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Optical nanostructured composites are manufactured devices composed of two 

or more constituent materials with characteristic size scales smaller than the optical 

wavelength. These composites can be engineered to provide the desired optical 

properties, such as birefringence, dispersion, enhanced nonlinearity, and so forth. As 

semiconductor fabrication technology advances, there is an increasing interest in using 

semiconductor heterostructure as a platform for nanostructured composite optical 

components to realize integrated optoelectronics. This dissertation describes the 

development of nanofabrication techniques to realize several GaAs- and 

GaAs/AlGaAs-based nanostructured elements for free-space applications, including 

two-dimensional three material photonic crystal nanocavity for optical filtering, 

subwavelength form birefringent structures for phase retardation, inhomogeneous 



 

xviii 

media for polarization control, and subwavelength computer generated holograms for 

spot array generation. The fabrication techniques are developed using electron-beam 

lithography and chemically assisted ion beam etching, which provide high-aspect-ratio 

profiles for these elements as well as for large-area integrated nanophotonic circuits. 

The characterizations of the fabricated devices are described in detail, and we find the 

theoretical prediction and experiment measurement are in good agreement. 

 



 

1 

Chapter 1 Introduction 
 

1.1 Nanostructured composites: motivations and definitions  

Optical technology plays an increasingly important role as an enabler of various 

application areas and systems, providing higher bandwidth and faster speed compared 

with electronics, owing to the weak interaction between photons, giving rise to parallel 

processing capabilities. Therefore, in addition to traditional applications, such as 

imaging and displays, optical devices and systems are being implemented in various 

other fields, including telecommunications, parallel computing, and optical storage. 

Meanwhile, electronics have progressed tremendously in the past few decades—

thanks to the remarkable development of semiconductor integrated circuit technology. 

These miniaturized “chips” are evolving with higher functionality in smaller volumes, 

consuming less power with higher performance and providing larger capacity. All 

these are made possible by the successful integration of key electronic components on 

a unifying platform, such as the complementary metal-oxide-semiconductor (CMOS) 

circuits [1-4]. As fabrication techniques evolve, it may become possible to reach the 

nanoscale regime to advance further the performance of these electronic chips [5]. 

It is inevitable for one to ask: Can we bring together the power of both optics and 

electronics to build a compact system on a chip? To answer this question, one should 

keep in mind that an electronic integrated chip is achieved by fabricating many 

different discrete elements using the same platform. For example, in CMOS, key 

components such as transistors, resistors, capacitors, inductors, diodes, and wire 

connections, which were introduced as discrete elements in the first place, can now all 
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be integrated on a semiconductor wafer using compatible materials with compatible 

fabrication processes, making the integration of electronic systems possible [1-5]. It is 

evident that future optical integrated circuits need to explore similar paths by utilizing 

compatible material systems and associated fabrication processes to form a unifying 

foundation for further integration. 

Numerous attempts have been made in the past to achieve these goals [6-21]. 

These efforts have focused on using semiconductors and semiconductor 

heterostructures as a platform for the construction of optical integrated circuits, 

utilizing advances in existing technology developed primarily for integration with 

electronics. Currently, various key components, such as lasers [6-8], photodetectors 

[9-11], switches, and modulators [12], are made of semiconductors. Semiconductor-

based optical components, such as gratings and resonators, have been constructed to 

realize various filtering functionalities for both guided wave and free space systems 

[12, 14, 15]. It is evident that it would be highly advantageous to integrate these 

sometimes bulky components of optical systems into a semiconductor chip. There are 

some additional key optical components that may require additional considerations. 

Polarization elements, for example, are usually made of highly birefringent materials 

such as calcites due to their natural highly anisotropic crystal structure [16]. However, 

commonly used semiconductor materials have negligible birefringence, and novel 

approaches to enhance birefringence within the semiconductor materials are of great 

interest. Part of this research is focused on exploring the possibility to realize such 

highly birefringent artificially engineered materials and explore their applications for 
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both guided wave and free space optical components and devices in semiconductor 

platforms.  

1.2 Approach 

As semiconductor fabrication technology advances, the feature sizes of the 

fabricated circuits become smaller, and recently, submicron and nanoscale structures 

can be achieved [22]. When the integrated circuit (IC) microfabrication techniques are 

utilized to fabricate optical devices, structure dimensions much smaller than the 

wavelength of light can be routinely achieved. The same applies for the mid infrared 

regime, particularly relevant for various military applications. Therefore, artificially 

engineered nanostructures realizing a composite material can provide the desired 

optical properties such as birefringence, dispersion, enhanced nonlinearity, and so 

forth. 

In this research, we use gallium-arsenide substrates and gallium-

arsenide/aluminum-gallium-arsenide (GaAs/AlGaAs) heterostructures as our platform, 

since it is compatible with many other III-V compound semiconductor systems used to 

build lasers and detectors [7, 13], as well as waveguides, resonators, and photonic 

crystals [23, 24]. This material system platform is transparent at 1550nm (which is a 

commonly used wavelength for long distance fiber communications), and also at the 

mid infrared regime. Moreover, fabrication processes in GaAs and AlGaAs are 

reasonably well established.  

We have designed several GaAs and GaAs/AlGaAs based optical elements to 

enable functionality that can not be achieved in the natural III-V semiconductor 
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materials. In addition, some of the designs can provide very unique optical properties 

that do not exist in natural materials (for example, left-handed materials, negative 

index materials [25]). As many of these devices require not only small feature sizes, 

but also deep structure profiles, unique nanofabrication techniques need to be are 

developed. Moreover, the development of methods for experimental characterization 

of nanoscale devices is also a challenging task that needs to be undertaken.  

1.3 Dissertation organization 

The dissertation is structured as follows. The next two sections describe the 

development of nanofabrication techniques, with Chapter 2 focusing on patterning 

techniques based on electron-beam (e-beam) lithography, and Chapter 3 focusing on 

the fabrication of high-aspect-ratio profiles using chemically assisted ion beam etching 

(CAIBE). Four additional chapters present select examples of the GaAs and 

GaAs/AlGaAs-based free space components that we have designed, fabricated, and 

characterized. Chapter 4 details the development of a 2-D photonic crystal resonant 

nanocavity for free-space optical filtering applications using the three-material 

approach. Chapter 5 demonstrates the realization of form birefringent structures using 

the fabrication techniques developed in Chapter 2 and Chapter 3. Chapter 6 further 

advances the concepts demonstrated in Chapter 5 to create an inhomogeneous media 

for polarization control. Chapter 7 describes subwavelength computer generated 

holograms for spot array generation. Chapter 8 summarizes the thesis and provides 

future research directions. 
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Chapter 2 Nanofabrication: patterning with e-beam lithography 
 

2.1 Background 

Communication systems have been one of the main drivers for the 

miniaturization and integration of optical components and devices into subsystems and 

systems. One approach explores nanoscale optical components and devices that can be 

fabricated using currently available state of the art semiconductor fabrication 

technology. A commonly used method to fabricate the nanoscale features in these 

devices is based on e-beam lithography. Many of these devices require not only small 

feature sizes, but also deep profiles involving the development of etching methods that 

can provide profiles with high-aspect-ratio features. Unfortunately, e-beam resist is 

not sufficiently etch resistant to be used as an etch mask, and we need to develop 

techniques to transfer the submicron patterns from the original e-beam resist into a 

mask made of a material with a much higher etch resistance.  

In this chapter, we describe the development of nanopatterning techniques that 

are used for many of our GaAs and GaAs/AlGaAs nanostructured composites 

discussed in the following chapters. This advancement forms a foundation to realize 

various subwavelength structures, and is one of the crucial steps towards developing 

nanofabrication methods. 

2.2 Recipe optimization for nanopatterning 

The first step in the nanoscale patterning is e-beam lithography. We choose 

PMMA as the e-beam resist for our samples, since it provides a very high resolution 
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and is a common choice for patterning nanostructures. The standard e-beam 

lithography process is depicted in Fig. 2-1: an e-beam resist is spin-coated on the 

substrate, followed by pre-bake to remove the solvent within the resist. The sample is 

then exposed under a scanning electron beam, followed by a standard development 

process. A post-bake procedure is applied to enhance the etch resistance of the resist. 

In our experiments we use 950k PMMA (950 A4 from MicroChem) as our e-beam 

resist. We use a typical spin speed of 4000rpm for 40s to reach a thickness of ~200nm 

[1]. The pre-bake and post-bake conditions are both normally set to 170°C for 90min 

in an oven [1-5]. For e-beam exposure we use a converted scanning electron 

microscope (SEM) [6] with Nanometer Pattern Generation System (NPGS, from JC 

Nabity Lithography Systems). To achieve the best resolution, the maximal electron 

acceleration voltage (35kV) is used. 

 
Fig. 2-1. Diagram describing a standard e-beam lithography process. 

In order to fabricate components and devices with subwavelength features, many 

of which are periodic structures, careful control of the fill factor or linewidth is 

required (we define fill factor as the ratio of a high-index ridge to the period of the 

structure). To optimize the recipe for e-beam lithography, a design of experiment is 

carefully conducted. First, the most effective parameters—such as the dosage and 

developing time—are systematically investigated. Fig. 2-2 shows a dosage test 
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example for a 400nm grating in which the e-beam dosage is the control variable. A 

magnified close view of the resulting fill factors is shown in Fig. 2-3. The sample is 

exposed at a magnification of 1000 using a specimen current of 40pA. After 

development in MIBK:IPA=1:2 for 2min, the optimized dosage is found to be 

~200µC/cm2. 

 
Fig. 2-2. A SEM image of the far field view of the test array consisting of 400nm-period PMMA 

gratings on GaAs after development with MIBK:IPA=1:2 for 2min. Different fill factors are 
achieved due to different area dosages, indicated within each of the sixteen regions in 
µC/cm2. 

 
Fig. 2-3. SEM images of a close view of the regions in Fig. 2-2 with area dosages of (a)195µC/cm2; 

(b)240µC/cm2, with 60% and 20% fill factors, respectively. 
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2.2.1 Study of proximity effect 

The rendered linewidth also depends on the pattern density. When patterned with 

higher density, the average effective area dosage is usually higher than desired due to 

the scattered secondary electrons that expose the area near by. This phenomenon, 

known as proximity effect [7-8], is demonstrated in Fig. 2-4. We use the same area 

dosage at 200µC/cm2 for four gratings with different periods: 400nm, 600nm, 800nm, 

and 1000nm. Other processing conditions are kept the same: 950k A4 PMMA spin-

coated at 4000rpm for 40s, with 170°C pre-bake and post-bake in an oven for 90min 

each. As we can observe from Fig. 2-4 (a), (b), (c), and (d), after development using 

MIBK:IPA=1:2 for 2min, the linewidths of the samples with higher spatial frequencies 

in Fig. 2-4 (a) and (b) are actually larger than the ones with lower spatial frequencies 

in Fig. 2-4 (c) and (d). Also, within the same grating area, one can observe that the 

proximity effects are more pronounced in the center region of the exposed field, where 

the pattern density is higher than that at the edges. This phenomenon is less severe 

with the 800nm grating period and can be barely noticed at 1000nm. It is evident that 

for patterning at a smaller scale we need to take proximity effect into consideration to 

render the desired linewidth.  
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Fig. 2-4. SEM images demonstrating proximity effect in PMMA gratings on a GaAs substrate with 

periods of (a) 400nm; (b) 600nm; (c) 800nm; and (d) 1000nm. All samples are exposed and 
developed with the same recipes. Proximity effect is found to be pronounced within areas 
with higher spatial density. 

2.2.2 Developer concentration  

It is well known [9, 10] that the etch profile quality of nanostructure devices 

strongly depends on the quality and shape of the mask; therefore, we conduct a series 

of experiments in order to ascertain the best recipe to achieve a good profile control in 

PMMA. In these experiments, the composition of the developer is investigated as the 

main fabrication control parameter.  

As shown in Fig. 2-5 (a)-(c), with the developer recipe (MIBK:IPA=1:2) [10, 

11], the shape of the PMMA mask is square (which is very desirable), and the shape 

does not change as the developing time is increased. Fig. 2-5 (d) shows that using a 

non-optimized recipe, by contrast (MIBK:IPA=2:1), results in a rather sinusoidal 
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profile. A comparison between Fig. 2-5 (c) and (d) shows a great improvement in the 

PMMA profiles on the GaAs substrate. 

 
Fig. 2-5. Study of developer for e-beam lithography of PMMA gratings on GaAs developed with 

MIBK:IPA=1:2 for (a) 1 min; (b) 2 min; and (c) 3 min. In contrast, (d) shows a nonoptimized 
developer, MIBK:IPA=2:1, used for 3 min. 

2.3 Development of etch resistant masks for deep etching  

As we have mentioned earlier, many of our devices require not only small 

feature sizes, but also deep profiles. E-beam resist usually does not provide enough 

etch resistance to serve as a dry-etching mask for high-aspect-ratio structures. In this 

section, we describe some of the techniques we have developed to enhance the etch 
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resistance of the patterned masks for the fabrication of structures with high-aspect-

ratio features. 

2.3.1 ZEP 520A 

Our first possible choice is to use an e-beam resist that is more etch resistant. 

ZEP 520A (Nippon Zeon Co., Japan [12]) provides a resolution almost as high as 

PMMA, and is considered to have better dry-etching resistance; therefore, it becomes 

our choice for a study [2, 13, 14]. Following a similar methodology to that described 

in Section 2.2, we successfully find a recipe with a 10µC/cm2 dosage for ZEP 520A 

with a very good quality profile. Fig. 2-6 shows an SEM image of a patterned ZEP 

520A profile for a geometric defect 2-D photonic crystal filter having a period of 

530nm and a fill factor of 27% for the finest feature (further details are discussed in 

Chapter 4). In general, we find that ZEP 520A provides approximately twice the etch 

resistance compared with 950k PMMA. 

 
Fig. 2-6. A SEM image showing a top view of a patterned ZEP 520A for 2D photonic crystal filter (see 

Chapter 4) consisting of a 2-D photonic crystal lattice with periodic “geometric” defects. 
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2.3.2 Mask transfer 

The fabrication of nanostructures with an aspect ratio larger than 3 becomes very 

challenging, even when using ZEP as the etch mask. Therefore, a material other than 

e-beam resist must be used as a dry-etching mask. A survey of the relevant literature 

[9, 15, 16] shows that silicon dioxide (SiO2) has a much slower etch rate than 

GaAs/AlAs in a Cl2-based dry etching system such as our CAIBE (see Chapter 3). 

Therefore, to achieve the high-aspect-ratio etching required for the realization of our 

devices, we explore the option of using SiO2 as an etch mask, and thus develop a 

pattern transferring process from the e-beam resist into SiO2. 

The mask transfer procedure we use is illustrated schematically in Fig. 2-7. First, 

a layer of SiO2 is deposited on the top of the GaAs substrate using chemical vapor 

deposition (CVD) [17]. Next, we spin coat the PMMA layer on top of the SiO2 layer 

and pattern it using e-beam lithography, as described in Section 2.2. 

 
Fig. 2-7. Pattern transfer from PMMA into SiO2: the pattern is transferred to a layer of Au/Cr by a lift-

off process, and is then etched into the SiO2 layer with CF4 RIE. The patterned SiO2 layer 
can be used as an etch mask for the CAIBE process for GaAs or similar materials. 

Due to the fact that SiO2 is an insulator, during the e-beam lithography exposure 

there is a build up of charges on the sample surface, preventing succeeding electrons 
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from being precisely projected to the targeted positions. This charging effect can 

change the e-beam trajectory and result in an undesired linewidth or shape (as shown 

in Fig. 2-8). However, for a SiO2 layer thinner than 1µm, if sputtered with a thin, gold 

layer (~10nm) that is electrically grounded to the sample stage, we find the charging 

effect to be negligible using a low current (~10pA) at 35kV in our system, and we can 

still achieve a smooth PMMA pattern on top of SiO2 with no significant distortion. Fig. 

2-9 shows a top view of a successful test pattern in the PMMA on top of SiO2. With a 

given e-beam dosage required for patterning, a larger emission current is used to 

minimize the e-beam exposure time. The charging effect (shown in Fig. 2-8) is 

averaged out when the electron beam scans across the sample, and results in a smooth 

line. 

 
Fig. 2-8. A SEM image showing charging effect during the e-beam lithography process: electron 

charges that are accumulated on the surface of SiO2 expel succeeding electrons, resulting in a 
distorted, blurred pattern different from the original structure design. 

1µm 
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Fig. 2-9. A SEM image of an optimally patterned PMMA using e-beam lithography over SiO2 on top of 

a GaAs substrate. 

Next, we use a thermal evaporator to deposit a thin layer of chromium-gold 

(Cr/Au) film (of thickness 100nm/1000nm, respectively) on the surface of the sample. 

The pattern is transferred into the Cr/Au layer with a submicron lift-off process 

through which the embedded PMMA with a complementary pattern is removed using 

an acetone ultrasonic bath, detaching the Cr/Au layer in the corresponding region. 

Using the remaining Cr/Au layer as an etch mask, the pattern is then transferred into 

the SiO2 layer using the reactive ion etching (RIE) process (Plasmalab) with CF4 [18]. 

This process provides a durable etch mask with the necessary profile for deep etching.  

An SEM image of the PMMA test pattern over SiO2/GaAs is shown in Fig. 2-10. 

Fig. 2-11 shows two different views of the sample after the lift-off and RIE processes. 

The SEM image shows a fairly good (although slightly rough) SiO2 mask profile, 

which we apply next as a CAIBE etch mask for the fabrication of nanoscale high-

aspect-ratio optical devices. 

1µm 
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Fig. 2-10. A SEM image of the PMMA patterned with e-beam lithography over SiO2 on top of a GaAs 

substrate with a linewidth of 300nm. 

 
Fig. 2-11. SEM images of the transferred pattern in SiO2 after a lift-off process of Au/Cr and a CF4 RIE 

process: (a) top view; (b) side view. 

The fabrication process described above is applicable to a variety of high-aspect-

ratio nanoscale optical devices, such as photonic crystals and form birefringent 

materials. We learn that good quality lift-off can be achieved in the subwavelength 

regime. The developed procedures are also used in conjunction with CAIBE 

procedures (see Chapter 3). The results discussed in Chapter 3 provide additional 

evidence that the transferred pattern on SiO2 serves as a good etch resistant mask 

where an aspect ratio of 10:1 is achieved with a linewidth of 300nm. Finally, it should 
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be noted that this technique is compatible with current semiconductor fabrication 

processes and provides a good method for high quality mask transfer. 

2.4 Large area patterning 

The converted SEM that we use for e-beam lithography can only provide a 

limited exposure area. For the resolution of around 100nm, the maximum field of view 

(and therefore exposure area) is approximately 200µm by 200µm. For the resolution of 

around 50nm, the maximum field of view is limited to 100µm by 100µm. Devices that 

require larger areas with the same linewidth will need to be patterned either with an e-

beam writing system with stitching capability or with multiple patterning techniques.  

Commercial e-beam writers are designed for large area patterning. This is 

usually achieved by precisely titching multiple exposure areas together using 

positioning translation stages with laser interferometric precision. However, the major 

drawback is the extensive writing time and therefore poor throughput of this process. 

Moreover, commercial e-beam writers are very expensive, with a typical cost of 

around several million dollars. Since high precision stitching capability is unavailable 

in our facility, alternative approaches need to be exploited. 

An alternative method that has been investigated in our lab is to use a 

holographic photolithography system to pattern nanoscale structures [19]. The 

approach is based on the exposure of a photoresist to the interference of two ultra 

violet (UV) laser beams, creating gratings with a submicron period. We use an Ar+ 

laser beam operating at λ0=364nm. After expending and collimating the optical beam, 

it is split into two beams by a nonpolarizing UV beamsplitter. The two beams are then 



 

 

20

deflected towards the input plane at an angle θ, creating an interference pattern with a 

period of λ0/[2sin(θ/2)], adjustable by changing the angle θ [19]. Multiple exposures 

can be utilized to pattern 2-D or 3-D structures [20]. This method is very cost effective 

and time efficient, but produces only periodic structures; therefore, it is limited to 

specific application areas. The holographic lithography method needs to be further 

developed to become an efficient tool for the fabrication of integrated optic devices 

with non-periodic, complex geometries.  

To overcome the limitations mentioned above, we develop a method that 

combines low-resolution photolithography with high-resolution e-beam lithography. 

This approach is described in Fig. 2-12: relatively large structures (such as waveguide 

“backbones”) are first patterned using standard photolithography, followed by a dry 

etching process. The fabricated structure is then used to perform e-beam lithography, 

where nanostructures are introduced over the larger structures. The alignment between 

the two lithography processes is accomplished by generating alignment marks around 

the structures of interest. To utilize this method, the e-beam resist needs to provide 

sufficient adhesion to the larger structure during the e-beam resist spin coating process. 

ZEP 520A, for example, does not have good adhesion to GaAs, while PMMA 950A 

does and forms a uniform layer on top of the waveguide in Fig. 2-12, where we have 

successfully patterned nanostructures on top. 
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Fig. 2-12. Large area patterning method for nanostructured integrated circuit. (a) Large structures are 

patterned with photolithography. (b) The larger structures are etched into the substrate. (c) 
Nanostructures are patterned on top of the larger structures. Alignment is achieved using the 
alignment marks. (d) The patterned nanostructures are etched into the substrate, and the final 
structure is obtained. 

This method allows us to make large samples with nanostructured devices 

integrated with long input/output waveguide for testing, a method currently used 

routinely in our laboratory. An additional benefit of this method is largely reduced e-

beam writing time. The nanostructure patterns can be fabricated anywhere along the 

waveguide with the help of alignment marks, and can be arbitrarily general and 

complicated. 
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Chapter 3 Nanofabrication: high-aspect-ratio profile rendering using 
chemically assisted ion beam etching technique 

 

3.1 Background 

For the fabrication of nanostructured optic devices, it is important to accurately 

control the profile during the etching process. However, standard wet etching usually 

does not provide enough selectivity to control the profile of the structure on the 

nanoscale. For example, Fig. 3-1 shows the result of an experiment where a grating 

patterned in PMMA with a 600nm period and a fill factor of 50% is transferred into 

GaAs using both wet etching and CAIBE. The result clearly shows that wet etching is 

crystal orientation dependent and fails to transfer the original square profile in PMMA 

into the GaAs substrate. On the other hand, with the proper choice of parameters, 

etching results from CAIBE maintain the rectangular grating profile. For high-aspect-

ratio structures, the necessity of dry etching processes such as CAIBE is more evident, 

as wet etching generally has comparable etch rate in lateral and transverse directions, 

unless an external electric field is applied [1-3] or crystal orientations are involved [4, 

5].  
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Fig. 3-1. SEM images of rectangular periodic structures etched into a GaAs (100) substrate. PMMA 

gratings on GaAs are used as a mask and followed by: (a)(b) a wet etching process; (c)(d) a 
dry etching process using CAIBE. The CAIBE results show a better profile transferred from 
PMMA into GaAs. 

Generally, the profile shape can be controlled by carefully adjusting the 

parameters in dry etching processes, such as CAIBE or reactive ion beam etching 

(RIBE) [1, 6-9], where different arrangements have been made to produce the same 

profiles, namely, large ion beam divergence angle (around 24°) by Zubrzycki et al. [1] 

and small ion beam divergence angle (around 1.5°) by Lincoln et al [6]. In the RIBE 

of GaAs with chlorine (Cl2), ion beam sputtering removes the surface residues of 

GaClx and AsClx that are created during the process [10]. To achieve high-quality 

anisotropic etching with vertical and smooth sidewalls, the lateral etch rate needs to 

match the lateral deposition rate of the created residues. Moreover, since the upper 

portion of the etched structure is easily damaged by the ion beam sputtering, a hard 

(a) (b) 

(c) (d) 

1µm 1µm 

1µm 1µm 
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etch mask [1, 11] or thick resist layers [12] are required to decrease the erosion of the 

mask layer and thereby protect the upper edge of the etched structure.  

In this chapter, we present the development of a chlorine-based CAIBE process 

to fabricate nanostructures in GaAs using SiO2 and SU-8 photoresist as etch masks, 

emphasizing the fact that the key to achieving vertical and smooth etch profiles is to 

match the lateral etch and deposition rates by controlling the gas flow rate of chlorine 

and the collimation of the ion beam. 

3.2 CAIBE system setup 

The setup of our CAIBE system is shown schematically in Fig. 3-2. The 

patterned sample is mounted on a wafer chuck in the vacuum chamber by a load lock 

system in our CAIBE setup, which is equipped with a 12-cm radio frequency 

inductively coupled plasma (ICP) source with two self-aligned collimated graphite 

grids for screening and acceleration. The beam collimation can be adjusted with the 

beam and acceleration voltages (Vb and Va) applied on the grids, with maximum Vb 

and Va of 2000V and 500V, respectively. Typical values of Vb range from 300V to 

750V, whereas Va ranges from 25V to 500V, depending on the desired etch profiles. 

The grid-to-sample distance is around 45cm. The chamber pressure is controlled with 

the flow rates of the processing gases, and it can affect the chemical reaction rate as 

well as the mean free path of the gas molecules. A neutralizer is used to prevent ionic 

charging on the sample surface. The base pressure (Pbase) of the chamber is kept at 1e-

7Torr, and the typical chamber pressure during an etching process (Pprocess) ranges 

from approximately 0.10mTorr to 0.80mTorr. 
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In our CAIBE, we use chlorine (Cl2) as the chemical etch gas and argon as the 

plasma ion (Ar+) source. The chemical reaction mechanism is controlled by the flow 

rate of Cl2 (RCl2) and the substrate temperature (Tsub), while the physical bombardment 

mechanism is controlled by the flow rate of argon (RAr), the amount of generated ions, 

the ion beam energy, and the beam collimation. These system parameters, along with 

the chamber pressure and the substrate material, are crucial to the etch rate and 

profiles [11, 13]. 

 
Fig. 3-2. The chamber diagram of a CAIBE system. The physical etch mechanism provided by argon 

ion bombardment and the chemical etch mechanism provided by Cl2 reaction can be 
controlled independently. 
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3.3 Recipe optimization 

3.3.1 Photoresist as etch mask 

In this series of experiments, GaAs substrates are spin-coated with SU-8 resist 

(MicroChem Corp.) and patterned with nanostructures using the holographic 

photolithography as described in Section 2.4. With Vb=400V, Va=425V, RCl2=10sccm 

(standard cubic centimeters per minute), RAr flow of 10sccm, beam current (Ib) of 

40mA, and Tsub=5°C, a vertical sidewall profile is achieved for a 1-µm-period grating 

structure [7], and the etch selectivity of SU-8:GaAs is approximately 3:1. With the 

same etch parameters, we have successfully transferred photonic crystals with 

hexagonal periodic patterns and defect lines to GaAs substrates [14]. 

As the feature size of the devices scales down to the submicron region, surface 

tension becomes prominent when rinsing the sample during the development. As a 

result, the achievable aspect ratio of the photoresist pattern is significantly reduced, 

limiting the feasible etch depth with the dry-etching parameters described previously. 

Although one can use a rinsing solution with a reduced surface tension and apply a 

supercritical drying procedure [15] to alleviate this problem, or transfer a patterned 

thin layer to a dry-etching resistant mask layer [1, 11] (see Chapter 2) to improve the 

mask durability, both methods will increase the complexity and the cost of the process, 

and the patterns may degrade during the multiple processing steps involved in the 

latter. 

Instead, we optimize the dry-etching parameters to achieve high etch selectivity 

for a thin layer of submicron photoresist pattern. Based on the preceding conditions 
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obtained for the 1-µm pattern etching, we increase Tsub to 20°C and reduce RAR to 

7sccm to decrease the Ar+ ion density. The RCl2 is then changed to investigate its 

effect on the etched sidewall profile while the Vb=400V, Va=425V, and Ib=40mA are 

kept constant. 

We begin with RCl2=20sccm, corresponding to a chamber pressure 

Pprocess=0.68mTorr. Fig. 3-3 (b) shows a SEM image of the etched 400-nm-period 

GaAs grating with SU-8 pattern [as shown in Fig. 3-3 (a)] as the dry-etching mask. 

The thickness of the resist mask is approximately 150nm, with a fill factor of 

approximately 60%, and the etch depth into the GaAs is approximately 980nm. The 

aspect ratio of the etch profile is approximately 4:1, with an average etch rate of 

20.5nm/min. As we can see in Fig. 3-3 (b), the etched sidewalls are almost vertical; 

however, there are residues in the grating grooves that can strongly affect the optical 

characteristics of the device. The residues are the redeposited reactants of GaClx and 

AsClx that cannot be removed with Ar+ ion bombardment in an acceptable time. The 

residue formation is pronounced due to excessive chlorine that raises the local 

pressure and increases the redeposition rate within the grooves. 

In order to avoid the contamination, RCl2 is decreased to 18sccm, corresponding 

to Pprocess=0.60mTorr, while the other parameters are kept unchanged. As shown in Fig. 

3-3 (c), the newly obtained etch depth is 1480nm. The etch profile, however, is 

inversely tapered instead of rectangular, with a fill factor decreasing from 

approximately 64% in the upper portion to approximately 19% in the bottom portion. 

The smooth inversely tapered shape indicates that the lateral etch rate is greater than 

the redeposition rate of the reactants. Unlike the case in Fig. 3-3 (b), there are no 



 

 

30

residues between the grating grooves, showing that the etch reactants are efficiently 

removed and pumped out from the sample surface. 

In order to approach rectangular etch profiles, the lateral etch rate can be reduced 

by decreasing RCl2. Fig. 3-3 (d) shows a sample that is etched using a reduced 

RCl2=14sccm, with a corresponding chamber pressure Pprocess=0.45mTorr; the etch 

depth is approximately 1440 nm. Although the profile is still inversely tapered in this 

particular case, the fill factor of the bottom portion increases to 30%, with the fill 

factor of the upper portion unchanged from the profiles in Fig. 3-3 (c). This shows that 

we have a good balance between the lateral deposition rate and the etch rate in the 

upper portion of the etched structure with the applied etch parameters, and changing 

the Cl2 flow rate exhibits little effect on this portion. 

 
Fig. 3-3. SEM images of 400-nm-period grating transferred to a GaAs substrate using CAIBE: (a) SU-8 

resist mask with 150-nm thickness; (b) structure of 980-nm depth etched with RCl2=20sccm; 
(c) 1480-nm depth with RCl2=18sccm; (d) 1440-nm depth with RCl2=14sccm. 

1µm 100nm 

100nm 100nm 
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With a further reduction of the lateral etch rate by decreasing RCl2, a rectangular 

etch profile can be obtained. Fig. 3-4 (a) shows an etched structure with RCl2=7sccm 

and Pprocess=0.22mTorr. In this particular case, the SU-8 mask layer is slightly too thin 

to hold along the entire processing duration (more than 100 min). Therefore, the resist 

has been etched out, and the top surface is slightly over-etched. However, the profile–

although still slightly inversely tapered–improves significantly, with the fill factor of 

the etched bottom portion increased to 45%. 

After optimizing the Cl2 flow rate (at 6sccm with Pprocess=0.18mTorr), we obtain 

a sample with rectangular etch profiles as shown in Fig. 3-4 (b). The etched sidewalls 

are vertical and smooth, with a depth of approximately 790nm and a fill factor of 46% 

(the same as the upper portion). As one can see in Fig. 3-4 (b), the top portion of the 

etched structure is kept rectangular–an additional advantage of this optimal dry 

etching process. 

 
Fig. 3-4. SEM images of GaAs grating structures with period of 400nm etched in CAIBE using a SU-8 

resist layer as a mask: (a) an over-etched structure using RCl2=7sccm; (b) a smooth vertical 
etched structure with 790-nm depth using RCl2=6sccm. 

To summarize the effect of the Cl2 flow rate on the etch profiles, we introduce 

the term undercut angle, defined as the angle between the etched sidewall and the 

1µm 
100nm 
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normal to the substrate surface. On reducing RCl2 from 18sccm to 6sccm, 

corresponding to reducing Pprocess from 0.60mTorr to 0.18mTorr, the undercut angle of 

the etch profile decreases from 7° to 0.2° [as shown in the plot of Fig. 3-5 (a)]. The 

profile of the etched structure changes from inversely tapered into nearly rectangular. 

It is expected that, with a further reduced RCl2, the undercut angle of the etch profile 

will decrease further toward negative values; that is, the etch profile is expected to 

become uptapered. Additionally, if the RCl2 is further increased, it is reasonable to 

expect to achieve even higher undercut angles. However, we find that when RCl2 is 

further increased to 20sccm (with Pprocess=0.68mTorr), the undercut angle of the etch 

profile suddenly drops to 1.8° with almost vertical (but rough) sidewalls. We can 

explain this surprising result by the fact that the redeposition of the reactants is now 

playing an important role in keeping the sidewalls vertical; reactants cannot be 

effectively removed by bombarding Ar+ ions and thus are redeposited on the sidewall, 

preventing the profile from becoming more tapered. If the residues in the grating 

grooves can be removed afterwards, this procedure also offers a possible approach to 

produce desired profiles [16].  

As shown in Fig. 3-5 (b), changing RCl2 is found to have a negligible effect on 

the average etch rate, defined as the ratio of etch depth to etching duration. This is an 

indication that the etch rate is primarily attributable to ion beam sputtering in our low-

intensity ion beam etching. This is very different from the cases of high-density 

plasma [13] and high ion energy [6], in which the etch rate strongly depends on the Cl2 

flow rate. For our optimal etching process, the erosion rate of the SU-8 resist and the 

etch rate of GaAs are approximately 3 and 20 nm/min, respectively, so that the etch 
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selectivity of SU-8:GaAs is approximately 7:1. With a 150-nm-thick SU-8 mask layer, 

a depth of approximately 1µm into GaAs can be achieved. Such etch depth is 

sufficient for our polarization control devices designed for optical communication 

applications [16]. For a deeper etching process, a thicker SU-8 layer can be achieved 

by using supercritical resist-drying methods [15], a process we are currently 

investigating.  

 
Fig. 3-5. (a) The undercut angle of the etch profile and (b) the etch rate of GaAs versus the chamber 

pressure. 

Pprocess

Pprocess
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3.3.2 SiO2 as etch mask for deeper structures 

As mentioned in the previous section, with the approach of direct pattern transfer 

from the resist into the substrate, an aspect ratio of approximately 7:1 can be achieved. 

For nanostructures with higher aspect ratios, we need to transfer the pattern into a SiO2 

layer that is used as an etch mask as described in Chapter 2. In a dry etching system, 

however, the surface redeposition is always competing with the etch mechanism. The 

redeposition of etched materials (for example, GaAs) along with eroded masks (for 

example, SiO2) during the etching process can not only increase roughness on the 

substrate–inhibiting further etching for deeper structures–but can also result in a 

pattern that deviates significantly from the designed pattern. Although a divergent ion 

beam is used in the original recipe for shallow profiles to minimize the damage to the 

etch mask, for deeper structures the ions can be scattered, and lose energy more easily 

[1, 17, 18]. Scattered ions not only lack the energy needed for etching by physical 

bombardment, but they can also enhance the deposition on the sample surface. Fig. 

3-6 shows a top view of the structure after etching for five hours using the following 

recipe: RCl2=10sccm, Vb=400V, Va=425V, and an ICP power (RF) of 40W. Here, the 

deposited materials on the sample surface severely distort the original structure. In 

order to verify the composition of these surface redeposited materials, the sample is 

analyzed using an energy dispersive spectrometer (EDS). The result, shown in Fig. 3-7, 

reveals that the redeposited layer is significantly composed of silicon, oxygen, gold, 

chromium (Si, O, Au, Cr, which are the composition elements for the etch mask), and 

chlorine (Cl, which may be due to the etch residues). The redeposited SiOx compound 

and Cr/Au alloy are much more etch resistant than the GaAs substrate in the ambient 
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of Cl2; thus, they can form an undesired etch mask that prevents further etching. 

Therefore, we need to develop an etching process that effectively removes excess 

materials, avoiding significant redeposition on the substrate.  

 
Fig. 3-6. A SEM image showing a top view of the structure after etching for 5 hours with RCl2=10sccm, 

Vb=400V and Va=425V. The original periodic pattern is distorted due to the surface 
redeposition inside the grooves. 

 
Fig. 3-7. Energy Dispersive Spectrometer (EDS) analysis of the material deposited outside the structure 

shown in Fig. 3-6. The layer has significant compositions of elements Si, O, Au, Cr (from the 
etch mask), and Cl (from the etch residues). 

In order to minimize the redeposition, we first apply a less divergent ion beam 

with higher beam energy using Vb=700, Va=500, and RF=120W. Therefore, the 

deposited compounds can now be broken down at a higher rate and effectively 

pumped away from the sample surface before the by-products are formed. This 
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technique results in a much faster etch rate (85nm/min compared with 16nm/min in 

the previous case) with reduced roughness. 

To further eliminate the deposition caused by excess chemical vapor near the 

sample surface, we reduce the chamber pressure during the etching process by 

decreasing RAR from 11sccm to 8sccm. The beam collimation is slightly adjusted by 

reducing Va to 400V to maintain similar Ar+ flow density. This also increases the free-

path of the argon ions, so that they now maintain most of their energy for the etching 

process. We also change Tsub to 15°C for the process, so that the chemical etch 

mechanism can proceed at a reasonable speed, and the surface redeposition rate is kept 

as low as possible. The optimized recipe shows smooth sample surfaces and straight 

sidewalls, and the process can be done at a fairly good etch rate of ~100nm/min. 

Fig. 3-8 shows side views of a structure etched with the original divergent beam 

(Vb=400V, Va=425V, Tsub=20°C, RAR=10sccm), the modified less-divergent beam 

(Vb=700V, Va=500V), and the modified beam with low pressure and calibrated 

temperature (Vb=400V, Va=425V, Tsub=15°C, RAR=8sccm), respectively. The two 

samples etched with the modified beams [Fig. 3-8 (b) and (c)] are processed for only 

20 min, much shorter than the 5hrs used for the sample etched with the original beam 

(Fig. 3-6a). Nevertheless, the etch depths are much greater, and the amount of 

roughness caused by surface redeposition is greatly reduced. Fig. 3-8 (c) shows the 

result of an optimal etch recipe with reduced Pprocess=0.5mTorr and calibrated 

processing temperature Tsub=15°C. Fig. 3-9 compares top views of the structure etched 

with these three recipes. Again, unlike the sample etched with the divergent ion beam 

[Fig. 3-9 (a)], the samples etched with the modified ion beam [Fig. 3-9 (b) and (c)] 
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show undistorted patterns with much smoother sample surfaces. For the sample etched 

with the optimized recipe [Fig. 3-9 (c)], no redeposition can be observed. 

To achieve the etch depth in the order of the ~5µm required for specific designs, 

such as the 2-D photonic crystal-based filter (Chapter 4) or the form birefringent 

media (Chapter 5), we use the optimized recipe to etch the sample in Fig. 3-8 (c) and 

Fig. 3-9 (c) for another 20 min. The achieved profile remains rectangular, with a 

smooth surface, and the obtained etch depth is within the target range. Fig. 3-10 (a) 

and (b) show samples etched with the optimized recipe for 20min. and 40min, 

respectively. The structure etched for 40 minutes becomes slightly rough due to 

exhaustion of the SiO2 mask. This can be avoided by using a slightly thicker layer of 

SiO2. 

 
Fig. 3-8. Side-view SEM images of the structure etched with: (a) divergent ion beam, 5 hrs; (b) 

modified less-divergent ion beam, 20 min; and (c) modified ion beam with low chamber 
pressure and calibrated temperature, 20 min. The etch profiles remain good, the sample 
surfaces are significantly smoother, and the etch rates are much faster for the samples etched 
with the modified beam. The optimized recipe in (c) shows the best result. Note that (a) is at 
a different magnification. 
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Fig. 3-9. Top-view SEM images of the same structure in Fig. 3-8, etched with: (a) divergent ion beam; 

(b) modified less-divergent ion beam; and (c) modified ion beam with low processing 
pressure and temperature. The improvement of re-deposited phenomenon outside the 
periodic structure can be clearly observed. 

 
Fig. 3-10. Tilted-view SEM images of the structure etched with optimized recipe for: (a) 20 min; (b) 40 

min. The latter one is slightly over-etched, and requires a thicker mask layer of SiO2. 

3.4 Discussion and conclusions 

In conclusion, we used a thin layer of photoresist patterned using holographic 

lithography as a dry-etching mask to etch GaAs substrates in a CAIBE system. By 

optimizing the flow rate of chlorine to match the lateral etch rate and the deposition 

rate, etch selectivity of up to 7:1 (SU-8:GaAs) is achieved, with smooth vertical 

sidewalls and damage-free upper portions of the etched structures. In addition, we 

have also transferred the pattern into a SiO2 layer used as an etch mask to fabricate 

structures with a higher aspect ratio of approximately 13:1. As the surface redeposition 
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of the eroded mask can prevent further etching and distort the pattern, we found that a 

recipe with stronger physical bombardment at lower processing pressure is essential to 

minimize surface redeposition, especially for deep nanostructures. With the optimized 

recipe, a smooth, high-aspect-ratio profile can be achieved. The approaches described 

in this chapter form the foundation to realize the nanostructured optical devices we 

have designed, fabricated, and characterized. These samples are described in greater 

details in the following chapters. 
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Chapter 4 Three-material 2-D photonic crystal filter 
 

4.1 Background 

Our first example of a nanostructure based optical device is an array of two-

dimensional photonic crystal (2-D PC) nanocavities implemented by using a periodic 

geometric perturbation of the PC structure with three different materials [1]. The 

underlying principle behind photonic crystals, as originally proposed by E. 

Yablonovitch [2, 3] and by S. John [4, 5], is the optical analog of the electronic 

bandgap in crystalline semiconductor lattices. For an optical periodic nanostructure 

with appropriate geometry and constituent materials, one can expect the formation of 

an allowed frequency band separated by a forbidden region, known as photonic band 

gap. At these frequencies, light cannot propagate within the periodic for any incidence 

angle. A composite material having these properties can thus be utilized for wide-

field-of-view spectral filters. Most of the research related to PC’s has focused on an 

approach involving a hexagonal lattice of circular air holes in a substrate or planar 

membrane [6-17]. However, the limitation of the etch depth in this approach restricts 

the incidence area of the component, making it impractical for free-space applications. 

Alternatively, we investigate another approach based on etching subwavelength 

periodic structures into epitaxial multilayer structures, resulting in a three-material 2-D 

photonic crystal structure with an incidence plane normal to the wafer surface [1].  
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4.2 Practical design considerations 

A schematic diagram of the original design of such a three-material 2-D PC filter 

is depicted in Fig. 4-1. A defect, consisting of perturbation of the refractive index of 

the material in the central layer of the structure, is introduced into every third period Λ 

of the photonic crystal. The refractive indices of the materials are assumed to be 

compatible with GaAs/AlOx or Si/SiO2 systems, where nh, nl, and nd represent indices 

of GaAs/Si (with a high index), AlOx/SiO2 (with a low index), and a third material 

defect (with an intermediate index), respectively. The original idea is to partially 

oxidize the defects so that nl<nd<nh. Using an electromagnetic near-field analysis tool 

[18] based on the Rigorous Coupled-Wave Analysis (RCWA) method, with 

Λ=0.3394λ, F=27.6%, D=0.3044λ, H=32.9%, m=3, nh=3.48, nl=1.44, and Pd=3Λ, it is 

demonstrated that an angular insensitive, narrow-band PC filter can be achieved for nd 

ranging from 2.5 to 3.5 as shown in Fig. 4-2 [1, 19].  

 
Fig. 4-1. Schematic diagram of three-material 2-D photonic crystal filter, where Einc represents the 

incident field. 
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Fig. 4-2. The transmission as a function of the incidence angle and the wavelength for filter structures 

with 2dP = Λ , 3m = , and defects of refractive indices (a) 3.5dn = , (b) 3.0dn = , and 

(c) 2.5dn = , respectively. 

For compatibility with existing microfabrication technologies, we intend to 

fabricate this device by growing a GaAs/AlAs multilayer structure, etching the desired 

nanostructured grating, then oxidizing the AlAs to yield a high index contrast 

GaAs/AlOx structure. The original structure was designed for Si/SiO2 (nSi=3.5, 

nSiO2=1.44) due to the large bandgap obtained with a high index contrast photonic 

crystal. Regardless, switching to GaAs/AlOx (nGaAs=3.37, nAlOx=1.64) should not 

significantly affect the performance of the filter. For λ=1550nm, the width of the 

trench is FΛ=145nm and the depth of the structure is (6 )H D+ ⋅ ≅ 3µm. The aspect 
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ratio of the etch profile is very challenging, but still quite feasible based on the 

patterning and etching techniques developed in Chapter 2 and 3. However, to the best 

of our knowledge, there is no practical way to selectively protect the defect spots at 

this scale in order to render a different nd from nl, as shown in Fig. 4-1. To overcome 

this deficiency, we introduce an alternative design for an array of 2-D photonic crystal 

nanocavities implemented using a periodic geometric perturbation of the PC structure, 

as shown in Fig. 4-3 [19]. Instead of realizing the defects by varying the refractive 

index, we introduce geometric defects by slightly increasing the width of the ridge for 

every Pd. As a result, the local defect with the geometric perturbation has a slightly 

higher effective refractive index than the other ridges. This design is more 

straightforward to fabricate, as it only requires an alteration of the multilayer thickness 

and etch mask pattern, without introducing additional processing steps. Note that the 

new design includes a GaAs substrate for practical fabrication consideration, as well 

as an optimized AlOx spacer with thickness S as a low-index buffer layer between the 

filter and the substrate to compensate for the phase shift caused by the presence of the 

substrate. The performance of such a geometric defect 2-D PC filter is shown in Fig. 

4-4. For cases where the detection elements are located behind the filter and a greater 

transmitted intensity is desired, further tuning of the layers of the filter to properly 

match the impedance of the incident air and substrate is possible. The back side of the 

substrate should be roughened to reduce the Fabry-Perot resonance inside the substrate, 

which would significantly affect the performance of the filter.  
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Fig. 4-3. Schematic diagram of the modified geometric defect 2-D photonic crystal filter including a 

tuned spacer layer and a semi-infinite substrate. 

 
Fig. 4-4. The transmitted intensity versus the wavelength for several incidence angles for the geometric 

defect 2D PC filter implemented in GaAs/AlOx: (a) with a standard spacer layer thickness; 
and (b) with an optimized spacer layer thickness of 436.8nm. 

4.3 Fabrication challenges 

To realize the structures depicted in Fig. 4-3, we start from an epitaxial 

GaAs/AlAs substrate with the described target dimension. The thickness of AlAs 

layers is pre-compensated to accommodate for shrinkage during oxidation, estimated 

to be approximately 9% [20, 21]. For λ=1550nm, the smallest lateral dimension of the 

structure shown in Fig. 4-3 is F·Λ=145nm; the expected etch depth is 

((4 ) ) ((4 ' 3 ) ) 0.09H D S H H D S+ ⋅ + + − − ⋅ + ⋅ =2.62µm. Thus, the aspect ratio 

(a) (b) 
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required for this structure is approximately 17.5. Fig. 4-5 (a) and (b) show the epitaxial 

sideview of the GaAs/AlAs substrate and the topview of the etch mask for such a 

structure, respectively. We notice the existence of the defects in both transverse and 

lateral directions. In this section, we will discuss the fabrication challenges to realize 

this structure utilizing the techniques described in Chapter 2 and 3.  

 
Fig. 4-5. Fabrication of 2-D photonic crystal nanocavity filter: (a) GaAs/AlAs layer structure with 

material defect; and (b) etch mask with geometric defect. 

4.3.1 Pattern transfer for SiO2 mask 

Due to the high aspect ratio involved, a transferred layer of SiO2 etch mask (as 

described in Chapter 2) is necessary. For the current design, the finest linewidth is 

significantly smaller (~50%) than that used for our test pattern in Chapter 2. To ensure 

a successful lift-off process at this resolution, we use a thinner layer of Cr/Au 

(~10nm/100nm), which nevertheless provides enough thickness as an etch mask for 

the RIE process. The transferred pattern after the lift-off and the RIE processes are 

shown in Fig. 4-6, where a SiO2 mask with an aspect ratio of 3.5:1 for the geometric 

defect 2-D PC filter at the wavelength of 1550nm is successfully fabricated.  

 

(a) (b) 

1µm 
1µm 
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Fig. 4-6. SEM images of mask transfer results of the geometric defect 2-D PC filter at the wavelength 

of 1550nm: (a) top view showing the pattern after lift-off; and (b) tilted view showing the 
obtained SiO2 mask after the RIE process. The transferred pattern in SiO2 with a 3.5:1 aspect 
ratio shows smooth sidewalls and rectangular profiles, and should serve as a good etch mask 
for the CAIBE process. 

4.3.2 High-aspect-ratio anisotropic etching of layered structure 

Next, to transfer the pattern from the SiO2 into the GaAs/AlAs structure, we etch 

the structure using the CAIBE system described in Fig. 3-2 (see Chapter 3). However, 

this layered GaAs/AlAs structure is different from the plain GaAs substrate used in 

Chapter 3. Moreover, the aspect ratio is now significantly higher. To gain a greater 

understanding of the etching process of this deep layered structure, we start with the 

substrate in Fig. 4-5 (a), using a double-sized pattern for the geometric defect 2-D PC 

filter design in Fig. 4-3 with λ=1550nm. Using Vb=700, Va=400, RCl2=10sccm, 

RAR=8sccm, RPBN=8sccm, RF=120W with Ib=115mA, we etch the sample at 15°C 

with 10-minute intervals, and take SEM images after each CAIBE process. Fig. 4-7 (a), 

(b), and (c) show etching results for 10min, 20min, and 30min, respectively. We can 

notice the rectangular profile with an average etch rate of ~100nm/min for GaAs/AlAs. 

After etching for 30min, the structure is approximately 3µm deep, surpassing the total 

thickness of the layered structure. Compared with the side view of the original 

(a) (b) 

1µm 1µm 
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substrate [Fig. 4-5 (a)], one can clearly verify that all the GaAs/AlAs layers are etched 

through.  

 
Fig. 4-7. SEM images of the etching result of the geometric defect 2-D PC filter with double-sized 

pattern: (a) after 10min; (b) after 20min; and (c) after 30min. The etching result shows a 
rectangular deep profile, and the SiO2 mask is still retained for deeper etching. 

The SEM image in Fig. 4-7 (c) reveals that the SiO2 etch mask is still retained 

after etching for 30min, suggesting the possibility to fabricate a deeper structure. 

However, after etching for 30min, we notice that the layers tend to peel off slightly at 

the margins of the structure. To evaluate the potential of the process, we etch the 

structure shown in Fig. 4-7 (c) for another 10min. Fig. 4-8 (a), (b), and (c) present the 

top views of the samples etched for 20min, 30min, and 40min, respectively. While a 

minor peel-off is barely noticeable after 30min etching, it becomes quite significant 

after a 40min process. Moreover, the SiO2 mask is nearly worn out after 40min 

etching. With an etch rate of around 15nm/min for SiO2, the selectivity of this CAIBE 

process for GaAs/AlAs to SiO2 is approximately 20:3.  

(a) (b) (c) 

1µm 1µm 1µm 
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Fig. 4-8. SEM images of top views of the 2-D photonic crystal based filter with double-sized pattern. 

Overviews after etching for (a) 20min; (b) 30min; and (c) 40min. After etching for 30min, 
only minor peel off occurs at the margins of the structure. The peel-off becomes more serious 
after etching for 40min. 

4.3.3 Lattice mismatch and structure stability 

To increase the refractive index contrast, the AlAs layers (refractive index of 

2.96) need to be oxidized to AlOx (refractive index of 1.64). We use a wet oxidation 

approach, where AlAs layers are oxidized at 450°C in a wet ambient, with dry 

nitrogen gas flowing at 600sccm bubbled through water maintained at 85°C [20, 21]. 

To study the lateral oxidation rate of AlAs in our setup, we use CAIBE to etch a test 

sample to expose its 250nm-thick AlAs layers for lateral oxidation. After wet 

oxidation for 15 minutes, the AlOx layers are observed to have proceeded to 30µm, 

indicating an oxidation rate of approximately 2µm/min. In addition, although not 

determined categorically, a side view of the oxidized sample indicates a nominal linear 

contraction of the oxidized layers to be approximately 13%, rather than the 9% 

originally expected.  

After oxidation, the peel-off of the oxide layers becomes more prominent due to 

the lattice mismatch between AlOx and GaAs. One possible solution to overcome this 

deficiency is to introduce a strengthening structure at the ends of the 2-D photonic 

crystal ridges where the peel-off begins. Fig. 4-9 schematically shows the proposed 

(b) (c) (a) 
10µm 10µm 10µm 
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structure with perpendicular wide bars supporting the edges of the finer structure. The 

extra bars can be easily defined in the e-beam patterning stage. 

 
Fig. 4-9. Schematic plots of (a) the original 2-D photonic crystal based filter; (b) the filter with 

supporting structures at the boundaries. The wide bar-shaped holders are believed to provide 
a better support to prevent peel-off of the finer fingers inside the structure. 

Next, we experimentally test the validity of this idea. We repeat the process 

described above with the addition of the strengthening bars, and test the stability and 

shelf life of the device. Fig. 4-10 shows the SEM images taken immediately after a 

30min CAIBE process. As before, the results show that the structure is etched through 

the entire layers and reaches a depth of 3µm, which is the target depth of the design 

for our 1550nm 2-D PC filter (assuming 13% oxidation shrinkage afterwards). The 

SiO2 mask is almost worn out, but is just thick enough for the etch depth. The 

remaining SiO2 residues can be selectively removed with wet etching. At the edge of 

the device, where the supporting bar-shaped holders stand, no peel-off is observed. 

Compared with the results with open-ended ridges, the bar-shaped holders provide 

better stability for the structure. 

(a) (b) 
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Fig. 4-10. (a) A top view; (b) a closer tilted view of the 2-D photonic crystal based filter of double-sized 

pattern with bar-shaped supporting holders after a 30min CAIBE process. These SEM 
images are taken immediately subsequent to the etching, and the overall structure seems to 
be reasonably stable; no peel-off is observed. The SiO2 mask residues are almost worn out, 
but are just thick enough to provide a 3µm deep etching for the filter. 

To test the shelf life of the device, we expose the etched sample to the air at 

room temperature. The whole structure nevertheless collapses three days later. The 

AlAs layers are oxidized in the air rapidly, and the lattice constant mismatch between 

GaAs and the oxidized AlOx layers results in excess strain between the layers and 

causes the device to collapse. For etched samples that are wet oxidized immediately 

after a CAIBE process, we find that their shelf life is only slightly longer, due to the 

identical mechanical instability. 

One possible solution is to use AlxGa1-xAs instead of AlAs layers with x less 

than 1 [21]. With such an approach, we expect the shelf life to increase with the 

decrease of x, since the strain between GaAs and the oxidized AlOx layers is reduced. 

However, since the oxidation rate for AlxGa1-xAs is exponentially proportional to x, 

selective oxidation of AlxGa1-xAs layers with a small Al composition will become too 

difficult. Fig. 4-11 demonstrates the results of etched GaAs/Al0.9Ga0.1As samples 

(a) (b) 

1µm 10µm 
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before and after wet oxidation; the structures are smooth across the boundary between 

the layers and remain stable in both cases. 

 
Fig. 4-11. SEM images of testing GaAs/Al0.9Ga0.1As samples for wet oxidation: (a) after etching; (b) 

after wet thermal oxidation. The structures prove to be mechanically stable when exposed to 
the air before and after wet oxidation. 

4.4 Summary 

In this chapter we have discussed several techniques developed to realize the 

three-material 2D photonic crystal structure designed for large area, free space filter 

applications with wide angular incidence. To meet practical fabrication considerations, 

we presented a geometric defect structure design equivalent to the three-material 

scheme in order to meet practical fabrication considerations. We improved our 

patterning and etching techniques of multilayered structures for a higher resolution 

(~150nm) and a greater aspect ratio (~20:1). We investigated the selective wet 

oxidation of the AlAs and Al0.9Ga0.1As, and studied the stability of the oxidized 

structure. However, we found that we cannot obtain a new layered structure with 

Al0.9Ga0.1As to fit the new design due to a lack of new supply sources of the unusually 

thick epitaxial substrate. Therefore, although we have resolved all the technical 

(a) (b) 

1µm 1µm 
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difficulties, we were not able to fully realize this particular device. Nevertheless, the 

techniques developed, and the experiences gained during the project, have helped 

tremendously in fabricating other free-space and integrated optical elements designed 

by our group.  
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Chapter 5 Subwavelength form birefringent structure 
 

5.1 Background 

Many polarization components for free space optics are made of natural 

birefringent materials, such as calcite, because they possess large birefringence due to 

their crystal symmetry. In contrast, many semiconductors, such as silicon (Si) or GaAs, 

have cubic crystal symmetry, resulting in isotropic optical properties. As such, these 

materials are not naturally suitable for polarization sensitive components [1]. However, 

as fabrication techniques advance, structures smaller than optical wavelengths can be 

fabricated within these materials. These structures can be designed to break the 

symmetry on the subwavelength scale, artificially creating structural birefringence and 

allowing the realization of polarization-sensitive components [2]. These form 

birefringent devices are of interest for integrated optical systems, owing to the 

possibility of creating miniaturized polarization control devices integrated with other 

nanophotonic components using the same, or compatible, material systems [3]. Form 

birefringence was first introduced at the turn of the century [4-7], but rigorous analysis, 

fabrication, and characterization in the optical frequency domain has been performed 

only recently [8-12]. Consider effective medium theory for the periodic structure 

depicted in Fig. 5-1, where the periodic parallel dielectric plates with dielectric 

constant ε1 are separated by a second media with dielectric constant ε2. If the linear 

dimensions of the faces of the plates are much larger than the wavelength λ, and the 

period Λ of the structure is small compared to λ, the field distribution varies slowly on 
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a period scale and thus can be considered to be uniform [13]. Specifically, the electric 

field E  (for TE polarization) and electric displacement D  (for TM polarization) are 

approximately constant across the grating period Λ. Applying continuity conditions at 

the boundaries, we obtain: 

For TE polarization (with continuity of electric field E ), 
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and for TM polarization (with continuity of electric displacement D ), 
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where F is the fill factor of the dielectric with dielectric constant ε1, and iE  and iD  

are the electric field and displacement within dielectric εi (i=1, 2), respectively; aveE  

and aveD  are the average electric field and displacement for each case. Therefore, 

there is a difference between the effective dielectric constants for TE polarization ( TEε ) 

and TM polarization ( TMε ): 

2
1 2

1 2

(1 )( ) 0
(1 )TE TM

F F
F F

ε εε ε
ε ε
− −

− = ≥
+ −

.............................................................. (5-3) 



 

 

58

As a result, the structure behaves like a negative uniaxial crystal for the wavelength 

λ Λ  with the optic axis c  depicted in Fig. 5-1. 

 
Fig. 5-1. A regular assembly of thin parallel dielectric plates. 

The fabrication of such devices is not trivial in the submicrometer wavelength 

region, owing to the small feature size of the patterns involved. A straightforward 

approach is to deposit epitaxial layers [14], which represent the dielectric plates in Fig. 

5-1. Alternatively, our approach is to fabricate subwavelength deep gratings using the 

patterning and etching techniques discussed in previous chapters. This approach 

allows more freedom in terms of the geometry and the material system. Therefore, it 

has a significant number of potentially exciting applications, as we can see in Chapter 

6 and 7. Moreover, avoiding the need for growing extra epitaxial layers is highly 

desirable from the point of view of integration.  

5.2 Fabrication 

Our form birefringent sample structure, depicted in Fig. 5-2, has a grating period 

of 600nm and a GaAs fill factor of 0.8. It was patterned with the e-beam lithography 
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described in Chapter 2, using PMMA 950 A4, which is spin-coated uniformly on the 

double-side-polished GaAs substrate at 4000rpm for 40s, followed by 170°C pre-bake 

in an oven for 90min to remove all the solvent in the PMMA layer. The e-beam 

lithography is applied to write within a 50µm-by-50µm area using a dosage of 

175.44µC/cm2 at 35kV. The sample is then developed in MIBK:IPA=1:2 for 2min, 

followed by post-bake in an oven at 170°C for another 90min. Afterwards, a CAIBE 

process (described in Chapter 3) is applied, using RF=200W, RCl2=10sccm, Vb=740V, 

and Va=400V, with Ib=185mA at Tsub=5°C for 1min. Since the target etch depth is 

shallow (300nm), only PMMA is used as the etch mask for the ease of removal after 

etching. 

 
Fig. 5-2. Form birefringent nanostructure was fabricated on GaAs with e-beam lithography and 

chemically assisted dry etching. 
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50µm 

 

50µm 
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• Grating period (Λ) = 600nm 
• Fill factor of GaAs (F) = 0.8 
• Grating depth = 300nm 
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5.3 Characterization 

The fabricated sample is optically characterized at the wavelength of 1550nm 

with the setup depicted in Fig. 5-3. Here, a pair of polarizers (P2 and P3) is used to 

analyze the birefringence of the structure. The quarter-wave plate and the polarizer P1 

are used to generate a circularly polarized beam. Therefore, the intensity transmitted 

through P2 is constant, regardless of its alignment angle. 

 
Fig. 5-3. Optical setup for characterization of fabricated form birefringent structure in Fig. 5-2. 

During the measurement, the sample is positioned with its horizontal edges 

(which are approximately normal to the grating grooves) parallel to the optical table. 

When rotating the crossed polarization pair (P2 and P3) together, with an 

angle Ψ (defined as zero when parallel to the optical table), the image on the infra red 

(IR) charge coupled device (CCD) camera shows that the intensity within the structure, 

unlike outside, is not zero [Fig. 5-4 (b)]. The only exception is when the polarization 

axes of the polarizer pair is along (or perpendicular) to the grooves of the grating, 

where no transmission is observed even inside the grating area. This is a clear 

indication of the birefringence of the structure: When the polarization axes of the 
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polarizers are not parallel to either the slow or the fast axis of the grating, the 

component along the slow axis is delayed in phase, resulting in an elliptic polarization 

and therefore creating a polarization component parallel to the polarization axis of P3. 

In contrast, if the P2-P3 pair are kept parallel and rotated to the same angle Ψ [Fig. 

5-4 (a)], one can easily notice that the transmitted intensity inside the structure is 

lower than outside. 

 
Fig. 5-4. Transmission intensity detected on the IR CCD camera with (a) parallel; (b) crossed 

polarization pair P2 and P3. 

Defining the x-axis as the polarization axis of polarizer P2 as depicted in Fig. 5-5, 

with the intensities of the input (output) polarization components 2
ix ixI V=  and 

2
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ox oxI V=  and 

2

oy oyI V= ), the normalized transmitted intensities of the 

two corresponding polarization components ' /( )ox ox ox oyI I I I= +  and 

' /( )oy oy ox oyI I I I= + can be summarized in Fig. 5-6. Note that there is a small offset 
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between 
2

m π
Ψ = ⋅  and where peaks (dips) of I’ox (I’oy) are located, due to the slight 

misalignment of the grating grooves and the vertical edge of the sample (as one can 

observe in the images of Fig. 5-4). 

 
Fig. 5-5. Polarization components with respect to the polarization axis of P2. 

  
Fig. 5-6. Normalized transmission power with respect to y, which is the angle of input signal 

polarization (x-axis in our definition) with respect to the vertical edge of the sample 
(assumed to be close to the fast axis of the form birefringent structure). The background 
noise is subtracted before normalization. 
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5.4 Discussion 

5.4.1 Zeroth order effective media theory 

Since the refractive index is defined by
0 0

cn
v

µ ε
µ ε

= = , where v  is the velocity 

of propagation, ε  is the permittivity (equal to dielectric constant times free-space 

permittivity), µ  is the permeability, and the subscript “0” denotes the value in free 

space, for most materials (including our GaAs sample), 0µ µ= , and Eqs. (5-1) and 

(5-2) can be used to evaluate the effective refractive indices for the TE and the TM 

polarizations. For λ=1520nm, with 1 3.37GaAs GaAsn ε ε= = = , 2 1air airn ε ε= = = , 

we have 3.10TEn =  and 2.03TMn = . With a grating depth of 300µm, we expect a 

phase delay between the TE and the TM components of 1.33. Furthermore, we can 

theoretically calculate the transmitted power of our system (shown in Fig. 5-7) using 

the Jones matrix approach [15, 16]. With this approach, and using 2.03f TMn n= =  and 

3.10s TEn n= = , we calculate the expected transmission of the system as a function of 

Ψ , as shown in Fig. 5-8. We also present for comparison the measurement results 

obtained for two samples (the sample shown in Fig. 5-6 and an additional sample with 

similar parameters).  
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Fig. 5-7. Transmitted power evaluation in a system similar to our optical characterization setup. 

 
Fig. 5-8. Transmitted power evaluation in a system similar to our optical characterization setup. 

The results in Fig. 5-8 show that the measurement results for the two samples 

agree with each other, confirming the reliability of the fabrication and characterization 

setup. Nevertheless, the measured results deviate significantly from the theoretical 

prediction. We now provide the explanation. 
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5.4.2 Advanced models 

Note that the Eqs. (5-1) and (5-2) are derived from what is commonly known as 

zeroth order effective media theory (EMT), accurate only if 0/ 1nλ λΛ = Λ  (where 

0n λ λ=  is the refractive index of the substrate and 0λ  is the wavelength in free 

space).  Evidently, this is not the case for our sample, as 

0 3.37 600 /1520 1.25n λΛ = × = . To better predict the performance of the device, we 

use a more refined model [8] known as the second order EMT. It is essentially based 

on expanding a tangential function by Taylor series and keeping both the first term as 

well as the third term (the second term vanishes). It can be shown that the first term in 

the Taylor expansion is identical to Eqs. (5-1) and (5-2). Keeping the next non-

vanishing term gives 

2 2 2 2 2
1 22, 0,

1 ( ) (1 ) ( )
3TE TE

F Fπ ε ε
λε ε Λ

= + − − ........................................................... (5-4) 

and  

2 2 2 2 2
2, 0, 0,0,

1 2

1 1 1 3( ) (1 ) ( )
3TM TM TETM

F Fπ
λ ε εε ε εε
Λ

= + − − ............................................ (5-5) 

where the subscript “0” denotes the zeroth order EMT we have used in Section 5.4.1, 

and the subscript “2” denotes the newer model that includes also second order effect. 

Applying this new model with Λ=600nm, we have 2, 3.27TEn = , 2, 2.94TMn = , and 

0.33TE TMn −∆ = . Fig. 5-9 shows the discrepancy of TE TMn −∆  for the two models with 

respect to the fill factor F of GaAs. As one can see, the difference is large, especially 

when the fill factor is close to 1.  
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Fig. 5-9. The relationship TE TMn −∆  with respect to fill factor F for our sample, calculated with zeroth 

order and second order effective media theory. 

In addition, we need to consider the effect of the substrate, where Fresnel 

reflections [17] at the various interfaces (the GaAs substrate and grating, GaAs and air, 

and grating and air) all need to be taken into account. Moreover, within the GaAs 

substrate, higher order diffractions are expected because the propagating wavelength 

in the material λ=1520nm/3.37=450nm is no longer larger than the period of the 

structure. Since both zeroth and second order EMT approaches are based on the 

assumption that only the zeroth diffracted order is allowed to propagate, they are 

expected to be inaccurate, due to the existence of the high refractive index substrate. 

To include these effects, we apply rigorous coupled wave analysis (RCWA) [8] to 

simulate the transmitted power in the setup of Fig. 5-7. The significance of the internal 

diffraction is described in Fig. 5-10. As one can see, the difference between zeroth 

order EMT and other methods is significant as 
λ
Λ >0.2. On the other hand, second 
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order EMT and RCWA agree with each other closely when 
λ
Λ <0.5, while the 

discrepancy grows larger when 
λ
Λ >0.5, indicating that the internal diffraction starts to 

play a role and second order EMT becomes invalid within that regime. 

 
Fig. 5-10. Comparison of the 

λ
Λ

 factor for different models. 

Fig. 5-11 demonstrates the comparative results of zeroth order EMT (with and 

without considering Fresnel reflectivity), second order EMT (with Fresnel reflectivity 

included), RCWA, and the experimental data. The figure shows that the accurate 

RCWA modeling closely matches the experimental data, with second order EMT not 

too far behind, while zeroth order EMT is apparently not applicable with or without 

consideration of Fresnel reflectivity. With reverse-fitting of the measured results using 
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RCWA, the indices of the nanostructure are estimated to be 3.20TEn = , 3.03TMn = , 

with 0.17TE TMn −∆ = . 

 
Fig. 5-11. Simulation results of transmitted power using higher precision models. 

Note that the index difference of 0.17 is comparable to natural materials (Table 

5-1). However, considering that the birefringence can be greatly enhanced by reducing 

λ
Λ  (as the trend shown in Fig. 5-10), it is evident that the form birefringence concept 

is promising for a large variety of potential applications, particularly for 

semiconductor optoelectronics integration. 
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Table 5-1. Comparison of birefringence among natural materials (in white rows) and form 
birefringent media (in yellow rows).  

 0λ  on  en  n∆  aven n∆  
LiNbO3 1150nm 2.229 2.150 0.079 0.036 
Calcite   1.658 1.486 0.172 0.109 
BaTiO3 1550nm 2.304 2.267 0.037 0.016 
Rutile   2.616 2.903 0.287 0.104 
Si photonic 
crystal (rods) [18]

4000nm     0.366   

GaAs grating 1520nm 3.201 3.027 0.174 0.056 

5.5 Summary 

In this chapter, we fabricated a form birefringent nanostructure using the 

techniques described in Chapter 2 and 3. Optical characterization demonstrates 

significant phase delay between two polarization components along the fast and slow 

axes, which provides evidence for a significant birefringence. We applied various 

models–starting from the naïve zero order EMT, through second order EMT, to the 

accurate RCWA approach–to study the physical interpretation of the characterization 

behavior of the form birefringent nanostructure. Consequently, we have learned that 

the internal diffraction and the internal reflection can have considerable effect on the 

performance of the device. To eliminate this effect in the future, a much smaller 
λ
Λ  is 

desirable. An anti-reflection (AR) coating on the back side is also preferable because 

the boundary of the air, and the back side of the substrate, can cause undesirable 

internal reflection that may perturb the characterization result. The simulation result 

using RCWA is shown to be the most accurate, and closely matches the experiment 
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measurement. RCWA is therefore recognized as a useful designing tool for other form 

birefringent structures, as described in Chapter 6 and 7.  
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Chapter 6 Space-variant inhomogeneous media for polarization control 
 

6.1 Background 

Radially and azimuthally polarized modes are known to be very useful for 

various applications, such as laser processing, tight focusing of light, and low loss 

propagation in metal clad fibers [1, 2]. Traditionally, such polarization modes are 

obtained by the interference of two linearly polarized laser beams [3] implemented 

with a bulky and complex optical system, or by space variant twisted nematic liquid 

crystal [4] that requires a continuous power supply. Moreover, the latter approach may 

not be possible to use in operations with high power densities and outside the visible 

spectral range. Alternatively, polarization transformation can be performed using form 

birefringent elements implemented with subwavelength periodic structures etched into 

a high refractive index substrate material. Such artificially engineered inhomogeneous 

dielectrics typically exhibit higher birefringence than natural anisotropic materials, 

and can be easily exploited to control the local properties of the optical field [5-10], 

enabling opportunities not available with natural crystals. Applying such structures to 

implement polarization selective optical elements [11] demonstrates our ability to 

independently modulate the phase of orthogonally polarized optical fields in a space-

variant manner. Recently, form birefringence has been further exploited for the 

demonstration of radial and azimuthal polarization modes [12, 13]. Specifically, 

instead of the quarter wave plate approach [12], the design of Ref. 13 uses a space-

variant inhomogeneous medium (SVIM) with a half wave plate approach to achieve 

higher conversion efficiency by effectively utilizing the aperture of the incident optical 
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filed. Moreover, the half wave plate approach operates with linear incident 

polarization, making it compatible with commonly used polarized laser sources.  

In this chapter, we develop the technology for the microfabrication of form 

birefringent SVIM elements for point spread function (PSF) shaping applications, and 

experimentally investigate and optimize its optical properties, such as efficiency, 

impedance, and spatial frequency response. In addition, we show experimentally that 

the impulse response of a radially and azimuthally polarized pupil results in a donut-

shaped function. In the following section, we present a brief review of the design 

concept of such elements to make the chapter self-contained. In Section 6.3, we 

describe the fabrication of subwavelength structures with high aspect ratios and 

controllable etch profiles using the CAIBE system, and the profiles are evaluated for 

the reduction of the reflection loss via adiabatic impedance matching between the 

substrate and the air. In Section 6.4, we present detailed experimental results for our 

SVIM element. In particular, we validate the generation of azimuthal polarization 

states for optical fields with angular bandwidth in the range of +/- 30 degrees. We also 

validate the far field distribution of the optical mode generated by the SVIM device, 

confirming experimentally the creation of a donut-shaped spot instead of a 

conventional Airy disc. This is an additional advantage of our approach compared 

with the quarter wave plate approach, in which an additional spiral phase plate is 

needed to generate the donut beam. Moreover, we experimentally compare the optical 

transmission through various subwavelength grating profiles, confirming that a 

triangular profile allows higher transmission because it diminishes the Fresnel 

reflections by allowing adiabatic transition of the refractive index between the 
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substrate-air interface, as predicted numerically [5, 14]. Finally, a summary is given in 

Section 6.5.  

6.2 The concept and the design 

It is well known that form birefringent subwavelength periodic structures can be 

used to engineer the polarization dispersion relation between the propagating TE and 

the TM polarized optical fields [7, 8]. The form birefringence effect is equivalent to 

what is observed in uniaxial anisotropic crystals, but on a larger scale. The strength of 

form birefringence is determined mainly by the refractive index contrast of the 

constituent materials and by the fill factor of the periodic structure. If the depth of the 

periodic structure is designed to introduce a π  phase shift between the TE and the TM 

components, it acts as a half-wave retardation plate, rotating the polarization angle of 

the incident linearly polarized light. By controlling the orientation of the form 

birefringent structure, we can engineer the amount of rotation for the incident linearly 

polarized light in a space-variant manner, thereby creating any desired polarization 

distribution within the aperture of the incident linearly polarized field.  

Next, we briefly review the design concepts for our SVIM element, as previously 

described in Ref. 13. We will then develop an analytic term for the polarization 

conversion efficiency for the plane wave and the Gaussian beam profile, and compare 

it with the polarization conversion efficiency of the quarter wave plate approach.  
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Fig. 6-1. Schematic diagram describing polarization transformation: (a) description of the geometry 

definitions; (b) definition of a radial polarization state; (c) definition of an azimuthal 
polarization state. 

Our design considers an incident field propagating in the z-direction and linearly 

polarized along the x-axis [for example, Pi in Fig. 6-1 (a)]. Our goal is to construct a 

beam that is linearly polarized in the radial (azimuthal) direction along the r̂  (θ̂ ) axis 

in the polar coordinate system ( r̂ , θ̂ ). [That is, the polarization state of the output 

field Po shown in Fig. 6-1 (a) is oriented at an angle θ with respect to the x-axis, as 

shown schematically in Fig. 6-2 (b).] Thus, we need to create a half-wave retardation 

plate with principal axis oriented at an angle θ /2 with respect to the x-polarized input 

field. The grating vector gK  for achieving the space variant polarization 

transformation along the r̂ -axis needs to satisfy 

0
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where Λg(r,θ) is the local period of the grating and 0a  is a constant chosen to meet the 

fabrication constraints and aperture dimension requirements. The second equality is 

obtained by assuming a radial dependency of the grating period, that is, Λg(r, θ)=Λg(r), 
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and applying the continuity condition, 0=×∇ gK . It can be shown that such a grating 

can also produce an azimuthal polarization state [shown schematically in Fig. 6-1 (c)] 

if it is rotated by 90° with respect to the x-axis. From Eq. (6-1) it is evident that the 

period of the SVIM is proportional to r½; that is, the period of the element becomes 

infinitesimally small as we approach the central portion of the element. Such a small 

period cannot be supported by the fabrication process, and leads to a hole in the center 

of the element. However, with our approach, the radius of the hole is much smaller 

than that of the quarter wave plate approach (since for that approach the period is 

linearly increasing with r). Thus, we anticipate a significant increase in the overall 

conversion efficiency. 

We design the SVIM element to operate at a wavelength of 0 10.6 mλ µ=  and to 

be realized by a GaAs subwavelength grating (refractive index of 3.13 at this 

wavelength). To ease the fabrication process, we restrict the minimal period to 

Λg,min=2µm, and, in order to avoid internal diffraction within the substrate and to 

reduce dispersion [18], we set the maximal period to Λg,max=3.05µm. By designing the 

outer radius of the device to be 7mm, we obtain ( ) 2/1
0 7/05.3=a  ( )2/1/ mmmµ , with 

the corresponding inner radius, ( ) mmar 3/2 2
0min == . The required etch depth to 

achieve the desired π  phase shift between the TE and the TM polarization 

components is estimated to be 6µm (assuming a rectangular profile with a fill factor of 

50%) using rigorous coupled wave analysis (RCWA) [19].  

The unutilized area of our SVIM element due to the central hole is ~18% of the 

total area. In comparison, by using the design approach of a quarter wave plate with 
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the same period restrictions, one obtains a ~43% unutilized area due to the central hole, 

significantly reducing the polarization conversion efficiency. It should be noted that 

the reduction of the unutilized area is generally evident since, with our design, the 

ratio of inner to outer radius is 

2
max,min, )/( ggoutin rr ΛΛ⋅= .......................................................................... (6-2) 

In contrast, the quarter wave plate approach yields 

)/( max,min, ggoutin rr ΛΛ⋅= ............................................................................ (6-3) 

The significance of reducing the central hole becomes even more pronounced if 

we consider a Gaussian beam illumination, since most of the energy is now 

concentrated in the central portion of the element. For Gaussian beam illumination, the 

conversion efficiency is given by 
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where ω is the beam half width. By using Eqs. (6-2) and (6-3) we obtain 

42 2

1 2

2 2

1 2

g ,minout out

g ,max

out

r rexp exp

rexp

ω ω
η

ω

    Λ    − − −       Λ          =
  − −  

   

..................................... (6-5) 

22 2

2 2

2 2

1 2

g ,minout out

g ,max

out

r rexp exp

rexp

ω ω
η

ω

    Λ    − − −       Λ          =
  − −  

   

.................................... (6-6) 



 

 

78

where η1,2 stand for our approach and the quarter wave plate approach, respectively. 

The predicted conversion efficiencies in Fig. 6-2 show the advantage of our approach 

in achieving much higher efficiencies at smaller values of ω. As the value of ω 

increases, both approaches reach their corresponding asymptotic values derived for 

plane wave illumination. 

 
Fig. 6-2. (a) Polarization conversion efficiency vs. normalized Gaussian beam width. #1 is the half 

wave plate approach, whereas #2 is the quarter wave plate approach. Both values approach 
the asymptotic limit of plane wave illumination as the normalized beam width increases. (b) 
The ratio of efficiency between the two approaches vs. normalized Gaussian beam width. 
The ratio increases with the decrease of normalized Gaussian beam width. 

6.3 Fabrication 

To fabricate the device, the GaAs substrate is coated with anti-reflection layers 

on the back side to reduce the insertion loss, and to eliminate the multiple-reflection 

within the sample that may interfere with the desired polarization dispersion relation. 

The front side of the substrate is patterned with BPRS-100 photo resist as a dry-

etching mask via standard photolithography. To transfer the mask pattern into the 

GaAs substrate, we use the CAIBE described in Chapter 3, which provides a high-

aspect-ratio etch profile to meet the design specifications with a minimal feature size 

(a) (b) 
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of approximately 1µm and an etch depth of approximately 6µm. Unlike reactive ion 

beam etching (RIE), a CAIBE process provides independent control of the physical 

bombardment and the chemical etch reaction [17-18, 20-24]. This is especially 

important when using a single layer of photo resist as the dry-etching mask for deep 

profiles with small feature sizes, as one can take advantage of its chemical resistance 

to reactive gases to eliminate the necessity for further pattern transfer processes [22].  

With an over-powered physical bombardment in a CAIBE process, the ions tend 

to cause surface damage; meanwhile, the etch mask erodes considerably. Conversely, 

an insufficient physical bombardment results in significant surface redeposition and 

increases the roughness of the sample surface. For example, in our test samples in Fig. 

6-3, (a) shows an overcut etch profile resulting from mask erosion due to the excess 

physical bombardment, while (b) shows a structure with significant surface roughness 

due to the excess chemical reactions. Therefore, a balanced process is usually required 

to fabricate smooth and accurate profiles with high-aspect-ratio structures that 

maintain the original profile of the etch mask. For this particular case, we optimize the 

balanced recipe, with Vb=600V, Va=500V at 20°C, and fabricate a device with a 

rectangular, 6:1 aspect-ratio etch profile [Fig. 6-4 (a)]. The proportion of Cl2 to Ar is 

kept at 26:17 in the chamber, with the Ar+ plasma generation power RF= 95W.  

While a rectangular profile is ideal for achieving large phase retardation, it gives 

rise to an undesirable Fresnel reflection at the grating-air boundary. The effect can be 

minimized if the grating structure has a trapezoidal or triangular etch profile [5, 14]. 

To fabricate a high-aspect-ratio structure with the overcut effect as shown in Fig. 6-3 

(a), we deliberately increase the number of argon ions by setting Ar+ generation power 
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to 100W, with a higher kinetic energy level at Vb=700V. To maintain the selectivity of 

the etching process, the proportion of Cl2 to Ar is set to 30:17. Meanwhile, by setting 

Vb=700V and Va=500V, the collimation of the ion beam provides sufficient lateral 

erosion rate of the mask. The adjustment is well managed so that the surface damage 

is minimized and the etch mask survives along the process, resulting in a deep, 

triangular etch profile [Fig. 6-4 (b)]. 

To summarize, we have developed a dry etching process to tailor high-aspect-

ratio profiles in GaAs such that the trade off between phase retardation and Fresnel 

reflection can be precisely controlled. It is worthwhile to note that to render a 

triangular etch profile the Vb and Va are set for a less divergent beam. This trend of 

anisotropy dependency is very different from a CAIBE system with a small ion source 

[24], but relatively close to an RIBE system with a broad beam source [18].  

 
Fig. 6-3. The SEM images of testing etched sample profiles demonstrate the effects of excess physical 

or chemical mechanisms. (a) Excess physical bombardment erodes mask considerably and 
causes overcut etch profiles. When over-powered, it may also cause surface damage to the 
sample. (b) Excess chemical reaction enhances surface redeposition randomly all over the 
sample and increases the surface roughness. Strong redeposition can dominate and inhibit the 
etching process. 

(a) (b)

10µm 10µm 
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Fig. 6-4. SEM images of the cross-sections of the etched sample profiles. The profile can be controlled 

with the degree of collimation of the ion beam. (a) A balanced recipe results in a rectangular 
etch profile. (b) A recipe with extra lateral physical bombardment enhances the mask erosion 
sideways and results in a triangular etch profile. 

6.4 Optical characterization and device performance 

The fabricated form birefringent elements have been characterized 

experimentally to validate the four features studied in this chapter. For all these 

experiments, we use a linearly polarized beam derived from a single mode CO2 laser, 

at a wavelength of 10.6µm. The input beam is expanded and collimated to cover the 

entire form birefringent SVIM device aperture.  

6.4.1 Polarization distribution 

For the first validation experiment on generating a radial (azimuthal) polarization 

state, the polarization of the incident beam is aligned parallel to the x (y) axis of the 

SVIM, producing a radial (azimuthal) polarization state. These experiments are 

conducted to confirm that the newly fabricated element with variable grating profiles 

performs in a manner similar to those validated in Ref. 13 and are not affected by the 

shape of the profile studied below. The output beam is transmitted through an analyzer 

converting polarization modulation of the wavefront into amplitude modulation. The 

5µm 5µm 

(a) (b)
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output of the analyzer is then imaged onto an infrared camera for measurement and 

further analysis. The optical setup is shown schematically in Fig. 6-5. The intensity 

distribution of the image detected by the IR camera is then used to verify the 

polarization conversion of the SVIM. To reduce the effect of lateral quantization noise 

due to the limited spatial resolution of the camera, we performed integration of the 

obtained intensity values along the radial axis at each angle θ. An example of the 

generation of the azimuthally polarized beam is shown in Fig. 6-6, in which 

the normalized intensity is compared with the theoretical curve (sin2θ). It is evident 

that the obtained experimental result fits well with the theoretical prediction.  Notice 

that the relatively low polarization contrast of ~10:1 is probably due to a slight 

discrepancy between the fabricated grating profile and the ideal profile. This result 

also agrees with a previous publication [13]. 

 
Fig. 6-5. Optical setup for the characterization of polarization conversion. A horizontally linear 

polarized beam retrieved from a CO2 laser is expanded and collimated to cover the whole 
SVIM device. To measure the polarization states of the output, the image for analysis is 
acquired on the IR camera after a horizontally polarized analyzer. 
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Fig. 6-6. The angular dependence of normalized transmitted intensity after the polarization analyzer, 

where θ is the angle to the horizontal, linearly polarized input. The experimental data is then 
obtained by digital integration across the radial coordinate of the image obtained with the 
setup in Fig. 6-5. The result agrees with the theoretical curve. 

6.4.2 Incident angular dependence 

In the second experiment, we validate the expected invariance of the linear-to-

azimuthal polarization converter to beams with varying incidence angles in order to 

enable operation with wide angular bandwidth signals in support of imaging 

applications. For this experiment, we tilt the SVIM element with respect to the vertical 

axis and estimate its performance as a function of the angle of incidence. The results, 

shown in Fig. 6-7, indicate that significant polarization conversion exists even for an 

incident angle of 30°, where the extinction ratio was estimated to be higher than 4.5. 

(Notice that the fringes are caused by the back reflection of the imaging lenses of the 
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IR camera.) Therefore, we believe that the SVIM device can also be integrated with 

imaging systems possessing relatively high numerical apertures. The observed elliptic 

shape of the image for higher incidence angles is due to the projection of the tilted 

device on the imaging plane. In realistic applications, where the beam (rather than the 

device) is tilted, this elliptic shape will be eliminated.  

 
Fig. 6-7. Experimentally obtained images showing polarization conversion for incident angles of (a) 0°; 

(b) 10°; (c) 20°; and (d) 30°. A crossed analyzer is used to convert the polarization 
transformation into amplitude modulation. 

6.4.3 Far field distribution 

In the third experiment, we confirm that the expected donut-like point spread 

function is produced by our SVIM element. For this experiment, we removed the 

polarization analyzer in the system shown in Fig. 6-5 and used a converging 

illumination beam that produces the far field distribution in the focal plane of the lens, 

located approximately 80 cm behind the SVIM element.  The focal plane was then 

imaged onto the IR camera with a magnification ratio of ~2. Horizontal cross-sections 

of the calculated and the measured optical field distributions are given in Fig. 6-8; the 

inset corresponds to the entire far field distribution as captured by the IR camera. The 

obtained donut beam is clearly observed, and the experimental result agrees well with 

the theoretical prediction. It should be noted that the donut beam was obtained with 

(a) (b) (c) (d) 
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direct laser illumination, while the quarter wave plate approach requires an additional 

spiral phase compensation plate, making that approach more cumbersome.  

 
Fig. 6-8. Cross-sections of the far field distributions of the SVIM element. 

6.4.4  Effect of etch profile 

Finally, we investigate the effect of the etch profile on the substrate-air interface. 

For this experiment, we illuminated two different sets of samples at various regions 

with a narrow polarized beam (approximately 1mm in diameter) to measure the 

transmitted power. The transmittance for each sample is obtained by normalization 

with respect to the input power. Table 6-1 shows the two sets of samples with 

triangular (A, B) and rectangular (C, D) etch profiles, respectively. Each set has two 
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samples with slightly different fill factors. For comparison, the transmitted power is 

measured for each sample, at the regions defined as “TE” (φ = 0), “TM” (φ = π/2), and 

“45°” (φ = π/4) within the SVIM, and “substrate” outside the SVIM, where φ is the 

angle of local grating groove orientation with respect to the input polarization. In the 

TE and the TM regions, the field distribution in the SVIM is similar to the TE and the 

TM modes defined in Ref. 5. For all four samples, the transmission of the TE mode is 

slightly lower than (if not equal to) that of the TM mode. This is probably due to the 

effect of the relatively higher effective index of the TE mode, making the local index 

of the SVIM slightly closer to the GaAs substrate compared with the TM mode. As 

expected, we also note that the transmission values in the 45° region for each of the 

samples usually fall between the TE and the TM values. Table 6-1 shows that the two 

samples with triangular etch profiles provide significantly higher transmittance than 

those with rectangular profiles. This is due to the adiabatic transition from the index of 

the substrate to that of the air. The trend agrees well with the RCWA simulation 

results (see Table 6-1), where we utilize a 2µm-period infinite grating structure for 

each of the samples with profiles estimated from the cross-sections of the SEM images. 

Despite the minor discrepancies that are expected due to the space-variant periodicity 

and scattering loss of the actual device, the simulation results agree well with our 

measurements. From the results, it is evident that the triangular profile design 

significantly enhances the transmittance of the component. This trend also agrees with 

previously reported theoretical simulations [5, 14]. Although the above discussions 

only focus on the design depicted in Section 6.2, it should be noted that similar 
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fabrication considerations can be applied to the alternative design described in Ref. 13, 

where conversion efficiency can be further improved.  

Table 6-1. The measured transmission on four different samples over different regions, where TE/TM 
represents the input signal with electric filed parallel/perpendicular to the subwavelength 
structures and 45° represents somewhere in between. Compared with the values in the 
substrate, which is the area without any patterns, the transmission is enhanced where there is 
a subwavelength structure. Meanwhile, the samples with triangular profiles (Sample A and 
B) generally exhibit higher transmission compared with the ones with rectangular profiles 
(Sample C and D). The triangular profile of the subwavelength structures therefore serves as 
a better anti-reflection coating at the sample surface. The trend agrees with the RCWA 
theoretical results listed in the lower rows of the table, which are simulated using 2µm 
period gratings with similar profiles. 

 Sample A Sample B Sample C 

 

Sample D 

 

Air 100% 100% 100% 100% 
Substrate 72% 72% 71% 70% 
TE 91% 97% 78% 80% 
45° 94% 96% 83% 81% 
TM 96% 97% 86% 81% 
Fill factor 
(top-bottom) 
estimated for 
RCWA 

15%-90% 20%-85% 40%-100% 50%-60% 

TE (RCWA) 95% 92% 85% 86% 
TM (RCWA) 99% 98% 99% 95% 

 

6.5 Summary 

We experimentally characterized the properties of an optical element that 

generates a donut-like point spread function by converting the linearly polarized 

incident field to radially or azimuthally polarized light utilizing SVIM form 

birefringent subwavelength structures. The device is designed to locally introduce a π 

2µm 2µm 2µm 2µm 
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phase shift between the TE and the TM input polarization components, thereby 

converting the incident linearly polarized light into the desired radial or azimuthal 

distribution. To fabricate the high-aspect-ratio deep structures for operation at the 

wavelength of 10.6µm, we developed a CAIBE process that enables control of the 

fabricated form birefringent structure profile to optimize the effect of birefringence 

and the impedance mismatch on the substrate-air interface. Since these structures 

provide adiabatic transition at the substrate-air interface, the results show higher 

transmission values with triangular profiles. Fabricated elements perform efficient 

polarization conversion for incident angles of up to 30 degrees, and the extinction ratio 

was found to be better than 4.5. Finally, the intensity distribution in the far field shows 

our SVIM device generates a donut point spread function which may prove useful in 

various applications.  
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Chapter 7 Subwavelength computer generated holograms for spot array 
generation 

 

7.1 Background 

Subwavelength form-birefringent structures can be engineered to artificially 

create unique anisotropic [1, 2] and dispersive [3-5] properties. The subwavelength 

grating lines can be distributed within the device aperture both continuously, by 

realizing polarization transformers [6, 7] and polarization beam splitters [8], and 

discretely, by using a cell-encoded approach and realizing polarization selective 

elements [9], blazed gratings [10, 11], lenses [12], polarization analyzers [13, 14], as 

well as array generators [15-17]. In general, these devices utilize optimization of the 

two independent degrees of freedom–that is, the orientation of the form birefringent 

grating and the amount of birefringence–to control the complex amplitude of the two 

orthogonally polarized optical field components. In this chapter, we discuss a specific 

class of form-birefringent computer-generated holograms (FBCGH) that produce 

symmetric far-field intensity reconstruction for linearly polarized incident fields. 

Generally, an overall symmetric intensity pattern in the far-field is obtained by the 

superposition of intensities generated by the two orthogonal circular polarization states, 

where these intensities are either symmetric or asymmetric. With several simplifying 

assumptions, we show that, for the superposition of symmetric intensity patterns, the 

overall far-field intensity distribution is polarization insensitive and equivalent to that 

of the scalar computer-generated hologram (besides the additional freedom to control 

the zero order independently); whereas in the case of superposition of asymmetric 



 

 

92

intensity patterns, a linear incident polarization is required in order to produce the 

desired symmetric overall intensity distribution. We also provide a design method that 

allows limiting the search region of the phase retardation. Our findings are supported 

by design, fabrication, and experimental characterization of a novel FBCGH elements 

realizing spot array generation.  

In this chapter, we begin with a general theoretical analysis (Section 7.2). 

Section 7.3 presents simplified equations for the case of a symmetric array illuminated 

with linearly polarized light and discusses the relationship between phase retardation 

and central spot intensity. The experimental validation of two design examples (1 by 3 

and 1 by 5 array generator elements) is discussed in Section 7.4, followed by a 

summary in Section 7.5.  

7.2 Theoretical analysis 

For a grating with a period smaller than the wavelength of the optical field in the 

material, the operation of a FBCGH element is best explained by the effective index 

concept [18]. Such a structure does not support propagating diffraction orders (besides 

the zeroth order), but, due to the difference in polarizability, its overall dielectric 

properties are similar to those of a negative uniaxial crystal [19]. The effective 

dielectric constant obtained for the TE polarized field (electric field perpendicular to 

the subwavelength grating k-vector) is larger than that obtained for the TM polarized 

field (magnetic field perpendicular to the subwavelength grating k-vector), introducing 

phase retardation between these two polarization components of the incident optical 

fields. For example, if the depth of the periodic structure is designed to introduce a 
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π phase shift between the TE and the TM components, the device will act as a half-

wave retardation plate. An incident linearly polarized field will experience rotation of 

its polarization by twice the angle between the k-vector of the form birefringent 

structure and the direction of the incident linearly polarized field. By controlling the 

orientation of the form birefringent structure, we can engineer the amount of rotation 

in a space-variant manner. The phase retardation is determined by the fill factor and 

the etch depth of the subwavelength grating. The FBCGH approach utilizes a 1-D or 

2-D array of cells (see Fig. 7-1), each containing a subwavelength grating with desired 

orientation and birefringence.  

 
Fig. 7-1. Schematic diagram of diffractive optical element using subwavelength grating based phase 

modulation: subwavelength grating with a period Λ  is introduced into each cell with 
orientation of the grating ( , )x yθ . 
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Next, we analyze the properties of an optical field transmitted through an 

FBCGH element made of a simple binary profile with a constant fill factor. 

Fabrication of such a device will not require complicated calibration and alignment 

steps. For our analysis, we ignore Fresnel reflections from the substrate-air interface 

because our fabricated devices are usually coated with an anti-reflection layer on the 

flat surface. We also assume cell size to be larger than the wavelength of the optical 

fields to allow validity of thin element approximation [20]. 

Consider a circularly polarized incident plane wave transmitted through the 

FBCGH element located at 0z = , with x, y being the transverse coordinates. The 

transmitted optical field is given by 

( ) ( ) ( )1, , 0 , , inTE x y z R x y GR x y V−+= = .................................................. (7-1) 

where ( )
( ) ( )
( ) ( )

cos , sin ,
,

sin , cos ,

x y x y
R x y

x y x y

θ θ

θ θ

       =  
−         

 is the rotation matrix and 

( )
( )

exp / 2 0
0 exp / 2
i

G
i

φ
φ

− 
=  

 
 is the Jones matrix representing the birefringence 

generated by the subwavelength grating in each cell (with respect to the rotated 

coordinate system). φ  is the phase retardation of the grating (its value depends on the 

etch depth, the grating profile, and the refractive index of the substrate) and is 

assumed to be space invariant under the assumption of constant etch depth and 

constant fill factor made above. In general, however, the phase retardation (and 

therefore G  ) can be space variant. ( ),x yθ  is the local rotation angle of the 

subwavelength grating in each cell. For incident right- and left-hand circularly 
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polarized light, described by the corresponding Jones vectors, 
1

inRV
j

 
=  

 
 and 

1
inLV

j
 

=  − 
, we use Eq. (7-1), and obtain the transmitted field given by 

( ) ( ) ( ) ( )
1 1

, , 0 cos / 2 sin / 2 exp 2 ,TRE x y z j j x y
j j

φ φ θ+    
= = − +      −   

..... (7-2) 

and 

( ) ( ) ( ) ( )
1 1

, , 0 cos / 2 sin / 2 exp 2 ,TLE x y z j j x y
j j

φ φ θ+    
= = − −     −   

..... (7-3) 

respectively. A similar result can also be found in Ref. 8. 

For various applications, including spot array generation, far-field intensity 

distribution is of main concern. In the far-field, one obtains  

( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

', ' , exp 2 ' '

1 1
cos / 2 ', ' sin / 2 exp 2 , exp 2 ' '

R TR

d

E x y E x y xx yy dxdy

x y j j x y j xx yy dxdy
j j

π

φ δ φ θ π

∞

−∞

∞

−∞

= − +  

   
= − − +          −   

∫ ∫

∫ ∫
............................................................................................................................. (7-4) 

and 

( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

', ' , exp 2 ' '

1 1
cos / 2 ', ' sin / 2 exp 2 , exp 2 ' '

1
cos / 2 ', ' sin / 2 exp 2 , exp 2 ( ') ( ')

L TL

d

d

E x y E x y xx yy dxdy

x y j j x y j xx yy dxdy
j j

x y j j x y j x x y y dxdy
j

π

φ δ φ θ π

φ δ φ θ π

∞

−∞

∞

−∞

∞

−∞

= − +  

   
= − − − +         −   

 
= − − − + −        −  

∫ ∫

∫ ∫

∫ ∫
*

1
j

  
  

 

............................................................................................................................. (7-5) 

where ~ and * denote Fourier transform and complex conjugate operations, 

respectively; x’ and y’ are the normalized transverse spatial coordinates in the far-field 

(the constant 0zλ  factor is ignored); and ( )', 'd x yδ  is the Dirac delta function. 
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By comparing Eq. (7-4) and (7-5) it is evident that 

( ) ( )', ' ', 'R LE x y E x y= − − ......................................................................... (7-6) 

This mirror-symmetry property is of major importance, and will be used to analyze the 

FBCGH performances. 

It is useful to distinguish between two cases when (A) ( ), ', 'R LE x y  is 

asymmetric, that is, ( ) ( ), ,', ' ', 'R L R LE x y E x y≠ − − , and when (B) ( ), ', 'R LE x y  is 

symmetric, that is, ( ) ( ), ,', ' ', 'R L R LE x y E x y= − − . 

 

A. Asymmetric field 

In general, the incident field is elliptically polarized,  

( ) ( )
( ) ( )

cos exp / 2
sin exp / 2

in
j

V
j

χ δ
χ δ

− 
=  + 

...................................................................... (7-7) 

where ( )tan χ  denotes the magnitude ratio between the two Cartesian components of 

the electric field, and δ  is the phase difference between these two components. 

Elliptic polarization state can be described as a linear superposition of the two 

orthogonal circular polarization states: 

1 1
inV

j j
α β

   
= +   −   

.................................................................................. (7-8) 

where α , β  are the weighting coefficients given by 

2 cos( 2) sin( 2),
2 cos( 2) sin( 2)

j
j

α χ δ χ δ
β χ δ χ δ

= − − +
= + + −

........................................................... (7-9) 
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and satisfying 2 2 1α β+ = . The overall far-field intensity distribution is obtained by a 

weighted summation of intensities corresponding to the two orthogonally polarized 

fields, yielding 

( ) ( ) ( ) ( ) ( )
2 2 2 22 2 2 2', ' ', ' ', ' ', ' ', 'R L R RI x y E x y E x y E x y E x yα β α β= + = + − −

.............................................................................................................................
(7-10) 

where we used Eq. (7-6). It is evident that an overall symmetric intensity distribution 

is achieved only with 2 2α β= . The corresponding values of χ , δ , derived from Eq. 

(7-9), need to satisfy 

( ) ( )2 2cos / 2 cos / 2 0χ δ χ δ− − + = .......................................................... (7-11) 

yielding 

/ 2nχ π=  or mδ π=  ................................................................................ (7-12) 

where n, m are integers. Notice that the last equation defines a linearly polarized light. 

Therefore, in the case where the far-field intensity pattern produced by each of the 

circular polarization components is asymmetric, achieving an overall symmetric far-

field intensity pattern will be possible only with a linearly polarized incident optical 

field. This result can be understood intuitively by observing the Poincare sphere: each 

coordinate having the same distance from the north and the south poles (corresponding 

to right and left circular polarizations) must be located on the equator plane (which 

corresponds to the linear polarization states). Since the overall far-field intensity 

pattern depends on the incident polarization, we refer to this case as “polarization 

sensitive beam shaping.” 
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B. Symmetric field 

When ( ), ', 'R LE x y  is symmetric, the far-field intensity patterns produced by 

both circularly polarized terms are identical, yielding 

( ) ( ) ( ) ( ) ( )
2 2 2

', ' ', ' ', ' ', ' ', 'L R RL RI x y E x y E x y E x y I x y= = − − = = ...... (7-13) 

Since an arbitrary incident polarization state can be decomposed onto circular 

orthogonal basis, the obtained overall far-field intensity pattern is polarization 

insensitive. We now show that in such a case, the FBCGH is equivalent to scalar 

computer-generated hologram (CGH).  

Generally, the field distribution behind a scalar phase only CGH is given by 

( ) ( ), , 0 exp ,SE x y z j x y+= = Φ   ............................................................. (7-14) 

with ( ) ( )2 , ,x y x yθ = Φ , and neglecting the first constant cosine term in Eqs. (7-2) 

and (7-3) (contributing only to the zero order), leading to 

( ) ( ), , 0 , , 0TR SE x y z E x y z+ += = = ........................................................... (7-15) 

and to the corresponding far-field 

( ) ( )', ' ', 'R SE x y E x y= .............................................................................. (7-16) 

The overall intensity distribution is now 

( ) ( ) ( ) ( ) ( )
2 2 2 22 2', ' ', ' ', ' ', ' ', 'R L R S SI x y E x y E x y E x y E x y Iα β= + = = =

............................................................................................................................. (7-17) 

where scalar field intensity is defined, ( )
2

', 'SSI E x y= . 
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Equation (7-17) shows that when ( )', 'RE x y  is symmetric, our FBCGH will be 

equivalent to a scalar element. Nevertheless, even in such a case, there is an advantage 

in using the FBCGH if the central spot is also desired (as in the case of 2N+1 desired 

spots). This is due to the additional cosine term [see Eqs. (7-2) and (7-3)]. (The 

significance of this term will be discussed in the next section.) An additional 

advantage is purely technological–since continuous phase modulation is obtained by 

the rotation of the binary subwavelength grating lines, there is no longer a need for 

complicated, multi-level fabrication processes. 

In summary, when the far-field intensity pattern produced by each of the 

circularly polarized components is asymmetric, the overall symmetric far-field 

intensity pattern can be achieved only with a linearly polarized incident beam, and the 

intensity pattern is polarization sensitive. On the other hand, when the intensity pattern 

produced by each of the circularly polarized components is symmetric, the overall 

farfield intensity pattern is always symmetric and polarization insensitive, similarly to 

the scalar case. The practical significance of these conclusions implies that when 

symmetric intensity pattern is desired, there is no longer a need to search for an input 

polarization state during the optimization process; linearly polarized light can always 

be chosen, significantly reducing computational effort and complexity. 

The advantage of our subwavelength CGH over the scalar CGH can be easily 

understood using the example of a desired symmetric array having 2N spots along the 

x’- axis. This can be achieved with 

( ) ( )
2

1 1
' ' ' '

N N

R d d
n n

E a x n x b x n xδ δ
= =

= − ∆ + + ∆∑ ∑ ............................................ (7-18) 
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where, for simplicity, we assume that the far-field distribution is described by a 

superposition of delta functions, and ,a b  can be chosen arbitrarily. Using Eq. (7-6), 

( ) ( )
2

1 1
' ' ' '

N N

L d d
n n

E b x n x a x n xδ δ
= =

= − ∆ + + ∆∑ ∑ ............................................ (7-19) 

and the overall symmetric intensity pattern (assuming a linearly polarized incident 

field) is given by 

( ) ( )
2 2

1 1

( ) ' ' ' '
N N

R L d dI E E a b x x x n xδ δ = + = + − ∆ + + ∆  
∑ ∑ .................. (7-20) 

As shown, the ratio /b a  can be arbitrarily chosen such that the far-field 

intensity pattern can be optimized with respect to a pre-defined figure of merit. Clearly, 

this is an important advantage compared with the standard scalar design, which is 

equivalent to the b a=  case. This example can be easily extended to non-uniform spot 

array by letting the coefficients ,a b  be inside the summation.  

7.3 Design 

Next, we consider the example of a symmetric spot array generation application, 

and, following the above discussion, we use a linearly polarized incident beam. For 

reference, we choose the incident polarization to be parallel to the y-axis. Notice that 

rotating the polarization angle will not change the far-field intensity pattern, since it 

will only add a constant phase term to each of the decomposition coefficients ,α β  in 

Eq. (7-8). 

A linearly polarized incident field along the y-axis corresponds to superposition 

in Eq. (7-8) with 1 1,
2 2j j

α β= = − , simplifying Eq. (7-2), 
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( ) ( ) ( ) ( ) ( ) ( ){ }ˆ ˆ, , 0 sin / 2 sin 2 , cos / 2 sin / 2 cos 2 ,TE x y z j x y x j x y yφ θ φ φ θ+= = − − +      
............................................................................................................................. (7-21) 

The obtained transmitted field is a vector described by two orthogonal Cartesian 

components. The overall far-field intensity pattern is given by an incoherent 

summation of their Fourier transform; that is, 

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

2 2 2 2

2 2

', ' ', ' ', ' cos / 2 ', ' sin / 2

sin 2 , exp 2 ' ' cos 2 , exp 2 ' '

x y dI x y E x y E x y x y

x y j xx yy dxdy x y j xx yy dxdy

φ δ φ

θ π θ π
∞ ∞

−∞ −∞

= + = + ×

     + + +                  
     
∫ ∫ ∫ ∫

............................................................................................................................. (7-22) 

where ( )', 'xE x y  and ( )', 'yE x y  are the Fourier transform components of ( ) ˆ,TE x y x  

and ( ) ˆ,TE x y y , respectively. 

Using Eq. (7-22), one can now calculate the intensity at the far-field origin (the 

zeroth diffraction order term): 

( ) ( ) ( ) ( ) ( )
2 2

2 2' 0, ' 0 cos / 2 sin / 2 sin 2 , cos 2 ,I x y x y dxdy x y dxdyφ φ θ θ
∞ ∞

−∞ −∞

     = = = + +          
     
∫ ∫ ∫ ∫

............................................................................................................................. (7-23) 

The last equation demonstrates an additional advantage of the FBCGH device: 

by modifying the phase retardation φ , the intensity of the central spot can be 

independently controlled without modifying the relative intensity distribution of the 

other spots. Obviously, the absolute intensity values will be changed to maintain 

conservation of energy, as demonstrated by the sine term. This is not always the case 

for a scalar CGH. 

Following Eq. (7-23), the designed phase retardation needs to satisfy 

( ) ( )2cos / 2 0,0Iφ ≤ ................................................................................... (7-24) 
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For an example application where the central spot needs to be diminished (as in the 

case of symmetric array with an even number of spots), the phase retardation obeys 

( )2 1nφ π= +  where n is an integer. To relax the fabrication requirements, we usually 

choose n=0. For the typical application where 2N+1 equal intensity spots are desired, 

the phase retardation is limited by 

1
min

12cos
2 1N

φ −  =  + 
 (7-25) 

As N increases, minφ  tends towards the asymptotic value of π . By using Eq. (7-25) as 

the search region for the phase retardation, φ  is restricted, significantly reducing the 

computational effort during the optimization process.  

7.4 Experimental validation 

For experimental validation of our novel design methodology, we choose to 

investigate 1 by 3 and 1 by 5 array generators. To optimize the rotation angle 

( )', 'x yθ  along the FBCGH element, we use a slightly modified version of the 

simulated annealing optimization procedure [21]. This optimization engine is 

computation intensive, but, in comparison to iterative-Fourier-transform-algorithm 

(IFTA) [22], provides more freedom in choosing the cost function. (Detailed 

comparison between the two algorithms is beyond the scope of this chapter.) 

For the optimization, we set an initial value for φ  [see Eq. (7-25)], an initial 

pixilated random profile of ( ),x yθ , and an initial temperature T. As an error metric, 

we use 
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( ) ( )
', '

', ' ', 'desired obtained
x y ROI

e I x y I x yη
∈

= −∑ ∑ ............................................ (7-26) 

where ROI denotes region of interest, η  is the desired diffraction efficiency, 

and ( )', 'obtainedI x y  is calculated using Eq. (7-22). An initial error value was calculated 

using Eq. (7-26). Next, we modify the rotation angle ( ),x yθ  for a specific cell and 

observe the evolution of the error. The new value of ( ),x yθ  is accepted only if 

( )exp /new oldE e e T P= − − >    , where P is a random number (0<P<1), and newe , olde  

are the error values before and after applying the modification, respectively. In a case 

where the modification is accepted, the old error value is replaced by the new one. We 

repeat the described procedure for all the cells 50 times. This is defined as a single 

iteration. Next, we reduce the temperature (from trial and error, we have chosen 

( )0 / 3ln 1T T it= +    as a typical cooling rate, where it denotes the number of 

iterations) and a new iteration is carried. Once stabilization occurs (that is, less than 5 

modifications are accepted within a single iteration), the optimization process is 

complete. 

Typically, there is a general trade off between the diffraction efficiency and the 

uniformity of the obtained reconstruction, such that 100% efficiency with perfect 

uniformity is not always possible to achieve. For our validation examples, we set the 

uniformity threshold to 0.997 (the uniformity is defined as the ratio between the 

minimal and the maximal intensity within the array), thereby allowing an intensity 

variation of approximately 0.3%. First we set the efficiency value η  to 1 and observe 

the uniformity (which is typically smaller than the threshold value). We then gradually 
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decrease the efficiency parameter to a value that will allow us to achieve our stringent 

uniformity requirement. 

Our first example on 1 by 3 array generation with three equal intensity spots uses 

the subwavelength FBCGH device parameters that can be calculated analytically [15], 

yielding 100% diffraction efficiency and perfect uniformity for an element with linear 

phase function for each of the circular polarization components, obtained by setting 

( ) /x x dθ π=  , where d determines the deflection angle of the diffracted field. With a 

linear incident polarization, we can reconstruct 2 symmetric off axis spots in the far-

field. By choosing 0.608φ π=  (using Eq. (7-25)), a zeroth diffraction order term with 

equal intensity also appears, producing a total of 3 spots. For comparison, we test our 

optimization procedure and obtain the same design parameters. Notice that, for a 

scalar computer-generated hologram, the predicted diffraction efficiency calculated 

using IFTA is 92.5% (although the upper bound for diffraction efficiency is slightly 

higher [23]). 

For the additional example of 1 by 5 array generation, there is no known analytic 

solution. Using our optimization scheme, an efficiency prediction of 96.5% with the 

corresponding phase retardation value of 0.74 π  is obtained. In comparison, for a 

scalar computer generated hologram, the predicted diffraction efficiency calculated 

using IFTA is 91.9%. 

7.4.1 Fabrication 

For the realization of 1 by 3 and 1 by 5 array generators, we apply standard 

microfabrication procedure by generating a lithographic e-beam mask, followed by 
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photolithography and CAIBE to transfer the structure into a GaAs substrate. First, we 

prepare the grating structure in a format of a GDSII file that is used for the fabrication 

of the e-beam mask. The orientation of the grating lines matches the ( ),x yθ  data 

obtained from the design procedure. To ensure that the desired structure is indeed 

equivalent to a uniaxial crystal, the subwavelength-grating period Λ   is chosen to 

meet our effective medium assumptions 0 / nλΛ < , where 0λ  is the optical 

wavelength in free space and n is the refractive index of the substrate. To ease on the 

fabrication procedures, we choose to test our approach for applications at a longer 

wavelength, using a CO2 laser operating at 0 10.6λ = µm. Since we use a GaAs 

substrate with a refractive index of 3.13 at 0 10.6λ = µm, the grating period needs to be 

smaller than 3.38µm. To reduce dispersion effects [5], we use a period of Λ=2.5µm. 

To avoid overlapping between the neighboring spots, the structure is replicated 4 times 

along the x-axis. The element is designed to have 32 cells per period, resulting in a 

total number of 128 cells. We set the cell size to 100µm, leading to a total aperture of 

12.8mm along the x-axis and a period of d=320µm. To generate a rectangular element, 

the aperture along the y- axis is also set to 12.8mm. 

Once the e-beam mask is fabricated, the pattern is transferred into the photoresist 

(BPRS100) by high-resolution photolithography using Karl Suss MJB3 contact mask 

aligner. The CAIBE process described in Chapter 3 is used to transfer the pattern into 

the GaAs substrate that was AR coated on its back side to avoid multiple reflections.  

To estimate the required etch depth for the desired value of retardation φ , we 

apply rigorous coupled wave analysis (RCWA) [24]. For a fill factor of 50%, the 



 

 

106

required depths are 3.2 and 4.2 micron for achieving retardation of 0.608π  and 0.74π , 

respectively. The above calculations assume a rectangular groove profile, leading to 

undesirable Fresnel reflection at the grating-air boundary. To minimize these 

reflection effects, we adjust our fabrication process to achieve a slightly trapezoidal 

shape [1] (see also Chapter 6). The etch depth is increased by ~10% to maintain the 

desired retardation. The SEM image of the fabricated device is shown in Fig. 7-2, 

which demonstrates a uniform, smooth etch profile. The SEM image of the cross-

section of the device in Fig. 7-3 shows that the design closely matches the fabricated 

profile. 

 
Fig. 7-2. SEM images of the fabricated FBCGH 1×3 element at (a) a tilted view; (b) a closer view, 

which demonstrates good etching quality with smooth profiles. 

(a) (b) 

1µm 10µm 
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Fig. 7-3. Typical SEM cross-section of the fabricated FBCGH 1×3 element. 

7.4.2 Optical characterization 

Characterization of the fabricated devices is performed using a linearly polarized 

beam derived from a single mode CO2 laser source (Synrad 48-1). The FBCGH 

element is illuminated with a converging beam, producing a Fourier transform plane at 

a distance 80z = cm from the element. The separation distance between the 

neighboring reconstructed spots is 0L z dλ≅ = 2.65mm. The Fourier transform plane 

is then imaged onto a CCD camera (Indigo Omega) with a demagnification ratio of 

~1:5. Fig. 7-4 shows the images obtained by illuminating the 1 by 3 and the 1 by 5 

spot array generator FBCGH elements, respectively. Corresponding intensity profiles 

along the horizontal cross-sections of Fig. 7-4 are shown in Fig. 7-5.  
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Fig. 7-4. Experimentally obtained images of the Fourier transform of the FBCGH elements illuminated 

by a linearly polarized beam. 

The horizontal cross-section is obtained by subtracting the camera background 

noise and integrating the data in Fig. 7-4 along the y- coordinate. Good uniformity 

(better than 85%) is achieved for both cases. In particular, it should be noted that the 

central peak (the zeroth diffraction order term) is comparable to the other diffraction 

orders. Controlling the central peak is very challenging due to high sensitivity to 

fabrication inaccuracies. The slight nonuniformity in intensity can be explained by 

small variations of the photoresist thickness along the aperture of the FBCGH. The 

lack of higher diffraction orders makes evident the high diffraction efficiency. It 

should be noted that precise measurement of the diffraction efficiency is not possible 

due to the thermal background noise in the CCD camera. 
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Fig. 7-5. Cross-section of Fig. 7-4. The cross-section is calculated by integrating Fig. 7-4 along the 

vertical axis. 

7.5 Summary 

We used form birefringent computer-generated holograms to design, analyze, 

and experimentally demonstrate uniform symmetric spot arrays. These elements were 

implemented by the fabrication of subwavelength binary gratings using standard 

microfabrication techniques. We made a distinction between polarization sensitive and 

polarization insensitive far-field intensity reconstruction, showing that, in the former 

case, performances exceeding the scalar theory prediction can be obtained, and that a 

linear incident polarization state is required in order to achieve an overall symmetric 

far-field intensity pattern. In the polarization insensitive case, the generated far-field 

intensity pattern is shown to be equivalent to that produced by a scalar diffractive 

optical element. Nevertheless, the latter case still offers an advantage compared with 

scalar diffractive elements by allowing independent control of the zeroth diffraction 

order term. These findings simplify the design and the optimization of the FBCGH 
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elements significantly. Numeric simulations and experimental results are provided to 

support the presented analysis. 
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Chapter 8 Conclusions 
 

In this chapter, we summarize this dissertation and identify the originality and 

importance of the contributions made within. We also suggest some potential future 

directions in this area. 

8.1 Summary 

In this dissertation, we have presented an investigation of nanostructured 

composites for applications in both free-space and integrated optical devices. These 

optical nanostructured composites are manufactured devices composed of two or more 

constituent materials with characteristic size scales smaller than the optical 

wavelength, which can be engineered to manipulate propagation characteristics of 

optical signals, including polarization, spatial behavior, phase, and so forth.  

For potential integration with other III-V compound semiconductors, we used 

GaAs/AlGaAs as our platform, and we developed the fabrication processes for the 

realization of these nanostructured composites. In Chapter 2, we described the 

development of nanopatterning techniques that are used for many of our GaAs and 

GaAs/AlGaAs nanostructured composites, including a mask transfer process to SiO2 

for high-aspect-ratio etching, and a unique large area nanopatterning technique that 

combines photolithography with e-beam lithography. In Chapter 3, we presented the 

development of a chlorine-based CAIBE process to fabricate nanostructures in GaAs 

using SiO2 and SU-8 photoresist as etch masks, emphasizing the fact that the key to 

achieving vertical and smooth etch profiles is to match the lateral etch and deposition 

rate by controlling the gas flow rate of chlorine, as well as the collimation of the ion 
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beam. The fabrication techniques developed in Chapter 2 and 3 form a foundation to 

realize various subwavelength structures, such as the 2-D photonic crystal filter 

described in Chapter 4 (which provides a wider angular bandwidth than Bragg 

mirrors), and the form birefringent structures in Chapter 5 (which can be utilized for 

phase retardation applications). Chapter 6 and 7 continued the work described in 

Chapter 5 to create continuous or pixilated spatial variant inhomogeneous media to 

either manipulate the polarization (Chapter 6) or the spatial behavior (Chapter 7) of 

the light signal. The devices presented demonstrate significantly improved 

performance compared with the work reported previously in other literature. These 

devices are promising candidates to replace natural materials, due to their configurable 

optical properties and some of their novel characteristics that do not exist in nature, 

and can be utilized as key components for potential integration in a III-V 

semiconductor system. 

8.2 Future directions 

In this dissertation, we have presented some unique features of nanostructured 

composites, such as high birefringence, anisotropic reflectivity, and design flexibility. 

The devices demonstrated are designed, fabricated, and characterized for free-space 

applications, but the design concepts and the fabrication techniques we have 

developed here can also be applied on integrated optical elements. We anticipate that, 

with further development of such nanostructured composites, it will be possible to 

engineer optical properties such as frequency, phase and polarization using integrated 

optical components. 
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Additionally, although the concept for large-scale, monolithic system integration 

is straightforward in principle, a significant amount of developmental work is 

necessary in practice. For instance, the impedance and the cross-talk between large 

numbers of nanostructured composite elements placed in closed proximity to each 

other must be studied, so that the system performance can be optimized. We have 

developed the necessary fabrication techniques for large-scale optical circuits, but we 

will need a more powerful modeling tool, such as three dimensional finite difference 

time domain running on a super computer, as well as the optical characterization tools, 

such as the near field scanning optical microscope, to analyze and better understand 

the interaction between these components. 




