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ABSTRACT 
 

The capability to confine and manipulate photons at nanometer scales opens up unprecedented 

opportunities in classical and quantum information processing technologies, and also in life 

sciences. There have been various demonstrations of sub-micron light confinement, but yet the 

most critical issue ahead is the development of new device concepts and technologies that will 

reliably operate at such length scales. In this thesis, we present our efforts along this direction. 

  The large aggregated bandwidths of the optical interconnects require memory and delay 

components to launch, buffer, and collect optical signals at the nodes. To realize them we proposed 

two-dimensional coupled nanocavity array structures, which have flat electromagnetic bands i.e., 

whose frequency variation with wavevector is minimized in all crystal directions. We then 

experimentally demonstrate group velocity reduction below 0.008c. We also show that such 

structures with reduced rotational symmetries can be used to strongly control polarization of light. 

The performance of lasers such as their speed and efficiencies can be dramatically enhanced with 

the use of nanocavities due to the spontaneous emission rate enhancement via the modification of 

vacuum field density in a cavity. Here, we present ultra-fast lasers with turn on and turn-off times 

as short as 1-2 ps. We demonstrate direct signal modulation speeds in excess of 100 GHz, which is 

more than an order of magnitude above semiconductor laser speeds. Such speed enhancements are 

enabled by up to 75-fold spontaneous emission enhancement. To achieve nanocavity lasers with 

higher output powers and efficiencies, we invented a new device composed of coherently coupled 

nanocavity laser array. Our unique design combined with strong cavity quantum effects enabled 

high differential quantum efficiencies, and orders of magnitude larger output powers while 

preserving low lasing threshold and high operation speeds. For device realizations, we also present 

nanofabrication procedures developed for Indium Phosphide and Silicon material systems.  

Finally, nanocavities can also dramatically increase sensitivity of bio and chemical 

sensors. Furthermore, a network of such nanocavity detection centers can be integrated with 

microfluidic circuits for high throughput and compact lab-on-a-chip system. As an initial step 

along this direction, we present our results on detection of refractive index changes in nanocavities 

with high sensitivity levels.   
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CHAPTER 1:  Introduction 
 
 

During the last thirty years, we have witnessed the outcome of Moore’s law as the 

reduction in feature sizes of electronic devices continued to lead to denser and faster electronic 

circuits. However, many challenges emerge as we continue to shrink device dimensions 

further. In particular, due to the high power consumption and Electromagnetic Interference 

(EMI), metal interconnects pose a fundamental problem for the next generation of electronic 

circuits. In recent years, photonics has become an attractive alternative to electronics 

technology due to the advantages of information processing in optical domain. On-chip and 

chip-to-chip optical interconnects offer a solution to this problem and promise a higher 

bandwidth to keep pace with transistors while lowering power consumption and being 

immune to EMI. On the other hand, the realization of optical interconnects requires the 

development of high-speed modulation and low power light sources, optical switches, 

waveguides and their compact integration. Fortunately, the advances in semiconductor 

fabrication and crystal growth due to the ever-growing need to meet Moore’s law have now 

made it possible to produce nanophotonic devices that can manipulate and control the flow of 

light at the nanometer scales.  

 

1.1 Photonic crystals 

Photonic crystal1-2 is one of the most promising platform for optical information processing as 

it can enable compact and efficient photonic devices and also their large scale integration on-

chip. These are structures with periodic dielectric modulation on the order of the wavelength 

of light. Because of this periodicity, their study is analogous to the study of semiconductors in 

solid-state physics. The periodicity of the electronic potential in semiconductors, which is due 

to the regular arrangement of atoms in a lattice, gives rise to the electronic bandgaps, which 
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are forbidden energy bands for electrons. Similarly, the periodicity of the refractive index (i.e., 

dielectric constant) gives rise to photonic bandgaps, forbidden energy bands for photons.   

 

Depending on the dimensionality of such periodicity, different classes of photonic 

crystals can be defined. One-dimensional (1D) photonic crystals, which are also known as the 

Distributed Bragg reflectors (DBR), have been known for a long time and have been used 

mostly as mirrors particularly in vertical cavity surface emitting lasers3 (VCSELs). The 

periodicity of dielectric constant in more than one dimension has been recently suggested 

simultaneously by Yablonovitch1 and John2. Photonic crystal fibers are currently the most 

practical use of 2D photonic crystals4. Although, 3D photonic crystals can have a complete 

photonic bandgap and can control the light propagation in all directions, their fabrication is 

still significantly challenging5 6 7.     

 

1.2 Photonic crystal slabs 

 

 

 

 

 

Figure 1.1 Photonic crystal slab structure patterned with a triangular lattice, and the definition 

of its parameters.  

 

In recent years, the structure that has received significant attention is a thin 

semiconductor slab (thickness on the order of λ/(2n) (one half of the optical wavelength) 

n d

a

2r
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perforated with a 2D photonic crystal lattice, as shown in Fig.1.1 These structures are known 

as photonic crystal slabs8, and retain most of the important features of full 3D photonic 

crystals. Their appreciated advantage comes from an easy fabrication procedure, which is 

compatible with standard planar technology used to make electronic circuits. In photonic 

crystal slabs, the localization of light in the vertical direction is controlled by the Total Internal 

Reflection (TIR) resulting from the high index contrast between the high-index slab and the 

low-index environment. On the other hand, the confinement in the lateral direction is 

controlled by the DBR resulting from the 2D photonic crystal lattice. 

  

 

 

 

 

 

 

Figure 1.2 Band diagram of eigenmodes of a Silicon slab perforated with a 2D square 

photonic crystal lattice. The x-axis represents different directions in the reciprocal (k) space, 

and the y-axis represents normalized frequency in the units of a/λ (where, the wavelength is in 

free space). The solid red line represents the light line. The figure on the right shows a 

scanning electron microscope image of the fabricated square-lattice photonic crystal, and the 

directions of its first Brillouin zone in the reciprocal space. 
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 The optical properties of photonic crystal slabs are described with their dispersion 

diagram, ω(k). The dispersion diagram gives the frequencies of the Bloch modes of the 

periodic structure as a function of the in-plane wavevector. The dispersion is controlled by the 

following structure parameters: the refractive index of the slab (n), the type of the photonic 

crystal lattice (square, triangular, etc), the thickness of the slab (d), the lattice periodicity (a), 

and the hole radius (r).  Fig. 1.2 shows the dispersion diagram for the transverse-electric (TE)-

like modes in a square lattice obtained by using 3D Finite Difference Time Domain (FDTD) 

method9. TE-like modes, which are also referred as the even modes, have dominant Ex, Ey and 

Bz components in the middle of the slab. The unit cell of the lattice is shown in the inset, and 

the naming of the high symmetry points follows the terminology of semiconductor physics.  

 

In the photonic crystal (PhC) slab, since the structure is neither periodic nor infinite in 

the third dimension (z), photons incident to the interface between the semiconductor slab and 

air under angles smaller than the critical TIR angle can escape from the structure and couple to 

the continuum radiation modes. To take into account these radiation losses in the analysis of 

planar PhC slabs we use the notion of the light line (light cone). This is indicated by the solid 

red line in Fig. 1.2. The region above the light line corresponds to the leaky modes, which are 

not confined by TIR, and is generally shaded in the literature. The modes below the light line 

can be guided in the slab and are called guided modes. The photonic bandgap exists between 

the bottom of the second band at the X point and the top of the first band at the M point, as 

shown in Fig. 1.2. In this band gap, no guided modes exist for any propagation direction. As 

the electric field of the guided modes below the bandgap is mostly concentrated in the 

dielectric region, these modes are called the dielectric band modes (or valence band, by 

analogy with solid-state physics). Similarly, the guided modes above the bandgap are called 

the air band modes (or conduction band), as the electric field is mostly concentrated in the 
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photonic crystal holes. The electric field localization in low refractive index region is also the 

reason why the air band has higher energy than the dielectric band.    

 

The width and the position of the photonic bandgap strongly depend on the parameters 

of the slab (listed above). Therefore, one can control the bandgap or tune the mirror properties 

of photonic crystal slabs lithographically by simply changing the size and the periodicity of 

holes. This significantly reduces both the fabrication complexity and cost compared to the 

fabrication of DBR stacks (1D PhCs) where the mirror properties are controlled by epitaxial 

growth. 

 

1.3 Photonic crystal nanocavities 

A very promising application of photonic crystals is to realize optical nanocavities that can 

trap the light in very small mode volumes (Vmode) and for a long period of time (proportional to 

the cavity quality factor Q).  The strong light localization in photonic crystal nanocavities can 

dramatically increase the light-matter interaction and the photon-photon interaction, which are 

important for a wide range of applications, ranging from basic science to engineering. In 

addition, by combining photonic crystal lattice defects (for example in a linear configuration), 

one can also construct very compact waveguides that can sharply bend with very low losses. 

These waveguides and cavities (either passive for filtering or active for lasing) can be 

efficiently coupled on chip, which is important for the realization of compact and high 

bandwidth optical integrated circuits. Furthermore, since the devices can be made in standard 

electronic materials and in a planar geometry, they can be integrated with electronics for a 

higher level of functionality. 
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Photonic crystal nanocavities can be formed by modifying one or more holes (i.e., by 

changing the hole size or the refractive index) in an otherwise perfectly periodic lattice. Such a 

break in the periodicity of the lattice introduces new energy levels within the photonic band 

gap. This is analogous to the creation of energy levels within the semiconductor energy band 

gap by the addition of dopant atoms in semiconductor crystals. An increase in the hole sizes 

increases the energy of the modes supported in the slab and pulls up defect states from the 

dielectric band into the bandgap. Such bound states exist close to the dielectric band and 

shows similarity to the acceptor levels in semiconductors. Because of that, the modes created 

in this way are called the acceptor modes. Similarly, the reduction of the hole sizes decreases 

the energy of the mode and pulls down defect states from the air band into the bandgap. Such 

types of defect modes are called referred to as the donor modes.  

 

Depending on the application one can engineer the mode volume and the quality 

factor of nanocavities. The mode volume,Vmode, is defined as follows: 
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is the refractive index variation in space, and  ( )modeE r
ur r

 is the electric field 

profile of the mode. 

 

As we have mentioned above, the vertical confinement in the slab is achieved by TIR. 

Therefore, the defect modes in the bandgap will suffer from radiation losses due to their 

coupling to the continuum of radiation modes that exist within the light cone. This vertical 

(out-of-plane) loss can be decribed by Qver. In addition, the light can leak laterally due to the 
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finite number of photonic crystal layers surrounding the defect. This lateral (in-plane) loss can 

be described by Qlat. The total Q factor of the cavity can then be written as the superposition 

of these two factors as follows: 

1 1 1

total ver latQ Q Q
= +          (1.2) 

The lateral loss can be significantly suppressed (and Qlat can become very large) by increasing 

the number of photonic crystal layers around the cavity operating at the frequency inside the 

bandgap. Therefore, the vertical loss (Qver) mostly determines the total Q of the cavity. 

  

In this thesis, we have mainly worked with a single defect cavity formed by missing a 

hole in a square lattice (shown in Fig. 2.1); such a cavity supports three types of defects 

modes: quadrupole, dipole and monopole. The quadrupole mode has the highest quality factor 

among them with a Qtotal ~10,000 (with 5 photonic crystal periods around the defect), while 

the dipole mode has a Qtotal~ 1,500 limited by the vertical loss. Since the photon decay times 

are on the order of a picosecond, both modes are suitable for ultrafast laser applications10. 

However, for certain applications such as the observation of strong coupling between a single 

photon and a single emitter (such as a quantum dot or an atom), it is desirable to have cavities 

with ultrahigh Q. The optimization of cavity quality factor is currently an active research 

subject, and there are reports both by our11 and other12 research groups on the design or 

experimental demonstration of photonic crystal nanocavities with Q factors greater than 106.  
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CHAPTER 2: Two dimensional coupled photonic crystal nanocavity 

arrays 

 

2.1 Introduction 

Small group velocity is crucial in a variety of applications, ranging from on-chip optical delay 

components to the observation of non-linear phenomena at very low power levels. Group 

velocity reduction also implies a larger density of photon states, and can be used to reduce the 

lasing threshold13. Due to the periodic spatial modulation of the dielectric constant in photonic 

crystals, their dispersion behavior is quite different from that of uniform materials1 2. In 

addition to the formation of bands and band gaps, it is also possible to obtain a large group 

velocity anomaly and a high density of optical states (DOS) at the band edges of bulk photonic 

crystals and of photonic crystal waveguides. However, this anomaly is only limited to a very 

narrow range of wavevectors and occurs in one particular direction of propagation. This 

implies that the coupling to such structures is a critical issue. Moreover, a large variation of 

the group velocity with wavevector (group velocity dispersion) implies a significant distortion 

in the shape of an optical pulse propagating through the structure14. Recently, coupled 

resonator optical waveguides (CROW’s) in photonic crystals were also proposed for reducing 

the group velocity15. A coupled-resonator optical waveguide consists of a chain of resonators 

in which light propagates by tunneling from one resonator to its adjacent resonators. In such a 

structure, the group velocity is controlled by changing the distance (or coupling factor) 

between the resonators. Although CROW enables slow group velocity in a wide range of 

wavevectors, the light still needs to propagate in a very narrow region, basically in the 

direction in which the cavities are coupled. Therefore, as in the case of photonic crystal 

waveguides, the coupling into such structures is difficult. The input beam needs to be aligned 
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in one particular direction and coupled efficiently into a cross-sectional area that is typically 

much smaller than 1µm2.  

 

Recently, we proposed two-dimensional arrays of coupled photonic crystal 

nanocavities that exhibit flat band (small group velocity or large optical density of states) over 

the entire range of wavevectors and in all crystal directions16. This decreases the sensitivity of 

coupling and minimizes distortion of an optical pulse propagating through such a structure. In 

addition to the construction of optical delay components, our structure is also of importance 

for building low threshold photonic crystal lasers with increased output powers. Demonstrated 

distributed feedback photonic crystal lasers17 can provide larger output powers than photonic 

crystal micro-cavity lasers, as they rely on the high density of optical states near the band edge 

and lasing appears from a large volume of bulk photonic crystal. However, it has been 

predicted theoretically that the reduction in the group velocity over a wide range of 

wavevectors (so called group velocity anomaly) would lead to an even larger decrease in the 

lasing threshold13, and this has been in part employed in lasing from 1D CROW structures18. 

As a result of a large group velocity anomaly in any photonic crystal direction, our proposal 

can enable even higher output powers while preserving low lasing thresholds. Likewise, 

electrical pumping of these structures is not as formidable task as in presently pursued 

photonic crystal microcavity lasers. Finally, in combination with nonlinear optical materials, 

the proposed 2D coupled photonic crystal resonator arrays (CPCRA) could also be used for 

exploration of 2D discrete solitons19, 20 or construction of optical switching arrays. 

 

In this chapter, we describe the design of coupled cavity array structure. We then 

explain their fabrication method in Indium Phosphide, Gallium Arsenide and Silicon material 

systems. The fabricated structures have been used for different applications, such as efficient 



                                                                  31

and high-speed lasers, optical delay lines and bio-chemical sensors, which we will describe in 

the remaining thesis chapters. 

 

2.2 Theory of two-dimensional coupled cavity arrays 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 (a) Schematic configuration of the studied CPCRA. (b) Unit cell and location of 

high symmetry points. (c) SEM picture of the two-layer CPCRA fabricated in Silicon. 

 

2D CPCRA studied in this thesis are constructed by periodically modifying holes of a 

square lattice photonic crystal slab; for example, every third hole of a photonic crystal lattice 

in both x and y directions can be removed, as shown in Fig. 2.1. While our analysis focuses on 

nanocavities constructed in planar photonic crystals, it is straightforward to extend it to any 

type of optical cavities, and even to three-dimensional arrays of coupled cavities. Fig. 2.1b 

(c) 
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shows the unit cell of the CPCRA from Fig. 2.1c and the directions of high-symmetry points, 

Γ, X and M. This structure can be viewed as a 2D array of single-defect photonic crystal 

cavities formed by removing a single air hole. An isolated cavity of this type supports three 

types of modes: doubly degenerate dipole, non-degenerate quadrupole and non-degenerate 

monopole. As the lattice perturbation increases (i.e., the defect hole radius decreases) modes 

are pulled from the air band and localized in the band gap. The first mode to be localized in 

this process is the dipole, and the last is the monopole. The cavity mode with the highest 

quality factor (Q-factor) is the quadrupole21. 

 

2.2.1 Dispersion diagram of coupled cavity arrays 

 

 

 

 

 

 

Figure 2.2 Illustration of 1D CROW structure 

 

It is important to obtain the dispersion relation of the structure as it gives the 

bandwidth of the coupled defect mode and also the available group velocity reduction. We 

first discuss a simple analytical solution for 1D case, which is depicted in Fig. 2.2. The 

structure is also known as 1D CROW and has been first described by Yariv et. al. 15. The 

theory is simply based on the classical wave analog of the tight-binding (TB) formalism in 

solid-state physics15,22. In the analysis, it is assumed that the separation between the individual 

ez 

R 
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resonators is large enough so that the resonators are weakly coupled. Consequently, the 

eigenmode of the electromagnetic field in the coupled-resonator structure remains essentially 

the same as the high Q mode of a single resonator. The coupling between individual 

resonators, which is responsible for the propagation of the electromagnetic mode, is due to the 

evanescent Bloch waves. Under these conditions, the dispersion relation can be simplified to 

Eq. (2.1):  

( )11 cos KR
2K
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        (2.1) 
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Here, ε is the dielectric constant of the CROW system, εο is the dielectric constant of the 

isolated cavity, EΩ  is the field of the high-Q modes of the individual resonators with 

resonance frequency at Ω, and κ1 is the coupling factor between the individual cavities 

 

The group velocity can be obtained by taking the first derivative of Eq. (2.4): 

( ) ( )1sin KRK
g

d
K

dK

ων κ= = −Ω         (2.4) 

As shown in Eq. (2.4), the group velocity is directly proportional to the coupling factor κ1. 

Therefore, by changing the separation between resonators, we can change the coupling factor 

and consequently the bandwidth of the coupled defect mode and its group velocity.  
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The tight binding analysis helps to explain intuitively the formation of the defect 

bands with the use of coupled cavities and also the relationship between the slope of the band 

(or the group velocity of light) and the cavity coupling constant. However, due to the 

assumptions listed above, analytical solution is rather an approximation. Therefore, in this 

thesis we have used 3D FDTD method9 without any assumptions to numerically obtain the 

dispersion diagram of all the eigenmodes. The spatial resolution in discretization of the 

structure is 20 grid points per interhole spacing a. The thickness of the slab is d=0.55a, the 

hole radius is r=0.4a, and the refractive index is assumed to be n=3.5, corresponding to silicon 

(Si) at optical wavelengths. The application of Bloch boundary conditions to four edges of the 

unit cell in the x- and y-directions allows the analysis of only one unit cell of the structure, and 

the use of the mirror BC at the lower boundary in the z-direction (in the middle of the slab) 

reduces the computation time and enables the excitation of Transverse-Electric (even) modes 

only. The frequency resolution of our calculations is 2.2.10-3 in normalized units of a/λ, where 

λ corresponds to the mode wavelength in air.  

 

When the cavities are tiled together in a CPCRA, coupled cavity bands form within 

the bandgap. The band diagram of the structure from Fig. 2.1c is shown in Fig. 2.3. Since its 

unit cell (shown in Fig. 2.1b) is three times bigger than the unit cell of the original square 

lattice, we need to fold the square lattice band diagram three times in order to plot it together 

with the band diagram of the CPCRA. Moreover, we only kept the top branches (modes with 

the highest frequency) in each direction, and shaded all the states under them in gray. For the 

ΓX direction, the modes outside the edge of the first Brillion zone of the square lattice (2π/3a 

< kx < π/a, and ky = 2π/3a) have been used as they have the highest frequency (therefore, 

determine the top branch). In Fig. 2.3, we assume that the positions and the shapes of the 
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guided bands of the original square lattice photonic crystal remain unchanged inside the 

CPCRA. This is only an approximation, as their frequencies may decrease due to the increased 

overlap with the high-index material, and new minigaps may open at the high symmetry 

points of the CPCRA. Dielectric and air bands are shaded in gray, as we are primarily 

interested in the coupled defect modes located in the band gap; these, in turn, are the portions 

of the band diagram that are easily accessible experimentally.  

 

. 

 

 

 

 

 

 

 

Figure 2.3 Band diagram for the TE-like modes in a 2D coupled nanocavity array structure 

with two PhC layers separating the cavities in both (x and y) directions. The parameters are 

r/a=0.4, d/a=0.55 and n=3.5. In order to present the dispersion diagram of the square lattice 

(which is the underlying lattice of the analyzed structure) together with CPCRA, the dielectric 

and air bands of the square lattice are folded three times separately in the ΓX, XM and ΓM 

directions. Only the top branches (modes with the highest frequency) in each direction are 

kept and all the states under them are shaded in gray. For the ΓX direction, the modes outside 

the edge of the first Brillion zone of the square lattice (2π/3a < kx < π/a, and ky = 2π/3a) have 

been used as they have the highest frequency (therefore, determine the top branch).  
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Figure 2.4 Magnetic field patterns (z-components) at the center of the PhC slab for coupled 

quadrupole, x-dipole, y-dipole, diagonal dipole and monopole mode. Coupled quandrupole 

and monopole are shown at the Γ-point, and the other modes are shown at the X-point of the 

band diagram. 

 

Although we have studied theoretically and experimentally only the coupled photonic 

crystal cavity arrays in square lattice; the analyses and the conclusions can be extended to 

photonic crystal with triangular lattice. Since the size of the band gap of the triangular lattice 

PhC is larger, the total quality factors of the defect modes will be higher. In such a lattice, the 

coupled defect bands will be different, with hexapole mode as the one with the flattest band 

diagram due to its six-fold rotational symmetry.  

 

2.2.2 Coupled dipole bands 

The dipole mode is doubly degenerate in an isolated PhC cavity21, 23, but it splits into two 

bands corresponding to the x- and y-dipoles in the CPCRA structure, as shown in Fig. 2.3. 

Although the coupled dipole bands are located below the top air band edge in the XM 

direction, they are included in the diagram to clarify the explanation of the coupled mode 

characteristics. The x (y) dipole has electric field polarized in the x (y) direction at the center 

of the defect and radiates mostly in the y (x) direction. Fig. 2.4 shows the z-component, the 
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only non-zero component of magnetic field in the middle of the slab, for the x-dipole band at 

the X point of the band diagram. Due to the previously described radiation pattern, the x-

dipole is coupled more in the XM direction than in the ΓX direction, and its band is thus flatter 

in the ΓX than in the XM direction. The situation is opposite for the y-dipole. The preferential 

coupling of the dipole mode in one lattice direction implies that its coupled band properties are 

similar to a 1D CROW case. In the ΓM direction, x- and y- dipoles combine and form diagonal 

dipole, and its field pattern at the M-point is shown in Fig. 2.4. We have also observed a 

coupled monopole band in this CPCRA structure, whose magnetic field pattern at the Γ point 

is shown in Fig. 2.4. Due to its poor confinement and Q-factor, there is a significant slope in 

its band diagram. 

 

2.2.3 Coupled quadrupole band 

Fig. 2.4 shows magnetic field pattern of the coupled quadrupole mode at the X point. The 

quadrupole radiates equally in the four ΓM directions and its radiation pattern thus has a four-

fold-symmetry; this also implies that the mode couples equally to all of its four neighbors in a 

particular lattice direction (e.g., ΓM or ΓX). The lack of preferential coupling directions and a 

good lateral confinement (high Q-factor) lead to a flat coupled-quadrupole band. In addition, 

this mode is non-degenerate and does not split into several sub-bands as does the coupled-

dipole band.  

 

2.2.4 Tuning the frequency and the bandwidth of the coupled defect bands 

As described in the analytical analysis of 1D CROW, the bandwidth and the group 

velocity can be controlled by changing the coupling strength between individual cavities. We 

demonstrate this by inserting a larger number of photonic crystal periods between the defects. 
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As a result, the coupled quadrupole band becomes even more flat. Fig. 2.5 shows the coupled-

quadrupole band for 2D CPCRA structure with three and four rows of photonic crystal 

between cavities, while all other photonic crystal parameters (d, a, and r) are the same as 

previously. As the number of photonic crystal rows between cavities increases from two to 

four, the band becomes flatter, and the frequency difference between its maximum and 

minimum is reduced from 6.6.10-3 to 2.2.10-3 (the frequency resolution of our FDTD 

simulation). 

 

 

Figure 2.5 Band diagram for the coupled quadrupole band in the CPCRA with two, three, or 

four photonic crystal rows between cavities, and with resonators consisting of either 

completely removed single holes (rd/a = 0) or with reduced radius holes (rd/a = 0.3). Insets 

show unit cells of three and four row structures in real space, and locations of high symmetry 

points in the reciprocal space. Regions below the top edge of the dielectric band and above the 

bottom edge of the air band of the original square lattice are shaded in gray. 

 

Moreover, it is possible to control the position of this band within the band gap (i.e., 

its frequency) by employing defects consisting of holes with reduced radius. This increases the 
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overlap of the field with the air region inside a cavity, and leads to an increase in the mode 

frequency. As an illustration of this effect, Fig. 2.5 shows the coupled quadrupole band 

diagram of the same three-row CPCRA, but with reduced radius air hole defect (rd=0.3a). The 

band frequency is significantly higher relative to the three-row CPCRA with completely 

removed defect-holes (rd=0). Coupled-quadrupole bands for even and odd number of photonic 

crystal rows between cavities are convex and concave, respectively. This results from the 

difference in refractive index at the midpoints between cavities, i.e., the different overlap of 

the coupled mode field with low and high-index regions. 

 

2.3 Fabrication of photonic crystal slabs 

In order to demonstrate the proposed devices, we have developed fabrication procedures for 

silicon and indium phosphide material systems. All the fabrication has been done at the 

Stanford Nanofabrication Facility. The wafers used in fabrication have been grown by 

companies (OEPIC for GaAs and InP, and SOITEC for silicon on insulator). Below, we 

describe the process steps in detail. 

 

2.3.1 Fabrication of photonic crystals in the indium phosphide 

material system: 

To demonstrate lasing, we have used either indium phosphide (InP) or gallium arsenide 

(GaAs) material systems with multiple quantum wells as the gain media. The design of the 

grown InP wafer is shown in Table 2.1. The active layer contains four compressively strained 

9-nm thick InxGa1-xAsyP1-y quantum wells separated by 20-nm InxGa1-xAsyP1-y barriers. Fig. 

2.6 shows the exposed quantum well/barriers on the sidewalls of the etched structures. The 

peak emission wavelength mapped over the entire 2″ wafer is shown at Fig. 2.7. The emission 
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wavelength of the chip that was used in the experiment is at 1564 nm, as shown in Fig 2.6b. 

Fig. 2.8 shows the normalized frequency at the Γ-point of the air and dielectric bands. For the 

optimized design values (d=0.55a and r=0.4a), the required membrane thickness for the 

quadrupole band emitting at 1550 nm is equal to 280 nm. Under the membrane, 664-nm thick 

InP is grown as a sacrificial layer. A 50-nm thick InP capping layer is grown on top of the 

wafer to protect the surface of the membrane from dry-etching. The whole fabrication process 

is summarized in Fig. 2.9. 

 

Table 2.1: Layers of the grown InP wafer   

Layer Material Purpose Thickness [nm] 

13 InP Capping layer 50 

12 In0.786Ga0.214As0.445P0.555 Top cladding layer 92 

11 In0.78Ga0.22As0.737P0.263 Quantum Well (0.85% strain) 9 

10 In0.786Ga0.214As0.445P0.555 Barrier 20 

9 In0.78Ga0.22As0.737P0.263 Quantum Well (0.85% strain) 9 

8 In0.786Ga0.214As0.445P0.555 Barrier 20 

7 In0.78Ga0.22As0.737P0.263 Quantum Well (0.85% strain) 9 

6 In0.786Ga0.214As0.445P0.555 Barrier 20 

5 In0.78Ga0.22As0.737P0.263 Quantum Well (0.85% strain) 9 

4 In0.786Ga0.214As0.445P0.555 Bottom Cladding layer 92 

3 InP Sacrificial Layer 664 

2 In0.532Ga0.468As Etch Stop layer 20 

1 InP Buffer for epi-grow 100 

0 InP Semi-insulating (SI) Substrate, 2″ - 
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Figure 2.6 (a) SEM picture of the exposed multiple quantum wells on the sidewalls of the 

fabricated PhCs. (b) PL spectrum at room temperature. 

 

 

 

Figure 2.7 PL peak map over the entire 2″ epi-grown wafer.  
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Figure 2.8 Position and size of the bandgap as a function of d/a and r/a in the square lattice 

with n=3.6. The dotted box indicates the parameters of the theoretically analyzed and also 

fabricated structures. 
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Figure 2.9 Fabrication procedure for PhC laser made in InGaAsP/InP material system (1) 

Double layer mask deposition by PECVD and spinning. (2) PhC pattern generation by e-beam 

lithography and development (3) Mask transfer from e-beam resist (PMMA) to the SiO2 hard 

mask (4) O2 descum to remove left-over e-beam resist (5) Cl2-based ECR-RIE etch to transfer 

pattern from SiO2 hard mask to InGaAsP and InP layer (6) Undercutting of sacrificial InP 

layer to form a membrane. 

 

2.3.1.a Mask Transfer 

The use of Chlorine chemistry in the dry-etching of InP results in a low volatility by-product 

(InCl) at room temperature, and heating of the sample (above 160oC) during the dry-etching is 

necessary to remove it. Since this temperature range is above the glass transition temperature 

of many e-beam resists, direct etching with an e-beam resist will cause the mask to overflow 

and consequently washes away the desired pattern. Therefore, to etch InP with Cl2-chemistry 
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at high temperatures, it is necessary to transfer the mask. For this purpose, we first deposited 

100 nm of either silicon-dioxide (SiO2) or silicon-nitride (Si3N4) layer with a PECVD tool to 

use as a hard mask. Then, the sample is spin coated with 400nm of poly methyl methacrylate 

(PMMA) using the headway spinner at 1.25 Krpm for 40 seconds (sec). The resist is heated at 

180o C for 2 sec on a hotplate to remove any residual solvents.  

 

Figure 2.10 SEM image of the patterned SiO2 mask (a) before and (b) after cleaning the left 

over e-beam resist. The sample was tilted to acquire the images. 

 

The PhC patterns are defined with Raith electro-beam (e-beam) lithography System at 

10 kV, with 10-µm aperture size and 185-pA current. The required dose to clear the resist is 

around 130 µC. Patterns with different hole sizes and periodicity are fabricated to coarse tune 

the resonance of the cavity. To fine tune it, we varied the dose from about 105 µC to 140 µC. 

The exposed PMMA is developed in 3:1 isopropanol: methylisobutylketone (IPA:MIBK) 

mixture for 55 seconds and rinsed in IPA for 30 sec. To etch the SiO2 (or Si3N4) mask, a 

reactive ion etcher (RIE) with CHF3 chemistry is used. Small amount of O2 is added to remove 

the formation of the polymer on the sidewalls. As this particular RIE is quite old, and also 

available to etch any materials systems (cleanliness/contamination is not controlled like other 
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RIE tools), the etch selectivity ranged from 1 to 2 depending on what the previous user has 

etched. The leftover e-beam resist is removed by O2 plasma. We have observed that Si3N4 etch 

rate (and therefore selectivity) was higher than SiO2. SEM images of the etched SiO2 mask 

layer are shown in Fig. 2.10.  

 

2.3.1.b Dry-etching InGaAsP/InP membrane 

 

Figure 2.11 SEM images of the patterned transferred from SiO2 mask to InGaAsP and InP 

layer. The sample was tilted to acquire the images. 

 

Dry etching of the InGaAsP membrane and InP capping layer is performed in an 

Electron Cyclotron Resonance (ECR) RIE with Cl2/BCl3/Ar chemistry. To remove the 

nonvolatile etching by-product, indium chloride (InCl), the cooling system of the tool is 

turned-off, and the wafer chuck is heated with an electrical resistor up to 165-180oC. The 

requirements of the process were to have vertical and smooth etched sidewalls. In addition, the 

requirement of the ECR/RIE etch is influenced by the following undercut process, as the 

necessity to undercut the membrane placed a lower limit on the etch depth of InP sacrificial 

layer. The selectivity of the oxide and nitride mask to InP is measured to be greater than 10 
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and 20, respectively. As the masks are resistant to dry-etching, we have been able to etch deep 

enough (deeper than 1µm) into the InGaAsP/InP membrane. Fig. 2.11 shows SEM images of 

the sidewalls. 

 

2.3.1.c Formation of free-standing InP membrane via undercutting 

To remove the sacrificial InP layer and form a membrane, a 4:1 hydrochloric acid: water 

(HCl:H2O) solution is used. The solution etches the InP layer much faster than the InGaAsP 

active layer (with lower phosphorus content), and enables the necessary degree of etch 

selectivity. The sidewall uniformity and membrane surface roughness were improved when 

the solution is cooled in an ice-water bath at 4o C.  

 

 

 

 

 

Figure 2.12 The illustration of the V-grooves formed in InP with HCl wet-etch.  

 

The HCl acid etches InP with a crystallographic dependence, and forms V-grooves 

under the holes with an angle of 54.5o from (100) crystallographic plane by exposing the high 

content indium {111} planes24,25,26. As shown in Fig. 2.12, in order to complete the 

undercutting the step, the sacrificial layer has to be dry-etched thicker than 
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 so that the V-grooves under the neighboring holes can merge. In 

our case, nearly -µm deep InGaAsP/InP etch was sufficient to undercut the sacrificial layer 
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completely. To further facilitate the undercutting process, we also added trenches on the two 

sides of the structure. The fabricated structures that are fully undercut are shown in Fig. 2.13.        

       

 

 

 

 

 

 

 

 

Figure 2.13 SEM images of the fabricated photonic crystal slab lasers.  Image on (a) shows 

the formation of the V-grooves. The sample is tilted to acquire these images at an angle. 

 

2.3.2 Fabrication in the silicon material system 

The fabrication techniques to define microstructures in Silicon have been advanced due to the 

driving force of electronics industry. Therefore, it is possible to obtain large areas of high 

quality nanophotonic devices27-28, and further monolithically integrate them with the 

electronics chips. In addition, silicon is transparent within the telecommunication window 

(1.3-1.7 µm wavelength ranges), and has a very low loss when the light propagates or 

transmits through a silicon device (such as a waveguide). For this reason, we used silicon on 

insulator (SOI) wafers for the demonstration of the slow group velocity of light and for bio-

chemical sensors. The advantage of the procedure that we have developed at the Stanford 

Nanofabrication Facility is that no mask transfer is required as the etching can be done at the 

(a) (b) 
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room temperature and the etching rate selectivity of PMMA over silicon is high. The 

fabrication procedure is similar to InP dry etching procedure (with different gas and wet-

chemistry) except for the mask transfer step.  

 

 

Figure 2.14 SEM image of the completed Si-based photonic crystal devices. (a) The isotropic 

undercutting of SiO2 in HF based wet-etching. (b) The uniformity of structures fabricated over 

large area (c-d) The structure sidewalls are smooth and vertical.  

 

The desired thickness of the Si membrane is achieved by thermal oxidization followed 

by the HF wet-etching of the formed oxide layer. Fabrication process starts with spinning of 

the PMMA layer with molecular weight of 495K on the sample surface, followed by baking 

(a) 

(b) 

(c) 

(d) 
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on a hot plate at 170o C for 30 minutes; this results in the measured PMMA thickness of 320 

nm. Electron-beam lithography is then performed in a Raith 150 system at 10 keV, and the 

exposed PMMA is developed in 3:1 IPA:MIBK mixture for 50 seconds and rinsed in IPA for 

30 sec. Patterns are subsequently transferred to Si using magnetically induced reactive ion 

etch with HBr/Cl2 gas combination. After dry etching, the remaining PMMA is removed by O2 

plasma process. The refractive index of the buried oxide layer is much smaller then the top 

Silicon device layer: 1.45 versus near 3.5 respectively at 1550-nm wavelength range. 

Therefore, the low-index SiO2 layer underneath the structure can be used for vertical 

confinement, and the undercutting step of the oxide layer can be skipped. To increase the 

confinement further (for cavity design with ultra-high Q-values), it is desirable to remove the 

oxide layer. For relatively large structures, with 100 µm by 100 µm size, we have observed 

that when the structures are directly immersed in HF or buffered oxide enchant (BOE) 

solution, the formed membrane sticks to the bottom. This has not been noticed when small 

size PhC structures are fabricated, e.g., a single microcavity. The sticking is a well-known 

problem in MEMS fabrication, and can be solved by undercutting the oxide layer with HF 

vapor or critical point drying method. Fig. 2.14 shows SEM pictures of the fabricated silicon 

devices, and they are very uniform over large areas.  

 

2.3.3 Fabrication in the gallium arsenide material system 

We also fabricated gallium-arsenide-based photonic crystal devices. The design of the grown 

wafer is shown in Table 2.2. All the layers are undoped. The wafer contains an active layer of 

four 8-nm In0.2Ga0.8As quantum wells separated by 8-nm GaAs barriers. The emission 

wavelength of the piece that was used in the experiment is at 980 nm at room temperature, and 

at 940 nm at a temperature of 4 K. The membrane thickness is 172 nm. Like Silicon 
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processing, the advantage of the procedure described here is that the etching can be done at 

room temperature and the etching selectivity of PMMA over silicon is high, so no mask 

transfer step is required.  

 

Table 2.2: Layers of the epi-grown GaAs based wafer. 

Layer Material Purpose Thickness [nm] 

12 (top) GaAs Top cladding 51.5  

11 GaAs Barrier 8 

10 In0.2Ga0.8As Quantum Well 8 

9 GaAs Barrier 8 

8 In0.2Ga0.8As Quantum Well 8 

7 GaAs Barrier 8 

6 In0.2Ga0.8As Quantum Well 8 

5 GaAs Barrier 8 

4 In0.2Ga0.8As Quantum Well 8 

3 GaAs Bottom cladding 51.5 

2 Al0.9Ga0.1As Sacrificial layer 800 

1 GaAs Buffer for Epi-grow 50 

0 GaAs SI Substrate, 3″  - 

 

The fabrication process starts with the spinning of the PMMA layer with molecular 

weight of 495K on the sample surface, followed by baking on a hot plate at 180o C for 2 min. 

This results 200-nm thick PMMA. Electron-beam lithography is then performed in the Raith 

150 system at 20 keV, and the exposed PMMA is developed in 3:1 IPA:MIBK mixture for 40 

seconds and rinsed in IPA for 30 sec. Dry etching of the GaAs membrane is performed in an 

ECR RIE tool using Cl2/BCl3/Ar chemistry. After dry etching, the remaining PMMA is 

removed either by an O2 plasma process or by dipping the structure into citric acid. To remove 

the sacrificial Al0.9Ga0.1As layer, the membrane is undercut in a 2% HF:H2O solution. Fig. 
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2.15 shows SEM pictures of the fabricated GaAs-based devices. We have observed that when 

the fabricated structures are stored at room conditions, the fabricated membranes are either 

cracked or popped out over time. The reason for this problem is that the exposed sacrificial 

layer with high Aluminum content continues to get oxidized. Since the expansion coefficient 

of the oxide layer is higher than that in the membrane, it results in a high stress of the 

membrane and finally destroys it. When the structures are stored under vacuum or in a 

Nitrogen box, we have not observed any damage.  

 

 

Figure 2.15 SEM images of the fabricated GaAs-based photonic crystal slab lasers. 
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CHAPTER 3: Slowing light on-chip 

 

3.1 Introduction 

The ability to slow down the propagation speed of light has significant implications for optical 

communications29 and quantum information processing30,31,32. In optical communications, for 

example, a key function that is currently lacking is optical buffering. With the ability to slow 

and store light, far more flexible optical network architectures could be realized. On the other 

hand, in quantum information processing, photons have been a very attractive carrier for 

quantum information, due to the fact that they can be easily transported to long distances, 

thereby enabling quantum networks and quantum communication. However, the weak photon-

photon interaction introduces a very fundamental problem in quantum information processing, 

and prevents the realization of a photonic quantum gate or ultra-low power switches. For this 

reason, slowing light pulses, which can dramatically enhance photon-photon interactions 

without losing their coherence, is quite significant.  

 

In this chapter, we experimentally demonstrate the observation of the group velocity 

reduction. To achieve slow light, we employ optical resonances in coupled photonic crystal 

cavity array structures. We describe our experimental measurement of the dispersion diagram 

of the structure, which we then use it to estimate of the group velocity reduction. Moreover, 

we show that doubly degenerate coupled resonator states, which split into additional branches 

under the influence of the structure asymmetry, can be used to make compact and on-chip 

polarization components. We also show that non-degenerate modes are immune from such 

type of splitting. 
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3.2 Slowing light using optical resonances 

One method for slowing light is to transfer it to a coherent atomic state by using atomic 

resonances, and this has been recently demonstrated by several research groups30, 31, 32. 

However, because light is transferred to an atomic state, the system needs to be cooled down 

to liquid helium temperature and kept under vacuum in order to overcome dephasing due to 

the temperature. Thus, this method is very bulky, expensive and not very practical. Moreover, 

because the system employs atomic resonances, light can be slowed down only for specific 

wavelengths.   

 

Recently, photonic crystals have attracted significant attention for their potential in 

trapping and slowing down the light, resulting from the ability to engineer dispersion relation 

and group velocity of light in such structures13. These structures can thus enable completely 

engineerable optical delay components that can be integrated with other optical components 

on chip and can be operated at room temperature. One approach is to use band edges of bulk 

photonic crystals and of photonic crystal waveguides13, 33. However, this approach suffers 

from problems such as a small group velocity for only a very limited range of wavevectors 

and also in one particular direction of propagation. This implies that the coupling to such 

structures is a critical issue, as the slow light phenomena appear for only a carefully selected 

wave being launched in a precise direction. Moreover, a large variation of the group velocity 

with wavevector (large group velocity dispersion) implies a large distortion in the shape of an 

optical pulse propagating through such structures14, which is undesirable for optical delay line 

applications. An alternative approach is to employ coupled resonator optical waveguides 

(CROWs) in photonic crystals15. Although CROW’s can lead to slow group velocity in a wide 
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range of wavevectors, this phenomenon is still limited to one particular direction (along the 

waveguide axis), implying that coupling to a structure is still a critical issue.  

To overcome these problems, we proposed, designed and fabricated two-dimensional 

arrays of coupled photonic crystal cavities, as described in chapter 2 (which we also refer as 

CPCRAs – coupled photonic crystal cavity arrays)16, 34. While our analysis focuses on 

nanocavities constructed in planar photonic crystals, it is straightforward to extend it to any 

type of optical cavities, and even to three-dimensional arrays of coupled cavities. The main 

advantage of our proposal is the existence of a flat band (slow group velocity) over a wide 

range of wavevectors; the coupling is thus not critical anymore, and the pulse could be 

delayed in any crystal direction. Furthermore, the distortion of an optical pulse shape is 

reduced, as determined by a small wavevector dependence of the group velocity. 

 

3.3 Experimental results 

 

 

 

 

 

 

 

Figure 3.1 SEM picture of the fabricated coupled photonic crystals nanocavity array in 

Silicon.  

 

To measure the group velocity reduction, we fabricated 2D coupled nanocavity arrays 

in silicon on an insulator (SOI) wafer by using the process described in section 2.4. SEM 
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picture of the fabricated structure is shown in Fig. 3.1. For the experiments presented in this 

chapter, we kept the low-index SiO2 layer underneath the structure. As confirmed by the 3D 

FDTD simulations, the presence of oxide (instead of air) under the silicon membrane red shifts 

the resonance frequencies and mixes the TE-like and TM-like polarizations, but does not 

affect the slope of the bands significantly. The parameters of the fabricated PhC structures are: 

the periodicity a=490 nm, the hole radius r = 190 nm and the slab thickness d=275 nm; the 

coupled arrays have two PhC layers between microcavities (i.e., the unit cell of this 2-layer 

CPCRA has dimensions 3a × 3a; in the text, we also denote the unit cell linear dimension by 

A, where A=3a in this case). For this set of parameters, the FDTD method predicts that the 

modes of interest (dipole and quadrupole) are in the scanning range of our tunable laser (fiber 

coupled output telecommunication type, Agilent 86140B).  

 

3.3.1 Experimental setup 

The experimental setup used in the measurement of the dispersion diagram is shown in Fig. 

3.2. The structure is excited by a tunable laser source, with scanning range 1460 nm-1580 nm 

in which silicon is transparent. The beam is slightly focused on the sample by a very low 

numerical aperture (NA) objective lens, so that the excitation can be approximated by a plane 

wave; this is important for control of the in-plane wave-vector (k-vector). The incident beam 

has a diameter of around 120 µm at the sample surface and a power of 30 µW. TE-like (even) 

modes of the structure are preferentially excited by employing polarizing optics. We have 

tested both the transmission and reflection spectra of the structure, and both in the same or 

opposite polarization relative to the pump laser (this has been done by placing a polarizing 

beam splitter in front of the detector). The in-plane k-vector is controlled by rotating the 
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structure around the y-axis and the choice of the PhC symmetry direction (ΓX or ΓM) is made 

by rotating the structure around the z-axis.  

 

 

 

 

 

 

 

 

Figure 3.2 Experimental setup used in the measurement of the CPCRA band diagram. The 

explanation of symbols is as follows: λ/2 - half-wave plate, BS - beam splitter, PBS - 

polarizing beam splitter, OL - objective lens, IR-cam - infrared camera, and D - detector. 

Rotations of the structure around the y- and z- axes are controlled by two rotation stages. 

 

In order to position the pump beam relative to the device, its reflection is imaged; 

therefore, the maximum tilt angles that can be tested (before losing the image) are determined 

by the employed collection optics and are limited to 13o. However, this is sufficient to probe a 

relevant portion of the studied CPCRA dispersion diagram, since the tilt angle required to 

reach the X point of the two-layer CPCRA is around 31o:     
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Therefore, the 13o tilt corresponds to almost one half of the ΓX direction for this CPCRA 

structure. When the sample is rotated around the y-axis, the reflected signal power is reduced 

due to the poor collection of the employed low NA objective lens; for this reason, the 

transmission spectrum is more convenient for measuring the band diagram. 

 

3.3.2 Transmission spectrum of coupled dipole bands 

 

Figure 3.3 The transmission spectrum at 0o tilt, i.e., at the Γ point of the coupled x-dipole 

mode. 

 

The electromagnetic fields of the two dipole modes are related by 90o rotation in the 

x-y plane. As described in Chapter 2, the dominant electric field components of the x- and y-

dipole modes are Ex and Ey, respectively (Bz field components of these modes are shown in the 

insets of Fig. 2.4). Therefore, one can employ the input field polarization to preferentially 

excite a particular mode. The transmission spectrum of the x-dipole band at the Γ point 
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(corresponding to the 0o tilt) is shown in Fig. 3.3. A strong resonance dip near 1564 nm can be 

observed, indicating the spectral position of the mode. It should be emphasized that the 

linewidth of the spectrum is very small (7 nm), even though the signal is transmitted through 

an array containing 3600 coupled cavities, indicating a high uniformity of the fabricated 

structures. The 7-nm linewidth corresponds to a quality factor (Q) of 220 while for the dipole 

mode in a single-defect nanocavity embedded in a square PhC lattice the calculated total Q is 

~300.  

 

Figure 3.4 Measured band diagram (from the transmission spectrum) of the coupled 

nanocavity array structure from Fig. 3.1 for the coupled (a) x-dipole and (b) y-dipole mode in 

the ΓX direction. The dark blue stripe is the location of the coupled band. The horizontal axis 

is the tilt angle around the y-axis, which corresponds to different kx-values; the vertical axis is 

the wavelength. The insets show the magnetic field (Bz) pattern of the coupled dipole modes. 

 

The full band diagram is extracted by measuring the transmission spectra at different 

tilt angles in the ΓX direction with pump polarized in the x- and y-directions, which is shown 

in figures 3.4a and 3.4b, respectively. The dark blue stripes located between 1545-1565 nm in 

(a) (b) 
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these figures correspond to the positions of the coupled dipole bands. As expected from 

theory, we observed a flat x-dipole band and a non-flat y-dipole band. 

 

Once we obtained the band diagram, we calculated the group velocity reduction by 

taking its first derivative. As it can be seen from the measured band diagrams, the location of 

the x-dipole mode does not change at different k-points (tilt angles), which indicates that the 

group velocity should be very small. However, our experimental setup puts an upper limit on 

vg in all directions as follows: 3
g max

1
v | 8 10 c

k

ω λ
λ θ
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where ∆θ=π/180 is the tilt 

step in radians, ∆λ=0.2 nm is wavelength resolution, λ=1564 nm is the resonance wavelength 

and c is the speed of light in vacuum. For optical delay applications, a coupled quadrupole 

band would be even more suitable, since it exhibits a small group velocity over all k-vectors 

and in all directions 

 

3.3.3 Lifting the degeneracy of the two coupled dipole bands 

In the transmission spectrum of the coupled dipole mode, one distinct difference from theory 

is that the x- and y-dipole bands do not have the same frequencies at the Γ point (Fig. 3.6a and 

Fig. 3.6b). The other difference is that after rotating the structure around the z-axis by 90o and 

performing the same set of transmission measurements, a different set of the x- and y-dipole 

bands are observed (Fig. 3.5). These two observations indicate that fabricated structures are 

not symmetric under 90o rotation. SEM pictures of the fabricated structures indicate that they 

are astigmatic and that the hole radius in the x-direction is larger than that in the y-direction by 

roughly 20 nm (5%), while the structure periodicity is approximately equal in both directions. 

As a result of the structure astigmation (resulting from electron beam lithography), the 

degeneracy of the x- and y- dipole modes is lifted at the Γ point. The same splitting also occurs 
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for the dipole mode in the ΓM direction: a diagonal dipole mode splits into x-like and y-like 

dipole bands. 

 

 

 

 

 

 

 

 

Figure 3.5 Comparison of the experiment with the FDTD simulations including structural 

astigmation and underlying oxide layer. Solid lines with filled markers are experimental 

results and dashed lines with empty markers are simulation results. The horizontal axis 

corresponds to the probed fraction of the indicated crystal direction and the vertical axis is the 

wavelength. (a) Dipole bands in the ΓX direction. Triangles and squares denote one set of x- 

and y- dipole bands, while inverted triangles and circles denote the other set, obtained after 

rotating the structure by 90o around the z-axis; (b) x-like and y-like dipole bands in the ΓM 

direction. 

 

The astigmatic structures have been studied numerically by employing the FDTD 

method; because of the discretization employed (20 grid points per period), the smallest 

astigmation that can be studied numerically is 12.5%, which is larger than the one in the 

experiment; for this reason, the numerical analysis predicts a larger splitting between the 

coupled bands than the one experimentally observed. The results for dipole bands in the ΓX 

(a) (b) 
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and ΓM directions are shown in Fig. 3.5a and Fig. 3.5b, respectively. Solid lines with filled 

markers correspond to the experimental results and dashed lines with empty markers 

correspond to the FDTD simulations. A very good match between experiment and theory can 

be observed. In this figure, the location of the experimentally observed band (at one particular 

k-vector) was determined by fitting an inverted Lorentizan to the dip in the transmission 

spectrum. In addition to an overestimated astigmation, a modest discretization used in FDTD 

implies that the simulated structure parameters (r, a, d) are not exactly the same as in the real 

structure. Moreover, the frequency resolution in the simulation is only 1.1x10-3 (in units of 

a/λ), corresponding to approximately 11 nm resolution in wavelength (this is indicated by an 

error bar for simulation results shown in Fig. 3.5). The error bar for experimental data varied 

between 0.2 nm and 1 nm, as determined by the step size used in tuning the wavelength of the 

excitation laser. 

 

We also repeated the measurement at the Γ-point with a linearly polarized broadband 

source, which is shown in Fig. 3.6b. In addition to the dipole modes, we were also able to 

determine the location of air and dielectric bands. We compared experimental results with the 

FDTD simulation of transmission spectra and observed very good agreement (Fig. 3.6c).  
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Figure 3.6 (a) Transmission spectra of the coupled nanocavity array structure for the coupled 

x- (red, φ=0o) and y- (blue, φ=90o) dipole modes at the Γ point taken with a broadband light 

source (1200 nm-1700 nm) (b) Comparison of the experiment for the broad band source (red 

curve, x-dipole band) with the Finite Difference Time Domain simulation (black dashed 

curve) at the Γ point. 

 

3.3.4 Controlling the polarization of light  

The reduction of rotational symmetry induces strong polarization effects and can be employed 

to construct polarization-sensitive optics. In order to test the polarization dependence of the 

structure, and thus its potential use in polarizing components, we measured both transmitted 

and reflected signal while rotating the structure around the z-axis. After the structure is rotated 

by an angle φ around the z-axis, the excitation beam (along the x-axis) is thus polarized in the 

direction φ of the structure, and the reflected signal of opposite polarization (along the y-axis) 

then corresponds to a linearly polarized signal in the direction φ+90ο of the structure.  The 

input polarizations φ=0o, 90o, and 45o hence correspond to two different ΓX and the ΓM 

direction, respectively; the x-dipole is expected to be primarily excited for φ=0ο, and the y-

dipole for φ=90ο. 

(a) (b) 
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  As can be seen both in Fig. 3.6a and Fig. 3.6b, for an input beam at the wavelength of 

the x-dipole mode (1564 nm) vertically incident to the structure, the y-component of the beam 

will be transmitted, while the x-component will be strongly reflected. Similarly, if the input 

beam has the wavelength of the y-dipole mode (1555 nm), then the transmitted and reflected 

components will be interchanged. This implies that such structures can be used as 

miniaturized polarizing mirrors. Because of the employed flat bands, they can behave as 

polarizing mirrors even for the input beam that is not vertically incident, which is also useful 

for making polarizing beamsplitters. In addition, this effect can be used to control the output 

polarization of a CPCRA laser that we discuss in Chapter 4 35.  

 

 

 

 

 

 

 

 

 

Figure 3.7 (a) Reflection spectra of the coupled nanocavity array at the opposite polarization 

relative to the excitation, for φ=0o, 45o and 90o respectively. (b) The reflected signal with 

opposite polarization relative to the excitation (normalized to its maximum value) as a 

function of the input polarization angle φ (circles). The solid line is a sine square function fit 

to the experimental data. The fit to measured reflection data is normalized to the maximum 

value of 1.  

 

0o 90o 

φ = 45o (a) 

o 

(b) 
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Fig. 3.7a shows the measured reflected signal at the opposite polarization relative to 

the vertically incident excitation for three different input polarizations: φ=0o, 90o, and 45o. The 

reflected signal is normalized to its maximum value. An incident beam polarized at an angle 

φ=0o (90o) and at the wavelength of the x-(y-) dipole preferentially excites the x-(y-) dipole 

mode; since the reflected signal is polarized same as the excited mode, the reflected signal at 

the opposite polarization is minimized at 1564 nm (1555 nm), i.e., the wavelength of the x-(y-) 

dipole. However, the reflected signal with opposite polarization shows a small peak at the 

wavelength of the orthogonal mode, i.e., a peak at 1555 nm (1564 nm), which corresponds to 

the spectral position of y-(x-) dipole, appears in Fig. 3 for φ=0o (90o). This weak signal results 

from the fact that the dipole modes are not purely linearly polarized, so an input beam 

polarized in the x-(y-) direction can also weakly excite the x-(y-) dipole mode, which primarily 

reradiates in the y-(x-) polarization, opposite to the excitation (Fig. 3.7a). On the other hand, 

for the input polarization in the ΓM direction (φ=45o), both x- and y-dipole modes can be 

excited (since both of them have non-zero field components in the direction φ=135o), which 

leads to a strong reflected signal at the opposite polarization as can be seen in Fig. 3.7a. In this 

particular structure the x-dipole peak is more pronounced as a result of its higher Q factor 

(also clear from the narrower width of transmission in Fig. 3.6a), which is also confirmed by 

the 3D FDTD simulation. We have repeated the reflectivity measurements for varying input 

polarization angles φ, and recorded the peak power in the reflected signal of opposite 

polarization as a function of φ; the result is shown in Fig. 3.7b and the measured curve 

matches the fit given by sin2(2φπ/180) very well, indicating that the structure obeys the 

Malus’s law that describes linear polarizers36.   
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3.3.5 Transmission spectrum of coupled quadrupole band 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 (a) The transmission spectrum shows that a tightly focused light incident at 20o tilt 

can excite both quadrupole and dipole mode as labeled on the figure. (b) Ex component of the 

quadruple in the middle of the PhC slab and at the Γ point. The electric field pattern in the y-

direction can be obtained by rotating the figure 90o. As the field patterns have an odd-

symmetry, at the Γ point the overlap of the mode with a linearly polarized excitation beam is 

zero. (c) Comparison of the measured band diagram for the quadrupole band in the ΓX 

direction with the FDTD simulations including structural astigmation and underlying oxide 

layer. Solid lines with filled markers are experimental results and dashed lines with empty 

markers are simulation results. The horizontal axis corresponds to the probed fraction of the 

indicated crystal direction and the vertical axis is the wavelength. 

Dipole 
Quadrupole 

(a) 

(c) 

(b) 
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Although the theory predicts that the coupled quadrupole band should be in the 

scanned wavelength range, when we probe the structure with plane-like waves as described 

above, the band has not been observed. The reason is that as shown in Fig, 3.8b, the electric 

field components of the quadrupole mode have an odd symmetry, and they are orthogonal to 

the plane-wave excitation. For a larger incidence angle and a tightly focused pump beam, this 

effect is predicted to be smaller, since the excitation field varies in the plane of the structure 

and is no longer orthogonal to the mode. Hence, in order to approximately locate the position 

of the quadrupole mode, the structure is tilted by approximately 20o around the y-axis and the 

beam is tightly focused.  

 

Fig. 3.8a shows the transmission measurement under such excitation, indicating the 

quadrupole mode. Although this approach cannot be used to map the quadrupole band 

accurately, as the k-vector information is lost due to the tight focus, it enables location of the 

wavelength of the quadrupole band approximately, as shown in Fig. 3.8c. The deviation 

between experimental and simulation results is smaller than the resolution of the simulation. 

We should also note that since the quadrupole mode is non-degenerate mode, it does not split 

into subbands like the coupled dipole mode, as a result of such structure imperfections. 
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CHAPTER 4: Coupled photonic crystal nanocavity array laser 

 

4.1 Introduction 

A single mode laser that can be turned on at low pump powers, directly modulated at high 

speeds and that can produce sufficiently high output powers is crucial for applications ranging 

from optical telecommunications and optical interconnects, to spectroscopic sensing and 

optical image processing. Vertical cavity surface emitting lasers (VCSELs), first demonstrated 

in 19893, have been investigated extensively as promising candidates for these purposes; 

however they suffer from limitations such as relatively high threshold powers, multi-mode 

operation, problems with direct modulation above 20 GHz37, and difficulty in growing their 

distributed bragg reflectors for long-haul telecommunications wavelengths.  

 

In recent years, high quality factor, small-mode volume cavities based on photonic 

crystals1-2 have attracted significant attention, because of their ability to modify the density of 

optical states (DOS) strongly. An increase in DOS of the lasing mode causes significant 

enhancement of the spontaneous emission rate (Purcell effect)38. This consequently enables 

larger fractions of photons to be emitted into the lasing mode with respect to all other modes 

(denoted as the spontaneous emission-coupling factor β) and reduces the lasing threshold39, 40, 

41. The β-factor in VCSELs is typically less than 10-3, but it can be increased by two orders of 

magnitude in photonic crystal nanocavities. Unfortunately, output power levels of such PhC 

nanocavity lasers are extremely low (a few nW), below the levels needed for many practical 

applications. In an attempt to increase output powers of PhC lasers, band-edge lasers have 

been investigated recently42, 43. However, they do not offer the aforementioned benefits of 

nanocavity lasers, and can also suffer from multimode lasing44. 
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To overcome these problems, we recently proposed lasers based on two-dimensional 

coupled PhC nanocavity arrays described in chapter 2. In this chapter, we describe the 

experimental demonstration of such a laser, which operates in a single mode and produces 

output powers that are two orders of magnitude higher than those of single nanocavity lasers. 

We also show that the laser efficiency increases faster than the lasing threshold with an 

increase in the number of coupled cavities. We note that the coupling of a small number of 

VCSELs has been previously investigated45, 46, 47, 48. However, it is very hard to control the 

uniformity of such arrays as well as the coupling between individual lasers, which are 

necessary to achieve the phase-locked lasing from a large number of cavities. Moreover, a 

rather complicated fabrication procedure has been used to achieve phase-locked lasing even 

from small number of coupled VCSELS in an arrays47. With photonic crystal nanocavity 

arrays, we can control both the uniformity and the coupling very precisely (e.g., we have 

demonstrated arrays consisting of 3600-coupled PhC nanocavities in silicon, as described in 

Chapter 334,49). In our coupled photonic crystal cavity array laser, each cavity occupies an area 

of only 1.5 µm2 (much smaller than a typical VCSEL), implying that ultra-dense packing is 

achievable with such lasers, which can also enable higher output powers. Finally, we study the 

behavior of our laser theoretically and show that the full benefits resulting from the coupling 

of cavities are achievable only if strong cavity effects are present (i.e., for large β factor), 

implying that the coupling of PhC nanocavities is preferential over coupling of larger 

resonators (e.g., VCSELs). 

 

In this chapter, we theoretically analyze the nanocavity lasers and obtain their lasing 

threshold and differential quantum efficiency. We then present experimental results: the 

experimental setup, lasing spectrum, emission profile of the lasing mode and output light from 
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both from single and coupled array nanocavity laser as a function of pump light. Finally, we 

estimate the β-factor of such lasers and compare experimental results with theoretical analysis. 

 

4.2 Theoretical analysis of the nanocavity array laser 

Let us now show that the full benefits of the cavity-array lasers are achievable only when the 

cavity effects are strong (i.e., when β is large ), as it is in our PhC nanocavity arrays. Two 

important parameters of a laser are its threshold pump power (Lin,th) and differential quantum 

efficiency (DQE). The threshold pump power is the input pump power at which the photon 

number inside the optical mode volume is equal to 1 (so that is can initiate the stimulated 

emission)50. On the other hand, the differential quantum efficiency is the slope of the laser 

output-input power curve (LL-curve) above threshold51. These two parameters can be derived 

by starting with the following rate equations, which basically describes the dynamics of carrier 

density N and photon density P:   
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Table 4.1 Typical parameters for InGaAsP-InP MQWs that are used in solving the rate 

equations.  

 

Surface recombination velocity (vs) = 104cm/s 

Bimolecular recombination coefficient (B) = 1.6x10-10cm3/s 

Auger nonradiative recombination rate (C) = 5x10-29cm6/s 

Transparency carrier density (Ntr) = 1.5x1018cm-3 

Gain coefficient (G0) = 1500 cm-1 

Absorption ratio of pump in QW region (η ) = 0.26 

Confinement factor (Γ) = 0.159 

Pumped active volume (Va) = 2.2x10-13 cm3 

Optical mode volume for single cavity (Vmode) = 6x10-14 cm3 

Lasing wavelength (λl) = 1.53x10-4 cm 

Pump laser wavelength (λp) = 0.83x10-4 cm 

 

 

The definitions of parameters used in the rate equations and their values for 

InGaAsP/InP multiple quantum wells (MQWs) that we employed in our lasers are listed in 

Table 4.1. The other terms are: ωp the pump laser frequency, η the fraction of the pump 

absorbed in the active region, Q the quality factor of the optical mode, ωl the laser emission 

frequency and τp = Q/ωl is the cavity photon lifetime.  

 

Equation (4.1) implies that the carrier density increases with the pump rate (1st term), 

but decreases by the radiative recombination (2nd term), the non-radiative recombination (3rd 

term) and the stimulated emission (4th term). In this analysis, the radiative recombination rate 

is expressed as 1/τr=BN, where B is the bimolecular recombination coefficient given in Table 

4.1. It should be noted that this expression is correct for bulk materials but is not exact for 

nanocavities since it does not include modification of radiative lifetime in the cavity. The only 
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non-radiative processes included in our analysis are the surface recombination (1/τs=vs/da) and 

the Auger recombination (1/τA=CN2). Here, da is the thickness of the active region. The 

coefficients vs and C are given in Table 4.1. In Eq. (4.2), the photon density increases with the 

stimulated emission (1st term) and with the spontaneous emission that is coupled to the 

particular lasing mode (2nd term), but decreases with the cavity radiation loss 1/τp (3
rd term). 

Following references51-52, we have assumed in our analysis that the gain is logarithmic, 

G(N)=G0c/neqlog(N/Ntr) with effective index neq=2.65 for our structure (c is the speed of light). 

The carrier and photon densities are calculated in the steady state by using Eq. (4.1) and (4.2). 

The carrier and photon numbers are then given by NVa and PVmode, respectively, where Va the 

pumped active volume and Vmode the optical mode volume. The output power is calculated as 

Lout=hωlPVmode/τmirror, where 1/τmirror the photon output rate towards the detection system. In 

the analysis we also assume the ideal situation that τmirror=τp, i.e., all emitted photons are 

collected.  

By solving the rate equations in steady state, we obtain the following expressions for 

lasing threshold and differential quantum efficiency:  
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In these derivations, in contrast to the usual assumption of neglecting the β term51, we keep it 

since it is significant in nanocavities studied here. For Eq. (4.3), the threshold is defined when 

the photon number in the cavity is one, and the nonradiative decay rate is assumed to be much 
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slower than the radiative rate. In Eq. (4.4), G(Nth) is the gain at the threshold. The other terms 

are defined above. From the rate equations, the gain at the threshold can be expressed as: 

( ) mode

p r

1
= th

th

N V
G N β

τ τ
Γ −         (4.5)

  

For the derivation of DQE, we additionally assumed that the carrier density and the 

gain above threshold are clamped to their values at the threshold. Such an assumption is 

commonly used in conventional laser analysis. As shown in Fig. 4.1a, the carrier density for 

different values of β-values indicates that the assumption of carrier clamping is approximately 

valid for our cavities (with moderate β-values). The gain also shows a very similar behavior. 

On the other hand, for the cavities with very large β values the assumption about the clamping 

of carrier density and the gain is not correct (Fig. 4.1a). In fact, for the pump powers above the 

lasing threshold, the carrier density and the gain (consequently the photon number) are higher 

than their values at the threshold. Therefore, the expression in Eq.4.4 rather under estimates 

the DQE value for the cavities with very high β-factors. Fig. 4.1b shows the photon number in 

the laser cavity as function of input pump power. As expected, for β=1 there is no clear 

threshold since the lasing starts right after having a single photon in the cavity. On the other 

hand, when β decreases, the knee in the LL-curve starts to appear and the required photon 

number for lasing increases. However, the photon number needed to initiate lasing in our 

cavities is still low. 
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Figure 4.1 (a) Carrier density and (b) photon number in the laser cavity as a function of the 

input pump power, obtained by solving the laser rate equations at steady state. Different colors 

correspond to different cavity effects (red, blue and black curves are for β equal to 1, 0.12 and 

0.012, respectively). 

 

(b) 

(a) 
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When nc individual lasers are coupled in an array, both Vmode and Va increase by a 

factor roughly equal to nc (relative to a single laser). In addition, the photon storage time τp 

(and consequently τmirror) can increase (by nc times for ideal 3-D coupled nanocavity arrays). 

Hence, for a non-negligible β, τmirrorΓG(Nth) decreases in a coupled laser array which leads to 

an increase in DQE. In an ideal case (β≈1), according to Eq. (4.3)-(4.5), coupled cavity lasers 

would have the same threshold as single cavity lasers (since the 2nd and 3rd term in Eq. (4.3) 

cancel each other and Lin,th becomes independent of nc), but with a much higher DQE. On the 

other hand, if β is negligible and Vmode is large (as it is in VCSELs), Lin,th of the laser array 

increases roughly nc times relative to an individual laser (as the 3rd term in Eq. (4.3) 

dominates), while DQE does not change (as the threshold gain is primarily determined by 1/τp 

in Eq. (4.5)). As we have indicated above PhC nanocavity arrays that are shown here are 

somewhere in between these two extreme cases as their β is non-negligible. Moreover their 

mode volume (Vmode) is also small, implying that different terms in the expression for Lin,th and 

G(Nth) become comparable. Therefore, DQE of the PhC cavity array lasers increases relative 

to that of a single PhC cavity laser, while the increase in the lasing threshold is slower than the 

increase in the number of cavities.  

 

It should also be pointed out that in PhC nanocavity array lasers, Va increases slower 

than Vmode with an increase in the number of cavities. Hence, the ratio Vmode/Va is larger for 

nanocavity array laser than for a single PhC cavity laser, leading to an additional increase in 

DQE, which we observe in our experiment below.  This effect is a result of a more efficient 

pumping and a better overlap between the pumped area and the cavity mode. In a single PhC 

cavity laser, it is extremely difficult to pump only the central cavity region, and the pump also 

generates carriers inside the mirrors, which do not couple to the lasing mode. On the other 
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(b) 

2µm 

(a) 

2µm 

hand, in a coupled array laser one can pack larger number of lasers more efficiently by 

reducing the space used as mirrors, and the overlap between the pumped region and the cavity 

mode is better.   

 

4.3 Experimental results 

4.3.1 Design and fabrication of the laser structure 

 

 

 

 

 

Figure 4.2 (a) SEM pictures of a fabricated single PhC cavity laser and a coupled PhC cavity 

array laser. (b) Simulated electric field amplitude of the coupled cavity array quadrupole mode 

at the Γ point in the middle of the slab. 

 

The structures that we present are arrays of nanocavities in a square lattice PhC, and 

we choose non-degenerate high Q-factor (~2000) quadrupole mode. The electric field pattern 

is shown in Fig. 4.2(b). We fabricated such nanocavity arrays in the InP material system 

(material and fabrication details are described in Section 2.3). The coupled array consists of 81 

cavities (9x9) with two layers of photonic crystal in between. PhC parameters are the free-

standing membrane thickness (d) of 280 nm, periodicity (a) of 500 nm, and the hole radius (r) 

tuned from 160 nm to 230 nm to change the resonance frequency of cavities. Single cavity 

lasers are also fabricated on the same chip, with the same parameter range. With these 
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parameters, the quadrupole mode frequency calculated by the FDTD method falls within the 

gain linewidth. 

 

4.3.2 Experimental setup 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Micro-photoluminescence setup for laser characterization. OL- objective lens, BS-

beam splitter, LD-laser diode, MM fiber-multimode fiber, IRcam-Infrared camera, OSA-

optical spectrum analyzer. 

 

Figure 4.3 shows the micro-photoluminescence setup that we built for laser 

characterization. The coupled PhC nanocavity array lasers with sizes ~15 µm are optically 

pulse-pumped normal to the structure at room temperature. A diode laser at 808 nm (Thorlabs 

LD808P200) is focused on the sample with a spot size of ~15 µm by a 40x microscope 

objective lens (Nikon PlanFluor DIC-M) with a numerical aperture of 0.6. The pump pulses 

are 20 ns long with 1% duty cycle, chosen to reduce the heating of the structure. Emitted light 
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is collected from the top of the sample (in the Γ direction, perpendicular to the sample surface) 

using the same optics and coupled to an optical spectrum analyzer (Agilent 84140B 600-1700 

nm Multimode input). To compare the performance of the coupled cavity array lasers to that 

of single nanocavity lasers (with size ~4 µm), a similar setup with a beam spot size of ~5 µm 

is used. 

 

4.3.3 Spectrum of coupled photonic crystal nanocavity array laser 

 

 

 

 

 

 

 

 

 

Figure 4.4 Spectrum of the coupled cavity array laser with a peak at 1534 nm. The PhC 

hole radius in this structure is about 192 nm. The inset on the left shows the zoomed-in 

portion of the spectrum fitted with a Lorentzian (green dashed curve) of 0.23 nm linewidth. 

The inset on the right shows the QW photoluminescence from unprocessed wafer (QWs 

shown on the SEM image). 

 

Single mode lasing is observed from coupled nanocavity array lasers (spectrum is 

shown in Fig. 4.4). The lasing wavelength matches that of the phase-coupled quadrupole 

100nm 
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mode at the Γ point calculated by FDTD. The collection angle of the objective lens is wide 

enough to collect the emission from any other possible modes. However, we observe only a 

single mode in the spectrum, even at low powers. A slight linewidth narrowing was 

observed above threshold, while the spectrum below the threshold was hard to measure due 

to the poor sensitivity of spectrum analyzer. 

 

4.3.4 Lasing mode imaged on the IR-camera 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 (a) The IR-camera image (left) and the simulated time-averaged Poynting vector in 

the vertical direction (right) of the lasing mode for a single cavity laser. The size of the 

structure is indicated by the dashed square. (b) The same for a coupled cavity array laser. 

 

The profiles of the lasing modes both from a single cavity and a coupled cavity array 

laser taken with an infrared-camera (Indigo Alpha NIR) are shown in Fig. 4.5. The setup used 

for probing a single cavity has a higher magnification and shows clearly the four-fold 

(a) 

(b) 
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symmetry of the mode, which is expected for the quadrupole. At the center of the square, there 

is a strong field localization, corresponding to the location of the single defect. A strong 

radiation leak outside the square is also visible, which is due to the fact that the cavity is 

surrounded by only four PhC layers. The setup used for probing coupled cavity array laser has 

a lower magnification, and therefore individual cavities are hard to resolve, but emission from 

most of the array is visible. The radiation profiles for the quadrupole mode are simulated by 

the FDTD method, by calculating the time averaged Poynting vector in the vertical direction. 

The radiation patterns corresponding to the plane positioned at ~1 µm above the structure are 

very similar to the experimentally measured field patterns, as shown in Fig. 4.5. The match is 

especially good for a single cavity, where both localized and leaking field components are 

nicely reproduced in the simulation. 

 

4.3.5 LL-curves 

Coupled nanocavity array lasers with different r/a ratios have been tested and Fig. 4.6 shows 

the measured light-out/light-in (LL) curve of one of them (blue). We have observed single-

mode lasing at 1534 nm with a threshold peak pump power of ~2.4 mW. Several single cavity 

structures with different r/a have also been tested. The LL-curve of one of them (with r/a≈0.4) 

is shown in Fig. 4.6 (red). The parameters of this cavity and therefore the emission wavelength 

at 1543 nm are quite similar to the coupled cavity array laser, giving an additional indication 

that the quadrupole mode and the phase-coupled quadrupole band at the Γ point are the lasing 

modes for a single cavity laser and a couple nanocavity array laser, respectively. The threshold 

peak pump power for a single cavity laser is around ~320 µW. The β values are obtained from 

the experimental curves using laser rate equations and typical parameters of InGaAsP 

quantum wells. Within the acceptable range of material parameters, we obtained a range of β 
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values given in Table 4.2, and Fig. 4.7 shows the fitted LL curves for a β-value that is in this 

range. β of the coupled cavity array laser is estimated to be slightly smaller than β of a single 

cavity, but it is still large enough to observe strong cavity effects mentioned above.  

 

 

 

 

 

 

 

 

 

Figure 4.6 LL-curves of the single PhC cavity and the coupled PhC cavity array laser. The 

inset shows a magnified curve for the single PhC cavity. 

 

We have measured the peak pump power at the lasing threshold and DQE of the LL-

curve for several different coupled cavity array and single nanocavity lasers; the averaged 

results are given in Table 4.2. The measured lasing threshold of coupled photonic crystal 

nanocavity arrays is about 10 times larger than for a single cavity. According to the 

parameters that we use in the β-fit, the third term in Eq. (4.3) dominates the threshold 

expression, so we expect that the threshold pump power scales with the pumped active volume 

Va. In the experiment, the pump beam size for coupled cavity laser is almost 10 times larger 

than for a single cavity laser, which explains the observed increase in threshold. On the other 

hand, the measured 20-fold increase in DQE of the cavity array is larger than the increase in 

threshold, implying that a higher output power can be extracted per nanocavity in a coupled 
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cavity array laser in comparison to a single nanocavity laser, confirming the coherent coupling 

of individual nanocavities. In fact, the maximum power achieved from our coupled cavity 

array laser with only ~10 nanocavities (>12 µW) is about 100 times larger than a single cavity 

laser (Fig. 4.6). 

 

 

 

 

 

 

 

 

 

Figure 4.7 Measured LL-curves of the single PhC cavity (red triangles) and the coupled PhC 

cavity array laser (blue circles) together with simulated LL curves (solid lines) For simulation 

material parameters in Table 4.1 is used and β−factor (given in Table 4.2) is taken a fitting 

parameter. 

 

Table 4.2 Averaged values of the measured thresholds and DQEs of several single cavity and 

coupled cavity lasers and their ratios. Also shown are the β-factor ranges obtained by fitting 

laser rate equations to the measured LL-curves  

 

 

 

Threshold [mW] DQE β−factor 

Single Cavity

Coupled Cavity Array

RATIO  

0.26 

2.68 

~10 

0.51 

10.37 

~20 

[0.09-0.15] 

[0.03-0.09] 
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4.4 Comparison with theory 

 

 

 

 

 

 

 

 

 

Figure 4.8 Output power as a function of the input pump power and the number of 

coupled cavities in the array, analyzed using the rate equations under our experimental 

conditions (parameters given in Table 4.1).  Single cavity results are shown in red and 

coupled cavity array laser results in blue. Coupled cavity laser has 10 times larger Va 

than single cavity laser, while the mode volume Vmode increases relative to that of a 

single cavity laser by a factor of 10 (diamond), 40 (circle) and 70 (square). By 

comparing theoretical analysis shown here with our experimental results shown in Fig. 

4.6, we conclude that majority of 81 PhC cavities in the array are lasing together in our 

laser. 

 

In our optically pumped lasers, the improvement of DQE can result from two effects: 

more effective pumping scheme (i.e., an increase in Vmode/Va), and cavity effects (i.e., 

reduction of τmirrorΓG(Nth)), as explained in Section 4.2. In our experiment, we know that the 

pumped active region Va is approximately ~9-10 times larger with respect to single cavity 
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laser, but we do not know the exact increase in Vmode, since some of the 81 cavities in the area 

may be uncoupled from the lasing mode. Fig. 4.8 shows the output power from the coupled 

PhC array laser and a single cavity laser, theoretically analyzed by solving rate equations with 

parameters corresponding to our experimental conditions (Table 4.2). Clearly, DQE increases 

with the number of coupled cavities (nc) that are lasing together (Vmode,array=ncVmode,single). On 

the other hand, the threshold does not change with nc, as it is primarily determined by the 

pumped active volume Va as explained above. By comparing theoretical analysis shown in 

Fig. 4.8 with our experimental results shown in Fig. 4.6, we conclude that the majority of the 

81 cavities in the array are lasing together in our laser. With such a large number of coupled 

cavities, the coupled cavity band forms, the lasing occurs from the high symmetry point 

(Γ), and the individual cavity resonances are not visible as in the case of a small number of 

coupled resonators18, 52-53. 
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CHAPTER 5: Ultrafast photonic crystal nanocavity lasers 

 

5.1 Introduction 

Spontaneous emission (SE) is not inherent to an emitter, but rather depends on its 

electromagnetic environment38.  In a microcavity, the spontaneous emission rate can be greatly 

enhanced compared to free space as a result of cavity electrodynamics (QED). This 

spontaneous emission rate enhancement in a microcavity, which is described by the Purcell 

factor (F), is proportional to the ratio of the cavity quality factor (Q) and mode volume (Vmode). 

Until recently, the advantages of large SE rate enhancement have not been fully explored in 

lasers because of their large mode volumes. Their SE properties have thus been dictated by the 

intrinsic radiative lifetime of the bulk material.  

 

In recent years, with the advances in semiconductor fabrication and crystal growth, it 

has become possible to produce high-quality photonic crystals which provide unprecedented 

control over the electromagnetic environment. Cavities introduced into the photonic crystal 

can have extremely high Q/Vmode ratios and therefore enable both SE rate enhancement54, 55 

into the cavity mode and simultaneous SE rate suppression54 into all other modes. So far, such 

nanocavities have been used for cavity QED experiments54, 55, 56, 57 such as SE rate 

enhancement6 and suppression54, and also for single photon sources58 and lower threshold 

lasers39,41,59. It has also been suggested that the spontaneous emission rate enhancement can 

dramatically increase laser modulation speeds60, though to date no time-domain measurements 

have demonstrated this. In this chapter, we will describe our recent work10 on demostration of 

ultrafast photonic crystal nanocavity lasers with response times as short as few picoseconds 

resulting from an up to 75-fold spontaneous emission rate enhancement in the cavity. We will 
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first give a theoretical background on the modulation of lasers. Then, we will present our 

experimental results: measurement of spontaneous emission modification and picosecond 

response times, as well as  direct modulation of lasers with speeds far exceeding 100 GHz 

(limited by the detector response time) which is already more than an order of magnitude 

above the fastest semiconductor lasers. Such ultra-fast, efficient, and compact lasers show 

great promise for applications in high-speed communciations, information processing, and on-

chip optical interconnects.  

 

5.2 Theoretical background 

There are two important laser modulation regimes: small- and large- signal modulation. We 

analyze the laser dynamics by solving the laser rate equations51 for photon and carrier 

densities. Communication systems employ both small and large signal modulation37, 51, 61. In 

the small signal regime, the laser is driven with an above-threshold DC pump power Lin,0 and 

modulated with a small time-varying (AC) signal ∆Lin. The carrier and photon densities follow 

the pump with DC and AC components N0+∆N and P0+∆P, respectively. As defined in 

Chapter 4, the parameters are defined as follows: η is the fraction of the pump absorbed in the 

active region, Va the pumped active volume, ωp the pump laser frequency, τ the total carrier 

lifetime, τr the carrier radiative lifetime, Γ the confinement factor (defined in section 4.2), G 

the gain, and τp = Q/ωl is the photon lifetime (Q is the quality factor of the optical mode and ωl 

the laser emission frequency). In order to derive modulation response, we start with the laser 

rate equations:   
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We assume that the DC input power Lin,0 is much greater than threshold power (Lth) so that 

carrier density N is clamped to its threshold value: N≈No≈Nth. In addition, we linearize the 

logarithmic gain at the carrier density N*, which is the density when the laser is driven above 

threshold: 
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where, A = G0vglog(N*/Ntr) and B = G0vg/N
*. 

If we separate the DC and AC terms in Eq. (5.1) we get the following relations, respectively: 
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Similarly, if we separate the DC and AC terms in Eq. (5.2) we get the following relations, 

respectively: 
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Here, we neglected second order terms coming from multiplication of ∆P and ∆N. By using 

Eq. (5.6), the AC terms can be simplified further as follows: 
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If we assume a sinusoidal modulation for AC terms as ∆P = ∆Pmeiωt, ∆N = ∆Nmeiωt and              

∆L = ∆Lmeiωt, then Eq. (5.8) and Eq. (5.9) will take following form: 
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If we insert Eq. (5.11) into Eq. (5.10), we can obtain the following relation between the 

driving power and photon density modulation: 
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The modulation response is given by ∆Pm/∆Lm, and the bandwidth of the laser is limited by the 

following relaxation oscillation frequency: 
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Here, we have neglected the imaginary term in the denominator of Eq. (5.12) in order to find 

the singularity. We take into account that the radiative lifetime changes as τr = τr,0/F due to the 

spontaneous emission modification in the cavity compared to the intrinsic carrier radiative 

lifetime, τr,0 (as defined previously, F is the Purcell factor). In Eq. (5.13), ΓB is replaced with 

avg, where a represents the differential gain and vg is the group velocity of light. The 

differential gain (a) is also given as ΓGo/N
* and its value can be found in literature for a 

particular material system.  

In conventional semiconductor lasers, the fraction of spontaneously emitted photons 

that is coupled into a single cavity mode (denoted by the spontaneous emission-coupling 

factor β) is small due to the small F factor51. Therefore, only the first term in Eq. (5.13) is 

considered51. The standard way of improving the modulation bandwidth is by increasing the 

photon density (Po) with stronger pumping, which increases the first term in Eq. (5.13). 

However, this causes significant thermal problems and practically limits the modulation 

speeds to below 20 GHz37. On the other hand, in nanocavity lasers with large Purcell effect, β 

can approach unity while the intrinsic radiative lifetime is reduced dramatically (i.e., F is 

large). This makes the additional terms in (5.13) significant. These cavity-QED effects thus 

open a fundamentally new pathway for improving laser modulation bandwidth60. 

In the strong-pumping regime, the modulation bandwidth is determined by the cavity 

ring-down time τp. Though one could increase cavity effects with higher Q, the longer photon 

lifetime would still limit modulation speeds significantly. For example, for Q = 106
 (τp ~ 500 
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ps), the modulation speed is only 2 GHz. Thus, ultra-high Q cavities62 (such as three hole 

defect photonic crystal cavities, microdisks or microtoroids) alone cannot achieve higher 

modulation speeds. In contrast, photonic crystal nanocavities enable very large Purcell effects 

even with moderate Q values because of their ultra-small cavity mode volumes, below (λ/n)3. 

In our lasers with large Purcell factor, the Q values can be as small as several thousands, 

allowing fast cavity ring-down times (τp < 1 ps). 

In large-signal modulation, where the laser is turned on and off completely, our QED-

enhanced lasers offer particularly striking advantages. For this modulation scheme, an 

important parameter is the turn-on delay time51, 63, 64, which is the time delay between the 

pump and laser peak responses. Turn-on delay times severely limit laser speeds. The delay 

time can be significantly decreased if the stimulated emission process is faster, which can be 

achieved in a cavity with large β-value and large spontaneous emission rate enhancement. 

Increasing pump power can also reduce the delay time17 at the expense of thermal problems, 

reduced laser reliability and significant chirp. This delay time is limited to a few tens of 

picoseconds in fast semiconductor lasers63, 64, but it is reduced more than an order of 

magnitude in our QED-enhanced nanocavity lasers even at power levels near lasing threshold. 

We have measured delay times as small as 1.5 ps for pump powers only 1.3 times above lasing 

threshold, as we describe below. 
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5. 3 Experimental results 

5. 3. 1 Design and fabrication of the laser structures 

 

Figure 5.1 Scanning electron microscope images of fabricated structures. (a) Single-defect 

photonic crystal cavity laser; (b) Coupled cavity array laser. 

 

Our nanocavity laser is based on a 2D photonic crystal slab patterned with a square 

lattice. Lattice defects in the form of missing holes act as cavities to confine light. Both single-

defect cavity and coupled nanocavity array structures are fabricated in GaAs wafer with the 

procedure described in Section 2.5.  The slab contains a gain medium consisting of four 8-nm 

In0.2Ga0.8As multiple quantum wells (MQW) separated by 8-nm GaAs barriers. In single-

defect cavitys, six layers of photonic crystal are used as the mirror in the lateral direction. The 

coupled array structure contains 81 coupled cavities (9x9) with two photonic crystal layers 

between the cavities. Figure 5.1 shows SEM picture of the fabricated structures. PhC 

parameters are the free-standing membrane thickness (d) of 172 nm; periodicity (a) of 315 nm, 

and the hole radius (r) is tuned from 105 nm to 130 nm in order to change the resonance 

frequency of cavities.  
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5.3.2 Experimental setup 

 

 

Figure 5.2 Schematic of the experimental setup. 

 

The lasers are optically pulse-pumped normal to the structure with Ti:Sapphire laser (Spectra 

Physics Tsunami pumped with Spectra Physics Millennia Xs) tuned to 750 nm. The pump 

pulse duration is 170 fs with 80-MHz repetition rate. The beam is focused on the sample by a 

60x microscope objective lens (Zeiss, LD Plan-Neofluor) with a NA of 0.7. Emitted light is 

collected from the top of the sample using the same optics. The signal is imaged to a pinhole 

for spatial filtering and then further imaged into the entrance slit of the spectrum analyzer 

(Acton Research SpectraPro2750 0.75 m triple grating monochrometer with Roper Scientific 

Si CCD detector of size 512 by 512). The detector is cooled down to 70 K with liquid 

Nitrogen. Time responses of the lasers are measured with a streak camera (Hamamatsu C5680 

camera unit connected to Bruker Spectrometer and Hamamatsu Digital Camera-C4742-95). 

The time resolution of the streak camera is measured as 3-4 ps (linewidth) from its response to 

a 170 fs laser pulse. Because the spectral response of the streak camera drops exponentially 

below 950 nm, we chose the GaAs-based laser material system. However, GaAs has 
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significantly larger surface recombination rates (a non-radiative process) with respect to other 

semiconductor laser material systems (such as InP). In addition, the free-standing membrane 

geometry of the structures results in poor thermal conductivity. Because of these problems, in 

order to observe lasing from single-defect cavity laser, we cooled the sample in a cryostat to 7-

150 K.  Moreover, by reducing the repetition rate of the pump laser with an EO modulator-

Pockel Cell (and therefore the thermal effects), we were able to observe lasing at room 

temperature from coupled a cavity array structure. 

 

5.3.3 Lasing spectrum  

Single-mode lasing is observed from both single-cavity and coupled-cavity array structures. 

CCD images of the mode and structures are shown in Fig. 5.3. Spectra of the single-cavity 

below and above threshold are shown in Fig. 5.4. The below-threshold spectrum indicates a Q-

value of 1200 from a Lorentzian fit (inset of Fig. 5.4a). The lasing mode showed dipole 

symmetry (180o rotation). Its mode volume is calculated from FDTD simulation as 0.55 (λ/n)3. 

The same set of measurements on coupled cavity array structures yielded Q values near 900. 

In our earlier work on InP photonic crystal cavity array lasers (presented in Chapter 4), we 

have derived the relation between the lasing threshold and the cavity mode volume. According 

to this analysis, we can estimate the mode volume of a coupled cavity laser by comparing its 

threshold with respect to a single cavity laser. Our experimental results indicate the mode 

volume of a coupled cavity array laser to be about 10 times larger than that of a single cavity. 

This also shows that not all the available cavities in the array are coupled and operating 

together because of fabrication imperfections. In fact, from the camera image (shown in Fig. 

5.3b.) it is clear that lasing happened only from a small portion of the cavity array structure.  
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Figure 5.3  (a) The CCD image of the three single cavity structures. Both the cavities and 

trenches are observable. (b) The image of the PL and the mode. (c) CCD camera image of the 

mode for coupled cavity array. The approximate location of the structure and trenches are 

indicated with dashed lines.  

 

 
 

Figure 5.4 Spectra of the single-defect photonic crystal laser. (a) Spectrum below lasing 

threshold. The dashed box indicates the cavity mode and the inset shows the Lorentzian fit 

(red) for its Q-factor estimation. (b) Spectrum above threshold. The inset shows the lasing 

curve, i.e. the output power versus input pump power. 

(a) (c) (b) 
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5.3.4 Purcell factor of nanocavities 

 

 

Figure 5.5 Time resolved photoluminescence decay curves measured by streak camera. (a) 

For of In02Ga0.8As multiple quantum well structure in bulk (unpatterned MQW region) with an 

exponential fit (red). (b) For the photonic crystal coupled cavity array laser below lasing 

threshold. The lobes at the longer (943 nm) and shorter (925 nm) wavelengths correspond to 

decay of coupled and un-coupled carriers to the cavity mode, respectively. (c) The decay 

curves of carriers shown with dashed rectangles in (b) together with exponential fits. 

 

Spontaneous emission modification by the cavity is experimentally obtained by 

dividing the radiative decay time in the unpatterned GaAs region containing InGaAs MQWs 

by the radiative decay time inside the cavity. The decay time of the excited quantum well state 

is measured by exciting the structure with a short pulse of 170 fs and recording the 

spontaneous emission as a function of time with streak camera. Fig. 5.5a shows the data 

obtained from an unpatterned region of the wafer (without photonic crystal). By fitting a 

single exponential to the decaying part of the time resolved photoluminescence data, the total 
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decay time is estimated to be 640 ps. In the unpatterned region, the carriers decay due to 

combination of nonradiative and radiative processes:  

0

1 1 1

640 r nrps τ τ
= +          (5.14) 

In this case, the main nonradiative process is the photon dephasing, whose lifetime is much 

longer compared to radiative process. Therefore we can say that the intrinsic radiative decay 

time (τr0) of quantum wells should be at least 640 ps. 

 

Streak camera image obtained from coupled cavity array close to lasing threshold is 

shown in Fig. 5.5b. In this 2D image, the two distinct bright lobes that are centered around 

920 nm and 940 nm correspond to the carriers that are coupled and uncoupled to the cavity 

mode respectively. It is clearly shown here that the carriers that are coupled to the cavity mode 

experience a large spontaneous emission modification as they have significantly shorter decay 

time. Fig. 5.5c also shows the decay curve for the uncoupled carriers. The data has been fitted 

to a single exponential with a decay time of 31 ps. As in Eq. (5.14), we can write the decay 

time of these uncoupled carriers as a sum of nonradiative and radiative processes: 

0

1 1 1

31 'r nrps τ τ
= +          (5.15) 

The radiative lifetime of these carriers is not changed compared to the ones located in the 

unpatterned region. However, their nonradiative lifetime is significantly reduced due to the 

increase in the surface recombination rate introduced by etching through quantum wells. This 

causes the observed total decay time reduction.  
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In addition, Fig. 5.5c shows the decay curve for the coupled carriers. A single 

exponential with decay time of 17 ps was fitted to data. Similar to Eq. (5.14), we also express 

the total decay time as a sum of nonradiative and radiative processes:  

0

1 1

17 'r nr

F

ps τ τ
= +          (5.16) 

In this case, the radiative lifetime is modified by a factor of F (Purcell factor) due to coupling 

to cavity mode. On the other hand, the non-radiative lifetime is the same as in Eq. (5.15), as 

the carriers experience similar surface recombination rate.  

 

 By solving Eq. (5.13)-(5.16), we estimated the in-plane-averaged spontaneous 

emission rate enhancement (F) for the cavity array structure to be 17. The inclusion of 

spontaneous emission rate suppression54 of uncoupled carriers in the photonic crystal (which is 

neglected here) will further increase estimated F. Such high Purcell factors in coupled cavity 

array lasers enable both fast laser response, as well as high output powers with single mode 

operation35. Repeating these measurements for the single-defect cavity, we obtained τcoupled ~ 

6.7 ps, τuncoupled ~ 33 ps, and in-plane-averaged F as 76. The high Purcell Factor for single 

cavities54 is not surprising as they are expected to have a maximum F of 165 for the cavity 

with this set of Q and Vmode. 

 

5.3.5 Time response of the ultra-fast nanocavity laser 

Above lasing threshold, the decay time is reduced by another order of magnitude due to 

stimulated emission. Figs. 5.6a and 5.6b show the time data for the single-defect cavity and 

coupled cavity array lasers, respectively. The decays for both lasers are fitted by single 

exponentials with a decay constant of 2 ps.  
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Figure 5.6 Time-resolved response of a photonic crystal laser above lasing threshold. (a-b) 

Time response (blue) of a single-defect cavity and coupled cavity array laser at 7 K together 

with an exponential fit (red). (c) Delay-time measurement of a single-cavity laser (blue) with 

respect to pump laser (red). For this measurement, the cryostat temperature was raised from 7 

K to 100 K to increase the relaxation rate of carriers from upper MQW levels to the lowest 

level by increasing phonon population. At 7 K, the delay time was 3-4 ps, while at 100 K, the 

delay time decreased to 1.5 ps. (d) Simulated photon number as a function of time for a single-

defect cavity laser (red). The simulation result is convolved with a Gaussian of 4 ps width 

(blue) to take into account streak-camera response. 
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To understand the dynamics, we used the laser rate equations ((5.1) and (5.2) in 

Section 5.2) to simulate the photon and carrier densities as functions of time. Initially, the 

photon and carrier densities are taken as zero and above the transparency condition, 

respectively. The simulated photon density is also convolved with a Gaussian of 4-ps width to 

take into account streak camera response. The simulation results are shown in Fig. 5.6d. The 

bare photon response (unconvolved data) shows that when the laser is pumped above 

threshold, the photon density decays with the cavity decay time (τp). For both the single and 

coupled cavity array lasers, this is 0.5 ps (for Q of 1000), which is below the resolution limit 

of our streak camera. The photon response convolved with the streak camera response shows a 

decay time of 2 ps, which agrees very well with our experimental results. 

 

As we indicated above, an important parameter in this type of laser modulation 

scheme is the delay time, which decreases in high Purcell-factor cavities. We measured this 

delay time at 100 K (with 890 nm pump wavelength) as 1.5 ps (shown in Fig. 5.6c), which is 

close to the streak camera resolution limit. The delay time is nearly two orders of magnitude 

shorter than in previous measurements on conventional semiconductor lasers63, 64. 

 

5.3.6 Ultra-fast direct modulation of photonic crystal nanocavity 

lasers  

To further demonstrate ultra-fast laser behavior, we directly modulate single-defect cavity 

lasers at very high speeds by pumping them with a series of femtosecond pulses that are 

generated using a Fabry-Perot etalon. The spacing of the pulse train is controlled by the etalon 

mirror separation. Only the first three pump pulses have sufficient power to turn on the 

nanocavity laser.  
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Figure 5.7 Direct modulation of a single-defect photonic crystal nanocavity laser. The direct 

modulation was performed with the pump repetition periods of (a) 9±0.5 ps and (b) 15 ps, 

corresponding to direct modulation rates of 100 GHz and 66 GHz, respectively. The bottom 

figure shows a series of femtosecond pump pulses separated by 9±0.5 ps, used as the 

excitation for (a), obtained by a Fabry-Perot etalon. The transmitted power of consecutive 

pulses from the etalon drops geometrically with the ratio R1R2 of the mirror reflectivities. 

Only the first three pump pulses had sufficient power to turn on laser. Both the femto-second 

pump pulses and the laser output pulses are broader, as a result of the slow response time (4 

ps) of the streak camera, as described above.   
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Fig. 5.7 shows the results for such a direct modulation of a nanocavity laser above 100 

GHz. The response of the laser nicely follows the pump, whose peaks are separated by ~ 

9±0.5 ps (a slight non-periodicity in the time separation between the consecutive pump pulses 

results from slight angular deviations of consecutive pulses from the etalon). This modulation 

speed is already an order of magnitude higher than the fastest semiconductor lasers reported to 

date. The figure also shows the laser response to a 15-ps repetition pump, where the streak-

camera-resolution more clearly separates the pulses. 

 

5.4. Surface mode laser 

 

 

 

 

 

 

 

 

Figure 5.8 CCD camera image of the surface mode laser. The aproximate position of the 

structure and trenches are indicated with dashed lines. 

 

In addition to these two lasers, we have also observed lasing at the interface of the 

photonic crystal and the unpatterned region (Fig. 5.8). Surface waves at the interface between 

a semi-infinite periodic dielectric medium and a homogeneous medium have been 

investigated; because of the periodicity of the dielectric constant at the interface, these waves 
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are represented by electromagnetic Bloch modes65. In general, such surface modes exist as 

localized electromagnetic fields at any terminations of a two-dimensional or three-dimensional 

photonic crystal66 67 68. They have also been explored for various phenomena such as enhanced 

transmission through slits in PhC slabs69, leaky surface modes assisted transmissions in the 

forbidden band70 and construction of surface state cavities71.  

 

 

 

 

 

 

 

 

 

 

Figure 5.9 Spectrum of the surface mode laser (a) below lasing threshold with a Lorentzian fit 

(red) used for its Q-factor estimation; (b) above lasing threshold. 

 

In our experiments, the profile of the surface mode laser captured with the camera 

indicated a very large mode volume. The quality factor of the surface mode is measured to be 

very high, Q~14,000 (Fig. 5.9a).  Fig. 5.9b shows its spectrum above the lasing threshold. We 

have observed that this laser also required higher lasing threshold power compared to single 

and coupled cavity array laser, as expected as a result of its much larger mode volume. 
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A similar time-domain measurement is repeated for this mode. Fig. 5.10 shows the 

decay rates of the carriers above lasing threshold. The exponential fit gives about 9-ps decay 

time in the stimulated emission regime. As expected, due to its high quality factor and a very 

large mode volume, this surface mode shows much slower modulation response. On the other 

hand, the single cavity laser, which has the largest Q/Vmode ratio, exhibits a much larger Purcell 

Factor and consequently a much faster laser response (Fig. 5.6).  

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Measured time-resolved response of the photonic crystal surface mode laser 

above lasing threshold (blue), together with an exponential fit (red). The experimental setup is 

the same as in Section 5.3.2. 
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CHAPTER 6: Conclusion and future work 

6. 1 Photonic crystal devices for communications 

In this thesis we demonstrated photonic crystal devices such as ultra-fast, efficient and high 

power nanocavity lasers, optical buffer and storage components. To demonstrate such devices, 

we used small mode volume and high quality factor photonic crystal nanocavities, which 

confine and manipulate photons on the nanometer scales, thereby enabling new functionalities 

(e.g., optical buffering) or improving the functionality of existing devices (e.g., increasing the 

laser speed). Such devices are important for the realization of compact optical integrated 

circuits, high-speed communications, information processing, and on-chip and chip-to-chip 

optical interconnects.  

 

6.1.1 Ultra-fast nanocavity lasers and their on-chip integration 

The strong localization of photons in nanocavities drastically increases the spontaneous 

emission rate and consequently increases the spontaneous emission-coupling factor, thereby 

enabling low threshold and high-speed lasers. In our photonic crystal nanocavities we have 

measured average spontaneous emission rate enhancements up to 7510. With the use of such 

QED effects in nanocavities, we have demonstrated ultra-fast lasers (with direct modulation 

rate > 100 GHz) for the first time by performing time-domain measurements. The detector-

limited turn-on and turn-off times of the nanocavity lasers have been measured to be as short 

as 1.5 and 2.1 ps, respectively. We have also demonstrated direct modulation speeds far 

exceeding 100 GHz (limited by the detector response time), already more than an order of 

magnitude above the fastest semiconductor lasers. While our measurements were limited by 

detector response time, the extremely short pulses and delay times indicate operational speeds 

in the THz regime.  
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For practical applications, electrical pumping will be important. Recently electrical pumping 

of nanocavity lasers has been demonstrated41. For high-speed electrical modulation, the RC 

time constants of the lasers have to be small, where C and R are the capacitance and resistance 

of the laser. We believe that very fast electrical pumping of nanocavity lasers is possible, as a 

recent experiment achieved time constants below 10 ps using micron-scale contacts with sub-

fF capacitance72. In addition, photonic crystal nanocavity lasers do not require highly resistive 

Bragg mirror layers, which also limit electrical modulation speeds in fast vertical cavity 

surface emitting lasers. 

 

The nanocavity lasers can be efficient and operate at ultra-fast speeds, but their small 

volumes (necessary for achieving high cavity quantum effects) also result in low output 

powers. Although their output powers can be sufficient for many applications, for some such 

as chip-to chip interconnects or spectroscopy, high output power levels are desired. To achieve 

this, we have recently invented a new type of laser composed of coupled photonic crystal 

nanocavity arrays35. When the individual nano-cavity lasers with large spontaneous emission 

coupling factor β are coherently coupled and phase locked to each other, we obtained 

dramatically larger differential quantum efficiencies (DQE) without sacrifying the low lasing 

thresholds of single PhC nanocavity lasers. This could not have been achieved by coupling 

lasers with small β (such as VCSELs). We have experimentally demonstrated coupling of a 

large number of PhC nanocavities (with measured β~0.1) in a controlled manner, and have 

also shown that with an increase in the number of coupled cavities, the increase in DQE is 

significantly larger than the increase in the lasing threshold (with respect to single cavity 

lasers). We measured single mode operation and peak output powers of 12 µW that are more 

than two orders of magnitude higher than in single PhC cavity lasers. Furthermore, output 

powers comparable to conventional single mode VCSELs, but at much lower threshold pump 
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powers, can be achieved by coupling even larger numbers of PhC cavities. We have also 

shown that such lasers can be operated at high speed10, as a result of a strong localization of 

light, implying that coupled nanocavity arrays can be an effective way to achieve high power 

and high-speed single mode laser sources. 

 

As we have described in Chapter 5, InP is a very attractive material system due its 

operation in the telecom wavelength window. Furthermore it has almost an order of magnitude 

lower surface recombination rate compared to GaAs, and therefore reduced nonradiative 

losses. However, detectors operating in this wavelength range (made out of InGaAs) are quite 

insensitive compared to the silicon detectors for the near-IR wavelength range (around 900 

nm). In particular, there is no efficient streak camera system available to perform time-domain 

photoluminescence measurement like those at 900-950 nm, with GaAs based devices35.  We 

are currently working on using superconducting single photon detectors73, which can detect 

1.5-µm-wavelength radiation, to perform time-domain-photoluminescence measurements of 

our InP-based lasers. Direct measurements of carrier lifetimes and the spontaneous emission 

rate modification of cavities in InP/InGaAsP material system will be quite useful for 

applications in telecommunication.  

 

Both in GaAs- and InP-based lasers, we have used multiple quantum wells as the gain 

media. However, their exposed surface after dry-etching significantly increases non-radiative 

surface recombination rate. When these nonradiative lifetimes become comparable to the 

radiative lifetimes lasing threshold increase significantly. An effective method to suppress 

nonradiative surface recombination is to use quantum dots74 as the gain medium instead of 

quantum wells. Although quantum dots can suppress the losses of the lasers, the long 

relaxation times of electrons (on the order of 10 ps) can limit their speeds. On the other hand, 
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the relaxation times in the quantum wells are almost an order of magnitude faster. For lasers 

with InGaAs quantum wells as their gain media, the non-radiative recombination of electrons 

at the sidewalls of quantum wells can be suppressed by sulfur passivation. Of the various 

sulfur compounds, passivation with ammonium sulfide ((NH4)2Sx with x > 1) has been found 

to be the most effective75. The (NH4)2Sx treatment first removes the native oxide and 

contaminants on the surface  and subsequently covers the freshly exposed GaAs surface with 

sulfur atoms. Therefore, sulfur-terminated surfaces had no dangling bonds at the interface, 

which are the main sources of electron trapping. Similarly, the use of thioacetamide 

(CH3CSNH2) has also been shown to be effective for reducing the surface states76. We are 

currently looking the changes in the lifetime of the carriers and the time responses and 

threshold of nanocavity lasers after the treatment with ammonium sulfide. Furthermore, we 

are also working on the integration of several high-speed nanocavity lasers operating at 

different wavelengths with waveguides, which is important for realization of on-chip optical 

processing. 

 

6.1.2 On-chip photonic storage and delay components 

Obtaining small group velocities is very important both in telecommunication as well as 

quantum information processing for construction of delay lines and also for realization of 

buffer and optical storage components. In this thesis, we presented the design and fabrication 

of photonic crystal coupled nanocavity arrays exhibiting electromagnetic bands that are 

flattened in all crystal directions, i.e., whose frequency variation with wavevector is 

minimized16. We have further experimentally demonstrated reduction of group velocity of 

light on a silicon chip below 0.008c for a wide range of wavevectors and propagation 

directions34. Therefore, our structure overcomes the significant coupling loss and the pulse 
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distortion problem that is experienced by other suggested methods like 1D CROW structures15 

and photonic crystal waveguides33. For the next research step, we plan to dynamically tune the 

group velocity of light and realize optical devices that could store and release optical pulses. 

This can be achieved by modulating the refractive index of our structures either optically or 

electrically.  

 

We have also experimentally studied polarization properties of the two-dimensional 

coupled photonic crystal nanocavity arrays35. When the unit cell of the structure has reduced 

rotational symmetry, which is achieved by using elliptical holes, we observed a strong 

polarization dependence of the transmission and reflection of light from the structures. This 

effect can be employed in building miniaturized polarizing optical components like mirrors. 

Due to the use of flat bands, the coupled nanocavity array structures can also behave as 

polarizing mirrors even for an input beam that is not vertically incident. This is useful for 

making polarizing beamsplitters. Moreover, such polarization effects can also be employed to 

control the output polarization of a nanocavity array laser.  

 

6. 2 Photonic crystal devices for on-chip bio-chemical sensing 

In addition to optical information processing, the use of nanocavities can also have a 

significant impact in bio-sensing. The strong photon-material interaction in nanocavities can 

dramatically increase sensitivity and enable detection at the single molecule level. Moreover, 

such devices can be integrated with microfluidic circuits to deliver precise amounts of target 

molecules to many nanocavities, and thus to enable nano-scale sensor networks. 

 

There are several techniques that we can employ for bio-sensing. The first one is the 

detection of refractive index changes. For example, the refractive index on the surface of a 
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cavity can be modified by molecular binding to the antibody, which shifts the resonance 

frequency of the cavity. Such a shift then can be detected using standard spectroscopy tools. 

To demonstrate this, we have recently used a coupled nanocavity array structure in a set-up 

that is same as the one that we used to test polarization effects in Chapter 3.  

 

 

 

 

 

 

 

Figure 6.1  (a) The reflection spectrum with opposite polarization with respect to the 

excitation for the structure in air. Arrows indicate the positions of the x- and y- dipole bands 

(b) The same spectrum when the structure is immersed in IPA.   

 

We used the y- and x-dipole modes of a coupled array fabricated on a SOI wafer and 

at wavelengths of 1525 nm and 1536 nm, respectively (PhC structure parameters were a=467 

nm, r=195 nm, and d=255 nm)35. The dipole modes are split in frequency due to the ellipticity 

of holes. The strong reflected light at the opposite polarization is used to track the resonance 

frequency shift when a small amount of isopropanol (IPA, refractive index n=1.377) and 

methanol (n=1.328) is dropped separately on the same structure. The reflected signal of 

opposite polarization for the structure covered with IPA is shown in Fig 6.1b. As expected, the 

spectrum is clearly shifted to longer wavelengths compared to the structure in air (Fig. 6.1a). 

The reflection spectrum from the same structure for methanol is very similar to IPA, again 

with two peaks, but at shorter wavelengths relative to IPA. Before using methanol, the 

air (a) 

y-dip x-dip 

IPA (b) 
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structure was cleaned and the reference signal repeated. Because of the method employed in 

this measurement, the liquid drop forms a lens like shape on the structure. This lens refracts 

the incident light and leads to non-zero k-components and a spread in φ, causing a larger 

splitting for the x and y dipole and the strong excitation of both peaks. This problem would not 

be present if the liquid covered the structure uniformly, which would be possible by e.g., 

integrating microfluidic channels with PhC. 

 

 

 

 

 

 

 

 

 

Figure 6.2 The resonance wavelength as a function of the surrounding refractive index. The 

three data points correspond to the structure in air (n=1), methanol (n=1.328) and IPA 

(n=1.377). Triangles and stars correspond to the experimental wavelength shifts of the y- and 

x-dipoles respectively, and circles show the wavelength shift simulated by FDTD for the same 

structure without any asymmetry. Lines are fitted to experimental data points. 

 

We have estimated the wavelength shift theoretically by the FDTD method for the 

structure without any asymmetry. Since the size of the droplet (diameter ~5 mm) is large 

compared to the structure, we have assumed in the simulation that the liquid completely 

surrounds CPCRA and penetrates holes. Fig. 6.2 shows the resonance wavelength shift as a 
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function of the surrounding refractive index, and good agreement between theory and 

experiment can be observed (the two experimental lines correspond to the x- and y-dipoles). 

By immersing the structure into IPA instead of methanol, the refractive index changes by ∆n = 

0.049, and the dipole band position shifts by ∆λ = 7nm. 3D FDTD simulation predicts 0.521 

nm shift in wavelength for an index change of ∆n = 0.002, a sensitivity similar to that 

observed recently in a single PhC cavity sensor in the passive configuration. 

 

The CPCRA approach simplifies the positioning of the analyzed material, since the 

cavities are distributed over a larger area, and it enables a high sensitivity at different 

incidence angles due to flat-coupled bands (alignment tolerance). The sensitivity can be 

improved by changing the type of cavities inside CPCRAs, using a high-Q single nanocavity, 

or by embedding an active quantum well layer inside the structure and using it above lasing 

threshold, where the linewidth narrows. We can further functionalize the surface of the 

nanocavities with the complementary molecules. Molecular binding effects and 

conformational changes of molecules will result in minute refractive index changes that can be 

detected as spectral shifts of nanocavity resonances. We can monitor such changes to extract 

kinetic properties of biological processes. With their integration to microfluidic channels, we 

can deliver biological samples to nanocavities precisely, reduce sample volumes and increase 

analysis speed through parallel measurements. 



                                                                  111

REFERENCES 

                                                 
1 E.Yablonovitch, “Inhibited Spontaneous Emission in Solid-State Physics and Electronics,” 

Phys. Rev. Lett. 58, 2059-2062 (1987). 

 

2 S. John, “Strong localization of photons in certain disordered dielectric superlattices,” Phys. 

Rev. Lett. 58, 2486-2489 (1987). 

 

3 J.L. Jewell, J. P. Harbison, A. Scherer, Y.H. Lee, L.T. Florez, “Vertical-cavity surface 

emitting lasers: Design, growth, fabrication, characterization,” IEEE J. Quantum Electron. 27, 

1332-1346 (1991). 

 

4 J. C. Knight, T. A. Birks, P. St. J. Russell and D. M. Atkin, “All-silica single-mode optical 

fiber with photonic crystal cladding”, Opt. Lett. 21, 1547-1549 (1996). 

 

5 G. Fleming and S. -Y. Lin, “Three-dimensional photonic crystal with a stop band from 1.35 

to 1.95 µm”, Opt. Lett. 24, 49-51 (1999). 

 

6 P. Lodahl, et al. “Controlling the dynamics of spontaneous emission from quantum dots by 

photonic crystals,” Nature 430, 654-657 (2004). 

 

7  S. Ogawa, et al. “ Control of Light Emission by 3D Photonic Crystals,” Science 305 227–

229 (2004) 

 



                                                                  112

                                                                                                                                             
8  P. R. Villeneuve, S. Fan, S. G. Johnson, and J. D. Joannopoulos, “Three-dimensional photon 

confinement in photonic crystals of low-dimensional periodicity”, IEE Proceedings - 

Optoelectronics 145, 384 (1998) 

 

9 A. Taflove and S. C. Hagness, Computational Electrodynamics (Artech House, Norwood 

MA, 2000). 

 

10  H.Altug, D. Englund, and J. Vuckovic, “Ultrafast photonic crystal nanocavity laser,” 

Nature Physics, 2, 484-488 (2006) 

 

11 D. Englund, I. Fushman, and J. Vuckovic, “General recipe for designing photonic crystal 

cavities,” Optics Express, 13, 5961-5975 (2005) 

 

12 B. Song, S. Noda, T. Asano, Y. Akahane, “Ultra-high Q photonic double-heterostructure 

nanocavity,” Nat. Mater. 4, 2007-2010 (2005) 

 

13 K. Sakoda, Opt. Express 4, 481 (1999) 

 

14 J. D. Jackson, Classical electrodynamics, 2nd edition, John Wiley and Sons, New York 1975 

 

15 A. Yariv, Y. Xu, R. K. Lee, A. Scherer, Optics Lett. 24, 711 (1999) 

 

16 H. Altug, J. Vuckovic, “Two-dimensional coupled photonic crystal resonator arrays,” Appl. 

Phys. Lett. 84, 161-163 (2004)  



                                                                  113

                                                                                                                                             
17 S. Noda, M. Yokoyama, M. Imada, A. Chutinan, M. Mochizuki, Science 293, 1123, (1999) 

 

18 T. D. Happ, M Kamp, A. Forchel, J. Gentner, L. Goldstein, Appl. Phys. Lett. 82, 4  (2003) 

 

19 J. W. Fleischer, M. Segev, N. K. Efremidis, and D. N. Christodoulides, Nature (London) 

422, 147 (2003). 

 

20 D. N. Christodoulides and N. K. Efremidis, Opt. Lett. 27, 568 (2002). 

 

21 H. Ryu, S. Kim, H. Park, J. Hwang, Y. Lee, and J. Kim, Appl. Phys. Lett. 80, 3883 (2002). 

 

22 J. K. S. Poon, Jacob Scheuer, Yong Xu, and Amnon Yariv, JOSA B 21, 1665-1673, (2004) 

 

23 J. Vuckovic, M. Loncar, H. Mabuchi, and A. Scherer, Phys. Rev. E 65, 016608 (2002)  

 

24 K. Srinivasan, et al., “Fabrication of high quality factor photonic crystal microcavities in 

InAsP/InGaAsP membranes,” J. of Vacuum Science and Tech. B 22, 875-879, (2004). 

 

25 J.R. Cao, P.T. Lee, S.J. Choi, R. Shafiiha, S.J. Choi, J. D. O,Brien, P. D. Dapkus, 

“Nanofabrication of photonic crystal membrane lasers,” J. Vacuum Science B, 20, 618-621 

(2002) 

 

26 A. Xing, M. Davanco, D. J. Blumenthal, E. Hu, “Fabrication of  InP-based photonic crystal 

membrane,” J. Vacuum Science B, 22 70-73 (2004)  



                                                                  114

                                                                                                                                             
27 H. Rong et al., “An all-silicon Raman laser,” Nature 433, 292-294 (2005). 

 

28 Y. A. Vlasov et al., “Active control of slow light on a chip with photonic crystal 

waveguides” Nature 438, 65-69 (2005). 

 

29 R. Ramaswami, K. N. Sivarajan, Optical Networks: A Practical Perspective (Morgan 

Kaufmann, San Francisco, CA, 1998). 

 

30 M. D. Lukin, A. Imamoglu, Nature 413, 273 (2001). 

 

31 L. M. Duan, M. D. Lukin, J. I. Cirac, P. Zoller, Nature 414, 413 (2001). 

 

32  M. Fleischhauer, M. D. Lukin, Phys. Rev. A. 65, 022314 (2002). 

 

33 M. Notomi, K. Yamada, A. Shinya, J. Takahashi, C. Takahashi, I. Yokohama, Phys. Rev. 

Lett. 87, 253902-1 (2001). 

 

34 H. Altug, J. Vuckovic, “Experimental demonstration of slow group velocity,” Appl. Phys. 

Lett., 86, 111102 (2005). 

 

35 H. Altug, J. Vuckovic, “Photonic crystal nanocavity array laser,” Optics Express 13, 8819-

8828 (2005). 

 

36 E. Hecht, Optics, Addison Wesley, 4th edition (2001).  



                                                                  115

                                                                                                                                             
37 K. L. Lear, et. al. “Small and large signal modulation of 850 nm oxide-confined vertical 

cavity surface emitting lasers”, Advances in Vertical Cavity Surface Emitting Lasers in series 

OSA Trends in Optics and Photonics, 15, 69-74 (1997). 

 

38 E. Purcell, “Spontaneous emission Probabilities at Radio Frequencies,” Phys. Rev. 69, 681 

(1946).  

 

39 O. Painter, R.K. Lee, A. Scherer, A. Yariv, J. D. O’Brien, P.D. Dapkus, I. Kim, “Two-

Dimensional Photonic Band-Gap Defect Mode Laser,” Science 284, 1819-1821 (1999).  

 

40 M. Loncar, T. Yoshie, A. Scherer, P. Gogna, Y. Qiu, “Low-threshold photonic crystal 

laser,” Appl. Phys. Lett. 81, 2680-2682 (2002).  

 

41 H. G. Park, S.H. Kim, S.H. Kwon, Y.G. Ju, J.K. Yang, J.H. Baek, S.B. Kim, Y.H. Lee, 

“Electrically Driven Single-Cell Photonic Crystal Laser,” Science 305, 1444-14447 (2004).  

 

42 M. Meier, A. Mekis, A. Dobabalapur, A. Timko, R. E. Slusher, J. D. Joannopoulos, O. 

Nalamasu, “Laser action from two-dimensional distributed feedback in photonic crystals,” 

Appl. Phys. Lett. 74, 7-9, (1999). 

 

43 S. Noda, M. Yokoyama, M. Imada, A. Chutinan, M. Mochizuki, “Polarization Mode 

Control of Two-Dimensional Photonic Crystal Laser by Unit Cell Structure Design,” Science 

293, 1123-1125 (2001). 

 



                                                                  116

                                                                                                                                             
44 M. Imada, S. Noda, A. Chutinan, T. Tokuda, “Coherent two-dimensional lasing action in 

surface-emitting laser with triangular-lattice photonic crystal structure,” Appl. Phys. Lett. 75, 

316-318 (1999). 

  

45 D. G. Deppe, J. P. van der Ziel, N. Chand, G. J. Zydzik, S. N. G. Chu, “Phase-coupled two-

dimensional AlxGa1–xAs-GaAs vertical-cavity surface-emitting laser array,” Appl. Phys. Lett. 

56, 2089-2091 (1990). 

 

46 M. Orenstein, E. Kapon, N. G. Stoofel, J. P. Harbison, J. Wullert, “Two-dimensional phase-

locked arrays of vertical-cavity semiconductor lasers by mirror reflectivity modulation,” Appl. 

Phys. Lett. 58, 804-806 (1991). 

 

47 M. E. Warren, P.L. Gourley, G. R. Hadley, G. A Vawter, T. M. Brennan, B. E. Hammons, 

K. L. Lear, “On-axis far-field emission from two-dimensional phase-locked vertical cavity 

surface-emitting laser arrays with an integrated phase-corrector,” Appl. Phys. Lett., 61, 1484-

1486 (1992). 

 

48 J. J. Raftery, A.J. Danner, J. C. Lee, K. D. Choquette, “Coherent coupling of two-

dimensional arrays of defect cavities in photonic crystal vertical cavity surface-emitting 

lasers,” Appl. Phys. Lett. 86, 201104 (2005). 

 

49 H. Altug, J. Vuckovic, “Polarization control and sensing with two-dimensional coupled 

photonic crystal microcavity arrays,” Optics Lett. 30, 982-984 (2005).  

 



                                                                  117

                                                                                                                                             
50 A. Imamoglu, Y. Yamamoto, “Mesoscopic Quantum Optics,” New York: Wiley, 1999. 

 

51 L. A. Coldren, S. W. Corzine, “Diode Lasers and Photonic Integrated Circuits,” New York: 

Wiley, 1995. 

 

52 T. Baba, “Photonic crystals and microdisk cavities based on GaInAsP-InP system,” IEEE J. 

Select. Topics Quantum Electron., 3, 808-811 (1997). 

 

53 A. Nakagawa, S. Ishii, T. Baba, “Photonic molecule laser composed of GaInAsP 

microdisks,” Appl. Phys. Lett. 86, 041112 (2005). 

 

54 D. Englund, et al. “Controlling the Spontaneous Emission rate of Single Quantum Dots in a 

2D Photonic Crystal,” Phys. Rev. Lett. 95, 013904 (2005). 

 

55 A. Badolato, et. al., “Deterministic coupling of single quantum dots to single nanocavity 

modes,” Science 308, 1158-1161 (2005). 

 

56 T. Yoshie, et. al., “Vacuum Rabi splitting with a single quantum dot in a photonic crystal 

nanocavity,” Nature 432, 200-203 (2004).  

 

57 G. Khitrova, H. M. Gibbs, M. Kira, S. W. Koch, & A. Scherer, “Vacuum Rabi splitting in 

semiconductors,” Nat. Phys. 2, 81-90 (2006).  

 



                                                                  118

                                                                                                                                             
58 W. H. Cheng et al., “Efficient Single-Photon Sources Based on Low-Density Quantum Dots 

in Photonic-Crystal Nanocavities,”  Phys. Rev. Lett. 96, 117401 (2006).  

 

59 T. Baba, et al., “Observation of fast spontaneous emission decay in GaInAsP photonic 

crystal point defect nanocavity at room temperature,” Appl. Phys. Lett. 85, 3889-3891 (2004). 

 

60 Y. Yamamoto, S. Machida, & G. Bjork, “Microcavity semiconductor laser with enchanced 

spontaneous emission,” Phys. Rev. A 44, 657-668 (1991). 

 

61  C. Chang, L. Chrostowski, & C.J. Chang-Hasnain, “Injection-Locking of vertical cavity 

surface emitting lasers: Theory and Experiments,” J. Select. Topics Quantum Electron. 9, 

1386-1392 (2003). 

 

62 B. Song, S. Noda, T. Asano and Y. Akahane, “Ultra-high Q photonic double-heterostructure 

nanocavity,” Nat. Mater. 4, 2007-2010 (2005). 

 

63 H. Deng, et al., “Transverse and Temporal Mode Dependence on Mirror Contrast in 

Microcavity Lasers,” J.  Quantum Electron. 31, 2026-2036 (1995). 

 

64 H.Q. Deng, Q. Deng, & D. G. Deppe, “Very small oxide-confined vertical-cavity surface-

emitting lasers with a bulk active region,” Appl. Phys. Lett. 70, 741-743 (1997). 

 

65 P. Yeh, “Guided waves in layered media,” in Optical waves in layered media, (John Wiley 

& Sons, New York, 1988).  



                                                                  119

                                                                                                                                             
66 R. D. Meade, K. D. Brommer, A. M. Rappe, and J. D. Joannopoulos, “Electromagnetic 

Bloch waves at the surface of a photonic crystal,” Phys. Rev. B 44, 10961–10964 (1991).  

 

67 F. Ramos-Mendieta and P. Halevi, “Surface electromagnetic waves in two-dimensional 

photonic crystals: effect of the position of the surface plane,” Phys. Rev. B 59, 15112–15120 

(1999). 

  

68  S. Enoch, E. Popov, and N. Bonod, “Analysis of the physical origin of surface modes on 

finite-size photonic crystals,” Phys. Rev. B 72, 155101 (2005). 

 

69 E. Moreno, F. J. García-Vidal, and L. Martín-Moreno, “Enhanced transmission and beaming 

of light via photonic crystal surface modes,” Phys. Rev. B 69, 121402 (2004). 

 

70 M. Laroche, R. Carminati, and J.-J. Greffet, “Resonant optical transmission through a 

photonic crystal in the forbidden gap,” Phys. Rev. B 71, 155113 (2005). 

 

71  A. I. Rahachou and I. V. Zozoulenko, “Surface state photonic bandgap cavities”, ArXiv, 

physics/0507009. 

 

72 R. Schmidt, et al., “Fabrication of genuine single-quantum-dot light-emitting diodes,” Appl. 

Phys. Lett. 88, 121115 (2006). 

 

73 M. J. Stevens, et. al., “Fast lifetime measurements of infrared emitters using a low-jitter 

superconducting single-photon detector,” App. Phys. Lett. 89, 031109 (2006).  



                                                                  120

                                                                                                                                             
74 T. Yoshie, et. al., “Quantum dot photonic crystal lasers,” Electron. Lett. 38, 967-968 (1999). 

 

75 Y. Nannichi, J-F. Fan, H. Oigawa, and A. Koma, “A model to explain the effective 

passivation of the GaAs surface by (NH4)2Sx treatment,” Jpn. J. Appl. Phys. 27, L2367-L2369 

(1988).  

 

76 D. Y. Petrovykh, J. P. Long, and L. J. Whitman, “Surface passivation of InAs(001) with 

thioacetamide,” App. Phys. Lett. 86, 242105-1 (2005). 


