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Silicon photonics is a system that utilizes silicon as an optical medium and photon 

as carriers for communicating application. The operating wavelength of silicon photonic 

system is typically at 1.55 micormeter which has been used by most fiber 

telecommunication systems. The components on the silicon photonic are usually patterned 

in sub-micron precision using technologies that are available from current electronic 

industry. With the functionalities from variant components on silicon photonic platform, 

including source, coupler, amplifier, modulator and detector, the silicon photonic chip has 

the capability to carry, modulate, deliver specific optical information efficiently. 

Theoretically, faster, larger amount of information can be delivered in optical platform 
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compared to current used electrical system. 

Optical modulator is a device used for modulating the shape and amplitude of the 

traveling light. Modulators can be categorized into phase modulators, polarization 

modulators and amplitude modulators dependent on the changed parameters, and the 

modulators can also be divided into absorptive and refractive type modulators based on the 

properties of material that is manipulated. Refractive modulators has the benefits in low 

loss compared the absorption type modulators, and in the silicon photonic field, electro-

optic effect is preferred because of better efficiency than other effect like acousto-optic 

effect.  

The electro-optic effect means the electric field induced change on optical 

properties in a material. Current technique for efficient electro-optic effect based modulator 

includes the use of Pockels and Kerr effects, which utilizes materials’ second- and third-

order optical nonlinear properties, respectively. Both effect produces changes of refractive 

in an optical medium induced by an electric field, while the change from Pockels effect is 

proportional to the electric field and Kerr effect is proportional to the square of the field. 

The Pockels effect occurs only in crystals that lack of inversion symmetry while all 

materials show Kerr effect. Crystal materials like lithium niobate and gallium arsenide 

exhibit large second-order nonlineaity for Pockels effect, however, these materials are not 

CMOS-compatible and have challenges to be integrated on the current silicon photonic 

platforms. 

Even though silicon and most dielectric materials used in electronic industry 

inherently has zero second-order nonlinearity for performing Pockels effect, there are still 

alternative ways to engineer nonlinearities in these CMOS compatible materials, such as 
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strained technique, electric field induced second-harmonic generation, asymmetry from the 

interfaces and introduction of silicon nanoclusters. These ways have been already 

investigated and proved as methods to change and synthesize material’s both optical linear 

and nonlinear properties. 

Overall, this thesis presents the contributions to systematical study on the 

engineered optical nonlinear properties in the metamaterials, composed by CMOS-

compatible materials, and also another recently developed dielectric, silicon-rich nitride. 

The large and tunable optical nonlinearities of these materials have already shown great 

potential for efficient nonlinear devices. It is believed that with further optimization on the 

material selection and fabrication, the proposed metamaterials and silicon nitride based 

materials can be widely used in the fields of on-chip light modulation, switching and light 

conversion. 
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CHAPTER 1 
 
INTRODUCTION 

 
 

Silicon has been a primary candidate for integrated photonics because of its matured 

techniques in electronic industry. Silicon is also a material which is optical transparent at 

1550 nm where the wavelength that fiber telecommunication widely used, along with the 

reported low loss in waveguide configuration [1,2], making it become a great candidate for 

on-chip optics component. The core components on the silicon photonics includes the light 

source, which is used for the generation of light, in other words, the photon carriers. Then 

a waveguide exhibiting the ability to guide the light with low loss and good optical field 

confinement is also required. The light initially carries meaningless information, a 

modulator is needed to transfer this light into meaningful spectrum. And this optical signal 

will be detected by a photodetector, then read by computer. Finally, all these components 

will be assembled on the silicon based platform.  

The modulator used for manipulating the shape and magnitude of the light requires 

strictly good efficiency for low power consumption and compactness of the device. 

Acoustic, thermal and electrical methods are most common ways for modulating the light 

wave. Among these techniques, electro-optic way introduces the benefits of faster and more 

efficient. Therefore, to find the CMOS-compatible materials for electro-optic type 

modulation attracts lots of attention for silicon phonics. However, one if its shortcomings 

for these materials comes from the lack of second-order nonlinearity susceptibility (χ(2)), 
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which can be used for efficient modulation via Pockels effect [3]. The zero second-order 

nonlinearity in silicon results from its diamond lattice centrosymmetry structure, 

disallowing the application of this material for modulation via χ(2) processes [4]. To 

overcome this inherent materials challenge, some works over the past decades have been 

developing strain-induced second-order nonlinearity for silicon based device [5-7]. The 

induced nonlinearity originates from breaking symmetry in silicon by cladding a highly 

stressed thin film (i.e., silicon nitride) on top of silicon waveguide, related works has been 

reported in both theory and experiment, showing the potential of this technique for on-chip 

modulation using Pockels effect [8,9]. The value was reported to be as high as 330 pm/V, 

even larger than lithium niobate (LiNbO3) which has been widely used for nonlinear 

processes [10]. 

However, it was found that the change of the modulation of optical signals in 

strained silicon platform doesn’t not only contribute from the strained induced breaking 

symmetry, the overall effect is the combination of four mechanisms listed below: 

(A) Strained induced second-order nonlinearity.  

Strained in silicon via silicon nitride (SiNx) cladding layer has been proved to 

exhibit nonlinearities [11]. 

(B)  Electric field induced second-harmonic generation (EFISH) 

EFISH effect has been proved to contribute on second-order nonlinear process 

while there is an induced static electric field interacting with material’s third-order 

nonlinearity [12]. 

(C) Silicon nitride  
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Silicon nitride has been proved to exhibit non-zero second-order nonlinearity 

despite of its amorphous nature [13]. 

(D) Free carrier effect 

For active devices, the applied voltage does not only change the field within silicon 

waveguide, the free carriers in silicon are also changed, consequently the optical properties  

are simultaneously changed based on Soref’s equation [14]. 

To develop the most efficient way for optical modulation utilizing Pockels effect, 

it is important to decouple and estimate the contribution of each mechanisms to the 

modulation behavior, and then determine the most dominating factor in this strained 

induced nonlinearity technique. 

First, the strained induced nonlinearity has been proved to be no more than 8 pm/V 

at 1550 nm [11]. To exclude any contribution from the silicon nitride cladding layer or 

from the fixed charge induce nonlinearity, the silicon waveguide is strained mechanically 

using a customized device. Based on the simulation of strain gradient in silicon and 

experimental results on high speed measurement, it is concluded that the strained induced 

nonlinearity in silicon is less than 10 pm/V, which is an order smaller than proposed value 

in strained silicon platform [8-10].  

Silicon nitride is a material which exhibits high stress within thin film, and it has 

been used as the source for introducing strain in silicon waveguide. At the interface 

between dielectric layer and semiconductor, the fixed charge (Qf) and interface trap (Dit) 

are always generated within the dielectric, then create a static electric field in 

semiconductor, the vector and magnitude of the built-in field is dependent on the polarity 

and amount of the charges [15]. Silicon nitride has been reported as a dielectric which 
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exhibits larger amount of Qf than silicon oxide (SiO2), therefore, a large field in silicon 

waveguide induced by the charges can be expected in strained silicon platform. This 

generated field then interacts with materials third-order nonlinear susceptibility (χ(3)), 

results in an effective χ(2) following by the equation [16]: 

𝜒"##
(%) = 3 × 𝜒(*) × 𝐸,-                                                (1) 

where the EDC is the static electric field, coming from the fixed charges generated 

within dielectrics. Based on this equation with the reported value of fixed charges, an 

effective χ(2) of 11.6 pm/V is expected in silicon nitride clad silicon waveguide [12]. To 

prove the measured second-harmonic generation (SHG) is mostly from EFISH effect, a 

silicon waveguide clad with high stress SiO2 is also investigated, the result shows that the 

SHG intensity from this case is far lower compared to the case with SiNx cladding, proves 

the fact that EFISH is the dominating factor instead of the strain. 

Besides the EFISH and strain effect, the cladding layer, silicon nitride itself was 

found as a source of χ(2) contributor. M. Lipson’s group first reported experimental second-

harmonic generation and third-harmonic generation (THG) from SiNx ring resonators, and 

the source of χ(2) was attributed to the non-zero polarization at interface of SiNx [17]. SiNx 

was generally deposited using sputter, plasma enhanced chemical vapor deposition 

(PECVD) or low pressure chemical vapor deposition (LPCVD), formed as amorphous 

structure. Since the nature of deposited amorphous structure, the SiNx theoretically exhibits 

symmetry and isotropic polarizations in its bulk of material. However, T. Ning in 2012 first 

claimed on the discovery of non-zero χ(2) with the value of 2 pm/V in bulk of PECVD 

deposited SiNx [13], and then this find was also confirmed by many other groups [18-20]. 

Our group first demonstrate the in-waveguide second-harmonic generation in SiNx 
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waveguide, supporting the hypothesis on existence of nonlinearity in bulk of silicon nitride 

instead of interface [21]. Therefore, SiNx should be seen as one of source contributing to 

the nonlinear process in strained silicon platform. 

From the mechanisms described above, the contribution to χ(2) from strain, EFISH 

and silicon nitride is roughly 8, 11, and 2 pm/V, respectively. It is not able to explain the 

overall measured χ(2), which is at hundreds of pm/V in strained silicon system. We then 

thoroughly studied the modulation behavior resulting from free carrier effect, found that in 

fact it is the dominating factor causing the large change of refractive index [22]. Instead of 

utilizing χ(2), the free carrier effect mechanism changes the optical properties via 

manipulating the carrier concentration within the waveguide. We found that while applying 

external voltage source, the electric field for triggering Pockels effect hardly penetrates 

into silicon waveguide. On the other hand, a dramatic carrier distribution was observed 

from Silvaco simulation results, which introduces the change of refractive index and 

absorption coefficient. Therefore, we deduced that the change of refractive index measured 

from strained silicon platform is mostly from the free carrier plasma dispersion effect 

instead of Pockels effect using material’s χ(2). This hypothesis was confirmed through a 

systematic study with Soref’s theory, Silvaco simulation and experimental verification 

which is published by our group [22, 23]. Even though free carrier effect can be an efficient 

source for optical modulation, the drawbacks of loss and speed issues hinder the application 

in modulator which requires the characterization of high speed and low loss.   

To utilize the Pockels effect, which exhibits high speed and low loss potentials, 

developing materials which has χ(2) becomes an important task. However, existing 

materials that exhibit large χ(2) (e.g., lithium niobate (LiNbO3) and potassium dihydrogen 
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phosphate (KDP) crystals) are not compatible with CMOS technology [24-26]. Single-

crystalline silicon is prohibited to exhibit non-zero electrical dipole induced χ(2) due to the 

nature of its centro-symmetrical lattice. Still, second-harmonic responses can be generated 

if quadrupolar and magnetic dipoles are considered [27,28]. However, the demonstrated 

conversion efficiencies are relatively small compared to bulk effects of commonly used 

nonlinear crystals. Additionally, CMOS- compatible dielectric materials such as aluminum 

oxide (Al2O3) and silicon dioxide (SiO2) are reported to have extremely low χ(2) because of 

their amorphous nature [29,30]. Therefore, the need for CMOS-compatible materials 

exhibiting prominent χ(2) that can be easily integrated with modern silicon photonic 

material platforms is highly desirable. 

Metamaterials have attracted significant attention because their physical properties 

can be synthesized with the selection of materials and their spatial distributions [31,32]. 

Metal-dielectric multilayers exhibit plasmonic-enhanced χ(2) values resulting from the 

interface between metal and dielectric layers [33], and the effective χ(2) can be further 

increased via charging the density of electrons at the surface of metals by applying an 

external DC electric field [34]. However, the use of metals leads to high optical insertion 

loss in the fabricated device. To overcome the loss issue, Alloatti et al. demonstrated an 

all-dielectric ABC metamaterial that exhibits χ(2) and consists of three different dielectric 

layers deposited by atomic layer deposition (ALD) [30] where the symmetry is broken via 

introducing asymmetry of surface density states on their interfaces, and the value of the 

reported highest component of the χ(2) tensor, χ(2)zzz, is 0.26 pm and Clemmen et al. 

modified the calculations and claimed that the value of χ(2)zzz based on the concept of all-

dielectric metamaterials can be as high as 5 pm/V [35]. A larger value of χ(2) is also claimed 
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to be achievable in this type of metamaterial via choosing the dielectric materials that 

exhibit high asymmetries in the density of their surface interfaces; however, these surface 

states existing in high density of interfaces also act as trapping centers, resulting in higher 

optical losses [36].  

This thesis focuses mostly on the CMOS-compatible χ(2) material development for 

on-chip nonlinear optical devices, utilizing the concept of metamaterials via the 

mechanisms of EFISH effect and also the silicon-rich nitride technique. 

Chapter 2 describes the concept of metamaterial composed by the stack of 

dielectric/semiconductor/dielectric, where the nonlinearity was engineered through EFISH 

effect. The required statistic field for EFISH effect originates from the  generated charges 

at the interface of dielectric and semiconductor. The theory, simulation and experimental 

results of this proposed metamaterial will be systematically discussed.  

Chapter 3 addresses another idea of metamaterial composed by the stack of 

metal/semiconductor/metal, the mechanism of optical nonlinearity from this metamaterial 

is also from EFISH effect. The benefit of this type of metamaterial is the tunability of 

nonlinearity, and the property can be used for switching application. Besides, the idea of 

generating spatial distribution of second-harmonic generation signal is also demonstrated 

by simply patterning one side of electrode metal layer. 

Chapter 4 exhibits a study of nonlinearity in silicon nitride and silicon-rich nitride. 

As a CMOS-compatible material, the existence of nonlinearity in SiNx make it as great 

candidate for on-chip nonlinear devices. The nonlinearity is experimentally verified via 

SHG in both free-space and waveguide configuration, the influence of silicon percentage 

in SiNx on optical properties is also studied. 
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Chapter 5 summarizes the contributions of this dissertation and discusses possible 

future research directions. 
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CHAPTER 2 
 
ENGINEERED METAMATERIALS FOR 
EFFICIENT OPTICAL NONLINEAR 
PROCESSES 
 
 

Optical materials with large second-order nonlinear susceptibility are essential for 

the construction of high speed photonic devices that need to be integrated into photonic 

integrated circuits (PIC) to realize functionalities such as ultrafast modulation, switching, 

and nonlinear wave mixing of optical fields on a chip.  The current trend in fabrication of 

PICs is focused on developing optical materials that are compatible with cost effective 

CMOS manufacturing processes. Silicon has long been the material of choice for integrated 

photonics due to its prevalence in the electronics industry [37], its transparency in the near-

IR wavelength regime [38], and its large third-order nonlinear susceptibility [39]. However, 

it suffers from two-photon absorption, limiting its efficiency in nonlinear wavemixing 

applications [40]. Moreover, due to its centrosymmetry, silicon lacks the second-order 

nonlinear susceptibility (χ(2)), preventing the possibility for efficient modulation and 

switching based on the Pockels effect, as well as three-wave mixing processes[41]. A 

substantial body of research has focused on circumventing or removing this shortcoming 

[5-8] by creating or engineering a strain gradient for breaking the inversion symmetry of 
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the silicon lattice, however, the resulting (χ(2)) coefficients are both controversial and 

extremely small.  

Most CMOS-compatible dielectric materials have extremely low χ(2) because of 

their amorphous nature. In this chapter, I will demonstrate a concept on engineered large 

effective second-order nonlinear optical susceptibility in electronic optical metamaterials 

based on the structured of sputtered dielectric-semiconductor-dielectric (DSD) multilayers 

of silicon dioxide/amorphous silicon/aluminum oxide [42].    

 

2.1 Background 

The main mechanism of the DSD metamaterial is from the EFISH effect. The 

EFISH effect offers an alternative way to engineer effective χ(2) in materials by exploiting 

their χ(3) even though the composites are the materials with zero or low χ(2). The induced 

effective χ(2) through this effect has been demonstrated theoretically and experimentally, in 

both metal-semiconductor (MS) and metal-oxide-semiconductor (MOS) structures. 

However, the penetration field in silicon from typical MS or MOS structures is too shallow 

for efficient nonlinear process, the reason will be explicitly explain in next section. In order 

to utilize this effect more effectively, a dielectric- semiconductor-dielectric (DSD) 

metamaterial consisting of a semiconductor thin film (i.e., a-Si) cladded with two different 

dielectric layers (i.e., SiO2 and Al2O3) was proposed and studied. We exploit the creation 

of fixed charges (Qf) of opposite signs on the surfaces of the semiconductor in the DSD 

multilayer structure to engineer and maximize a non-zero built-in electric field within the 
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a-Si layer, which in turn interacts with χ(3) of the semiconductor, resulting in an enhanced, 

effective χ(2) in the bulk of the metamaterial.  

 

2.2 Materials and Methods 

2.2.1 Fixed charges generated at dielectric/semiconductor interfaces 

When a dielectric layer is deposited on a semiconductor, the semiconductor’s 

valence and conduction band energies may locally deviate from their bulk values due to 

the existence of surface charges in the dielectric layer, leading to perturbations away from 

the material’s bulk carrier distributions. At the dielectric/semiconductor interfaces, the 

neutral atoms in the dielectric layer tend to donate mobile electrons or holes into the 

semiconductor, leaving fixed charges at the dielectric side, which then create a space 

charge region within the semiconductor, resulting in a depletion region. Different 

dielectrics exhibit dissimilar polarities and densities of Qf at their interfaces with the same 

semiconductor, causing different electrical properties in the induced depletion regions.  

To investigate the fixed charge induced SHG in strained silicon platform, a 

simulation of field distribution in a waveguide structure was performed, as shown in figure 

2.1, using the semiconductor device physical tool, TCAD SILVACO [43]. It shows the 

case which has silicon nitride as the cladding layer: a high electric field is built closed to 

the surface of the silicon waveguide and the highest magnitude is 1x105 V/cm, which is 

close to the breakdown voltage of silicon. The electric field decreases dramatically away 

from the surface of silicon, and most of the high built-in field locates only within tens of 

nanometer from the interface between the dielectric and the semiconductor, affecting the 
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propagating optical mode. These Qf induced built-in electric field has been shown to have 

influences on in-waveguide SHG via the EFISH effect, however, small overlap between 

the guiding mode and the high induced χ(2) makes the light conversion extremely inefficient.  

 

 

Figure 2.1: The electric field distribution within a silicon waveguide when the cladding material is silicon 
nitride. The spatial dimensions are indicated in units of microns. [22] 

 

We have shown theoretically how dielectric claddings impact the electric field 

within the silicon waveguides. These results are significant because they clearly indicate 

that the distribution of Qf can be engineered to induce an effective χ(2) in silicon waveguides 

and has potential for realization of CMOS-compatible electro-optic modulators and wave-

mixers which do not rely on the injection of electrical currents, which cause Joules loss.  

However, our simulation results show that the charge induced fields are located only within 

tens of nanometers from the interfaces, which results in low effective χ(2) for a relatively 

large area optical mode in the Si waveguide. A structure exhibiting a high and constant 

static electric field through the entire optical mode area in the bulk of the waveguide would 

be ideal for efficient on-chip nonlinear applications.  

To further consider the interaction between silicon’s
free carriers and the electric field in the waveguides, we
additionally observed the electrostatic behavior of the wave-
guide clad with silicon nitride. Our results, shown in Fig. 3,
highlight the shielding effect provided by the carriers. When
applying a bias of 10 V, the average and the peak value of
the electric field (plotted along a y-slice at the center of the
waveguide in Fig. 3) show minimal changes from their no-
bias value, despite the large field values present just beyond
the waveguide’s boundaries. This illustrates how well free
carriers may reduce the interaction of silicon with capaci-
tively applied bias fields.

Following this result, we also investigate the effect of
free carriers in silicon on the optical properties of the same
set of waveguides. The free-carrier concentrations were
translated to spatially dependent deviations away from the
unperturbed real and imaginary parts of silicon’s index of
refraction, given phenomenologically as19

Dn ¼ "5:4ð10"22 cm3ÞDNe
1:011 " 1:53ð10"18 cm3ÞDNh

:838;

(3a)

Da ¼ 8:88ð10"21 cm2ÞDNe
1:167 þ 5:84ð10"20 cm2ÞDNh

1:109;

(3b)

where DNe is the perturbation in the concentration of free
electrons and DNh is the corresponding value for holes. We
then used the modified values of refractive index with our
FDTD solver, the multiphysics software Lumerical, to
observe the effect of the carriers on the supported modes of
the silicon waveguides.20 Note that this entire analysis was
performed assuming an optical wavelength of 1.55 lm. Our
results for both the fundamental TE- and TM-like modes are
shown in Figs. 4(a)–4(c). It is evident that the changes in the
complex effective index due to plasma dispersion are differ-
ent for each of the three dielectrics. Aluminum oxide, for
example, exhibits deviations in the real part of the effective
index as large as 2 & 10"5 for a 10 V bias, whereas the effect
is much smaller in waveguides clad with silicon dioxide. It is
also interesting to note that, for each effect, the slope of the
curve is opposite in sign for the waveguide clad with alumi-
num oxide, due to the negative value of the cladding’s fixed
charge.

The net attenuation of the optical mode is dependent not
only on the changes in carrier concentration but also on the
extent to which the areas of change overlap with the electro-
magnetic fields of the mode itself. We hypothesize that
because the optical mode supported by the waveguide clad

FIG. 2. Electron concentrations across
silicon waveguides, assuming vertical
bias voltages of either "10 V (left col-
umn) or þ 10 V (right column), when
the cladding material is (a) and (b) sili-
con dioxide, (c) and (d) silicon nitride,
or (e) and (f) aluminum oxide. Spatial
dimensions are given in units of
microns. (g) Illustration of the geome-
try used in Silvaco.

FIG. 3. The electric field distribution within a silicon waveguide, assuming
vertical bias voltages of either 0 V (above) or þ 10 V (below), when the clad-
ding material is silicon nitride. The spatial dimensions are indicated in units
of microns.

241104-3 Sharma et al. Appl. Phys. Lett. 106, 241104 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  132.239.134.150 On: Fri, 23 Sep 2016
14:14:24
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Intuitively, when a thin film of the semiconductor is cladded with different 

dielectrics with opposite polarities at either sides, the larger asymmetry of Qf results in a 

higher built-in electric field and a more prominent effective χ(2) in the semiconductor. 

Therefore, we propose to exploit different polarities of these fixed charges on 

semiconductor interfaces to maximize the nonlinear optical properties of the metamaterial 

structures consisting of multiple periods of asymmetrical DSD thin film stacks as shown 

in figure 2.2(a), where an a-Si thin layer is cladded with SiO2 and Al2O3. The thin thickness 

of the a-Si layer is fundamentally important to create a constant high static induced electric 

field within the semiconductor layer, enhancing the average effective χ(2) in the bulk of the 

DSD stack. To characterize the Qf presented at the two semiconductor-dielectric interfaces, 

the most common technique is to analyze the capacitance-voltage (C-V) behavior of a MOS 

structure consisting of the dielectric materials of interest. Two test samples were fabricated 

for characterizing Qf at SiO2/a-Si and Al2O3/a-Si interfaces (Appendix A: C-V 

measurement). The experimental results showing C-V curves performed at 10 kHz are 

displayed in figure 2.2(b). The calculated Qf densities are determined to be 1x1012 cm2 and 

2x1012 cm2 for SiO2 and Al2O3, respectively. The measured different signs and quantities 

of Qf from these two dielectrics are expected to cause a large non-zero gradient of field 

distribution within the a-Si thin film, supporting the fundamental concept of nonlinear DSD 

metamaterials.  
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Figure 2.2: (a) The schematic of DSD metamaterials consisting of multiple periods of Al2O3/a-Si/SiO2. (b) 
C-V curves for extraction of Qf at Al2O3/a- Si and SiO2/a-Si interfaces at 10 kHz.  

 

2.2.2 Engineered built-in electric field within semiconductor via asymmetrical 

claddings 

Using the measured surface charges, we simulate both the symmetrical SiO2/a-

Si/SiO2 and asymmetrical Al2O3/a-Si/ SiO2 stacks using the TCAD SILVACO tool to 

obtain the electric field distributions in these two cases as shown in figure 2.3. The 

thicknesses of a-Si and dielectrics are assigned to be 25 nm and 10 nm, respectively, and 

the thickness of a-Si is determined from the simulations to achieve a high internal electric 

field close to that of the Si’s breakdown electric field. For the symmetrical case (black solid 

line), as expected, the Qf creates a narrow depletion region and the induced electric field 
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drops dramatically away from the surface. Due to the symmetry in the polarity of Qf, the 

electric fields from left and right depletion regions exhibit the same magnitude but in 

opposite directions, resulting in a zero net field (blue dashed line) within the a-Si layer. On 

the other hand, for the asymmetrical case (red solid line), different Qf polarities on each 

side create a depletion region that extends into the entire a-Si layer, resulting in a constant 

non-zero statistic electric field ( 1x105 V/ cm) inside the a-Si.  

 

Figure 2.3:  Simulated electric field within the 25 nm a-Si layer in symmetrical (black solid curve) and 
asymmetrical (red solid curve) DSD metamaterials. The blue dashed line shows that the net electric field is 

zero for the symmetrical case.  

 

2.2.3 Metamaterials consisit of dielectric/semiconductor/dielectric stacks 

This high field is expected to interact with a-Si’s inherent χ(2), which ranges from 

2.3x1019 to 9.2x1019 m2/V2 at a wavelength of 800 nm to induce a prominent effective χ(2)  

(i.e., 3.8 to 15.3 pm/V) through the EFISH effect in the asymmetrical DSD stack. To 

validate this approach experimentally, we fabricated four samples, with one and two 
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periods of asymmetrical (Al2O3 (10 nm)/a-Si (25 nm)/SiO2 (10 nm)) and symmetrical (SiO2 

(10 nm)/a-Si (25 nm)/SiO2 (10 nm)) stacks on fused silica substrates.  

Regarding to the fabrication, the dielectric/a-Si/dielectric metamaterials are grown 

on fused silica substrates at room temperature in a high vacuum environment by magnetron 

sputtering. Substrates undergo thoroughly cleaning processes with acetone, isopropyl 

alcohol and deionized water before deposition, to prevent from inaccuracy of optical 

characterization due to adhesion of particles on the surfaces. Deposition of SiO2, a-Si, and 

Al2O3 thin film is carried out by means of reactive sputtering under an argon and oxygen 

environment. It should be noted that the thickness of SiO2 and Al2O3 layers are kept at 10 

nm to make sure the films are thick enough to generate sufficient fixed charges at their 

respective interfaces with silicon, and the thickness of a-Si is set as 25 nm, to ensure a 

constantly high electric field that can penetrate through the entire layer. The gas flow rate, 

the type of target and deposition time are all controlled with software, therefore, one and 

two cycles of the DSD stack (i.e., SiO2/a-Si/SiO2 (symmetrical) and Al2O3/a-Si/SiO2 

(asymmetrical)) can be easily deposited within one-step without the need of breaking 

vacuum. After each layer deposition, the targets are etched for one minute in pure argon 

gas to remove contaminated native oxides before the ongoing layer is deposited. The 

deposition rate of each target and crystallization of films are characterized by means of 

small angle x-ray reflectivity. Sputtered layers are all confirmed to be amorphous, and the 

thickness and refractive index of films are measured with a Rudolph Auto EL Ellipsometer.  
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2.3 Results 

The characterization of second-order nonlinearities of these DSD metamaterials is 

performed using the Maker fringe setup, the details of which are mentioned in 

supplementary materials, wherein a fs Ti-Sapphire laser at 800 nm was used as a pump 

with a fixed incident angle of 45 degrees. Figure 2.4(a) shows the measured second-

harmonic optical power with mixed polarizations (combination of p- and s- polarized 

waves) generated from one and two periods of the asymmetrical nonlinear metamaterial as 

a function of pump power. The detected signals, as expected, scale quadratically with the 

pump power, verifying the fact that the detected signal comes only from the SHG effect of 

the thin film stacks. Figure 2.4(b) shows the generated p- and s-polarized SHG signals from 

one and two periods of the asymmetrical metamaterial as a function of the polarization 

angle of the pump field, where 0 stands for the s-polarized and 90 represents for the p-

polarized fundamental beam. The result for the p-polarized SHG from two periods of the 

symmetrical DSD composite metamaterial is also shown for comparison (i.e., red). The 

curves corresponding to the symmetrical metamaterial show a relatively low signal, which 

is close to the background noise of our setup, indicating that no observable SHG effect 

occurs. This experimental result is consistent with our theoretical prediction that EFISH is 

negligible for the case when a-Si is cladded with the same dielectric on both interfaces. In 

contrast, both the p- and s-polarized SHG signals generated from asymmetrical samples 

are prominent. The bare fused silica substrate and single layers of a-Si, Al2O3, and SiO2 

separately grown on silica are all measured under the same experimental conditions as 

those used for the characterization of DSD metamaterials, and no observable signals were 
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detected. These results confirm the fact that the contribution of quadrupolar and magnetic 

dipoles and interfacial effects to the observed SHG signal is negligible in our case, and the 

prominent SHG in the asymmetrical DSD meta- material originates from bulk a-Si layers 

though the EFISH effect.  

 

Figure 2.4: The generated (combination of p- and s-polarized) second-harmonic responses versus pump 
power from one (blue triangles) and two periods (black circles) of the asymmetrical DSD stack plot on a 
log-log scale. (b) The p- and s-polarized second-harmonic signals generated from one and two periods of 

the asymmetrical metamaterial (blue for one period and black for two periods of the DSD stack; solid lines 
for generated p- and dashed lines for generated s- polarized SHG responses) and two cycles of the 

symmetrical DSD stack (red) under variant polarization angles of pump light, where the average power is 
150 mW with a fixed incident angle of 45 degrees.  

By fitting these data and using the Maker fringe analysis (see Appendix B), we 

calculate all the three independent components of the χ(2) tensor: χ(2)zzz, χ(2) xxz, and χ(2) zxx 

as represented in Table I, and the coordinate system is shown in figure 2.2(a). The value of 

the dominant diagonal component, χ(2)zzz, is 2 pm/V and has the same direction as the 

induced built-in electric field within the a-Si layer, proving that the effective χ(2) in the 

asymmetric metamaterial originates mostly from the EFISH effect. The small discrepancy 

between the expected and the measured value originates from the considered χ(2) value for 

a-Si [44]. Also, the calculated χ(2)  tensors from samples with one and two periods of the 

stack match each other, indicating that the medium composed of more cycles of the 
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asymmetric DSD stack exhibits the same nonlinear properties, enabling potential 

applications of devices in a waveguide configuration for on-chip realization of nonlinear 

optical devices. The generated second-harmonic signals from the two periods of the DSD 

stack are only twice as large as the one generated from one period of the DSD stack, which 

does not obey the theoretical prediction that the generated SHG intensity scales 

quadratically with the interacting length. The discrepancy can be attributed to a lower 

transmittance in the two periods of the DSD stack due to the absorption in the a-Si layer at 

both wavelengths, the fundamental (i.e., 800 nm) and the second-harmonic (i.e., 400 nm) 

signals [45]. Considering absorption (i.e., the imaginary part of the refractive index) in the 

Maker fringe analysis, we predict a SHG power 1.6 times larger for the two periods of the 

DSD stack, within the error bars of our experiment. Small discrepancies may occur due to 

the actual values of the real and imaginary parts of refractive indices considered in our 

study. It should be noted that this loss can be significantly reduced when operated with 

wavelengths where a-Si is transparent.  

 

Table 2.1: Calculated components of the effective χ(2) tensors. 

Second-order nonlinear susceptibility (pm/V) One period Two periods 

χ(2)zzz 1.9 ± 0.4 2.1 ± 0.4 

χ(2)xxz 0.4 ± 0.1 0.4 ± 0.1 

χ(2)zxx 0.3 ± 0.1 0.3 ± 0.1 

In the theory, the magnitude of the effective χ(2) in the DSD metamaterial can be 

further enhanced by either increasing the magnitude of the built-in electric field or choosing 
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semiconductors that exhibit higher χ(2). To induce a higher electric field within the a-Si 

layer, an efficient way is to increase the magnitude of the Qf density at 

dielectric/semiconductor interfaces by treating as-deposited samples with an annealing 

process. The heating treatment offers sufficient energy for inactive charge centers to 

contribute more to the separation of ions and free carriers, thus increasing the density of 

Qf. To understand the influence of annealing treatment on the density of Qf, we fabricated 

test samples and performed C-V measurements on SiO2/a-Si and Al2O3/a-Si interfaces 

shown in figure 2.5(a) and 2.5(b) for the as-deposited samples and the samples annealed at 

different temperatures (i.e., 200, 300, and 400 C) for 15 min. As the plots show, the flat-

band voltage, Vfb, for both cases shifts away from the work function difference between a-

Si and the aluminum electrodes, indicating that the magnitude of Qf in both SiO2 (positive) 

and Al2O3 (negative) . AG Associates Heat Pulse 610 is used for the rapid thermal 

annealing (RTA) processes. The as-deposited samples are loaded into a sealed chamber in 

a H2/N2 environment, while the flow rate of H2 and N2 are set both to be 100 sccm. Then 

the temperature is risen up to the assigned point (200, 300 and 400oC) in 10 seconds, 

keeping for 15 minutes, and naturally cooling down to room temperature. 

To validate the enhanced magnitude of the effective χ(2)zzz, we carried out 

experiments on analyzing the p- polarized SHG signals from samples with one and two 

periods of the DSD stack annealed under different conditions as shown in figure 2.5(c) and 

2.5(d), respectively. In both cases, the samples annealed at 400oC (blue circle) show the 

highest second-harmonic intensity, which matches the prediction from the results of C-V 

measurement. In figure 2.6, we summarize the calculated Qf at SiO2/a-Si (in blue squares) 

and Al2O3/a-Si (in red squares) interfaces and the extracted values of the effective χ(2)zzz 
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from one (brown circle line) and two periods (green square line) of metamaterials for 

samples with different annealing treatments. The magnitude of both positive and negative 

Qf generated at either top or bottom interfaces increases with the annealing process at 

higher temperature, and the calculated effective χ(2)zzz in one period and two periods of the 

asymmetric annealed metamaterial also shows the same trend. The highest effective χ(2)zzz 

is calculated to be 8.5pm/V for the sample treated by the 400oC annealing process, which 

shows 4 times enhancement than that obtained from the as-deposited sample (i.e., 2 pm/V). 

 

 

Figure 2.5: C-V measurements on (a) SiO2/a-Si and (b) Al2O3/a-Si interfaces for as-deposited (black), 
200oC (red), 300oC (green), and 400oC (blue) annealed samples. The generated p- polarized SHG signals 

from (c) one and (d) two periods of asymmetrical DSD metamaterials at different temperatures of annealing 
treatment with variant polarization angles of the incident laser.  
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Figure 2.6: The calculated Qf in SiO2/Si (blue boxes) and Al2O3/Si (red boxes) interfaces and the extracted 

effective χ(2)zzz in one (brown circles) and two (green squares) periods of asymmetrical metamaterials.  
 

The nonlinearity of the DSD metamaterials has been experimentally demonstrated 

with the free-space measurement. In figure 2.7(a), a lumerical FDTD simulation shows the 

fundamental guiding mode for DSD metamaterials at the wavelength of 1.55 um, where 

silicon is transparent, and the fabricated ring resonator structure using DSD metamaterials 

is shown in figure 2.7 (b). The cross-section view of the DSD metamaterial deposited using 

magnetron sputter is shown in figure 2.8 imaged with STEM. 
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Figure 2.7 (a) Calculated mode for DSD metamaterials at the wavelength of 1.55 micro-meters. (b) Ring 
resonator waveguide structure fabricated using DSD metamaterials.  

 

 

Figure 2.8 STEM figures of DSD metamaterials deposited by a magnetron sputter machine. 
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2.4 Discussion 

We experimentally proved that the effective χ(2) can be increased with post 

annealing process from activating more charges at the dielectric/semiconductor interfaces. 

We propose to further optimize the annealing conditions to obtain higher value of effective 

χ(2) in DSD metamaterials. It is also possible to enhance the SHG by increasing the number 

of periods of the DSD metamaterial. Effectively, the interaction length for free space wave 

mixing will increase since it is proportional to NLsem, where N is the number of periods 

and Lsem is the thickness of the semiconductor layer. Once the total thickness reach 

hundreds of nanometer or even a few microns, it is also possible to process the metamaterial 

and fabricate waveguides for efficient nonlinear processing on-chip. Compared to the 

distribution of effective χ(2) in dielectric clad silicon waveguide, such waveguide made 

from multilayered DSD metamaterials exhibit the induced effective χ(2) through the entire 

bulk volume of the waveguide, thus maximizing overlap with the propagating guided mode. 

The efficient exploitation of fixed charge induced effective nonlinearities makes the 

conceptual DSD metamaterials a perfect candidate for second-harmonic generation in 

waveguide configurations. 
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2.5 Conclusion 

In summary, we have theoretically and experimentally demonstrated an approach 

to engineer CMOS-compatible nonlinear metamaterials by exploiting the generated fixed 

charges at dielectric/semiconductor interfaces. Asymmetrical DSD metamaterials exhibit 

an average effective χ(2)zzz of 2 pm/V in the bulk via exploiting the charges existing at 

interfaces, and the magnitude can be further enhanced up to 8.5 pm/V with proper thermal 

annealing treatment. In the theory, larger effective χ(2) can be achieved by either increasing 

Qf with optimization of fabrication processes or replacing the a-Si with other 

semiconductor candidates exhibiting both larger break down fields and larger χ(3). Since 

the composite films are all CMOS-compatible and grown by magnetron sputtering at room 

temperature, the pro- posed formation of nonlinear metamaterials can be customized with 

various dielectric and semiconductor materials for variant applications.  

We have also demonstrated that if the number of periods is increased, the effective 

χ(2) is the same in the multiple semiconductor layers composed of the DSD metamaterials. 

Indeed, this feature enables using such metamaterials as waveguide cores provided that 

large optical mode-metamaterials overlap, which offers efficient nonlinear behaviors 

exploiting the induced effective χ(2). With further optimization of their optical linear and 

nonlinear properties, the demonstrated DSD metamaterials exhibiting large effective 

second-order optical nonlinearities can be fabricated into waveguides for efficient on-chip 

devices such as modulators, nonlinear switches, and wavemixers.  
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CHAPTER 3 
 
METAMATERIALS WITH ENGINEERED 
TUANABLE OPTICAL NONLINEARITIES 
	
	

   Another idea for synthesizing high second-order nonlinear optical susceptibility 

(χ(2)) in metamaterials can be achieved via deposition of layered materials with dissimilar 

work functions. Specifically, we propose to explore metal/semiconductor/metal (MSM) 

metamaterial using amorphous silicon clad with different metal layers. Metals with 

dissimilar work functions on either side of a semiconductor create a non-zero net electric 

field across the semiconductor layer at thermal equilibrium. Consequently, the built-in 

electric field in a semiconductor with large third-order nonlinear susceptibility will result 

in an enhanced, effective second-order nonlinear susceptibility. This composite effect can 

again be studied via measuring experimental SHG with the assistance of Maker fringes 

analysis. 

3.1 BACKGROUND 

The ability to engineer metamaterials with tunable nonlinear optical properties is 

crucial for nonlinear optics. Traditionally, metals have been employed to enhance nonlinear 

optical interactions through field localization. Here, inspired by the electronic properties of 

materials, we introduce and demonstrate experimentally an asymmetric metal-

semiconductor-metal metamaterial that exhibits a large and electronically tunable effective 

second-order optical susceptibility. The induced χ(2) originates from the interaction 
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between the third-order optical susceptibility of the semiconductor with the engineered 

internal electric field resulting from the two metals possessing dissimilar work function at 

its interfaces. We demonstrate a five times larger second-harmonic intensity from the MSM 

metamaterial, compared to contributions from its constituents with electrically tunable 

nonlinear coefficient ranging from 2.8 to 15.6 pm/V. Spatial patterning of one of the metals 

on the semiconductor demonstrates tunable nonlinear diffraction, paving the way for all-

optical spatial signal processing with space- invariant and -variant nonlinear impulse 

response.  

 

3.2 Materials and Methods 

3.2.1 Junction generated at metal/semiconductor interfaces 

As metal and a-Si semiconductor are brought into contact, metal which has lower 

work function causes diffusion of electrons into a-Si until thermal equilibrium is reached 

and the Fermi levels, EF of a-Si and metal align. The charge redistribution results in a built-

in or diffusive potential, and creates a built-in static electric field close to the metal- a-Si 

interface, bending the bands of a-Si downwards. Once the semiconductor is clad with the 

metals with different work functions, a static electric field might be generated within the 

semiconductor layer resulting from the difference in the Fermi levels of the two metals on 

either side of a-Si. 
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3.2.2 Engineered built-in electric field within semiconductor via asymmetrical 

metal claddings 

  The principle of the proposed MSM nonlinear optical metamaterial is 

schematically shown in figure 3.1(a), where thin layers of a-Si are clad with metal A and 

metal B which have different work functions. Figure 3.1(b) shows the band diagram of a-

Si without contacting with metals. In our example, we consider the work functions of 

metals A and B (i.e., ϕA and ϕB) to be smaller and larger than that of intrinsic a-Si (i.e., 4.67 

e.V.), respectively. Figure 3.1(c) shows an example of the reduced band diagram in 

symmetrical MSM structure, where metal A is used to clad the a-Si layer on both interfaces, 

resulting in two depletion regions with built-in electric fields equal in magnitudes but 

pointing in opposite directions at each interface. Consequently, the net electric field, EDC, 

across the a-Si layer is zero. However, once we replace metal A with metal B with a larger 

work function on one side of the a-Si layer, the heterostructure becomes asymmetric with 

the bands bent upwards close to the metal B-a-Si interface, resulting in an asymmetric built-

in potential within the a-Si layer (see figure 3.1(d)), and consequently a non-zero EDC 

across the layer of a-Si. The difference in the metals’ work functions and that of a-Si 

determines the depletion width and hence the magnitude and penetration depth of the 

induced electric field which can range from tens to hundreds of nanometers. With an 

appropriate choice of the two metals, a high static electric field can be induced in the a-Si 

layer, leading to a high effective second-order nonlinear optical coefficient, χ(2) within a-

Si, via the EFISH effect. 
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Figure 3.1: (a) The schematic of a MSM metamaterial consisting of a-Si clad with two different metals, 
metal A and metal B. (b) The reduced band diagram of a-Si, metal A and metal B without intimate contact. 

(c) The reduced band diagram of symmetrical and (d) asymmetrical MSM structures under equilibrium 
with intimate contact. 

 3.2.3 Metamaterials consisit of metal/semiconductor/metal stacks 

The basic principle of the proposed MSM nonlinear optical metamaterial and the 

SEM image of the fabricated structure are shown in figure 3.2 (a), where a thin layer of a-

Si is clad with Al and Ni which have respectively smaller and larger work function (i.e., 

Al with 4.08 eV and Ni with 5.01 eV) [46,47], compared to the work function of a-Si (i.e., 

4.67 eV). Consequently, a static electric field is generated within the bulk of the a-Si 

semiconductor layer. The band diagram of the MSM structure is included as an insert in 

figure 3.2 (b) showing a-Si’s energy band gap Eg, Fermi level EF, valence and conduction 
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bands energies EV and EC respectively. φAl and φNi, are the work function of Al and Ni 

respectively.  

We use TCAD Silvaco simulation tool to study the magnitudes and spatial 

distributions of the built-in electric fields inside the MSM metamaterial structures 

consisting of a 25 nm thick a-Si layer clad with 5 nm thick Al and Ni thin films (see figure 

3.2(b)). As expected, the net electric field in the case of the MSM metamaterial is non-zero 

corresponding to an average DC electric field of 3.5 × 105 V/cm. Since the a-Si layer 

exhibits a large third-order nonlinear susceptibility, χ(3) (~2.3 × 10−19 to 9.2 × 10−19 m2/V2) 

[40,44] the induced DC electric field is expected to result in a high effective χ(2) = 3χ(3)EDC, 

ranging from 10 to 40 pm/V.  

 

 

Figure 3.2: (a) Schematic and SEM image of a 5 nm Ni/25 nm a-Si/5 nm Al MSM metamaterial for second- 
harmonic generation process. (b) Reduced band diagram and the simulated distribution of built-in electric 

field for the Ni/a-Si/Al metamaterial.  
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3.3 Results 

Besides investigation of the nonlinearities in the MSM stack, the transmission is 

also a crucial optical property that needs to be studied. First we calculate the transmission 

of both TE- and TM- polarization light in a MSM structure (Al (5nm) / a-Si (25nm) / Ni 

(5nm)) by inputting real and imaginary part of refractive indices for each constituent 

material, while the wavelength of incident beam is set at 800 and 400 nm under variant 

incident angles (see figure 3.3). These properties are critical for calculating the effective 

components of χ(2) tensor. The low transmission is due to the inherent optical losses of 

metals and a-Si at optical visible frequencies, and it can be improved by further reducing 

the thickness of metal films. We believe that the transmission of the MSM stack could be 

much higher than the prediction made here with optimization of the thickness. Also, the 

other part of optical loss comes from the absorption of a-Si at both frequencies.  

 

Figure 3.3: Transmission of TM-(a) and TE-(b) polarization of one and two periods of Al / a-Si / Ni stack 
under variant incident angles with wavelength at 400 and 800 nm. 

 

For an experimental validation of our hypothesis, we designed and fabricated the 

MSM metamaterial on fused silica substrates using magnetron sputter deposition at room 
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temperature. e metal/a-Si/metal metamaterials are grown at room temperature in an ultra-

high vacuum environment by magnetron sputtering. Samples are deposited from Si-

undoped (99.999%), Pt (99.95%), Ni (99.95%) and Al (99.95%) pure elemental targets 

onto fused silica substrates under an Ar pressure of 3 mTorr. Substrates undergo a thorough 

cleaning processes with Acetone, Isopropyl alcohol and deionized water before deposition, 

to prevent any inaccuracy in the optical characterization due to adhesion of particles on the 

surfaces. The thickness and refractive index of films are measured with the Rudolph Auto 

EL Ellipsometer. The deposition rate of each target and crystallization of films are 

characterized by means of small angle x-ray reflectivity (XRR) with a Bruker D8 Discover 

x-ray diffractometer. The XRR measurements confirm the fact that all sputtered films are 

amorphous.  

We then experimentally estimate the induced χ(2) coefficients in a-Si layer by 

measuring the generated SHG intensity and subsequently using the revised Maker fringes 

analysis described in details in the Appendix C. First, to ensure that the detected signal is 

generated via the second-order nonlinear process from the bulk of deposited a-Si 

semiconductor, we analyze the measured signals as a function of the input pump power for 

both the MSM metamaterial as well as single layers of the cladding metals Al and Ni on 

fused silica substrates (see figure 3.4 (a)). The measured intensities from all samples are 

confirmed, as expected, to be quadratically dependent on the pump power, illustrating the 

fact that the detected signals indeed originate from the second-order nonlinear responses. 

The a-Si film and the substrate are also confirmed to provide zero SHG signal as a result 

of their null χ(2). We then apply Marker fringes method to characterize the polarization 

dependence of the SHG for extracting the χ(2) tensor coefficients. The measured p- and s- 
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polarized second-harmonic responses as a function of the polarization angle of the input 

pump are shown, for all the three cases, in figure 3.4(b) and (c), respectively. For both 

polarizations, the SHG intensities from the MSM are clearly much larger than that 

generated from a combination of Al and Ni layers on fused silica substrates, implying that, 

as expected, the second-order nonlinear response is dominated by the a-Si layer due to the 

existence of the non-zero built-in electric field.  

 

Figure 3.4: (a) Log-log plot of measured SHG signal versus pump power for a single layer of Al (red 
triangles), Ni (blue squares) thin film and MSM metamaterial (black circles) grown on silica substrates for 

a fixed pump-beam incident angle of 45°. (b) Generated p-polarized and (c) s-polarized SHG intensity 
versus polarization angle for a 100 mW pump.  

 

To further confirm our theory, we fabricated one more MSM metamaterial sample, 

replacing the top clad of Ni with platinum (Pt). Pt, just like Ni, has a larger work function 

(i.e., 5.65 e.V.) [46] than that of a-Si, and hence is expected to result in a non-zero built-in 

electric field in the a-Si layer in combination with the bottom clad of Al. The intensities of 

measured SHG from the Pt/a-Si/Al composition are measured and compared with the 

previous samples (i.e, Ni/a-Si/Al), as shown in figure 3.5, under the same experimental 

conditions. The SHG signal from the bottom Al cladding layer (red boxes) is fixed in all 

cases, and the signals from the top metal cladding films are measured individually and 

represented by blue boxes. The differences between the measured signals from the MSM 
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metamaterials and their metallic constituents correspond to the contribution from a-Si layer 

(yellow boxes). It is apparent from figure 3.5 that the SHG signal in both MSM samples 

are significantly larger than the contributions from individual responses of their respective 

constituents. The generated second-harmonic field intensity can in fact be five times larger 

than the SHG signals from the respective constituents (e.g., individual Al, Ni and Pt metal 

films). Furthermore, it also confirms our hypothesis, the contribution from the a-Si layer is 

found to be proportional to the difference of work functions between bottom and top metals, 

i.e., proportional to the built-in electric field. It can be envisioned that similar to the work 

demonstrated in this study, MSM metamaterials can, in the future, be custom-synthesized 

by choosing an appropriate combination of clad metals and semiconductor layer.  

 

Figure 3.5: Measured SHG intensities from the Ni/a-Si/Al (left) and Pt/a-Si/Al (right) MSM metamaterials 
and their constituents. The red boxes show the SHG from a single layer of Al film, and the blue boxes show 

the SHG from top cladding metal films. The difference between the total measured SHG intensities from 
the MSM metamaterials and their components is then assumed to be from the bulk of the a-Si (yellow) 

layer via EFISH effect.  
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Additionally, the components of χ(2) tensor in these MSM metamaterials are also 

estimated. We consider the thin MSM structures as a uniform isotropic effective medium 

[48], and then calculate all the induced χ(2) tensor components using the measured p- and 

s-polarized SHG signals for each of the MSM metamaterial samples (Appendix C). It 

should be noted that for more accurate theoretical estimate of the SHG via EFISH effect in 

our metamaterials one could consider optical field localization effects on each metal-

semiconductor interface. The measured results are summarized in the Table 3.1. 

Comparing the magnitude of all non-zero tensor components, it is apparent that the all-

normal tensor component, χ(2)zzz, which is parallel to the direction of the built-in electric 

field, is dominating, proving conclusively that the additional contribution to the second-

order nonlinear response of an asymmetrical MSM metamaterial is truly a result of the 

engineered electronic band structure in the bulk of the a-Si layer.  

 

Table 3.1: Calculated components of the effective χ(2) tensors in MSM metamaterials 

Second-order nonlinear susceptibility (pm/V) Ni/a-Si/Al Pt/a-Si/Al 

χ(2)zzz 7.2 ± 1.5 8.9 ± 1.6 

χ(2)xxz 1.9 ± 0.5 2.2 ± 0.8 

χ(2)zxx 2.3 ± 0.8 2.3 ± 0.7 
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Since our experiments were carried out using optical fields with photon energies 

larger than bandgap of a-Si, we need to consider the effect of generated free-carriers that 

may affect the magnitude of the induced effective χ(2). The pump generated photocarriers 

could lower the Schottky barriers between the semiconductor and metals, and cause a 

reduction in the induced built-in electric field. To estimate the strength of this effect, we 

measured and analyzed the I-V behaviors of the MSM stack (see Appendix C). These 

experiments show that the built-in barrier height within the a-Si layer, under illumination 

with an average power of 100 mW (i.e., the power used in our experiments on SHG), will 

be reduced by 15% compared to its value under no illumination. is reduction, resulting 

from the image-force effect as a consequence of the generated photocurrent, however 

results in a reduction of the built in electric field by no more than 10% for the average 

pump-powers employed in this study. Therefore, we conclude that the pump-generated 

photocarriers have a relatively minor effect on the measured effective χ(2). It should be 

noted that the reported measured values of effective χ(2) may increase by avoiding 

photocarrier generation using pump photon energies smaller than the bandgap of a-Si (e.g., 

1550 nm range).  

In addition to their passive optical behavior, MSM metamaterials also enable the 

active control of their second-order nonlinear optical response by applying an external 

electric field using the constituent metals as electrodes. To illustrate this, experiments were 

carried out on a MSM metamaterial sample fabricated with a thicker a-Si layer of 50 nm, 

since the built-in electric field in the 25 nm thick a-Si layer is already close to the 

breakdown limit. The schematic of this active MSM structure is shown in figure 3.6(a). An 

external DC voltage is applied across the a-Si layer, and the generated SHG signal is 
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measured for bias voltages ranging from −2.5 V to +1.5 V. Figure 3.6(b), shows the 

measured SHG intensity varying quadratically as a function of the applied field, which is 

expected for a linear change in the second-order nonlinear susceptibility coefficient as a 

function of the applied bias. A positive voltage increases the generated SHG signal by 

inducing more asymmetry in band structure of the a-Si layer, until the built-in electric field 

reaches the breakdown limit, which in our case occurs at +1.5 V. For negative voltages, we 

observe a reduction in the SHG signal as a result of the reduction in the built-in electric 

field. At the at-band voltage, which is negative in this case, the electric field inside the 

semiconductor is completely eliminated, removing any of its contribution to the observed 

second-harmonic response. It should be noted, that even at this voltage we observed a finite, 

non-zero, SHG signal, due to the two metal films. However, this is not the voltage 

corresponding to the absolute minimum observed second-harmonic signal. is, in fact, is 

achieved at a voltage of −0.75 V, where the generated second-harmonic field intensities 

from a-Si and the metals are out of phase and completely cancel each other. The measured 

intensity, however, still does not reach a zero value, which is attributed to the fact that the 

non-diagonal components of χ(2) tensor still remain non-zero and result in a finite SHG 

signal. As the magnitude of the voltage applied is increased further, the SHG signal 

increases again until the breakdown field is reached, which occurs at −2.5 V. It is 

noteworthy that the induced effective dipoles in a MSM metamaterial under negative and 

positive fields should exhibit opposite directions even though the measured SHG signal 

shows the same magnitude. The minimum and maximum values of the measured SHG 

intensity are then used to determine that a wide tunable range of 2.8 to 15.6 pm/V is 

achievable for of the effective χ(2)zzz tensor in this MSM metamaterial.  
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In addition to these results, we also explore the possibility of spatially patterning 

one of the metal layers in our MSM structure, to electrically control the local spatial 

strength of the induced second-order nonlinearity. For simplicity, we pattern one of the 

electrodes into a periodic structure (i.e., grating), but more complex spatial structures with 

multiple control lines are indeed possible. A schematic diagram and the corresponding 

SEM image of the fabricated device are shown in figure 3.6(c). The Ni film is patterned 

with a periodicity of 10 µm and a duty cycle of 0.5. We fabricate a total of 40 periods to 

ensure that the size of this pattern is larger than the spot size of our laser pump beam. Such 

a device exhibits alternating regions with different magnitudes of χ(2). When a pump beam 

at frequency ω is incident on such a device, the generated second harmonic field will 

produce diffraction orders. Figure 4d shows the detected SHG signal exhibiting both 0th 

and symmetrical ± 1st diffraction orders. Furthermore, when an external voltage is applied 

across this patterned MSM structure, such that the applied electrical field is in phase (i.e., 

polarity) with the internal field, we obtain an enhanced diffraction efficiency (see figure 

3.6(d), red squares) whereas when the polarity is reversed, we obtain a corresponding 

reduction in the diffraction efficiency (see figure 3.6(d), blue triangles) of the SHG signals. 

The tunability of the demonstrated spatially patterned second-harmonic response may 

enable novel optical signal processing applications with tailored space-invariant as well as 

space-variant nonlinear spatial impulse response.  
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Figure 3.6: (a) Schematic of an active MSM metamaterial. (b) Measured SHG intensity under variant DC 
voltage (dots), and the red fitting curve showing the quadratic dependency. (c) Schematic representing the 

design for creating spatial nonlinear responses, and the top-view SEM image of the fabricated metal 
grating. (d) SHG intensity from the patterned MSM structure detected under different angles and external 

electrical biases. 

 

3.4 Discussion  

To increase the tunability of the MSM metamaterial, the future works can be 

replacing a-Si with other semiconductors pursing higher breakdown electric field such as 

SiC towards a higher amplitude tuning range [50]. With the capability of tuning the 

amplitude of the SHG signal the concept of MSM metamaterials exhibit a great potential 

for many applications such as optical switching for free-space optical communication 
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systems. We could focus on developing composition of materials and optimizing the 

fabrication processes to create a MSM stack which exhibit high tunability with low power 

consumption, i.e., higher built-in electric field. 

3.5 Conclusion  

Asymmetrical metal-semiconductor-metal (MSM) electronic metamaterials 

exhibiting a prominent and tunable effective second-order nonlinear optical susceptibilities 

χ(2) are introduced and experimentally validated. It is conclusively shown that a large 

induced χ(2) originates from the interaction between the bulk third-order nonlinear optical 

susceptibility of the semiconductor layer, χ(3) with the engineered non-zero net internal 

electric field created by the electron transport on its interfaces with metals possessing 

dissimilar work functions. The MSM structures, consisting of CMOS compatible a-Si layer 

clad with Al-Ni and Al-Pt, are shown to generate as much as five times larger second-

harmonic field intensity compared to the contribution from its constituents. The non- linear 

response of MSMs, proportional to the difference in the work functions of the cladding 

metals, is shown to be actively controlled by external electric field resulting in tunable 

effective χ(2)zzz tensor component ranging from 2.8 to 15.6 pm/V, making it suitable for on-

chip optical switching and modulation. Further enhancement in the effective χ(2) of the 

MSM metamaterials can be achieved by using a semiconductor possessing a larger χ(3),with 

a larger breakdown voltage, and/or by improving the quality of a-Si fabrication process to 

increase its breakdown voltage. Moreover, by spatial patterning one of the metal layers on 

the interface with a-Si and varying the externally applied electric field, a tunable nonlinear 

diffraction effect is demonstrated, making the MSM metamaterial suitable for all-optical 
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spatial signal processing with tailored space invariant as well as space variant nonlinear 

spatial impulse response.  
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CHAPTER 4 
 
SILICON-RICH NITRIDE FOR NONLINEAR 
OPTICAL PROCESSES 
 
 

Silicon nitride (SiNx) is an amorphous material, and is not expected to exhibit any 

second-order nonlinearity due to the amorphous nature. In free space measurements, 

however, silicon nitride thin films have been proved to exhibit second-harmonic generation 

arising from its bulk nonlinearities. But only an extremely small χ(2) coefficient has been 

measured in an integrated platform to date, and this was attributed to interface 

nonlinearities [17]. If SiNx is to become a feasible replacement for silicon, it will be 

necessary for it to exhibit a strong electro-optic and nonlinear wave mixing effects in a 

waveguide configuration than what has been shown until now. In this chapter, we will 

introduce the non-zero χ(2) in stoichiometry silicon nitride and also the enhanced χ(2) in 

silicon-rich nitride films that have great potential as replacement for silicon in Pockels 

effect based modulator application.  

4.1 BACKGROUND 

In past few years, silicon nitride becomes a competing material platform, which 

exhibit the benefits of boasting a wider transparency window, no two-photon absorption, 

and an improved ease and flexibility of fabrication [50–54]. In this chapter, we report on 

the first experimental measurement of a bulk second-order susceptibility in silicon nitride 
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shown through both thin film free-space measurements and on-chip, phase-matched 

second-harmonic generation in waveguide configuration.   

 

	
4.2 Materials and Methods  

Here we will report the first experimental measurement of a bulk second-order 

susceptibility in plasma enhanced chemical vapor deposition (PECVD) deposited silicon 

nitride shown through both thin film free-space measurements and on-chip, phase-matched 

second-harmonic generation [21]. In the latter case, phase-matching is achieved through 

dispersion engineering of the waveguides’ supported modes, and the powers contained at 

the second-harmonic wavelengths are used to determine the waveguides’ second-order 

nonlinear coefficients. And then the enhanced second-order nonlinearity, by introducing 

more silicon contents in silicon nitride thin films will be introduced which is demonstrated 

experimentally in free using Maker fringes technique.  

	
4.2.1 Second-order nonlinearity of silicon nitride measured in free-space 

To measure the second-order nonlinear optical susceptibility, the free-space SHG 

experiments on SiNx thin-films was carrired out, while the films are deposited using 

PECVD. Film thicknesses ranging from 100-500 nm were deposited on fused silica 

substrates and SHG was carried out using a Maker-fringes setup wherein a fs Ti-Sapphire 

laser at 800 nm was used as a pump, which is shown schematically in figure 4.1(a). Figure 

4.1 (b) shows the obtained second-harmonic signal as a function of input polarization for 

the case of 200 and 500 nm thick SiNx. Then the p- and s- polarized plots are employed fto 

fit with a revised maker-fringes analysis for the extraction of two different components of 
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the χ(2) tensor, which is shown in Table 4.1. These measured results are closed to the values 

reported from T. Ning et al., demonstrating the fact that decent magnitude of χ(2)  does exist 

in the bulk of silicon nitride thin films, it is not barely an interfacial effect. 

	
Figure 4.1: (a) Schematic of Maker fringes setup. (b) Variation of the second-harmonic signal for 200 and 
500 nm thick SiNx as a function of polarization angle for the two cases of s- and p- polarized input pump.  

 
 
 

Table 4.1: Calculated components of the effective χ(2) tensors in silicon nitride with variant thickness. 

Second-order nonlinear 

susceptibility (pm/V) 

 

100 nm 

 

200 nm 

 

500 nm 

χ(2)zzz 2.08 ± 0.34 1.87 ± 0.26 2.38 ± 0.19 

χ(2)xxz 0.32 ± 0.11 0.28 ± 0.12 0.4 ± 0.16 

	
	
	
4.2.2 Second-order nonlinearity of silicon nitride measured in waveguide 

configuration 

Furthermore, we successfully demonstrated, for the first time, phased-matched 

second-harmonic generation in silicon nitride waveguides using these bulk nonlinearities. 

The mode dispersion engineering was performed for the achievement in phase-matching 
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while the waveguide width was varied (in both the simulation of model and the actual 

sample for measurements) to find the cross-over point where the effective index of the 

pump (1550nm) matched with the index of the generated second-harmonic (SH) field. 

According to the free-space results, a TM polarized SH can be expected using the χ(2)zzz 

tensor component and a TM type pump, at the same time, a TE second-harmonic signal 

could be also generated utilizing the component tensor of χ(2)xxz and a combination of TE 

and TM pump. Figure 4.2(a) and (b) shows the SEM images of the fabricated clad silicon 

nitride waveguides along with experimentally obtained results showing generated TE 

second-harmonic signals. 

	
Figure 4.2: (a) SEM image of the silicon nitride waveguide. (b) Measured TE second-harmonic power 

generated in a 1070 nm-wide silicon nitride waveguide, as a function of the pump wavelength. 

	
4.2.3 Enhanced second-order nonlinearity in silicon-rich nitride 

In the previous chapters we have demonstrated bulk nonlinearities in silicon nitride 

thin films through both free-space and on-chip, in-waveguide measurements. The 

magnitude of nonlinearity was however low, with in waveguide measurements (at 1550nm) 

yielding values of χ(2) lower than 1 pm/V. The origin of the bulk nonlinearity in these films 
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is not fully understood yet, however it is our hypothesis that the exhibited nonlinearities, 

both second- and third-order, would scale with the index of the deposited films. In order to 

verify the hypothesis, we modified the deposition recipe of PECVD machine, in terms of 

SiH4 flow rate, to deposit three different films with different silicon ratios, with refractive 

index varying from 1.9 to 2.25. 

 

4.3 Results 

We will begin by examining the effect of the SiH4 flow rate on the optical linear 

and nonlinear properties of silicon nitride thin films. In Table 4.2, the reader can see three 

different depositions of silicon nitride thin films, referred to as S1, S2, and S3. Throughout 

these three films the only deposition parameter allowed to vary was the flow rate of SiH4, 

while the flow rate of N2, the temperature, and the RF power were held constant. From this 

we can compare the refractive index of the three films, measured using the ellipsometry, 

with their composition. Examining this data, we see that as the flow rate of SiH4 is 

increased the refractive index of the silicon nitride film also increases, illustrating that as 

the flow rate of SiH4 increases, more silicon is introduced into the silicon nitride thin films. 

In order to verify this conclusion, we then examine the energy dispersive X-ray 

microanalysis of all three silicon nitride thin films, which will allow us to determine the 

ratio of Si to nitrogen ( Si/N ratio ) in each of the films as shown in figure 4.3. In figure 

4.4, the blue and red bars represent the percentage of nitrogen and silicon in silicon nitride 

thin films, respectively. And an example of this measurement can be seen for S3 in the 

inset of figure 4.4(a), while the Si/N ratio for all three films extracted in this manner can 
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be seen in Table 4.2. The Si/N ratio of the three films can be seen to increase across the 

three films, S3 being nearly double that of S1, and therefore a larger optical nonlinearity 

can be expected.  

 

In order to study the effect of silicon content on the optical nonlinearity of these 

thin films, a polarization dependent Makers fringes method was employed for both p- and 

s- polarized second-harmonic-generation (SHG) at a pump wavelength of 800 nm, the 

details of the setup can be found in Appendix C. The SHG intensity as a function of 

polarization angle for the p- polarized case can be seen in figure 4.4(b). Here it can be seen 

that as expected S3 presents an order larger SHG signal as compared to S1, demonstrating 

that silicon rich silicon nitride does indeed exhibit larger second-order nonlinearities than 

stoichiometric silicon nitride. Utilizing both the p- and s- polarized second harmonic 

generation signals, an example of which can be seen in figure 4.4(c) for S3, the tonsorial 

components of the nonlinear susceptibility of these three films can be extracted using 

Maker fringes analysis for the pump wavelength at 800 nm. The calculated results are 

presented in Table 4.2. In our experiment, S3 exhibited a 3.3 times large χ(2)zzz than S1 

despite the fact that further optimization can be done. 
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Figure 4.3: EDX results on the sample of (a) S1, (b) S2 and (c) S3. 

 

Figure 4.4: (a) Composition of sample S1, S2 and S3 investigated by energy dispersive X-ray (EDX) 
microanalysis, the inset figures is the example of measured EDX data on sample S3. (b) The p- (black 

squares) and s- (red squares) generated S.H.G. signals from S3 under variant incident polarization angles. 
(c) The p- (black squares) and s- (red squares) generated S.H.G. signals from S3 under variant incident 

polarization angles. 
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Table 4.2: The deposition recipes and measured properties of silicon nitride thin films. 

 

 

 

To characterize the viability of these films for on-chip applications, in-waveguide 

passive optical measurements were performed to determine the propagation loss. The width 

of waveguide ranging from 500-1000 nm were deposited and patterned into coupled ring-

resonators. The fabrication processes started with the silicon-on-insulator (SOI) wafers 

which consists of a 200 nm-thick device layer and 1 µm-thick buried oxide (BOX) layers.. 

Then a 400 nm of silicon-rich-nitride, was deposited through PECVD with a SiH4 flow rate 

of 700 sccm. Waveguides with widths ranging from 500-1000 nm were then fabricated 

with coupled ring-resonators with coupling gaps ranging from 150-300 nm, using a 

combination of e-beam lithography (EBL) and the  reactive ion etching (RIE) in an Oxford 

Plasmalab 100 using a C4F8 and SF6 plasma as reactive etching gas. Top-down SEM 

images of the fabricated waveguide structures are shown in figure 4.5. The fabrication of 

the devices were then completed with a top cladding layer of 1 µm-thick PECVD oxide. 

 
SiH4 flow 

rate (sccm) 
Si/N ratio 

Refractive 

index 

c(2)zzz 

(pmV) 
c(2)zxx 

  S1    180     0.7         1.9       2.4         0.4 

  S2    276    1.05     2.08       5.8     1.1 

 S3    500    1.3     2.25        8     1.9 
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Figure 4.5: SEM micrograph of an unclad SRN waveguides showing the waveguide cross-section and the 
coupling region of the ring-resonators 

 

	
To measure the propagation loss in the waveguide configuration, a fiber-in, free-

space out setup was employed. The output of an near-IR agilent laser with a tunable range 

from 1465 to 1575 nm sources, was coupled into the silicon nitride waveguides by a 

polarization maintaining lensed-tapered fiber. The light emitted coming from the output 

side of waveguides was then collected by a metallic output objective, and the mode was 

magnified using two 4F systems of lenses. The collect transmitted light  was detected and 

measured using an optical power meter, and the transmission spectrum, shown in figure 

4.6, was obtained by continuously tuning the wavelength of the input of the laser. 
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Figure 4.6: Normalized transmission of a 1um wide SRN waveguide coupled to a ring-resonator at a 
coupling gap of 250 nm. The inset shows the corresponding mode profile of the fundamental TE mode and 

a single resonance at 1520 nm, used to estimate the loss-coefficient of these waveguides. 

 

The measured transmission spectra exhibiting periodic dips at each of the rings’ 

resonant wavelengths, and the shapes and positions of these dips could be fit with 

Lorentzian curves for extracting the loss coefficients in the waveguides, which was 

determined to be around 10 dB/cm. It should be mentioned that the loss can be further 

improved via post-deposition annealing processes, however it’s corresponding effect on 

the exhibited nonlinearity of the deposited films is still being studied.  

 

4.4 Discussion 

The value of the extracted χ(2) coefficients from the in-waveguide measurements 

was χ(2)zzz ranging from 0.12-0.48 pm/V and χ(2)xxz ranging from 0.06-0.22 pm/V, where z 

is the direction which is normal to the surface of the thin films, and the χ(2) values measured 

from free-space measurement is almost an order larger. The discrepancy between the 

values obtained from free-space and on-chip measurements is hypothesized to be because 
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of the highly dispersive nature of χ(2), as well as the different mechanical and chemical 

conditions that the nitride film is exposed to during the waveguide fabrication process. 

With the dispersion of the optical nonlinearities of silicon nitride in doubt, we 

decided to perform second harmonic generation experiments at two different wavelengths, 

1040nm and 1550nm respectively. The measurement for reflective SHG details are 

described in the supplementary material and the setup is shown in figure 4.7(a). Samples 

S1, S2 and S3 are measured under same conditions including incident angles, spot size of 

the beam, average pump power and polarization states. The generated p-polarized SHG 

signals for all three thin films at pump wavelength of 1040 and 1550 nm are shown in 

figure 4.7(b).  The sample S3, which has the highest silicon content provides largest SHG 

signal among threes samples at both wavelength. Interestingly, here a decrease in the SHG 

intensity from 1040nm to 1550nm of 20-30 times can be seen for all three samples, leading 

to a decrease of 4-5 times in the second-order nonlinearity.  

 
	

	
Figure 4.7: (a) Schematic of reflective second-harmonic generation setup. (b) Generated reflective p-SHG 

signals from samples at the wavelength of 1040 nm (red bars) and 1550 nm (blue bars), respectively. 
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4.5 Conclusion 

To summarize, we have shown for the first time that the bulk χ(2) in free-space 

measurements of silicon nitride thin films may be used in a CMOS-compatible integrated 

platform to achieve phase-matched second-harmonic generation in dispersion engineered 

waveguide geometries. By considering the polarizations of the optical modes relevant to 

the wavemixing process, we characterized two specific components of the χ(2) tensor, χ(2)zzz 

and χ(2)xxz. As new optical nonlinear material candidates continue to be considered for the 

advancement of integrated photonics, we believe that the characterization of material’s 

nonlinear behaviors in both free-space and on-chip measurements will be critical in 

determining which material platform shows most promise for CMOS realization of a new 

generation of nonlinear optical devices. The silicon-rich nitride has been proved to exhibit 

an order larger second-order nonlinearity at 800 nm and also telecommunication range, 

1550nm. However, it should be noticed that the second-order nonlinearity at longer 

wavelength (i.e., 1550 nm) is 5 times smaller than the values measured at 1040 nm, which 

should be taken into account for device design and telecommunication range. Most 

reported values is done at either 800 nm or 1064 nm. We emphasize our capability of 

measuring second-harmonic generation at both visible and 1550 nm, the most reliable and 

trustable way of direct characterization of nonlinear materials optical properties, not relying 

on slower and indirect measurement likes the commonly used electro-optic effect. The 

deposition techniques will be further optimized for pursuing low loss, large χ(2) silicon-rich 

nitride films for fabricating on-chip nonlinear optic devices. 
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CHAPTER 5 
 
CONCLUSION AND FUTURE WORKS 
	
 

This thesis summarizes the efforts in engineering the second-order nonlinearity in 

metamaterials based on CMOS-compatible dielectrics, semiconductors and metals, also in 

the study of nonlinearity in stoichiometry and silicon-rich nitride materials, all of them has 

great potential for the application in on-chip nonlinear optical components. 

First, the engineered nonlinearity in the DSD materials was demonstrated using the 

generated fixed charges at dielectric/semiconductor interfaces, and the largest χ(2) tensor 

was measured to be 8.5 pm/V, which is at the same level as some III-V materials such as 

aluminum nitride and gallium nitride. The mechanism of synthesized nonlinearity in DSD 

metamaterials is proved clearly that comes from EFISH effect, therefore, either increase of 

the fixed charge density or utilization of high χ(3) material as semiconductor could 

efficiently push the value of effective χ(2) higher. It is worthy to notify that the experimental 

results from my works mentioned are preliminary and not optimized yet, it is believed that 

with further optimization of the fabrication processes and the proper selection of composite 

materials, a customized metamaterial which exhibits the desired optical linear and 

nonlinear properties can be easily synthesized for specific application at different 

wavelength region. 
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Another concept utilizing the metal-semiconductor junction for engineering 

nonlinearity was also proposed in MSM metamaterials. It is proved that the effective χ(2) 

in MSM metamaterial is proportional to the difference of work function between two used 

metals. The benefit of the MSM metamaterial is the tunability of the effective χ(2) via 

external voltage applied, ranging from 10 to 40 pm/V, which provides this material the 

capability in switching applications. To increase the tunability of the MSM metamaterial, 

a-Si cane be replaced with other semiconductors pursing higher breakdown electric field 

such as silicon carbide towards a higher amplitude tuning range. With the capability of 

tuning the amplitude of the SHG signal, the concept of MSM metamaterials exhibit a great 

potential for many applications such as optical switching for free-space optical 

communication systems. 

The works in silicon nitride and silicon-rich nitride provides a potentially low 

optical loss platform for on-chip nonlinear optical devices. It was found that the χ(2) indeed 

exist in bulk of nitride thin films, which is proportional to the percentage of silicon within 

SiNx. One important finds from my work is that the nonlinearity seems to be smaller at 

longer wavelength (i.e., 1550nm) than the χ(2) measured at shorter wavelength (i.e., 1040 

nm), which makes the modulators designed using this material very difficult. The future 

works on this project will be mainly focusing on the understanding of the χ(2) source in 

silicon nitride thin films, and then explain theoretically the found about decrease of χ(2) at 

longer wavelength. 

The ability to construct nanoscale engineered nonlinear optical metamaterials that 

can be manufactured with CMOS compatible fabrication processes will have a profound 

impact on energy efficient and compact devices and photonic integrated circuits. The 
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proposed materials in this thesis will not only advance the basic science and technology of 

engineered nonlinear optical metamaterials, but also set an example for the investigation 

of physical phenomena where self-consistent treatment of electronic and optical material 

properties in conjunction with electromagnetics and nonlinear optical phenomena 

interactions becomes crucially important. I anticipate that the proposed nanoscale 

engineered nonlinear optical metamaterials and nitride based studies will find applications 

in data- and telecommunications, optical computing, and sensing systems.     

. 
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APPENDIX A 
 
C-V MEASUREMENT 
 
A.1 BACKGROUND 

Capacitance-voltage (C-V) testing has been widely used for measuring 

semiconductor materials and properties such as metal-oxide-semiconductor field-effect 

transistors (MOSFET) structures and bipolar junction transistors (BJTs). As the applied 

voltage is applied, the capacitance of the structure is plotted as a function of voltage, which 

can be used for extracting the semiconductor properties or the defects within the dielectric 

layers [55]. 

A.2 Materials and methods 

To fabricate the MOS structure test samples for calculating Qf at dielectrics/a-Si 

interfaces, 100 nm thick a-Si is grown on a p-type silicon substrate first, followed by the 

deposition of a dielectric thin film (e.g., 120 nm of SiO2 and 25 nm of Al2O3) using 

magnetron sputter at room temperature. Then, 100-nm-thick Al films are deposited with 

electron beam evaporation and patterned with photolithography processes on both top of 

dielectric and backside of silicon wafer as electrodes.  

Agilent B1500A Semiconductor Device Analyzer is used for obtaining C-V curves 

by applying a 10 kHz AC electric field on the two Al electrodes. By observing the 

experimental flat-band voltage of the device and comparing it to the theoretical value, the 
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concentration of fixed charge in the dielectric may be calculated as [56]  

                                                                                    (S1) 

where Cdielectric is the dielectric capacitance per unit area, is the difference in 

work function between the metal electrode and the semiconductor (and therefore the flat-

band voltage in the absence of any dielectric non-idealities), and VFB is the measured flat-

band voltage.  
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APPENDIX B 
MAKER FRINGES SETUP   
 
B.1 BACKGROUND 

The pump frequency light source is a Ti:Sapphire laser emitting 150 fs pulses with 

80 MHz repetition rate at a center wavelength of 800 nm for performing Maker fringes 

setup, shown in figure S1. The polarization state is defined by a half-wave plate and a long 

pass filter with cut-off wavelength at 780 nm is set to filter out any signals from other 

sources in the range of interest. The sample is tilted and fixed at an angle of 45 degrees 

normal to the incident beam, which is focused with an 10x objective resulting in a beam 

size with a diameter of 12 µm on the surface of the sample. Two short wavelength pass 

filters and one band pass filter with a total optical density of 12 are inserted to filter out the 

pump light at ω (i.e., 800nm wavelength), ensuring that all photons collected by the 

photomultiplier (PMT) are at 2ω (i.,e., 400 nm wavelength) and consequently generated 

from the SHG process. The collimated SHG signal from the sample is separated into p-

polarized and s-polarized by a polarizer for calculating the different components of the χ(2) 

tensor. The detected signal in PMT is then read with an oscilloscope.  
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Figure S.1: Schematic of Maker fringes setup for optical characterization. 

 

B.2 Materials and methods 

A commercial 500 µm thick X-cut quartz exhibiting nonlinear coefficient χ(2)xxx 

with 0.64 ± 8% pm/V is used for calibrating the system [57,58] and the absolute value of 

χ(2) tensors from our samples are determined by comparing the generated SHG signals with 

the quartz sample under the same experimental conditions. The measurement errors 

originate mainly from the fluctuation of laser power due to the unstable humidity of 

environment (±5%), the fluctuation of readings from PMT resulting from the influence of 

background noises (±20%), and the non-ideal uniformity of deposited thin films (±10%). 

Besides, the possibility in counting error (±10%) of photons for PMT (Hamamatsu Inc., 

H11461-03) due to pulse overlapping described in the handbook is also taken into account.  

We have included all these sources of error in the estimated  χ(2), and in order to 
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minimize these errors, the generated SHG intensities from quartz and DSD metamaterials 

are determined by the average of five different spots on each sample. The dummy sample 

of amorphous silicon deposited on sapphire and fused silica is also examined by X-ray 

diffraction (XRD), proving the fact that no crystalline silicon was deposited by sputter, the 

XRD results are shown in figure S2. 

 

 Figure S.2: EDX results of a-Si grow on (a) sapphire and (b) fused silica. 
 

Following Herman’s equation [59], three independent tensor components, χ(2)zzz, 

χ(2)xxz and χ(2)zxx can be extracted by fitting the generated s- and p-polarized second-

harmonic signals under variant polarization angle of pump incident laser. Since the a-Si 

has non-zero absorption coefficients at both the fundamental and second- harmonic fields, 

the complex index of refraction should be expressed as 𝑛/0 = 𝑛/(1 + 𝑖𝜅/),	where 𝑛/ 

denotes the real part of refractive index and 𝜅/ represents the extinction coefficient of the 

materials at the frequency mω with m=1 and m=2 for the fundamental and second harmonic 

fields. Since the total thickness of DSD structures is small compared to incident wavelength, 

we use the effective medium approximation yielding the following expressions for the 
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determination of the effective refractive indices from different DSD metamaterials: 

		𝑛"## = 7∑ 9:
;<:=

:
<

																																																																   (S2) 

				𝜅"## = 7∑ >:
;<:=

:
<

																																																																				(S3) 

 

where 𝑖 = 1,2,3,… , 𝑠, designate the composites in DSD structures, and ℎC is the 

thickness of the i-th layer. The real and imaginary part of refractive index from different 

dielectric and a-Si are measured using the Ellipsometer, yielding values in Table S1. 

 
 

Table S.1: Real and imaginary part of refractive index for dielectrics and a-Si thin films measured using 
elliposometer at 400 nm and 800 nm. 

 
 Refractive index at 800nm Refractive index at 400nm 

SiO2 n=1.47    n=1.45   

a-Si n=3.93   κ=0.09 n=4.3   κ=1.87 

Al2O3 n=1.76    n=1.78 
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APPENDIX C 
 
MAKER FRINGES ANALYSIS FOR MSM 
METAMATERIALS 
 
C.1 BACKGROUND 

Since a-Si is an amorphous material, we assume that its third-order susceptibility tensor 

χ(3) components are same as those of an isotropic material with CE,F space symmetry and 

thus has 21 nonzero elements, of which only 3 are independent: 

yyzz = zzyy = zzxx = xxzz = xxyy = yyxx                                                                     (S4) 
yzyz = zyzy = zxzx = xzxz = xyxy = yxyx                                                                     (S5) 
yzzy = zyyz = zxxz = xzzx = xyyx = yxxy                                                                     (S6) 
xxxx = yyyy = zzzz = zzxx + xzxz + xzzx                                                                      (S7) 
 
The existence of a static electric field in z direction is expected to introduce effective χ(2) 

tensor components: χ(2)xxz, χ(2)xzx, and χ(2)zxx and χ(2)zzz through the EFISH effect. We assume 

that the MSM structures are isotropic in the transverse (i.e., in-plane) direction and that 

multiple reflections within the thin films can be neglected due to the thin nature of 

constituent films (i.e., 5 and 25 nm) compared to the wavelength of pump light (i.e., 

800nm). With the assistance of Maker fringes analysis, these non-zero χ(2) tensor 

components of the MSM metamaterial: χ(2)xxz, χ(2)zxx and χ(2)zzz can be determined from 

fitting the generated s- and p- polarized second-harmonic signal intensities at frequency 2ω 

as a function of the polarization of the fundamental pump beam at frequency ω, measured 

at a fixed angle of incidence, θ. Also, since the thicknesses of MSM metamaterials are 
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much smaller than the wavelength of the pump beam, it is justified to use the effective 

medium theory for determining the three non-zero components of χ(2) tensor in all MSM 

metamaterial structures. By neglecting multiple reflections within each layer, the 

transmitted p- and s- polarized second- harmonic signals with energy of 2ω can be 

expressed as:  

𝑃*H
I/K =

2 L(sin(𝜙))* Q𝑡S#
(K)T

*
+ (cos(𝜙))*W𝑡S#

(I)X
*
Y
*
Q𝑇#I

(I/K)T
*
Q𝑇IS

(I/K)T
*

(𝑛* cos(𝜃*))*𝑐𝐴𝜀_
𝑃 H
* L

2𝜋
𝜆 𝐿Y

*

𝑑"##,I/K*

× 	𝑒𝑥𝑝W−2(𝛿` + 𝛿*)X
(sin𝛹)* + (sinh𝛸)*

𝛹* + 𝛸* 																																																																				 

(S8) 

Here, following Herman’s notations, 𝑃 H and 𝑃*H denote the power at fundamental and 

second harmonic frequency, respectively, and the superscript s/p represents the state of 

polarization; 𝜙 is the angle of incidence for fundamental frequency beam while 𝜙 at 0o and 

90o represent s- and p- polarized respectively; t and T are Fresnel transmission coefficients 

for the fundamental field at frequency, ω and second harmonic field at frequency, 2ω, 

respectively; the subscripts af, fs and sa stand for interfaces between air (a), f (film) and s 

(substrate); c is the speed of light in vacuum; A is the area of the spot size of the 

fundamental beam focused on  samples surfaces; 𝜀_ is the absolute permittivity of free 

space; L is the thickness of MSM structures; λ is the wavelength of incident fundamental 

laser beam, which is set at 800 nm in our experiments. The incidence angle, 𝜃/ inside 

MSM structure can be estimated using Snell’s law sin 𝜃/ = `
9m
sin 𝜃 for the fundamental 

m=1 and second harmonic m=2 beams. Both a-Si and metals have non-zero absorption 

coefficients at the fundamental and second- harmonic fields. The complex index of 

refraction can be expressed as 𝑛/0 = 𝑛/(1 + 𝑖𝜅/),	where 𝑛/  denotes the real part of 
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refractive index and 𝜅/  represents the extinction coefficient of the materials at the 

frequency mω with m=1 and m=2 for the fundamental and second harmonic fields. Since 

the total thickness of MSM structures is small compared to incident wavelength, we use 

the effective medium approximation yielding the following expressions : 

𝑛"## = 7∑ 9:
;<:=

:
<

																																																																						(S9) 

𝜅"## = 7∑ >:
;<:=

:
<

																																																																				(S10) 
where 𝑖 = 1,2,3,… , 𝑠, designate the composites in MSM structures, and ℎC is the thickness 

of the i-th layer. The real and imaginary part of refractive index from different metals and 

a-Si are measured with Rudolph Auto EL Ellipsometer, yielding values in Table S2. 

 
Table S.2: Real and imaginary part of refractive index for metal and a-Si thin films measured using 

elliposometer at 400 nm and 800 nm. 
 Refractive index at 

800nm 
Refractive index at 

400nm 
 Refractive index 

at 800nm 
Refractive index 

at 40nm 
Silica n=1.46   κ=0 n=1.44   κ=0 Pt n=2.61   κ=5.2 n=1.83   κ=2.1 
a-Si n=3.93   κ=0.09 n=4.3   κ=1.87 Ni n=1.35   κ=2.8 n=2.42  κ=4.41 
Al n=2.68   κ=7.81 n=0.43  κ=4.42    

 

 

C.2 Materials and methods 

Following quantities shown in equation (S10) represents the influences of imaginary part 

of refractive index on generated SHG intensity for absorbing nonlinear materials. The 

physical meaning can be found in details from Herman’s works: 

	𝛿/ = *no
p

9m>m
qrstm

																																																																									(S11) 
𝛸 = 𝛿` + 𝛿*																																																																														(S12) 
𝛹 = *no

p
(𝑛` cos𝜃` − 𝑛* cos𝜃*)																																										(S13) 

 
 

The relation between effective susceptibility	𝑑"##,I/K	and three χ(2) tensors is expressed as: 
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𝑑"##
K = −`

*
(𝜒uvu cos𝜃* sin2𝜃`(sin𝜙w)* + 𝜒vuu sin𝜃* ((cos 𝜃` sin𝜙w)* + (cos𝜙w)*) +

𝜒vvv sin 𝜃* (sin𝜃` sin𝜙w)*)																																																																																											(S14) 
𝑑"##I = −`

*
𝜒uvusin 𝜃` sin2𝜙w																																																																																															(S15) 

 
The polarization angle in the thin film stacks 𝜙w can be expressed by: 
 

tan𝜙w = tan𝜙 ×
z{|
}

z{|
= 																																																																																																															(S16) 

 
The detected s- and p-polarized SHG intensities are used to determine the effective 

susceptibility 	𝑑"##,I/K  by fitting measured signals under variant polarization states of 

incident fundamental beam. Based on (S14) to (S16), absolute value of three components 

of χ(2) tensor can be extracted in the bulk of all MSM metamaterials. 

 

 

C.3 Analysis of the effect of photocurrent on the built-in electric field 

within a-Si layer 

The induced effective χ(2) in our MSM structures comes from the engineered non-

zero static electric field within the semiconductor (i.e., a-Si) layer. Since the SHG 

measurements were carried out using optical fields with photon energies (i.e., 1.55 e.V.) 

larger than bandgap of a-Si (i.e., 1.1 e.V.), we need to consider the effect of light induced 

free carrier generation, which may affect the magnitude of the built-in electric field in a-

Si, and, consequently, the induced effective χ(2). In order to quantify the influence of the 

generated photocurrent on the built-in electric field, we performed I-V measurements (see 

figure S2(a)) with and without illumination at the pump wavelength on the sample with the 

MSM structure consisting of Ni/a-Si/Al.  
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An external voltage V is applied across patterned 1mm x 1mm Ni metal squares 

and bottom Al metal film. The pump beam is focused on the patterns with a 10x objective 

lens resulting in a spot size with radius of 20 µm. The I-V characteristics are then studied 

under variant illumination conditions with a Keithley model 2400. Pump light with average 

power ranging from 12.5 to 200 mW is illuminated on the MSM structure and the I-V 

characteristics are shown in figure S2(b). By analyzing the I-V curves, electrical properties 

such as the serial resistance of the MSM structure, dark current,  photocurrent and the 

Schottky barrier height between metals and a-Si can be calculated [60,61]. These results 

are summarized in Table S3. 

The serial resistance of the MSM stack is barely affected by the laser beam in our 

experiments. The measured dark current in the MSM structure is determined to be 43.8 nA, 

whereas the photocurrent can be an order of magnitude larger than the dark current. The 

measured photocurrent is 401 nA when illuminated by a pump beam with an average power 

of 100 mW, identical to the condition of our experiments.  This large induced photocurrent 

could lower the Schottky barrier height through image force effect [62], in other words, 

lower the built-in electric field within a-Si, hence affecting the induced optical nonlinearity 

and thereby lead to an inaccuracy in the estimated values of χ(2) tensors. Comparing the 

Schottky barrier height under dark to that under illumination with a power of 100 mW, we 

observed a reduction by 15%, confirming the fact that the image force effect does indeed 

lower the barrier in our case. We then simulate the influence of this effect on the built-in 

electric field using Silvaco tool, and determine that the decrease in the value of the induced 

field due to the generated photocurrent is about 10%. In summary, we conclude that the 
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pump-generated photocarriers have a minor effect on the measured effective χ(2) in our 

MSM structure.  

 

  
Figure S.3: (a) Schematic of the patterned MSM stack for measurement of I-V behaviors under different 
illumination conditions. (b) I-V behaviors without (black) and with illumination under variant of average 

power. 
 
 

Table S.3: Electrical properties of a-Si layer under variant illumination conditions. 
 Serial resistance 

(Ohm) 
Dark current 

(nA) 
Photocurrent 

(nA) 
Schottky barrier 

height (V) 
Dark 4.629 k 43.8 - 0.69 

50mW  4.612 k - 193 0.63 
100mW  4.609 k - 401 0.61 
150mW   4.560 k - 595 0.6 
200mW  4.520 k - 812 0.59 
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