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Inorganic material based electronics and photonics on unconventional substrates 

have shown tremendous unprecedented applications, especially in areas that traditional 

wafer based electronics and photonics are unable to cover. These areas range from 

flexible and conformal consumer products to biocompatible medical devices. This thesis 

presents the research on single crystal silicon nanomembrane photonics on different 

substrates, especially flexible substrates. A transfer method has been developed to 

transfer silicon nanomembrane defect-freely onto glass and flexible polyimide substrates. 

Using this method, intricate single crystal silicon nanomembrane device, such as 

photonic crystal microcavity, has been transferred onto flexible substrates. To test the 

device, subwavelength grating couplers are designed and implemented to couple light in 

and out of the transferred waveguides with high coupling efficiency. The cavity shows a 

quality factor ~ 9000 with water cladding and ~30000 with glycerol cladding, which is 

comparable to the same cavity demonstrated on silicon-on-insulator platform, indicating 

the high quality of the transferred silicon nanomembrane.  The device could be bended 

to a radius less than 15 mm.  The experiments show that the resonant wavelength shifts 

to longer wavelength under tensile stress, while it shifts to shorter wavelength under 
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compressive stress. The sensitivity of the cavity is ~70 nm/RIU, which is independent of 

bending radius. This demonstration opens vast possibilities for a whole new range of high 

performance, light-weight and conformal silicon photonic devices. The techniques and 

devices (e.g. wafer bonding, stamp printing, subwavelength grating couplers, and 

modulator) generated in the research can also be beneficial for other research fields.  
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Chapter 1: Introduction  

 

1.1 OVERVIEW OF SILICON NANOMEMBRANE BASED FLEXIBLE ELECTRONICS AND 
PHOTONICS 

High performance electronics and photonics technologies have been greatly 

changing people’s lives over the past 4-5 decades. These devices are usually based on 

single-crystal inorganic materials, such as silicon.1,2 Although widely used, the rigid form 

of these materials greatly limits their applications in several unconventional applications, 

requiring light-weight, conformal features. Especially in the biomedical area, there is a 

growing interest for conformal, high performance electronics and photonics which can be 

possibly used for applications ranging from epidermal electronics3,4 to implantable 

devices. 5-8 One solution is to use organic materials, which are intrinsically flexible. Quite 

a few applications have been demonstrated, including bendable display,9 solar cells,10 and 

electronics.11 However, the performance of these devices is not comparable to inorganic 

material based devices. Additionally, they also suffer from long-term reliability and 

packaging issues.  Another alternative is to fabricate photonic device directly onto 

amorphous silicon which is directly deposited onto flexible substrates.12 The drawback of 

this method is that the optical characteristic of amorphous silicon is not as good as single 

crystal silicon. Besides, patterning photonic devices on soft material is not a reliable 

procedure especially when the feature size is small. Therefore, transferring conventional 

inorganic material based devices onto unconventional substrates, especially flexible 

substrates, provides compelling technological edge.3-8,13-20 As a typical representative, 

silicon nanomembrane has been drawing great attention. 3-8,15,18-29 In order to develop 
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light-weight, conformal systems, silicon nanomembrane based devices are transferred 

from a rigid host substrate onto a flexible target substrate.  

A widely used method to transfer silicon nanomembrane onto unconventional 

substrates is stamp printing. 3-8,15,18-29 The process can be separated into two major steps, 

releasing silicon nanomembranes, and picking and printing the released silicon 

nanomembranes onto other substrates using stamps. Usually, the silicon nanomembrane 

is released by selectively etching the buried oxide layer (BOX) in a silicon-on-insulator 

(SOI) wafer. The released silicon nanomembrane settles down and is weakly bonded to 

silicon handle through van der Waals force. The BOX layer has to be around one hundred 

nanometers to ensure successful transfer. 22,27 If the BOX is too thin, the silicon 

nanomembrane bends down and bonds with the silicon handle, preventing the 

hydrofluoric solution from penetrating underneath. The etching stops, and as a result, the 

silicon nanomembrane cannot be freed. When the BOX layer is too thick, the released 

silicon nanomembrane cannot settle down without causing wrinkling or shifting. An 

alternative method uses anisotropic wet etching of (111) silicon with potassium 

hydroxide (KOH). The etch rate along the surface is much faster than the speed normal to 

the surface. The sidewalls of the silicon nanomembrane devices are protected by silicon 

nitride or metal. 24,30 The latter method is more cost effective, but the bottom surface 

roughness of the silicon nanomembrane is much higher.  

Irrespective of the method used for nanomembrane release, the released silicon 

nanomembranes are peeled up with an elastomeric stamp and printed onto the target 

substrates. The adhesion between the nanomembrane and the stamp is kinetically 

adjustable. 29  When peeling up the released silicon nanomembrane from the donor 

substrates, high peeling speed is required so that the adhesion between silicon 

nanomembrane and the stamp is large enough to overcome the adhesion between the 
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donor substrates and the nanomembrane. During the printing process, when the 

nanomembrane is printed onto the acceptor substrates, the retrieval speed has to be slow 

enough so that the adhesion between the stamp and the nanomembrane is smaller than the 

adhesion between the nanomembrane and the receptor substrates. The receptor substrates 

are usually coated with adhesives to improve adhesion. To improve the yield, the surface 

of the stamp is engineered to achieve more precise manipulation of adhesion.21,25  

Using such a stamp printing method, Dr. Weidong Zhou’s group at the University 

of Texas at Arlington was able to transfer nanomembrane based photonic crystal Fano 

filters onto different substrates.31,32 These devices can be categorized as surface normal 

photonic devices, since light input and output are directed normal to the surface plane. 

Compared to the surface normal devices, it is much more challenging to transfer in-plane 

photonic devices onto unusual substrates because in-plane photonic devices have more 

complicated geometry. Additionally, in-plane devices have stringent requirements on 

light coupling.   

In chapter 4, we address the challenges for developing in-plane nanomembrane 

based photonic devices on flexible substrates and present our work on developing such 

devices. Utilizing a modified stamp printing method we have, for the first time 

worldwide, demonstrated in-plane single crystal photonic devices on flexible Kapton 

substrates.33 To boost the yield, a pedestal structure is designed and tailored to adjust the 

van der Waals force between the released device and the silicon handle so that the force 

is strong enough to hold the device in place, but at the same time small enough to be 

peeled up by an elastomeric stamp. A subwavelength grating coupler is also designed and 

employed in order to efficiently couple light into and out of the devices. Note that Prof. 

Mo Li’s group at the University of Minnesota has also demonstrated transfer of ring 

resonator and Mach-Zehnder interferometer onto Polydimethylsiloxane (PDMS) 
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substrate based on an anchor structure formed by controlled wet etch of silicon dioxide.34 

This method requires a precise control of the etching speed, because the size of the 

silicon dioxide anchor is very important. It needs to be strong enough to hold the device 

and weak enough to be broken during the peeling procedure. Liquid nitrogen is used to 

control the etching temperature and reduce variations in the etching speed. After transfer, 

the device is bonded to the PDMS substrate via van der Waals force, which is weak. 

Therefore, the device is not reliable enough. Another disadvantage of the anchor based 

transfer process is that the width of the devices that can be transferred have to be 

identical. It limits the method to transferring single mode waveguide based devices, like 

ring resonator and Mach-Zehnder interferometer demonstrated in their paper.30 One of 

the side effects is that the light has to be coupled into single mode waveguide directly 

with very low coupling efficiency.  

 

1.2 RESEARCH MOTIVATION AND CONTRIBUTIONS 

Silicon photonics on unconventional substrates is believed to have a plethora of 

unprecedented applications, but so far no one has ever demonstrated a reliable method 

that can transfer single crystal silicon nanomembrane based photonic devices onto 

unconventional substrates, especially flexible substrates. In this dissertation, we 

demonstrate  feasible transfer techniques, using which we are not only able to transfer 

intricate photonic devices, but also are able to transfer a large area defect-free silicon 

nanomembranes  onto flexible substrates. To demonstrate the capabilities of transferring 

intricate photonic devices, L13 photonic crystal microcavities have been transferred onto 

Kapton film. The measured quality factor of this cavity is ~ 9000, which is comparable 

with the devices fabricated on SOI, indicating the high quality of the transferred silicon 
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nanomembrane. Bending tests has been conducted to thoroughly investigate the behavior 

of the cavity. This photonic crystal microcavity can be used in several applications. As an 

example, a refractive index sensing capability has been verified. It exhibits a modest 

sensitivity of 75 nm/RIU. The sensitivity remains quite consistent under different bending 

radii. In order to transfer defect-free nanomembranes, a bonding and dry etch scheme is 

developed in order to achieve > 2cm x 2cm area of silicon nanomembrane transfer onto 

glass and flexible substrates. 

 

1.3 OUTLINE OF THE DISSERTATION 

The dissertation includes eight chapters. Chapter 1 provides an overview of the 

silicon photonics and silicon nanomembrane based flexible electronics and photonics. 

Chapter 2 introduces an 80 µm active length large optical spectral range PIN modulator 

with an extremely low Vπ×L. Chapter 3 introduces a subwavelength grating coupler. 

Coupling light into and out of single mode silicon waveguide is a great challenge due to 

the large mode mismatch. A conventional grating coupler usually requires multiple 

lithography and alignment steps. To solve the problem, a high-efficiency, single-etch 

grating coupler is designed and experimentally demonstrated. It could provide a coupling 

efficiency of 59% and a 3 dB bandwidth of 60 nm if a proper thickness of buried oxide 

layer is chosen. Chapter 4 introduces a wideband grating coupler with interleaved 

dispersion engineered subwavelength structures. It demonstrates a 3 dB bandwidth over 

117 nm and a peak coupling efficiency ~ 5.1 dB. Chapter 5 introduces a modified stamp 

printing method utilizing a suspended structure for transferring photonic devices onto 

flexible substrates. Using this technique, we were able to transfer a 5.7 cm long 

multimode waveguide and various intricate photonic devices, such as photonic crystal 
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devices, multimode interference (MMI) couplers, onto a Kapton film. Chapter 6 presents 

another transfer method exploiting bonding and deep silicon etching method. It is capable 

of transferring large area silicon nanomembranes onto unconventional substrates with 

high yield. With this method, a silicon nanomembrane based 1×16 multimode 

interferometer power splitter has been demonstrated on a glass substrate. In Chapter 7, 

incorporating subwavelength grating couplers presented in Chapter 3 together with 

transfer method outlined in Chapter 6, our progress in developing functional photonic 

devices on flexible substrates is presented. To demonstrate the capabilities of transferring 

intricate photonic devices, L13 photonic crystal microcavities with quality factors of ~ 

9000 have been transferred onto flexible substrates. Bending testing has been conducted 

to thoroughly investigate the behavior of the cavity. Finally, in Chapter 8, some 

interesting research that can be done in the near future are discussed.  
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Chapter 2: Low Vπ×L, Large Optical Spectral Range Silicon 
Nanomembrane Photonic Crystal PIN Modulator 

 

2.1 INTRODUCTION 

Slow light in photonic crystal waveguides (PCWs) has been extensively 

investigated for potential on-chip applications such as optical delay lines and enhanced 

nonlinearity due to increased light-matter interaction.35-37 Ultra-compact on-chip photonic 

devices can be realized by exploiting the nonlinear enhancement of light-matter 

interaction provided by the slow light operation. 38 However, the highly dispersive group 

velocity in the slow light regime restricts their applications. 39,40 Therefore, in order to 

cover about 20 nm optical bandwidth in a typical integrated dense wavelength-division 

multiplexing (DWDM) system, several different designs, each targeting a specific 

narrowband range, will be necessary. In order to avoid having hundreds of different PCW 

modulators for operation at each optical wavelength and wasting useful silicon 

nanomembrane real estate on other substrate, a PCW modulator design that can achieve 

slow light operation over a large bandwidth is required for real estate critical platforms, 

such as aircrafts and soldier vests. High-yield and repeatable low-dispersion slow-light 

devices can be achieved by fabrication-friendly dispersion engineering of PCWs with 

only one single hole size. 41-43 Additionally, insertion of a group index taper between the 

conventional strip waveguides and the low group velocity PCWs is necessary in order to 

efficiently couple light into and out of the device. 44 It was recently shown that due to the 

existence of the evanescent modes at the boundary between two photonic crystals with 

different group indices,45 short (8-16 periods) step-couplers can be used for efficient 
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coupling between single mode silicon strip waveguides and low-dispersion slow light 

PCWs.46  

In optical interconnects, increasing the slope-efficiency is a broad-bandwidth 

technique of increasing the optical link gain, which in turn reduces the Noise Figure. 47  

Reducing the switching voltage of the modulator, Vπ, in order to enhance the slope-

efficiency of the modulator is the most effective technique of reducing 1) the noise of the 

optical source, Relative Intensity Noise (RIN), 2) resistive thermal noise at the receiving 

end, and 3) the shot noise of the optical detector. 47 It is also crucial to reduce the optical 

modulator length (L) to minimize the RC time constant for lumped electrode structure, 

the RF and optical signals velocity mismatch effect, and the RF loss for traveling wave 

electrode structure. 48 Overall, it is desirable to minimize the optical modulator Vπ×L 

metric. 

This chapter introduces a Mach-Zehnder Interferometer (MZI) modulator based 

on a low-dispersion slow-light PCW with step couplers with the lowest Vπ×L reported for 

a PCW based modulator to the best of our knowledge. The modulator structures are 

designed keeping the applicability of silicon nanomembranes for forming high-

performance conformal communication systems in mind. Accordingly, design parameters 

are optimized in order to achieve a compact structure to save real estate for high density 

nanomembrane device applications. In this Chapter, we also investigate the variation of 

Vπ×L as a function of the optical carrier wavelength, and experimentally confirm a low 

and nearly constant Vπ×L over the low-dispersion slow light transmission region. 

Modulation operation up to 2 GHz is also experimentally confirmed using lumped 

electrodes. The devices are fabricated on silicon nanomembrane transfer compatible SOI 

wafers in order to demonstrate the proof-of-concept.  
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2.2 LOW DISPERSION PHOTONIC CRYSTAL WAVEGUIDE DESIGN 

A schematic of the band engineered PCW is shown in Fig. 2-1a. The lattice 

constant is a=392 nm. The thickness of the silicon layer and the buried oxide layers are 

250 nm and 3 µm, respectively. Refractive indices of the top cladding, core layer, and the 

bottom cladding materials are nair=1, nSi=3.47, nSiO2=1.45, respectively. Dispersion 

engineering is done by shifting the three innermost rows parallel to the defect line 43 with 

the parameters s1, s2, and s3 as depicted in Fig. 2-1a. Figure 2-1b shows the band diagram 

for the dispersion engineered PCW with dW=0, s1=0, s2=-0.05a, s3=0.25a, and r=0.27a, 

where dW is the change in the width of the defect line with respect to a W1 PCW, and r 

is the hole radius. Variations of the group index (ng) and group velocity dispersion 

(GVD) as functions of the wavelength are shown in Figs. 2-2c and d, respectively. Group 

index ng=26.7±10% over a bandwidth of 18 nm (1539 nm~1557 nm), corresponding to a 

slow-down factor of 0.31, is achieved.  

In order to efficiently couple light into and out of the PCW from the input and 

output strip silicon waveguides, 8-period long PCW step couplers (dW=0.15a, s1=0, s2=0, 

s3=0, and r=0.27a) are designed to interface the input and output strip waveguide to the 

slow light PCW. 43 The band diagram of the PCW coupler is depicted in Fig. 2-1b that 

shows an overlap between the low-dispersion slow-light bandwidth of the engineered 

PCW and the low-dispersion fast-light bandwidth of the PCW coupler. Although, the 

usable part of the band of the step coupler lies slightly above the silica light line, both 

numerical and experimental results show that the silica bottom cladding causes negligible 

radiation loss for a small number of periods (~<20). 46,49 
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In order to design a MZI modulator, one notices that utilizing the perturbation 

theory, one can show the required length (L) of the MZI to achieve a π phase shift is 

given as: 36 

gnn
nL 1

2
1

0






≈

δσλ
              

(2-1) 

 

Figure 2-1  (a) a schematic of band engineered PCW and PCW taper. (b) Band 
structures of the designed band-engineered PCW and step PCW coupler. 
The low-dispersion slow-light bandwidth is highlighted by a black line 
on the defect mode of the designed band-engineered PCW. Silica light 
line (n=1.45) is shown by a dashed green light. (c) Variations of the 
group index and (d) group index dispersion over the bandwidth of 
intersect. 
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where, λ0 is the free space wavelength, σ is the fraction of the total optical mode energy 

that propagates inside the region where the refractive index (n) is perturbed by an amount 

of δn. ng=c/vg is the group index, where c and vg are the speed of light and optical mode 

group velocity, respectively. Due to the high group index (c/vg > 25) offered by our 

design, the length of the electrodes along the PCW can be short. We choose a length of 

80 µm, in order to achieve π phase shift with low power operation, i.e. low δn change. In 

order to achieve the required refractive index perturbation, plasma dispersion effect in a 

PIN structure is utilized. A schematic of the structure in the active arm is shown in Fig. 2-

2a, and the doping profile is shown in Fig. 2-2b.  

In previous demonstrations of PIN modulator, an intrinsic region width WI of 4 

µm was chosen and device operation up to 1 GHz was successfully demonstrated. 38,50 In 

order to push the operating speed beyond 1 GHz, and as a compromise between the 

switching speed and the propagation loss, for this work we choose WI of 3.2 µm. 1651 

Normally, the modal field profile changes drastically with wavelength near the band-edge 
52 resulting in wavelength dependent σ. We notice a beneficial feature of the dispersion 

engineering that is constant group index over large optical bandwidth relatively distant 

 

Figure 2-2  Schematic of (a) PIN diode embedded PCW modulator arm, and (b) 
cross section showing doping concentrations and structural dimensions 
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from the band-edge. Therefore, we expect the PCW MZI to have similar characteristics 

(ng and σ) over the entire low-dispersion slow light bandwidth. 

   

2.3 FABRICATION OF PHOTONIC CRYSTAL MODULATOR  

The modulator was fabricated on a Unibond silicon-on-insulator (SOI) wafer with 

a 250 nm top silicon layer and 3 µm buried oxide layer. Photonic crystal waveguides, 

photonic crystal tapers and strip waveguides are patterned in one step with a JEOL JBX-

 

Figure 2-3  A schematic of photonic crystal MZI modulator; scanning electronic 
microscope images of the active arm of the modulator and the photonic 
crystal waveguide coupler are shown as insets. 
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6000FS electron-beam lithography system followed by reactive ion etching. The 

windows for P+ and N+ implantation were opened by photolithography. Ion implantations 

of Boron at 30 KeV and phosphorus at 50 KeV were performed to obtain an average 

doping concentration of about 3×1019 cm-3. Rapid thermal annealing for 1 min at 950 oC 

in a flowing nitrogen environment was performed afterwards to anneal the lattice defects 

and activate the implanted atoms. Electrode contact windows were then opened by 

photolithography and the native oxide inside the windows was removed. Aluminum 

electrodes were made by electron-beam evaporation and a subsequent lift off process. 

Finally, an ohmic contact was formed by post metallization annealling at a temperature of 

400 oC for 30 mins. 37 Scanning Electron Microscope (SEM) images of the fabricated 

modulator are shown in Fig. 2-3.  

 

2.4 CHARACTERIZATION OF THE PHOTONIC CRYSTAL MODULATOR 

Figure 2-4  (a) Output spectrum of PCW device (red curve) and the calculated group 
index based on FT method (blue curve). The PCW transmission curve is 
also provided as a reference; (b) static characteristic of the PIN diode 
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The group index of a single PCW is determined through the use of on-chip 

Fourier transform spectral interferometer, as previously reported. 43 Figure 2-4a shows 

the measured group index as a function of wavelength. Our results indicate a low-

dispersion (with less than ±10% fluctuations in group index) transmission over 18 nm 

bandwidth (1539nm~1557nm) with an average group index of 26.5 over the bandwidth 

of interest. Figure 2-4a also shows the transmission characteristics of a single photonic 

crystal waveguide obtained by coupling a Transverse Electric (TE)-polarized light from a 

broadband amplified spontaneous emission (ASE) source covering 1520~1620 nm. 

Before performing the modulation tests, we first performed static tests on the 

fabricated modulator devices. The static characteristic of the PIN diode obtained using 

Agilent B1500a semiconductor parameter analyzer is shown in Fig. 2-4b. The calculated 

forward linear resistance is ~200 Ohm.  

Measurements of the figure of merit Vπ×L and data transmission, described 

below, are carried out by coupling light from a TE-polarized tunable laser (Santec MLS-

2000) into the device through butt coupling and tuning to λ = 1550.48nm. The modulated 

output is detected with a gain switchable photodetector (Thorlab PDA10CS) and 

displayed on the oscilloscope (Agilent 86100A). The voltage Vπ required to produce a 

carrier injection-induced π phase shift is measured by applying a 100 kHz triangular 

electrical drive signal, as shown in Fig. 2-5a, to a MZI modulator with 80 μm long active 

arm under a forward bias Vbias = 1.25V. The drive amplitude is increased until the slope 

of the modulated optical signal changed sign at the peaks/troughs of the drive waveform, 

as illustrated in Fig. 2-5a. 40 A complete half-period of optical modulation is observed for 

a peak-to-peak applied voltage of Vπ = 0.58 V, leading to a figure of merit of Vπ×L = 

0.0464V⋅mm, which is less than one third of the lowest Vπ×L for a PCW modulator 

reported so far. 40  
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Next, by tuning the optical carrier wavelength over the C band (1520nm-

1560nm), we observed the variations of the Vπ versus the optical wavelength as shown in 

Fig. 2-5b. Due to the Fabry-Perot oscillations caused by the input and output facets, and 

also due to back reflections at the MMI's and PCW's interfaces with the strip waveguides 

the output optical power fluctuates with wavelength. We find that accurate measurements 

are possible at wavelengths corresponding to the Fabry-Perot oscillation peaks. 

According to Eq. (2-1), at a constant L, since δn is linearly proportional to Vπ, one can 

show 

 

Figure 2-5  (a) triangular electrical drive signal with a Vpp of 1.12V and Voffset of 
1.25V (top). The over modulated optical signal indication a Vπ of 0.58V 
(bottom); (b) Variations of Vπ versus the optical carrier wavelength; (c) 
the optical signal of 2GHz operation at λ = 1550.48 nm. 
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(2-2) 

where, B is a constant. The trend in Vπ variations closely follow those of the group index 

as depicted in Fig. 2-4a. Interestingly, the group index slightly increases at shorter 

wavelengths over the low-dispersion slow light bandwidth; one notices that the Vπ   

slightly decreases at shorter wavelengths over the low-dispersion slow light bandwidth 

consistent with Eq. (2-2).   

The rectangular electrical signal for GHz operation is generated through Agilent 

8133A 3 GHz pulse generator. The Vbias is 1.25V and the Vpp is 1.50V. The output 

optical signal is amplified by erbium-doped fiber amplifier and converted to electrical 

signal by 22GHz photodetector (DSC30S). The waveform is captured by Agilent 86100A 

as shown in Fig. 2-5c. We were able to achieve 2 GHz operating speed using 80 μm long 

lumped electrodes.  

Such compact silicon nanomembrane based modulators can positively impact 

applications requiring light-weight and conformal communication systems, such as on 

aircrafts or on a soldier’s armor.  
 

 

2.5 SUMMARY 

     In conclusion, an ultra low-power, large bandwidth photonic-crystal-waveguide-

based silicon Mach Zehnder modulator was proposed and demonstrated. The modulator 

arms consisted of our designed band-engineered slow light photonic crystal waveguide, 
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which demonstrated a large group index of 26.5 over an 18 nm bandwidth. By embedding 

the photonic crystal waveguide in a PIN diode structure, modulation operation with a 

record-low Vπ×L of 0.0464V.mm via carrier injection into an 80µm long active section 

was experimentally demonstrated. The modulator Vπ×L remains nearly constant over the 

low-dispersion slow-light bandwidth. Using the same structure, a maximum modulator 

operation up to 2 GHz was also obtained. Further improvement in devices performance is 

expected by optimizing the electrical and optical design of the MZI structure. Such low 

power and large bandwidth modulators will greatly benefit applications requiring 

conformal communication devices. 
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Chapter 3: CMOS Compatible, High Efficiency Subwavelength Grating 
Couplers for Silicon Integrated photonics 

 

3.1 INTRODUCTION 

Silicon photonics has been considered a promising platform for high density 

integration of optoelectronic devices.53,54 The high index contrast between silicon and its 

cladding materials (air, silicon dioxide, etc.) allows for the fabrication of submicron 

structures such as single mode waveguides, resonators, photonic crystals, etc. However, 

coupling light into and out of these devices through fiber butt coupling suffers from high 

losses induced by the large mode and effective index mismatches between fiber and strip 

waveguides with submicron cross sections. The reported efficient coupling schemes 

include end-fire coupling and off-surface coupling.55 The inverse taper, proposed in 

2002,56 has been proved to be an effective solution for end-fire coupling. The highest 

coupling efficiency demonstrated so far is ~0.5 dB for transverse electric (TE) 

polarization.57 The strip waveguide tip must be sufficiently narrow (e.g. 30 nm) 5 to 

stimulate a delocalized mode. As a result, the height-to-width aspect ratio of the tip is so 

high that the lithography becomes challenging resulting in a low yield. Furthermore, the 

resulting mode spot size is still much smaller than that of a single mode fiber, and a 

lensed fiber is needed to further ameliorate mode matching.58,59 In many cases, the chip 

needs to be diced and polished so that the distance from the nanotaper tip to the chip edge 

becomes ~3 µm or less.59 These crucial requirements limit the application of inverse 

tapers. To overcome these limitations, a subwavelength edge coupler was proposed, 60 

and a 0.9 dB coupling efficiency was demonstrated experimentally.61 The taper width 

increases to 300 nm, and there is no need for high precision termination at the cleaved 

chip edge. However, a lensed fiber is still necessary. An alternative solution for achieving 
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high fiber-to-chip coupling efficiencies is the use of a grating coupler (GC). 62-64 Initial 

efforts in 2006 exhibited a coupling efficiency of 37% and a 1 dB bandwidth of 40 nm. 62 

The grating required two etches, one of which is a 70 nm shallow etch. 62 Subsequently, 

the addition of an epitaxial silicon overlay enhanced emission directionality to the fiber, 

thereby increasing the efficiency to 55%.64 The fabrication process contained as many as 

eight steps, including two etches and an epitaxial growth. The directionality may be 

further improved using a bottom reflector62,65, but fabrication complexity would 

significantly increase as well. Using the lag effect of reactive ion etching (RIE), a 64% 

coupling efficiency was also recently demonstrated, 63 but the fabrication also involved 

two etches. 

Thus, experimentally demonstrated GCs usually demand complex fabrication 

processes. Despite these steps, the coupling efficiency leaves room for improvement. 

Ideally, a GC would be patterned and through-etched in the same step as part of the 

photonic circuits while yielding a comparable coupling efficiency. However, through-

etched air trenches make the grating’s index contrast very high. As a result, the Fresnel 

reflection is prohibitively high, and the coupling efficiency becomes very limited. Efforts 

have been made in recent years to address this issue. For example, an apodized through-

etched GC achieved 35% coupling efficiency with a 1 dB bandwidth of 47 nm at 1536 

nm. 66 However, index matching oil was needed for this design. One elegant approach is 

to fill air trenches with a higher index material, but such a solution may not always be 

available. Fortunately, artificial materials with engineered indices of refraction can also 

meet these requirements. For example, by using a photonic crystal structure, a 42% peak 

coupling efficiency was obtained with a 1 dB bandwidth of 47 nm. 55 Another interesting 

class of such artificial materials is the subwavelength nanostructure (SWN). Using SWN 
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as a low index material was proposed in 2009. 67 A coupling efficiency of 43% (3.7dB) 

has been reported for TM polarized light around 1550 nm. 68 Although promising results 

have been demonstrated for TM polarization, few reports have been made about TE 

polarized fiber-to-chip grating couplers at telecommunications wavelengths on a silicon-

on-insulator (SOI) platform. 69 

In this chapter, we engineer the refractive index of a SWN and demonstrate a TE 

polarized GC achieving a 59% coupling efficiency at 1551.6 nm. The 3 dB bandwidth is 

60 nm. The efficiency increases 1.73 times (from 34% to 59%), and the bandwidth 

increases 1.5 times (from 40 nm to 60 nm) compared to the previously reported TE 

polarized SWG on SOI. 69 From the manufacturing point of view, the grating can be 

patterned along with other photonic components through the same lithography and 

etching process, which significantly reduces the fabrication complexity and also enables 

integration on other platforms, e.g. flexible photonic components. 70  

 

3.2 SUBWAVELENGTH GRATING COUPLER SIMULATION 

The subwavelength grating (SWG) proposed here is based on a SOI comprising of 

a 250 nm silicon device layer and a 1 µm buried oxide (BOX) layer. The grating is 

formed by periodically replacing parts of the silicon layer ( sin =3.476) with SWN, as 

shown in Fig. 3-1a. Optimization of the SWG with 3D finite-difference-time-domain 

(FDTD) is not possible because its simulation time is prohibitively long. 68 In this letter, 

an alternative model is utilized. According to effective medium theory (EMT) ,71 a 

composite medium comprising two different materials interleaved at the subwavelength 

scale can be approximated as a homogenous medium with an effective refractive index 
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between these two materials. Therefore, the SWG is equivalent to the conventional GC 

shown in Fig. 3-1b. The subwavelength region is regarded as a homogeneous material 

with an effective index subn .67 The uniform material is then replaced with a SWN, as 

shown in Fig. 3-1c. 55 To optimize the grating design, a 2D simulation package CAMFR, 

which is based on the eigenmode expansion technique, 72 is utilized to search for an 

optimal combination of grating period GΛ and subn giving the highest coupling efficiency 

to air through the SWG. The duty cycle of the grating is optimized to be 50%, and 25 

periods are employed. The grating region is 10 µm wide and 17.1 µm long. These 

dimensions match well with the mode size of a single mode fiber. 55 An exhaustive 

parameter sweep shows that the maximum coupling efficiency to air is 72% with an 

emitting angle of 9.4o when GΛ = 0.685 µm and subn =2.45, as indicated in Fig. 3-2a. The 

corresponding coupling efficiency to air versus wavelength is shown in Fig. 3-2b (red 

curve). To verify the design, 2D FDTD simulations of the grating are also performed, and 

its results match with those obtained by CAMFR with a discrepancy within 2%. The 

coupling efficiency to a fiber, shown by the blue curve in Fig. 3-2b, is evaluated by 

calculating the overlap integral with the Gaussian mode in a single mode fiber. Since the 

width of the grating is much larger than its height, decoupled 3D modes can be 

established in the y and z directions. 67 Since the y dependent overlap integral is close to 

1, 73 the overlap integral can be simplified to an integration along the z direction. The 

reflection back into the waveguide is around 3.8% at the wavelength of 1550 nm, as 

shown by the black curve in Fig. 3-2b.  The design is used for both input and output 

couplings. The 2D FDTD shows that the difference between input and output coupling 

efficiency is negligible.  



 22 

Theoretically, any SWN (e.g. photonic crystals) with an effective refractive index 

of 2.45 may be used to “fill” the low index regions of a periodic structure, which is a 

grating in our case. However, as indicated in Fig. 3-2a, the coupling efficiency heavily 

relies on subn , so a precise control of subn is crucial for achieving high coupling efficiency. 

A thoroughly investigated 1D stratified structure is chosen so that the refractive index of 

the SWN can be precisely controlled. 74 As shown in Fig. 3-1c, silicon and air slices are 

periodically laminated along the y direction. The guided wave propagation direction is 

parallel to the layers (z direction) and the electric field is perpendicular to the layers (y 

direction). In this configuration the refractive indices of SWN for TE and TM can be 

calculated through Eqs. (3-1) and (3-2) that are shown below: 74 

 

Figure 3-1  (a) Schematic of the proposed SWG. (b) The equivalent conventional GC. 
The trenches are filled with SWN of refractive index subn . (c) Schematic 
of the SWN. The refractive index of the material can be controlled by 
tuning the width subW of the rectangular air hole and the period subΛ of the 
subwavelength structure. 
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Where TEn and TMn are the refractive indices of SWN for TE and TM polarizations, 

respectively. sin and holen are the refractive indices of the silicon and the material in the 

holes, respectively. In our design, the holes are filled with air ( holen =1). subΛ is the period 

of the SWN, and subW is the width of the rectangular air holes. The filling factor of the 

SWN is defined as subsubsub Wf Λ= . As the transcendental Eq. (3-1) and Eq. (3-2) do not 

have explicit analytical solution, polynomial expansion is exploited to approximate the 

tangent function. The subn versus subf based on zeroth-order and second-order 

approximations are illustrated in Fig. 3-2c. The zeroth-order approximations are accurate 

only under the condition that along any arbitrary direction, the change in the 

electromagnetic field within a distance of subΛ is sufficiently small. 74 The condition can 

be formulated as 1/2 <<Λ λπ subeffn . Here, effn is the mode effective index in the silicon 

slab waveguide with 250 nm thickness. For TE polarization, the corresponding subf for

subn =2.45 is ~0.09 according to the first-order approximation. The smallest subW  that 

can be fabricated is ~40 nm. Thus, subΛ becomes close to the wavelength inside the slab 

waveguide. The zeroth-order approximations, therefore, are no longer applicable. 75 

Including second-order expansion terms can improve the accuracy of the approximation 

as long as the permittivity of one material is not vastly different from the other. 74 Fig. 3-

2c confirms that the first-order approximation underestimates the refractive index by 0.33 
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when the filling factor subf is 20%. Thus, the second-order approximation is used in this 

letter.  Considering fabrication yield and repeatability limitations, the trench width is 

fixed to 80 nm with a corresponding subΛ of 388 nm.  

  

 

 

Figure 3-2  (a) Coupling efficiency to air as a function of grating period GΛ and the 
effective refractive index subn of the subwavelength structure. The highest 
coupling efficiency to air (white dot) is obtained when GΛ is 0.685 µm and

subn is 2.45.  (b) Coupling efficiency to air (red), Coupling efficiency to 
fiber (blue), and back reflection (black) from the simplified structure 
shown in the inset. (c) Refractive index of the SWN for different filling 
factors, calculated by EMT with zeroth-order and second-order 
approximations when Λ  is 300 nm. 
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3.3 SUBWAVELENGTH GRATING FABRICATION 

The designed GC is fabricated using electron beam lithography (EBL) and RIE. 

The wafer was cleaved into 2 cm×2 cm chips, and the chips were cleaning though piranha 

bath. Hexamethyldisilazane (HMDS) was spun coated at 4000 rpm for 35s.  Electron 

beam resist was spun coated at 6000 rpm for 35s, giving a resist of 350 nm thick. The 

pattern was transferred on to the resist by JBL 6000, and then to the silicon layer through 

reactive ion etching (HBr/Cl2). The resist was stripped off by PG remover a piranha bath.  

Photolithography followed by reactive ion etching was used to remove the peripheral 

silicon. The top view and the cross view scanning electron microscopy (SEM) images of 

the fabricated grating are shown in Fig. 3-3. A magnified view of the air trenches is 

shown in the inset of Fig. 3-3a. 

 

 

 

Figure 3-3  (a) SEM images of the fabricated GC. Inset: the magnified view of the 
air trenches. (b) the cross section of the rectangular air holes 
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3.4 CHARACTERIZATION OF THE SUBWAVELENGTH GRATING COUPLERS 

The GC is characterized by measuring the fiber-to-waveguide-to-fiber insertion 

loss. The measurement setup is shown in Fig. 3-4a. The input and output fibers are 

mounted on two 10o wedges, which are in turn mounted on rotating stages. The tilt angle 

can be adjusted from 0o ~ 20o. For this design, both the input and output fibers are tilted 

~9.4o from normal incidence. The fiber positions are controlled by two xyz stages. A 

camera is mounted at a 45o angle to visually aid alignment. The input fiber is a 

polarization maintaining fiber (PMF), and the polarization is controlled via a polarization 

controller (PC). Light is coupled into an 8 mm long, 2.5 µm wide waveguide via a pair of 

grating couplers. Since the fundamental mode contains most of the power, the existence 

of higher order modes has negligible effects on the testing results. A pair of linear 

waveguide tapers, each with a length of 500 µm, is utilized to bridge the 10 µm wide 

grating region to the waveguide. The coupling efficiency is extracted assuming equal 

coupling efficiencies for both gratings. The transmission spectrum, as shown in Fig. 3-4b, 

is measured with a broad band amplified spontaneous emission (ASE) source. The peak 

efficiency is measured to be 59% (-2.29 dB). The peak wavelength shifts to 1551.6 nm 

possibly due to fabrication errors. The 1 dB and 3 dB bandwidths are 32 nm and 60 nm, 

respectively. The Fabry-Perot fringes near the peak wavelength are ~0.3 dB in magnitude, 

indicating low back reflection. It is much smaller than conventional through-etched GC 

due to the SWN not only reducing the Fresnel reflection and also functioning as a 

destructive interference enhancer to reduce the reflection at the interface of the grating 

and free space. 68 The efficiency increases 1.73 times (from 34% to 59%), and the 

bandwidth increases 1.5 times (from 40 nm to 60 nm) compared to the previously 

reported TE polarized SWG on SOI. 69 The performance enhancement is due to the fact 

that the refractive index of the SWN is more precisely controlled compared to the 
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previously reported GC. 69  The bandwidth can be further extended through increasing 

the tilt angle. 76 In this manner, back reflections may also be further suppressed. 68 The 

high efficiency of the grating also benefits from destructive interference in the BOX layer. 

Due to the interference effects from the downward diffracted light beam, the waveguide 

to free space coupling efficiency has a strong periodic dependence on the BOX thickness. 

 

 

Figure 3-4  (a) Testing set up. 1. tilting stage; 2. xyz stage; 3. 45o tilted camera; 4. 
10o wedges; 5. fiber chuck; 6. chuck holder; (b) The measured 
transmission of the grating fabricated on the SOI with 1 µm BOX 
(black) and 3 µm BOX (red). Inset: Upward power effiency vs. BOX 
thickness. (c) The peak wavelengths (dots) and the coupling losses 
(squares) of the fabricated 32 grating pairs on SOI with 1µm (blue) and 
3µm (red) BOXs. 
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The coupling efficiency could vary by as much as 30%, as illustrated in the inset of Fig. 

3-4b. The commercially available 1 µm BOX is close to the optimum thickness yielding 

the highest upward power efficiency. For comparison, the same design is also fabricated 

on an SOI with a 3 µm BOX, which is close to the lowest point in the power efficiency 

curve shown in the inset of Fig. 3-4b. For the 3 µm BOX SWG, the measured peak 

efficiency is 42.8% (-3.69 dB) at 1550.7 nm with 1 dB and 3 dB bandwidths of 28 nm 

and 52 nm, respectively. As expected, the performance is worse than that of 1 µm BOX 

but is still acceptable compared to recently reported gratings.  To verify fabrication 

repeatability, 32 grating pairs, with 16 pairs on each of the 1 µm and the 3 µm BOX chips 

are fabricated.  The measured peak wavelengths and coupling efficiencies are shown in 

Fig. 3-4c. Peak wavelength and power vary by 1.1 nm and 0.38 dB for 3 µm BOX 

devices and 2.2 nm and 0.52 dB for 1 µm BOX devices, demonstrating acceptable 

consistency.  

 

3.5 SUMMARY 

In conclusion, we proposed and demonstrated a through etched SWG coupler, 

which can be patterned together with photonic components without additional patterning 

steps. The grating achieves a peak coupling efficiency of 59% with a 3 dB bandwidth of 

60 nm on a 1 µm BOX SOI. This performance is competitive to gratings requiring at least 

one extra etching step. Testing results of 32 grating pairs show very consistent 

performance.  
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Chapter 4: Colorless Grating Couplers Realized by Interleaving 
Dispersion Engineered Subwavelength Structrues  

 

4.1 INTRODUCTION 

The past decade has witnessed a rapid development of silicon photonics.53,54 One of the 

intrinsic obstacles that remain is the low fiber-to-chip coupling efficiency. This issue stems from 

the high index contrast between silicon and its cladding materials (air, silicon dioxide, etc). High 

index contrast enables compact photonic devices, but the traditional method of coupling light into 

and out of these devices through fiber butt coupling is inefficient. This technique suffers from 

high losses induced by both the large mode area mismatch and the large effective index mismatch 

between the conventional single mode fiber (SMF) and the silicon strip waveguides with 

submicron cross sections. One of the promising solutions for achieving efficient coupling is 

through using grating couplers.60,61,77-82 Grating couplers have demonstrated impressive 

performance features, especially the feasibility of achieving inline testing capability, which 

distinguishes it from edge coupling solutions. However, compared to the wideband operation of 

over several hundred nanometers offered by other competitive coupling solutions, such as inverse 

tapers,56-60 grating couplers suffer from poor bandwidth of tens of nanometers. Generally, the 1 

dB bandwidth of a grating coupler can be estimated by the following equation: 77 

 ∆     =                       ( )                                 (4-1) 

Here, Λ  is the period of the grating.    is the refractive index of the top cladding,   

is the coupling angle, and        is a fiber related constant. The waveguide dispersion term in the 

denominator,      ( )/   , generally has a negative sign. The above equation indicates that 

the bandwidth of a grating coupler can be improved through increasing the grating period Λ  



 30 

and/or reducing the waveguide dispersion      ( )/  . The waveguide dispersion can be 

reduced by abating the effective index or tuning the aspect ratio of a waveguide. Reducing the 

average effective index of the grating is the most effective way of altering the dispersion relation 

because light becomes loosely confined as the effective index decreases;77 therefore, rendering 

the waveguide boundary less sensitive to wavelength. For conventional silicon waveguides, the 

waveguide dispersion cannot be controlled effectively because the refractive index of silicon is 

not adjustable. Subwavelength structures provide a way to overcome this restriction on the silicon 

platform. The refractive index can be reduced by tuning the subwavelength period Λ    and the 

subwavelength filling factor     .60,61,77,79,81,82 The drawback of this approach is that the decrease 

in the average effective index of the grating decreases the index contrast between the cladding 

materials and the grating. As a result, the incident light would easily leak into the cladding, and 

higher order diffractions become difficult to suppress.83 In this letter, we propose and 

experimentally verify another possible method to suppress the waveguide dispersion of 

subwavelength structures. Through combining this method with previous approaches, such as 

reducing refractive index via decreasing the subwavelength structure pitch and/or increasing the 

grating period, a wide band grating coupler has been demonstrated with an average refractive 

index higher than that shown in previous publications. 77 

 

4.2 THEORETICAL ANALYSIS ON THE DISPERSION OF SUBWAVELENGTH STRUCTURES 

The subwavelength structure is illustrated in the inset of Fig. 4-1a. The structure 

is formed by interleaving silicon and air along the y direction with a period of Λ    in a 

250 nm thick single crystal silicon device layer in a silicon-on-insulator wafer with an 

oxide thickness of 3 µm and a handle wafer thickness of 650 µm.  The width of the air 

trenches is labeled as     , and the filling factor of subwavelength structures is defined 
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as     =     Λ   ⁄ . The wave vector k is along the z direction. The structure was 

investigated with 2D plane wave expansion (PWE), 84 and the transverse electric (TE) 

fundamental modes of the different subwavelength structures with filling factors ranging 

from 0.1 to 0.5 are plotted in Fig.4-1a.85 Only the modes under the SiO2 light line, 

Figure 4-1  a. fundamental modes of subwavelength structure with filling factor s of 
0.1~0.5.  b. effective index versus wavelength (red), and waveguide 
dispersion versus wavelength (blue), assuming      = 0.1. The black 
dash line is the estimated material dispersion of subwavelength 
structures for      = 0.1. c. the waveguide dispersion versus the filling 
factor for Λsub=200,250,300, and 350 nm The red dot line is the estimated 
material dispersion of subwavelength structure at 1.55 µm d. effective 
index versus filling factor (blue), and waveguide dispersion versus 
filling factor.  (red) for Λsub=200 nm.  



 32 

representing the practical guided modes, were considered. The effective index of a silicon 

slab waveguide (nsi = 2.9) was used in the 2D simulation. As the air filling factor was 

increased from 0.1 to 0.5, the fundamental modes were shifted to higher frequencies. For 

modes with a small normalized eigenfrequency, in which Λ    is much smaller than the 

wavelength of interest, the modes are weakly confined inside the silicon region. The 

waveguide dispersion is small in this case because the field distribution is not sensitive to 

variations in wavelength. As the normalized eigenfrequency increases to a point that Λ    is comparable to half of the wavelength inside the waveguide, more of the field 

tends to be confined inside the silicon region. A large portion of field localizes at the 

silicon and air boundary, indicating that the waveguide dispersion is high. To give an 

example, the effective index and waveguide dispersion versus wavelength when      = 

0.1 for Λsub = 250 nm, 300 nm, and 350 nm, are plotted in Fig.4-1b. When Λsub is a 

constant,       ( )/    decreases as the working wavelength increases, and tends to 

saturate for wavelength larger than 2 µm. At the wavelength of interest ( =1550 nm),       ( )/    decreases as Λsub decreases.  For instance, when Λsub=250 nm, the 

waveguide dispersion is around -0.12/µm, which is about half of the value when Λsub= 

350 nm (~ -0.21/µm). Figure 4-1c further confirms this trend by showing that the 

waveguide dispersion of subwavelength structures with different Λsub and      at 1550 

nm. For      between 0.15 and 0.4, the range that designs usually fall in, the waveguide 

dispersion decreases as the Λsub decreases. Therefore, a small Λsub should be chosen to 

reduce the waveguide dispersion.  Unfortunately, in order to relieve fabrication 

difficulty, usually a large  Λ    is chosen, which is close to 400 nm. 77,86 These curves 

also indicate that the waveguide dispersion is smaller at longer wavelengths, so grating 

couplers working at longer wavelengths could have much larger bandwidth with the same 

subwavelength structure. For design convenience, the effective index versus filling factor 
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relation (at λ=1.55 µm) when Λsub=200 nm is extracted from Fig. 4-1a and b, and plotted 

in Fig.4-1c. The corresponding waveguide dispersion is also plotted in the same figure, 

which shows that the waveguide dispersion can be kept less than -0.12/µm when 

Λsub=200 nm.82  

 
The benefits of using PWE method is that the results are scalable,85 but the 

method cannot take material dispersion into consideration, which is also an important 

factor. The refractive index of bulk silicon can be approximated by the formula: 87 

 

    − 1 = 10.6684293    − 0.301516485 + 0.003043475    − 1.13475115 + 1.54133408    − 1104.0  

(4-2)                                                       

 

Then the material dispersion of bulk silicon can be calculated by     /  . The refractive 

index (TE) of subwavelength structures can be calculated by differentiate the zero-order 

approximation of effective medium theory (EMT) over wavelength: 

          =               + 1 −        . (1 −     )          

    (4-3)                                                                 

The material dispersion of subwavelength structures with different filling factors can be 

calculated by substituting equation (4-2) into equation (4-3). The dash line in Fig.1b shows the 

material dispersion of subwavelength structures with      = 0.1. The dot line in Fig. 1c shows 
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the material dispersion of subwavelength structures of different      at 1.55 µm. The two curves 

indicate that the material dispersion of subwavelength structure is small compared to the 

waveguide dispersion of subwavelength structures. For example, the material dispersion of the 

subwavelength structure with      = 0.1 is 0.02 µm-1, while the waveguide dispersion is above 

0.1 µm-1. Furthermore, according to equation (4-3), the material dispersion of the subwavelength 

structure is independent of Λsub. Thus the discussion still holds that reducing the Λsub can reduce 

the waveguide dispersion.  

 

4.3 EXPERIMENTAL DEMONSTRATION OF INCREASING BANDWITH BY IMPLEMENTING 
DISPERSION ENGINEERED SUBWAVELENGTH STRUCTURES 

To experimentally demonstrate the theoretical analysis, a set of subwavelength grating 

couplers with the same grating period Λ  (0.685 µm) as that in ref [79], grating filling factor    

(0.5), high index (silicon, 3.476), and low index (subwavelength structure, 2.45), but with 

different subwavelength periods Λ   , were fabricated. In this paper, Λ   =350 nm, 300 nm, 

and 250 nm were chosen, with air trench widths of 64 nm, 47 nm, and 34 nm, corresponding to      of  18%, 16%, and 14%, respectively, which are calculated with EMT.82 An increase in 

bandwidth is expected according to the analysis in the previous section. The grating region is 10 

µm wide and 17 µm long to match the near field mode size of a single mode fiber. To 

characterize the gratings, two identical gratings were connected by a 2.5 µm wide waveguide. 

The gratings and the waveguide were bridged through 500 µm long adiabatic tapers.82 The 

gratings were fabricated on silicon-on-insulator (SOI) with a 250 nm thick top silicon layer and a 

3 µm thick buried oxide layer (BOX). To fabricate structures with a minimum feature size of 34 

nm, a layer of 27 nm silicon dioxide was deposited with plasma enhanced chemical vapor 

deposition (PECVD), which served as a hard mask. The hard mask was patterned with electron 

beam lithography (EBL) and reactive ion etching (RIE). The pattern was transferred to the silicon 
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layer through another RIE process, leaving a ~10 nm silicon dioxide hard mask on top. The 

scanning electron microscope (SEM) images of a fabricated grating are shown in Fig. 4-2a. Figs. 

4-2b~d show the SEM images of subwavelength structures with different Λ   . The gratings 

were tested with the setup shown in Ref. [79]. The input and output fibers were tilted 10 degrees 

from normal incidence away from the waveguides. The measured transmission spectra from the 

grating pairs are shown in Fig. 4-3a. The variations in peak wavelength and coupling efficiency 

have been observed due to the fabrication variations across a single chip and different silicon 

dioxide residue thicknesses.80 Nevertheless, the increase in bandwidth is prominent, as 

summarized in Fig. 4-3b, together with the result shown in Ref. [79]. The 3 dB bandwidth 

increases by 11 nm when  Λ    reduces from 388 nm to 250 nm. Specifically,  Λ    = 250nm 

gives a 3 dB bandwidth of 63 nm, which is ~20% larger than the unoptimized dispersion case 

presented in Ref. [79]. Theoretically, even larger bandwidth is expected if Λ    can be shrunk 

further, but due to fabrication limitations, the smallest  Λ    achievable is 250 nm. The 

improvement is also limited by the fact that the high index regions of the gratings are still 

ordinary waveguides with large waveguide dispersion.  

 

Figure 4-2  a. SEM picture of a subwavelength grating coupler.  b~d. SEM pictures 
of subwavelength structures with Λ   =350 nm, 300 nm and 250 nm.  
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4.4 COLORLESS GRATING COUPLERS BASED ON INTERLEAVING SUBWAVELENGTH 
STRUCTURES 

Based on theoretical analysis presented above, an intuitive method to further improve the 

bandwidth is by interleaving dispersion engineered subwavelength structures, as shown in Fig.4-4. 

The grating period Λ , effective indices of high and low index regions, and the grating filling 

factor    were scanned through the open source software CAMFR while treating the 

subwavelength structure as a uniform material based on EMT. A detailed description of the 

simulation procedure can be found in Ref. [79]. The optimized  Λ  is 1.24 µm, and    is 0.5. 

The refractive index of the high index region is 2.55 and that of the low index region is 1.75. The 

corresponding filling factors for the subwavelength structures are 0.20 (40 nm) and 0.43 (86 nm), 

respectively, which were calculated by performing a spline fit on the effective index versus filling 

factor curve in Fig. 4-4c. Since both the high and the low index regions are comprised of 

subwavelength structures, the relative positions of the subwavelength trenches in the x direction 

have various possibilities. In this paper, two types of morphologies have been fabricated, as 

shown in Fig. 4-4b and c.  One is with aligned air holes between the two sets (Fig. 4-4b), and the 

Figure 4-3  a. the transmission spectra of subwavelength structures with different     . b. bandwidth versus      
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other is with air holes of one set shifted by half a subwavelength period  Λ   , with respect to the 

other set (Fig. 4-4c). The testing structure and setup are the same as before. Index matching oil is 

used to reduce reflections and to shift the grating emission angle θ  to ~16 degrees. The grating is 

13 µm wide and 17 µm long. A larger grating width is used to accommodate the large emission 

angle and reduce the alignment difficulty caused by the index matching oil. The blue and red 

solid curves show the transmission spectra of the gratings. The SEM images of the fabricated 

gratings are shown in in the inset of Fig. 4-5. Both gratings demonstrate almost similar 

performance, except that the grating with aligned air holes has slightly higher Fabry-Perot fringes. 

The 1 dB and 3 dB bandwidths of the two types of grating couplers are ~70 nm and ~117 nm, 

respectively. The peak efficiencies are ~5.1 dB at 1570 nm. The dash line is the 2D FDTD 

simulation of the transmission spectrum using EMT without considering the dispersion 

engineering described in this paper.  It shows a 1 dB bandgap of 58 nm, indicating the dispersion 

Figure 4-4 a. The schematic of the wideband grating coupler with interleaved 
subwavelength structures. In this paper, two different types of geometries 
were investigated. One is with aligned air holes between the two sets, as 
shown in b, and the other is with air holes of one set shifted by half a 
subwavelength period      , with respect to the other set, as shown in c.  
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engineering described in this paper adds on extra 12 nm to the bandwidth. Compared to other 

subwavelength wideband grating couplers,77 this grating coupler has comparable bandwidth but a 

higher effective index. The 1 dB bandwidth is more than 2X larger compared to subwavelength 

gratings demonstrated on similar platforms.82  Additionally, compared to the single dispersion 

reduced structure results shown in Fig. 4-3, there is more than 50 nm increment in the 3 dB 

bandwidth. This is the result of combining the factors that affect the bandwidth, including 1) 

lowering the effective index, 2) using a longer grating period, and 3) shrinking the period of the 

subwavelength structures. However, these methods and the index matching oil reduce the index 

contrast. Therefore, the higher order radiation modes cannot be suppressed unless the grating was 

apodized. Thus, the coupling efficiency is compromised. Further design optimization, including 

apodization, is required in order to achieve comparable coupling efficiency to that of higher 

refractive index contrast couplers. 

 

4.5 SUMMARY 

We investigated the dispersion characteristics of subwavelength structures. We also 

proposed and experimentally demonstrated suppression of waveguide dispersion by reducing the 

subwavelength period. Wideband grating couplers based on interleaved dispersion engineered 

subwavelength structures were designed and fabricated. The gratings demonstrate a coupling 

efficiency of ~5.1 dB, a 1 dB bandwidth around 70 nm, and a 3 dB bandwidth around 117 nm. 

The results can be extended to longer wavelength where the fabrication challenges are smaller.   
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Figure 4-5  The transmission spectra for wideband grating coupler with aligned (blue) 
and shifted subwavelength structures (shifted). Inset: fabricated wideband 
grating coupler with aligned subwavelength structures (left) and shifted 
subwavelength structures shifted (right). The dash line is the simulated 
transmission spectrum.  
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Chapter 5: Stamp Printing of Silicon Nanomembrane Based Photonic 
Devices onto Flexible Substrates with a Suspended Configuration 

 

5.1 INTRODUCTION 

       To date, most of the flexible electronics/photonics rely on organic, polymer and 

amorphous semiconductor material systems. One significant advantage of such materials 

is that the devices can be fabricated directly onto flexible substrates with conventional 

low temperature processes such as ink-jet printing, screen printing, and molding. 

However, the device performance achievable is still inferior compared with single crystal 

semiconductor based devices. Since the discovery that thin single crystal films can also 

possess extreme flexibility, yet retaining bulk material properties, 18,88 new opportunities 

in the flexible electronics and photonics have been explored. Among all transferrable 

single crystal semiconductors, silicon nanomembrane (SiNM) is one of the most 

promising materials because it possesses not only high carrier mobility and mechanical 

durability, but also optical transparency in the near infrared region, thus making it 

suitable for developing high performance flexible optoelectronic devices. In the 

conventional SiNM transfer method, the patterned silicon-on-insulator (SOI) chip is put 

into HF solution to selectively remove the buried oxide (BOX) layer. 54,5589 The released 

SiNM settles down and is weakly bonded to the handle silicon wafer via Van der Waals 

forces. For the above process to work, the thickness of the BOX must be less than 500 

nm in order to prevent shifting of devices during the settling process. 89 However, if the 

BOX is too thin, the time required for its complete undercut etching is prohibitively long 

since the edges of SiNM settle down to the handle silicon and block HF penetration. A 

BOX thickness of 150~200 nm has been found optimum for the transfer process 89,90. 

Upon complete under etching of BOX, the SiNM is peeled up and transfer-printed onto 
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other foreign substrates with the help of an elastomeric stamp. The adhesion between the 

stamp and the SiNM can be kinetically controlled by adjusting the peeling speed.29 

Through this approach, important progresses have been made in flexible electronics and 

surface normal photonics, including flexible and rollable paper-like displays,91 flexible 

silicon integrated circuits,90  nanostructure Fano filters,92  smart skins,93 etc. In contrast 

to the rapid progress in SiNM based electronics, very little progress has been made on in-

plane flexible photonics. One important reason is that in-plane photonic devices usually 

have large length to width ratio (>1000:1) and more complicated geometries, which leads 

to unequal undercut etching time for different regions. Therefore, some parts of the SiNM 

are fully free, while other areas are still held by BOX. This phenomenon causes shifts, 

wrinkles and cracks in the SiNM even with <500 nm thick BOX, which is detrimental to 

the performance of the in-plane photonic devices. A potential alternative is to bond the 

SOI upside down onto the target substrate and then remove the handle silicon by 

polishing and/or deep silicon etching. 94 However, this process is not very economically 

viable since the handle wafer is entirely destroyed. 

In our previous work, we demonstrated the possibility of transferring photonic 

crystal waveguides (PCW) and multimode interference (MMI) couplers onto flexible 

polyimide substrate through the conventional direct peeling up approach.95 Without 

elastomeric stamp, the adhesion between surfaces is difficult to control, resulting in low 

transfer yield. Besides, possibly due to the formation of the -Si-O-Si- bonds between the 

released SiNM and the handle silicon, 21 in some cases, it is very difficult to pick the 

SiNM up after undercut etching, even with highly adhesive surfaces, for example, scotch 

tapes. In this letter, we present a new stamp printing method with which 30 µm wide, 230 

nm thick, up to 5.7 cm long multimode waveguides are transferred onto a flexible 

substrate with yield > 90%. The propagation loss of the transferred waveguide is 
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measured to be ~1.1 dB/cm, which is comparable with waveguides on SOI. This method 

has also been applied to transfer other intricate structures such as PCW and MMI with 

minimum feature sizes of 200 nm and 2 µm, respectively, and this process is relatively 

independent of the thickness of the BOX. According to the author’s best knowledge, this 

is the first demonstration of operational SiNM based in-plane flexible photonic devices, 

which we believe, could open an entirely new field with a wide range of useful 

applications.                                                                    
 

5.2 STAMP PRINTING PROCESS WITH A SUSPENDED CONFIGURATION  

A 30 µm wide, 8 mm long waveguide is fabricated with commercially available SOI 

 

Figure 5-1  Schematic illustration of the stamp printing process exploiting a 
suspension structure. (a) The patterned SOI chip. (b) Illustration of chip 
after first undercut etching. (c) Application and patterning of the 
supporting layer. (d) SiNM suspension on pedestals after complete 
undercut etching. (e) Peeling up of the released SiNM with PDMS 
stamp. (f) Printing of SiNM devices onto a polyimide film.  
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from SOITEC with 250 nm single crystal silicon, 3 µm BOX and 500 µm handle silicon. The 

SOI is first oxidized to create 45 nm top oxide layer, which serves as hard mask for silicon 

etching. This oxidation consumes 20 nm silicon, leaving a silicon layer of 230 nm. After electron 

beam lithography (JEOL JBX-6000), a 20 nm nickel layer is deposited and a standard lift-off 

process is used to invert the pattern. The pattern is transferred to the silicon oxide hard mask by 

reactive ion etching (RIE). The metallic layer is then removed by piranha cleaning. An HBr/Cl2 

RIE etch is used to transfer the pattern to the silicon layer, as shown in Fig. 5-1(a).  

To form pedestals, the patterned wafer is put into a 6:1 buffered oxide etch (BOE) for 5 

mins to partially remove the silicon dioxide underneath the waveguide, as shown in Fig. 5-1(b).  

Then, AZ 5214 photoresist is spin coated at 4000 rpm for 30 seconds, resulting in a film thickness 

of ~1.7 µm. The resist also fills the exposed edges under the waveguides, thus forming polymeric 

pedestals, as shown in Fig. 5-1(c). Array of holes with diameter of 100 µm and pitch of 200 µm 

are patterned on the resist to let the etchant penetrate for BOX removal. The sample is hard baked 

at 110 oC for 3 mins, and then put into a beaker filled with HF vapor. HF vapor can be generated 

simply by covering a beaker with concentrated HF solution. The etch rate is ~50 µm/h, which can 

be controlled by opening different sizes of holes on the cover. After completely removing the 

BOX, the SiNM, protected by the photoresist, will settle down to the handle silicon. The 

supporting layer and vapor etching sufficiently prevent the SiNM from the shifting caused by the 

fluid flows during HF etching.  The result can be further improved by heating the sample up 

during the undercut etching process to let the by-product water from the chemical reaction 

evaporate. After gently cleaning and drying the sample with nitrogen, oxygen plasma is used to 

remove the photoresist everywhere, except the region underneath the nanomembrane, as shown 

in Fig. 5-1(d). The center region of the SiNM sags down and contacts the underlying substrate. 

The contact area can be controlled by tuning the dimensions of the pedestal through adjusting the 

first step BOX etching time. This controllability is important because, when the contact area 
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becomes too large, it becomes very difficult to peel the SiNM up. The etching time is controlled 

in order to initiate sufficient delamination formation between silicon nanomembrane and silicon 

surface during retrieval with an elastomeric stamp. In this letter, the etching time is optimized to 5 

mins, forming a pedestal ~200 nm high. 
 

A polydimethylsiloxane (PDMS) stamp is prepared by mixing base and agent with a 

ratio of 6:1, and cured at 90oC for 2 hours. The stamp is bonded to a glass slide through activating 

both surfaces with oxygen plasma and 2 hour 90 oC annealing. Bringing the stamp into contact 

with the substrate and then peeling it back at high speed lifts the SiNM structure from the handle 

silicon through initiating delamination at the interface between the pedestals and the SiNM, as 

shown in Fig. 5-1(e). A 125 µm thick polyimide film (Kapton, DuPont) is cleaned with Acetone 

and Methanol. NOA 61 (Norland Optical Adhesive) is spin coated at a speed of 4000 rpm for 60s, 

forming a film thickness of ~7 µm. The epoxy is pre-cured for 10 mins (7.5 mW/cm2). Then, the 

“inked stamp” is brought into contact with the pre-cured epoxy film. The film is cured from top 

side down through the PDMS, and the stamp is slowly retrieved, leaving SiNM on the flexible 

substrate, as shown in Fig. 5-1(f). The whole sample is put into an oven at 60oC for 12 hours to 

achieve better adhesion between NOA 61 and SiNM. The fully cured NOA 61 has good 

transmission at 1550 nm with a refractive index of ~1.54. The scanning electron microscope 

(SEM) and the optical microscope images for the corresponding steps outlined in Fig. 5-1 are 

shown in Fig. 5-2. 
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Figure 5-2  (a~c). SEM image of the cross section of the SiNM. (a) After BOE 
etching for 5 min.  (b) After spin casting photoresist. (c) After full 
undercut etching and removing photoresist with oxygen plasma. (d). 
Transferred SiNM waveguide showing good flexibility and the PDMS 
“inked” with SiNM (inset) 



 46 

5.3 FACET PREPARATION AND LIGHT COUPLING 

In order to test the transferred waveguides, the end facets are prepared. The flexibility of 

the SiNM, NOA 61 and Kapton makes it very difficult to prepare the end facets of the SiNM 

waveguide for light coupling. Therefore, we first use RIE (CHF3/O2) to etch the end of the 

waveguide and the NOA 61 underneath away. Then, the Kapton substrate is diced less than 14.5 

µm away from the edge of waveguide in order to enable light coupling using a polarization 

maintaining (PM) lensed fiber with working distance of 14.5 µm and spot diameter of 2.5 µm. 

The cross section of the prepared facet is shown in Fig. 5-3(a). The output light from the 

 

Figure 5-3  (a) SEM image of the cross section of the waveguide after transfer. (b) 
The output spot captured by a top-side down IR camera. (c) The 
insertion loss of 7mm SiNM based flexible waveguide (red) and the 
SOI based waveguide (blue) (d) The structure used to measure the 
propagation loss of the waveguide. 
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waveguide is collected with multimode fiber with a mode diameter of 50 µm. The sample is 

taped down to a glass slides for convenience. Through a top down infrared camera, as shown in 

Fig. 5-3(b), the output spot can be clearly observed, indicating strong light emission. The 

measured insertion loss is ~25 dB for 7 mm transferred waveguide, which is about 6 dB more 

than the waveguide before transfer, as shown in Fig. 5-3(c).  

This is possibly due to the increase of facet roughness caused by the mechanic vibration 

during the dicing process. To measure the propagation loss of the waveguide, a structure shown 

in Fig. 5-3(d) is transferred. Through varying ΔL, the length of the waveguide can be changed by 

2.6 cm. The measured loss is ~1.1 dB/cm in the region from 1530 nm to 1600 nm, which is 

comparable with the SOI based waveguide. This transfer technique has been used to also transfer 

intricate devices such as 1x6 MMI and PCW, with a minimum dimension of 2 µm and 200 nm, 

as shown in Fig. 5-4(a) and (b), respectively, which are not feasible to be transferred using the 

conventional approach. Further results of these nanophotonic devices will be presented in future 

publications. 

 

 

Figure 5-4  (a) Transferred 1 by 6 MMI couplers. (b) Transferred Photonic crystal 
waveguide. 
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5.4 SUMMARY 

In summary, we have developed a new stamp printing process based on supporting layer 

and suspension structure. With this method, SiNM based waveguide up to 5.7 cm long is 

transferred to flexible substrate, and the measured propagation loss is found to be ~1.1 dB/cm. 

Intricate SiNM devices such as MMI and PCW, which are difficult to transfer using the 

conventional techniques, have also been transferred successfully using our technique. This 

demonstration opens vast possibilities for a whole new area of high performance flexible 

photonic components using SiNM technology.  
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Chapter 6: Large Area Silicon Nanomembrane Photonic Devices on 
Unconventional Rigid Substrates 

 

6.1 INTRODUCTION 

Silicon is not only the foundation of the microelectronics industry, but is also an 

appealing material for high density integrated photonics because of its high index and low cost 

mass production capabilities. It is a natural desire to replicate the success of silicon on different 

substrates and explore applications out of the scope of traditional silicon wafer based electronics 

and photonics.18 One example is silicon planar lenses for visible wavelengths. Silicon has very 

high index but also strong absorption in visible wavelengths. However, the absorption loss of an 

ultrathin (<180 nm) crystalline silicon is negligible. 96 Thus, transferring silicon nanomembrane 

(SiNM) onto substrates transparent to visible wavelengths (e.g. glass) is of great importance in 

this research area. Another example is flexible silicon photonics. SiNMs exhibit excellent 

flexibility, 18 which has rarely been noticed because of the rigid substrate. Transferring SiNMs 

onto flexible polyimide substrates can break the substrate limitations.33 These interesting 

applications demand reliably transferring large scale crystalline SiNM, but current methods can 

only transfer small areas of SiNMs,3,18,33,90 or a larger SiNM in the centimeter scale with meshed 

morphology.21,97 Photonic devices are too large compared to the transferrable area. Besides, 

photonic devices are extremely sensitive to geometry and defects, and thus the requirements for 

the feasibility of the transfer process is quite stringent. A few attempts have been reported,16,33 but 

the transferrable area has remained limited. This chapter introduces a defect-free transfer of a 

large area (2 cm × 2 cm) of unpatterned SiNM onto a 1 mm thick glass substrate utilizing low 

temperature adhesive bonding 98 and deep reactive ion etching (DRIE). Unlike the transfer 

process described in 18, the SiNM has not been released from substrates during the transfer 
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process.  The processing temperature is kept ≤ 95 oC, so the technique can easily be applied to 

transfer SiNM onto other rigid and flexible substrates. 
 

6.2 TRANSFER PROCESS 

The process flow is described in Fig. 6-1. The entire material stack from top-down 

contained a silicon-on-insulator (SOI) chip (including a 675 µm silicon handle, a 3 µm BOX 

layer, a 250 nm single crystal silicon device layer), a 5 µm SU-8 coated on the silicon device 

layer, a 5 µm SU-8 coated on the glass slide, and a 1 mm thick glass slide (Fig.6-1a). Before 

bonding, a 2 cm × 2 cm SOI chip and a 2.5 cm × 2.5 cm glass slide were thoroughly cleaned in 

piranha solution. The native oxide was removed with buffered oxide etchant (BOE). Both the 

chip and the slide were dehydrated in a convection oven. Next, a 5 µm thick SU-8 layer was spun 

on the SOI chip and the glass slide, and soft baked at 95 oC to evaporate the solvent. Then, the 

chip was put upside down on the glass slide and placed in an oven at 65 oC for 20 mins without 

applying pressure. The glass transition temperature of the non-cross-linked SU-8 is 64 oC 99,100, 

and at the temperature or above, SU-8 exhibits excellent self-planarization, which minimizes the 

thickness variations 100. Pressure was applied afterwards through a home-made bonder, which is 

shown in Fig. 6-1g. The material stack was mounted between the two thick Pyrex glass slides. 

The steel ball and the Belleville washer spread the point force generated by the thumb screw onto 

the thick Pyrex glass plate, forming a gradient pressure distribution. This pressure distribution 

avoided the formation of air cavities in between the two SU-8 layers. The thermal expansion of 

Belleville washers also compensated pressure decreasing induced by the reflow of the polymer. 

The sample was kept in a 65 oC vacuum oven for 20 hours to let polymer reflow and squeeze out 

the trapped air bubbles. After that, the sample was illuminated by 365 nm ultraviolet light through 

the glass slide to crosslink the SU-8 polymer. Exposure dose was around 150 mJ/cm2. A long 

term post exposure bake (PEB) at 65 oC was done to further crosslink SU-8. Baking at a low 
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temperature helped minimizing the strain, as the thermal expansion coefficients of silicon and 

Figure 6-1  Transfer process flow chart. a. The material stack structure.  b. Bond the 
SOI chip upside down onto the glass slide. c. Polish the silicon handle to 
~100 µm. d. Etch the silicon handle away with DRIE. e. Remove BOX 
with HF solution. f. Pattern the transferred SiNM. g. The home-made 
bonder.  h. Side view of a sample before and after polishing. i. 
Transferred SiNM after removing the handle.   
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SU-8 are different. 

After bonding, the silicon handle was removed by DRIE, as described in Figs. 6-

1c and Since DRIE generates tremendous heat, the carrier wafer was kept at ~ 10 oC 

through Helium flow underneath. However, the thermal conductivities of SU-8 and glass 

slides were merely 0.2 W/mK and 0.96 W/mK, respectively, and thus the heat cannot be 

dissipated fast enough. Consequently, a significant temperature gradient built up between 

the top surface and the glass slide, subjecting the sample to cracking. The mismatch of 

the coefficients of thermal expansion (CTE) further aggravated the problem. To control 

the thermal budget, the silicon handle was mechanically polished down to ~100 µm, as 

shown in Fig. 6-1c and Fig. 6-1h, to shorten the etching time. The etching recipe was also 

carefully modified. The inductively coupled plasma (ICP) power was tuned to keep it 

slightly above the threshold of maintaining plasma to reduce the heat generation rate to 

match the heat dissipation rate. The silicon etch rate of this recipe was around 2.7 

µm/cycle, with selectivity ~80 of oxide to silicon. The 3 µm BOX was used as a stopping 

layer to protect the SiNM underneath, and it could be removed by hydrofluoric (HF) acid 

etching afterwards. The SiNM after DRIE is shown in Fig. 6-1i.  
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Before removing the BOX layer, photoresist was applied on both the bottom and the top 

of the sample except the BOX region. Instead of immersing the whole sample into HF solution, 

which could cause delamination, a few droplets of HF were applied on the BOX directly. The 

surface tension of the silicon dioxide constrained the solution within the SiNM without flowing 

over. A picture of the transferred SiNM is shown in Fig. 6-2. After transfer, the thickness of the 

SU-8 was measured to be around 9.4 µm.   

Figure 6-2  Transferred SiNM on glass slide. Inset: tilted view of the transferred 
SiNM, showing the three layers: SiNM, SU-8, and glass. After transfer, 
the SU-8 layer is ~9.4 µm thick.  
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The transferred SiNM was examined with an optical microscope, and no visible defects 

were identified. The transferred SiNM can be patterned into photonic structures through 

conventional techniques such as photolithography and electron beam lithography, as shown in 

Fig. 6-1f. The latter was used here.  The patterning process was similar to that described in. 86 

To investigate the quality of the transferred SiNM, the top surface roughness of 

SiNMs before and after transfer was measured through atomic force microscopy (AFM). 

An increasing of roughness has been observed, as shown in Fig. 6-3a and b.  The surface 

roughness of the transferred SiNM was 0.522 nm, while it was 0.128 nm for SOI.  

Energy dispersion spectrometry showed rich carbon, hydrogen, and oxygen elements in 

the white spots in the AFM images indicating that these spots were possibly the polymer 

residues from the DRIE process. Since the ICP power was kept low, the polymer 

deposited in the deposition step cannot be stripped completely during the silicon etching 

step and deposit on the nanomembrane during the processes followed. However, the 

polymer spots were small so that the effects on propagation loss were limited. Attempts 

Figure 6-3  Top surface roughness (a) before transfer and (b) after transfer 
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also have been made to measure the stress of the nanomembrane through Raman 

scattering, but the wavelength shift was not detectable, indicating the strain was less than 

10 MPa (detect limitation of the machine). 

 

6.3 GRATING COUPLER ON TRANSFERRED SILICON NANOMEMBRANE 

The SWG consists of an array of periodic rectangular air holes with subwavelength 

dimensions formed in a 250 nm thick SiNM transferred onto a glass substrate with an SU-8 

bottom cladding layer, as shown in Fig. 6-4. Four grating parameters, namely, the trench length 

(Lsub), the hole width (Wsub), the hole period (Λsub), and the grating period (ΛG) define the SWG. 

In order to simplify the calculations for an optimum design, an effective index approximation 

method, such as the Effective Medium Theory (EMT),101 is utilized to approximate the 

subwavelength section as a uniform material with refractive index subn . An open source 

 

Figure 6-4  Schematic illustration of the subwavelength grating (SWG) coupler on 
a transferred nanomembrane 



 56 

simulation package CAMFR, which is based on eigenmode expansion,72 is utilized to search for a 

best combination of grating period GΛ and subn  in order to obtain the highest power efficiency 

around 1550 nm. In our design, the filling factor of the grating is fixed at 50%. The calculated 

optimum GΛ and subn  are ΛG=0.690 µm and subn =2.45, respectively, corresponding to 

Lsub=0.345 µm, Wsub=0.090 µm, and Λsub=0.390 µm.  

Fabrication is performed on a 2 cm x 2 cm 250nm thick SiNM transferred onto a 

1mm thick glass substrate, with an 8.22 µm thick SU-8 bottom cladding layer, as shown 

in Fig. 6-5(a). The SiNM is transferred using a SOI bonding and handle wafer removal 

method similar to that described in [15].16 In order to transfer the SiNM onto the 1mm 

thick glass substrate, a pre-cleaned 2 cm by 2 cm SOI chip (250 nm single crystal silicon 

layer, 3 µm buried oxide (BOX) layer and 500 µm handle wafer) and a 2.5 cm by 2.5 cm 

glass slide are spin coated with 5 µm thick SU-8 layer. After pre-baking, the SOI chip is 

brought into contact with the glass slide and pressure is applied. Next, the sample is 

heated to the glass transition temperature of SU-8 to enable reflow and removal of 

trapped air pockets. Then, ultra violet (UV) light is illuminated through the glass slide to 

cure SU-8. Post exposure baking is performed to complete cross linking. Following this, 

the 500 µm silicon handle is removed by polishing and deep silicon etching, with the 

3 µm BOX layer serving as a stopping layer for the silicon etching process. The 

remaining 3 µm BOX is then selectively etched away using hydrofluoric acid, thus 

leaving a 250 nm silicon device layer with the SU-8 bottom cladding layer on the glass 

substrate. Twenty five periods of the designed SWG grating coupler are fabricated at the 

input and the output of an 8 mm long, 2.5 µm wide SiNM waveguide using electron 

beam lithography (JEOL JBX-6000). A pair of linear waveguide tapers, each with a 

length of 500 µm, is incorporated to bridge the 10 µm wide grating region to the 
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waveguide. An SEM of the fabricated SiNM SWG coupler is shown in Fig. 6-5b. A 

schematic of the fabricated structure is shown in the inset. 

Since the SU-8 layer thickness cannot be controlled accurately using our custom-made 

bonding setup, the post fabrication measured SU-8 layer thickness of 8.22 µm is used to simulate 

the grating characteristics. Calculations are performed for TE polarization since that is the 

polarization of interest for several interesting photonic crystal waveguide and other active devices 

we are working on. The calculated back reflection (black curve), coupling efficiency to air  (red 

curve), and coupling efficiency into a single mode fiber tilted at a 10o angle with respect to the 

normal (blue curve) is shown as a function of wavelength in Fig. 6-6. At a wavelength of 1550 

nm, a peak upward power efficiency of 54 %, corresponding to a 42 % coupling efficiency into a 

single mode fiber, is achieved. Calculations for TE polarization are performed. 

Our fabricated grating coupler is characterized by measuring the fiber-to-

Figure 6-5  (a) Optical microscope image of a 2cm x 2cm 250nm thick SiNM 
transferred onto a 1mm thick glass substrate. The thickness of the SU-8 
bottom cladding layer is measured to be 8.22µm, (b) Scanning electron 
microscope (SEM) image of the fabricated subwavelength grating 
coupler (SWG) on the transferred SiNM. A schematic of the fabricated 
structure is shown in the inset. 
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waveguide-to-fiber insertion loss. The input and output fibers are mounted on two 10o 

wedges, whose position with respect to the gratings can be controlled using two xyz 

stages. The input fiber is a polarization maintaining (PM) fiber whose polarization is 

controlled via a waveplate-based polarization controller (PC). The output fiber is a 

conventional single mode fiber with a core diameter of 9 µm. The tilt angle can be 

adjusted from 0o ~ 20o. For this design, both the input and output fibers are tilted ~9.4o 

from normal incidence. TE polarized light from a broadband amplified spontaneous 

emission (ASE) source is coupled into the 8 mm long, 2.5 µm wide SiNM waveguide via 

 

Figure 6-6  Simulated back reflection (black), coupling efficiency to air (red) and 
coupling efficiency to a fiber positioned at 10o with respect to surface 
normal of the designed SWG coupler (blue) as a function of 
wavelength of operation. A peak fiber coupling efficiency of 42 % is 
achieved at a wavelength of 1549nm. An SU-8 layer thickness of 8.22 
µm is used in the simulation. 
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the grating couplers. The transmission through the grating pair and the SiNM waveguide 

is measured on an optical spectrum analyzer (OSA). The coupling efficiency is extracted 

assuming equal coupling efficiencies for both gratings. Figure 6-7 shows the measured 

transmission spectrum for a single grating.   

 The peak efficiency is measured to be 39.17 % (-4.07 dB) at 1555.56 nm. 

Measurements are also performed on a set of 5 pairs of grating couplers, and a maximum 

deviation in peak efficiency of -0.26 dB is obtained, thus showing a high uniformity in 

performance. The 1 dB and 3 dB bandwidths are measured to be 29 nm and 57 nm, respectively. 

The shift in the peak wavelength from the design value could possibly be due to fabrication errors 

which subsequently change subn  from its designed value. 
      

 

Figure 6-7  Measured transmission spectrum of the grating coupler fabricated on 
SiNM on glass substrate. Peak efficiency of 39.17% (-4.07dB) is 
obtained at a wavelength of 1555.56nm. The 1 dB and 3 dB 
bandwidths are 29 nm and 57 nm, respectively. 
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It should be noted, however, that the overall coupling efficiency is strongly affected by 

the thickness of the underlying SU-8 cladding layer. This is due to the fact that the 

constructive and destructive interference between the upward diffracted beam and the 

downward diffracted beam reflected upwards at the SU-8/glass interface is a periodic 

function of the cladding layer thickness. Due to the absence of a precise SiNM bonding 

tool, the SU-8 layer thickness cannot be controlled precisely. However, by utilizing a 

specialized bonding tool with a pressure monitoring system for the SiNM transfer 

process, the SU-8 layer thickness can be controlled accurately. 

 

Figure 6-8  Simulation showing the effect of SU-8 layer thickness variation from 
7 µm to 9 µm on the coupling efficiency to air. A periodic efficiency 
fluctuation between 53% to 67% is produced. The red dot indicates 
our fabricated result. 

7.00 7.25 7.50 7.75 8.00 8.25 8.50 8.75 9.00
0.52

0.54

0.56

0.58

0.60

0.62

0.64

0.66

0.68

C
ou

pl
in

g 
Ef

fic
ie

nc
y 

to
 A

ir 
(η

)

SU-8 Thickness (µm)



 61 

Figure 6-8 is a simulation result showing the effect of changing the SU-8 layer thickness 

from 7 µm to 9 µm on the coupling efficiency to air. It can be seen that the efficiency fluctuates 

between 53% to 67% within 0.25 µm of SU-8 layer thickness variation. Our measurement point 

is indicated as a red dot in the figure. Better control of the SU-8 layer thickness will further 

increase the efficiency. Nevertheless, the 'worst-case' scenario of 53% coupling efficiency to air is 

still better than other demonstrated coupling methods.  

 

6.4 PROPAGATION LOSS OF SINGLE MODE WAVEGUIDE ON THE TRANSFERRED SILICON 
NANOMEMBRANE 

Since propagation loss is a deterministic factor to investigate whether a material is 

suitable for photonic applications, the cut-back method is used to measure the propagation loss of 

single mode waveguides fabricated on transferred SiNMs. To determine the propagation loss, 

500 nm wide single mode waveguides with different lengths are fabricated. The schematic of the 

testing structure is shown in Fig. 6-9a. SWG couplers described in 81,86 are utilized for input and 

output light coupling. 10 µm wide, 17 µm long SWG couplers are connected to the single mode 

waveguide through a 500 µm adiabatic taper. Through varying ∆L, different length of single 

mode waveguide (0.5 cm, 1.5 cm, and 2.5 cm) can be constructed. A set up described in 86 is 

exploited for measurements. Light from a broadband amplified spontaneous emission (ASE) 

light source is transverse-electric (TE) polarized and coupled into the single-mode waveguide via 

a 10o tilted polarization maintaining fiber. The output light is collected by a single mode fiber 

tilted at the same angle as the input fiber, and analyzed in an optical spectrum analyzer. The 

results are presented in Fig. 6-9b and c. The average propagation loss is about 4.3 dB/cm in the 

wavelength range from 1535 nm to 1565 nm for waveguides fabricated on transferred SiNMs, 

while the value is around 3.1 dB/cm for SOI based single mode waveguides with the same 
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dimensions.  The increment of the propagation loss matches the observations of the roughness 

increasing.  
 

6.5 DEMONSTRATION OF LARGE SCALE PHOTONIC DEVICES ON THE TRANSFERRED 
SILICON NANOMEMBRANE 

To demonstrate the feasibility of fabricating photonic devices with intricate 

structures on the transferred SiNM, a 1×16 splitter, formed by cascading five 1×4 MMIs 

together, is designed for air (top) and SU-8 (bottom) cladding. A schematic of the optical 

splitter is provided in Fig. 6-10a. The length and width of the multimode regions are 

119.4 µm and 16 µm, respectively. The air holes of the subwavelengths structure is 80 × 

Figure 6-9  a. Schematic of the loss measurement structure. Different propagation 
length is obtained through varying ∆L. b. The propagation loss of single 
mode waveguides on the transferred SiNM (red) and on SOI (black).  c. 
the slope loss at 1550 nm. 
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345 nm The input and access waveguides are both 2.5 µm wide to ensure low insertion 

loss and high uniformity 102. Subwavelength grating couplers are again used for input and 

output light coupling. Figs. 6-10b~g show the details of each section of the splitter. To 

clearly resolve the individual output spots using a 45。tilted infrared camera, a fanout 

Figure 6-10  a. schematic of the 1 × 16 optical power splitter composed of two-level 
cascaded 1× 16 MMIs.  SEM picture of b. the subwavelength grating 
coupler for in and output coupling,  c. the 2 µm wide multimode 
waveguide, d. 500 nm single mode waveguide,  e. the 1 × 4 MMI,  f. the 
access waveguide of the 1 × 4 MMI, and the output waveguides of the 1 × 4 
MMI.  h. The infrared image of the sixteen output spots captured with a 
45。tilted camera. 
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design is used to separate the 16 MMI output channels by 30 µm. A tunable laser with a 

wavelength precision of 0.001nm is exploited to scan the working wavelength of the 

splitter. Figure 6-10h shows the infrared image of the 16 output spots. A uniformity of 

0.96 dB is obtained at 1545.60 nm across the 16 output channels, while the insertion loss 

for the device is 0.56 dB. The uniformity and the insertion loss are determined by using a 

single mode fibre to scan the output power of each output channel. The performance is 

quite acceptable and is comparable with SOI based MMI splitters.102   
 

6.6 SUMMARY 

We develop a low temperature transferring technique based on adhesive bonding 

and deep silicon etching, with which 2 cm × 2 cm large, 250 nm thick SiNMs are 

transferred successfully.  The loss of the 500 nm wide single mode waveguide fabricated 

on the transferred SiNM is 4.3 dB/cm, which is comparable with those fabricated on the 

SOI. A 1×16 splitter, consisting of two cascaded levels of 1×4 MMIs, is fabricated. The 

testing results show high uniformity of 0.96dB, and a low insertion loss of 0.56 dB. This 

method can be applied to transfer SiNM onto substrates other than glass. It will extend 

the application scale of silicon photonics.  
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Chapter 7: A Flexible Single Crystal Silicon Nanomembrane Photonic 
Crystal Microcavity Based Refractive Index Sensor 

 

7.1 INTRODUCTION 

In recent years, there has been a growing interest in inorganic nanomembrane 

based photonics on unconventional substrates. For example, with the stamp printing 

method, Dr. Weidong Zhou’s group at the University of Texas at Arlington were able to 

transfer Fano resonators onto different substrates.1,2 These approaches can be categorized 

as surface normal photonic devices. Compared to the surface normal devices, it is much 

more difficult to transfer in-plane photonic devices onto unusual substrates because 

photonic devices have more complicated geometry, although a few attempts have been 

made. In Chapter 4, we introduced our progress on stamp printing photonic devices onto 

kapton film, which is the first time that in-plane single crystal photonic devices on 

flexible substrates have been demonstrated.3 To boost the yield, a pedestal structure is 

designed and tailored to adjust the van der Waals force between the released device and 

the silicon handle so that the force is strong enough to hold the device in place, but at the 

same time small enough to be peeled up by an elastomeric stamp. The process 

demonstrates a satisfying yield, but it is very complicated and has to be adjusted to 

accommodate different device designs to achieve the best transfer yield. Prof. Mo Li’s 

group at the University of Minnesota has demonstrated the transfer of ring resonator and 

Mach-Zehnder interferometer onto PDMS substrate based on an anchor structure formed 

by controlled wet etch of silicon dioxide.4 It requires a precise control of the wet etching 

of silicon dioxide layer in the SOI. Liquid nitrogen is used to control the etching 

temperature. After transfer, the device is bonded to the PDMS substrate via van der 

Waals force, which is weak. Therefore, the device would not be reliable enough. Another 
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disadvantage of the transfer process is that the size of the silicon dioxide is very 

important. It needs to be strong enough to hold the device and weak enough to be broken 

during the peeling procedure. As a result, the width of the device that can be transferred 

has to be identical. It limits the method to transferring single mode waveguide based 

devices, like ring resonator and Mach-Zehnder interferometer, demonstrated in this 

paper. One of the side effects is that the light has to be coupled into single mode 

waveguide directly. The coupling efficiency is extremely poor due to the large mode 

mismatch. Another attempt to demonstrate flexible photonic device was to fabricate 

photonic device directly on amorphous silicon which is directly deposited onto flexible 

substrates.5 The drawback of this method is that the optical characteristic of amorphous 

silicon is not as good as single crystal silicon. Besides, patterning photonic devices on 

soft material is not a reliable procedure especially when the feature size is small.  

This chapter summarizes our progress in transferring photonic devices onto 

flexible substrates. Through implementing the method in Chapter 5 in transferring silicon 

nanomembrane based devices onto flexible substrates, we are able to transfer a large area 

silicon nanomembrane defect free onto flexible substrates. To demonstrate the 

capabilities of transferring intricate photonic devices, L13 photonic crystal microcavities 

have been transferred onto flexible substrates. The quality factor of this cavity is ~ 9000, 

which is comparable with that on SOI, indicating the high quality of the transferred 

silicon nanomembrane. Bending test has been conducted to thoroughly investigate the 

behavior of the cavity. This photonic crystal micro cavity can be used for a myriad of 

different applications. As an example, the refractive index sensing capability has been 

verified. It exhibits a comparable sensitivity. The sensitivity remains quite consistent 

under different bending radii.  
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7.2 TRANSFER SINGLE CRYSTAL L13 MICROCAVITY ONTO FLEXIBLE SUBSTRATES 

The L13 microcavity was fabricated on commercially available silicon-on-

insulator (250 nm silicon, 3 µm buried oxide layer, and 650 mm silicon handle), as 

shown in Fig. 7-1a. The wafer was cleaved into 2 cm×2 cm chips, and the chips were 

cleaning though piranha bath. Hexamethyldisilazane (HMDS) was spun coated at 4000 

rpm for 35s.  Electron beam resist (ZEP 520a) was spun coated at 6000 rpm for 35s, 

giving a resist of 350 nm thick. The pattern was transferred on to the resist by JBL 6000 

(Fig. 7-1b), and then to the silicon layer through reactive ion etching (HBr/Cl2), as shown 

in Fig.7-1c. The resist was stripped off by PG remover and a piranha bath.   

The transfer process flow is described in Fig. 7-2. As illustrated in Fig. 7-2a, the 

Kapton film is cleaned with Acetone and Methanol, and dried with nitrogen. To simplify 

the following process, the Kapton film is mounted on a rigid substrate, such as silicon. A 

layer of 5 µm thick SU-8 is spin casted on the Kapton film and baked under 90oC for 20 

mins. The fabricated L13 cavity is cleaned by piranha bath. The native oxide is removed 

by 1:6 buffered oxide echant (BOE). A layer of 5 µm SU-8 is spun coated and also baked 

under 90oC for 20 mins. The extended baking time assures the solvent is completely 

evaporated, which is crucial to a successful bond. Besides, SU-8 has extraordinary self-

planarization capability under a temperature above its glass transition temperature (64 oC 
6,7). Long term baking could minimize the edge bead effect as well as other thickness 

variations. 7 
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Figure 7-1  Pattern SOI into L13 Cavity. a. SOI chip with 250 nm silicon, 3 µm 
BOX and 675 µm silicon handle. b. pattern electron beam resist layer. c. 
transfer the pattern onto silicon device layer with RIE.  
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Since both the Kapton and the SOI are not transparent to ultra-violet (UV) light, 

the SU-8 layer cannot be cured in an ordinary way. This problem can be solved by curing 

the SU-8 first and then heating the sample up to the glass transition temperature (~ 180 
oC, depends on different crosslink level) to let the SU-8 reflow. However, since the 

materials involved have quite different coefficients of thermal expansion, the stack could 

be cracked during the bonding thermal cycle under such a high temperature. The 

crosslink of SU-8 relies on the generation of acid upon UV exposure as a result of 

protolysis of triarylsulfonium hexafluorantimonium, the cationic photointiator. Thus, one 

layer of partially cured SU-8 and one layer of uncured SU-8 were brought together. The 

partially cured SU-8 will provide the acid and the uncured SU-8 reflows when being 

heated up, which makes bonding with a simple set up possible. The UV exposure dose is 

around 75 mJ/cm2. Pressure is applied afterwards through a home-made bonder. The 

material stack is mounted between two thick Pyrex glass slides. The steel ball and the 

Belleville washer spread the point force generated by the thumb screw onto the thick top 

Pyrex glass plate. This structure forms a gradient pressure distribution with a higher 

pressure at the center and a lower at the edges. This distribution avoids the formation of 

air cavities in between the two SU-8 layers. As the polymer flows, the pressure decreases, 

which can be compensated by the thermal expansion of the Belleville washers. The 

sample is kept in a 90 oC oven for 12 hours to allow for polymer to reflow and to squeeze 

out the trapped air bubbles. 

After bonding, the silicon handle is removed by DRIE, as described in Figs. 7-2c 

and 7-2d.  Since DRIE generates heat at a high speed, the carrier wafer, on which the 

sample sits, is kept at ~ 10 oC through Helium flow underneath.  However, the thermal 

conductivities of SU-8 and Kapton film are merely 0.2 W/mK and 0.52 W/mK, 

respectively, and thus the heat generated by the etching process cannot be dissipated fast 
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enough. Consequently, a significant temperature gradient builds up between the top 

 

Figure 7-2  Tranfer Process. To make the figures more clear, the peripheral silicon 
is not shown. a. clean and mount a Kapton film on a silicon chip. b. flip 
over and bond a SOI chip onto the Kapton film with SU-8 as adhesive 
layer. c. thin down the silicon handle to ~ 100 µm. d. using deep silicon 
etching to etch away the remaining ~ 100 µm silicon. e. remove the 
box layer with HF. f. remove the SU-8 filling into the holes of photonic 
crystal to enhance the sensitivity. g. peel off the Kapton film 
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surface and the silicon carrier substrate, subjecting the sample to cracking. The mismatch 

of the coefficients of thermal expansion (CTE) further aggravates the thermal problem. 

To control the thermal budget, the silicon handle is mechanically polished down to 

~100 µm, as shown in Fig. 7-2c, to shorten the etching time. The etching recipe is also 

carefully modified to accommodate the thermal requirements. The conventional Bosch 

process contains three steps: polymer deposition, polymer etching, and silicon etching. 

The polymer deposition time is set to 5 s to protect the perimeter of the membrane, 

because the charges accumulated on the Kapton surface bend the electric field and etch 

silicon and SU-8 from the side, possibly causing undercut. The anisotropic polymer 

etching step is skipped in this application because the quality of the perimeter is not 

important. The polymer is removed during the silicon etching step. The inductively 

coupled plasma (ICP) power is carefully tuned to keep it slightly above the threshold of 

maintaining plasma to reduce the heat generation rate to match the heat dissipation rate. 

However, this adjustment sacrifices the etch rate. To compensate it, a long silicon etching 

time of 30 s is used in each cycle. The silicon etch rate of this recipe is around 

2.7 µm/cycle with a selectivity of ~80 over silicon dioxide. The 3 µm BOX is used as a 

stopping layer to protect the SiNM underneath, and it can be removed by hydrofluoric 

(HF) acid etching afterwards.  

Before removing the BOX layer, photoresist is applied on both the bottom and the 

top of the sample except the BOX region to protect the bonding between Kapton and the 

SiNM. Instead of immersing the whole sample into HF solution, which causes 

delamination because HF attacks the bonding between the sample and polymer, a few 

droplets of HF are applied on the BOX directly. The surface tension of the silicon dioxide 

constrains the solution within the SiNM without flowing over. The drawback is that 

etching speed could fall as the HF concentration decreases.  Thus, a few more drops of 
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HF needs to be added to maintain necessary HF concentration. The process is shown by 

Fig. 7-2e. After transfer, the thickness of the SU-8 is measured to be around 9.5 µm. The 

thickness variation across the entire chip is ~200 nm, possibly caused by the uneven 

pressure during the bonding step.  The holes of the photonic crystal structures are filled 

with SU-8 which reduces the sensitivity of the photonic crystal cavity.  Another reactive 

ion etching is used to remove the SU-8 filled into the holes, as shown in Fig. 7-2f.  

Finally, the Kapton film is peeled off from the silicon carrier, as shown in Fig. 7-2g. The 

transferred silicon nanomembrane devices are shown in Fig. 7-3. Figure 7-4 shows the 

bendability of the transferred silicon nanomembrane.  
  

 

 

Figure 7-3  L13 microcavity after being transferred on the Kapton film. The 
silicon nanomembrane after transfer is 2 cm×2 cm 
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7.3 CHARACTERIZATION OF THE BENDABLE L13 PHOTONIC CRYSTAL MICROCAVITY 

7.3.1 Schematics of the transferred L13 microcavity 

The schematic of the transferred L13 cavity is illustrated in Fig. 7-5. The total 

length of the device is 4 mm. Subwavelength grating couplers are used for input and 

output coupling. The width of the grating coupler is 10 µm. Two sections of 500 µm long 

adiabatic tapers are used to bridge the grating coupler and the single mode waveguide. A 

30 µm long, 500 nm wide single mode waveguide is used to filter out the high order 

mode generated in the taper. After that, the single mode waveguide is tapered up to match 

the width of the photonic crystal waveguide. The insets of Fig. 7-5 show the SEM 

pictures of the transferred L13 microcavity and the subwavelength grating couplers.   

 

 

Figure 7-4  L13 microcavity after being transferred on the Kapton film. These two 
figures show the bendability of the transferred devices.  
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Figure 7-5  Schematic of the transferred L13 microcavity. The total length of the 
device is 4 mm. Subwavelength grating couplers are used as input and 
output grating couplers. Inset: SEM pictures of the subwavelength grating 
coupler and the L13 microcavity.   

Table 7-1 Mechanical characteristics of silicon, SU-8 and Kapton 

 
Young’s 

Modulus (Gpa) 
Poisson’s Ratio 

Thickness 

(µm) 

Silicon 169 0.27 0.25 

SU-8 2 0.22 10 

Kapton  2.5 0.34 125 
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µm thick SU-8 layer, and 125 µm Kapton layer. The mechanical properties of the three 

materials are summarized in Table 7-1. Since the Young’s modulus of silicon is two 

orders of magnitude larger than SU-8 and Kapton, the mechanical neutral plane shifts 

upwards. 

  

7.3.2 Introduction to the testing set up 

The testing set up is shown in Fig. 7-6. The transferred SiNM L13 cavity is 

mounted on the two jaws of a caliper. The caliper is mounted on a stage by two screws. 

 

Figure 7-6  The testing set up.  The transferred L13 cavity is mounted on the two 
jaws of a caliper. Moving the transitional jaw can buckle the film up or 
down. Light is coupled into the cavity through subwavelength grating 
couplers. The input and output fibers are held by fiber chucks, which is 
hold by fiber chuck holder mounted on titling stages.  
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As illustrated by the cartoon in the inset, through moving the transition jaw, the film can 

be buckled up and down. The position of a transition jaw can be controlled with a 

precision of 0.01 mm, which enables a precise scanning of bending radius. The testing 

method could be simplified as a two dimension model shown in Fig. 7-7. The flexible 

composite film is comprised of three layers, 125 µm Kapton film, 10 µm SU-8, and 250 

nm silicon nanomembrane. One end of the film is fixed and the other is movable. 

Assuming the film has a length of L, and the total thickness of the film is h, the bending 

shape of the film can be estimated as:8  

 

 

Figure 7-7  The two dimension approximation of the bending testing. The 
device has three layers, 125 µm Kapton film, 10 µm SU-8, and 250 
nm silicon nanomembrane. 
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 =   sin       

(7-1) 

where 

  = 2     −   ℎ 12   

(7-2) 

Therefore the bending radius at the peak point can be calculated by: 

 

 =  2     −   ℎ 12   

(7-3) 

The light is coupled into the devices through subwavelength grating couplers 

which have been described in Chapter 5. The input fiber is a polarization maintaining 

fiber (PMF), and the output fiber is a single mode fiber (SMF). Both fibers are mounted 

in fiber chucks which are fixed by chuck holders on 20 degree wedges. The tilting angle 

of fibers can be controlled within a range of 10~30 degrees to accommodate the bending 

tests. The axis of the PMF is aligned with the grating coupler. Light from a broadband 

source is polarized by a polarizer and connected to the PMF through a fiber connector. 

Light from output grating coupler is collected by the SMF and analyzed by optical 

spectrum analyzer (OSA).  
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7.3.3 The performance of grating couplers on flexible substrates 

Coupling light into and out of the transferred devices is a challenging and crucial 

task. End-fire coupling is a straight forward option but not a wise one for flexible silicon 

photonic devices. On one hand the facet is extremely difficult to prepare,3 which may 

turn the simple solution into a difficult one. On other hand, the coupling efficiency is 

close to zero due to the large mode mismatch. An alternative is grating couplers. 

However, the conventional grating coupler requires multiple lithography and etching 

steps to reduce the index contrast and increase directionality. Besides, the one dimension 

periodic structure is not mechanically strong enough. Subwavelength grating couplers 

provide a viable option.9,10 The low index region of subwavelength grating couplers is 

comprised of artificial nanostructures, which are more robust. The entire grating can be 

fabricated together with other photonic components with an efficiency which is 

comparable to those that demand multiple lithography and alignment steps. Since the 

holes of subwavelength grating couplers could be completely filled or partially filled with 

SU-8, the grating coupler needs to work properly in both situations.   

The subwavelength structures can be considered as a uniform material according 

to the effective medium theory. So the 3D problem is simplified into a 2D problem. The 

SU-8 layer is rather thick, and the index contrast between SU-8 (1.575) and Kapton (1.79) 

is much smaller than that between silicon dioxide (1.45) and silicon (3.476).  The effect 

of bottom cladding can be ignored. Thus, the grating designed in Chapter 6 can be 

directly used for flexible substrates. The simulation and optimization procedure is similar 

to that in Chapter 3, so it would not be reiterated here. The optimized subwavelength 

refractive index      is 2.45. The grating period Λ is 0.69 µm. The subwavelength period 

is 0.390 µm, and the width of the air hole is 0.39 µm. The 2D FDTD simulation of fiber 

to grating coupling is shown in Fig. 7-8a.  The tilting angle is ~9.4。. The simulation 
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demonstrates a peak coupling efficiency of -3.2 dB at the wavelength of 1550 nm. The 

transmission spectrum of the grating couplers after transfer is also shown in the same 

figure. The grating coupler has a coupling efficiency of ~4.4 dB at 1536.7 nm. The 

discrepancy on coupling efficiency and peak wavelength is caused by the Kapton 

substrate and the dimension variation induced by the transfer process. When the holes are 

infiltrated with SU-8, the refractive index of the subwavelength structure increases to 

2.92. As a result, the peak wavelength shifts to 1585 nm even when the fiber is tilted to 

20。, according to the simulation shown by the red curve in Fig. 7-8b.  The peak 

efficiency, which reduces to -6.2 dB, is compromised too. However, the experimental 

results demonstrate a better efficiency of -5.2 dB, and the peak wavelength shifts back to 

1545 nm. It is possibly due to the fact that the holes of subwavelength structures become 

larger when they are filled with SU-8.  

 

Figure 7-8  The simulation and experimental results of subwavelength grating 
couplers after transfer. a. the holes are not filled with SU 8. b. the holes 
are filled with SU 8. Red: simulation curve. Blue: experimental results.  
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Figure 7-9 shows the change of peak wavelength of grating couplers under 

different bending radius. The holes of subwavelength grating couplers are filled with SU-

8. The data is captured under four different bending configurations.  The input and 

output fibers are tilted at a fixed angle of 20。. For the longitudinal face-out bending (Fig. 

7-9a), the peak wavelength shifts to longer wavelength, while for longitudinal face-in 

bending the peak wavelength shifts to shorter wavelength.  The red curves in Fig. 7-9 are 

 

Figure 7-9  Peak wavelength shift of grating couplers under different bending 
conditions.  a. longitudinal face-out bending. b. longitudinal face-in 
bending. c. transverse face-out bending. d. transverse face-in bending.    
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the simulation results by assuming that the evolution of the peak wavelength is mainly 

caused by the change of coupling angle. Taking the longitudinal face-out bending as an 

example, the coupling angle reduces along with the bending radius. According to the 

phase matching condition:  

 

 2           = 2   sin    + 2 Λ  

(7-4) 

 

the peak wavelength   can be calculated by:  

   = Λ(        −  sin   ) 

(7-5) 

Here, Λ is the grating period.          is the average effective index of the grating 

coupler.    is the refractive index of the cladding, which equals to 1.    represents the 

fiber tilting angle, which can be estimated by approximately consider the bending 

curvature as part of a circle. The simulation matches the experimental results, as 

indicated in Fig. 7-9. For horizontal bending, the peak wavelength of the grating coupler 

stays the same due to the fact that the bending does not change any of the parameters in 

the phase matching condition.  

To sum up, the experimental results prove that subwavelength grating couplers 

are an effective approach for the input and output coupling of flexible photonic circuits.  
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7.3.4 The characteristics of L13 cavity on flexible substrates 
 

Figure 7-10a illustrates the photonic crystal micro cavity comprised of a linear 

photonic crystal micro cavity coupled with a W1 photonic crystal waveguide (PCW). The 

L13 cavity is formed by removing 13 holes from one side of the W1 waveguide. The 

 

Figure 7-10  (a) The L13 cavity coupled with a W1 waveguide.  (b) Dispersion 
relation diagram of the W1 PCW with the coupled L13 microcavity 
modes (water cladding). (c-f)The mode profile of the resonance modes    
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lattice constant a is 392.5 nm and the hole radius r is 108 nm, giving a r/a of 0.275. W1 

waveguide is formed by removing one row of holes along Γ−Κ direction. Silicon slab 

thickness is 250 nm. The dispersion relation of the W1 waveguide, simulated by three 

dimensional plane wave expansion (PWE), is shown in Fig. 7-10b. The cavity is located 

two rows away from the W1 waveguide. The total quality factor QT of the resonance 

mode of a photonic crystal microcavity at frequency ω is given by11 

 1  = 1  + 1   
(7-6) 

Here, QT=ωτp, QR=ωτR, and Qi=ωτi. τp, τR, and τi are photon lifetime, radiation lifetime, 

and intrinsic lifetime, respectively. 11 To increase QT, τR is the parameter that is worth 

working on because τi depends on the fabrication process. An abrupt change at the edges 

of the cavity causes radiation loss.12 The holes at the two edges are moved outwards to 

obtain gentler confinement. Different amount of shift has been investigated to achieve the 

high Q. The most proper shift is 0.15a.  

 The transmission spectrum of the L13 cavity with water as top cladding is shown 

in Fig. 7-11. The black curve is the transmission spectrum of the L13 cavity on SOI 

before transfer, showing four resonances, which are corresponding to the mode shown in 

Fig.7-10(c-f). Resonance A is of most interest among all the resonant modes because it is 

close to the band edge of photonic crystal where the slow light effect is prominent and 

therefore, boosts the sensitivity most.  The resonant wavelength of resonance A is at 

1552.696 nm. The Q factor of the cavity can be estimated as: 
  =                                     (7-7) 
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Here,    is the resonant wavelength, and Δ     is the 3 dB bandwidth. The Q factor of 

resonance A is therefore can be estimated to be ~ 9000. The existence of water, which is 

highly absorptive in the near infrared wavelength range, lowers the Q factor. The 

transmission spectrum of the L13 cavity transferred onto Kapton is shown by the red 

curve in Fig.7-11.  After transfer, resonance mode A blue shifts to a shorter wavelength 

of 1546.587 nm. There are a few factors that will affect the position of the resonant 

wavelength. On one hand, the photonic crystal holes are filled with SU-8. The average 

refractive index of photonic crystal increases, which pulls the guided mode in a 

dispersion relation diagram downwards, meaning the resonance wavelength is expected 

to red shift. On the other hand, the diameter of the holes increase during the transfer 

 

Figure 7-11 The transmission spectra of the L13 cavity before (Black) and after 
transfer (Black). A~D and A’~D’ are the resonances of the L13 
cavity with water cladding     
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process because of the strain. The experimental results indicate that the change of hole 

diameters overrides the effect of the SU-8 filling. The Q factor after transfer is ~9000, 

which is very close to the value before transfer.  

To test the chemical sensing capability, glycerol (1.46) is dropped on top of the 

cavity. The increase of the top cladding refractive index drags the guided mode down, 

and therefore the resonance shifts to longer wavelength, as shown in Fig. 7-12a. The Q 

factor increases to 30000 because glycerol has small absorption than water. The 

magnitude of shift is 1.87 nm, corresponding to a sensitivity of 13.4 nm/RIU. The 

sensitivity is rather low because the holes of photonic crystal are filled with SU-8, which 

prevent the electric field from interacting with the chemical. To solve the problem, the 

SU-8 filling into the photonic crystal holes are removed by oxygen plasma, exposing the 

electrical field to the chemical. The result of similar test performed on the modified 

sample is shown in Fig. 7-12b. The amount of shift drastically increases to 9.76 nm, 

corresponding to a sensitivity of 75 nm/RIU. It is comparable with the devices that have 

been demonstrated in other literature. 13 
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Figure 7-12  Refractive index sensing.  a. photonic crystal holes are filled with 
SU-8. b. SU-8 inside photonic crystal holes are removed by oxygen 
plasma.  
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7.3.5 Bending characteristic of the L13 microcavity  

The bending characteristic of the L13 cavity is shown in Fig. 7-13. Four different 

bending scenarios have been investigated, longitudinal face-out bending in Fig. 7-13 (a), 

longitudinal face-in bending in Fig. 7-13 (b), transverse face-out bending in Fig. 7-13 (c), 

and transverse face in bending in Fig. 7-13 (d). The behavior of the resonance wavelength 

under different bending situations is listed below.    

1) Longitudinal face-out bending.  The membrane is under tensile stress. The 

resonance wavelength shifts to shorter wavelength.  The tensile strain stretches 

the hole in the longitudinal direction and compresses holes in the horizontal 

direction.  At the same time the position of holes will shift as well. According to 

related literature, the tensile stress induced deformation will cause the wavelength 

to shift to longer wavelengths, which match the experimental results.  The 

refractive index change induced by the photoelastic effect is difficult to be taken 

into consideration because the photonic crystal slabs consists of periodic holes, 

which causes uneven distribution of strain across the whole device region. 

Generally, the longitudinal tensile strain increases the refractive index along the x 

axis, which causes red shift of the resonance. Since we are only interested in TE 

polarized mode, only the index change along x axis, the axis that in parallel with 

the electric field matters.  Another important factor is that the silicon 

nanomembrane becomes thinner under tensile stress because of the Poisson’s 

effect. It causes blue shift of resonance.  

2) Transverse face-out bending. The nanomembrane is under tensile strain along 

horizontal direction. Therefore the holes are stretched along the horizontal 

direction but compressed in the longitudinal direction. The refractive index along 

x direction decreases. Similarly the silicon nanomembrane becomes thinner. The 
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deformation of holes increase resonance wavelength while the thinner silicon 

nanomembrane and the change of refractive index cause the resonant wavelength 

shift to shorter wavelength. The experimental results show that the resonant 

wavelength shifts to longer wavelength.  

3) Longitudinal face-in bending. Under LFI bending, the nanomembrane is under 

compressive stress along the longitudinal direction and tensile stress along the 

horizontal direction. The deformation of holes is similar to the HFO case. Due to 

the compressing, the nanomembrane becomes thicker, which causes the resonant 

wavelength shift to shorter wavelength. Blue shift of resonance is observed in the 

experiment.  

4) Transverse face-in Bending. Under HFI bending, the nanomembrane is under 

compressive stress along the horizontal direction. The deformation of holes and 

are similar to the LFO case. Blue shift of resonance is observed in the experiment.  

 

To sum up, for face-out bending the resonant wavelength shifts to longer wavelength 

and for face in bending it shift to shorter wavelength.  It is difficult to say which 

effect takes dominate roles, but it seems the deformation of photonic crystal holes 

matters most.  
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Figure 7-14 shows the sensitivity versus the bending radius. It is very interesting to notice 

that the sensitivity remains quite constant in all of the four bending scenario. In fact, the 

sensitivity even increases a little when the bending radius becomes small. It may because 

that when the bending radius reduces, the optical field will delocalized to be more close 

to the top surface, which will enhance the interaction between the chemical and the 

photons. All of the four figures show a sensitivity ~70 nm/RIU.  

 

Figure 7-13 Resonance wavelength versus bending radius. (a) longitudinal face out 
bending; (b) longitudinal face in bending; (c) transverse face out 
bending; and (d) transverse face in bending 
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7.4 SUMMARY 

In this chapter, we developed a transfer technique that can transfer silicon 

nanomembrane base devices onto flexible substrates. As an example, we demonstrated 

transferring L13 photonic crystal microcavities onto Kapton film. The performance of the 

transferred devices is comparable to those demonstrated on SOI platform. An experiment 

set up is designed to study the characteristics of the L13 cavity under four different types 

of bending scenario. The resonant wavelength shifts to longer wavelength when the 

 

Figure 7-14 Sensitivity versus bending radius. (a) longitudinal face out bending; (b) 
longitudinal face in bending; (c) transverse face out bending; and (d) 
transverse face in bending 
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nanomembrane is under tensile stress (face-out bending) and to shorter wavelength when 

the nanomembrane is under compressive stress (face-in bending). The sensitivity remains 

almost constant when the bending radius becomes small.  
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Chapter 8: Recommendations for future work 

8.1 SUBWAVELENGTH STRUCTURES 

8.1.1 Subwavelength grating couplers 

The subwavelength grating couplers has demonstrated impressive performance 

compared to conventional grating couplers which requires multiple lithography and 

alignment. The grating couplers demonstrate in this paper has a coupling efficiency of 

59% and a 3 dB bandwidth of 60 nm. The performance is much better than the standard 

gratings provided by commercialized foundry services, and it only requires one 

lithography and etching process. One important issue that prevents subwavelgnth grating 

couplers from taking over the place of conventional grating couplers is that the feature 

size is rather small, especially for transverse-electric polarized light. The rectangular 

holes are less than 100 nm wide. It could be fabricated by the state-of-art deep UV 

photolithography, but most university based fabrication facilities and commercialized 

foundry services do not have that luxury. Increasing the feature size to above 100 nm or 

even above 150 nm would be the only solution.  

However, according to the definition of subwavelength structures and effective 

medium theory, the period of subwavelength structures must be less than half of the 

wavelength inside the waveguide. For optical materials, which have smaller dielectric 

constant compared to metamaterials, the condition is not that strict. Chapter 3 shows that 

the subwavelength period could be larger than half of the wavelength inside the 

waveguide. Nevertheless, it is still not large enough to increase the width of the holes to 

above 150 nm. Take the grating described in Chapter 3 for example. If the width of the 

air holes is 150 nm, the subwavelength periods have to be over 700 nm, which is much 

larger than the waveguide inside the waveguide. The second order approximation of 
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effective medium theory is no longer feasible in describing this structure.  It would be of 

great interest to study the behavior of photons inside the structures. It seems that although 

the period of these structures are too large to be considered as subwavelength, the optical 

fields inside the high index material (e.g. silicon) are still coupled, forming certain types 

of modes. The grating coupler would still work if these mind thought is correct.  

Another possible way to increase the feature size is to implement composite 

subwavelength structures.  For example, the dimension of air holes in Chapter 3 is 80 

nm × 388 nm, which could possibly be replaced by two or more holes with large width 

and shorter length. In another words, filling the air holes with subwavelength structures. 

It could be possible to match the feature size requirements.  

 

8.1.2 Subwavelength structures based high sensitivity sensor 

In recent years, there is a rapid growth of interest in silicon photonics based 

refractive index sensor because it has numerous prominent applications such as label-free 

biomedical sensing and chemical sensing. The sensitivity of the refractive index sensor is 

often compared by the refractive index sensitivity, which is defined as the magnitude of 

resonant wavelength shift over the change of refractive index.  The sensitivity of 

refractive index sensor is governed by:103 

 Δλ = ηΔ        

(8-1) 

Here η is the fraction of optical intensity that exists in the sample and      is the 

effective refractive index experienced by the resonant mode. Δ   is the change of 

refractive index. According to equation (8-1), there are two ways to increase the 



 94 

sensitivity, increase the fraction of optical field that interact with the sample and reduce 

the average effective index of the device that the optical field exists. η and      are 

often correlated. When      reduces, the light becomes loosely confined and as a result 

there are larger fraction of optical field extend into claddings which can interact with the 

samples, meaning an increase of η.  For silicon nanomembrane base sensors, both      

and η are large because of the high index of silicon. The sensitivity is usually around 

200 nm /RIU.104,105 Subwavelength structures provide another way to improve the 

sensitivity. The refractive index can be reduced through using subwavelength structures. 

At the same time the sample can filled into air holes of subwavelength structures and 

therefore the interaction between the optical field and the sample enhanced significantly.  

8.2 FLEXIBLE MONOCRYSTAL SILICON PHOTONICS 

We demonstrated transferring silicon nanomembrane based photonics onto 

flexible substrates. This work opens a very interesting and promising field which could 

have plenty of unprecedented applications.  One great challenge that inherits from 

silicon photonics is that silicon does not lase, meaning outside light source has to be used. 

It makes the deployment of flexible photonic components very inconvenient. It would be 

of great interest to integrate the light source and the silicon photonic components together 

onto a single piece of flexible substrate.  The light source could be powered by flexible 

batteries, which can be charged remotely by wireless charging. The signal is converted 

into electrical signal and transmitted to receivers through radio frequency antenna. This 

type of independent system could be deployed onto various places such as human body 

and clothes. It would have tremendous applications.  

Mechanic and optical characteristic of these flexible optical components need to 

be thoroughly studied to support the exploration of applications. For example, some 
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applications require the resonance to be very sensitive to bending, while other 

applications need the device not to be sensitive to bending. To make the device not 

sensitive to bending, the device should be put on the mechanic neutral plane. Take face-

out bending as an example, the top surface is under tensile stress and the bottom surface 

is under compressive stress. On the mechanic neutral plane, the stress is negligible. 

Therefore, the performance of photonic devices would not change with bending.  

 

8.3 SUMMARY 

This dissertation provides some encouraging results for subwavelength structures and 

flexible silicon photonics. There are still plenty of interesting areas that worth studying. 

For subwavelength grating coupler, it would have wide applications if the minimum 

feature size can be increased. For subwavelength structures, it is possible to be used as 

high performance sensing platform.  For flexible silicon photonics, this dissertation 

provides a method that can reliably transfer silicon photonic devices onto flexible 

substrates.  It would be of great interest to integrate all the components on a single 

flexible sheet, which could be used as wearable devices and implantable devices.  
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