to the reports by Zhang et al. [43] and Camarda 

et al. [125]; it is related to the defects of ionized oxygen vacancies. For both UV and 

green luminescence, a decrease process was observed when Ep < 20 J; for higher pulse 

energies, the intensity randomly changed with the pulse energy. When Ep≥20 J, the 

intensity changed randomly, but the average intensity remained at a relatively constant 

level, which was decreased dramatically from the bare ZnO substrate (Ep =0 J) to Ep 

=20 J.   
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When the intensity was high enough to induce cleavage, the luminescence intensity 

should be related to the areas of cleavage center (Scleavage), the crack-overlapping zone 

(Scr-o), the crack zone (Scrack), and the NRT zone (SNRT). Figure 3.3.9 (c) shows a CL 

image and a line profile of the luminescence intensity for a 20-J irradiated spot. The 

exposed surface has the same luminescence intensity as the unprocessed surface 

(Lsurface=Lcleave), which is higher than those of the crack-overlapping, crack, or NRT 

zones (Lsurface=Lcleave>Lcrack>LNRT>Lcr-o); because Lsurface=Lcleave, the detected CL 

intensity of a cleavage spot is related to Scr-o, Scrack, and SNRT. 

As shown in Figure 3.3.9 (b), for an ideal laser-induced cleavage surface, the 

intensity level for cleavage (Icleavage) can be written as 

𝐼cleavage = 𝐼0𝑒
−2(

𝑟4
𝑤0

)
2

 (3-6) 

and that for inducing the crack-overlapping zone (Icr-o) can be written as 

𝐼cr−o = 𝐼0𝑒
−2(

𝑟3
𝑤0

)
2

. (3-7) 

According to Equations (3-6) and (3-7), we can obtain 

𝑆cr−o = 𝜋(𝑟3
2 − 𝑟4

2) =
𝜋𝑤0

2

2
ln

𝐼cleavage

𝐼cr−o
, (3-8) 

where Icleavage is the intensity for inducing the cleavage, Icr-o is the intensity for inducing 

the crack-overlapping zone. Here, Icleavage and Icr-o should be a constant for a settled 

processing system and a specified material, indicating that the crack-overlapping zone 

should have an immutable area Scr-o in an ideally cleaved spot. In the same way, Scrack 

and SNRT can also be obtained as 
𝜋𝑤0

2

2
ln

𝐼cr−o

𝐼crack
 and 

𝜋𝑤0
2

2
ln

𝐼crack

𝐼NRT
, respectively, and 

independent to the energy of incident laser pulse. The immutability of such areas 

suggests that an ideally cleaved surface should have a constant intensity of CL 

luminescence. Due to the formation of the NRT, crack, and crack-overlapping zone, the 

UV and green luminescence decrease until the pulse energy increase to the level at 

which surface cleavage is induced. When the pulse intensity is high enough to induce 

surface cleavage, the crack-overlapping area, crack, and NRT zones will be constant. 

The surface exposed by cleavage increases with the pulse energy, but the luminescence 

intensity of the exposed surface is almost the same as that of the unprocessed surface. 

Consequently, the luminescence intensity will be constant for an ideal laser-induced 

cleavage surface. 

Figure 3.3.11 shows the UV–green ratio of luminescence intensity; for one-pulse 

irradiated samples (Figure 3.3.11 (a)), this ratio showed a smooth distribution with 

almost no change as the pulse energy increased. On the other hand, the ratio of multi-

pulse irradiated samples (Figure 3.3.11 (b)) started to increase after 4 pulses and 

saturated at 8. This suggests that the surface-defect state is not overly affected by the 

pulse energy in one-pulse irradiated samples, but can be changed by multi-pulse 

irradiation. Figure 3.3.12 shows the UV (a) and green (b) peak intensities of CL 

luminescence for the multi-pulse irradiated samples. For these samples, UV emission 

appeared at 372.2 ± 0.4 nm with an FWHM of 17.0 ± 0.6 nm, while green peak appeared 

at 543.1 ± 4.9 nm with an FWHM of 172.3 ± 3.3 nm. The UV intensity dramatically 

decreased for the first pulses due to a sudden increase of the crack-overlapping, crack, 
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and NRT zones. The UV intensity randomly changed from 1 to 3 pulses, continued 

increasing from 4 to 7 pulses, and saturated at 8 pulses. On the other hand, the intensity 

of the green peak kept decreasing until saturating at 8 pulses. This result indicates that 

the defects contributing to green luminescence decreased with the pulse number. 
Because the similar depth change via Npulse was obtained for the samples irradiated with 

a repetition rate from 10 Hz to 100 kHz (Figure 3.3.8), an increase-saturation process 

of Iuv/Ivisible (Figure 3.3.11 (b)) can also be predicted for samples irradiated under 

repetition rates from 100 Hz to 100 kHz. 

 

Figure 3.3.11. The intensity ratio of UV and green luminescence. (a) One-pulse 

irradiated spot; (b) Multi-pulse irradiated spot. The 0-J and 0-pulse samples in the graph 

indicate the results of unprocessed ZnO. 

 

Figure 3.3.12. The intensities of UV (a) and green (b) luminescence for multi-pulse 

irradiated spots. The error bars using minimum and maximum are obtained from 4 

samples. The 0-pulse sample in the graph indicates the result for unprocessed ZnO. 

As shown in Figure 3.3.13, before the fourth pulse, laser-induced cleavage is the 

main phenomenon of laser processing and the randomly exposed surface leads to a 

variable UV intensity. Meanwhile, the melted material deposited on top of the crack-

overlapping, crack, and NRT zones slightly increased with the pulse number. Compared 

to the bulk surfaces of ZnO, these areas should have a higher absorptivity of laser pulses, 

causing the melt to be preferentially deposited on these areas. The melted material also 

showed a relatively high luminescence intensity. After 5-pulse irradiation, the melt 

increased quickly with the pulse number, and when 8 pulses were irradiated onto the 

spot, a fully melted surface was formed. As shown in the enlarged SEM and CL images 

of the 11-pulse irradiated sample, the melting mountain has a smooth surface in the 

SEM image; however, CL images suggest that the melting mountain is formed by many 

nano phosphors induced by laser ablation. In the high-temperature, high-pressure center 

of the irradiated spot, the ablated pieces were heated and melted together. Consequently, 

the green luminescence in our work is thought to have been caused by transitions from 
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oxygen-vacancy (Vo) defects to the valance band as Vo decreased with pulse number 

under laser irradiation in oxygen-rich conditions[120,121,123–125]. After 8 pulses, the 

fully melted surface was formed and the melted area remained almost changeless while 

the pulse number increased, leading to saturation of the CL luminescence. The lowest 

IUV/Ivisible in Figure 3.3.11 (b) and the highest intensity of green luminescence for the 

bare ZnO surface (Npulse=0) suggest that a bare surface with suitable Vo density may be 

easier to induce the MPA and the surface cleavage when it is irradiated by ultrafast laser 

pulses. 

 

Figure 3.3.13. SEM (top) and CL (bottom) images of multi-pulse irradiated samples. 

The numbers above the SEM images indicate the number of pulses irradiated upon each 

sample. 

 

Figure 3.3.14. Images of ZnO moth-eye structures before (a) and after (b) annealing. 
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Figure 3.3.14 (a) shows the images of ZnO substrates with the moth-eye structure 

on the surface, and (b) shows their images after annealing in air. The discoloration was 

observed for samples 2–4 when the temperature is higher than 300 °C. Discolorations 

in these images indicate that the defect state was changed by annealing in the air for the 

laser fabricated ZnO moth-eye structures, and the lightening of color (dark brown–light 

brown) suggests that the transmittance may be increased by the annealing process. The 

response to THz waves for these four samples was measured by using a standard THz-

TDS system (NIPPO PRECISION Co., Ltd.), which has two photoconductive dipole 

antennae to generate and detect THz waves. Initially, the THz wave was allowed to 

propagate in a closed box, flowing with dry air to keep the humidity lower than 0.1%. 

The THz beam was horizontally polarized with a spectral range of approximately 0.1–

4.0 THz. The spectral resolution, 0.02 THz, was determined by the inverse of the 

temporal scan range of 50 ps, whereas the diameter of the THz beam spot was 

approximately 3 mm. The THz waves were irradiated to the modified surface of the 

samples at a normal incidence (the propagation direction is vertical to the sample) and 

detected after passing through the samples. All the measurements were conducted in 

TM mode (in which the direction of the electric field of the incident THz wave is 

perpendicular to the groove parallelly arranged). The time-domain signals are measured 

100 times for each sample, as well as the paired bare ZnO substrate for reference. The 

spectrum intensities of these samples were obtained by taking the Fourier Transform of 

the THz-TDS waveform. A time window of 6.66 ps (2.22 ps before and 4.44 ps after 

the first dip) was selected for removing the Fabry-Perot fringes causing by the multi-

reflected signal[53]. 

 

Figure 3.3.15. Spectrum intensities of ZnO moth-eye structures. Black denotes the bare 

ZnO surface, and red denotes the ZnO moth-eye structures. Lines denote measured 

results of samples before annealing, and empty squares denote the measured results of 

samples after annealing.  

 

Figure 3.3.16. Calculated power reflectance according to the spectrum intensity 

showing in Figure 3.3.15. The gray line denotes the power reflectance of an 

unprocessed ZnO surface (22.4%).  
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The measured spectrum intensities (average of 100 measurements) of these ZnO 

substrates with and without moth-eye structures are shown in Figure 3.3.15. There is 

almost no change in the measurement of the unprocessed ZnO, but all the samples show 

have an improvement of the transmitted intensity after annealing. The measured 

spectrum intensities of ZnO substrates with and without moth-eye structures were 

compared to obtain the power reflectance of the fabricated AR structures according to 

Equation (2-13). Figure 3.3.16 shows the calculated power reflectance according to the 

spectrum intensity showing in Figure 3.3.15. Most of the samples showed a broadband 

AR feature except sample1 in TM mode and sample 4 in TE mode. An ideally fabricated 

2D structure should have the same power reflectance for TE and TM mode due to the 

same profile from both horizontal and vertical section view, but the measured results 

showed different power reflectance in TE and TM mode for samples 1–3. This 

difference in reflectance distributions may be caused by the difference in profiles of 

horizontal and vertical directions. The profile was affected by the deposition of debris 

during the laser ablation, which is associated with the scanning pattern. Sample 4 shows 

a negative power reflectance, which means the measured transmittance increased even 

higher than the theoretical calculation. This increase of transmittance may be caused by 

the decrease of inherent defects during annealing, and the unprocessed ZnO substrate 

used for reference was not annealed. Nevertheless, annealing in the air is an efficient 

way to improve the laser-fabricated moth-eye structures on the ZnO surface. 

3.3.4 Conclusion (ZnO-based moth-eye structure) 

In summary, laser-induced cleavage on the bulk ZnO surface was observed under 

single-pulse irradiation (wavelength: 1,030 nm, pulse duration: 700 fs). A three-step 

process of multi-photon absorption, expansion, and cleavage was proposed for the 

laser-induced cleavage of ZnO. When ZnO is irradiated by laser pulses with a 1030-nm 

wavelength, the 3PA due to the wide bandgap will be predominate and results in surface 

cleavages. This 3PA-induced surface cleavage differs from the general melt process 

caused by 1PA that occurred on the surface of Si or other metals. The pulse-energy-

dependent cleavage depth was quantitatively analyzed by a 3-photon absorption model, 

and the 3-photon absorption coefficient was calculated to be 5.66 cm3/GW2. The 

cleavage-melt shift of laser processing on the surface of the ZnO substrate was observed 

and characteristically analyzed in terms of the change of the surface-defect states during 

multi-pulse irradiation. The laser-induced cleavage process will be caused by 3PA of 

the first pulse; then, a mixed process of cleavage and melt occurs from 2 to 4 pulses, 

resulting in the formation of the crack-overlapping, crack, and NRT zones with 

absorptions higher than that of the unprocessed surface; after four pulses, the general 

laser-induced melt process comes to dominate. Moreover, the intrinsic defect of Vo 

decreased with the input of the pulse number, which could decrease the intensity of 

green luminescence and increase the UV–visible ratio of luminescence intensity. 

Additionally, surface cleavage could be possibly induced on other wide-bandgap 

materials by MPA under ultrafast laser irradiations, for example, gallium nitride, which 

also has cleavability and a wide bandgap of 3.4 eV. These results can potentially be 

used to extend femtosecond laser-based surface-modification processing methods, or to 

design laser-induced functional surfaces of ZnO or other wide-bandgap materials with 

wide bandgap and suitable thermal properties (i.e., a high thermal expansion coefficient 

and low thermal conductivity). Although without any post-processing, the laser-

fabricated ZnO moth-eye structures did not achieve the desired AR performance, it was 
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demonstrated that the AR performance can be improved by annealing such structures 

in the air.  

3.4 Conclusion 

By applying the moth-eye structure on the reverse of GaAs PC antenna, reflectance 

loss was successfully reduced when the THz waves were generated from a THz wave 

combiner. The output of this compact device was successfully improved by increasing 

the extraction efficiency, instead of improving the generating ability. Due to the 

improvement of crystallinity by annealing in the atmosphere, the transmittance is 

successfully improved for the laser-fabricated moth-eye structure on ZnO substrate, 

which is a wide bandgap material with various defect levels. These results suggest that 

moth-eye structure is a useful method to reduce the reflectance for various materials-

based THz devices besides Si.  
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Chapter 4 

Profile control of moth-eye structures 

4.1 Introduction 

Frequency bands within 275–450 GHz to be used for THz communication in the 

operation of fixed and land mobile service application have been specified during the 

World Radiocommunication Conference 2019[127], which offered an opportunity to 

satisfy the Tbps data rate demand of the next generation (6G) of the mobile 

communication system. However, there remain challenges such as path loss during the 

THz wave propagation and atmospheric absorption that cross the full utilization of THz 

radiation and that should be overcome[21,128–130]. Furthermore, despite the difficulty 

in increasing the output of THz light sources, materials generally used in this region 

have a relatively high refractive index associated with high reflection loss because of 

the sudden change in the interface between air and the THz optical components. Moth-

eye structure is useful for antireflection in the THz region, but further work needs to be 

done for applying such structures for some specific applications. Increasing the aspect 

ratio can indeed efficiently make the refractive index changing smoothly, consequently, 

reduce the power reflectance. Nevertheless, the vulnerability limits the employing of a 

high aspect ratio for moth-eye structures. The effective refractive index (neff) changing 

can also be adjusted by adjusting the profile of such microtapers. In this chapter, one-

dimensional (1-D) periodic-tapered structures having varying profiles and aspect ratios 

on high-resistivity silicon substrates were fabricated by femtosecond laser processing. 

The AR characteristics of these structures are evaluated using a standard THz time-

domain spectroscopy (THz-TDS) and then numerically simulated by employing the 

method of Finite-difference time-domain (FDTD). It will be shown later that there is a 

corresponding agreement between the results of measurement and simulation, with the 

different profiled structures displaying various power reflectance distributions against 

the frequency in the THz region, especially for the low reflection (<5%) region within 

0.5–1 THz. Accordingly, these results confirm that the AR characteristics can be 

controlled by adjusting the profile of the micro-tapers of the 1-D moth-eye structures, 

and these characteristics are related to the neff distribution. The relationship between the 

neff distributions and the AR improvement is also quantitatively analyzed, and the 

results can be considered as a valuable reference for the design of AR structures in the 

THz region. On a positive note, these results would not only enhance the use of 

femtosecond laser processing as a precise surface modification method but also 

improve the flexibility of AR designs for various scientific and industrial applications 

in the THz region.  

4.2. Material and Methods 

4.2.1 Fabrication of moth-eye structures 

The moth-eye structures were fabricated by applying femtosecond laser pulses 

(D1000, IMRA America, Inc.; center wavelength, 1045 nm; pulse width, 700 fs; 

repetition rate, 100 kHz) onto the surface of a high-resistivity silicon substrate [plane 
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orientation: (1 0 0); electrical resistivity, 1 k·cm; thickness, 0.795 ± 0.005 mm] by an 

F-theta lens with a focal length of 100 mm. A schematic of the experimental setup of 

the laser processing system is shown in Figure 4.1; here, the rotation of the 

galvanometer mirrors allows a rated scanning speed of approximately 3 m/s on the 

substrate surface. Meanwhile, a different pattern for various laser-ablated grooves is 

shown in Figure 4.2. Grooves 40 m wide (approximate to the spot diameter of the 

focused laser beam) could be easily obtained by a single-line scan of 6 J laser pulses 

[Figures 4.2 (a) and (d)], whereas the bigger grooves could be fabricated by overlapping 

the scan lines as a sequence of channels[61,131]. Subsequently, sequence scanning was 

conducted on the finished groove scanned by a single-line pattern [Figure 4.2 (b)]. 

Meanwhile, a branch structure with some molten materials appeared on the bottom left 

[Figure 4.2 (e)], most likely because of the reflection of the inner surface of the right 

side. The successively irradiated laser pulses appeared to be influenced by the 

previously formed structure; thus, to avoid such an influence, sequence scanning was 

conducted initially once and then fully repeated to create a deeper groove with greater 

width [Figures 4.2(c) and (f)). Through careful adjustments of the scanned pattern (by 

n repetitions in channel duration Δ and channel number m, as shown in Figure 4.2), 

periodically arranged tapers with four types of profile and with component remnants 

after laser ablation (i.e., the remained Si between the grooves) were successfully 

fabricated. 

 

Figure 4.1. Schematic of the femtosecond laser processing system. 

 

Figure 4.2. (a–c) Sectional views of the scanning pattern of grooves fabricated by laser 

ablation. (d–f) SEM images of the fabricated grooves. (a) and (c) shows a single-line 

pattern, with the laser beam scanning vertically to the section images. (b) and (e) show 

the width (p) of the expanded pattern, where the expanding scan is conducted after the 
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structuring of the initial single-line sacred groove. (c) and (f) show the expanded pattern, 

where the expanding scan is repeated with the single-line scan. 

 

Figure 4.3. (a) Sectional SEM images of tapers with different profiles. The green parts 

show the profile of simulation models plotted from the SEM images. (b) Plots of the 

neff distribution of the three tapers according to the normalized height from top to 

bottom (h: depth of groove). (c) Scanning pattern for the tapers with different profiles. 

Table 4.1. Measured depth and pitch of tapers with different profiles (unit: m) 

SET Triangle Parabola Stair Triangle-Stair 

A 114.9/78.5 114.9/77.2 114.5/80.2 114.0/77.6 

B 114.5/93.0 111.4/92.1 114.0/92.5 117.1/92.5 

C 134.6/92.1 125.9/91.7 134.2/93.0 134.6/93.0 

Figures 4.3 (a) and (c) show the scanning electron microscope (SEM) images of 

tapers having different profiles (triangle (T), parabola (P), stair (S), and triangle–stair 

(TS)) and their respective fabrication processes under the break line. Note that the T 

profile tapers were fabricated simply by the sequence scanning, whereas P, S, and TS 

profile tapers had to undergo a two-step process. In the case of the P profile tapers, they 

were fabricated first using an approximately 20-m-depth groove with a flat bottom, 

followed by a relatively narrow sequence scanning. The TS pattern was based on the T 

pattern and gave a different depth of the first groove approximated to h/2, where h is 

the depth of the tapers. Furthermore, the S pattern displayed a 15 m larger period of 
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grooves than the TS pattern to obtain a 15 m flat top. Sets A–C were designed with 

different depth sizes and pitch (p), such that set A: h/p = 120 m/80 m, set B: h/p = 

120 m/95 m, and set C: h/p = 140 m/95 m,). The size details of the tapers are 

summarized in Table 4.1. All the profile-controlled samples were fabricated to an area 

of 8 mm × 8 mm, and their processing times ranged from 40 to 60 min depending on 

the scanning pattern. 

 

Figure 4.4. (a) SEM images and simulation models of samples P1, P2, and P3 and their 

neff distributions (b). The green parts show the profile of simulation models plotted from 

the SEM images. 

Another parameter that contributes to the improvement of the AR characteristics of 

moth-eye structures is the aspect ratio (h/p). Three samples reflecting different aspect 

ratios of 1.20, 2.46, and 3.14 were fabricated using a high-power femtosecond laser 

(TruMicro 5050, wavelength 1030 nm; pulse width: 900 fs; repetition rate: 100 kHz; 

and max power: 40 W), although the sample pitch of 65 m was fabricated by the 

single-line scan pattern in Figure 4.2(a) irradiating 50 J pulses. The laser beam was 

focused by an F-theta lens with a focal length of 150 mm and scanned at a rated speed 

of appx. 1 m/s. These three samples were fabricated to display an area of 10 mm × 10 

mm. The processing times for P1, P2, and P3 were 13, 38, and 57 min, respectively. 

Figure 4.4 (a) shows the SEM images and simulation models of samples for the P set, 

and their neff distributions are shown in Figure 4.4 (b). 

4.2.2 Evaluation of the moth-eye structures 

The AR characteristics of the tapered structures were measured by using a standard 

THz-TDS system (NIPPO PRECISION Co., Ltd.), which has two photoconductive 

dipole antennae to generate and detect THz waves. Initially, the THz wave was allowed 

to propagate in a closed box, flowing with dry air to keep the humidity lower than 0.1%. 

The THz beam was horizontally polarized with a spectral range of approximately 0.1–

4.0 THz. The spectral resolution, 0.02 THz, was determined by the inverse of the 

temporal scan range of 50 ps, whereas the diameter of the THz beam spot was 

approximately 3 mm. The THz waves were irradiated to the modified surface of the 

samples at a normal incidence (the propagation direction is vertical to the sample) and 

detected after passing through the samples. All the measurements were conducted in 

TM mode (in which the direction of the electric field of the incident THz wave is 

perpendicular to the groove parallelly arranged). The time-domain signals are measured 

100 times for each sample, as well as the paired bare silicon substrate for reference. The 

spectrum intensities of these samples were obtained by taking the Fourier Transform of 

the THz-TDS waveform. A time window of 10 ps (3.33 ps before and 6.67 ps after the 

first dip) was selected for removing the Fabry-Perot fringes causing by the multi-
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reflected signal[53]. The spectrum intensities of these samples are shown in the top part 

of each cell in Figure 4.5 (profile-controlled samples) and Figure 4.6 (samples of set P). 

The measured spectrum intensities (average of 100 measurements) of the Si substrates 

with and without tapered structures were compared to obtain the power reflectance of 

the fabricated AR structures. Based on the thickness of the Si substrate, the reflection 

and transmission from both sides of the sample were considered in the 

calculations[49,54]. Furthermore, the THz transmission singles Asi(Eo,si/Ei) and 

Aar(Eo,ar/Ei), through the Si substrates with and without the grating structures, were 

measured and compared. Here, Ei is the incident signal, and Eo,si and Eo,ar are output 

signals transmitted by the Si substrate without and with the AR structure, respectively. 

The power reflectance Rar is given by 

𝑅ar(𝑓) = 1 −
4|𝑛|

|1+n|2
(

𝐴ar(𝑓)

𝐴si(𝑓)
)

2

𝑒2𝑛i𝑘0ℎeff, (4-1) 

where n is the complex refractive index of Si, 

n =nr−jni =3.4070.0028−j0.000770.0012 in the 0.1–2.5 THz frequency range, k0 is 

the wavenumber of the THz wave in vacuum, and heff is the effective height of the AR 

structure, which is determined by the difference between the measured phases of Aar 

and Asi according to ∆∅ = 𝑛r𝑘0ℎeff . A thorough explanation of the derivation 

procedures for Equation (4-1) can be found in[54]. Substituting ∆∅ to the exponential 

term, 𝑒2𝑛i𝑘0ℎeff = 𝑒
2

𝑛i
𝑛𝑟

∆∅
. Because in the range from 0.1 – 5 THz, ∆∅ < 4 rad in our 

measurement, the term of 𝑒
2

𝑛i
𝑛𝑟

∆∅
~1, so that Equation (4-1) can be written as  

𝑅ar(𝑓) = 1 −
4|𝑛|

|1+n|2 (
𝐴ar(𝑓)

𝐴si(𝑓)
)

2

. (4-2) 

From the 100 measurements of each sample, we obtained the standard deviation of 

Aar (ar) and Asi (si). Because the power reflectance has a function with variation Aar 

and Asi (R = f (Aar, Asi)), the standard deviation of the power reflectance (si) can be 

calculated as 

σ𝑎𝑟 =  √𝜎𝑎𝑟
2 (

𝜕𝑅

𝜕𝐴𝑎𝑟
)

2

+ 𝜎𝑠𝑖
2 (

𝜕𝑅

𝜕𝐴𝑠𝑖
)

2

 (4-3) 

According to the sectional SEM images of the samples, simulation models were 

applied to obtain a simulated power reflectance for reference. The profiles of the 

simulation models are inserted into the SEM images of each sample in Figures 4.3 (a) 

and 4.4 (a). The measured and simulated results are showing in the bottom part of each 

cell of Figure 4.5 and Figure 4.6 for the profile-controlled samples and P-set samples.  
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Figure 4.5. Spectrum intensity, power reflectance obtained from THz-TDS 

measurements, and the simulation results for profile-controlled samples. The top part 

of each cell is the spectrum intensity of samples with different profiles (red dots) and 

their reference (black dots). The bottom part of each cell is showing the calculated 

power reflectance (black dots) and the simulated results (red line). Red gratings are the 

integrated area ended at the cut-off frequency according to the simulated power 

reflectance of AR structures, and the green squares show that of the bare Si substrate. 

The error bar is the standard deviation obtained from 100 measurements. 
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Figure 4.6. Spectrum intensity, power reflectance obtained from THz-TDS 

measurements, and the simulation results for samples with different aspect ratios. 

4.3 Results and discussion 

As shown in Figure 4.3(a), the tapers having four different profiles and sizes were 

successfully fabricated by carefully adjusting the scan pattern. To calculate neff, the 

equation 

𝑛eff = √
𝜀si

𝑔si+𝜀si(1−𝑔si)
  (4-4) 

was used[72]. The sectional SEM images also illustrated the neff distributions of these 

tapers plotted to the normalized height [Figure 4.3 (b)]. Accordingly, the tapers with 

different profiles displayed significant differences in neff distribution. Among the four 

taper profiles, T experienced a dramatic change, where almost 85% of the neff was 

changed along with the lower 25% part of the height. Meanwhile, P showed a relatively 

smooth neff change along with the taper height, whereas both S and TS had a buffer step 

around the middle of the taper height, with S reflecting a smoother change in the top of 

the taper, which is the interface of air to the taper. 

Spectrum intensity and power reflectance distribution of the moth-eye structures 

with different neff distributions and sizes are shown in Figure 4.5. Graph title of each 

cell is the profile of the sample, and subscripts of the titles mean the set (size) of the 

sample. According to the spectral properties, the transmitted THz signals are much 

stranger than that of the bare Si substrate in broadband. It can be observed that the 

measured THz-TDS results agreed well with the simulated results for all samples 

(Figure 4.5, bottom parts of each cell). Furthermore, as the pitch approached the order 

of THz wavelength, the power reflectance starts increasing, which should be caused by 

the negative interference of THz waves with shorter wavelengths. Figure 4.7 is showing 

the electric field distribution at 1.03 THz (the minimum of R distribution) and 1.58 THz 

(the first peak after fcut) for sample TriangleA. Strong interference can be observed at 

1.58 THz, but the 1.03-THz wave transmitted the substrate without any interference. 

Therefore, each sample showed a specific cut-off frequency, above which, the 

diffraction will reduce the transmission of THz waves. On one hand, the tapers of set A 

had p=8.9±1.3 m associated with a cut-off frequency (fcut) of 1.11 THz, fcut=c/(p×nsi), 
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where c is the speed of light[49,54]. On the other hand, the tapers of sets B and C yielded 

p=92.4±0.6 m and a cut-off frequency of 0.95 THz.  

 

Figure 4.7. The electric field distribution of 1.03 THz (a) and 1.58 THz (b) for sample 

TriangleA, where the minimum and the first peak after fcut appeared, respectively. 

For the high THz frequencies (1–1.5 THz), the simulated results start slipping away 

from the experimental results. This may be caused by the variation of the taper profile 

during the fabrication, i.e. un-uniformity of the depth of the grooves, debris deposited 

on the top of the taper, and the entrance of the grooves, while we choose just one taper 

from the hundreds of tapers in one sample. Although we plot the profile from the SEM 

image of the laser fabricated tapers, it still has some subtle differences in the profiles 

between the plotted and the fabricated ones. As showing in Figure 4.3(a), the non-

negligible difference in the profiles and variation of the depth can be observed from 

SEM images. Likewise, THz waves emitted from the THz-TDS system are broadband, 

so that, the wavelength is very different in the measured range. THz waves with longer 

wavelength (low-frequency region) maybe not so sensitive to the subtle difference as 

the waves with shorter wavelengths. Consequently, experimental results in the low-

frequency region match the simulated results better than results in the high-frequency 

region. The surface defect should also be considered for the mismatch of experiment 

and simulation results. Laser ablation provides a high-temperature and high-pressure 

condition at the laser-focused spot. This can promote the formation of amorphous Si 

and the reaction of laser-ablated Si debris with oxygen in the air. On the contrary, the 

material used in simulations has a constant refractive index of n=3.407−j0.00077, 

which is measured by the THz-TDS system. It could be inferred from the simulated 

results that the power reflectance of the samples with T profiles increased dramatically 

as soon as the minimum was achieved, whereas the other samples exhibited a relatively 

stable reflectance distribution after the first minimum. Particularly, these samples 

maintained a power reflectance of less than 5% in the 0.5–1.0 THz range, especially for 

the S-profiled samples, which almost provided a flat reflectance distribution between 

the first minimum to the cut-off frequency and where the power reflectance was reduced 

to almost 0. 

Figure 4.4 (b) shows the neff distribution of the moth-eye structures with different 

aspect ratios but the same pitch of 65 m with a fcut of 1.35 THz. The three samples 

showed similar neff distributions, which also resembled those of the P-profiled tapers. 

Their spectrum intensities (top parts) and power reflectances (bottom parts) are shown 

in Figure 4.6. Sample P1 has a negative power reflectance in the measured results, 

which means the measured transmittance increased even higher than the theoretical 

calculation. The refractive index of Si may be changed during laser processing. In the 
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high-temperature-high-pressure center of pulsed laser-induced plasma, the ablated Si 

particles will be oxidized when the target was exposed to the air during the processing. 

The Refractive index of silicon oxide is lower than Si, which is associated with a higher 

power transmittance in the calculation. Consequently, the decreased refractive index 

may be contributed to the negative value of the power reflectance. Before the cut-off 

frequency, the measured result of P2 matches the simulation well, but the measured 

result of P3 has a higher power reflectance than that of the simulation. For both P2 and 

P3 the simulated results start slipping away from the experimental results. These may 

be caused by the difference of profiles between the ideally created model of the 

simulation and the laser fabricated tapers. To obtain a higher aspect ratio, P2 and P3 

were irradiated by more laser pulses than P1, hence P2 and P3 have more molten 

materials randomly deposited both on the top of the taper and the inner surface. 

 

Figure 4.8. The electric field distribution of 1.15 THz (a) and 1.51 THz (b) for sample 

P3, where a dip of the power reflectance appeared before and after the cut-off frequency, 

respectively. 

Interestingly, different from the simulated results of other samples, the power 

reflectance of P3 did not increase directly after the cut-off frequency of 1.35 THz. A 

dip at 1.51 THz can be observed. The electric distribution of P3 at 1.15 THz and 1.51 

THz are shown in Figure 4.8, where a dip of the power reflectance appeared before and 

after the cut-off frequency, respectively. Different from the electric distribution of 1.58 

THz in TriangleA (fcut=1.11THz) shown in Figure 4.7 (b), 1.51 THz in P3 has a very 

weak interference during the propagation in the substrate after entering from the AR 

structures. This result indicates that P3 has a higher cut-off frequency than P1 and P2 

ignoring the same pitch of 65 m. The AR structure (groove–taper–groove) can be 

considered as a waveguide (air–Si–air).  P3 has a depth of 204 m which is larger than 

the depth of P1 (78 m) and P2 (159 m), and the depth of P3 is about 3.5 times larger 

than the wavelength of 1.51 THz in Si substrate (58 m). The bottom part with a width 

near 65 m of P3 is the largest of these three samples. It means that P3 has a larger 

effective width than the others, which can couple more THz waves into the structure. 

Generally, the total reflection of a taper () can be obtained by summing all the 

partial reflections with their appropriate phase shifts[132] as follows: 

Γ(𝜃) =
1

2
∫ 𝑒−2𝑗𝛽𝑥

𝑑

𝑑𝑥
𝑙𝑛 (

𝑍(𝑥)

𝑍0
) 𝑑𝑥

ℎ

0

 (4-5) 

where  =2h, h is the height of the taper, Z(x) is the effective impedance distribution 

of the taper, Z0 is the vacuum wave impedance, and x is the height of each position. If 
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Z(x)/Z0=1/n(x), where n(x) is the refractive index distribution of the taper, Equation (4-

4) can be redefined into 

Γ(𝜃) = −
1

2
∫ 𝑒−2𝑗𝛽𝑥

𝑑𝑛(𝑥)/𝑑𝑥

𝑛(𝑥)
𝑑𝑥

ℎ

0

 (4-6) 

where 
𝑑𝑛(𝑥)/𝑑𝑥

𝑛(𝑥)
=

𝑛´(𝑥)

𝑛(𝑥)
 indicates the refractive index change in each minute-divided part.  

 

Figure 4.9. Relationship between the AR characteristics and the neff distribution 

characteristics. 

If n(x) is known, () can be found as a function of frequency, indicating that the 

refractive index distribution is the main parameter influencing total reflectance. The 

relationship between the AR characteristics and the neff distribution is shown in Figure 

4.9. Here, the vertical axis (ratio[R]) is the quotient of the red grating line-filled area 

(Sar) and the green rectangle area (Ssi) depicted in Figures 4.5 and 4.6 (i.e., the ratio[R] 

=Sar/Ssi). Here, a lower ratio[R] means a greater improvement of the AR characteristics. 

If its value is 0, there is no reflectance. Furthermore, when the ratio is 1, the power 

reflectance of the structured surface is the same as that of a bare Si substrate. In the 

same figure, the horizontal axis ([n´/n]) indicates the summary of the refractive index 

change in each minute-divided part of h, which can be obtained in reference to the 

plotted (unnormalized) refractive index distribution. This means that the total refractive 

index changes along with the taper height. The black line showed an overall fitting for 

all the samples. The ratio[R] increased with [n´/n], demonstrating that a rougher 

change of neff distribution would be corresponded by a greater increase in the total 

power reflectance. For the single-line scanned tapers (blue, empty circles), the ratio[R] 

increased inversely proportionally with respect to the aspect ratio, indicating that a 

higher aspect ratio will reduce the reflectance further. The fitting line for set B (red 

dashed line) samples laid above the fitting line of sets A (black dashed line) and C 

(green dashed line), indicating that the tapers fabricated with the size of set B had a 

relatively smaller improvement in the AR characteristics because of the relatively lower 

average aspect ratio of set A (1.23), compared with those of sets B (1.46) and C (1.43). 

However, for each profile-controlled set (A, B, and C) of the samples, the power 

reflectance of AR tapers depended greatly on their profiles, whereas the aspect ratio 

was maintained. Additionally, for all sets, the S-profiled tapers demonstrated a 

relatively lower ratio[R] and thus assumed a neff distribution similar to the Klopfenstein 

taper [54,67], which is characterized by a smoothly changing neff, as well as a stable 
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reflectance distribution, at the top and bottom of the taper. Thus, compared with the T 

and TS profiles, the P and S profiles should have stronger mechanical strength sufficient 

to increase the mechanical stability of moth-eye structures. 

4.4 Conclusion 

The AR characteristic of 1-D moth-eye structures has been successfully controlled 

by adjusting the neff distribution of micro tapers for THz waves, which is achieved by 

employing femtosecond laser processing. A good agreement was found between the 

measured results from THz-TDS and the simulated results by FDTD, indicating that 

aside from the aspect ratio of micro-tapers, the profile is another key parameter that 

influences the power reflectance distribution. The most stable reflectance distribution 

was observed in the S-profiled structures, maintained at nearly 0 in the 0.5–1.0 THz 

range. The S-profiled tapers also displayed lower total power reflectance for a 

broadband THz region from 0.1 to 1.0 THz, covering several high-frequency bands that 

could be used for 6G communication. To specify the range more accurately, a more 

precise processing technology using the femtosecond laser may be necessary; this could 

be achieved by applying a laser with a shorter wavelength and a lens with a smaller 

focused spot size. Furthermore, combining the method herein with other surface 

modification technologies, such as etching and coating technologies, may provide more 

possibilities for the anti-reflection design of moth-eye structures in the THz region. As 

the output of the femtosecond laser constantly increases in recent years, this adds up to 

improvements in its processing efficiency and processing technologies. The findings 

presented herein can contribute to both the development of THz applications and laser 

processing technologies. 
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Chapter 5 

Polymer-coated moth-eye hybrid ARS 

5.1 Introduction 

Although the fabrication of moth-eye structures for THz waves is free of technical 

barriers, the applications of moth-eye structures for daily life are still limited by their 

weak mechanical stability [51,58]. Profiling the microtapers of moth-eye structures 

may increase the mechanical stability [59–61]; however, as the resulting 

microstructures are brittle, the AR structure (ARS) is difficult to clean [62]. On the 

contrary, an AR coating with a flat surface can prevent dust from depositing inside the 

structures and has sufficient mechanical stability to endure the necessary cleaning 

process. In addition, multilayer coatings also possess broadband AR features. Hosako 

fabricated a four-layer coating based on SiOx via plasma-enhanced chemical vapor 

deposition for enhancing the transmittance of Ge substrate for THz waves in the 

wavenumber range of 40–130 cm−1 [38]. However, the complicated fabrication process 

and time cost limit the application of this technique in the THz region as the AR coating 

is much thicker in the THz region than in the visible region. Kawada et al. developed a 

two-layer coating based on a refractive index-controllable composite, through which 

the amplitude of 0.7–1.5-THz transmitted waves exceeded 90% [62,133]. This 

composite was fabricated by dispersing Si nanoparticles (NPs) in a cyclo-olefin 

polymer. A refractive index of 1.52–2.0 can be achieved in these composites by 

adjusting the Si NP ratio during fabrication. However, the amplitude transmittance 

reduces to 85% (corresponding to a power reflectance of 68%) in the 1.1–2.0-THz range. 

 

Figure 5.1. Profiles of (a) a two-layer AR coating, (b) the hybrid ARS, and their 

refractive index distribution. 

For suppressing this transmittance fluctuating and further improving the AR 

characteristics, we proposed a simpler structure obliterating the mismatch of refractive 

index smoothly instead of increasing the coating layer. As showing in Figure 5.1 (a), 

there is a clifflike change of refractive index (red line in the refractive index distribution) 
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from the second layer to the Si substrate. By inserting a moth-eye structure into the 

second layer (Figure 5.1 (b)), the graded-index feature was added to this combined layer, 

which has a smoother change of effective refractive index connected to Si substrate 

(from n2 to nsi). From the view of antireflection, the first layer of this hybrid ARS works 

as a quarter wavelength (/4) coating, in which the positive interference improves the 

transmittance of the incident THz waves, and the combined second layer is a sub-

wavelength structure that can enhance the 0-order diffraction and improve the 

transmittance for tunable THz range with a selected size of structure [10]. 

We simulated the antireflective properties of this hybrid ARS by employing the 

method of Finite-difference time-domain (FDTD). Basing on the simulated results, we 

fabricated a hybrid ARS by employing the femtosecond laser processing for ablating 

the moth-eye structure and the heat press coating method for attaching the coating 

layers. The hybrid ARS was measured by a terahertz time-domain spectroscopy (THz-

TDS) for calculating the power reflectance of the AR surface. The simulated and 

measured results agree well and showed that the power reflectance was remained less 

than 6% from 0.6 THz to 2.5 THz. From 0.1 to 2.5 THz, the total reflectance (integrated 

area under the power reflectance versus frequency plot [59]) was reduced to 20% that 

of the bare Si surface. The hybrid ARS also inherited the cleanable flat surface from 

the coating structure, which can also work as a protective shield for the moth-eye 

structures. 

5.2 Experiment and results 

Table 5.1. Ideal thicknesses of the /4 coating for different center frequencies and 

refractive indices (unit: m) 

n1\f (THz) 0.1 0.7 1.3 1.9 2.5 

1.52 493 70 38 26 20 

1.60 468 67 36 25 19 

1.70 441 63 34 23 18 

1.80 416 59 32 22 17 

1.90 394 56 30 21 16 

2.0 375 54 29 20 15 

According to Kawada [62], the refractive indices should satisfy 1.52<n1<n2<2. In /4 

coating theory, n2=n1
2; thus, n1=1.52 and n2=2 should be the best choices for the 

refractive indices. In addition, the thickness of the first layer should be one-quarter of 

the incident wavelength. Table 1 shows the ideal thicknesses of a /4 coating with 

different center frequencies (0.1–2.5 THz, quarterly divided) and refractive indices 

(1.52–2.0). The thickness was calculated as c/(4nf), where c is the speed of light, n is 

the refractive index of the coating material, and f is the center frequency. If the center 

frequency is located at the edge (i.e., at 0.1 or 2.5 THz), half of the AR band will be out 

of the target range. At center frequencies of 0.7 and 1.9 THz (1/4 and 3/4 of the 0.1–

2.5-THz range, respectively), the /4 coating should be <70-m thick and >20-m thick, 

respectively, if the refractive index changes from 1.52 to 2.0. Consequently, the 

simulations were performed under the following conditions: n1∈[1.52, 1.60, 1.70, 1.80, 

1.90, 2.0], n2∈[1.52, 1.60, 1.70, 1.80, 1.90, 2.0], and first-layer thickness h1∈[7.5, 

20.0, 32.5, 45.0, 57.5, 70.0] m. The Si substrate was simulated with nsi=3.407 

(measured via THz-TDS) and thickness=795 m (moth-eye parts included). The tapers 

of the moth-eye structure were given a triangular profile resembling laser-fabricated 
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moth-eye structures. The taper pitch was set to 35 m (corresponding to a cutoff 

frequency of 2.5 THz), and the taper aspect ratio was 1.0 (i.e., the depth was also 35 

m) for convenience in the actual fabrication process. The moth-eye structures were 

buried in a material with a refractive index of n2. 

 

Figure 5.2. Simulation results: (a) power reflectance of a two-layer coating on a Si 

substrate with n1=1.52, n2=2, h1=21 m, h2=24 m, and thickness=795 m and (b) 

improvement index mapping of hybrid ARS with different h1, which is plotted as a 

function of refractive indices n1 and n2. 

Figure 5.2 (a) plots the power reflectance of a two-layer coating on the Si substrate 

as a function of frequency. The simulated result agrees with the measured and simulated 

results of Kawada et al[62]. The red-striped and gray-solid areas indicate the total 

reflectances of the ARSs (Rar) and a bare Si surface (Rbare), respectively, over the 

0.1–2.5-THz range. Using these simulated areas, the improvement index was calculated 

as Iimp=1−Rar/Rbare. The total reflectance of this two-layer coating was 33% of the 

bare Si, indicating that the AR characteristic outperformed that of the Si surface by 67%. 

Figure 5.2 (b) shows the Iimp mappings derived from the simulated power reflectances. 

When the first layer was thin (h1= .5 m), Iimp depended more on n2 than on n1 because 

7.5-m thickness corresponds to the center wavelength of 6.6 THz on the /4 coating. 

At this thickness (h1=7.5 m), the sample with n1=1.6 and n2=1.52 showed the highest 

improvement (75%). As the thickness of the first layer (h1) was increased to ≥20 m, 

the first layer began working as a /4 coating with a center wavelength located within 

the 0.1–2.5-THz range and the Iimp depended more on n1 than on n2 because the coupled 

range of THz waves depends on the refractive index of a /4 coating. However, the best 

improvements of the samples with h1≥20 m were very similar and close to 80%. 

Changing the thickness might shift the center AR frequency of the quarter-wavelength 

coating but has little effect on the total reflectance in a limited THz range. The sample 

with n1=1.52, n2=1.9, and h1=32.5 m showed the highest improvement (82%) among 

the simulated samples. Most of the hybrid ARSs showed an Iimp that exceeded 60%, 

and the Iimp of samples with n1 ≤n2 is higher than that of the two-layer coating (67%). 

A hybrid ARS with n1=1.52, n2=2.0, and h1=20 m was fabricated, whose predicated 

improvement index (80%) was only 2% less than the best simulation result. Firstly, we 

fabricated a one-dimensional moth-eye structure (with periodically arranged grooves) 

on the Si substrate with a pitch of 35 m and an aspect ratio of 1 via femtosecond laser 

processing (Figure 5.3 (a)) [54,59], subsequently, attached a polymer-based two-layer 

coating onto the moth-eye structure by heat press coating method under 170°C for 5 
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min. This two-layer coating is prepared in advance, and the refractive index was 

controlled to 1.52 and 2 for the first and second layer, respectively, by adjusting the Si 

NPs fraction ratio during the fabrication (0 and 35% for the first and second layer, 

respectively)[62,133]. As showing in Figure 5.3 (c), the intervals between 

protuberances were well filled by Si NPs-dispersed polymer, although small holes with 

a size of several micrometers were encapsulated in the bottom of the moth-eye structure. 

For the sample of AR coating (Figure 5.3 (b)), a 6-m thick polymer layer (refractive 

index, 1.52) was added between the NPs-dispersed polymer layer and Si substrate to 

increase the adhesiveness, which forming a three-layer coating different from the 

simulated two-layer AR coating. 

 

Figure 5.3. Profiles of (a) the moth-eye structure, (b) the three-layer AR coating, and (c) the 

hybrid ARS. The bottom right panel is an image of an actual sample sized 10 mm × 10 mm. 

Both samples were fabricated on a single side of the Si substrate. 

The spectrum intensities of these three samples were obtained via fast Fourier transform of 

the time waveforms measured using the THz-TDS system, in which the THz waves were 

propagating to the samples at a normal incidence with the electric field perpendicular to the 

parallelly arranged grooves[54,59]. By comparing the spectral intensities of the transmitted 

signals and Si substrate, the power reflectance was calculated considering the transmittances 

and reflectances of both the ARS and reverse bare sides [48,49,54,59]. The measured power 

reflectances of these samples are shown in Figure 5.4 (a)–(c) (black squares). The error bars 

are the standard deviations of obtained from 100 measurements. The insets display the 

measured spectrum intensities of the respective samples. Based on the profiles in Figure 5.3, 

the power reflectances were simulated using the FDTD method (red curves in Figure 5.4 (a)–

(c)). The power reflectances of the laser-ablated samples, moth-eye structure, and hybrid ARS 

were partly negative. During the laser processing, silicon oxide may form under the extreme 
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condition of high-temperature, high-pressure in the laser ablation center.  The refractive index 

of silicon oxide is much lower than that of Si, implying a higher power transmittance in the 

calculation; the decreased refractive index possibly contributed to the negative values in the 

power reflectance spectra[59]. On the contrary, the measurement results of the coated samples 

showed almost perfect agreement with the simulated results, in which the samples were not 

processed under laser irradiation. Both the measured and simulated samples exhibited 

broadband AR characteristics. The hybrid ARS exhibited a super-broad AR band in the range 

of ~0.6–2.5 THz, with a power reflectance of <6%. As shown in Figure 5.4 (d), the hybrid ARS 

best improved the AR characteristics (by 80%; much higher than the improvements of the 

moth-eye structure or the three-layer coating). 

 

Figure 5.4. Measured and simulated power reflectances of (a) the moth-eye structure, (b) the 

three-layer coating, and (c) the hybrid ARS. Panel (d) compares the improvement indices of 

the three samples calculated from their simulated power reflectances. The insets in panels (a)–

(c) display the spectrum intensities measured via THz-TDS. The green and blue dots were taken 

from the ARSs and the bare Si surface, respectively. 

5.3 Conclusion 

In conclusion, we designed a hybrid ARS comprising an AR coating covered with moth-eye 

structures and simulated its power reflectance. The AR characteristic was improved by 80% 

compared to that of the bare Si substrate. We also demonstrated that the proposed structure can 

be fabricated using a mixed fabrication method (femtosecond laser processing and the heat 

press coating method). The measured power reflectance of the hybrid ARS showed good 

agreement with the simulated results. The hybrid exhibited a super-broad AR band over the 

~0.6–2.5-THz range, in which the power reflectance was <6%. Total power reflectance over 

the 0.1–2.5-THz range was improved by 80% compared to that of the bare Si surface, which is 
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much higher than the improvements observed in the moth-eye structure (59%) and the three-

layer AR coating (60%). The hybrid ARS not only achieved excellent AR characteristics but 

also inherited the cleanable flat surface of the coating, which can protect the moth-eye structure 

from physical damages. This high-performance, strong ARS with a flat surface is expected to 

enhance the transmittance of THz waves in numerous THz components, especially of lens and 

generators. This hybrid-ARS THz technology can also potentially contribute to the next 

generation (6G) of mobile communication with frequency bands 0.275–0.45 THz[127].  In this 

band, the hybrid ARS showed approximately 15%-20% power reflectance, which is almost 

half of the bare Si surface. Moreover, the AR performance can be further improved by adjusting 

the design of the moth-eye profile and AR coating. 
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Chapter 6 

Conclusion and future perspectives 

6.1 Conclusion 

Systemic research for the moth-eye structures in THz frequencies, mainly from 0.1 to 

2.5 THz, was performed for pursuing a high AR performance and high mechanical 

stability to meet the actual applications. Fabrication method basing on femtosecond 

laser processing was established, and the laser fabricated moth-eye structures has made 

considerable improvement in the transmittance of a THz generator, which had a 2.5-4.4 

times improvement of the output at the theoretical and experimental output frequencies 

comparing to that of the one without moth-eye structure. A reasonable solution for the 

improvement of the transmittance of laser irradiated ZnO substrate has been proposed 

basing on the study of laser-matter reaction for ZnO, which is demonstrated as a 

material for THz generator and potentially functional material for other THz 

applications. To suppress the fluctuating power reflectance distribution and improve 

the mechanical stability, profile control of micro tapers in moth-eye structure was 

accomplished and an important parameter related to the AR performance was proposed 

for its AR design. Lastly, a polymer-coated moth-eye structure was demonstrated to 

realized a high AR performance for a broadband THz region and high mechanical 

stability for actual applications. This hybrid structure can. The total power reflectance 

from 0.1 to 2.5 THz was reduced to 20% of the unprocessed Si surface (30% of the 

incidence power), which means the total reflected power is less than 6% for this 

broadband. This work can not only promote the practical application of THz but also 

contribute to ultrafast laser-based precision processing technology. 

6.2 Future perspectives 

Impressive improvement of AR performance has been achieved in works so far. 

Likewise, basing on the above-introduced results, there are some important works for 

this research that can be opened up for achieving better AR performance and promoting 

the application of THz waves in the future.  

Better AR performance  

Basing on the results of chapter 4 (Figure 4.9), more mathematical (topological) work 

on the design of profile can be done for achieving better AR performance. i.e. what is 

the best profile for such moth-eye structures? For the hybrid structures proposed in 

chapter 5, design of the AR coating parts can also future improve the AR performance.  

Stronger mechanical stability 

The flat surface of the hybrid AR structure demonstrated in chapter 5 can work as a 

protecting cushion and reduce the shock for the microtapers. In addition, the mechanical 

stability can be improved by reinforcing the structure itself. Branches with random 

directions in the bottom of the microtapers can be observed in the Si and GaAs moth-

eye structures, and these branches are possible to make such tiny structures break easily. 

During the laser ablation, skipped debris is randomly deposited on the entrance and 
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groove to formating the melts. These melts will bend the propagating direction of the 

laser beam inside the groove and promoting the formation of these branches[103]. 

Further works on suppressing the formation of the melts can be achieved by adjusting 

the strategies on laser processing, for example, increasing the cooling time by reducing 

the repetition rate or changing the scan pattern. 

Incident angle characteristics 

Most moth-eye structures in this research were fabricated in one-dimensional for the 

linearly polarized THz sources, which is enough for lots of scientific research. For more 

practicality in daily life, moth-eye structures for unpolarized THz sources with broad 

incident angles need to be achieved. 2-dimensional structure as described in chapter 3 

for the THz generator should be a preliminary resolution and further research on the 

profile need to be done for achieving such broad incident angle properties. 

Application to 6G mobile communication 

Such moth-eye structures can be used for lots of THz applications related to imaging, 

spectroscopy, and communication. Especially for the next mobile communications, 

frequency bands within 275–450 GHz have been specified for THz communication in 

land mobile service applications during the World Radiocommunication Conference 

2019. The high frequencies offer an opportunity to satisfy the Tbps data rate demand 

of the next generation of the mobile communication system, but there remain challenges 

such as path loss, atmospheric absorption, as well as reflection loss, which should be 

overcome. Our fabricated structures have a considerable AR performance for this band. 

For example, the hybrid AR structure showed a 15%-20% power reflectance for 

frequencies from approximately 0.45 to 0.25 THz, which is 30% for a bare surface in 

the case of Si. To make this hybrid structure match the 6G band better, adjusting of 

taper profile, aspect ratio, or thickness of the first coating layer needs to be performed 

to obtain a matched refractive index distribution. 
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